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SUMMARY 

Bats are the only mammals capable of sustained flight and are notorious reservoir hosts for 

some world’s most highly pathogenic viruses, including coronaviruses (CoV). Genetic changes 

during the evolution of bats have included adaptations to limit collateral damage caused by 

by-products of elevated metabolic rate during flight. Notably, the entire locus encoding the 

Pyrin and HIN domain (PYHIN) family of proteins has been lost in bats. Interestingly, the host 

nuclear factor Interferon-γ-Inducible protein 16 (IFI16) has been reported to function as an 

antiviral restriction factor against several DNA viruses, such as human papillomavirus, human 

cytomegalovirus, and herpes simplex virus type 1, and in sensing of both DNA and RNA viruses. 

As these key innate defense pathways are deleted or nonfunctional in bats, our hypothesis is 

that their lack or impairment may contribute to the peaceful coexistence of CoV in bats 

without being detrimental for the host.  

In this context, our aim was to investigate the role of IFI16 in modulating the host innate 

immune response upon human CoV (HCoV), using the bat-derived, low pathogenic NL63. 

These experiments were carried out in transfected control (TC) and IFI16 knock-out (KO) LLC-

MK2 cells. In addition, a part of this thesis focused on the characterization of NL63 infection 

in a gold-standard cell line, namely LLC-MK2, due to the scarcity of information concerning the 

virus.  

Our results demonstrated that in absence of IFI16, NL63 replicates less and reduces the 

transcription of viral genes, in accordance with reduced expression levels of the viral 

nucleoprotein. Also, in LLC-MK2 IFI16 KO cells we found an increase in the expression of innate 

immunity genes, upon NL63 infection. Moreover, in NL63-infected LLC-MK2 cells, we observed 

the translocation of IFI16 to the cytoplasm, where it colocalized with NP and by 

immunoprecipitation assay we confirmed the interaction of IFI16 with NP.  

Overall, the results obtained indicate that the IFI16 protein may interfere with HCoV 

sensing with ensuing impact on the innate immune response during HCoV infection.  The long-

range goal of this project is to deepen our understanding of the role of IFI16 in triggering 

abnormal inflammatory reactions in HCoV-infected human epithelial cells. This understanding 

will help develop novel therapeutic approaches not only for HCoV-related diseases but also 

for other RNA virus diseases. 
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1.1 Coronaviruses 

1.1.1 General features and classification of coronaviruses  

Coronaviruses are a family of enveloped, positive-sense, single-stranded RNA (+ssRNA) 

viruses known to infect birds and mammals, including bats and humans (Hartenian et al., 

2020). Coronaviruses represent the largest virus group within the order of Nidovirales, in the 

family Coronaviridae and subfamily Arteriviridae (Masters and Perlman, 2013). 

Based on their phylogenetic relationship and genomic structure, coronaviruses are 

categorized into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and 

Deltacoronavirus (Figure 1). Of these four genera, Alpha and Betacoronaviruses exclusively 

infect mammalian species (Cui et al., 2019; Xin et al., 2019). The Betacoronavirus genus is 

further classified into five lineages: Embecovirus, Sarbecovirus, Merbecovirus, Nobecovirus, 

and Hibecovirus.  

Figure 1. Phylogenetic relationship and genome organization of human and animal coronaviruses. The 

phylogenetic tree of complete genome sequences of HCoVs and selected mammalian CoVs was obtained with 

RAxML 8.2.4. Numbers indicate bootstrap support. CoVs are colored according to genus and lineage. Information 

about origin, intermediate host, and clinical presentation is reported for the six HCoVs. Data about case fatality 

rate were derived from the World Health Organization website (adapted from Forni et al., 2017). 
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Until now, only seven coronaviruses have been proven to be able to infect humans: HCoV-

229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, SARS-CoV, MERS-CoV, and SARS-CoV-2. 

Depending on their infectivity, HCoVs are classified as high or low pathogenic. 229E, NL63, 

OC43, and HKU1 are considered low pathogenic HCoVs as they infect the upper respiratory 

tract causing mild to moderate respiratory infections in healthy individuals. On the other hand, 

highly pathogenic SARS-CoV, MERS-CoV, and SARS-CoV-2 infect the lower respiratory tract, 

and may be responsible of fatal illnesses, such as acute lung injury (ALI), acute respiratory 

distress syndrome (ARDS) or severe pneumonia (Chen et al., 2020). 

HCoV-229E and HCoV-OC43 were the first HCoVs to be isolated, in 1962 and 1965 

respectively (Hamre and Procknow, 1966; McIntosh et al., 1967). Before 2002, these were the 

only two coronaviruses known to be circulating in human population and they were 

considered relatively harmless since they caused mild illnesses. In 2002, a new HCoV emerged 

in South China and was responsible for severe respiratory infections with a fatality rate of 11% 

(hence, the name severe acute respiratory syndrome [SARS]-CoV) (Mulabbi et al., 2021). In 

2003, other two strains of HCoVs (NL63 and HUK1) were isolated from individuals with 

infections of the upper respiratory tract (Hoek et al., 2004; Woo et al., 2005). In 2012, a new 

highly pathogenic coronavirus, named Middle East Respiratory Syndrome (MERS)-CoV, 

appeared in Saudi Arabia, causing a series of severe lower respiratory tract infections, with a 

fatality rate of 35%. Unlike SARS-CoV, that disappeared a year after its emergence, MERS-CoV 

has remained causing outbreaks in the Middle East and in South Korea (Berry et al., 2015; Fehr 

and Perlman, 2015). In the late 2019, a novel HCoV resembling SARS-CoV was discovered in 

the Hubei Province in China and was named SARS-CoV-2 (Zhu et al., 2020). This new virus, 

responsible for the coronavirus disease 19 (COVID 19), rapidly spread worldwide, being 

declared a pandemic by the World Health Organization (WHO) in March 2020 (Adil et al., 

2021).  

All coronaviruses circulating in humans have animal origins (Figure 2): SARS-CoV, MERS-

CoV, SARS-CoV2, HCoV-NL63 and HCoV-229E originate in bats, whereas HCoV-OC43 and 

HCoV-HKU1 originate from rodents (Cui et al., 2019; Artika et al., 2020). Recent advancements 

in coronavirus research identified that bats harbor more than 200 novel coronaviruses, able 

to infect both humans and animals (Banerjee et al., 2019).  
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HCoVs are transmitted through an animal-to-human spillover event, using intermediate 

hosts: civets for SARS-CoV, dromedary camels for MERS-CoV, Malayan pangolins for SARS-

CoV-2, alpaca for HCoV-229E, and bovines for HCoV-OC43 (Cui et al., 2019; Islam et al., 2021). 

Until now, no concrete evidence exists on the intermediate host(s) of HCoV-NL63 and HCoV-

HKU1 (Ye et al., 2020).  

Figure 2. Timeline of the emergence of HCoVs, their natural reservoirs, and intermediate hosts. In the left are 

reported the emerging HCoVs (SARS-CoV, MERS-CoV and SARS-CoV-2) causing severe infection in humans, while 

in the right are depicted the endemic ones (HCoV-229E, HCoV-NL63, HCoV-HKU1 and HCoV-OC43) responsible 

of mild infection in humans. For each HCoV is reported the year of their first detection, the natural host, and the 

arrows represent the transmission of HCoVs from their natural hosts to the intermediate hosts, and eventually 

to the human population.  

(adapted from Islam et al., 2021). 

 

Given all the spillover events occurred until now and the wide distribution of coronaviruses 

among various animal populations, it is likely that coronaviruses will continue to be a public 

health threat (Ruiz-Aravena et al., 2021). Additionally, increased human-animal contact or 

interaction resulting from changes in human and animal behavior, habitat, pathogen 

adaptability, change in farm practices, urbanization, deforestation, and climate change, will 

increase the risk for the emergence of new zoonotic diseases, including those mediated by 

coronaviruses (Rahman et al., 2020).  
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1.1.2 Coronavirus structure and genome organization  

Coronavirus particles have a spherical morphology with a diameter of approximately 80-

120 nm and comprise four major structural proteins: the nucleocapsid (N), the spike (S), the 

membrane (M), and the envelope (E) (Figure 3). These proteins have important functions in 

different steps of viral replication cycle, as well as maintaining the virus structure. While 

the viral envelope is made up of a lipid bilayer in which M, E and S are anchored, inside the 

virion, the helical nucleocapsid consists of multiple copies of the N protein associated with the 

RNA genome (Deng and Baker, 2021) 

Figure 3. Schematic diagram of coronavirus virion. The four major structural proteins of coronavirus particles 

are: S, spike glycoprotein; M, membrane glycoprotein; E, envelope protein; N, nucleocapsid phosphoprotein 

which encapsulates the single-stranded RNA genome (adapted from Kase and Okano, 2021). 

