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ABSTRACT

1. English

Despite the deployment of safe and effective vaccines, SARS-CoV-2 transmission
continues to pose a threat to global health and remains closely monitored due to its high mutation
rate. Current intramuscular vaccines alleviate COVID-19 severity but are limited in their capacity
to prevent breakthrough SARS-CoV-2 infections due to inadequate mucosal immunity stimulation,
which has prompted the active pursuit of mucosal vaccines. Consequently, it is essential to
understand SARS-CoV-2 antagonization mechanisms, particularly involving the mucosal immune
system, which are not well understood. Recent findings have highlighted a marked reduction in
the expression of crucial immune receptors in COVID-19 patients, including the polymeric Ig
receptor (pIgR); however, the underlying viral mechanisms are unknown. This key mucosal
immunity receptor maintains homeostasis by facilitating transcytosis and secretion of dimeric IgA
(dIgA) across epithelial cells into the lung mucosa to neutralize infectious pathogens. Recently, I
discovered that SARS-CoV-2 accessory protein Open Reading Frame 8 (ORF8) antagonization of
plgR expression is accompanied by modulation in cellular localization of both ORFS8 and pIgR.
These findings have led to the hypothesis that SARS-CoV-2 ORFS intercepts and exploits the
dIgA-pIgR mucosal immune pathway to promote SARS-CoV-2 infection of lung epithelial cells.
This project aimed to elucidate the molecular mechanisms of ORFS8-mediated plgR
downregulation by investigating the interaction between both proteins via co-immunoprecipitation
and mutagenesis. We discovered that ORF8-mediated downregulation of pIgR was highly
dependent on its binding affinity with pIgR, a feature which appeared to rely on ORFS capacity to
dimerize. We further demonstrated that both dIgA and soluble ORFS8 bind domain 1 of pIgR

independently of one another. Furthermore, we sought to determine the effect of ORF8 from

VII



SARS-CoV-2 and its variants in the antagonization of dIgA transport by pIgR. Within cells, we
observed that ORFS8 antagonized dIgA binding to pIgR, while soluble ORFS alternatively appeared
to highjack the pIgR-dIgA complex for internalization. Overall, these findings provide new
insights into our understanding of SARS-CoV-2 mucosal immune evasion and inform pandemic
preparedness.
2. French

Malgré le déploiement de vaccins efficaces, la transmission du SRAS-CoV-2 continue de
représenter une menace pour la santé mondiale et reste étroitement surveillée en raison de son taux
de mutation €levé. Les vaccins intramusculaires actuels atténuent la gravité de la COVID-19, mais
leur capacité a prévenir les infections par le SRAS-CoV-2 est limitée en raison d'une stimulation
inadéquate de 1'immunité des muqueuses, ce qui a suscité la recherche active de vaccins pour les
muqueuses. Par conséquent, il est essentiel de comprendre les mécanismes d'antagonisation du
SRAS-CoV-2, en particulier ceux qui impliquent le systéme immunitaire des muqueuses, qui ne
sont pas bien compris. Des découvertes récentes ont mis en évidence une réduction marquée de
l'expression de récepteurs immunitaires cruciaux chez les patients atteints de COVID-19,
notamment le récepteur d'Ig polymérique (pIgR), mais les mécanismes sous-jacents sont inconnus.
Ce récepteur essentiel de I'immunité des muqueuses maintient I'homéostasie en facilitant la
transcytose et la sécrétion d'IgA dimérique (dIgA) a travers les cellules épithéliales dans la
mugqueuse pulmonaire pour neutraliser les agents pathogénes infectieux. J'ai récemment découvert
que l'antagonisation de l'expression du pIgR par la protéine accessoire SARS-CoV-2 Open
Reading Frame 8 (ORF8) s'accompagne d'une modulation de la localisation cellulaire de 'ORF8
et du pIgR. Ces résultats ont conduit a I'hypothése que SARS-CoV-2 ORF8 intercepte et exploite

