UNIVERSITA DEL PIEMONTE ORIENTALE

UNIVERSITY OF PIEMONTE ORIENTALE

Department of Translational Medicine
Ph.D. Program in Medical Sciences and Biotechnology
XXXV Cycle

Thesis for Doctoral Degree

""Characterizing the Role of Host's
Immune Mechanisms in
Coronavirus Pathogenesis"

Coordinator: Tutor(s):
Prof. Cinzia Borgogna
Prof.ssa Marisa Gariglio Prof. Vincenzo Cantaluppi
Candidate:

Dott.ssa Shikha Chandel
Matricola: 012688



Contents

SUMMARY L 2
L. INTRODUCTION. e e e e e e e e e e e e e e e e e e e e e e e e e e eaeeeens 3
1.1 COFONAVITUSES. ... ettttietteeeeeseeetteetereeeeessenttaeeteeaesssssssessssaeeaaeessasnsssaseeeaeesssssasnssnneneeaesennnns 4

I I 2 = o o 01U o P UP PRSP 4
1.1.2 Classification and general featUres.......ccoooeeeiiieiiii e 6
1.1.3 Origin and evolution of hUMaN COrONAVIFUSES...........ccoriiiiieiiiiieeeeiiieee e 7
1.1.4 Coronavirus structure and genome organization ...........cccccoeecvivieeeeeeeeeeesciiieeeeee e e 8
1.1.5CoronaVvirus HFECYCIE. ... . 11

I N G T TP 15
1.3 SARS-COV 2.ttt ettt h bbbt ettt 17
1.4 Host-Pathogen Interactions and Immune Defense Mechanisms.............ccccocevviveeiieeinnn, 18
L5 IFI16 in Antiviral Innate IMMUNILY .........coooeeieieiie e, 22
2. AIMIS 26
3. MATERIALS AND METHODS.......ccoi it 30
4. RESULT Sttt ettt bttt ettt bbbttt bbbbbbbbbenee 40
5. DISCUSSION ... 66
6. REFERENQCES....... ..o ittt e e e e et et e e e e s s et baeeeeeeeeanans 71



SUMMARY

Coronaviruses are positive sense, single-stranded RNA viruses known to cause mild to
severe respiratory diseases. The current COVID-19 pandemic has highlighted the need to
identify the different molecular mechanisms and antiviral cellular host antagonists involved in
the coronavirus pathogenesis. IFI16, a member of the PYHIN family, is an antiviral restriction
factor known to restrict several DNA viruses like human papillomavirus, human
cytomegalovirus, and herpes simplex virus type 1. Recently, its role in restricting RNA virus

replication has also been established.

IF116 belongs to a PYHIN family, which is entirely lost in bats, the only mammals capable
of sustained flight, and are also a natural reservoir for several deadly viruses in the world,
including coronaviruses. The evolutionary loss of the PYHIN family in bats highlights that an
impaired innate immune system might be a potential explanation for their ability to host several
pathogenic viruses without facing any casualties. IFI16 is abundantly present in other
mammalian species. Thus, we proposed that IFI16 might have an antiviral role in coronavirus
pathogenesis. We used two bat-derived coronaviruses- low pathogenic (NL63) and highly
pathogenic (SARS-CoV-2) to analyze IFI16 involvement in modulating the host innate
immune response in IF116 WT and IFI16 KO-HaCaT cells.

We found an increase in the induction of innate immune response in NL63-infected IFI16
KO-HaCaT cells. However, the infection rate in HaCaT cells was insufficient to provide any
conclusions. Thus, we switched to a different cell line, LLC-MK2, which is an efficient study
model for studying both viruses. We noticed the induction of IFI16 upon both NL63 and SARS-
CoV-2. We also observed that NL63 dampens the innate immune response in LLC-MK2 cells.

Moreover, we have identified the nuclear to cytoplasmic localization of IFI16 and its co-
localization with the NL63 nucleoprotein. However, the antiviral role of IFI16 in this context
is yet to be established. We are currently working on characterizing these experiments in the
newly established IFI16KO-LLC-MK2. IFI16 is a crucial regulator for identifying and
responding to invading pathogens and maintaining a homeostatic balance of host cells.
Deepening our understanding of IFI16's involvement in triggering abnormal inflammatory
reactions in hCoV-infected human epithelial cells can help develop novel therapeutic

approaches for hCoV-related disease pathologies.



1. INTRODUCTION



1.1 Coronaviruses

1.1.1 Background

Coronaviruses are RNA viruses widely distributed among humans and other animals and
are known to cause acute and persistent respiratory infections (Xin, Hayes, Susanna, & Patrick,
2019). Members of this family were isolated in the early 1930s for causing infectious bronchitis
in chickens, transmissible gastroenteritis in pigs, and severe hepatitis and neurological diseases
in mice. In the 1960s, it was identified that these and specific human respiratory viruses had
shared characteristics that merited them to be together in the same group (Masters & Perlman,
2013). The most distinctively common feature of these viruses, uncovered by electron
microscope, was a widely spaced, club-shaped spike protruding from the surface of the virion.
Morphologically these spikes were different from the surface projections of ortho- and
paramyxoviruses. The ring-like appearance of viral points was depicted as the appearance of

the solar corona, prompting the name given to this new virus group (Almeida et al., 1968).

Coronaviruses were mainly studied because they provide unique models for viral
pathogenesis and cause the significant economic burden of respiratory and gastrointestinal
diseases in domestic animals. In humans, two coronaviruses, 229E and OC43, were known to
cause substantial cases of the common cold (Masters & Perlman, 2013). However, the situation
changed dramatically in 2002 with the severe acute respiratory syndrome (SARS) in southern
China, a devastating new human disease caused by a hitherto unknown coronavirus (Drosten
et al., 2003).

The rapid spread of SARS caused a global pandemic, leading to more than 8000 confirmed
cases with a mortality rate of 10% (Xin, Hayes, Susanna, & Patrick, 2019). Although the SARS
pandemic ended in 2003, the viral outbreak stimulated the research in understanding
coronaviruses, which by 2005 led to the discovery of two additional widespread human
coronaviruses, NL63 (Van der Hoek et al., 2004) and HKU1 (Woo, et al., 2005), which caused
mild, self-limiting upper respiratory infections with occasional cases of lower respiratory

infections in humans.

Almost a decade after the SARS outbreak, a Middle East respiratory syndrome coronavirus
(MERS-CoV) appeared around 2012 in the Arabian Peninsula, a highly fatal human pathogen
with an even higher mortality rate of approximately 40% (Xin, Hayes, Susanna, & Patrick,
2019). In December 2019, a new SARS-like human coronavirus named SARS-CoV-2 was

detected in Wuhan, Hubei Province, China, responsible for causing COVID-19 disease. The
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timeline of discovering different human coronaviruses is shown in Fig.1. With the rapid spread
of the virus in China and internationally, the world health organization (WHO) announced
SARS-CoV-2 as a pandemic on March 11, 2020 (Kesheh, Hosseini, Soltani, & Zandi, 2022).
Since 2004, significant breakthroughs have been seen in the zoonotic origins of SARS and
MERS research. Soon after the pronouncement of COVID-19 as a global pandemic,
coronavirus research took a revolutionary turn in understanding viral pathogenesis, prevention,

and treatment.

Fig.1. Timeline of coronaviruses discovered in human history. 229E was the first identified
coronavirus capable of infecting humans. OC43 was the second identified hCoV. SARS was
the first highly pathogenic hCoV which triggered the research in coronaviruses and led to the
identification of NL63 and HKUL. After seven years, another coronavirus occurred in the
middle east, a novel coronavirus named MERS. In 2019, another novel coronavirus called
SARS-CoV-2 was found that caused COVID-19 pandemic (Image source Biorender)

Due to the inherently high mutation rate and high recombination frequency, coronaviruses
establish quick adaptations to new host receptors, which enables them to overcome the
interspecies barrier. Epidemiologists predict that in the future, there will likely be another
spillover event that will impose a threat to public health. Despite the global collaborations and

advancements made in healthcare because of the COVID-19 pandemic, there are still limited
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therapies and preventive strategies like vaccines and antivirals for such emerging zoonotic
pathogens, thus, leaving fewer treatment options for fatal human infections. The ongoing
COVID-19 pandemic and the continuation of the existing gap in therapeutic and preventive
options for coronavirus-related infections initiated the research concept of this project which
focuses on identifying the underlying host innate immune mechanisms upon coronavirus

infection.

1.1.2 Classification and general features

Coronaviruses are the largest virus group within the order of Nidovirales in the family
Coronaviridae, Arteriviridae, and Roniviridae (Masters & Perlman, 2013). They are highly
conserved in genomic organization and comprise a 3' nested sub-genomic mRNA. The
Coronaviridae family is grouped into two subfamilies, i.e., Coronavirinae and Torovirinae.
Based on their phylogenetic characteristics, the Coronavirinae subfamily is categorized into
four genera-Alphacoronavirus, Betacornavirus, Gammacornavirus, and Deltacoronavirus.
The Betacoronavirus is further classified into five lineages: Embecovirus, Sarbecovirus,
Merbecovirus, Nobecovirus, and Hibecovirus (Xin, Hayes, Susanna, & Patrick, 2019). Only
alphacoronaviruses and betacoronaviruses are mammalian, while gammacoronaviruses and
deltacoronaviruses are avian viruses, but some are capable of infecting mammals (Cui, Li, &

Shi, 2019). A phylogenetic relationship of human coronavirus is shown in Fig.2.

Coronaviruses can be either highly pathogenic or low pathogenic, depending on their
infectivity. hCoVs like 229E, NL63, OC43, and HKUL1 infect the upper respiratory tract, cause
mild to moderate respiratory infections in healthy individuals, and are considered low
pathogenic. On the other hand, SARS-CoV, MERS-CoV, and SARS-CoV-2 are categorized
as highly pathogenic because these CoVs infect the lower respiratory tract, cause fatal illnesses
like acute lung injury (ALI), severe pneumonia, or acute respiratory distress syndrome

(ARDS), causing high morbidity and mortality rate in infected individuals (Chen, et al., 2020).
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Fig.2. Phylogenetic relationship of coronaviruses. The viruses are grouped into four genera.
Aplhacoronavirus (blue), betacoronavirus (peach), gammacoronavirus (olive green), and
deltacoronavirus (light green). Each group is clustered into subgroups- l1a and 1b
(alphacoronavirus) and 2a, 2b, 2c, and 2d (betacoronaviruses). The image is adapted from
Shereen, Khan, Kazmi, Bashir, & & Siddique, 2020)

1.1.3 Origin and evolution of human coronaviruses

Most human and animal coronaviruses have originated from different bat species. Recent
advancements in coronavirus research identified that bats harbor more than 200 novel
coronaviruses (Banerjee, Kulcsar, Misra, Frieman, & Mossman, 2019). Except for hCoV-
HKUL1 and OC43, NL63, 229E, SARS, MERS, and SARS-CoV-2 have bats as their natural
host, where all the hCoVs are supposedly transmitted through an animal-to-human spillover
event using intermediate animal hosts (Fig.3) (Islam, et al., 2021). hCoV-229E, OC43, NL63,
and HKU1 are endemic viruses contributing to 1/3rd of the common cold and mild to moderate

respiratory illness globally for over five decades.
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Fig.3. The emergence of human coronavirus and spillover mechanisms. Arrows show the
viral transmission route from animal to human through intermediate hosts (Adapted from
Islam, et al., 2021)

Before the emergence of SARS, coronaviruses were not considered highly pathogenic to
humans. After SARS-CoV-2, a newly emerged coronavirus responsible for COVID-19
diseases that infected more than 630 million people with >6.5 million deaths globally (World
Health Organization, 2022), coronaviruses are now considered a threat to public health. The
genomic sequence analysis of the large number of newly identified CoVs indicates a high
diversity based on phylogenetic and evolutionary rates, highlighting their potential to cross
interspecies barriers (Miranda, Silva, Igrejas, & Poeta, 2021). There is a high likelihood of
future zoonotic outbreaks like COVID-19. Therefore, understanding the molecular
mechanisms of coronavirus pathogenesis and the innate immune response is essential to

prevent adverse outcomes from such events.

1.1.4 Coronavirus structure and genome organization
The coronavirus virions are ~120nm in diameter, roughly spherical, and moderately

pleomorphic. They comprise four structural proteins- Spike (S), envelope (E), Membrane (M),



and Nucleocapsid (N) (Fig.4), which are essential in viral replication and maintaining viral
structure (Xin, Hayes, Susanna, & Patrick, 2019).

S-protein is a large transmembrane trimeric globular protein (Beniac, Andonov, Grudeski,
& Booth, 2006) ranging from 3.5- 4.7 kbps, generally described as club or petal-shaped. It
emerges from the virion surface like a stalk with a bulb-like distal terminus and gives
characteristic crown-like morphology to the virion. Spike is heavily N-glycosylated and
comprises two functionally distinct subunits, i.e., N-terminal S1 and C-terminal S2 domains,
which facilitate receptor binding and viral entry (Li, Luk, Lau, & Woo, 2019). The S-protein
is highly variable at the amino acid and nucleotide levels.

Fig.4. Schematic illustration of the structure of coronavirus virion. S-spike, E-envelope,
M-membrane, and NP- nucleocapsid protein (Image source Biorender)

E-protein is a small polypeptide, 0.2 kbps, found in small amounts in the viral envelope.
E-protein is present in all wild-type coronaviruses. Although it is not essential, however, is
critical for viral infection (Deng & Baker, 2021).

M-protein is moderately conserved in all coronavirus genera. It is an integral glycoprotein,
size 0.6-0.7 kbps, and is the highly abundant structural protein in the viral envelope. Both M
and E-proteins play a role in viral assembly and determining the shape of the viral envelope
(Deng & Baker, 2021).



N-protein is 1.1-1.3 kbps in size, resides inside the virion, is heavily phosphorylated, and
is the only protein constituent of the helical nucleocapsid. The N-protein plays a protective role
in viral genome packaging and ensures timely replication and effective transmission (Otieno,
Cherry, Spiro, Nelson, & Trovao, 2022). Some betacoronaviruses have a fifth structural protein
called hemagglutinin esterase (HE), which acts as a co-factor to spike and assists in viral
attachment to the host cell. It is not essential for in vitro viral replication; however, it might

affect in vivo production of infectious virions and viral tropism.

The coronavirus genome is a positive sense, single-stranded RNA, approximately 26-32kb
in size. Coronaviruses contain a 5’-cap structure and 3’-poly(A) tail and are the largest among
all RNA viruses (Lee, et al., 2021). The genome of all coronaviruses follows a similar order-
downstream to the 5°-2/3" of the genome comprises leader sequence and open reading frames
la/b (ORFla/b). The 3°-1/39 of the genome contains a nested set of subgenomic RNA,
encoding structural proteins (S-E-M-N) and accessory proteins (Fig.5). The coronavirus
genome includes untranslated regions (UTRs) next to 5' and 3' ends. A standard transcriptional
regulatory sequence (TRS) is present at the beginning of each structural and accessory protein
gene (Li, Luk, Lau, & Woo, 2019).