Coronavirus genomes are known to be the biggest among RNA viruses, with a size ranging 

from 26 to 32 kb according to the genus. The genome consists of a single-stranded RNA 

molecule with positive polarity that resembles eukaryotic messenger RNAs (mRNAs) as it 

possesses a 5’ cap and a 3’ poly-A tail (Masters, 2006). 

All coronaviruses’ genomes share the same gene order: 5’-replicase-S-E-M-N-3’ (Figure 4), 

encompassing multiple open reading frames (ORFs) that encodes a fixed array of structural 

and nonstructural proteins (NSPs), as well as various accessory proteins, which differ among 

the virus genera. The 5’ end of the genome is occupied by two overlapping ORFs: ORF1a and 

ORF1b, carrying the information to synthesize two polypeptides (pp1a and pp1ab), which are 

subsequently cleaved to produce 16 NSPs; the remaining part of the genome at the 3’ end is 

transcribed into subgenomic RNAs (sgRNAs) containing ORFs for the structural proteins: S, E, 
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M, N. Besides that, the 3 ’end contains additional ORFs designated to encode a variable 

number of accessory proteins (Forni et al., 2017). 

The accessory proteins of coronaviruses consist in a highly variable set of virus-specific 

proteins, that are principally thought to contribute to modulating host responses to infection 

and are determinants of viral pathogenicity. Nevertheless, the molecular functions of many 

accessory proteins remain largely unknown (Artika et al., 2020). 

Figure 4. Schematic structure of the complete genome of the seven HCoVs. The replicase gene at the 5’ end 

comprises two open reading frames: ORF-1a and ORF-1b. Whereas the 3’ end contains ORFs for the structural 

proteins S, E, M, and N, in addition to ORFs for different accessory proteins. The extended regions downstream 

show the genome of two Alphacoronaviruses (299E and NL63) and five Betacoronaviruses (OC43, SARS-CoV, 

MERS-CoV, and SARS-CoV-2 (adapted from Artika et al., 2020) 

1.1.3 Coronavirus lifecycle  

The initial step of coronavirus infection involves the specific binding of the coronavirus S 

protein to the cellular viral entry receptors (Hoffmann et al., 2020 ), which have been 

identified for several coronaviruses, and include: aminopeptidase N (APN, CD13) for HCoV-

229E, angiotensin-converting enzyme 2 (ACE2) used by HCoV-NL63, SARS-CoV and SARS-CoV-

2, and dipeptidyl peptidase 4 (DPP4) for MERS-CoV (Millet et al., 2021). The expression and 

tissue distribution of entry receptors consequently influence the viral tropism and 

pathogenicity (Najafi et al., 2021). 
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Upon interaction with cellular receptor, the entry of the virus inside the cell is achieved 

through the fusion of the viral and cellular membranes, a process that starts as soon as the S 

protein is cleaved by host’s proteases. After the viral attachment and membrane fusion, the 

viral nucleocapsid is released to the host cell cytoplasm through an uncoating process, and 

initiates the replication cycle (Chen et al., 2020). As the RNA genome of coronavirus reaches 

the cytoplasm, ORF1a and ORF1b are directly translated by cellular ribosomes into two big 

polyproteins: pp1a and pp1ab.  

These polypeptides are further processed by viral proteases into 16 NSPs, which assemble 

to form the coronavirus replicase-transcriptase complex (RTC), that amplifies gRNA and 

sgRNAs.  One important NSP is the RNA-dependent RNA polymerase (RdRp), which ensures 

replication of the full-length RNA, as well as the synthesis of sgRNA, encoding for structural 

and accessory proteins (Hartenian et al., 2020; V’kovski et al., 2021). 

Replication of coronavirus genome requires the synthesis of complementary full-length 

negative-strand RNA, which serves as template for generation of positive-strand progeny 

genomes (Artika et al., 2020). In contrast, sgRNAs are formed by a process known as 

discontinuous transcription, by which each sgRNA is formed by a 5’ leader sequence 

corresponding to the 5’ end of the genome, joined to a mRNA body corresponding to 

sequences from the 3’-poly(A) stretch to a position that is upstream of each genomic ORF 

(Sawicki et al., 2007). 

A distinctive feature of coronaviruses is that, unlike most enveloped viruses that assemble 

at the host cell plasma membrane, their assembly and budding occur at the endoplasmic 

reticulum-Golgi intermediate compartment (ERGIC), from which they acquire the viral 

envelope (Artika et al., 2020). Indeed, following their translation, the four viral structural 

proteins enter the secretory pathway in the ERGIC and insert into its membrane (Woo et al., 

2019). The ERGIC is also the location where the viral genomes are encapsidated by the N 

protein. Thus, interaction of encapsidated viral genomes with structural proteins results in the 

assembly and budding of mature coronavirus particles from the ERGIC; finally, newly formed 

virions are secreted from the infected cell by exocytosis (Figure 5) (Fehr and Perlman, 2015). 
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Figure 5. Schematic representation of coronavirus lifecycle. The step that initiates coronavirus infection is the 

binding of S proteins to the cellular receptors, that allows the fusion of the viral and host membranes. 

Subsequently the viral RNA is uncoated and enters in the cellular cytoplasm, ORF1a and ORF1b are translated to 

produce pp1a and pp1ab, which are then processed to produce 16 NSPs, that will form the RTC. The RTC drives 

the generation of negative-sense RNA through transcription and replication. During transcription, sgRNAs are 

produced, including those encoding all structural proteins. Structural proteins assemble into the nucleocapsid 

and viral envelope at the ERGIC, and finally newly produced virus particles are released from the infected cells 

by exocytosis (adapted from V'kovski et al., 2021).  

1.1.4 Human coronavirus NL63  

Human coronavirus NL63 (HCoV-NL63) is an Alphacoronavirus that was first identified in 

2003 in a 7-month-old child manifesting bronchiolitis and conjunctivitis (Hoek et al., 2004). 

Since then, many other cases of HCoV-NL63 infection have been reported, indicating its 
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presence worldwide. Although it has been proven that HCoV-NL63 originated from bats, the 

intermediate host has not been identified yet (Ye et al., 2020). 

HCoV-NL63, along with other two coronaviruses (HCoV-229E and HCoV-OC43), is 

responsible for 10-30% of common cold cases, every year during winter season. In the vast 

majority of the cases, HCoV-NL63 infection only involves the upper respiratory tract, causing 

mild symptoms like fever, cough, sore throat, and rhinitis. Nonetheless, it can cause a more 

severe clinical picture in young children, elderly, and immunocompromised persons. HCoV-

NL63 has a capped and polyadenylated ssRNA genome of 27 553 bases in size, with the 

genome order being 5’-ORF1a-ORF1b-S-ORF3-E-M-N-polyT-3’ (Figure 6). Seven distinct ORFs 

are produced from six distinct mRNAs, which include the full-length genomic RNA and a nested 

set of five sgRNAs. The five sgRNAs encode for the viral structural and accessory proteins S, 

ORF3, E, M, and N (Pyrc et al., 2004).  

Figure 6. HCoV-NL63 genome organization (adapted from Pyrc et al., 2004). 

Unlike other Alphacoronaviruses, which utilize aminopeptidase N to gain access inside cells, 

HCoV-NL63 exploits the same receptor used by some Betacoronaviruses (including SARS-like 

CoVs), which is ACE2, a type I membrane protein found in lung, heart, kidneys, and intestine 

(Hofmann et al., 2005). The HCoV-NL63 receptor ACE2 is a key enzyme of the renin–

angiotensin system, which is negatively regulated by ACE2 (Hu et al., 2021). 

The first steps of the HCoV-NL63 infection process begins with the virus binding to the 

cellular membrane via heparan sulfate proteoglycans, which then facilitate interaction with 

the entry receptor ACE2 (Milewskaa et al., 2018), that is recognized by the viral S protein (Li 

et al., 2007). A recent study suggested that HCoV-NL63 entry inside cells is mediated by 

clathrin-mediated endocytosis, as binding of the virus to ACE2 initiates recruitment of clathrin 

with subsequent formation of clathrin-coated pits. However, the virus can also bypass the 

endocytic route using TMPRSS2 as the priming protease, enabling entry directly from the cell 

(Milewskaa et al., 2018). 