la voie immunitaire muqueuse dIgA-pIgR pour promouvoir l'infection des cellules épithéliales
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pulmonaires par SARS-CoV-2. Ce projet vise a €lucider les mécanismes moléculaires de la
régulation négative du pIgR par I'ORF8 en étudiant l'interaction entre les deux protéines par
mutagenése. Nous avons découvert que la régulation négative de pIgR par ORF8 dépendait
fortement de son affinité de liaison avec pIgR, une caractéristique qui semble dépendre de la
capacité d'ORFS8 a se dimériser. Nous avons également démontré que dIgA et 'ORF8 soluble se
lient au domaine 1 de pIgR indépendamment I'un de l'autre. En outre, nous avons cherché a
déterminer I'effet dORF8 du SARS-CoV-2 et de ses variants dans 'antagonisation du transport de
dIgA par plgR. Dans les cellules, nous avons observé que ORFS était capable d'antagoniser la
liaison de dIgA a plgR, tandis que I'ORFS8 soluble semblait alternativement d’exploiter le
complexe plgR-dIgA pour son internalisation. Dans 1'ensemble, nous pensons que cette étude fera
progresser nos connaissances sur I'évasion immunitaire des muqueuses par le SARS-CoV-2 et

contribuera a la préparation aux pandémies futurs.
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CHAPTER 1: INTRODUCTION TO SARS-CORONAVIRUSES AND

MUCOSAL IMMUNITY

The emergence of SARS-CoV-2 in 2019 led to a global emergency which resulted in over
7 million deaths. However, the pandemic further shed light on SARS-Coronavirus biology and the
importance of studying viral zoonotic transmission, evolution, and immune escape mechanisms in
contribution to therapeutic development and pandemic preparedness. To this end, we have
discovered the accessory protein ORF8 of SARS-CoV-2 as a pivotal antagonist of IgA-mediated
mucosal immunity. In this introduction, we will discuss the emergence and adaptation of SARS-
Coronaviruses, antiviral mucosal immunity, and the role of SARS-COV-2 ORFS8 in
immunomodulation.

1. Human SARS-Coronaviruses

1.1. Emergence of human Coronaviruses

Coronaviruses (CoVs) are enveloped positive single-stranded (ss) RNA viruses of the
Coronaviridae family, which are classified into four genera: Alpha-, Beta-, Gamma-, and Delta-
coronavirus'. Notably, their genomes are among the largest known viral RNAs, spanning
approximately 30 kilobases (Kb)?. Within Open Reading Frame (ORF) la and ORF1b, CoVs
encode 16 non-structural proteins (NSPs), while it encodes four structural proteins including Spike
glycoprotein (S), Envelope (E), Membrane (M), and Nucleocapsid (N) outside of ORFla/b’.
However, the number of accessory proteins varies across different CoVs>.

The ancestor amongst the four CoV genera dates back 300 million years, consistent with
the divergence of mammals and birds®>. This emphasizes the co-evolutionary relationship
between CoVs and their hosts, such that Gamma- and Delta-coronaviruses have been demonstrated

to primarily infect avians, while Alpha- and Beta-coronaviruses rather target mammals, including



humans'®. The first pathogenic CoV, avian infectious bronchitis virus (IBV), was discovered in
1931 amongst diseased baby chicks’. However, it was not until 1966 that the first human CoV
(HCoV), HCoV-229E, was identified®’. The following year, HCoV-OC43 was discovered from
organ culture of clinical samples, raising the awareness of the potential animal-to-human
transmission and the role of coronaviruses in human health!’. To date, five more HCoVs have been
identified, notably severe acute respiratory syndrome (SARS)-CoV in 2002, HCoV-NL63 and
HCoV-HKUT1 in 2004, Middle East respiratory syndrome (MERS)-CoV in 2012, and SARS-CoV-
21in 2020'""15. Of these, HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1 are endemic
and associated with mild cold-like symptoms, while SARS-CoV, MERS-CoV, and SARS-CoV-2
are pandemic coronaviruses associated with high pathogenicity and severe respiratory diseases’.
Understanding the evolutionary dynamics which led to the emergence of these HCoVs highlights
key pathways of zoonotic transmission and host interactions, which we will discuss in further
detail.

