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SARS-CoV-2 infection: effect on host immune system and atypical

COVID-19 associated-diseases

Abstract

Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2) is a Betacoronavirus
and the etiological agent of CoronaVIrus Disease-19 (COVID-19), which is also correlated
to the global pandemic in 2020.

Comparing to MERS and SARS-CoV, SARS-CoV-2 has major impact in terms of
pathogenesis, due to both high transmission rate and its wide tissue tropism. In fact, SARS-
CoV-2 ability to infect several tissues is due to the large distribution of Angiotensin-
converting enzyme 2 (ACE2) and Cluster of Differentiation 147 (CD147), two of the main
receptors used during viral entry phase through interaction with the viral Spike protein (SP).
SARS-CoV-2 transmissibility is also increased by recombinant events that occur in the viral
ssRNA+ genome, mainly on the SP gene, generating Variants of Concern (VOCs) with
improved ability of transmission.

Since SARS-CoV-2 primary transmission route is represented by respiratory spread of the
virus through infected droplets, the typical pathogenesis associated to the virus consists in
the onset of a severe pulmonary disease, called COVID-19 (CoronaVirus Disease 2019),
characterized by cytokine storm and acute respiratory distress syndrome (ARDS). Thanks to
the wide expression of SARS-CoV-2 cellular receptors, its infection might also develop
extrapulmonary diseases and long-COVID-19 condition, impairing gastrointestinal, hepatic,
renal, cardiac, placental and neurological systems.

During my PhD course, I investigated the mechanisms at the base of typical and atypical
SARS-CoV-2 infection, focusing on its modulation of host immune system.

In the defense against viral infection, several innate immune effectors are recruited to drive
a local immune response and inflammation. This process is mainly triggered by the
recognition of “non self” pathogen components, defined as PAMPs (Pathogen Associated
Molecular Patterns) by Pattern Recognition Receptors (PRRs). In particular, during SARS-
CoV-2infection, its RNA genome is recognized by intracellular RNA sensors, which include
endosomal Toll-like Receptors (TRLs). In particular, I reported the main role of TLR3 and
TLR7 receptors in innate anti-SARS-CoV-2 response, which lead to a peculiar interferon
and cytokine production.

Another key actor in the recognition of viral infection is represented by Human Leukocyte

Antigen class (HLA) molecules, involved in the antigen presentation process and in host



immune activation. View the crucial role of HLA molecules, their expression is often
modulated by viruses as an immune escape mechanism. Specifically, I reported that SARS-
CoV-2 exploits the expression of non-classical immunomodulatory HLA class I molecules,
HLA-G and HLA-E, to avoid host immune system recognition.

I investigated the association between HLA-G expression and immune dysfunctions
observed in COVID-19 patients, focusing on neutrophils recruitment, confirming HLA-G
alteration induced by the virus as the main cause of neutrophils infiltration and inflammation
which characterizes the disease.

Again, I reported that Natural Killer (NK) cell exhaustion described in COVID-19 patients
seems to involve SP loading on HLA-E on infected cells and its interaction with the
inhibitory NKG2A/CD94 receptor expressed on NK cells, driving the suppression of their
cytotoxic functions.

Another interesting aspect, concerning SARS-CoV-2 interaction with host immune system,
is referred on SARS-CoV-2 vaccination.

I confirmed the efficacy of vaccination (BNT162b2 Comirnaty) in inducing both humoral
and cell-mediated immunity against SARS-CoV-2, sustaining the protection by vaccination.
In addition, in this thesis I analyzed the potential effect of anti-SARS-CoV-2 vaccination in
restoring NK cell functions, revealing that one month following the booster dose there was
an enrichment in NK activated cells, with presented memory-like features.

Host immune system impairment is also crucial in the onset of COVID-19 extra-pulmonary
pathologies. Among these, SARS-CoV-2 gut infections are the most frequent.
Gastrointestinal-COVID-19 is characterized by altered gut functions and the analysis of
COVID-19 patients bowel biopsies showed a detrimental vascular effect, sustained by
elevated Vascular Endothelial Growth Factor (VEGF) expression levels. This condition
seems to involve the engagement of CD147 receptor and HLA-G expression as immune-
escape strategies, possibly impact not only bowel function, but also pregnancy outcome. We
assess viral infection at placental level, by analyzing the expression of HLA-G and other
markers (ACE2, CD147, CD56), demonstrating their alteration in presence of SARS-CoV-
2 infection.

The occurrence of atypical COVID-19, as in gut and placenta, required the administration
of therapies even more efficient and specific. Thus, I also evaluated the potential
employment of synthetic polymeric formulations in counteract SARS-CoV-2 infection.

In addition, during my PhD course I also participated to other studies concerning the impact
of herpetic infections in human diseases. In particular, I investigated the role of Human

Herpesvirus-6 (HHV-6) in neurodegenerative processes (Alzheimer Disease and Multiple



Sclerosis) and pregnancy (primary idiopathic infertility, IUGR), and in collaboration with
the Chemistry group of Professor Trapella of the Universtiy of Ferrara, I evaluated the
possible use of rhodanine-based molecule as an alternative antiviral therapy. Again, in
collaboration with the Dermatology Group of Professor Borghi of the University of Ferrara,
I also analyzed the involvement of Human Herpesvirus-8 (HHV-8) in oncogenesis (Kaposi
Sarcoma). Always concerning the dermatology field, during my PhD I also spent 3 months
abroad at the University of Zurich, where I investigated the regenerative and anti-
inflammatory properties of snail mucus, acquiring skills in immunohistochemistry that I
exploited also in all the studies described above.

Finally, I also performed some studies on emergent resistances to common antibiotics,
evaluating the antimicrobial effect of new formulation for the treatment of ocular infections.

All the data herein described are already published in peer-reviewed international journals.






SARS-CoV-2 infection: effect on host immune system and atypical COVID-19

associated-diseases

Introduction

1. SARS-CoV-2

1.1. Origin and classification

In late December 2019, several healthcare facilities reported clusters of patients with
unknown pneumonia in Wuhan, Hubei Province, China [1]. In the bronchoalveolar-lavage
fluid of these patients was observed the presence of a novel coronavirus, named “Severe
Acute Respiratory Syndrome CoronaVirus-2” (SARS-CoV-2) [2]. On March 11, 2020,
World Health Organization (WHO) declared the pandemic status, due to the worldwide
spread of SARS-CoV-2 infection [3]. The detrimental impact of infection-associated
diseases across the globe was established among the most notorious pandemics that have
ever been observed in human history, currently reporting nearly 658 millions of confirmed
cases, and over 6.68 million fatalities as of early March 2021 [1].

The rapid diffusion of SARS-CoV-2 is often compared to the previous CoronaViruses
(CoVs) pandemic, even if the first report of a coronavirus infection in animals occurred in
the late 1920, when an acute respiratory infection of domesticated chickens emerged in
North America [4]. After SARS-CoV in 2003, another episode of coronavirus pandemic
appeared, originating the Middle East respiratory syndrome CoronaVirus (MERS-CoV) in
2012 [5]. Compared to SARS-CoV and MERS-CoV, SARS-CoV-2 is less pathogenic but
more transmissible, thanks to the presence of asymptomatic infected subjects which
contributed to its rapid spread [6].

Coronaviruses (CoVs) are a group of positive-stranded RNA viruses, included in
Orthocoronaviridae subfamily, Coronaviridae family, order Nidoviridae [7]. The genetic

characterization leads to classify CoVs into four distinctive genera [8] (Figure 1):

Alphacoronavirus (alpha-CoVs),
= Betacoronavirus (beta-CoVs),

»  Gammacoronavirus (gamma-CoVs),

Deltacoronavirus (delta-CoVs).



The alpha-CoVs and beta-CoVs are found mostly in mammals, but also in humans. The
alpha-CoVs infecting humans include Human CoronaVirus-229E (HCoV-229E) and Human
CoronaVirus-NL63 (HCoV-NL63), while in the group of beta-CoVs infecting humans we
can find Human CoronaVirus-HKU1 (HCoV-HKU1), Human CoronaVirus-OC43 (HCoV-
0C43), MERS-CoV, SARS-CoV and SARS-CoV-2 [9], which belongs in particular to the
Sarbecovirus subgroup. On the contrary, gamma-CoVs and delta-CoVs were found

primarily in birds (Figure 1) [10].

ORDER Nidoviridae
FAMILY Coronaviridae
SUBFAMILY Orthocoronaviridae

R BN

GENERA alpha-CoV beta-CoV || gamma-CoV delta-CoV

¥

SUBGROUP Sarbecovirus

.

HCoV-HKU1
HCoV-0OC43
MERS-CoV
SARS-CoV
SARS-CoV-2

*  HCoV-229E
* HCoV-NL63

Figure 1. Taxonomy classification of coronaviruses and SARS-CoV-2.

Despite coronaviruses present typically a zoonotic source, they can acquire the ability to
infect humans by crossing animal barriers through the so called “spillover” process.

Members of the SARS-related viral species, included SARS-CoV-2, infect different
mammalian hosts, as bats, carnivores, pangolins and primates [11]. Despite the different
studies on SARS-CoV-2 zoonosis, its real origin remains undefined. The most accredited
hypothesis supports the bats-pangolin-human transmission, that might have been occurred
at the Huanan Seafood Wholesale Market of Wuhan and Huanan (China) [3, 12]. In fact,
both SARS-CoV and SARS-CoV-2 events were associated with markets selling of live

animals, particularly civets and raccoon dogs [13], known to be susceptible to SARS-CoV-



2 infection [14] , as confirmed by the detection of the virus in the section that traded wildlife
and domestic animal products, following the closure of these markets [15]. Several
phylogenetic analyses support the origin of SARS-CoV-2 from horseshoe bat species
(Rhinolophus affinis) [16]. This is supported by the evidence of a 96,2% nucleotide
homology between SARS-CoV-2 and CoV-RaTGI13 found in these bats. Furthermore,
recent studies suggested that a group of endangered small mammals, known as pangolins
(Manis javanica), could also covey ancestral beta-CoVs related to SARS-CoV-2, with an
85-92% nucleotide sequence homology [17].

Again, SARS-CoV-2 genome presents an high homology rate with SARS-CoV and MERS-
CoV sequences (79% and 50%, respectively), that can explain their common pathogenesis
and symptomatology, primarily correlated to acute respiratory syndrome, which begins as
flu-like illness, associated to headache, diarrhea, shivering, fever, malaise and myalgia, that
progresses to pneumonia, respiratory system failure and death in a few cases [18].
Consequently, SARS-CoV-2 has been included in the same respiratory coronavirus family

of SARS-CoV and MERS-CoV and identified as a new emergent virus.

1.2. SARS-CoV-2 structure

SARS-CoV-2 is a single-stranded-positive RNA (ssRNA+) coronavirus, presenting
spherical and oval shape [19], with a diameter ranges between 60 nm and 120 nm [20]. In
the external part, viral particles included a spherical envelope, deriving from host cell
membrane during the final phase of infection. SARS-CoV-2 envelope expressed spike-like
projections on surface, giving it a crown-like structures, hence the nomenclature coronavirus
[21].

The virion composition includes four structural proteins, which from inside to outside are

(Figure 2) [22]:

= nucleocapsid or N protein,
. membrane or M protein,
. envelope or E protein,

. spike or S Protein (SP).

The N protein has a size from 43 to 50 kD and possesses three highly conserved domains. N
protein composes the SARS-CoV-2 nucleocapsid, with the function to protect viral genome.

Depending of its position in the virion, the N protein has two different shapes, helical or



spherical [1] and its main function consists in trigger the packaging of viral RNA into helical
ribonucleocapsid [23].

Concerning the S protein, it is in the external part of viral particle, where it is assembled as
a homotrimer and inserted in multiple copies into the envelope in a crown-like shape (Figure
2). The S protein is one of the most studied molecular components of SARS-CoV-2, due to
its role in mediating firstly the binding with the host receptor (mainly ACE2), followed by
fusion and entry phases of virus into the target cells [24].

Due to the crucial role of N and S protein in SARS-CoV-2 tropism and pathogenesis, and
their involvement in COVID-19 therapy design, the molecular structure and the specific
functions of these proteins will be further discussed below.

Also, M protein represents another important SARS-CoV-2 protein. It is the most abundant
structural protein of virus, consisting in a type-III glycoprotein, characterized by three
transmembrane domains (Figure 2) [25]. M protein plays a crucial role in the assembly of
viral particle, molding the characteristic shape of viral envelope through the interaction with
S and E proteins and providing the matrix to which nucleocapsid can attach for viral
synthesis [26, 27]. Furthermore, it is hypothesized that M protein might be involved in the
regulation of SARS-CoV-2 replication and in the packing of RNA genome into matured
viral particles [28], playing a role in both viral assembly and homeostasis.

M protein is also able to affect host immune response. Even if some studies reported its
function as an immune-activator of humoral and cellular immunity [25, 29], others reported
a possible effect of this protein as a negative regulator of the innate immune system [30].
Finally, E protein is the smallest of structural molecules localized in SARS-CoV-2 envelope
(Figure 2). It is a short polypeptide constituted by 76-109 amino acids, with two distinct
domains: a single o-helical transmembrane domain at N-terminal and a charged
cytoplasmatic tail at the C-terminus [31]. The E protein performs its function interacting
with other structural proteins, especially with M protein, to maintain the shape of viral
particle, promoting its release by infected cells.

During SARS-CoV-2 replication, E proteins is abundantly expressed, and it is primarily
located in the Endoplasmic Reticulum-Golgi Intermediate Compartment (ERGIC), where it
participates in increasing the viral protein folding load on Golgi [32]. This mechanism results
in aberrant cellular protein folding, leading to a condition known as ‘“unfolded-protein
response”, that may lead to cell apoptosis. After the translocation of E protein in Golgi, it
might self-assembles into an oligomer that mimic ion channels [33, 34] and, after interaction
with endoplasmic reticulum, generate specialized structure in the ERGIC to facilitate the

release of matured virus [32].



Interestingly, E protein appears to be highly conserved among the CoVs and, due to the
fundamental role of E protein in SARS-CoV-2 pathogenesis, live attenuated vaccines based

on the deletion of this molecule have been developed [35].

Envelope \

o

Spike
protein protein
Membrane
protein Spike protein
Membrane ~ Lipid
protein membrane
Lipid Y e {
memberne Envelope protein . : St
Nucleoproteiy
a. :

Figure 2. External (a) and internal (b) representation of SARS-CoV-2 structure with the main structural

proteins: spike (S), membrane (M), envelope (E) and nucleocapsid (N).

1.3. Viral genome

SARS-CoV-2 genome presents the typical Betacoronaviruses structure. Its genome consists
in a ssRNA, with a size of approximately 29.9 kilobases (kb), recently sequenced [36].
SARS-CoV-2 RNA is one of the larger genomes among RNA viruses and includes 5'-cap,
3’-poly-A tail structure and the two main Open Reading Frames (ORFs), 1a (ORF1a) and 1b
(ORF1b) (Figure 3). This part is followed by a shorter sequence, which encodes the
structural proteins spike (S sequence), membrane (M sequence), envelope (E sequence) and
nucleocapsid (N sequence). Finally, in the terminal part of 3’ tail, other accessory proteins
are present [25] (Figure 3).

ORFla is the longest ORF of SARS-CoV-2 genome and occupies almost two-third portion
of the whole genome, while ORF1b overlaps with ORFla and encode for sixteen
nonstructural proteins (nsps), with multiple enzymatic functions (Figure 3), including the
formation of transcription/replication complexes and the modulation of viral RNA
replication and transcription [21] .

For instance, nspl can specifically bind to 40S ribosomal subunit of host cells to accelerate
the degradation of messenger RNA (mRNA) in infected cells [37]. Crystal structure of
SARS-CoV-2 nspl suggests that its 180aa monomer may obstruct the entry of mRNA in
ribosomal subunit of infected cells, causing a reduction in cellular protein synthesis and an
increase of virus survival [38]. Furthermore, nspl interferes with innate immune response

involved in the clearance of viral infection [38]. Therefore, nsp1 may be a potential antiviral



target, due to its participation in multiple stages of the viral life cycle. Interestingly, SARS-
CoV-2 shares with SARS-CoV 84% of the nspl amino acid sequence, which indicates
common functions carried out by this nsp in both viruses [25].

While nspl functions have been deeply investigated, the role of nsp2 is not completely clear.
Nsp2 is the most variable nonstructural protein among the CoVs [36] and seems to be able
to interact with several signals involved in host cell cycle and its role in viral replication
process is confirmed by evidences that the deletion of its coding sequence attenuates viral
growth and RNA synthesis [39]. Recently, it was reported that nsp2 sequence could present
mutation due to positive selective pressure, conferring more contagiousness to SARS-CoV-
2 than SARS-CoV [40].

In fact, as mentioned above, SARS-CoV and SARS-CoV-2 share high sequence similarity,
also concerning nsp3 too, which presents a homology of 75% in those viruses [41]. Nsp3 is
the largest nonstructural protein (213 kilodalton, kD) encoded by SARS-CoV-2 genome and
plays a crucial role in the manifestation of cytokine storm during viral infection. This occurs
because the protein acts as a scaffold, binding host proteins to promote viral replication and
survival [42].

Nsp3 contains at least seven subdomains, a N-terminal acidic domain (called nsp2a), a X-
domain (called nsp3b) and a papain-like proteinase PLP™ (or nsp3d). PLP® is a cysteine
protease that participates in the maintenance of SARS-CoV-2 infection through the
translation of ORFla and ORF1b sequences into polyproteins la (ppla) and 1b (pplb). In

pro

particular, PLP™ of nsp3 realized its proteolytic cleavage on ppla [43] for the formation of
nspl, nsp2 and nsp3.

More specifically, PLP® recognizes a specific tetrapeptide motif between nspl and nsp2
(glycine-180/alanine-181), nsp2 and nsp3 (glycine-818/alanine-819) and nsp3 and nsp4
(glycine-2740/1ysine-2741). The hydrolysis of one of these amino acid sequence leads to the
release of the three nonstructural proteins, which are essential for SARS-CoV-2 replication
and viral RNA synthesis [43]. View the importance of PLP™ in the success of viral infection,
it is an attractive antiviral drug target [44].

Similarly, also nsp5 is involved in the ORF1a/b proteolytic cleavage, that occurs to product
other functional viral proteins forming a complex responsible of virus genome replication.
Nsp5 is a 33 kD cysteine protease, also known as the main protease MP™ or 3CLP™, that has
a function in the modulation of SARS-CoV-2 replication cycle [45]. For this, several studies

report the effectiveness of some inhibitors against SARS-CoV-2, targeting the nsp5 [46].

All the other nonstructural proteins not mentioned yet, are summarized below [19, 25]:
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= nsp4: its transmembrane regions mediate the interaction between viral replication
complex and cellular membranes;

= nsp6: leads to changes in host antiviral defenses, such as in the autophagic lysosomal
machinery;

= nsp7: attends in replication/transcription complex;

= nsp8: catalyzes the synthesis of RNA primers;

= nspY: is a single-stranded RNA-binding protein implicated in the virulence of virus;

= nspl2: is a key component of the SARS-CoV-2 RNA-dependent RNA polymerase
(RdRp);

= nspl3: is a helicase (Hel) that function during synthesis of SARS-CoV-2 RNA and
contributes in 5-RNA capping. It unwinds double-stranded RNA in 5’23’ direction and

presents single-stranded template to polymerase for further elongation.

Several studies report that interactions among the different nsps are needed to efficiently
carry out key viral molecular mechanisms. As an example, it is known that nsp12 can
synthesize RNA independently, but its binding to nsp7 and nsp8 increases its polymerase
efficiency, while the binding of nspl2 to nspl3 increases its helicase activity [47]. The
importance of this improvement of nsps effect SARS-CoV-2 infection is supported by the
evidence that PLP™, MP™ nspl2, nsp7 and nsp8 interaction is crucial to form a functional
replication-transcription complex, which contributed to viral genome synthesis and mRNA
capping [48].

Despite the data available on nsps collaborations in the pathogenesis of SARS-CoV-2, the
role of accessory proteins has not been fully understood. The ORFs genes encoding for
accessory proteins are dominantly clustered at 3’ end of viral genome and codify for the
accessory proteins 3a, 3b, 3c, 3d, 6, 7a, 7b, 8, 9b, 9c and 10 (Figure 3) [49]. It has been
supposed that accessory proteins might be essential in virus life cycle, as demonstrated by
the role of 3a and 7a proteins in ion-channel activity, upregulation of host inflammation

regulators (as NF-xB) and induction of host cell apoptosis [S0].
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Figure 3. Genomic organization of SARS-CoV-2.

After the spread of pandemic, SARS-CoV-2 genome characterization represented a hot topic
of investigation, with the purpose to identify its origin and evolution. Through high
throughput sequencing, the genome of SARS-CoV-2 was analyzed and compared to the
main CoVs, mostly SARS-CoV and MERS-CoV. As previously mentioned, SARS-CoV-2
showed a genetic similarity of 79% and 50% with SARS-CoV and MERS-CoV, respectively
[1]. However, the coding regions of SARS-CoV-2 shows a similar genomic organization
compared to bat coronaviruses and SARS-CoV, the only significant difference was the major
length of SARS-CoV-2 S protein [51].

The similar organization among the CoVs genome is due to the presence of the same protein-
coding sequence, which on the other hand might be subject to a positive selection during
evolution of viruses [52]. This evidence is supported by the analysis of nucleotide
nonsynonymous and/or synonymous substitutions, as recombination event in viral genomic
sequence: the genome of SARS-CoV-2 can be considered an ensemble of several
recombinant regions, which had undergone to amino acid changes. These types of
recombination led to positive selection in viral genome, particularly in SARS-CoV-2 ORFs
[52]. In fact, recombination events were found with highest frequency in ORF1a, that codify
the N-terminus of S protein [1].

As a result of events of recombination from the original Alpha B.1.1.7 virus of Wuhan,
several variants called “Variants Of Concern” (VOCs) have been generated. VOCs present
mutations in their spike domain, which substantially increase the binding affinity in protein-

receptor complex [53]. Among the main variants, Beta (B.1.351), Gamma (B.1.1.28), Delta
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(B.1.617.2) and Omicron (B.1.1.529) are the most studied [54]. Delta and Omicron VOCs
are identified as the major cause of transmissibility increase, severe disease onset and
reduced effectiveness of treatments [55, 56]. Omicron is the most heavily mutated variant
among all the SARS-CoV-2 VOC:s, that, because of its essential mutation on viral S protein,
unlocks the way for a partial resistance to immunity induced by COVID-19 vaccines,
together with enhanced viral transmissibility [57].

Since SARS-CoV-2 VOCs have been linked to a rapid spread in human populations and to
vaccine resistance, they were deeply studied to evaluated alternative pharmacological

treatments and vaccines for COVID-19 disease.

1.4. Spike protein and Nucleoprotein

Among the SARS-CoV-2 molecules, S and N protein represent the principal topic of studies,
due to their role in host cells entry and in the nucleocapsid composition, respectively.

Focusing on Spike protein, its structural biology has been identified very rapidly since the
initial outbreak of pandemic. In particular, S protein monomer is a type-I membrane protein,
belonging to the class I of viral fusion proteins, presenting 66 N-linked glycans, that forms
homotrimers [58] protruding from the viral surface [22]. In particular, the homotrimer
protein is composed by two functional subunits: S1 and S2. The S1 encoding sequences
includes N-terminal domain (NTD), receptor binding domain (RBD) and C-terminal
domain, while S2 subunit contains fusion peptide (FP) sequence, fusion-peptide proximal
region (FPPR), heptad repeat 1 (HR1), central helix (CH), connector domain (CD), heptad
repeat 2 (HR2), transmembrane domain (TM), and cytoplasmic tail (CT) [59] (Figure 4a).
In particular, the presence of RBD in S1 subunit forms the apex of S protein and makes this
portion capable to bind angiotensin-converting enzyme 2 (ACE2) target receptor, to enter
into cells, while the function of S2 subunit involves its fusion with the viral membranes on
host cells [22]. Moreover, S1 subunit exists in two different states, closed and open, ant its
conformational changes between the two states is essential in the initial step of SARS-CoV-
2 infection [59]. In fact, in the closed or “down” conformation, RBD recognition motifs does
not protrude from viral interface, while on the contrary, in the open or “up” state it is capable
to fuse the viral membrane with cell surface [60] (Figure 4b). The entry of SARS-CoV-2
into the cells can be also expressed as a mechanism of accessibility or inaccessibility of RBD
domain to ACE2 receptor: in the S1 down conformation RBD is inaccessible to receptor,
while when S1 switch to the up conformation exposes RBD and its recognition motif to

ACE?2, allowing virus adhesion and entry in the cell [22].
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The S1 changes from “down” to “up” conformation is started by host proteases cleavage of
the two major sites of S protein [61], the S1/S2 site, that separates S1 from the S2 subunit,
and the S2' site, within the S2 subunit [62] (Figure 4a). In particular, S1/S2 site of S protein
is cleaved by furin [60], while transmembrane protease serine 2 (TMPRSS?2) is responsible

for S2' cleavage [63].
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Figure 4. Schematic structure of Spike protein (SP) domains: N-terminal domain (NTD); receptor binding
domain (RBD); fusion peptide (FP), heptad repeat 1 (HR1), central helix (CH), connector domain (CD), heptad
repeat 2 (HR2), transmembrane domain (TM); cytoplasmic tail (CT) (a). 3D SP structure in up and down

conformation (b).

Different studies reported that the presence of a fusion peptide at the amino terminus of S2
subunit might be critical for membrane fusion, since only S2' cleavage, but not S1/S2, is
essential for membrane fusion activity. Concerning furin-mediated S1/S2 cleavage, it
destabilizes the S protein, promoting its binding to ACE2 [64] thanks to a further cleavage
at the S2' site by cellular TMPRSS2. In fact, this protease triggers an extensive and
irreversible conformational change to induce membrane fusion, through the creation of pores
into cell membrane, allowing the viral genome release inside cell cytoplasm [65]. In effect,

the timing of the S protein conformational change is highly regulated, because this alteration
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during fusion process is irreversible. Thus, once the S protein undergoes to the final
conformational change, it completely loses its membrane fusion functions [1].

Concerning S protein structure, RBD represents the part of major interest, because of its
implication in ACE2 binding. ACE2 recognition by RBD is possible through a specific
portion, named receptor-binding motif (RBM), containing the major binding sites in its
bottom part [66] which leads to the formation of RBD-ACE2 complexes, similarly to what
is observed during SARS-CoV infection [60]. However, SARS-CoV and SARS-CoV-2
RBDs binding to ACE2 showed a different strength, with SARS-CoV-2 RBD binding 3-4-
fold higher than SARS-CoV [59]. This evidence may explain the higher infectivity and
transmissibility of SARS-CoV-2, compared with SARS-CoV.

Unfortunately, SARS-CoV-2 S protein undergoes to frequent sequence changes, including
deletions, mutations, and recombination events. Currently, the S protein is the principal
target for vaccine development, but the several mutations in its antigenic epitopes made
difficult the development of new pharmacological treatments, included vaccines [67].

Also, N protein has been considered as a target for vaccines design [68]. In the N protein
structure three highly conserved domains could be found: N-terminal domain (NTD), RNA-
binding domain or a linker region (N-arm), C-tail and C-terminal domain (CTD) [9] (Figure
5). Although the NTD of CoVs shows highly similar structure, the SARS-CoV-2 NTD
possesses different surface charge distributions, probably adapted for more efficient binding
to RNA genome [69]. Among these, NTD and CTD are the most important structural and

functional domains [25]:

1. NTD binds RNA; this is possible since its major portion is occupied by positively charged

amino acids that are able to bind viral genome;

2. CTD mediates dimerization of N protein by self-association and contains nuclear
localization signal. Also, it has a role in nucleocapsid protein oligomerization and in N-M

protein-protein interactions.
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Figure 5. Christal structure of nucleoprotein of SARS-CoV-2: N-terminal domain (NTD), C-terminal domain
(CTD), N-terminal RNA binding domain (N-arm) and C-tail (C-tail).

The collaboration of the three N protein domains and their phosphorylation allows the
structural dynamism that facilitate their binding to viral RNA [70]. In fact, even if the N
protein is the exclusive structural molecule that organize SARS-CoV-2 nucleocapsid, it
plays also key functions in RNA replication and transcription by preserving the
ribonucleoprotein (RNP) complex [71], which is important to protect viral genome and to
maintains reliable viral replication [72]. In addition, N protein interacts with E and M
proteins to facilitate virion envelope formation, particle assembly and it is involved in host-
virus interaction too [73]. Concerning this, N protein regulates host cell cycle, including
apoptosis, to facilitate virus multiplication and spread [74]. Due to this role, the presence of

N protein in SARS-CoV-2 infected cells is often used as diagnostic marker [75].

2. SARS-CoV-2 pathogenetic mechanism

2.1. SARS-CoV-2 tropism: ACE2 and CD147 receptors

SARS-CoV-2 interacts with several receptors on host cells. The most studied SARS-CoV-2
cellular receptor is ACE2, initially identified as a homolog of ACE receptor [76].

ACE?2 consists of 805 amino acids, it presents only a single extracellular N-terminal domain
containing the active catalytic site, a C-terminal membrane anchor, and a conserved zinc-
binding domain [77]. The C-terminus of ACE2 is a carboxypeptidase, that removes single
amino acids from its substrates [78]. The sequence encoding ACE2 receptor is located on
the Xp22 chromosome, it is formed by 18 exons and 20 introns with a total size of 40 kb,

generating six variants through alternative splicing [79].
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ACE?2 could exist in two forms: membrane-bound (mACE2) or soluble (SACE2). mACE2
is a full-length receptor, consisting in a transmembrane part and an extracellular domain,
involved in SARS-CoV-2 S protein binding and virus cell entry, while SACE2 lacks the
transmembrane domain and once secreted diffuses in circulation at low concentrations [80].
Similarly, ACE2 receptor plays a crucial role in the Renin-Angiotensin-Aldosterone System
(RAAS), involved in the regulation of blood pressure and electrolyte homeostasis [81]. In
physiological condition, angiotensinogen produced by the liver is cleaved by renin enzyme,
resulting in the formation of angiotensin I (Ang I). Then, ACE catalyzes the conversion of
Ang I into angiotensin II (Ang II) [82], which binds angiotensin II type-I receptor (ATIR),
inducing vasoconstriction, blood pressure elevation, renal sodium reabsorption, potassium
excretion, aldosterone synthesis, induction of inflammation and activation of pro-fibrotic
pathways [83]. In this RAAS phase, ACE2 cleaves Ang II to angiotensin (1-7), which binds
Mas receptor (MasR) (a G protein-coupled receptor (GPCR)) inducing vasodilation, anti-
inflammatory and anti-fibrotic effects [84]. Furthermore, ACE2 cleaves Ang I into
angiotensin (1-9), which is in turn converted into angiotensin (1-7) by ACE (Figure 6).
Thus, tissue ACE/ACE2 balance is crucial to determine the availability of the different
angiotensin peptides to regulate the inflammatory and fibrotic mechanisms [81]. ACE2
receptor does not act only in RAAS, but also in the gastrointestinal (GI) setting, in which it
has been described as a key regulator of intestinal amino acid homeostasis, expression of
antimicrobial peptides, local innate immunity and gut microbial ecology [85].

In addition, recently it was confirmed the role of ACE2 in Kinin-Kallikrein System (KKS)
involved in the regulation of several physiological processes, such as coagulation,
inflammation and pain [86]. This system exerts its function through the production of active
peptides, most of all bradykinin (BK), a potent vasodilator that counterbalanced the
vasoconstriction promote by RAAS [87]. Moreover, BK positively regulates tissue

plasminogen secretion and thrombus formation [88].
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Figure 6. Role of ACE2 in the renin-angiotensin-aldosterone system (RAAS) during physiological conditions.

When viral infection is established, RAAS pathways and homeostasis are deregulated. In
fact, ACE2 might be negatively regulated by SARS-CoV-2 via internalization and/or
downregulation [89], causing an accumulation of Ang II that leads to vasoconstriction,
oxidative stress, inflammation, atrophy and fibrosis, due to the activation of Ang II/AT1R
pathway [90]. As a matter of fact, several studies report that AT1R can induce apoptosis in
human lung alveolar epithelial cells, in response to Ang II [91]. Ang II, besides being a
potent vasoconstrictor, promotes endothelial dysfunction through cyclooxygenase-2 (COX-
2) activation, producing vasoactive prostaglandins and reactive oxygen species (ROS) [92].
The high levels of Ang II consequent to viral infection causes in turn the activation of host
immune response, resulting in the hyperinflammatory state observed in patients during the
late phase of infection [80], characterized by NF-kB activation and proinflammatory
cytokine release, as IL-6, IL-1p and Tumor Necrosis Factor a (TNF a) [93].

Moreover, ACE2 internalization and downregulation observed during SARS-CoV-2
infection affect also the KKS, creating an imbalance and contributing to lungs hyper-
inflammation and local vascular leakage, which leads to angioedema [94].

Interestingly, when ACE2 downregulation by SARS-CoV-2 is correlated to a worsening of
tissue damage (particularly at pulmonary and vascular level), it also may result in a decreased
viral cell entry and viral spread. Thus, according to the evidence that SARS-CoV-2 infects
ACE2-expressing cells with greater efficiency than SARS-CoV, the hypothesis that the virus

could exploit other cellular factors for viral attachment and entry has been explored. The
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ability of SARS-CoV-2 to interact with other cellular receptors than ACE2 will be further
discus later in this thesis.

SARS-CoV-2 shows tropism for several human tissues and for this reason its infection is
associated to a wide spectrum of symptoms in affected patients. The ubiquitous distribution
of ACE2 among tissues, together with the use of other receptor for cell entry, can explain
the multi-organ dysfunction linked to SARS-CoV-2 pathology, which is mainly respiratory,
and it is defined COronaVIrus Disease-19 (COVID-19) [95]. In fact, besides respiratory
system, ACE2 expression was also reported in male and female reproductive apparats,
vascular and cardiac cells, and nervous system. On the contrary, no ACE2 expression was
observed in blood cells [96], lymphoid tissues and hepatobiliary structures [97].

During SARS-CoV-2 pandemic, patients presented respiratory-like illnesses that progressed
to Acute Respiratory Distress Syndrome (ARDS), suggesting the lungs, and in particular
lung parenchyma, as the primary site for viral infection [98, 99]. Once virus enters into the
respiratory tract, the first kind of cells targeted by the virus are nasopharynx or trachea
multiciliate cells, or sustentacular cells in the nasal olfactory mucosa [100], followed by
vascular endothelial cells and alveolar macrophages [101] (Figure 7). In case SARS-CoV-2
infection is not cleared, it can spread from the upper respiratory tract to the lower, or by
gradual dissemination along the tracheobronchial tree. Alternatively, the initial site of
infection can be the lower respiratory tract too, leading to alveoli infection, inflammation
and limited gas exchange [102]. In this site, SARS-CoV-2 uses alveolar type 2 (AT2) cells
as target, which are responsible for pulmonary surfactants secretion [103] (Figure 7).

The establishment of SARS-CoV-2 infection in these cells type is mainly due to their ACE2
positivity, but their permissiveness to viral entry depends also on additional cellular intrinsic
factors, such as TMPRSS2 expression [104] and ACE2 transcriptional regulation. In
particular, ACE2 gene expression in human airway epithelial cells has been reported to be
upregulated by type I and II interferons (IFN-I and INF-II), which are highly produced
during viral infection [105].

As mentioned before, the wide distribution of ACE2 receptor among human organs, together
with the ability of SARS-CoV-2 to bind also other cellular receptors, is essential for viral
spread to other sites than lungs. Notably, SARS-CoV-2 genome was reported also outside
respiratory tract, mostly at gastrointestinal (GI) and kidney level [106, 107].

In fact, SARS-CoV-2 infection and COVID-19 are often been associated to complications
of GI, because of its abundant ACE2 and TMPRSS?2 expression, specifically in the brush
border of enterocytes [108] (Figure 7). Zang et al. observed that the expression of ACE2 is

significantly higher in small intestines than in all other organs, including lungs [109].
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However, ACE2 marker was rarely seen in the esophageal epithelium, because it is mainly
composed of squamous epithelial cells, that express less ACE?2 than glandular epithelial cells
[110]. The absence of ACE2 expression in esophageal mucosa is in accordance with the
absence of viral nucleocapsid protein staining in tissue biopsies [110].

The high presence of ACE2 receptor in GI system is correlated to gut illness frequently
reported in patients with COVID-19. As a proof of concept, at least 20% of those presented
a detectable SARS-CoV-2 RNA in feces, gastric, duodenal and rectal glandular epithelial
cells, even after respiratory symptoms [111]. The significant intestinal symptomatology
inducted by SARS-CoV-2 and the presence of viral genome in GI system, leads to speculate
a possible fecal-oral transmission, which has never been confirmed [112].

Concerning renal system, ACE2 expression is highly in brush border of proximal tubular
cells and in glomerulus, moderately in parietal epithelial cells, while glomerular endothelial
cells and mesangial cells are negative [81] (Figure 7). In these cell types the expression of
ACE?2 is 100-fold higher than in lung tissue [113]. In addition to ACE2, cells of proximal
renal tubules expressed TMPRSS, which increases their susceptibility to SARS-CoV-2
infection [114]. Renal injury is commonly described in COVID-19 cases with viral RNA
positivity in kidney specimens, in association with increased morbidity and mortality [115,
116]. Renal clinical disease observed in COVID-19 patients might be correlated to SARS-
CoV-2 infection by both indirect factors, as cytokine production, and direct viral replication
in kidney epithelial cells [113]. The deregulation of renal physiological mechanisms is due
to ACE2 downmodulation by SARS-CoV-2, leading to an increase of Ang II activity that
may contribute in the initiation of kidney injury [117].

Also, the investigation of the effect of SARS-CoV-2 infection at reproductive level has gain
attention. ACE2 is abundantly expressed in the epithelial cells, ovary, particularly in oocytes,
and its mRNA has been identified in human uterus [118] (Figure 7). The presence of ACE2
in these tissues is important for the modulation of multiple reproductive processes, such as
steroid secretion [119], follicle development [120] and oocyte maturation, influencing the
ovulation, corpus luteum progression [121] and regulating endometrium regeneration [122].
Moreover, ACE2 is widely expressed in human placenta, mainly at level of
syncytiotrophoblast, cytotrophoblast, decidual cells, endothelium and vascular smooth
muscle of villi (Figure 7). During pregnancy, ACE2 regulates Ang II and Ang (1-7) to
control blood pressure and fetus development, contributing to the normal uterine physiology
[123]. These functions are guaranteed by a specific expression level of ACE2 receptor during

pregnancy, which is higher in early gestation, while less abundant in the late phase [124].
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An aberrant expression of Ang Il and Ang (1-7), that might be also induced by SARS-CoV-
2 via modulation of ACE2, could lead to hypertension, pre-eclampsia and eclampsia [125].
According to the evidence of ACE2 high placental expression, a potential vertical
transmission of the virus was suggested. For instance, recently SARS-CoV-2 presence was
reported in infants’ nasopharyngeal and anal swabs [126] and a neonate born by a COVID-
19-positive mother was found with elevated anti-SARS-CoV-2 IgM [127]. The assumption
of breastfeeding transmission was evaluated too, reporting a correlation between mother
positivity and child-transmission during [128]. Although these studies were not be able to
definitely confirm SARS-CoV-2 vertical transmission, the infection in both pregnant women
and fetuses has been associated to several complications, including premature birth, fetal
distress, premature and cesarean section [129].

Even if female reproductive tract has been deeply investigated being directly involved in
gestational development, also SARS-CoV-2 infection at male reproductive system has been
considered. The presence of ACE2 mRNA was described in different testicular cell types,
including Leydig cells, Sertoli cells, the seminiferous duct and spermatogonia cells [130,
131] (Figure 7), supporting a possible SARS-CoV-2-mediated impairment of male gonadal
functions [132]. Again, the susceptibility of testis and male reproductive cells to SARS-
CoV-2 infection have suggested their function as reservoir of infection, potentially linked to
male infertility [133, 134]. This hypothesis was supported by the evidence that the rate of
positive ACE2 testis in infertile men was higher than in healthy men, indicating that SARS-
CoV-2 could increase the incidence of reproductive disorders, through the abnormal
activation of ACE2 pathway [135]. Furthermore, it has been shown that testicular expression
of ACE2 is age related [136] and young male patients are more likely to be targeted by
SARS-CoV-2 testicular infection than older patients due to higher ACE2 expression,
showing an increased risk of developing infertility.

Moreover, SARS-CoV-2 infection and COVID-19 are associated to other types of
extrapulmonary symptoms, as thrombotic events in several positive subjects. To support the
role of viral infection in this type of disease, studies reported that ACE2 was identified in
endothelial cells of human blood vessels and microvasculature (Figure 7), as well as
TMPRSS?2 in human vascular endothelium [137]. Although the expression of ACE2 in
cardiovascular tissues is not elucidated, the effect of its modulation during viral infections
has been already described. As previously mentioned, the SARS-CoV-2/ACE2 binding
induces the downregulation of the receptor, creating ACE/ACE2 imbalance that promotes
tissue injury by potentially promoting prothrombotic cascades in the vessels [138]. In fact,

the presence of a low ACE/ACE?2 ratio in the vascular endothelium prevents prothrombotic
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cascade from activation, by catalyzing degradation of Ang Il in Ang (1-7), which induces
antithrombotic effects [82].

ACE2 has also a role in nervous system. The enzymatic activity of ACE2 has already been
detected in human brain tissues and cerebrospinal fluid [139], indicating its significant
expression within the human central nervous system. This is supported by the evidence of a
huge ACE?2 presence in cells body of neurons, with less expression in axons and dendrites
[140]. In these cell types, ACE2 exerts its beneficial effects in ischemic brain injury, by
shifting the balance between Ang Il and Ang (1-7), in favor of the latter [70]. Due to the
ACE2 positivity of neurons, these cells might be a possible target for SARS-CoV-2

infection, according to the neurotropism already described for several CoVs [140].
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After the discovery of ACE2 as the primary receptor responsible of SARS-CoV-2 entry, also
other alternative routes of infection have been investigated. Several studies demonstrated
that SARS-CoV-2 Spike is also able to interact with the host cell receptor Cluster of

differentiation 147 (CD147). CD147 is a type 1 transmembrane glycoprotein, included in
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the immunoglobulin superfamily (IgSF) [141], and also known as extracellular matrix
metalloproteinase inducer (EMMPRIN) [142] or basigin, since it is coded by BSG gene,
located on human chromosome 19 [143]. The splicing process and variation in transcription
initiation sites induce the synthesis of four CD147 isoforms, named basigin 1, 2, 3 and 4

[144], expressed in [145]:

* basigin 1 in retina;
* basigin 2 is ubiquitous, mainly found in heart, kidney, skeletal muscles and testis;
= basigin 3 in bone marrow, fetal liver, lung, testis and thymus;

= basigin 4 is similar to basigin 3 expression, in normal tissues.

The transmembrane domains structure of CD147 contains 21 residues crucial in anchoring
receptor to cell membrane [146]. Particularly, the hydrophobic region of transmembrane
domain contains a conserved glutamic acid residue, and leucine zipper like sequence [147]:
these interact with membrane components, providing support in the binding between CD147
and cell membrane [148]. CD147 structure includes also an extracellular portion,
fundamental in cell-cell communication, through cytokine synthesis and cytoplasmatic
region too [149].

CD147 has been described to have a role in both viral infection [150, 151] and tumor
development [152-155] (Figure 8), where the molecules is involved in angiogenesis through
Vascular Endothelial Growth Factor (VEGF) expression (Figure 8). In addition, the tissue
invasion by cancer cells is supported CD147 interaction with integrin a6 and a3f [156,
157].

Besides the CD147 involvement in pathological condition, it also acts as a signaling receptor
for cyclophilins, which are responsible for chemotaxis in cell-mediated immunity and
inflammation in presence of pathogens [158].

Different tissues express CD147, including lungs, brain, heart, liver, kidney, immune and
blood cells [159] and might appear upregulated during pathological conditions [160], such
as cardiovascular diseases, where the receptor is expressed by vascular endothelium in the
absence of ACE2 [161], underlying its potential implication in vascular damages associated
to SARS-CoV-2 infection [162]. Furthermore, CD147 is also involved in kidney acute
ischemic and chronic fibrotic injuries [163], in pulmonary hypertension [164] and its
peculiar expression was also reported on immune cells [165], suggesting a pivotal role in

inflammation [166].
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View CD147 implication in different alteration of tissue homeostasis and inflammatory
processes, CD147 represents an interesting candidate in SARS-CoV-2 tropism, and infection
investigations.

Wang et al. described CD147 as an additional entry receptor for SARS-CoV-2,
demonstrating for the first time the interaction between SARS-CoV-2 Spike protein and
CD147 on host cells. In particular, the implication of CD147 SARS-CoV-2 entry phase was
confirmed by the fact that the modulation of receptor levels affected the ability by virus to
infect target cells [167]. Moreover, this study showed that CD147 was involved in viral
infection of ACE2-negative immune cells where CD147 overexpression facilitates the
infection [167]. Interestingly, in lung tissues of COVID-19 patients, CD147 does not co-
localize with ACE2, suggesting that CD147 and ACE2 expression are exclusively
independent in single lung cells, indicating that these two receptors may be complementary
factors in mediating virus infection [167]. As previously mentioned, referred on ACE2, the
presence of viral infection reduces also CD147 expression on target cells. Interestingly,
CD147 silencing decreases ACE2 expression, suggesting a possible direct and indirect effect

of CD147 on viral entry via ACE2 modulation [162].

2.2. Replication and transmission of SARS-CoV-2

SARS-CoV-2 infection in host cells is characterized by specific replication phases, described

below.

1) Viral entry

The main protein involved in SARS-CoV-2 entry phase is the S protein, that to became
functional needs to undergo energetic changes to acquire a stable state [22]. In fact, as
described for SARS-CoV and other CoVs, a conformational change provides to S protein
sufficient energy to overcome the binding between virus and, typically, ACE2 expressed on
cellular membranes [168]. Following ACE2 engagement, S protein activation can be induced
with two proteolytic cleavages: the first interests the S1-S2 boundary, while the second
occurs into the S2’ site [22], as previously described.

The ACE2-S protein binding is necessary to exposes spike RBD site to host peptidase and

proteases, to trigger membrane fusion.

- Interaction of S protein with ACE2 receptor
The first step of SARS-CoV-2 infection interest the interface between RBD of viral S protein

and ACE2 (Figure 9). In particular, this binding employes almost twenty amino acidic
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residues of both ACE2 and RBD, forming the hydrophilic concave chain that allows the
interaction [22]. As previously mentioned, studies about the soluble structures of Spike
trimer in complex with monomeric ACE2, confirm that receptor interacts with RBD in its
up conformation [80]. In prefusion state, the structure of S2 presents a strong binding
between the fusion-peptide region and connector domain of RBD, maintaining the down
conformation of this one [169]. Then, ACE2 engagement induces a conversion of S protein
to post fusion conformation, in which S1 dissociates as a monomer, while S2 adopts a rigid
shape [24].

The ACE?2 binding is possible due to several molecular changes in S1 subunit [170], while
on the contrary, S2 subunit remains largely unchanged upon ACE2 binding [22]. The result
of ACE2 recruitment by SARS-CoV-2 consists in the exposition of S1 and S2 sites of S
protein which became accessible to be cleaved and activated by host cell proteases (Figure

9).

- Cleavage of S1-S2 boundary by furin

One of the main factors of the huge SARS-CoV-2 infectivity consists in the presence of a
furin site at the S1/S2 boundary. In fact, the cleavage of S1/S2 and S2’ are typically
necessary for SARS-CoV-2 entry process. The first activation of S protein is performed by
furin on a multibasic site located at the S1-S2 junction, during virus maturation into infected
cell. The processing of S protein by furin at S1/S2 cleavage site occurs following viral
replication in the ERGIC [171] and it is fundamental to activate membrane fusion by the
second cleavage event.

After ACE2 binding, the cleavage of the S1/S2 boundary by furin divides S1 by S2 subunits.
This is a prerequisite for the cleavage of S2' site by other proteases [172] and is essential to
initiate the membrane fusion process. The exposed S2' is a target site for the cleavage by
host TMPRSS?2 protease at the membrane surface [84, 173] or by cathepsin L [174] in the
endosomal compartment, following ACE2-mediated endocytosis [175] (Figure 9). Thus,
viral entry is dependent by the cellular proteases, and TMPRSS2 and cathepsin L are the two

majors involved in Spike protein activation.
- TMPRSS?2 role in viral entry

After S1/S2 cleavage, S2’ site must be cut by TMPRSS2 on cell surface to properly initiate

viral fusion, or alternatively, by cathepsins L, after virus transfer into endosomes (Figure 9).
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- Cathepsin role in viral entry

Even though SARS-CoV-2 prefers activation by TMPRSS?2, it is possible that target cells
express low levels of this protease, or that ACE2-S protein complex does not assembly with
TMPRSS2. Furthermore, another 120 amino acids cleavage portion was found upstream to
S2’site cleaved by TMPRSS2 [176], suggesting the potential presence of different protease
that may cleave at S2’ [177]. In fact, the S2’ portion, once exposed by furin, can be
internalized via clathrin-mediated endocytosis into the late endolysosome, where the acid
environment activates clathrin proteolytic functions [175] (Figure 9). This mechanism is
mediated by cathepsins, a non-specific protease with endopeptidase and exopeptidase
activities, which participate in proteolysis in the late endosomes and lysosomes [178]. These
proteases are divided into three classes: aspartic (D and E), serine (G) and cysteine (B, C, K,
L, S and V) cathepsins. Among these, cysteine proteases (cathepsins B, L and S) mostly
contribute to viral entry [22], and particularly cathepsin L. has been to participate in the

cleavage of S2' site of SARS-CoV-2 S protein.

2) Membrane fusion

After the activation of viral S protein subunits via TMPRSS?2 or clathrine enzymes, the S2’
site is cleaved, exposing the fusion peptide (FP) [176]. Moreover, the dissociation of S1 from
S2 subunit initiated by furin, induces a dramatic conformational change in S2 that shifts near
the fusion peptide, inducing its proteolytic cleavage [22] and prompting the fusion with cell

membrane (Figure 9).
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Figure 9. Mechanisms of SARS-CoV-2 entry into host cells: on left side the endosomal entry via cathepsin L-
dependent ways, on right side the TMPRSS2 entry mechanism. On bottom part, representation of SP cleavage
by the host proteases furin and TMPRSS2 [22].

3) RNA release, transcription, replication, and protein translation

Following membrane fusion, SARS-CoV-2 genomic positive RNAs (+gRNAs) is uncoated
and released into cellular cytosol (Figure 10). Replication, transcription, and translation
processes of viral genome are common to all of RNA viruses. Replication of SARS-CoV-2
consists in the synthesis of a complementary full-length negative-strand RNA (-RNA) from
+gRNA, which will be used as a template to produce +gRNA genomes. After their synthesis,
+gRNAs are packaged into new virions [168] (Figure 10).

The expression of SARS-CoV-2 proteins in infected cells depends primarily on the
translation of gRNA, and subgenomic RNAs (sg-mRNAs) [179, 180]. First, SARS-CoV-2
+gRNAs recruit the host ribosomes, serving as mRNA for the translation of ORFla and
ORFIb replicases [181]. ORFla and ORFI1b are translated in the specific non-structural
proteins ppla and pplab, respectively, which are precursors of non-structural proteins [19]
(Figure 10). The premature production of these proteins is due to their direct implication in
nucleic acid metabolism, promotion of non-structural proteins catalytic activity and
stimulation of RNA synthesis and processing. Most importantly, the gRNA sequence might
be also translated into additional viral polymerases, specifically nsp7, nsp8 and nsp12, that
will lead to viral RdRp polymerase formation. RdRp is a specific machinery, implicated in
SARS-CoV-2 genome replication and responsible of viral gRNA synthesis [182].
Subsequently, RARp use +gRNA template to synthesize complementary full-length negative
strands and a set of negative sg-RNAs [182] (Figure 10). These will be use as template for
+gRNA and +sg-RNA. In the next phase, the new +gRNA and +sg-RNA will be used in two
different ways: the genomic +RNA will function as transcripts to replicate further viral
genomes, while +sg-RNAs will be the template for the translation of E, M, N and S SARS-
CoV-2 structural proteins [183] (Figure 10).

It is note that, in the production of new gRNA or sgRNA, several mRNA intermediates are
also involved. Newsworthy, the 5’ capping of mRNA, occurring in the nucleus, is important
for viral mRNA stability, translation initiation and escape from the immune response [184],
while the 3’ tail polyadenylation of mRNAs is essential for negative-strand synthesis [185].
Importantly, SARS-CoV-2 also developed several mechanisms of proofreading, to avoid the
wrong adding or lacking nucleotides during the synthesis and translation of new viral

genomes [186].
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4) Virion assembly and release

New gRNAs are synthesized into cytoplasm and then coated with N protein to generate the
nucleocapsid structure of SARS-CoV-2 [168] (Figure 10).

On the contrary, other viral structural proteins (M, E and S proteins) are transcribed and then
translated in ER, to be incorporated into envelope at the ERGIC by budding process (Figure
10). At the end of replication, the enveloped and mature virion is exported out the cell by

exocytosis [182] (Figure 10).
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Figure 10. Schematic representation of SARS-CoV-2 genome replication and synthesis of viral proteins. After
the binding of viral SP to ACE2 receptor and membrane fusion, the viral genome is release into host cytoplasm.

Then, viral RNA and proteins are synthetized for viral assembly, maturation, and virion release.

3. SARS-CoV-2 associated diseases

Human coronaviruses commonly use as primary transmission way the respiratory route.
Early reports of patients, with lung ground glass opacities, cough, and other pulmonary
symptoms, suggested that also SARS-CoV-2 is transmitted in this manner [187]. The

airborne transmission involves aerosol droplets, which are diffused in the environment with
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sneezing, coughing or close conversation with infected subject. The droplets size plays an
important role in viral transmission, in particular the particles smaller than 5 um might be
diffuse for more than one meter, thus persisting in the air for long periods [188].
Furthermore, the direct transmission of respiratory droplets is reinforced by productive
SARS-CoV-2 replication in both upper and lower respiratory tract.

Human-to-human transmission has also been associated to direct contacts, between infected
and uninfected subjects. In addition, during pandemic was observed a spread of SARS-CoV-
2 infections from nonsymptomatic or presymptomatic individuals to other subjects, which
contrasts with the previous dynamics of transmission observed for SARS-CoV. The presence
of asymptomatic subjects and their identification was one of the main concerns in the
resolution of COVID-19 pandemic.

In addition to direct respiratory transmission, another possible way for SARS-CoV-2 indirect
transmission have been explored. In fact, once released, the infected droplets can also
contaminate objects, such as door handles or desks, persisting on several materials (as
ceramic, glass or steel) for hours and days [187, 189], increasing the risk to spread the virus
through contact with these infected surfaces.

Moreover, due to the intestinal tropism of SARS-CoV-2, a possible fecal-oral transmission
of the virus was also hypothesized [190]. As previously mentioned, infected patients
developed gastrointestinal symptoms, thus a possible transmission through the infected feces
was investigated, confirming the presence of SARS-CoV-2 RNA or still active viral particles
in feces samples for up to 4 days [191]. In addition, the sexual way can be a possible route
of transmission, as supported by the vulnerability of human testis to viral infection [192],
together with SARS-CoV-2 mother-fetus vertical transmission [191, 193].

Thus, the further investigation of the possible SARS-CoV-2 transmission routes is
fundamental to limit viral spread, avoiding unsafe behaviors and reducing possible infective

sources.

3.1. COVID-19
COVID-19 is the pathology associated to SARS-CoV-2 infection. During COVID-19, a

heterogenous involvement of organs and systems is observed, causing various tissue
damages that arise both during and post infection.

The incubation period of COVID-19 is very short: the median range is 4-5 days before
symptom onset, respect to 2-11 days in SARS-CoV infection [188]. Generally, around 98%

of patients develop symptoms within 12 days by viral exposure [194] that can persist until
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14 days [195], even if the illness can become severe earlier, approximately 1 week after
symptoms onset [102].

Despite the development of typical symptoms, it is known that SARS-CoV-2 infection can
also induce to an asymptomatic disease. This clinical condition made difficult the
identification of infective sources and constituted a problem in the vigilance of SARS-CoV-
2 spread. In fact, asymptomatic COVID-19 cases, although positive for SARS-CoV-2
infection, do not develop symptoms after infection, while presymptomatic subjects develop
symptoms later in the course of infection, both acting as potential drivers of viral
transmission. Asymptomatic/paucisymptomatic positive patients usually present mild
respiratory disease, including common symptoms in the upper respiratory apparatus during
primary infection, and other aspecific signs as fever, headache, chest pain, myalgia, diarrhea
and vomiting [188, 196] (Table 1), in line with the wide tropism of the virus [197, 198].
Positivity for SARS-CoV-2 infection can be mostly identified in the presence of cough (60-
86%) and shortness of breath (53-80%), due to the contagion of mucous membranes in the
upper respiratory tract [199, 200]. Also, SARS-CoV-2 can infect nasal and pharyngeal
epithelia, site of the olfactory mucosa, causing changing in taste, smell sense and anosmia
(64-80%) (Table 1) [201, 202].

Once reached the upper ways, the virus directly accesses the lower respiratory tract and
infects bronchial and alveolar epithelial cells [203]. From mild symptomatology, the
infection might evolve into moderate and severe COVID-19, in which the most common
symptom are dyspnea (shortness of breath) and hypoxemia, resulting in respiratory failure
[204] (Table 1). In particular, patients could incur into Acute Respiratory Distress Syndrome
(ARDS) in the case of serious hypoxemia, characterized by hyperinflammation, pulmonary
damage and loss of lung tissue functions, in the presence of bilateral radiographic opacities
[102] (Table 1).

The hyperactivation of immune response reported in COVID-19 patients, confirms the
involvement of SARS-CoV-2 in the modulation of both innate and adaptive immunity.
During infection, innate immunity is associated to lung injury, caused by an important
release of pro-inflammatory cytokines (such as IL-1 o, IL-1 B, IL-4 and IL-6), that trigger
the cytokine storm state [205] (Table 1).

Furthermore, most of SARS-CoV-2 positive patients were found with an important
lymphopenia, similarly to SARS and MERS [206]. In particular, in a recent study it was
shown that about 85% of patients with severe COVID-19 suffered of this condition [196,
207] (Table 1), which interest particularly Natural Killer (NK) and cytotoxic T cells (CTLs),

which are critical in performing the antiviral activity towards the virus. Interesting, although
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T cells could be increased at the onset of COVID-19, these patients tended to have low total
CD8+ and CD4+ T cell counts [208]. In fact, lymphocytosis is another important feature of
COVID-19 condition , especially found in patients who required Intensive Care Unit (ICU)
and in those who were older than 60 years [209], where both high serum levels of pro-
inflammatory cytokines and lymphocytes’ count are used during hospitalization as
predictors of patient survival in concomitance to ARDS condition [210, 211].

The histological analysis of lung biopsies collected from patients with ARDS revealed an
extended tissue injury, also known as diffuse alveolar damage (DAD). DAD is typically
characterized by an initial exudative phase with oedema, dying cells and inflammation [212]
(Table 1), followed by hyperplasia, as an attempt to regenerate the alveoli, and alveolar
oedema with microvascular thrombosis [213]. This condition limited oxygen exchange,
since fibrin-rich exudates and fluid accumulation closed the alveoli [102] (Table 1).

The common symptoms occurring during SARS-COV-2 infection are indicated as “acute
COVID-19”. A study from England identified three clusters of symptoms during acute
illness [214] (Table 1):

1. respiratory symptom cluster, with cough, shortness of breath and fever;
2. musculoskeletal symptom cluster, with myalgia, headache and fatigue;

3. enteric symptom cluster, with abdominal pain, vomiting and diarrhea.

Nevertheless, a report conducted in Italy found that 87% of people discharged from hospitals
presented persistence of at least one symptom, even at 60 days [215]. In absence of fever or
features of acute illness, the commonly reported problems were fatigue (53,1%), dyspnea
(43,4%), joint pain, (27,3%) and chest pain (21,7%) and other symptoms such as cough, skin
rashes, palpitations, headache, and diarrhea. Patients also reported inability to do routine
daily activities, in addition to mental health issues, such as anxiety, depression and post-
traumatic stress disorders [216]. Another study confirmed a frequency of breathlessness and
excessive fatigue, even at 3 months from hospitalization [217]. The persistence of one or
more symptoms of acute COVID-19, or also appearance of new symptoms for weeks or
months after the initial SARS-CoV-2 infection is called “long-COVID” or “post-COVID
syndrome” [218].

The symptomatology reported during both acute and long-COVID-19 supported the
hypothesis that the initial SARS-CoV-2 infection al lung level can leads to various extra-

pulmonary complications [219], evolving in an atypical syndrome.
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3.2. Atypical COVID-19

SARS-CoV-2 lung infection, typically associated to COVID-19 onset, has as major
manifestation cytokine storm and ARDS [1], but could possibly induce extrapulmonary
diseases, targeting gastrointestinal, hepatic, renal, cardiac, placental and neurological
systems [219, 220]. The reflection of SARS-CoV-2 impairment in various human systems
is correlated to new clues in COVID-19 patients (/221], paper attached).

ACE?2 expression in enterocytes is a contributor factor to develop gastrointestinal COVID-
19. Commonly, SARS-CoV-2 positive patients presented prevalence of gastrointestinal
symptoms, among these anorexia, diarrhea, vomiting, abdominal pain, bleeding and
diminished appetite [110] (Table 1). Moreover, SARS-CoV-2 infection in gut epithelial cells
could induce dysbiosis, associated to intestinal inflammation [222] (Table 1). The
gastrointestinal implication correlated to COVID-19 symptomatology can be caused by an
overproduction of IL-17A during the cytokine storm. IL-17A increases neutrophil
recruitment [110], causing gut damage due to this immune response (/221 ], paper attached).
Again, also liver manifestations, particularly hepatocellular injuries, have been reported in
COVID-19 patients [223] (Table 1). The alteration in hepatic functions associated to SARS-
Cov-2 infection is distinguished by precisely biochemical signs, including elevated liver
transaminases, high C-reactive protein (CRP), hypo-albuminemia and hyper-ferritinaemia,
that reflect the acute-state of inflammation [224] (Table 1).

SARS-CoV-2 infection has been reported to cause also renal complications. Acute kidney
injury (AKI) and nephropathies were associated with systemic infection, resulting in
ischemia-reperfusion injury, rhabdomyolysis-associated tubular toxicity, cardiorenal
syndrome (such as renal hypoperfusion, hypotension, and venous congestion) and
nephrotoxic drug interactions [225] (Table 1). Further, angiopathy and disseminated
intravascular coagulation induced by viral proteins lead to endothelial dysfunction and
thrombosis, contributing to the pathogenesis of AKI [113, 226] (Table 1).

The manifestation of SARS-CoV-2 infection is frequently correlated to acute myocardial
injury [221], with worsened outcome and increased mortality rates of COVID-19 patients
[81] (Table 1). In this contest, several mechanisms have been proposed, including viral-
induced myocarditis, cytokine-mediated injury, microvascular injury or myocardial
infarction [227].

Moreover, microvascular endothelial cells (mECs) dysfunction reflects serious ARDS,
involving changes in vascular permeability, activation of procoagulant pathways and the
consequently disruption of the alveolar-capillary barrier, as previously mentioned [228].

When the endothelium is disrupted, vascular coagulative proteins interact with tissue factors,
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triggering the extrinsic coagulation pathway and the cleavage of fibrinogen into fibrin [229].
The formation of fibrin thrombi is counteracted by the fibrinolysis pathway, which is
inhibited by plasminogen activator inhibitor 1 (PAII) to induced coagulation. During SARS-
CoV-2 infection, the coagulation pathway is altered, inducing an increase of PAIl
expression that leads to a worse respiratory status [230]. Thus, the alveolar epithelial
damage, together with an imbalance in coagulation and fibrinolysis, are specific signs of
COVID-19 pathology ([221], paper attached). Caccuri et al. confirmed that SARS-CoV-2
infection in human lung microvascular ECs sustains inflammatory and vascular
dysfunctions, leading to vascular detriment and leakage [231]. The same fibrotic process is
responsible for the formation of fibrin thrombi, which are found in the small arterial vessels
of severe COVID-19 cases [232, 233] (Table 1). Responsible of this process are the recruited
neutrophils, which release neutrophil extracellular traps (NETSs) to activate factor XII of
coagulation cascade, producing in severe COVID-19 patients deposit of fibrin [234, 235].
SARS-CoV-2 infection can interest placenta annexes, which are characterized by a lower
TMPRSS?2 expression respect to other tissues (as lungs) (/221], paper attached). In fact, the
co-expression of both ACE2 and TMPRSS?2, needed to increase viral entry efficacy, was
reported only in few placental cells and chorioamniotic membranes throughout gestation
[236, 237], suggesting its possible effect on placental and transplacental sites [238] (Table
1). As a matter of fact, SARS-CoV-2 can infect the placenta, as documented by a congenital
infection during the first trimester of pregnancy in fetal organs, for instance lungs and kidney
[238] (Table 1), which possibly involve the expression other receptors for the virus, such as
CD147 [239].

Furthermore, during pregnancy may occur a dysregulated inflammatory response to
pathogens, probably due to a defective interferon response, known to have a pivotal
immunomodulatory role on normal pregnancy [240]. In fact, a significant lower IFN-y
amount in the peripheral and cord blood of pregnant COVID-19-women was observed [241].
The modulation of IFN-y levels by SARS-CoV-2 can subvert IFN-y antiviral effect,
impairing the fetal microenvironment and increasing viral susceptibility of newborns [242]
(Table 1).

Moreover, during COVID-19 some patients presented symptoms that could be attributed to
neurological involvement, among these headaches, confusion, and anosmia with dysgeusia
[243] (Table 1). Despite the evidence that SARS-CoV-2 can alter the neurophysiological

processes, are still unknown the precisely pathological mechanisms.
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System / organ Symptoms

Fever, chest pain, myalgia, cough,
shortness of breath, changing taste and
smell (anosmia), dyspnea, hypoxemia,
PULMONARY ARDS, release of pro-inflammatory
cytokines, DAD, oedema, dying cells,
hyaline membranes, inflammation,
fluid accumulation

IMMUNE Lymphopenia
Anorexia, diarrhea, vomiting,
abdominal pain, dysbiosis, intestinal
inflammation
GASTROINTESTINAL Hepatocellular injury, elevated liver
transaminases, CRP, hypo-

albuminemia, hyper-ferritinaemia

AKI, ischemia-reperfusion injury,
rhabdomyolysis-associated  tubular
toxicity, cardiorenal syndrome (e.g.

RENAL . .
renal hypoperfusion, hypotension and
EXTRAPULMONARY venous congestion), nephrotoxic drug
(ATYPICAL COVID-19) interactions
CIRCULATORY Fibrin thrombl, microvascular
endothelial cell damage
CARDIAC Acute myocardial injury
Placental, transplacental and
PLACENTA copgemtal. mfectlon,. impairing f.etal
microenvironment, increasing viral
susceptibility of newborns
NEUROLOGICAL Headache, confusion, anosmia,

dysgeusia

Table 1. Overview of COVID-19-associated symptoms and diseases in the pulmonary and extrapulmonary

systems.
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To date, much discussion has been had on severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) lung infection associated with COVID-19 onset, of which the major
manifestation is characterized by a “cytokine storm” [1] and acute respiratory distress
syndrome (ARDS) in severely affected patients (Figure 1).
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pathways and disruption of the alveolar—capillary barrier [2,3] (Figure 1). The study
conducted by Caccuri et al. confirms that the SARS-CoV-2 infection of human lung mi-
crovascular ECs (HL-mECs) sustains inflammatory and vascular dysfunction, leading to
vascular detriment and leakage [4]. Having uncovered the intracellular expression of viral
RNA and proteins in the absence of cytopathic effects and infectious viral progeny release,
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researchers have been able to demonstrate that HL-mECs support an abortive SARS-CoV-2
replication. This occurs without the presence of ACE2 expression, which is necessary for
the active replication of SARS-CoV-2 in ECs [5].

This observation is implicit of the ability of SARS-CoV-2 to employ an alternative
receptor to infect HL-mECs, even though a low-level expression of ACE2 cannot be com-
pletely disregarded. Many viruses have an arginine-glycine-aspartic acid (RGD) motif on
the viral envelope, recognized by integrins, that is critical in the mechanisms behind virus
infection and cell internalization [6,7]. In particular, it was reported that the conserved
RGD motif may be a mechanism by which SARS-CoV-2 interacts with integrins. Microarray
analysis revealed that following infection, HL-mECs release many pro-inflammatory and
pro-angiogenic molecules, which induces the development of an angiogenic phenotype in
HL-mECs. The modification of SARS-CoV-2-infected HL-mECs to inflammatory and angio-
genic responses was validated by proteome analysis, which also unveiled the expression of
antiviral molecules, among which are annexin A6 and MX1.

Considering that ARDS represents one of the major causes of mortality for severe
COVID-19 subjects, a therapy based on pulmonary rehabilitation (PR), known to be effective
against multiple pulmonary diseases [8,9], has been exploited for COVID-19 treatments [10].
The primary benefits of PR involve the improvement of physical performance, quantified
as the functional independence measurement (FIM) and 6 min walking distance (6-MWD),
and the wellbeing of patients, described using the feeling thermometer (FT) parameter.
However, since not all patients benefit from the PR treatment to the same extent, such as
some post-COVID-19 patients, further studies are necessary to identify the reasons for this
difference in response to therapy in order to develop optimized concepts within PR [11].

A]though the respiratory tract represents the main site of entry for the virus, the
spectrum of the clinical manifestation of SARS-CoV-2 is wide, since the primary infection
could lead to important systemic effects [7].

Theoretically, SARS-CoV-2 can directly invade any organ system that expresses the
ACE2 receptor, resulting in symptoms that are vague or unusual [12]. In fact, as the
pandemic spread and new SARS-CoV-2 variants arose, more COVID-19 patients expe-
rienced several nonspecific or unusual extra-pulmonary symptoms involving different
body systems, including systemic inflammation, hypercoagulability and renin-angiotensin—
aldosterone system dysregulation (RAAS) [13]. In particular, SARS-CoV-2 infection has
been described in association to renal complication, including nephropathies associated
with systemic SARS-CoV-2 infection, rhabdomyolysis-associated tubular toxicity and car-
diorenal syndrome (such as renal hypoperfusion, hypotension, nephrotoxic drug interac-
tions and venous congestion) [14,15] (Figure 1). In fact, SARS-CoV-2 is able to modulate
ACE?2 expression in several cells of the cardiovascular system, such as cardiomyocytes,
fibroblast and pericytes, triggering the neurohumoral system and resulting in defective
contractibility, among other significant cardiac morbidities [16-18] (Figure 1).

In addition, another major site of extrapulmonary infection of SARS-CoV-2 is repre-
sented by the gastrointestinal tract, due to the high expression of ACE2 in enterocytes.
The incipient manifestations of COVID-induced gastrointestinal (GI) problems include
vomiting, diarrhea, abdominal pain, bleeding, diminished appetite or a combination of the
former [19].

Another important aspect of the core of SARS-CoV-2 gastrointestinal infection is
the presence of several comorbidities in patients. Diabetes mellitus is among the most
frequently occurring of the major COVID-19 comorbidities [20-23], often associated to a
high risk of severe prognosis [24-26]. In fact, the excessive amounts of insulin produced
by diabetic patients seem to induce the PI3K/Akt/mTOR pathway, already active in
COVID-19, which promotes the release of tumor necrosis factor (TNF) and interleukin-6
(IL-6) [27-29], consequently aggravating the inflammatory status already altered in COVID-
19 patients [30]. Similarly to observations in pulmonary pathology, some therapeutic
strategies could exploit the treatment of certain comorbidities to improve the conditions
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therapies, metformin is one of the most used, consisting of an oral hypoglycemic agent
inhibiting the PI3K/Akt/mTOR pathway [31-33] that causes inflammation in both diabetes
mellitus and COVID-19. For this reason, the use of metformin can be considered a potential
anti-inflammatory treatment to improve the prognosis of patients with both COVID-19 and
diabetes [34,35].

Nevertheless, besides the several therapeutic approaches, it has been demonstrated
that prevention is critical in decreasing infection rates and sequelae. Although vitamin D3
supplementation is still controversial in the prevention of infection [36,37], a meta-analysis
asserted that a low serum 25-hydroxyvitamin D3 [25(0OH)D3] level was associated with
a higher risk of SARS-CoV-2 infection [38]. Similarly, Romero-Ibarguengoitia et al. [39]
showed that individuals with 25(OH)D3 levels between 20 and 100 ng/mL and vitamin D3
supplementation have a lower rate of SARS-CoV-2 infection, reinforcing the importance of
supplementation in the prevention of COVID-19.

The importance of therapies and prevention appears to be crucial in view of the ability
of SARS-CoV-2 to infect a wide range of tissues and organs. Recently, even more interest
has been paid to SARS-CoV-2 infection at the reproductive tract level. In particular, the
male reproductive system could present peculiar clinical manifestations in response to
SARS-CoV-2 infection, possibly leading to exacerbated conditions due to a stronger type
I immune response, characterized by a lower CD4/CD8 T cell ratio [40]. The increased
ACE2 expression, and the levels of transmembrane protease serine 2 (TMPRSS2) and
cathepsins [41,42] within the testes, and the deleterious role of testosterone in the interim of
infection, could impede spermatogenesis and cause male infertility [43] (Figure 1). Despite
SARS-CoV-2 infection potentially resulting in testicular damage and testosterone level
impairment, whether these consequences of certain severe COVID-19 cases is caused by
direct SARS-CoV-2 infection, indirect inflammatory and oxidative stress, or a combination
of these mechanisms, is not completely clear. The study conducted by Campos et al.
suggested that testicular damage observed in severe COVID-19 cases could be partly due to
a direct SARS-CoV-2 infection of testicular cells. In fact, in a study conducted in an animal
model, SARS-CoV-2 RNA was detected in the testes of golden Syrian hamsters infected
intranasally, which also showed signs of mild disease. Most of the viral RNA was found
during the first week following infection, without any significant histopathological damage.
Moreover, the hamster testes exposed to SARS-CoV-2 ex vivo were susceptible to infection,
as demonstrated by increasing virus titers in the medium and the presence of viral RNA
in the seminiferous tubules and the interstitium. In contrast, SARS-CoV-2 titers remained
stable in hpSertoli cells, suggesting that these cells might support low levels of SARS-CoV-2
infection [44].

Despite the female reproductive tract expressing low ACE2 levels than testes, SARS-
CoV-2 infection seriously considered within fertility clinics, as the infection has the potential
to be implicated in placental annexes. Because of the peculiar tolerogenic environment
needed to protect the semi-allogenic fetus from the maternal immune system attack during
pregnancy, a dysregulated inflammatory response to viruses may occur, probably due to
a defective interferon response known to be crucial in antiviral responses [45]. In fact, in
normal pregnancy and immunocompetent physiological conditions, IEN-y plays a pivotal
immunomodulatory role [46], thus it might be supposed that SARS-CoV-2 infection could
affect the pregnancy course by specifically modulating IFN-y levels. This hypothesis is
supported by Cennamo et al., who observed significantly lower IFN-y amounts in the
peripheral and cord blood of pregnant COVID-19-infected women (Figure 1), suggesting
that this alteration, possibly due to SARS-CoV-2 infection as an attempt to subvert the IFN-y
antiviral effect, could affect the fetal microenvironment, increasing the viral susceptibility
of newborns [47].

This evidence confirmed the importance of a correct activation of innate immune
response to efficiently counteract SARS-CoV-2 and infection susceptibility. Nevertheless,
the cytokine storm condition and/or immunosuppression becomes even more complicated
in COVID-19 patients with a peculiar immunological status, such as pregnancy.
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In fact, even if SARS-CoV-2 infection interferes with all tissues and cells previously
mentioned, the immune system is perhaps one of the most involved. In particular, it has
been reported that SARS-CoV-2 infection innate immune response modulation could result
in both immune hyperactivation or weakening [48].

As described by several studies, many cases of COVID-19 are characterized by a de-
creased innate immune response, with low monocyte levels [49], high neutrophil count [50]
and natural killer (NK) cell anergic status [51]. In particular, one of the first-line defenses
during viral infection is represented by innate antiviral systems, such RNA-sensors ac-
tivation, which include different pattern recognition receptors (PRRs), such as RG-T and
Toll-like receptors (TLRs). Rizzo et al. demonstrated that specific intracellular TLRs, TLR3
and TLR7, constitute important mediators of anti-viral response during SARS-CoV-2 infec-
tion, through the recognition of viral RNA genome. The authors used a Calu-3/MRC-5
3D in vitro lung model, and reported that, after SARS-CoV-2 infection, viral RNA genome
recognition by TLR3 and TLR7 led to peculiar responses in terms of production of pro-
inflammatory interleukins (ILs) and interferons (IFNs). Precisely, TLR3 engagement was
involved in IFN-« and IFN-f production and the secretion of pro-inflammatory cytokines
(IL-1 o, IL-1 3, IL-4, IL-6), while TLR7 activation regulates type-1 IFN, IFNy and IFN-A3
expression [52] (Figure 1). This study supported the role of these pathways in COVID-19
symptomatology and suggested TLRs as a potential target for new therapies.

Moreover, besides the activation of innate antiviral systems, such as RNA sensing,
the adaptive immune system also plays a central role during SARS-CoV-2 infection. Both
humoral and cellular-mediated responses are active mostly against the S1 domain of the
SARS-CoV-2 spike protein, with a major activation of CD4+ T cells that support antibody
generation too. Antibody responses to SARS-CoV-2, specifically immunoglobulin G (IgG),
are fundamental in providing protection against viral infection (Figure 1). Furthermore,
the induction of virus-specific neutralizing antibodies within the airways is considered the
main immune defense, following natural SARS-CoV-2 infection or vaccination [53].

As a matter of fact, a recent study indicates a direct correlation between SARS-CoV-2
neutralizing antibody titer, IgG amount and clinical COVID-19 outcomes. In particular, the
study showed that in some subjects, despite having high levels of anti-51 IgG antibodies, a
re-infection may occur. This result indicates that the presence of adequate anti-S1 IgG titers,
but not of relevant neutralizing antibodies, represents a possible risk factor for SARS-CoV-2
re-infection [54], supporting the importance of an adequate humoral immune response in
SARS-CoV-2 infection resolution.

Conclusions

Since the occurrence of the new SARS-CoV-2 infection pandemic, more evidence
reported that the virus can infect several tissues and organs due to the diffuse expression of
SARS-CoV-2 receptors and new entry mechanisms exploited by new SARS-CoV-2 variants.

Nevertheless, even if the respiratory tract remains the main site of SARS-CoV-2 in-
fection, the spectrum of SARS-CoV-2 clinical manifestation is wide [43], and COVID-19
patients experience several complications and adverse manifestation aggravated by the
presence of comorbidities, such as diabetes mellitus [23].

In this view, the use of both existing therapies and prevention is crucial in decreasing
infection rates.

This is also true concerning the reproductive system and particularly pregnancy,
where SARS-CoV-2 can take advantage of the peculiar maternal immune system asset,
affecting pregnancy outcomes and the fetal microenvironment [47]. In fact, an efficient
immune activation is essential to counteract SARS-CoV-2 infection, at both innate and
acquired levels. Hence, the continuous monitoring of new variants of SARS-CoV-2 and
the increased knowledge of the mechanisms underlying both viral spread strategies and
immune response efficiency toward the infection, are fundamental in identifying potential
risk factors and developing more efficient strategies for prevention and treatment therapies.
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3.3 COVID-19 diagnosis and risk factors

The presence of any of the symptoms mentioned before is functional in the diagnosis of
SARS-CoV-2 infection. Molecular detection of viral nucleic acid represents the diagnostic
gold standard, based on the use of commercially available detection kits targeting ORF1b,
N, E or S viral proteins [244]. The presence of SARS-CoV-2 is evaluated in a variety of
respiratory samples, including throat swabs, posterior oropharyngeal saliva, nasopharyngeal
swabs, sputum and bronchial fluid [198]. Viral nucleic acid can be also found in specimens
from the intestinal tract or blood, even when respiratory samples were negative. There are
also several serological tests available, able to detect antibodies to N or S protein [245],
mainly used to confirm a contact with the virus and to assess the response to the therapy.

During the spread of SARS-CoV-2 pandemic, a different predisposition to infection and to

the develop of severe COVID-19 among the patients was observed. To explain this
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condition, different studies have evaluated the possible risk factors associated to increased
infection susceptibility, including increased age, gender, genetic predispositions and

comorbidity are the mains, which are discussed below.

Age

The population appears to be susceptible to SARS-CoV-2 infection at any age, with a median
age of infection of about 50 years [188, 196]. Clinical signs, however, change with age:
generally, men over 60 years with co-morbidities are more likely to develop serious
respiratory illness and to need hospitalization, while most young adults and children have

only mild diseases, or are asymptomatic [246].

Gender

Referring to gender, males appeared to be more frequent among deceased patients [247].
Possible reason of male predominance among COVID-19 patients may be due to the
exposure, lifestyle factors (as smoking) [248], immune system regulation drive by sexual
hormones, or gender differences in Renin-Angiotensin-Aldosterone System regulation [249,
250]. Also, they might be different in ACE2 expression within chromosomal and in testicular
tissues [50, 251].

Instead, female present more susceptibility to SARS-CoV-2 infection during pregnancy,

with higher risk to develop severe illness when contract virus [81].

Comorbidities

Comorbidities as hypertension, cardiovascular diseases (heart failure or cardiac arrhythmia),
diabetes, kidney failure, chronic pulmonary disease and cancer emerged as the most common
among SARS-CoV-2-positive patients [252]. In subjects with COVID-19, one of the most
frequent comorbidity is represented by diabetes mellitus [253], which is often associated to
a high risk of severe prognosis [254]. In fact, the PI3K/Akt/mTOR pathway, which is already
active in COVID-19, appears to be induced by the excessive levels of insulin, produced by
diabetic individuals. This condition encourages the production of TNF, and IL-6 [255].

In addition, obesity predisposes to the development of chronic diseases, also constituting an
independent risk factor. In fact, the body mass index (BMI) is significantly higher among
severe COVID-19 patients [256]. Thus, the role of these comorbidities in viral susceptibility
is characterized by their increased or decreased in ACE2 expression, as well as a shift in

ACE/ACE2 balance, or in cytokine overstimulation [257].

42



Genetics

Genetic predispositions might be a factor to develop severe COVID-19. Many studies have
hypothesized whether ACE2 expression and polymorphism, and serum ACE2 levels, could
explain why some people are more incline to a severe phenotype, while others remain
asymptomatic [258]. The different residues in the ACE2 protein can affect how it binds to
the SARS-CoV-2 Spike protein, which could explain the different symptoms during
COVID-19 [80]. This is confirmed by the presence of specific variants among the
populations, that could affect SARS-CoV-2 binding [259, 260].

Concerning the predisposition of population to infection, ACE2 expression in the lungs have
been suggested to increase with age [81], providing an explanation for the higher disease
severity observed in critically older COVID-19 patients (especially males) [261]. In fact,
several clinical reports suggested that male sex, combined with increasing age, pre-existing
comorbidities and no healthy lifestyle represent risk factors for a difficult infection outcome
[262]. Also, it has been reported that COVID-19 is highly frequent in subjects affected by
AKI, which are major in western population, due to a higher expression of ACE2 in
podocytes, compared to the Asian population [113].