It was discovered that the N-terminal portion of HCoV-NL63 S protein, corresponding to 

the receptor-binding domain (RBD), contains a unique 179 amino acids domain that is not 
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present in other coronaviruses. This domain of the S protein represents the most variable 

region of the HCoV-NL63 genome and it is supposed to have a role in immune evasion (Hoek 

et al., 2003; Pyrc et al.,  2007). Remarkably, it was found that the HCoV-NL63 S protein has a 

weaker interaction with ACE2 than the SARS-CoV S protein, and this may partially explain the 

different pathological consequences of infection by NL63 and SARS-CoV (Mathewson et al., 

2008).  

1.2 The role of innate immune response during coronavirus 

infection 

Innate immunity is an antigen-nonspecific mechanism used as host’s initial defense against 

foreign and dangerous materials (Turvey and Broide, 2010). Immediate cellular responses to 

pathogen invasion are crucial for maintaining cell homeostasis and survival for all living 

organisms (Denney and Ho, 2018). Innate immunity responses rely upon the activity of 

membrane-bound and cytoplasmic receptors, known as pattern recognition receptors (PRRs), 

that recognize conserved molecular structures exclusively expressed by microbes, termed 

pathogen-associated molecular patterns (PAMPs) and damaged-associated molecular 

patterns (DAMPs), which are molecules released from cells upon inflammation or infection 

(e.g., uric acid, ROS, heat shock proteins, DNA and RNA). Various PRRs have been discovered 

until now, including Toll-like receptors (TLRs), nucleotide-binding oligomerization domain-

(NOD-) like receptors (NLRs), C-type lectin receptors (CLRs), AIM2-like receptors (ALRs), cyclic 

GMP-AMP synthase (cGAS), and retinoic acid-inducible gene-(RIG-) I-like receptors (RLRs) 

(Turvey and Broide, 2010). In mammals, activation of PRRs by PAMPs or DAMPs triggers innate 

immune responses, producing multiple IFNs and proinflammatory cytokines (Kumar et al., 

2011)  

Given the nature of their genome, coronaviruses are recognized by RNA sensors, including 

RLRs and TLRs; in particular, TLR3 and TLR8 are found in endosomal compartments, where 

they sense single- and double-stranded RNA, respectively. In the cytoplasm, RLRs like RIG-I 

and melanoma differentiation-associated gene 5 (MDA5) can detect intracellular non-self 

RNAs possessing specific patterns of secondary structures or biochemical modifications 

(Figure 7). 
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Figure 7. The host innate immune sensing pathway targeted by coronavirus. The multiple host factors in the 

antiviral signaling cascade are targeted by coronavirus proteins. Innate antiviral sensors can recognize 

coronavirus invasion by sensing cytosolic or endosomal viral RNA, activation of virus sensors triggers an antiviral 

signaling cascade to elicit the production of type I or type III IFN as well as proinflammatory cytokines. On the 

other hand, coronaviruses have evolved multiple strategies to avoid host recognition by impeding the function 

of antiviral proteins using various viral proteins (adapted from Kasuga et al., 2021).  

 

Following interaction with RNA ligands, RLRs and TLRs immediately initiate antiviral 

defense programs. TLRs initiate downstream signal cascades by recruiting adapter proteins, 

such as myeloid differentiation primary response 88 (MyD88) (for TLR7 and TLR8) and TIR-

domain-containing adapter-inducing IFN-β (TRIF) (for TLR3) (Liu et al., 2022). Instead, RLR-

mediated signaling starts with the exposure of their caspase activation and recruitment 

domains (CARDs), through which they bind to the signaling adaptor molecule mitochondria 

antiviral signaling protein (MAVS). Activated RLRs liberate CARDs to bind MAVS via the CARD-

CARD interaction (Seth et al., 2005). Adaptor molecules MyD88, TRIF, and MAVS then recruit 

other ubiquitin ligases, such as TNF receptor-associated factor (TRAF)3 and TRAF6, that 

associate with antiviral kinases, such as TANK-binding kinase 1 (TBK1), I-kappa-B kinase ε 

(IKKε), and the IKKα/β/γ complex. Eventually, activation of the transcription factors IRF3, IRF7 
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and NF-κB leads to the production of type I IFN (IFN-I) and proinflammatory cytokines to 

operate the host antiviral IFN programs (Kawasaki et al., 2014).  

IFN-I response is critical for providing an efficient protection against viral replication. IFN-I 

production is rapidly triggered by the recognition by host sensors of PAMPs, such as viral 

nucleic acids (Streicher and Jouvenet, 2019). IFN-I–induced signaling converges on 

transcription factors, which rapidly induces the expression of hundreds of genes called 

interferon-stimulated genes (ISGs) (Schneider et al., 2014). ISGs, along with other downstream 

molecules controlled by IFN-I, including proinflammatory cytokines, have diverse functions, 

ranging from direct inhibition of viral replication to the recruitment and activation of various 

immune cells (Crouse et al., 2015). A robust, well-timed, and localized IFN-I response is thus 

required as a first line of defense against viral infections because it promotes virus clearance, 

induces tissue repair, and triggers a prolonged adaptive immune response against viruses. 

1.2.1 Innate immune evasion of coronaviruses  

As already mentioned, a peculiar feature of several coronaviruses, especially those causing 

severe diseases, is their capacity to evade the immune system. Indeed, different CoV-encoded 

proteins have been discovered to inhibit multiple steps of the host response as a mean to 

sustain viral replication and propagation (Li et al., 2021).  

Among all immune evasion mechanisms, particularly relevant are those interfering with the 

initial innate immune response such as RNA sensing, IFN-I production, and signal transducer 

and activator of transcription (STAT)-1/2 activation, which are shared by SARS-CoV-1/2 and 

MERS-CoV (Figure 8). 
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Figure 8. Potential immune evasion mechanisms shared by SARS-CoV, MERS-CoV and SARS-CoV-2. 

Coronaviruses interfere with multiple steps during initial innate immune responses, including RNA sensing (1 and 

2), signaling pathway of INF I production (3), STAT1/2 activation downstream of IFN/IFNAR (4) as indicated by 

suppressive marks (adapted from Prompetchara et al., 2020).  

Notably, inhibited, or delayed IFN response is thought to contribute to the pathogenesis of 

the most severe forms of SARS-CoV-2 infection. Indeed, lack of IFN production in the early 

stages of infection may impair the correct clearance of the virus, which, on the other hand, 

continues to replicate undisturbed. As a consequence, high viral titers eventually induce a 

hyperinflammatory state known as cytokine storm characterized by the presence of huge 

amounts of proinflammatory cytokines including IL-1, 2, 6, 7, 8, 10, 12, 17 and 18, TNF-α, IFN-

γ, granulocyte colony-stimulating factor (G-CSF), and monocyte chemoattractant protein-1 

(MCP-1). Overall, this condition determines a strong infiltration of innate and adaptive 

immune cells within the inflamed tissue, bringing to a possible tissue damage; in addition to 

this, the systemic inflammation is responsible for the perturbation of coagulation and vascular 

homeostasis, resulting in capillary leak syndrome, thrombosis, and disseminated intravascular 

coagulation. All together, these events lead to ARDS, multiorgan failure, and death (Yang et 

al., 2021). 

IFN response is mainly antagonized by viral NSPs. For instance, it has been reported that 

SARS-CoV-2 NSP1 can block phosphorylation and consequent nuclear transport of IRF3, thus 

impairing the transcription of IFN-I (Kumar et al., 2021). Additionally, NSP1 of SARS-CoV-1/2 

and MERS-CoV have been confirmed to suppress STAT1/2 phosphorylation and therefore 

inhibit IFN-mediated signaling (Xia et al., 2020). Likewise, SARS-CoV and HCoV-NL63 NSP3, 

which contains papain-like protease domains (PLPs), has been discovered to suppress IFN-β 
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production by blocking assembly or stability of STING dimers, which are important for 

downstream signaling (Sun et al., 2012). 

Besides NSPs, several viral accessory proteins also contribute to IFN suppression through 

different mechanisms, including: 1) inhibition of STAT1 phosphorylation by SARS-CoV-2 ORF3a 

(Xia et al., 2020) and induction of type I IFN receptor (IFNAR1) downregulation by SARS-CoV 

ORF3a (Minakshi et al., 2009); 2) impairment of nuclear translocation of IRF3 by SARS-CoV-

1/2 ORF3b (Konno et al., 2020); and 3) suppression of NF-κB translocation into the nucleus by 

MERS-CoV ORF4b (Canton et al., 2018). 