5’-UTR— I - -or—ER-3'-UTR
ORFla ORFIb . g E M N
I - ab E ™ N
HCoV-229t — - - — = An
HCoV-NL63 ——- —_ = An
2a  HE 5
HCoV-0C43 — — -aa—— — —r—Erem- An
HE a 7b(1)
HCoV-HKU1 —  —aa— —i—— T An
> 7a 88 9b(l)
SARS-CoV —s- - - - - - Jf"Em An
3b 6 8b 9b(l)
3 4b 5 1b
MERS-CoV — - - = = ——EETi- An
4a 8b
3a 7a 8b 10
SARS-CoV-2 —- - 4- = - —E"E._.- An
3b 6  7p 9b(l)

Fig.5. A schematic representation of the complete genome of seven different human
coronaviruses (hCoVs). The replicase gene comprises two open reading frames (ORFs)- 1a
and 1b. The extended regions downstream show the genome of two alphacoronaviruses (299E
and NL63) and five betacoronaviruses (OC43, SARS, MERS, and SARS-CoV-2). Relative to
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the basic genes-spike (S), envelope (E), membrane (M), and nucleocapsid (N), the sizes and

positions of accessory genes are shown.

The translation of ORFla/b encodes two co-peptides, i.e., ppla and pplab, which are
cleaved by self-encoding proteases to form 16 non-structural proteins (nsps), which associate
together to form replicase-trasncriptase complex (RTC). The RTC amplifies the genomic RNA
(gRNA) and synthesizes sub-genomic mRNAs. Besides that, the 3’-end contains additional
ORFs designated to encode a variable number of accessory proteins, depending on the virus
genus (Forni, Cagliani, Clerici, & Sironi, 2017). These accessory proteins are non-essential for
in vitro viral replication but allegedly serve a modulatory role in unfolded protein response

(UPR), DNA synthesis, cellular apoptosis, and innate immunity interactions.

1.1.5 Coronavirus lifecycle

Coronaviruses employ several host factors to infect a cell, whose expression patterns
determine the viral tropism. Viral replication inside a cell (Fig.6) depends on multiple strategies
incorporated by the virus to ensure virion attachment, membrane fusion, genome replication,
assembly, and virion release (Malone, Urakova, Snijder, & Campbell, 2022). Successful
completion of the viral life cycle inside a cell extensively relies on host infrastructure and

metabolism.
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Fig.6. An overview of the coronavirus lifecycle. A spike-mediated attachment to host cell

receptors allows the viral particle entry into the cell, followed by the uncoating of gRNA
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undergoing direct translation in the cytoplasm forming 16 non-structural proteins (nsps)
required for proteolytic cleavage, viral replication transcription complex (RTC) formation, and
MRNA translational control. The double membrane vesicles (DMV), derived from the
endoplasmic reticulum (ER), support the genomic replication and transcription of sgRNAs.
Viral assembly (QRNA and structural proteins) occurs at ERGIC, and the newly synthesized
virons exit the cell by exocytosis (Adapted from de Breyne, et al., 2020).

Virion entry and membrane fusion: The coronavirus interaction between the host cell and
virion initiates with the attachment of viral S protein to specific cellular receptors. The viral
Spike protein and host receptor interaction determine the species range and tissue tropism. The
S1 subunit of S proteins plays an essential role in spike-mediated protein binding to the host
receptors. Among coronaviruses, the S1 subunit is highly variable and thus is partly responsible
for the dynamic host range (Walls, et al., 2017). Coronaviruses display complex patterns in
receptor recognition, and diversity in receptor deployment is their prominent feature (Li F. ,

2016). Different cellular receptors for human coronaviruses are orderly listed in Table 1.

Following the receptor binding, viral transmembrane fusion proteins called fusogen
mediate fusion among the viral envelope and host cell membrane. Generally, depending on the
structure, there are four classes of viral-membrane fusion proteins- class I, class I, class I,
and class IV. Class I is rich in a-helix prefusion trimers, and class II is rich in -sheet prefusion
homo or hetero-dimers. On the other hand, class III is a combination of both a-helix and -
sheet prefusion fusogen, while class IV fusion is a cell-cell, viral-encoded, small fusion protein,
oligomerizing to fuse membranes (Podbilewicz, 2014). The S protein of coronaviruses is a
class I fusion protein with functional similarity to other RNA viruses like HIV, Ebola, and
influenza, requiring protease cleavage for fusion activity. Host proteases like transmembrane
proteases/serine sub-family member 2 (TMPRSS2), cathepsin B, cathepsin L, furin, trypsin,
and elastase are known to be involved in the cleavage of coronavirus S protein (Kirchdoerfer,
etal., 2016).

Table 1. Cellular receptors for pathogenic human coronaviruses.

Viruses Receptor Reference

229E Human aminopeptidase N (APN.) ‘ (Artika, Dewantari, & Wiyatno, 2020)

12



NL63 Heparan sulfate  proteoglycan and | (Hofmann, et al., 2005)
Angiotensin-converting Enzyme 2

(ACE2)
HKU1 9-O-Acetylate sialic acid (9-O-Ac-Sia) (Gaunt, Hardie, Class, Simmonds, & Templeton,
2010)
0C43 9-O-Acetylate sialic acid (9-O-Ac-Sia) (Masters & Perlman, 2013)
SARS-CoV Angiotensin-converting Enzyme 2| (LiF.,2016)
(ACE2)
MERS-CoV Dipeptidyl peptidase 4 (DPP4) (Raj, et al., 2013)

SARS-CoV-2 | Angiotensin-converting Enzyme 2 | (V'kovski, Kratzel, Steiner, Stalder, & Thiel, 2021)
(ACE2)

Membrane fusion, an essential event in the coronavirus lifecycle, occurs after receptor
binding. Depending on the protease availability, the virus entry and membrane fusion can occur
through two routes, i.e., early and late pathways. The virus can fuse through an early pathway
if plasma membrane fusion proteases are available. Exogenous, membrane-bound proteases
like furin or TMPRSS2 can stimulate an early fusion pathway, while clathrin and non-clathrin-
mediated endocytosis of coronaviruses lead to a late fusion pathway in the absence of plasma
membrane proteases. Notably, membrane fusion is a non-spontaneous process requiring high
energy to bring membranes together, and viral fusion protein plays an essential role as a catalyst
providing the energy required in this process (Tang T., Bidon , Jaimes, Whittaker, & Daniel,
2020).

Genome replication: It is the most vital part of coronavirus biology. As the largest group
of RNA viruses, coronaviruses require an RNA synthesis machinery for their RNA replication,
achieved by employing complex mechanisms that include several proteins encoded by both the
cellular host and the viral genome. Coronaviruses encompass evolutionary conserved genomic
sequences encoding proteins essential for viral replication and expression. The proteins like
RNA-dependant R.N.A. polymerases (RdRp), chymotrypsin-like proteases, RNA helicases,
metal binding proteins, and papain-like proteases are conserved sequence motifs encoded by
genes located in ORF1 in the 5’-end of the coronavirus genome (Artika, Dewantari, & Wiyatno,
2020).

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. The
13



positive (+) stranded viral genome serves as mMRNA to start the synthesis of the complementary
negative (-) strand, which is further used as a template to synthesize another (+) stranded RNA
template through continuous transcription. In the continuous transcription, ORFlab translates
into ppla and pplb, which through proteolytic cleavage, forms 16 nsps, leading to the
formation of RTC.

Additionally, coronaviruses, through a discontinuous transcription process, synthesize
multiple short (-) stranded RNA, which serve as a template to synthesize numerous (+) stranded
sub-genomic RNA (sgRNA), encoding structural (S, E, M, and N) and other accessory proteins
(Chen, et al., 2020). Most RNA viruses replicate in the host cytoplasm and have no access to
host polymerases. Thus, the viruses encode their own polymerase, which is essential to their
transcription and replication. For RNA viruses, RdRp is the most conserved and essential

component of the viral replication machinery (Gaurav & Al-Nema, 2019).

Virion assembly and release: A common feature of (+) RNA viruses is their RTC
assembly, closely associated with forming membrane rearrangements to develop virus
replication organelle. The RTCs are interconnected, double-membrane vesicles (DMVS5)
obtained from the endoplasmic reticulum (ER), providing the environment for effective
transcription and translation (Doyle, Hawes, Simpson, Adams, & Maier, 2019). Most
enveloped virus assembly occurs at the host cell plasma membrane; however, for
coronaviruses, virus assembly and budding occur at the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC). An intracellular trafficking signal transports M, E, and S
proteins to the assembly site. The efficiency of viral protein integrating into coronavirus virion
depends on protein trafficking and protein-protein interaction at ERGIC (Woo, Lee, Lee, Kim,
& Cho, 2019).

The coronavirus M protein is the central organizer for virion formation and mediates most
of the protein-protein interactions required for viral assembly. The N protein plays a
fundamental role in viral self-assembly, where its prime function is to form helical
ribonucleocapsid from the viral genome. The cis-regulatory protein element called packaging
signal (PS) encoded in the viral RNA plays a role in packaging the viral genome into
ribonucleocapsid. After encapsulation of the viral genome, all the structural proteins assemble
to form a mature virion which is then transported to the cell surface and released into

extracellular space through cell lysis or exocytosis (Fehr & Perlman, 2015).
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1.2 NL63

NL63, first isolated in 2004 from a 7-month-old infant with bronchiolitis (Hoek, et al.,
2004), is an alphacoronavirus known to cause comparatively severe respiratory infections such
as pneumonia and bronchitis in young children (Fielding, 2011). Generally, 10-15% of all
upper respiratory tract infections are caused by coronaviruses, accounting for significant
hospitalization (Carbajo-Lozoya, et al., 2014). The NL63 infection, in most cases, only
involves the upper respiratory tract. It causes mild symptoms like fever, cough, sore throat, and
rhinitis. However, it can also cause severe clinical infections in children younger than 18,

immunocompromised individuals and elderly (Hoek, Pyrc, & Berkhout, 2006).

Research on international studies suggests that NL63 is responsible for causing 1-10% of
acute respiratory diseases (Abdul-Rasool & Fielding, 2010). This number might be an
underestimation because diagnostic tests for hCoV screening are infrequent. Notably, NL63
can co-infect with more respiratory viruses like respiratory syncytial virus (RSV), influenza A,
and parainfluenza virus. Around 11-41% of coronavirus-detected samples were positive for
other respiratory viruses (Carbajo-Lozoya, et al., 2014). NL63 and two other "common cold"
coronaviruses (229E and OC43) are responsible for causing 10-30% of yearly common cold

cases during the winter season (Pyrc, Berkhout, & van der Hoek, 2007).

The NL63 is a capped, polyadenylated, single-stranded RNA genome of 27.55 kb. It shares
genetic similarities with other members of the coronavirinae subfamily. As discussed
previously, the NL63 lifecycle is like other coronaviruses with shared genetic similarities.
Despite that, a detailed analysis of NL63 has revealed some unique features. For instance,
unlike other alphacoronaviruses that use aminopeptidase N to gain access inside cells, NL63
utilizes the metallocarboxyl peptidase angiotensin receptor 2 (ACE2), the same receptor used
by some betacoronaviruses (including SARS-like CoVs) (Pyrc, Jebbink, Berkhout, & Hoek,
2004).

ACEZ2 is atype | membrane protein, a homolog of the ACE protein, and is a critical enzyme
of the renin-angiotensin system (RAS) that controls blood pressure (Hofmann, et al., 2005).
Being a negative regulator of the RAS system, ACE2 inactivates angiotensin Il and acts as an
antagonist of ACE functions by degrading Ang Il and its consequent vasoconstrictive effects.
The presence of ACE2 in the lung, heart, kidneys, and intestine explains the critical aspect of
SARS-CoV tropism and the likelihood of its central role in spreading infection. However,

whether the virus interaction with ACE2 is associated with disease induction is unclear (Hu,
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Liu, & Lu, 2021). Thus, understanding the viral pathogenesis of a low pathogenic NL63 that
utilizes the same receptor as highly pathogenic SARS might shed some insights into this

question.

The NL63 infection process initiates after the virus binds to the cellular membrane via
heparan sulfate proteoglycans (Milewskaa, et al., 2018), facilitating the spike protein-mediated
recognition and interaction with the entry receptor ACE 2 (Li, et al., 2007). The viral
glycoprotein specificity to its receptors determines the cell types that can be infected, and the
variety of permissive cells directs the outcome in viral pathogenesis. NL63 employs the same
cellular receptor and infects the same target cells as SARS-CoV (Milewskaa, et al., 2018).
However, NL63 induces a mild to moderate effect compared to its highly pathogenic

counterpart.

On the contrary, NL63 infection in infants and immunocompromised adults causes severe
respiratory tract infections (RTI), suggesting its potential to be pathogenic in a weakened
immune system. Possibly, NL63 lacks a specific pathogenicity factor, which is present in other
highly pathogenic CoVs. This pathogenic factor might be encoded by one or more accessory
genes found in SARS-CoV, while only one accessory gene exists in the NL63 genome
(Hofmann, et al., 2005). Although the function of human coronavirus accessory genes is not

entirely recognized, they might play a role in determining viral replication and pathogenicity.

Another possible explanation for apparent differences in pathogenicity could be the
interaction with ACE2. The NL63 S protein binds to ACE2 with lesser affinity than the SARS-
CoV S protein. Researchers have already identified the amino acid residues essential for
interaction in SARS-CoV (Mathewson, et al., 2008). In NL63, it was discovered that the N-
terminal region of S protein, corresponding to the receptor-binding domain (RBD), contains a
unique 179 amino acids domain that is not present in other coronaviruses. It represents the most
variable region of the NL63 genome and is likely to have a role in immune evasion (Pyrc,
Berkhout, & van der Hoek, 2007) (Hoek, et al., 2003).

Considering the differences in amino acid residues, which might be responsible for
differential binding affinity to ACE2 in NL63 and SARS-CoV, it is fair to say that spike protein
might play a partial role in virus-induced pathogenicity. In this regard, the variants of NL63
that binds with higher affinity to ACE2 and cause severe diseases can evolve and mutate, given

the continued existence of NL63 in human populations, highlighting a possible threat to public
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health. Therefore, understanding the pathogenic behavior of NL63 and identifying the different
innate immune markers in viral sensing is essential to develop future antiviral treatments and

therapies against coronaviruses.

1.3 SARS-CoV-2

SARS-CoV-2 is a betacoronavirus that shares 79% genome sequence identity with SARS-
CoV and 50% with MERS-CoV but causes comparatively milder infection and has a lower
mortality rate (Lu, et al., 2020). Unlike MERS and SARS, which were mainly associated with
nosocomial spread, SARS-CoV-2 transmits at a much broader rate within the community

(Petrosillo, Viceconte , Ergonul, Ippolito, & Petersen, 2020).

The phylogenetic analysis of the novel coronavirus revealed that despite having bats as a
common wild reservoir, SARS-CoV-2 underwent a different evolution route than SARS and
MERS. Genomic comparison among SARS and SARS-CoV-2 has revealed that there are 27
different mutations in the genes encoding for viral Spike protein, responsible for receptor
binding and cellular entry, which might be a possible explanation for the lower pathogenicity
of SARS-CoV-2 (Petrosillo, Viceconte , Ergonul, Ippolito, & Petersen, 2020).