Furthermore, polymorphism and genetic variants also interest TMPRSS2, that might
influence the severity of COVID-19 [263]. Identification of a genomic variability in
TMPRSS2, that in turn affects its expression, suggests that European and American
populations could be more susceptible to SARS-CoV-2 infection, due to their higher

expression of the protease [264].

4. Pharmacological treatments and vaccination

The spread of SARS-CoV-2 pandemic all over the world induced the need of the discovery
and development of specific COVID-19 treatments, based on the evaluation of the different
pathological stages of the disease. In particular, during the early stages of SARS-CoV-2
infection antiviral agents could be used to prevent its progression, but in case of late COVID-
19, the therapy is mainly based on immunomodulatory drugs [265]. These types of
pharmacological therapies have the common aim to block the development of infection into
critical forms, avoiding the ICU with invasive procedures (such as intubation).

Among the category of therapies proposed for COVID-19 treatment, most are represented
by drugs that interfere with the entry phase of the virus into host cells, inhibiting the first
phase of its replication. To this class belong Chloroquine and Hydroxychloroquine,

identified immediately as a potential drugs able to interfere with the entry of SARS-CoV-2
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[206] (Figure 11). They were used to prevent and cure autoimmune diseases, as rheumatoid
arthritis and systemic lupus erythematosus, as well as malaria [266]. The role of these
molecules in counteract viral entry was first observed in-vitro, showing an inhibitory effect
on SARS-CoV-2 mRNA production [267]. Among the viral-entry inhibitory drugs there is
also Umifenovir, which targets the interaction between the S protein and ACE2 receptor, to
inhibit membrane fusion (Figure 11). Furthermore, Camostat mesylate was evaluated as
pharmacological treatment that can prevent SARS-CoV-2 from entering lung cells, by
blocking TMPRSS2 [268] (Figure 11).

Beside the use of drugs against viral entry, another strategy employs molecules able to inhibit
SARS-CoV-2 replication. In particular, replication inhibitors include Lopinavir, Ritonavir
and Remdesivir [206]. Lopinavir, as well as Ritonavir, is commonly used as inhibitor for
Human Immunodeficiency Virus-type 1 (HIV-1) protease, altering the maturation of HIV-1
and its infectivity [269]. Thus, Lopinavir and Ritonavir are usually administered in
combination to enhance the bioavailability of the first, inhibiting its metabolic inactivation
[270], increasing their antiviral effect [271]. Lopinavir and Ritonavir have been already
reported to show in-vitro inhibitory activity against SARS-CoV and MERS-CoV [272], due
to their role in reducing 3CLP™ activity [273] (Figure 11) and these suggests their use in case
of COVID-19 patients with less severe symptoms, in the early stages of disease, resulting in
a lower rate of ARDS or mortality [270, 274].

Otherwise, Ribavirin is a guanosine analog that acts as a chain terminator, inhibiting RNA
polymerase, already used to treat patients with chronic hepatitis C, in combination with
interferons [275] (Figure 11). The use of Ribavirin, with the addition of corticosteroids, was
observed to resolute the main symptoms within few weeks by infection, in patients with
SARS-CoV-2 pneumonia [276].

Another drug belonging to the class of nucleotide analogues that interferes with viral
replication is Remdesivir, an adenosine analog previously used during the Ebola epidemic
in Africa [265] that targets the viral RARp complex, interfering with the synthesis of new
RNAs (Figure 11), resulted to be effective in the treatment of moderate and severe COVID-
19 [206]. A study conducted by Beigel et al. suggest that early treatment with Remdesivir
could prevent lung disease progression and mechanical ventilation needing [277].

The treatment of COVID-19 pathogenesis exploits the fact that SARS-CoV-2 triggers a
strong immune response, which is the cause of cytokine storm. An altered inflammatory
response and, in some individuals, an aberrant release of pro-inflammatory cytokines,
including IL-6, INF-y and TNF-q, are associated to a significant damage induced by the virus

[278]. Hence, immunomodulatory drugs, which are mostly used in rheumatology to decrease
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the pathology-associated inflammatory response, may be a supplemental suitable treatment
for COVID-19. In fact, the use of corticosteroid, particularly dexamethasone, was often
observed in the case of serious SARS-CoV-2 infection, to inhibit the secretion of
inflammatory cytokines [279] (Figure 11).

The modulation of immune hyperactivation due to COVID-19 condition also exploits the
administration of monoclonal antibodies, such as Tocilizumab and Anakinra, which are the
most used [280]. The first is a monoclonal antibody that binds IL-6 receptor in a specific
manner, previously used to prevent and treat various types of arthritis and correlated
cytokine release [281] (Figure 11). Due to its effect in attenuating cytokine production, it
was showed to be effective in the treatment of severe COVID-19. In a study conducted in
Bologna and Reggio Emilia, between February and March 2020, was observed that both
intravenous and subcutaneous administration of Tocilizumab reduced the risk of invasive
mechanical ventilation or death, in severe patients [282]. In the resolution of ARDS
condition, it can be also used Anakinra, a monoclonal antibody able to inhibit the effect of
proinflammatory IL-1a and IL-1B, acting as their receptor antagonist [280] (Figure 11).
Alternatively, other potential treatment approaches consist in the use of soluble recombinant
human ACE2 and monoclonal antibodies or fusion inhibitors that target Spike protein [283,
284].

The potential effectiveness of type-I IFNSs in the early treatment of COVID-19 was supported
by in vitro data, that showed how SARS-CoV-2 is sensitive to the molecule. The inhalation
of IFN-a vapor is already used in China, as COVID-19 treatment guideline [91].

Moreover, the immune response against SARS-CoV-2 might be mitigate by
immunotherapies based on inflammatory cytokine neutralization, reducing inflammation
associated to lung damage.

Convalescent plasma treatment is proper in this contest. It consist in a biological preparation
containing polyclonal antibodies collected from recovered COVID-19 patients [285], used
to induce a passive immunization in non-responder severe patients. Again, also intravenous
immunoglobulin (IVIG) is used. IVIG is a liquid composition that can rapidly increase
immunoglobulin G (IgGs) levels in the blood, directly neutralizing exogenous antigens
[286]. It is preferable extract IgGs by patients from the same city or area because lifestyle,
diet and the environment are implicated in the development of specific antibodies. A study
supports the effect of immunoglobulin therapy, demonstrating that the early application of

high-dose IVIG can improve the prognosis of severe COVID-19 patients [287].

45



=)
) plasma (IVIG) ( e)
%@; ) ‘/ B Immune cells

L Y
! : .
SARS-CoV-2 R _%N?Illrdh{iﬁg a._' »
¥ e antibodies s ® .
*:»,. % ¥ .e®
] Cnok
mbma.mhlm:lan
Camostat mesyl.ate ACEZ [ J [ ]
. n. IL-1a and
e . IL-1B
IL-6
TMPRSS2 ‘l’ T T T T T ACE2 TT T T TT Interferon
T FUSICIN Ty
’ Tl r lL lt'andJL IB luu I sron
j WCOMWG! receptor receptor receptor
T AR
§T Jre :
‘-c!) ' et -
- ‘\\

fRNA _/V\_,/-\ 4—-//

l Translation
&
3CLpro I IMWOI'
< ’

RdR
“+sg RNA
Transcription
Iranslation
| — VIRAL ASSEMBLY
w
HR\] A
-sgRNA
e o Wl
-2RNA

Figure 11. SARS-CoV-2 therapeutic targets in severe COVID-19 therapy. On left side drugs that interfere with
viral entry and replication, on the right-side immunomodulatory therapies with monoclonal antibodies and

corticosteroids.

In addition to the necessity of reducing SARS-CoV-2 transmission and pathogenesis by
pharmacological and non-pharmacological measures, including the use of masks and social
isolation, a variety of vaccinations have been developed [288]. The initial success of
COVID-19 vaccination lowered the probability of SARS-CoV-2 infection, as well as the
severity of symptoms, due to the increase of the adaptive immunity activation. Currently, S
protein is the major target for vaccine development, but RBD is also the primary target of
the neutralizing antibodies, elicited by natural infection or vaccination [289].

The available vaccines are included in several classes, based on their production and

mechanism of action, and can be summarized in [290]:

= pon-replicating viral vector vaccine;
=  DNA vaccine;
= mRNA vaccine;

* protein-subunit based vaccine.
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The non-replicating viral vector vaccines induce a strong immune response enhancing both
humoral and cellular immunity, and previously had been used against Spike proteins of
MERS-CoV [291]. Non-replicating viral vectored vaccines candidates against SARS-CoV-
2 are based on adenoviruses, which contain the codifying-sequence of S protein. This
comports a specific limitation, due to the easily exposition of subjects to the vector virus and
the development of adenoviral immunity, which quickly immunized them after the first dose
of vaccine. Zhu et al. demonstrated that the candidate non-replicating adenovirus type-5
(Ad5)-vectored COVID-19 vaccine is effective and safe [292]. Among the non-replicating
SARS-CoV-2 vaccines, AstraZeneca, Johnson&Johnson and Sputnik V were being mass-
produced by relevant companies, and they are currently used in the vaccination campaign in
many countries [290].

DNA-based COVID-19 vaccine consists in insert genes into DNA plasmids as a vector inject
through electroporation into host cells, to encode a specific viral antigen [293]. Then, the
expressed antigen is presented by antigen-presenting cells (APCs), as lymphocytes B,
macrophages, and dendritic cells, to be recognized by adaptive immune system. The
advantages of these vaccines are the non-infectiveness, the easy production in a short time,
and the cost-effectiveness and stability [290]. In addition, one of the benefits of DNA
vaccines is the greater thermal stability, compared to mRNA vaccines. An example of
SARS-CoV-2 DNA-based vaccine is INO-4800, which consists of a plasmid containing a
N-terminal IgE leader sequence and the sequence of SARS-CoV-2 S protein, produced in
guinea pigs [294].

mRNA-based vaccines were the mostly used during vaccination campaign. They contain
mRNA molecules that, after their injection will be translated into the target protein into the
host cell cytoplasm [290]. As described for DNA-based vaccines, also RNA-based vaccines
have the aim to encode for viral antigens that will be presented to adaptive immune cells.
Unfortunately, mRNA vaccines are instable and one way to overcome this problem is to
place mRNA inside lipid nanoparticles, which act in the same time as delivery carrier and
adjuvants [295]. Thus, SARS-CoV-2 S protein mRNA is included in a lipid nanoparticle and
injected intramuscularly, to allow the mRNA content to reach the cell cytoplasm, where the
viral protein is synthetized in the ribosomes [290]. Then, the S protein achieves the cellular
membrane, loaded on the Major Histocompatibility Complex (MHC)-I and -II, [296] to
activate immune cells, especially T-helper (Th) cells. The induction of Th cells is
fundamental to synthetized cytokines, such as IL-2, IL-4 and IL-5 and to induce the
differentiation of B-cells into antibody-producing plasma-cells and to stimulate memory T

cells proliferation [296]. To provide fast protective immunity, IgM antibodies are produced
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early in the humoral immune response after vaccination. Following this, IgG antibodies, with
high affinity for S protein, are released to confer immunological memory into immunized
subjects [296, 297].

mRNA-based vaccines showed some advantages over other vaccines: a) there is no risk of
infection during vaccination, b) examination of mouse models has shown that repeated
immunizations with mRNA-vaccines are associated with long-term immunity, and c) there
is no possibility of insertional mutations in them [298]. COVID-19 mRNA vaccines
currently available are Moderna/NIAID and Pfizer/BioNTech, that contains mRNA-1273
and BNT162b2 molecules, respectively. mRNA-1273 of Moderna vaccine encodes the S2-
portion, while BNT162b2 of Pfizer encode the membrane-anchored full-length S-protein
and the secreted RBD (BNT162bl) of SARS-CoV-2. Both Moderna/NIAID and
Pfizer/BioNTech vaccines require booster doses, to ensure high antibody titration and long-
term safety [299].

In addition, also protein-based vaccines against SARS-CoV-2 have been designed. Peptides,
like RNAs, are usually unstable and are therefore located within nanoparticles adsorbed into
adjuvants [290]. Among these candidates, the NVX-CoV2373 by Novavax has gone through
various phases of clinical trial. This vaccine contains a recombinant full-length S protein,
that has been engineered to resist against proteolytic degradation, and present a high binding
to ACE2. Protein-based vaccines present several advantages, such as safety and cost
effectiveness, but the needing of adjuvants (to produce a long-term immune response) is an
important limitation [300].

The widespread use of the different kinds of available vaccines in the population resulted to
be the most successful strategy in controlling the spread of SARS-CoV-2 and COVID-19

outcome.
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5. Methods and results

5.1. Evaluation of SARS-CoV-2 infection effect on host immune system

Both innate and adaptive immune systems play a crucial role in the protection against SARS-
CoV-2 infection.
Host innate immune response is the first to be activated to control viral infections and serves

four main purposes [301]:

a) restriction of viral replication within infected cells,

b) creation of an antiviral state in the local tissue environment, including recruitment of
effector cells,

¢) soliciting the adaptive immune response,

d) protect the host from potential dangerous non-self antigens.

Innate immunity is fundamental to activate rapid and non-specific response against
pathogens. During a viral infection, host innate immunity represents the first line of defense,
in which participate macrophages, monocytes, dendritic cells, neutrophils and natural killer
(NK) cells [302]. These effectors have a central role in the activation of adaptive immune
response, which in turn is essential for the development of immunological memory [303].
During SARS-CoV-2 infection, viral recognition by lung-resident immune cells provides a
local immune response, resulting in the recruitment of neutrophils from the blood, which
drive hyperinflammation [172]. Together with monocytes, macrophages, and NK cells
[302].

The activation of those immune effectors is triggered by SARS-CoV-2 structural
components, identified by immune system cells as “non self”, such as the viral genome
[302].

This sensing process involves a complex system of receptors, named Pattern Recognition
Receptors (PRRs) expressed by host cells, that recognize pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs), to induce
inflammatory pathways with the aim to control the infection [304].

The PRRs system comprises several surface and intracellular receptors, including Toll-like
receptors (TLRs), C-type lectin receptors (CLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors, retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs),
and a group of intracellular DNA sensors, such as cyclic GMP-AMP synthase (cGAS) and
IFNy-inducible protein [305, 306].
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Focusing on RNA virus sensing, including SARS-CoV-2, their RNA genome induces the
activation of two main RNA sensing systems able to recognize viral RNAs: the cytosolic
RLRs system, composed by cytoplasmatic RNA helicases, which include the melanoma
differentiation-associated protein 5 (MDAS) and the retinoic acid-inducible gene-I protein
(RIG-I) [307, 308], and endosome-associated TLRs, that are TLR3, TLR7 and TLRS8 [309]
(Figure 12).

The interaction between viral RNA genomes and these PRRs triggers an intracellular
signaling cascade which induces cytokine and interferon production and expression of IFN-
stimulated genes (ISGs) [310] (Figure 12).

Among the main transcriptional factors involved in the instauration of the antiviral status
associated to RNA sensing systems, Interferon Regulatory transcription Factor 3 (IRF3) and
Nuclear Factor kappa-light-chain-enhancer of activated B-cells (NF-kB) are the most
studied.

In particular, IRF3 is involved in the regulation of interferon expression, while NF-«xB is

mainly employed in the induction of proinflammatory response [311] (Figure 12).
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Figure 12. Schematic representation of TLR and RLR pathways. TLR3, TLR7 and TLR8 are typically localized
into endocytic compartments, in particular TLR3 activate IRF3 to stimulate IFN pathway. TLR7 and TLR8
trigger inflammatory cytokine secretion via NF-xB, and directly the IFN pathway [311].
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In particular, the potential role of endosomal TLRs in COVID-19 disease was demonstrated
by Conti et al., that correlated the activation of TLRs to the overproduction of pro-
inflammatory cytokines observed during the infection [312]. Interestingly, it has been
reported \\ the existence of genetic defective variants of these TLRs have been linked to a
less effective IFN-I and IFN-II response [313, 314].

Given the importance of TLRs sensing in SARS-CoV-2 antiviral response, we further
investigate the involvement of TLRs activation in SARS-CoV-2 sensing (/315], paper
attached). We confirmed the activation of both TLR3 and TLR7 during SARS-CoV-2
infection, which follows a peculiar order. Firstly, TLR3 is activated during the early phase
of infection, triggering IRF3 phosphorylation and consequent IFN-a and IFN-f expression.
Then, NF«xB pathway is inducted, leading to pro-inflammatory cytokine secretion (IL-1a,
IL-1pB, IL-4, IL-6). Later, also TLR7 participates in the signaling, inducing IFN-I, IFN-y and
IFN-A3 expression, via NFkB (/315], paper attached).

This peculiar time-dependent activation observed for TLR3 and TLR7, characterized by an
early induction of a pro-inflammatory environment, could represent a key step in the setting
of cytokine storm condition reported in COVID-19, suggesting TLRs as a potential

therapeutic target.
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Abstract: (1) Background: Acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological
agent for the coronavirus disease (COVID-19) that has led to a pandemic that began in March 2020.
The role of the SARS-CoV-2 components on innate and adaptive immunity is still unknown. We
investigated the possible implication of pathogen-associated molecular patterns (PAMPs)-pattern
recognition receptors (PRRs) interaction. (2) Methods: We infected Calu-3/MRC-5 multicellular
spheroids (MTCSs) with a SARS-CoV-2 clinical strain and evaluated the activation of RNA sensors,
transcription factors, and cytokines/interferons (IFN) secretion, by quantitative real-time PCR,
immunofluorescence, and ELISA. (3) Results: Our results showed that the SARS-CoV-2 infection of
Calu-3/MRC-5 multicellular spheroids induced the activation of the TLR3 and TLR7 RNA sensor
pathways. In particular, TLR3 might act via IRF3, producing interleukin (IL)-1e, IL-10, IL-4, IL-6, and
IEN-« and IFN-, during the first 24 h post-infection. Then, TLR3 activates the NF«B transduction
pathway, leading to pro-inflammatory cytokine secretion. Conversely, TLR7 seems to mainly act via
NFkB, inducing type 1 IFN, IEN-y, and IFN-A3, starting from the 48 h post-infection. (4) Conclusion:
We showed that both TLR3 and TLRY are involved in the control of innate immunity during lung
SARS-CoV-2 infection. The activation of TLRs induced pro-inflammatory cytokines, such as IL-1a,
IL-1B, IL-4, and IL-6, as well as interferons. TLRs could be a potential target in controlling the
infection in the early stages of the disease.

Keywords: SARS-CoV-2; TLR; RNA sensors

1. Introduction

SARS-CoV-2 is a new strain of the positive ssSRNA coronavirus family, the cause of the
coronavirus disease (COVID-19), which shares high homology with the previous severe
disease-associated coronaviruses MERS (Middle East respiratory syndrome) and SARS
(severe acute respiratory syndrome). The SARS-CoV-2 outbreak emerged firstly in Wuhan
in December 2019, and then rapidly spread worldwide, becoming a pandemic in January
2020 [1-3].

As reported by different published works, COVID-19 is associated with a peculiar
clinical case history, characterized by an inefficient immune system response and high
levels of inflammatory cytokines, known as “cytokine storm”, including IL-1, IL-6, IL-4,
IL-10, and INF-y [4]. In particular, the presence of high serum levels of these cytokines
has been associated with severe COVID-19 [5], reported to be possibly associated with the
increased expression of angiotensin converting enzyme 2 (ACE2), which is the cellular
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receptor bound by SARS-CoV-2 spike (S) protein. The ACE2 receptor is essential for viral
entry into the target cells [6]. Simultaneously, the interaction between ACE2 and SARS-
CoV-2 increases the secretion of soluble ACE2 in the blood and urine [7], leading to the
release of a massive quantity of cytokines (cytokine storm), which includes the production
of IL-6 by macrophages [8,9]. This condition is related to severe lymphocytopenia [10], hy-
percoagulation [11], increased mortality [12], and a poor clinical follow-up [13]. The typical
inflammatory environment triggered by SARS-CoV-2 infection is the result of the initial
recruitment of the innate immune response, which represents the first line of protection
against pathogens and that, in turn, stimulates acquired immunity activation [14].

For this reason, to achieve efficient control of the infection, it is crucial that the host
immune response is balanced, in order to avoid both excessive inflammation that could
damage the host system, as observed in COVID-19 patients’ lungs, and low activation of
the immune system, which could facilitate viral spread [15,16].

During a viral infection, both the infected cells and the innate immune system are
aware of the presence of an infection, by the recognition of specific pathogen portions,
called “pathogen-associated molecular patterns” (PAMPs), which are recognized by spe-
cific pattern recognition receptors (PRRs) [17]. The PAMPs-PRRs interaction leads to an
intracellular signaling cascade that is essential for both the antiviral activity by interferons
production, and immune system activation by cytokine secretion [17]. The PRRs family in-
cludes different components that are involved in the sensing of RNA virus infections, such
as RIG-I-like receptors (RLRs), e.g., RIG-I and MDAS, and Toll-like receptors (TLRs) [18].
RLRs consist of cytoplasmatic RNA helicases that recognize intracellular double-stranded
RNA (dsRNA), while TLRs are membrane-associated receptors that are able to recognize
PAMPs [19,20]. Anti-viral TLRs include TLR3, which recognizes dsRNA, TLR7 and TLR8
that engage single-stranded RNA (ssRNA), while TLR9 detects unmethylated CpG DNA.
In particular, TLRs 3, 7, and 8 are all localized on the endosomal membrane, and could
recognize ssRNA [21]. TLR3 engagement by viral dsRNA activates the TRIF-dependent
pathway and induces proinflammatory cytokines, chemokines, and type I and type IIL
interferons via NF-xB and IRF3. TLR7/8, located on the X-chromosome, as tandem dupli-
cated genes, are expressed on the endosome membranes. The interaction between TLR7/8
and ssRNA enhances immune activation and the release of pro-inflammatory molecules,
which might be connected with disease outcome [21]. Recently, TLR7 has been reported to
be implicated in the sensing of SARS-CoV-2 infection, and the presence of TLR7-deficient
genetic variants have been associated with a less-efficient control of the infection [22]. This
central role of TLR7 in the antiviral response towards SARS-CoV-2 has been considered
to be a potential target for therapy with the immune-stimulator imiquimod, in order to
increase TLR7 activation and, consequently, its antiviral effect [22]. Once the viral RNA
sensors are activated, downstream signaling is engaged to induce the transcription factors
in the nucleus, which, in turn, promote the expression of target genes, including types [
and Il IFNs, and a number of other important pro-inflammatory cytokines [23]. Among
the transcriptional factors involved, IRF3 and NF-«B play a central role [24], with the
IRF3 protein being involved in the production of interferons [25], while NF-kB is mainly
employed in the induction of the proinflammatory response [26]. Even if both IRF3 and
NF-kB are reported to be crucial in RNA sensing signaling, they are differentially induced
by endosomal TLRs-3 and -7. In fact, while TLR7 activation leads mainly to NF-kB re-
cruitment, TLR3 typically activates both NF-kB and the IRF3 signal [27]. This differential
signaling is possible because both TLR3 and TLR? involve the kinase TBK1, which is
responsible for IRF3 and NF-«B phosphorylation. This first signal is followed by a second
one that is addressed to all the surrounding cells, which are led to express a great number
of interferon-stimulated genes, in order to establish the antiviral state [28].

In this study, we used Calu-3/MRC-5 multicellular spheroids as an in vitro lung model.
The choice to use MTCSs lung model was supported by the evidence that both epithelial
and fibroblast components could participate in the inflammatory response observed during
lung damage [29], contributing to both the cytokine storm and antiviral response.
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Our aim was to investigate how PRRs activation during the SARS-CoV-2 infection
may affect the innate immune response in the lung cell environment.

2. Materials and Methods
2.1. Cell Cultures

African green monkey kidney epithelial Vero E6 (ATCC CRL-1586), human lung fi-
broblast MRC-5 cells (ATCC CCL-171) (LGC Standards S.r.l., Milan, Italy) and human lung
adenocarcinoma Calu-3 cells (ATCC, HTB-55), were grown in EMEM (ThermoFisher Scien-
tific, Milan, Italy) with 1% penicillin—streptomycin (ThermoFisher Scientific, Milan, Italy),
1% L-glutamin (ThermoFisher Scientific, Milan, Italy) and 10% fetal bovine (ThermoFisher
Scientific, Milan, Italy), and cultured at 37 “C in presence of 5.0% CO,.

2.2. 3D Cultures:Multicellular Spheroids Formation

Calu-3/MRC-5 multicellular spheroids (MTCSs) were obtained using the liquid over-
lay method [30]. Briefly, Calu-3 and MRC-5 cells were seeded in 1:5 ratio to obtain a total
of 5000 cells/well in 200 uL of complete EMEM (ThermoFisher Scientific, Milan, Italy) into
a 96-well plate (Nunc, ThermoFisher Scientific, Milan, Italy) previously filled with 1.5%
sterile agarose (ThermoFisher Scientific, Milan, Italy). In order to check cell distribution
into MTCSs, Calu-3 and MRC-5 single-cell suspensions were stained, respectively, with
Syto9 (green fluorescent nucleic acid stain) and Syto59 (red fluorescent nucleic acid stain)
(ThermoFisher Scientific, Milan, Italy). After seeding, the plate was briefly centrifuged
(200g x 1min}) and the plate was incubated at 37 °C in presence of 5.0% CO, to allow
cell aggregation and spheroids formation. After 34 days of culture, a single spheroid
was formed into each well and checked by immunofluorescence for cell distribution into
spheroids. The MTCSs obtained were, on average, 250-300 um in diameter.

2.3. MTT Assay for Cell Viability

Cell viability of MTCSs was assessed by MTT assay (Roche Diagnostics, Milan, Italy)
after SARS-CoV-2 infection as previously described [30]. Briefly, 10 uL of MTT solution
was added to each well overnight. The day after, 100 uL of solvent was added and after
4 h the absorbance at 570 nm was measured. Results are expressed as mean value + SD
percent optical density (OD) derived from three independent experiments.

2.4. SARS-CoV-2 Propagation and Infection

SARS-CoV-2 was isolated from a nasopharyngeal swab retrieved from a patient with
COVID-19 (Caucasian man of Italian origin, genome sequences available at GenBank
(SARS-CoV-2-UNIBS-AP66: ERR4145453). This SARS-CoV-2 isolate clustered in the Bl
clade, which includes most of the Italian sequences, together with sequences derived from
other European countries and the United States. As previously described, the viral titer
was determined by plaque assay in Vero E6 cells [30]. SARS-CoV-2 manipulation was
performed in the BSL-3 laboratory of the University of Ferrara, following the biosafety
requirements and accordingly with the Institutional Biosafety Committee. Both Calu-3 and
MRC-5s susceptibility to SARS-CoV-2 infection was assayed by infecting single-type cell
with an MOI of 1 for 2 h at 37 °C, as previously reported (approx. 2 x 10° infectious virus
particles per well) [30]. SARS-CoV-2 infection in Calu-3/MRC-5 MTCSs was performed by
transferring the spheroids into a new U-bottom 96 well, using a multiplicity of infection
(MOI) of 1.0 for 1 h at 37 °C on a shaker. Then, 24, 48, 72 and 96 h after infection, the
infected spheroids were collected and used for the different assays.

2.5. Viral RNA Detection

RNA extraction was performed 24 and 48 h post-infection (hpi) with MagMAX vi-
ral/pathogen nuclei acid isolation kit (Thermo Fisher, Milan, Italy), a kit for the recovery
of RNA and DNA from virus, as previously described [14]. SARS-CoV-2 titration was
obtained by TagMan 2019nCoV assay kit v1 real-time gPCR (Thermo Fisher, Milan, Italy).
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2.6. MTCSs Treatment for RNA Sensor Pathways Analysis

The evaluation of RLRs and TLRs inducible expression was performed using the
following RLRs and TLRs agonists: RIG-I/MDAS agonist 5 triphosphate hairpin RNA
complexed with transfection reagent LyoVec (1 ug/mL) (Invivogen, San Diego, CA, USA);
TLR3 agonist Poly(I:C) (HMW) (2 pg/mL) (Invivogen, San Diego, CA, USA); TLR7/8
agonist—imidazoquinoline compound R848 (2 pug/mL) (Invivogen, San Diego, CA, USA);
TLR4 agonist lipopolysaccharides LPS-B5 (LPS from E. coli 055:B5) (1 pg/mL) (Invivogen,
San Diego, CA, USA). RNA sensors inhibition was performed using the following RLRs
antagonists: TLR3/dsRNA complex inhibitor (30 uM) (Sigma-Aldrich, Merck Life Science
S.rl, Milan, Italy); TLR? inhibitor Pepinh-MYD (50 uM) (Invivogen, San Diego, CA, USA).
For the evaluation of the role of IRF3 and NF-kB we used MRT67307 (20 nM) (Sigma-
Aldrich, Merck Life Science S.r.l., Milan, Italy), which prevents IRF3 phosphorylation, and
helenalin (10 pm) (Cayman Chemicals, Ann Arbor, MI, USA), an inhibitor of NF-«B.

Further, siRNAs specific to human TLR3 (assay ID 107054; Thermo Fisher, Milan,
Italy) and human TLR7 (assay ID 108895; Thermo Fisher, Milan, Italy), and the non-
specific control siRNA (Ambion Silencer Negative Control) (Thermo Fisher, Milan, Italy),
were transfected to Calu-3/MRC5 cells cultured on a 6-well plate (6 x 105/ well) us-
ing the Lipofectamine RNAIMAX reagent (Thermo Fisher, Milan, Italy) according to the
manufacturer’s instructions.

2.7. Gene Expression Analysis

RNA sensors pathway genes expression was evaluated on RNA extracted by using
the RNeasy kit (Qiagen, Milan, Italy). DNase treatment was used to check for contaminant
DNA presence, using B-actin PCR as a control. RT2 first strand kit (Qiagen, Milan, Italy)
was used for RNA reverse transcription and cDNAs were immediately used or stored at
—20 °C. Gene expression analysis on extracted RNA was performed by real-time quantita-
tive PCR using PowerUp SYBR Green Master Mix (Thermo Fisher, Milan, Italy) and the
primer sets reported in Table 1.

Table 1. PrimeTime qPCR assays used for gene expression analysis.

Target Gene PrimeTime qPCR Primer Assay *
RIG-I Hs.PT.58.4273674
MDAS5 Hs.PT.58.1224165
TLR3 Hs.PT.58.25887499.¢
TLR4 Hs.PT.58.38700156.g
TLR7 Hs.PT.58.39183219.g
TLR8 Hs.PT.58.15023918.g
IRF3 Hs.PT.58.27933933.g
NF-kB Hs.PT.58.20344216
GAPDH Hs.PT.58.25887499.¢

* PrimeTime qPCR. primer assays provide a primer pair designed for real-time PCR using intercalating dyes, such
as SYBR®Green (IDT, Leuven, Belgium).

Amplification followed this fast protocol, as follows: 1 cycle at 50 °C for 2 min,
1 cycle at 95 °C for 2 min and 40 cycles at 95 °C for 1 s and 60 °C for 30 s. Quantitative
PCR analysis was performed using QuantStudio3 real-time PCR detection system (Applied
Biosystems, Thermo Fisher, Milan, Italy). Relative quantification of given mRNA levels for
the samples was conducted using the 2-84CT 2 (Delta Delta CT) method [31] normalized
to the constitutively expressed housekeeping gene GAPDH. Relative fold changes were
generated comparing the non-infected control (NT) to the samples.
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2.8. Immunofluorescence Analysis

Spheroids were air-dried, fixed in cool methanol at -20 °C for 10 min. After rehydra-
tion in PBS, MTCS were permeabilized with PBS—3%, BSA—0.1%, TritonX for 30 min at RT
and then incubated with a specific antibody directed against SARS-CoV-2 nucleocapsid pro-
tein (NP) (MA1-7404, Thermo Fisher, Milan, Italy) or against human angiotensin-converting
enzyme 2 (ACE2) (SN0754 Thermo Fisher; Italy) as previously described [32], followed by
incubation with FITC goat anti-mouse IgG (H + L) secondary antibody (Thermo Fisher,
Milan, Italy). Immunofluorescence was visualized by fluorescent microscopy (Nikon
Eclipse Nikon Eclipse TE20005, Milan, Italy). DNA was stained using DAPI (Thermo
Fisher, Milan, Italy).

All MCTS measured 500 um +/— 20 um in diameter and were subdivided into seven
parts (40, 80, 120, 160, 200, 240, 290 um) on the basis of the distance from the surface of the
spheroid. The number of NP-positive cells was determined in each part of the spheroid
and expressed as percentage of NP-positive cells in the spheroid area.

2.9. Wesern Blot Analysis

TLR3 and TLR?7 protein expression were quantified by Western blot assay. Whole
cell lysates were treated with RIPA buffer containing proteinase inhibitor cocktail (Sigma-
Aldrich, Merck Life Science 5.r.l., Milan, Italy). Protein contents were evaluated by means
of the Bradford assay (Bio-Rad, Milan, Italy) using bovine albumin (Sigma-Aldrich) as stan-
dard. Then, 20 ug of total proteins were loaded in each well and evaluated in denaturing
conditions in 10% TGX pre-cast gel (Bio-Rad, Milan, Italy), with subsequent electroblotting
transfer onto a PYDF membrane (Millipore, Merck Life Science S.r.l., Milan, Italy). The
membrane was incubated with a specific antibody for the protein to be analyzed, then
with a horseradish peroxidase (HRP)-conjugated anti-mouse antibody (1:5000; Amersham
Biosciences, Piscataway, NJ, USA) and developed with the ECL kit (Amersham Biosciences,
NJ, USA). The images were acquired by Geliance 600 (Perkin Elmer, Milan, Italy). The
specific antibodies used were as follows: anti-TLR3 (clone 27N3D4), anti-TLR7 (clone
NBP2-24905) (Novus Biologics, Milan, Italy). The complete Western blots are reported in
Supplementary Figure 52.

2.10. IRF3 and NF-xB Expression and Phosphorilation Analysis

The evaluation of IRF3 and NFkB expression and phosphorylation status was per-
formed using the detection kit human total IRF-3 and phospho-IRF-3 (5386) ELISA kit
(RayBiotech, Peachtree Corners, GA, USA), and total NF-kB p65 and phospho-NF-kB p65
(S536) (Abcam, Cambridge, UK) on MTSC cell lysates. MTCS were lysed for 30 min on ice
in modified RIPA buffer with 150 mM NaCl, 1% Nonidet P-40, 50 mM Tris-HCI, pH 7.4,
1 mM Na3V04, 0.25% sodium deoxycholate, and 1 mM NaF supplemented with protease
inhibitor cocktails (Roche Diagnostics Corporation, Mannheim, Germany). Total protein
extract was collected from supernatant after centrifugation at 12.000x ¢ for 20 min at
4 °C. Protein content was evaluated by Bradford’s method, with bovine serum albumin
as calibrator.

2.11. Soluble Factors Quantification by ELISA Assay

IL-1 &, IL-1 B, IL4, IL-6, IL-10, interferon-o (IFN-), interferon-p (IFN-§3), interferon-y
(INF-y), interferon-lambal (IL-29), interferon-A2 (IL28A), interferon-A3 (IL-28B) levels were
evaluated in MTCSs culture supernatants by single ELISA kit assays (myBiosource, San
Diego, CA, USA) following the customer’s protocols.

2.12. Statistical Analysis

Two-tailed Student’s t-test was used for comparative analysis between individual
parameters, relative expression of target genes normalized to the expression of GADPH
and for soluble factors evaluation, expressed as fold change relative to the corresponding
control group. The data were analyzed by paired Student’s t-test. P values < 0.05 were
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considered significant. The statistical analyses were performed with GraphPad Prism
version 9 software (GraphPad, La Jolla, CA, USA).

3. Results
3.1. Calu-3/MRC-5 Multicellular Spheroids Are Efficiently Infected by SARS-CoV-2

The main structural cell types of the lung, epithelial and fibroblast cells were cultured
in a 3D in vitro model, which was obtained 4 days after seeding the Calu3 and MRC-5
cells in a ratio of 1:5 (Figure 1a). In order to check the cell distribution in the multicellular
spheroid (MTCS), Calu-3 and MRC-5 single-cell suspensions were pre-stained with Syto9
and Syto59, respectively. We observed the localization of the MRC-5 cells in the core
of the spheroid, while the Calu-3 cells were in the outer region. This peculiar cellular
distribution is in line with the results reported in the literature [32], and is consistent with
the structure of the airway epithelium. We observed a high viability rate until 72 h of
culturing (Figure 1b), while at 96 h of culturing, the spheroids presented a reduced viability
(Figure 1b; p < 0.001; Student’s t-test). We used these MTCSs as an in vitro model for lung
SARS-CoV-2 infection.

MTCSs were infected with 1.0 MOI of SARS-CoV-2 for 2 h and viral titration was per-
formed by real-time qPCR. We observed susceptibility and permissivity to the SARS-CoV-2
infection, with a significant increase in the viral load 48 h after the infection (Figure 1c,d;
p < 0.0001; Student’s t-test). At 96 h post-infection, we had a significant decrease in the
viral titration (Figure 1d), due to the senescence of the spheroids, as previously observed
(Figure 1b). Figure 1c shows the expression of the SARS-CoV-2 NP protein in MTCS. We
estimated the percentage of SARS-CoV-2 NP-positive cells on the basis of the distance
to the spheroid surface. The MCTS measured 500 um +/— 20 pm in diameter, and we
subdivided the spheroid into seven parts, on the basis of the distance from the surface
of the spheroid. We observed a progressive decrease in the proportion of NP-positive
cells from the surface (40, 80, 120 um) to the center of the spheroid (160, 200, 240, 290 um)
(Figure 1c,e). Approximately 60% of cells were positive for NP in the outer 40 pum of the
spheroid, and 50% in the outer 80 um of the spheroid, 48 h post-infection (Figure 1c,e).
Conversely, we observed that only 20% of the cells were infected in the outer 200 pm of
the spheroid, and there was almost the same absence of NP positivity in the center of the
spheroid. The observed regionalization of SARS-CoV-2 infection in the spheroids might
depend on the cell position to the spheroid surface and /or their differential permissivity to
the virus.

3.2. Calu-3 and MRC-5 Permissivity to SARS-CoV-2 Infection

To evaluate the possible different permissivity of these two cell types, the Calu-3
and MRC-5 cells were infected with 1.0 MOI of SARS-CoV-2 inoculum. We assayed the
viral infection in the culture supernatants 48 h post-infection (pi), by real-time gPCR. We
observed that both the cell lines are susceptible and permissive to the SARS-CoV-2 infection
(Figure 1f), as already reported [33]. The MRC-5 cell line presented a lower permissivity
in comparison with the Calu-3 cell line, as demonstrated by the difference of more than
llog viral load in the infected cell supernatants (Figure 1f; p < 0.001; Student’s {-test). To
account for this difference, we evaluated the expression of the SARS-CoV-2 receptor human
ACE2 (hACE2) on both cell lines. As reported in Figure 1g,h, both the cell lines express
hACE2 on the cell surface. The relative intensity measurement of immunofluorescence
showed that Calu-3 expressed higher levels of hACE2 in comparison with the MRC-5 cell
line (Figure 1h). This difference might influence the different SARS-CoV-2 permissivity
of these two cell lines, together with their positions in the MTCS, which resemble the
in vivo condition.
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Figure 1. (a) A representative Calu-3/MRC-5 multicellular spheroid, 48 h after culture. Calu-3 and MRC-5 single-cell
suspensions were pre-stained with Syto9 and Syto59, respectively. DAPI was used for nuclear staining. Scale bar 100 pum.
(b) Graphic representation of the percentage of viable cells during a time lapse of 96 h. Cell viability was measured
by MTT assay. (c) Representative Calu-3/MRC-5 multicellular spheroids stained with anti-SARS-CoV-2 nucleoprotein.
UV-inactivated SARS-CoV-2 (mock) was used as negative control. Scale bar 100 pm. (d) Calu-3/MRC-5 multicellular
spheroids were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1.0 for 1 h at 37 °C. Thereafter, the cells
were washed and cultured for 24, 48, 72 or 96 h. Viral yield was quantified in the cell supernatant using quantitative
reverse-transcription PCR (RT-qPCR). At least three independent replicates were tested. Data represent three independent
experiments. (e) Percentage of NP-positive cells, subdivided according to the distance to spheroid surface. Data are
expressed as mean +/— standard deviation. (f) Calu-3 or MRC-5 cells were SARS-CoV-2 at a multiplicity of infection (MOI)
of 1.0. Viral yield was quantified in the cell supernatant using quantitative reverse-transcription PCR (RT-qPCR). At least
three independent replicates were tested. Data are representative of three independent experiments. (g) hACE2 staining of
Calu-3 (upper panel) and MRC-5 (lower panel) cells. Scale bar 100 um. (h) Levels of hACE2 staining in Calu-3 and MRC-5
cells. Data correspond to the mean +/— standard deviation. * p value < 0.05, calculated with Student’s f-test.

3.3. Calu-3/MRC-5 MTCS Response to SARS-CoV-2 Infection

One of the main cellular response systems to the coronavirus infection might be
the activation of the RNA sensor pathways. We selected to evaluate the most important
RNA sensors (TLR3, TLR7, TLR8, RIG-I, MDAS5) in MTCS infected with SARS-CoV-2.
TLR4 was used as a control, as implicated in bacterial lipopolysaccharide sensing. To be

58



Microorganisms 2021, 9, 1820 B of 14

sure that all these pathways are expressed in the in vitro system, we treated the MTCS
with RNA sensors agonists. We obtained the activation of all the evaluated RNA sensors
(Supplementary Figure S1). After 48 h of infection, we observed a predominant induction
of both TLRY and TLR3 expression (Figure 2a,b; p < 0.001; Student’s t-test). On the contrary,
the TLR4, TLR8 and RLRs genes (RIG-I, MDAS) expression was not significantly modified
by the SARS-CoV-2 infection (Figure 2a). The TLR3 and TLR7 protein expression was
similarly increased in the presence of SARS-CoV-2 infection (Figure 2b,c; p < 0.01; Student’s
t-test). These data support an induction of both TLR7 and TLR3 RNA sensing during
SARS-CoV-2 infection.
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Figure 2. (a) Calu-3/MRC-5 multicellular spheroids were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of
1.0 for 1 h at 37 °C. Thereafter, the cells were washed and cultured for 48 h. Levels of expression, quantified as fold increase
in comparison with uninfected cells of TLR3, TLR7, TLRS, RIG-1, MAD5 and TLR4 are reported and are representative of
three independent experiments. (b) Western blot analysis of TLR3, TLR7 and B-actin protein expression in Calu-3/MRC-5
multicellular spheroids {CTR), silenced for TLR3 (TLR3 KO), TLR7 (TLR7 KO) with RNA silencing technology; infected
with SARS-CoV-2 with at a multiplicity of infection (MOI) of 1.0 (INF: infected) and treated with TLR3 or TLRY inhibitors
(INHIB: inhibitor). The molecular weights were determined by protein ladder (Bio-Rad, Milan, Italy). Actin was evidenced
at 44 kDa, TLR3 and TLR7 at 116 kDa. The images were acquired by Geliance 600 (Perkin Elmer, Milan, Italy). The complete
Western blots are reported in Supplementary Figure S2. (c) Evaluation of protein expression by densitometry (GelDoc
software; Biorad, Italy), normalized on B-actin content. Data are representative of three independent experiments. Data
correspond to the mean +/— standard deviation. * p value < 0.05, calculated with Student’s f-test.

3.4. SARS-CoV-2 Infection Induced an Increase in Cytokines and Interferon Secretion

One of the critical points in SARS-CoV-2 infection is the establishment of a strong pro-
inflammatory environment, the so-called cytokine storm. The cytokine storm might also be
induced by the RN A sensing activation. We selected the most important cytokines involved
in the COVD19-associated cytokine storm, including IL-1 «, IL-13, IL-4, IL-6, IL-10, and
interferons, in order to evaluate the effect of SARS-CoV-2 infection on their induction in
MTCS [34]. We observed an increase in IL-1 o, [L-1B, [L-4, and 1L-6 levels in SARS-CoV-2
48 h-infected cells, in comparison with uninfected MTCS (Figure 3a—d) (p < 0.001; Student’s
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not affected by the SARS-CoV-2 infection (Figure 3e). Then, we evaluated the expression of
type L and type Il interferons. IFN- « and INF-p3 were induced 24 h post-infection and also
maintained a high secretion 48 h post-infection (Figure 3f,g) (p < 0.001; Student’s {-test).
Meanwhile, the addition of the TLR3 inhibitor reduced the secretion of IFN-o and IFN-f3
24 h post-infection, while the addition of the TLR7 inhibitor reduced the expression of
these type I IENs 48 h post-infection (Figure 3f,g) (p < 0.001; Student’s f-test). IFN-y was
induced by SARS-CoV-2 48 h post-infection (Figure 3h) (p < 0.001; Student’s t-test) and
reduced by the TLR7 inhibitor (Figure 3h) (p < 0.001; Student’s f-test). IFN-A1 and IFN-A2
were not modified by SARS-CoV-2 infection (Figure 3i,j), while IFN-A3 was induced after
48 h of SARS-CoV-2 infection (Figure 3k) (p < 0.001; Student’s t-test) and reduced by the

d

3

I

foid incroase
IL-AD; fald increase

IL 4 foid increase
T

BARSCOV-2

SARS.CoM-2+TLRIInhibatar |-|

EAAS.GoV2+ TLATINhibior

EBARECHD

BARS-Cov-2+ TLRYnRibger

Figure 3.

SARE-CoV-24 TLRTInkibszr

WS B increane

I_

Caniral

]
ane T
]

SARS-CoV-24 TL R 3iribibiban

TLR? inhibitor (Figure 3k) (p < 0.001; Student’s t-test).
b o)
—
|J—‘ ’ |_L‘ “l |l‘

]

SARS-Col-24
SARS-CeV-2-
Cardral
SARS-CaV-I-
tor.
Cantral
SARS-Cal-I4
tar
itor-

BARE-CoV-24TLRTinkibitar
SARS-CoV-2+ TLRIinhibitor.
SARS-CoN-2+TLATInhibitor-
BARE-Co¥ -+ TLRZinhil
SARS-CoV 2+ TLRTinhibitor-
SARS-CoV-2+ TLRImhii
SARS-CoV-2+TLRTmhibi

|
.
{

¥ E &

—
.

T

F Ny Told increase
-]

s

Cenlrel
Cev2

H
&

&

TFKRAT; Told Increase
a
IFH-AZ: Tl inerisn
o= =
L T T
i |—|
IFR-AT; fodd Ingrease
Conrsl |.
BAREL V- 38 TLRTishitite |-|

SARS.CaVd
BARBGOVE
SARSGHVE

sam
SARS-GoV-3+ TLRInhisiar |
SARECOV- 2+ TLRAshibiLor

SRRSO TLRNNN N
SARS-Cow-2e TLRTInbbRer

SARS-GoV-2-TLRTnhEHter
SARS.CoV-Ds TLRishibitor
EARE Lo TLRT bl
SARS-CoV-I+TLRT nhisitar 4

BARE-Gev-2e TL RS hisitor

Levels of expression of cytokines (a) IL-1c, (b) IL-1B, (c) IL-4, (d) IL-6 and (e) IL-10 are reported after 48 h
post-infection. The levels after 24 h post-infection were under the detection limit of the assays. Levels of (f) [FN-x, (g) IFN-B
are reported 24 and 48 h post-infection. Data correspond to the mean +/— standard deviation. * p value < 0.05, calculated
with Student's t-test. Levels of (h) IFN-y, (i) IEN-AL, (j) IFN-A2, (k) IFN-A3 are reported 48 h post-infection. The levels after
24 h post-infection were under the detection limit of the assays. Data correspond to the mean +/— standard deviation.
* p value < 0.05, calculated with Student’s t-test.

These results suggest that TLR3 is mainly implicated in cytokine secretion control
and type 1 IEN expression 24 h post-infection; TLR7 controls the expression of type 1 IFN,
IEN-y, and IFN-A3 expression in the late phases of SARS-CoV-2 infection.

3.5. TLR3 and TLR7 Activation Followed Different Signal Pathways after SARS-CoV-2 Infection

To evaluate the proposed effect of SARS-CoV-2 on TLR3- and TLR7-mediated gene
expression, we assessed the expression of the following TLR3- and TLR7-associated key
transcription factors: NF-kB, which induces TLR-dependent gene activation, and IRF3,
which mediates TLR3-dependent gene expression [35]. In SARS-CoV-2-infected cells,
there was a significant increase in IRF3 expression 24 h post-infection, and of NF-kB 48 h
post-infection, which was maintained until 72 h post-infection (Figure 4a).
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Figure 4. (a) Levels of expression, quantified as fold increase in comparison to uninfected cells, of NF-«B and IRF3, are

reported and are representative of three independent experiments. Levels of (b) total and (¢) phosphorylated NF-«B and of
(d) total and (e) phosphorylated IRF3 in Calu-3/MRC-5 multicellular spheroids infected with SARS-CoV-2 and analyzed
48 h post-infection, with or without inhibitor (inhibitor) or silencing (KO) treatment. Data correspond to the mean +/—
standard deviation. * p value < 0.05, calculated with Student’s t-test.

To evaluate the effective activation of IRF3 and NF-kB, we assessed IRF3 Ser386
phosphorylation, which induces dimerization and association with the coactivators CREB-
binding protein/p300, and the NF-xB p65 Ser536 phosphorylation that leads to the nuclear
localization of the transcriptionally active complex. Both NF-«kB and IRF3 presented an
increased phosphorylation 48 h post-infection (Figure 4b,e; p < 0.001; Student’s t-test). To
assess the specificity of NF-kB and IRF3 induction by TLR3 and TLR?, we treated MTCs
with TLR3 and TLRY inhibitors, or RNA silencing. The TLR3/dsRNA complex inhibitor
and TLR? inhibitor Pepinh-MYD did not affect TLRs protein expression (Figure 2b,c),
but blocked their activation and, consequently, NF-kB and /or IRF3 phosphorylation. In
particular, NF-kB phosphorylation was reduced after TLR3 and TLRY inhibition (Figure 4c)
(p < 0.001; Student’s t-test), while IRF3 phosphorylation was decreased only after TLR3
inhibition (Figure 4e) (p < 0.001; Student’s {-test). TLR3- and TLR7-specific siRNA trans-
fection resulted in the absence of RNA (Supplementary Figure 53) and protein expression
(Figure 2b,¢). Similarly, NF-kB phosphorylation was reduced after TLR3 and TLRY silencing
(Figure 4c) (p < 0.001; Student’s t-test), while IRF3 phosphorylation was decreased only
after TLR3 silencing (Figure 4e) (p < 0.001; Student’s t-test).

Summarizing these results, TLR3 might act via NF-kB and IRF3, while TLR7 mainly
acts via NF-kB activation. To investigate the role of NF-kB and IRF3 activation in TLR3-
and TLR7-mediated inflammatory cytokine and interferons gene expression, during SARS-
CoV-2 infection, we used MRT67307, which prevents IRF3 phosphorylation and expression
of interferon-stimulated genes, and helenalin, an inhibitor of NF-kB (Figure 5). The pre-
treatment of MTCS with MRT67307 reduced IFN-o and IFN-B gene expression (Figure 5e;
p <0.001; Student’s t-test), and slightly reduced IL-6 and IL-4 (Figure 5¢, d; p < 0.012,
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p = 0.023, respectively; Student’s t-test), while NF-«B inhibition, by helenalin, completely
abrogated the IL-1 , IL-1j3, IL-4, and IL-6 gene expression (Figure 5a—d; p < 0.001; Student’s
t-test), and reduced type 1 IFN, IFN-y and IFN-A gene expression (Figure 5f; p < 0.0001;
Student'’s t-test).
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Figure 5. Levels of expression of cytokines (a) IL-1e, (b) IL-1B, (c) IL-4, (d) IL-6, (e), (f) IFN-c, IFN-f, IFN-y, IFN-A1,
IFN-A2, IFN-A3 are reported, in the presence or absence of NFkB or IRF3 inhibitors. The levels of IFNs in the presence of
IRF3 inhibitor were evaluated 24 h post-infection. Data correspond to the mean +/— standard deviation. * p value < 0.05,
calculated with Student’s #-test.

4. Discussion

The role of the RNA sensor pathways during SARS-CoV-2 infection is of extreme
interest, as TLRs are the innate mediators of the anti-viral response and might influence
the pathogenesis of SARS-CoV-2 infection. TLR3 pathway activation is associated with
the production of IFN-p by macrophages in murine coronavirus infection [36]; TLR7 and
TLR8 activation enhances a cytokine storm in SARS-CoV-1 infection, causing several side
effects [37].

Our results showed that the SARS-CoV-2 infection of Calu-3/MRC-5 multicellular
spheroids induces the activation of TLR3 and TLR7 RNA sensor pathways. In particular,
TLR3 might act via IRF3-producing IFN-« and IFN-B during the first 24 h post-infection.
Then, TLR3 activates the NFkB transduction pathway, leading to pro-inflammatory cy-
tokine secretion (IL-1e, IL-13, IL-4, IL-6). Conversely, TLR7 seems to act mainly via NF«B,
inducing type 1 IFN, IFN-y, and IFN-A3, starting from the 48 h post-infection.

These data suggest a differential timing of TLRs activation, which, on one hand,
might interfere with SARS-CoV-2 infection, activating the host immune response, or,
on the other hand, might lead to a cytokine storm, with an adverse effect on disease
follow-up. Totura et al. observed that the induction of TRIF-driven and MyD88-driven
pathways by TLRs are essential in the control of SARS-CoV infection [38]. As a proof of
concept, TLR3/TLR4 double-negative mice were more susceptible to SARS-CoV infection,
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and the deletion of TRIF increased the SARS-CoV-dependent risk of mortality. Further,
van der Made et al. showed a TLR7 loss-of-function variant in four male patients with
severe COVID-19 infection that presented an impaired type I and type II IFNs response.
Interestingly, SARS-CoV-2 has more ssRNA motifs that could be recognized by TLR7 [39],
inducing a strong pro-inflammatory response [40,41].

These data support the harmful and beneficial role of TLRs in SARS-CoV-2 infection.
QOur data clarify the role of the TLR components, supporting the potential use of TLRS
antagonists and agonists as therapeutic tools in SARS-CoV-2 infection. Not only are TLRs
important, but also the related pathways. A study on SARS-CoV, which was responsible for
the worldwide outbreak of SARS in 2003, showed that the SARS-CoV nucleocapsid protein
(N protein) activates NF-kB in Vero E6 cells, in a dose-dependent manner [42]. DeDiego
etal. proved that inhibitors of the NF«kB pathway increased the survival rate in both in vitro
and in vivo studies, using mice with reduced lung pathology [43]. In vitro studies in the
previous SARS epidemic have shown that the spike (S) protein induces a strong cytokine
response in infected mononuclear cells, through the NF«B pathway. SARS-CoV-2 is more
sensitive to interferon treatment [44], less efficient in suppressing cytokine induction via
IRF3 nuclear translocation [45], and permissive of a higher level of induction of interferon-
stimulated genes, in comparison with SARS-CoV [46]. Our data support an implication of
both the transcription factors, which have an important role in controlling cytokine and
IFN expression during SARS-CoV-2 infection. In conclusion, our data suggest an important
role for TLR3 and TLR7 in COVID-19 disease, with a definition of the possible transduction
pathways and activation timing. The suppression of excessive activation of TLRs seems to
have a role in SARS-CoV-2 infection, as supported by several clinical trials [37], with the
purpose of controlling TLRS activation and, consequently, SARS-CoV-2 infection.

This was confirmed by the recent findings on the contribution of both TLR3 and TLR?
in the antiviral signal against SARS-CoV-2 and that, in presence of genetic loss-of-function
variants of TLR7, the TLR3 signal was not affected [22].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/ microorganisms9091820/s1; Figure 51: Calu-3/MRC-5 multicellular spheroids were treated
with TLR3, TLR7, TLRS, RIG-1, MAD5, and TLR4 agonists, and the levels of expression of TLR3,
TLR7, TLRS, RIG-1, MADS5, and TLR4 are reported as fold-increased in comparison with untreated
cells, and are representative of three independent experiments. Data correspond to the mean +/—
standard deviation; Figure 52: Western blot analysis of TLR3 and TLR7 protein expression in Calu-
3/MRC-5 multicellular spheroids (CTR), silenced for TLR3 (TLR3 KO), TLR7 (TLR7 KO) with RNA
silencing technology, infected with SARS-CoV-2 with at a multiplicity of infection (MOI) of 1.0
(infected) and treated with TLR3 or TLR7 antagonists (antagonist). The molecular weights were
determined by protein ladder (BioRad). TLR3 and TLR7 were evidenced at 116 kDa. The images
were acquired by GelDoc (BioRad, Italy); Figure S3: Calu-3/MRC-5 multicellular spheroids were
treated with TLR3, TLR7 agonist; TLR3, TLR7 siRNA (TLR3 KO, TLR7 KO); TLR3, TLR7 siRNA
and agonist-treated; siRNA control and siRN A control with agonist treatment. The levels of RNA
expression of TLR3 and TLR7 are reported as fold-increased in comparison with untreated cells,
and are representative of three independent experiments. The results showed that TLR3 and TLR7
agonists induce RNA expression, which is inhibited by siRNA transfection, also in the presence
of agonists treatment (TLR3 KO agonist; TLR7 agonist). Control siRNA did not affect TLR3 and
TLR7 RNA expression (siRNA CTR) and maintained the induction of RNA expression after agonist
treatment (siRNA control agonist). Data correspond to the mean +/— standard deviation.
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It is known that innate immunity is essential to determine the activation of an efficient
acquired immune response.

This is possible thanks to the loading of peptides synthetized during viral replication on
Major Histocompatibility Complex (MHC) molecules, which present the viral peptides on
the surface of infected cells, in order to be recognized by lymphocytes [316], inducing
lymphocytes expansion and the development of immune memory [317].

It can be deduced that the MHC molecules, also known as Human Leukocyte antigens
(HLAs), permit the communication between innate and adaptive immune system. HLAs can
be subdivided into three classes: HLA class-I (HLA-A, B and C), which present peptides
synthetized inside the cell [318], HLA class-1I (DP, DM, DO, DQ and DR), involved in the
presentation of extracellular antigens, and HLA class-III , which encode components of
the complement system [319]. HLA-I molecules are also divided into “non-classical” and
“classical” molecules. While the main function of classical HLA-I consists in presenting
antigenic peptide to CD8+ T cells [320], non-classical HLAs act as immunomodulatory
molecules [319]. The non-classical HLA-I include HLA-E, -G, -F and -H, characterized by
a lower polymorphism compared to the classical group [319].

Immune-escape strategies used by viruses also include HLA molecules modulation. For
example, the alteration of specific HLA class-II (HLA-DR) affects monocyte and
macrophage function. In fact, an association between low expression of HLA-DR on
monocytes and ICU needing were observed in serious COVID-19 subjects [321],
representing a marker of immune suppression typical of SARS-CoV-2 infection. Moreover,
Spike protein mutations can evade in vitro CD8+ T cell responses, since the Spike-derived
peptides loaded on HLA-I molecules result less efficient in T cell stimulation [322].

Again, the modulation of HLA-I molecules expression is also used by viruses to avoid host
immune recognition (/323], paper attached).

For instance, HBV, CMV, HP, HIV and also SARS-CoV-2 exploit the modulation of the
non-classical HLA-E and HLA-G molecules as an immune evasion strategy (/323], paper
attached), resulting in over-activated and/or decreased immune response [324], as

summarized in the work below (/323], paper attached).
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S. Beltrami et al.
1. Introduction

Nearly 60 years ago, Human Leukocyte Antigen (HLA) system,
the major histocompatibility complex (MHC) in humans has been
discovered and its role was identified in the activation of the
immune system against several pathogens [1]. HLAs are encoded
by a gene family clustered in a region of chromosome 6 and their
main function is to present intracellular and extracellular peptide
antigens to immune cells, regulating both innate and adaptive
immune responses [2]. Basing on their function and expression,
HLA molecules are classified into three different groups: class I,
class I and class III.

HLA-III proteins are involved in both indirect and direct activation
of immune system, involving for example complement activation, for
example by the encode of TNFbeta (TNFf) or Lymphocyte antigen 6
(Ly6)[3]. Conversely, HLA-I and -II are involved in immune response
activation. In particular, while HLA-II proteins are mainly expressed
by professional antigen-presenting cells (APCs), such as macrophages,
dendritic cells and B cells, enabling antigen presentation to
CD4 + helper T cells [4], HLA-I proteins are expressed ubiquitously
on all nucleated cells, in order to present intracellular self/non-self
antigens to CD8 + cytotoxic T cell receptors and regulate Natural
Killer cells (NK) activation mainly by killer-cell immunoglobulin-like
receptors (KIR) engagement [1].

Furthermore, HLA-1 molecules can be broadly divided into classical
HLA-Ia (HLA-A, B and C) and non-classical subtypes HLA-Ib (including
HLA-E, F, G and H).

The major difference between HLA-Ia and -Ib is that non-classical
HLA-I molecules are less polymorphic than classical ones [1]. More-
over, HLA-Ib exert functions in both the innate and adaptive immune
system but, importantly, they appear to have mostly inhibitory effects
on immune cells compared to HLA-Ia, due to their capability to inter-
act with several inhibitory receptors [1].

Among the HLA-Ib molecules, the most studied for their tolerogenic
effect are HLA-E and HLA-G.

HLA-E is mainly expressed by endothelial and immune cells, where
HLA-E exhibits a dual role since it can both activate or inhibit immune
responses, by interacting with activating or inhibitory receptors,
respectively [5]. The immune-regulatory function of HLA-E appears
to be particularly crucial in NK cells, which could be both activated
or inhibited by HLA-E interaction depending by its interaction with
stimulatory CD94/NKG2C and inhibitory CD94/NKG2A receptors,
respectively (Fig. 1) [6]. The interaction of HLA-E with the respective
immune effector cell depends considerably on the peptide presented
on HLA-E, which is an essential condition for its stable expression,
which include specific peptides derived from HLA-G and other HLA-
class I molecules [7]. HLA-E molecule loaded with the HLA-G leader
sequence-derived peptide binds CD94/NKG2A with a high affinity,
even if HLA-E molecule loaded with a leader sequence-derived non-
amer peptide from either HLA-B58, HLA-Cw*0702 or HLA-Cw*0402
also binds the same receptor (Fig. 1) [8]. On the contrary, only the
HLA-E-G leader sequence-derived peptide binds CD94/NKG2C with
an affinity (~10 pM) that is able to trigger a response by the NK cell
(Fig. 1) [8].

HLA-E molecules are one of the least polymorphic members of the
HLA-I family. It has been proposed that eight alleles are involved in
coding three known proteins, but only HLA-E*01:01 and HLA-
E*01:03 alleles occur in significant frequencies (nearly 50% each).
These two HLA-E alleles vary in peptide binding affinity and level of
expression, with HLA-E*01:03 reported to show the higher affinity
and the lower cell surface expression [9]. Between these two main alle-
les, it has been demonstrated that HLA-E*01:01 also appears to bind
CD94/NKG2A (Fig. 1), supporting the evidence that HLA-E affinity
to the inhibitory CD94/NKG2A receptor is sixfold higher than the
other receptor.
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HLA-G was firstly described expressed during pregnancy, where it
is fundamental to induce maternal immune system tolerance towards
the semi-allogenic fetus [10]. The alternative splicing of the primary
HLA-G mRNA leads to 7 different isoforms of the protein (G1-G7):
G1-G4 isoforms are membranous proteins, while G5-G7 are soluble
molecules (sHLA-G). Besides the 7 different isoforms, HLA-G is the
most polymorphic of the non-classical molecules, several polymor-
phisms, including Single Nucleotide Polymorphisms (SNPs), have been
identified as implicated in HLA-G stability and expression. For
instance, referring specifically at the 3'UTR region, several polymor-
phisms have been reported to influence mRNA stability, turnover,
mobility, and splicing pattern. In particular, a 14 base pair (14 bp)
insertion/deletion (INS/DEL) polymorphism (rs66554220) in 3'UTR
involves mRNA stability and expression, since the DEL allele stabilizes
the mRNA with a consequent higher HLA-G expression [11]. Con-
versely, in 3'UTR the presence of an adenine at position + 3187,
decreases mRNA stability and the + 3142C > G SNP could influence
HLA-G expression by increasing mRNA degradation [12]. HLA-G
expression shows a limited tissue-specific distribution [13], which
includes cytotrophoblast cells at the maternal-fetal interface of the pla-
centa, corneal, nail matrix, embryonic mesenchymal stem cells and
pancreatic islet p cells. HLA-G main function consists in modulating
immune system by interaction with its specific receptors, including
ILT-2, ILT-4, and KIR2DL4 [14] (Fig. 1), which results in the inhibition
of a wide range of immune functions, including the cytolytic function
of cytotoxic T cells, as well as the allo-proliferative response of
CD4 + T cells, the ongoing proliferation of NK and T cells and the mat-
uration of dendritic cells [15]. Moreover, the engagement of HLA-G
receptors depends on HLA-G alleles expressed on cell surface. For
example, it has been demonstrated that the most common allelic sub-
types HLA-G*01:01,/01:03 and 01:04 differ in peptide repertoire and
consequently in receptors engagement on NK cells. Particularly, sev-
eral studies have shown that the affinity of NKG2A/CD94 for
G*01:04 seems to be the highest, followed by G*01:03, while the
NKG2A/CD94-G*01:01 binding has been reported to be marginal
(Fig. 1) [16].

Moreover, HLA-G was also reported to be able to modulate HLA-E
expression. In particular, the expression of different isoforms of HLA-G
can generate different kind of peptides which bind by HLA-E pocket,
affecting its expression on cell surface. Furthermore, HLA-G and
HLA-E are physiologically co-expressed on different cell populations
establishing an immune-suppressive microenvironment in different
physiological and pathological conditions [17].

In fact, these non-classical molecules can be altered in particular
conditions, resulting in pathological alterations leading to diseases
such as inflammatory and autoimmune diseases [18], pregnancy disor-
ders and abortions [19] and coronary artery diseases [20].

In particular, HLA-E*01:01 allele was found to be associated with
type 1 diabetes mellitus, an impaired glucose metabolism disease
which could be also related to higher levels of sHLA-G [21].

On the other hand, while HLA-E*01:01/HLA-E*01:01 genotype is
associated with reduced risk of rheumatoid arthritis [22], the HLA-G
gene expression has been shown to be up-regulated in bone marrow-
derived mononuclear cells of these patients [23].

Moreover, HLA-E*01:03 homozygous individuals are associated to
a lower risk of psoriatic arthritis, supporting the result obtained ana-
lyzing patients with psoriasis, in which the HLA-E*01:01 homozygous
leads to a higher risk of this disease. Again, HLA-G can be detected in
psoriatic skin lesions, although, significantly lower sHLA-G plasma
levels have been found in psoriatic patients compared with controls
[24], suggesting a difference in systemic HLA-G expression that could
be associated with the IL-10 deficiency typical of psoriasis.

Torres et al. have also shown the presence of higher sHLA-G levels
in biopsies from celiac patients, and an increased frequency of the
14 bp INS/INS genotype among celiac patients has been stated [25].
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Fig. 1. HLA-E and HLA-G receptors expressed by immune cells.

In addition, several studies of pre-eclampsia, recurrent spontaneous
abortions (RSA) and blastocyst implantation also suggest that HLA-G
expression and genetics, in both woman and embryo/fetus, may be
important for pregnancy and its outcome [14].

Accordingly, the tolerogenic effect exerted by both HLA-G and
HLA-E molecules towards both the innate and adaptive immune sys-
tem is often exploited by pathogens as an immune-escape mechanism
[15].

2. Methods

In this perspective, we have reviewed the main current data
referred to non classical HLA class I moelcules and viral infections.
Data were selected following eligibility criteria accordingly to the
reviewed topic. We used a set of electronic databases (Medline/
PubMed, Scopus, Web of Sciences (WOS), Cochrane library) for a sys-
tematic search until November 2022 using MeSH keywords/terms,
such as “HLA”, “HLA-G”, “HLA-E”, “viral infection”, “SARS-CoV-2”,
We applied no date or language restriction. We followed the Preferred
Reporting Items for the Systematic Review and Meta-Analysis
(PRISMA) statement [26]. Two independent reviewers performed
title-abstract screening on all selected studies, then the full-text of
the selected articles was reviewed. In cases of duplicate information,
the data were checked and combined. Studies reporting HLA-G,
HLA-E as well as viral infection were selected. Publications were
selected using specific keywords (i.e. HLA, HLA-G, HLA-E, viral infec-
tion, SARS-CoV-2, etc....) also according to the date of publication (not
older than 1999) and for the fulfillment with the topic of this review.
Studies that were just case reports and commentaries were excluded.
The extraction of the data from included studies was performed by
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Table 1
HLA-E and HLA-G expression modifications during viral infections and their
effect on immune system.

Virus Expression Effects References
HCV HLA-E up- Decreased cytotoxicity of 22,23
regulation effector cells 27,132, 33, 34,
HLA-G up- 35
regulation
HIV HLA-E/HIV-1 NK cell activation — viral 26
peptide spreading
NK cell inhibition 36, 37
HLA-G up-
regulation
MV HLA-E up- Inhibitory signal 24
regulation 29, 30, 31
HLA-G up-
regulation
HPV HLA-E up- NK inhibition a5
regulation Immune escape 38
HLA-G up-
regulation
HBV HLA-G up- Immune escape 32,33
regulation
HHV-6 HLA-G up- Immune escape 41
regulation
HSV-1 HLA-G up- Immune escape 42
regulation
SARS- HLA-E up- NK cell inhibition 50, 51, 54, 55
CoV-2  regulation
HLA-G: Hyper-inflammation @0, 61
Early phase MMPs activation €1, 63
Replication phase Immune response control 60

Remission phase
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two reviewers separately, considering key characteristics including
publication year, author, type of study, country, sample size, and lab-
oratory findings. The funnel plot and Egger’s regression test were used
to assess publication bias [27].

3. Role of non-classical HLA-I molecules in viral infections

Due to the opposite role of classical and non-classical HLA-I mole-
cules in regulating host immune response, a fine balance between the
downregulation of classical HLA-I and the upregulation of non-
classical HLA-I is observed during viral infections [28].

In humans, CD8 + cytotoxic T lymphocytes (CTLs) control viral
infections via recognition of HLA-I antigens loaded with viral peptides
by T cell receptor (TCR). Therefore, the expression of HLA-I molecules
is extremely important for the immune response activation during
infections, and several viruses have developed strategies to decrease
the expression of HLA-I antigens to avoid T-cell recognition [28].

Conversely, the down-modulation of HLA-I molecules, induced by
viral infections, triggers NK cells activation [29], that sense the
absence of HLA-I on the surface on infected cells. Thus, to also avoid
NK cell activation, several viruses have developed mechanism to mod-
ulate both HLA-E and HLA-G molecules expression, in order to inhibit
NK cells through the binding with inhibitory receptors.

3.1. HLA-E modulation during viral infections

Although HLA-E presents a restricted number of antigens, it can
present pathogen-derived peptides eliciting specific T cell responses
[30] (Fig. 1). However, as previously mentioned, during viral infec-
tions the balance between inhibitory and stimulatory signals could
be altered, including HLA-E expression [5] (Table 1).

Hepatitis C virus (HCV) is a positive-sense single-stranded RNA
enveloped virus of the family Flaviviridae. HCV is the cause of hepatitis
C and some cancers such as liver cancer (hepatocellular carcinoma)
and lymphomas in humans. HCV viral core protein stabilizes HLA-E
surface expression resulting in impaired NK cell-mediated cytotoxicity
via interaction with NKG2A receptor [31]. Cytomegalovirus (CMV), or
Human Herpesvirus 5, is a genus of viruses in the order Herpesvirales,
in the family Herpesviridae, in the subfamily Betaherpesvirinae. Diseases
associated with CMV include mononucleosis and pneumonia. CMV
glycoprotein UL40 (gpUL40) upregulates and stabilizes HLA-E expres-
sion in infected cells, inhibiting NK cells activation through CD94/
NKG2 receptor signaling [32]. A similar effect is observed for UL18
glycoprotein, representing a homologous of HLA-I molecules which
can bind ILT2 (LIR-1, CD85j) inhibitory receptors on the surface of
NK cells, favoring viral immune-escape. Human papillomavirus
(HPV), a DNA virus from the Papillomaviridae family, can affect
humans and results in either warts or precancerous lesions. HPV infec-
tion decreases the surface expression of HLA-Ia proteins along with an
increased HLA-E expression [33] and NK cells inhibition [33], allow-
ing viral immune escape. Human immunodeficiency virus (HIV) is a
Lentivirus of the family of Retrovirus, that infect humans and causes
acquired immunodeficiency syndrome (AIDS), a condition in which
progressive failure of the immune system allows life-threatening
opportunistic infections and cancers. HIV highly conserved peptide is
presented by HLA-E molecules but it is not recognized by CD94-
NEKG2A receptor, resulting in NK cell mediated lysis of HIV infected
T cells, promoting viral spreading [34].

3.2. HLA-G modulation during viral infections

HLA-G expression is modulated by several viruses. Commonly, sol-
uble HLA-G levels are increased during viral infections, such as HIV,
CMV and Hepatitis B virus (HBV) (Table 1) [35], due to the high levels
of cytokine production that stimulates HLA-G shedding from cell sur-
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face by metalloproteases (MMP) activation [35]. In fact, viral infec-
tions induce Interleukin-10 (IL-10) secretion, leading to the
activation of MMP2 which in turn cleaves HLA-G from cell surface,
resulting in increased sHLA-G levels [36].

The CMV-encoded homologs IL-10 (cmvIL-10) is able to induce
HLA-G expression, similarly to human IL-10 [37], preventing NK cell
recognition of CMV infected cells.

Hepatitis C virus (HCV) and Hepatitis B virus (HBV), a partially
double-stranded DNA virus of the genus Orthohepadnavirus of the
Hepadnaviridae family, induce HLA-G expression to control host
immune response as well (Table 1) [38]. During HBV and HCV infec-
tions, IL-10 and interferon-dependent MMPs induction leads to
increased sHLA-G levels [35]. Furthermore, HLA-G expression is
higher during chronic HBV infection [39]. Patients affected by HCV
infection and increased levels of HLA-G molecules, mainly in liver
fibrotic areas, showed a lower viral clearance and a defective response
to therapy [40].

HLA-G serum levels increase during the first phases of HIV infec-
tion and lower to normal when infection progresses to a chronic stage
(Table 1) [41], suggesting HLA-G detection as a biomarker for disease
progression.

HLA-G expression correlates with HPV-associated nasal polyposis
development [42] (Table 1). The host HLA-G genotypes appear to
impact the outcomes of oral HPV infections in women [43] and men
[44] but have little if any effect on genital HPV status or infection
outcomes.

HLA-G is physiologically expressed during pregnancy and several
viruses involved in congenital infection exploit HLA-G expression as
an immune-escape mechanism, causing impairment of pregnancy as
well. Human Herpesvirus 6 (HHV-6) is the common collective name
for human betaherpesvirus 6A (HHV-6A) and human betaherpesvirus
6B (HHV-6B), double-stranded DNA viruses within the Betaherpesviri-
nae subfamily and of the genus Roseolovirus. HHV-6A has been associ-
ated with late-onset intrauterine growth restriction (IUGR), resulting
in impaired growth and development of the fetus [45]. In fact, the
presence of HHV-6 in a high percentage of IUGR placenta samples
has been detected, together with a higher HLA-G expression (Table 1),
suggesting a correlation between the presence of this virus and the
increase of HLA-G at endometrial level [45].

Herpes Simplex Virus-1 (HSV-1), a member of the Betaherpesvirinae
subfamily of the Herpesviridae family, induces the up-regulation of
membrane and soluble HLA-G molecules in actively infected neurons,
with a consequent protection toward host NK cells response (Table 1)
[46].

3.3. Non classical HLA-I molecules and SARS-CoV-2 infection

SARS-CoV-2 is a new Betacoronavirus, emerged in December 2019
in Wuhan, China, associated with a severe respiratory syndrome called
COVID-19. Its rapid spread around the world has led the World Health
Organization (WHO) to declare the state of pandemic in the month of
March 2020 [47]. SARS-CoV-2, in addition to lung tissue, is also able
to infect numerous other tissues thanks to the high expression of recep-
tors recognized by viral Spike protein 1 (SP1), including ACE2
(Angiotensin-converting enzyme 2) and CD147, which mediate their
entry into the host cell [48]. SARS-CoV-2 evades the recognition of
immune system to promote its replication, developing asymptomatic
infection or severe and lethal COVID-19 pathology. Several risk factors
have been described to participate in COVID-19 severity, including
age, male gender and comorbidities [49], but did not explain the dif-
ferences in severity of COVID-19 observed among individuals, suggest-
ing that also patient’s genetic background may contribute to severity
and clinical outcome of COVID-19 [50]. This hypothesis is supported
by the observation that some COVID-19 patients develop macrophages
and monocytes hyperactivation [51] that promote cytokine storm and
functional lymphopenia [52]. The immunological mechanisms associ-
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Fig. 2. HLA-E and HLA-G role during SARS-CoV-2 infection and immunological features in COVID-19.

ated with SARS-CoV-2 infection are complex and not entirely clear and
recent studies suggested that non-classical HLA-I molecules, including
HLA-G and HLA-E, are involved in SARS-CoV-2 infection.

3.4. HLA-E and SARS-CoV-2

NK cells are important effectors in anti-viral immunity and their
activation is partly controlled by the expression of HLA molecules,
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via the interaction with specific receptors on cell surface [53]. Among
the NK cells ligands, HLA-E represents one of the most studied, in par-
ticular for its interaction with the inhibitory receptor CD94/NKG2A,
described as in involved in promoting functional resistance to NK cell
killing [6]. During SARS-CoV-2 lung infection, the S1 spike protein
generates S1-derived HLA-E binding peptides, leading to increased
HLA-E stabilization on cell membrane [54] (Fig. 2). In addition,
NKG2A/CD94 inhibitory receptor was found up-modulated on NK
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cells when S1 was expressed in lung epithelial cells. Thus, the
increased expression of both HLA-E and NKG2A/CD94 on infected
cells and NK cells, respectively, trigger NK cell cytotoxicity, secretion,
and degranulation suppression [55]. In vivo evaluations reoprted an
increase in positive-NKG2A/CD94 circulating lymphocytes (NK and
T cells) with IFN-y secretion and cytotoxicity reduction from the
16% to 80% in COVID-19 patients in comparison with controls, con-
firming the potential role of HLA-E/NKG2A binding in the final
exhaustion of NK cells [10] (Fig. 2), partially explaining the anergic
status observed in patients with severe COVID-19 [56].

The decrease in NK cells percentage in COVID-19 patients involves
the non-structural protein 13535 545 (NSp13232_240) of SARS-CoV-2, the
helicase of the replication and transcription complex of the virion
[57]. Viral Nspl3 is presented by HLA-E, forming a stable complex
HLA-E/Nspl323s 240. As demonstrated by Hammer et al., this HLA-
E/Nspl3232 240 complex elicits NK cells inhibition interfering with
HLA-E binding to NKG2A receptor, thereby blocking NKG2Apositive
NK cell effector functions [58]. On the contrary, HLA-E interaction
with the receptor CD94/NKG2C seems to be crucial in NK cell hyper-
activation during COVID-19 disease [59]. NKG2C activation by HLA-E
mediates NK cell cytotoxicity and release of pro-inflammatory effec-
tors during viral infections [60]. As a proof-of-concept, patients which
experience severe or fatal COVID-19 outcomes showed an increased
frequency of both circulating and lung-resident positive-NKG2C NK,
characterized by increased proliferation and activation [61] and dele-
tion of NKG2C gene was described in severe COVID-19 patients in
association to a significant decreased NK cell activation, due to the
lack of interaction between the receptor and HLA-E [61] (Fig. 2).

HLA-E genetic alleles seem to have a role in COVID-19 severity. The
frequency of both homozygous and heterozygous HLA-E*0101 allele is
higher in patients with severe COVID-19 disease, compared to those
with mild disease condition [59]. Moreover, S1 peptide shows higher
affinity with HLA-E*0101 than with HLA-E*0103 allele, supporting its
involvement in the production of HLA-E/S1 peptide complex that
enhances NK cells anergy and COVID-19 severity [59]. These results
confirm the role of HLA-E in SARS-CoV-2 infection, due to the direct
modulation of NK cells activation. The cell surface expression of
HLA-E*0101 allele results in delayed or decreased positive-NKG2C
NK cell response [9], promoting viral replication and infection.

3.5. Role of HLA-G during SARS-CoV-2 infection

A recent study by Zhang et al. described the modulation of HLA-G
expression in patients with COVID-19, during the different infection
stages [62]. Based on the three main stages of SARS-CoV-2 infection,
early stage, progression and recovery, HLA-G levels can be described
as depicted in (Fig. 3). The early infection stage is characterized by
a high membrane expression of HLA-G, mainly at the surface of
immune cells including T cells, B cells and monocytes. The increase
in HLA-G expression might be triggered by the hyperinflammation
induced by the SARS-CoV-2, and the consequent increase of IL-10,
one of the main inducer of HLA-G expression. The replication stage
is characterized by a decrease in HLA-G expression in immune cells,
that inversely correlates with an increase of plasma sHLA-G [63].
The membrane-bound HLA-G might decrease for the delocalization
into plasma after cleavage by MMPs |64 ], massively produced by con-
nective tissue and pro-inflammatory cells including activated neu-
trophils during SARS-CoV-2 infection [53] (Fig. 3). In the replication
stage of SARS-CoV-2, the total number of NK and CD8 + T cells is
markedly decreased thus favouring the spread of the virus [62]. Dur-
ing convalescence, HLA-G expression is increased at surface of immune
cells, with a concomitant decrease of plasma sHLA-G [65], significa-
tive of a reinforced immune response.

A recent genome-wide association study, with a larger case/control
cohort (2244,/10220) showed that HLA-G (rs9380142) polymorphism
is strongly associated with severe COVID-19 [66], suggesting a possi-

72

Human Immunology xxx (2023) xxx-xxx

ble association between HLA-G expression during COVID19 and
genetic variants. The ability of SARS-CoV-2 to affect HLA-G expression
might impair the function of host immune system, in particular
decreasing NK cells activation during the acute phase of infection. In
fact, during SARS-CoV-2 replication, the total number of NK cells
decreases significantly in concomitance to high NKG2A/CD94 inhibi-
tory receptor expression, causing a reduction of CD107a and granzyme
B release [67]. Seliger et al. showed an increased expression of SARS-
CoV-2 nucleocapsid antigen and spike protein in COVID-19 patients’
lung tissues, that was associated with high HLA-G expression levels
[68] and low levels of miR-744-5p and miR-152, involved in HLA-G
regulation [68], suggesting that SARS-CoV-2 might control HLA-G
via specific miRNA expression. In addition to miR-744-5p and miR-
152, the transcriptome sequencing of whole blood of moderate and
severe COVID-19 patients reveals that several miRNAs are affected
during infection. In particular, miR-146a-5p, miR-21-5p, miR-142-
3p, miR-181a-2-3p, miR-31-5p and miR-99a-5p were downregulated,
while miR-3605-3p, miR-15b-5p, miR-486-3p and miR-486-5p were
consistently upregulated. Thus, the presence of these molecular fea-
tures constitutes an important suggestion of the role of miRNA
encoded during SARS-CoV-2 in inhibiting or activating immune-
related genes that could affect HLA-G expression, impairing firstly
the pulmonary defence [69].