CoVs are distinguished by their large genomic diversity, in part due to the rapid adaptations
of these viruses to different hosts. Most HCoVs have ancestral links to either bat CoVs (HCoV-
NL63, HCoV-229E, SARS-CoV, and SARS-CoV-2) or murine CoVs (HCoV-OC43, and HCoV-
HKUT1) 11622 However, direct transmission of CoV from bats or rodents to humans has yet to be
observed"!®?2, In fact, HCoVs rather emerge through various intermediate hosts ranging from
wild to domesticated mammals, which contribute towards eventual viral spillover and adaptation
to humans'. Interspecies spillover imposes stringent selection conditions for the virus to adapt
its interactions with the hosts through acquisition of mutations via the low fidelity and error-prone
RNA-dependent RNA-polymerase (RdRp)**?°. This sporadic selective pressure across the whole

genome of all HCoVs, with emphasis on Spike glycoprotein, has been demonstrated to be highest



within intermediate hosts, followed by humans, while bats present little to no selection as the
natural reservoir®®. These findings support the hypothesis that CoVs in bats may not be optimally

adapted for emergence in humans?’?®

. This entails that ecological, epidemiological, and
compatibility bottleneck events in bats are insufficient for successful CoV spillover to humans,
hence requiring adaptation in an intermediate host which has increased contact and shares key

physiological traits with humans?’. These selection events have contributed towards the genomic

diversity and pathogenicity of HCoVs.

1.2. Emergence and epidemiology of pathogenic human SARS-Coronaviruses

In the past two decades, three main epidemic and pandemic HCoVs have emerged, SARS-
CoV in 2002, MERS-CoV in 2012, and SARS-CoV-2 in 2019%°. During the Coronavirus Disease
2019 (COVID-19) pandemic, a lot of parallels were drawn to the SARS-CoV pandemic due to
structural and epidemiological similarities between these two viruses which share 79% nucleotide
similarity*®*!. Genomes of SARS-CoV and SARS-CoV-2 span around 29.7-29.8 kb, encoding 4
structural proteins (S, M, E, N), and 16 NSPs (NSP1-16) (Fig. 1A-B) *2. Main differences reside
in their accessory proteins, SARS-CoV encodes 8 accessory proteins (ORF3a, 3b, 6, 7a, 8a, 8b,
and 9b), while SARS-CoV-2 encodes 9 accessory proteins (ORF3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and
10) (Fig. 1A-B) *.
1.2.1. SARS-CoV emergence

SARS-CoV emerged in Guangdong Province, China, in 2002 *3. The initial outbreak was
linked to workers in the live animal markets in Shenzhen municipality, with high seroprevalence
of anti-SARS-CoV IgG titres in traders of live animals**-**. SARS-CoV was subsequently isolated
from Himalayan palm civets, racoon dogs, and Chinese ferret-badgers®>. Molecular analyses

linked SARS-CoV to CoVs found in palm civets through shared homology of signature variation



residues (SNVs) between the Spike glycoprotein (S) of SARS-CoV and SARS-CoV-like animal
CoVs*®. However, the lack of widespread infection amongst both wild and farmed palm civets
suggests its role as an amplifying host rather than a reservoir’>?’. Surveillance of wildlife
coronaviruses identified the horseshoe bat as the natural reservoir of SARS-like CoVs (SL-CoVs)
which shared over 92% sequence identity to SARS-CoV isolated from humans and palm civets,

with the most variable regions in S and ORF102!-38,

1.2.2. SARS-CoV epidemiology and immunobiology

Over the course of 2 years, SARS-CoV resulted in 8096 cases globally, with a mortality
rate of 10% (744 deaths)?’. Clinical presentations were marked by persistent fever in 99-100% of
patients, accompanied with non-productive cough, myalgia, and chills/rigor in up to 75% of
patients®®. Neutralizing antibodies have been shown to block viral entry, while T cell responses
play an important protective role during SARS-CoV infection***!, Clearance of SARS-CoV
infection has been associated with robust and long-lasting cytotoxic T lymphocyte (CTL)
responses, whilst antibody responses do not seem to be maintained post infection*>**. On the other
hand, lymphopenia marked by a strong downregulation of CD4" T cells has been shown to
correlate with severe disease, acute respiratory distress syndrome (ARDS), and lung damage***.
However, the contribution of pro-inflammatory (IFN-y, interleukin (IL)-6, IL-8, and monocyte
chemoattractant protein 1 (MCP-1)) versus immunosuppressive (transforming growth factor-3
(TGF-B) and prostaglandin 2 (PGE2)) cytokines towards ARDS in SARS-CoV remains poorly
understood, with contradicting data supporting that both pro-inflammatory and
immunosuppressive environments can lead to lung damage and severe disease pathology*®°. In

mice, severe disease is rather the cause of inefficient immune activation due to the stimulation of

inhibitory alveolar macrophages by SARS-CoV, which results in deficient T cell responses™’.