The SARS-CoV-2 mediated clinical manifestations and lethality of infection are highly
variable and depend on many factors, including patient age and comorbidities such as diabetes
and hypertension. In most cases, infected individuals remain asymptomatic or manifest
influenza-like symptoms such as fever, sore throat, weakness, olfactory and taste dysfunction,
and headache. The case fatality rates are highest among 80 years or older and lowest among 0-
9 years. People older than 80 have a twenty times higher risk of COVID-19-related mortality
than 50-59 years old (Bickler, et al., 2021). About 10-15% of infected persons without early
treatment develop a severe disease, which might become lethal in critical cases (Martellucci,
et al., 2020).

The SARS-CoV-2 genome is approximately 30 kb long and follows the same genomic
order as other coronaviruses. Like SARS-CoV and NL63, SARS-CoV-2 also uses ACE2 as a
receptor to gain cellular entry. After receptor binding, the virions enter the cell through fusion
at the cellular or endosomal membrane, depending on the available host proteases. The virus
entry occurs through early or late fusion pathways. The transmembrane serine protease 2

(TMPRSS2) dependent cleave of S protein triggers the viral entry at the cellular membrane
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through early fusion. In contrast, endocytic internalization of the virus occurs through late
fusion pathways where cathepsin L cleaves the viral spike protein in the endosome to initiate

the genome release in the cytoplasm (Tang T., Bidon, Jaimes, Whittaker, & Daniel, 2020).

The variation in the cellular protease activity can modulate the relative efficiency of SARS-
CoV-2 entry in ACE2-expressing cells. However, this feature is not present in NL63, where
viral entry is not dependent on cathepsins' activity (Huang, et al., 2006). In SARS, it is well
established that the favorable mutations in the RBD of S-protein strengthen its receptor binding
affinity and thus increase pathogenicity. The scenario was assumed to be the same in SARS-
CoV-2, but there were no amino acid substitutions in RBD interacting directly with ACE2. On
the contrary, there were six mutations seen in SARS-CoV-2 RBD. Analysts predict that a single
nucleotide mutation in the SARS-CoV-2 RBD, if occurred, can enhance the viral pathogenicity
(Bickler, et al., 2021).

Considering the status of SARS-CoV-2, which continues to circulate and infect the human
population, researchers believe in three possible scenarios for its future. First, the ongoing
manifestations of the severe disease combined with high levels of infection could foster further
evolution of the virus. Second, it could transition to a seasonal epidemic disease such as
influenza. Third, it could transition to an endemic disease like other human coronavirus
infections with a much lower disease impact than influenza or SARS-CoV-2 (Telenti, et al.,
2021).

Over the last two decades, three coronavirus spillover mechanisms have occurred,
increasing the likelihood of a future pandemic being an RNA virus, most likely a coronavirus.
The COVID-19 pandemic has implicated the need to study the role of the innate immune
system and viral escape mechanism in coronavirus pathogenesis to provide preparedness for
such an event, if it happens, in the future to prevent the likelihood of adverse outcomes from

the disease burden.

1.4 Host-Pathogen Interactions and Immune Defense Mechanisms

Host-pathogen interaction is a highly dynamic process commencing between microbial
pathogens and cellular hosts during all stages of infections, from pathogenic invasion to its
spread (Jo, 2019). Upon pathogenic infiltration, the innate immune system reacts to pathogen-
associated molecular patterns (PAMPS) and initiates immediate host inflammatory and

antimicrobial defense (Beutler, 2004). Innate immune cells activate sophisticated intracellular
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signaling pathways through innate immune receptors comprising membrane-bound or
cytosolic receptors (Akira, Uematsu, & Takeuchi, 2006). Host innate immune activation
triggers the induction of numerous effector molecules, involving cytokines, chemokines, and
anti-microbial proteins, to fight against invading pathogens and parasites (Kawai & AKira,
2010).

After receptor-mediated entry into the cells, coronaviruses encounter different innate
immune defenses and activate the adaptive immune system components. Innate immunity
offers the first line of protection against foreign invasions through antigen-nonspecific
mechanisms, while adaptive immunity is target-specific, providing antibody-mediated or T-
cell-mediated defense (Mueller & Rouse, 2008). This project was partly involved in
characterizing the persistence of neutralizing antibodies (immunological memory, a cardinal
defense feature of adaptive immunity) among the SARS-CoV-2 infected and recovered
individuals, which is successfully published and discussed in 2.1 PART-A (Published Results).
However, the primary aim of this project is to characterize the innate immune mechanisms and
the host-pathogen interactions against NL63 and SARS-CoV-2 infection in epithelial cells.
Therefore, this section mainly discusses the host's innate immune response against coronavirus

infection and viral invasion mechanisms.

Adequate activation of innate immunity depends on ‘“pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs)” identification by
pattern recognition receptors (PRRs). PAMPs are conserved molecular structures exclusively
expressed by microbes, while DAMPs are molecules released from cells upon inflammation or
infection (e.g., uric acid, ROS, heat shock proteins, DNA, RNA) (Turvey & Broide, 2010).
Different immune cells such as dendritic cells, epithelial cells, macrophages, monocytes, and
neutrophils express PRRs like Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain- (NOD-) like receptors (NLRs), retinoic acid-inducible gene- (RIG-) I-like receptors
(RLRs), and AIM2-like receptors (ALRs) (Akira, Uematsu, & Takeuchi, 2006).

Upon recognition by either PAMP or DAMP, PRRs recruit adaptor proteins to initiate
multiple kinase-dependent complicated signaling pathways, leading to downstream activation
of essential transcription factors and promoting the production of type /111 interferons (IFNSs).
These IFNs induce an antiviral state by producing several interferon-stimulating genes (1SGs)

to antagonize viral replication (Fung & Liu, 2019). Type-I IFNs are essential in initiating the
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host antiviral response and are activated by two significant pathways-RLRs and TLRs. TLRS3,
7, and 8 can sense single- and double-stranded RNA in endosomal compartments, and
cytoplasmic RLRs- melanoma differentiation-associated gene 5 (MDAJS) and RIG-I, recognize
intracellular non-self RNASs possessing specific patterns of secondary structures or biochemical
modifications (Kasuga, Zhu, Jang, & Yoo, 2021).

TLRs utilize two adaptor proteins, MyD88 (myeloid differentiation primary response 88)
and TRIF (TIR-domain-containing adapter-inducing IFN-f), for signal transduction. On the
other hand, RLRs first undergo conformational changes to expose their caspase activation and
recruitment domains (CARDs) to bind to the signaling adaptor molecule mitochondria antiviral
signaling protein (MAVS) (Kawai & Akira, 2006). MyD88, TRIF, and MAVS recruit other
ubiquitin ligases- TNF receptor-associated factor (TRAF) 3 and TRAF6, which initiate
downstream signaling pathways that ultimately result in the activation of the transcription
factors IRF3, IRF7, and NF-xB, promoting type-l1 IFNs and pro-inflammatory cytokines
induction (Kawai & Akira, 2006).

Coronaviruses like SARS, MERS, and SARS-CoV-2 are detected by TLR3/7 and RIG-
I/MDADS. Generally, activation of TLR3/7 results in the nuclear translocation of NK-kB and
IRF3, whereas RIG-I/MDAJS results in IRF3 activation, which triggers the type I IFN induction
and other pro-inflammatory cytokines such as IL-1, IL-6, and TNF-o (Lee, Channappanavar,
& Kanneganti, 2020). The regulated type-1 IFN induction provides defense against SARS,
MERS, and SARS-CoV2 by enhancing the clearance of viral pathogens. However, some
coronaviruses remain highly pathogenic because of different virus evasion mechanisms,
suppressing the IFN response (Felsenstein, Herbert, McNamara, & Hedrich, 2020). Different

innate immune pathways involved in coronavirus sensing are shown in Fig.7.
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Fig.7. Innate immune sensing pathways in CoV infection. After CoV infection, TLR3 and
7 recognize the single- or double-stranded RNA and, through downstream signaling, induce
the activation of NF-«xB to produce pro-inflammatory cytokines and phosphorylation of IRF3
and IRF7 to drive type | IFN production. RIG-1 and MDAJS recognize the cytosolic viral RNA
and associate with adaptor protein MAVS to activate NF-xB and IRF3 phosphorylation.
Different pro-inflammatory cytokines can also activate and induce an inflammatory response

upon CoV infection (adapted from Lee, Channappanavar, & Kanneganti, 2020).

Mild hCoVs like 229E induce a high amount of type | IFNs. Other hCoVs like SARS,
MERS, and SARS-CoV-2 utilize different structural and non-structural proteins to escape
recognition by PRRs, inhibiting the induction of type I/I1l IFNs, blocking IFN (a,) receptor
(INFAR) signaling and directly suppress the effector function of 1SGs (Zhuang, Liu, Sun, Li,
& Jincun, 2022). The three highly pathogenic hCoVs interfere with the early innate immune
response affecting RNA sensing, type | IFN production, and signal transducer and activator of
transcription (STAT)-1/2 activation.
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The severe cases of SARS-CoV-2 infection were related to inhibited or delayed IFN
response, contributing to viral pathogenesis. Lack of IFN production in the early stages of
infection affects the viral clearance mechanisms, allowing continuous viral replication.
Consequently, high viral titers induce a hyperinflammatory state known as cytokine storm (CS)
characterized by the presence of vast amounts of pro-inflammatory cytokines, including IL-1,
2,6,7,8,10, 12, 17 and 18, TNF-a, IFN-y, granulocyte colony-stimulating factor (G-CSF),
and monocyte chemoattractant protein-1 (MCP-1). The pathogenic infiltration of the immune
system causes tissue damage, coagulation, and vascular homeostasis, resulting in capillary leak
syndrome, thrombosis, and disseminated intravascular coagulation, eventually causing ARDS,

multiorgan failure, and death (Yang, et al., 2021).

Viral nsps cause the IFN antagonism; for example, SARS-CoV-2 NSP1 blocks
phosphorylation and nuclear translocation of IRF3, impairing the type | IFN transcription
(Kumar, et al., 2021). Similarly, SARS-CoV and NL63 NSP3, which contain papain-like
protease domains (PLPSs), suppress IFN-B production by blocking the assembly or stability of
STING dimers, essential for downstream signaling (Sun, et al., 2012). Besides NSPs, several
accessory proteins contribute to IFN suppression through different mechanisms. SARS-CoV
and SARS-CoV-2 ORF3a downregulate the induction of type | IFN receptor (IFNAR1)
(Minakshi, et al., 2009) and inhibit STAT1 phosphorylation, respectively (Xia, et al., 2020),
ORF3b of both viruses impair nuclear translocation of IRF3 (Konno, et al., 2020); and ORF4b
of MERS-CoV suppresses NF-kB translocation into the nucleus (Canton, et al., 2018).

hCoVs have evolved other mechanisms to escape PPR recognition. For example, the use
of DMVs to hide nascent viral RNA, mimicking eukaryotic mRNAs to shield recognition of
PAMPs on the viral genome, and inhibiting the formation of stress granules (SG), that provide
a pool of substrates for different PRRs, such as RIG-1 and MDAS (Li, et al., 2021). Because of
high adaptability to a new host and adaptation of new evasion mechanisms, there is a need to
establish a deeper understanding of the immune antagonizing mechanism used by

coronaviruses.

1.5 IFI16 in Antiviral Innate Immunity

v-IFN-Inducible protein 16 (IFI16), an absent in melanoma 2 (AIM2)-like receptor
(A.L.R.), is a member of the PYHIN protein family (Bawadekar, de Andrea, Gariglio, &

Londolfo, 2015), and a regulator of several biological processes like DNA damage responses,
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apoptosis, cell growth, and regulation of cell differentiation. PHYIN proteins are IFN-inducible
factors exclusively expressed in mammals and play an essential role in immune sensing and

inflammasome activation.

The number of PYHIN proteins varies among different species. Humans encode four
PHYIN proteins- AIM2, IFI16, IFN-Inducible protein X (IFIX), and Myeloid Nuclear
Differentiation Antigen (MNDA), which are involved in innate immune sensing pathways
(Fig.8). Structurally, these proteins have a common N-terminal pyrin domain (PYD) followed
by one or two 200-amino acids, DNA binding HIN domains (Bosso, et al., 2020). Because of
their pathogen recognition and self-DNA binding ability, HIN-200 domains classify as PRRSs,
while PYD binds to pro-apoptotic speck protein ASC, activating procaspase-1 during
pathogenic DNA sensing, followed by the secretion of IL-1 (Bawadekar, de Andrea, Gariglio,
& Londolfo, 2015).

® Nuclear localization signal

IFI16 PYD [@® HIN A [ HIN B [] 729
IFIX PYD [® HINA [ 492
MNDA | pyp [® HIN A | 407

AlM2 PYD [ | HINC ]]343

\

Fig.8. The human PYHIN protein family. 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. All PYHIN proteins, except AIM2, harbor at least one nuclear localization signal
(NLS).

PYHIN proteins are now recognized as viral inhibitors, serving as antiviral restriction
factors. IFI16 can suppress viral transcription of herpes-, retro-, papilloma-, cytomegalovirus,
and hepatitis viruses through various mechanisms, including epigenetic modifications and
interference with the transcription factor Spl (Bosso & Kirchhoff, 2020). While in humans,

PYHIN proteins are crucial antiviral restriction factors, in bats, the entire PYHIN gene family,
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along with other essential proteins of innate immunity, are either genetically or functionally
lost (Zhang, et al., 2012) (Ahn, Cui, Irving, & Lin-FaWang, 2016).

The genetic changes and the loss of the PYHIN locus are hypothesized as evolutionary
modifications to ensure the unique ability of bats, as mammals, to fly great distances. Flying is
a high-energy metabolic process that releases large amounts of reactive oxygen species (ROS),
damaged DNA, and other known danger signals to trigger inflammasome activation. Bat has
evolved to develop a unique immune system that limits flight-induced excessive inflammation,
which has also enabled them to develop a state of tolerance against several deadly viruses, like
filoviruses (Ebola and Marburg), paramyxoviruses (Hendra and Nipah), and severe acute
respiratory syndrome-like coronaviruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) (Luis
A. D, etal., 2013).

Infected bats exhibit no or little signs of disease, even with high viral titers in tissue or sera,
whereas the same viruses frequently cause aberrant innate immune responses in humans
(Irving, Ahn, Goh, & Anderson, 2021). Considering the antiviral role of PYHIN proteins and
the loss of its entire locus in bats might explain the abundance of viruses detected in bats. Only
the PYHIN family can drive mass-inflammasome activation as a response to invading
pathogens, and its deletion might have an asymptomatic impact, as seen in bats (Ahn, Cui,
Irving, & Lin-FaWang, 2016).

Since IF116 is the protein of interest, this section further discusses its role as an antiviral
restriction factor in innate immunity. Already shown in Fig.8, IFI16 has two DNA-sensing HIN
domains (A and B) separated by a spacer region (Unterholzner, et al., 2011) (Jiang, et al., 2021)
and a protein-protein interacting PYD (Dell’Oste, et al., 2015). Because it contains a nuclear
localization signal (NLS), IFI16 was initially considered a nuclear protein. However, evidence
suggests that IFI16 can also be detected in the cytoplasm of cells, even though molecular
mechanisms regulating IF116 redistribution between nuclear and cytolytic compartments are
only partially understood (Dell’Oste, et al., 2015).