Although COVID-19 is primarily considered a respiratory disease, it
is now clear that SARS-CoV-2 infection could also affect other body
compartments, including the gastrointestinal system. In a study con-
ducted on a patient with persistently negative swab test hospitalized
intestinal ulceration [70], the presence of SARS-CoV-2 nucleoprotein
(NP) was reported in the damaged intestinal mucosa in association
to morphological alteration of microvilli, in concomitance to HLA-G
expression at the site of SARS-CoV-2 infection. The induction of
HLA-G expression, known to be involved in both viral immune-
escape mechanism and neoangiogenesis processes, at the site of
SARS-CoV-2 infection might be a cause of the COVID-19-dependent
bleeding [70]. This evidence was confirmed also by a similar study
conducted on three patients with acute abdominal symptoms, that
on admission did not show any usual COVID-19 clinical signs but pre-
sented HLA-G gut expression and in situ viral infection [71].

A recent work reported higher levels of sHLA-G in plasma samples
from COVID-19 patients in comparison with controls. The highest con-
centration of SHLA-G in plasma samples might be related to a better
inflammation resolution, as it was found in patients who had better
clinical course [63]. As a proof of concept for the potential role of
SsHLA-G levels in COVID-19 severity, the authors assessed the levels
of endothelial activation biomarkers and correlated them with sHLA-
G levels, reporting an inverse correlation between sHLA-G levels and
sICAM-1 and E-selectin levels in COVID-19 patients, but not in con-
trols. The ability of HLA-G molecules to control sICAM-1 and sE-
selectin expression via CD160 interaction and subsequent FGF2 induc-
tion, might affect neutrophil adhesion, as confirmed by in vitro exper-
iments. Thus, these findings suggested a possible role for sHLA-G in
the regulation of neutrophil adhesion to activated endothelium in
COVID-19 patients, which is associated to disease improvement
[63]. The critical role of sHLA-G plasmatic levels was confirmed also
by other studies. Bayatee et al. found significantly increased sHLA-G
levels in serum samples from COVID-19 patients compared to controls
[72] and Cordeiro et al. showed a correlation between disease severity
and sHLA-G levels, that are significantly reduced in critically ill
patients, suggesting an immune exhaustion phenomena [73].

Recent studies have reported the ability of SARS-CoV-2 to infect
placenta, which is a specialized organ that supports the normal growth
and development of the fetus, due to the high tissue expression of
ACE2 and CD147 receptors [74]. Since HLA-G is involved in promot-
ing fetus tolerance [75], its physiological expression during pregnancy
could be exploited by several viruses, such as SARS-CoV-2. In particu-
lar, non-classical HLA-G molecules are expressed by the extravillous
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Fig. 3. Membrane and soluble HLA-G expression modification during SARS-CoV-2 infection.

trophoblast (EVT) cells of placenta and interact with their specific
receptors expressed by immune cells, including T lymphocytes and
uterine NK cells, in order to ensure immune tolerance between
mother and fetus, inhibiting NK cell activity [75]. It has been sug-
gested a possible role of HLA-G expression in COVID-19 pathogenesis
during pregnancy. Expression and cluster analysis of placental cell
type specific markers in COVID-19 patients showed a decrease in
the expression of trophoblast markers, as HLA-G, compared with con-
trol samples, and an increased expression of chemokines and path-
ways associated with viral infection and inflammation [76]. As
previously reported, during viral infection there is an up-regulation
of NKG2A/CD94 receptor, that binds HLA-G leading to NK cells
exhaustion [67], that might present an altered activation during
pregnancy. The possible placental transmission of SARS-CoV-2 could
follow a similar path to what observed for other pathogens, sup-
ported by the modification of HLA-G expression: (1) viral spreading
from the maternal endothelial microvasculature to the endovascular
extravillous trophoblasts; (2) spreading through the infected maternal
immune cells; (3) transcytosis of virions via immune-mediated recep-
tors; (4) transvaginal ascending infection; and (5) releasing of inflam-
matory mediators leading to increased permeability of placental
barriers [77].

4, Conclusions

HLA system is a key mediator of immune responses to pathogens
[1]. In this review we focused on non-classical HLA class I molecules,
a group of antigen-presenting proteins characterized by a tissue/cell
specific expression and a peculiar role during viral infections. Among
these, both HLA-E and HLA-G exhibit immunomodulatory functions,
and their immune tolerogenic effect is often exploited by viral patho-
gens as an immune-escape mechanism [5]. Several studies demon-
strate that in HCV [31], HIV [78], CMV [32] and HPV [33]
infections, the viral proteins stabilize HLA-E expressing cells, resulting
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in impaired NK cell-mediated cytotoxicity due to its interaction with
inhibitory NKG2A receptor. Also, HLA-G levels are up-regulated dur-
ing viral infections, such as during HIV [79], CMV [37], HBV [35]
and HCV [80] infections.

SARS-CoV-2 promotes its replication through HLA-G and HLA-E
modulation, supporting their implication in infection susceptibility
and severity of COVID-19. Regarding HLA-G, a recent study described
its modulation during the various stages of SARS-CoV-2 infection, with
high levels in early stage and recovery phases, while it decreases dur-
ing replication phase [63]. HLA-G expression was also observed in the
sites of intestinal SARS-CoV-2 infection [70,71]. SARS-CoV-2 controls
NK cell functions modulating the levels of HLA-E on lung epithelial
cells, that results in NK cells anergy. During infection, the virus
encodes a S1-derived HLA-E binding peptide, which stabilize and
upregulate HLA-E levels on lung epithelial cells. The peptide-loaded
HLA-E binds to NKG2A receptor and transduces inhibitory signaling
to NK cells, suppressing their cytotoxicity [54] (Fig. 1). The peptide-
loaded HLA-E is unable to recognize the activating NKG2C/HLA-E
receptor, leading to NK cells exhaustion (Fig. 1). In this scenario is
mainly involved HLA-E*0101 allele, suggesting a genetic background
implicated in severe COVID-19 cases [61].

These data on HLA-G and HLA-E molecules during viral infections
suggest a possible use as biomarkers to monitoring viral susceptibility
and disease outcome. New approaches, based on HLA-G and HLA-E
targeting, might provide opportunities for developing novel anti-
viral therapies, to control immune response to viral infections.
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In particular, HLA-G was firstly described during pregnancy, where it acts to protect the
semi-allogenic fetus from maternal immune system, characterized by tolerogenic functions
and frequently reported to be inducted during viral infection [325]. HLA-G exists in seven
isoforms, four membrane-bound (G1, G2, G3 and G4) and three soluble (G5, G6, and G7),
and its synthesis is finely controlled by specific polymorphisms located in the regulatory
regions (UTRs) of HLA-G gene [326], which include a deletion/insertion of 14bp
polymorphism (rs371194629) and a C>G single-nucleotide polymorphism (snp) at the
+3142bp position (rs1063320) [326].

HLA-G is known to have suppressive effects on the immune system, provided through is
interaction with at least four specific receptors (ILT2, ILT4, KIR2DL4 and CD160)
expressed on T and B lymphocytes, NK cells, neutrophils and APCs [327].

Thus, HLA-G immune-modulatory functions include [325]:

= reduction of inflammatory and immune responses;
= preservation of immune tolerance;
= modulation of tumoral processes;

* promotion of viral immune escape.

A study conducted by Seliger et al. revealed that the abundance of T cells and macrophages
infiltration observed during SARS-CoV-2 infection is associated to high HLA-G and IFNy
expression at lung level [328]. In addition, high HLA-G expression has also been found at
peripheral level on monocytes and B cells, in association with decreased CD8+ T cells count

[328].
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Besides HLA-G expression by immune cells, also endothelial cells are reported to express
this molecule [329]. In fact, HLA-G mediates the antiangiogenic and vascular remodeling
processes through its interaction with CD160 receptors expressed at vascular level [330],
also inhibiting neutrophil adhesion to endothelial cells. For this reasons, it is possible that
HLA-G imbalance could lead to an increased infiltration of immune cells, such as neutrophil
[330].

As a matter of fact, HLA-G modulation seems to be related to immune dysfunctions
occurring in SARS-CoV-2 infection, particularly affecting neutrophils adhesion [330].

To investigate this aspect, we analyzed soluble HLA-G (sHLA-G) levels in blood samples
collected form hospitalized COVID-19 patients, in correlation to endothelial and neutrophil
activation (/331], paper attached), in terms of E-selectin and of Intercellular Adhesion
Molecule-1 (ICAM-1) expression, known to be two key molecules involved in the adhesion
of neutrophils to inflammatory endothelium [332].

According to the data obtained, the levels of sHLA-G were significantly higher in COVID-
19 patients with respiratory failure at admission time, compared to controls. Interesting, in
those subjects was identified an inverse correlation among both soluble ICAM-1 and sE-
selectin levels with plasma sHLA-G values (/331], paper attached). This result was
confirmed by in-vitro experiments, showing the ability of HLA-G molecules to control
SICAM-1 and sE-selectin expression on endothelium, involving CD160 receptor and
activating neutrophil adhesion (/331], paper attached).

Thus, this study corroborates the association of COVID-19 clinical onset with increased
sHLA-G plasma levels, establishing HLA-G molecule as a possible prognostic and

therapeutical marker in ARDS condition.
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Abstract: Human leukocyte antigen (HLA) is a group of molecules involved in inflammatory and
infective responses. We evaluated blood sHLA-E and sHLA-G levels in hospitalized COVID-19
patients with respiratory failure and their relationship with clinical evolution, changes in endothelial
activation biomarker profile, and neutrophil adhesion. sHLA-E, sHLA-G, and endothelial activation
biomarkers were quantified by ELISA assay in plasma samples. Neutrophil adhesion to endothelium
was assessed in the presence/absence of patients” plasma samples. At admission, plasma levels
of sHLA-G and sHLA-E were significantly higher in COVID-19 patients with respiratory failure
compared to controls. COVID-19 clinical improvement was associated with increased sHLA-G
plasma levels. In COVID-19, but not in control patients, an inverse correlation was found between
serum sICAM-1 and E-selectin levels and plasma sHLA-G values. The in vitro analysis of activated
endothelial cells confirmed the ability of HLA-G molecules to control sSICAM-1 and sE-selectin
expression via CD160 interaction and FGF2 induction and consequently neutrophil adhesion. We
suggest a potential role for sHLA-G in improving COVID-19 patients’ clinical condition related to
the control of neutrophil adhesion to activated endothelium.

Keywords: HLA-G; COVID-19; E-selectin; ICAM-1; CD160; neutrophil

1. Introduction

Human leukocyte antigen (HLA)-E and HLA-G belong to ‘non-classical” HLA-class
Ib molecules, which also includes -F and -H [1,2]. In contrast with highly polymorphic
HLA-class Ia molecules (HLA-A, -B, and -C), HLA-Ib molecules display a low degree of
polymorphism and different immunoregulatory properties [3]. Several results supported
a correlation between HLA-E and HLA-G expression in physiological and pathological
conditions [4,5]. HLA-G molecules interact with immune inhibitory receptors (ILT2, ILT4,
KIR2DL4), modulating the functions of NK (Natural Killer) cells, T cells, B cells, and [6,7].
Thus, HLA-G molecules are involved in the control of infective and inflammatory con-
ditions [8]. Moreover, HLA-G interact with endothelial cells via the CD160 receptor [9],
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a glycosylphosphatidylinositol-anchored member of the immunoglobulin superfamily. The
interaction between soluble (s)HLA-G and CD160 on the surface of endothelial cells induces
the apoptosis of endothelial cells, inhibiting the angiogenetic process via down-regulation
of fibroblast growth factor 2 (FGF2) [9]. The expression of HLA-G molecules is partly
controlled by genetic background, with HLA-G*0105N alleles presenting significantly
reduced sHLA-G expression levels in comparison with HLA-G*0101 alleles [10].

HLA-E expression on the cell surface needs interaction with nonapeptides derived
from leader peptides from HLA-I molecules and beta2 microglobulin [11]. HLA-E interacts
with the NKG2A /CD94 inhibitory receptor, exerting immunosuppressive functions on
NK cell and CD8+ T cell-mediated lysis [12,13]. Recently, the increased expression of
soluble (s)HLA-E, generated by metalloproteases-dependent shedding of the membrane-
bound molecule, has been observed in pathological conditions, such as multiple sclerosis,
melanoma, and juvenile idiopathic arthritis [14]. sHLA-E is secreted by activated endothe-
lial cells [15,16] and the levels might be controlled by genetic background, with a higher
expression in the HLA-E*0103 allele in comparison with the HLA-E*0101 allele [17]. Re-
cently, it has been suggested that there is a role for these molecules in the SARS-COV2
infection [18], supporting our data on the expression of HLA-G molecules by epithelial
cells of the intestinal mucosa and in some lymphocytes, in correspondence with SARS-
COV2-positive sites [19].

The coronavirus disease 2019 (COVID-19) is a global public health issue. Approx-
imately 170 million cases have been globally confirmed so far, with 3.5 million deaths
(https:/ /covid19.who.int; accessed on 5 August 2021) [20]. COVID-19 is an heterogenous
disease associated with SARS-COV?2 infection with a range of severity spanning from pau-
cisymptomatic manifestations characterized by fever, cough, dyspnea, anosmia, ageusia,
and fatigue up to respiratory distress syndrome (ARDS) and multiple organ failure with
poor prognosis. Emerging evidence suggests that endothelial activation plays a central role
in the pathogenesis of ARDS and multi-organ failure in patients with COVID-19. How-
ever, the molecular mechanisms underlying endothelial activation in COVID-19 patients
remain unclear. Both HLA-E and HLA-G are involved in endothelial cells remodeling.
HLA-G/CD160-mediated antiangiogenic property may participate in the vascular remodel-
ing [9]. HLA-E expression and release of sHLA-E are features of endothelial cells activation
and emphasize immunoregulatory functions of the endothelium [16]. The endothelial
cells response to immune stimulation consists of the up-modulation of molecules such as
E-selectin and ICAM-1 (Intercellular Adhesion Molecule 1). E-selectin and ICAM-1 are
probably the most specific, inducible endothelial cell- surface molecules which are involved
in the adhesion of neutrophils to inflammatory endothelium [21]. On the contrary, HLA-G
is a potent inhibitor of neutrophil adhesion to endothelial cells [15]. The modification in the
expression of these molecules on the surface of endothelial cells might affect the adhesion
of neutrophils during the COVID-19 inflammatory cascade. The increased infiltration
of immature and /or dysfunctional neutrophil contributes to the imbalance of the lungs’
immune response and has been observed in severe COVID-19 cases [22,23].

Understanding the immune-inflammatory mechanisms that pave the way to disease
manifestations can identify potential targets for pharmacological interventions. Here we
evaluated blood sHLA-E and sHLA-G in hospitalized COVID-19 patients with respiratory
failure in relation with the evolution of the clinical conditions and in relation with endothe-
lial activation biomarker profile variations and neutrophil cells/endothelium interaction.
In parallel, blood sHLA-G and sHLA-E were assessed and compared in a group of control
hospitalized subjects with respiratory failure and healthy controls not associated with
SARS-COV2 infection.

2. Materials and Methods
2.1. Patients

The study was an investigator-initiated, prospective, single-center study recruiting
consecutive patients admitted to the Respiratory and Intensive Care Units of the Azienda
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Ospedaliera Universitaria di Ferrara (Ferrara, Italy) (Supplementary Material File S1). The
study aimed to prospectively evaluate the pro-thrombotic status and systemic inflammatory
biomarkers in moderate-to-severe COVID-19 patients and to correlate these biomarkers
with clinical outcomes (Clinicaltrials.gov identifier NCT04343053). The design of the
study has been described in detail in previous reports [24-26]. Briefly, patients were
included if they had SARS-COV2 infection (confirmed by PCR-positive nasopharyngeal
swab specimens) and respiratory failure (defined as arterial oxygen tension of <8.0 kPa
(60 mmHg) at room air and oxygen saturation < 90%). All the patients were infected by the
SARS-COV2 isolate clustered in the Bl clade, which included most of the Italian sequences
during the enrollment period. Patients were recruited from April 1 until the end of May
2020. After enrollment (T1; Baseline), COVID-19 patients were assessed every 7 & 2 days for
an additional 2 consecutive visits (T2 and T3). A detailed description of study procedures
has been previously published [24-26] and is also available in the online supplement.
Two control groups were recruited: a group of patients hospitalized in the same period
at the same hospital with acute respiratory failure due to respiratory/cardiovascular
acute conditions and not related to SARS-COV2; a group of healthy controls. For plasma
preparation, the blood samples were collected using 6 mL EDTA-containing tubes. The
tubes were centrifuged for 15 min at 2200 rpm. All blood specimens were processed
immediately for plasma collection and aliquots were stored at —80 °C.

2.2. sHLA-G Specific ELISA

As described previously [27,28], serum levels of sHLA-G (sHLA-G1/HLA-G5) were
measured by enzyme-linked immunosorbent assay (ELISA) using monoclonal antibodies
MEM-G/9 (Exbio; Vestec, CZ) as capture antibodies, respectively. The intra-assay coeffi-
cient of variations (CV), the inter-assay CV, and the limit of sensitivity were 1.4%, 4%, and
1ng/mL.

2.3. sHLA-E Specific ELISA

ELISA for soluble HLA-E were performed as previously described [28]. Briefly, Max-
iSorp Nunc-Immuno 96 microwell plates (Nunc A/S; Roskilde, Denmark) were coated
overnight at 4 °C with 3D12 mAb, specific for HLA-E HC (eBioscience; Science Center
Drive, San Diego, CA, USA). After three washes with PBS 0.05% Tween 20 (washing buffer),
plates were saturated with 200 pL/w of PBS 2% BSA (Sigma; St. Louis, MO, USA) for
30 min at RT.100 pL of test samples (plasma) or standard (serial dilutions of total extract
from normal peripheral blood mononuclear cells) were added to each well and incubated
at RT for 2 h. After three washes, 100 uL of detection reagent (HRP-conjugated anti-beta2
microglobulin mAb, Exbio; Vestec, CZ) was added, and plates were incubated for 2 h at
RT. After three washes, 100 uL of TMB (substrate for HRP) was added, and the reaction
was stopped after approximately 10’ by adding H2SO4 5N. Absorbance at 450 nm was
measured using Infinite 200 PRO spectrometer (Tecan Group Ltd.; Seestrasse, Mannedorf,
Switzerland). Results are expressed as arbitrary units/mL (1 unit = quantity of sHLA-E in
1 ug of total extract).

2.4. HLA-E Allele Assignment

Genomic DNA was extracted from peripheral blood samples using the TIANamp
Blood DNA Kit (Tiangen Biotech; Beijing, China). Allele-specific quantitative real-time PCR
(qRT-PCR) with two forward primers, respectively, was used to discriminate HLA-E*0101
and HLA-E*0103 alleles: E*0101F (5'-GCG-AGC-TGG-GGC-CCG-CCA-3') and E*0103F
(5"-GCG-AGC-TGG-GGC-CCG-CCG-3"). Each of the forward primers was combined with
a common HLA-E-specific reverse primer: 5'-CCG-CCT-CAG-AGG-CAT-CAT-TTG-3'. Two
PCR reactions for each sample were carried outin a 10 uL reaction solution containing 20 ng
genomic DNA, 0.2 umol/L allele-specific forward primer, 0.2 umol/L common reverse
primer, and 5 pL 2 x SYBR Premix Ex Taq (TaKaRa; Shiga, Japan). The PCR amplification
was carried out at 95 °C for 10 min, 40 cycles at 95 °C for 15 s, and 65 °C for 40 s, followed
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by a final stage of product dissociation cycle, using Mastercycler ep realplex (Eppendorf;
Hamburg, Germany). Allele discrimination was manually performed according to the
different PCR amplification efficiencies for different alleles, which can be shown by the
cycle of threshold (Ct) [17].

2.5. HLA-G Allele Assignment

HLA-G allele assignment was carried out using polymerase chain reaction (PCR)
followed by sequencing analysis. Briefly exon 2, 3, and intron 2 were amplified with a
primer pair: forward 5- GGCTGA GAG GTC TAC AGG AGA T-3' and reverse 5'-GCT CCC
ACT CCA TGA GGT ATT-3' and amplification of exon 4 was performed using the primers:
forward 5'-GTA TCT GGT TCA TTC TTA GGA TGG-3' and reverse 5-AAG ACT GCT CTG
GGA AAG G-3'. PCR product of exon 2, 3, and intron 2 was 822 bp, and 502 bp for exon 4.
The polymerase chain reaction (PCR) program for exon 2, 3, and intron 2 was: after 95 °C
for 10 min, 30 cycles of 94 °C for 1 min, and 60 °C for 45 s followed by 72 °C for 45 s, and for
exon 4 was: after 95 °C for 5 min, 30 cycles of 94 °C for 1 min and 59 °C for 45 s followed by
72 °C for 45 s [29]. The products were then sequenced with capillary sequencing using the
Applied Biosystems 3500 XL sequencer (ThermoFisher Scientific; Milan; Italy) and “plink”
software was used (http://pngu.mgh. harvard.edu/~purcell /plink/index.shtml; accessed
on 10 September 2021) for allelic haplotyping.

2.6. Endothelial Activation Biomarkers Levels Assay

Plasma samples were analyzed for Angiopoietin-2, Endoglin, Endothelin-1, IL-33,
vWE, s-RAGE, sICAM-1, P-SELECTIN, sVCAM-1, PAI-1, sE-Selectin, Tissue Factor, Throm-
bomodulin, sCD40L by Multipore multiplex immunoassay-based (Merck; Milan, Italy)
using Luminex instrument (Luminex; Austin, TX, USA).

2.7. Cell Cultures

HUVEC were obtained by collagenase treatment of the umbilical vein as described
previously [30]. The cells were cultured in fibronectin-coated tissue culture flasks (Costar;
Cambridge, MA; USA) in RPMI-1640 (Gibco, Paisley, UK), supplemented with 10% heat-
inactivated human serum and 10% bovine calf serum (BCS), 50 pg/mL heparin, 30 pg/mL
endothelial growth factor (Collaborative Research Incorporated; Bedford, MA; USA), and
antibiotics. HUVEC of passage 3 or 4 were grown to confluence in 75 ¢cm 2 (approximately
3 x 108 cells/flask) cell culture flasks (Costar) or in 24 macro wells (Costar) and activated
with TNF-alpha (0.625-5 ng/mL) for 4 h [31]. Anti-E-selectin (CD62E; Diaclone; Besangon
cedex; France) (20 ng/mL), anti ICAM-1 (EP14442Y; Abcam; Milan, Italy) (20 ng/mL),
anti-HLA-G (Exbio; Vestec, CZ) (10 ng/mL), and anti-CD160 (EPR23644-24; Abcam; Milan,
Italy) (20 ng/mL) azide-free antibodies were added to cell cultures for 24 h. An anti-
dinitrophenyl hapten mAb (Rat IgG1, DakoCytomation, Denmark) (10 ng/mL) was used
as a negative control [32]. PD 166866 FGF2 inhibitor (Santa Cruz; Dallas, TX, USA) (50 nM)
was used to inhibit FGF2 in endothelial cells. Each treatment was maintained for 24 h.

2.8. Neutrophil Binding Assay

Neutrophils were isolated from peripheral blood of COVID-19-negative control sub-
jects by Polymorphprep (Progen; Heidelberg, Germany) [33]. Isolated neutrophil was
stained with BioTracker 488 Green Nuclear Dye (Sigma-Aldrich; Milan, Italy) and added to
HUVEC culture (6 x 10°). Cells were incubated for 20 min in a 37 °C, 5% CQO, incubator.
PRE-wash total neutrophil fluorescence was measured by fluorescence intensity of each
well with an excitation wavelength of 500 nm and an emission wavelength of 515 nm (fluo-
rescein filter set) in a FLUOstar spectrophotometer (BMG Labtech; ThermoFisher; Milan,
Italy). The co-cultures were washed and the POST-wash total neutrophil fluorescence was
determined. The percent adherence per well was determined.
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2.9. sE-Selectin and sICAM1I Assay

Levels of E-selectin and sICAM-1 in cell culture supernatants were detected using
the Human sE-Selectin/CD62E Quantikine and sICAM-1/CD54 ELISA Kit (ReDsystems;
Minneapolis, MN, USA} according to manufacturer’s instructions and using a Multiskan
Ascent ELISA plate reader (ThermoFischer Scientific; Milan, Italy).

2.10. FGF2 Expression Assay

FGF2 gene expression was assessed by ready-to-use assay (Hs00266645_m1; Ap-
plied Biosystems, ThermoFischer Scientific; Milan, Italy) following manufacturer instruc-
tions [34].

2.11. Statistical Analysis

The normality of each variable was checked by using the Kolmogorov-Smirnov test.
Statistical analysis was performed by a parametric approach for several variables with
normal distribution. Fisher’s exact test was used to compare allelic frequencies. Student’s
t-test was used to compare plasma mean levels of sHLA-E, sHLA-G, sE-selectin, and
sICAM-1 among the various groups. The Spearman rank correlation coefficient test was
used to identify possible relationships among different variables. A value of p < 0.05 was
accepted as statistically significant. The statistical analysis was performed by GraphPad
software version 9.

3. Results
3.1. Study Population

Patients’ characteristics were previously reported [24-26]. We enrolled fifty-four
COVID-19 patients, 11 control patients that presented respiratory failure [24-26], and
100 healthy control subjects. The hospitalization of the control group was necessary for
cardiovascular (heart failure) or respiratory (pulmonary infiltrates /pneumonia) problems.
The three groups of patients were matched for gender, age, BMI, and smoking history.
The hospitalized patients were matched for number of comorbidities per patient, need of
respiratory support at recruitment, and clinical improvement (Table 1). At baseline, no
differences were found in blood cell counts (Table 2) between the two groups of patients,
while healthy controls showed lower total blood leukocytes and neutrophils (Table 2). We
did not find any difference for treatments between patients who died compared to patients
who survived during the study follow-up [24]. At variance with COVID-19 patients, none
of the patients in the control group received antiviral treatments or hydroxychloroquine.

Table 1. Demographic and clinical characteristics of the study population.

Study Population (n = 165) COVID-19 Patients (n = 54)

Control
co‘fm'lg Patients’ Cﬂl"lh’ﬂl p-Value Non-Survivor Survivors
Patients, Respi Patients % p-Value
& spiratory 7 n=16 n=38
n=>54 = n =100
Failure n =11
Gender N (%) =0.9 =0.9
Male 40 (74%) 8(73%) 74 (74%) 12 (75%) 28 (74%)
Female 14 (26%) 3(27%) 26 (26%) 4 (25%) 10 (26%)
Age 65 (57, 73) 70 (66, 76) 67 (56, 74) 02 72 (65, 78) 62 (55, 71) 0.004
Smoking habit N (%)
Active smoker 0(0) 3 (27%) 1 (1%) 0.003 0(0) 0(0) NA
Former smoker 16 (30%) 4 (36%) 29 (29%) 0.725 7 (44%) 9 (24%) 0.2
BMI (kg /' m?) 26.4 (24.2,30.0) 24.8(22.0,27.1) 25.3(23.1,28.6) 0.13 28.5(26.4,309) 26.0(24.1,294) 0.2
Bumriber.of 1.00 (0.00,3.00)  2.00 (1.50, 3.00) 0 (0.00, 0,00) 0.12 3.00 (1.75,4.00)  1.00(0.00, 2.00) 0.004

Comorbidities/ patients
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Table 1. Cont.
Study Population (n = 165) COVID-19 Patients (n = 54)
Control
CO\TID-H Patients” Cm.ﬂﬂ'l p-Value Non-Survivor Survivors
Patients, Respi Patients e p-Value
s spiratory i n=16 n=38
n=>54 f n =100
Failure n =11
Respiratory support at
recruitment N (%)
O; only 11 (20%) 2 (18%) NA 2 (12%) 9 (24%)

HFNC or NIV 16 (30%) 6 (54%) NA 4 (25%) 12 (31%)

v 27 (50%) 3 (27%) NA 10 (62%) 17 (45%)
Daye fram aymiptoma onset 9(5-14) 5(2-8) NA 10 (5-14) 8 (5-15) 0.60

to recruitment
Treatments N (%)
Lo mpteculaeaetiont 54 (100%) 11 (100%) NA >0.9 16 (100%) 38 (100%) =0.9
heparin

Antibiotics 47 (87%) 10 (90%) NA >0.9 14 (88%) 33 (87%) >0.9
Systemic corticosterods 37 (69%) 9 (81%) NA >0.9 12 (75%) 25 (66%) 0.7
Antivirals 29 (54%) NA NA NA 7 (44%) 22 (58%) 0.5
Hydroxychloroquine 40 (74%) NA NA NA 11 (69%) 29 (76%) 0.7

BMI, body mass index; HFNC, high flow nasal canula; NIV, non-invasive ventilation; IV, invasive ventilation. * p-value: COVID-19 patients
vs. control patients’ respiratory failure.

Table 2. sHLA-G and sHLA-E levels and blood inflammatory cell counts at baseline (T1) in COVID-19 patients and controls.

Control Patients” Control
C.OVID_IB Respiratory Patients, p-Value* p-Value **  p-Value ***
Patients, n =54 ;
Failure,n = 11 n =100
sHLA-G (ng/mL) 165.87 (44.3,218.03)  49.54(18.3,54.9) 2051 (0.0, 43.53) 0.01 <0.001 0.01
SHLA-E (ng/mL) 672.22 (1739,890.9)  224.63 (98.6,3104) 1023 (0.0,2151)  0.001 <0.001 <0.001
Total blood leucocytes
(cells x 10°/uL 9.1(6.8,12.6) 12.0(9.1,14.7) 5.0 (4.1,11.0) 02 0.023 0.021
Blood lymphocites
(ealla 2 10,13 0.83 (0.59, 1.04) 1.12 (0.52, 1.73) 0.96 (0.54, 1.29) 03 0.23 0.12
Blood Neutrophils
(ealls % 10°7,1) 7.9 (5.6, 10.2) 10.1 (5.8, 12.1) 3.2 (2.0-7.4) 02 0.01 0.01
Blood eosinophils
0.04 (0.00, 0.14) 0.00 (0.00, 0.06) 0.00 (0.00, 0.02) 0.074 0.069 0.12

(cells x 10°/uL)

(Data are expressed as Median (IQR)). * p-value: COVID-19 patients vs. control patients” respiratory failure. ** p-value: COVID-19 patients
vs. control patients. *** p-value: Control patients vs. control patients’ respiratory failure.

3.2. Immunological Parameters Evaluation

Atbaseline (T1), we found higher blood levels of both sHLA-G and sHLA-E in COVID-
19 patients compared to controls with respiratory failure (sHLA-G: Median (IQR) 11 (49.54)
vs. 54 (165.87) ng/mL p < 0.01; sHLA-E: 11 (224.63) vs. 54 (672.22) ng/mL p < 0.001)
and healthy controls (sHLA-G: Median (IQR) 100 (20.51) vs. 54 (165.87) ng/mL p < 0.001;
sHLA-E: 100 (10.23) vs. 54 (672.22) ng/mL p < 0.001) (Table 2). Similarly, controls with
respiratory failure presented higher levels of sHLA-G and sHLA-E in comparison with
healthy controls (sHLA-G: Median (IQR) 11 (49.54) vs. 100 (20.51) ng/mL p = 0.01; sHLA-E:
11 (224.63) vs. 100 (10.23) ng/mL p < 0.001) (Table 2).

Although baseline levels of sHLA-G did not differ between survivors and non sur-
vivors for COVID-19 patients, the values significantly decreased over time in non-survivors
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(Figure 1A) (p = 0.036 at T2; p = 0.04 at T3). In control patients, sHLA-G levels decreased in
both survivors and non-survivors over time (Figure 1E) with no statistical differences.
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Figure 1. sHLA-G and sHLA-E concentration in blood of COVID-19 patients and controls. Blood sHLA-G and sHLA-E
levels in COVID-19 patients and relationships with disease progression and clinical outcome: (A,C) Plasma sHLA-G and
sHLA-E levels at baseline (T1) and at follow-up (T2 and T3; 7 & 2 day interval between assessments) in non-survivor
patients (red histograms) or survivor patients (blue histograms) during the study period. (B,D) Plasma sHLA-G and
sHLA-E levels at baseline (T1) and after 7 £ 2 days (T2 and T3) on the basis of worsening, stability, or improving of the
clinical manifestation of the disease (* p < 0.05, Student’s t-test). (E,F) Plasma sHLA-G and sHLA-E levels at baseline (T1)

and at follow-up (T2 and T3; 7 £ 2 day interval between assessments) in non-survivor (red dots) or survivor (blue dots)
control patients during the study period.

The increase of severity of COVID-19 from T1 to T2 (but not T2 to T3) was paralleled
by a significant decrease of blood sHLA-G levels (Figure 1B) (p = 0.012; Student’s i-test).

On the contrary, improved clinical conditions were paralleled by an increase in sHLA-G
levels between T1 and T2 (p = 0.01; Student’s ¢-test).

Overall, blood sHLA-E was higher in non-survivors compared with survivors for
COVID-19 patients (Figure 1C), (p = 0.016 at T1). The severity of the manifestation of
COVID-19 did not affect the levels of sHLA-E (Figure 1D). In control patients, sHLA-E
levels did not change over time in both survivors and non-survivors (Figure 1F).

3.3. Allelic Frequencies of HLA-G and HLA-E Genes

Since HLA-G and HLA-E molecules expression might be influenced by genetic back-
ground, we evaluated the distribution of HLA-G and HLA-E genes in the three groups.
As reported in Table 3, we observed no differences in the allelic distribution between the
three groups.
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Table 3. HLA-G and HLA-E allelic distribution in COVID-19 patients and controls.

Cl?afi-le]:-tzg e Pa;:?ll:renesplramry Control Patients p-Value ** p-Value ***
n=>54 n=11 AN
HLA-E* alleles
0101 N (%) 25 (47) 5 (46) 48 (48) 0.59 0.53
0103 28 (53) 6 (54) 52 (52)
HLA-G* alleles
0101 N (%) 47 (87) 9 (86) 85 (85) 0.63 0.76
0103 1(1) 0 (0) 1()
0104 4(8) 1(7) 8 (8)
0105N 2(4) 1(6) 6 (6)

** p-value: COVID-19 patients vs. control patients’ respiratory failure. *** p-value: COVID-19 patients vs. Control patients.

3.4. Correlations between Blood sHLA-G Levels and Endothelial Activation Biomarkers in
COVID-19 Patients

When all time points were considered, no correlations were found between sHLA-G
and sHLA-E levels and blood inflammatory cell counts in COVID-19 patients and controls.
Among the tested biomarkers, only E-selectin levels (r2 = 0.84; p < 0.0001, Figure 2A) and
soluble intercellular adhesion molecule-1 (sSICAM-1) levels (r2 = 0.83; p < 0.0001 Figure 2B)
significantly and inversely correlated with blood baseline sHLA-G levels in COVID-19
patients. The tested biomarkers did not correlate with sHLA-G in control patients.
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Figure 2. Correlations between sHLA-G concentration and sICAM and E-Selectin levels. Correlations between blood
sHLA-G and (A) sICAM and (B) sE-Selectin levels in COVID-19 patients. Circles: single samples’ values; Line: fitted linear
regression line; Dots: data distribution.

3.5. Endothelial Cell Response to HLA-G Molecules and Neutrophil Adhesion

In COVID-19 patients, we observed an inverse correlation between baseline sHLA-
G and the levels of these two adhesion molecules. Thus, as a proof of concept, we
treated HUVEC cells with tumor necrosis factor alpha (TNF-alpha) and evaluated the
levels of E-selectin and ICAM-1 molecules secretion in the presence or absence of HLA-G
molecules. We observed an increase in both sE-selectin and sICAM-1 molecule secre-
tion after TNF-alpha stimulation (Figure 3A) that decreased by the addition of HLA-G
molecules (Figure 3B-D). The decrease in E-selectin and ICAM-1 molecules secretion was
dose-dependent to HLA-G concentration. To evaluate the molecular mechanisms impli-
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cated in HLA-G control of E-selectin and ICAM-1 molecules secretion, we considered the
HLA-G receptor CD160, expressed by endothelial cells [9]. HUVEC cells were treated
with anti-HLA-G or anti-CD160 antibodies before HLA-G treatment. The addition of
both anti-HLA-G and anti-CD160 antibodies restored E-selectin and ICAM-1 molecule
secretion (Figure 3B-D). Since HLA-G/CD160 interaction is known to downregulate fi-
broblast growth factor 2 (FGF2) [9] and the expression of the endothelial cell adhesion
molecules, as E-selectin and ICAM-1, are significantly up-regulated in the inflamed tissue
by FGF2 [30], we evaluated its possible different expression. As a proof of the implication
of FGF2 in E-selectin and ICAM-1 expression, we treated TNF-alpha-activated endothelial
cells with a FGF2 inhibitor and we observed a reduction in both E-selectin and ICAM-1
induction (Figure 3A) (p < 0.0001; Student'’s t-test). TNF-alpha treatment induced a sig-
nificant increase in FGF2 expression which was reduced by HLA-G treatment (Figure 3E)
(p < 0.0001; Student’s t-test). On the contrary, the pretreatment with anti-HLA-G or anti-
CD160 antibodies reverted the decrease in FGF2 expression induced by HLA-G treatment

(Figure 3E).
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Figure 3. Endothelial cell in vitro assays. HUVEC endothelial cells were treated with TNF-alpha (0.625, 1.25, 2.5, 5.0 ng,/mL)
for 4 h and cultured overnight. (A) The levels of sSICAM and sE-Selectin were assessed in culture supernatants in the
absence or presence of FGF2 inhibitor. HUVEC endothelial cells were treated with TNF-alpha (0.625, 1.25, 2.5, 5.0 ng/mL)
for 4 h and treated overnight with HLA-G molecules (20, 40, 80 ng/mL). (B-D) The levels of sSICAM and sE-Selectin were
assessed in culture supernatants in the absence or presence of anti-HLA-G (10 ng/mL) or anti-CD160 (20 ng/mL) antibodies.
(E) Fold increase expression of FGF2 in TNF-alpha (2.5 ng/mL) activated HUVEC in the presence of HLA-G or anti-HLA-G,
anti-CD160 antibodies in comparison with untreated HUVEC. (F) HUVEC endothelial cells were treated with TNF-alpha
(2.5 ng/mL) for 4 h and cultured overnight in the presence of anti-E-Selectin (20 ng/mL), anti-ICAM1 (10 ng/mL), HLA-G
molecule (40 ng/mL), and plasma samples (100 uL) from survivor and non-survivor patients in the absence (untreated)
or presence of TNF-alpha treatment (2.5 ng/mL). The cells were then co-cultured with peripheral blood neutrophils from
non-COVID-19 healthy controls and analyzed for neutrophil cells adhesion. anti-CD160 (10 ng/mL) was used to confirm
the effect of interaction between plasmatic sHLA-G and CD160 in controlling neutrophil cells adhesion. A control IgG was
used. * p < 0.05; Student’s t-test. (G) Images of BioTracker 488 Green Nuclear Dye-labeled neutrophils bound to untreated
and TNFx-treated HUVEC monolayers incubated with plasma sample (100 uL) from survivor (left panel) and non-survivor
(right panel) patients.
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3.6. Correlations between Blood sHLA-G Levels and Neutrophil Adhesion to Activated
Endothelial Cells

Since the modification of the expression of ICAM-1 and E-selectin might affect the
adhesion of neutrophils during the inflammatory cascade [21], we tested the efficiency of
neutrophil adhesion to endothelial cells in the presence of HLA-G molecules. We treated
TNF-alpha activated endothelial cells with HLA-G molecules (40 ng/mL) and observed a
reduction of the neutrophil adhesion to the endothelial cells comparable to the addition
of anti-ICAM-1 and anti-E-selectin treatment (Figure 3F). Since the plasma samples from
COVID-19 patients and controls differ for sHLA-G levels, we used them to treat endothelial
cells. We observed that the plasma samples from survivor COVID-19 patients with the
highest sHLA-G levels had a higher ability to inhibit neutrophil adhesion to endothelial
cells, in comparison with COVID-19 non-survivor plasma samples (Figure 3EG) (p < 0.001;
Student’s t-test). Plasma samples from both survivor and non-survivor control patients
behaved as COVID-19 non-survivor plasma samples, with no effect on neutrophil adhesion
to endothelial cells (Figure 3F). The inhibition of neutrophil adhesion to endothelial cells
obtained with plasma samples from survivor COVID-19 patients was significantly inhibited
by anti-CD160 treatment (Figure 3F) (p < 0.001; Student’s t-test). Interestingly, the survivors’
plasma samples presented the highest levels of sHLA-G molecules in comparison with
COVID-19 non-survivor plasma samples and control survivors and non-survivors.

4, Discussion

We report here for the first time the increased levels of sHLA-G and sHLA-E in plasma
samples from hospitalized COVID-19 patients with respiratory failure.

We have demonstrated that sHLA-G and sHLA-E levels were higher in plasma sam-
ples from COVID-19 patients than in hospitalized control patients with respiratory failure
at the time of admission and healthy controls. Hospitalized control patients with respi-
ratory failure at the time of admission presented higher levels of sHLA-G and sHLA-E
in comparison with healthy controls, showing the clinical condition as suggestive of an
increase in the secretion of both molecules. Since the therapeutical treatment started af-
ter the admission, no confounding effect might be ascribed to therapeutical procedures.
Moreover, no differences were found in terms of treatments between patients who died
compared to patients who survived during the study follow-up. The evaluation of the
genetic background did not show any differences in the three groups in terms of allelic
frequencies. sHLA-G was increased in patients with improved clinical outcomes, thus
suggesting that the increased concentration of sHLA-G in plasma samples may be related
to inflammation and might reflect a peculiar feature of COVID-19 evolution. In fact, control
patients showed a decrease in sHLA-G levels over time in both survivor and non-survivor
patients. On the contrary, no correlation was found between serum sHLA-E levels and
clinical outcomes of COVID-19 patients. HLA-G is known to have suppressive effects on
the immune system [3]. Its deregulation has been implicated in both autoimmune and
infectious diseases. In many autoimmune disorders, including celiac disease, rheumatoid
arthritis, lupus, psoriasis, and diabetes, HLA-G upregulation is related to disease onset
and progression [7]. Likewise, increased HLA-G levels have been found in infections of
HIV-1, human cytomegalovirus, HPV, and herpes simplex virus-1, likely as a way to avoid
immune detection of infected cells [7], and recently in patients with severe COVID-19 [35].
Thus, HLA-G upregulation might have a similar role in SARS-COV?2 related immune dys-
function [36]. A case study by Zhang et al. reported the immune cell, cytokine, and HLA-G
(including receptor) levels of a COVID-19 patient during hospitalization [37]. Overall,
HLA-G levels decreased during the replication phase of COVID-19 and increased again
after clearance, likely relating to corresponding cytokine levels. These data are in line with
our findings of increased sHLA-G levels when clinical outcomes improve in COVID-19. We
have previously reported that Natural Killer cells are affected by SARS-COV2 SP1 protein
expression in lung epithelial cells via HLA-E/NKG2A interaction [38]. The resulting NK
cells” exhaustion might contribute to immunopathogenesis in SARS-COV2 infection.
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As a proof of concept of the possible implication of sHLA-G levels in the COVID-19
course, we evaluated the levels of biomarkers of endothelial activation and correlated them
with sHLA-G levels. Indeed, the endothelial compartment is a relevant target of SARS-
COV2 infection which expresses ACE2 [39,40]. Endothelial dysfunction may play a major
contribution to COVID-19 pathophysiology, leading to loss of physiological properties
of the endothelium, including the ability to stimulate vasodilation, fibrinolysis, and anti-
aggregation [41]. Previous studies found that endothelial dysfunction plays an important
role in critical illness, especially in sepsis [42].

We observed an inverse correlation between sHLA-G levels and sICAM-1 and E-
selectin levels in COVID-19 patients, but not in controls. We are aware that the main
limitation of this research is the low number of control patients with respiratory failure.
However, in the control group we recruited patients with similar presentation to COVID-19
patients admitted to hospital in the same clinical settings and over the same period of time.
Itis well known that during the first wave of the COVID-19 outbreak a significant reduction
in hospitalization and admission for non-COVID-19 acute conditions occurred, leading
to a limited number of patients suitable for the control group. However, we confirmed
the ex vivo data in an in vitro setting. The in vitro analysis of activated endothelial cells
confirmed the ability of HLA-G molecules to control sSICAM-1 and sE-selectin expres-
sion via CD160 interaction and consequent FGF2 induction. Endothelial cells as well as
leucocytes express adhesion molecules that are induced by transcription factors such as
FGF2 [34], which mediate the adhesion and subsequent migration of leucocytes into tissue.
De novo expression or enhanced expression of E-selectin and ICAM-1 has been described in
inflammatory conditions [43-45]. The regulation of expression of these adhesion molecules
is considered to play a major role in the localization and development of an inflamma-
tory reaction. E-selectin and ICAM-1 are structurally unrelated adhesion molecules for
granulocytes, monocytes, and T lymphocytes [46]. The inflammatory cytokines tumor
necrosis factor (TNF), interleukin-1 (IL-I), interferon-y (IFN-y), and bacterial endotoxins
(lipopolysaccharides (LPS)) alpha, and LPS are known inducers and enhancers of E-selectin
and ICAM-1 [46]. Circulating leukocytes enter inflamed tissues through sequential adhe-
sive and signaling events [47]. Neutrophils first tether to and roll on E-selectin expressed on
activated endothelial cells, which enables interactions with ICAM-1 that promote arrest, ad-
hesion strengthening, intraluminal crawling, and trans-endothelial migration. Importantly,
E-selectin directly triggers signals in rolling neutrophils that cooperate with chemokine
signals to maximize neutrophil recruitment during inflammation [48]. When we evaluated
the effect of HLA-G molecules on neutrophil adhesion to activated endothelial cells, we
observed that the addition of HLA-G molecules reduced the neutrophil adhesion to the
endothelial cells with a comparable efficiency to that obtained with the addition of anti-
ICAM-1 and anti-E-selectin treatment. As a proof of concept, we showed that the plasma
samples from survivor COVID-19 patients had a higher ability to inhibit neutrophil adhe-
sion to endothelial cells in comparison with COVID-19 non-survivor plasma samples. The
inhibition of neutrophil adhesion to endothelial cells obtained with plasma samples from
survivor COVID-19 patients was significantly inhibited by anti-CD160 treatment, suggest-
ing a role of HLA-G/CD160 interaction in regulating neutrophil adhesion to endothelial
cells. With less adhesion factors on endothelial cells, fewer neutrophils adhere to vessel
walls and transmigrate into tissues, decreasing the overall detrimental effects observed in
severe COVID-19 patients [49]. Although the role of HLA-G as an adhesion inhibitor has
not been extensively studied, a study revealed the ability of HLA-G to block human natural
killer rolling adhesion on porcine endothelial cells [50]. This is in agreement with our
results on neutrophil cells and is of particular interest because the rolling adhesion of neu-
trophils represents the main mechanism of their recruitment to the injury site where they
adhere tightly and migrate through the endothelium, causing inflammatory effects. The
recognition of the possible mechanisms by which HLA-G might inhibit neutrophil adhesion
to activated endothelial cells and may have significant anti-inflammatory properties [15].
Notably, the plasma levels of adhesion molecules, such as ICAM-1, fractalkine, vascular
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sHLA-G cD160

Neutrophil

cell adhesion molecule-1 (VCAM-1), vascular adhesion protein-1 (VAP-1), and vascular
endothelial growth factor (VEGF), have been reported to be elevated among COVID-19
patients, especially in severe cases [51]. These data, together with our results, suggest
HLA-G and adhesion molecules are molecular mechanisms underlying COVID-19-induced
endothelial injury, vascular permeability to neutrophil accumulation, angiogenesis, and
pro-coagulation in COVID-19 pathogenesis.

In conclusion, our data suggest a potential role for sHLA-G in the control of neutrophil
adhesion to activated endothelium in COVID-19 patients that is related to improvement of
the disease (Figure 4). Thus, increased levels of sHLA-G in the blood may represent a novel,
promising biomarker of disease activity in COVID-19. Further investigations are needed
to assess HLA-G mechanisms to control ICAM-1 and E-selectin expression by activated
endothelial cells and the neutrophil adhesion.

Neutrophil adhesion

Endothelial cell

Figure 4. Representation of the molecular interaction on the basis of neutrophil cell adhesion to endothelial cells. (A) Neu-
trophils interact with E-selectin, enhancing ICAM-1 recognition and adhesion to endothelial cells. Both these molecules are
induced by FGF2 (fibroblast growth factor 2). (B) In the presence of COVID-19 there is an increase in sHLA-G molecules
interacting with CD160, which inhibits FGF2-dependent induction of E-selectin and ICAM-1. The reduction of E-selectin
and ICAM-1 expression reduces neutrophil adhesion to endothelial cells. This condition might improve clinical conditions,
reducing neutrophils activation.
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Host immune system confers protection against SARS-CoV-2, but at the same time, its
aberrant activation is the main causes of the hyperinflammatory environment associated to
COVID-19 [278]. As a consequence of cytokine overproduction, COVID-19 patients often
present aggregates of extracellular DNA fibers and proteases released from the recruited
neutrophils, named as extracellular traps (NETs) [333], which amplify the innate immune
response, prolonging the recruitments of monocyte, macrophages, neutrophils, eosinophils
and NK cells at the site of infection [334].

This imbalanced immune activation is typical of COVID-19: on one side, the infection warns
and recruits innate effectors, while on the other side, excessive immune activation leads to
hyperinflammation and tissue damage. In addition, during SARS-CoV-2 host driven
immune response, IFNs production is suppressed, while elevated levels of chemokines are
reported, above all IL-6, that usually stimulate T cell proliferation [278].

In particular, the lack of IFNs was associated with a high risk of severe and fatal COVID-19
[240], due to an impairment of T cell function, that leads to a negative outcome of disease
and to a reduction of NK cell activation, which show functional exhaustion [335].

As before mentioned, in COVID-19 patients IFN-y secretion and NK cytotoxicity were
reduced from the 16% to 80%. NK cells represent nearly the 10-15% of the circulating white
cells and could be also found associated to tissues. Circulating and tissue resident NK cells
display different behaviors, in association with peculiar immunophenotypes. In particular,
CD56, the archetypal phenotypic marker of NK cells, is used to identify CD56bright and
CD56dim cells [336]. CDS56bright NK cells are more abundant in tissues (for example in
endometrial tissue [337]), lack the expression of CD16 (Fcy-receptor, marker of NK cell
activation) and exert a secretory function, while CD56dim NK cells are predominant in
peripheral blood, express CD16 and present cytotoxic activity [338].

NK cells activation is mainly due to HLA-I molecules expression detection on nucleated
cells, which interact whit specific inhibitory and activating receptors expressed on NK cell
surface. In fact, the lack of HLA-I expression, as usually observed on infected cells, triggers
NK cell activation, which consists in cytokine release and cell killing [339].

NK cell receptors can be classified into four major families, which include both activating

and inhibitory members [340]:

= Natural Cytotoxicity Receptors (NCRs);

= C-type lectin receptors, including CD94/NKG2A, CD94/NKG2C, CD94/NKGZ2E,
NKG2D;

= Leukocyte Immunoglobulin-Like Receptors (LILR);
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= Killer Immunoglobulin-like Receptors (KIR).

The peculiar combination of these receptors in NK cell subclones affects NK cell activation
efficiency and consequently is strictly connected to host ability to control viral infections.
Several studies reported that NK cell depletion or anergy result in increased susceptibility to
viral infection, such as to Human Cytomegalovirus (HCMV) [341], Herpes Simplex Virus
(HVS) [342] and HIV [343].

Notably, NK cell activation status has been reported to be affected also during SARS-CoV-
2 infection. In fact, COVID-19 patients often develop circulating NK cells functional
exhaustion, that facilitates viral spread, together with tissue-associated NK cells
hyperactivation, that potentially contribute to local inflammation and injury [344, 345].
[346].

NK cells activation during viral infection depends mainly to their clonal expression of
activating or inhibitory KIRs (/347], paper attached) and, for this reason, their expression is
often modulated by viruses, as already described for HIV and Herpesviruses (/347], paper
attached). Similarly, SARS-CoV-2 interact with KIR receptors on NK cells to activate both
inhibitory [348] or activator signaling, causing lymphocytes and NK cells exhaustion
observed in severe COVID-19 patients.

Thus, in the following review, we summarized the importance of KIRs in the antiviral

defense (/347], paper attached).
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Abstract: Natural Killer (NK) cells are key effectors of the innate immune system which represent
the first line of defense against viral infections. NK cell activation depends on the engagement of a
complex receptor repertoire expressed on their surface, consisting of both activating and inhibitory
receptors. Among the known NK cell receptors, the family of killer Ig-like receptors (KIRs) consists in
activating/inhibitory receptors that interact with specific human leukocyte antigen (HLA) molecules
expressed on target cells. In particular, the expression of peculiar KIRs have been reported to
be associated to viral infection susceptibility. Interestingly, a significant association between the
development and onset of different human pathologies, such as tumors, neurodegeneration and
infertility, and a clonal KIRs expression on NK cells has been described in presence of viral infections,
supporting the crucial role of KIRs in defining the effect of viral infections in different tissues and
organs. This review aims to report the state of art about the role of KIRs receptors in NK cell activation
and viral infection control.

Keywords: NK cells; KIR receptors; viral infections

1. Introduction

Natural Killer (NK) cells are large granular lymphocytes belonging to the innate
immune system present at both systemic level, where they constitute nearly 10-15% of
the circulating lymphocytes [1], and in association to tissues [2,3]. Peripheral or tissue-
associated NK cells display different behaviors: circulating NK cells are characterized by a
cytotoxic profile, while tissue NK cells are typically secretory cells [4]. In particular, this
latter type of NK cells has been reported in secondary lymphoid organs [5], inflammatory
sites [6], and also in endometrium [7], where they are the predominant lymphocyte pop-
ulation playing important roles in reproduction [8,9], particularly during implantation
and decidualization.

In general, NK cells are described as large lymphocytes that lack the expression of
canonical T cell receptors (i.e., CD3 negative), thus human NK cells have been classically
defined as CD3CD56". Besides these classical NK cells, later evidence has identified
another set of NK cells, called NKT cells, that have been found within T cell populations
and express both TCR molecules and NK cell markers [10]. Nevertheless, NKT cells show
a restricted TCR repertoire and constitute a small percentage of cells found in thymus and
spleen, but they are significantly present in the liver [10]. An additional NK cell population,
showing both T cell and NK cell phenotypes, has been identified as Cytokine-induced
killer (CIK) cells. These cells express either the T cell marker CD3 or NK-cell marker
CD56 and exert a peculiar strong cytotoxic activity [11]. CIK cells are expandable from
peripheral blood mononuclear cells and differentiate in presence of specific cytokines, like
IL-15 and IL-2[11,12].

However, classical NK cells are generally further subdivided into CD5678M and
CDS564m NK cells. The substantial difference between the two groups is that CD56brisht NK
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cells are much more abundant in tissues and lack the expression of CD16 (Fey-receptor) and
typically exert a secretory function, while CD56%™ NK cells are predominant in peripheral
blood, express CD16, and are characterized by a peculiar cytotoxic activity [13]. The
presence of CD16 allows circulating NK cells to recognize the constant fraction (Fc) of
antibodies and to engage cell lysis [14].

In addition to CD56P"8ht and CD564IM classification, a subset of CD56~ CD16+" NK
cells appear to be expanded in the presence of chronic viral infections, for example, HIV-1
(human immunodeficiency virus-1), and they seem to represent an exhausted /anergic
subset of NK cells [15,16].

NK cells have also been classified into NK1 and NK2 subsets, based on their cytokine
release [17] and on their chemokine receptors expression [18]. NK1 and NK2 produce both
T helper type 1 (Thl) and Th2 cytokines, through which they can exert beneficial, as well as
deleterious, effects in a variety of inflammatory diseases, playing an immunomodulatory
role in cellular response [19]. Later studies have further investigated another NK1 subset,
that secretes Th17-related cytokines, such as IL-17, called NKTh17 [19]. This novel subset
of human NK cells is phenotypically characterized by the presence of CD56, CCR4, and
IL-23 receptors and by the ability to produce IL-17 [20]. In particular, Rizzo et al. have
observed that, during Herpes simplex virus (HSV)-1 infection, NKTh17 KIR2DL2+ cells
produced high levels of Th17 cytokines, mainly IL-17A [21]. The production of IL-17
by NKTh17 might induce the upregulation of anti-apoptotic molecules, consequently
increasing persistent infection by blocking cytotoxic T cells action [22].

NK cells represent the first line of defense against viral infections and their relevance
is confirmed by the several mechanisms used by viruses to evade NK cell-mediated
immune responses [23], that is characterized also by a memory-like status [14]. Even if
immunological memory is a characteristic hallmark of the adaptive immune system, NK
cells have been shown to mediate Ag-specific recall responses too. NK cell memory is the
consequence of a clonal-like expansion during viral infection that generates a long-lived
progeny (i.e., memory cells) that triggers a more efficacious secondary response against
previously encountered pathogens [24].

The contribution of NK cells to the antiviral immune response has been extensively
studied in mouse models of viral infections, demonstrating that these types of cells not
only control viral replication by killing infected cells during the earliest stages of infection,
prior to the development of adaptive immunity, but play a crucial immunoregulatory role
during the development of adaptive immune response as well [25,26]. The ability of NK
cells to modulate adaptive immunity is mediated by the secretion of cytokines, such as
interferons and interleukins, able to stimulate adaptive immunity cells, as T- and B-cells,
triggering their activation.

Several works found that an impairment in NK cell activity, for example due to NK cell
deficiencies in humans [27,28], could enhance viral infections, including multiple infections
by herpesviruses. The authors first reported a case of a young girl who lacked functional
NK cells and experienced a series of viral infections during childhood and adolescence,
including infections by multiple herpesviruses, highlighting the importance of NK cells
contribution to the antiviral immune response [27].

In particular, during viral infections, both cytotoxic and secretory NK cells activation
can be stimulated by specific cytokines upregulated during viral replication (Figure 1). For
example, type-I interferons (IFN-/ ), secreted by infected cells, induce NK cells cytotoxi-
city [10]; the expression of IL-12 (interleukin-12) stimulates NK cells IFN-y (interferon-y)
secretion [29]. This latter can activate multiple important pathways associated with direct
antiviral functions and/or immunoregulatory effects on downstream immune response.
Meanwhile, NK cells can also produce TNF-« (tumor necrosis factor-«) that mediates
antiviral and immunoregulatory effects [10,30].
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Figure 1. NK cell activation during infection. Virus can induce the production of IFN-a/-f (interferon-et/-p) and IL
(interleukin)-2, IL-12, IL-15, and IL-18 by infected cells, which respectively stimulate NK cells cytotoxicity and adaptive
immunity activation. CD564Im NK cells have a cytotoxic function that can be mediated by Granzyme-B production,
Fas/FasL (Fas ligand) interaction and CD16 binding with the Fc (constant fraction) of antibodies. Adaptive immunity
modulation is mediated by CD56PTig NK cells through the secretion of IFN-y (interferon-y)/TNF-« (tumor necrosis
factor-u«), that affect T- and B-cells.

Besides the aforementioned IFNs and IL-12, also IL-2, IL-15, and IL-18 participate
in NK cells early activation. During inflammation or viral infection, secreted IL-2, IL-12,
and IL-18 drive NK cell activation inducing target cell killing and the release of cytotoxic
cytokines [31-33]. IL-2 and IL-15 are mainly involved in NK cell “priming”. Both IL-2 and
the “IL-2-like” IL-15 achieve their functions by binding the heterotrimeric receptor com-
posed of CD132, CD122, and IL-2Rex (CD25) for IL-2 [34] or IL-15R« for IL-15 binding [35].
Interestingly, [L-15 can activate NK cells with relatively lower concentrations compared
to [L-2, thanks to its higher affinity for IL-15Re [35]. Moreover, it was found that prior
exposure to IL-15 sensitizes NK cells to secondary stimuli, thereby resulting in exaggerated
responses [36,37]. In fact, IL-15-primed NK cells produce elevated levels of IL-12-induced
IFN-y [38]. Consequently, IL-15 promotes NK cells to be fully equipped to counteract
viral infections through the rapid induction of granzymes and perforin [39]. IL-12 and
IL-18 stimulate cytokine-induced memory-like NK cells [40], effective in response to viral
infection reactivation.

After the initial activation triggered by cytokines, NK cell later activation involves
specific receptors engagements and leads to their cytotoxic effect.

NK cells cytotoxicity during viral infections is mediated by different mechanisms,
depending on the NK cell phenotype. Phenotypically immature CD161*/CD56~ NK
cells mediate TRAIL (TNF-related apoptosis-inducing ligand)-dependent but not FasL- or
granule release-dependent cytotoxicity, whereas mature CD56 NK cells mediate the latter
two [41], as exocytosis of cytoplasmatic granules containing perforin and Granzyme-B,
Fas ligand-mediated induction of apoptosis and antibody-dependent cellular cytotoxicity
(ADCC) through CD16 binding with the Fc of antibodies (Figure 1) [23].
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NK cells effector functions are regulated by the combination of activating and in-
hibitory signals triggered by specific receptor/ligand interactions [14] that determine
infected cells killing and regulation of antigen presenting cells (APC) and T cells responses
through soluble factors secretion (such as IFN-y and TNF-), as represented in Figure 2 [14].
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Figure 2. NK cells effector functions regulation by activating and inhibitory signals combination. Depending on the
prevalence of inhibitory or activating environmental signals, NK cells can be respectively inhibited or stimulated to lyse
target cells (tumor or infected) or to produce cytokine.

Both innate and adaptive immune system exert their function engaging specific re-
ceptors which are genetically determined. Unlike adaptive lymphocytes, wherein receptor
diversity is generated by DNA rearrangements, NK cells express an array of germ-line
encoded receptors capable of triggering their activation [42—-45]. Despite this difference, NK
cells display some features of adaptive immunity, placing these cells in the middle of the
two types of immune system [46]. This peculiarity is due to NK cell cytotoxic/cytolytic ac-
tivity towards tumor or infected cells typically via perforin or Granzyme-B secretion [23,47],
that resembles CD8+ T lymphocytes killing, regulated by specific receptor engagement [11].

In this review we are going to analyze the important role of these receptors in NK cells
regulation during viral infections, with particular attention to Killer immunoglobulin-like
receptors (KIRs).

2. NK Receptors

The mechanisms by which NK cells recognize virally infected target cells are complex
and still not entirely understood. Unlike B and T cells, NK cells do not express unique
clonally distributed receptors for specific antigens, but they express on their surface an
arsenal of different stimulatory and inhibitory receptors, whose engagement enables NK
cells activity [43].

Membrane receptors invoked during NK cells regulation can be classified into five
major families of molecules: natural cytotoxicity receptors (NCRs), C-type lectin, killer
immunoglobulin-like receptors (KIR), leukocyte immunoglobulin-like receptors (LILR),
and CD2.
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The main molecular families, ligands, and regulatory functions of NK cell activat-
ing/inhibitory receptors are described below in Table 1.

Table 1. Principal NK cell receptors (activating and inhibitory) and ligands.

Receptor Family Receptor Known Ligand Function
NKp46 V"all,gﬁpf_lf PG, Activating
NCR
BAT-3, HCMV pp65, -
NKp30 B7-H6, Activating
HSPG, PfEMP-1, Viral S
NKp44 HA, HSPG Activating
CD94/NKG2A HLA-E Inhibitory
CD94/NKG2C HLA-E Activating
C-type lectin CD94/NKG2E HLA-E Activating
NKG2D MICA /B, ULBPs Activating
NKR-P1A LLT1 [nhibitory
KIR2DL1 HLA-C2 (Lys 80) [n.hibitcrry
KIR2DL2/3 HLA-C1 (Asn 80) [n}ﬁbitory
KIR2DL4 HLA-G Activating
KIR2DL5 Unknown Inhibitory
KIR2DS1 HLA-C2 (Lys 80) Activating
KIR KIR2DS2 HLA-C1 (Asn 80) Activating
KIR2DS3 Unknown Activating
KIR2DS4 HLA-Cw4 Activating
KIR2DS5 Unknown Activating
KIR3DL1 HLA-Bw4 [n_hibitory
KIR3DS1 HLA-Bw4 (possible) Activating
KIR3DL2 HLA-A3/A11 Inhibitory
LILR LILRB1/ILT2/LIR-1 HLA class I, UL18 Inhibitory
2B4 CD48 Activating/Inhibitory
CD2 CD58 Activating
CD2 NTB-A NTB-A Activating
CRACC CRACC Activating
DNAM-1 PVR, CD122 Activating
NKG2D
CEACAM CEACAMI1 receptor-ligand Inhibitory
system
CD96 CD155 I.nhibitory
TIGIT

CD112, CD113, P
TIGIT CD155 Inhibitory

Ceacam-1, PtdSer, P
TIM Tim-3 Galectin-9 Inhibitory

HLA eclass II, IL-2R, o
DC-SIGN Lag-3 IL-15R Inhibitory
Type 1 cytokine IL-2Rxx IL-2 Activating
receptor IL-15R& IL-15 Activating

Abbreviations: NCR (natural cytotoxicity receptors); KIR (killer immunoglobulin-like receptors); LILR (leukocyte
immunoglobulin-like receptors); CEACAM (carcinoembryonic antigen-related cell adhesion molecules); TIGIT
(T cell immunoreceptor with Ig and ITIM domains); TIM (T cell/ transmembrane, immunoglobulin, and mucin);
DC-SIGN (dendritic cell-specific ICAM-3-grabbing non-integrin); HLA (human leukocyte antigen); BAT-3 (HLA-
B-associated transcript 3); HA for hemagglutinin; HSPG for heparan sulfate proteoglycan; PFEMP-1 for Duffy-
binding-like (DBL)-1x of Plasmodium falciparum erythrocyte membrane protein-1; ULBP for UL16-binding
protein; PtdSer for phosphatidyl serine.
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Most human NK cells constitutively express the activating receptors NKp46 and
NKp30, which belong to NCRs family. NCRs include NKp44 receptor as well, which is only
detected on cell surface upon IL-2 mediated NK cell activation [48]. The precise ligands
for these receptors remain largely undefined, even if several viral- or tumor-associated
molecules that can interact with NCRs have been identified [49]. Interestingly, NKp46
and NKp44 can interact with influenza hemagglutinin (HA) and mediate NK cytolysis of
infected cells expressing viral glycoproteins [50,51].

CD94-NKG2A /C/E heterodimers are highly conserved NK receptors which belong to
the family of C-type lectins, involved in both activating and inhibitory signals. Inhibitory
CD94-NKG2A and activating CD94-NKG2C/E heterodimers bind the non-classical HLA
{Human Leukocyte Antigen) E molecule loaded with peptides derived from other HLA
class I molecules, thereby monitoring the overall expression level of HLA class I antigens.
Concerning NKG2D receptor, it recognizes ligands typically expressed by stressed, malig-
nant, or infected cells, as for example cytomegalovirus (CMV) glycoprotein UL16-binding
proteins (ULBPs) and the HLA class I chain-related molecules MIC (MHC class I chain-
related protein) A and B. Nevertheless, viruses have evolved multiple mechanisms to
evade recognition by NKG2D+ positive NK cells [23], including Epstein Barr virus (EBV),
adenovirus, and HIV [52]. Interestingly, Carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAMI) was found expressed on activated NK cells where it acts as an
inhibitory receptor for NKG2D-mediated cytolysis.

NK cells are characterized by a plethora of activating /inhibitory receptors such as
CD96 and TIGIT (T cell immunoreceptor with Ig and ITIM domains), that interact with
CD155, CD112, and CD113; Tim-3 (T cell immunoglobulin-3), an NK cell coreceptor; Lag-3
{lymphocyte activation gene 3 protein), a negative co-inhibitory receptor that binds HLA-II
molecules [53]; cytokine receptors such as IL-2R and IL-15R, as previously reported.

However, among all the reported receptors involved in NK cell regulation, the family
of killer Ig-like receptors (KIRs) is one of the most studied, consisting in both activating
and inhibitory receptors that bind to specific HLA-I molecules and act as key regulators of
human NK cell function [54].

3. Killer Immunoglobulin-like Receptors (KIRs)

Killer immunoglobulin-like receptors (KIRs) are a family of transmembrane glyco-
proteins encoded by 15 highly polymorphic genes, whose members are characterized by
distinct structural domains that determine distinct functions by providing different docking
sites for ligands or signaling proteins [54]. The KIRs nomenclature was designed to reflect
the structure and the function of the molecules, as well as the nucleotide sequence similarity
among the different KIR family members. Thus, the first two digits following the acronym
“KIR"” correspond to the number of the extracellular domains (2D and 3D), while the third
digit provides information on the length of the cytoplasmic tail (L or S) and consequently
reveals details about protein function (inhibitory or activating, respectively) [55]. The
only exception to this short/long-tailed rule is KIR2DL4, which is a unique long-tailed
activating KIR (Figure 3).

The two-(2D) and three-(3D) immunoglobulin domain KIR isoforms with a long
cytoplasmic tail are characterized by two sequences called immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), separated by 26-28 aminoacids (Figure 3) [56,57]. Molecular
analysis of several membrane receptors with inhibitory function revealed the presence of a
common ITIM motif (I/VxYxxL/V), which recruits the SHP-1 tyrosine phosphatase and
arrests positive signals transduced via other receptors [58].

In contrast, KIRs with short cytoplasmic domains and with activating function asso-
ciate with a transmembrane signalling adaptor protein which is called DAP12 (also called
KARAP) [54]. DAP12-dependent activation occurs through the recruitment of Syk/ZAP-70
tyrosine kinases by immunoreceptor tyrosine-based activation motifs [ITAM; Yxx(L/L/V)x-
Yxx(L/1/V)] (Figure 3) [54]. An exception to these two classification is represented by
KIR2DLA4, which compared with other long cytoplasmic tail KIR family members, behaves
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like an activating receptor, inducing cytokines production [59] due to the association with
ITAM-containing FceRI-y adaptor instead of DAP12 (Figure 3) [60].

ITIM

Inhibitory Activating
KIR3DL KIR3DS

KIR2DL . KIR2DL4 KIR2DS o
D1 D1 DO D1 D1

D2 D2 D2 D2 D2

SS SS SS

0| [ i‘ i ‘ ITAM
FceRl-y DAP12

Figure 3. Representation of inhibitory and activating KIRs structure. Receptors with long cytoplasmic domains contain one
or two immunoreceptor tyrosine-based inhibitory motif sequences (ITIMs), represented in blue, that provide inhibitory
function. The short cytoplasmic KIR and the long-tailed KIR2DL4 are activating receptors, which contain a basic amino
acid (+) within the transmembrane domain that interacts with an acidic amino acid (—) within the transmembrane
domains of signaling adaptor proteins DAP12 (green) or FceRI-c (brown), respectively. These adaptors provide intracellular
immunoreceptor tyrosine-based activator motif sequences (ITAMs), in purple, that allow activating function.

To date, little is known about the tyrosine kinases and phosphatases implicated in
KIRs ITIM domain phosphorylation. A potential role for the Ick src tyrosine kinase family
in KIRs function is suggested, since Ick overexpression in NK cells has been reported to
enhance KIR phosphorylation [61]. Literature also indicates that a critical substrate of the
SHP-1 phosphatase recruited by KIR receptors is the p36 adapter protein [62].

The engagement of activating or inhibitory KIRs depends on both their ability to rec-
ognize and their strength in binding specific ligands expressed on target cells (Table 1) [63].

Interestingly, KIRs expression on NK cell surface is not only dependent on the genetic
background but also seems to be influenced by the presence of specific HLA-I ligands [64].

HLA-I genes are located on the short arm of chromosome 6 [65] and are found on the
surface of all nucleated cells. HLA-I are subdivided into “classical proteins”, that include
HLA-A, -B and -C, and “non classical proteins”, referring to HLA-E, -F, and -G molecules.
The level of HLA-I expression is modified by proinflammatory cytokines [66,67]. Thus,
during viral infection, a general upregulation of HLA-I molecules normally occurs in order
to trigger immune system activation, even if viruses have developed different strategies
to decrease HLA-I expression and consequently viral epitopes exposure on infected cells,
avoiding CD8+ T lymphocyte killing but consequently inducing NK cell killing activation.

Once engaged by HLA-I ligands, inhibitory KIRs transduction signal is triggered by
tyrosine kinases and phosphatases activation, in order to induce NK cell inhibition.

Inhibitory KIRs have been described as three distinct protein isoforms. KIRs involved
in HLA-C recognition (KIR2DL1, KIR2DL2, KIR2DL3) are usually monomeric glycopro-
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teins of ~58 kDa containing two immunoglobulin-like domains (KIR-2D) in the extracellular
region [56]. KIR2DL2/3 preferentially bind HLA-C1, while KIR2DL1 preferentially binds
HLA-C2, showing a stronger affinity than the former. Nevertheless, HLA-C1 is also ligand
for the activating KIR2DS1 receptor, while ligands for the remaining activating KIRs still
remain to be identified [68]. KIRs reactive with HLA-B (KIR3DL1) are ~70 kDa monomeric
glycoproteins with three immunoglobulin-like domains (KIR-3D) [56]. KIRs reactive with
HLA-A ligands (KIR3DL2) possess three immunoglobulin domains in the extracellular re-
gion [69,70] and are expressed on the cell surface as bisulfide-linked homodimers composed
of two ~70 kDa subunits [70].

Members of the KIR gene family are tightly clustered on human chromosome 19q13.4
and consist in 15 gene loci [71], clustered in the Leukocyte Receptor Complex (LRC) re-
gion [72]. The KIR gene family also included 2 pseudogenes, KIR2DP1 and KIR3DP1, which
are part of the KIR2D genes [73] and include an inactivated pseudoexon 3 sequence [74].
These two pseudogenes are not transcribed because of sequence defects [71]; therefore,
they are not involved in encoding a functional KIR molecule. However, the non-functional
KIR pseudogene, KIR3DP1, can be activated through non-reciprocal recombination with
functional KIR genes [73,75]. About 4.5% of the individuals of a Caucasoid population own
a recombinant allele of KIR3DP1, named KIR3DP1*004, that associates tightly with gene
duplications of KIR3DP1, KIR2DL 4, and KIR3DL1/KIR3DS1. Despite KIR3DP1 gene being
normally silent, the recombinant allele KIR3DP1*004 contains a novel promoter sequence
that, consequently, allows KIR3DP1 transcription [73].

KIR genes are organized into two haplotypes defined as A and B haplotypes, which
differ in number and kind of KIR genes, as shown in Figure 4 [76].
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Figure 4. Genomic organization of KIR A haplotype and B representative haplotype. Activating KIRs are indicated in violet,
inhibitory KIRs in green, framework KIRs in grey, and pseudogenes in blue.

The A haplotype is characterized by an extensive variability at allelic level [77], while B
haplotype exhibits substantial variation in gene content but low allelic polymorphism [78].
B haplotypes generally possess more KIR genes than group A, including mainly activat-
ing KIRs, except the haplotype B1, which is intermediate between A and B haplotypes
gene content [73].

More precisely, A haplotypes are devoid of activating KIR genes, except for KIR2DS4
(even if it is frequently deleted of transmembrane and cytoplasmic tail), and mainly encode
inhibitory KIRs, such as KIR2DL1, KIR2DL3, KIR3DL1, KIR2DS4, and KIR2DP1 [79]. On
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the contrary, B haplotypes present a higher KIRs variability and are characterized by the
presence of at least one gene among KIR2DL2, KIR2DL5A /B, KIR2DS1, KIR2DS2, KIR2DS3,
KIR2DSS5, and KIR3DS1. The remaining four KIR genes, termed framework genes, are
shared by both haplotypes.

Interestingly, there are several pieces of evidence in literature demonstrating that
there are some associations between inheritance of certain combinations of KIRs, into
A or B haplotypes, and HLA genes and susceptibility to several diseases, including
viral infections [54].

4. Modulation of KIRs/Ligands during Viral Infections and Associated Diseases

Viruses have developed several mechanisms to counteract host immune response.
Several viruses (such as herpesvirus, papillomavirus, retrovirus, poxvirus, human immun-
odeficiency virus, and flavivirus) are able to evade NK cell effector functions [80].

In particular, since NK cell activation depends on the loss of inhibitory signals pro-
vided by HLA-I molecules and on the expression of stress or virally induced ligands of NK
cell receptors [81], modulation of KIRs expression and of their HLA-I ligands represent a
key mechanism exploited during viral immune escape. In particular, KIRs modulation by
viruses may involve both directand /or indirect strategies: the direct mechanisms mainly re-
fer to epigenetic modulation of KIR receptors, while indirect KIRs modulation is essentially
based on the selective expression of KIRs main ligands, that is HLA-I molecules [80,82].

It is known that the distribution pattern of KIR receptors is entirely maintained by
CpG DNA methylation and consequently their expression is controlled by DNA methyl-
transferase enzyme [83]. In this contest, viruses, especially those which have latency
characteristic as Herpesviruses and Retroviruses, could affect KIRs expression at epigenetic
level as a consequence of the modifications that occur during virus life cycle and immune
system activity [84]. In fact, integrated viruses with latent cycle, as Human Immunode-
ficiency Virus (HIV), induce a peculiar epigenetic configuration in the infected cell with
the aim to maximize virus integration [85]. In this way, viruses can take advantage by
epigenetic modifications to up- or downmodulate KIRs expression on NK surface [86-88].

Otherwise, indirect processes of KIRs modulation are represented by the up-
/downregulation of HLA molecules as well, that are known ligands of these receptors
and particularly targeted by viruses.

In fact, the selective modulation of HLA-I expression is used by several viruses to
evade immune recognition and is represented in Figure 5 [89].

This mechanism enables pathogens to escape recognition by CD8+ cytotoxic T cells
(CTLs) which recognizes virus-encoded peptides presented on the surface of infected cells
by class I HLA molecules, such as HLA-A and HLA-B [90].

Many viruses, such as HIV [91] and herpesviruses [92], are able to interfere with HLA-
I presentation of viral peptides, for example downregulating HLA-I surface expression by
increasing HLA-I retention in the endoplasmic reticulum [93] or the endocytosis from the
cell surface, in order to block CTL killing (Figure 5) [94].

The interplay between activating and inhibitory KIRs and their corresponding HLA
ligands is likely to play a role in both viral infection susceptibility and outcome [87,95],
leading to chronic viremia [96] and possibly correlated pathologies [90], as summarized in
Figure 6 and Table 2.

We will report the summary on the main viral infections reported to exploit KIRs/HLA-
I modulation and on their possible implication in human diseases.
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Figure 5. Representation of HLA-I dependent NK cells activation. NK cell response in presence of healthy and infected
cells (A); NK cells response in presence of selective downmodulation (B) and upmodulation (C) of HLA-I protein expression
by virus.
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Figure 6. Schematic representation of KIR/HLA class I association to viral susceptibility and diseases. The presence of
particular activating (KIR2DL4, KIR2DS1, etc.) and inhibitory (KIR2DL2, KIR2DL3, etc.) KIRs, together with their specific
ligands (HLA-C, HLA-G, and HLA-B), is involved in some viral infections’ susceptibility and outcome (HSV-1, CMV,
HIV, etc.), leading to multiple diseases like Multiple sclerosis, Alzheimer disease, Pre-eclampsia, Miscarriage, Carcinoma,

102



Immeno 2021, 1

315

Table 2. Virus and KIRs/HLA association and possibly related diseases.

Virus KIRS/HLA KIRs/HLA Systemel:eease or Effect on T
Frequency Infection Outcome
. Increased susceptibility to
KIR2DL2 increased herpetic infections [97]
HLA class [ decreased Viral immune-escape [81,98]
HLA-C Increased Viral immune-escape [89,99-101]
KIR2DS51 increased Control of placental CMV infection [102]
KIR2DS1, KIR2DS5 decreased Lower ChV infection conteol; shortion; [102,103]
pre-term delivery
CMV HLA-G/KIR2DL4 increased Trophoblast cells; viral immune-escape [104]
: immunodeficiency syndrome, recurrent
KIR2DL1/HLA-C2 increased CMV reactivation [105]
KIR2DS2, KIR2DL3, ) organ transplant; protection from CMV
HLA-C1 increased reactivation [106]
KIR2DL2, KIR2DS1 increased SLE [107]
KIRZDS2 decreased SLE [108]
KIR2DS2, KIR2DL3 increased Rheumatoid Arthritis; worst prognosis [109]
HLA class [ decreased Reduced NK cell killing [93]
KIR2DS5, KIR2DS4 increased Increased sl [110]
EBV lymphoproliferative diseases
KIR2DS2, KIR2DL3 increased Rheumatoid Arthritis; worst prognosis [109]
KIR?DL2 — Multiple Sclerosis, n'n:fweasec_i susceptibility [97]
to herpetic infections
HLA class I decreased Viral immune-escape [111-113]
HHV-8 KIR2DL2/HLA-C1 increased type-2 diabetes [114]
) KIR2DL2, KIR2DS2 increased Cutaneous vascular lesions [115]
KIR2DS1, KIR3DS1 increased Kaposi Sarcoma [116]
KIR2DL2 /HLA-C1 increased Alzheimer's Disease, NK cell inhibition [117,118]
y Multiple Sclerosis, worst disease outcome,
KIR2DL2/HLA-C1 increased NK cell inhibition, herpetic reactivation [97,119,120]
. IUGR, alterated KIR2DL4+ dNK
HHV-6 HLA-G increased well firakion [121,122]
HLA-G/KIR2DL4 decreased Infertility; KIR2DL4+ dNK cell function [123-127]
KIR2DL2 increased Intesility, Mol bipls Sclerosis, monased [97,128]
susceptibility to herpetic infections
KIR2DL5 decreased infertility [128]
HSV-1 KIR2DL2/HLA-C increased infertility [129,130]
z KIR2DL2/HLA-C increased Multiple Sclerosis [119,120]
KIR2DL5, KIR2DS5 increased Protection from HIV transmission [95]
HLA-C increased Protection from HIV transmission [131]
HLA-C increased Viral immune-escape (via Nef protein) [132]
HLA-A, HLA-B decreased Viral immune-escape (via Nef protein) [133]
KIR2DL2, y — ; ;
HLA-Cw*0102 increased Viral immune-escape (via Gag protein) [134]
HLA-C increased Viral immune-escape (via Env protein) [135,136]
HIV KIR3DS1 decreased FHgec. N el funcifing reklud [137,138]
perinatal transmission
KIR3DL1, KIR2DL 2,
KIR2DL3, KIR2DL5, increased Reduced perinatal transmission [139,140]
KIR2DS5, HLA-C
KIR2DL2, KIR2DS2,
KIR2DS3, KIR2DS4, increased Higher susceptibility in the newborn [138]
KIR3D51
KIR3DS1/HLA-Bw4-801 increased Decreased A5 progression; [141-144]
protective effect
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Table 2. Cont.