Unlike SARS-CoV-2, asymptomatic infection with SARS-CoV was rare, allowing
aggressive quarantine measures coupled with the development of efficient surveillance strategies
and rigorous contact tracing to effectively control and halt the spread of SARS-CoV in 2004,
without the development of antivirals or vaccines®. Due to a rapid halt of the SARS-CoV
epidemic, viral mechanisms underlying severe disease pathogenesis and immune evasion have

been vastly understudied.

1.2.2. SARS-CoV-2 emergence

The Coronavirus Disease 2019 (COVID-19) pandemic, caused by SARS-CoV-2, has
claimed over 7.03 million lives since its emergence from Wuhan, China, in 201973, After its
emergence, SARS-CoV-2 was rapidly linked to the horseshoe bat-CoV RATG13 as its most likely
predecessor, sharing around 96% nucleotide identity>*>*. This supported that bats were the likely
reservoir for SARS-CoV-2 and while the intermediate host has yet to be confirmed, the most
probable hypothesis is pangolins due to the high phylogenetic similarity between pangolin CoV-
2020 and SARS-CoV-23, The capacity of pangolin-CoV S to bind human angiotensin
converting enzyme 2 (ACE2) receptor together with its high structural similarity to RATG13 S
have further reinforced pangolins as potential intermediate hosts>’%. In contrast, other groups have
put forward the possibility of ferrets, minks, raccoon dogs, and white tailed deer having the
capacity to act as amplifying hosts due to their susceptibility to SARS-CoV-2 infection and, in
some cases, their capacity to transmit the virus back to humans>®. However, lack of a scientific

consensus towards SARS-CoV-2 intermediate host merits caution.

1.2.3. SARS-CoV-2 epidemiology and immunobiology

Due to its high transmissibility, pathogenicity and mutational rate, SARS-CoV-2

continues to have a global impact since the frequent emergence of variants of concern (VOCs) and



variants of interest (VOIs) challenges the efficiency of COVID-19 vaccines®™®!'. The clinical
manifestation of the disease is broad, and depends on factors such as age, sex, and overall health
condition’>%%% Younger patients tend to develop milder symptoms such as fever, fatigue, and dry
cough, while older, immunocompromised patients who suffer from comorbidities are at a higher
risk of developing more severe forms of the disease including hypoxemia, hypoxia, pneumonia,
septic shock and multiple organ dysfunction or failure 2%, The wide spectrum of symptoms has
been shown to be attributed to differences in the proficiency of host immune responses. In fact,
studies have shown that asymptomatic patients tend to mount adequate virus-specific regulatory T
cell responses, while symptomatic patients tend to have limited regulatory T cells responses®.
Additionally, hypoxemia severity is closely correlated with lower levels of immune cells,
suggesting that SARS-CoV-2 favours a cellular state of immune depletion®>%, Altogether, these
studies suggest that the antagonization of the host immune system by SARS-CoV-2 is critical for
viral pathogenesis, yet the specific mechanisms behind these interactions remain to be further
investigated.

Despite the wide spectrum of COVID-19 disease severity, nearly all patients with severe
COVID-19 present similar clinical profiles of ARDS and lung damage®’. In COVID-19 patients,
ARDS is characterized by the cytokine storm which is associated with increased inflammatory
markers such as IL-18, IL-6, IL-7, and IL-10°7-%%, The continued expression of these cytokines and
other inflammatory mediators allow the persistence of both local and systemic
hyperinflammation®”-3, This response is thought to originate in part from SARS-CoV-2 cytopathic
properties which promote an increased secretion of IL-1f from the pyroptosis of infected cells, a
key event for the initiation and maintenance of the cytokine storm®”3, Additionally, the systemic

immunopathology of COVID-19 involves an impaired natural killer cell response, lymphopenia,



and lymphocyte dysfunction which contribute to disease severity by increasing susceptibility of
co-infections, ARDS respiratory failure, and multiple organ failure from excessive tissue
damage®”®. Further understanding SARS-CoV-2 biology and viral mechanisms of immune
evasion will deepen our understanding of SARS-CoV-2 pathogenicity, as well as inform both
therapeutic development and future pandemic preparedness.
2. SARS-CoV-2 Biology
2.2. SARS-CoV-2 Life Cycle