Another strategy adopted by coronaviruses is to mask viral RNA to prevent it from being 

recognized by PRRs. As a matter of fact, HCoV have evolved three modes to evade detection 

by RNA sensors, as 1) exploit double-membrane vesicles to hide nascent viral RNA; 2) mimic 

eukaryotic mRNAs to shield PAMPs on the viral genome from the recognition; and 3) inhibit 

the formation of stress granules (SG), which represent an accumulation of viral RNA and viral 

proteins that provide a pool of substrates for different PRRs such as RIG-I and MDA5 (Li et al., 

2021). 

1.3 PYHIN protein family  

Mammalian cells have evolved sensors of foreign invaders that alert and activate a large 

variety of antiviral effector proteins. Pyrin and hematopoietic interferon-inducible nuclear 

(HIN) domain-containing (PYHIN) protein family members have initially been recognized as 

novel types of PRRs and proposed to trigger innate immune responses and inflammasome 

activation upon detection of pathogen-derived DNA (Cridland et al., 2012). However, most of 

the evidence comes from numerous studies on the PYHIN protein AIM2, a cytoplasmic sensor 

of double-stranded DNAs. In contrast to AIM2, however, the remaining human PYHIN proteins 

are predominantly localized in the nucleus and accumulating evidence suggests that they 

exert antiviral effects by suppressing viral transcription rather than by sensing viral DNAs 

(Schattgen and Fitzgerald, 2011).  

PYHIN proteins are characterized by two functional domains: an N-terminal pyrin domain 

(PYD) and at least one C-terminal hematopoietic interferon-inducible nuclear protein, with a 

200-amino-acid repeat domain (HIN200). The PYD is part of the bigger superfamily of death 

domains (DD) characterized by an alpha-helical-based folding, promoting homo- or hetero-

typic interactions with other PYD-containing proteins. PYD-PYD interactions regulate a variety 
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of cellular processes, ranging from inflammation and immunity to apoptosis and cell cycle 

(Stehlik, 2007). 

The HIN domain is only found in PYHIN family members and promotes DNA-binding in a 

non-sequence specific fashion via tandem oligonucleotide/oligosaccharide-binding (OB) folds 

(Shaw and Liu, 2014). Sequence independent DNA binding is achieved by electrostatic 

interactions between specific side chains of positively charged HIN domain amino acid 

residues and the phosphate groups in the DNA backbone (Jin et al., 2012). HIN domains have 

been classified in three subfamilies, designated -A, -B, and -C, based on the amino acidic 

sequence following a conserved MFHATVAT motif (Ludlow et al., 2005) (Figure 9). 

 

 
 
 
 

 

 

Figure 9. The human pyrin and hematopoietic interferon-inducible nuclear (HIN) domain (PYHIN) protein 

family. Schematic organization of human PYHIN proteins. Each PYHIN family member possesses an N-terminal 

pyrin domain (PYD) and one or more HIN domains, classified as HIN A, HIN B and HIN C. With the exception of 

AIM2, all PYHIN proteins harbor at least one nuclear localization signal (NLS) (adapted from Bosso and Kirchhoff, 

2020). 

 
PYHIN coding genes are exclusively found in mammals and their numbers range from 1 in 

horses to up to 13 in mice (Cridland et al.,2012). Humans encode four PYHIN proteins: IFN-γ-

Inducible protein 16 (IFI16), IFN-Inducible protein X (IFIX) also known as Pyrin and HIN domain-

containing protein 1 (PYHIN1), Myeloid Nuclear Differentiation Antigen (MNDA), and Absent 

in Melanoma 2 (AIM2) (Connolly and Bowie, 2014). 

The best characterized member of the human PYHIN family is AIM2, which is normally 

localized in the cytoplasm, where it acts as a sensor of cytosolic dsDNA; upon interaction with 

dsDNA, AIM2 activates a cascade of events that eventually leads to formation of caspase-1-

activating inflammasome, production of pro-inflammatory cytokines (IL-18, IL-1β) and 

apoptotic cell death. 

Likewise, pathogen-derived nucleic acids may be also recognized by IFI16 in both nucleus 

and cytoplasm. Indeed, it has been suggested that the lightly packed form of foreign DNA 

entering the nucleus may allow IFI16 to distinguish it from the densely packed cellular DNA. 
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In addition, it has been reported that after infection by different viruses, IFI16 translocate to 

the cytosol and cooperates with the cyclic guanosine monophosphate-adenosine 

monophosphate (cGAMP) synthase (cGAS) to activate STING, which in turn activates IFN 

transcription (Bosso et al., 2020) 

Besides their function as innate DNA sensors, there is now much evidence that PYHIN 

proteins are also capable of inhibiting viral pathogens serving as antiviral restriction factors. 

In particular, IFI16 has been proven able to suppress viral transcription of herpes-, retro-, 

papilloma-, cytomegalovirus and hepatitis viruses through various mechanisms, including 

epigenetic modifications and interference with the transcription factor Sp1 (Bosso and 

Kirchhoff, 2020). 

Intriguingly, bats harbor genetic or functional loss of a number of proteins involved in host 

innate immunity, including the PYHIN gene family that comprises the interferon-inducible 

gene IFI16 (Zhang et al., 2012; Ahn et al., 2016). It has been hypothesized that genetic changes 

including the loss of the PYHIN locus occurred in response to the unique capacity of bats to fly 

great distances. Indeed, bat immune system has evolved overtime to limit excessive 

inflammation derived from the high metabolic demand of flight, which is responsible for the 

release of huge amounts of reactive oxygen species (ROS), damaged DNA and other danger 

signals that are known to trigger inflammasome activation. At the same time, these alterations 

have contributed to create a state of tolerance in bats against a number of deadly viruses, 

including filoviruses (Ebola and Marburg), paramyxoviruses (Hendra and Nipah), and severe 

acute respiratory syndrome-like coronaviruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) (Luis 

et al., 2013).  Due to this state of tolerance, infected bats show no or minimal signs of disease 

even in presence of high viral titers either in tissue or sera, although the same viruses 

frequently cause aberrant innate immune responses in humans (Irving et al., 2021).  

As PYHIN proteins have been shown to restrict viral replication through different 

mechanisms, the loss of the entire PYHIN locus may explain the abundance of viruses detected 

in bats. Furthermore, although bats contain other cytosolic DNA immune sensors, the PYHIN 

family is the only class able to drive inflammasomes activation, which, among their many 

functions, also have a role in controlling the mass-inflammatory response to invading 

pathogens. Therefore, PYHIN deletion may also play a role in asymptomaticity of bats to most 

of the viruses (Ahn et al., 2016). 
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1.3.1 Interferon – gamma - Inducible protein 16 

IFI16 is a member of the PYHIN-containing protein family, which encodes a class of 

homologous proteins that share a 200-amino acid signature motif (HIN) (Miyanaga et al., 

2001). 

Structurally, IFI16 is composed by two HIN domains (A and B) separated by a spacer region. 

These domains allow IFI16 to interact with both dsDNA and ssDNA, and with RNA, in a 

sequence-independent manner (Unterholzner et al., 2011;  Jiang et al., 2021). In addition, 

IFI16 possesses a N-terminal PYRIN domain which enables protein-protein interactions (Figure 

10) (Dell’Oste et al., 2015).  

 

 

 

 

Figure 10. Schematic representation of structural and functional domains in IFI16 protein. Light dotted area in 

the amino terminus includes the basic region (BR; amino acid residues 1-159), which is sufficient to bind dsDNA 

in vitro, a PYD domain (amino acid residues 6-84), and a nuclear localization signal (NLS; amino acid residues 124-

145). The dark gray boxes in the IFI16 protein denote a type-A and a type-B 200-AA repeat (or HIN-200 domain), 

respectively. White boxes (the S1 and S2) between the two repeats denote two spacer regions in the IFI16B 

protein (adapted from Dell’Oste et al., 2015). 