KIRs/HLA

System/Disease or Effect on

Virng EIRS/HLA Frequency Infection Qutcome References
KIR2DS1, KIR2DS2 increased HBV recavered subjects; lower NK [145]
cell activation
KIR2DL3/HLA-C1 increased Protective toward HBV susceptibility [146]
KIR2DL3 decreased CHB [147]
KIR2DL1/HLA-C2 increased Higher HBV infection rate [146]
HBV KIR2DS2, KIR2DS3 increased CHB, increased HBV susceptibility [148]
KIR2DS1, KIR3DS1, : ;
KIR2DL5, KIR2DL3 increased CHB, protective effect, HBV clearance [147-149]
. Increased risk of HCC progression in
HLA-C1 increased HBV-infected patients [150]
HLA-C2, HLA-A-Bw4 increased Increased risk for CHB development [147]
KIR3DL2, KIR2DL1,
KIR2DL2, KIR2DL3, increased Poor HCV clearance after treatment [151,152]
HLA-C2
HLA-C*03:04, KIR2DL3 increased Viral immune-escape [153]
HLA-B*27 /KIR3DL1 decreased Viral immune-escape [154-156]
KIR3DL1 decreased i < : : [157]
HCV KIR2DS3 increased Increased risk for chronic HCV infection [158]
: Protective against liver disease in
HLA-Bw4/KIR3DS1 increased HCV patients [159]
Spontaneous infection resolution and
HLA-C1/KIR2DL3 increased sustained response to HCV [160,161]
antiviral therapy
KIR3DL1 decreased Type-1 diabetes [162]
. Induction of antiviral response that
Ente; 5
Sl HLA class [ increased triggers Hashimoto’s [163]
Thyroiditis condition
Parvovirus HLA-I increased SLE, persistent viral infection [164,165]
KIR2DL2/HLA-C1, . y Cerw;cj cano.c-‘:l; l;sf ei:.ctor fodr HPV .
KIR2DL3/HLA-C1 fnereas B M ’
neoplastic transformation
HPV Cervix cancer, no increased risk for HPV
HLA-C2 increased high-risk infection and [166]
neoplastic transformation
KIR2DL1 increased Cervix cancer [166]
KIR2DL2/HLA-C2 decreased Cervix cancer [166]

Abbreviations: SLE (Systemic Lupus Erythematosus), HHV-8 (Human Herpesvirus 8), HHV-6 (Human Herpesvirus 6), IUGR (intrauterine
growth restriction), AIDS (Acquired Immune Deficiency Syndrome), HBV (Hepatitis B virus), HCC (hepatocellular carcinoma), CHB
(chronic hepatitis B), HCV (Hepatitis C virus), HPV (Human Papillomavirus).

4.1. Herpesviruses

Herpesviruses have developed several strategies that inhibit NK cell activation by
blocking the expression of ligands of activating receptors or preserving the expression of
ligands of inhibitory receptors, including HLA-I.

Human Cytomegalovirus (HCMV) viral proteins US2 and US11 have been reported
to shuttle HLA-I from the endoplasmic reticulum to the cytoplasm, resulting in HLA-
1 degradation [81,98], while UL16, UL18, and UL40 maintain a locus-restricted surface
expression of HLA molecules, including HLA-C, that act as ligands for NK cells inhibitory
receptors [89,99] (Table 2; Figure 7). Interestingly, HCMV-induced HLA-C expression
includes specific HLA-C modification, as glycosylation [100] and formation of heterodimers
with other HLA-I molecules [167-169] or with viral protein [101], that sustain a differential
KIRs recruitment.
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Figure 7. Schematic representation of the main viral strategy to modulate KIRs/HLA-I ligands described in the text.
Viruses (e.g., Herpesviruses, HIV, HBV, and HCV) have evolved different mechanisms to modulate HLA-I molecules or
induce/exploit specific KIRs expression, for example, by production of specific viral proteins to modify NK cell activation
and evade host immune response.

KIRs also play a role in NK cells-mediated clearance of HCMYV infection associated
to congenital disorders such as spontaneous abortion or pre-term delivery (Table 2) [103].
The expression of KIR2DS1 by decidual NK (dNK) cells increases their ability to control
placental HCMYV infection, reducing or preventing virus-induced pathology of the placenta
and improving its function. In contrast, pregnant women who lack KIR2DS1, or similarly
KIR2DS5, showed a lower ability to control placental HCMYV infection and developed
complications (Table 2) [102].

Again, HCMV infection modifies the expression of HLA class I molecules at the
surface of placental extravillous trophoblast (EVT) cells, which typically do not express
HLA-A and HLA-B molecules but do express an unusual combination of HLA-E, HLA-F,
and HLA-G, in addition to low levels of HLA-C. Schust et al. addressed that unlike HLA-A
and -B, both HLA-C and HLA-G expressed in a human trophoblast cell line were fully
resistant to the rapid degradation associated with HCMV proteins US2 and US11 [104],
mounting evidence that HLA-G could interact with KIR2DL4 expressed by decidual NK
cells inducing IFN-y and TNF-« secretion and promoting viral immune escape (Table 2).

In a case study of a child with a novel immunodeficiency syndrome and recurrent
HCMYV infection [105], the entire population of NK cells from this patient expressed
KIR2DL1 in the presence of KIR2DL1 ligand, HLA-C2, raising the possibility that the
strongly inhibitory KIR2DL1/HLA-C2 combination crippled NK cell activity and prevented
a protective NK cell response against HCMV (Table 2). Activating KIR expression improves
the protection during HCMV reactivation in stem cell transplantation [170] and solid organ
transplant, where a combination of the activating KIR2DS2 and weak inhibitory KIR2DL3,
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which share the ligand HLA-C1, in the recipient was associated with a decreased risk of
CMYV viremia when both donor and recipient were homozygous for HLA-C1 (Table 2) [106].

CMYV has also been described associated to Systemic Lupus Erythematosus (SLE)
susceptibility [171], possibly involving specific KIRs/HLA-I combinations. Hou et al. have
suggested that KIR genotype and HLA ligand interaction may potentially influence the
threshold for NK cells activation mediated by activating receptors, thereby contributing
to the pathogenesis of SLE [172] and also to viral susceptibility. In this study an increased
frequency of KIR2DL2 and KIR2DS1 has been observed among SLE cases compared to
controls [107], while a controversial study by Pellet et al. has observed the absence of
KIR2DS2 in SLE cases (Table 2) [108]. Since KIR2DL.2 has been associated to increased
susceptibility to herpetic infections [97], the presence of this KIR gene may represent a
common feature for SLE development in the presence of herpesvirus infections (Table 2).

A recent clinical study has evaluated the involvement of KIR genes in Rheumatoid
Arthritis (RA), in the presence of EBV and HCMYV infections. The study found that the
presence of activating KIR2DS2 and inhibitory KIR2DL3 receptors, in the presence of EBY
and HCMV infections, might be associated with a worst RA prognosis [109] (Table 2).

EBV encode an miRNA that targets MICB, miR-BART2-5p, resulting in reduced NK
cell-mediated killing (Table 2) [93,173]. Moreover, in the specific case of EBV infection,
KIR2DS5 and KIR2DS4 were associated with increased risk of lymphoproliferative dis-
eases (Table 2) [110].

Human Herpesvirus 8 (HHV-8), also called Kaposi’s Sarcoma-associated Herpesvirus
(KSHV), exploits an immune-escape mechanism consisting in the acceleration of HLA-I
meolecule endocytosis which involves K3 and K5 viral proteins (Figure 7). Interestingly, K3
downregulates the expression of both canonical and non-canonical HLA class I molecules in
humans (HLA-A, -B, -C, and -E), whereas K5 primarily downregulates HLA-A and -B alle-
les (Table 2) [111-113]. HHV-8 infection is notably associated to autoimmune and neoplastic
disorders and KIRs profile seems to play a role in the development of correlated diseases.
In particular, HHV-8 infected type-2 diabetes subjects showed an increased frequency
of KIR2DL2/HLA-C1 pair in comparison with uninfected patients (Table 2) [114], HHV-
8 positive cutaneous vascular lesions were significantly associated with KIR2DL2/DS2
homozygosity (Table 2) [115], and patients affected by classic Kaposi Sarcoma, typically pos-
itive for HHV-8 infection, showed a higher frequency of KIR2DS1 and KIR3DS1 compared
to controls (Table 2) [116].

Human Herpes Virus-6 (HHV-6) susceptibility association to peculiar KIR\HLA-I
expression has been widely described. HHV-6 has been recently distinguished in two
different viruses, HHV-6A and -6B, characterized by different biological features [123]. In
particular, while HHV-6B tropism is more aimed at T cells, HHV-6A is able to infect a
wide range of tissues and differently affects NK cell activation. This peculiarity involves
a differential viral DNA sensing [118] and KIRs modulation and leads to a mechanism
of anti-viral activation, characterized by a Th2 type response and a non-cytotoxic profile.
HHV-6A infection induced PKA activity and phosphorylation of Sp1 in the NK cells, which
may increase expression of KIR2DL2 and thereby inhibit NK cell cytotoxicity (Figure 7).
These findings were reported associated to Alzheimer’s Disease (AD), where the authors
noted that the HHV-6A-induced expression of apolipoprotein E e4, a known marker
for AD, may further inhibit NK cell function, in part by increasing PKA activity, Tau
hyperphosphorylation, and amyloid-beta deposition (Table 2) [117].

Herpesviruses, and in particular HHV-6, were found to have a possible association
with neural pathologies because of their peculiar neurotropism and the ability to estab-
lish latent infections [174], as supported also by the presence of HHV-6 infection in AD
post-mortem brain tissue [175,176] and in Multiple Sclerosis (MS) plaques [177,178]. The
increased susceptibility to herpesviruses infection in neurological subjects seems to be
associated to KIR2DL2 /HLA-C1 expression on the surface of NK cells in both AD and MS
patients [118,119]. This was confirmed by the evidence that patients expressing KIR2DL2
are characterized by impaired NK cells response against herpesviruses, favoring the in-
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fection and possibly disease outcome [97,118]. The ability of herpesviruses to establish a
lifelong latency in CNS, with the potential to reactivate, suggests these viruses as co-factors
in the relapsing-remitting course of MS, particularly in association to KIR2DL2 presence,
since KIR2DL2 expression on NK cells enhances viral reactivations, concomitantly with the
typical relapses of the disease (Table 2) [120]. HHV-6 infection and KIRs are also possibly
implicated in reproductive pathologies, including intrauterine growth restriction (IUGR)
and infertility.

One of the most important KIRs expressed mostly on dNK cells is KIR2DL4. This
receptor is engaged by HLA-G expressing trophoblast cells during placental development,
where it triggers vascular remodeling. Its role during placentation is supported by the
highest KIR2ZDL4 gene expression in healthy pregnant women compared to patients with
recurrent spontaneous miscarriage [179]. In IUGR placentas, HHV-6 infection has been re-
ported together with increased HLA-G expression which possibly affect dNK cell function
engaging KIR2DL4 (Table 2) [121,123]. It was suggested that this effect on HLA-G expres-
sion and might be due the expression the U94 viral protein [122] (Figure 7). Moreover, the
presence of HHV-6A infection in endometrial cells was reported to be associated with pri-
mary idiopathic infertility in women [123-126], together with altered basal sHLA-G levels
and CD56*KIR2DL4* endometrial NK cell percentages (Table 2) [127]. Furthermore, HHV-
6 endometrial infection in idiopathic infertile women seems to be correlated to the presence
of the inhibitory receptor KIR2DL2, while, on the contrary, the inhibitory receptor KIR2DL5
was found with lower frequency in comparison to the fertile cohort (Table 2) [128].

The possible implication of KIR2DL2 in infertility in presence of herpetic infections
was also confirmed by El Borai et al., who reported the association between Herpes simplex
virus (HSV)-1 and male infertility. The authors found HSV-1 DNA in 24% of semen samples
obtained from infertile males [129], in correspondence to high frequency of KIR2DL2 /HLA-
C combination, compared to healthy controls (Table 2) [130].

4.2. Human Immunodeficiency Virus (HIV)

Concerning HIV infection, HLA /KIR combinations have been associated with virus-
associated disease progression and protection against disease acquisition. The mechanisms
conferring this protection may include the direct interaction of KIRs with HIV-derived
peptide motifs presented on HLA molecules and confirmed by in vitro experiments re-
porting that specific viral variant/KIR combinations associate with differences in NK cell
viral inhibition [23] and that distinct HLA /KIR combinations confer differences in HIV
control [180] and susceptibility [141,181]. In particular, KIR2DL5 and KIR2DS5 have been
associated with decreased odds of HIV transmission [95], in concordance with a study
on cell surface expression levels of all common HLA-C allotypes in African and Euro-
pean Americans [131], which reported an increased HLA-C expression associated with
protection from infection (Table 2).

HIV has the distinctive ability to selectively downregulate HLA-A and HLA-B on the
surface of infected cells through Nef protein (Figure 7; Table 2), without affecting HLA-C
and HLA-E expression [133], controlling in this way both CTL and NK cell activation.
To disrupt the cell surface expression of HLA-A and HLA-B molecules, Nef binds to the
cytoplasmic tail domain and promotes the association of the conserved HLA-I cytoplasmic
tail tyrosine residue with the clathrin adaptor protein 1 (AP-1) [182,183]. Significantly, HLA-
C cytoplasmic tails lack two amino acids necessary for this interaction. As a result, the HIV-1
Nef protein does not downmodulate HLA-C molecules from the cell surface (Table 2) [132].

Besides Nef protein, also HIV Gag and Env proteins participate in NK cell regulation
via KIRs engagement by modulating HLA-C expression (Figure 7).

Fedda et al. identified one HLA-Cw*0102-presented peptide (p24 Gag209-218) that
was recognized by the inhibitory NK cell receptor KIR2DL2 leading to functional inhibition
of KIR2DL.2-expressing INK cells, suggesting that selections of sequence polymorphisms
that increase avidity to KIR2DL2 might provide a mechanism for HIV-1 to escape NK
cell-mediated immune pressure (Table 2) [134].
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Again, it was found that the presence of HLA-C, particularly as free heavy chains,
positively modulates the infectivity of HIV-1 [135] as a result of the association with HIV-1
Env protein at the cell membrane level [136]. This work suggested that HIV-1 envelope
may facilitate dissociation of 2M from HLA-C, leading to higher levels of HLA-C free
chain molecules at the cell surface influencing HIV-1 infectivity.

HIV infection is notably associated to pregnancy problems, due to viral-related im-
mune system dysfunctions [184] and the role of KIRs concerning HIV mother-child trans-
mission during pregnancy has been investigated. In particular, KIR3DS1 has been asso-
ciated with higher NK cells effector functions in early HIV-1 disease, which may lead to
better clinical outcomes reducing perinatal transmission (Table 2) [137,138]. In addition,
KIR3DL1, KIR2DL2, KIR2DL3, KIR2DL5, KIR2DS5, and HLA-C ligands were associated
with newborn protection against HIV-1 infection (Table 2) [139,140].

On the contrary, KIR2DL2, KIR2DS2, KIR2DS3, KIR2DS4, KIR3DS1 receptors have
been associated with higher susceptibility to HIV-1 infection in the child (Table 2) [138].

A role for HIV infection in immune disorders has also been described in association
with particular KIRs.

HIV positive patients expressing KIR3DS1 and HLA-Bw4-80I showed a decrease
AIDS (Acquired Immune Deficiency Syndrome) progression, compared to KIR3DS1 and
HLA-Bw4-801 negative subjects [141], possibly due to a protective effect toward HIV
infection [142]. In individuals infected with HIV, this effect is confirmed by a lower viral
load and the protection against opportunistic infections [185,186]. Moreover, a study
conducted on HIV exposed intravenous drug users from Vietham showed an increased
KIR3DS1 homozygosity and a high prevalence of B haplotypes in HIV exposed seronegative
intravenous drug users [143,144] which could explain the resistance to HIV infection
observed in these subjects (Table 2).

4.3. Hepatitis Viruses (HBV and HCV)

Hepatitis B virus (HBV) and hepatitis C virus (HCV) account for 70% of the global
burden of liver disease [187], often involved in neoplastic transformation processes. The
clinical outcomes following infection with both HBV and HCV viruses vary considerably,
from clearance of infection to chronic viral persistence, cirthosis, and hepatocellular car-
cinoma (HCC) [188]. Since the interaction between virus and immune system plays an
important role in pathogenesis, inflammation, necrosis, and fibrosis of the liver tissue [189],
different candidate gene association studies have identified specific immune receptors
associations for both HBV and HCV susceptibility and outcome. Among these receptors,
specific KIR genes have been reported to affect the immune response against viral infections
in liver.

Liver NK cells show phenotypic and functional characteristics that are distinct from
their circulating counterparts. In particular, even if the majority of intrahepatic NK cells
have a CD56P"8t phenotype, their CD564™CD16* fraction express lower levels of KIRs
than NK cell subset in the periphery, which may limit their capacity to be adequately
licensed [190].

This hepatic NK cell enrichment is maintained in the inflammatory infiltrate character-
istic of HBV infection. In fact, in order to understand the role of NK cells in HBV infection
it is necessary to first consider the liver microenvironment, well known for its tolerogenic
properties due to the local immunological environment including the cytokine and nutrient
milieu [191,192]. For example, Kupffer cells are able to produce immunosuppressive cy-
tokines such as IL-10 and TGF-p that can tolerize local intrahepatic NK cells also affecting
HLA-I and stress ligands expression [193,194]. These modulations, together with KIRs
profile, participate in infection resolution and outcome.

A genetic tendency towards lower activation of NK cells in HBV recovered subjects
was described in presence of activating KIRs-phenotype, characterized, for example, by
KIR2DS1, KIR2DS?2 expression, during HBV infection (Table 2) [145]. Other studies reported
that KIR2DL3/HLA-C1 homozygosity is protective toward susceptibility to HBV infection,
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while KIR2DL1/HLA-C2 is associated to high HBV infection rate (Table 2) [146]. In
addition, KIR2DS2 and KIR2DS3 act as HBV susceptibility genes in the presence of chronic
hepatitis B, whereas KIR2DS1, KIR3DS1, and KIR2DL5 may be protective genes facilitating
the clearance of HBV, consequently protecting from cancer development (Table 2) [148].

This latter evidence was supported also by a study on a Turkish cohort that showed a
higher rate of inhibitory KIR2DL3 and KIR3DS] in the healthy group than in the group
composed of chronic HBV patients and patients with spontaneous remission [149]. More-
over, a case-control study showed that HLA-C1 was associated with disease progression
towards hepatocellular carcinoma (HCC) in HBV-infected patients (Table 2). In particular,
one copy of HLA-C1 alleles was associated with cirrhosis, while two copies were associated
with HCC (Table 2) [150].

In a later study, the frequencies of KIR and HLA genes were compared in subjects
with chronic hepatitis B (CHB) and subjects with resolved infection [147]. Once again, the
inhibitory KIR2DL3 gene was less frequent in CHB (81%) than in subjects with resolved
infection (98%), suggesting the protective role of this KIR in CHB development. Moreover,
the authors found higher frequency of both HLA-C2 and HLA-A-Bw4 alleles in CHB group
compared to subjects with resolved infection and controls (Table 2). No difference was
reported in the frequency of KIR haplotypes between the groups, suggesting that activating
receptors might do not play a role in controlling the infection. The results obtained by these
studies suggest that KIR/HLA combination is able to predict the outcome of HBV infection
and consequently cancer progression.

As well as HBV, HCV can exploit KIR receptors to modulate NK cell response [195],
increasing viral spread and inducing the neoplastic process. Thus, KIR/HLA combina-
tion might influence HCV infection outcome, influencing HCV viral load and the risk
of hepatocellular carcinoma progression [159,196]. NK cells were demonstrated to me-
diate the inhibition of HCV-replication and to exert a targeted cytotoxic action against
infected cells [197,198].

Several KIRs have been identified as relevant to the outcome of HCV infection and
treatment efficacy, including KIR2DL2, KIR?DL3, KIR2DL1, KIR2DS2, and KIR3DL1,
together with HLA-C2 expression (Table 2) [151,152].

In particular, Lunemann and coauthors identified a core-derived epitope that dampens
NK cell responses, and thereby possibly prevents killing of infected cells through this part
of the innate immune system. This 9mer HCV peptide, YIPLVGAPL, is facilitated via
presentation of the viral peptide on HLA-C«(3:04 to the inhibitory KIR receptor KIR2DL3
on NK cells [153]. In fact, this HCV peptide resulted in significantly higher KIR2DL3
binding to HLA-C+03:04 suggesting that HCV genotype 1 binding to HLA-C+03:04 results
in a sequence-dependent engagement of the inhibitory NK cell receptor KIR2DL3, showing
that sequence variations within HCV can modulate NK cell function, providing potential
pathways for viral escape (Figure 7; Table 2).

Another strategy used in HCV escape consists in mutations at the HLA-B*27 binding
anchor of the epitope [154]. This epitope is present in the viral RNA-dependent RNA
polymerase. The ability to mutate at the main HLA-B*27-binding anchor is dependent on
viral fitness [199]. Misfolded HLA-B*27 may also be unable to engage KIR3DL1, resulting
in increased NK cell activation (Table 2) [155,156]. Moreover, another study reported that
the expression of KIR3DL1 was decreased in individuals with HCV infection, supporting
the role of this receptor in the regulation of chronic HCV infection (Table 2) [157].

HCV patients were found with high frequency of KIR2DS3 receptor [158] and a
protective role for HLA-Bw4/KIR3DS1 against liver disease progression has been also
proposed (Table 2) [159].

Another study has shown that KIR2DL3 was associated with spontaneous resolution
of HCV infection, in presence of HLA-C1 homozygous genotype [160]. At the same time,
HLA-C1/KIR2DL3 has also been associated with sustained virus response to anti-HCV
therapy (Table 2), even if previous data have also suggested that KIR2DL1/HLA-C2
combination may confer stronger inhibitory responses than KIR2DL3/HLA-C1 [161].
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4.4, Other Viruses

In addition, other viral infections have been reported to be associated to characteristic
KIRs asset, including enterovirus, Parvoviruses, and Human Papillomavirus (HPV).

Enteroviruses represent risk factors for T1D and have been reportedly associated to
peculiar KIRs [171]; enteroviruses have been reported to possibly directly affect pancreatic
islets, together with low expression level of the inhibitory receptor KIR3DL], in TD1
patients (Table 2) [162].

Hashimoto’s Thyroiditis (HT) is another autoimmune disease in which an increased
susceptibility to enterovirus was reported [163], in association with upregulation of HLA-I
molecules (Table 2). The colocalization of HLA class I with STAT1 and VP1 with PKR
indicates an intracellular, antiviral host response, supporting a firm link between viral
infection and autoimmune thyroid diseases which possibly also affects NK cell function
via KIRs engagement.

Parvovirus 9, similarly to CMV and HCV, have been reported implicated in SLE
susceptibility [171], possibly in concomitance to the presence of KIR2ZDL2 and KIR2DS1
(Table 2) [107,172]. In addition, Parvovirus B19 has been reported in SLE to be responsible
for an aberrant immune activation [164] involving HLA molecules upregulation which
allows a persistent viral infection (Table 2) [165].

HPV infection is known to be the main risk factor for the development of premalig-
nant and malignant epithelial lesions of the cervix [200]. Besides HPV infection, there are
other factors participating in increasing cervix cancer susceptibility. Rizzo et al. demon-
strated that KIR2DL.2/HLA-C1 and KIR2DL3/HLA-C1 pairs constitute a risk factors for
HPV high-risk infection, while the increased frequency of HLA-C2 alleles in HPV-positive
patients did not increase risk [166]. In this study, HPV-positive subjects with cervix can-
cer presented a decreased KIR2DL2/HLA-C2 frequency, while KIR2DL1 was found in
most of the subjects. In particular, it has been hypothesized that KIR2DL2 /HLA-C1 and
KIR2DL3/HLA-C1 presence could induce NK cells inhibition toward HPV infection, sus-
taining the high-risk HPV-associated transformation and the development of pre-neoplastic
lesions (Table 2) [166].

5. Conclusions

The role of NK cells in controlling viral infection is known and the efficiency in the
control of viral spread and host outcomes is due to the crosstalk between intracellular
signals received from a large repertoire of germ-line-encoded surface receptors.

Among NK receptors, the family of killer immunoglobulin-like receptors (KIR) is
characterized by highly polymorphic activating and inhibitory receptors, involved in
the regulation of NK cell functions. Specific ligands for KIRs are Human Leukocyte
Antigen (HLA) molecules expressed on target cells, whose binding induces NK cells
activation/inhibition.

In this review we have reported the role of KIR receptors in viral infection control by
NK cells. In particular, we reported several strategies developed by viruses to alter NK
cell activation affecting KIRs/ligands expression (Figure 7) and that peculiar KIR assets
have been found possibly correlated to viral infection susceptibility and human disease
development and progression.

In conclusion, the crucial role of KIRs in the control of viral infection suggests these
receptors, together with their ligands, as possible targets for new therapeutical strategies
for viral infections’ clearance and as putative biomarkers for disease prognosis.
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Despite the role of KIRs in regulate NK cells activation, another important mechanism that
affect NK cell function involves the presence of the non-classical HLA-E molecule and its
interaction with specific NK receptors [347].

In particular, NK cell anergy observed in severe COVID-19 has been reported to involve the
expression of the inhibitory CD94/NK group 2 member A (NKG2A) receptor, a
heterodimeric inhibitory receptor that binds HLA-E [349], suppressing NK cell cytotoxicity
and secretion [350] as supported by the study of Zheng et al., reporting NKG2A significant
overexpression in COVID-19 NK cells [335].

Basing on this evidence, we evaluated the mechanisms exploited by SARS-CoV-2 in
affecting NK cell functions (/348], paper attached). We found that the intracellular
expression of SARS-CoV-2 S Protein S1 (SP1) in lung epithelial cells resulted in NK cell-
reduced degranulation, in concomitance with increased expression of the inhibitory
NKG2A/CDY%4 receptor and HLA-E up-regulation and stabilization on lung epithelial cells
(/348], paper attached). Thus, our study supported a role for HLA-E and NKG2A in NK cell
anergy observed in COVID-19 condition, directly caused by SP1, validating the importance
of NK cells depletion in COVID-19 immunopathogenesis.
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Abstract: Natural killer cells are important in the control of viral infections. However, the role
of NK cells during severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has
previously not been identified. Peripheral blood NK cells from SARS-CoV and SARS-CoV-2 naive
subjects were evaluated for their activation, degranulation, and interferon-gamma expression in
the presence of SARS-CoV and SARS-CoV-2 spike proteins. K562 and lung epithelial cells were
transfected with spike proteins and co-cultured with NK cells. The analysis was performed by flow
cytometry and immune fluorescence. SARS-CoV and SARS-CoV-2 spike proteins did not alter NK cell
activation in a K562 in vitro model. On the contrary, SARS-CoV-2 spike 1 protein (SP1) intracellular
expression by lung epithelial cells resulted in NK cell-reduced degranulation. Further experiments
revealed a concomitant induction of HLA-E expression on the surface of lung epithelial cells and
the recognition of an SP1-derived HLA-E-binding peptide. Simultaneously, there was increased
modulation of the inhibitory receptor NKG2A/CD94 on NK cells when SP1 was expressed in lung
epithelial cells. We ruled out the GATA3 transcription factor as being responsible for HLA-E increased
levels and HLA-E/NKG2A interaction as implicated in NK cell exhaustion. We show for the first time
that NK cells are affected by SP1 expression in lung epithelial cells via HLA-E/NKG2A interaction.
The resulting NK cells’ exhaustion might contribute to immunopathogenesis in SARS-CoV-2 infection.

Keywords: SARS-CoV-2; NK cell; NKG2A; HLA-E

1. Introduction

In December 2019, a novel coronavirus was isolated in Wuhan, China [1]. The severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) was the causative agent for coronavirus disease 2019
(COVID-19). SARS-CoV-2is a B-coronavirus with a 79.5% sequence homology with SARS-CoV [2,3].
The CoVs have been demonstrated to be able to adapt quickly and cross the species barrier, as happened
with SARS-CoV and Middle East respiratory syndrome CoV (MERS-CoV), with resulting epidemics or
pandemics. The effect of these infections on humans often leads to severe clinical symptoms and high
mortality [3]. The number of SARS-CoV-2-infected cases is more than 22 million, with typical clinical
manifestations including fever, cough, diarrhea, and fatigue [4].

Several studies are currently investigating the potential response of the immune system during
SARS-CoV-2 infection [5]. It has already been shown that, during the infection, patients develop an
uncontrolled immune response and hyperactivation of macrophages and monocytes [6]. This immune
dysregulation is associated with an increase in Interleukin-6 (IL-6), neutrophils, natural killer (NK) [7]
cells, and reactive protein C (PCR) and in a decrease in the total number of lymphocytes [5,8].
Interestingly, NK cells showed a functional exhaustion with increased NKG2A expression [8]. NK cells
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are important effectors in antitumor and anti-infection immunity [9]. The activity of NK cells is
controlled by activating and inhibitory receptors [10]. The CD94/NK group 2 member A (NKG2A) is a
heterodimeric inhibitory receptor expressed by NK cells [11]. It binds to the nonclassical HLA class
I'molecule (HLA-E), which presents peptides derived from leader peptide sequences of other HLA
class I molecules, including HLA-G [12-14]. The ligation of the peptide-loaded HLA-E with NKG2A
transduces inhibitory signaling through two inhibitory immune-receptor tyrosine-based inhibition
motifs, which suppress NK cytokine cytotoxicity and secretion [11,12,15,16]. By now, no data are
available on how SARS-CoV-2 might control NK cells. We evaluated the possible role of SARS-CoV-2
spike proteins in modifying NK cell functions.

2. Materials and Methods

2.1. NK Cells Purification

Human primary NK cells were obtained from the peripheral blood of four healthy blood donors.
This study was approved by the “Ferrara Ethics Committee”. All subjects gave written informed
consent in accordance with the Declaration of Helsinki.

Primary NK cells were separated from peripheral blood samples using the negative magnetic
cell separation (MACS) system (Miltenyi Biotech, Gladbach, Germany) [17]. The analysis of purified
cell fraction by flow cytometry with CD3-PerCp-Cy5.5, CD56-FITC moAbs (e-Bioscience, Frankfurt,
Germany), demonstrated that the NK cell content was > 90% (Figure S1A).

2.2. Viral RNA Detection

RINA extraction was performed by using the MagMAX Viral/Pathigen Nuclei Acid Isolation
kit (ThermoFisher, Milano, Italy) according to the manufacturer’s instructions. The RT-PCR was
performed with the TagMan 2019nCoV assay kit v1 (ThermoFisher, Milano, Italy).

2.3. Cell Culture

NK cell were supplemented with IL-12 (10 ng/mL}) (Becton Dickinson, San Jose, CA, USA) to have
a positive control for IFN-gamma secretion [18].

The Beas-2B (ATCC CRL-9609) bronchial epithelial cell line was grown in BEGM culture medium
(BEGM Kit Catalog No. CC-3170; Lonza/Clonetics Corporation, USA). The K562 (ATC CCL-243)
lymphoblastoid cell line was cultured in Roswell Park Memorial Institute medium (RPMI)
(Gibco, Milano, Italy) supplemented with 10% of FCS (fetal calf serum, Euroclone, Pero, MI, Italy)
and 100 U/mL penicillin and 100 pg/mL streptomycin. Cell cultures were maintained at 37 °C in a
humidified atmosphere of 5% CO; in air.

The role of HLA-E and NKG2A was evaluated by incubating the cells with anti-HLA-E
(clone MEM-E/08, Exbio, Praha, CZ) or anti-CD94/NKG2A (clone 131411, BD, Italy) antibodies
(7.5 ng/mlL).

GATA3 DNA-binding activity was inhibited by adding pyrrothiogatain (cat#sc-3522884,
Santa Cruz, CA, USA) to cell cultures (10 nM) [19].

2.4. Flow Cytometry

In total, 1 x 10° eNK cells were labeled with fluorophore-conjugated antibodies: CD3-PE
(clone SP34-2, CD16-APC (clone B73.1), CD56-PE-Cy7 (clone B159), NKG2A-APC (clone 131411),
and matched isotype controls.

In total, 5 x 10° bronchial epithelial cells were stained specific Ab HLA-I (HLA-A, -B, -C)-PE
(Becton Dickinson, San Jose, CA, USA), HLA-E (clone MEM-E/08)-FITC, and matched isotype controls.

GATA3 expression was evaluated in fixed and permeabilized cells with IntraPrep reagent (Beckman
Coulter; Brea, CA, USA) and stained with anti-GATA3 (BV421; BD)-PE MoAb. CK8 expression was
evaluated with anti-CK8 (TS1, Novus Biologicals, Milano, Italy)-PE MoAb.
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SP1, SP2, and S proteins expression in K562 and Beas-2B transfected cells were evaluated with
anti-spike 1 (clone 2C1), anti-spike 2, and anti Sars-Cov spike antibodies (myBiosource, San Diego,
CA, USA).

Data were analyzed using FACS Cantoll flow cytometer (BD, Milan, Italy) and Flow]Jo LLC
analysis software (Tree Star Inc, Ashland, OR, USA)}. In total, 10,000 events were acquired.

2.5. Immunofluorescence Assay

HLA-E expression was analyzed by immunofluorescence with anti-HLA-E-PE antibody
(MEM-E/08-PE), as previously described [20,21]. In particular, 10° cells were spotted onto glass
slides and fixed by cold acetone for 30 min at 20 °C. Slides were air-dried and kept at 20 °C until use.
For assay, slides were rehydrated by washings in PBS, and incubated with anti HLA-E-PE-labelled
antibody diluted 1:100 in PBS for 35 min at 37 °C in a humidified chamber. Slides were washed
twice with PBS for 10 min, once for 1 min with tap water, and once for 1 min with distilled water.
After washings as described, slides were stained with 1:2000 in PBS diluted Hoechst stock solution
(ThermoFisher, Milano, Italy) for 5-10 min, washed in distilled water, and finally mounted with 50%
glycerol in PBS for fluorescence microscope observation. All samples were observed under a UV light
microscope (Nikon Eclipse E600) equipped with a digital camera (DMX 1200).

2.6. Cell Migration Assay

The assay was performed using the Cornig Transwell System, with inserts with 5-um pore
polycarbonate membrane. Briefly, 1 X 10° cells were seeded in the upper chamber in 150 pL of RPMI
with the 0.5% of FBS and IL-2 (100 [U/mL; Sigma Biosciences, MO, USA). The inserts containing cells
were positioned into a 24-well plate, which provides the lower reservoirs for the migration system.
Each reservoir was filled with 650 puL of medium (RPMI) containing SARS-CoV-2 proteins (spike
protein 51 subunit, spike protein 52 subunit) (RayBiotech, Peachtree Corners, GA, USA) or control
SARS-CoV spike protein (MyBiosource, San Diego, CA, USA) at the final concentration of 100 ng/mlL.
Medium with CXCL12 (100 ng/mL; BioLegend, San Diego, CA, USA) [22] was used as the positive.
Migration was performed for 3 h at 37 °C and then the plate was briefly centrifuged at 300X g for 5 min
in order to collect migrated cells in the lower reservoir for the cell count. Every condition was tested in
triplicate and results were reported as the number of migrated cells compared to untreated NK cells.

2.7. Protein Transfection

K562 or Beas-2B cell lines were transfected using the Pierce Protein Transfection Kit (ThermoFisher,
Milano, Italy) following the product instructions. A total of 4 x 10° cells were transfected with 1 ug of
protein (spike protein S1 subunit, spike protein S2 subunit) of SARS-CoV-2 or SARS-CoV spike protein.
Transfection was performed for 34 h at 37 °C in 1 mL of medium without FBS. After transfection,
a volume of complete medium with 20% FBS was added to each well. K562 or Beas-2B cells treated
with transfection reagent alone or transfected with 0.5 ug of control fluorescent antibody (provided in
the kit) were used as the negative and efficiency control, respectively.

2.8. Lactate Dehydrogenase (LDH) Assay

The LDH assay was performed to evaluate the effect of the transfection with SARS-CoV-2 and
SARS-CoV proteins in K562 or Beas-2B cells on cell viability. Transfected K562 or Beas-2B cells were
suspended at 5 x 10* cells/mL and cultured for 4 h on a 96-well microplate at 37 °C with 5% CO,.
A colorimetric-based lactate dehydrogenase (LDH) assay (Cytotoxicity Detection KitPLUS; Switzerland)
was used, according to the manufacturer’s instructions.
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2.9. Degranulation Analysis

In vitro cytotoxicity experiments were performed using K562 or Beas-2B cells as the target and
NK cells as effector cells. NK cells were added to K562 or Beas-2B cells with a 5:1 effector:target
ratio [23]. NK cell degranulation was evaluated by CD107a staining (anti-CD107a-PE; clone H4A3;
BD Biosciences) after 3 h of treatment with Golgi Stop solution (BD). Labeled cells were analyzed
with a FACSCantoll flow cytometer (BD, Milano, Italy) and Flow]Jo software (Tree Star Inc., Ashland,
OR, USA).

2.10. Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) Analysis

K562 or Beas-2B cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) to
assess cell-mediated cytotoxicity, using a 7AAD/CFSE Cell-mediated cytotoxicity assay kit (Ann Arbor,
MI, USA). In total, 107 cells/mL. were resuspended in CFSE staining solution and incubated for 15 min
at 37 °C. Control target cells were resuspended in 0.1% BSA. Then, cells were washed two times with
culture medium and incubated for 30 min at 37 °C. NK cells were put in co-culture with CFSE-labeled
infected cells at a 1:5 ratio. The cell mixture was incubated for 4 h, centrifuged, and resuspended in
7-AAD staining solution. Control target cells were resuspended in assay buffer. Cells were incubated
for 15 min in the dark at 4 °C. Then cells were centrifuged and resuspended in assay buffer. Cells were
analyzed with a FACSCantoll flow cytometer and Flow]o software.

2.11. IFN-gamma ELISA Assay

IFN-gamma levels were detected by an IFIN-gamma ELISA kit (MyBiosource, San Diego, CA, USA)
following the instructions. In particular, standards and samples were pipetted into the wells and IFN
gamma present in a sample was bound to the wells by the immobilized antibody. The wells were
washed and biotinylated anti-Human IFN gamma antibody was added. After washing away unbound
biotinylated antibody, HRP-conjugated streptavidin was pipetted to the wells. The wells were again
washed, a TMB substrate solution was added to the wells, and color developed in proportion to the
amount of IFN gamma bound. The Stop Solution changed the color from blue to yellow, and the
intensity of the color was measured at 450 nm (ThermoFisher ELISA Reader).

2.12. Real-Time PCR

RNA extraction was performed by using the RNeasy kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. The Real-Time PCR was performed with the TagMan 2019nCoV assay
TagMan gene expression assays for HLA- E (Hs00428366_m1), GATA3 (Hs00231122_m1), Eotaxin3
(Hs00171146_m1), and NKG2A (Hs00970273_g1) (ThermoFisher).

2.13. HLA-E Binding Prediction

The HLA-E binding prediction was made using the IEDB analysis resource ANN aka NetMHC
(ver. 4.0) tool at the http://tools.iedb.org/mhci/help/, using the viral spike 1 protein from the SARS-CoV-2
sequence (QHO62112.1).

2.14. Statistical Analysis

Since the biological variables presented a normal distribution (Kruskal-Wallis test, p > 0.05),
they were evaluated by Student f test by Graph Pad Prism 6 software (https://www.graphpad.com/
scientific-software/prism/). A p-value < 0.05 was defined statistically significant.

2.15. Data Availability

All relevant data are within the manuseript.
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3. Results

3.1. Spike Proteins Induce NK Cell Migration

Although the role of NK cells in the immune response towards viral infections is generally
accepted, there are few data on the early NK cell trafficking in response to coronavirus infections [5].
The evaluation of NK response to SARS-CoV-2 infection is important to determining the innate immune
response per se and for the cross-talk with adaptive immune cells [24]. We explored the migration,
interferon-gamma (IFN-gamma) secretion, and degranulation of NK cells in the presence of spike
1 (SP1) and spike 2 (SP2) SARS-CoV-2 proteins and SARS-CoV spike proteins (S). We used a cell
migration system in a 5-um transwells w/polycarbonate filter, without a cell barrier. We purified
NK cells from the peripheral blood of control subjects (Figure S1A) negative for both SARS-CoV-2
and SARS-CoV viremia (data not shown). This condition ensured that NK cells were naive for spike
proteins. We cultured NK cells in the presence of SP1, SP2 from SARS-CoV-2, or spike protein (S) from
SARS-CoV and we observed no effect on cell viability (Figure S1B). We used CXCL12 as a positive
control for NK cell migration [22]. We observed an increase in NK cell migration in the presence of
both SP1 and SP2 (SP1 p = 0.021; SP2 p = 0.013 Student ¢ test) (Figure 1A). Similarly, NK cell migration
was induced by the SARS-CoV S protein (p < 0.01; Student f test) (Figure 1A). No modifications in cell
viability were observed (Figure S1B). These data suggest that both SARS-CoV-2 and SARS-CoV spike
proteins are able to chemo-attract NK cells. To evaluate if spike proteins are able to also induce NK
cells’ activation, we analyzed the secretion of IFN-gamma. We observed an increase in IFN-gamma
secretion in the presence of SP1, SP2, and S-protein (p < 0.001; Student t test) (Figure 1B). The basal
IFN-gamma secretion might be enhanced by the IL-2 treatment of NK cells, which is necessary for the
in vitro maintenance of primary NK cells.
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Figure 1. Peripheral blood NK cells from four control subjects negative for both SARS-CoV-2 and
SARS-CoV viremia were cultured NK cells in the presence of SP1, SP2 from SARS-CoV-2, or spike
protein (5) from SARS-CoV. (A) NK cell migration is reported as the cell number. We used CXCL12 as
a positive control for NK cell migration. NK cells with no treatment were used as negative control
(NK cells). (B) Secretion of IFN-gamma evaluated by ELISA. IL-12 treatment was used as the control
of IFN-gamma secretion. (C) Representative intracellular expression of SP1, SP2, and S proteins in
K562 cells after transfection. (D) K562 viability, assessed by the LDH assay, in basal and transfected
conditions. The transfection with 0.5 pg of control fluorescent antibody was used as a positive control
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(null-transfected). (E) Representative histograms of NK cell degranulation towards the K562 cell
target. NK cells were marked with CD56-PECy7 (see Figure S1C). The degranulation was assessed
by CD107a-PE expression. (F) Mean fluorescence intensity (MFI) of CD107a-positive NK cells after
the co-culture with K562 target cells. (G) CFSE+/7-AAD+ cell percentage in NK cell/K562 co-cultures.
K562 alone and treated with Triton x-100 (0.8%) were used as negative and positive controls, respectively.
The values are presented as mean + standard deviation. *, ** significant p values Student f test.

3.2. Spike Proteins Did Not Modify NK Cell Cytotoxicity

Then, we evaluated the cytotoxicity of NK cells in the presence of spike proteins, using CD107a
staining, a marker of degranulation [23]. We mimicked the expression of spike proteins inside NK
target cells, the K562 cell line, transfecting directly the proteins. We obtained a mean transfection
efficiency of 95% for SP1, SP2, and S proteins (Figure 1C). The K562 cell viability, evaluated by the
LDH assay, was not affected by protein transfection (Figure 1D). We incubated NK cells for four hours
with K562 and evaluated the expression of CD107a on CD56-gated NK cells (Figure S1C). We observed
an increase in CD107a staining in all the culture conditions, with no difference in the presence of SP1,
SP2, and S proteins in comparison with the untreated co-culture (S1 p = 0.078; S2 p = 0.087; S p = 0.081;
Student ¢ test) (Figure 1E,F). To be sure that NK cells expressing CD107a were able to kill K562 cells,
CFSE (carboxyfluorescein diacetate succinimidyl ester), the staining of target cells was detected by
flow cytometry [20]. We observed an increase in the K562 CFSE+/7-AAD+ cell percentage in all the
co-culture conditions comparable with the killing observed in the untreated co-culture (p < 0.001;
Student t test) (Figure 1G), confirming the results observed with CD107a staining (Figure 1E,F).

3.3. SARS-CoV-2 Spike 1 Protein Modifies NK Cell Cytotoxicity When Presented by Lung Epithelial Cells

Since the target cells for SARS-CoV-2 replication are lung epithelial cells [4], we considered the
activation status of NK cells in this context. We mimicked the expression of SP1, SP2, and S proteins
inside Beas-2B lung epithelial cells, transfecting directly the proteins. We obtained an average 95%
efficiency of transfection with all the proteins (Figure 2A). The transfection did not affect cell viability
(Figure 2B) and the expression of CKS8 epithelial cell markers (Figure 2A).
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Figure 2. (A) Representative intracellular expression of SP1, SP2, and S proteins and surface expression
of the epithelial marker CK8-PE in Beas-2B cells after transfection. (B) Beas-2B viability, assessed by
the LDH assay, in basal and transfected conditions. The transfection with 0.5 ug of control fluorescent
antibody was used as a positive control (null-transfected). The values are presented as mean +
standard deviation.

We incubated NK cells for four hours with lung epithelial cells and evaluated the expression of the
CD107a degranulation marker. We observed a decrease in CD107a staining in the culture condition with
SP1-transfected Beas-2B cells (p < 0.001; Student f test) (Figure 3A,B). On the contrary, we observed an
increase in CD107a expression in the co-culture conditions with SP2 and S protein-transfected Beas-2B
cells, which is similar to that observed with the control of the transfection condition (null-transfected)
and untreated co-culture (p = 0.079; p = 0.085, respectively; Student f test) (Figure 3A,B).
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Figure 3. (A) Representative histograms of NK cell degranulation towards the Beas-2B cell target.
NK cells were marked with CD56 and gated as reported in Figure S1C. The degranulation was
assessed by CD107a-PE expression. Beas-2B was transfected with SP1, SP2, and S proteins or control
fluorescent antibody was used as the positive control (null-transfected), or treated with GATA3
inhibitor (anti-GATA). (B) MFI of CD107a-PE-positive NK cells after the co-culture with Beas-2B cells.
(C) CFSE+/7-AAD+ cell percentage in NK cell/Beas-2B co-cultures. Beas-2B alone and treated with
Triton-x100 (0.8%) were used as negative and positive controls, respectively. The values are presented
as mean * standard deviation. (D) Representative histograms of HLA-I expression on the surface of
transfected Beas-2B. (E) The histograms showed the mean + standard deviation MFI (mean fluorescence
intensity) values of HLA-I expression in three independent experiments. * significant p values Student
t test; (F) Representative histograms of HLA-E expression on the surface of transfected Beas-2B cells.
(G) The histograms showed the mean + standard deviation MFI (mean fluorescence intensity) values
of HLA-E expression in three independent experiments. * significant p values t test. (H) Relative ratio
of Real-Time PCR of HLA-E expression in transfected Beas-2B cells. SP1 transfected Beas-2B cells were
also treated with GATA inhibitor (anti-GATA). * significant p values Student ¢ test.

To be sure that NK cells expressing CD107a were able to kill Beas2B cells, CFSE staining of target
cells was detected by flow cytometry. We observed an increase in the Beas-2B CFSE+/7-AAD+ cell
percentage in the co-culture with NK cells in SP2 and S protein-transfected Beas2B cells (Figure 3C),
while there was a decrease in the Beas-2B CFSE+/7-AAD+ cell percentage in the co-culture with NK
cells in SP1-transfected Beas-2B cells (p < 0.001; Student ¢ test) (Figure 3C), confirming the results
observed with CD107a staining (Figure 3A,B).

3.4. Spike 1 Peptide Is Presented by Lung Epithelial Cells via HLA-E Molecules

Since the presence of intracellular SP1 protein in lung epithelial cells induced a decrease in the
cytotoxic activity of NK cells, we analyzed the possible factors involved in the modification of NK
cell status.

Since viral proteins are commonly recognized and degraded by the proteasome inside the infected
cells [25], we hypothesized that SP1 peptides might be presented to NK cells. Intracellular peptide
presentation is performed by human leukocyte antigen (HLA) class I molecules, which are expressed
by all nucleated cells. Firstly, we evaluated the expression of HLA class I molecules in Beas-2B cells
transfected with 5P1, SP2, and S proteins. When we stained the cells with anticlassical HLA class I
molecules (HLA-A, HLA-B, HLA-C) antibody, we recognized a significant decrease in their membrane
expression when lung epithelial cells were transfected with SP1 protein (p < 0.001; Student f test)

126



Cells 2020, 9, 1975 8of 15

(Figure 3D,E). SP2 and S protein slightly inhibited HLA-I expression (p = 0.039; p = 0.041, respectively;
Student t test). Epithelial lung cells can express also non-classical HLA-E molecule [7]. HLA-E binds
peptides primarily derived from specific signal sequences [26] and interacts with NKG2A/CD94 NK
cell inhibitory receptors [15]. When we performed the lung epithelial cell staining with MEM-E/06
anti-HLA-E antibody, we observed no expression in basal conditions, which was not affected by SP2
and S transfection (Figure 3F H). On the contrary, there was a significant increase in HLA-E protein
(p = 0.011; Student ¢ test) (Figure 3E,G) and mRNA expression (p < 0.001; Student ¢ test) (Figure 3H),
in the presence of SP1 protein. HLA-E expression is controlled by the GATA3 transcription factor [12],
which is known to also be expressed by lung epithelial cells [27,28]. We observed an increase in
GATAS3 protein (p < 0.001; Student ¢ test) (Figure 4A,B) and mRNA (p < 0.01; Student f test) (Figure 4C)
expression only in the presence of SP1. To confirm the transcriptional activity of GATA3 induced
by SP1, we analyzed the expression levels of a target gene for GATA3, the Eotaxin3/CCL26 [29].
We observed the induction of CCL26 transcription only in the presence of SP1 (p < 0.001; Student
t test) (Figure 4D). The treatment with a GATA inhibitor, the pyrrothiogatain [19], reduced both GATA3
protein (Figure 4A,B) and mRNA (Figure 4C) expression. To be sure that the increase in HLA-E
expression in lung epithelial cells transfected with SP1 protein is controlled by GATA3 transcription
factor, we treated the cells with pyrrothiogatain. This inhibitory molecule reduced the expression and
transcription of the HLA-E gene in Beas-2B cells (Figure 3EH).
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Figure 4. (A) Representative histograms of GATA3 expression on the surface of Beas-2B cells after
transfection with SP1, SP2, and S proteins or control fluorescent antibody was used as a positive
control (null-transfected) or treated with GATA inhibitor (anti-GATA). (B) The histograms showed the
mean + standard deviation MFI (mean fluorescence intensity) values of GATA3 expression in three
independent experiments. * significant p values Student ¢ test. (C) Relative ratio of real-time PCR of
GATAZ3 expression in transfected Beas-2B cells. SP1-transfected Beas-2B cells were also treated with
GATA inhibitor (anti-GATA). (D) Relative ratio of real-time PCR of GATA3 target gene Eotaxin3/CCL26
in transfected Beas-2B cells. SP1-transfected Beas-2B cells were also treated with GATA inhibitor
(anti-GATA). * significant p values Student  test.

The immune-fluorescence staining showed increased modulation of the expression of HLA-E
molecules in the presence of intracellular SP1, which was reduced with the addition of GATA inhibitor
(Figure 5A,B). To evaluate if SP1 peptides might be presented by HLA-E molecules, we performed
MHCI (Major histocompatibility Class I) binding predictions, made on 26 April 2020 using the IEDB
analysis resource ANN aka NetMHC (ver. 4.0) tool. We observed that an 8mer peptide in the SP1
domain (270-277, LQPRTFLL) showed a high affinity mainly for the HLA-E*0101 binding groove
(IC50: 0.02) and in a lower extent for the HLA-E*0301 allele (IC50: 0.76), with a similar consensus motif
with HLA-E binding (VMAPRTVLL) [14]. We might speculate that the induction of GATA3 and the
binding of SP1 peptide might induce HLA-E membrane expression on lung epithelial cells.
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Figure 5. HLA-E expression in Beas-2B cells was characterized by immunofluorescence (Nikon Eclipse
TE2000S, equipped with a digital camera). The evaluation was assessed after SP1 transfection (SP1)
without or with GATA inhibitor (antiGATA inhibitor). (A) The cells were stained with Hoechst for nuclear
detection and anti-HLA-E-PE monoclonal antibody (clone MEM-E/08, Exbio, Praha, Czech Republic).
Original magnification 40x. (B) Percentage of HLA-E positive (+} cells in the Beas-2B and after SP1
transfection (SP1) without or with GATA inhibitor (antiGATA).

3.5. HLA-E/NKG2A/CD94 Interaction Is Responsible for NK Cells” Exhaustion

Since the functional control of NK cells by HLA-E is possible in the presence of NKG2A/CD94
on NK cells, we evaluated the expression of this receptor on the surface of NK cells. When NK cells
were co-cultured with SP1-transfected Beas-2B cells, we observed an increase in the protein (p < 0.001;
Student ¢ test) (Figure 6A,B) and mRNA (p < 0.01; Student f test) (Figure 6C) expression of the inhibitory
receptor NKG2A/CD94. Interestingly, the percentage of NKG2A-positive NK cells increased from an
average of 16% to 80%. Interestingly, a high percentage of NKG2A-positive NK cells were also CD107A
negative (Figure 6A).

To be sure that the resulting inactivity of NK cells towards lung epithelial cells expressing
SP1 was determined by HLA-E/NKG2A interaction, we treated the cell culture with anti-HLA-E
or anti-NKG2A/CD94 antibodies. We incubated NK cells for four hours with the SP1-transfected
Beas-2B cell line and evaluated the expression of CD107a in the presence or absence of anti-HLA-E or
anti-NKG2A antibodies. We observed a decrease in CD107a-positive NK cells in the culture condition
with SP1-transfected Beas-2B cells (p < 0.001; Student f test) (Figure 7A,B), which was recovered by the
treatment with anti-HLA-E and anti-NKG2A/CD94 antibodies (Figure 7A,B). As a proof of concept,
the secretion of IFN-gamma was reduced by SP1 treatment (p < 0.01; Student ¢ test) (Figure 7C),
while it was enhanced after the treatment with anti-HLA-E, anti-NKG2A/CD94 antibodies, and GATA
inhibitor (Figure 7C).
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Figure 6. (A) Representative dot plots of NKG2A/CD94 and CD107a expression on the surface of NK
cells after co-culture with Beas-2B transfected with SP1, SP2, and S proteins or control fluorescent
antibody was used as a positive control (null-transfected). (B) The histograms show the mean + standard
deviation percentage of NKG2A/CD9%4-positive cells in three independent experiments. * significant p
values Student ¢ test. (C) Relative ratio of real-time PCR of NKG2A expression in transfected Beas-2B
cells. * significant p values Student ¢ test.
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Figure 7. (A) Representative histograms of NK cell degranulation towards Beas-2B cells transfected
with SP1 protein without or with anti-HLA-E, anti-NKG2A, or anti-isotype control. NK cells were
marked with CD56 and gated as reported in Figure S1C. The degranulation was assessed by CD107a-PE
expression. (B) MFI of CD107a in NK cells after the co-culture with Beas-2B cells transfected with SP1
protein without or with anti-HLA-E, anti-NKG2A, or anti-isotype control. The values are presented as
mean + standard deviation. * significant p values Student  test. (C) Secretion of IFN-gamma evaluated
by ELISA. IL-12 treatment was used as a control of IFN-gamma secretion.

4, Discussion

The gaps in the activation of the immune system during SARS-CoV-2 infection translate into the
severity of the COVID19 disease. Recent studies have documented a modification in the NK cell number
and phenotype [5,8,30]. The total number of NK cells decreased in patients with SARS-CoV-2 infection
and the expression of NKG2A on the surface of NK cells was increased, suggesting an exhausted
phenotype [31,32]. Interestingly, when the patients were rescued after the infection, NKG2A expression
was decreased simultaneously with the increase in the number of NK cells [30]. These results suggest
that SARS-CoV-2 infection might compromise the innate antiviral immunity exhausting NK cells’
functions [33,34].

We evaluated the effect of SARS-CoV-2 spike proteins in the control of NK cell activation.
We considered spike 1 protein, which is involved in the attachment of the virion to the cell membrane
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by interacting with ACE2 receptor [35], and spike 2 protein that mediates the fusion of the virion.
We observed that the extracellular spike proteins from SARS-CoV-2 and SARS-CoV are able to induce
NK cell chemotaxis and activation, via the induction of IFN-gamma secretion in the K562 cell model.
These results are interesting considering the efficacy of IFN-gamma in inhibiting SARS-CoV replication
partly through the downregulation of ACE2 [36]. Our data sustain the role of the immune response of
NK cells during SARS-CoV-2 infection [37]. They would migrate to the infected sites and respond
to viruses producing IFN-gamma, killing virus-infected cells, and boosting the adaptive immune
response with the production of innate proinflammatory cytokine and type I IFNs [5]. The spike
proteins, per se, are not able to affect NK cell activation and IFN-gamma secretion.

Since SARS-CoV-2 infection is mainly localized to lung epithelial cells, where the detrimental
effects of this infection are more evident [4], we evaluated the effect of SARS-CoV proteins on this
cell type.

Surprisingly, we showed that the intracellular expression of 51 protein in lung epithelial cells
reduces the activation of NK cells and their ability to degranulate, which is the opposite pattern to that
observed in K562 cells. These results account for the in vivo observation of a break in the interplay of
lung epithelial cells and immune cells during SARS-CoV-2 infection [37], with a consequent exhausted
immune response [37].

To evaluate the possible mechanisms used by SARS-CoV proteins to control NK cells’ activation,
we considered that the activation of NK cells is partly controlled by the expression of HLA class
molecules, via the interaction with specific NK cell receptors [38]. We evaluated the possible modification
of surface HLA class I molecules on lung epithelial cells. The presentation of pathogen-derived peptides
by HLA molecules and the genetic variability of HLA alleles in human populations account for their
role in the individual responses to SARS-CoV-2 infection and/or progression. We showed that S1 protein
on one side diminished classical HLA class I molecule expression but on the other side upregulated
HLA-E expression. The protein HLA-E is a non-classical major histocompatibility complex molecule
that binds peptides derived from a specific signal sequence [14]. We recognized an SP1-derived
HLA-E binding peptide that might stabilize HLA-E expression on the surface of lung epithelial cells
during SARS-CoV-2 infection. Interestingly, the highest affinity is demonstrated for the HLA-E*0101
allele. HLA-E surface expression conferred cell resistance to NK cell lysis, interacting with the NK
cell inhibitory receptor CD94/NKG2A [14,38]. The involvement of HLA-E in the control of NK cell
activation is confirmed also by the different results observed in K562 and lung cell models. K562 cells
express no HLA molecules, providing no effective molecules to SARS-CoV spike 1 protein in order
to control NK cells. For this, we observed IFN-gamma secretion and NK cell activation also in the
presence of SARS-CoV spike 1 protein in the K562 cell model. On the contrary, lung cells, which express
HLA-E molecules in the presence of SARS-CoV spike 1 protein, are able to inhibit IFN-gamma secretion
and NK cell activation.

Since, it was shown earlier that HLA-E is tightly upregulated through GATA3 response
elements [12], we evaluated the role of this transcription factor. We observed that HLA-E up-modulation
by SP1 is controlled by GATA3 transcription factor. In fact, the treatment with GATA inhibitor reduced
the expression of HLA-E even in the presence of SP1. GATAS3 is a transcription factor that drives
the differentiation of T helper (Th) 2 cells [28], immune regulation [27], and embryonic and adult
non-hematopoietic cells’ differentiation, including the lung [39]. The upregulation of GATA3 mRNA
and protein by SP1 protein might have other important effects on lung epithelial cells that surely deserve
to be evaluated. More interestingly, GATAS3 is not only up-modulated, but it is transcriptional active,
as showed by the induction of mRNA transcription of a GATA3 target gene, as CCL26. The induction
of CCL26 might modify NK cell status. In particular, it has been shown that CCL26 is able induce the
migration of NK cells infiltrated in the epithelial layers of nasal tissue [40]. We hypothesize that SP1
induction of GATA3 and the consequent secretion of CCL26 might induce NK cell migration, as we
previously observed (Figure 1A). Further experiments are necessary to prove this hypothesis.
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Simultaneously, NK cells showed increased levels of NKG2A/CD94 inhibitory receptor in the
presence of SP1 intracellular expression in lung epithelial cells. The percentage of NKG2A-positive
cells increased from the 16% to 80%. These NKG2A-positive NK cells were also CD107a negative,
supporting the role of this inhibitory receptor in the control of NK cell activation in the presence of
SP1. These data are in agreement with the recognized crosstalk between HLA-E and NKG2A/CD9%4,
that induces a higher surface level of HLA-E molecules concurrently with a prevalent expression of
NKG2A receptor on the surface of NK cells [15]. Moreover, the maintenance of NK cell activation
towards K562 cells, even in the presence of SP1, might be associated to the inability of K562 to express
HLA-E molecules [41] and consequently to interact with NKG2A.

The internalization of viral SP1 might induce a cellular stress condition in lung epithelial cells [42],
which can result in endoplasmic reticulum stress and consequent down-modulation of classical
HLA class I molecules and upregulation of the GATA3 transcription factor. The processing of SP1
by proteasome might create HLA-E-specific peptides that enhance HLA-E surface expression and
consequently stimulate NKG2A/CD94 receptors on the surface of NK cells. These aspects deserve
further evaluation and more accurate analysis. Further experiments might also elucidate the possible
interaction of NK cells with the regulation of adaptative immunity, in particular T cell activation.

These new aspects of interaction between SARS-CoV-2 51 protein and the host cells might have
important implications in the pathogenesis of COVID19, providing opportunities for developing new
therapies against SARS-CoV-2. In particular, counteracting the cellular stress, targeting the 51 protein
or using the anti-NKG2A monoclonal antibody monalizumab, currently in use for management of
theumatoid arthritis and several neoplastic disorders [43], might represent new anti-SARS-CoV-2
strategies to enhance the innate immune response at the early stage of the disease, inducing mucosal
immunity that might lead to a long-term protection against SARS-CoV-2 infection [44].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/1975/s1,
Figure 51: (A) Representative dot plots of pre and post NK cell purification from peripheral blood, stained with
CD56-PECy7 and CD3-FITC. (B) NK cell viability in the presence of SP1, SP2 from SARS-CoV-2 or spike protein
(S) from SARS-CoV. (C) Gating strategy for the analysis of NK cell after the co-culture with K562 cells. Cells were
gated for FSC and SSC parameters, selecting singlets and alive cells (7-AAD-). Cell were stained with CD56-PECy7
and CD3-FITC and NK cells were recognized as CD3-CD56+ cells, while K562 cells were CD3-CDb6-cells.
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5.1.1 SARS-CoV-2 vaccination effect on host immune system

The high rate of SARS-CoV-2 transmission in the population through both aerosol and
droplets contaminated surfaces, was one of the main concerns during 2020 pandemic [187,
188].

The increasing need of efficient strategies able to counteract the rapid spread of SARS-CoV-
2 infection, led to the identification of possible specific treatments against SARS-CoV-2
infection [351] and to the synthesis of anti-COVID-19 vaccines [299].

SARS-CoV-2 vaccination process reproduces SARS-CoV-2 infection in the host, inducing
antibodies production and the develop of immune memory, to ameliorate infection
associated adverse outcomes [352]. An effective humoral immune response to vaccination
is characterized by the induction of high affinity and long-lasting protective antibody
responses, consisting in IgM/IgG anti-Spike and IgM/IgG anti-Spike-RBD released by
plasma cells [353]. Despite the evaluation of humoral immunity represents the gold standard
in the determination of vaccination efficacy [354], also cellular-mediated immunity is
fundamental [290].

Concerning the importance of vaccination in the SARS-CoV-2 defense, we evaluated the
levels of Spike-binding and neutralizing antibodies against SARS-CoV-2 in healthy
volunteers, at nine months after the second vaccination dose and one month after the booster
dose with Comirnaty Pfizer vaccine (/355], paper attached), in association to IFN-y secretion
and T cells phenotype, when exposed to SARS-CoV-2 VOCs.

Thus, in our study we reported that the booster dose induced a significant increase in Spike-

binding and neutralizing antibody amount one month after the booster dose and an early
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activation of memory CD8+ T subset (/355], paper attached). Moreover, after the booster
dose, we showed an increase of IFN-y secretion by T lymphocyte when exposed to viral
Spike variants. We reported that Wuhan Spike variant challenge induced the highest increase
in both nine months after the second vaccination and booster dose, compared with Alpha,
Delta and Omicron stimulation.

Our results suggested the importance of booster dose of vaccine. However, the Wuhan VOC
efficacy in enhancing T cell activation suggests the presence of immune imprinting related

to vaccine, that boost the initially immune responses (/355], paper attached).
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Vaccines against SARS-CoV-2 ameliorate infection and adverse outcomes from SARS-CoV-2. Elicitation of
high affinity and durable protective antibody responses is a hallmark of a successful humoral immune
response to vaccination. To assess the relevance of serum levels of SARS-CoV-2 specific antibodies and
to further characterize the immune response to SARS-CoV-2 vaccines, we report i) the levels of spike-
binding and neutralizing antibodies to SARS-COV-2 in the sera of 30 healthy volunteers at nine months
after the second vaccination dose of mRNA vaccine and one month after the booster dose; ii) the levels
of IFN-y production by blood T cells exposed to SARS-CoV-2 spike antigen (Wuhan, Alpha B.1.1.7, Delta
B.1.6172, and Omicron B1.1.529 variants); and iii) the specific phenotype of T cells related with exposure
to SARS-CoV-2 spike antigen. We observed that the booster dose induced increased humoral and adaptive
immune responses and led to early activation of the memory CD8+ T subset.

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY-NC-ND license
( http:/fcreativecommons.org/ licensesfby-nc-nd/[4.0/)

Introduction

Vaccines against SARS-CoV-2 prevent infection and adverse
outcomes from SARS-CoV-2 (Olliaro et al, 2021). Elicitation of
high affinity and durable protective antibody responses is a hall-
mark of a successful humoral immune response to vaccina-
tion (Turner et al, 2021). Antibody responses decline sharply
at six months, particularly after SARS-CoV-2 mRMNA vaccines
(Collier et al, 2021). A recent study showed that after 20 weeks
or more, the vaccination with two doses is effective against
COVID-19-related hospitalization and death with a waning of the
clinical protection in older adults and fragile/co-morbid patients
(Andrews et al., 2022).

Methods

To assess the relevance of serum levels of SARS-CoV-2 specific
antibodies and to further characterize the immune response to
SARS-CoV-2 vaccines, we report i) the levels of spike-binding and

* Corresponding authors: Roberma Rizzo, University of Ferrara, Department of
Chemical, Pharmaceurical and Agriculrural Sciences; Via Luigi Borsari, 46 - 44121
Ferrama, Ialy.

# (Corresponding authors: Marco Conmoli, University of Ferrara, Department of
Translational Medicine; Via Luigi Borsari, 46 - 44121 Ferrara, lraly.

E-mail addresses; rbri@unife.ir (R Rizzo), marco.contoli@unife it (M. Contoli),

hirps: [fdos.orgl 10,1006 1jid 2022 06,020

neutralizing antibodies to SARS-CoV-2 in the sera of 30 healthy
volunteers at nine months after the second vaccination dose of
mRNA vaccine (Comirnaty; Pfizer Australia Pty Ltd) and one month
after the booster dose (Table 1); ii) the levels of Interferon-y (IFN-
¥ ) production by blood T cells exposed to SARS-CoV-2 spike anti-
gen (Wuhan, Alpha B1.1.7, Delta B.1.617.2, and Omicron B1.1.529
variants); and iii) the specific phenotype of T cells induced by
SARS-CoV-2 spike antigen presentation. The extensive methods are
reported in the Supplementary Materials.

Results

High variability of spike-binding and neutralizing antibody lev-
els was found in the sera of healthy donors nine months after the
second vaccination (Figure 1A, B). Both spike-binding and neutral-
izing antibody levels significantly increased one month after the
booster dose (Figure 1A, B). These data confirm that the booster
dose is effective in enhancing the levels of spike-binding and neu-
tralizing antibodies.

Because the specific adaptative immune response is a key ele-
ment in the protective immune response to vaccines (Teijaro and
Farber, 2021), we investigated the T cell responses to spike pro-
teins from SARS-CoV-2 variants by measuring the percentage of T
lymphocytes releasing IFN-) when ex-vivo exposed to SARS-CoV-2
spike antigens. After the booster dose, we observed that the T lym-

1201-9712/@ 2022 The Authors, Published by Elsevier Lod on behalf of Internarional Sociery for Infecrious Diseases. This is an open access amicle under the CC BY-NC-ND

license (hrrp: /{crearivecommons,orgl licenses/by-nc-nd/4.0{)
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Figure 1. (A) Levels of anti-spike SARS-CoV-2 RBD IgG (Ab) in the plasma samples of 30 healthy individuals nine months after the second vaccination and one month after
the booster dose. The results are reported as mean + SD. P-values were evaluated by Student’s f-test. (B) Percentage of inhibition of SARS-CoV-2 infection of Calu-3 (ATCC
HTB-55) human lung cell line in the presence of patients' plasma samples of 30 healthy individuals nine months after the second vaccination and one month after the booster
dose. The results are reported as mean + SD. P-values were evaluated by Fisher's exact test. (C) Number of IFN-y secreting T lymphocytes obtained from peripheral blood of
30 healthy individuals nine months after the second vaccination and one month after the booster dose, stimulated with Wuhan, Alpha B.1.1.7, Delta B.1.617.2, and Omicron
B1.1.529 variants. The results are reported as mean £ SD. P-values were evaluated by Student’s t-test. Percentage of (D) naive T cells (CD3+CD45RA+) and (E) memory T cells
(CD3+CD45R0+) untreated or stimulated with Wuhan, Alpha B.1.1.7, Delta B.1.617.2, and Omicron B11.529 variants. T lymphocytes were obtained from peripheral blood of
30 healthy individuals one month after the booster dose. The results are reported as mean + SD. P-values were evaluated by Fisher's exact test. Percentage of (F) CD69 and
(G) perforin positive memory T cells lymphocytes obtained from peripheral blood of 30 healthy individuals nine months after the second vaccination and one month after
the booster dose and stimulated with Wuhan, Alpha B.11.7, Delta B.1.617.2, and Omicron B1.1.529 variants. The results are reported as mean £ SD. P-values were evaluated
by Fisher's exact test.

IFN-y = Interferon-y; 1gG (Ab) = Immunoglobulin G Antibody; RBD = Receptor-Binding Domain; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

Table 1 found differences in response to the different SARS-CoV-2 variants.
Demographic and clinical characteristics of the study population. Activated (CD69+) memory T cells percentage was increased af-
Female, % (n) 50 (15) ter the booster dose when challenged with Wuhan, Delta B.1.617.2,
Age (years), mean (SD) 38 (10) and Omicron B1.1.529 variants (Figure 1F; P <0.001, Fisher's ex-
;';;ll'(:r“;“(n";"m“ %) :]“(%’(30) act test). The Wuhan variant challenge induced the highest per-
Co-morbidities % (n) 0 (0) centage of a(‘[]\l’i‘lﬂ!d‘ memory T cells, in bc!th nine months after
mRNA vaccine’ % (n) 100 (30) the second vaccination and booster dose time points, compared
Blood sampling after second immunization (months + SD) 9 £ 0.2 with the Delta B.1.617.2 and Omicron B1.1.529 variants challenge
Blood sampling after booster dose (months + SD) 1201 (Figure 1F; P <0.001; Fisher's exact test). Activated memory T cells
SD = standard deviation. percentage was not increased by the booster dose when challenged
* All the subjects received three doses of Comirnaty (Pfizer Australia Pty with the Alpha B.1.1.7 variant but maintained the levels reached
Ltd). nine months after the second vaccination dose (Figure 1F). Simi-

larly, the perforin+ memory T cells percentage was increased af-
ter the booster dose when challenged with Wuhan, Delta B.1.617.2,
phocyte IFN-y production was significantly enhanced toward all and Omicron B1.1.529 variants (Figure 1G; P <0.001, Fisher's exact
four SARS-CoV-2 spike variants (Figure 1C). These data further em- test). The Wuhan variant challenge induced the highest percentage
phasize the importance of the booster dose to reactivate humoral ~ perforin+ memory T cells, in both 9 months after the second vac-
but also cellular-mediated immune response to the vaccine. cination and booster dose time points, compared with the Delta
CD8+ T cells are recognized to have an important role in vi-  B.1617.2 and Omicron B1.1.529 variants challenge (Figure 1G; P
ral eradication, including SARS-CoV-2 (Rha and Shin, 2021), and <0.001; Fisher’s exact test). The perforin+ memory T cells percent-
the induction of memory CD8+ T cells (i.e., expressing CD45R0)  age was slightly increased by the booster dose when challenged
(Tomiyama et al., 2002) is important for the effectiveness of vac- with the Alpha B.1.1.7 variant (Figure 1G). These data indicate that
cines (Turner et al, 2021). Therefore, we further evaluated T at one month after the booster dose, there are no increased levels
lymphocyte responses by measuring naive (CD45RA+) and mem- of memory CD8+ cells, but the repeated doses lead to early acti-
ory (CD45R0+) CD3+4CD8+ blood cells and the expression in vation of these cells toward SARS-CoV-2 spike variants.
these cells of surface CD69 and intracellular perforin as mark-

ers of early activation (Sancho et al., 2005) and cytotoxic activ- Discussion
ity (Voskoboinik et al, 2015), respectively. After stimulation of
blood samples with spike variants, we found no difference in the Vaccines are important for public health, and the World Health

proportion of naive versus memory cells one month after the Organization estimates that SARS-CoV-2 vaccination is preventing
booster dose compared with 9 months after the second vaccination millions of deaths (World Health Organization, 2021). However,
(Figure 1D, E). However, when we looked at T cell activation, we vaccination always raises concerns about the real efficacy of the
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immune response. We evaluated the levels of spike-binding and
neutralizing antibodies to SARS-CoV-2 at nine months after the
second vaccination dose of mRNA vaccine and one month after
the booster dose (Comirnaty; Pfizer Australia Pty Ltd). We observed
that both spike-binding and neutralizing antibody levels were sig-
nificantly increased one month after the booster dose, confirming
the efficacy of the booster dose in enhancing the levels of spike-
binding and neutralizing antibodies.

Because the specific adaptative immune response is a key el-
ement in the protective immune response to vaccines (Teijaro and
Farber, 2021), we investigated the T cell responses to spike proteins
from SARS-CoV-2 variants by measuring the percentage of T lym-
phocytes releasing IFN-y when ex-vivo exposed to spike antigens
from different SARS-CoV-2 variants (Wuhan, Alpha B.1.1.7, Delta
B.1.617.2, and Omicron B1.1.529). We observed an increased pro-
duction of IFN-y by T lymphocytes obtained after the booster dose
and challenged with the four SARS-CoV-2 variants.

The challenge with the different SARS-CoV-2 variants did not
affect the percentage of naive and memory T cells. Wuhan, Delta
B.1.617.2, and Omicron B1.1.529 spike variants enhanced the acti-
vation (CD69+perforin+) of memory T cells obtained one month
after the booster dose. The Wuhan variant challenge induced the
highest increase in the percentage of activated T cells, in both
9 months after the second vaccination and booster dose time
points, compared with the Delta B.1.617.2 and Omicron B1.1.529
variants challenge. The Alpha B.1.1.7 variant challenge slightly in-
duced memory T cell activation.

In conclusion, the mRNA booster vaccine expressing Wuhan-
Hu-1-like antigens induces increased neutralizing antibodies and
enhanced memory T cell activation toward all the analyzed vari-
ants (Wuhan, Alpha B.1.1.7, Delta B.1.617.2, and Omicron B1.1.529).
The efficacy of the Wuhan variant in enhancing memory T cell acti-
vation suggests the presence of a vaccine-related immune imprint-
ing, which boost the immune responses to the viral variant initially
encountered by the immune system. These data are of extreme
importance, suggesting a decreased efficacy of the Wuhan-Hu-1-
like antigens-based vaccine toward the new viral variants, sustain-
ing the need for updated vaccine-encoding sequences from one or
more circulating variants. These data are still optimistic, as most
vaccine-elicited T cell responses remain capable of recognizing all
known SARS-CoV-2 variants. Nevertheless, it is of extreme impor-
tance to maintain strict surveillance of the variant evolution that
could result in further reduction of T cell responses.
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Although NK cells are traditionally considered as component of the innate immune system,
they can also exhibit similar features to adaptive lymphocytes. In this terms, memory-like
NK cells are a specific subset of innate cells, that can be generated after viral infectious
diseases [356]. Similarly to T and B lymphocytes, activation of memory-NK cells during
viral infection consists in an “education” process after the recognition of viral antigen [356].
This process interests CD56dim NK cells, that change their immunophenotype by the
expression of maturation, activation and differentiation surface markers, namely CD57
[357], CD69 [358] and CD127 [359], respectively. Memory-NK cells maturation is also
followed by the increase of NKG2C receptor expression, to encourage NK cells-mediated
protection through the increase of their signaling, activation, proliferation and cytotoxicity
[360].

In particular, SARS-CoV-2 vaccination might be effective in restoring NK cells functions to
avoid immune depletion caused by virus. In fact, several studies have demonstrated that the
BNT162b2 Comirnaty (Pfizer Australia Pty Ltd) vaccine promotes cellular and humoral
immune activation, including the expansion of NK cells [361, 362].

These evidences are the basis of our study, in which we analyzed the correlation between
the effect of Comirnaty (Pfizer Australia Pty Ltd) vaccine and the activation of circulating
NK cells, especially one month after the booster dose (/363], paper attached). In vaccinated
patients, we observed that one month following the booster dose there was an enriched in:
a) NK cells with memory-like features (CD56dimCDS57+ cells), b) differentiation marker
CD127+ expression, and ¢) CD107a+ and/or Granzime-B secreting cells. The increase in
NK cells Granzime-B secreting levels was revealed mostly after the stimulation with the
Spike protein of Wuhan SARS-CoV-2 variant. In addition, NK CD56dim cells revealed a
major expression of NKG2A, NKG2C, and NKG2D receptors (/363], paper attached).

139



Reference 363

Front. Biosci. (Landmark Ed) 2023; 28(7): 156

Landmark hitpe:/idor org/10 31083 BS071S6

Original Research

Natural Killer Cells in SARS-CoV-2-Vaccinated Subjects with
Increased Effector Cytotoxic CD56%™ Cells and Memory-Like
CD57"NKG2CTCD56™ Cells

Valentina Gentili’»'©, Daria Bortolotti’:'®, Luca Morandi?(’, Sabrina Rizzo!
Giovanna Schiuma!®, Silvia Beltrami'®, Fabio Casciano®®, Alberto Papi®
Marco Contoli®®, Giorgio Zauli*+©, Roberta Rizzo!*:

1Department of Chemical, Pharmacentical and Agricultural Seiences, University of Ferrara, 44121 Ferrara, Italy
2 Pulmonology Unit, University Hospital of Ferrara, 44121, Ferrara, Italy
SDq:lam:n.ent of Translational Medicine and LTTA Centre, University of Ferrara, 44121 Ferrara, Italy
4Research Department, King Khaled Eye Specialistic Hospital, 11462 Riyadh, Saudi Arabia
*Correspondence: rbridumife it (Roberta Rizzo)
t These authors contributed equally.
£ These authors contributed equally.
Academic Editor: Amedeo Amedel
Submitted: 7 April 2023 Rewvised: 15 May 2023  Accepted: 12 June 2023  Published: 31 July 2023

Abstract

Background: The infection and negative effects of the SARS-CoV-2 (severe acute respiratory syndrome coronavims) virus are mitigated
by vaccines. It is unknown whether vaccination has worked by eliciting robust protective innate imnnme responses with high affinity.
Methods: Twenty healthy volunteers received three doses of Comirnaty (Pfizer Australia Pty Ltd)) and were evaluated 9 months after
the second vaccination and 1 month after the booster dose. The exclusion criteria were the presence of adverse effects following the
vaccinafion, a history of smoking, and heterologous immunization. The inclusion criteria were the absence of prior Coronavirus Disease
(COVID)-19 history, the absence of adverse effects, and the absence of comorbidities. Specific phenotype and levels of CD107a and
granzyme production by blood NK (natural killer) cells were analyzed after exposure to SARS-CoV-2 spike antigen (Wuhan, Alpha
B.1.1.7, DeltaB.1.617 .2, and Omicron B1.1.529 vanants), and related with anti-SARS-CoV-2 antibody production. Results: The booster
dose caused early NK CD56%™ subset activation and memory-like phenotype. Conclusions: We report the relevance of the innate immune
response, especially NK cells, to SARS-CoV-2 vaccines to guarantee efficient protection against the infection following a booster dose.

Keywords: SARS-CoV-2; vaccine; innate response; NK cell

1. Introduction ceptor (FAS) ligand (FasL) [6] and Tumor Necrosis Fac-
tor (TNF)-related apoptosis-inducing ligand (TRAIL) [7,8],
NK cells can destroy the target. This stimulates the signal-
ing of the extrinsic apoptotic pathway NK cells can also
release chemokines and pro-mnflammatory cytokines such
as Interferon (IFN)-gamma, TNF-beta, and granulocyte-
macrophage colony-sttmulating factor (GM-CSF) [9]. By
encouraging pro- or anti-inflammatory tendencies as a dis-
ease progresses, NK cells exhibit functional plasticity [9].
Peripheral blood contains about 10-15% of human
NK cells, which are recognized phenotypically by the pres-
ence of CD56 and CD16 on their surfaces and the absence of

The severe acute respiratory s COTONavirus,
sometimes known as SARS-CoV-2 (severe acute respi-
ratory syndrome coronavirus), 1s vaccine-preventable [1].
High affinity and persistent protective antibody responses
indicate an efficient humoral mmune response to vacci-
nation [2]. By six months, there 1s a significant reduction
in antibody responses, especially after vaccinations against
SARS-CoV-2 mRNA [3].

A recent mvestigation found that the protection
against Coronavirus Disease (COVID)-19-related hospital-

1zation and death started to decrease in older adulis and
patients with weak or numerous medical conditions af-
ter 20 weeks [4]. Natural killer (NK) cells are essen-
tial for antiviral immunity. Virally infected host cells can
be killed by NK cells by tnggering apoptosis in various
ways. Two of the protemns that 1t can first exocytose are
perforin and granzymes, and when they interact, they can
cause the target cell to undergo apoptosis [5]. By express-
ing the executioner molecules Fas cell surface death re-

CD3. Based on the surface expression of CD56 and CD16,
two subgroups of NK cells have been discovered 1n humans:
CD56(+)e/CD16(-) cells and CDS6(+)"02/CD16(dim)
cells. These categories are unique from one another in
terms of function and homing abilities, 1n addition to phys-
ical characteristics. While CD56(+)"*/CD16(-) cells are
mainly found in lymph nodes and inflammatory areas,
CD56(+)¥=/CD16(+)e cells are principally cytotoxic
and detected in peripheral bloed [10].

r@m Copyright: © 2023 The Author(s). Published by IMR. Press.
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Increased evidence suggests that the SARS-CoV-2 in-
fection may affect the tissue distribution and effector ca-
pabilities of NK cells and that a rapid NK cell response
may determine a patient’s clinical outcome. However, more
research is required to pinpoint the precise role of NK
cells in the pathophysiology of COVID-19. Patients who
have SARS-CoV-2 infection experience lymphopenia as a
symptom. In patients with severe infections. neutrophils
and monocytopenia frequently coexist with this lymphope-
nia [11]. Numerous independent studies revealed that the
amount of NK cells in the bloodstream is also influenced
by the SARS-CoV-2 infection [12,13] without differences
in the location of NK cell subsets. This decrease in circu-
lating NK cells appears to be related to the illness’s severity
and the acute stage [14,15]. NK cell counts gradually de-
crease in patients with a fatal course of the illness following
the onset of symptoms. contrary to what has been demon-
strated for T and NK cell numbers, which are increased in
the latter stages of the illness [12,13,16]. According fo re-
cent studies, the quantity of NK cells in hospitalized pa-
tients and the rate of viral load reduction are directly re-
lated. Circulating NK cell counts may be used as a prog-
nostic clinical parameter to predict the course of COVID-
19. Patients with “normal” (>>40 cells/L) NK cell numbers
experience a faster decline in viral load than patients with
“low™ (40 cells/L) NK cell numbers, regardless of the clin-
ical status. If is tempting to assume that the SARS-CoV-2
vaccination would be successful in restoring NK cells and
their function, given the decreased frequency of NK cells
seen in COVID-19 patients. Clinical studies have demon-
strated that the BNT162b2 mRNA vaccine boosts cellular
and humoral immunity, including the expansion of NK cells
[17,18].