SARS-CoV-2 life cycle starts with the engagement of the S glycoprotein with its receptor,
ACE2, expressed ubiquitously across respiratory, gastrointestinal, urogenital, liver, and vascular
epitheliums’®72. Prior to cellular entry, Spike is cleaved at the S1/S2 polybasic cleavage site by
furin in infected cells during viral replication”*. Consequently, the S glycoprotein comprises two
non-covalently linked subunits, S1 which contains the receptor-binding domain (RBD) to mediate
receptor binding and S2 which contains the fusion peptide (FP) to mediate viral and cellular
membrane fusion’®’*. Binding of S1 RBD to ACE2 allows the tethering of SARS-CoV-2 virions
to the surface of lung epithelial cells’’. Two major viral entry mechanisms have been defined for
SARS-COV-2, the first via membrane fusion at the surface of cells which express the
transmembrane protease serine 2 (TMPRSS2), the second by endocytosis for cells who do not
(Fig. 1C)”. Membrane fusion is mediated by cleavage of S2 into S2° by TMPRSS2 at the cell
surface”. This allows the exposure of the FP which initiates the formation of the fusion pore
through which the viral genome enters into the host cell cytoplasm’7®. In contrast, in the absence
of cell-surface TMPRSS2, binding of S glycoprotein to ACE2 triggers clathrin-mediated
endocytosis of the virion”’. Within late endosomes or lysosomes, cathepsin L cleaves at the S2’

site, exposing the FP for membrane fusion and subsequent cellular entry of the viral genome’®".



After entry, the positive sense viral RNA is translated to produce polyprotein (pp) 1a and through
a programmed ribosomal frameshift, further produce pplab 7**°. These two viral polyproteins are
processed by two viral proteases, NSP3 (papain-like protease; PLP™) and NSP5 (main protease,
MP©) to release mature NSP1 to NSP167%89-82  Specifically, NSP3 catalyzes the cleavage and
release of NSP1-4, while NSP5 catalyzes the cleavage and release of NSP5-167°.

Of the NSPs, NSP1 has been shown to act as a potent antagonist of host mRNA translation
through its capacity to bind host 40S ribosome and mediate cleavage of host mRNA®*#, NSP4
has been shown to remodel ER membranes, acting in concert with NSP3 and NSP6 to form SARS-
CoV-2 replication organelles (ROs), named double-membrane vesicles (DMVs)*>#7. These ROs
are crucial to viral replication which begins with the synthesis of full-length negative-sense SARS-
CoV-2 RNA (Fig. 10)*2.

SARS-CoV-2 RNA replication and transcription are carried out by the synchronous
activities of NSP7 to NSP16. NSP7, NSP8 and NSP12 form SARS-CoV-2 RNA-dependent RNA
polymerase holoenzyme in the RTC, with NSP12 acing as the RdRp to replicate the full-length
viral RNA and NSP7/8 acting as co-factors®>*®, Nascent viral RNA produced by the RdRp is
proofread by NSP14 with its 3°-5° exonuclease activity "**2%°, Furthermore, NSP14 and NSP16
catalyze viral RNA capping, with NSP14 carrying the N7-MTase activity and NSP16 functioning
as a methyltransferase. These functions of NSP14 and NSP16 are stimulated by NSP1032%,
NSP13 is an RNA helicase, it promotes viral RNA synthesis by unwinding RNA secondary

structures, while NSP9 contributes to viral RNA replication by binding to single-stranded RNA %2,
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Figure 1. SARS-CoV-2 structure, genome, and life cycle. (A) Schematic of SARS-CoV-2
structural proteins which make up the virion. (B) SARS-CoV-2 genome structure with emphasis
on ORF8 accessory protein. (C) SARS-CoV-2 life cycle is initiated by the entry of the virus either
dependently or independently of TMPRSS2. Release of the viral genome will lead to replication
as well as discontinuous transcription, allowing the production of NSP, structural, and ORF
proteins. The virus particle will assemble at the ERGIC, after which it will exit the cell via the
lysosomal pathway. Schematics adapted from (A) Pizzato M, et al (2023)°S, (B) Arduini A,
Laprise E, & Liang C (2023)'?*, and (C) V’kovski P, et al (2021)°.



