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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-2 infection, 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 
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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 
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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. 
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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 11th, 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). 
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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-RaTG13 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 
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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 α-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].  
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target, due to its participation in multiple stages of the viral life cycle. Interestingly, SARS‐

CoV‐2 shares with SARS‐CoV 84% of the nsp1 amino acid sequence, which indicates 

common functions carried out by this nsp in both viruses [25]. 

While nsp1 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 PLpro (or nsp3d). PLpro is a cysteine 

protease that participates in the maintenance of SARS-CoV-2 infection through the 

translation of ORF1a and ORF1b sequences into polyproteins 1a (pp1a) and 1b (pp1b). In 

particular, PLpro of nsp3 realized its proteolytic cleavage on pp1a [43] for the formation of 

nsp1, nsp2 and nsp3. 

More specifically, PLpro recognizes a specific tetrapeptide motif between nsp1 and nsp2 

(glycine-180/alanine-181), nsp2 and nsp3 (glycine-818/alanine-819) and nsp3 and nsp4 

(glycine-2740/lysine-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 PLpro 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 Mpro or 3CLpro, 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; 

▪ nsp9: is a single-stranded RNA-binding protein implicated in the virulence of virus; 

▪ nsp12: is a key component of the SARS-CoV-2 RNA-dependent RNA polymerase 

(RdRp); 

▪ nsp13: is a helicase (Hel) that function during synthesis of SARS-CoV-2 RNA and 

contributes in 5ʹ‐RNA capping. It unwinds double‐stranded RNA in 5ʹ→3ʹ 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 nsp12 to nsp13 increases its helicase activity [47]. The 

importance of this improvement of nsps effect SARS-CoV-2 infection is supported by the 

evidence that PLpro, Mpro, nsp12, 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 3ʹ 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‐κB) and induction of host cell apoptosis [50]. 
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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 VOCs, 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 

ACE2, allowing virus adhesion and entry in the cell [22].  
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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.  

 

 

 

 

 

 

 





 

17 

ACE2 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 (AT1R), 

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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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 TMPRSS2 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 ACE2 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 

ACE2 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 II 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 

TMPRSS2 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/ACE2 ratio in the vascular endothelium prevents prothrombotic 
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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 α6β and α3β [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 ACE2 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 TMPRSS2 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.  

 

- TMPRSS2 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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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 ORF1a and 

ORF1b replicases [181]. ORF1a and ORF1b are translated in the specific non-structural 

proteins pp1a and pp1ab, 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, RdRp 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).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 µm 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 α, IL-1 β, 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).  

ACE2 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 (PAI1) to induced coagulation. During SARS-

CoV-2 infection, the coagulation pathway is altered, inducing an increase of PAI1 

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 (NETs) 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 

TMPRSS2 expression respect to other tissues (as lungs) ([221], paper attached). In fact, the 

co-expression of both ACE2 and TMPRSS2, 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-γ 

amount in the peripheral and cord blood of pregnant COVID-19-women was observed [241]. 

The modulation of IFN-γ levels by SARS-CoV-2 can subvert IFN-γ 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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Table 1. Overview of COVID-19-associated symptoms and diseases in the pulmonary and extrapulmonary 

systems.  

 

 

 

 

 

 

System / organ  Symptoms 

PULMONARY 

Fever, chest pain, myalgia, cough, 

shortness of breath, changing taste and 

smell (anosmia), dyspnea, hypoxemia, 

ARDS, release of pro-inflammatory 

cytokines, DAD, oedema, dying cells, 

hyaline membranes, inflammation, 

fluid accumulation 

EXTRAPULMONARY 
(ATYPICAL COVID-19) 

IMMUNE Lymphopenia  

GASTROINTESTINAL 

Anorexia, diarrhea, vomiting, 

abdominal pain, dysbiosis, intestinal 

inflammation 
Hepatocellular injury, elevated liver 

transaminases, CRP, hypo-

albuminemia, hyper-ferritinaemia 

RENAL 

AKI, ischemia-reperfusion injury, 

rhabdomyolysis-associated tubular 

toxicity, cardiorenal syndrome (e.g. 

renal hypoperfusion, hypotension and 

venous congestion), nephrotoxic drug 

interactions 

CIRCULATORY 
Fibrin thrombi, microvascular 

endothelial cell damage 

CARDIAC Acute myocardial injury 

PLACENTA 

Placental, transplacental and 

congenital infection, impairing fetal 

microenvironment, increasing viral 

susceptibility of newborns 

NEUROLOGICAL 
Headache, confusion, anosmia, 

dysgeusia 
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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].  
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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 3CLpro 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 RdRp 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-γ and TNF-α, 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-1α and IL-1β, 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 IFNs 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-α 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]. 
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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]: 

▪ non-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 (BNT162b1) 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,  

c) 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 

IFNγ-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 (MDA5) and the  retinoic acid-inducible gene-I protein 

(RIG-I) [307, 308], and endosome-associated TLRs, that are TLR3, TLR7 and TLR8 [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-κB) are the most 

studied. 

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

mainly employed in the induction of proinflammatory response [311] (Figure 12).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

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-κB, 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-α and IFN-β expression. 

Then, NFκB pathway is inducted, leading to pro-inflammatory cytokine secretion (IL-1α, 

IL-1β, IL-4, IL-6). Later, also TLR7 participates in the signaling, inducing IFN-I, IFN-γ and 

IFN-λ3 expression, via NFκB ([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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

52 

Reference 315 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

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].  
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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-II (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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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 IFNγ 

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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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‐γ 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]. CD56bright NK cells are more abundant in tissues (for example in 

endometrial tissue [337]), lack the expression of CD16 (Fcγ-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/NKG2E, 

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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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/CD94 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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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-γ 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-γ 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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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 (CD56dimCD57+ cells), b) differentiation marker 

CD127+ expression, and c) 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).  
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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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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 HHVs 

[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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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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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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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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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 IUGR 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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In addition, I focused during my PhD course on bacteria and correlated diseases. The topic 

of study are both Gram-positive (S. aureus, Streptococcus spp.) and Gram-negative (P. 

aeruginosa, E. coli, Klebsiella) species to identify new antimicrobial treatments, due to the 

emergent bacterial resistance to common antibiotics typical of biofilm formation [400]. 

Among these, we give peculiar attention in ophthalmology field highlighting the negative 

impact of ocular infections [401]. Given the necessity of alternative ophthalmic antiseptics, 

we evaluated the effectiveness of ozonated oil in liposome eyedrops in the reduction of 

bacteria activities, and we observed significant anti-microbicidal and anti-biofilm activity in 

human corneal cells (Paper 6, paper attached). 
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