In this study, we tracked the development of circulat-
ing NK cells after Comirnaty (Pfizer Australia Pty Ltd) vac-
cination, concentrating on the activation of NK cells, given
their relevant role in infection control.

2. Materials and Methods
2.1 Study Population

Twenty healthy volunteers were enlisted for the study.
The exclusion criteria were the presence of adverse effects
following the vaccination, a history of smoking, and het-
erologous immunization. The inclusion criteria were the
absence of prior COVID-19 infection, the absence of ad-
verse effects, and the absence of comorbidities. Following
approval by the Area Vasta Emilia Centro della Regione
Emilia-Romagna (CE-AVEC) ethics committee (protocol
# 122/2021/0ss/AOUFe), samples were obtained with in-
formed consent. Table 1 lists the demographic characteris-
tics.

2.2 Human PBMC's Isolation

Peripheral blood mononuclear cells (PBMCs) col-
lected 9 months after the second vaccination and 1 month
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after the booster dose with mRNA vaccines were isolated
from the whole blood of healthy donors by centrifuga-
tion using Lymphocyte separation medium (LSM: Corning;
Merck Life Science S.r.1., Milan, Italy).

Table 1. Demographic and clinical characteristics.

Female. n (%) 50 (10)
Age (years), mean (SD) 36 (10)
Smoker. n (%) 0(m
Comorbidities n (%) 0(m
mRNA vaccine® 20 (100%)
Blood sample after second immunization (months £ SD) 9.0 £ 0.15
Blood sample after booster dose (months £ SD) 1.0+0.12

*All the subjects recerved three doses of Comirnaty (Pfizer Australia

Pty Ltd.).

2.3 Antigen Presenting Cell Preparation and Anfigen
Loading

LSM (Corning; Merck Life Science S.rl. Milan,
Italy) was used to separate peripheral blood mononuclear
cells (PBMCs) from whole blood of healthy donors 9
months after the second vaccination and 1 month after the
booster dose with mRNA vaccines. Cells were plated at a
density of 1 x 108 cells/mL in a T-25 flask and allowed to
adhere for 2 h at 37 °C. Nonadherent cells were removed
and used to obtain NK cells.

For five days, adherent cells were grown in specific
media (CellGro DC, CellGenix; Freiburg, Germany) with
1000 IU/mL of GM-CSF (granulocyte-macrophage colony-
stimulating factor) and 50 ng/mL of IL-4 (interleukin-4)
(R&D System). Three spike protein antigens (Wuhan, Al-
pha B.1.1.7, Delta B.1.617.2, and Omicron B1.1.529 full-
length spike protein, BioServ, Flemington, NJ, USA) were
added to the antigen-presenting cells on day 4 at a con-
centration of 40 pg/mL for 24 h. Tumor necrosis factor-
alpha (20 ng/mL), interleukin-1 (10 ng/mL), and interferon-
gamma (1000 IU/mL) were used to stimulate the final anti-
gen following cell maturation for two days [19].

2.4 NK Cell Purification and Stimulation

According to product instructions, NK cells were
extracted from peripheral blood samples using the posi-
tive magnetic cell separation technique (Miltenyi Biotech,
Gladbach, Germany). According to flow cytometry results
using CD56-PerCp-Cy5.5 and CD16-FITC moAbs from e-
Bioscience in Frankfurt, DE, the NK cell concentration was
>90% (data not shown). Autologous pure NK cells were
added at a rate of 1.5 x 105/well for 4 h to allow for NK-
cell stimulation after plating 1.5 x 10%/well spike-loaded
antigen-presenting cells into a 12-well plate. As a positive
control, NK cells were treated with 25 ng/mL PMA (Sigma,
St. Louis, MO, USA) and 1 pM ionomycin (Sigma, St.
Louis. MO, USA).
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2.5 Granzime ELISpot Assay

A total of 10° stimulated NK cells were placed into
microplates in a humidified 37 °C CO3 incubator for 24 h.
Granzime-B release was quantified by the Human Granz-
ime B ELIspot assay (R&D Systems, Milan, Italy).

2.6 Flow Cytometry Analysis

Autologous pure NK cells were stimulated with spike-
loaded antigen-presenting cells, as reported in Section 2.4.
As a positive control, NK cells were treated with 25 ng/mL
PMA (Sigma, St. Louis, MO, USA) and 1 pM iono-
mycin (Sigma, St. Louis, MO, USA). NK cells were
stained with the following antibodies (Biolegends): APC
mouse anti-human CD3, PerCP-vio700 mouse anti-human
CD56, FITC mouse anti-human CD16, PE mouse anti-
human NKG2A, NKG2D, NKG2C, CD127, and CD57.
The samples were incubated for 30 minutes with the
moAbs or anti-isotype controls (Exbio, Praha, CZ) in ice,
washed, and analyzed with FACS Aria flow cytometer
and FlowJo software (Becton Dickinson, San Jose, CA,
USA), acquiring 10,000 events. Lymphocytes were identi-
fied according to forward/side scatter profile, and NK cells
(CD3~/CD567) were defined and gated within the lympho-
cyte gate (Supplementary Fig. 1b). Cell viability was as-
sessed by propidium iodide staining. CD107a degranula-
tion assay was performed after 1 h of incubation at 37 °C
and 3 h of treatment with Golgi Stop solution (Becton Dick-
inson, San Jose, CA, USA).

2.7 Anti-Spike RBD IgG Quantification

Plasma samples collected from vaccinated control
subjects were evaluated by commercial ELISA assay for
anti-RBD (receptor binding domain) IgG levels (Ther-
moFisher Scientific, Milan, Italy), following assay proto-
cols. Anti-spike RBD IgG was considered specific for
SARS-CoV-2 spike protein when a ratio >1.3 compared to
the calibrator was obtained.

2.8 Neutralization Rate Evaluation

In vifro testing was done to determine the anti-SARS-
CoV-2 infection-specific anti-spike antibodies’ neutraliz-
ing power [20]. The SARS-CoV-2 inoculum was donated
by Prof. Caruso of the University of Brescia in Italy and
was isolated from a nasopharyngeal swab taken from a pa-
tient with COVID-19 (a Caucasian man of Italian descent,
genome sequences available at GenBank (SARS-CoV-2-
UNIBS-AP66: ERR4145453). This SARS-CoV-2 isolate
belonged to the B1 clade, which also comprises the majority
of Italians and sequences from other European and Amer-
ican nations. Plaque assay was used to measure the virus
titer in Vero EG6 cells, as previously mentioned [12]. Patient
plasma samples were used to cultivate Calu-3/SARS-CoV-
2-infected cells. The viral load was determined by real-time
PCR for the SARS-CoV-2 genome performed on RNA ex-
tracted from cell supernatants, compared to infected con-
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trols. The neutralization was reported as the decreased viral
load percentage.

2.9 Viral RNA Detection

RNA extraction was performed by using the Mag-
MAX Viral/Pathigen Nucleic Acid Isolation kit (Ther-
moFisher, Italy) according to the manufacturer’s instruc-
tions, 48 h post-infection (hpi) [21]. SARS-CoV-2 titra-
tion was performed by RealTime-PCR with the TagMan
2019nCoV assay kit v1 (ThermoFisher, Italy).

2.10 Statistical Analysis

Statistical analysis was performed by a parametric ap-
proach for the normal distribution, as assessed using the
Kolmogorov—Smirnov test. Fisher’s exact test was used to
compare percentage frequencies, and Student’s f-test was
used to compare variables. Spearman’s correlation test was
used to evaluate linear regression. A value of p < 0.05 was
accepted as statistically significant. The statistical analysis
was performed by GraphPad software version 9 (Dotmatics,
Boston, MA, USA).

3. Results
3.1 Spike-Binding and Neutralizing Antibody Levels

The sera of healthy donors showed significant spike-
binding and neutralizing antibody variability following a
second immunization (Fig. la.b). We observed an in-
crease in the spike-binding and neutralizing antibody levels
1 month after the booster dose (Fig. 1a.b) (Student’s f-test,
Fisher’s exact test, p = 0.001 respectively), demonstrating
the success of the booster dosage in enhancing the humoral
response towards SARS-CoV-2.

3.2 NK Cell Activation and Immunophenotype

We examined the immunological profile of NK cells
nine months after the second vaccination and 1 month af-
ter the booster dose since the innate immune response is
an important part of the protective immune response to in-
fections [22.23]. Between 9 months after the second vac-
cination and 1 month after the booster dose, we detected
no variation in the frequency of CD3~CD161CD56%™ and
CD3~CD16~CD56" ! cells (data not shown). Fig. 2a
shows the enrichment of CD16+CD56%™ NK cells ex-
pressing NKG2A, NKG2C, and NKG2D 1 month after the
booster dose (Fig. 2a—c) as compared to 9 months after
the second vaccination (p = 0.001; Fisher’s exact test). At
1 month after the booster dose, CD127, a differentiation
marker, was more commonly seen in CD16~CD56"E NK
cells than at nine months following the second immuniza-
tion (Fig. 2d) (p = 0.001; Fisher’s exact test). There was
no evidence of CD127+ expression in CD16+CD56%™ NK
cells. Compared to the group that received the booster dose
nine months after the first vaccine, highly mature CD57+
NK cells were especially abundant among CD16TCD56%m
NK cells (Fig. 2e) (p = 0.001; Fisher’s exact test). There
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was no evidence of CD57 expression in CD16~CD56™ght
NK cells. Additionally, in the month after the booster dose
(Fig. 2d) (p = 0.001; Fisher’s exact test), the percentage of
CD167CD56%™CD69™ NK cells increased.

The results revealed considerable differences in NK
surface markers expression 1 month after the booster
dose, including a high level of NKG2A/C/DT and
CD57t in CD56®™CD161 NK subsets and an increase of
CD16~CD56™MCD 127+ NK cells.

@9 IMR Press

3.3 Expansion of NKG2C and CD57+ NK Cells, and
SARS-CoV-2 Levels of Seropositivity

Since there is evidence that at least some NK-cell sub-
sets, such as the rise in NKG2CTCD57" NK cells after
viral infection, are involved in the adaptive immune re-
sponse to particular antigens [19,21]. we looked at the re-
lationship between CD16TCD56%™NKG2CT or CD57+
NK cell numbers and SARS-CoV-2 seropositivity. In
the 1-month post-booster dose group, the percentages of
CD161CD56NKG2CT or CD161CD56%PCD577 cells
(Fig. 2h.i) were significantly linked with the SARS-CoV-2
serology (r2: 0.88, 0.87, respectively; Spearman’s correla-
tion test).
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3.4 Activation Markers in NK Subsets

We determined how frequently NK cells with
CD16CD56™8 and CD167CD56%™ phenotypes re-
leased Granzime-B and degranulated (expressed CD107a)
after being stimulated by Spike. When compared
to 9 months after the second wvaccination, the group
that received the booster dose showed enrichment of
CD16TCD56MMCD107a™ cells, with the Wuhan variant
reaching a frequency of 46%, followed by the AlphaB.1.1.7
(37%), Delta B.1.617.2 (35%), and Omicron B1.1.529
(29%: Fig. 3a). Following 1 month in the booster group,
CD16~CD56"EMCD107at cells were most frequently ob-
served (76%). and they were less frequently observed
(34%), (25%) and (23%), respectively, 1 month after chal-
lenges with the variants Alpha B.1.1.7, Delta B.1.617.2,
and Omicron B1.1.529 in Fig. 3b. In a similar manner,
the percentage of Granzime-B™ NK cells increased after
the booster dose when challenged with the Wuhan, Alpha
B.1.1.7. Delta B.1.617.2, and Omicron B1.1.529 variants
(Fig. 3b; p = 0.001, Fisher’s exact test), with the Wuhan
variant inducing an increased percentage of Granzime-B™
NK cells in both the 9 months following the second vacci-
nation and the booster dose time points (Fig. 3b; p0.001).

The 1-month post-boost dose group showed
enrichment of both CD56™#CD16-CD107a* and
CD56%™CD16* Granzime-B* NK cells.

4. Discussion

The elimination of viruses such as SARS-CoV-2 is
known to be significantly assisted by NK cells [24]. The
production of activated NK cells (i.e., expressing CD69
and CD107a) is essential for the success of vaccines. In
order to further evaluate NK cell activity, we evaluated
CD3~CD16+CD356%™ and CD16~-CD56™ blood cells,
as well as the expression of surface receptors and activa-
tion markers in these cells [25].

One month following the booster dose, we identified a
unique NK-cell profile that was enriched for maturing NK
“memory” CD56%MCD57+ cells [26], immature CD127+
expression [27,28], and CD107a™ and/or Granzime-B se-
creting cells. Inaddition, the patients had CD56%™ cells that
expressed NKG2ZATNKG2CTNKG2D™". These findings
showed that after receiving the booster dose for a month,
the participants had an unusually activated NK-cell profile,
most likely as a result of long-term exposure to SARS-CoV-
2.

After one month of a booster dose, CD127 (IL-7 re-
ceptor chain) expression on CD56™EM NK cells increased.
This was a recognizable change to the NK-cell surface
marker. The prospect of dynamic replacement in NK cells
is increased by the hypothesis that CD127% NK cells are
derived from the thymus. A subgroup of NK cells that
express CD127 in mice lymph nodes is also thought to
originate from the thymus [27]. Studies have documented
the accumulation of immature CD127T NK cells in mice

with developing tumors or those with persistent viral infec-
tions [28]. More studies are required to evaluate whether
CD56"# D127 NK cells in the peripheral blood of hu-
mans may be cells migrating from the thymus and homing
to other sites.

NKG2D is an activating receptor essential for the
antiviral and anticancer functions of NK cells. NK-cell
CD56%™ subsets exhibited a significant increase in NKG2D
expression one month after the boost dose. This finding
may be related to SARS-CoV-2 resistance. SARS-CoV-
2 S protein peptides that interact with the NKG2D recep-
tor have been found through the use of in silico analysis.
Covl and Cov2 were able to bind to NKG2D receptors and
NK cells, respectively. These peptides induced NK cyto-
toxicity against lung cancer cells and promoted interferon-
gamma secretion by NK cells by phosphorylating Vavl, a
downstream-signaling protein of NK activation genes [29].

Individuals showed increased Granzime-B synthesis
one month after the boost dose, as well as increased CD69
expression, a hallmark of cell activation [30], in CD56%™
NK cells, and CD107a degranulation [31] in both CD56%m
and CD56MEM NK cells. Despite the fact that the CD560right
subset is normally thought to be more secretory, the propor-
tion of CD107a™ cells significantly increased. It is impor-
tant to note that the four different SARS-CoV-2 genotypes
that were evaluated increase the production of CD107a and
Granzime-B. These results suggest that different NK-cell
subsets may activate to different degrees in the peripheral
blood following a booster dosage and subsequent interac-
tion with SARS-CoV-2 variants.

The purpose of NK cells that simultaneously express
numerous receptors is unknown; however, it is most likely
involved in the activation or inhibition of NK-cell subsets.
It has been noted that SARS-CoV-2 causes an increase in
HLA-E expression [32], which causes NK cells to per-
form less effectively for protection against the virus. It's
intriguing to observe that 1 month following the booster
dose, CD57 and NKG2C were substantially expressed on
CD56%™ NK cells, and there was a clear correlation be-
tween this expression and IgG titers for SARS-CoV-2. We
hypothesize that repeated anti-SARS-CoV-2 vaccinations
are what led to the establishment of memory-like NK cells
following the booster dosage, which has not yet been de-
scribed.

5. Conclusions

Activating profiles with enhanced NKG2D™ expres-
sion and an increased percentage of CD107a™ and Granz-
ime B-expressing cells within both the CD56%™ and
CD56"Et NK-cell subsets were detected in patients 1
month after the first dosage. The presence of memory-
like CD56%™CD57TNKG2C cells, an activating pheno-
type, as well as the increase in CD127 expression in NK
CD56"E cells, confirm a high frequency of immature and
thymic-derived cells. More research is needed to determine
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how the immune system reaction to SARS-CoV-2 is influ-
enced by the expression of activating/inhibitory receptors
on cytotoxic CD56% and CD56%™ NK cells and regu-
latory CD56"1M NK cells. These findings are encouraging
since the majority of vaccine-induced NK cell responses are
still able to distinguish between various SARS-CoV-2 vari-
ants. Nevertheless, it is crucial to monitor any variations
that can lead to a potential decline in NK cell responses.
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5.2. SARS-CoV-2 atypical infections

5.2.1. SARS-CoV-2 and pregnancy

The human placenta is a highly specialized organ, consisting in a dynamic interface between
embryonic and maternal tissues, that supports the normal growth and development of fetus,
as well as its nutrition [364].

The structure of placenta is very complex and includes several distinct maternal and fetal
tissues. In particular, the decidua represents the maternal interface of placenta, characterized
by the presence of specialized structures named chorion villi (Figure 13). In particular, three
essential layers could be distinguished in placenta villi: syncytiotrophoblast (ST), an external
layer covering the villi, cytotrophoblast (CT), an internal cellular part under the ST, and
extra villous trophoblasts (EVT), in contact with both CT and decidua [365] (Figure 13),
where is observed the presence of macrophages and decidual NK cells (dANKSs). In particular,
dNK cells represent the 40% of the total EVT resident leukocyte population, reaching the
75% in early pregnancy [366].

A

intervillous
spiral Space

Figure 13. Panoramic of the placental structure (A). Characteristic layers of fetal/maternal interface in placenta:

syncytiotrophoblast (ST), cytotrophoblast (CT) and extra villous trophoblasts (EVT) (B) [365].

Together with immune cells, the immunomodulatory molecule HLA-G plays a fundamental

role during the early stages of pregnancy, protecting the semi-allogeneic fetus from the
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attack of maternal immunity [367] through the interaction with specific inhibitory receptors
expressed on immune cells [368].

Furthermore, HLA-G takes part in the placentation process, regulating the neo-angiogenesis
[369]. The accurate modulation of placental processes is correlated to the peculiar changes
in HLA-G expression during pregnancy: in fact, while the molecule presents high levels in
the first trimester, a reduction of its expression is observed till the moment of birth, in order
to promote the inflammatory environment that is need to induce the delivery [370].
Alterations in this physiological gestational HLA-G expression are often associated to
pregnancy complications, such as increased risk of abortion, implantation failure and
preeclampsia [371]. The tolerogenic environment found during pregnancy, in which HLA-
G participates, is often exploited by pathogens as an immune-evasion mechanism.

Among these, both DNA and RNA viruses take advantage of the peculiar immunological
status of pregnancy to escape the maternal immune system, thus leading to different clinical
manifestations. Due to the impact of viral infections during pregnancy and the need to
develop most effective diagnosis and therapies against gestational infection, in our review
we summarized the most significant infections elicited by RNA (Rubella Virus, Measles
Virus, HIV), DNA (Human Parvoviruses, Human Hepatitis Viruses, Human
Papillomaviruses, Herpesviruses) and emerging (Dengue Virus, Zika Virus, West Nile Virus
and SARS-CoV-2) viruses ([/372], paper attached). The consideration concerning this
condition, below reported, highlight the importance of viral infection impact on placenta

tissues, correlating them to the main pregnancy complications (/372], paper attached).
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Abstract Viral infections in pregnancy are major causes of maternal and fetal morbidity and mortality.
Infections can develop in the neonate transplacentally, perinatally, or postnatally (from breast milk
or other sources) and lead to different clinical manifestations, depending on the viral agent and the
gestational age at exposure. Viewing the peculiar tolerogenic status which characterizes pregnancy,
viruses could exploit this peculiar immunological status to spread or affect the maternal immune
system, adopting several evasion strategies. In fact, both DNA and RNA virus might have a deep
impact on both innate and acquired immune systems. For this reason, investigating the interaction
with these pathogens and the host’s immune system during pregnancy is crucial not only for the
development of most effective therapies and diagnosis but mostly for prevention. In this review, we

will analyze some of the most important DNA and RNA viruses related to gestational infections.

Keywords: pregnancy; viruses; immune system; DNA viruses; RNA viruses

1. Introduction

Pregnancy is characterized by a distinct immunological status that is designed to
protect the fetus from maternal rejection but also to allow an appropriate fetal development
and defense against pathogens [1,2].

The placenta represents the interface through maternal and fetal tissues, in which
immunelogical changes occur that permit rejection avoidance of the semi-allogenic fetus by
the maternal immunity and, at the same time, protect the fetus from viral infections until
its birth [3].

The placental innate immune response to pathogens is important to protect both
the fetus and mother. Thus, impairments of these immune effectors could allow the
development of infections that might be associated to several diseases in pregnancy. The
potential capacity of pathogen patterns’ recognition and other host defense strategies have
been described in the innate immune cells at the placental-decidual interface [4].

The protective effect of placenta toward infection is also due to its ability to transmit
maternal protective antibodies to the fetus through the chorionic villus of the syncytiotro-
phoblast (SCT). Maternal Immunoglobulin G (IgG) passage to fetal circulation is mediated
by neonatal FcRn receptors (FcgammaRI, FegammaRII and FegammaRIIT) expressed on pla-
cental macrophages [5], and their concentrations in fetal blood increase from the beginning
of the second trimester until the end of pregnancy.

The peculiar immunological status observed during pregnancy is characterized by
an increase in circulating immune cells, which reaches the peak in the second trimester.
During the first trimester, Foxp3+ regulatory T (T-reg) cells, essential for healthy gestational
development and establishment of the tolerogenic status, are inducted by estrogen [6-8]
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and found to be abundant in peripheral, deciduous and umbilical cord blood [9]. Here,
T-reg participates in the control of CD4+ and CD8+ T lymphocyte activation via Interleukin-
10 (IL-10) and Transforming Growth Factor (TGF) release [10]. In fact, hormonal changes
represent an important factor which affects immune responses during pregnancy, which
might result in a decrease in the number of dendritic cells (DCs) and monocytes as well as a
decrease in the activation of macrophages, T cells and B cells [11]. In fact, compared to the
postpartum period, CD4+ and CD8+ T cells activation is down-regulated and, particularly
during the third trimester, B lymphocytes are reduced [12].

Another notable aspect concerns the natural killer (NK) cells, lymphocytes of the
innate immune system that function as the first line of defense against viral infection, which
are found increased in maternal blood during the first trimester [13] and can account for up
to 70% of the total deciduous leukocytes in early pregnancy [14]. In this contest, NK cells are
specifically named decidual NK cells (dNK); they have a significant role in the regulation
of cytokine production, particularly IL-10, as well as the generation of angiogenic factors
and chemokines, which is crucial to control trophoblast invasion and vascularization at the
implantation site [14-16]. Importantly, during the second and third trimesters of pregnancy,
cytotoxic CD56 dim NK cells are lower than in the first trimester and postpartum period.
In particular, NK cells shift their phenotype toward a more secretory profile, depicted as an
increase in CD56 expression (NK CD56 bright), and produce less Interferons (IFNs), Tumor
Necrosis Factors (TNFs) and IL-6 [17,18] compared to the postpartum period.

Of course, the activation of dNK toward viral infections reduces the potential risk of
vertical transmission to the fetus. dNKs have been proposed to play a protective role against
several infection through several mechanisms including the modulation of their cytotoxic
effector functions [19] and the interactions between the killer-cell immunoglobulin receptors
(KIRs) expressed by dNK and HLA molecules on the surface of the infected cells [20,21].

Hence, this implies that in the decidua, dNKs can eliminate harmful infection depend-
ing on the combination of KIR/HLA interactions between dNK and infected cells.

Again, concerning maternal monocytes, despite there being no evident differences in
their total number, they exhibit phenotypic modifications, such as an increased expression
of adhesion molecules (CD11a, CD54) and a high-affinity to IgG receptor FcR-I (CDé4) [22].
In particular, Hofbauer (HB) cells, the fetal macrophages of the human placenta [23], can
be detected as early as 3 weeks post-conception and are present throughout pregnancy [24].
Despite their role in villous and trophoblast remodeling [25], it has been postulated that
HB cells may have a role in controlling infection during pregnancy, even if whether the
HB cells can serve as a reservoir or limit virus replication is still unknown. As a proof of
concept, isolated HB cells from healthy term placenta secreted elevated pro-inflammatory
cytokines such as IL-6, MCP-1, IP-10, and IFN-x upon in vitro infection with Zika Virus
(ZIKV) [26], even if HB cells are permissive for ZIKV infection and replication [27-29].

Blood-borne viruses can potentially be transmitted through the SCT barrier, even if
SCT expresses only a few viral entry receptors. For example, SCT does not express ZIKV
entry receptors (Axl and Tyro3) [30] and the Cytomegalovirus (CMV) entry co-receptor
integrin o/ [31]. On the other hand, the STC apical surface expresses neonatal Fc receptor
(FcRn) that functions to selectively transport maternal IgG [32], and it could be exploited
by certain viruses to enter the placenta including ZIKV, Human Immunodeficiency Virus-
1 (HIV-1), and CMYV [33,34]. This FcRN-mediated viral entry at the STC, together with
local inflammation and tissue damage, might disrupt its effective role as a barrier to most
pathogens, giving the opportunity for vertical transmission.

However, humoral maternal response also actively participates, reducing the risk of
vertical transmission, as supported by the low-affinity maternal antibodies that correlate
with higher viral loads in the decidua, whereas intermediate to high neutralizing antibodies
are associated with low viral replication [35].

Finally, also, a role in the development of placenta immune competence against
the viral infection of both intra and extracellular-specific antiviral microRNAs has been
suggested [36].
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Clinical studies have shown that a high percentage of pregnancy complications, such
as miscarriage, preterm delivery, growth retardation and preeclampsia, can be caused
by intrauterine infections due to viruses, bacteria and other etiological agents [37]. The
transmission of pathogens from mother to fetus can occur through several pathways: (a) via
the maternal vascular endothelium to extravascular or endovascular trophoblasts (EVTs);
(b) via infected macrophages in maternal blood that transmit the infection to placental
trophoblasts; (c) via paracellular pathways from maternal blood to fetal capillaries [38,39];
and (d) via vertical transmission or ascending infection on urogenital tract [40]. The possible
clinical consequences of maternal infection are explained in Table 1 [41].

Table 1. Summary of the possible outcome of infection during pregnancy, for both mother and fetus.

Infection of Placenta
without Infection of
the Fetus

Fetal Infection
without Placental
Infection

Absence of Fetal and
Placental Infection

Infection of Placenta
and Fetus

Microorganisms reach the
intervillous space of the

Microorganisms can
cross directly through

Interaction of

Microorganisms pass from
the infected placenta to the

Microorganism N 1 £ sl microorganisms that fetal compartment through
interaction L e i might reach the fetus the chorionic villi, directly
They do not spread to using pinocytosis or z i X
L g . with placenta. infecting fetal membranes
the fetus. diaphysis mechanisms. s ;
and amniotic fluid.
Transplacental
The infection does not The fetus is protected transmission of infection
involve the fetus thanks to : from the attack of can lead to death, with a
. Infection of maternal . . .
fetal defense mechanisms microbial agents by the subsequent resorption of
Effects leukocytes and : : ;
by placental macrophages B - maternal endothelial the embryo, intrauterine
and the local production of 2 i reticular system and tetal death or premature
antibodies and cytokines. circulating leukocytes. term birth of
infected infant.
2. Methods

From this perspective, we have reviewed the main current data referring to pregnancy
in correlation with the immune system and infections as well as to signaling functions and
the potential impact on clinical conditions. Data were selected following eligibility criteria
according to the reviewed topic. We used a set of electronic databases (Medline/PubMed,
Scopus, Web of Sciences (WOS), Cochrane Library) for a systematic search until May
2023 using MeSH keywords/terms, such as “pregnancy”, “viruses”, “immune system”,
“DNA viruses”, and “RNA viruses”. We applied no date or language restrictions. We
followed the Preferred Reporting Items for the Systematic Review and Meta-Analysis
(PRISMA) statement [42]. Two independent reviewers performed title-abstract screening
on all selected studies; then, the full texts of the selected articles were reviewed. In
cases of duplicate information, the data were checked and combined. Studies reporting
pregnancy as well as viral infections were selected. Publications were selected using
specific keywords (i.e., pregnancy, infection, virus, etc.) also according to the date of
publication (not older than 1988) and to guarantee the fulfillment of the topic of this review.
Studies that were just case reports and commentaries were excluded. The extraction of
the data from included studies was performed by two reviewers separately, considering
key characteristics including publication year, author, type of study, country, sample size,
and laboratory findings. The funnel plot and Egger’s regression test were used to assess
publication bias [43].

Therefore, it is evident that infections could have several repercussions on both the
embryo and the fetus. More specifically, in the first weeks of gestation, often before
the woman becomes aware of the pregnancy, they can cause the death of the embryo,
while after the first 6 to 8 weeks of gestation, the presence of a pathogen can interfere
with fetal organogenesis or, in general, cause miscarriage or stillbirth. In many cases,
early infections during pregnancy are associated with placental abnormalities, causing
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Intrauterine Growth Restriction (IUGR) [44]. On the contrary, infections in the third
trimester are often responsible for premature births [45].

In addition, infections in newborns can be the cause of congenital diseases, due to
the ability of microorganisms to survive and replicate in the tissues of infected infants,
for months or years after infection in utero. In general, the presence of infectious agents
and the release of endo- and exotoxins during pregnancy activate an immune response
in both mother and fetus, triggering an inflammatory status due to the production of
pro-inflammatory cytokines (TNFe, IL1-¢, IL1-B, IL-6 and IL-8), which in turn stimulates
chemotaxis, infiltration and the activation of other immune system cells [37,46].

Several studies have investigated the special immunological condition reported during
physiological pregnancy, evidencing the importance of specific immune-regulatory pro-
cesses, in which a crucial role belongs to the major histocompatibility complex molecules,
in humans HLAs (Human Leukocyte Antigens), which are also involved in the response
against viral infections [47,48]. The loss or down-regulation of classical HLA class-la anti-
gens, as well as the neo-expression of non-classical HLA class-Ib antigens (HLA-E, -F and
-G), is a frequent strategy used by viruses for evading immune surveillance [49-51]. Among
these non-classical HLA-Ib molecules, HLA-G and HLA-E represent the most studied
for their tolerogenic role toward the fetus during pregnancy [52] and for their regulating
function in neoangiogenesis during placentation [53].

HLA-G is an immunosuppressive molecule working through the interaction with
specific inhibitory receptors (ILT2/LILRB1, ILT4/LILRB2 and KIR2DL4) expressed on
immune cells, which leads to the inhibition of NK cells, CD8+ cytotoxic T lymphocytes
and of macrophage-mediated cytotoxicity, allo-response, and maturation by CD4+ T cells,
as well as the DCs functions. HLA-E is another crucial component of the immunological
network at the fetal-maternal interaction [54]. HLA-E antigens have been discovered as
ligands for a subset of immunoglobulin superfamily NK cell receptors CD94/NKG2, and
their interaction may be responsible for the suppression of NK cell killer functions. In
particular, peptide-loaded HLA-E binding to the inhibitory NKG2A receptor reduces NK
cytokine cytotoxicity and secretion [55].

Again, the maternal HLA-C genotype seems to be crucial in defining uterine NK
(uNK) cells function and maturation through interactions between maternal-activating
or inhibitory killer immunoglobulin-like receptors (KIRs) expressed on the NK cell sur-
face [56,57], and their peculiar expression has been reported to be associated to pre-
eclampsia [58].

Viewing the role of HLA molecules in the antigen presentation process, several viruses
are known to exploit classical and non-classical HLA-I regulation to avoid immune system
recognition [59], including HHV-6 [60], HIV [61], CMV [62], Hepatitis B Virus (HBV) [63],
Hepatitis C Virus (HCV) [64] and Human Papilloma Virus (HPV) [65].

Another important strategy adopted by viruses to evade their recognition by the
host immune system consists of the escape from pattern recognition receptors (PRRs),
which identified pathogen-associated molecular patterns (PAMPs), inducing inflammatory
pathways by effectors of innate immunity [66]. Among the PRRs, Toll-like receptors
(TLRs) are typically found on endosomal membranes [67], but this class of receptors
is also expressed in the cellular cytoplasm or nucleus, which belongs to retinoic acid-
inducible gene-I (RIG I)-like receptors (RLRs) [68]. Despite the activation of the PRRs
pathway being enhanced and fundamental in pregnancy for viral infection clearance, the
over-induction of the immune response initiated by PRRs might damage the surrounding
tissues [69,70]. In fact, PRRs and mainly TLRs are expressed on trophoblasts, and they
are also involved in placental damages, such as pre-eclampsia [71], preterm birth [72] and
miscarriage [73]. Consequently, the lack of PRRs-mediated response might contribute to
the fetal transmission of infection during pregnancy [74].

Therefore, both PRRs and HLA molecules may play protective and detrimental roles at
the same time, potentially resulting in disorders linked to acute and chronic inflammation,
since both DNA and RNA viruses often exploited the physiological tolerogenic condition
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that characterizes pregnancy as an immunological evasion strategy [75], facilitating the
onset of complications in the pregnant woman and fetus.

3. DNA Viruses and Gestational Infection

Due to the immune-tolerogenic state characteristic of pregnancy, there are several
infections that can occur in pregnant women, showing poor outcome. Among these, some
of the most widespread infections are represented by DNA viruses. Similarly, to bacteria
or RNA viruses, DNA viruses infections during pregnancy are associated with increased
health risks to both mother and fetus. However, although not all DNA viruses are related
to an increased risk of complications during pregnancy, several of them can directly infect
the fetus and/or cause placental dysfunction. For this reason, it is important to be aware
of the potential impact of these viruses on both mother and fetus health, on the maternal
immune system and in their effect in pregnancy outcome.

3.1. Human Parvoviruses

Among gestational infections, it is possible to mention Human Parvoviruses, con-
sisting of Parvo B19 Virus (B19V) and less frequently observed Adeno-associated viruses
(AAVs) and Human Bocaviruses (HBoVs).

Although in healthy adults most B19V infections result in mild non-specific illness [76],
B19V causes the fifth disease during childhood and persistent anemia in immunocompro-
mised patients, such as pregnant women. During pregnancy, in fact, congenital B19V
infection can be responsible for fetal anemia, leading to hydrops fetalis, increasing the risk
of miscarriage (Figure 1). Nevertheless, even if fetal abnormalities as a result of congenital
Parvovirus B19V infection are mostly uncommon [77], this infection could increase the
risk of neurodevelopmental impairment [78,79] (Figure 1). Since it has been observed
that B19V is capable of inducing hydrops fetalis, many studies focused on analyzing this
phenomenon. Garcia et al. [80] described six cases of non-immune hydrops that were fetalis
B19V-associated, pointing out the presence of a mononuclear cell infiltrate in the villous
stroma and intervillous space in the whole cohort [80]. Nevertheless, it has been suggested
that B19V infection is not only associated with an active maternal humoral immune re-
sponse but also with an inflammation-mediated immune response at the maternal-fetal
interface of the placenta [81]. However, although the presence of a lymphocyte infiltrate
within placentas from women who became infected during pregnancy has been demon-
strated, its specificity for B19V has not been evaluated yet [81].
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Figure 1. Representation of the main DNA viruses and their infection in newborn, pregnancy and
mother immunity.
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Even if the cell-mediated immune response to placental Parvovirus infection is not well
characterized, a high increase in IL-2 production has been highlighted in placentas from
women with parvovirus B19 infections compared to placentas from healthy controls [81],
and nearly 90% of the Parvovirus-infected placentas had either a CD4+ T-helper or CD8+
cytolytic infiltrate into the villi [81].

Among human Parvoviruses, it is possible to distinguish AAV as well. Among these,
AAV2 and AAV3 are responsible for infecting humans, even if Adeno-associated viruses
usually require co-infection with a helper virus (Adenovirus) to cause a productive infec-
tion. AAV2 can infect placental trophoblast cells, inducing placental dysfunction when
the infection occurs in early pregnancy [82]. AAV2 also induces trophoblast apoptosis
and reduces cell invasion [83,84], increasing the risk of spontaneous miscarriage, stillbirth
and pre-eclampsia [84-86] (Figure 1). Moreover, in vitro studies demonstrated that AAV2
infection inhibits the development of mouse embryos [87], and in vivo studies of pregnant
mice showed fetal demise after AAV2 infection [84]. All these results suggest the possibility
that early embryonic and trophoblastic viral infection could hinder the implantation or pla-
centation process, possibly by inducing an anti-trophoblast cellular immune response [85]

(Figure 1).

3.2. Human Hepatitis Viruses

Additional DNA viruses often underestimated during pregnancy are Hepatitis B virus
(HBV), Hepatitis C virus (HCV) and Hepatitis E virus (HEV).

HBV is a member of the Hepadnaviridae family that generally infects hepatocytes
and causes inflammation of the liver [76] that could progress to chronic infection. Vertical
transmission during birth leads to a high percentage of chronicity compared to a later
infection, but the chances of mother-to-child transmission can be reduced by antiviral
treatment during and after pregnancy [88]. The consequences of HBV infection during
pregnancy are still unclear; however, research has shown that maternal HBV infection
increases the risk of preterm birth [89]. HBV is one of the many viruses that have also been
studied in the context of pattern recognition receptors (PRRs) signaling in trophoblasts. In
particular, TLR7 and TLR8 expression in the placenta of HBV non-transmitted neonates
was higher than in transmitted neonates [90]. In fact, HBV infection increased TLR7, TLRS,
MyD88, IL8, IFN-x and IFN-B mRNA levels in Swan71 cells, supporting the capability of
HBV to translocate across the placenta [90]. Therefore, the increase in TLR7 /8 observed in
trophoblast cells exposed to HBV suggests a role for TLR7/8 signaling in the prevention
of maternal-fetal transmission (Figure 1). Moreover, HBV is also able to up-regulate IL-6,
IL-10, and IFN-y through its HBV-X protein in trophoblast cell line [91], consequently
stimulating immune responses (Figure 1).

HCV is also a leading cause of hepatitis in the western world, and its vertical trans-
mission shows a rate between 3% and 6% [92]. Since nowadays, there are currently no
vaccinations for HCV and no preventive strategies to reduce the risk of vertical transmission,
its gestational infection should not be underestimated.

In a cohort made up of 145 HCV-positive pregnant women, 3.4% experienced in-
trauterine fetal death, which was higher than the miscarriage rate in the general population
(0.5%) [93], although little evidence supports the association between HCV and miscar-
riage (Figure 1). Since HCV receptors are expressed on the surface of trophoblasts and
extravillous trophoblast (EVT) cells, these cells are susceptible to HCV infection leading to
some gestational complications and have some impacts on the morphology of the placenta
as well [94] (Figure 1). HCV vertical transmission seems also to be facilitated by the spe-
cific NK cell receptor repertoire. Khakoo et al. [95] found a correlation between KIR2DL3
receptor, an inhibitory receptor expressed on NK cells, and HLA-C1 on decidua in HCV
infection resolution, but it is yet unclear if the mother’s HLA-C status at the maternal-fetal
interface influences the decidual NK (dNK)-cell repertoire in HCV.

Some additional immune pathways that are stimulated by HCV infection and affect
NK cells recruitment involve the up-regulation in Type I/III IFNs and other chemokines in
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trophoblast cells by HCV-RNA [74] (Figure 1). This causes the enhancement of dNK T cell
and yd T-cell cytotoxicity, resulting in damaging of the placental barrier (Figure 1). On the
contrary, the reduced expression of NK cell activation markers CD69, NKp44 and TRAIL
seems to improve HCV vertical transmission [96]. Nowadays, there are currently no vacci-
nations for HCV and no preventive strategies to reduce the risk of vertical transmission.
Concerning the Hepatitis E virus (HEV), its involvement in pregnancy could be
attributed to hormonal and immunological changes that could make pregnant women more
susceptible to HEV infection as well as a high viral load [97]. Pregnancy increases the levels
of hormones including progesterone, estrogen and human chorionic gonadotropin, affecting
the immune system function and in fact, estrogen and progesterone are reported to affect
B-cell proliferation, CD8+ T-cell cytotoxicity and NK cells activation, promoting the spread
of the infection [97,98]. The mechanisms underlying adverse fetal outcomes associated to
HEV infection are largely unknown. However, an in vivo study conducted in HEV-infected
pregnant mice showed a shift in the immune response from Th2 tolerogenic response,
which is essential for maintaining pregnancy, to the pro-inflammatory Thlprofile [97]. This
immune response alteration has also been seen in HEV-infected pregnant women who have
hepatic failure, which could be considered a biomarker for miscarriage [99] (Figure 1).

3.3. Human Papillomaviruses

Human papillomavirus (HPV) represents another group of important gestational in-
fections. HPV mostly spreads by direct skin contact, but some cases of vertical transmission
during pregnancy have also been reported [100]. Trophoblast cells have been shown to be
susceptible to several HPV strains, which can consequently alter physiological placental
function [101], inducing gestational complications such as preterm birth, pre-eclampsia
and spontaneous abortion [102,103] (Figure 1). A higher incidence of cervical neoplasia
has been found in immunosuppressed women [104] and therefore, this phenomenon could
be observed in pregnancy as well, since it is a state of mild immunosuppression due to
the reduction in the Th1 cell-mediated response or decrease in NK cells (Figure 1). Thus,
pregnant women are characterized by a physiological state with an enhanced risk of HFV
infection, which is followed by the development of neoplasia. Furthermore, since a steroidal
hormone receptor binding element on the transcriptional promoter of HPV-16 is responsible
for inducing HPV transcription, the involvement of hormonal activation of HPV replication
has been suggested [105]. This condition supports that the altered immunity state and
the increased steroidal hormonal levels during pregnancy might influence the subsequent
progression of the disease development [105].

3.4. Human Polyomaviruses

Among the fourteen different species of Polyomaviruses known to infect humans, the
most studied in association to gestational infection are BK virus (BKV) and JC virus (JCV)
because of their capability to be vertically transmitted, representing a risk for both mother
and fetus [106].

In particular, the detection of BKV is frequent in pregnant women with prevalence be-
tween 15% and 65% [107-109]. Recently, an increased BKV reactivation was shown during
pregnancy [110,111], which might be due to multiple reasons, including immunological
and hormonal changes happening in pregnant women. The development of tolerance
toward the fetus, characterized by the physiological depression of cell-mediated immunity,
is the main cause of reactivation of latent viruses during pregnancy, such as BKV. More-
over, changes in monocyte function during pregnancy seem to modulate the level of BKV
reactivation as well [112] (Figure 1).

4. Human Herpesviruses

Human herpesviruses (HHVs) are highly widespread among humans and therefore
are among the pathogens most responsible for gestational infections. HHVs are classified
into three subfamilies (alpha-, beta- and gammaherpesvirinae), and they are able to establish
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permanent latency within the host in specific cells [113]. The alphaherpesvirinae family
includes herpes simplex type-1 (HSV-1 or HHV-1), herpes simplex type-2 (HSV-2 or HHV-
2) and varicella zoster virus (VZV or HHV-3). The betaherpesvirinae family includes
cytomegalovirus (CMV or HHV-5), HHV-6A /B and HHV-7. The gammaherpesvirinae
family consists of Epstein—Barr virus (EBV or HHV-4) and Kaposi's sarcoma-associated
herpesvirus (KSHV or HHV-8) [76].

4.1. HSV-1 and HSV-2

Normally, HSV-1 predominates in orofacial lesions and typically is found in the
trigeminal ganglia, while HSV-2 is most found in the lumbosacral ganglia. The greatest
risk of disease in the newborn is represented by the late-pregnancy infection of genitals
in a previously unexposed woman, while recurrent infections are rarely associated with
disseminated neonatal disease in immune-competent women.

However, a primary HSV infection of a pregnant woman leads to greater risks for
both mother and child. Although HSV-infected pregnant women have rare or no clinical
recurrences, there is still the risk of intrapartum transmission [114].

Women who already has antibodies to both HSV-1 and HSV-2 at the onset of pregnancy,
which is the most common condition, have the least risk of perinatal transmission [115].
On the contrary, new-onset HSVs infection occurring late in pregnancy carries a 30% to
50% risk of neonatal infection, while early pregnancy infection carries a risk of less than
1% [116]. The possible explanation could be that when primary HSVs infection occurs
during late pregnancy, the time for developing specific antibodies and suppressing viral
replication before labor is not enough.

Again, while HSV-1 transmission from mother to newborn seems to be easier in
the presence of both primary infection or recurrences [117], primary HSV-2 infection
transmission to the fetus is less frequent [118], but it has been associated with a higher
incidence of preterm birth [119] (Figure 2). The clinical manifestations of neonatal H5Vs
infection include encephalitis and disseminated disease, with a mortality rate of more than
50%. Survivors are, however, compromised, usually with significant neurologic deficits,
blindness, seizures and learning disabilities (Figure 2). Different studies have also stated
that HSVs infection can affect maternal immune responses, resulting in loss of HLA-G [120],
cell death and reduced human chorionic gonadotropin (HCG) secretion [121] (Figure 2).
These changes in trophoblast function could explain why both HSV-1 and HSV-2 have
been associated with spontaneous pregnancy loss [122] and IUGR pregnancies [85,123]
(Figure 2).

Moreover, HSV is capable of increasing the expression of TLR3, RIG-I, IFI6 and IFN-
 proteins as well as decreasing TNF« production in terms of human placental explant
cultures [124] (Figure 2), affecting maternal innate immune system antiviral responses.

42. CMV

Among herpesviruses, CMV is one of the most vertically transmitted and it represents
the most common cause of congenital infection in high-income countries, causing neurolog-
ical disability and sensorineural hearing loss in newborns [125] (Figure 2). The intrauterine
infection caused by CMV occurs in 0.3% to 2.3% of births [126]. CMV intrauterine transmis-
sion is more common after primary infection (30-40%) than after non-primary infection
(1%) [127,128]. Nevertheless, it was estimated that non-primary maternal infections are
responsible for the majority of congenital CMV infections [129].
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Figure 2. Representation of herpesviruses infection’s main effects on newborn, pregnancy and
mother immunity.

CMYV, such as many other viruses, employs multiple mechanisms to exploit the vulner-
ability of the placenta and impair the innate host response in order to spread the infection,
including the expression of several viral proteins such as IE1 [130], IE86 [131], UL44, IE2
and UL94 [130,132,133].

The effect of CMV on the placenta has been confirmed by proving that ultraviolet-
inactivated human CMV leads to syncytiotrophoblast apoptosis via TLR2, also increasing
TNF« production [134,135]. Interestingly, in human villous explants, CMV did not induce
the expression of RIG-I and MDAS proteins and cytokine production [136], suggesting that
RLRs could play a central role in the inhibition of vertical transmission of the virus as well
as in the selectivity of vertical transmission of viruses across the placenta.

CMV can modulate the expression of HLA molecules by encoding specific viral pro-
teins, mainly decreasing their expression on the cell surface to prevent immune cells recog-
nition. In addition, CMV can selectively up-regulate specific HLA class-I molecules [137]
(Figure 2). As aforementioned, HLA-G is physiologically expressed at the maternal—fetal
interface on trophoblasts and is one of the major molecules targeted by viruses during
pregnancy [138]. The concentrations of sHLA-G normally increases in the plasma of preg-
nant women during the first trimester of pregnancy [139], but during CMV infection, a
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reduction in HLA-G in cytotrophoblasts was observed [140] together with its up-regulation
in peripheral blood cells [141] (Figure 2). This effect is due to the interaction of specific CMV
proteins with the HLA-G promoter, which affects mRNA stability and protein translation
and secretion [142-144] (Figure 2).

Several studies have reported the failure of dNK to control CMV infection. Since NK
cells activity is regulated by the expression of activation/inhibitory killer imuunoglubulin-like
receptors (KIRs), such as KIR2DL4, KIR2DS1/5, etc. as activating, and KIR2DL.1/2/3, etc.
as inhibiting, the expression of these receptors and of their ligands on target cells can be
exploited by viruses as immune-escape mechanisms. Crespo et al. [145] demonstrate that
CMYV infection of human HLA-C2 + decidual stromal cells drives the cytotoxic activation
of dNK and placental NK (pNK) cells in vitro by engaging KIR2DS2, and that KIR2DS1 or
KIR2DS5-negative pregnant women have a lower ability to control placental CMV infection,
developing complications. Van der Ploeg et al. [21] reported the molecular basis for the
increased degranulation response of KIR2DS1 + dNK to CMV infection (Figure 2). Yan
et al. [146] show that a KIR2DL4/HLA-G combination induces high NK cytotoxicity, which
might be beneficial uterine CMV infection. Other studies described the presence of adaptive
NK cell expansion found during different viral infections, concluding that in CMV-infected
individuals, adaptive NK cells may be established probably as the result of opportunistic
viral reactivation [147].

Moreover, the interaction between CMV and dNK cells can be the cause fetal death or
miscarriage due to NK cell cytotoxic activity [148] (Figure 2). However, the CMV infection
of EVT did not diminish the ability of EVT to increase FOXP3+ and PD1HI T-regs [149],
suggesting that its infection does not alter the capacity of EVT to promote immune tolerance.
This finding confirms the observation that dNK fails to degranulate in response to CMV-
infected EVT, thus also maintaining immune tolerance in the presence of infection [20].

Moreover, the failure of dNK to respond to CMV-infected EVT during in vitro co-
culture [20] may leave decidual CD8+ T cells as the predominant effector cell to clear
pathogen-infected EVT.

Seropositive women during late pregnancy demonstrated an accumulation of highly
differentiated CMV-specific T cells [150]. In fact, CMV seropositivity was shown to dramati-
cally alter the maternal CD8+ T-cell repertoire during pregnancy [150], and T-cell responses
to CMV rely heavily on HLA-C-restricted signals [151] (Figure 2). CMV CD8+ T cells were
also found increased particularly in decidual tissue and were found able to produce IFNy
and restricted to recognizing viral peptides presented by HLA-A or HLA-B molecules,
limiting the spread of infection to trophoblasts and/or the fetus [152].

4.3. HHV-6

HHV-6 is widely spread during pregnancy as well. HHV-6 DNA has been detected in
blood and tissue samples from women with several types of gestational problems, including
spontaneous abortions, gestational hypertension and preterm birth, in association with the
detection of high anti-HHV-6 IgM and IgG titers [153] (Figure 2). HHV-6 DNA was also
found in the amniotic fluid of women with gestational complications [154], as pregnancy
induced hypertension (PIH) and the premature preterm rupture of membranes (PPROM)
(Figure 2).

To date, despite different congenital herpetic infections having been associated with
late IUGR, no direct implication of HHV-6 infection has been reported. In particular, HLA-G
expression and HHV-6 infection have been evaluated in placentas from late-onset IUGR
newborns compared to placentas from uncomplicated pregnancies [155], since HHV-6 is
known to exploit the modulation of HLA-G as an immune-escape mechanism.

HLA-G increased and HHV-6 presence were found to correlate in IUGR placenta
samples [155]. These preliminary results underline a direct relationship between HHV-6
infection and HLA-G deregulation that might affect vessel remodeling and prevent the
correct pregnancy outcome in the IUGR condition (Figure 2).
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However, HHV6 is comprised of two species, HHV-6A and HHV-6B [156,157]. While
most of the population is infected by HHV-6B by 2 years of age, HHV-6A infection usually
occurs later [158-160]. In particular, HHV-6A clinical manifestations are still unclear, but
the presence of HHV-6A in endometrial epithelial cells of a subgroup of idiopathic infertile
women [161] supported the role of HHV-6A [162] (Figure 2).

Moreover, it has been observed that HHV-6A infection induces a profound remod-
ulation of miRNA expression in human cells of different origin [163], including human
endometrial cells, in which HHV-6A modulates at least 16 miRNAs with potentially critical
roles during embryo implantation [164]. These virus-induced alterations in the miRNA
expression of endometrial cells might affect trophoblast cell behavior (Figure 2), supporting
the hypothesis that HHV-6A might be associated with interference in correct implantation
and pregnancy outcome [165].

The abilities of NK and endometrial cells have been described to be changed by HHV-
6A infection. In fact, phenotypical and functional modifications of both endometrial NK
(eNK) and epithelial cells have been reported in HHV-6A-positive infertile women samples,
suggesting an imprint due to HHV-6A infection on both eNK cell immune-phenotype and
receptors repertoire (Figure 2). In particular, during HHV-6A infection, eNK cells seem to
acquire a cytotoxic profile as an attempt to limit the infection, which involves the NKG2D
receptor [162]. The persistence of activated eNK and of subclinical HHV-6A infection
could alter endometrial environment and disadvantage embryo implantation and placen-
tation, and it could potentially have serious adverse side effects, such as pre-eclampsia,
fetal growth restriction and stillbirth, as demonstrated by the increase in chemokines,
mainly IP10 and FasL, in uterine flushing samples from HHV-6A-positive infertile women
(Figure 2).

In addition, Rizzo et al. observed a lower percentage of KIR2DL4-positive eNK cells in
primary infertile women in correlation to the diminished expression of soluble HLA-G [166].
This evidence supports the potential role of HHV-6 in female diseases, as a consequence of
HLA-G modulation, that can in turn induce anergy to eNK cells via the inhibitory KIR2DL4
receptor [166].

144.VZV

VZV is the etiological agent for chicken pox at time of primary infection, and it is
usually associated to mild clinical course, but in pregnant women, it may occasionally
lead to serious maternal and fetal diseases. Maternal VZV can infect the baby by different
routes: (a) transplacental viremia, (b) ascending infection during birth or (c) respiratory
droplet/direct contact with infectious lesions after birth.

Even if the primary mechanism of VZV transfer across the placenta remains unclear, it
is postulated that infected T cells might be present in the decidua basalis [4], where both
CD4+ and CD8+ T cells are reprogrammed by the virus, becoming more capable of crossing
into the intervillous space [167].

However, reports vary on the histological features of VZV placental infection, sug-
gesting that VZV could be transmitted to the fetus via the placenta without apparent viral
replication within the placenta [168] (Figure 2).

Interestingly, nearly 20% of infants with intrauterine-acquired VZV primary infection
develop neonatal or infantile zoster, usually with uncomplicated course [169]. The disease
is thought to represent reactivation of the virus after primary infection in utero, and the
short viral latency may be explained by the immature cell-mediated immune response in
young children.

Moreover, recurrent chickenpox has been documented in pregnant women [170],
underlining again the key role of the immune system.

In addition to the tests of general antibody reactivity, tests of antibody avidity [171]
and IgG isotype [172] can be used to assess the nature of VZV antibody responses. The
avidity of antibodies seems to increase thereafter and during shingles, while there is a
switch from IgM and IgG3 to IgG1 after primary disease [173] (Figure 2). Therefore, the

160



Microorganisms 2023, 11, 1637

12 of 35

clinical manifestation of these pregnant women can be due to the high virus load and low
immune responses [174], whether the effect of pregnancy and associated hormones on VZV
replication is not known.

VZV infection causes a very early release of IFN type I, which is particularly abundant
at the lesion level [175] (Figure 2). NK cells can also be found early after VZV infection [176],
suggesting their central role in controlling viral spread. In fact, while both cytotoxic NK
and primed CD8+ T cells were nearly absent during the early phase of life-threatening
primary VZV infection [177], their responses to VZV seem to be protective and associated
to mild symptoms [178]. As an example, the detection of T cells within three days after the
appearance of the varicella rash, with rapid host response to primary VZV infection, has
been known to be associated with milder rash and a more rapid clearance of viremia in
healthy subjects [176].

5. RNA Viruses and Gestational Infection

Viruses with an RNA genome pose a threat to global human health since they can
cause severe pandemics and epidemics [179]. Many viral epidemics have occurred recently,
putting vulnerable persons, including pregnant women, at risk. In fact, pregnant women
who experience RNA virus infection, such as EBOLA virus, often went into worse results
than the general population and non-pregnant women, reporting for example increased
incidence of preterm labor and unfavorable fetal outcomes [180].

Maternal susceptibility to RNA viral infections is firstly due to an over- or under-
activity of the maternal innate immune system. In a normal pregnancy, in contrast to the
general inhibition of specialized immune cells, a global up-regulation of innate immune
cells and effector mechanisms is observed [181,182]. Compared to the non-pregnant state,
complement activity increases, and there is a substantial rise in circulating phagocytes and
type 1 IFN-producing plasmacytoid DCs [17,183]. The innate pathways that drive anti-
RNA-viral defense are specifically enhanced during pregnancy, according to longitudinal
investigations of serial blood samples from pregnant women. For instance, IFN-induced
STAT-1 activation, a crucial response to viral infection, rises in NK cells, monocytes and
myeloid DCs throughout gestation [181,184].

Among the most important pregnancy-related RNA virus infections, there are Rubella,
HIV and emerging viruses such as Ebola, Zika, Dengue and SARS-CoV-2 infections, which
are associated with an increased risk of spontaneous miscarriage, bleeding and death
during pregnancy (Figure 3).

5.1. Rubella Virus

Dr. Norman Gregg described for the first time the catastrophic teratogenic conse-
quences induced by rubella virus (RV), consisting of congenital cataracts and other mal-
formations in the newborn following rubella (German measles) infection in the mother
during pregnancy [185,186] (Figure 3). Despite the serious teratogenic effects reported,
many RV cases are asymptomatic; thus, women of childbearing age are routinely tested
for antibodies to RV in order to identify and immunize susceptible women. The vertical
transmission of the infection depends on the gestational age at infection, leading to the
development of congenital rubella syndrome (CRS), which is a condition that might affect
any organ due to fetal non-lytic infections [185] (Figure 3), in which the virus can persist in
different biological fluids for several months after infection [187].

First and early second trimesters of pregnancy seem to be the most susceptible times
for CRS development. In fact, while there are few problems if the infection is transmitted
to the fetus after 17 weeks of gestation, CRS affects nearly all fetuses infected in the first 8
weeks of pregnancy [185]. Deafness is the most prevalent of the several symptoms of CRS,
while in the most critical cases, infected tissues from aborted fetuses showed extensive
non-inflammatory necrotic damage to the brain (vascular necrotic lesions in cerebral blood
vessels), heart (myocardium, endothelial cells in cardiac vessels), ears (epithelium of
cochlear duct), and eyes (lens, iris, retina) [188]
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(Figure 3). Additional studies have shown that CRS is linked to autoimmune diseases
and increases the risk of thyroiditis and diabetes [189] (Figure 3).

Unfortunately, to date, little is known about the effect of RV on both the maternal and
fetal immune system, and the few studies available reported an impaired cell-mediated
immunity to rubella virus during pregnancy that could lead to congenital infection if it
occurs early in utero, with a profound effect on the developing immune system [190-192].

It seems that rubella reinfection during pregnancy is not associated with a lack of neu-
tralizing antibodies or persistent impairment of rubella-specific T responses. In particular,
specific T response was present in almost cases of vertical transmission [191].

The specificity of a prenatal diagnosis, recommended when a maternal infection is
diagnosed, is approximately 100% and is based on the detection of virus-specific-IgM in
fetal blood or on the detection of the viral genome in amniotic fluid, fetal blood, or chorionic
villus biopsies. The detection of RV-IgM by immunocapture ELISA, which has sensitivity
and specificity that approach 100% in infected neonates, is the foundation for a postnatal
diagnosis of congenital Infection. Regardless of whether a clinical manifestation of CRS is
seen, it is crucial to perform a postnatal diagnosis of a congenital infection in order to give
a specific follow-up treatment plan (including neurological and hearing monitoring) if an
infection is found [187,193].

5.2. Measles Virus

Measles (rubeola) is a highly contagious respiratory disease brought on by a single-
stranded, enveloped RNA virus that belongs to the Paramyxoviridae family, genus Morbil-
livirus [194].

Numerous studies have shown that pregnant women are more likely to suffer and
die from measles than non-pregnant ones. In fact, even if measles virus (MV) in not
teratogenic as rubella virus, it affects the physiological processes of immunotolerance that
are present during pregnancy through alterations mainly on cell-mediated immunity that
could result in spontaneous abortion or the early expulsion of the fetus [195] (Figure 3).
Despite intensive vaccination campaigns that have been adopted in the most industrialized
regions of the world, MV infection remains widespread, and the number of measles cases
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reported in the USA are rising, together with the chance of MV infection in pregnant women
and the number of infections in women of reproductive age [196]. A study conducted
on this outbreak showing the significant impact of the disease on pregnancy outcomes
reported that 16% of pregnant women who underwent the infection had adverse outcomes
probably correlated to increased CD8+ levels [197].

5.3. HIV

Despite highly active antiretroviral therapy (ART), HIV infection continues to be a
concern for international health and for pregnancy as well. Currently, 81% of HIV-positive
pregnant women worldwide are receiving ART and globally, the number of new perinatal
infections has decreased by 50% because of increased ART use [198]. Even though the
introduction of combination antiretroviral medication has significantly improved preg-
nancy outcomes and the health of children born to HIV-infected mothers, there are still
worries about the effects of maternal HIV infection on pregnancy outcome and the health
of HIV-exposed uninfected newborns [199].

One of the biggest changes from the immunological point of view that occurs during
pregnancy and enables maternal-fetal tolerance is the increase in Th2 lymphocytes at the
expense of Th1 [200,201], which is characterized by increased activated T cells and high
levels of TNFs (Figure 3). Additionally, pregnant HIV-1-infected women'’s placentas exhibit
histological indicators of inflammation and an increased production of pro-inflammatory
cytokines and chemokines [202] (Figure 3), which could impact the migration of T-cell
subtypes to the placenta [203]. Additionally, a down-regulated expression of cytokine
receptors, such as CD127 (IL-7 receptor) (Figure 3), highly expressed on tissue-resident T
cells, could interfere with proper T-cell function.

NK cells are also necessary for placenta modeling vascularization [204]. This process
is controlled by interactions between killer-cell immunoglobulin-like receptors (KIRs) ex-
pressed on maternal uterine NK cells and their corresponding HLA-C ligands on invading
trophoblasts [205]. According to several studies, HIV-1 infection impairs NK cell function,
resulting in the loss of effector functions and an increase in anergic NK cells, affecting
the ability of uterine NK cells to support the invasion of maternal spiral arteries in the
placenta [206,207] (Figure 3). Additionally, since HIV-1 infection has been linked to changes
in chemokine receptors on immune cells, such as CCR5, the homing of NK cells to the pla-
centa may be affected in HIV-1 infection [208]. Placental dendritic cells and macrophages in
healthy pregnancy mostly display tolerogenic characteristics, as evidenced by a decreased
expression of IL-12 and a high production of IL-10 and IL-4. Meanwhile, macrophages
in HIV-1-infected women’s placentas have been seen to produce more GM-CSF and IL-2
while producing less IL-10 and IL-4 [209,210] (Figure 3).

In addition to the RNA viruses mentioned so far, also, emerging RNA viruses have
gained attention for their potential in causing complications during pregnancy and will be
reviewed below.

6. Emerging Viruses and Pregnancy
6.1. Dengue Virus

Among the emerging viral infections representing a risk factor during the gestational
period, Dengue Virus (DENV) infection is gaining more and more importance. Defining the
risks associated with DENV infection in pregnancy has proved particularly challenging due
to different reasons, such as the high proportion of asymptomatic cases and the difficulties
associated with accurately diagnosing acute dengue fever (dengue IgM cross-reacts with
other flaviviruses, and co-infections are common) [211]. The first to definitively estab-
lish the association between pregnancy and severe DENV infection have been Machado,
comparing the outcomes in infected pregnant women to matched non-pregnant women
of reproductive age, and they found an increased risk of severe dengue in the pregnant
women (odds ratio 3.38) with a trend toward higher mortality (3 vs. 1.1%) [212]. Another
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study showed an 8.6-fold increase in the risk of postpartum hemorrhage in the presence of
severe infection [213].

However, placental tropism, innate immune adaptations and the physiological in-
crease in vascular permeability occurring in normal pregnancy could be at the base of this
increased susceptibility to severe DENV infection in pregnancy [214].

Some of the multiple effects of DENV infection include the depletion of human
megakaryocytes that leads to dengue-induced thrombocytopenia (Figure 4). Campbell et al.
found that DENV leads to a marked up-regulation of interferon-induced transmembrane
protein 3 (IFITM3) on platelets, with a corresponding release of type I IFNs, and that the
highest levels of IFITM3 expression correlated with the mildest disease [215,216] (Figure 4).
It is conceivable that enhanced DENV-mediated megakaryocyte depletion, or a failure to up-
regulate platelet IFITM3, could contribute to the higher rates of hemorrhagic complications
during pregnancy.

However, type I IFN production is central to the innate anti-DENV response, although
no specific studies have been conducted in pregnancy. In fact, DENV binds various PRRs,
including RIG-I, endosomal TLR3 and endosomal TLR7, and the activation of these RNA
sensors induces the deposition of Cb4 and C2a complement proteins on the virion surface,
promoting the complement-mediated virolysis. Interestingly, emerging evidence states
that vitamin D supplementation reduces cultured human DC susceptibility to DENV2
through the down-regulation of TLR3, TLR7 and TLR9 signaling [217], strengthening the
importance of these sensors in the control of DENV infection.

Again, it has been suggested that RNA interference is also involved in the activation of
apoptosis in infected cells and is an important contributor to DENV defense as well [218].
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6.2. Zika Virus

As already mentioned before, ZIKV infection during pregnancy has recently been
associated with birth defects and abortions, mainly when infection occurs during the first
and second trimesters of pregnancy [219-222] (Figure 4).

Unfortunately, there is little information about the immune response to ZIKV infection
in pregnant women [223]. During pregnancy, immunoglobulin synthesis is increased,
whereas the cell-mediated response is decreased. These systemic changes are associated
with an altered Th1/Th2 balance, with a prevailing anti-inflammatory Th2-like profile [224],
that shifts toward a Th1/Th17 pro-inflammatory profile by the end of pregnancy [225],
which could participate in viral pathogenesis (Figure 4).

The factors involved in ZIKV gestational pathogenesis are still unclear but may include
prior exposure to closely related flaviviruses [226], a phenomenon originally described
between DENV serotypes, which is known as antibody-dependent enhancement (ADE).

It has been shown that the presence of DENV-specific antibodies in ZIKV-infected
pregnant mice significantly increased placental damage, fetal growth restriction and fetal
resorption [227] (Figure 4). This was associated with enhanced viral replication in the
placenta, leading to an increased frequency of infected trophoblasts.

ZIKV-infected human placental tissues also showed increased viral replication in
the presence of DENV antibodies, which was reversed by FcyR blocking antibodies. Fur-
thermore, ZIKV-mediated fetal pathogenesis was enhanced in mice in the presence of
DENV-reactive monoclonal antibodies but not in the presence of the L234A and L235A
(LALA) variant, indicating a dependence on FcyR engagement [227].

In a vertical-transmission model, ZIKV-immune plasma infused to timed pregnant
mice increased fetal demise and decreased the body weight of the newborns [228] (Figure 4).
Together, these data show that passive immunization with homotypic ZIKV antibodies,
depending on the concentration, could either worsen or limit a subsequent ZIKV infection,
suggesting the importance of immunity in the pathogenesis of this infection and underlining
the key role exerted by antibodies.

Generally, pregnant women infected by ZIKV present chronic placentitis with chronic
villous inflammation, edema, and trophoblastic lesions [229] (Figure 4). There is evidence
that ZIKV infection compromises mesenchymal and Hofbauer cells in human villi [230],
and further analysis reveals that ZIKV stimulates the proliferation of placental macrophages
within the chorionic villous stroma [231] (Figure 4). CD163 or CD68-positive cells are co-
localized with ZIKV antigens in vivo [30,232], as confirmed by ex vivo models showing a
higher permittivity of placental macrophages to ZIKV than trophoblasts [233].

Although little is known about the cell-mediated immune response to ZIKV infection
during pregnancy, a recent study reported a decreased frequency of granzyme B expressing
total of CD8+ T cells in pregnant mice compared to non-pregnant mice [234], suggesting
that the anti-ZIKV T-cell response quantity or quality may be reduced during pregnancy. It
has been demonstrated that CD8+ T cells are necessary and sufficient to protect against
systemic ZIKV challenge in both naive and DENV-immune non-pregnant mice [235-237].

A similar requirement for CD8+ T cells against ZIKV was observed in the context of
pregnancy prior to DENV exposure [235] together with a partially protective role for CD4+
T cells, suggesting that CD4+ T cell-mediated help may shape an optimal cross-reactive
CD8+ T-cell response during the ZIKV infection of DENV-immune pregnant females.
Alternatively, CD4+ T cells may exert their effect by regulating humoral immunity and the
production of Th1 cytokines (IFN-y, TNF-«, and IL-2) or CD4+ regulatory T cells could
minimize pathology at the maternal-fetal interface [238].

In addition to this pro-inflammatory adaptive immune response, ZIKV infection
also induces innate immunity activation as well. The innate immune response is mainly
mediated by the induction of types I and III IFN, which induces an early autocrine antiviral
stage in infected cells [239,240] (Figure 4).

Again, also, high levels of IFN-y, TNF-«, IL-6, TGF-§ and IL-10 [241] have been
observed during acute ZIKV infection in pregnant women [242,243] (Figure 4). The in-
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creases in [FN-« and IFN-y suggest that pregnant women elicit effective antiviral re-
sponses [244,245], and the high levels of IL-10 suggest an antiviral response that could
favor recovery and favorable evolution [246-248] (Figure 4).

6.3. West Nile Virus

Even though exposure to infected mosquitoes is the most important risk factor for
West Nile Virus (WNV) infection, viral transmission includes blood transfusion [249], organ
transplantation [250] and breastfeeding [251] as well as transplacental infection during
pregnancy [252].

Transplacental WNV infection [253] is rare, since human placenta is a barrier which
separates maternal and fetal circulations. However, as already mentioned for other viruses,
it is not a perfect barrier, and in case of primary viral infections without a pre-formed
maternal adaptive immunity, it can transmit the infection to the fetus.

Even if WNV was found in infants within a month of delivery from WNV-positive
mothers, suggesting congenital transmission of the virus [253], little is known about the
specific mechanisms exploited by WNV to cross the placenta, and it is unclear whether and
how the virus is able to induce clinical manifestation in infants [253].

In vivo studies have reported an extremely high mortality rate in pregnant mice (98%,
60/ 61) compared with non-pregnant controls (52%, 28/53) independent of the infecting
dose or the week of pregnancy [254]. Interestingly, although WNV RNA could be detected
in both placentas and fetuses, antibody titers were similar between pregnant and non-
pregnant mice and between surviving and non-surviving animals as well as WNV RNA
titers in brains. In addition, from these observations in mice, it is possible to point out that
pregnancy increases the risk of severe WNV infection and may help to understand the
pathogenic mechanisms involved in WNV infection during human pregnancy [254].

Detailed studies of WNV infection of immunosuppressed human hosts, which are
characterized by a similar immunotolerant condition as pregnancy, have highlighted
important aspects of the disease pathogenesis during the gestational period as well [255].
While usually cleared within a week, severe infections in immunosuppressed patients have
shown long-term chronic infection (months) of unknown pathogenesis [255,256].

As well as other viral infections, several innate immune escape strategies are exploited
by WINV. These strategies a target key signaling IFNs response, which underscores the
importance of bypassing this early immune response for effective viral replication [257].

Moreover, as well as being able to regulate HLA-I and/or II expression on many
different types of embryonic cells [258-260], WNV infection is also able to induce HLA-I on
primary trophoblast giant cells after 16 h of infection in the absence of type I or I IFNs [261]
(Figure 4). This demonstrates that the block to HLA expression in the early embryo is not
absolute and has effects on the recognition and eradication of viral disease by the maternal
cellular immune system during early pregnancy. Thus, the embryo and placenta HLA
expression early in gestation, together with concurrent viral antigen expression, could lead
to the destruction of the embryo by both virus- and allo-specific maternal cytotoxic T cells.
Indeed, there is a high incidence of resorption, abortion and stillbirth of embryos of several
mammals due to transplacental infection by flaviviruses such as WNV [262], especially if
the virus infects the woman during initial implantation [263] (Figure 4).

6.4. SARS-CoV-2

Several studies have investigated the possible multi-tissue tropism of SARS-CoV-2,
basing on the wide expression of ACE2 and the proteases TMPRRS2, two of the most
studied cellular receptors involved in viral entry by Spike interaction, in sites other than
lungs [264].

A role for SARS-CoV-2 in pathological pregnancy has been firstly suggested by the
finding of the co-expression of ACE2 and TMPRSS2 throughout gestation [265,266].

This suggested a possible effect on SARS-CoV-2 infection at both the placental and
transplacental level. Moreover, other alternative receptors for SARS-CoV-2 entry into
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syncytiotrophoblast cells has been suggested, such as DPP4 (CD26) and CD147 [267]. A
differential expression of both ACE2 and CD147 in the placenta of SARS-CoV-2-infected
pregnant women compared to non-COVID19-infected pregnant women has been reported
but without any direct evidence of viral transmission to the newborns [268,269].

Placental susceptibility to SARS-CoV-2 infection has been associated with a large de-
bate concerning the occurrence of transplacental transmission. Although no transplacental
transmission was initially reported, the first report of detection of SARS-CoV-2 in the pla-
centa evidenced the presence of the virus only at syncytiotrophoblast levels and found local
tissue inflammation and fibrin deposition [270] (Figure 4) in association with an inflamma-
tory infiltrate of immune cells composed of CD3+ lymphocytes and CD68+ macrophages
(Figure 4). The infiltration of CD68+ placenta macrophages in SARS-CoV-2-infected pla-
centa was next confirmed [271,272], which was associated with an M2 phenotype in a
case report of an asymptomatic COVID-19-positive woman [273] (Figure 4). Interestingly,
Facchetti et al. reported a strong expression of SARS-CoV-2 Spike protein in areas with
dense monocytes-macrophage inflammation, which suggested a local activation of these
cells [272]. Thus, to date, although the presence of placental macrophages into placenta
lesions was clearly established, their role in SARS-CoV-2 infection of the placenta remains
to be elucidated.

However, a recent study reported a case of a 34-year-old woman admitted to the ICU
due to severe COVID-19 infection whose newborn died by pulmonary embolism and throm-
bosis of the superior vena cava, in which immunohistochemical analysis demonstrated a
SARS-CoV-2 NP presence in neonatal tissues [274].

As previously mentioned, placental infections might affect HLA-G expression, leading
to placental and fetal disorders [155] (Figure 4), and the capability of SARS-CoV-2 to
modulate HLA-G in its immune escape process has been confirmed [275-278].

It is established that during pregnancy, NK cells represent the main immune cell
type in endometrial tissues (40% of the total leukocyte population, which increases to 60%
and up to 75%) and show an increased degranulation response at the end of pregnancy,
suggesting their role in inhibiting possible vertical transmission of infection [279]. How-
ever, although representing the first line of defense during viral infections is of extreme
importance during pregnancy, NK cells have been reported to be anergic in COVID-19
patients [280]. A decrease in CD56-expressing immune cells, most associated with NK cells,
has been observed [269] (Figure 4). The decrease in CD56 expression induces a cytotoxic
phenotype that might alter the immune tolerogenic status at the fetal-maternal interface.
Consequently, deficiencies and phenotypic alterations of CD56-positive NK cells might
modify the placental homeostasis during SARS-CoV-2 infection with possible clinical impli-
cations on pregnancy [269] (Figure 4). Moreover, the mechanisms exploited by SARS-CoV-2
to modulate NK function have been evaluated [280], showing that the 51 protein is able to
up-regulate HLA-E expression that induces cell resistance to NK cell lysis by interacting
with the NK cell inhibitory receptor CD94/NKG2A (Figure 4) [281,282].

Interestingly, placenta samples delivered from SARS-CoV-2-positive subjects showed
an increased expression of three immune genes: CXCL10, a pro-inflammatory chemokine
secreted in response to interferon gamma, TLR3 and DDX58, involved in recognizing
double-stranded RNA [268] (Figure 4), supporting the role of SARS-CoV-2 infection in
modifying immune gene expression at the placenta level [283].

7. Vaccines and Antiviral Therapy in Pregnancy

A public health policy known as maternal immunization aims to protect pregnant
women directly against the infectious disease in question as well as to give newborns and
early children the best possible passive immunity. The best time to administer vaccinations
is before conception, but there are some circumstances in which it is necessary to administer
vaccines throughout pregnancy and postpartum [284].

Pregnant women who receive the vaccine develop vaccine-specific antibodies, which
are passed to their unborn children through the placenta or through lactation. Only IgGs,
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among the various antibody isotypes, can cross the placenta starting from the 13th weeks of
gestation, giving the fetus passive immunity. The fetal IgG levels then start to decline in the
late second and early third trimester, showing a drop of up to 50% from the level reported
in term children, supporting the timing of immunization in pregnancy to protect preterm
infants [285]. The immune response peak resulting from a later vaccination (28-32 weeks)
could closely match with the timing of maximal transplacental transfer of IgG and therefore
potentially provide greater protection to the infant [285]. In fact, vaccination in the second
trimester would provide longer exposure to maternal IgG, increasing the possibility of
higher functional IgG in the infant [286]. To increase the proportion of pregnant women who
receive vaccinations, future studies using various methodologies may offer a larger window
of optimal vaccine scheduling. Pertussis, tetanus, diphtheria, polio, and the seasonal
influenza vaccine are the only infections that can currently be vaccinated against while
pregnant. However, future vaccines for pregnant women, including those for respiratory
syncytial virus (RSV) and group B streptococcus (GBS), are now being developed [284].
There are live, inactivated, and multivalent monovalent and multivalent vaccines available
for immunization.

Live vaccines contain attenuated viruses that need to be multiplied for protective
immunity to develop. As a result, this type of vaccine is contraindicated during pregnancy
because the vaccine virus could theoretically spread to the fetus and endanger it [286]. To
prevent this, women should wait one month before becoming pregnant after receiving a
live vaccine.

Although it is not recommended during pregnancy, a live attenuated varicella vaccine
was launched in 1995, and women who accidentally received it during pregnancy exhibited
no issues [287]. However, because VZV vaccinations are contraindicated during pregnancy,
it is advised that all women considering pregnancies be screened for varicella immunity
and that non-immune women be immunized before becoming pregnant. On the other
hand, postpartum vaccinations for non-immune pregnant women are advised [287].

The dengue infection has a similar live attenuated tetravalent vaccination. The live-
attenuated flavivirus vaccine (CYD-TDV), which was approved in December 2015 for use in
people as young as 9 years old [288,289], expresses the structural antigens of DENV. These
antigens serve as the targets of the host immune response by inducing innate immune cells,
neutralizing antibodies, and T-cell responses. Considering the potential danger of virus
transmission to the fetus, CYD-TDV is contraindicated in pregnant women, just like the
other live attenuated vaccines. Preclinical in vivo animal investigations have not identified
any teratogenic effects in the offspring [290], but no assessments have been carried out in
people. Further research is therefore required to determine the safety of dengue vaccine
during pregnancy.

In contrast to live attenuated vaccines, mRNA-lipid nanoparticle (LNP) COVID-
19 vaccines currently lack safety information for use during pregnancy, albeit in rare
circumstances, severely vulnerable pregnant women have been evaluated. However, there
are many justifications for vaccination during pregnancy that support the safety of COVID-
19 vaccinations. The primary factor contributing to these vaccines’ promising safety is that
they are made of mRNA encapsulated in a lipid nanoparticle, which prompts the host to
produce coronavirus spike proteins, thereby inducing the production of antibodies [291]
without containing live viruses or adjuvants that could harm a fetus in development [292].

Additionally, the HPV vaccine is a vaccination that is gaining popularity during
pregnancy. The virus-like particles (VLPs) in HPV vaccines are recombinant and augmented
by an adjuvant, which stimulates a stronger immune response than a natural infection [293].

Even though giving the vaccine to pregnant women is not advised [294], it commonly
happens accidentally because most recipients are fertile young women. The recommended
protocol is to postpone the three-dose regimen until after the fetus is fully developed
if a woman is discovered to be pregnant while receiving an HPV series. Government
regulations, however, do not apply to pregnancy testing before immunization because they
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could impede compliance and have a detrimental impact on vaccine uptake by delaying
vaccination.

The chances of spontaneous miscarriage, serious birth defects, stillbirth, and preterm
birth were not shown to be significantly greater with quadrivalent HPV vaccination during
pregnancy in a large, statewide study conducted in Denmark [295]. Although no unfa-
vorable outcomes of the pregnancy have been linked to vaccination, it is nevertheless
important to properly demonstrate the safety of vaccination in pregnant women and, in
the meantime, avoid its administration.

The emergency vaccination against hepatitis A and B during high-risk pregnancy has
been accepted [296] in addition to the administration of influenza, tetanus, diphtheria, and
pertussis vaccines [297], since the administration of other vaccines to pregnant women
should be based on whether the benefits outweigh the risks [298]. Recombinant HB vaccines
are the only type of HBV vaccination that is widely available, safe for newborns [299,300]
and adults [301,302] and efficacious compared to plasma-derived vaccines. According to
studies [303-307], HBV vaccination during pregnancy is immunogenic and causes a passive
transfer of antibodies to the fetus.

However, one study looked at the timing of vaccination and found that babies born
to moms who had their vaccinations during pregnancy had lower anti-HBs levels than
babies born to mothers who received their vaccinations prior to becoming pregnant [308].
Therefore, based on this observation, it may be advised that women who are planning a
pregnancy receive their shots before conception. This will improve the benefits for the
unborn child and reduce the possibility of unfavorable pregnancy outcomes caused by
vaccine safety.

The clinical trials of various medicines and antiviral medications, however, rarely
include pregnant women in their cohorts due to ethical considerations, as has been noted
for vaccine safety studies [308]. Therefore, even though the danger in animals is not always
a reliable indicator of the same risk in people [309], animal studies are occasionally the only
source to evaluate how experimental medical interventions would harm the fetus [310].
Because there are not any clinical trials conducted while pregnant, the safety of a medicine
for pregnant women can only be determined after it is sold and used.

Acyclovir and zidovudine are the two first antiviral medications to be introduced
because of the significant morbidity of the genital herpes simplex virus and HIV epi-
demics [311]. Since then, their effectiveness and safety have been established in non-
pregnant patients, but use in pregnancy has been prohibited due to several fetus-related
issues. Acyclovir and zidovudine have only been used during pregnancy in case reports
and pharmacokinetic investigations [312].

Acyclovir reduces viral DNA replication by selectively inhibiting human HSV DNA
polymerase, whereas zidovudine inhibits HIV-1 reverse transcriptase, which is an enzyme
involved in a crucial stage of the HIV life cycle. ZDV's antiviral effect depends on the
drug’s intracellular conversion to a triphosphate metabolite, which needs host cell kinases
to occur [313]. The data are currently sparse, and there are no prospective controlled studies,
even though the body of research on the safety of oral acyclovir and valacyclovir does not
show that these two antiviral medications have a deleterious impact on the fetus [313].

However, because of the encouraging data that have already been presented, doctors
are permitted to treat pregnant patients with acyclovir or valacyclovir for primary or
recurrent HSV infection, treating the mother while also reducing viral transmission without
harming the fetus [313]. Moreover, as was the case with HSV and HIV, managing chronic
hepatitis B (CHB) during pregnancy while using antiviral medications is a difficulty that
could have negative effects on both the mother and fetus. The impact of antiviral medication
during pregnancy for maternal liver illness and the prevention of perinatal transmission
are important factors to consider and research. However, antiviral therapy can only very
rarely be used during pregnancy [314]. Most pregnant women in the immune-tolerance
period should be observed without treatment [311,315]. Antiviral medication may be
started during pregnancy or continued if it was started before pregnancy, for example, if
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pregnant women have an acute hepatitis flare-up or have underlying severe or advanced
liver disease, such as cirrhosis [316].