IFI116 can recognize pathogen-derived nucleic acids in the nucleus and cytoplasm.
Depending on the type of viral infection, IFI16 can translocate to the cytosol and trigger IFN
transcription through the cyclic guanosine monophosphate-adenosine monophosphate
(cGAMP) synthase (CGAS)-STING pathway. IFI16 moves to the cytoplasm during infection
of different viruses such as Epstein-Barr virus (EBV), herpesvirus type 1 (HSV-1), and
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cytomegalovirus (CMV) (Dell'Oste, et al., 2014). In Kaposi Sarcoma herpesvirus (KSHV)
infection, IFI16 and ASC procaspase-1 redistribute to the cytoplasm, forming a functional
inflammasome which leads to caspase-1 activation and secretion of IL-1p (Zheng, Liwinski, &
Elinav, 2020).

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-1 (Jiang, et al., 2021). RIG-
| is a member of the RIG-I-like receptors (RLRs) family and serves as a cytoplasmic sensor of
pathogen-associated molecular patterns (PAMPs) for RNA viruses. RIG-I activation induces
an intracellular immune response characterized by type I IFN production and antiviral gene

expression aimed at controlling virus infection (Loo & Jr, 2011).

A recent study mentioned that IFI16 could enhance RIG-I transcription during 1AV
infection and interact with RIG-I protein, increasing the sensitivity of RIG-1 signaling. 1AV
infection upregulates IFI16 expression and directly interacts with the viral RNA genome
(Jiang, et al., 2021). Another study reported the potential role of IFI16 in pyroptosis in alveolar
epithelial cells infected by 1AV, suppressing cell-to-cell viral transmission. The precise
mechanisms are unknown, but it is thought that IFI16-induced programmed cell death starts
with the interaction between IF116 and viral RNA, which predominantly occurs in the nucleus
(Mishra, et al., 2022).

Another recent research has shown that IF116 can inhibit the viral replication of other RNA
viruses. IFI16 directly interacts with chikungunya virus (CHIKV) genomic RNA, acting as an
antiviral restriction factor and inhibiting its replication and maturation (Kim, et al., 2020). Also,
IF116 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).

Considering the involvement of IFI16 as an antiviral in RNA viruses, we hypothesized that
IF116 might exert similar functions also during the infection of other RNA viruses, including
coronaviruses. Despite the few studies highlighting the critical role of IFI16 in RNA virus
pathogenesis, its role as an RNA virus sensor is poorly understood and requires further studies.
Currently, there are no studies on understanding the role of IFI16 in coronavirus infection,

highlighting the scope and uniqueness of this project.
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2. AlIMs



2.1 PART-A (Published Results)

COVID-19, in a short time, became a global health crisis, imposing unprecedented
challenges to develop diagnostic and therapeutic tools to control and treat the pandemic.
Studies have shown that the majority of COVID-19-infected individuals develop neutralizing
antibodies (nAbs) against the spike (S) glycoprotein within the first two weeks after the onset
of symptoms (Nguyen, et al., 2020) (Bayarri-Olmos, et al., 2021). These antibodies have a
protective effect against infection in animal models. However, the duration of serological
response and the extent of the protective effect of such antibodies in infected individuals is not
fully characterized. Quantitative determination of virus nAbs is considered a good correlate of
protection (CoP) (Mercado, et al., 2020). Some studies have suggested that after 3-4 months
post-infection, there is a rapid decline in humoral response (Roltgen, et al., 2020) (Marot, et
al., 2021). On the contrary, some longitudinal studies have shown the persistence of NAbs up
to 8-10 months post-infection, indicating a possibility that such SARS-CoV-2 NAbs can also
be a CoP against emerging variants (Dan, et al., 2021) (Pradenas, et al., 2021).

Since the information on the long-term dynamics of NAbs is limited, this study aimed:

i) To assess the longitudinal profile of neutralizing antibodies against SARS-CoV-2

Spike and receptor binding domains (RBD).

The results of the above-discussed aspects of the persistence of nAbs in SARS-CoV-2
infected individuals are thoroughly discussed in the attached manuscript as listed below:
Griffante, G., Chandel, S., Ferrante, D., Caneparo, V., Capello, D., Bettio, V., et al. persistence

of neutralizing antibodies to SARS-CoV-2 in first wave infected individuals at ten months post-
infection: the UnIRSA cohort study. Viruses. 2021;13:2270.
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2.2 PART-B (Unpublished Results)

Bat's immune system has evolved to limit the flight-induced collateral damage caused by
the by-products of elevated metabolic rate, enabling bats to be the ideal reservoir hosts for
various viruses, including coronaviruses (Zhang, et al., 2012) (Luis A. D., et al., 2013). Bats
have lost the PYHIN protein family locus, which contains sensory proteins for recognizing the
intracellular self and foreign DNA molecules that trigger inflammasome and IFN response
(Ahn, Cui, Irving, & Lin-FaWang, 2016). IFI116, a PYHIN protein family member, plays a role
in innate immunity, acting as a DNA sensor and a viral restriction factor in inflammasome
signaling (Bawadekar, et al., 2015). While IFI16 activity against DNA viruses is already
known, few studies have demonstrated its antagonistic role against RNA viruses, including
IAV (Jiang, et al., 2021), CHIKV (Kim, et al., 2020), and porcine reproductive and respiratory
syndrome virus 2 (PPRSV-2) (Chang, et al., 2019). Considering this information and the lack
of studies on the involvement of IFI16 in coronavirus pathogenesis, this project aims to test the
hypothesis that “IFI116 is also a key regulator of the host response to hCoV infection in
human epithelial cells and that therapeutic modulation of this pathway may impact hCoV

replication/infectivity.”
To prove this hypothesis, the work described in this thesis focuses on two main objectives

i) Is IF116 involved in hCoV sensing and the ensuing immunopathogenic response?
i) Can IFI16 depletion/inactivation restore a more tolerant and balanced host

reaction resembling that found in bats?

This proposal aims to characterize the mechanisms of IFI16-mediated restriction of hCoV
human epithelial cells. The project aims to answer specific research questions: i) Is IFI16
involved in hCoV sensing and the ensuing immunopathogenic response? ii) Can IFI16
depletion/inactivation restore a more tolerant and balanced host reaction resembling that found
in bats? To provide mechanistic insights into the IFI16-hCoV interplay, we will: 1) Determine
the molecular events involving IFI16 in hCoV sensing; 2) Characterize the host response and
signaling pathways triggered by IFI16-mediated sensing of hCoVs; 3) Assess the impact of
IF116-driven signaling pathways on hCoV replication and evaluate their potential use as
therapeutic targets.
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Characterizing the molecular machinery involved in host-virus interaction and controlling
inflammation is crucial for identifying druggable targets. Thus, the results obtained from this
thesis will deepen our understanding of IFI16's involvement in triggering abnormal
inflammatory reactions in hCoV-infected human epithelial cells and help develop novel

therapeutic approaches for not just hCoV-related diseases but also other RNA virus diseases.
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3. MATERIALS AND
METHODS



3.1 Cell lines and viruses

Experiments were performed on different cell lines, including rhesus monkey kidney LLC-
MK2 (ATCC: CCL-7) cells, wild-type (WT), and IFI16 knockout (KO) keratinocytes HaCaT
cells generously provided by Professor Leonie Unterholzner (University of Edinburgh, UK),
and Vero EG6 cells kindly provided by John Hiscott (Pasteur Institute, Rome). 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 pg/ml
of streptomycin (S) and 0.05mM glutamine (G) as supplements.

The human coronavirus strain NL63 (NR-470, also referred to as Amsterdam |, Bei
Resources) was kindly provided by Lucia Nencioni (University of Rome, La Sapienza, Rome,
Italy). NL63 was proliferated in LLC-MK2 and Caco-2 cells at 34 °C in a humidified 5%
COq incubator and titrated by the standard plaque assay method on LLC-MK2 cells, as

described later.

All the experiments on SARS-CoV-2 have been performed in collaboration with Serena
Delbue (Universita degli Studi di Milano La Statale). SARS-CoV-2 was isolated from a nasal-
pharyngeal swab positive for SARS-CoV-2. The isolated SARS-CoV-2 strain belongs to the
B.1 lineage, carrying the characteristic spike mutation D614G. The B.1 lineage is the sizeable
European lineage, whose origin roughly corresponds to the Northern Italian outbreak in early
2020. The complete nucleotide sequence has been deposited at GenBank and GISAID
(accession Nos. MT748758.1 and EPI_ISL 584051, respectively).

3.2 IF116 knockout cell line

For the generation of gene-specific knockouts in LLC-MK2 cells, the CRISPR/Cas9 system
was employed. A lentiviral CRISPR/Cas9 vector 54 carrying a Cas9 gene (codon-optimized
nuclear-localized) is fused to the puromycin resistance gene at the N-terminal via the T2A
ribosome-skipping sequence. The vector also contains a human U6 promotor sequence to drive
the expression of gRNA, containing a gene-specific crRNA (CRISPR RNA) fused to the
trcrRNA (trans-activating RNA) and a terminator sequence. For IFI16 KO, the cloned gene-
specific crRNA sequence is 5’~-GTACCAACGCTTGAAGACC-3”’

Vesicular stomatitis virus G (VSV-G)-pseudotyped lentiviral vector-based clustered
regularly interspaced short palindromic repeats (lenti-CRISPR) virions were created by

transfecting HEK293T cells with the following plasmids: CRISPR/Cas9 vector and virapower
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mix (pLP1, pLP2-REV, VSV-G). Viral supernatants were collected after 72 h and used to
transduce LLC-MK?2 cells by infection in the presence of 10 ug/ml Polybrene. Transduced cells
were selected with increasing dosages of puromycin (1g/ml, 2.5 g/ml, 5Smg/ml, 7.5mg/ml, and
10 mg/ml) for 14 days post-transduction. After selection, the successful KO was confirmed

using gPCR and immunoblotting. A reference sequence (WT cells) was used as a control.
3.3 NL63 production and titration

For the virus production, monolayers of LLC-MK2 cells were infected with NL63 at MOI
(multiplicity of infection) 0.01. The flasks were incubated at 34°C, 5% CO2, followed by a
change of media 24h post-infection, and the virions were harvested from the supernatants of
infected cells on days 5-6 after a visible cytopathic effect (CPE). Flasks were frozen at -80°C
and thawed for harvesting, ensuring the release of virions attached to the cellular surface. After
scraping the cells from the flask, cells and supernatant were centrifuged at 2000 rpm for 10
min. Cleared supernatant was filtered using a 0.45um sterile filter, aliquoted, and stored at -
80°C for further use.

The virus yield was assessed by titration on fully confluent LLC-MK2 cells in 96-well
plates. LLC-MK2 cells were seeded one day before infection in 96-well plates, reaching
confluency at the time of infection. The supernatant containing virions was serially diluted in
DMEM, 10% FBS, and 1% PSG. The infected wells were centrifuged at 2000 rpm for 30
minutes and then incubated at 34 °C for 2h, allowing the virions attachment and cellular entry.
After incubation, cells were washed with 1XPBS and overlaid with 0.8% methylcellulose. The
plates were incubated at 34°C and 5% CO.. Overlays were removed on day 6 and stained with
a 0.2% crystal violet solution for 30 minutes, shaking under the dark. Plaques were counted
using a light microscope. Viral titers were expressed in terms of plaque-forming units per ml
(PFU/mI).

3.4 SARS-CoV-2 titration

For the SARS-Cov-2 plaque assay, 7.5 x 10° VVero E6 cells per well were plated in a 6-well
plate in DMEM with 10% FCS and 1x penicillin/streptomycin. After 24h, 100 plates forming
a unit per mL (PFU mL1) of a previously titrated SARS-CoV-2 isolate were added to MISMA
(from 30 to 10 ng pL) serially diluted in DMEM and incubated for 1 hour before adding to
confluent Vero cells. Cell supernatants were discarded after 2 hours, and 0.3% agarose (3 pg

mL1) dissolved in DMEM was added to each well. After 72 hours, cells were stained with
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methylene blue (0.4 g L-1) upon agarose removal. Viral plaques were counted, and the results
were expressed as Plague Forming Unit (PFU) mL-! (Parisi, et al., 2021).

3.5 NL63 and SARS-CoV-2 infection

Sub-confluent LLC-MK?2 cells and confluent WT and IF116 KO-HaCaT cells were infected
with the appropriate MOI, and virus absorption was allowed for 2-8 hours before changing
media. Every infection with NL63 was performed at MOI1 in a BSL2 facility, while with
SARS-CoV-2 at MOI3 in a BSL3 facility. Both viruses were incubated at 34°C and 5% CO2
incubators. For the viral Kinetics, cells were infected with the respective virus, incubated at
34°C and 5% CO2 incubators, followed by changing media at 2 hours post-infection (h.p.i.),
supernatants and cells were collected at different time points from 12h.p.i. to 5 days post-
infection (d.p.i.), with a corresponding mock, centrifugation at 2000 rpm for 5 minutes. The

supernatants were then stored at -80°C for later use.
3.6 FACS analysis

For FACS analysis, cell pellets were harvested and resuspended in 100 ul FACS buffer
(IxXPBS, 1%FBS, 1 mM EDTA). After centrifugation at 2000rpm for 5min, the supernatant
was discarded. The pellet was fixed in 100ul of 4% PAF for 10 min at room temperature.
Following the centrifugation at 2000 rpm for 5minn, cells were washed twice in 200 ul FACS
buffer and permeabilized in 200 ul of 0.1 Triton-X in 1X PBS. The cells were incubated at
room temperature (RT) for 20 min, centrifuged, and washed in FACS buffer twice. The cells
were then incubated in the dark at 4°C with NL63 NP Antibody (1:100 in 3% BSA in 1xPBS)
for 1 h. After triple washing in FACS buffer, cells were incubated in the dark with Alexa green
IgG secondary antibody and incubated at 4°C for 1 h. Cells were centrifuged twice and
resuspended in 250ul FACS buffer. The cell sorting for NP-positive cells was performed using
Attune NXT Flow Cytometer.

3.7 RNA extraction and quantification

For gene expression analysis, cells were treated with 500 uL TRIzol Reagent to disrupt
cells and cell components without altering RNA’s integrity during homogenization. Following
the 10 minutes of incubation at RT, 100 uL of chloroform (TRIzol 1:5) was added to each
sample, followed by a 10-minute incubation at room temperature. Samples were centrifuged at

12000g for 15 min at 4°C to allow phase separation forming aqueous and organic phases
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containing RNA and protein, respectively. The upper transparent phase containing RNA was
recovered, and 250 pL of isopropanol (isopropanol: TRIzol 1:2) was added to each sample.
After gentle pipetting and 10 minutes of incubation at room temperature, samples were
incubated for 10 min at RT Samples were centrifuged for 10 minutes at 4°C at 12000 rpm to

allow RNA precipitation.