 

As it contains a nuclear localization signal (NLS), IFI16 was originally labelled as nuclear 

protein. However, there is now evidence that IFI16 can also be detected in the cytoplasm of 

cells, even though molecular mechanisms regulating IFI16 redistribution between nuclear and 

cytosolic compartments are only partially understood (Dell’Oste et al., 2015). For example, 

nucleus-to-cytoplasm translocation of IFI16 was observed in keratinocytes upon exposure to 

UVB (Costa et al., 2011); likewise, IFI16 moves to the cytoplasm during infection of different 

viruses such as Epstein-Barr virus (EBV), herpesvirus type 1 (HSV-1), and cytomegalovirus 

(CMV) (Dell'Oste et al., 2014). Furthermore, it was found that upon infection with Kaposi 

Sarcoma herpesvirus (KSHV), IFI16, along with ASC and procaspase 1, redistribute to the 

cytoplasm to form a functional inflammasome, leading to caspase 1 activation and IL-1β 

cleavage (Zheng et al., 2020). 
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The role of IFI16 in sensing DNA viruses is well-characterized, but its function during RNA 

virus infections remains partially unknown. A recent study showed that IFI16 could inhibit 

influenza A virus (IAV) replication in cooperation with RIG-I (Jiang et al., 2021). RIG-I is a 

member of the RLRs family and serves as a cytoplasmic sensor of PAMPs for RNA viruses. RIG-

I activation induces an intracellular immune response characterized by IFN-I production and 

antiviral gene expression aimed at controlling virus infection (Loo and Gale, 2011). According 

to the recent study, IFI16 can enhance the transcription of RIG-I during IAV infection and 

interact with RIG-I protein, thereby increasing the sensitivity of RIG-I signaling (Jiang et al., 

2021). Moreover, it was shown that IFI16 expression is upregulated following IAV infection 

and can directly interact with the viral RNA genome (Jiang et al., 2021). Another study also 

reported the ability of IFI16 to induce pyroptosis in alveolar epithelial cells infected by IAV as 

to suppress cell-to-cell viral transmission. Although precise mechanisms are still unknown, it 

is thought that IFI16-induced programmed cell death starts with the interaction between IFI16 

and viral RNA, which predominantly occurs in the nucleus (Mishra et al., 2022). 

IFI16 was also found able to inhibit replication of other RNA viruses. For instance, IFI16 

directly interacts with chikungunya virus (CHIKV) genomic RNA and inhibits its replication and 

maturation by acting as an antiviral restriction factor (Kim et al., 2020). Also, IFI16 can 

efficiently restrict the replication of porcine reproductive and respiratory syndrome virus 2 

(PPRSV-2) by directly binding MAVS and promoting MAVS-mediated IFN-I production (Chang 

et al., 2019). 
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2. AIM OF THE WORK 
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Due to their ability to fly great distances, the immune system of bats has adapted overtime 

to limit collateral damage caused by by-products of elevated metabolic rate (Zhang et al., 

2012). 

These changes have contributed to make bats ideal reservoir hosts for a great variety of 

zoonotic viruses, including Coronaviruses (Luis et al., 2013). The reason why bats are tolerant 

to these viral infections could be explained by the fact that they have an impaired interferon 

(IFN) response, due to a mutation in the STING protein (Xie et al., 2018). In addition, genomic 

analysis revealed that the entire pyrin and HIN domain (PYHIN)-containing protein family is 

lost in bats. This protein family encompasses sensors of intracellular self and foreign DNA and 

activators of the inflammasome and IFN response (Ahn et al., 2016). Among these proteins, 

the Interferon-γ-Inducible protein 16 (IFI16) plays a role in the innate immune response by 

acting as a DNA sensor in inflammasome signaling and as viral restriction factor (Bawadekar 

et al., 2015). Although IFI16 has been better characterised in the context of DNA viruses, 

several studies also demonstrated an antagonizing role of IFI16 against some RNA viruses, 

including IAV (Jiang et al., 2021), CHIKV (Kim et al., 2020), and PPRSV-2 (Chang et al., 2019).  

Despite the emerging evidence of IFI16 playing crucial role in the control of RNA virus 

replication, it remains unclear whether IFI16 interacts or interferes with coronavirus 

replication. According to this background, we decided to investigate whether IFI16 is also a 

key regulator of the host response to human coronavirus (HCoV) infection, and that 

therapeutic modulation of this pathway may impact HCoV replication/infectivity.  

To this aim, we decided to work with HCoV-NL63, an Alphacoronavirus associated with a 

low pathogenicity that exploits ACE2 receptor to gain access into cells and represents a good 

prototype of HCoVs. We characterized NL63 infection in a gold-standard cell line, namely LLC-

MK2, a rhesus macaque epithelial kidney cell line that supports efficient replication of NL63.  

The studies described in this thesis aimed at understanding the molecular events involving 

IFI16 in HCoV sensing and characterizing the host response, as well as the signaling pathways 

triggered by IFI16-mediated sensing of HCoVs.  
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3. MATERIALS AND METHODS  
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3.1 Cell lines and viruses  

Experiments were performed on rhesus monkey kidney LLC-MK2 (ATCC: CCL-7) cells. 

Dulbecco’s Modified Eagle’s Medium (DMEM) was used as a culture media for all the cells 

along with additional supplements, i.e., 10% fetal bovine serum (FBS), 100 U/ml penicillin (P), 

100 μg/ml of streptomycin (S) and 0.05mM glutamine (G) as supplements.  

The human coronavirus strain NL63 (HCoV-NL63) (NR-470, also referred to as Amsterdam 

I, Bei Resources) was kindly provided by Lucia Nencioni (University of Rome, La Sapienza, 

Rome, Italy). HCoV-NL63 was proliferated in LLC-MK2 and Caco-2 cells at 34 °C in a humidified 

5% CO2 incubator and titrated by the standard plaque assay method on LLC-MK2 cells, as 

described later.  

3.2 HCoV-NL63 production 

HCoV-NL63 was generated by infecting monolayers of LLC-MK2 cells, at multiplicity of 

infection (MOI) 0.01. The flasks were incubated at 34°C, 5% CO2, and harvested on day 5-6 

when cytopathic effect (CPE) was visible. For harvesting, flasks were frozen at -80°C and 

thawed. Cells and supernatant were centrifuged for 10 min at 1500rpm. Cleared supernatant 

was aliquoted and stored at -80°C. The virus yield was assessed by titration on fully confluent 

LLC-MK2 cells in 96-well plates. 

3.3 HCoV-NL63 titration 

Briefly, LLC-MK2 cells were seeded 1 day before infection in 96-well plates, reaching 

confluency at the time of infection. The viral suspension was serially diluted in DMEM 

supplemented with 10% fetal bovine serum and inoculated; the infected wells were 

centrifuged at 2000 rpm for 30 minutes and then incubated at 34 °C for 2 h, allowing viruses 

to attach and enter the cells. After this time, cells were washed with medium, and overlaid 

with 0.8% methylcellulose.  The plates were incubated at 34°C and 5% CO2. Overlays were 

removed on day 6 and stained with a 0.2% crystal violet solution and plaques are counted 

using a light microscope. Viral titers were expressed in terms of plaque forming units per ml 

(PFU/ml).  

3.4 HCoV-NL63 infection  

Subconfluent LLC-MK2 cells cells were infected with the appropriate MOI and virus 

absorption was allowed for 2-8 hours before changing media. Every infection with HCoV-NL63 

https://www.sciencedirect.com/topics/medicine-and-dentistry/coronaviridae
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was performed at MOI 1 and 5% CO2. For the kinetics, at 5 dpi supernatants were collected, 

centrifuged at 2000 rpm for 5 minutes and stored at -80°C. 
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3.5 RNA extraction and quantification 

For gene expression analysis, cells were treated with 500 μL TRIzol Reagent, which disrupts 

cells and cells components without altering RNA’s integrity during homogenization, and were 

incubated at room temperature for 10 min. After, 100 μL of chloroform (chloroform: TRIzol 

1:5) was added in each sample and cells were incubated at room temperature for 10 min. 

Samples were centrifuged at 12000g for 15 min at 4°C to allow separation of solutions’ 

aqueous and organic phases containing RNA and protein, respectively. The upper transparent 

phase (corresponding to RNA) was recovered and 250 μL of isopropanol (isopropanol: TRIzol 

1:2) was added in each sample. Samples were resuspended, incubated for 10 min at room 

temperature, and then centrifuged at 12000 for 10 min at 4°C to allow RNA precipitation. Once 

the supernatants were removed, RNA pellets were washed with 500 μL 70% ethanol, and 

centrifuged at 7500g for 5 min at 4°C. After supernatants were removed, pellets were left to 

dry, and finally were resuspended in 15 μL nuclease-free water.  

The average concentration of RNA present in each sample was determined by using the 

ThermoScientific NanoDrop spectrophotometer. The photometric measurement of nucleic 

acids is based on the intrinsic absorptivity properties of DNA or RNA; when an absorption 

spectrum is measured, nucleic acids absorb light with a characteristic peak at 260 nm. The 

signal is measured by the spectrophotometer and expressed as absorbance values of the 

sample. To perform RNA quantification, initially a blank (1 μL distilled water) was run, followed 

by 1 μL of each sample. Absorbance values of each sample were converted by the software in 

RNA concentration, measured in ng/μL. 