In contrast to the antiviral therapies previously mentioned, the novel perspective
suggested for the treatment of hepatitis is that the potential risks of fetal exposure to
antiviral medications should not prevent the start of therapy, as it may be lifesaving for both
mother and fetus. The preferred medication appears to be tenofovir (TDF), which functions
as a nucleotide reverse transcriptase inhibitor, and it should be continued throughout the
pregnancy [317].

Additionally, among the various approaches that have been suggested to treat COVID-
19 patients, specific antiviral therapies [318] such as nucleoside analogs, which inhibit
reverse transcription and are the most effective antiviral agents currently on the market
against SARS-CoV-2 infection [319,320], play a crucial role. Remdesivir efficacy and safety,
for instance, have been assessed in pregnant women with coronavirus disease 2019 (COVID-
19), with the clinical condition improving mostly in those who had a better clinical status at
baseline and received remdesivir treatment earlier. Even though most deliveries by cesarean
section were urgent cases and no vertical transmissions were reported, transaminitis was
a side effect that was noticed [321-325]. Remdesivir’s effectiveness and safety profile in
treating pregnant women with COVID-19 are therefore still unknown, and more research
is required.

The current therapy choices for flavivirus infections are largely supportive care-based
(antipyretics, analgesics, and antihistamines). ZIKV and dengue are similar enough that
some antiviral treatments that work for both infections can be investigated [326]. Clinical
trials in dengue-infected humans have already evaluated a few drugs, including chloro-
quine, balapiravir, and celgosivir, whose mechanisms of action include immunomodulatory
activity, nucleoside inhibition, and host-glucosidase inhibitor, respectively. Unfortunately,
there was no proof that the plasma viremia had been effectively reduced [327], and the
drug’s possible teratogenicity or toxicity should be carefully considered [326].

8. Conclusions

Immunological modifications during pregnancy allow maternal tolerance of the semi-
allogeneic fetus while simultaneously increasing maternal vulnerability to infection. The
processes that contribute to maternal and fetal harm caused by viral infections are compli-
cated and heavily reliant on pathogenesis variables such as viral susceptibility, tissue and
cellular tropism, and host-pathogen interactions in the placenta niche. The placenta is a
physical and immunological barrier that protects the fetus from infections in the maternal
blood. Nevertheless, certain pathogens, particularly viruses, can enter the fetal compart-
ment via hematogeneous or decidual spread, causing congenital disorder and eventually
fetus death. Previous epidemics of numerous new viral infections have resulted in poor
pregnancy outcomes, including maternal and fetal morbidity and death, as well as peripar-
tum infections with severe sequelae, even in the absence of maternal-to-fetal transmission.
The major change around the subset of immunity cells at the maternal-fetal interface regard
natural killer (NK) cells, macrophages, dendritic cells (DCs) and T cells, whose function
and secretome can be changed during viral infections, potentially leading to preterm birth,
congenital malformations, abortion, or stillbirth. These findings highlight the necessity of
understanding the mechanisms through which viruses can reach the placenta or can lead
to negative outcomes. Considering the success of tetanus vaccination during pregnancy,
recommendations for immunization during gestation against several infectious diseases
have increased. Given the advances in targeted drug delivery using nanoparticles (NPs),
several research groups are currently focusing on developing virus-like particles (VLP) or
NPs meant to be used for gestational active immunization [284]. Since the research and
development of VLPs and NP presents an opportunity for effective pregnancy therapy,
their translation into healthcare settings must go through a lengthy and challenging toxicity
testing process. Virus-like particles (VLPs) or NPs are supramolecular entities that resemble
viruses but do not have the potential to infect. VLP/NP may be customized to target
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specific immune system cells while simultaneously presenting antigens to the immune
system, making them attractive vaccination candidates [285]. For example, wild-type
SARS-CoV-2 and group-specific antigen (Gag) VLPs with a diameter of around 145 nm
represent very interesting alternatives for the development of novel coronavirus vaccine
candidates [286]. Similarly, Garg and colleagues [287] recently published a new VLP-based
Zika virus vaccination that was proven to induce neutralizing antibodies postimmunization.
The preliminary experiments, however, were performed in nonpregnant mice, and no data
on the VLP influence on pregnancy were presented. Differences in the real physiology,
anatomy, and uterine environment, as well as the cost of conducting studies on mouse
models, limit the utility of such models. Therefore, new promising strategies for studying
VLP have been developed, which are based on reproducing the mother—fetus interface on a
chip, organ-on-chip (OoC) [288].

Despite all the evidence, essential research on the development of safe antiviral
medicines and vaccinations that prompt maternal immune response should be promoted.
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Several reports had highlighted the ability of viruses to exploit or affect HLA-G expression
during pregnancy to avoid immune recognition and increase their spread, including HHV's
[373-375], HIV [376, 377] and HPV [325].

During pregnancy, HLA-G strictly collaborates with dNK cells, which not only prevent the
rejection of fetus, but also promote fetus protection against possible infections that can occur
through vertical transmission [337]. View the role of both tolerogenic HLA-G and dNK
cells, it might be deduced that their impairment could be crucial in the onset of placental
infections.

Concerning SARS-CoV-2, recent studies reported its ability to infect placental annexes
[238], suggesting a potential mother-fetus transmission. This hypothesis was supported by
several evidences, including the presence of SARS-CoV-2 mRNA or virions in ST, together
with the finding of the presence of congenital infection during the first trimester of
pregnancy in fetal organs, such as lung and kidney [378]. The study conducted by Greco et.
al on a newborn from severe COVID-19-positive mother dead after thrombosis,
demonstrated the consistent presence of SARS-CoV-2 NP and Spike protein in several fetal
tissues, supporting viral ability to reach fetus during infection [379]. Again, the
concomitance of maternal COVID-19 infection with thrombosis in fetal circulation [380],
but also placental insufficiency, miscarriage, as well as preeclampsia [381], was reported in
association with SARS CoV-2 infection in pregnancy.

Interesting, it seems that the different expression levels of both ACE2 [382] and CD147
[383] on placenta could determine various clinical outcomes of SARS-CoV-2 gestational
infection, that ranges from severe to asymptomatic disease, also depending to maternal

immunological response to the virus [384].
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The aforementioned pathological conditions found in pregnant COVID-19 women can be
correlated to peculiar immune-escape strategies exploited by SARS-CoV-2, such as the
induction of the immunotolerogenic HLA-G molecule [385]. Given the importance of viral
receptors and HLA-G expression in gestational COVID-19, we investigated the presence of
placental SARS-CoV-2 infection in association with ACE2, CD147, HLA-G and CD56, as
a marker for dNK cells (/386], paper attached).

The analysis of placenta specimens obtained by COVID-19 women reported the presence of
SARS-CoV-2 in placenta tissues, as confirmed by the presence of viral NP expression in
both ST and in EVT by IHC analysis (/386], paper attached). Simultaneously, placental
samples from COVID-19 mothers positive for in situ placental SARS-CoV-2 infection,
presented a high expression of CD147 and HLA-G, mainly at ST levels, while on the
contrary, CD56 expression in the decidua was found decreased, compared to control group
([386], paper attached).

Thus, our results suggest that SARS-CoV-2 can easily infect placenta tissues where it can
modulate HLA-G to enact viral immune-escape. Furthermore, the reported low CD56
expression in dNK cells is in line with NK cell anergy observed in COVID-19, typically
described in of SARS-CoV-2 infection.
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ARTICLEINFO ABSTRACT

Keywords: Introduction: Recent studies reported a differential expression of both ACE2 and CD147 in pregnant women

SARS-CoV-2 assoclated to SARS-CoV-2 placental infection. The aim of this study is to further investigate the placental SARS-

Placental infection CoV-2 infection and the potential effect on protein expression (ACE2, CD147, HLA-G and CD56).

’ég*i? Methods: The study was on three subgroups: i) 18 subjects positive for SARS-CoV-2 swab at delivery; if) 9 subjects

HLA-G that had a positive SARS-CoV-2 swab during pregnancy but resulted negative at delivery; 1ii) 11 control subjects
with physiological pregnancy and with no previous or concomitant SARS-CoV-2 swab positivity. None of the
subjects were vaccinated for SARS-CoV-2 infection. The placenta samples were analyzed for SARS-CoV-2 NP
(Nucleocapsid protein) positivity and the expression of ACE2, CD147, HLA-G and CD56.
Results: We observed a higher percentage of SARS-CoV-2 NP positive placenta samples in the group of SARS-CoV-
2 PCR positive at delivery in comparison with SARS-CoV-2 PCR negative at delivery. The localization of SARS-
CoV-2 NP positivity in placenta samples was mainly in syncytiotrophoblast (ST) of SARS-CoV-2 PCR positive at
delivery group and in extra-villous trophoblast (EVT) of SARS-CoV-2 PCR negative at delivery group. CD147,
HLA-G positivity was higher in ST of SARS-CoV-2 PCR positive at delivery group, while CD56-expressing immune
cells were decreased in comparison with control subjects.
Discussion: We confirmed the ability of SARS-CoV-2 to infect placenta tissues. The simultaneous SARS-CoV-2
swab positivity at delivery and the positivity of the placenta tissue for SARS-CoV-2 NP seems to create an
environment that modifies the expression of specific molecules, as CD147 and HLA-G. These data suggest a
possible impact of SARS-CoV-2 infection during pregnancy, that might be worthy to be monitored also in
vaccinated subjects.

1. Introduction (COVID-19) severe respiratory disease, highlighting as main cellular
receptor for viral entry the Angiotensin Converting Enzyme (ACE) 2 [1].

After severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Then, several studies also investigated the possible multi-tissue
pandemic outbreak in December 2019, most of studies concerning tropism of SARS-CoV-2, basing on the wide expression of ACE2 in
SARS-CoV-2 infection have been focused on coronavirus disease 2019 sites other than lungs [2]. It is known that SARS-CoV-2 cell entry via

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ACE-2, Angiotensin Converting Enzyme 2; TMPRRS2, Transmembrane serine
protease 2; COVID-19, Coronavirus disease 2019; HLA, Human Leukocyte Antigen; NK, Natural killer; KIR, Killer-cell immunoglobulin-like receptor; ILT, Ig-like
transeript.
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ACE2 engagement by the viral Spike protein also involved the proteases
TMPRRS2 [3]. Placenta tissues are characterized by a lower TMPRSS2
expression compared to other tissues, like lungs, with a preferential
expression at trophoblasts [4]. A few placental cells and chorioamniotic
membranes co-express ACE2 and TMPRSS2 throughout gestation [5,6],
suggesting a possible effect on SARS-CoV-2 placental and transplacental
infection, as the co-presence of both these receptors, facilitating SAR-
S-CoV-2 cell entry. For this reason, the presence of alternative receptors
for SARS-CoV-2 entry into syncytiotrophoblast cells has been suggested
[7] such as DPP4 (CD26) and CD147 [8,9]. CD147 is characterized by a
diffuse tissue expression [10], in concomitance with the emerging data
reporting SARS-CoV-2 infection in different body sites [11]. A recent
work of Dong et al. reported a differential expression of both ACE2 and
CD147 in a small cohort of pregnant women associated to SARS-CoV-2
placental infection compared to non-COVID19 infected pregnant
women, with no direct evidence of viral transmission to the newborns
[12].

Moreover, SARS-CoV-2 infection is associated to different clinical
outcomes, that ranges from severe to asymptomatic disease [5]. This
clinical heterogeneity may be correlated to a differential expression of
susceptibility factors, as ACE2 and CD147, but also to peculiar escape
mechanisms that the virus could exploit in some individuals, as for
example the induction of the immunotolerogenic molecule Human
Leukocyte Antigen (HLA)-G [13-15].

HLA-G is a non-classical HLA class I molecule firstly described in
pregnancy, where it allows the protection of the semi-allogenic fetus
from the maternal immune system through the interaction with specific
inhibitory receptors [16].

HLA-G placenta expression during pregnancy is characterized by
peculiar changes, with high levels of the molecules in the first trimester,
which are reducing as they approach the birth, in order to promote the
typical inflammatory environment needed to induce the delivery [17].
The presence of placental infections might affect HLA-G expression,
leading to placental and fetal disorders, as recently reported for HHV-6
infection in association with IUGR. condition [18].

Recently, the ability of SARS-CoV-2 to induce HLA-G has been
described in bowel tissues [19-21], supporting the involvement of this
molecule in its immune escape process. In particular, Natural Killer (NK)
cells, that represent the first line of defense during viral infections, have
been reported to be anergic in COVID-19 patients [22]. NK cells are also
key players during pregnancy, representing the main immune cell type
in endometrial tissues where they act to allow a correct decidualization
and placentation process [23] and to kill target infected cells. Decidual
natural killer cells (dNK) are the predominant leukocyte population in
normal human endometrium [24]. Their content varies throughout the
normal menstrual cycle, likely due to recruitment of peripheral NK cells
(pNK) and/or in utero proliferation/differentiation of stem uNK cells.
They represent 40% of the total leukocyte population during the pro-
liferative phase which increases to 60% by mid-secretory phase and up
to 75% in early pregnancy. At the end of pregnancy, dNKs show a
different protein and gene expression profile which is associated to an
increase degranulation response, suggesting their key role in counteract
possible vertical transmission of infection to the fetus [25]. NK cell ac-
tivity is controlled by the interaction between specific receptors (KIR
(Killer immunoglobulin like receptor), ILT (Ig-like transcript)) with
surface proteins. HLA-G molecules interact with ILT2 and I[LT4 re-
ceptors, inducing an inhibitory signal in NK cells [26].

The evaluation of the effect of SARS-CoV-2 infection during preg-
nancy has raised interest. Even if virus vertical transmission is still
controversial [27], several researches have evaluated the possible
different susceptibility to SARS-CoV-2 infection, analyzing the placenta
tissues. It has been demonstrated that SARS-CoV-2 can infect the
placenta [28], documenting congenital SARS-CoV-2 infection during the
first trimester of pregnancy with fetal organs, such as lung and kidney, as
targets for coronavirus [29].

The aim of this study is to further investigate the placental SARS-
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CoV-2 infection and the potential effect on protein expression as
ACE2, CD147, HLA-G and CD56, as a marker of CD56 positive immune
cells (NK cells, T cells), in placental tissues from subjects positive or
negative for SARS-CoV-2 infection at delivery.

2. Materials and methods

2.1. Swudy popularion

The study was conducted on one prospective cohort of 38 patients
enrolled at the time of childbirth at the Gynecology and Obstetrics
Department of the Sant’Anna University Hospital in Ferrara, during the
period from March to December 2020. Three subgroups were identified,
namely, a cohort made up of 18 subjects positive for SARS-CoV-2
infection at delivery and 9 subjects that were positive for SARS-CoV-2
infection during pregonancy bul resulted nepative [ur SARS-CoV-2
infection at delivery and a control group made up of 11 subjects with
physiological pregnancy and with no previous or concomitant SARS-
CoV-2 infection, that will be referred as control group. None of the
subjects were vaccinated for SARS-CoV-2 infection. SARS-CoV-2 infec-
tion was tested with a molecular swab (RT-PCR) test for the presence of
SARS-CoV-2 RNA and identified to be sustained by wild type Wuhan Hu-
1 isolates. Clinical data were collected for the cohort. All subjects gave
their informed consent for inclusion in the study. The study was con-
ducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the local Ethics Committee (Comitato Etico di Area
Vasta Emilia Centro della Regione Emilia-Romagna, CE-AVEC). All the
data were anonymized and no connection with the patient identity was
possible.

2.2, Placenta sample collection

The placenta samples were collected after delivery and sent to the
Pathology Lab for examination as previously described [18]. They were
initially examined in the unfixed state then the membranes were
removed by trimming them along the placental margin and the umbil-
ical cord was removed after recording the length and site of insertion.
The placental disk weights and three-dimensional measures were
recorded, and the parenchyma was sectioned at 1-2 cm intervals on the
maternal surface; after formalin fixation, a full-thickness section from
the central portion of the placenta was sampled for histology.

2.3. Immunohistochemical analysis

Placenta slides were deparaffined by using Toluene, rehydrated in
decreasing ethanol concentration [19-21]. Heat antigen retrieval in
Citrate Buffer pH6.1 with 0,05% Tween20 was performed. Slides were
stained using the Ultratek kit (Histoline) with the following antibody:
SARS-CoV-2 NP (Nucleocapsid protein) (NB100-56576, Nowvus Bi-
ologicals, Centennial, 1:250 dilution), Human Leukocyte Antigen-G
(HLA-G) antibody (MEM-G2, Exbio, dilution 1:400), CD147 (clone
MEM-M6/1, dilution 1:100, Novus Biologicals), CD56 (clone 123C3.D5,
dilution 1:100, Novus Biologicals), ACE2 (clone EPR4435-2, 1:250
dilution, Abcam).

After immunohistochemical staining, the slides were scanned using
the Philips Ultra Fast Scanner version 1.6, digitalized slides were con-
verted in BigTIFF format and were then imported into QuPath software
for further image analysis. First, the Simple tissue detection tool was
used to create annotation of the tissue region to be analyzed. The Cell
detection tool was used to detect every cell in the tissue by using a built-
in cell segmentation algorithm. To enable distinction between positively
and negatively stained cells, the Intensity feature in the Detection
classifier was used. The tissues were scored based on number of posi-
tively stained cells/mm2. An H-score between 0 and 300 was obtained
where 300 was equal to 100% of cells strongly stained (3+) [19-21].
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2.4. Statistical analysis

Frequencies were analyzed by Fisher’s exact test, biological variables
and H-Score comparisons were evaluated by Mann-Whitney U test. The
statistical analysis was performed by GraphPad Software version 6.

3. Results
3.1. SARS-CoV-2 gestational infection is associated to clinical alterations

The prospective cohort was subdivided into three groups, charac-
terized by a positive swab test for SARS-CoV-2 infection at the delivery
(SARS-CoV-2 PCR positive at delivery) by a positive swab test for SARS-
CoV-2 infection during pregnancy but negativized at the delivery (SARS-
CoV-2 PCR negative at delivery) or without any positive swab test for
SARS-CoV-2 during pregnancy and at delivery (controls). The subjects
were matched for age, BMI and gestational period at delivery, to avoid
confounding variables (Table 1). No subjects presented comorbidities,
both pregnancy related, such as preeclampsia and gestational diabetes
mellitus, and preexisting, such as chronic hypertension, pregestational
diabetes, and heart disease (Table 1). The SARS-CoV-2 PCR positive at
delivery group were all affected by the SARS-CoV-2 wild type Wuhan
Hu-1 isolate, which includes most of the Italian sequences during the
enrollment period. The SARS-CoV-2 PCR positive at delivery group
presented hyperpyrexia (body temperature above 38°Celsius) and/or
dyspnea (subjective difficulty in breathing) that needed oxygen therapy
(p = 2.1 x 10-7; Fisher exact test). Two subjects with a positive SARS-
CoV-2 swab at delivery needed to be transferred to intensive care
units for supportive cares. None of the newborns from the SARS-CoV-2
PCR positive at delivery groups resulted positive for SARS-CoV-2 swab

Table 1
Demographic and clinical characteristics.
Clinical data SARS-CoV-2 SARS-CoV-2 Control p-value
PCR positiveat  PCR negative (N=11)
delivery” (N =  at delivery”
18) (N=9)
Age; years (mean 299 4+ 6.9 3184128 349 4L
E:)] 5.5
BMI (mean + 5D} 234 + 35 27.2473 21.7 +
2.1
Comorbidities (N) 0 0 1}
Gestational period 392 + 1.6 2224 35 - 0.012
of infection;
weeks (mean -4
sD)
Severity of Severe”™ 2 Severe™: 0 - 0.54%
infection (N} Mild: 16 Mild: &
Gestational period 392418 389421 395+
of delivery; 2.7
weeks (mean 4+
SD)
Hyperpyrexia and/ 18 0 - 21 x
or dyspnea (N) 107
Weight of fetus at ~ 3353.6 + 3192.2 + 33436+  'ws®0.35
birth; g (mean + 4453 423.8 230.4 vs® 0.56
5D) *us”0.36°
Apgar 5 min (mean 9.9 4+ 0.2 10.0 4+ 0.0 99+1.3 ‘'w’0.95
+ 5D) 'ys® 0.98
*45°0.96'
Newborn gender Male:s’ Male:2? Male:5* lys?
{Male; Female) 0.68°
Female:s  'vs®
0.69°
Female:12 Female:7 *ys’n.37"
Newborn swab Positive: 0 Positive: 0 - 1
result (W) Negative: 18 Negative: 9

* Swab results at delivery.

b intensive care units for supportive cares.
¢ Mann-Whitney [J test.

4 Fisher exact test.
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testing at childbirth. The SARS-CoV-2 PCR positive and negative at de-
livery groups differed for the gestational period of infection, that was
39.2 + 1.6 weeks for SARS-CoV-2 PCR positive at delivery group and
22.2 + 3.5 weeks for SARS-CoV-2 PCR negative at delivery group (p =
0.012; Mann-Whitney U test).

3.2. SARS-CoV-2 PCR positive at delivery group showed a ST positivity
for SARS-CoV-2 NP

Placenta samples obtained from the three groups were analyzed for
SARS-CoV-2 NP presence by [HC. The 78% of the placenta samples from
the SARS-CoV-2 PCR positive at delivery group were positive for SARS-
CoV-2 NP expression in comparison with the 39% of the SARS-CoV-2
PCR negative at delivery group (p < 0.0001, Fisher's exact test). The
control group placenta samples were all negative for SARS-CoV-2 NP
staining.

SARS-CoV-2 NP positivity showed a different localization between
syncytiotrophoblast (ST) and extra-villous trophoblast (EVT). SARS-
CoV-2 NP positivity was preferentially found in the ST of SARS-CoV-2
PCR positive at delivery group samples (100% vs 57%, p < 0.01,
Fisher exact test), while the infection was at EVT level in SARS-CoV-2
PCR negative at delivery group (86% vs 71%, p < 0.01, Fisher exact
test) (Fig. 1a). The analysis of the staining for SARS-CoV-2 NP revealed a
higher intensity in the ST of SARS-CoV-2 PCR positive at delivery group
compared to the SARS-CoV-2 PCR negative at delivery group (Fig. 1b, p
= 0.0316, Mann-Whitney U test).

3.3. ACE2, CD147 and HLA-G are differentially expressed in placental
samples

We investigated the expression and localization of these three mol-
ecules to identify a possible implication in placental SARS-CoV-2
infection susceptibility.

Both receptors were expressed in all the placental samples. CD147
diffuse expression and higher H score were found in the ST (Fig. 2a and
b) of all the placenta samples, with the strongest staining (H score) in
SARS-CoV-2 PCR positive at delivery group, independently to placental
SARS-CoV-2 NP positivity (p < 0.001; Mann-Whitney U test). CD147
membrane staining was present in EVT, with no significant differences
between the placenta samples (Fig. Za and b).

ACE2 is expressed by EVT of all the placental samples, but with a
different cellular distribution (Fig. 2a, ¢). SARS-CoV-2 NP negative
placenta presented a diffused expression of ACE2, while SARS-CoV-2 NP
positive placenta, independently from the SARS-CoV-2 positivity or
negativity of swab at delivery, showed a membrane-associated staining
(Fig. 2a, c). Control placenta samples showed a slight intracellular ACE2
staining in comparison with SARS-CoV-2 PCR positive or negative at
delivery groups (Iig. 2a, ¢; p < 0.001; Mann-Whitney U test).

Since we have previously shown that HLA-G molecules are modu-
lated during SARS-CoV-2 infection in the intestinal villi during throm-
boembolic events [19-21], we evaluated HLA-G expression in placenta
samples taking into consideration the implication of HLA-G molecules
during viral infection in pregnancy [18].

HLA-G expression was evident in ST and EVT of all the placental
samples, with a significant increase in ST of SARS-CoV-2 PCR positive at
delivery group with SARS-CoV-2 NP positive placenta samples (Fig. 2a,
d). HLA-G expression was also evident in EVT, with an induced
expression in SARS-CoV-2 PCR positive at delivery group with SARS-
CoV-2 NP positive placenta samples and in SARS-CoV-2 PCR negative
at delivery group with SARS-CoV-2 NP positive placenta samples
(Fig. 2d; p < 0.01; Mann Whitney U test).

3.4. SARS-CoV-2 placental infection influences CD56 positive immune
cell presence

We analyzed placental tissues for the presence of CD56 positive
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Fig. 1. a) Immunohistochemical staining for SARS-CoV-2 Nucleocapsid protein (NP) of the placenta tissues from SARS-CoV-2 PCR positive at delivery group (SARS-
CoV-2 positive swab) or SARS-CoV-2 PCR negative at delivery group (SARS-CoV-2 negative swab). Magnifications are 10x. ST: syncytiotrophoblast; EVT: extra-
villous trophoblast. b) H-score values. p values were obtained by Mann-Whitney test.
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Fig. 2. a) Immunohistochemical staining for CD147, ACE2, HLA-G and CD56 of the placenta tissues from SARS-CoV-2 PCR positive at delivery group (SARS-CoV-2+
swab) or SARS-CoV-2 PCR negative at delivery group (SARS-CoV-2- swab), both with (NP + placenta) or without (NP - placenta) positive staining for SARS-CoV-2
Nucleocapsid protein (NP) in placenta tissues, and SARS-CoV-2 negative swab during pregnancy and at delivery group (control). Magnifications are 10x. ST:
syncytiotrophoblast; EVT: extra-villous trophoblast. b) H-score values. p values were obtained by Mann-Whitney test.

immune cells, that account mainly to decidual NK (dNK) cells. We
observed the presence of CD56 positive immune cells in the endometrial
tissues (Fig. Za; e). All the placenta samples of SARS-CoV-2 PCR positive
and negative at delivery groups showed a significant decrease in CD56
positive cells compared to controls (Fig. 2e; p < 0.001; Mann Whitney U
test).

4. Discussion

The immune system is modified during pregnancy to protect the
growth of a semi-allogeneic fetus in the body of the pregnant woman,
resulting in a peculiar immune response to microbial infections during
pregnancy [24]. SARS-CoV-2 infection modifies the immune response of
the host, mainly in those subjects affected by a severe disease [22,30].
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The immune deregulation involves an increase in blood leukocytes
(leukocytosis), decrease in lymphocytes (lymphopenia) and an increase
in neutrophil-to-lymphocyte ratio (NLR).

Recent studies reported the presence of SARS-CoV-2 mRNA or vi-
rions in ST [29]. Whilst the possibility of vertical transmission of
SARS-CoV-2 from pregnant woman to fetus during pregnancy is sug-
gested, the role of the placenta in infection with the virus has not yet
been fully understood. We evaluated the placental SARS-CoV-2 infection
and the potential effect on protein expression as ACE2, CD147, HLA-G
and CD56, as a marker of CD56 expressing immune cells (mainly NK
cells, but also alpha beta T cells, gamma delta T cells, dendritic cells, and
monocytes) [21], in placental tissues from pregnant women, positive or
negative for SARS-CoV-2 infection at delivery.

‘We observed a higher percentage of SARS-CoV-2 positive placenta
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samples in SARS-CoV-2 PCR positive at delivery group in comparison
with SARS-CoV-2 PCR negative at delivery group. The localization of
SARS-CoV-2 positivity in placenta samples was mainly in ST of SARS-
CoV-2 PCR positive at delivery group and in EVT of SARS-CoV-2 PCR
negative at delivery group. CD147 and HLA-G positivity was higher in
SARS-CoV-2 PCR positive at delivery group and mainly localized in ST.
These results support previous observations on the presence of CD147 as
protein complexes on the plasma membrane of primary human ST,
suggesting a role of CD147 in trophoblast function [32], and a role for
HLA-G molecules as immune escape mechanism of the virus. HLA-G
expression is normally reduced during delivery. The increase in
SARS-CoV-2 infected tissues sustains a possible induction by
SARS-CoV-2 infection, as reported in other tissues [19-21].

ACE2 staining was evidenced in EVT of all the placental samples,
with a diffused expression in SARS-CoV-2 negative placenta, and a
membrane-associated staining in SARRS-CoV-2 positive placenta. These
results agree with previous data on the prevalent localization of ACE2 in
the physiologic interface between pregnant woman and fetus, rather
than in other placental villous cells [22]. The increased ACE2 membrane
expression suggests a possible re-localization of ACE2 at the cell mem-
brane after the internalization during SARS-CoV-2 infections via a
clathrin-mediated endocytosis [34], in which ACE2 is recycled back to
the cell surface and the virus is further replicated in the cell. However,
this study has several limitations: i) the cohort was enrolled two years
ago; ii) all the subjects were infected with wild type SARS-CoV-2 strain;
ifi) no subjects were vaccinated. It would be important to analyze a
larger cohort, infected with different SARS-CoV-2 strains and with or
without a protocel of vaccination. The confirmation of our results would
clarify the effect of SARS-CoV-2 infection in placenta tissues. Interest-
ingly, placenta samples delivered from SARS-CoV-2 positive subjects
showed a decreased expression of two trophoblast genes (PSG3, with
immunoregulatory and angiogenic functions and CGB3, essential for
pregnancy maintenance) and increased expression of three immune
genes (CXCL10, pro-inflammatory chemokine secreted in response to
interferon gamma, TLR3 and DDX58, involved in recognizing
double-stranded RNA) [35]. These data support our data and the role of
SARS-CoV-2 infection in modifying immune and trophoblast gene
expression [35].

We observed a decrease in CD56 expressing immune cells. The
expression of CD56 is most stringently associated with, but certainly not
limited to, NK cells, where upon activation, CD56dim NK cells can adopt
a CD56bright-like immunophenotype or upregulate their CD56 expres-
sion in general [36]. Endometrial NK cells are CD56bright NK cells, that
act as cytokine producing cells, that control embryo implantation and
placentation. Numerical and functional deficiencies and phenotypic al-
terations of CD56 positive immune cells might modify the placental
homeostasis during SARS-CoV-2 infection, with possible clinical
implications.

In conclusion, these results confirm the ability of SARS-CoV-2 to
infect placenta tissues, as previously reported [37,38]. The simultaneous
swab SARS-CoV-2 positivity at delivery and the NP positivity of the
placenta tissue seems to create a peculiar environment that modifies the
expression of specific molecules, as SARS-CoV-2 infection related mol-
ecules (ACE2, CD147), immune regulators (HLA-G) and immune cells
(CD56). There is a clear modification in the immune environment, with
an increase in the immune-tolerogenic molecule HLA-G, that can act as
immune-escape mechanism for SARS-CoV-2, and a decrease in CD56
expressing immune cells, suggesting that SARS-CoV-2 infection might
influence the expression of CD56 and consequently cell behavior. The
decrease in CD56 expression induces a cytotoxic phenotype, that might
alter the immune tolerogenic status at the fetal-maternal interface.

These results sustain the need of further studies to determine
whether such changes in the immune system result in higher suscepti-
bility or are protective against SARS-CoV-2 infection during pregnancy.
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5.2.2. SARS-CoV-2 and bowel diseases

Nowadays, even more evidences strengthen the correlation of COVID-19 sequelae not only
at lung level, but also in presence of SARS-CoV-2 infection in different extrapulmonary
sites, such as gastrointestinal tract [110]. SARS-CoV-2 gut infection has been linked to
long-COVID status, in which was described the prolonged presence of gastroenteric
symptoms in patients who experienced severe COVID-19 [106]. Thus, the enteric system
was identified as a putative reservoir of infection, which participates in the viral spread and
might play a role in the persistence of SARS-CoV-2 infection, after the resolution of the
primary respiratory infection [387].

Basing on numerous evidence on the effect of HLA-G and CD147 expression in SARS-
CoV-2 infection, a role for these molecules in SARS-CoV-2-associated bowel disease was
speculated [388]. In fact, HLA-G involvement in COVID-19 bowel symptomatology was
supported by the finding of its up-regulation in gut samples from severe COVID-19 patients
[386], possibly exploiting its immunomodulatory function to improve virus persistence and
spread to other body sites.

Interestingly, HLA-G shows also a correlation with CD147 expression at gut level, which
involves matrix metalloproteinases-9 (MMP9) and Vascular Endothelial Growth Factor
(VEGF) expression [166, 389].

Thus, view the role of both HLA-G and CD147 in vascular homeostasis, a potential
implication of these molecules in bowel vascular damages and thrombotic events associated
to SARS-CoV-2 infection was suggested.

Basing on these data, we further investigated the mechanisms responsible of bowel vascular
injury and thrombotic damages observed in COVID-19 patients (/390], paper attached). Our
study confirmed that SARS-CoV-2 gut infection induced a detrimental effect at vascular
level, as demonstrated by the elevated VEGF levels found in COVID-19 biopsies [391]. This
condition seems to involve the engagement of CD147 by the virus, which correlates with
high viral tissue extent and leads to vascular damage and thrombosis, modulating HLA-G

shedding via MMP-9 (/390], paper attached).
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Abstract

Several evidence suggests that, in addition to the respiratory tract, also the gastro-
intestinal tract is a main site of severe acute respiratory syndrome CoronaVirus 2
(SARS-CoV-2) infection, as an example of a multi-organ vascular damage, likely
associated with poor prognosis. To assess mechanisms SARS-CoV-2 responsi-
ble of tissue infection and vascular injury, correlating with thrombotic damage,
specimens of the digestive tract positive for SARS-CoV-2 nucleocapsid protein
were analyzed deriving from three patients, negative to naso-oro-pharyngeal
swab for SARS-CoV-2. These COVID-19-negative patients came to clinical ob-
servation due to urgent abdominal surgery that removed different sections of
the digestive tract after thrombotic events. Immunohistochemical for the ex-
pression of SARS-CoV-2 combined with a panel of SARS-CoV-2 related proteins
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antigen-E; HLA-G, human leukocyte antigen-G; HLA-I, human leukocyte antigen class-I; IHC, immunohistochemical; MMP-9, matrix
metalloproteinase-9; NP, nucleocapsid protein; SARS-CoV-2, severe acute respiratory syndrome CoronaVirus 2; SP, spike protein; TEM, transmission
electron microscopy; VEGF, vascular endothelial growth factor.
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angiotensin-converting enzyme 2 receptor, cluster of differentiation 147 (CD147),
human leukocyte antigen-G (HLA-G), vascular endothelial growth factor (VEGF)
and matrix metalloproteinase-9 was performed. Tissue samples were also evalu-
ated by electron microscopy for ultrastructural virus localization and cell charac-
terization. The damage of the tissue was assessed by ultrastructural analysis. It has
been observed that CD147 expression levels correlate with SARS-CoV-2 infection
extent, vascular damage and an increased expression of VEGF and thrombosis.
The confirmation of CD147 co-localization with SARS-CoV-2 Spike protein bind-
ing on gastrointestinal tissues and the reduction of the infection level in intestinal
epithelial cells after CD147 neutralization, suggest CD147 as a possible key factor
for viral susceptibility of gastrointestinal tissue. The presence of SARS-CoV-2 in-
fection of gastrointestinal tissue might be consequently implicated in abdominal

KEYWORDS

1 | INTRODUCTION

Symptomatic coronavirus disease 2019 (COVID-19) patients
have been commonly identified as individuals who devel-
oped signs and symptoms suggestive of COVID-19. Even
if epidemiology and virological studies suggest that virus
transmission from an infected person mainly occur from
respiratory tract through direct droplet ad aerosol transmis-
sion," also respiratory asymptomatic infections play an im-
portant role in infection spread and clinical outcome.”

As already reported,” evidences suggest that severe
acute respiratory syndrome CoronaVirus 2 (SARS-CoV-2)
may replicate inside various cell types and tissues besides
the lung, including the gastrointestinal tract, suggesting
intestine as a main site of SARS-CoV-2 infection.®

The ability of SARS-CoV-2 to infect a broad spectrum
of tissues could be imputed to the diffuse tissue expression
of SARS-CoV-2 cellular receptor angiotensin-converting
enzyme 2 (ACE2)," which regulates blood pressure, fluids,
electrolyte balance and systemic vascular resistance.**

ACE2 was established as the functional host receptor
for SARS-CoV-2,° and its presence could confer suscepti-
bility to host cell entry of the virus.

Besides ACE2, other molecules seem to participate in
SARS-CoV-2 infection,” including several molecules that
might be involved in SARS-CoV-2 cell susceptibility, such
as Neuropilin 1 and cluster of differentiation 147 (CD147),
cyclophilin A, reported to be associated with enhanced
viral infection.®'?

CD147 is expressed in a wide range of tissues, including
lungs and intestinal vascular endothelium,"* where it plays a
role in the control of intestinal inflammation.'* CD147 expres-
sion is increased during pathological conditions in the lung,

194

thrombosis, where VEGF might mediate the vascular damage.

CD147, digestive tract, inflammation, SARS-CoV-2, thrombosis

bowel tissues,** and during stroke.”® Recent studies described
a possible interaction between CD147 binding site and SARS-
CoV-2 spike protein (SP) receptor-binding domain by electro-
static interactions involving the residues Arg403, Asn481, and
Gly502.® The treatment with Meplazumab, an anti-CD147
humanized antibody, is able to inhibit SARS-CoV-2 infec-
tion.® Again, Fenizia et al., have reported that CD147 binding
to cyclophilin A does not play a role in SARS-CoV-2 entry, but
CD147 regulates ACE2 levels and both receptors are affected
by virus infection, supporting a possible CD147 involvement
in SARS-CoV-2 infection."” Anyway, controversial results
were reported with no evidence for a direct SARS-CoV-2 spike
binding for CD147." This is suggestive of a possible role of
CD147 as a susceptibility factor for SARS-CoV-2 infection
that might cooperate with SARS-CoV-2 specific receptors. In
particular, CD147 expression has been reported on vascular
endothelium in the absence of ACE2, underlying the poten-
tial implication of this molecules in vascular damages due to
SARS-CoV-2 infection, independently from ACE2 presence. "

In this view, the engagement of both ACE2 and CD147
by SARS-CoV-2 may explain the vascular damage and
thrombosis associated to excessive inflammation observed
in COVID-19 patients.”” The detrimental effect of SARS-
CoV-2 infection at vascular level is also confirmed by the
elevated vascular endothelial growth factor (VEGF) levels
found in COVID-19 patients.*'

Despite SARS-CoV-2 infection triggers to cytokine-storm
process in COVID-19 patients,” the host immune system
could not efficiently counteract the infection.” It is known
that viruses may induce the expression of immunomodu-
latory non-classical human leukocyte antigen class-I mole-
cules,” such as human leukocyte antigen-E* and human
leukocyte antigen-G (HLA-G).*® HLA-G controls theimmune
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system activation by interacting with specific inhibitory re-
ceptors expressed on immune cells.” HLA-G immunomod-
ulatory function is exploited by viruses as an immune-escape
mechanism,”* and has recently reported in SARS-CoV-2
gastroenteric infection,’ suggesting a role of HLA-G in gastro-
intestinal pathogenetic mechanisms in COVID-19.

Another regulator of the COVID-19 inflammatory pro-
cess is represented by matrix metalloproteinases-9 (MMP-
9), which is considered an early indicator of respiratory
failure® and has been also reported as involved in the
modulation of inflammation in intestinal pathological
conditions.*! Moreover, MMPs are known to be involved
in HLA-G cleavage* and, in particular, MMP-9 is known
to be upregulated in lung macrophages via CD147,'5**
together with VEGF increase in bowel disease.

In this study, the presence of SARS-CoV-2 infection was
investigated in digestive tract tissues specimens obtained
from three SARS-CoV-2 tested negative patients that un-
derwent abdominal surgery for acute abdominal symp-
toms and that presented a clinical history very suspicious
for COVID-19 infection. Tissues were evaluated for the ex-
pression of SARS-CoV-2 nucleocapsid protein (NP), ACE2,
CD147, HLA-G, VEGF, and MMP-9. Moreover, transmis-
sion electron microscopy (TEM) analyses were performed
in order to characterize morpho-functional alterations.

2 | MATERIAL AND METHODS

The study adheres to the ethical principles for medi-
cal research involving human subjects as required by
the 2013 revision of the Declaration of Helsinki—WMA
Declaration of Helsinki—Ethical Principles for Medical
Research Involving Human Subjects.

The study was structured in accordance with the STROBE
guidelines for observational studies and STROME-ID for re-
porting of molecular epidemiology for infectious diseases.
It was evaluated by the Ethics Committee of the Area Vasta
Emilia Centro della Regione Emilia-Romagna (CE-AVEC)
with the number 122/2021/0ss/AOUFe.

2.1 | Patients

Three patients (1 female and 2 male) aged 64-76 present-
ing with acute abdominal symptoms were respectively
submitted to ileum and gallbladder surgical resection
(patient 1), sigmoidectomy (patient 2), and duodenal-
jejunum tract resection (patient 3) at the Department of
Surgical Emergencies at the University Hospital of Ferrara
(Italy). On admission, patients did not show any usual
clinical signs of COVID-19. Patient clinical characteristics
are reported in Table 1.

FASEB, 0. 22

During hospitalization, patients performed multiple
times oro/naso-pharyngeal swabs resulting always nega-
tive for SARS-CoV-2. All the surgical specimens were col-
lected and routinely processed at the Pathology Lab.

2.2 | Immunohistochemical analysis
Immunohistochemical (IHC) analysis was performed
on the collected samples for detection of SARS-CoV-2
NP (NB100-56576, Novus Biologicals, Centennial, 1:250
dilution), HLA-G antibody (MEM-G2, Exbio, dilution
1:400), CD147 (clone MEM-M&6/1, dilution 1:100, Novus
Biologicals), ACE2 (clone EPR4435-2, 1:250 dilution,
Abcam), VEGF-A (VG-1, 5 pg/ml concentration, Abcam),
MMP9 (clone EP1254, 1:1000 dilution, Abcam). Slides
were counterstained with H-E. Specificity for SARS-CoV-2
staining was investigated performing SARS-CoV-2 NP
THC analysis on samples obtained from a non COVID-19
patient, as described previously® (Figure S1).

2.3 | Ewvaluation of SARS-CoV-2 SP
binding and CD147 expression on
bowel tissues

SARS-CoV-2 SP binding and CD147 expression was evalu-
ated on bowel samples from non-COVID-19 patients by IHC
analysis.*** Briefly, tissue slides were incubated with trim-
eric full-length SARS-CoV-2 SP (1 pg/ml, AcroBiosystems)
for 1 h at RT, in order to allow protein-receptor binding, and
then incubated with SARS-CoV-2 SP antibody (dilution 1:400,
SinoBiological) for detection. The same experiment was per-
formed also adding CD147 antibody (clone MEM-M6/1, di-
lution 1:100, Novus Biologicals), following the ImmPRESS
Duet Double Staining Polymer Kit (Vector Laboratories) pro-
tocol to visualize SARS-CoV-2 SP and CD147 co-localization.

2.4 | Celllines

Human colorectal adenocarcinoma Caco-2 cell line (ATCC
HTB-37)was grown in EMEM medium with 1% L-glutamine,
1% Penicillin/Streptomycin and 20% FBS. Vero E6 cells
(ATCC CRL-1586) were grown in EMEM medium with 1%
L-glutamine, 1% Penicillin/Streptomycin, and 10% FBS.

2.5 | SARS-CoV-2infection and viral
RNA detection

SARS-CoV-2, a kind gift of Professor Arnaldo Caruso from
University of Brescia, was isolated from a nasopharyngeal
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TABLE 1 Patient's clinical characterization

Patients  Sex,age Relevant clinical features Symptoms ad admission Biological parameters
Patientl F,76 Hypercholesterolemia, Abdominal pain and vomiting White blood cells 15.76 10%/pl, lactate
heavy smoker, dehydrogenase 293 U/L
mastectomy for
breast cancer 30 years
previously
No chronic therapy Abdominal CT showed on an
atherosclerotic plaque in
proximity of the celiac trunk,
abdominal fluid accumulation
and distended, radiologically
heterogeneous, gallbladder
(no gallstones), surrounded
by fluid
She died at home 4 months later
Patient2 F, 64 None Severe abdominal pain Hemoglobin 8.6 g/dl, white blood cells
No chronic therapy 1.20 % 10°/pl, D-dimer 4.4 pg/ml, C-reactive
protein 32 mg/dl, Troponin I 448 ng/L,
B-type natriuretic peptide 230 pg/ml
Patient 3 M, 79 Coronary heart disease and ~ Abdominal pain and high fever Hemoglobin 8.6 g/dl, White blood cells 1.40 x
dilated ventricular apex 10% pl, Procalcitonin 79 ng/ml, C-reactive

Treated with warfarin

swab retrieved from a patient with COVID-19 (Caucasian
man of Italian origin, genome sequences available at
GenBank - SARS-CoV-2-UNIBS-AP66: ERR4145453).”
This SARS-CoV-2 isolate clustered in the Bl clade which
includes most of the Italian sequences, together with
sequences derived from other European countries and
United States. The identity of the strain was verified
in Vero E6 cells using real-time polymerase chain reac-
tion (PCR) and metagenomic sequencing, from which
the reads were mapped to nCoV-2019 (genomic data are
available at EBI under study accession no. PRIEB38101).
‘We propagated the clinical isolate in Vero E6 cells and
determined the viral titer using a standard plaque assay.
Caco-2 cells were infected with a multiplicity of infection
(MOI) of 0.05 for 1 h at 37°C. RNA extraction was per-
formed 24 h post infection (hpi) as described previously*
by using MagMAX Viral/Pathigen Nuclei Acid Isolation
kit (ThermoFisher, Italy) according to the manufacturer's
instructions. SARS-CoV-2 titration by RealTime-PCR
was performed with the TagMan 2019nCoV assay kit v1
(ThermoFisher, Italy).

2.6 | ACE2and CD147 blocking assay

ACE2 and CD147 blocking was performed in Caco-2 cells
using the specific neutralizing antibodies Anti-ACE2
(human) mAb blocking (AC384) (AdipoGen; USA) and
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protein 25 mg/dl, Prothrombin time 4.16 s,
D-dimer 3.38 pg/ml

the CD147 Monoclonal Antibody (RL73), Functional
Grade (eBioscience; USA). Briefly, Caco-2 cells were incu-
bated with the neutralizing antibodies (alone or in com-
bination) at the concentration of 0.5 ug/ml for 1 h, before
SARS-CoV-2 infection. Then, cells were infected with
SARS-CoV-2 inoculum ata MOI of 0.05 and RNA was col-
lected for viral titration, as described above.

2.7 | Transmission electron microscopy
For TEM analysis, samples were fixed in 2.5% glutaral-
dehyde in 0.1 M phosphate buffer pH 7.4 and post-fixed
in 2% osmium tetroxide, dehydrated in acetone solu-
tions and included in Araldite Durcupan ACM (Fluka).
Samples were then counterstained with uranyl acetate
in saturated solution and lead citrate and observed
under transmission electron microscope Zeiss EM910
at 100 kv. Duodenal and colon samples obtained from
non-COVID-19 patients were also analyzed to compare
the results.

2.8 | Statistical analysis

THC slide images were analyzed using QuPath software
for evaluation of cell percentage positivity and H-Score for
each antigen investigated.
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An H-score between 0 and 300 was obtained where
300 was equal to 100% of cells strongly stained (3+4).
Frequencies were analyzed by Chi-square test and H-Score
comparisons were evaluated by Student t-test. The statisti-
cal analysis was performed by GraphPad Software.

3 | RESULTS
3.1 | Digestive tract showed a differential
susceptibility to SARS-CoV-2 infection

The analysis of specimens from gallbladder, ileum,
duodenal-jejunum tract, and colon resections evidenced a
different distribution of SARS-CoV-2 infection (Figure 1).
As showed in Figure 1A-D, the highest presence of SARS-
CoV-2 infection was found in gallbladder from patient
1 (Figure 1B) and in colon from patient 2 (Figure 1C).
Considering the percentage of positive cells for SARS-
CoV-2 NP, there was a significant difference among the
four tissues analyzed (Figure 2A), with the highest fre-
quency of positive cells in the gallbladder from patient 1
(p < .0001). This trend was confirmed also in terms of the
amount of viral presence expressed as H-Score (Figure 2B,
P < .01 and p < .001). Interestingly, considering patients
1, a different distribution between gallbladder and ileum
was observed, supporting the evidence of a different sus-
ceptibility to SARS-CoV-2 infection of the two tissues
(Figures 1A,B and 2A,B).

3.2 | CD147 expression and SARS-CoV-2
gastrointestinal infection

The four specimens were then investigated for the expres-
sion of ACE2 and CD147 surface molecules. The THC
analyses (Figure 1E-H) revealed that ACE2 is expressed
in all the tissues, except for the colon sample from patient
2 (Figure 1G), as confirmed also by evaluation of positive
cell percentage (Figure 2A, p < .0001 Chi-square test) and
by H-Score (Figure 2C; p < .05 and p < .001). This result
was very controversial, since a consistent presence of in-
fection in the colon sample from patient 2 was reported
(Figure 1C). The IHC analysis for CD147 (Figure 1I-L)
showed the highest expression in patient 1 gallbladder
(Figure 17), while mild expression in the colon of patient 2
(Figure 1K) and a low expression in ileum of patient 1 and
in duodenum of patient 3 (Figure 1I,L) was found respec-
tively, as confirmed by positive cell percentage (Figure 2A,
P < .0001) and H-Score (Figure 2D; p < .01) analysis. The
increased expression of CD147 observed in gallbladder
from patient 1 (Figure 1J) and in colon from patient 2
(Figure 1K) correlates with the amount of SARS-CoV-2 in-
fection detected in these two samples, suggesting CD147 as
crucial in SARS-CoV-2 cell entry at the digestive tract level,
despite ACE2 expression. This observation is strengthened
by the different expression of CD147 found in ileum and
gallbladder samples from patient 1 (Figure 1LJ), in con-
trast with the comparable expression of ACE2 in the two
samples (Figure 1E,F), where a correlation between high

Patient 1
Heum

Paticnt 1
Gallbladder

A

Agurau

Patient 2
Colon

Amugau

Paticnt 3
Duodenum

0

Aqieau

FIGURE 1 Biopsies immunohistochemical analysis. Patient 1 ileum (upper line panels) and gallbladder (second line panels), Patient

2 colon (third line panels) and Patient 3 ileum (bottom panels) were stained for SARS-CoV-2 NP (CoV-2, A-D); ACE2 (E-H), CD147 (I-L),
MMP-9 (M-P), HLA-G (Q-T), and for VEGF (right column panels) at site of infection (overlapping) or in an adjacent area (nearby). Samples
were also stained with control isotype and with Hematoxylin-Eosin staining (left column panels). Images magnification is 20x or 40x
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FIGURE 2 Evaluation of sample staining by QuPath software. All the antigens investigated by IHC analysis in tissue biopsies were
evaluated by QuPath software for positive cell percentage (A) and for H-Score (B-H) for each antigen (SARS-CoV-2 NP (B), ACE2 (C) CD147
(D), MMP-9 (E), HLA-G (F) VEGF overlapping (G), and nearby (H) the site of infection)
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CD147 expression and presence of SARS-CoV-2 has been
found in the gallbladder, but not in the ileum.

3.3 | MMP-9 expression during
SARS-CoV-2 infection is independent from
viral entry

Tissue samples were then stained for MMP-9, which has
been described associated to lung function reduction in
COVID-19 patients.*® MMP-9 expression was found in all
the samples analyzed (Figures 1M-P and 2A,E), with no
significant differences. This result suggests that, contrary
to what has been observed in the lungs, MMP-9 expres-
sion in the digestive tract is not involved in the pathogenic
process associated to the virus.

3.4 | SARS-CoV-2 digestive tract infection
modulates HLA-G expression and shedding
via CD147

HLA-G expression at gut level has been reported to
be modulated by SARS-CoV-2 as a mechanism of
immune-escape.’

The analysis for the presence of HLA-G in the four
tissue samples reported a low-mild expression in pa-
tient 1 ileum, patient 2 colon and patient 3 duodenum
(Figure 1Q,5,T), while a significant lower HLA-G ex-
pression was found in the gallbladder from patient 1
(Figure 1R) in terms of both cell percentage (Figure 2A,
p <.001) and H-Score (Figure 2F, p < .01). Since HLA-G is
not normally expressed at the digestive tract level, the re-
ported presence of the molecule seems to confirm its role
in SARS-CoV-2 immune-escape. Furthermore, HLA-G
expression inversely correlate with CD147, suggesting
that the ability of CD147 to also modulate other MMPs
than MMP-9* may contribute to HLA-G membrane shed-
ding.* Possibly, the high expression of CD147 (Figure 1)
reported in gallbladder, but not in the ileum, from patient
1, could be responsible for the loss of HLA-G observed via
CD147/MMPs induction on the gallbladder sample.

3.5 | SARS-CoV-2 digestive tract infection
leads to venous thrombotic event via VEGF

In order to evaluate the possible correlation between
SARS-CoV-2 infection and abdominal damage associated
to thrombosis, all samples were evaluated for VEGF ex-
pression in the same areas which SARS-CoV-2 IHC reac-
tivity was demonstrated (Figure 1 overlapping) and also in
the adjacent area (Figure 1 nearby). An increased VEGF

PASEB o =2

expression was found in areas with SARS-CoV-2 presence
in patient 1 gallbladder (Figure 1 overlapping), show-
ing statistical significance considering the percentage of
positive cells (Figure 2A, p < .00001), but not in terms of
H-Score (Figure 2G), even if patients 2 gallbladder showed
higher score compared with the other samples.

Concerning VEGF expression in the infection adjacent
area (Figure 1 nearby), patient 3 duodenum showed the
highest percentage of VEGF positive cells (Figures 1 and
2, p = .0014) and the highest H-Score (Figure 2H), without
reaching significance.

These data suggested a role of the virus in inducing
VEGF expression, possibly facilitating the onset of the ve-
nous thrombotic event. This is even more evident concern-
ing patient 1 gallbladder, where the expression of VEGF is
associated to a notable SARS-CoV-2 presence (Figure 1B).

3.6 | SARS-CoV-2SP binding-site
co-localizes with CD147 expression in
gastrointestinal tissues

We evaluated the possible co-localization of SARS-CoV-2
SP binding-site and CD147 expression in bowel tissues of
SARS-CoV-2-negative samples.

As shown in Figure 3, SARS-CoV-2 SP is able to bind
bowel tissues as gallbladder and ileum in the proximity of
sites were CD147 is expressed. The double staining assay
showed a co-localization of CD147 and SP proteins, that
supports a possible CD147 involvement in viral infection
in gastrointestinal tissues.'*"”

As a proof of concept, we analyzed the role of CD147 in
SARS-CoV-2 infection of epithelial intestinal cells. Caco-2
cell line was infected with SARS-CoV-2, and the viral load
was evaluated by quantitative reverse-transcription PCR.
‘We confirmed that Caco-2 cell line is permissive to SARS-
CoV-2 infection (Figure 4A). Since Caco-2 cells express
both ACE2 and CD147 receptors'* we blocked both of them
to evaluate their role in SARS-CoV-2 infection of epithelial
intestinal cells. The blocking of the ACE-2 receptor reduced
the viral load (Figure 4B). Interestingly, the blocking of
CD147 reduced drastically SARS-CoV-2 infection of Caco-2
cells, similarly to ACE-2/CD147 blocked cells (Figure 4B).
These results, in an in vitro setting, suggest a role of CD147
in SARS-CoV-2 infection of epithelial intestinal cells.

3.7 | SARS-CoV-2infection induces
morphological changes in the
digestive tract

TEM analysis was performed in order to characterize
morpho-functional alterations and differences of the
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three patient tissues. A significantly different morpho-
logical gut microvilli profile was revealed. A colon sam-
ple and a duodenal sample from non-COVID-19 patients
showed the well organized and aligned microvilli, with
a regular distribution protruding from the apical cell
membrane (acm) and a homogeneous glycocalyx (gc)
(Figure SA-D). In the colon of patient 2 and in the duo-
denum of patient 3 microvilli displayed a shorter length
than the normal condition, they were severely damaged
and, in the colon, a section appears detached from the
epithelium (Figure SE-H). It was not possible to evalu-
ate the morphological state of the ileum of patient 1 as
the tissue appeared completely haemorrhagic (data not
shown).

Subsequently, for the three patients, the apical re-
gion and the lamina propria were also analyzed. Patient
1 ileum presented a high inflammation status and it was
not possible to appreciate the morphology of the compo-
nents of the intestinal epithelium. In particular, in both
acquisitions a significant number of erythrocytes (e) can
be seen (Figure S2A,B). In patients 2 and 3 samples, cy-
toplasmic rarefaction accompanied by an overall disinte-
gration of the various cellular components, can generally
be observed. In patient 2 colon sample goblet cells can be
appreciated, as well as cytoplasmic secretory granules,
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FIGURE 3 Evaluation of SARS-
CoV-2 Spike Protein (SP) binding-site
and to CD147 co-localization in non-
COVID19 bowel samples by ITHC analysis.
The upper panel reports the double IHC
staining for SP (magenta) and CD147
(brown); the middle panel shows the SP
(brown) binding to the tissues (ileum and
gallbladder); the lower panel represents
tissue staining for Isotype control. Black
arrows indicate SARS-CoV-2 SP-CD147
co-localization. Magnification 60x

—ur

adsorption cells, and mucus granules are shown in the du-
odenum of patient 3 (Figure S2C-F).

4 | DISCUSSION

Concerning COVID-19, the presence of a peculiar in-
testinal pathological condition has not been reported
previously, although the intestinal infarct represents an
interstitial pneumonia complication in positive COVID-19
patients. ¥

In this work, digestive tract specimens obtained from
three persistently SARS-CoV-2-negative patients that un-
derwent abdominal surgery for acute abdominal symp-
toms and that presented a clinical history suspicious for
COVID-19 infection, were characterized for SARS-CoV-2
presence, specific antigens expression and morphology,
with the aim to investigate the possible direct effect of the
virus in the onset of intra-abdominal venous thrombotic
events.

Our results reported the presence of SARS-CoV-2 in-
fection in all the samples analyzed (Figure 1A-D), with
the highest levels found in patient 1 gallbladder and pa-
tient 2 colon in term of H-Score (Figure 2B). Interestingly,
the comparison between patient 1 ileum and gallbladder
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FIGURE 4

In vitro evaluation of SARS-CoV-2 infection of epithelial intestinal cells. (A) Caco-2 cell line was infected with SARS-CoV-2

at a multiplicity of infection (MOI) of 0.05 for 1 h at 37°C. Images of cells were captured with an optical microscope to detect the typical
SARS-CoV-2-induced cytolytic effects. (B) Caco-2 cells were pre-treated with anti-ACE2 (ACE2 blocked) or anti-CD147 (CD147 blocked)
moAbs and infected with SARS-CoV-2. Viral yield was guantified in the cell supernatant using quantitative reverse-transcription PCR

(qRT-PCR). Data are representative of three independent experiments

revealed a different amount of viral infection (Figure 1B),
which was significantly higher in gallbladder sample
(Figure 2A B), suggesting a different susceptibility of the
two tissues. We evaluated the expression of ACE2 and
CD147 surface molecules. ACE2 is the main SARS-CoV-2
receptor, while CD147 is considered a possible suscepti-
bility factor for SARS-CoV-2 infection,'® expressed during
pathological conditions in the lung, bowel tissues"* and
during stroke."

‘We observed a comparable expression of ACE2 re-
ceptor in all tissues (Figure 1E-H), except for patient 2
colon (Figure 1G). On the contrary, there is a differential

expression of the CD147 (Figure 1I-N). CD147 appeared
to be highly expressed in patient 1 gallbladder (Figures 1L
and 2A,D), where we also observed ACE2 expression.
Patient 2 colon sample, despite the absence of ACE2
expression, presented a reliable expression of CD147
(Figure 1M) in the presence of a significant SARS-CoV-2
infection. These data suggest a possible involvement of
CD147 in gastrointestinal SARS-CoV-2 infection, that
might act in the presence of low levels of ACE2 expres-
sion. No significant difference was observed in MMP-9 ex-
pression (Figures 10-R and 2A E). In fact, despite CD147
induce MMP-9 expression*' and increased MMP-9 has
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COLON DUODENUM
Non-COVID-19 SUBJECT Non-COVID-19 SUBJECT

PATIENT CASES

(A) (©)

Third patient
Covid* microvilli

Second patient
Covid* microvilli

(E) (G)

FIGURE 5 Morphology evaluation by TEM analysis. Representative TEM images of the epithelial cell apical surface microvilli of:
(A and B): a colon of non-COVID-19 subject; (C and D): a duodenum of non-COVID-19 subject; (E and F): the colon of the second Covid+
patient; (G and H): the duodenum of the third Covid+ patient. Acm, apical cell membrane; ge, glycocalyx. Scale bars correspond to 2 ym

(A,C,E.G)and 1 pm (B,D,F.H)

been associated to lung failure in COVID-19 patients,*
MMP-9 was not found increased even in the presence of
high CD147 expression.

Again, the expression of HLA-G in the presence of
SARS-CoV-2 was reported in all the intestinal tissue sam-
ples, but not in patient 1 gallbladder sample (Figures 1S-V
and 2A,F), where its lack was associated to a high CD147
expression. The modulation of HLA-G by SARS-CoV-2 in
the gut as an immunoescape mechanism has already been
described previously® and is in line with our results.

It could be hypothesized that the absence of HLA-G
found in patient 1 gallbladder (Figure 1T) could derive by
the shedding of HLA-G due to other MMPs induced by
CD147,*** supporting once again a differential behaviour
of viral infection in different tissues, mediated by a pecu-
liar CD147 expression.

Moreover, the analysis of VEGF revealed an increased
expression in the areas in which relevant SARS-CoV-2
presence was demonstrated, particularly considering pa-
tient 1 gallbladder (Figure 1 overlapping, Figure 2A,G), in
association to consistent CD147 expression (Figure 1L).
This data suggested that the onset of the thrombotic
event during SARS-CoV-2 infection may involve VEGF
via CD147, in line with previous data reporting CD147
involvement in VEGF modulation in pathological bowel
conditions.'* Moreover, CD147 expression has been re-
ported on vascular endothelium in the absence of ACE2,
underlying the potential implication of this molecules in

the presence of vascular damages due to SARS-CoV-2 in-
fection, independently from ACE2 presence.’

Our finding on SARS-CoV-2 SP binding-site on bowel
tissue that co-localized with CD147 expression (Figure 3)
is in line with previous results concerning CD147 engage-
ment during viral infection'®'” and supported its role as a
susceptibility factor in SARS-CoV-2 bowel infection and
ischemia. As a proof of concept, the blocking of CD147
receptor decreased drastically SARS-CoV-2 infection in
intestinal epithelial cells (Figure 4B).

Finally, the morphological profile analysis of tissues
samples by TEM revealed the presence of microvilli with
asignificant shorter length, partially deepened beyond the
acm and with an irregular gec distribution in patients 2 and
3 COVID-19 tissues, compared to the controls.

In conclusion, this work supported the existence of a
peculiar pathogenic process for SARS-CoV-2 infection in
the digestive tract of patients without any symptom at-
tributable to typical COVID-19 disease but characterized
by abdominal thrombosis. The hypothesis is that, since
CD147 can regulate ACE2 levels and both molecules are
affected by virus infection,'” the differential expression of
CD147 observed along the digestive tract might determine
a different tissue susceptibility to SARS-CoV-2 infection.

In fact, the highest extent of infection was reported in
the presence of high CD147 expression, which was in turn
associated with high VEGF levels, suggesting a possible
role in thrombosis onset in this patient subset. Anyway,
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due to the small number of subjects evaluated in this
study, these data need to be confirmed in a larger group
of samples.
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6. SARS-CoV-2 treatment

The occurrence of atypical COVID-19 involving several body sites required the
administration of different therapies, mainly to reduce the gastrointestinal and vascular
symptomatology, and to control the correlated long-COVID sequelae.

Despite the large use of the common antiviral therapies in the treatment of SARS-CoV-2
infection, a variety of other potential antimicrobial agents are currently utilized [392]. In
particular, polymers of biocide class showed an inhibitory effect against SARS-CoV-2
survival, becoming a relevant alternative antiviral approach for COVID-19 treatment [393].
Along these classic polymers, photoactive polymers and oligomers have recently shown to
be significantly effective in the light-induced inactivation of SARS-CoV-2 [394]. Moreover,
an interesting alternative for infection resolution is constituted by water-insoluble polymeric
compounds, that present an active principle electrostatically bound to the backbone of a
water-soluble anionic polymer. The advantage of this type of polymeric compounds consists
in their solubilization in a volatile organic solvent that allows their use in spray-coating for
surfaces, diminishing surfaces transmission.

Basing on this evidence, we assessed the potential employment of a synthetic polymeric
formulations positively charged (polystyrene sulfonate, silver and benzalkonium, or simply
a polystyrene sulfonate and benzalkonium) against bacterial and viral infections (/395],
paper attached). We evaluated the antimicrobial properties of these formulations against
Gram-positive, Gram-negative bacteria and Candida albicans, also their antiviral activity
toward 229E alpha-coronavirus and SARS-CoV-2 ([/395], paper attached).

The study revealed that polymeric formulations were able to control SARS-CoV-2 infection
already after 5 min of contact with the treated surfaces. Our results supported the potential
of this formulation as a candidate for the realization of transparent surface coatings, which
can maintain the remarkable antibacterial activity together with SARS-CoV-2 antiviral
properties, useful to control virus transmission trough contact with contaminated surfaces

([395], paper attached).
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ABSTRACT: The main route of the transmission of the SARS-
CoV-2 virus is through airborne small aerosol particles containing
viable virus as well as through droplets transmitted between people
within close proximity. Transmission via contaminated surfaces has
also been recognized as an important route for the spread of SARS-
CoV-2 coronavirus. Among a variety of antimicrobial agents
currently in use, polymers represent a class of biocides that have
become increasingly important as an alternative to existing biocidal
approaches. Two transparent polymeric compounds, containing
silver and benzalkonium ions electrostatically bound to a
polystyrene sulfonate backbone, were synthesized, through simple
procedures, and evaluated for their antimicrobial properties against
Gram-positive and Gram-negative bacteria and Candida albicans (ISO EN 1276) and for their antiviral activity toward 229E and
SARS-CoV-2 coronaviruses (ISO UNI EN 14476:2019). The results showed that the two tested formulations are able to inhibit the
growth of (1.5-5.5) X 10" CFU of Gram-positive bacteria, Gram-negative bacteria, and of the fungal species Candida albicans. Both
compounds were able to control the 229E and SARS-CoV-2 infection of a target cell in a time contact of 5 min, with a virucidal
effect from 24 to 72 h postinfection, according to the European Medicines Agency (EMA) guidelines, where a product is considered
virucidal upon achieving a reduction of 4 logarithms. This study observed a decrease of more than 5 logarithms, which implies that
these formulations are likely ideal candidates for the realization of transparent surface coatings that are capable of maintaining
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remarkable antibacterial activity and SARS-CoV-2 antiviral properties over time.
KEYWORDS: benzalkonium, silver, SARS-CoV-2, antiviral, antibacterial

1. INTRODUCTION

The global COVID-19 pandemic highlighted the need for
innovative methods and technologies to mitigate the spread of
viruses. The main route of the transmission of the SARS-CoV-2
virus occurs through small, airborne aerosol particles containing
viable virus as well as through larger droplets that are transmitted
between people within close proximity.] Transmission via
contaminated surfaces has also been recognized as an important
route for the spread of SARS-CoV-2 coronavirus, and several
approaches to produce antimicrobial surfaces have been recently
explored.™’

Notable results have been obtained with nanostructured
surfaces,™ surfaces coated with copper oxide,”” and surface
coated with cuprous oxide particles bound with pcxlyure:thane.Et

Among a variety of available antimicrobial agents, polymers
represent a class of biocides that have become increasingly
important as an alternative to existing biocides. Conventional
disinfectants are based on low-molecular-weight liquids or gases,
so their use and duration are restricted by their volatility.
Antimicrobial polymers can be tethered to surfaces enabling the
killing of microbes without releasing biocides. Many of the
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previously reported antimicrobial polymers have focused on
antibacterial capabilities; however, there has been much less
focus on antiviral properties. Antimicrobial polymers have been
known since 1965, when Cornell and Donaruma described
polymers and copolymers that kill bacteria.” Since then, a
number of reports appeared in the literature describing
bactericidal coatings incorporating bound® or unbound biocidal
agents, such as metal-oxide particles, 1% chlorine dioxide,"" iodine
compcunds,lz’l" silver nam:n;.»articles,14 h»c:nzc}phc:nune:,15 or
quaternary ammonium (QA) compounds'®'” mixed with a
polymeric binder. Among these coatings, QA compounds are
probably the most widely used antibacterial agents for medical
and public health applications because they have been shown to
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be effective against both Gram-negative and Gram-positive
bacteria.'?

According to the literature,'” there are three general types of
antimicrobial polymer: (1) polymeric biocides, where the
repeating unit is a biocide; (2) biocidal polymers, where the
active unit is randomly embedded within a macromolecule, and
(3) biocide-releasing polymers where the polymeric backbone
acts as a carrier support for the biocides that can be transferred to
the cell. In addition to these classic polymers, photoactive
polymers and oligomers have recently demonstrated highly
effective light-induced inactivation of SARS-CoV-2, which may
cause a 5-log reduction in pfu,/mL within 10 min of irradiation. =

Our work has focused on simple polymeric compounds where
an active principle can be electrostatically bound to the
backbone of a water-soluble anionic polymer, resulting in the
formation of water-insoluble polymeric materials, which can be
then solubilized in alcoholic solvents. In this first study, we have
considered silver-containing species and benzalkonium ions
electrostatically bound to polystyrene sulfonate. The alcoholic
solutions of these polymeric materials are ideal for realizing
antimicrobial coatings on everyday items handled by people
such as doorknobs, keyboards, handles, as well as on any type of
filtration system where the polymeric backbone adheres to the
solid substrate because of significant van der Waals interactions.
The resulting films are transparent and are expected to exhibit a
long-lasting antimicrobial effect.

The observation that the coated materials are highly effective
against Gram-positive and Gram-negative bacteria and Candida
albicans prompted us to investigate the antiviral activity of the
solid polymeric film because viruses can also survive for a period
of hours to several days once established on inanimate surfaces.
We report here strong evidence of the activity of polymeric films
against 229E and SARS-CoV-2 coronaviruses.

2. MATERIALS AND METHODS

2.1. Materials. All chemical products were purchased from Sigma-
Aldrich. Elemental analysis C,H,N was performed with a LECO CHN
analyzer. Silver was determined through plasma atomic absorption
spectrometry with a Perkin Elmer Optima 3100 XL. Fourier transform
infrared (FT-IR) spectra were recorded on a Bruker Vertex 70 FT-IR in
diffuse reflectance mode dispersing the chemical powder in KBr
(potassium bromide). Dimensional analysis and zeta potential were
obtained with a Z-sizer Malvern instrument.

2.2, Preparation. The preparation of the silver complex, complex
salts, and micellar derivatives was first described in the patent
application PCT /EP2020/060686.

Na,[Ag(MPA),]( MPA = 2-Mercapto-4-methyl-5-thiazolacetate).
To a 1.135 g amount of the protonated MPA (2-mercapto-4-methyl-5-
thiazolacetic acid, Aldrich), 12.36 g of 1 M NaOH solution in water was
added. Distilled water (186.5 g) was then added, and the solution was
kept stirring for 5 min. An aqueous solution (100 g) containing 0.51 g of
di AgNO; was finally added, and the yellow solution was kept under
stirring for an additional 30 min. The Na,[Ag(MPA),] complex salt was
precipitated by the addition of an excess of acetone, filtered, and air-
dried; Ag® % = 0.108%. Elemental analysis: calculated for
Na,AgCLN,S,0,H,; C 26.14; N, 5.08; H, 1.83; Ag, 19.57. Found:
C, 25.87; N 5.0; H 1. 88; Ag 19.46.

[Ag(MPA),](Bz); (Bz = Benzalkonium) Micellar Derivatives.
Benzalkonium (Bz) CAS. n 63,449—41-2 is a mixture of alkylbenzyldi-
methylammonium chlorides, in which the alkyl group has various even-
numbered alkyl chains from 8 to 18. The average molecular weight of
the chloride salt is 370 g. Uncharged [Ag(MPA),](Bz); salt can be
easily precipitated by the addition of a slight excess of benzalkonium
chloride to an aqueous solution of the silver complex Na;[Ag(MPA),].
The addition of an excess of benzalkonium chloride results, instead, in
the dissolution of [Ag(MPA),](Bz); because of the formation of

positively charged micellar derivatives with a size distribution in the
range 10—500 nm (see the next section).

Polymeric salts PSS-Bz-Ag and PS8S-Bz. Polymeric salts of the
positively charged micellar derivatives of [Ag(MPA),](Bz), or Bz ions
were obtained in distilled water by the addition of sodium polystyrene
sulfonate (PSS). The precipitated neutral polymers containing PSS,
Ag(MPA),, and Bz moieties (PSS-Bz-Ag) or PSS and Bz ions (PSS-Bz)
were separated from the aqueous solutions by filtration, washed with
water, and dried at 50 °C. The polymeric solid was then dissolved in
isopropanol or ethanol to obtain a solution of PSS-Bz-Ag containing Bz
1.25%, PSS 0.62%, and Ag 0.0025% and a solution of PSS-Bz
containing Bz 1.25% and PSS 0.62%.

2.3. Bacterial Strains. The antimicrobial activity of the liquid
products PSS-Bz-Ag (composition: Bz 1.25%, Ag® 0.0025%, PSS
0.62%, ethanol) and PSS-Bz (composition: Bz 1.25%, PSS 0.62%,
ethanol) was tested against the following strains of microorganisms
(purchased from Diagnostic International Distribution S.p.A.):
Pseudemenas aeruginosa ATCC 15442, Staphylococcus aurens ATCC
6538, Escherichia coli ATCC 10536, Enterococcus hirae ATCC 10541,
Candida albicans ATCC 10231, in accordance with ISO EN 1276.
Microbial suspensions were prepared according to EN1276 from
lyophilized pellets resuspended in the LB (Luria Broth) medium. The
concentration was determined by spectrophotometry, horizontal
method, and biochemical test. Microbial suspensions of the different
strains were prepared with concentrations exgressed as colony-forming
units (CFU) comprised between 1.5 X 10" and 5.5 X 10" for each
species. Samples (100 pL) of the two products were deposited in the
center of Petri dishes and dried for 2 h in an oven at 37 °C. The
microbial pool (100 pL) was then added and left in contact with PSS-
Bz-Ag or PSS-Bz for § min. TSA (tryptone soya agar) was added after
cooling at 40 °C and incubated at 37 °C for 24 h. Microbial titration was
determined using the horizontal method. The experiments were
performed in triplicate.

2.4. Cells and Viruses. MRCS5 human fibroblast cells (ATCC
CCL171) and African green monkey epithelial kidney cells, VeroE6
(ATCC CRL1586), were grown in monolayers in Eagle's minimal
essential medium (MEM) with nonessential amino acids (Lonza
Biosciences; Italy) supplemented with 10% heat-inactivated fetal calf
serum (FCS, Gibco-Life Technologies; Italy), penicillin (100 units/
mL; Sigma-Aldrich), streptomycin (100 pg/mL; Sigma-Aldrich; Italy),
and 1-glutamine (2 mM; Sigma-Aldrich; Italy).

Human coronavirus 229E (ATCC VR-740) and the clinical isolate of
SARS-CoV-2, kindly provided by Prof. A. Caruso and Prof. F. Caccuri,
University of Brescia, Italy, were propagated and titrated by qPCR assay
on MRCS or VeroE6 cells, respectively.”'** All procedures were carried
out in a biosafety level-3 (BSL-3) laboratory.

2.5. Cytotoxicity Control. Cytotoxicity control was performed on
MRCS and VeroES cells. The culture medium was mixed with PSS-Bz-
Ag, PSS-Bz, or PBS (phosphate-buffered saline, 1X control solution)
(Gibco, USA). The resulting solutions were added to cell cultures and
incubated for §, 10, 15 min, 24, 48, and 72 h. Cell viability was examined
by the MTT (3-(4,5-dimethilthiazol-2yl)-2,5-diphenyl tetrazolium
bromide) colorimetric assay (Roche Diagnostics Corporation, Indian-
apolis, IN) and trypan blue dye (Sigma-Aldrich; Italy) exclusion. 2%
DMSO (dimethyl sulfoxide; Sigma-Aldrich; USA) was used as the
positive control of cell cytotoxicity. The experiments were performed in
triplicate.

2.6. Antiviral Assays. The antiviral effect on the 229E and SARS-
CoV-2 infection was evaluated by quantitative assays (plaque assay), in
accordance with ISO UNIL EN 14476:2019.

The 229E and human coronavirus SARS-Cov-2 suspensions were
prepared by infecting the monolayers of MRCS and VeroE6 cells,
respectively. The infections were performed at 1.0 multiplicity of
infections (MOIs).””

On the day of testing, sterile Petri dishes (35 mm diameter) were
prepared, as previously reported (Section 2.3). The viral suspension
was added to the PSS-Bz-Ag, PSS-Bz, or PBS (control)-treated Petri
dishes and incubated for 5 min at room temperature. The viral
suspension was then harvested and incubated with susceptible cells for
1 hat 37 °C to let the viral particle infect the cells. The virus inoculum

httpsy//doi.org/ 10,1021 facsami. 1< 10404
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was then removed, the cells were washed, and 1 mL of EMEM 2% ECS
was added. The ability of the viral particles to infect susceptible cells was
assessed on cell culture supernatants 24, 48, and 72 h postinfection
(p-i.). Viral titration was performed by plaque assay and quantitative
reverse transcription (qRT)-PCR.

2.6.1. Plaque Assay. Cell culture supernatants were harvested and
placed in an ice bath immediately. The samples were inoculated in cell
cultures immediately, within 10 s. Five days after infection, cells were
methanol-fixed, and plaques were stained with crystal violet (0.1%) and
counted. The experiments were performed in triplicate.

2.6.2. Quantitative Reverse Transcription-PCR. RN A was extracted
from clarified cell culture supernatants (16,000 g X 10 min) using
PureLink Viral RNA/DNA Mini Kit (Invitrogen) according to the
manufacturer’s instructions. RNA was eluted in 15 uL of RNase-free
water and stored at —80 °C until use. Briefly, RNA was reverse-
transcripted with SuperScript IV VILO (Invitrogen). 229E quantifica-
tion was performed by real-time PCR with an HCoV-229E-specific
qPCR gene assay (ViD6439671 sl, Catalog number: 4,331,182,
ThermoFisher).”” SARS-CoV-2 quantification and amplification of
the S gene were performed using the PowerUp SYBR Green Master Mix
(Applied Biosystems) as follows: primers: RBD-qF1: 5'-CAATGGTT-
TAACAGGCACAGG-3' and RBD-qRI: §-CTCAAGTGTCTGTG-
GATCACG-3".*" A standard curve was generated by the determination
of copy numbers derived from serial dilutions (10°—10* copies) of the
corresponding gene block (IDT Technologies). Each quantification
was run in triplicates.

2.6.3. After-Effect Control. After-effect controls were conducted by
mixing cell suspension with PSS-Bz-Ag, PSS-Bz, or PBS (10 s, see
Section 2.6.1). The cells were then harvested and infected with viral
inoculum for 1 h at 37 °C. The viral suspension was then incubated with
susceptible cells for 1 h at 37 °C to allow for the viral particles to infect
the cells. The virus inoculum was then removed, the cells were washed,
and 1 mL of EMEM 2% FCS was added. The ability of the viral particles
to infect susceptible cells was assessed on cell culture supernatants 24,
48, and 72 h postinfection (p.i.) by plaque assay. The experiments were
petformed in triplicate.

2.6.4. Interference Control. On the day of testing, sterile Petri dishes
(35 mm diameter) were prepared, as previously reported (Section 2.3).
Cell suspensions were added to the treated Petri dishes (PSS-Bz-Ag,
PSS-Bz, or PBS (control)) for 1 h at room temperature, corresponding
to the time period of the viral inoculum contact. The cells were then
harvested and infected with a viral suspension (1.0 m.o.i.) for 1 h. The
ability of the viral particles to infect susceptible cells was assessed on cell
culture supernatants 24, 48, and 72 h postinfection (p.i.) by plaque
assay. The experiments were performed in triplicate.

2.7. Statistical Analysis. Statistical comparisons of the data of the
control and treatment groups were performed using Student's t-test as
the data displayed a normal distribution based on the Kolmogorov—
Smirnov test. Differences were considered significant at p < 0.05.
Statistical analyses were performed using GraphPad Prism version 9.

3. RESULTS AND DISCUSSION

3.1. PS5-Bz-Ag and PS5-Bz Characterization. Elemental
analysis and spectroscopic data for the silver complex were
consistent with the presence of two MPA anionic ligands
coordinated to Ag* ions. The FT-IR spectrum of MPA showed
the strong CO-stretching band of the carboxylic function at
1704 + 2 cm™' and an S-H stretching band at 2555 +2 em™;
this band disappeared in the anionic silver complex, consistent
with the coordination of sulfur to Ag*. Intense bands due to
asymmetric and symmetric stretching modes of carboxylate
appeared at 1580 + 2 and 1386 + 2 cm ™, respectively.

The addition of benzalkonium chloride to the anionic silver
complex Ag(MPA),*”, in water, resulted in the neutralization of
the negative charge with the formation of a precipitate consistent
with the stoichiometry (Bz),[Ag(MPA),]. The salt could be
solubilized in water by the addition of an excess of benzalkonium
chloride to form micelles with diameters of the order of 2—3 nm

and a zeta potential of ca. + 9 mV. Subsequent addition of PSS to
the micellar product allowed to obtain a polymeric material,
PSS-Bz-Ag, insoluble in water, but exceedingly soluble in
alcoholic solvents. Analogous polymers, PSS-Bz, were obtained
by the addition of an excess of benzalkonium chloride to
aqueous solutions of PSS. The two polymers did not show any
appreciable water solubility, as shown by the analysis of the
electronic absorption spectra of filtered suspensions and by the
lack of the antimicrobial activity of the LB or Eagle MEM culture
media left in contact for 20 h with the solid polymers (see
solubility of the polymeric PS§S-Bz-Ag and PSS-Bz components
and Figure 51 and S2 in the Supporting Information).

The IR spectra of solid PSS-Bz-Ag and PSS-Bz (Figure S3)
were similar, with vibrational bands matching the superposition
of the intense bands of benzalkonium and PSS.

Solutions of P§S-Bz-Ag in alcohol were composed of micellar
aggregates with diameters of the order of 10 nm and zeta
potential of —3.9 mV (Figure S4a). Minority aggregates with
higher diameters could be observed in the size distribution by
intensity spectra (Figure S4b).

Films of PSS-Bz-Ag and PSS-Bz polymers can be produced
on any type of surface by spray coating or wiping the alcoholic
solutions that evaporate quickly, leaving a very transparent layer,
as shown in Figure 1.

Figure 1. Glass slides untreated and treated with PSS-Bz-Ag and PSS-
Bz.