After obtaining the RNA pellet, supernatants were removed, and RNA pellets were washed
with 500 puLL 70% ethanol followed by 5 min centrifugation at 75009 at 4°C. Then, supernatants
were removed, pellets were left to air dry for 15-20 minutes to remove the excess ethanol, and
resuspended in 10 pL nuclease-free water. The RNA samples were quantified using the
ThermoScientific NanoDrop spectrophotometer. The photometric nucleic acid measurement
depends on the intrinsic absorption properties of DNA or RNA. In an absorption spectrum
measurement for nucleic acids, the light absorption peaks at 260 nm. The signal is measured
by the spectrophotometer and expressed as absorbance values of the sample. Initially, a blank
(1 pL distilled water) was run to perform RNA quantification, followed by 1 pL of each
sample. The software converted the absorbance values of each sample in RNA concentration,

measured in ng/puL.
3.8 DNase treatment and retrotranscription

To remove genomic DNA, RNA extracts were treated using the TURBO DNA-free™ Kit,
agreeing to the manufacturer’s instruction (Invitrogen). For cDNA synthesis, SensiFAST cDNA
Synthesis Kit was used according to the manufacturer’s instructions (Meridian Bioscience).
The total RNA of each sample was mixed with 4 plL 5X TransAmp Buffer and 1 uL. Reverse
Transcriptase; DNase/RNase free-water was used to reach the final volume of 20 pL. Reverse
transcription was performed using the C100 Touch Thermal Cycler (Bio-Rad Laboratories)
following the conditions for retrotranscription as 25 °C for 10 min, 42 °C for 15 min, and 85

°C for 5 min.
3.9 Real-Time gPCR

The viral cDNA (1 pL per sample) was amplified in a 20 pL reaction mixture containing
10 uL SensiFast SYBR (Bioline) 1 uL forward primer, 1 pL reverse primer, and 7 puL water.
Primers used for gPCR assay for NL63 genomic and sub-gnomic genes are shown in Table 2.
The reaction conditions consisted of an enzyme activation cycle of 30 s at 95°C, 40 cycles of

10 s denaturation at 95°C, and 10s annealing at 60°C. The conditions used for the amplification
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of subgenomic mRNAs were the following: 3 min initial denaturation at 95°C in step 1,
denaturation for 30 s at 95°C in step 2a, 30 s primer annealing at 47°C in step 2b, and 25 s
extension at 72°C in step 2c, a 40 cycle repeat for step 2, followed by 5 min final extension at
72°C and infinity hold at 4°C in step 3. The PCR products were checked on 1% agarose gels
(1X Tris-acetate EDTA [TAE] Buffer) and visualized using ChemiDoc Touch Imaging System
(Bio-Rad).

The presence of SARS-CoV-2 N1 and ORFlab gene in cells was evaluated through
AgPath-1D One-Step RT-PCR assay (ThermoFisher, Waltham, MA, USA), using the 7500
Real-Time PCR system (ThermoFisher Scientific, Waltham, MA, USA). The sequence for
primers and probes is described in table 3. The reaction mix was conducted in a final volume
of 25 uL, containing 1x RT-PCR buffer (2x), 0.4 uM of each primer, 0.1 uM of the probe, 1x
RT-PCR Enzyme mix (25x), and five uL of heat-inactivated cell medium.

The standard curve was constructed using a serially diluted plasmid pEX-A128-nCoV _all
(Eurofins, Luxemburg), containing part of the SARS-CoV-2 genome (3 x 107-3 x
10! copies/uL). Samples were analyzed in duplicate, and negative control was added. The limit
of detection was three copies per reaction. To confirm SARS-CoV-2 active replication, SARS-
CoV-2 subgenomic RNA (sgRNA) was amplified utilizing AgPath-ID One-Step RT-PCR
assay. Real-time quantitative reverse transcription (QRT)-PCR analysis was achieved on a
CFX96 real-time system (Bio-Rad). Calculation of ACt between genomic RNA (gRNA) and
SgRNA was performed at each time point in infected cells as follows: ACt = Ct (sgRNA) — Ct
(GRNA).

3.10 Digital droplet PCR

The viral cDNA from the supernatants of NL63-infected LLC-MK2 cells was processed
for the ddPCR reaction using QX200 2X ddPCR Evagreen Supermix (Bio-Rad), 200nM
forward and reverse primers targeting transcripts of N gene (Table-2). The droplets were
generated using the Bio-Rad QX200 Droplet generator. The reactions were run on a CFX96
real-time system (Bio-Rad) and analyzed with a QX200 plate reader using the Quanta Soft
Analysis software (Bio-Rad).

3.11 Primers

The list of primers and probes used to detect viral transcription inside the cells for NL63

and SARS-CoV-2 and the induction of innate immune sensors are shown in table 2.
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Table 2. List of primers sequences used to quantify genomic, sub-gnomic (sg) MRNA levels for NL63, SARS-

CoV, type I/11l IFNs, and ISGs.

Gene Primer
NL63 N Forward AGGACCTTAAATTCAGACAACGTTCT
N Reverse GATTACGTTTGCGATTACCAAGACT
ORF1l1ab Forward TGTTGTAGTAGGTGGTTGTGTAACATCT
ORF1lab Reverse AATTTTTGTGCACCAGTATCAAGTTT
sg N Forward TAAAGAATTTTTCTATCT ATAGATAG
sg N Reverse TACGCCAACGCTCTTGAAC
SARS-CoV-2 sgLeader S'-CGATCTCTTGTAGATCTGTTCTC-3'.
N Forward GACCCCAAAATCAGCGAAAT
N Reverse TCTGGTTACTGCCAGTTGAATCTG
Probe ACCCCGCATTACGTTTGG TGGACC-

BHQL

ORF1lab Forward

GTGARATGGTCATGTGTGGCGG

ORFlab Reverse

CARATGTTAAASACACTATTAGCATA

Probe

CAGGTGGAACCTCATCAGGAGATGC-

BHQ1

Housekeeping | GAPDH Forward TCACCACCATGGAGAAGGC
GAPDH Reverse GCTAAGCAGTTGGTGGTGCA

Type I/lII IFNs | IFN forward GTCTCCTCCAAATTGCTCTC
IFNB reverse ACAGGAGCTTCTGACACTGA
IFNA1 forward CGCCTTGGAAGAGTCACTCA
IFNAI reverse GAAGCCTCAGGTCCCAATTC

I1SGs IFIT1 Forward TTGCCTGGATGTATTACCAC
IFIT1 Reverse GCTTCTTGCAAATGTTCTCC
Mx1 Forward AGGACCATCGGAATCTTGAC
Mx1 Reverse TCAGGTGGAACACGAGGTTC

3.12 Protein extraction and quantification

Whole-cell protein extracts were obtained using 100 uL cell lysis buffer containing 150
mM NaCl, 50 mM Tris-HCI pH 8, 1% NP40, 0,5% sodium deoxycholate, 0,1% SDS, with the
addition of protease inhibitors (25 uL/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 quantification was

done using Bradford Method.

The Bradford assay converts the red dye to blue after binding to the proteins. The protein-

dye complex causes a spectral shift in the maximum absorption of the dye from 465 to 595 nm.
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The increase in absorbance at 595 nm wavelength is proportional to the amount of dye bound
to the protein, giving the protein concentration 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 ug/uL (2 uL of cell lysis Buffer were added in
each dilution). Test tubes were prepared by adding 2 uL. sample, 498 uL. PBS, and 500 uL
Bradford Reagent. Two blanks were obtained by adding 498 uL PBS, 2 uL RIPA Buffer, and
500 pL Bradford Reagent. Absorbance readings were measured at 595 nm using a
spectrophotometer, and the standard curve was used to provide a relative measurement of the

protein concentration of each sample.
3.13 Western Blot

For protein analysis, protein extracts were dissolved in Laemmli Sample Buffer 4X (0.02%
bromophenol blue, 8% B-mercaptoethanol, 250mM-HCI, 8% SDS, 40% Glycerol) and heated
at 95°C for 5 min for protein denaturation. Proteins were separated by their molecular weight
under denaturing conditions using ReadyGels (7.5%; Bio-Rad). The samples (20 puL) and a
molecular weight ladder (7 pL) were loaded into appropriate wells; gels were initially run at
80V until the complete separation of the marker’s bands and then at 200V. Proteins were
transferred from the SDS-polyacrylamide gels to nitrocellulose membranes using Trans-blot

Turbo Blotting System according to the manufacturer’s instruction (Bio-Rad).

Membranes were stained with Ponceau stain to confirm the transfer. To visualize the
proteins, membranes were washed thrice with TBS-T 1X (10mM Tris-HCI, 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. Overnight incubation
of membranes with primary antibodies was done at 4°C on a rocker in the dark. Table 4 lists
the primary antibodies used for the experiments. Then, the membranes were washed thrice in
TBS-T 1X to eliminate unbound antibody residues, followed by incubation 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).
Using Image Lab software (Bio-Rad Laboratories Srl), images were analyzed, and band density

was calculated using the densitometry application on the software.
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3.14 Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PAF) for 10 min at room temperature for
immunofluorescence analysis. Permeabilization was accomplished with 0.5% Triton X-100 in
PBS 1X for 20 min on ice to enable antibodies to cross the cellular membranes. Using 1%
Normal Goat Serum (NGS) in PBS 1X for 30 min at room temperature, cells were blocked to
reduce the unspecific binding of antibodies to non-target structures, and cells were incubated
all night with the primary Antibody (diluted in a blocking solution). After, several washings
were performed with PBS 1X + 0.05% Tween-20 to remove the unbound Antibody, and then
1-hour incubation with a secondary antibody in the dark was performed; in addition, 4°,6-
diamidino-2-phenylindole (DAPI) was added to stain cells’ nuclei. After a few washes,
coverslips were mounted on slides using an anti-fade mounting medium and visualized using
the Multiphoton Microscope Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany). The
Images were analyzed using the Leica Application Suite X (L.A.S. X).

3.15 Immunoprecipitation

Uninfected or NL63-infected cells (MOI1) were washed with 1x PBS and lysed in cell lysis
buffer (same as protein extraction). Following the manufacturer’s protocol (Novex by Life
Technologies), Proteins (100 pg) were incubated with 4 pg of specific antibodies against NL63
NP (Sino Biological) or with rabbit 1gG pre-immune Antibody (NRIO1; Cell Sciences) as a
negative control at RT for 1 h with rotation. Immune complexes were collected using magnetic
beads, washed three times using wash buffer, and resuspended in elution buffer along with 10
ul of NuPAGE LDS sample buffer (4x LDS 2.4ul + 6.5 ul ddH»0), boiled for 10 min at 70°C,
and resolved on an SDS-PAGE gel to assess protein binding by Western blotting.

3.16 Antibodies

A list of antibodies used for western blot (WB) and immunofluorescence (IF) is given in
Table 3.

Table 3. List of antibodies and their dilutions used for western blot (WB) and immunofluorescence (IF)

Antibody (Company name, location) Dilution WB. Dilution IF
Rabbit MAD anti-RIG-I (Millipore) 1:1000

Mouse MAD anti-1FI16 (Santa-Cruz) 1:1000 1:600
Rabbit PAb anti-IFI116 (in-house made) 1:1000 1:200
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Rabbit MADb anti-NL63 NP (Sino Biological) 1:2000 1:200
SARS-CoV-2 NP (Genetex) 1:1000 1:200
Mouse MAD anti-GAPDH (Proteintech) 1:10000

3.16 Statistical analysis

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

(GraphPad Software). The data are stated 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 or two-way ANOVA followed by Bonferroni’s post-tests. Differences in P value <

0.05 were considered statistically significant.
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Abstract: Longitudinal mapping of antibody-based SARS-CoV-2 immunity is critical for public health
control of the pandemic and vaccine development. We performed a longitudinal analysis of the
antibody-based immune response in a cohort of 100 COVID-19 individuals who were infected during
the first wave of infection in northern Italy. The SARS-CoV-2 humoral response was tested using the
COVID-Serolndex, Kantaro Quantitative SARS-CoV-2 IgG Antibody RUO Kit (R&D Systems, Bio-
Techne, Minneapolis, USA) and pseudotype-based neutralizing antibody assay. Using sequential serum
samples collected from 100 COVID-19 recovered individuals from northern Italy—mostly with mild
disease—at 2 and 10 months after their first positive PCR test, we show that 93% of them seroconverted
at 2 months, with a geometric mean (GeoMean) half-maximal neutralization titer (NT50) of 387.9.
Among the 35 unvaccinated subjects retested at 10 months, 7 resulted seronegative, with an 80% drop
in seropositivity, while 28 showed decreased anti-receptor binding domain (RBD) and anti-spike (S) IgG
titers, with a GeoMean NT50 neutralization titer dropping to 163.5. As an NT50 > 100 is known to confer
protection from SARS-CoV-2 re-infection, our data show that the neutralizing activity elicited by the
natural infection has lasted for at least 10 months in a large fraction of subjects.

Keywords: SARS-CoV-2; COVID-19; Neutralizing humoral response

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is associated
with the development of variable levels of antibodies (Abs) with neutralizing activity, which
can protect against infection in animal models [1-3]. However, the duration of the serological
response in infected subjects and the extent to which such Ab response may be protective
against reinfection [4] have still to be fully characterized.
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Given the short time SARS-CoV-2 has been studied, information on long-term antibody
dynamics is still limited. In this regard, quantitative titer determination of virus-neutralizing
Abs (nAbs) is considered an excellent correlate of protection (CoP). Initial reports pointed to
arapid decline in the humoral response within 34 months post-infection [5-7]. More recently,
longitudinal studies assessing mid-term kinetics of SARS-CoV-2 infection showed persistent
neutralizing antibody responses for up to 8-10 months [8-10], leading to the possibility that
nAbs to SARS-CoV-2 may also represent a CoP from emerging SARS-CoV-2 variants of
concern.

The aim of this study was to assess the longitudinal profile of anti-spike (5) IgG and anti-
recombinant receptor binding domain (RBD) Abs as well as the SARS-CoV-2 neutralizing
activity of sera from 100 individuals who were infected during the first wave of SARS-CoV-2
infection in Italy. Although a decline in both IgG levels and neutralizing activity was observed
overtime, most of the study subjects still retained a neutralizing activity above the cut-off
value (ie., GeoMean NT30, the reciprocal dilution inhibiting 50% of the infection) of 100,
which is considered to be effective in reducing the risk of reinfection [11], [12].

2. Material and Methods
2.1, Ethical Statement

Participants were involved and consented under the UPO Biobank study and ethical
governance approved by the Ethics Committee of “Maggiore della Carita” Hospital (protocol
47/CE; study No. CE 84/20).

2.2. Hionan Subjects, Smnple, and Data Collection

Blood samples were obtained from individuals enrolled in the UnIRSA (Unveiling the
Immune Response against SARS-CoV-2) cohort study. An observational study was carried
out on a cohort of 100 individuals with real-time reverse—traxwmptase—polvmerase chain
reaction (rRT-PCR)-confirmed SARS-CoV-2 infection from nasopharyngeal swab that dated
from 14th March, 2020 to 17th May, 2020, thus corresponding to the first wave of infection in
Italy. Patient recruitment commenced in May 2020 and continued until June 2020. Recruited
patients were followed up until February 2021. The inclusion criteria were (i)one positive rRT-
PCR test for SARS-CoV-2 followed by two consecutive negative tests performed 24 h apart,
that fulfilled the administrative definition of recovery from COVID-19 as established by the
Italian Ministry of Health on February 28th, 2020, (if)age = 18 years, (iii)absence of an
immunosuppressive conditions, and (iv)willingness to provide an informed consent. Atblood
sample collection, an ad-hoc questionnaire was administered to collect data, including socio-
demographic characteristics, biometric data (e.g, weight, height, body mass index), and
presentation of SARS-CoV-2 infection.