3.6 DNase treatment and retro transcription 

For removal of genomic DNA, RNA extracts were treated using the TURBO DNA-free™ Kit 

according to manufacturer’s instruction (Invitrogen).  

For cDNA synthesis, SensiFAST cDNA Synthesis Kit was used according to manufacturer’s 

instruction (Meridian Bioscience). The total RNA of each sample was mixed with 4 μL 5X 

TransAmp Buffer and 1 μL Reverse Transcriptase; DNase/RNase free water was used to reach 

the final volume of 20 μL. Reverse transcription was performed by using the C100 Touch 

Thermal Cycler (Bio-Rad Laboratories). The conditions used for retro transcription were the 

following: 25 °C for 10 min, 42 °C for 15 min, 85 °C for 5 min. 
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3.7 Real-Time qPCR 

The viral cDNA (1 μL per sample) was amplified in a 20 μL reaction mixture containing 10 

μL SensiFast SYBR (Bioline) 1 μL forward primer, 1 μL reverse primer, and 7 μL water. Primers 

used for qPCR assay were the following: NL63 N gene (For: AGGACC 

TTAAATTCAGACAACGTTCT; Rev: GATTACGTTTGCGATTACCAAGACT), GAPDH (For: 

TCACCACCATGGAGAAGGC; Rev: GCTAAGCAGTTGGTGGTGCA), NL63 ORF1ab (For: 

TGTTGTAGTAGGTGGTTGTGTAACATCT; Rev: AATTTTTGT GCACCAGTATCAAGTTT), subgenomic 

NL63 N gene (For: TAAAGAATTTTTCTATCT ATAGATAG; Rev: TACGCCAACGCTCTTGAAC), 

subgenomic NL63 S gene (For: TAA AGAATTTTTCTATCTATAGATAG; Rev: 

TATGGAGCGCAAAAGCAC). The reaction conditions consisted of an enzyme activation cycle of 

30 s at 95°C, 40 cycles of 10 s of denaturation at 95°C, and 10 s of annealing at 60°C. 

The conditions used for the amplification of subgenomic mRNAs were the following: 3 min 

at 95°C, 40 cycles of 30 s at 95°C, 30 s at 47°C, and 25 s at 72°C, followed by 5 min at 72°C and 

10 min at 4°C. The PCR products were run on 1% agarose gels (1X Tris-acetate EDTA [TAE] 

Buffer) and visualized using ChemiDoc Touch Imaging System (Bio-Rad). 

3.8 Protein extraction and quantification 

Whole-cell protein extracts were obtained using 100 μL cell lysis buffer containing 150 mM 

NaCl, 50 mM Tris-HCl pH 8, 1% NP40, 0,5% sodium deoxycholate, 0,1% SDS, with the addition 

of protease inhibitors (25 μL/mL, Sigma-Aldrich). The samples were homogenized for 1 hour 

at 4°C under rotation and then centrifuged at 14000g for 10 min at 4°C. The supernatant was 

collected in a micro-centrifuge tube and quantified. Protein concentration was determined 

using Bradford Protein Assay based on an absorbance shift of the dye Coomassie Brilliant Blue 

G-250. In an acidic environment, the red form of the dye is converted into its blue form, 

binding to the protein being assayed. The protein-dye complex causes a spectral shift in the 

maximum absorption of the dye from 465 to 595 nm. The increase of absorbance at 595 nm 

is proportional to the amount of bound dye, and thus to the concentration of protein present 

in the sample. Bovine serum albumin (BSA) was used to calibrate the assay by preparing six 

serial dilutions of protein diluted with PBS1X to final concentrations of 1, 2.5, 5, 10, 15, 30 

μg/μL (2 μL of cell lysis Buffer were added in each dilution). Test tubes were prepared by 

adding 2 μL sample, 498 μL PBS, and 500 μL Bradford Reagent; 2 blanks were obtained by 

adding 498 μL PBS, 2 μL RIPA Buffer, and 500 μL Bradford Reagent. Absorbance readings were 
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measured at 595 nm using a spectrophotometer and the standard curve was used to provide 

a relative measurement of protein concentration of each sample.  

3.9 Western Blot 

For protein analysis, protein extracts were dissolved in Laemmli Sample Buffer 4X (0.02% 

bromophenol blue, 8% β-mercaptoethanol, 250mM-HCl, 8% SDS, 40% Glycerol) and heated at 

95°C for 5 min thus leading to denaturation of proteins.  

Proteins were separated by their molecular weight under denaturing conditions using 

ReadyGels (7.5%; Bio-Rad). The samples (20 μL) and a molecular weight ladder (7 μL) were 

loaded into appropriate wells; gels were initially run at 80V until complete separation of the 

marker’s bands, and then at 200V. Proteins were transferred from the SDS-polyacrylamide 

gels to nitrocellulose membranes by using Trans-blot Turbo Blotting System according to 

manufacturer’s instruction (Bio-Rad). In order to confirm the transfer, membranes were 

stained with Ponceau stain. To visualize the proteins, membranes were washed three times 

with TBS-T 1X (10mM Tris-HCl, pH 7.5, 100mM NaCl, 0.1% Tween-20). To minimize any 

unspecific interaction of the antibody, membranes were blocked in 10% non-fat dry milk 

dissolved in TBS-T 1X for 1 hour, followed by incubation with primary antibodies for 2 hours 

at room temperature on a rocker; primary antibodies used for the experiments are listed in 

the table on chapter 3.11. Thereafter, membranes were washed three times in TBS-T 1X to 

eliminate unbound antibody residues and subsequently incubated with the respective 

species-specific secondary antibody (Anti-rabbit diluted 1:2000; Anti-mouse diluted 1:4000). 

Proteins were detected using the instrument ChemiDoc Touch Imaging System (Bio-Rad). 

Images were acquired, and densitometry of the bands was performed using Image 

Labsoftware (Bio-Rad Laboratories Srl).   

3.10 Immunofluorescence  

For immunofluorescence analysis, cells were fixed with 4% paraformaldehyde (PAF) for 10 

min at room temperature. To enable antibodies to cross the cellular membranes, 

permeabilization was performed with 0.5% Triton X-100 in PBS 1X for 20 min on ice. After, to 

reduce unspecific binding of antibodies to non-target structures, blocking was performed with 

1% Normal Goat Serum (NGS) in PBS 1X for 30 min at room temperature. This was followed 

by 1 hour incubation with the primary antibody diluted in blocking solution. After, several 

washings were performed with PBS 1X + 0.05% Tween-20 to remove the unbound antibody, 
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and then 1-hour incubation with secondary antibody in the dark was performed; in addition, 

4’,6-diamidino-2-phenylindole (DAPI) was added to stain cells’ nuclei. After few washes, 

coverslips were mounted on slides using anti-fade mounting medium and visualized using the 

Multiphoton Microscope Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany), while images 

were processed using the Leica Application Suite X (LAS X). 

3.11 Antibodies 
Antibody (Company name, location) Dilution Western Blot Dilution IF 

Rabbit MAb anti-RIG-I (Millipore) 1:1000  

Mouse MAb anti-IFI16 (Santa-Cruz) 1:1000 1:600 

Rabbit PAb anti-IFI16 (in-house made) 1:1000 1:200 

Rabbit MAb anti-NL63 NP (Sino Biological) 1:2000 1:200 

Mouse MAb anti-GAPDH (Proteintech) 1:10000  

3.12 Statistical analysis 

All statistical tests were performed using Graph-Pad Prism version 7.00 for Windows 

(GraphPad Software). The data are presented as mean ± standard deviation (SD). For 

comparisons consisting of two or more groups, means were compared using two tailed 

Student’s t tests or one-way ANOVA followed by Bonferroni’s posttests. Differences were 

considered statistically significant at a P value of < 0.05. 
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4. RESULTS 
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4.1 Kinetics of HCoV-NL63 infection and innate response in LLC-MK2 

cells 

To understand the role of the innate immune sensor IFI16 in controlling HCoV replication, 

we decided to work with the Alpha-HCoV-NL63, which is a good prototype of HCoVs and due 

to its low pathogenicity, it can be handled in BSL2 laboratories available in our institution. 