3.2. Antimicrobial Activity of PSS-Bz-Ag and P55-Bz
Compounds. To assess the antimicrobial activity of PSS-Bz-Ag
and PSS-Bz, 100 uL of the two products was deposited on a
plastic substrate and allowed to dry. The microbial pool (100
#L) was then added and left to be in contact with PSS-Bz-Ag or
PSS-Bz for 5 min. We used different dilutions of the microbial
suspension, with a range of 1.5 X 10'* and 5.5 X 10'* CFU for
each species. As shown in Figure 2, while in the control dish,
there is a continuum of colonies (Figure 2a), we observed no
colonies in the Petri dishes of PS§S-Bz-Ag- or PSS-Bz-treated
microbial suspensions (Figure 2b,c), indicating a complete
antimicrobial activity of both PSS-Bz-Ag and PSS-Bz that is
comparable to isopropanol 80%, used as the positive control
(Figure 2d). The analytical result obtained indicates that the two
formulations are able to inhibit the growth of (1.5—5.5) x 10"
CFU of Gram-positive bacteria, Gram-negative bacteria, and the
fungal species Candida albicans (Figure 2e). At higher
concentrations, we observed the appearance of some colonies
in isopropanol 80% (1 x 107 CFU) and, to a lesser extent, in

https://doiorg/10.1021 /acsami. 1c10404
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Figure 2. Antimicrobial activity of PSS-Bz-Ag and PSS-Bz. Representative cultures of microbial suspensions: (a) PBS (control), (b) PSS-Bz-Ag, )
PSS-Bz, or (d) isopropanol 80% treated. (e) Analytical results on different microbial suspensions, containing Pseudomonas aeruginosa, Staphylococcus
aureus, Escherichia coli, Enterococcus hirae, and Candida albicans (concentrations 1: 1.5 X 10'%; 2: 2.0 % 10'; 3: 5.0 x 10'}; 4: 1.5 x 10'%; 5: 2.0 X 10'%;
and 6: 5.5 X 10" for each species). Data are reported as mean + standard deviation of three replicates. *p value <0.001; Student’s t-test.
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Figure 3. Cytotoxicity effect of the PSS-Bz-Ag compound on (a,b) MRCS and (¢, d) VeroE6 cell lines and PSS-Bz compounds on (e, f) MRCS and (g,
h) VeroE6 cell lines. (i) SARS-CoV-2 replication in VeroE6 cells after treatment with PSS-Bz-Ag and PSS-Bz compounds, 48 h postinfection. Data are
reported as mean +/= standard deviation of three replicates.

3.3. Cytotoxicity and Interference Tests for PSS-Bz-Ag

PSS-Bz-Ag- (1 X 10° CFU) and PSS-Bz (1.2 x 10° CFU)- and PSS-Bz Compounds. First, we assessed the cytotoxic
treated samples. effect of PSS-Bz-Ag or PSS-Bz toward human cells. We mixed
54651 https://doi.org/10.1021/acsami.1c 10404
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the culture medium with PSS-Bz-Ag or PSS-Bz, and we used
MRCS5 and VeroE6 cell lines to perform the cytotoxic assay
(MTT). We sprayed a plastic surface with PSS-Bz-Ag, PSS-Bz,
or PBS and added the resulting solutions to MRCS or VeroE6
cells for 5, 10, 15 min and 1, 24, 48, and 72 h. We observed that
both P§S-Bz-Ag and PSS-Bz were not cytotoxic for human cells.
In fact, the MTT assay (Figure 3a—d) and the viable cell count
(Figure 3e—h) did not show any significant difference in
comparison with PBS-treated cells (p: NS; Student’s t-test).

The interference control was performed by adding to cell
cultures with PSS-Bz-Ag, PSS-Bz, or PBS for 1 h. PS§-Bz-Ag,
PSS-Bz, or PBS solutions were removed, and the cells were
infected with viral inoculum (1.0 m.o.i.) for 1 h. Viral titration
showed no interference effect; in fact, viral plaques in PBS-
treated samples did not differ from PSS-Bz-Ag- or PSS-Bz-
treated samples (p: NS; Student’s t-test) (Table 1).

Table 1. Interference Test”

logarithmic reduction (LR) (pfi/mL})

time postinfection (h) PSS-Bz-Ag PSS-Bz
229E
24 0.3+0.1 03+01
48 0.3 +0.1 02 +01
72 02+02 0.1+02
SARS-CoV-2
24 03+01 0.3 +01
48 02+02 02 +01
72 0.2+01 0.1+02

“LR of 229E and SARS-CoV-2 viral plaques after PSS-Bz-Ag, PSS-Bz,
or Ag treatment in comparison with PBS-treated control. Data are
reported as mean +/— standard deviation of three replicates.

3.4. Antiviral Test for PSS-Bz-Ag and PSS5-Bz Com-
pounds. We tested the anti-229E and anti-SARS-CoV-2 effect
of both P§8-Bz-Ag and PSS-Bz. The viral inoculum was exposed
to a treated surface with PSS-Bz-Ag, PSS-Bz, or PBS. The time
of contact of the viral inoculum was § min at room temperature,
and then, the viral inoculum was recovered and used to infect
MRCS and VeroE6 cells and the target cells for 229E and SARS-
CoV-2 in vitro assays. The viral inoculum was recovered after 1
h, and the cells were analyzed for viral titer 24, 48, and 72 h
postinfection. These time points were selected as they allowed
the detection of viral progeny formation, suggestive of viral
infectivity. The viral load was determined by plaque assay. We
observed a decreased viral plaque count after the treatment with
both compounds in both cell lines, as reported in Table 2. At all
time points, we observed a > 5 logarithmic reduction (LR) of
plaque formation in 229E-infected samples treated with PSS-Bz-
Ag or PSS-Bz (p < 0.001; Student’s t-test). SARS-CoV-2-
infected samples showed a > 5 LR of plaque formation in the
PSS-Bz-treated samples (p < 0.001; Student's t-test). The PSS-
Bz-Ag treatment was less effective at 24 h postinfection (p =
0.02; Student’s t-test) and reached a > 5 LR of plaque formation
after 48—72 h postinfection (p < 0.001; Student’s t-test).

To obtain a further confirmation of the results obtained using
the plaque formation test, we evaluated viral RNA by RT-gPCR
in the culture medium collected from infected MRCS and
VeroE6 cells. We observed a decreased viral load after the
treatment with both compounds in both cell lines (Table 3).

The results showed that PSS-Bz-Ag led to a 6.1 £ 0.6 LR for
229E RNA copies and a 3.7 + 0.2 LR for SAS-CoV-2 RNA
copies at 24 h postinfection (Table 3) (p < 0.001; p = 0.012,

Table 2. LR of 229E and SARS-CoV-2 Viral Plaques after
PSS-Bz-Ag, PSS-Bz, or Ag Treatment in Comparison with the
PBS-Treated Control”

LR (pfu/mL)
PSS-Bz- Ag

time post-infection (h) Ag PSS-Bz 0.0025%  Ag0.125%
229E
24 59+03 6105 02+03 04x03
48 59408 59406 0304 04%04
72h 52406 5904 02+03 03x03
SARS-CoV-2
24 38+06 53+05 09+05 0904
48 50+03 55+05 08+06 08x05
72 >7+£05 54+04 08+05 08+05

“Data are reported as mean + standard deviation of three replicates.

Table 3. LR of 229E and SARS-CoV-2 Viral RNA after PSS-
Bz-Ag, PSS-Bz, or Ag Treatment”

LR genome copies/mL
PS5-Bz-

time postinfection (h) Ag PSS-Bz  Ag0.0015% Ag0.108%
229E
24 61406 65+04 05+03 06+04
48 6.0 +£03 6.4 %02 05+02 0.6 + 03
72 59404 63x05 05+02 0602
SARS-CoV-2
%4 i7+02 52+ 04 0.8 +02 0.9 +03
48 4.9 + 0.5 53102 0.7 +02 0.8 +02
72 68+03 5201 06+03 08+03

“Data are reported as mean+/— standard deviation of three replicates.

respectively; Student’s t-test). We observed a similar reduction
of 229E RNA copies at different time points, while SARS-CoV-2
RNA copies were significantly reduced over time (24 vs 48 hp <
0.021; 24 vs 72 h p < 0.001; 48 vs 72 h p = 0.019; Student’s t-
test). PSS-Bz led to 2 6.5 + 0.4 LR for 229E RNA copies and a
5.2 £ 0.4 LR for SARS-CoV-2 RNA copies at 24 h postinfection
(Table 3). We observed a similar reduction of 229E and SARS-
CoV-2 RNA copies over time (Table 3). These results confirm
that both PSS-Bz and PSS-Bz-Ag are able to control 229E and
SARS-CoV-2 infection of a target cell with a virucidal effect 24 h
postinfection, according to the EMA guidelines,m where a
product is considered virucidal as soon as it has achieved a
reduction of >4 logarithm.

To evaluate the possible after-effect of PSS-Bz and PSS-Bz-
Ag, cell suspensions were added to the treated Petri dishes (PSS-
Bz-Ag, PSS-Bz, or PBS (control)) for 1h at room temperature,
corresponding to the time period of the viral inoculum contact.
The cells were then harvested and infected with a wviral
suspension (1.0 m.o.i.) for 1 h. The ability of the viral particles
to infect susceptible cells was comparable to that of control
samples (PBS-treated) at all time points ( Table 4), demonstrat-
ing that both PSS-Bz and PSS-Bz-Ag are effective on viral
particles and not on human cells.

Because both the main difference between PSS-Bz-Ag and
PS§S-Bz compounds is the presence of Ag in P85-Bz-Ag, we
evaluated the effect of the Ag complex alone at two
concentrations, one corresponding to the concentration in
PSS-Bz-Ag (0.0025% w/w and a S0 times higher concentration
(0.125% w/w) on 229E and SARS-CoV-2 infection. The Ag
treatment had a slight effect on viral plaque formation, with both

https:ydoi.org/10.1021/acsami.1¢10404
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Table 4. After-Effect Test”

LR (pfu/mL)

time postinfection (h) PSS-Bz-Ag PS5-Bz
229E
24 02401 0.1+0.1
48 0.1+ 02 0.1 +0.1
72 0.1+02 0.1 +0.1
SARS-CoV-2
24 0.2+ 0.1 0.1 £0.1
48 0.1+02 0.1+0.1
72 0101 0.1£0.1

“Logarithmic reduction of 229E and SARS-CoV-2 viral plaques after
PSS-Bz-Ag, PSS-Bz, or Ag treatment in comparison with the PBS-
treated control. Data are reported as mean + standard deviation of
three replicates.

Ag concentrations (Table 2). Interestingly, the effect is not
concentration- and time-dependent (Table 2). RNA copy
analysis confirmed the plaque assay results (Table 3), showing a
slight LR of RNA copies with both Ag concentrations. These
results support the hypothesis that the main virucidal
component is benzalkonium chloride. Literature data support
this efficacy based on the cationic “headgroup” of benzalkonium
chloride that is progressively adsorbed to the negatively charged
phosphate heads of phospholipids in the lipid bilayer. This might
be effective mainly on enveloped viruses as SARS-CoV-2,
together with the alkyl chain “tail” component of benzalkonium
chloride, that perturbs the membrane bilayer by permeating the
barrier and disrupting its physical and biochemical properties.
Protein function is subsequently disturbed, and the combination
of these effects results in the solubilization of the bilayer
constituents into benzalkonium chloride/phospholipid micelles.

Multiple studies have reported on the virucidal effect of
Benzalkonium chloride against coronaviruses. Rabenau et al
found that, as a surface disinfectant in a concentration of 0.5%,
benzalkonium chloride demonstrated a reduction factor of >4
against SARS-CoV.”* Meanwhile, by evalu ating the virucidal
activity of different oral rinses against three strains of SARS-
CoV-2, Meister et al. reported log reductions of >3.1, >2.8, and >
2.6, respectively, for a rinse containing 0.035% benzalkonium
chloride.”

Interestingly, P§S-Bz-Ag and PSS-Bz showed a different
efficacy toward the two viral strains. In particular, both PSS-Bz-
Ag and PS§S-Bz affected 229E infectivity with a similar efficacy
during culture time points (~6 LR). PSS-Bz strongly affected
SARS-CoV-2 infectivity at all culture time points (>6 LR). On
the contrary, the PSS-Bz-Ag effect is time-dependent, increasing
from about 4 to 7 LR at 24 and 72 h culture, respectively. This
different behavior is unclear at present, and it might be due to the
differences in the PSS-Bz-Ag and PSS-Bz structures, which are
illustrated in Figure 4a,b.

In P§S-Bz-Ag, the synthetic design obliges positively charged
Bz micellar assemblies, trapping the neutral [Ag(MPA),](Bz),
complex salt, to interact electrostatically with the sulfonic groups
of PSS (Figure 4)a. The electrostatic interaction is strong
because the polymer does not dissolve in the polar water solvent,
but the alkyl chain of Bz is mainly engaged in the solubilization
of the neutral complex salt. In P§S-Bz, on the contrary, the direct
electrostatic interaction of the quaternary nitrogen with negative
sulfonates leaves the alkyl chain completely free from interacting
with the microbial membrane, as shown in Figure 4b. Surface
coatings with PSS-Bz should cause a higher damage to the virus

- B =

Figure 4. (a) PSS-Bz-Ag and (b) PSS-Bz schematic structures of the
polymeric assemblies.

most probably for this reason, in fact, it is generally accepted that
the mechanism of the microbicidal action of QA compounds is
due to the dissociation of cellular membrane lipid bilayers, which
compromises cellular permeability controls and induces the
leakage of cellular contents. We might hypothesize that P§S-Bz
is able to interfere with the SARS-CoV-2-cell contact, reducing
infectivity at all time points, while PSS-Bz-Ag might interfere
with SARS-CoV-2 replication, with a time-dependent effect.
The strong efficacy of both compounds on 229E infection
supports the different resistances of these two coronaviruses.”
The results obtained with interference and after-effect tests
confirm that both compounds are effective during the 5 min of
contact, and they are not removed within the viral inoculum.
The water insolubility of these products should allow and help

maintain their effectiveness over time.

4. CONCLUSIONS

We have examined the antibacterial and antiviral properties of
polymeric compounds that can be easily synthesized by coupling
positively charged antimicrobial agents (either as a cationic
molecule or metal complex) with a negatively charged polymer
such as sulfonated polystyrene. Our general approach has been
to produce a water-insoluble material, which could be
solubilized in a volatile organic solvent for spray-coating
surfaces. Specifically, we have analyzed the properties of the
transparent polymeric formulations consisting of polystyrene
sulfonate, silver, and benzalkonium or simply by polystyrene
sulfonate and benzalkonium. These studies support a very high
antibacterial and antiviral effect toward 229E and SARS-CoV-2,
as evidenced by a > 5 LR in the infectious agent after 5 min of
contact with the treated surface. The reported examples can be
useful for the production of new polymeric materials containing
different cationic antimicrobial species.
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LR, logarithmic reduction

QA, quaternary ammonium

KBr, potassium bromide

Bz, benzalkonium

CFU, colony-forming units

TSA, tryptone soya agar

MTT, (3-(4,5-dimethilthiazol-2yl)-2,5-diphenyl tetrazolium
bromide

FTIR, Fourier transform infrared
HEPA, high-efficiency particulate air filter
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7. Novelty of the thesis

The thesis presents a series of findings aimed at enhancing our understanding of how SARS-
CoV-2 affects the immune system and leads to disease. While traditionally focused on
respiratory infection, the research delves into the virus's impact on tissues beyond the lungs,
notably the placenta and gastrointestinal system, which is a novel and significant aspect of
study. Understanding these broader effects is crucial, especially given the lingering
consequences of COVID-19, known as long COVID.

One key focus of the thesis is on the mechanisms underlying the exhaustion of NK cells
observed in COVID-19 patients. It highlights the role of specific molecules like HLA-G and
HLA-E, which modulate the immune response, and explores how the virus manipulates these
molecules to evade the immune system. Additionally, the research investigates the
differential effects of SARS-CoV-2 Variants Of Concern (VOCs) on the efficacy of
vaccination strategies, analyzing both antibody and cell-mediated immune responses. These
insights aim to improve therapeutic approaches and provide a deeper understanding of how
viral infections impact human health.

Importantly, this research extends beyond SARS-CoV-2 to contribute to our understanding
of other viral infections, particularly given the rising threat of emergent and re-emergent
viral diseases. By shedding light on the complex interplay between viruses and the immune
system, the thesis offers valuable insights that could inform future research and the

development of effective strategies for combating viral diseases.
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8. Conclusions and perspective

The data herein summarized, discussed some important aspects concerning the role of host
immune system during SARS-CoV-2 infection and the possible correlation of the virus in
associated diseases. SARS-CoV-2 is a Betacoronavirus, known to be the etiological agent
of COVID-19, which caused global pandemic in 2020. The higher impact of SARS-CoV-2,
respect to MERS and SARS-CoV, was associated to 658 million of confirmed cases from
March 2021 [5].

The transmission of SARS-CoV-2 via respiratory droplets represents the main way of
transmission, associated to the onset of the typical pulmonary sequelae in COVID-19 [164],
that can possibly evolve in extra-pulmonary diseases and long-COVID-19 condition. SARS-
CoV-2 ability to infect several tissues is due to the wide distribution of ACE2 and CD147,
the main viral entry receptors.

This thesis aims to investigate SARS-CoV-2 infection from different points of view, firstly
focusing on SARS-CoV-2 modulation of host immune system.

In fact, both typical and atypical COVID-19 seem to depend on SARS-CoV-2 modulation
of both innate [315] and adaptive host immune systems [355]. In particular, host innate
immunity is the first involved in the protection against SARS-CoV-2, exploiting mechanism
such as TLRs [315] and HLA-I molecules [323], to control the infection and stimulate an
efficient acquired immune response, consequently triggering the virus to develop peculiar

immune-escape strategies (/396], paper attached).
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Abstract: An efficient host immune response is crucial in controlling viral infections. Despite most
studies focused on the implication of T and B cell response in COVID-19 (Corona Virus Disease-19)
patients or in their activation after vaccination against SARS-CoV-2, host innate immune response
has raised even more interest as well. In fact, innate immunity, including Natural Killer (NK)
cells, monocytes/macrophages and neutrophils, represent the first line of defense against the virus
and it is essential to determine the correct activation of an efficient and specific acquired immune
response. In this perspective, we will report an overview on the main findings concerning SARS-CoV-
2 interaction with innate host immune system, in correlation with pathogenesis and viral immune
escape mechanisms.

Keywords: SARS-CoV-2; immunity; innate immune cells; immune-evasion; natural killer cells

1. Introduction

SARS-CoV-2 is a positive-sense single-stranded RNA (ssSRNA) virus that has emerged
around the end of December 2019, in Wuhan, Hubei-China, associated with a severe
respiratory syndrome named COVID-19 (Corona Virus Disease-19) and declared pandemic
in March 2020.

SARS-CoV-2 can infect target cells through the interaction between its structural
glycoprotein Spike (S) protein [1] and ACE-2 (Angiotensin Converting Enzyme-2) receptor.
The wide tissue expression of ACE-2 determines SARS-CoV-2 tropism for several organs
and explains the variety of symptoms associated to the infection [1]. In addition to ACE-2,
other molecules, such as CD147 and neuropilin 1 (NRP1), have been identified as possible
co-receptors able to enhance the ability of SARS-CoV-2 to enter human cells [2,3]. Both
CD147 and NRP1 are widely distributed in body tissues and play diverse physiological
as well as pathological and therapeutic roles in different clinical conditions, including
COVID-19 [4,5], involving host immune system activation [6,7].

Different findings have reported SARS-CoV-2 ability, and particularly of its Spike
protein, to interfere with host immune activation [8].

During SARS-CoV-2 infection, both innate and adaptive immune system are en-
gaged [9]. The innate immune system, referred to Natural Killer (NK) cells, mono-
cytes/macrophages and dendritic (DC) cells, is the first to be recruited, followed by T
and B lymphocytes responses, responsible for the specific pathogen recognition and for the
establishment of the immunological memory.

SARS-CoV-2 infection has been described as associated to peculiar effects involving
both immune components, strongly related to COVID-19 symptoms such as the “cytokine
storm” condition [10]. Even if most studies focused on T and B cells response to SARS-CoV-
2 infection, and the engagement of immunological memory raised after natural infection
or vaccination, innate immunity plays a crucial role in COVID-19 onset, as the first line of
defense against SARS-CoV-2 infection [11].
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In this perspective, we will review the main current data referred to SARS-CoV-2
interaction with innate host immune system, in correlation with pathogenesis and viral
immune escape mechanisms. Data were selected follow eligibility criteria accordingly to
the reviewed topic, as reported in Section 2 (Figure 1).

Records identified through
databaseseraching (n=2147)
1085 PubMed
733 Scopus
205 Web of Sciences
124 Cochranelibrary

Records after duplicates
removed (n= 1148)

Records screened (n=1148) ‘

Records excluded (n=823)
\ 456 did not report original
~ adata

367 narrative reviews and
meta-analysis

r
full-text articles assesed for
eligibility: 325

Records excluded (n=166)
71 not up-to-date
95 not full-fill the topic

Studies includedin the
sytstematic review (n=159)

Figure 1. Data selection following eligibility criteria accordingly to the reviewed topic.

2. Materials and Methods
2.1. Search Strategy

We used a set of electronic databases (Medline /PubMed, Scopus, Web of Sciences
(WOS), Cochrane library) for a systematic searched until January 2022 using MeSH key-
words/terms: “COVID-19,” “2019 novel coronavirus,” “RNA sensors” “inflammasome”,
“interferon”, immune cells”, “innate immunity”, “Natural killer cells”, “NETs”, “monocytes”,
“macrophages”, “neutrophils”, “cytokine storm”, “immune cross-talk”, “immune-escape”,
“antiviral effect”. We applied no date or language restriction. We followed the Preferred
Reporting Items for the Systematic Review and Meta-Analysis (PRISMA) statement [12].
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2.2. Study Selection

We selected two independent reviewers to performed title-abstract screening on all
selected studies, then the full-text of the selected articles were reviewed. In cases of du-
plicate information from the same patient, the data were checked and combined, but only
considered as a single case.

2.3. Inclusion Criteria

Studies reporting innate immune response, as well as COVID-19 were selected. Publica-
tions were selected using specific keywords (“COVID-19,” “2019 novel coronavirus,” “RNA

[

sensors” “inflammasome”, “interferon”, immune cells”, “innate immunity”, “Natural killer
cells”, “NETs”, “monocytes”, “macrophages”, “neutrophils”, “cytokine storm”, “immune
cross-talk”, “immune-escape”, “anti-viral effect”) and MeSH Advanced Search Builder.
Articles were filtered also according to the date of publication (not older than late 2020-2021)

and to fulfill the topic of this perspective.

2.4. Exclusion Criteria

Studies which were just case reports, and commentaries were excluded. Moreover,
publication without DOI (e.g., conference abstracts and clinical trials) were excluded.

2.5. Data Extraction

The extraction of the data from included studies was performed by two reviewers
separately, considering key characteristics including publication year, author, type of study,
country, sample size, laboratory findings. In case of opposite reviewer’s selection, we
report both of them or, in view of other publications, we reported those most accredited.

2.6. The Assessment of Methodological Quality and Risk of Bias

The funnel-plot and Egger’s regression test were used to assess publication bias [13].

3. SARS-CoV-2 Innate Immune System Response

Innate immune system functions protect the host from potential dangerous non-self
antigens. For this reason, innate immunity includes different strategy for infection detection
and elimination.

In the case of SARS-CoV-2, viral recognition by tissue-resident immune cells within the
lung provides a local immune response resulting in the recruitment of further innate immune
cells from the blood. This activation is triggered by different SARS-CoV-2 structural compo-
nents and involves different kinds of immune cells and specific intracellular pathways.

3.1. RNA-Sensing of SARS-CoV-2

After host infection, SARS-CoV-2 virus could be recognized through a complex system
of sensors, named Pattern Recognition Receptors (PRRs), expressed by epithelial cells as
well as by local cells of the innate immune response, such as alveolar macrophages [14].
PPRs recognize specific pathogen portions, called “pathogen-associated molecular patterns”
(PAMPs), such as pathogen genome.

The PRRs family includes different components that are involved in the sensing of
RNA virus infections. Among these, the most studied referred to SARS-CoV-2 infection
sensing, are Toll-Like Receptors (TLRs), and RIG-I-like receptors (RLRs). TLRs consist in
a large family of 9 membrane-associated receptors able to recognize different PAMPs [15,16],
localized on cell surface (TLR1, TLR2, TLR4, TLR5 and TLR6) or on intracellular mem-
brane (TLR3, TLR7, TLR8 and TLRY). TLRs expressed on cell surface are involved in the
recognition of extracellular pathogens, while intracellular TLRs expressed on endosomes
and endoplasmic reticulum are engaged during intracellular infection. RLRs intracellular
pattern recognition receptors which play a key role in the activation of innate immune
system during viral infection. In fact, RLRs are cytoplasmatic RNA helicases involved
in the sensing of non-self RNA [17], which include melanoma differentiation-associated
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protein 5 (MDA-5), retinoic acid-inducible gene I (RIG-I) and the Probable ATP-dependent
RNA helicase DHX58 known as LGP2. RLRs are normally inactive in uninfected cells
and become active in presence of viral RNA, leading to interferons production to control
the infection.

ssRNA genome of SARS-CoV-2 has been reported to be recognized by specific TLRs
(TLR3, TLR7, and TLRS8), all localized on the endosomal membrane [18,19], and also by
MDA-5 and RIG-I, which are able to sense intracellular double-stranded RNA (dsRNA)
produced during the infection [17].

After viral RNA binding, both TLRs and RLRs engage adaptor proteins TIR-domain-
containing adapter-inducing interferon-p (TRIF) and myeloid differentiation factor 88
(MyD88) are recruited by TLRs, while RIG-1 and MDAS activate mitochondrial antiviral-
signaling protein (MAVS) and consequently recruit specific kinases, such as TANK-binding
kinase 1 (TBK1). Then, phosphorylated interferon regulatory factors (IRFs), including IRF3
and IRF7 and transcriptional factors nuclear factor kappa light-chain-enhancer of activated
B cells (NF-kB) translocate in the nucleus, inducing the transcriptional activation of genes
coding inflammatory cytokines and interferons (IFNs) [9,20,21]. These molecules attract
more innate immune cells, such as polymorphonuclear leukocytes, monocytes, NK cells,
DC cells, which in turn produce other factors, such as Monokine Induced by Gamma inter-
feron [22], Interferon gamma-induced Protein 10 (IP-10) and Monocyte Chemoattractant
Protein 1 (MCP-1), attracting lymphocytes at the site of infection (Figure 2) [9,23,24]. Impor-
tantly, TLRs are involved in both innate responses against SARS-CoV-2 infection and in the
arise of COVID-19 hyperinflammatory phenotype [17]. Rizzo et al. have recently showed
that the activation of TLR3 and TLR7 by SARS-CoV-2 genome differentially involves IRF3
and IRF7, leading to a peculiar production of pro-inflammatory cytokines, such as IL-1«,
IL-1B, IL-4, and IL-6, as well as interferons [25]. Furthermore, TLR7 deficient genetic
variants has been reported to be associated with a less efficient control of SARS-CoV-2
infection [19].

This role of TLR7 in the antiviral response towards SARS-CoV-2 might represents
a potential target for therapy, e.g., with imiquimod, in order to increase TLR7 activation
and, consequently, its antiviral effect [26]. Again, alterations of other TLRs, such as TLR2,
TLR4 and TLRG6, are described associated to excessive inflammation in COVID-19 patients,
suggesting the modulation of TLRs as prophylaxis for SARS-CoV-2 infection [19].

Both genomic and subgenomic SARS-CoV-2 RNAs are replicated via double-stranded
intermediates in the cytoplasm [27]. In this case, RIG-I and MDAS5 play a crucial role in
the SARS-CoV-2 dsRNA sensing. Taisho et al., reported a peculiar recognition of the 3’
untranslated region of the SARS-CoV-2 RNA genome by RIG-I helicase domains which
inhibits the activation of the conventional MAVS-dependent pathways, avoiding cytokine
induction. Nevertheless, the interaction of RIG-I with the viral genome directly abrogates
viral RNA-dependent RNA polymerase mediation of the first step of replication. These
findings suggest the distinctive role of RIG-I as a restraining factor in the early phase of
SARS-CoV-2 infection in human lung cells [28]. The crucial role of RLRs in SARS-CoV-2
infection management is also demonstrated by Yang et al., that showed that a deficiency in
MDADS, RIG-I or MAVS enhanced viral replication [29].

Since the virus could take over by dampening IFNs antiviral effect, the proinflamma-
tory response increases due to the high infiltration of monocytes /macrophages, neutrophils,
and several other adaptive immune cells from the bloodstream, resulting in the typical
COVID-19 associated “cytokine storms” (Figure 3).

In addition, the formation of aggregates composed by extracellular DNA fibers, his-
tones, microbicidal proteins, and proteases released from the recruited neutrophils, named
also extracellular traps (NETs), causes an hyperinflammatory environment that amplifies
the innate immune response, prolonging the recruitments of monocyte/macrophages,
neutrophils, NK cells and eosinophils, leading to intensified tissue damage associated with
acute respiratory distress syndrome (ARDS) (Figure 3) [30].
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Figure 2. SARS-CoV-2 RNA sensing. After host cells viral infection, SARS-CoV-2 genome is sensed
by endosomal Toll-like receptors (TLRs) TLR3, TLR7 and TLR8. TLRs recruit adaptor proteins
TIR-domain-containing adapter-inducing interferon-g (TRIF) and myeloid differentiation factor
88 (MyD88). The sensing of replicating virus also occurs by cytosolic RIG-I-like receptors (RLRs)
retinoic acid inducible gene I (RIG-I) and melanoma differentiation associated protein (MDAS),
that recognize the subgenomic dsRNA of SARS-CoV-2. RIG-I and MDAS recruit the mitochondrial
antiviral signaling protein (MAVS). TLRs and RLRs signaling activate downstream transcription
factors, including interferon regulatory factor 3 and 7 (IRF3 and IRF7) and nuclear factor kappa
light-chain-enhancer of activated B cells (NF-kB), resulting in production of antiviral interferons
and different chemokines (IL-1«, IL-1B3, IL-4 e IL-6), which in turn leads to the IRF-3 and IRF-7
phosphorylation required for the expression of IFNs.

As previously discussed, in a significant proportion of infected patients, SARS-CoV-
2 induces severe symptoms that are often caused by high levels of pro-inflammatory
cytokines which are in part released because of NETs generation, found in more than 80%
of neutrophils from COVID-19 patients.

NETs formation follows a multistep process called NETosis, which includes at least
three mechanisms: (i) the classical or suicidal NETosis, (ii) the noncanonical pathway, and
(iii) the vital NETosis. Although these processes share key components, the required stimuli,
the timing and the ultimate result are different [31].

In particular, the suicidal NETosis is triggered by the activation of toll-like receptors
(TLRs) and complement receptors (CRs) by various ligands [31,32], the noncanonical
pathway is stimulated by the lipopolysaccharide (LPS) of gram-negative bacteria, while
vital NETosis can be activated by LPS via TLR4, activated platelets, complement proteins,
and TLR2 ligands [33].

220



Microorganisms 2022, 10, 501

60of21

T

Chemokines

f 4 .‘ ~ and . 9
\ \09 /' - \ anti-viral cytokines j h
wr _ , ey |
'ﬁ —= Activated o ir \
ey macrophage si%e " Lo ) el
* * : . Natural killer |

Macrophage

- ‘ x cell

,‘ Heutmplul £

nulati
Dendritic cell degraniatisg,

Figure 3. Innate immune response and cytokines storm in SARS-CoV-2 infected lung. The initial viral
recognition by tissue-resident immune cells triggers a local innate response. The release of soluble
factors, including proinflammatory cytokines and chemokines, from resident immune cells and
infected epithelial cells attracts and activates neutrophils, monocytes, macrophages, dendritic cells
(DC), natural killers (NK), and innate lymphoid cells into the site of infection, where they contribute to
the elimination of the infected cells before virus spreading. This inflammatory environment increased
immune cell infiltration from the bloodstream, triggering the “cytokine storm” condition. The
hyperinflammation is also sustained by aggregates composed by extracellular DNA fibers, histones,
microbicidal proteins, and proteases released from the recruited neutrophils, named also extracellular
traps (NETs).

One of the major regulators of NETs formation is the peptidyl arginine deiminase
type 4 (PAD4), an important intracellular mechanism of NETosis [34]. PAD4 participates
in NETs formation by altering the chromatin status through the cooperation with the
neutrophil elastase (NE) and myeloperoxidase [35]. The resulting decondensed chromatin
discharged into the extracellular space and leads to neutrophil death, in a process also
called NOX-dependent NETosis [36].

Since NETs release by neutrophil is mediated by PAD4 activation, these results sug-
gest that in COVID-19 patients circulating neutrophils might be more susceptible to the
release of PAD4-dependent NETs, which might cause the systemic increase of soluble
NETs observed [37].

In addition, in studies performed on murine models of infection and inflammation,
the inhibition of PAD4 resulted in reduced NET-associated lung injury [38,39], suggesting
the systemic or pulmonary administration of PAD4 inhibitors as a potential treatment for
severe COVID-19 [40]. Whilst the idea of blocking NET formation is gaining actraction as
a potential therapy for the treatment of severe COVID-19 [40-42], this approach could also
result in reduced anti-microbial immunity. In fact, although deleterious when generated in
excess, NETs play an important role in the entrapment, neutralization and eradication of
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bacterial and fungal pathogens [43,44] and consequently the use of PAD4 inhibitors could
increase the susceptibility of severe COVID-19 patients to secondary infections.

3.2. SARS-CoV-2 Inflammasome and Interferon Response

In addition to NETs generation, several studies investigated other possible causes of
the characteristic hyperinflammatory environment associated to COVID-19, evidencing
that another crucial condition is represented by the ability of SARS-CoV-2 to directly or
indirectly activate inflammasomes.

In severe manifestations of COVID-19, a massive inflammatory response appears
to occur through stimulation of the pyrin domain-containing 3 (NLRP3) inflammasome,
that consists in the sensor NLRP3, a NOD-like receptor that interacts with the N-terminus
of the adapter protein ASC (also known as PYCARD) via PYD-PYD interactions and
an the effector caspase 1, recruited by the caspase recruitment domain (CARD) present
in the C-terminus of ASC [45]. The involvement of NLRP3-inflammasome in COVID-19
is confirmed by SARS-CoV-2 N protein possibility to directly interact with NLRP3, thus
promoting the inflammasome activation (Figure 4) [46,47].

NSPS
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SARS-CoV-2 host
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Figure 4. Virus- and host-derived molecules are sensed by several PRRs (Pathogen Recognition
Receptors) to induce antiviral and inflammatory responses. SARS-CoV-2 ORF9 and NPS5/N
proteins inhibit the activation of type I/III IFNs induced by retinoic acid-inducible gene I (RIG-
I)/melanoma differentiation associated protein (MDA5)—mitochondrial antiviral-signaling protein
(MAVS) and Cyclic GMP-AMP synthase (cGAS)—Stimulator of Interferon Genes (STING) signaling.
SARS-CoV-2 N protein is also able to activate pyrin domain-containing 3 (NLRP3) inflammasome,
whose main activation marker is caspase 1, that can lead to the production of IL1B and IL-6 and to
pyroptosis, through gastermin D (GSDMD) Nterm cleavage by caspase 1, 4, 5, and/or 11.

Once activated, NLRP3 inflammasome causes the release of several proinflammatory
cytokines, including IL-6 and IL-1p (Figure 4) [48], which have been reported to have a key
role in the pathogenesis of acute lung injury, included COVID-19, affecting type Il alveolar
epithelial cells ACE2 expression [49,50].
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Moreover, NLRP3 activation can lead to pyroptosis, an inflammatory programmed
cell death pathway activated through Gasdermin D (GSDMD) cleavage by caspase 1, 4, 5,
and/or 11 (Figure 4) that takes place in T lymphocytes and is crucial in the pathogenetic
process associated to viral infections [51]. GSDMD triggers pyrotosis by exposing its
amino-terminal cell death domain (GSDMDNterm) after caspase cleavage and, in this
cleaved form, GSDMD can insert into the cell membrane by binding phosphatidylinositol
phosphates and phosphatidylserines, forming pores that kill the cell from within [52,53].

Interestingly, even if SARS-CoV-2 infection promotes activation of the NLRP3 inflam-
masome involving caspase-1, it has been reported that its nucleocapsid proteins are able
to inhibit host pyroptosis by blocking GSDMD cleavage [54]. The nucleocapsid binds
GSDMD and hinders GSDMD processing by caspase-1, therefore these insights into how
SARS-CoV-2 antagonizes cellular inflammatory responses may open new perspectives for
COVID-19 treatment.

Although SARS-CoV-2 provokes a pro-inflammatory state, antiviral responses, such
as [FNs release, result decreased.

Regarding the pathways driving IFN responses to SARS-CoV-2 infection, it is well
known that the virus is a poor type I IEN inducer in vitro [55] and IFN-I analysis on a cohort
of 50 COVID-19 patients with various disease severity revealed a highly impaired IFN-I
response (characterized by no IFN-3 and low IFN-a production and activity), which was
associated with a persistent viremia and an exacerbated inflammatory state [56]. However,
other findings have shown the presence of neutralizing IFN-I antibodies in critical COVID-
19 patients [57] and account for up to 20% of cases of COVID-19 death [58].

Among the pathways involved in the altered IFN-I response, RIG-/MDA-5-MAVS
and ¢GAS-STING signaling seem to be particularly involved.

As said above, during SARS-CoV-2 infection, it was expected that the viral ssRNA
would be detected by RIG-I and MDA5 RNA sensors, in analogy to other coronaviruses [59].
Despite this evidence, there are numerous findings reporting low amounts and delayed
kinetics of these cytosolic RNA sensors, which affect the expression of type I and III IFN in
SARS-CoV-2-infected cell lines [60,61]. In particular, SARS-CoV-2 accessory genes ORF9b,
an alternative open reading frame within the nucleocapsid (N) gene, has been found to
inhibit the activation of types I and III IFNs at mitochondria level [62] by interfering with
RIG-I/MDA5-MAVS signaling [63] (Figure 4). SARS-CoV-2 ORF9b also suppressed the
induction of types I and III IFNs interfering with TRIF and Stimulator of Interferon Genes
(STING) functioin (Figure 4), which are the adaptor protein for the endosome RNA-sensing
pathway triggered by TLR3-TRIF and for the cytosolic DNA-sensing pathway involving the
Cyclic GMP-AMP synthase (cGAS)-STING signaling, respectively. In particular, SARS-CoV-
2 ORF9b inhibits TBK1 phosphorylation induced by both RIG-/MDA-5-MAVS and ¢GAS-
STING signaling and consequently inhibits the phosphorylation and nuclear translocation
of IRF3 and types1 and III IFN transcription [63].

In addition, both NSP5 and N viral protein disrupted RIG-I-MAVS complex to attenu-
ate the RIG-I-mediated antiviral immunity to affect the IFNs response, while the N protein
also affected the recognition of dsDNA by RIG-I (Figure 4) [64].

Concerning cGAS-STING signaling, in both infected cell cultures and COVID-19
patient samples, a specific activation of NF-kB mediated by ¢cGAS-STING recruitment
was described (Figure 4) and supported by its attenuation after treatment with several
STING-targeting drugs [65]. Moreover, cGAS-STING activity was detected in lung samples
of COVID-19 patients with prominent tissue destruction and associated with type I IFN
responses. Indeed, a lung-on-chip model revealed that SARS-CoV-2 activates cGAS-STING
signaling in endothelial cells through mitochondrial DNA release, leading to cell death and
type I IEN production [66].
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3.3. SARS-CoV-2 Effect on Monocytes and Macrophages

Monocytes and macrophages are antigen presenting cells (APCs) crucial in leucocytes
recruitment and inflammation regulation [67] which ensure early responses to pathogens
during acute infections.

Alterations of monocyte subset frequency has been reported in inflammatory diseases
and infections [68], such as SARS-CoV-2 infection, characterized by low monocyte levels,
that gradually increase following recovery [69].

Macrophages consist in a heterogeneous family of phagocytic cells tissue-resident [70].

Among these there are lung alveolar macrophages, distinguished into alveolar and
interstitial macrophages, which include M1 and M2 macrophages [71]. During SARS-CoV-2
infection, TLR4, 5, 3, 7 and 9 expressed by macrophages actively sense SARS-CoV-2 N and
S proteins and promote M1 polarization of these cells [72].

It has been recently suggested that monocytes/macrophages participate in the on-
set of cytokine storms observed in COVID-19 patients, and their function seems to be
associated to ARDS [73] and poor prognosis [74—77] in presence of high CCL2 and CCL7
levels [78]. On the other hand, this high percentages of monocyte /macrophages is co-present
with lymphopenia.

Moreover, the expression of viral receptor ACE-2, furin and TMPRSS2 (transmembrane
protease serine 2), has been demonstrated in an alveolar mice model [79], suggesting that
these cells can be targeted by SARS-CoV-2. Again, monocytes and macrophages culturing in
the presence of SARS-CoV-2 S and N proteins resulted in high levels of IL-6 [80] (Figure 5).

&

@ T EFALT

o, £ é":‘?';%

D e Y SARSCoV-2
e &

L\ A

Vi :._.T

Monocyte . o Macrophage

IL-6, THF-a,

/ ‘ \ IL-10, INF-a IL-¢

altred l i

—0— ' ‘.: _.: .
LI HLA-DR / |
J_ T ‘downmodulation Q )

; S

= ~
M1 macrophages M2 macrophages | cg”‘

N = -

Figure 5. Schematic representation of monocytes/macrophages activation by SARS-CoV-2 Spike (S)
and Nucleocapsid (N) proteins and their effect on cytokine profile and Human Leukocyte Antigen-DR
(HLA-DR) down-modulation.

In fact, IL-6 plays a central role in SARS-CoV-2-induced cytokine storms associated to

ARDS condition [81,82] through Th1 [83,84] and CD8+ T cell inhibition [85] and promotion
of Th17 differentiation [86] (Figure 5).
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Typically, SARS-CoV-2 infection firstly stimulates the production of immunoregulatory
cytokines by both monocytes and macrophages, and then the virus elicits a transient
program dominated by the upregulation of IFN« gene [87]. The most interested cells in the
phenotypic change are macrophages, because during viral infection their phenotype has
been shown to shifted to an anti-inflammatory of M2 type (Figure 5).

During SARS-CoV-2 infection, monocytes/macrophages undergo different morpho-
logical and phenotypical changes. In particular, a shift from an anti-inflammatory M2
type to an excessive monocyte-macrophage activation is associated to respiratory failure
in severe COVID-19 patients [88] (Figure 5), characterized by subsets of mixed M1/M2
macrophage, higher expression of CD80 and CD206 and secretion of IL-6, IL-10, TNF-¢,
compared to controls [88].

As APCs, also SARS-CoV-2 effect on Human Leukocyte Antigen [89] expression
on monocyte and macrophage is crucial in the control of the infection. In particular,
alteration of specific HLA class II, named HLA-DR, often occurs in response of viral
infections [90]. It has been observed that severe COVID-19 present low expression of HLA-
DR on monocytes [91] in correlation with ICU (Intensive Care Unit) need (Figure 5) [92,93],
probably due to the antagonizing action of IL-6 (Figure 5) [94]. Consequently, HLA-DR
decreased expression might be a marker of immune suppression during SARS-CoV-2
infection [91,94].

3.4. Role of Neutrophils in COVID-19

Neutrophils are the drivers of hyperinflammation, through degranulation of primary
granules and pro-inflammatory cytokines release [95], known to be implicated in COVID-19
pathology [41,96]. Despite their functional protective role, neutrophils extensive and pro-
longed activation that may occur during SARS-CoV-2 infection, might lead to detrimental
effects in the lungs, resulting in cellular infiltrations, ARDS and increased mortality [97]. In
fact, high neutrophil count correlate with COVID-19 severity and has been reported to be
prognostic marker of ARDS and death [98,99].

Chemokines produced during COVID-19-ARDS recruit neutrophils in the site of
infection, supported by transcriptional analysis of bronchoalveolar lavage fluid from
patients with high levels of CXCL-2 and CXCL-8 [100,101]. Once recruited in the site of
infection, neutrophils release different proinflammatory mediators, including cytokines
(interferon-a, interferon-f3, tumor necrosis factor, and interleukins 13, 6, and 10) and
chemokine (e.g., CXCL10) that participate in COVID-19 pathogenesis [102].

In particular, lung autopsies from patients with ARDS revealed occlusion of pulmonary
vessels by NETs, generated by neutrophils-recruitment into alveolar spaces mainly by IL-
1b [103] that participate to cytokine overproduction and ARDS [104].

Indeed, high levels NETs DNA complexes have been found in serum samples from
hospitalized COVID-19 patients, compared to patients with mild/moderate disease and
healthy controls [105,106], confirming that the increased infiltration of neutrophil in severe
cases contributes to the imbalance of lung’s immune response [95].

During neutrophils recruitment to the inflammatory site, endothelial cell-surface
molecules have a crucial role, in particular E-selectin and Intercellular Adhesion Molecule-I
(ICAM-I). Bortolotti et al. reported that during COVID-19 the expression of these molecules
might be modified by HLA-G [35], an immunomodulatory non classical HLA class-1
molecule already described associated to COVID-19 condition [107].

3.5. SARS-CoV-2 Effect on Natural Killer Cells Activity

NK cells belong to the innate immune system and can recognize pathogens since the
early phases of infection. NK cell activation toward infected cells is mainly based on the de-
tection of HLA-I molecule expressed on target cells, that leads to NK cell cytotoxicity when
HLA-I is absent. This recognition depends on the engagement of inhibitory and activating
NK cell receptors (NKRs) [108], including CD94/NKG2A, CD94/NKG2C, CD94/NKG2E,
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NKG2D, leukocyte immunoglobulin-like receptors (LILR) and Killer Immunoglobulin-like
Receptors (KIR) [109].

It has already been discussed that COVID-19 patients develop an uncontrolled immune
response associated with lymphopenia [110,111], showing the reduction of T cell and CD8+
T cell count [112,113], as well as NK cells. Moreover, COVID-19 NK cells have shown
a functional exhaustion that, together with their reduced number, have been correlated
with the severity of clinical presentation and outcome of the disease [114]. Furthermore, to
confirm the key role of NK cells in the outcome of COVID-19, there are some individuals
which physiologically have lower expansion and functions of these cells (older patients
and immunosuppressed), that exhibited a higher susceptibility to severe and fatal form of
COVID-19 [115,116].

The NK cell decrease observed after SARS-CoV-2 infection can be the consequence
of both cell death and cell redistribution in infected sites. Xiong et al. showed that
several upregulated genes in PBMCs from COVID-19 patients are involved in the apoptosis
pathways, suggesting that the peripheral decreased NK cell number may be due to cell-
death [100]. By contrast, in favor to the lungs target-site sequestration mechanism, analysis
of bronchoalveolar lavage fluid (BALF) samples allowed the detection of higher amounts
of NK cells in COVID-19 patients as compared to controls [117]. These data suggest that,
upon SARS-CoV-2 infection, NK cells exit the peripheral blood and moves into the lung
where they potentially contribute to local inflammation and injury. By contrast, circulating
NK cells display an exhausted phenotype that facilitate virus spread to other organs.

This reduction of NK cells functions is firstly related to local and systemic inflam-
mation. Specifically, elevated IL-6 and IL-10 levels observed in COVID-19, can inhibit
NK cytotoxicity, mediated by Granzyme-B production, Fas/FasL (Fas ligand) interaction
and CD16 binding with the Fc (constant fraction) of antibodies. Moreover, IL-6 may fur-
ther impair NK activity by reducing the expression of the activating NKG2D receptor
(Figure 6) [118].

The reduced peripheral NK cell count and impaired cytotoxic activity observed in
severe SARS-CoV-2-infected subjects, together with the increase of circulating IL-6 levels,
suggests that the functional impairment of NK activity leads to enhanced innate immune
cell activation with massive proinflammatory cytokine production [119,120].

Another very interesting mechanism of NK cell exhaustion during COVID-19 in-
volving the inhibitory NKG2A receptor has been hypothesized. Zheng et al. observed
a significant overexpression of NKG2A receptor (Figure 6) that was decreased simultane-
ously with the increase in the number of NK cells when the patients were rescued after the
infection [112].

The involvement of NKG2A receptor in the mechanisms exploited by SARS-CoV-2
to affect NK cells activation have been investigated by Bortolotti et al. [121]. In this work,
authors evaluated the possible effect of SARS-CoV-2 spike proteins (SP) expression by lung
epithelial cells on NK cell recruitment and activation [122], reporting that the intracellular
expression of SP1 by lung cells reduces the activation of NK cells and their ability to
degranulate, identifying SP1 as a causative agent of NK cell function inactivation.

To better understand the molecular mechanisms exploited by this viral protein in
controlling NK cells activation, Bortolotti et al. [121] have enlarged the study to the possible
involvement of NK cell receptors and ligands.

As mentioned above, HLA molecules partly control NK cells via the interaction with
their specific NKRs [123] and it has been demonstrated that SP1 is able to specifically up-
regulate HLA-E on lung epithelial cells (Figure 6), which is stabilized by SP1-derived HLA-E
binding peptide, and at the same time provoked the overexpression of CD94/NKG2A
inhibitory receptor levels on NK cells (Figure 6) [121]. These data are in agreement with the
recognized crosstalk between HLA-E and CD94 /NKG2A, that induces a higher surface
level of HLA-E molecules concurrently with a prevalent expression of NKG2A receptor on
the surface of NK cells [124].
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Figure 6. Impairment of NK cells’ functions during SARS-CoV-2 infection. The release of cytokines
such as interleukin (IL)-6 and IL-10 affects NK cell activation through changes in NK receptor and
HLA molecules expression.

In addition, individual genetic asset could also contribute to explain the variability in
the response of NK cells to SARS-CoV-2. In fact, it has been found out that severe COVID-19
patients showed non-functional or reduced activating receptors (e.g., KIR2DS2) and the
prevalence of inhibitory KIRs, in particular of KIR2ZDL1 and KIR2DL3 (Figure 6) [125-128],
and patients recovering from mild or moderate infection showed the increase of ILT2
inhibitory receptors (Figure 6).

Taken together, these data confirm that patients with severe COVID-19 have a severely
compromised innate immune response likely due to a functional exhaustion of periph-
eral NK cells. Thus, this innate immunity compromission caused by NK cells function
exhaustion, is likely to be the direct effect of SARS-CoV-2 infection [129,130].

4. SARS-CoV-2 Innate Response and Acquired Immunity Cross-Talk

Activation of innate immune system during SARS-CoV-2 infection is crucial in de-
termining the induction of an efficient T and B cell response to obtain specific antibodies
secretion and cell-mediated killing of infected cells [131].

During SARS-CoV-2 infection, peptides synthetized during viral replication are loaded
on HLA class I proteins and presented on the surface of infected cells. The viral peptide-
HLA-I complexes recognition by CD8+ cytotoxic T cells induces their activation and
expansion [132], leading to the development of virus-specific effector and memory T cells.
Moreover, also CD4+ helper T cell, mostly T helper 1 lymphocytes (Thl) and T helper 17
lymphocytes (Th17) [133] recognize SARS-CoV-2 antigens bound by HLA class II (MHLA-
II) on professional Antigen presenting cells (APCs) and in turn Follicular helper (FH) T
contribute to B cell activation into plasma cells (PC), that release specific anti-SARS-CoV-2
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antibodies. At first, IgM are released during the acute phase of infection [134], followed
by IgG or secretory IgA, that will also persist as part of immunological memory [135]

(Figure 7).
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Figure 7. Adaptative immune response during SARS-CoV-2 infection. CD8+ T lymphocytes cytotoxi-
city is induced by recognition of viral antigens expressed on infected epithelial cells. Subepithelial
dendritic cells (DC) recognize present SARS-CoV-2 antigens to CD4+ T lymphocytes, inducing IFN-y
secretion and their differentiation toward memory T helper 1 lymphocytes (Th1), T helper 17 lympho-
cytes (Th17), and T follicular helper (TFH). TFH helps B cells to develop into plasmacells (PC) and
promote the production of IgM, IgA, and IgG isotype SARS-CoV-2-specific antibodies, while Th1,
once activated by B cell antigen presentation, activate naive monocyte (M@), through IFN-y secretion.

Among APCs, dendritic cells (DCs) represent an important point of junction between
innate and adaptive immunity during viral infections. In fact, DCs correct procession
and presentation of viral epitopes is fundamental to guarantee a successful B ant T cell
priming [136].

The antigenic anatomy of APC/T cell interactions, mediated by HLA-II molecules,
is critical to the initiation of productive immune events. In fact, different HLA haplo-
types are related to a different susceptibility for distinct disease, including COVID-19.
Nguyen et al. [137] sampled the SARS-CoV-2 proteome for interactions with HLA antigens
and found that patients characterized by HLA-B*46:01 had the least predicted binding sites
for SARS-CoV-2 peptides. However, they also found that the individuals who were HLA-
B*15:03 positive showed the highest capacity to bind SARS-CoV-2 peptides. They conclude
that individual genetic variations may be critical to the generation of sterilizing immunity
to SARS-CoV-2 as well as generation of responses to vaccines. In addition, HLA class 1
phenotypical variations are important in directing CD8+ T cell responses that mediate
cytotoxicity. Poulton et al. [138] found a significant association between HLA-DQB1*06 and
SARS-CoV-2 infection risk in transplant patients. A further study in an Italian transplant
population, found that HLA-DRB1*O8 showed no peptide binding to SARS-CoV-2 pep-
tides, in association with increased mortality from SARS-CoV-2 [139]. This finding suggests
that HLA antigen typing can identify individuals at higher risk for SARS-CoV-2 infection,
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which could also be ‘super-spreaders’ and at higher risk to develop a severe COVID-19 and
poor responses to vaccines [140].

The severe complications associated with SARS-CoV-2 infection encouraged the de-
velopment of different vaccination strategies. All the vaccine designs, as inactivated and
protein subunit vaccines, viral vector vaccines and mRNA vaccines, strongly induce both
humoral and cellular specific immunity [141]. For example, SARS-CoV-2 Spike protein
encoded by mRNA-based vaccines, once translated and presented by host cells, stimulates
Th1, CD8+ T and B cells activation, inducing the production of specific neutralizing antibod-
ies against the virus and normally trigger immune memory, preserving the individual from
the developing of the disease. Of course, the production of immunostimulatory epitopes
and their efficient presentation by APC are at the basis of a successful immunization.

The mRNA-based SARS-CoV-2 vaccines elicit antibody responses against the Receptor
Binding Domain (RBD) of the spike protein, targeting the same epitopes as occur in natural
infection, leading to the production of neutralizing antibodies that target the same epitopes
as those produced by natural infection. A study conducted on patients infected by SARS-
CoV-2 and subjects vaccinated with Pfizer and Moderna mRNA-based vaccines showed
the presence of high titers of IgM and IgG anti-SARS-CoV-2 Spike protein RBD eight weeks
after the second injection of vaccine. Moreover, the plasma neutralizing activity and relative
numbers of RBD-specific memory B cells of vaccinated volunteers were equivalent to those
of individuals who had recovered from natural infection [142,143] and potently neutralize
SARS-CoV-2 by targeting a number of different RBD epitopes in common with monoclonal
antibodies isolated from infected donors [144-146].

5. SARS-CoV-2 Immuno-Escaping Mechanisms

As already discussed, innate immune system activation during viral infection leads
mainly to IFNs and cytokines production in order to eliminate invading viruses. As other
viruses, also SARS-CoV-2 is able to exploit different escape strategies to avoid immune
system recognition.

For example, Min et al. [147] have showed how IFN pathway can be a prime target
for immune evasion, which could be inhibited by suppressing IFN induction (through
decreasing potential PAMPs or disrupting the signaling cascades of IFN induction), function
or production. In addition, Kasuga et al. [148] have showed that SARS-CoV-2 proteins,
such as nucleocapsid (N} and membrane (M) proteins, are involved in interfering and
suppressing I[FN signaling [119,149].

The recent concern about virus mutations and their effects is further justified by the
fact that RNA viruses are characterized by higher mutation rates [150] and SARS-CoV-2
genome alterations are estimated to be 1-2 mutations every month [151]. The genetic
diversity of SARS-CoV-2 is the result of errors generated by its RNA-dependent RNA
polymerase (RdRp) and recombination [152]. The capacity of coronaviruses to recombine
plays a significant role in their evolution and is associated with the strand switching ability
of RdRp. As long as a significant number of the world population is infected with SARS-
CoV-2, mutations will continue to occur because of the huge number of genome replications
and error-prone replication. Therefore, new variants will continue to emerge, and some of
them may pose a greater risk for inmune escape, being the result of mutations derived by
selection based on fitness advantage.

Notably, the main evasive strategy adopted by SARS-CoV-2 is represented by Spike
protein mutation acquisition.

SARS-CoV-2 has different spike protein variants categorized based on their spreading
ability, disease severity, immunity, and treatment response. As of 21 October 2021, the
European Centre for Disease Prevention and Control (ECDPC) classified variants of concern
(VOQ), including Beta or B.1.351 (K417N, E484K, N501Y, D614G, A701V), Gamma or P.1
(K417T, E484K, N501Y, D614G, H655Y), and Delta or B.1.617.2 (L452R, T478K, D614G,
P681R); variants of interest (VOI), involving Mu or B.1.621 (R346K, E484K, N501Y, D614G,
and P681H) and Lambda or C.37 (L452Q, F490S, and D614G); whereas variants under
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monitoring include various spike protein mutations circulating in different parts of the
world [153]. In addition to these, on 26 November 2021 another variant has been designed
as VOC [154], which is known as Omicron or B.1.1.529.

In particular, most mutations on SARS-CoV-2 spike protein occur within RBD frag-
ment, especially in the—RBM (5438 to Q506 and K417)—residues involved in ACE2 bind-
ing [155,156], suggesting that RBD is the substantial immune-dominance region of SARS-
CoV-2 spike protein.

Since all the available vaccination strategies are based on SARS-CoV-2 Spike protein
immunization and aim to induce a strong acquired immune response [139], alterations
on this protein not only might increase viral tropism and spreading by enhancing its
interaction with cellular receptors, but also decreasing vaccines efficiency [89].

Furthermore, SARS-CoV-2 evasion of lymphocytes responses has been investigated
in vitro, showing that mutations on SARS-CoV-2 Spike and other viral proteins (HLA-I-
restricted epitopes) are able to evade in vitro CD8+ T cell responses through abolishing
HLA-I binding [157].

In addition, in order to reduce HLA-I presentation, SARS-CoV-2 open reading frame 8
(ORF8) is responsible for mediating HLA-I down-modulation by directly interacting with
these molecules [158]. The result is that SARS-CoV-2-infected cells by expressing ORF8 are
much less sensitive to lysis by cytotoxic T lymphocytes and evade immune surveillance,
due to the antigen presentation system impairment caused by this viral protein.

Moreover, SARS-CoV-2 can also infect regulatory T (Treg) cells through the binding
of NRP1 [159], another coreceptor of SARS-CoV-2, thereby reducing Treg population and
leading to uncontrolled host proinflammatory responses.

Again, SARS-CoV-2 has developed several strategies to escape innate immune system,
based on TLRs and RLRs sensing interference by several viral proteins, thus affecting
cytokine and interferon production (Figure 3) [9,147,148].

6. Conclusions/Perspectives

The central role of host innate immune system during SARS-CoV-2 infection is under
investigation. Since innate immunity is involved in the earliest stages of SARS-CoV-2
infection, its correct activation is necessary to guarantee an efficient control of viral spread.
The primary antiviral effect exerted by innate immune system, based mainly on interferons
production and direct killing of infected cells by NK cells, cytokines secretion and a correct
antigens presentation, is strictly connected to the activation of T and B lymphocytes. In
view of this, the identification of the strategies able to improve the innate immune response
towards SARS-CoV-2 infection might represent an advantage not only to control the natural
infection, but also to increase the active immunization by vaccination. There are several
courses of action that can be undertaken to effectively subdue the pandemic. At first, it
would be necessary to closely monitor the emergence of novel SARS-CoV2 variants globally.
Secondly, vaccination protocols should be adjusted to current variants. Finally, an effort
should be made to develop therapeutic protocols involving monoclonal antibodies in order
to offer reliable protection against emerging variants.
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In conclusion, this PhD thesis summarized all the studies, already published, in which I have
investigated the pathogenetic mechanism associated to SARS-CoV-2 infection, with the
purpose to make an extensive overview on the main aspects connected to SARS-CoV-2
typical and atypical infection. The results herein reported might contribute to enhance the
knowledge of SARS-CoV-2 pathogenesis, clarifying its infection end evasion mechanisms,

to improve both diagnostic and therapy tools.
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9. Other works

During my PhD course, I also participated to other studies concerning to the impact of
Herpesviruses infections in human diseases. I investigated the role of herpetic infections in
neurodegenerative processes, pregnancy and oncogenesis.

As showed in the following attached papers, I focused my studies on Alzheimer Disease
(AD) and Multiple Sclerosis (MS), already reported to be associated to HHVs infections
[397].

My research particularly investigated HHV-6 role in the neurodegenerative process, paying
attention to NK cell function modulation due to specific KIRs genotypes (Paper 1, paper
attached) and to the role of the U24 viral protein in trigger MS autoimmunity (Paper 2, paper
attached).

Moreover, HHV-6 is known to be involved in pregnancy-associated diseases, included
primary idiopathic infertility [398], where the modulation of HLA-G by the virus seems to
be a determinant condition.

Intra-Uterine Growth Restriction (IUGR) condition is due to an altered placental irroration,
but no evidence was reported on the association of this condition with HHV-6 placental
infection. Thus, we assessed the possible association between HHV-6 placental infection
and HLA-G expression alteration in I[UGR placental samples (Paper 3, paper attached),
confirming the involvement of the infection evasion mechanism based on HLA-G
modulation as a possible factor triggering IUGR onset (Paper 3, paper attached).
Specifically, the IHC results obtained in this work, as also in the other, previously described
in this thesis, were improved during my period abroad to the Zurich University.
Concerning HHV-6, thanks to the collaboration with the Organic Chemistry group of the
University of Ferrara, I also analyzed the possible use of new antiviral strategies based on
the use of rhodaminic inhibitors as potential fusion intermediate inhibitors (Paper 4, paper
attached), which resulted promising as an alternative therapy to classical antiviral drugs on
both HHV-6A and HHV-6B infections.

Finally, I also analyzed the role of the inhibitory KIR2DL2 receptor in the predisposition to
Kaposi Sarcoma, in presence of HHV-8 infection (Paper 5, paper attached), already

identified as major the etiological agent of Kaposi sarcoma (KS) [399].
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Abstract: In multiple sclerosis (MS), there is a possible relationship with viral infection, evidenced by
clinical evidence of an implication of infectious events with disease onset and/or relapse. The aim of
this research is to study how human herpesvirus (HHVs) infections might dysregulate the innate
immune system and impact autoimmune responses in MS. We analyzed 100 MS relapsing remitting
patients, in the remission phase, 100 healthy controls and 100 subjects with other inflammatory
neurological diseases (OIND) (neuro-lupus) for their immune response to HHV infection. We
evaluated NK cell response, levels of HHVs DNA, IgG and pro- and anti-inflammatory cytokines. The
results demonstrated that the presence of KIR2DL2 expression on NK cells increased the susceptibility
of MS patients to HHV infections. We showed an increased susceptibility mainly to EBV and HHV-6
infections in MS patients carrying the KIR2DL2 receptor and HLA-C1 ligand. The highest HHV-6 viral
load was observed in MS patients, with an increased percentage of subjects positive for IgG against
HHV-6 in KIR2DL2-positive MS and OIND subjects compared to controls. MS and OIND patients
showed the highest levels of IL-8, IL-12p70, IL-10 and TNF-alpha in comparison with control subjects.
Interestingly, MS and OIND patients showed similar levels of IL-8, while MS patients presented
higher IL-12p70, TNF-alpha and IL-10 levels in comparison with OIND patients. We can hypothesize
that HHVs' reactivation, by inducing immune activation via also molecular mimicry, may have the
ability to induce autoimmunity and cause tissue damage and consequent MS lesion development.

Keywords: herpesvirus; multiple sclerosis; NK cell; KIR

1. Introduction

In multiple sclerosis (MS), there is a possible relationship with viral infection, evi-
denced by clinical evidence of an implication of infectious events with disease onset and/or
relapse. The viral infection can directly infect the central nervous system (CNS) and induce
an inflammatory response that might result in brain damage. Neurotrophic herpesviruses
can enter the CNS evading the host protective immune response, inducing acute cell
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dysfunction. Subsequently, the latent infection typical of herpesviruses might reactivate
resulting in disease relapse. The reactivation of viral infection can induce lymphocyte
activation and the secretion of pro-inflammatory cytokines that affect cell-specific functions
and enhance neurodegeneration [1]. Disease-associated genetic variants can exacerbate the
disease onset [2]. Herpesviridae have shown a possible association with MS, resulting as
valuable biomarker candidates of disease progression and therapy outcome. Their preferen-
tial tropism for CNS and their latent persisting infections that enable their immune-escape,
account for their potential pathogenic role in neuroinflammation, resulting in the persis-
tence of chronic inflammation and the accumulation of neurological deficits. Epstein—Barr
virus (EBV) and human herpesvirus 6 (HHV-6) have been identified in pathological and
sero-epidemiological studies. EBV reactivation has been linked to disease activity in early
MS suggesting a possible implication in MS immunopathology [3]. HHV-6 active infection
seems to be involved in MS exacerbations [4], and reactivation may have a role in triggering
autoimmune response and tissue damage associated with MS lesion development [5,6].
Our group showed that HHV-6 supports a productive, low level of replication in the CNS
of patients at the early stages of the disease [7].

Recent observations suggest that innate immunity, and in particular natural killer (NK)
cells, might be involved in the etiology of MS [8]. NK cells’ regulation is controlled by NK
membrane receptors: leukocyte immunoglobulin-like receptors (LILR), C-type lectin, killer
immunoglobulin-like receptors (KIR), natural cytotoxicity receptors (NCRs) and CD2. KIRs
are transmembrane glycoproteins encoded by 15 highly polymorphic genes, with structural
domains that characterize their functions [9]. The KIRs have different numbers of the
extracellular domains (2D and 3D), and a cytoplasmic tail with a different length (L (long)
or S (short)) that determines protein function (inhibitory or activating, respectively) [10],
with KIR2DL4 as the unique long-tailed activating KIR. The association of KIR gene
polymorphisms has already been demonstrated in several autoimmune disorders such
as rheumatoid arthritis, ankylosing spondylitis and inflammatory bowel disease [11-13].
In particular, KIR receptors might have a protective or detrimental role in autoimmune
diseases due to their inhibitory or activating control of NK cells, the functions of which can
be suppressed or enhanced in predisposed subjects.

We have recently showed that MS patients characterized by the expression of KIR2DL2
on NK cell surface are more susceptible to HHV infection [14-16]. In particular, NK
cells from MS patients expressing KIR2DL2 are less activated towards HHV infection.
On the contrary, control KIR2DL2-positive and negative subjects presented no statistical
differences in the activation status. Interestingly, other authors have observed a correlation
between KIR2DL2 and the HHV infection reactivation in healthy subjects [17]. The authors
recognized receptor/ligand pair KIR2ZDL2/HLA-C1 as a predisposing factor for HSV-1
infection and reactivation. These results suggest a possible role of KIR2DL2 in HHV
infection susceptibility in the human population, that affects NK cell activation only in MS
patients. We can hypothesize that HHVs' reactivation, by inducing immune activation via
molecular mimicry, may have the ability to induce autoimmunity and cause tissue damage
and consequent MS lesion development.

The aim of this research is to study how such dysregulation of the innate immune
system could impact autoimmune responses in MS.

2. Materials and Methods
2.1. Subjects

In total, 100 MS relapsing remitting patients, in remission phase (mean age: 39 =+ 10 years),
recruited at the MS Centre of the Department of Neurology, University of Ferrara, Italy, from
2015 to 2018 (Supplementary Table Sla), 100 healthy controls (mean age: 38 & 11 years) and
100 subjects with other inflammatory neurological diseases (OIND) (mean age: 37 & 12 years)
(NLES: neuro-lupus) (Supplementary Table S1b) were recruited. The samples were collected
after informed consent, following the acceptance by the Area Vasta Emilia Centro (N: 01052016).
MS was defined on the basis of McDonald’s classification [18]. The patients had relapsing
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remitting MS according to Lublin [19]. Disease classification was assessed during sample
collection using Kurtzke's Expanded Disability Status Scale (EDSS) [20] (mean value at entry:
2.0 £ 1.0, range from 0.0 to 5.6) (Supplementary Table Sla). At entry, the patients had no
signs of acute infections, fever or other symptoms. The patients were not receiving potential
disease-modifying therapies (e.g., methylprednisolone or azathioprine, glatiramer acetate or
interferon-beta) during the 6 months preceding the study. OIND patients satisfying the 1997
revised American College of Rheumatology Criteria regularly attending the Lupus Clinic of
the Rheumatology Unit, Department of Medical Sciences, Sant’ Anna Hospital, University of
Ferrara, Italy were recruited during the same period [21]. Neuropsychiatric manifestations
were assessed in accordance with the 1999 ACR nomenclature and case definitions and
diagnoses followed the EULAR recommendations [22]. The attribution of NP events was
based on physician judgement and considering ACR ‘association” and ‘exclusion” factors (i.e.,
their absence favors attribution to SLE), and as ‘SLE-favoring factors’ of the Italian Study Group
on the NPSLE validated attribution model were also evaluated (Supplementary Table S1b) [23].
None of the female MS patients, OIND and control subjects was pregnant before and during
the study.

2.2. Quantification of Peripheral Blood Antibodies

Anti-HHV antibodies were evaluated in plasma samples from MS and control sub-
jects with diagnostic ELISA kits (EBV, HHV-6, VZV; HSV-1; HSV-2) (Bethyl Laboratories,
Montgomery, TX, USA). The endpoint Ig titers were evaluated with serial dilutions (1:10,
1:40; 1:60; 1:110; 1:240; 1:360) of the samples.

2.3. Genotyping of KIR and HLA

Genomic DNA was extracted from whole blood (QIAamp DNA Blood Mini kit, Hilden,
Germany). The Olerup Typing kit (West Chester, PA, USA) was used to genotype KIR and
HLA alleles and to quantify HHVs genomes by real-time PCR (Supplementary Table 52)
following the manufacturer’s procedures.

2.4. Quantification of Cytokine Levels

The levels of 9 different cytokines (Interferon-gamma (IFN-gamma), Interleukin-
lalpha (IL-1alpha), IL-1beta, IL-4, IL-6, IL-8, IL-10, [L12p70, Tumor-necrosis factor alpha
(TGF-alpha)) implicated in inflammation control (Aushon, Billerica, MA, USA) were ana-
lyzed on serum samples via a Multiplex ELISA kit (Cytokine 2 Array; Chemokine 2 Array).
Serum samples were collected in a serum separator tube (SST), spun at 1000 G at room
temperature centrifuge for 10-15 min, recovered and stored at —80 °C.

2.5. Peripheral Blood Mononuclear Cell (PBMC) Culture

A clinical hematologic analysis showed no differences in cell counts between the three
groups (Supplementary Table S1c). PBMCs were extracted from whole blood by Ficoll
gradient (Cederlane, Hornby, ON, Canada). After extraction, PBMCs were resuspended in
2 mL of RPMI-1640 (Euroclone, Pavia, Italy) supplemented with 100 U/mL Penicillin G,
2 mM L-Glutamine, 20% FCS and 100 ug/mL Streptomycin (Euro-clone, Pavia, Italy).

Natural killer cells were obtained from peripheral blood samples using the negative
magnetic cell separation system (Miltenyi Biotech, Gladbach, Germany) [24]. The NK
cell content was >90% as assessed by flow cytometry with CD3-PerCp-Cy5.5, CD56-FITC
moAbs staining (e-Bioscience, Frankfurt, DE) (data not shown). NK cells were resuspended
at2 x 108 cells/mL in 20 mL of RPMI 1640 (BioWhittaker) containing 1 mM non-essential
amino acids, 10% human AB serum (Mediatech, Herndon, VA, USA), 1 mM pyruvate, 2 mM
glutamine, 20 mM HEPES, 100 pug/mL Strep-tomycin and 100 U/mL Penicillin (Gibco BRL
Life Technologies). Cells were stimulated with 100 U/mL of IL-2 (Hoffmann-LaRoche) on
day 0 and cultured for 5 to 6 days at 37 °C, 5% CO2.
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2.6. Peripheral Blood Monocyte-Derived Microglia

Monocytes (adherent PBMC) were obtained from PBMCs cultured in T25 tissue culture
flasks (2 x 10° to 5 x 10° cells/mL) using RPMI-1640 Glutamax medium (Invitrogen, Milan,
Italy) supplemented with 1% antibiotics/antimycotic (10,000 g/mL streptomyecin sulfate,
10,000 units/mL penicillin G sodium and 25 g/mL Amphotericin B, Invitrogen). After
overnight incubation, adherent cells, which are mainly monocytes (>90%), as confirmed by
a flow cytometry analysis, using anti-CD14-FTC and anti-CD16-PE moAbs (BD Biosciences,
Milan, Italy), FACSCantoll flow cytometer (BD, Milan, Italy) and Flow]Jo LLC analysis
software (Ashland, Catlettsburg, OR, USA) (Supplementary Figure S1), were used for
the generation of microglia (M-MG). The differentiation of PBM-microglia was obtained
in 6-well tissue culture plates (Sarstedt, Niimbrecht, Germany) using RPMI-1640 Gluta-
max supplemented with 1% antibiotic/antimycotic (serum-free condition) and a mixture
of human recombinant cytokines, including GM-CSF (10 ng/mL; PeproTech, London,
UK), M-CSF (10 ng/mL; PeproTech, London, UK), beta-nerve growth factor (NGF-beta
10 ng/mL; PeproTech, London, UK) and CCL2 (100 ng/mL) for up to 14 days. The gener-
ation of M-microglia was confirmed by morphology evaluation and immune-phenotype
characterization for the expression of Ibal by an-ti-Iba-1 PE moAb and of substance P with
anti-substance P FITC mouse monoclonal antibody (moAb) [25,26].

2.7. HHV Infection

Cell-free virus inocula were obtained as previously described: EBV from lymphoblas-
toid cell line LCL-B95.8 (kind gift of Professor R. Dolcetti) activated using 20 ng/mL TPA
(12-O-tetradecanoylphorbol-13-acetate) (Sigma-Aldrich, St. Louis, MO, USA) [26]; HHV-6A
(strain U1102) grown in the J-Than cell line (ATCC TIB-153) [27]; HHV-6B (strain Z29) [24]
grown in the Sup T1 cell line (ATCC CRL-1942); HSV-1 (strain F) grown on Vero cells (ATCC
CCLB81); VZV (ATCC VR-1433) grown on MRCS5 cells (ATCC CCL171). The infection of
M-MG was performed at a multiplicity of infection {m.o.i.) of 0.1 plaque forming unit/cell.
A UV-inactivated virus was used as a negative control.

2.8. Viral Load Quantification

Overall, 1, 3, 7 and 14 days post-infection, the cells were harvested and DNA was
extracted with the GeneAll ExgeneTM Cell SV kit (GeneAll Biotechnology, Seoul, Korea).
Real-time PCR for HHVs was performed (as reported in Supplementary Table 52) following
the manufacturer’s procedures.

2.9. Cytometric Analysis and CD107a Degranulation Assay

NK cells were characterized as CD3 negative cells with a specific CD panel (CD56-FITC,
CD16-PerCp-Cy5.5, CD107a-PE) (e-Bioscience, Frankfurt, Germany), anti-KIR2DL2-2DS2-
2DL3/CD158b-PE (ThermoScientific, Erembodegem, BE) monoclonal antibodies. Samples
were incubated with the moAbs for 30 min in ice and washed. The analysis was performed
with FACS Cantoll flow cytometer and FlowJo software (Becton Dickinson, San Jose, CA,
USA), acquiring 10,000 events. Lymphocytes were identified according to the forward /side
scatter profile and NK cells (CD3— /CD56+) were defined and gated within the lymphocyte
gate. For the CD107a degranulation assay, after 1 h of incubation at 37 °C and 3 h of
treatment with Golgi Stop solution (Becton Dickinson, San Jose, CA, USA), PBMCs were
stained. CD158b levels were evaluated in the CD3—/CD56+/CD16+ gated cells. Cell
viability was assessed by propidium iodide staining. Anti-isotype controls (Exbio, Praha,
Czech Republic) were performed. Ten thousand events were acquired.

2.10. Statistical Analyses

The Hardy—Weinberg equilibrium was assessed by the extended version of Fisher’s
exact test implemented in Arlequin 3.01. Biological variables were evaluated by Student’s ¢
test, Fisher’s exact test and a logistic regression analysis by Graph pad software. Significant
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p values were defined as <0.05. p values were corrected (pc) for multiple comparisons,
using the Bonferroni correction.

3. Results
3.1. KIR/HLA Typing

The patients were evaluated for the frequency of KIRs” receptors and HLA ligands.
The results are reported in Table 1. We enrolled 100 MS RR patients, in remission phase
(Supplementary Table Sla), 100 healthy controls and 100 subjects with other inflammatory
neurological diseases (OIND: neuro-lupus, NLES) (Supplementary Table S1b).

Table 1. KIR/HLA frequency.

MS OIND CNTR
KIR and HLA (n = 100) (n = 100) (1 = 100) P pe
Activating KIR
KIR2DS1 50 36 37 0.09
KIR2DS2 62 34 37 7.0 x 1074 42 x 1073
KIR2DS3 36 29 28 0.28
KIR2DS4 87 84 83 0
KIR2DS5 45 31 30 0.04
KIR3DS1 12 32 33 7.0 x 1074 42 x 1073
Inhibitory KIR
KIR2DL1 B9 B7 B6 0.67
KIR2DL2 62 38 36 40 x 104 32x 1073
KIR2DL3 72 76 77 0.52
KIR2DL4 98 99 100 0
KIR2DL5 60 44 46 0.06
KIR3DL1 94 81 83 0.025
KIR3DL2 98 99 100 0
KIR3DL3 98 99 100 0
KIR genotype
AA 28 33 35 0.36
Bx 72 66 65
HLA genotype
c1/C1 26 21 20 0.40
c1/cz 46 25 23 99 x 1074 5.0 x 1073
cz/C2 29 44 43 0.055
HLA-Bw4 78 73 71 0
HLA-Bwo 92 82 B4 0.13
KIR and their ligands
KIR2DS1,/KIR2DL1 presenf/ HLA-C2 present 40 27 28 01
KIR2DS1 /KIR2DL1 present/ HLA-C2 absent 10 7 8 0.81
KIR2DS1/KIR2DL1 absent/HLA-C2 present 2 1 1 0
KIR2DS2 /KIR2DL2 present/HLA-C1 present 48 27 28 0.00561 0.037
KIR2DS2/KIR2DL2 present/HLA-C1 absent 14 14 14 0
KIR2DS2/KIR2DL2 absent/ HLA-C1 present 6 32 31 6.4 x 106 58 x 105
KIR3DS1/KI3DL1 present/HLA-Bw4 present 30 24 25 0.53
KIR3DS1/KI3DL1 present/HLA-Bw4 absent 9 6 ¥y 0.80
KIR3DS1/KI3DL1 absent/HLA-Bw4 present 1 2 3 0.62

The KIR and HLA allelic distribution was in the Hardy-Weinberg equilibrium. Patients
with MS showed a significantly increased frequency of the activating receptor KIR2DS2
(62% vs. 37%; pc: 4.2 x 107°) and a reduced frequency of the activating receptor KIR3DS1
(12% vs. 33%; pc: 4.2 x 1073) in comparison with controls. MS patients had an increased
frequency of the inhibitory receptor KIR2DL2 (62% vs. 36%; pc: 3.2 x 1073). No significant
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a)

differences were found in the distribution of KIR genotypes (AA or Bx) but there was
an increase in the HLA-C1/C2 genotype in MS patients (46% vs. 23%; pc: 5 x 1073).
The combination KIR2DS2 /KIR2DL2 present/C1 present was significantly increased in
MS patients in comparison with controls (48% vs. 28%; pc: 0.037) while the combina-
tion KIR2DS2/KIR2DL2 absent/C1 present was significantly decreased in MS patients
(6% vs. 31%; pc: 5.8 x 1072). The logistic regression analysis showed the combination
KIR2DS2/KIR2DL2 present/C1 present strictly correlated with the MS condition (p = 0.03;
p = 0.016, respectively). No significant differences were observed between KIR/HLA
frequencies in OIND patients in comparison with controls (Table 1).

3.2. Microglial Cells-NK Cells Co-Culture during HHVs' Infection

We standardized the protocol to obtain human microglial cells from peripheral blood
monocytes. We obtained a sufficient quantity of cells from each sample to carry out the
analyses (Figure 1a). The generation of M-MG was confirmed by a morphology evaluation
and immune-phenotype characterization for the expression of calcium binding protein
Ibal and substance D, typical characteristics of microglia (Figure 1a). We performed viral
infection on microglial cells, obtaining a good viral load after 14 days after infection for
HHV-6A, HHV-6B and EBV, while a lower viral replication was observed for HSV-1 and
VZV (Figure 1b).

HHV-64
HHV-68
HSWV-1
EBV

=

10%
= h\tt::__-a.:___‘
107

10

toesd

Log genome number

d.p.i.

Figure 1. (a) Microglial cell obtained from peripheral blood monocytes, stained for substance P and
Ibal. (b) Viral load in control microglia cells infected with HHVs.

Positive and negative KIR2DL2 natural killer (NK) cells from MS and OIND patients
were co-cultured with HSV-1, HHV-6A, HHV-6B, VZV and EBV microglial-infected cells.
The activation of NK cells was evaluated as a percentage of NK cells expressing the CD107a
degranulation marker. We showed an increase in activated KIR2DL2-negative NK cells
from all the three populations in the presence of HSV-1, HHV-6A, HHV-6B, VZV and EBV-
infected cells (Figure 2a—c) (p < 0.001; t-Student’s test). KIR2DL.2-positive NK cells from the
control population in the presence of HSV-1, HHV-6A, HHV-6B, VZV and EBV-infected
cells showed an increase in CD107a expression (Figure 2d). In contrast, KIR2DL2-positive
NK cells from MS patients were not activated in the presence of cells infected with HHV-6A,
HHV-6B and EBV (Figure 2e). KIR2DL2-positive NK cells from OIND patients were not
activated in the presence of cells infected with EBV (Figure 2f).

On the basis of the results obtained with NK cell activation, we evaluated the viral
load in MS patients’ microglia cells. We observed that KIR2DL2-negative subjects from the
MS population were able to control viral infections, in agreement with the results obtained
from the NK cell activation assay (Figure 3a—d). In particular, KIR2DL2-negative NK cells
wete able to control EBV, HHV-6A and HHV-6B more efficiently than NK cells from control
subjects. KIR2DL2-positive MS patients controlled only VZV and HSV-1 infections similar
to control subjects (Figure 3h,i). Interestingly, KIR2D1.2-positive OIND patients controlled
all the infections apart from EBV infection, similarly to what was observed for NK cell
activation (Figure 3j).
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Figure 2. Frequencies of CD107a-positive NK cells after the co-culture with microglia cells infected
with HHVs in KIR2DL2-negative (a) control, (b) MS and (¢) OIND populations and in KIR2DL2-
positive (d) control, (e) MS and (f) OIND populations. * significant p value, Student’s f test. The data
are presented as mean + SE.