The study participants were stratified according to COVID-19 disease severity as follows:
(i)asymptomatic patients, reporting no symptoms, (ii)symptomatic patients, disclosing at
least one symptom of those indicated in Table 1 without the need of hospitalization, and
(iii)hospitalized patients, requiring hospital assistance due to the severity of COVID-19.

Table 1. Characteristics of the study population with SARS-CoV-2 infection.

n=100
Age at COVID-19 diagnosis (years) median (IQR) 46.5(33.5,52.8)
BMI, kg/m® Median (IQR) 24.2(21.9,28.1)
Sex, n (%)
female 77(77)
male 23(23)
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Occupation, n (%)
Physician or paramedical staff 74 (74)
Others 26 (26)
Comorbidities, n (%)
No comorbidities 53(33)
allergy 29(29)
hypertension 14(14)
autoimmune diseases 13(3)
asthma 5(5)
cancer 3(3)
diabetes 3(3)
heart disease 2(2)
Reported Symptoms, n (%)
No symptoms 16(16)
asthenia 57 (57)
anosmia 55 (55)
muscle ache 53(33)
fever 52(52)
ageusia 49 (49)
headache 47 (47)
cough 44 (4)
diarrhea 35(35)
runny nose 28(28)
dyspnea 24 (24)
chest pain 2(22)
skin manifestations 14(14)
palpitations 13(13)
Severity, n (%)
asymptomatic 16 (16)
symptomatic 74 (74)
hospitalized 10(10)
Median (IQR) days between positive PCR and 51 (4356)
first antibody test (M2) d
Median (IQR) days between positive PCR and
second antibody test (M10) 2R3
Vaccinated (among 71 subjects with second
antibody test), n (%) 600
One dose, n (%) 21(29.6)
Two doses, n (%) 15(2L1)
Median (IQR) days between vaccination (single 15 (11,18)
dose) and second antibody test (M10) !
Median (IQR) days between vaccination (second 8(3,10)
dose) and second antibody test (M10) :

A retrospective chart review was performed on hospitalized participants. Samples were

coded and then de-identified prior to analysis. Other efforts to maintain the confidentiality of

participants consisted in labeling samples with coded identification numbers. All the data
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were recorded on the REDCap (https://www.project-redcap.org/, accessed on 11 November
2021) web application in compliance with current General Data Protection Regulation (GDPR)
and Italian legislation on the protection of sensitive data and privacy.

2.3. Quantitative Detenmination of Anti-SARS-CoV-2-Specific Abs

To perform quantitative determination of anti-SARS-CoV-2 Abs, the COVID-Serolndex,
Kantaro Quantitative SARS-CoV-2 IgG Antibody RUO Kit (R&D Systems, Bio-Techne,
Minneapolis, MN, USA), which comprises two serial direct enzyme-linked immunosorbent
assays (ELISA), was employed. The immunoassays were used and interpreted following the
manufacturer’s instructions. Briefly, an initial ELISA was performed to test the reactivity of
Abs raised against the recombinant receptor binding domain (RBD) of the SARS-CoV-2 spike
protein from the first virus isolate Withan-Hu-1 [13,14]. Results were expressed as cut-off
index (CI) calculated as the ratio of the corrected sample OD value to the corrected positive
control optical density (OD) value. CI values > 0.7 were considered positive. In the
quantitative ELISA against the full-length SARS-CoV-2 spike protein (S), the Ab concentration
of samples was calculated using a four-parameter logistic (4-PL) curve fit. Values below the
limit of quantification (LoQ) of 3.2 AU/mL were considered negative.

2.4, SARS-CoV-2-Specific Neutralizing Antibody Assay

Vero E6 and Vero E6-TMPRSS2—kindly provided by John Hiscott, Pasteur Institute
Rome—were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS) (Sigma-Aldrich, Milan, Italy). The replication-competent vesicular
stomatitis virus r(VSV)-eGFP-SARS-CoV-2-5A21 was a kind gift from Sean P.J. Whelan
(Washington University School of Medicine, USA) [15]. To grow this virus, Vero E6 cells were
infected with a low Multiplicity of Infection (MQI) (0.01) and maintained at 34 °C from then
on. Cell supernatants were harvested upon visualization of extensive cytopathic effect and
cell detachment at approximately 24 h post-infection (hpi). Upon viral RNA extraction and
amplification by RT-PCR, the spike gene was sequenced every time the virus was harvested.
The virus was titrated by flow cytometry. Serum samples were heat-inactivated at 56 °C for
30 min. Indicated dilutions of sera were incubated with rVSV-SARS-CoV-2-5A21 at an MOI
of 0.05 for 1 h at 37 °C. Ab-virus complexes were added to Vero E6-TMPRSS2 cells in 96-well
plates and incubated at 34 °C for 24 h. Subsequently, cells were fixed in 4% formaldehyde
(Millipore Sigma) containing DAPI for 15 min on ice, when fixative was replaced with PBS.
Images were acquired using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) in both the
DAPT and GFP channels to visualize nuclei and infected cells (i.e.,, eGFP-positive cells). The
raw images (2 x 2 montage) were acquired using 4X objective, processed, and stitched using
the default setting,

2.5, Statistical Analysts

Normally distributed data were represented as mean and standard deviation (SD),
whereas data following a non-normal distribution were represented as median and
interquartile range (IQR). Categorical variables were summarized as counts and percentages.
Differences in medians were evaluated using the Mann-Whitney’s U test and Wilcoxon Rank
signed-rank test for pairwise comparisons. The Kruskal-Wallis test along with the Dunn test
for multiple comparisons was used to compare more than two groups. The Bonferroni
correction method was applied.

The Spearman’s correlation coefficient was used to compute correlation between
quantitative variables. A two-sided p-value < 0.05 was considered statistically significant.
Images and raw data were processed, and the NT30 (the reciprocal dilution inhibiting 50% of
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the infection) was calculated by plotting and fitting the log of serum dilution versus response
to a 4-parameters equation using the Gen5 v3.0 software. Data were processed using Prism
software (GraphPad Prism v6.0) and STATA v16 (College Station, TX, USA).

3. Results

3.1. Patient Selection and Magnitude of the Antibody Response to SARS-CoV-2 at Two Months after
the First Posifive PCR Test (M2)

From 21st May to 19th June 2020, 100 individuals (77 female, 23 male) who were infected
by SARS-CoV-2 during the first wave of infection in Italy were enrolled in this study (Table
1) Their median age was 46.5 years (IQR 33.5,52.8). All study subjects had an RT-PCR-
confirmed SARS-CoV-2 infection. While most of these COVID-19 patients (74%) experienced
mild-to-moderate disease or did not report any symptoms (16%), 10% of them required
hospitalization without the need of intensive care unit (ICU)-level care.

All patients provided an initial blood sample defined as M2 (approximately two months
post-infection), which was taken at a median number of 51 days (interquartile range, IOR 43,
56) from the first positive PCR test. A second longitudinal blood sample, defined as M10
(approximately 10 months post-infection), was taken from 71 COVID-19 patients at a median
number of 293 days after the initial sample collection (IQR 287,303 days). During the
observation period, the Italian COVID-19 vaccine campaign started and, between January
2nd, 2021 and February 4th, 2021, 21 study subjects received a single dose of mRNA-based
SARS-CoV-2 vaccines, whereas 15 obtained two doses, bringing the total number of study
subjects with at least one dose to 36 (Figure 1).
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Figure 1. Study design and participants.

Circulating IgG Abs against the SARS-CoV-2 spike antigen were measured using the
Kantaro Quantitative SARS-CoV-2 IgG Antibody RUO Kit, which allows detecting IgG
against either the RBD or the full-length trimeric spike protein of SARS-CoV-2. At M2, 93% of
the subjects showed detectable levels of IgG Abs against both RBD and total S protein, with a
positive spearman correlation (r = 0.9, p < 0.0001) (Figure 2A). In addition, we identified 7
subjects, one of whom had been hospitalized for pneumonia, lacking circulating Abs to SARS-
CoV-2 (Table 2). Three of them were retested at M10 but remained seronegative (Figure I).

46



Viruses 2021, 13, 2270

7of15

Figure 2. Antibody responses in the study cohort following SARS-CoV-2 infection at 1.5 months (M2) after the first positive
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(B,C,D) The 100 study subjects were categorized into 3 groups according to disease severity (asymptomatic n=16,
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symptomatic n =74, or hospitalized n = 10) and plotted according to anti-5 IgG AU/mL (B) or anti-RBD IgG cut-off index (C)
and the neutralization titer expressed as NT50 (D). Solid circles indicate individual values. The p-value among different
groups was calculated by Kruskal-Wallis test * p < 0.05. (E) Box plot distribution of the neutralizing activity expressed as
NT350 in the group of high or low anti-S IgG levels—above and below the median, respectively. (F) Box plot distribution of
the neutralizing activity expressed as NT50 in the group of high or low anti-RBD IgG levels—above and below the median,
respectively. In E and F, the solid circles indicate individual values. p-values were determined by two-sided Mann-Whitney
test. ™" p < 0.001. (G) Spearman correlation between the neutralization titer expressed as NT50 and the anti-S IgG levels. (G)
Spearman correlation between the neutralization titer expressed as NT50 and the anti-RBD IgG levels.

Table 2. Clinical and laboratory characteristics of the seronegative individuals at M2.

Subject Age Gender Symptoms Comorbidities | M2 M10
1 30 F Asymptomatic None 55 NA
2 36 M Symptomatic None 50 NA
3 63 F Symptomatic Cancer 43 NA
4 27 13 Asymptomatic Allergy 43 NA
5 52 F Pneumonia None 43 232
6 58 F Asymptomatic None 48 246
7 31 F Symptomatic None 27 254

NA, not available.

After patient stratification for COVID-19 disease severity (ie, asymptomatic,
symptomatic, or hospitalized), we observed that both anti-S and anti-RBD Ab levels were
significantly higher in the group of hospitalized patients than those detected in asymptomatic
cases (p =0.04 and p = 0.03, respectively) (Figure 2B, C). A similar trend was observed for the
neutralizing titers although not statistically significant (p =0.12) (Figure 2D).

Given that the determination of the neutralizing effects of SARS-CoV-2 spike Abs is
critical to understand the protective effects of the immune response, the same sera were also
analyzed for their ability to inhibit VSV-SARS-CoV-2-5A21 infection of Vero E6 cells, as
previously described [1516]. The latter is a very useful BSL2 surrogate virus whose
neutralization profiles strongly correlate with focus-reduction neutralization tests using
SARS-CoV-2. We observed that sera with values above the median titer for both anti-S and
anti-RBD IgG displayed significantly higher neutralizing activity when compared to those
with values below the median value (p < 0.0001 for both) (Figure 2E, F), with a positive
Spearman correlation r = 0.68, p < 0.0001 and r=0.62, p < 0.0001, respectively (Figure 2G, H).
The geometric mean (GeoMean) NT50 neutralization titer was 387.9 (CI 95% 280.8, 535.8) at
M2, with 7% of individuals not reaching 50% neutralization at the lowest serum dilution of
L10.

3.2. Comparative Analysts of the IgG Titers and the Neutralizing Response at Ten Months after the
First Positive PCR Test (M10)

Seventy-one subjects provided additional blood samples at M10, which were assessed
for the presence of both anti-S and anti-RBD IgG as described for the M2 samples. Notably, at
MI0, 36 study subjects had received at least one dose of mMRNA-based SARS-CoV-2 vaccines,

As the objective of this study was to determine the duration of the immune response to
natural infection, assessment of nAbs was only performed for those unvaccinated subjects
that had positive ELISA IgG AD test results (n = 28/35). As expected, the IgG titers against S
and RBD antigens were both significantly increased in vaccinated subjects at M10 vs. M2 (p <
0.0001 for both Abs) (Figure 3A, B, respectively). By contrast, in the 35 unvaccinated
individuals the scenario was completely different: 28 of them remained seropositive for both
anti-5S and anti-RBD Ab, with a positive Spearman correlation r = 0.8, p < 0.0001 (Figure 3C),
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while 7 turned out to be seronegative. Three of these latter were already seronegative at M2,
whereas the other 4 lost their anti-5 and anti-RBD IgG reactivity overtime. Spedifically, the
percentage of subjects seropositive for both anti-5 and anti-RBD IgG within this unvaccinated
cohort was 91% (32/35) at M2 vs. 80% (28/35) at M10. When we assessed the levels of the Abs
over time, we found that the anti-RBD Abs had significantly decreased between M2 and M10
(p = 0.0007), while the anti-S Abs had not significantly changed (p = 0.38) (Figure 3A, B,
respectively). However, when the subjects were stratified for COVID-19 symptoms, also the
decrease in anti-S Abs in symptomatic patients became statistically significant (p =0.03), while
it remained unchanged in the other two subgroups (i.e., hospitalized and asymptomatic). A
similar trend was also observed for the anti-RBD Ab titers (p = 0.003) (Figure 3D, E,
respectively).

With regard to the neutralizing Ab titers at M10, we observed that sera displaying values
above the median titer for the anti-5 IgG displayed significantly higher neutralizing activity
compared to that of sera with anti-S values below the median value (p = 0.0028) (Figure 4A).
When we considered anti-RBD IgG titers below and above the median value, the trend was
similar (p=0.0131) (Figure 4B). The positive Spearman correlation between anti-5 or anti-RBD
titers and nAb titers was r=0.39 (p=0.001) and r=0.51 (p = 0.005), respectively, indicating an
overall lower correlation when compared to that observed at M2 (Figure 4C, D, respectively).
The GeoMean NT50 neutralization titer was 163.5 (CI 95% 82.1, 325.9) at MI10.

We next measured and correlated anti-5, anti-RBD IgG, and nAb levels in the sera of the
28 individuals who had not received the vaccine and remained seropositive at M10. While
most of them displayed reduced anti-RBD IgG (n=22) and nAb levels (n =21) at M10 vs. M2,
8 unvaccinated patients still retained nAb titers above the 1:100 cut-off at M10 (48%). On the
other hand, 6 subjects showed increased anti-RBD IgG levels at M10 vs. M2, and 6 displayed
increased nAb titer values above the 1:100 cut-off at M10 vs. M2, while 1 subject retained low
but sustained nAb titer values below the 1:100 cut-off. When we compared anti-5 IgG levels
at M10 with those at M2, we found them to be reduced in 16 subjects and upregulated in 12
(Figure 4E-G). Interestingly, we found that those who had increased anti-S IgG levels at M10
were older when compared to those who displayed decreased anti-S IgG levels at M10 (p =
0.01), as already reported in a series of studies conducted in healthy subjects [17-19]. Next,
using the mathematical modeling approach developed by Miles P. Davenport and co-
workers, which provides a quantitative prediction of the link between neutralizing antibody
levels and clinical protection, we estimated the 50% protective neutralization level against
SARS-CoV-2 infection in our cohort to be 78.338 in the M2 group, calculated as 20.2% of the
mean level [20]. Using this predictive model and threshold, we found that 80% (28/35) of the
subjects in the M2 group and 54.28% (19/35) in the M10 group were above this value. Overall,
our findings show that 60% of the subjects in the unvaccinated cohort (n = 35) experienced a
decline in their serum neutralizing activity at M10, while 20% did show increased nAb levels
over time. The antibody levels were below the limit of detection in the remaining 20% of the
subjects, indicating that 11.5% completely lost the humoral response, while 8.5% never
mounted an immune response.
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Figure 3. Dynamic changes in anti-S and anti-RBD IgG levels between M2 and M10 after the first PCR-positive test. (A) Box
plot distribution of anti-S IgG levels or (B) anti-RBD IgG levels in unvaccinated (left) or vaccinated (right) subjects at M2 vs.
MI10. Solid circles indicate individual values. p-values were calculated by two-sided Wilcoxon signed-rank tests. ™ p < 0.001.
(C) Spearman correlation between anti-5 IgG AU/mL and anti-RBD IgG cut-off index as assessed by ELISA at M10. (D)
Comparison of anti-5 IgG levels between asymptomatic (n =16), symptomatic (n =74), or hospitalized (n = 10) subjects at M2
and M10. p-values were calculated by two-sided Wilcoxon signed-rank tests. * p < 0.05. (E) Comparison of anti-RBD cut-off
index between asymptomatic n = 16, symptomatic n =74, or hospitalized n = 10 subjects at M2 or M10. p-values were
calculated by two-sided Wilcoxon signed-rank test. ** p < 0.01.
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the neutralizing activity expressed as NT50 in the group of high or low anti-RBD IgG levels—above and below the median,
respectively. Comparative analysis was performed by Mann-Whitney test. * p < 0.05. Solid circles indicate individual values.
(C) Spearman correlation between anti-S IgG AU/mL and the neutralizing activity expressed as NT50 at M10. (D) Spearman
correlation between anti-RBD IgG cut-off index and the neutralizing activity expressed as NT50 at M10. (E) Longitudinal
mapping of anti-RBD IgG cut-off index, anti-5 IgG AU/mL (F), or neutralizing activity expressed as NT50 (G) in seropositive
unvaccinated subjects (n=28) at M2 and M10 after the first PCR-positive test.