Given the limited number of studies regarding NL63, we began our experiments by 

characterizing NL63 infection in a gold-standard cell line. For this purpose, we decided to use 

the monkey kidney-derived epithelial cell line LLC-MK2, which produce a visible cytopathic 

effect upon NL63 infection and is often used for viral production (Herzog et al., 2008) 

At first, to investigate the kinetic of NL63 infection, we measured by RT-qPCR genomic and 

subgenomic mRNA levels in LLC-MK2 cells infected with NL63 at MOI 1 (Figure 11). In detail, 

we used a specific pair of primers detecting: 1) only viral genomic RNA ORF1ab, 2) both the 

viral genome and subgenomic mRNAs N, then 3) only the subgenomic N and S mRNA levels. 

According, to the literature, NL63 has a long viral cycle (Herzog et al., 2008), thus its kinetic 

was analyzed from 2 hpi to 6 dpi.  
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Figure 11. Virus RNA levels in LLC-MK2 cells infected with HCoV-NL63. (A) LLC-MK2 cells were infected with 

NL63 MOI 1 and at the indicated time points, total RNA was isolated from cells and virus RNA levels were 

determined by means of RT-qPCR, with N specific primers detecting both genomic and subgenomic mRNAs (A 

left panel), with ORF1ab specific primers detecting only the viral RNA genome (A right panel), with primers 

detecting only subgenomic N and S mRNAs (B left and right panel, respectively). Graphs show the average fold 

change and SD for each time-point compared to the 2 h time-point. Intracellular viral RNA levels were corrected 

for total cell numbers using GAPDH as a standard. Bars represent the means and SD from three independent 

experiments (*p <0.05, **p <0.01, ***p <0.001, one-way ANOVA followed by Bonferroni’s posttests, for 

comparison of infected vs mock cells). (B) PCR products were run on 1% agarose gels (1X Tris-acetate EDTA [TAE] 

Buffer) and visualized using ChemiDoc Touch Imaging System (Bio-Rad). Positions of nucleotide size markers are 

shown on the left side of the panel. The figure shows a band in infected cells, corresponding to the N gene, at 

both 4 and 6 dpi, whereas in mock cells the same band is absent. 
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The results showed that the viral mRNA levels encoding for N protein started to increase 

from 1 dpi, reaching a peak at 4 dpi with a 100.000-fold induction compared to levels observed 

at 2 hpi. In agreement with these data, genomic ORF1ab RNA levels started to rise up at 1 dpi, 

peaking at 4 dpi with a 1.000-fold induction. Similarly, also the transcription initiated at 1 dpi 

with a peak at 4 dpi for both subgenomic N and S proteins, with a higher induction of N (108) 

compared to S (104-105) 

To further confirm our findings, PCR products of the sgmRNA levels were run on agarose 

gel to evaluate the correct amplification of this segment (Figure 11B), through which we 

verified the presence of a clear band at 300 bp (corresponding to the N sgmRNA) in infected 

cells at both 4 dpi and 6 dpi. As expected, the same band was absent in mock cells. 

Supernatants of LLC-MK2 cells infected with NL63 at MOI 1 were then collected at 5 dpi to 

perform viral titration by standard plaque assay, through which we were able to demonstrate 

a viral titer of approximately 4 x 103 PFU/ml (Figure 12).  

 

Figure 12. NL63 titration in LLC-MK2 cells infected at MOI 1. Plaque assay was performed on supernatants 

collected from LLC-MK2 cells at 5 dpi following the procedure already described in chapter 3.3.  
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We also investigated NP and IFI16 protein expression by western blot analysis (Figure 13). 

This assay confirmed that NP progressively increased during viral infection and reached its 

peak approximately at 3 dpi. We also demonstrated that NL63 infection does not modulate 

the levels of the innate immune sensor IFI16. 

 

Figure 13. Protein expression of NP and IFI16 in LLC-MK2 upon NL63 infection. Cellular extracts from LLC-MK2 

cells infected with NL63 at MOI 1 were collected at 1 dpi, 2 dpi, 3 dpi, 4 dpi, to evaluate NP and IFI16 expression. 

The housekeeping gene GAPDH was used as loading control for protein normalization. 

To complete the characterization of NL63 infection in LLC-MK2, we wanted to determine 

whether LLC-MK2 cells were capable of inducing an immune response upon NL63 infection. 

With this aim, we used real-time qPCR analysis to evaluate the expression of IFN-β and IFN-

λ1, as well as that of two IFN-inducible genes, namely, Mx1 and Mx2.  In Figure 14 is shown 

that there is no induction of IFN-β neither IFN-λ1 upon infection, indeed mRNA levels of Mx1 

and Mx2 were not affected as well, indicating that LLC-MK2 cells do not mount any IFN 

response to NL63 infection. 
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Figure 14. NL63 does not elicit an IFN response in LLC-MK2 cells. Cell lysates were obtained from LLC-MK2 cells 

infected with NL63 MOI 1 at the indicated time points. Total RNA was isolated from cells and IFN-β, IFN-λ1, Mx1, 

and Mx2 levels were detected by Real-time qPCR. Values were normalized to the housekeeping GAPDH gene 

mRNA and plotted as fold induction relative to mock-infected LLC-MK2 (set at 1). Bars show means and SD from 

three independent experiments.  
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4.2 IFI16 binds HCoV-NL63 nucleoprotein 

HCoVs replicate in the cytoplasm by forming double-membrane structures named 

replication organelles (ROs) that protect viral RNA from degradation and detection by host 

cellular immune sensors (Roingeard et al., 2022). Given that IFI16 can bind to RNA viral 

genomes (Jiang et al., 2021; Kim et al., 2020), we asked whether IFI16 could form a complex 

with NP, which is localized in the cytoplasm and can bind to the viral genome.  

To this aim, we performed an immunofluorescence analysis to assess IFI16 localization 

upon coronavirus infection; thus, we infected LLC-MK2 cells with NL63 at MOI 1 and 

performed co-staining experiments using antibodies directed against IFI16 and the viral 

protein NP. We observed that IFI16 was predominantly nuclear under basal conditions, but it 

is massively translocated to cytoplasm and co-localized with NP at 3 dpi (Figure 15). 

 

 

Figure 15. Nuclear translocation of IFI16 upon coronavirus infection. Immunofluorescence analysis of NL63-

infected LLC-MK2 cells (MOI 1). Cells were stained with antibodies against NP and IFI16 at 3 dpi. 

After finding that IFI16 translocated from the nucleus to the cytoplasm and colocalized 

with the NP protein upon infection, we asked whether the two proteins interacted. To this 

end, LLC-MK2 cells were infected with NL63 at MOI 1, and total cell extracts were collected 

at 3 dpi to run the immunoprecipitation assay. As shown in Figure 16, the NP protein 

coimmunoprecipitates with the IFI16 protein in NL63-infected LLC-MK2-cells. 
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Figure 16. IFI16 binds to viral nucleoprotein. Cell lysates from NL63-infected LLC-MK2 cells were harvested at 

3 dpi and immunoprecipitated for viral NP. WB was performed to check IFI16 binding to the 

immunoprecipitated NP using antibodies against IFI16 and NP. Input is a non-immunoprecipitated sample as a 

positive control, and IgG is a control. 
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4.3 HCoV-NL63 infection in transfected control and IFI16 knock-out 

LLC-MK2 cells 
 

To gain more insight into the impact of IFI16 on HCoV replication and innate immune 

response, we assessed NL63 infection in transfected control (TC) and IFI16 knock-out (KO) LLC-

MK2 cells. To this aim, we obtained two clones of LLC-MK2 whereby the IFI16 gene has been 

stably knocked down, using the CRISPR-Cas9 gene editing technology (Figure 17). Importantly, 

we performed the experiments only on one clone of the two and considering the three main 

time points of NL63 kinetic (1 dpi, 3 dpi and 6 dpi). 

 

Figure 17. IFI16 expression in TC and IFI16 KO LLC-MK2 cells. Cellular extracts were collected at 3 dpi from TC 

and IFI16 KO LLC-MK2 cells infected with NL63 (MOI 1). The housekeeping gene GAPDH was used as loading 

control for protein normalization.  