When we evaluated the NK cell phenotype from MS patients after the co-culture
with microglial-infected cells, we observed a significant increase in KIR2DL2 expression
(Figure 4a). The augmented KIR2DL2 expression was more evident in the co-culture
with HHV-6A, HHV-6B and EBV-infected microglia cells (Figure 4a). These data are in
accordance with the results obtained with viral load quantification and NK cell activation
status, supporting the role of KIR2ZDL2 in controlling NK cell activation in the presence
of HHYV infections. We evaluated the possible impact of KIR2DL2 expression on clinical
status in MS patients. We observed that the subjects that respond with a greater increase of
KIR2DL2 expression in the presence of an HHV infection were characterized by a higher
EDSS (Figure 4b), supporting an involvement also in disease status. Similarly, the subjects
that respond with a greater increase of KIR2DL2 expression in the presence of an HHV
infection were characterized by a higher frequency of MRI disease activity (Figure 4c).
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Figure 3. Microglial cells were infected and co-cultured with control or MS NK cells. Viral load was
reported in KIR2DL2-negative subjects for (a) EBV, (b) HHV-6, (¢) VZV and (d) HSV-1. Viral load
was reported in KIR2ZDL2-positive subjects for (f) EBV, (g) HHV-6, (h) VZV and (i) HSV-1. Viral load
in KIR2DL2-negative OIND patients for (e) EBV. Viral load in KIR2DL2-positive OIND patients for
(j) EBV. NK CTR: NK cells from control subjects; NK MS: NK cells from MS patients. The data are
presented as mean =+ SE.
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Figure 4. (a) Frequency of MS subjects with KIR2DL2 expressing NK cells after the co-culture with
microglia cells infected with HHVs. Distribution of MS subjects with KIR2DL2-positive or negative
NK cells on the basis of (b) EDS and (c) MRI disease activity. * significant p value, Student’s ¢ test.
The data are presented as mean =+ SE.
3.3. Levels of HHVs" DNA in Peripheral Blood
The three populations were analyzed for the presence of viral DNA (HSV-1, VZV, EBV,
HHV-6) in peripheral blood. The presence of the EBV genome was observed in 10% of
healthy controls, 16% of subjects with MS and in 39% of OIND subjects, with a significant
difference between MS patients and OIND patients (p = 0.0004; Fisher exact test) and OIND
patients and controls (p < 0.0001; Fisher exact test). Similarly, analyzing the viral load,
OIND patients had a higher number of viral genome copies/mL of blood than MS patients
(p < 0.0001; Student’s f test) and controls (p = 0.0007; Student’s ¢ test) (Figure 5a).
*
. | | b) * *
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i ¢
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Figure 5. Viral load of (a) EBV and (b) HHV-6 in control, MS and OIND populations. * significant
p value, Student'’s t test. The data are presented as mean + SE.

Overall, 10% of controls, 31% of MS patients and 14.6% of OIND patients were positive
for the presence of the HHV-6 genome (Figure 5b), with the highest viral load in MS patients
in comparison with controls (p = 0.001; Student’s ¢ test) and OIND patients (p < 0.0001;
Student’s f test). Subjects who tested positive for the presence of the HHV-6 genome in
Q-PCR were then characterized for the type of virus, HHV-6A or HHV-6B. The subjects
positive for the HHV-6A genome were 60% of MS patients and 30% of OIND patients
(p < 0.0001; Student’s t test), while no control subject was positive for the HHV-6A genome.
The subjects positive for the HHV-6B genome were 20% of MS patients, 45% of OIND
patients (p = 0.0002; Student’s t test) and 100% of control subjects (vs. MS and OIND
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p < 0.0001; Student’s f test). The subjects positive for HHV-6A /-6B genomes were 20%
of MS patients, 25% of OIND patients (p = 0.5; Student'’s f test), while no control subject
was positive for HHV-6A /-6B genomes. No samples tested positive for the presence of
HSV-1 or VZV DNA as was expected as the site of latency of both these viruses was not
the peripheral blood but in ganglion cells. No differences were observed subdividing the
samples on the basis of KIR2DL2 positivity (data not shown).

3.4. Levels of Antibodies towards HHV's

We evaluated the levels of antibodies (IgM and IgG) towards HHVs (HSV-1, HSV-2;
EBV; HHV-6; VZV) in the plasma samples of the three cohorts.

The results obtained by the analysis of EBV EBNA1 IgG evidenced that 75% of MS
patients were positive, in comparison with 40% of OIND patients (p < 0.0001; Fisher exact
test) and 30% of control subjects (p < 0.0001; Fisher exact test). By dividing the samples on
the presence of the KIR2DL2 receptor, 90% of MS patients were positive for EBV EBNA1
IgG in comparison with 49% of OIND patients (p < 0.0001; Fisher exact test) and the 50%
of control subjects (p < 0.0001; Fisher exact test). The results obtained with EBV VCA IgG
were comparable to EBNAL1 IgG results.

The results obtained from the VZV IgG analysis showed that 90% of MS and OIND
patients and 80% of control subjects were positive for VZV IgG. By dividing the samples
according to the presence of the KIR2DL2 receptor, a slight increase in the subjects positive
for VZV IgG was observed in OIND subjects (50%) compared to control subjects (35%)
(p = 0.05; Fisher exact test).

The results obtained from the IgG analysis for HHV-6 showed that 100% of MS
patients, 95% of OIND patients and 100% of control subjects were positive for HHV-6
IgG. By dividing the samples on the basis of the presence of the KIR2ZDL2 receptor, a
higher percentage of MS (60%) and OIND (60%) patients tested positive for HHV-6 IgG in
comparison with control subjects (40%) (p = 0.007, Fisher exact test).

The results obtained from the IgG analysis for HSV-1 showed that 60% of MS patients
and 70% of control subjects were positive in comparison with 35% of OIND patients
(p = 0.007; Fisher exact test). By dividing the samples on the basis of the presence of the
KIR2DL2 receptor, a higher percentage of the subjects positive for IgG against HSV-1
was observed in MS patients (60%) and control subjects (65%) in comparison with OIND
patients (p = 0.0007; Fisher exact test).

These results showed that the expression of the KIR2DL2 receptor seems to correlate
with the increased positivity for anti-EBV, anti-HHV-6 and anti-HSV-1 IgG; we assessed the
levels of positivity for EBV, HHV-6 and HSV-1 IgG in the three populations. We performed
serial two-fold dilutions of controls and test samples (initial dilution 1:20 v/v) in dilution
buffer (PBS containing 1% skimmed milk). We observed that OIND patients showed the
highest titers for EBNA-1 IgG (Figure 6a), while MS patients presented the highest levels for
anti-HHV-6 1gG (Figure 6b). The control subjects presented the highest levels for anti-HSV-1
IgG (Figure 6c¢).

3.5. Levels of Inflammatory Cytokines in Plasma Samples

In order to assess the inflammatory state of the subjects, the plasma levels of nine pro-
or anti-inflammatory cytokines (IL-1alpha, IL-1beta, INF-gamma, IL-10, IL-4, IL-6, IL-8,
IL-12 and TNF-alpha) were evaluated. They were selected as representative of a different
immune response and previously implicated in both MS and neuro-lupus diseases [28,29].

MS and OIND patients showed the highest levels of IL-8, IL-12p70, IL-10 and TINF-
alpha in comparison with control subjects (Figure 7; p <0.0001; Student’s f test). Interestingly,
MS and OIND patients showed similar levels of IL-8 (p = 0.36; Student’s  test), while MS
patients presented higher IL-12p70, TNF-alpha and IL-10 levels in comparison with OIND
patients (p < 0.0001; Student’s f test). No differences were observed when subdividing the
samples on the basis of KIR2DL2 positivity (data not shown).

248



Microorganisms 2022, 10, 494 11 of 15

’] = CTR ] J
12, BB MS 30+ 20-

o] O3 oD

z ¥ H Z 5] 2 15-

W 6- w =

a7 - H ™

g g 2

7 2 & 10 @

1- "
o 5 T R Y 3
s SN A RO RN I R G R I
EBNA-1 1gG titre Anti-HHV-6 IgG titre anti-HSV-1 IgG
Figure 6. Levels for (a) anti-EBNA-1 IgG, (b) anti HHV-6 IgG and (c) anti HSV-1 IgG in control, MS
and OIND populations.
a) b) €
&00
600+ 500 oo 600
(=]
el Er N s
4 o (=]

_Im —i 2004 2 [=] ]

E300-l = ° " E so0l

@ 20+ a g % % 50 "

a 2 404 w0 Q
154 © o g © oo o % o e
104 o 2 o o © : ] F
54 oo o o, ° B Sl o L o b
0 $ Q @ @5 & = a0 13' o i o O t, !

. ol 1 =
< a kB B 0 8 > B B S A8 s GO T A
ORI ST I IS PSR R SN
&Y o & &Y & &Y S

Figure 7. Cytokine serum levels in (a) control, (b) MS and (¢) OIND populations. The data are
presented as mean + SE.

4, Discussion

The results of this study demonstrated that KIR2DL2 expression on NK cells gives
MS patients a higher susceptibility to HHV infection, confirming our previous results on
HSV-1 [14-16]. In particular, KIR2DL2 expression on NK cells reduced NK cell activation
and consequently HHVs' clearance in microglia cells from MS patients. Interestingly, the
co-culture of NK cells with HHV-infected microglia cells induced a significant increase in
KIR2DL2 expression on CD16+CD56+ NK cells. When we evaluated the control subjects
we observed no statistical differences in the activation status of NK cells between KIR2DL2-
positive and negative subjects. Interestingly, previous results showed a correlation between
KIR2DL2 and the recurrence of HHV infection in healthy subjects [17]. The authors
recognized receptor/ligand pair KIR2ZDL2/HLA-C1 as a predisposing factor for HSV-
1 infection and reactivation. These results suggest the implication of KIR2DL2 in HHV
infection susceptibility in the human population, that has a deep effect on NK cell activation
in MS patients. In particular, we observed that the subjects that respond with a greater
increase in KIR2DL 2 expression in the presence of an HHV infection were characterized by
a higher EDSS, supporting an involvement also in disease status. Similarly, the subjects
that responded with a greater increase in KIR2DL2 expression in the presence of an HHV
infection were characterized by a higher frequency of MRI disease activity.

We showed an increased susceptibility mainly to EBV and HHV-6 infections in MS
patients carrying the KIR2DL2 receptor and HLA-C1 ligand. We can hypothesize that
HHV-6 and EBV reactivation, by inducing immune activation via molecular mimicry,
may have the ability to induce autoimmunity and cause tissue damage and consequent
MS lesion development. HHV-6 and EBV infections are common and have a worldwide
distribution, and like most herpesviruses they are a ubiquitous infectious agent, infecting
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greater than 90% of the world’s population [30,31]. The association between MS and HHV-
6 is supported by its ability to productively infect glial cells [32-34]; the persistence of
HHV-6 DNA for months in the brain [34]; and the high neuropathogenicity of HHV-6in a
marmoset model [35].

As a proof of concept of the increased susceptibility, we evaluated the levels of HHVs’
DNAs. In total, 31% of MS patients, 14.6% of OIND patients and 10% of controls were
positive for the presence of the HHV-6 genome, with the highest viral load in MS patients.
MS patients presented mainly HHV-6A infection or HHV-6A /-6B co-infection, while OIND
patients and controls presented mainly HHV-6B infection. The three cohorts were also
evaluated for anti-HHVs IgG. The results obtained by the analysis of EBV EBNA1 IgG
evidenced that MS patients presented a higher percentage of positive subjects, mainly in
the KIR2DL2-positive group. The results obtained from the IgG analysis for HHV-6 showed
a higher percentage of subjects positive for IgG against HHV-6 in KIR2DL2-positive M5
and OIND subjects compared to controls. The VZV IgG and HSV-1 IgG analysis showed
that MS and OIND patients had the highest percentage of positive subjects, mainly in the
KIR2DL.2-positive subjects. The increase in only HHV-6 viral load, with the high levels of
both EBV and HHV-6 IgG levels in MS patients, sustained a possible increased reactivation
of these two viruses in MS patients with low levels of replication but the ability to induce
humoral response. This reactivation might result without evident clinical sequelae, but it is
able to modify the immune cell status. To evaluate this point, we analyzed the levels of
pro- and anti-inflammatory cytokines in serum samples. We observed the highest levels
of pro-inflammatory cytokines in MS and OIND [28,29]. In particular, TNF-alpha, IL-8
and IL-12p70 were higher in both MS and OIND patients in comparison with control
subjects. These results confirm the enhanced inflammatory status in MS and OIND patients,
characterized by an increased cytokine production. Interestingly, there was also an increase
in IL-10 levels in MS and OIND patients in comparison with controls, suggesting a role in
counteracting the inflammatory envionment in MS and OIND patients.

In fact, EBV reactivation appears to be linked to disease activity in early MS and it
has been reported that EBV reactivation in the CNS may play an important role in MS
immunopathology [36]. EBNA2 variants have been identified as biomarkers of MS disease
course and therapy response [37]. The evaluation of EBV-infected B cells in post-mortem
brains of M5 cases still provides controversial results [38,39]. However, the efficacy of
B cell depleting therapies in relapsing remitting and progressive MS and the pilot trial
with in vitro expanded autologous EBV-specific T cell therapy could be considered an
indirect evidence of EBV implication in MS, since memory B cells are the target of latent
EBV infection [40,41]. Concerning HHV-6, a higher frequency of active infection seems to
be related to MS onset [42,43]. In addition, MS plaques showed an increased frequency
of HHV-6 DNA and proteins when compared with control tissues [44] and the serum of
MS patients presented higher anti-HHV-6 antibody titers than in healthy controls [45].
The possibility to give a complete characterization of NK cell response in each MS patient
might help in increasing the safety of therapies with biological and immune-suppressive
drugs (e.g., Fingolimod, Natalizumab), that could reactivate HHV infection [46]. Further
analyses are needed to confirm these results in a multicentric study, increasing the number
of subjects to be enrolled.

5. Conclusions

Our results demonstrated that the presence of KIR2ZDL2 expression on NK cells in-
creased the susceptibility of MS patients to HHV infections. We showed an increased
susceptibility mainly to EBV and HHV-6 infections in MS patients carrying the KIR2DL2
receptor and HLA-C1 ligand. The highest HHV-6 viral load was observed in MS patients,
with an increased percentage of the subjects positive for IgG against HHV-6 in KIR2DL2-
positive MS and OIND subjects compared to controls. MS and OIND patients showed the
highest levels of IL-8, IL-12p70, IL-10 and TNF-alpha in comparison with control subjects.
Interestingly, MS and OIND patients showed similar levels of IL-8, while MS patients
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presented higher IL-12p70, TNF-alpha and IL-10 levels in comparison with OIND patients.
We can hypothesize that HHVs' reactivation, by inducing immune activation via molecu-
lar mimicry, may have the ability to induce autoimmunity and cause tissue damage and
consequent MS lesion development.

The availability of Lirilumab (IPH2102/BMS-986015) [47], a human monoclonal anti-
body that blocks the interaction of the KIR2DL2 receptor and its ligands, with an ongoing
randomized Phase I trial in tumors, could allow a therapeutic approach to promote NK
cell activation towards HHYV infection in MS patients with a possible rebound in disease
outcome. Nevertheless, futher studies are needed to confirm whether these approaches
may help in MS clinical management.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ microorganisms10030494/s1: Table S1a: Demographic and clinical
characteristics of MS patients; Table S1b: Demographic and clinical characteristics of SLE patients
with neuropsychiatric involvement; Table Slc: Clinical hematology results; Table S52: Real-time
PCR primers for HHVs' genome quantitation. Figure S1: Representative staining of monocyte cells
obtained from peripheral blood to produce microglia cells. (a) FSC/SSC gating; (b) Monocytes were
stained as CD14+CD16—cells.
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Abstract: A number of studies have suggested that human herpesvirus 6 A (HHV-6A) may play a role
in multiple sclerosis (MS). Three possible hypotheses have been investigated: (1) U24 from HHV-6A
(U24-6A) mimics myelin basic protein (MBP) through analogous phosphorylation and interaction
with Fyn-SH3; (2) U24-6A affects endocytic recycling by binding human neural precursor cell (NPC)
expressed developmentally down-regulated protein 4-like WW3* domain (hNed d4L-WW3*); and
(3) MS patients who express Killer Cell Immunoglobulin Like Receptor 2DL2 (KIR2DL2) on natural
killer (NK) cells are more susceptible to HHV-6 infection. In this contribution, we examined the
validity of these propositions by investigating the interactions of U24 from HHV-6B (U24-6B), a
variant less commonly linked to MS, with Fyn-SH3 and hNedd4L-WW3* using heteronuclear single
quantum coherence (HSQC) nuclear magnetic resonance (NMR) titrations and isothermal titration
calorimetry (ITC). In addition, the importance of phosphorylation and the specific role of U24 in NK
cell activation in MS patients were examined. Overall, the findings allowed us to shed light into the
models linking HHV-6 to MS and the involvemnent of U24.

Keywords: human herpes virus; Roseolovirus; Fyn-SH3; Nedd4L; multiple sclerosis; phosphorylation;
natural killer cells; Killer Cell Immunoglobulin Like Receptor 2DL2

1. Introduction

Human herpesviruses HHV-6A, -6B and -7 are Roseoloviruses that have been hypoth-
esized to be implicated in several neurological diseases, including encephalitis, epilepsy,
Alzheimer’s and multiple sclerosis (MS) [1-7]. Although the exact cause of MS is still
currently unknown, it has been suggested that one or more viruses may be possible trig-
gers [8-12]. Specifically, it has been proposed that potential triggering agents, such as
Epstein—Barr virus, HHV-6 (the collective name for HHV-6A and HHV-6B), varicella—zoster
virus, cytomegalovirus, C virus and human endogenous retroviruses, play a role [11,13,14].
A number of these viruses are ubiquitous and highly prevalent in adult populations world-
wide [15]. To date, only a limited number of potential viral proteins that could be explicitly
involved in this triggering have been identified [16-23].

U24 (see Supplemental for nomenclature), a putative tail-anchored membrane protein
that is unique to Roseoloviruses [24], is one such protein that may be implicated in MS. It
is expressed during the early stages of viral infection [25]. Although the exact function
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of U24 has not been fully elucidated, a number of studies have suggested a potential link
between U24 and MS [15,26-31]. In HHV-6A, the N-terminal segment of U24 consists
of a PxxP motif, as well as a PY motif (Table 1). These same two motifs can be found in
U24 from HHV-6B, which is not surprising given that HHV-6A and -6B genomes share
an overall identity of 90%. Finally, in HHV-7, U24 only possesses the PY motif (Table 1).
The proline-rich segment of U24 has been suggested as being important for its function, as
such segments are typically involved in protein—protein interactions because of the distinct
structure of the polyproline helix they form [13]. A number of important protein—protein
interactions involving prolines and linked to MS will be described below.

Table 1. Sequence alignment of myelin basic protein (MBP) and U24 from HHV-6A (U24-64), -6B,
and -7. The PxxP motif is indicated in dark gray, whereas the PY motif is shown in light gray. The
subscript in the name of the peptide represents the residue numbers, with the numbering of MBP
based on the human 18.5 kDa classic isoform. Negatively charged side-chains are shown in blue,
while positively charged residues are in red. The phosphorylated peptides (pU24-6A and pU24-6B)
are also included, with pT representing phospho-threonine. 15 residue peptides, with the sequences
given here, were used in this study.

Name

Sequence

MBPoz.107

U24-6A4.15
pU24-6A1 -15
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Both U24-6A and -6B share a proline rich segment with myelin basic protein (MBP,
Table 1), a key component of the myelin sheath protecting axons in the central nervous
system (CNS). In MS, MBP becomes an autoantigen, i.e., a normal constituent of neuronal
cells that becomes the target of an immune response from auto-reactive T-cells [9,10,32].
The seven amino acid sequence identity between U24 from HHV-6 and MBP has led to
the suggestion that U24 may function by mimicking MBP. Indeed the polyproline region
in MBP is essential for it to participate in Fyn-mediated signaling pathways via a direct
but non-canonical association between the Fyn-SH3 domain and the PxxP motif [33].
Oligodendrocyte differentiation and maturation, which are processes that are perturbed
in MS patients, are impacted by the disruption of these signaling pathways. In addition,
MBP has two threonine residues (T95 and T98) within and just before the PxxP motif
(Table 1), which can be phosphorylated. Phosphorylation has been shown to affect the
local structure of MBP and its disposition on the membrane surface [34]. In addition,
MS patients have a degree of phosphorylation at T98 that is lower than that of normal
individuals [35]. Phosphorylation was found to decrease the ability of MBP to polymerize
actin and to bundle actin filaments, without however affecting the dissociation constant
of the MBP-actin complex [36]. Additionally, phosphorylation of MBP leads to a reduced
interaction with Fyn-SH3 [37]. Finally, MBP phosphorylation decreases the interaction
between MBP and lipids, making it difficult to organize lipids into the multilayers found
in the myelin sheath [38]. U24 from HHV-6A has been shown to associate with Fyn-SH3,
albeit ca. 1000-fold less than MBP (K; = 5 mM for U24-6A [29] versus 4-8 uM for MBP [39]).
In addition, U24-6A can be phosphorylated by MAPK, but less effectively than MBP [28].
Overall, these findings suggested that although U24-6A may mimic MBP, it most likely
does not interfere directly with MBI function.

U24 has been shown to mediate the downregulation of the T-cell receptor complex and
also the transferrin receptor (TfR) through its PY motif [40,41], suggesting a general block in
early endosomal recycling. These results strongly suggest that U24 expression can influence
the activation state of the immune system of infected individuals, supporting the potential
link between U24 and MS immune dysregulation [15,26-31]. Endosomal recycling is a
process controlled by E3 ubiquitin ligases. Recently, U24-6A and the phosphorylated pU24-
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6A have been found to preferentially interact with neural precursor cell (NPC) expressed
developmentally down-regulated protein 4 (Nedd4) E3 ubiquitin ligase, via its WW3
domains [30,31]. In the CNS, Nedd4 and Nedd4-like proteins (Nedd4L) play a crucial
role in promoting dendrite outgrowth [42,43] and maintaining neuronal survival [44,45].
So hypothetically, U24 could function by affecting Nedd4 or Nedd4L, which may cause
defective neural development, resulting in damage of axons or myelin.

On the other hand, U24 may play a role in HHV-6 infectivity. Studies have demon-
strated that MS patients who express Killer Cell Immunoglobulin Like Receptor 2DL2
(KIR2DL2) on natural killer (NK) cells are more susceptible to HHV-6 infection [46—48].
In particular, Rizzo et al. have shown reduced NK cell activation and consequently a low
HHV-6 clearance in MS patients with a KIR2DL2 allele. KIRs are MHC class I-specific
regulatory receptors utilized by human NK cells and CD8 T cells. Several lines of evidence
link differences in KIR expression to differential responses to invading pathogens and
autoimmune disorders [49-52]. To date, no studies have demonstrated whether U24 plays
a direct role in NK cell activation in MS patients.

Given previous findings on U24-6A and U24-7 [29-31] and in order to better under-
stand the potential role of U24 in MS and the features of U24 that are important for the
protein—protein interactions discussed above, we have examined here the interaction of
U24 from HHV-6B and its phosphorylated form with hNedd4L-WW3* (3rd WW domain
in human Nedd4L, where the star was adopted in literature describing sequence com-
parisons of the human vs. rat/mouse analogues) and Fyn-SH3. Since HHV-6A is more
commonly linked with MS than HHV-6B [27,53-55], it is hypothesized that U24-6B binding
to hNedd4L-WW3* might be weaker than for U24-6A. In addition, a number of studies
have shown that the interaction between proline-rich segments and Fyn-5H3 is highly
dependent on the presence of arginine residues that flank the PxxP motif [56-60]. Hence,
itis anticipated that U24-6B, with an Arg at position 3 (Table 1) and an Asp at position 2,
might bind more tightly to Fyn-SH3 than U24-6A. Finally, since NK cell recognition and
specific killing of HHV-infected cells are tightly regulated by KIRs and their MHC-ligands,
it would be important to establish the role of KIRs in MS with a particular attention to
demonstrating preferential natural killer (NK) cell activation in MS patients upon exposure
to U24-6A and -6B and their respective phosphorylated versions.

2. Materials and Methods
2.1. Ethics Statement

The part of this study involving human subjects was conducted following ethics ap-
proval by the Area Vasta Emilia Centro (N:01052016), who also approved the experimental
protocols used. The study adheres to the ethical principles for medical research involving
human subjects as required by the 2013 revision of the Declaration of Helsinki-WMA
Declaration of Helsinki-Ethical Principles for Medical Research Involving Human Subjects.
Furthermore, none of the female MS patients, Neurolupus (NLES) and control subjects
were pregnant before entering the study.

2.2. Synthesis and Purification of 15-Residue Peptides Representing the Polyproline-Rich
N-Terminal Region of U24 from HHV-6A and HHV-6B

Two 15-mer peptides representing the N-terminal region of U24-6A and U24-6B
(Table 1) were synthesized using N-9-fluorenylmethyloxycarbonyl (N-Fmoc) protected
a-amino acids on an automated peptide synthesizer (CS Bio, Menlo Park, CA, USA).
Preloaded Fmoc-Leu-Wang resin (Advanced ChemTech, Louisville, KY, USA) and O-
(benzotriazol-1-y1)-N,N,N’ N'-tetramethyluronium hexafluorophosphate (HBTU, Advanced
ChemTech) were used as the coupling reagents. Double coupling was required for the last
nine residues of U24-6A (MDPPRTPPP) and U24-6B (MDRPRTPPP). The crude peptide was
deprotected and cleaved from the resin in 90% trifluoroacetic acid (TFA) with trace ddH;0,
1,2-ethanedithiol (EDT) and triethylsilane (TES) as scavengers for at least 5 h. The excess
organic solvents were removed under reduced pressure, and the peptide was precipitated
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through careful addition of 100 mL of cold diethyl ether into the peptide mixture. The
filtered crude peptide powder was then dried under vacuum in a desiccator overnight,
redissolved and frozen in de-ionized water and lyophilized to remove all residual solvents.
Then, the presence of the desired peptide was determined by MALDI-TOF MS.

Both U24-6A and U24-6B peptides were purified using a C18 reverse-phase high-
performance liquid chromatography (HPLC) column (Phenomenex, Torrance, CA, USA,
Jupiter, 10 um 300 A, 250 x 21.2 mm) on a Waters 600 system, monitored by UV absorption
at 228 nm and 278 nm using a photodiode array detector. U24-6A peptide was eluted with
a gradient from 0 to 15% of acetonitrile for over 28 min at a flow rate of 10 mL/min. In
contrast, U24-6B peptide was eluted with a gradient from 0 to 30% of acetonitrile for over
50 min at a flow rate of 10 mL/min. The purified peptides were lyophilized and HPLC
purification procedure was repeated a total of four times to ensure high purity (>=95%,
Figure S1).

Phosphorylated peptides (with a phospho-threonine 6, Table 1) were purchased from
Genscript (Piscataway, NJ, USA) and used without further purification.

2.3. Expression and Purification of hNedd4L-WW3*

The pGEX-4T2 vector plasmid used here was previously described by Sang et al. [30].
The plasmid was transformed into E. coli BL21{DE3) for expression according to standard
protocols. In preparation for large-scale expression, 5 mL of starting Luria Bertani- car-
benicillin (LB-CBC) culture was firstly grown (37 °C; 5 to 6 h; 225 rpm). Then, 1 mL of
the starting culture was used to inoculate 800 mL of fresh LB-ampicillin (amp). The large
culture was then grown (37 °C; 5 to 6 h; 225 rpm) till ODggy reached 0.5, and cooled down
in the cold room for 5 min before induction (16 h; 25 °C; 225 rpm) with 400 uM IPTG.
500 pL samples from before and after induction were pelleted via centrifugation for SDS-
PAGE analysis to confirm protein expression. The cells were harvested via centrifugation
(5000 rpm; 20 min; 4 °C) and the remaining cell paste from each 800 mL culture was washed
once in 30 mL PBS buffer, centrifuged (3900 rpm; 10 min; 4 °C) and stored in —80 °C.

The cell paste was thawed on ice and resuspended initially in 5 mL of PBS/Triton
buffer (PBS buffer supplemented with 1% Triton X-100). 10 mg of lysozyme, 20 uL protease
inhibitor and 20 puL of DN Ase were added to the mixture. The mixture was incubated
on ice for 30 min, after which 5 mL of PBS/ Triton buffer was added for a total volume of
10 mL. The mixture was then sonicated (2-s on-pulses; 5 s off-pulses; 37% amplitude power)
in an ice bath for 3 min. After centrifugation (9000 rpm; 1 h; 4 °C), the supernatant was
filtered using a 0.45 um filter and then applied to 2 mL of PBS buffer washed Glutathione
Sepharose 4B resin (GE Healthcare, Burnaby, BC, Canada, GST 4B resin), loaded into a
15 mL centrifuge tube. An end-over-end rotator (SARSTEDT) was used to mix the resin for
2 h at room temperature. Then, the 4B resin was washed with PBS/Triton buffer three times
each, followed by sedimentation via centrifugation (3900 rpm; 5 min; 4 °C). Subsequently,
the resin mixture was washed with Wash4 buffer once (0.5 mM Glutathione reduced in PBS
buffer) and PBS buffer three times before adding 3 mL of 50 U/mL thrombin in PBS buffer
to the 4B resin for an incubation period of 16 h at room temperature.

The supernatant containing cleaved WW3* domain (sequence in Table 51) was col-
lected via centrifugation (3900 rpm; 10 min; 4 °C). The resin was washed with 4 mL
of PBS buffer 2 more times before adding the cleaved solution into 200 pL of p-Amino
benzamidine-agarose (Sigma-Aldrich, St.-Louis, MO, USA), washed with PBS buffer. The
resin mixture was incubated at 4 °C for 2 h and pelleted by centrifugation (3900 rpm;
10 min; 4 °C). Then, the supernatant was washed with 100 uL of PBS washed fresh GST 4B
resin to remove any residual GST protein in the cleaved WW3* domain fractions. 10 uL of
the homogenate, supernatant, cell pellet, flow-through, thrombin cleavage product, throm-
bin wash product, and G5T-wash product were collected and analyzed by Tris-Tricine
SDS-PAGE with their concentrations adjusted accordingly. MALDI-MS was also used to
confirm that the sequence listed in Table 51 was obtained.
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2.4. Expression and Purification of >N-Fyn-SH3

The plasmid used for the expression of GST-Fyn-SH3 protein was a kind gift from C.
Pallen (Child & Family Research Institute, Vancouver, BC, Canada). The vector is pGEX kg
with the SH3 domain of human Fyn (from residues TGVTLF to YVAPVD; Table 51) cloned
into the HindIIl-Xbal site [29]. The plasmid was transformed into E. coli BL21(DE3) for
expression according to standard protocols.

In preparation for large-scale protein expression, 5 mL of starting LB-CBC culture was
firstly grown (37 °C; 5 to 6 h; 225 rpm). A cell pellet was obtained via centrifugation (4 °C;
10 min; 3900 rpm) and removal of supernatant. The resultant cell pellet was dissolved
and inoculated in 100 mL of >N-M9-amp media supplemented with 1 g/1 "> N-NH,Cl for
a period of ca. 36 h (27 °C; 225 rpm). The 100 mL starting culture was then inoculated
into 800 mL of 15N—M9—amp media for about 2 h, 37 °C and 225 rpm until ODgg reached
0.5-0.8 and cooled down in the cold room for 5 min before induction (4 h; 37 °C; 225 rpm),
using 500 uM IPTG. 500 uL samples from before and after induction were pelleted via
centrifugation for electrophoresis analysis to confirm protein expression. The cells were
harvested via centrifugation (9000 rpm; 20 min; 4 °C) and the cell paste from each 800 mL
culture was harvested as described in the preceding section.

Cleavage and purification were carried out using the identical protocols as described
above for the purification of the WW domain, with the exception of one modification in
the sonication procedure in which 5 s on-pulses and 10 sec off-pulses for 3 min were used
instead. The purity of the obtained protein was verified using SDS-PAGE and MALDI-MS.

2.5. Subjects

40 MS Relapsing Remitting patients, in remission phase (mean age: 38 + 10 years),
40 healthy controls (mean age: 37 & 11 years) and 40 subjects with other inflammatory
neurological diseases such as NLES (mean age: 36 £ 13 years) were recruited. MS was
defined according to the classification of McDonald [61] and the patients were followed
at the MS Centre of the Department of Neurology, University of Ferrara, Italy, during
the period from 2015 to 2018. Disease disability was assessed in all MS patients at the
time of sample collection using Kurtzke’s Expanded Disability Status Scale (EDSS) [62]
(mean at entry: 2 £ 1, range from 0 to 5.5). All patients had Relapsing-Remitting course in
agreement with the criteria of Lublin [63]. At the time of enrolment in the study, all the MS
patients were clinically stable. At entry none of the patients had fever or other symptoms
or signs of acute infections. Moreover, none of the patients had received any potential
disease-modifying therapies (e.g., azathioprine or methylprednisolone, interferon-beta or
glatiramer acetate) during the 6 months preceding the study. NLES patients satisfying the
1997 revised American College of Rheumatology criteria regularly attending the Lupus
Clinic of the Rheumatology Unit, Department of Medical Sciences, Sant’Anna Hospital,
University of Ferrara, Italy were recruited during the same period [64]. We recorded clinical,
demographic, and serological data, as well as data regarding therapy, including corticos-
teroids (measured as prednisone equivalent), antimalarials, and immunosuppressants.
Neuropsychiatric (NP) manifestations were defined according to the 1999 ACR nomencla-
ture and case definitions and diagnostic work-up was performed according to the EULAR
recommendations [65]. Attribution of NP events was based on physician judgment and
considering ACR ‘exclusion’ and ‘association’ factors (i.e., their absence favors attribution
to SLE), as well as ‘SLE-favoring factors’ of the Italian Study Group on NPSLE validated
attribution model were also considered [66]. Clinical assessment and blood sampling were
performed during routine clinic visits. The samples were collected after informed consent,
following the ethics guidelines outlined in Section 2.1.

2.6. Peripheral Blood Mononuclear Cell (PBMC) Culture

PBMCs were purified from whole blood by Ficoll gradient (Cederlane, Hornby, ON,
Canada), resuspended in 2 mL of RPMI-1640 (Euroclone, Pavia, Italy) supplemented
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with 2 mM L-Glutamine, 100 U/mL Penicillin G, 100 ug/mL Streptomycin and 20% FCS
(Euroclone, Pavia, Italy) (RPMI-20%FCS) and counted.

Natural killer cells were separated from peripheral blood samples using the negative
magnetic cell separation (MACS) system (Miltenyi Biotech, Gladbach, Germany) [67]. The
analysis of purified cell fraction by flow cytometry with CD3-PerCp-Cy5.5, CD56-FITC
moAbs (e-Bioscience, Frankfurt, Germany), demonstrated that the NK cell content was
>90% (data not shown). NK cells were resuspended at 2 x 10° cells/mL in 20 mL of RPMI
1640 (BioWhittaker, Verviers, Belgium) containing 10% human AB serum (Mediatech, Hern-
don, VA, USA), 1 mM non-essential amino acids, 2 mM glutamine, 1 mM pyruvate, 20 mM
HEPES, 100 U/mL Penicillin and 100 pg/mL Streptomycin (Gibco BRL Life Technolo-
gies, Gaithersburg, MD, USA). Cell suspensions were stimulated with 100 U/mL of IL-2
(Hoffmann-LaRoche) on day 0 and cultured for 5 to 6 days at 37 °C, 5% CO;. NK cells were
separated into KIR2DL2 expressing and non-expressing KIR2DL2 cells using CELLection™
Dynabeads (ThermoFisher; Milan, Italy) coated with anti-KIR2DL2 biotinylated antibody
(BPS-Bioscience, San Diego, CA, USA). The efficiency of the separation was assessed using
flow cytometry.

T cells were separated from peripheral blood samples using the positive magnetic cell
separation (MACS) system Pan T Cell Isolation Kit (Miltenyi Biotech, Gladbach, Germany).
The analysis of purified cell fraction by flow cytometry with CD2-PE and CD3-FITC (e-
Bioscience, Frankfurt, Germany) demonstrated that the T cell content was >90% (data not
shown). T cells were resuspended at 2 x 10° cells/mL in 20 mL of Gibco CTS OpTmizer
Pro SFM (ThermoFisher; Milan, Italy) and cultured for 5 to 6 days at 37 °C, 5% CO,. T
cells were activated with plate bound 0.25 pg/mL antiCD3e plus soluble antiCD28 in the
presence or absence of 100 pM TGF-B1 (R&D Systems, Minneapolis, MN, USA) typically
for 24 h.

2.7. T Cell Protein Transfection

T cells were transfected using the Pierce Protein Transfection Kit (ThermoFisher; Milan,
Italy) following product instructions. A total of 4 x 10° cells were transfected with 1 ug of
peptide (U24, MBP). Transfection was performed for 34 h at 37 °C in 1 mL medium without
fetal bovine serum (FBS). After transfection, a volume of complete medium with 20% FBS
was added to each well. T cells treated with transfection reagent alone or transfected
with 0.5 ug control fluorescent antibody (provided in the kit) were used as negative and
efficiency control, respectively. A mean transfection efficiency of 95% for all the peptides
was obtained (data not shown).

2.8. Lactate Dehydrogenase (LDH) Assay

LDH assay was performed to evaluate the effect of the transfection with U24 or
MBP peptides in T cells. Transfected T cells were suspended at 5 x 10* cells/mL and
cultured for 4 h on a 96-well microplate at 37 °C with 5% CO,. A colorimetric-based lactate
dehydrogenase (LDH) assay (Cytotoxicity Detection KitPLUS; Basel, Switzerland) was
used, according to the manufacturer’s instructions. The percentage of viable cells was
evaluated using the following equation: 100 — [(Culture Media LDH (OD) of treated cells
— Culture Media LDH (OD) of control cells) x 100].

2.9. Proliferation Analysis

EdU assay (Abcam; Cambridge, UK) was performed to evaluate the proliferation of
T cells. T cells were treated with fixative solution and incubated for 15 min, then with
permeabilization buffer and incubated for 15-20 min. The reaction mixture was added
to fluorescently label EAU and incubated for 30 min. The cells were analyzed with flow
cytometer (FACS Cantoll flow cytometer) and Flow]o software (Becton Dickinson, San Jose,
CA, USA), acquiring 10,000 events.
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2.10. Smad2 and TGF-B1 Analysis

Total and phosphorylated human Smad2 and TGEF-1 levels were evaluated with
Human Smad2 ELISA Kit (Abcam; Cambridge, UK), Human Smad2 [pSp5465 /467] (Ther-
moFisher; Milan, Italy) and Human TGF-beta 1 (R&D System; Minneapolis, MN, USA),
following the manufacturer’s procedures.

2.11. Nedd4L

c¢DNA was reverse-transcribed from 8.0 ug total RNA using M-MLT RT (Invitrogen
Corp., Carlsbad, CA, USA). Real-time monitoring of PCR was performed using the Light-
Cycler System (Roche Applied Science, Indianapolis, IN, USA) and SYBR-Green I dye
(Roche Diagnostics) as described previously [68]. Primer sequences and PCR conditions
are listed in Table S2, Supplementary Information. The relative expression levels of these
genes were obtained by normalizing mRNA expression to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression as an endogenous control in each sample.

RNAi-mediated knockdown of Nedd4L was obtained with Assay [D 136860 (Ther-
moFisher; Milan, Italy) following manufacturer procedures.

2.12. Stable Cell Lines

To produce 721.221-1CP47-C1 and A2 cells, human HLA-C1 or HLA-A2 cDNAs were
cloned into the pQCXIP retroviral vector (Clontech, Mountain View, CA, USA). This
vector was cotransfected with pVSV-G (Clontech) into GP2-293 cells and supernatant was
harvested two days post-transfection. The supernatant was centrifuged in Ultracel 50k
filter centrifuge tubes (Millipore) to yield concentrated VSV-G pseudotyped MLV-based
particles. 721.221-ICP47 cells, a derivative of the MHC class I-deficient 721.221 cell line [69]
that expresses HSV-1 ICP47 to inhibit the transporter associated with antigen processing
(TAP) complex, were transduced by incubation with concentrated virus for 3 h at 37 °C.
Three days later, cells were placed under selection with 0.4 pug/mL puromycin (Invitrogen,
Waltham, MA, USA).

2.13. Granzyme B ELISPOT Assay

Granzyme B secretion was measured using the GrB ELISPOT assay. Briefly, MultiScreen-
IP plates (PVDF membrane, Millipore, Bedford, MA, USA) were coated overnight at 4 °C
with 100 uL/well of anti-human GrB antibody (7.5 ug/mL in PBS, clone GB-10, PeliCluster,
Cell Sciences, Norwood, MA, USA). Effector cells (100 uL/well) were added to triplicate
wells at specified concentrations followed by 5 x 104 target cells per well (100 uL). Af-
ter the specified effector-target cell incubation, the plates were washed and 100 pL/well
of biotinylated anti-human GrB detecting antibody (0.25 ug/mL in PBS/1% BSA /0.05%
Tween 20, clone GB-11, PeliCluster, Cell Sciences) was added. Plates were incubated for
3 h and 50 uL of Streptavidin-Alkaline Phosphatase (1:1500 in PBS/1% BSA, Gibco BRL
Life Technologies, Gaithersburg, MD, USA) was added for 1 h. Spots were visualized
with 100 pL/well of BCIP-NBT phosphatase substrate (KPL, Gaithersburg, MD, USA)
and subjected to automated evaluation using the ImmunoSpot Imaging Analyzer system
(Cellular Technology Ltd., Cleveland, OH, USA).

2.14. Calcein Acetoxymethyl Ester (CAM) Cytotoxicity Assay

721.221-1CP47-A2 and 721.221-ICP47-C1 cells were incubated overnight at 26 °C with
peptides in Hybridoma-Serum Free Medium (Invitrogen) to stabilize cell surface A2/C1-
peptide complexes. An aliquot of 2 x 10° peptide-pulsed cells were then stained with a
PE-conjugated pan-MHC class I specific antibody (clone W6/32; Dako, Agilent, Santa Clara,
CA, USA) to verify the surface stabilization of MHC class I molecules. The remaining peptide-
pulsed cells were stained with CAM (Invitrogen) at a 1:100 dilution for 1 h at 26 °C. CAM-
stained cells were washed and then incubated with KIR2DL2 positive or negative NK cells for
4 h at different E:T ratios at 26 °C. The release of CAM into the supernatant was measured using
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a fluorescent plate reader (excitation 485 nm, absorption 530 nm). Percent specific lysis was
calculated as (test release — spontaneous release)/(maximum release — spontaneous release).

2.15. Cytometric Analysis and CD107a Degranulation Assay

NK cells obtained in the different culture conditions from 20 controls and 12 MS
patients were characterized with a specific anti-CD panel (CD3-PerCp-Cy5.5, CD56-FITC,
CD107a-PE) (e-Bioscience, Frankfurt, Germany), anti-KIR2DL.2-2DS2-2DL3/CD158b-PE
(ThermoScientific, Erembodegem, Belgium) monoclonal antibodies. Samples, incubated
with the moAbs for 30 min in ice and washed, were analysed with FACS Cantoll flow cy-
tometer and Flow]o software (Becton Dickinson, San Jose, CA, USA), acquiring 10,000 events.
Lymphocytes were identified according to forward/side scatter profile and NK cells (CD3-
/CD56+) were defined and gated within the lymphocyte gate. CD158b levels were mea-
sured in the CD3-/CD56+ gated cells. Cell viability was assessed by propidium iodide
staining. Anti-isotype controls (Exbio, Praha, Czech Republic) were performed. For the
CD107a degranulation assay, after 1 h of incubation at 37 °C and 3 h of treatment with
Golgi Stop solution (Becton Dickinson, San Jose, CA, USA), PBMCs were stained with
anti-CD3 and anti-CD56 moAbs. Ten thousand events were acquired.

2.16. Isothermal Titration Calorimetry Analysis

After dialysis (48 h), the cleaved hNedd4L-WW3* domain in 10 mM sodium phosphate
buffer, pH 7.45, was used for ITC experiments. The dialysis buffer alone was utilized to
measure heats of dilution and to dissolve the U24 peptides. The sample was then concen-
trated to 40 to 150 uM, depending on the estimated K; value, using Microsep centrifugal
devices with a MWCO of 1 kDa. The concentration of the sample was determined by the
absorbance at 280 nm in the dialysis buffer on a Nanodrop UV-Vis spectrophotometer, and
calculated using the theoretical extinction coefficient obtained from the ProtParam tool.
A 15x% to 30x concentrated peptide stock solution was made by dissolving the purified
peptides, U24-6A, U24-6B and pU24-6B, in the same buffer as the protein and its pH was ad-
justed to match the buffer and hNedd4L-WW?3* protein within +0.02. The peptide amounts
were determined gravimetrically and concentrations adjusted according to the absorbance
at 280 nm in the dialysis buffer. Both protein and peptide stock solutions were filtered and
degassed for 10 min before loading into the sample cell and injection syringe, respectively.

ITC experiments were performed on a MicroCal iTC200 (GE Healthcare) at 25 °C.
The titration protocol consisted of a preliminary injection of 0.2 uL of the peptide solution,
followed by 19 consecutive 2 pL injections into the sample cell (200 pL) containing the
hNedd4L- WW3* domain studied. The time between each injection was 300 s for U24-6A
and U24-6B peptides and 180 s for pU24-6B peptide. Control titrations of the peptide solu-
tion into protein-free dialysis buffer were completed. The heats of dilution for the peptide
were subtracted from the original heats prior to data fitting to a one-to-one bimolecular
interaction model to obtain K, and AH®, at a binding stoichiometry n of 1.0 (adjustable
parameter). The ITC experiments were independently repeated three times, with mean
values and standard deviations reported.

2.17. 'TH-1’N HSQC NMR Titrations and K; Calculations for the Fyn-SH3 Protein and U24
Peptide Interaction

Solutions of 1’N-Fyn-SH3 were prepared by three successive rounds of concentration
and dilution with NMR buffer [10 mM sodium phosphate, 10% D;0, 0.5 mM benza-
midine, and 0.1% sodium azide (pH 6.0)] using a 15 mL regenerated cellulose centrifu-
gal filter device with a MWCO of 3000 Da (Millipore). The final protein concentration
was determined using an extinction coefficient (e,49) of 16,960 cmIM~! (Protparam;
http:/ /www.expasy.ch, accessed 15 August 2020). The protein solutions (final concentra-
tions = 0.2-0.6 mM) were then transferred to a 5 mm NMR tube, and a 'H—°N HSQC
spectrum was recorded at 25 °C using a Bruker Avance III 600 MHz NMR spectrome-
ter (Milton, ON, Canada) equipped with a TCI cryoprobe. Small volumes of unlabeled
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U24-6B and pU24-6B peptide stock solutions, with concentrations of 12 mM and 16 mM,
respectively. HSQC spectra were recorded after each subsequent addition. A total of
14-15 different protein:peptide ratios between 1:0 and 1:16 for pU24-6B peptide and 1:31
for U24-6B were examined. The pH of the solution was measured to be 6.0 at the start
of the titration and found to be identical after the last addition of peptide. The amide
chemical shifts of Fyn-SH3 were assigned based on previously published assignments by
Mal et al. [70], as described by Sang et al. [29]. The dissociation constant (K;) was calculated
according to the method described by Williamson et al. [71].

2.18. ELISA Assay for U24, pU24 and MBP 1¢G Titration

U24, pU24 and MBP specific IgG titration was performed on plasma samples using
96-wells plates coated with 5 ug/mL of U24, pU24 or MBP peptide in bicarbonate buffer
pH 9.6. Briefly, after peptides coating overnight at 4 °C, the plate was washed three times
with PBS-Tween-20 0.05% and saturated with PBS with 3% BSA for 1 h and 30 min at 37 °C.
Plasma samples were serially diluted (1:20, 1:40, 1:60, 1:100, 1:160, 1:240, 1:320) in PBS with
3% BSA and the 50 uL. were added to each well for 1 h and 30 min at 37 °C. The detection
was performed by adding 100 uL of anti IgG-HRP (Bethyl, Montgomery, TX, USA) diluted
1:10,000 for 1 h and 30 min at 37 °C, followed by 50 uL of TMB. The plate was read at
450 nm. Titer was defined as the last dilution showing an optical density greater than
average negative control plus 3 standard deviations.

2.19. Statistics

Statistical analysis was performed with Stat View (SAS Institute Inc., Cary, NC, USA).
Biological data presented a parametric distribution (Kolmogorov-Smirnoff test) and were
analyzed by One way ANOVA for multiple comparison and the p values corrected for
multiple comparisons, by Bonferroni’s correction. Percentages were compared by Fisher
exact test. Statistical significance was assumed for p < 0.05 (two tailed).

3. Results
3.1. Endocytic Recycling Model: Interactions with hNedd4L-WW3*
3.1.1. U24-6A and -6B Bind hNedd4L-WW3* with Micromolar Affinity

In order to investigate whether the increased positive charge in U24-6B (Table 1)
changes the interaction with hNedd4L-WW3*, ITC experiments were conducted using
peptides representing the first fifteen residues of U24-6B and U24-6A. The peptides were
synthesized and hNedd4L-WW3* was expressed and purified in house. Resulting rep-
resentative ITC binding isotherms are shown in Figure 1a,b, along with heat of dilution
data. In total, three independently performed ITC experiments were conducted for each
peptide. The resulting average thermodynamic parameters obtained are summarized in
Table 2. Overall, the data showed that the binding affinity for both U24-6A and -6B is
nearly identical. Previously, Sang et al. [30] had found K to be 6.3 + 0.3 uM, which is not
statistically significantly different to that found here. Here, a slightly lower value for AH®
for the U24-6B/hNedd4L-WW3* interaction was recorded, suggesting that the positive
charge arising from Arg3 (Table 1) contributes to a more exothermic interaction, most likely
through increased electrostatic interactions. The decrease in the AS® value, on the other
hand, indicates a more ordered state, possibly reflecting an ordering of solvating water
around the charged Arg side-chain. Overall, however, the AG® is the same for both U24-6A
and -6B, indicating an enthalpy-entropy compensation.

262



Viruses 2022, 14, 2384

10 of 24

Time (min) Time (min} Time (min)
0 10 20 3 40 50 60 70 0 90 100 10 20 30 40 50 60 70 80 80 100 110 0w D W 4 0 8
05 T B e e I M L S 1. T T T T T
T JSTOTTS ST
= ™ 1 =y 1 |
1,004 _
Q504 . . !k
) g 050 108
2 ;E ;E 200- | 1
m-1.004 B u
2 S 001 { §
300+ .
1504 4
a) U24-6A ety b) U24-6B| <04 c) pU24-6B 1
200 S e e e 00 T T " 200 T e —
0.00 AT 1 000+ 18 S
J u . rE R | -
o M L e at { o 200 (“
£ c 1 =y
o ] 8 400+ ] & 4% /
§ 40- 1B ] o 600 i .
o 2 sw- - L ' !
£ s00- ] v 7 400 .' ]
5 4 ¥ % 800 o 5 -10.00 .
- 400- / il / - 200 '
- g i 1 © .aam]
TE, e ‘;/ | ; 200 './" y TEu 1600 " ]
20 ]l g ] stpon] ]
g -m- g 1400 1 & ;::J 1.1",
D) -16.00 ; . i — : —
00 05 10 15 20 25 30 05 10 15 20 25 30 00 05 10 15 20 25 30 35 40
Molar Ratio Molar Ratio Molar Ratio

Figure 1. ITC data for (a) U24-6A peptide, (b) U24-6B peptide, and (c) pU24-6B peptide binding to
hNedd4L-WW3* at 25 °C. In each case, at least two additional runs were performed and looked
nearly identical to the ones shown here. (a) (Upper) Raw titration data for nineteen 2 uL injections of
0.95 mM U24-6A peptide into the ITC cell containing 0.07 mM hNedd4L-WW3* in 10 mM sodium
phosphate pH 7.45. (b) (Upper) Raw titration data for nineteen 2 uL injections of 0.51 mM U24-6B
peptide into the ITC cell containing 0.034 mM hNedd4L-WW3* in 10 mM sodium phosphate pH 7.45.
(c) (Upper) Raw titration data for nineteen 2 uL injections of 1.15 mM pU24-6B peptide into the ITC
cell containing 0.068 mM hNedd4L-WW3* in 10 mM sodium phosphate pH 7.45. (a—c) (Upper) Insets
show heat of dilution data. (Lower) Integrated heat data (points) and best fit (line) to a “one set of
sites” model (n = 1; adjustable parameter).

Table 2. Parameters obtained from fitting the ITC data for binding of U24-6A, U24-6B and pU24-
6B to hNedd4L-WW3* domains at 25 °C. Calculated values for AG® are also included. The

parameters were obtained from fitting the data from three separate runs and averaging them.
The errors represent + one standard deviation. WW3* domain concentrations used in these experi-

ments are in the caption of Figure 1.

Target: hNedd4L-WW3*
Ligand Ky (uM) AH® (kJ/mol) AS® (Jimol K) AG® (kJ/mol)
U24-6A 85407 ~59.54 0.9 ~103 +2 (=29 = 0.1) x 10!
U24-6B 89+09 —71+4 —141.6 09 (—2.9 = 0.4) x 10!
pU24-6B 0.88 + 0.01 —78.4 4 0.6 —147 +2 (—3.46 = 0.08) x 10!

3.1.2. Phosphorylation at Thr6 of U24-6B Enhances the Affinity with hNedd4L-WW3*

Like most viral proteins, U24 is extensively post-translationally modified (PTM) when
expressed in eukaryotes. The size of U24 expressed in T-cells and observed on SDS-PAGE
gels [41] was found to be two times larger than the expected molecular weight of 10 kDa
(based on amino acid sequence). The exact modifications were, however, not identified,
but phosphorylation is certainly a possible PTM. Indeed, it has been shown that recom-
binantly expressed U24 from HHV-6A can be phosphorylated at Thré [28]. In addition,
previous work by Sang et al. [30] had shown that phosphorylated U24-6A binds very
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strongly (K;=0.76 +0.03 pM; AH° = -58.7 + 0.4 k].mol~!; AS° =-79.8 £ 0.9]. mol LK };
AG® = (—3.49 + 0.05)x 10! k].mol~!) to hNedd4L-WW3* domain. This fact, as well as the
finding that U24-7 also displayed a high binding affinity to WW3*, with a K; =1.22 + 0.01 uM,
suggested that the presence of a positive and negative charge in close proximity helped
to favour binding, i.e., the Arg5/pThr6 in pU24-6A might present similar features as the
His3/Glu4 pair found in U24-7. In order to examine the effect of adding a positive charge at
position Arg3, ITC experiments were conducted to quantify the interaction between pU24-6B
and hNedd4L-WW3. A peptide representing the first fifteen residues (Table 1) was used in
the study and purchased as a trifluoroacetic acid free compound. The WW3* domain was
prepared as previously described.

A resulting representative ITC binding isotherm is shown in Figure 1c. As before, three
independently performed experiments were conducted. The resulting average thermody-
namic parameters obtained are summarized in Table 2 and showed an order of magnitude
lower K, for pU24-6B, as compared to U24-6B. Similarly to what was observed for the un-
phosphorylated peptides, the data showed that the binding affinity for both pU24-6A and
-6B is not statistically significantly different. The slightly lower values found for AH" for the
pU24-6B /hNedd4L-WW3* interaction again suggests that the positive charge arising from
Arg3 results in more exothermic interactions, most likely due to the increased electrostatic
interactions. Additionally, the decrease in the AS® value again indicates a more ordered
state. The AG® is the same for both pU24-6A and p-U24-6B, indicating that enthalpic and
entropic effects compensate each other.

3.1.3. Phosphorylated U24-6A and -6B Affect T-Cell Proliferation via Nedd4L Knockdown

To assess the possible effect of U24 on Nedd4L expression in MS, we transfected
T cells from 12 MS patients with U24 or MBP peptides, to mimic the expression these
proteins inside HHV-6 infected T cells. T-cell viability, evaluated using a lactate dehydro-
genase (LDH) assay, was not affected by peptide transfection (Figure 2a). We assessed
T-cell proliferation status after protein transfection. The transfection with U24-6A, U24-6B,
U24-7 and MBP induced T-cell proliferation, while pU24-6A (p: 0.003; p.: 0.021; One way
ANOVA) and pU24-6B (p: 0.007; p.: 0.049) significantly decreased T-cell proliferation
(Figure 2b). To pinpoint the possible implication of Nedd4L in the inhibition of T-cell
proliferation via U24, the levels of Nedd4L mRINA expression were assessed in T cells.
The transfection with U24-6A, U24-6B, U24-7 and MBP did not modify Nedd4L mRNA
expression, while pU24-6A (p: 0.0025; p.: 0.018) and pU24-6B (p: 0.004; p.: 0.028) signif-
icantly decreased Nedd4L mRNA expression (Figure 2¢), comparable to the effect of a
Nedd4L RNAi-mediated knockdown (p: 0.0015; p.: 0.011) (Figure 2c). Since the effect of
the Nedd4L RNAi-mediated knockdown on T-cell proliferation is like the inhibition ob-
served after pU24-6A and pU24-6B transfection, this might suggest that pU24-6A /pU24-6B
reduce Nedd4L expression with a consequent reduction of T-cell proliferation. Nedd4L
controls the activity of TGF-B1 (Tumour growth factor-betal), which in turn supports T-cell
development, homeostasis, tolerance, and differentiation [72]. Nedd4L inhibits TGF-1
signaling by triggering Smad2 and TGFBR1 ubiquitination and proteasome-dependent
degradation. As a proof of concept, we evaluated the levels of total and phosphorylated
Smad2 protein and TGF-B1, under the same culture conditions. An increased expression of
total and phosphorylated Smad?2 protein and TGF-B1 secretion were observed in Nedd4L
RNAI ((total Smad2 = p: 0.004; pc: 0.028), (phosphorylated Smad2 = p: 0.0026; p.: 0.018),
(TGE-p1 = p: 0.0019; p.: 0.013)), pU24-6A ((total Smad2 = p: 0.0027; pe: 0.019), (phos-
phorylated Smad2 = p: 0.0015; pe: 0.011), (TGF-p1 = p: 0.0023; p.: 0.016)), and pU24-6B
((total Smad2 = p: 0.0034; pc: 0.024), (phosphorylated Smad2 = p: 0.0039; p.: 0.027), (TGF-
B1 = p: 0.0026; p.: 0.018)) conditions (Figure 2d—f). These data suggest that pU24-6A and
pU24-6B act like Nedd4L RNAi in reducing Nedd4l. mRNA expression and enhancing
TGF-B1 secretion via Smad2 phosphorylation.
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Figure 2. (a) T cells from 12 MS patients were purified and transfected with the transfection reagent
alone (T cells) the peptides U24-6A, U24-6B, pU24-6 A, pU24-6B, MBP or U24-7 or Nedd4L iRNA.
T-cell viability was evaluated using a lactate dehydrogenase (LDH) assay. (b) T-cell proliferation was
evaluated using an EdU assay. (c) Levels of Nedd4L. mRNA in comparison with GAPDH mRNA
levels. Levels of (d) total Smad2 and (e) phosphorylated Smad2 and (f) TGF-p1, performed by
ELISA assay. The values are reported as mean £ SD. * significant p value < 0.05, one way ANOVA
for multiple comparison corrected for multiple comparisons, by Bonferroni’s correction. iRNA:
RNA-mediated knockdown of Nedd4L.

3.2. Mimicry Model: Interactions with Fyn-SH3
3.2.1. U24-6B Has a Higher Binding Affinity for Fyn-SH3 Than U24-6A

To further understand the role of U24 in MS, binding interactions with Fyn-SH3
were investigated in order to determine the validity of the MBP mimicry hypothesis. As
detailed in the introduction, MBP is an important component of the myelin sheath and it
has many additional functions such as cytoskeletal turnover at leading edges of membrane
ruffles [73], as well as being involved in Fyn-SH3-mediated signaling pathways during
myelin formation. The specific interaction between MBP and Fyn-SH3 has been found to be
important in myelination and to be dependent on the phosphorylation state of MBP [33,74].

Sang et al. previously investigated the interaction between a peptide representing
the first fifteen residues of U24-6A with Fyn-SH3, using both NMR and ITC [29]. The
dissociation equilibrium constant was found to be K; = 5.1 &= 0.3 mM, i.e., the interaction
between both partners is quite weak. Interestingly, removal of the first two residues in
the U24-6A sequence, i.e., Metl and Asp2 (Table 1), resulted in a K; 0of 1.9 & 0.1 mM [75]
(Figure 52). To date, no studies have examined binding between U24-6B and Fyn-SH3, nor
what effect phosphorylation at Thré, which is located in the PxxP motif, might have on
this interaction.

NMR titration experiments of U24-6B peptide added to >N-labelled Fyn-SH3 were
conducted. As the overlay of 'H-'>N NMR HSQC spectra shows (Figure 3a), a num-
ber of residues were perturbed. The chemical shift changes of these residues were tab-
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ulated and the fraction bound was calculated, according the method used by Zarrine-
Afsar et al. [76] (Figure 3b), using the K; values obtained according to the method de-
scribed by Williamson et al. [71]. Interestingly, the average K; obtained from 12 shifts was
0.5 £ 0.2 mM. In addition, chemical shift perturbations were mapped onto the Fyn-SH3
structure deposited in the Protein Databank under 1AON.pdb (Figure 3c) and indicated that
while both U24-6A and U24-6B consistently perturbed residues in the RT loop of Fyn-SH3,
i.e.,, R96 and T97, the peripheral residues affected were different for the two ligands. No-
ticeably, the large region located around residues 114-118 in Fyn-SH3 is highly perturbed
by U24-6A, but not at all by U24-6B. In contrast, Y137 is affected by U24-6B but not U24-6A.
Overall, the data obtained from NMR suggests that the addition of the positive side-chain
at position 3 in the U24 sequence strengthens the binding affinity between U24-6B and
Fyn-SH3. The chemical shift perturbations observed also suggest that the mode of binding
may be different between U24-6A and U24-6B.
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Figure 3. (a) Overlay of 2D 'H-SN HSQC spectra of 0.2 mM 5N-labelled Fyn-SH3 in 10 mM sodium
phosphate, 10% D;0, 0.5 mM benzamidine, and 0.1% sodium azide (pH 6.0}, recorded at 25 °C using
a Bruker Avance III 600 MHz NMR, as a function of increasing U24-6B peptide concentration: (black)
1:0, (green) 1:2, (blue) 1:4, (purple) 1:8 and (red) 1:13 Fyn-SH3/U24-6B molar ratio. Most perturbed
resonances (with the exception of four) could be assigned, as designated by the labels indicating
residue type and number found next to the peaks (“s” indicates side-chain). (b) Fraction bound as a
function of U24-6B peptide concentration (symbols, as indicated in the legend). The curve represents
the calculated values of fraction bound for a K4 = 0.5 £ 0.2 mM. (c) Chemical shift perturbations
mapped onto model 4 of LAON.pdb, i.e., Fyn-SH3 bound to PI3-kinase peptide 2. For U24 ligands, Pro
is in black, Arg in light blue, Asp in pink and the PxxP motif is represented as an edged ribbon. The
color codes for the chemical shift perturbations are: Adygrm = 0.80 — 1.00 in red, Adnorm = 0.60 — 0.79
in orange red, Adyopm = 0.40 — 0.59 in orange, Ady gy = 0.20 — 0.39 in yellow and values < 0.20 in
white, Where Adyorm = A8/ Adymax, With A5 = \/ (Spound 1 = apo 1) + 0.1 (Bpoumd, — Sapon)* and
Ady,q, being the largest value found for a given residue i.
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3.2.2. Phosphorylation of U24 Lowers Binding Affinity to Fyn-SH3

What effect phosphorylation at Thré might have on binding affinity was examined
using NMR titrations with peptides representing the first fifteen amino acids of U24 with
a phospho-threonine at position 6, i.e., pU24-6A and pU24-6B (Table 1), and °N-labelled
Fyn-SH3. Saturation was not achieved for both pU24-6A and -6B, in part due to the limited
amount of sample available, but also because the K; for the interaction with Fyn-SH3 is
much larger. As seen in Figure 4a, the plateau values were not observed for pU24-6B
and pU24-6A, making a precise determination of K, difficult. Nevertheless, values for the
binding affinity could be estimated, based on a number of resonance shifts: K; > 5 mM
for pU24-6B, whereas K; > 12 mM for pU24-6A. Figure 4a illustrates the data for the 'H
resonance of the Trp side-chain, W119s. For both phosphorylated peptides, the trends
clearly indicate that, as with MBP, phosphorylation weakens the interaction between U24
and Fyn-SH3.

In order to further characterize where phosphorylated peptides bind to Fyn-SH3, the
chemical shift changes, Adyorm, as described in the caption of Figure 3, were plotted as a
function of residue number for U24-6A (based on values reported in Sang’s thesis [75]) and
pU24-6B. As Figure 4b clearly shows, the amino acids that are most perturbed in Fyn-SH3
are different, depending on whether the ligand is U24-6A or pU24-6B. While in both cases
shifts in the RT loop binding site are observed, perturbations around residue 114 upon
titrations with U24-6A were shifted to residue 108 when the ligand is pU24-6B.

Mapping the observed chemical shift changes onto model 4 of 1AON.pdb helped
clarify why different residues are perturbed upon binding of U24-6A versus pU24-6B. As
illustrated in Figure 4c, the perturbation of K108 in Fyn-SH3 upon binding of pU24-6B
is consistent with the close proximity of the phosphorylated Thré, shown in pink in the
model on the right. On the other hand, the lack of perturbations for residues 114-118 in
Fyn-SH3 upon binding of pU24-6B as compared to U24-6A is not easily accounted for with
this model.

Overall, the data presented in this section shows that phosphorylation does not lead
to a stronger interaction between proline-rich segments and Fyn-SH3. Although the contact
to K108 is strengthened for pU24-6B (i.e., orange versus yellow, Figure 4c), there are
very few residues around this amino acid that interact with the ligand, thereby possibly
accounting for the weakened interaction with Fyn-SH3 upon phosphorylation of Thr. The
model presented in Figure 4c (right) could serve as a first structural model to explain why
phosphorylation of MBP leads to a weakened interaction with Fyn-SH3 at a molecular level.

3.3. Immune Control Model: Interaction with KIR Receptors
3.3.1. pU24-6A Controls NK Cell Activation

Previous work had shown that NK cells from MS patients have an increased sus-
ceptibility to HHV-6 infection, in particular in the presence of KIR2DL2 receptor [78].
Phosphorylated U24 has an amino acid sequence motif with an elevated half time of dis-
sociation (HTD: 24) from HLA-C1 molecules (estimated by www.bimas.cit.nih.gov /cgi-
bin/molbio/ken_parker_comboform, accessed on 20 September 2022), which are ligands
for KIR2DL2 [47]. These data suggest a possible interaction of pU24 peptide with NK cells
via KIR2DL2 /pU24/HLA-C1. To evaluate the possible interaction of U24 with NK cells,
we tested for the ability of the peptides to modify NK cell cytotoxicity and degranulation.
We enrolled 12 MS Relapsing Remitting patients and primary NK cells from these patients
were purified, expanded by IL-2 and IL-15 stimulation [47] and sorted into KIR2DL2 posi-
tive and KIR2DL2 negative NK cell subsets using anti-KIR2DL2 coated beads. These NK
cells were then tested in cytotoxicity assays for recognition of an HLA-C1 or HLA-A2
expressing transporter associated with antigen processing (TAP)-deficient 721.221 cell line
(721.221-1CP47-C1; 721.221-1CP47-A2) incubated with the peptides of interest. Because
TAP is necessary for the translocation of peptides from the cytoplasm into the endoplasmic
reticulum, MHC class I molecules expressed in these cells cannot load peptides derived
from endogenously synthesized proteins, and are rapidly internalized from the plasma
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membrane [79]. Thus, most of the HLA-C1 and HLA-A2 molecules expressed by these
cells are empty and can be loaded with exogenous peptides. Moreover, peptide binding
to HLA-C1 or HLA-A2 can be assessed by staining for an increase in steady-state levels
of MHC class [ expression on the cell surface. An increased expression of HLA-C1 in the
presence of pU24-6A (Figure 5a) (p: 0.0012; pc: 0.004; One way ANOVA) was observed,
while pU24-6B, MBP and U24-7 presented a lower binding affinity for HLA-C1, resulting
in a lower stability of HLA-C1 expression at the cell surface, suggesting a lower ability to
stabilize HLA-C1 expression (Figure 5a). HLA-A2 expression was not modified by all the
peptides tested (Figure 5b).
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Figure 4. (a) Comparison of the fraction bound as a function of ligand concentration for peptide
ligands U24-6B, pU24-6B and pU24-6A (as indicated in the legend), based on the 'H chemical shift of
W119s. The curves in black to light grey represent calculated f, values for K4's of 0.5 mM (black),
5mM (dark grey), 12 mM (grey), and 25 mM (light grey). In the case of pU24-6A where binding is
weakest, the data fit equally well to a K4 of 12 mM (red squares) and 25 mM (fit to data not shown
here), which is why both grey and light grey lines are illustrated here. (b) Normalized chemical
shift perturbations for residues in Fyn-SH3 for U24-6A (blue bars) and pU24-6B (red bars). The
values for Adyqp, are calculated as described in Figure 3. Both ligands interact with R96 and T97 in
the RT loop of Fyn-SH3. Interactions with subsequent residues are different between U24-6A and
pU24-6B. (¢) Chemical shift perturbations mapped onto model 4 of 1AON.pdb. For the U24 ligands,
the prolines are shown in black, arginines in light blue, negatively charged amino acids (i.e., Asp and
phospho-Thré) in pink and the PxxP motif is represented as an edged ribbon. The color codes for the
chemical shift perturbations are described in Figure 3. Figure generated using CHIMERA [77].
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Figure 5. Expression of (a) HLA-C1 in 721.221-ICP47-C1 and (b) HLA-A2 in 721.221-ICP47-A2 after
MBP, pU24-6 A, pU24-6B or U24-7 treatment. gMFI: The data are presented as mean + SD. * significant
p value, Student £ test. (¢) 721.221-ICP47-C1 or (d) 721.221-ICP47-A2 cells were incubated with the
different peptides and co-cultured with KIR2DL2 positive NK cells from MS patients. The cytolytic
activity of KIR2DL2 positive NK cells was tested by calcein acetoxymethyl ester (CAM) cytotoxicity
assay. The data are presented as mean. (e) NK cells from MS patients were co-cultured with 721.221-
ICP47-C1 cells incubated with pU24-6A. The expression of CD107a, marker of NK cell activation, was
evaluated in the absence (w/0) or presence (w) anti-KIR2DL2 antibody. The data are presented as
mean =+ SD. * significant p value, one way ANOVA for multiple comparison corrected for multiple
comparisons, by Bonferroni's correction. ** significant p value, Fisher exact test. (f) Granzime B
Fluorospot assay on KIR2DL2 positive and negative NK cells from MS patients co-cultured with
721.221-1CP47-C1 cells incubated with pU24-6A as a function of an increasing incubation time (0.2,
05,1, or 4 hat 37 °C).

Given these results, the ability of pU24-6A, pU24-6B, MBP and U24-7 to modify the
cytolytic activity of KIR2ZDL2 positive NK cells was tested. 721.221-1CP47-C1 or 721.221-
ICP47-A2 cells were incubated with the different peptides and co-cultured with NK cells
from MS patients. MBP, pU24-6B and U24-7 pre-incubation induced 721.221-ICP47-C1
cell killing (Figure 5¢) (p < 0.001; Fisher exact test), while pU24-6A pre-incubation main-
tained KIR2DL2 positive NK cells unresponsive towards 721.221-ICP47-C1 cells ((Figure 5c)
(p: NS; Fisher exact test). In contrast, no killing was observed with 721.221-1CP47-A2 pre-
incubation with the tested peptides and the co-culture with KIR2DL2 positive NK cells
(Figure 5d).
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To further elucidate the possible role of the KIR2DL2/pU24 /HLA-C1 interaction in
controlling NK cell activation, KIR2DL2 positive and negative NK cells from MS patients
were pre-treated with anti-KIR2DL2 antibody and then co-cultured with 721.221-ICP47-C1
cells incubated with pU24-6A. The expression of CD107a, marker of NK cell activation,
was lower in KIR2DL2 positive NK cells in comparison with KIR2DL2 negative NK cells
(p < 0.01; Fisher exact test) and was reported to levels comparable to KIR2ZDL2 negative NK
cells by anti-KIR2DL2 antibody treatment (p: NS; Fisher exact test) (Figure 5e).

To evaluate the role of pU24-6A in modifying NK cell secretion of Granzime B (GrB),
721.221-ICP47-C1 cells were incubated with pU24-6A and co-cultured with KIR2DL2
positive NK cells from MS patients. GrB Fluorospot assays were then performed as a
function of increasing incubation time (0.2, 0.5, 1, or 4 h at 37 °C). As the time of incubation
increased, the resulting number of GrB spots increased linearly in MS patients negative for
KIR2DL2 receptor (Figure 5f). On the contrary, MS patients positive for KIR2DL2 receptor
presented a lower degranulation cell frequency, which was independent of incubation time
(Figure 5f).

Overall, the data presented in this section showed for the first time a clear involvement
of pU24-6A in NK cell activation.

3.3.2. MS Patients Showed Increased Levels of U24 Derived Peptide IgG

Based on the findings described above, it could be hypothesized that the presence of
high levels of pU24-6A and pU24-6B in MS patients might affect T and NK cell immune
response. As a proof of concept of the presence of higher levels of pU24-6A and pU24-6B
in MS patients, we evaluated the titration of plasma IgG towards MBI” and U24 peptides
listed in Table 1, in 40 MS patients, 40 control subjects (CTR) and 40 neurolupus (NLES)
patients. The plasma samples were serially diluted (1:20, 1:40, 1:60, 1:100, 1:160, 1:240,
1:320) and titers were defined as the last dilution showing an optical density greater than
average negative control plus 3 standard deviations. MS patients showed the highest titers
of IgG towards MBP and U24-6A in comparison with healthy patients and neurolupus
patients (Figure 6a,b, respectively) (MBP p:0.001; U24-6A p: 0021). Interestingly, high
titers of IgG specific for the phosphorylated form of HHV-6A U24 (pU24-6A) peptide were
also observed in MS patients in comparison with controls (Figure 6¢) (pU24-6A p: 0.0019).
Moreover, we observed a trend to have a higher number of MS patients with high titers
of IgG towards U24-6B, pU24-6B and U24-7 in comparison with controls and neurolupus
patients (Figure 6d—f). These data suggest a higher immune response towards U24 and its
phosphorylated form in MS patients, supporting a biological role of U24 during MS.

4, Discussion

Multiple sclerosis is a complex multifactorial disease. A number of key cells and
proteins have been implicated as potentially playing a role [11,13]: from T cells, with
their TCR/CD3 receptors on the cell surface, to KIR2DL2 and U24 from HHV-6A. In this
contribution, we attempted to shed further light into the function of U24 by examining its
interaction with a Nedd4L WW domain, Fyn-SH3 and KIR2DL2. The study focused in
large part on U24 from HHV-6B, which shares an almost identical proline rich segment to
U24-6A, save for one residue at position 3 (Table 1). Because many studies in the literature
suggest that HHV-6A is more frequently associated with MS [8,36,38,41,54,80-94] than
HHV-6B [27], directly comparing the interactions of U24-6B to U24-6A is informative.

The ITC results presented in Figure 1 showed surprisingly little difference in the
interaction between U24-6A and hNedd4L-WW3* domain and its U24-6B counterpart.
This was particularly striking in the case of the phosphorylated peptides, as it might have
been anticipated that the introduction of an additional positive charge at residue 3 would
perturb the balance of the positive/negative charge pair found to be important in the
interaction of pU24-6A and U24-7 with hNedd4L-WW3*. However, upon examination of
the predominant structural model found from molecular dynamics simulations reported
by Sang et al. [30], the data observed here can be rationalized. As seen in Figure S3a,
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binding between U24-6A and hNedd4L-WW3* occurs predominantly between the PY
motif and subsequent residues. The PxxP motif at the N-terminal end, which is preceded
by Pro3 (indicated by the arrow) in U24-6A, points away from the binding groove in
hNedd4L-WW?3*. Given that the proline rich segment is known to adopt a PPII helix and
that this structure is extended [95], changing Pro3 to Arg3 would not result in stronger
interactions, as this part is positioned too far to reach the hNedd4L-WW?3* domain. For the
phosphorylated peptides, the structural model shown in Figure S3b again shows how a
change from Pro3 to Arg3 would have little impact on the binding affinity. Interestingly,
the phosphorylation of Thré adds a negative charge that comes into close proximity with
R492 in hNedd4L-WW3*, thereby stabilizing the interaction and explaining the higher
binding affinities observed. Indeed, R492 was found to be perturbed in NMR titrations for
pU24-6A and hNedd4L-WW3* [75]. Overall, the reported findings suggest that there is
little difference in the interaction between U24-6A or U24-6B and hNedd41.-WW3* domain,
both in the unphosphorylated and phosphorylated forms. This would thus suggest that
the PY motif of U24 functions similarly in both HHV-6A and -6B.
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Figure 6. IgG titers, measured in the plasma samples of 40 MS—RRMS patients; 40 CTR—healthy
subjects; 40 NLES—neurolupus patients, specific for (a) MBPo3.195, (b) U24-6A1 .15, (c) pU24-6A1 15,
(d) U24-6By.15, (e) pU24-6B1.15, and (f) U24-71.15 (cf. Table 1 for sequences). * significant p value,
Fisher exact test.

To assess the possible effect of U24 on Nedd4L expression in MS, we transfected T cells
from MS patients with U24 or MBF peptides, to mimic the expression these proteins inside
HHV-6 infected T cells. The transfection with U24-6A, U24-6B, U24-7 and MBP did not
modify Nedd4L. mRNA expression, while pU24-6A and pU24-6B significantly decreased
Nedd4L mRNA expression, comparable to the effect of a Nedd4L. RNAi-mediated knock-
down. Since the effect of the Nedd4L. RNAi-mediated knockdown on T-cell proliferation is
like the inhibition observed after pU24-6A and pU24-6B transfection, this might suggest
that pU24-6A /pU24-6B reduce Nedd4L expression with a consequent reduction of T-cell
proliferation. Nedd4L controls the activity of TGF-B1, by triggering Smad2 and TGFBR1
ubiquitination, which in turn supports T-cell development, homeostasis, tolerance, and
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differentiation [72]. As a proof of concept, Smad2 phosphorylation and TGF-B1 secretion
consequent to Nedd4L inhibition were significantly augmented in the cases of Nedd4L
RNAi and pU24-6A and -6B treatment. These data suggest that pU24-6A and pU24-6B
act like Nedd4L. RNAi in reducing Nedd4L. mRNA expression and enhancing TGF-p1
secretion via Smad2 phosphorylation.

Fyn tyrosine kinase is mainly localized in the oligodendrocyte plasma membrane [85].
It plays an important role in a range of signaling pathways during CNS development. Many
studies have demonstrated that interactions between MBP and SH3-domain-containing pro-
teins play a physiological role in oligodendrocytes and myelin formation, compaction, and
overall stability [33,96]. A disruption in this MBP/Fyn-SH3 interaction can lead to myelin
dysfunction and consequently MS. The data reported here suggest that U24-6B interactions
with Fyn-SH3 are more like the interaction between MBP and Fyn-SH3 (i.e., both, broadly
speaking, with uM affinities) than the interaction between U24-6A and Fyn-SH3 (which is
in the mM range). Moreover, it was demonstrated that phosphorylation weakens the inter-
action, as is also the case between phospho-MBP and Fyn-SH3. The stronger interaction
of U24-6B and Fyn-SH3 (relative to U24-6A) suggests that the introduction of a positive
charge at Arg3 helps to stabilize binding. Indeed, some of the tightest binding ligands to
Fyn, e.g., NS5A [97] and PI3-kinase peptide 2 (LAON.pdb) [56,57], all have positive charges
that flank the PxxP motif.

We previously observed that NK cells from MS patients have an increased suscepti-
bility to HHV-6 infection, in particular in the presence of KIR2DL2 receptor [78]. For the
first time, the interaction between KIR2DL2 and U24 was evaluated, as a possible trigger in
NK cell activation control. We observed that KIR2ZDL2 positive NK cells were selectively
inhibited by pU24-6A towards 721.221-ICP47-C1 cells, while MBP, pU24-6B and U24-7 did
not affect the killing of these cells. In contrast, no killing was observed in 721.221-ICP47-A2
co-cultures with KIR2DL2 positive NK cells. These data showed a clear involvement of
pU24-6A in NK cell activation, further supporting that HHV-6A may play a larger role in
MS than HHV-6B.

Establishing a link between the viral protein U24 from HHV-6 and multiple sclerosis
and more specifically, differentiating between association and causation, is complex, with
many different hypotheses having been suggested. As discussed in [15], there is quite a
bit of evidence associating HHV-6 to M5, but there is to date no proof indicating any clear
causation. In addition, only a few proteins from HHV-6, besides U24, have been identified
as possibly being implicated [15,21,55]. The data presented here, while not providing
any definitive answers on association/causation, possibly provides some additional clues.
For one, if U24’s role in MS was to mimic MBP because of their common PxxP motif,
the data shown here would suggest that MS would have to be much more prevalent
because the causative virus would have to be HHV-6B, which is present in ca. 95% of the
population [15,98]. Alternatively, the data could suggest that a single PxxP’ motif may not
be sufficient to mimic MBP well; indeed, LMP2A from Epstein—Barr virus (EBV), which has
4 PxxP motifs [13], has been associated with M5 [99-101] and EBV is generally considered
a more likely candidate as a viral risk factor for MS [11]. The findings that both pU24-
6A and pU24-6B control T cell proliferation via Nedd4L inhibition and that pU24-6A’s
most important role appears to be NK cell inhibition point to a possible importance of
phosphorylation in the function of U24. Reduced proliferation of T cells has been identified
as leading to susceptibility to multiple sclerosis [102]. Perhaps exposure to phosphorylated
U24 from HHV-6A /6B increases this risk. Likewise, a number of studies have established
a link between NK cells and MS, as reviewed extensively in [103]. The fact that pU24-6A
specifically affects KIR2ZDL2 positive NK cells provides the first evidence that it might be
this molecule that plays a role in the mechanisms triggering auto-immunity [78]. Finally,
the data presented here provides additional support to previous reports in the literature
for a biological role for U24 during MS: the ex vivo evaluation of the levels of U24 derived
peptide IgGs showed the highest levels of IgG towards U24-6A and pU24-6A. Surprisingly,
a higher number of subjects with high levels of [gG towards U24-6B, pU24-6B and U24-7
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was found in MS patients in comparison with controls and neurolupus patients, confirming
a higher immune response towards U24 and its phosphorylated form in MS patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v14112384/51, Figure S§1: Sample HPLC trace for the purified
U24-6B peptide. Figure 52: ITC and NMR titration results for U24-6Aavp (U24-64, residues 3 to
15, Table 1) and Fyn-SH3 domain. Figure 53: Structural models for the binding interaction between
(a) U24 and (b) pU24 and hNedd4L-WW?3. Table S1: Sequences and molecular weights (MW) of
human Fyn-SH3 (Uniprot P06241; residue 82-142 underlined) and hNedd4L-WW3* (Uniprot Q96PU5;
residues 497-530 underlined) used in this study. Table 52: Primer sequences and PCR conditions used
to generate Nedd4L and the GAPDH control.
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