4, Discussion

In this study, we have performed a longitudinal analysis of the serological responses to
SARS-CoV-2 in 100 COVID-19 patients who were infected during the first wave of infection
in Italy, of whom 74 were HCWs working at a hospital setting in northern Italy. In these
patients, we performed quantitative determination of the anti-RBD and anti-S IgG response
to SARS-CoV-2 and evaluated the neutralizing activity of their sera using an in vitro
functional assay.

Both anti-RBD and anti-S antibody levels were below the detection limit of the assays in
7% of the subjects after ~30 days from the first SARS-CoV-2 positive PCR test, indicating that
these patients did not seroconvert or had already lost their seroconversion at this time point
[5,19,21]. At this time point, both anti-RBD and anti-5 IgG levels were significantly higher in
hospitalized subjects than those observed in asymptomatic or symptomatic patients. Among
the 35 subjects who did not receive the vaccine between the M2 and M10 time points, 4 (11%)
became seronegative with a drop in seropositivity from 91% at 2 to 80% at 10 months after
SARS-CoV-2 infection. Most of the patients displayed lower IgG levels against both S and
RBD at M10 vs. M2 (16/35 (42,7%) and 22/35 (62,8%), respectively). Accordingly, the GeoMean
NT50 neutralizing titer dropped from 387.9 at M2 to 163.5 at M10. Likewise, the positive
Spearman correlation between anti-S or anti-RBD IgG levels and the neutralizing activity of
the sera decreased during the interval from M2 to M10, suggesting that the decline in anti-5
and RBD IgG levels at longer time points post-infection may not faithfully reflect a similar
decline in their neutralizing activity. Recent longitudinal studies aimed at investigating the
duration of humoral immune response in COVID-19-recovered individuals reported similar
decay kinetics. Overall, the decline appears to occur up to 7-9 months while it is thereafter
stabilized at least until 12 months [19,22-24].

SARS-CoV-2 neutralizing Abs are excellent CoP because they can exert their antiviral
activity by acting at the mucosal surface, which curbs the initial infection, mostly mediated
by secretory IgA whose levels were shown to rise early after natural infection and neutralize
the virus even to a greater extent than IgG [25]. In addition, in the bloodstream as circulating
IgM or IgG, they block subsequent viral spread and protect from disease progression.
Furthermore, by slowing down the growth rate of SARS-CoV-2, these nAbs may also favor
the recruitment of memory B cells capable of neutralizing the infection [26]. Fittingly, vaccine-
induced nAbs as well as purified IgG from convalescent animals have been shown to protect
non-human primates (NHPs) from infection in a SARS-CoV-2 challenge model [1,2].

One of the major issues in assessing whether nAbs are good proxies for protection from
SARS-CoV-2 infection is the determination of a titer cut-off value or range that would allow
the identification of those subjects with enough neutralizing activity to make them resistant
or less susceptible to reinfection. In spike-based mRNA vaccines studies among people aged
18-55, the GeoMean neutralizing titers after the second dose was 1:181 (day 85), or 1:430 (day
119) depending on the neutralization assay used, while an adenovirus-based vaccine gave an
NT50 value of 1:161 or 1:193 (day 42) depending on the neutralization assay used [12].
Another study involving subjects from high attack rate events reported that neutralizing
activities in the range 1:100-1:200 were strong enough to prevent infection [11]. Although
direct comparisons among the aforementioned studies may suffer from some bias due to the
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use of different neutralization assays [8,9,15], the emerging concept from this recent body of
literature 1s that an NT50 neutralization titer > 100 is likely to confer protection from SARS-
CoV-2 re-infection [11], [reviewed in 12]. Thus, in this context, the fact that we detected a
GeoMean NT50 titer of 163.5 at 10 months after the first SARS-CoV-2 positive PCR test would
indicate that a significant proportion of individuals (48%) were still within the GeoMean
range observed in the vaccinated cohorts. This would suggest that the neutralizing activity
elicited by the natural infection may still be effective in a large fraction of subjects (17/35 in
our study) after 10 months from the initial infection, even after experiencing a very mild form
of COVID-19 disease. More specifically, we found that 74/100 (74%) subjects displayed NT50
neutralizing titer >100 at M2, while in the non-vaccinated subgroup it was 26/35 at M2 (74%)
and 17/35 at M10 (48%). In addition, according to the mathematical model developed by
Khoury et al., 80% of the subjects at M2 and 54.2% at M10 displayed a neutralization titer that
was deemed to be sufficient to provide 50% protection from symptomatic COVID-19 [20].

Our analysis is limited by the reduced sample size, particularly at M10, as half of the
study participants received the vaccine in the frame of the Italian vaccination campaign which
started during the observational period. However, despite the limited sample size, the
availability of two longitudinal measurements, one of which up to 10 months after initial
diagnosis, allowed us to achieve adequate statistical power to establish that the neutralizing
antibody titer against SARS-CoV-2 were still present in 80% of the study subjects who were
infected during the first wave of SARS-CoV-2 infection in Italy. Another limitation of this
study is that it is possible that the trends of immune response in recovered, non-vaccinated
patients might reflect re-exposure to SARS-CoV-2, particularly in those for whom titers
augmented with time. We need also to point out that the requirement for fulfilling the
administrative definition of recovery by COVID-19 (as previously described in Material and
Methods) provided a homogenizing filter, and thus patients who had lingering detectable
SARS-CoV-2 may behave differently. Another limitation is that the role of the memory B cell
compartment has not been analyzed in this study. Indeed, the number of RBD-specific
memory B cells has been reported to remain stable between 6 and 12 months upon natural
infection [19].

Finally, the recombinant VSV expressing SARS-CoV-2 S protein was shown to behave
analogously to a dinical isolate of SARS-CoV-2 and to provide comparable results to
neutralization tests with the wild-type virus [15]. The r(V5V)-eGFP-based SARS-CoV-2
neutralizing Ab assay may offer utility as a diagnostic tool with which to assess patients’ sera
neutralizing activity, We postulate it could be predictive of the likelihood of reinfection in the

general population.
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PART-B (Unpublished Results)

4.1 Assessment of hCoV infection in human epithelial cell

To assess the role of the innate sensor IFI16 in controlling hCoV replication, as mentioned
before, we used two bat-derived viruses NL63 (alpha-CoV, low pathogenic) and SARS-CoV-
2 (beta-CoV, highly pathogenic) as prototypes of hCoVs. At the same time, for the cell model,
we initially decided to work with the CoV-susceptible immortalized human cell line HaCaT

cells.

Different human cell lines were tested to assess their permissiveness to NL63 and SARS-
CoV-2 (in collaboration with Professor Serena Delbue, Universita degli Studi di Milano La
Statale), using a replication-competent VSV-eGFP-SARS-C0oV-2-Sa21as, Suitable for BSL-2
laboratories. However, only HaCaT cells were shown to be permissive to both (data not
shown). HaCaT cells were a good candidate since they display a functional immune system
and express high levels of ACE2 receptors (Almine, 2017). To explore the role of IFI16 in
hCoV infection, we obtained WT-HaCaT and IFI16 KO-HaCaT as a kind gift from Professor
Leonie Unterholzner (University of Edinburgh, UK).

Surprisingly, starting at 1d.p.i., we observed a significant reduction in viral titers in the
supernatants from SARS-CoV-2-infected IFI16KO- vs. WT-HaCaT cells at 1 and 2d.p.i. (P=
0.0369, and <0.0001, respectively) (Fig.9A), suggesting a pro-viral function of IFI16 in these
cells. By contrast, no significant differences were found between the viral titers from NL63-
infected IFIL6KO-HaCaT and WT cells (data not shown). We also checked the protein levels
of the viral nucleoprotein (NP) in both NL63 and SARS-CoV-2 infection. While we observed
no differences for viral protein in WT vs. KO IFI16 with both viruses, we noticed induction of
IF116 upon infection inthe WT-HaCaT cells at 2, 3, and 4d.p.i. with a decrease in protein levels
at 5d.p.i. upon NL63 infection (Fig.9B). Upon SARS-CoV-2 infection, we observed a
reduction in NP at 2d.p.i. An earlier induction of IFI16 protein at 6h was observed, which
appeared to reduce later atl and 2d.p.i. in WT cells (Fig.9C).
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Fig.9. Coronavirus kinetics in HaCaT cells. A) Plaque assay titration of SARS-CoV-2
infected WT and IFI16 KO cells; B-C) WB analysis of NL63 (1, 2, 3, 4, and 5d.p.i) and SARS-
CoV-2 (6h, 1, 2, and 3d.p.i.) replication kinetics in WT and IFI16 KO. NL63 titration was
performed from supernatant harvest at 6d.p.i. All NL63 and SARS-CoV-2 infections were
performed using MOI1 and 3, respectively. M-Mock, WB- western blot, d.p.i.- days post-
infection, 6h- 6 hours post-infection, MOI- the multiplicity of infection. Bars show mean +/-
SD of 3 independent experiments. Statistical significance was determined using the
Bonferroni-Dunn method, with P = 0.05. For each corresponding time point, multiple

comparisons t-test was performed between WT vs. IFI16 KO-HaCaT cells.

To assess viral replication and transcription in WT vs. KO IFI16 cells, we infected HaCaT
cells and measured hCoV-mediated induction of ORF1ab and N mRNA levels as markers of
virus genome replication and viral transcription, respectively. For NL63, both ORFlab and N
MRNAS started to increase at 1d.p.i. and peaked at 4d.p.i., in line with other studies showing a
slow NL63 replication cycle (Herzog 2008) (Hofmann, et al., 2005) (Hoek, Pyrc, & Berkhout,
2006), with a ~10-fold increase in WT vs. IFI16 KO (Fig.10A and C), suggesting higher
replication rate in the presence of IFI16. Upon SARS-CoV-2 infection, ORFlab and N mRNA
levels peaked at 1d.p.i. (Fig.10B and D), where the difference was significantly higher in WT
cells than IFI16 KO-HaCaT for ORFlab (P<0.0001), suggesting higher SARS-CoV-2
replication in the presence of IFI16. However, after 1d.p.i., mRNA levels dropped to basal

levels, indicating an inefficient virus production in HaCaT cells.
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We further tested the transcriptional induction of type-I IFNs (IFNP) and type-Ill IFNs
(IFNA1) along with IFN-stimulating genes (ISGs). Upon NL63 infection, IFNf mRNA levels
were induced starting from 1d.p.i., peaking at 3-6d.p.i. and were consistently higher in IFI16
KO-HaCaT cells throughout the entire viral cycle in comparison to WT-HaCaT cells with
P<0.0001 at 3 and 6d.p.i., respectively (Fig.10E). However, for type-111 IFN mRNA induction,
no statistically significant distinction was observed between the two cell lines (Fig.10G). IFIT1
MRNA levels were highly induced in IFI116 KO cells upon NL63 infection (Fig.10l). On the
contrary, upon SARS-CoV-2 infection, compared to WT-HaCaT cells, there was a significant
reduction of IFNP levels in IF116 KO-HaCaT at 2d.p.i. (adjusted P-value = 0.0022) (Fig.10F)
also reflected by reduced IFIT1 mRNA levels at that timepoint, while at 6h.p.i, a stronger
induction of IFIT1 was seen in IFI116 KO-HaCaT cells compared to WT cells (Fig.10J). Some
variations were seen for [IFNA1, but no statistical significance was observed among the two cell
lines (Fig.10H).
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Fig.10. Assessment of viral replication and antiviral innate immune response in HaCaT
cells. A-D) Relative mRNA levels of NL63 (2h, 1, 2, 3, 4, and 6d.p.i.) and SARS-CoV-2 (6h,
1,2,3, and 7d.p.i.) viral genes were quantified in infected WT and IFI116 KO-HaCaT cells. Viral
NL63 mRNA levels were measured by RT-qPCR, normalized to GAPDH, and plotted as fold
induction relative to 2 hpi set at 1 for NL63. For SARS-CoV-2 ORFlab and N transcripts are
quantified in copies/pg using quantitative RT-PCR; E-F) Relative mRNA levels of type | IFNs
(IFNP) and (G-H) type IIT IFNs (IFNA1) were quantified for both NL63 and SARS-CoV-2; I-
J) relative mRNA levels of ISG (IFIT1) upon NL63 and SARS-CoV-2 infection. Cellular
MRNA levels were measured by RT-gPCR, normalized to GAPDH, and plotted as fold
induction relative to mock-infected cells set at 1. All NL63 and SARS-CoV-2 infections were
performed using MOI1 and 3, respectively. M-Mock, 2h- 2 hours post-infection, 6h- 6 hours
post-infection, d.p.i.- days post-infection, MOI- a multiplicity of infection, IFNs- interferons,
ISGs- IFN stimulating genes. ORFlab-genomic RNA, N- sub-genomic RNA. Bars show
means +/- SD from 3 independent experiments. Statistical significance was determined using
the Bonferroni-Dunn method, with P = 0.05. For each corresponding time point, multiple

comparisons t-test was performed between WT-HaCaT vs. IFI16 KO.