Firstly, we wanted to investigate NL63 infection and kinetic in the absence of IFI16, thus we 

performed a real-time qPCR analysis to check the levels of the genomic RNA ORF1ab, and the 

subgenomic N and S mRNAs in TC and IFI16 KO LLC-MK2 cells, both infected with NL63 at MOI 

1.The RNA levels of ORF1ab suggest that in absence of IFI16, the replication of NL63 is slightly 

reduced at 1 dpi and 3 dpi, whereas it is halved at 6 dpi. The N and S transcripts are very much 

decreased, indicating a lowering of viral transcription when IFI16 is not present (Figure 18).  
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Figure 18. Viral gene transcription upon NL63 infection in LLC-MK2 TC and LLC-MK2 IFI16 KO cells. LLC-MK2 

TC and LLC-MK2 IFI16 KO cells were infected with NL63 MOI 1 and at the indicated time points, total RNA was 

isolated from cells and virus RNA levels were determined by means of RT-qPCR, with ORF1ab specific primers 

detecting only the viral RNA genome and with primers detecting only subgenomic N and S mRNAs. Graphs show 

the average fold change and SD for each time-point compared to the 2 h time-point. Intracellular viral RNA levels 

were corrected for total cell numbers using GAPDH as a standard.  

To complete the characterization of NL63 infection in the absence of IFI16, we wanted to 

determine whether LLC-MK2 IFI16 KO cells could induce an immune response upon NL63 

infection. To this aim, we checked the RNA levels of the antiviral cytokine IFNβ, as key factor 

involved in the antiviral response to coronaviruses, and of the ISGs Mx1 and IFIT1, in both TC 

and IFI16 KO LLC-MK2 cells infected by NL63 at MOI 1. Compared to LLC-MK2 TC cells, where 

the innate immunity markers are almost not detectable, in LLC-MK2 IFI16 KO cells there is a 

substantial stimulation of the innate immune response, starting from 1 dpi (Figure 19). 
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Figure 19. Innate immune transcripts in LLC-MK2 TC and LLC-MK2 IFI16 KO cells upon NL63 infection. LLC-MK2 

TC and LLC-MK2 IFI16 KO cells were infected with NL63 MOI 1 and at the indicated time points, total RNA was 

isolated from cells and virus RNA levels were determined by means of RT-qPCR, with IFNβ and Mx1 specific 

primers. Graphs show the average fold change and SD for each time-point. Values were normalized to the 

housekeeping GAPDH gene mRNA and plotted as fold induction relative to mock-infected cells.  
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Finally, we analyzed the protein expression of NL63 nucleoprotein in LLC-MK2 TC and LLC-

MK2 IFI16 KO cells infected by NL63 at MOI 1. The expression levels of NP are very much 

decreased in absence of IFI16, and this is consistent with the lowering of genomic and 

subgenomic RNA levels in LLC-MK2 IFI16 KO.  The western blot analysis of IFI16 expression 

confirms that NL63 infection does not modulate the levels of the innate immune sensor 

(Figure 20). 

 

 

Figure 20. NP and IFI16 expression in LLC-MK2 TC and LLC-MK2 IFI16 KO. Cellular extracts from LLC-MK2 TC and 

LLC-MK2 IFI16 KO cells infected with NL63 at MOI 1 were collected at 1 dpi, 3 dpi and 6 dpi to evaluate NP and 

IFI16 expression. The housekeeping gene GAPDH was used as loading control for protein normalization. 
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5. DISCUSSION 
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The immune system of bats has evolved over time to limit excessive inflammation derived 

from the high metabolic demand of flight. These alterations have induced a state of tolerance 

against viral infections, making bats ideal reservoir hosts for many viruses, including SARS-like 

coronaviruses (SARS-CoV, MERS-CoV, SARS-CoV2-2) (Luis et al., 2013; Zhang et al., 2012). In 

this regard, recent genomic analysis revealed the loss of the entire PYHIN gene family in bats; 

members of this family are important immune sensors of intracellular self and foreign DNA, 

as well as activators of the inflammasome and/or interferon pathways (Ahn et al., 2016). 

Among them, IFI16 is a cellular host restriction factor that has been well characterized as a 

nuclear DNA sensor (Unterholzner et al., 2011), capable of binding to incoming viral DNA at 

the nuclear periphery (Howard and Cristea, 2020). Evidence demonstrates that upon binding 

to viral DNA, IFI16 undergoes oligomerization and recruits other host factors, necessary to 

build antiviral support to activate immune signaling and suppress transcription (Howard and 

Cristea, 2020). In addition, several studies have attributed to IFI16 the capacity to limit 

infection of some RNA viruses, including IAV (Jiang et al., 2021), CHIKV (Kim et al., 2020) and 

the replication of PPRSV-2 (Chang et al., 2019).   

According to this background, we used the low-pathogenic HCoV-NL63, to investigate the 

role of IFI16 during coronavirus infection in the monkey kidney-derived epithelial cell line LLC-

MK2.  

Firstly, we defined the kinetic of NL63 in our cellular model; thus, the RNA levels of ORF1ab 

in NL63-LLC-MK2-infected cells suggest that the virus starts to replicate at 1 dpi, reaching a 

peak of replication at 4 dpi.  Similarly, the transcription of NL63 starts to be detectable at 1 

dpi, to peak at 4 dpi, as demonstrated by the sgRNA levels. These results are supported by the 

plaque assay, performed on supernatants of LLC-MK2 cells infected with NL63 at MOI 1, 

showing a viral titer of 4 x 103 PFU/ml at 5 dpi. Then, to confirm the success of infection, 

through a western blot analysis we demonstrated that the NP protein levels increase over 

time, peaking at 4 dpi, while are absent in the non-infected cells. Also, we investigated the 

expression of IFI16, showing that NL63 infection does not modulate the levels of IFI16. All 

together these results confirmed the ability of NL63 to infect LLC-MK2. Even though there are 

evidence showing that LLC-MK2 retain a functional IFN system, produce IFNs response to virus 

infection, and exhibit an antiviral state (Nao et al., 2019), we demonstrated that LLC-MK2 cells 

do not mount any IFN response to NL63 infection. Indeed, the real-time qPCR analysis 

revealed that upon NL63 infection, there is no induction of IFN-β and IFN-λ1 and accordingly 
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mRNA levels of the ISGs Mx1 and Mx2 were not affected. Thus, the observed dampened 

immune response could be a viral escape mechanism, a possible explanation for the active 

replication of NL63 in these cells. 

Given that HCoVs replicate in the cytoplasm (Roingeard et al., 2022) and that IFI16 can bind 

to RNA viral genomes (Jiang et al., 2021; Kim et al., 2020), we asked whether IFI16 could form 

a complex with NP. Firstly, through immunofluorescence analysis we demonstrated the 

cytoplasmatic re-localization of IFI16 upon NL63 infection; indeed, in infected cells, IFI16 co-

localizes with the viral NP protein. The coimmunoprecipitation assay confirms that IFI16 

interacts with the RNA-binding protein NP. Further studies are being performed to gain more 

insight into this interaction and understand whether it depends on the binding of IFI16 to the 

viral RNA genome. Whether this interaction may affect the HCoV viral genome sensing, the 

antiviral response, or its replication remains to be established.  

The experiments performed on LLC-MK2 TC and LLC-MK2 IFI16 KO cells suggest that in 

absence of IFI16, NL63 replicates less and reduces the transcription of viral genes, in 

accordance with an increase of innate immunity. Also, the expression levels of the viral 

nucleoprotein NP are very much reduced in absence of IFI16. The ability of IFI16 to translocate 

to the cytoplasm following various stimuli has already been described in the literature (Costa 

et al., 2011; Dell’Oste et al., 2014), yet IFI16 activity has always been linked to the inhibition 

of viral infection rather than promotion. Recent evidence demonstrated the capacity of IFI16 

to bind viral RNA (Jiang et al., 2021; Kim et al., 2020).   

It is likely that IFI16 binds NL63 RNA, hiding it from other innate immune sensors, allowing 

the virus to escape from innate immunity activation. Thus, in absence of IFI16 the viral RNA 

can be recognized by innate immune sensors, such as RIG-I and MDA5, activating the innate 

immune response that contrasts the replication and transcription of viral genes. To test this 

hypothesis, further studies will be made to demonstrate whether IFI16 could interact with the 

viral RNA of NL63 by the means of different assays, such as Surface Plasmon Resonance (SPR) 

and RNA-immunoprecipitation (RIP).  

Overall, this study will contribute to filling the gap in knowledge about the role of the innate 

sensor IFI16 in controlling HCoV replication. Characterizing the molecular machinery involved 

in host-virus interaction and inflammation control is crucial for identifying druggable targets. 

The long-range goal of this project is to deepen our understanding of the role of IFI16 in 

triggering abnormal inflammatory reactions in HCoV-infected human epithelial cells. This 
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understanding will help develop novel therapeutic approaches not only for HCoV-related 

diseases but also for other RNA virus diseases. 
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