To finally determine the infection rate in HaCaT cells, we counted the number of infected
cells by immunofluorescence analysis using antibodies against viral NP. We obtained that <1%
of cells were infected with both viruses (Fig.11A). Conversely, in LLC-MK2 cells, the
infection rate is much higher for both NL63 and SARS-CoV-2 when compared to that observed
in HaCaT cells. (Fig.11B and C). Based on all these results, we determined that the replication
rate of both NL63 and SARS-CoV-2 in HaCaT cells was shallow. Thus, these cells are not an

excellent model for studying innate immune responses.
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quantify NL63 NP positive cells in LLC-MK2 cells at 3d.p.i., MOI1, and 3, respectively. C)
Immunofluorescence analysis of NL63 (upper panels) and SARS-CoV-2 (lower panels)

infected LLC-MK2 (MOI1). NL63 cells were analyzed after 3d.p.i. SARS-CoV-2 infected cells
were analyzed after 1d.p.i. Bars show means +/- SD from 3 independent experiments.
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Statistical significance was determined using the Bonferroni-Dunn method, with P = 0.05. For
each corresponding time point, multiple comparisons t-test was performed between Mock vs.
MOI1, Mock vs. MOI3, and MOI1 vs. MOI3. Mock represents the uninfected cells.

4.2 Kinetics of SARS-CoV-2 and NL63 infection and innate response in LLC-MK2

To understand the role of the nucleic acid sensor IFI16 in hCoV replication, we sought a
cell line susceptible and permissive to the replication of either SARS-CoV-2 or the low-
pathogenic bat-derived NL63 virus. We decided to work with LLC-MK2, a rhesus macaque
epithelial kidney that could support the efficient replication of both viruses (as shown in
Fig.11B-C). LLC-MK2 cells were infected with both viruses at MOI1, and viral replication
was assessed by measuring the levels of viral RNA in the culture supernatant of infected cells
using RT-gPCR or ddPCR for SARS-CoV-2 and NL63, respectively. As shown in Fig.12A-B,

we observed no change in viral load at 1 and 3d.p.i for NL63, which significantly increased at
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6d.p.i. (P=0.0025), while the viral load increased at 2d.p.i. being very high at 3 and 7d.p.i for
SARS-CoV-2 (P<0.0001).

In alignment with previous studies, western blotting analysis of the total protein extracts
obtained from the same cultures using antibodies against the NP revealed that its expression
was slightly delayed in NL63 compared with SARS-CoV-2. We observed NP being detectable
starting from 1d.p.i. in NL63 with a peak at 3d.p.i.(Fig.12C), while in SARS-CoV-2 infected
cells, it was already highly expressed at 16h.p.i that lasted until 3d.p.i. (Fig.12D) When we
looked for the IFI16 expression levels in the same cell extracts, we failed to see any significant
changes in IF116 expression levels that could be related to the viral infection. Indeed, some
enhancement in IFI16 expression levels was observed over time in both infected and mock-

infected cells, indicating that this was mainly associated with growth density.
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Fig.12. Coronavirus Kinetics in LLC-MK2 cells A-B) Extracellular viral load in NL63 and
SARS-CoV-2 infected cells was measured and expressed in copies/ml using ddPCR and
quantitative RT-PCR, respectively; C-D) WB analysis of NL63 (1, 2, 3, and 4 d.p.i) and SARS-
CoV-2 (6h, 1, 2, and 3d.p.i.) kinetics. All NL63 and SARS-CoV-2 infections were performed
using MOI1. M-Mock, WB- western blot, d.p.i.- days post-infection, 6h- hours post-infection,
MOI- the multiplicity of infection. Bars show means +/- SD from 3 independent experiments.
A one-way ANOVA test for trend was performed, with P = 0.05 considered statistically
significant.
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We analyzed NL63 viral replication and transcription in LLC-MK?2 cells. We noticed a
significant increase (P<0.0001) in the trend for transcription of ORF1ab (genomic) and N gene
(genomic and subgenomic) mRNA (Fig.13A-B). We also analyzed the innate antiviral response
upon infection and found that the IFNf mRNA levels are significantly reduced (P<0.0001)
compared to the corresponding mock (Fig.13C). The mRNAs encoding for the interferon-
stimulated genes (1ISGs) IFIT1 and Mx1 were hardly detectable by gPCR in response to NL63
at any time points p.i. (Fig.13D-E). As internal control of the integrity of the innate response
to exogenous RNA, the cells were transfected with either polyinosinic: polycytidylic acid (poly
(I:C)) or the sequence optimized RIG-I agonist 5’ ppp-RNA termed M8. As shown in Fig.13F,
both stimuli triggered around 500-fold induction of IFIT1 mRNAs, confirming a significant
induction of innate immune response to exogenous RNA was functional (P=0.0002 and 0.0003
for poly I.C and M8, respectively). Altogether, these findings indicate that the LLC-MK2 cells
are fully permissive to both viruses while poorly reacting to these viruses even though their

innate response to exogenous RNA was fully functional.
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Fig.13. Viral gene transcription and antiviral innate immune response upon NL63
infection. A-B) qPCR analysis of NL63 viral genes (genomic ORFlab and sub-genomic N)
and C-E) type I IFNs (IFNP) and ISGs (IFIT1 and Mx1) at 2h, 1,2,3,4, and 6d.p.i. All NL63
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infections were performed using MOI1. F) gPCR analysis of IFIT1 mRNA expression in poly
(I:C)- or M8-transfected LLC-MK2 cells at 1d post-transfection (d.p.t.). Total RNA was
extracted and analyzed by gPCR. Viral mMRNA levels were measured by RT-qPCR, normalized
to GAPDH, and plotted as fold induction relative to 2 hpi set at 1, while cellular mRNA levels
were plotted as fold induction relative to mock-infected cells set at 1. M-Mock, 2h- 2 hours,
d.p.i.- days post-infection, h.p.i.- hours post-infection, MOI- a multiplicity of infection, IFNs-
interferons, ISGs- IFN stimulating genes. Bars show means +/- SD from 3 independent
experiments. Statistical significance was determined using the Bonferroni-Dunn method, with

P = 0.05. For each corresponding time point, multiple comparisons t-test was performed.

4.3 IF116 binds hCoV 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 IFI116 can bind to RNA viral
genomes (Jiang, et al., 2021) (Kim, et al., 2020), we asked whether IF116 could form a complex
with NP, which is localized in the cytoplasm and can bind to the viral genome.

We performed an IFL analysis to assess IFI16 localization upon coronavirus infection. We
infected the LLC-MK2 cells with NL63 (upper panels) and SARS-CoV-2 (middle panels) at
MOI1 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 1 and 3d.p.i after
SARS-CoV-2 or NL63 infection. It is worth mentioning that we have observed nuclear to
cytoplasmic translocation of IFI116 even in SARS-CoV-2 infected HaCaT cells (lower panels)

despite a lower percentage of infection (Fig.14).
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Fig.14. Nuclear translocation of IFI16 upon coronavirus infection Immunofluorescence
analysis of NL63 and SARS-CoV-2-infected LLC-MK2 cells (MOI1, 3d.p.i.) (upper and
middle panels) and SARS-CoV-2- infected HaCaT cells (MOI3, 16h.p.i.) (lower panels). Cells
were stained with antibodies against NP and IFI16.

After finding that IFI16 translocated from the nucleus to the cytoplasm and colocalized
with the NP protein upon infection, we asked whether they interacted. To this end, LLC-MK2
cells were infected with NL63 at MOI1, and at 3d.p.i, we prepared the total cell extracts to run
immunoprecipitation. As shown in Fig.15, the NP protein is coimmunoprecipitated with the
IFI16 protein.
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Fig.15. IF116 binds to viral nucleoprotein. Cell lysates from NL63-infected LLC-MK2 cells

were harvested at 3d.p.i and immunoprecipitated for viral NP. WB was performed to check
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IF116 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.

These results indicate that the IFI16 protein can interact with viral 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. In addition, we have recently obtained clones
of LLC-MK?2 whereby the IFI16 gene has been stably knocked down using the CRISPR-Cas9
gene editing technology. The availability of this cell line will help to understand the impact of

IF116 on hCoV replication and innate immune response.
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5. DISCUSSION



Different factors control viral replication inside the host cell via either a positive or negative
effect on the replication, varying from entry, transcription, translation, and assembly of viral
progeny. Viruses transcribe and replicate their genome in the host cell by utilizing its cellular
machinery and, thus, are exposed to various host cell antiviral restriction factors (Merkl,
Orzalli, & Knipe, 2018). IFI16 is one such cellular host restriction factor that has been well
characterized as a nuclear DNA sensor (Unterholzner, et al., 2011). IFI16 has been shown to
bind to incoming viral DNA at the nuclear periphery. It has already been demonstrated 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 & Cristea, 2020). Bats have been demonstrated to host and exhibit a co-evolutionary
relationship with several zoonotic DNA and RNA viruses, including coronaviruses, which have
lost the entire PYHIN gene family, of which IFI16 is a member. The damage associated with
DNA or RNA viruses can cause inflammasome activation, indicating the possibility that high
exposure to these pathogens could be an additional evolutionary driver for the loss of the
PYHIN family in bats (Ahn, Cui, Irving, & Lin-FaWang, 2016).

Based on this information, we hypothesized that IFI116, which is abundantly present in
humans, might play an antiviral role in coronavirus infection. Therefore, to test our hypothesis,
we used two bat-originated hCoVs, the low-pathogenic NL63 and the highly pathogenic SARS-
CoV-2, to investigate the role of IFI16 during RNA virus infection in IFI16 WT and IFI16 KO-
HaCaT cells. We demonstrated that IFI16 is induced upon infection of both SARS-CoV-2 and
NL63 (at 6h.p.i. and 2d.p.i., respectively). Surprisingly, our data in HaCaT cells suggests that
both viruses replicate more in the presence of IFI16, suggesting that IFI16 might be able to

sustain viral replication directly.

Mild coronavirus induces, but pathogenic coronavirus inhibits type-1 IFN induction (Fung
& Liu, 2019). Supporting this statement, we have demonstrated that upon NL63 infection,
HaCaT produced higher IFN-b levels that are even higher in IFI16 KO-HaCaT cells than WT-
HaCaT cells, while no IFN induction was seen upon SARS-CoV-2 infection. IFI16 can induce
IFNP production through STING-TBK-1-IRF3 signaling when it is activated upon sensing of
dsDNA viruses (Unterholzner, et al., 2011). Whether the induction of IFNf in WT-HaCaT cells
is induced through a similar pathway upon NL63 is not known. Unfortunately, the number of
infected HaCaT cells was too low, and the same experiments are now being repeated using the

LLLC-MK2 cellular model. Indeed, we have found that this monkey epithelial cell line may
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be an excellent model for the following reasons: i) it is naturally infected by both NL63 and
SARS-CoV-2 with a good infection efficiency (Wurtz, Penant, Jardot, Duclos, & Scola, 2021)
and ii) IFI16 protein of Macaca mulatta, the species source of LLC-MK2, shares 88.6%
similarity to Homo sapiens (HomoloGene, 2023). We found high viral loads for NL63 and
SARS-CoV-2 in these cells. We identified that IFI16 is induced upon infection with both

viruses.

Further, we characterized the active transcription of viral genomic and sub-genomic
fragments in LLC-MK2 cells. Contradictory to the literature where mild coronaviruses trigger
IFN response upon infection (Fung & Liu, 2019), we failed to see any induction of either IFNs
or ISGs upon NL63 infection. This cell line display integrity of the innate immune response as
demonstrated by a significant induction of IFIT1, an ISG, upon administration of exogenous
RNA such as poly (I:C) or M8. These findings are coherent with the literature indicating the
functional immune system in LLC-MK2 cells. Thus, the observed dampened immune response
could be a viral escape mechanism, a possible explanation for the active replication of NL63

in these cells.

IF116 is predominantly nuclear in fibroblasts, epithelial, endothelial, and lymphoid tissues,
but its cytoplasmic co-localization has also been reported in macrophages in the context of
DNA-induced innate immunity (Li, Diner, & Cristea, 2012). IFI16 has an evolutionarily
conserved NLS, which undergoes acetylation upon pathogen invasion and initiates IFI16
translocation to the cytoplasm (Li, Diner, & Cristea, 2012). Accordingly, we observed IFI16
protein translocation from the nucleus to the cytoplasm upon both NL63 and SARS-CoV-2
infection, and it should be mostly in its acetylated form. We have also found that IFI16
colocalizes with the RNA-binding protein NP and interacts with IFI16, as demonstrated by co-
immunoprecipitation. Whether this interaction may affect the hCoV viral genome sensing, the

antiviral response, or its replication remains to be established.

IF116, through its HIN200 domain, can bind to viral DNA and subsequently has been
shown to sense and restrict a panel of DNA viruses (Gariano, et al., 2012) (Lo Cigno I, et al.,
2015). More recently, the role of IFI16 in RNA virus sensing has also emerged. IFI16 can
transcriptionally regulate type-1 IFN expression during Sendai virus infection and promote
MAVS-mediated production of IFNs, which inhibits the replication of porcine reproductive
and respiratory syndrome (PRRSV2) (Chang, et al., 2019). IFI116 directly binds to the genomic

RNA of the chikungunya virus (CHKV), thereby restricting its replication and maturation
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independent of IFN-signaling (Kim, et al., 2020). Viral restriction by IFI16 has also been
reported for the Zika virus (Wichit, et al., 2019) and Sindbis virus (SINV) (Garcia-Moreno M,
et al., 2019). Also, IFI16, upon influenza A virus (IAV) infection, can interact with both
negative-sense viral RNA and RIG-I to potentiate RIG-I-mediated IFN-I production, which
inhibits IAV replication (Jiang, et al., 2021).

Despite the emerging evidence of IFI16 playing a crucial role in the control of RNA virus
replication, it remains unclear whether IFI16 interacts or interferes with CoV replication
directly or indirectly through crosstalk with other PRRs. From the literature, we know that
IF116 senses both DNA and RNA nucleic acids and interacts and cooperates with either the
CGAS/STING or the RIG-I/MAVS signaling pathways, thereby modulating both IFN and
cytokine production in different settings (Cai, Tang, Xu, & Zheng, 2021). However, its role in

the hCoV-induced innate immune response is still unknown.

Although we successfully demonstrated the binding of IF116 to NL63 NP protein, its role
in viral restriction is yet to be determined. The ability of IFI16 to translocate from the nucleus
to the cytoplasm following various stimuli has already been described in the literature (Costa,
etal., 2011) (Dell'Oste, etal., 2014), and IFI16 activity has always been linked to the inhibition
of viral infection rather than promotion. In support of the potential involvement of IFI16 in the
host response to SARS-CoV-2 infection, using a COVID-19 multi-omics database (covid
omics. app) (Overmyer, et al., 2021), we found that the IFI16 transcript is more abundant in
leucocytes isolated from COVID-19 patients than in those from non-infected individuals,

indicating a possible involvement of IFI16 in coronavirus pathogenesis.

Therefore, to test our hypothesis that IFI16 exerts an antiviral role in coronavirus infection,
we are currently characterizing the active viral replication in IFI16 KO-LLC-MK2 cells
through plaque assay. We are analyzing the transcriptional activation of IFN genes and ISGs
in IF116 KO-LLC-MK2 cells. We will also focus on demonstrating the nuclear to cytoplasmic
localization through immunofluorescence. Further on, we would focus on characterizing the
role of IF116 and RIG-I interaction in coronavirus signaling, along with understanding the exact

mechanism of IFI16 binding to the viral genome.

Overall, this study will contribute to filling the gap in knowledge about the role of the
innate sensor IFI16 in controlling hCoV replication. As we are using both low- and highly

pathogenic hCoVs, the project will also assess any commonalities or differences among the
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two viruses that may substantially extend our insight into SARS CoV-2 enhanced pathogenicity
compared to standard cold hCoVs, such as NL63.
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