Finally, NSP15 is an endoribonuclease which cleaves 5’-polyuridines in viral negative-strand
RNA, thus preventing activation of MDAS5-mediated antiviral responses®>°!.,

In addition to the synthesis of full-length viral genomic RNA, SARS-CoV-2 needs to
transcribe subgenomic RNA (sgRNA) to express its structural and accessory proteins that are
encoded in the 3’ region of viral RNA (Fig. 1C). This is achieved by the function of transcription
regulatory sequences (TRS) that are located immediately upstream of the coding sequences of
structural and accessory proteins, which coordinate discontinuous transcription’’. Since sgRNAs
are monocistronic, only the ORF at the 5° end are translated’®. Structural and accessory proteins
(ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9, ORF10, ORF14) are found near the 3’
end of the genome and are all products of discontinuous transcription (Fig. 1B-C)7**°. SARS-CoV-
2 accessory proteins have been characterized for their crucial roles in mediating immune evasion.
ORF3a, ORF6, and ORF7a/b antagonize phosphorylation and nuclear translocation of signal
transducer and activator of transcription 1 and 2 (STAT1/2) to antagonize expression of interferon
stimulated genes (ISGs), while ORF3b, ORF6, and ORFS inhibit nuclear translocation of IRF3 to
prevent the expression of interferons, altogether functioning as potent IFN antagonists >
Similarly, ORF9b and ORF10 have been shown to antagonize type I IFN through both indirect and
direct interactions with MAVS®>!9%191 " Finally, ORF9c interacts with the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), however its effect on antiviral responses have
yet to be determined!®?.

SARS-CoV-2 particles are formed by S, E, M and N proteins (Fig. 1A, C). After synthesis
in DMVs, viral genomic RNA exits the ROs, condenses with cytosolic N and undergoes phase

separation while S, E, and M are synthesized at the endoplasmic reticulum (ER)!®~1%_ Although

the detailed virion assembly and release mechanisms have yet to be fully elucidated, current data
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support the model that viral structural proteins S, E and M travel to the ER-Golgi Intermediate
Compartment (ERGIC), where M protein oligomerizes and recruits S, E and N/viral RNA to form
virus particles 80-103.106-108 = After assembly, SARS-CoV-2 particles egress via the lysosomal
secretory pathway, rather than employ the host conventional secretory pathway via the trans-Golgi
network!”. SARS-CoV-2 ORF3a protein has been shown to facilitate this mechanism by
mediating deacidification of lysosomes and regulation of autophagy'!®. Extensive research is
underway to better understand the role of viral proteins and their contribution in viral replication
and these findings are expected to contribute towards therapeutic development and pandemic

preparedness.

2.3. Immune responses to SARS-CoV-2

The first line of defence against SARS-CoV-2 involves the recognition of viral components
by cell-surface pattern recognition receptors (PRR)!!!. E protein is sensed by Toll-like receptor 2
(TLR2), while S glycoprotein is primarily recognized by TLR4 and to a lesser extent by TLR1 and
TLR6M13 This triggers the activation of MyD88- and TRIF-dependent pro-inflammatory
signalling pathways '''"!13, Within infected cells, viral RNA is sensed by RIG-I/MDA-5, which
triggers the production of type I and III IFN, and subsequently stimulates the synthesis of
ISGs'':!!% These antiviral effector proteins work collectively to impede SARS-CoV-2 entry (such
as IFITM and Ly6E) and replication (such as IFIT1, IFIT3, IFIT5)!!1115:116 SARS-CoV-2 has
been found to incite the formation of NLRP3 inflammasomes in vitro, likely contributing to the
pro-inflammatory response in COVID-19''!17 Furthermore, mitochondrial damage by SARS-
CoV-2 infection results in the activation of the cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING) signalling pathway, further contributing to the type I IFN response

against SARS-CoV-2!'"1"¥  However, stimulation of innate immunity by SARS-CoV-2 has
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contributed to the unchecked activation of pro-inflammatory cytokines and cytokine storm
observed in severe COVID-19 cases, as previously described!!!.

Adaptive immunity is mounted after innate immune responses, and plays an equal and
important role in controlling SARS-CoV-2 infection and COVID-19 progression ''°. Adaptive
immunity begins by presentation of viral antigens by antigen-presenting cells (APCs) to T cells
and B cells in lymph nodes, which leads to the activation of naive T and B lymphocyte and their
migration to the pulmonary space ', A potent T cell response together with neutralizing antibodies
(nAb) production by B cells can clear SARS-CoV-2 infection ''°. However, patients with severe
COVID-19 disease suffer from a dysfunctional T cell response and a lack in Treg cells, allowing a
harmful inflammatory environment to persist!!*12°. Due to CD4+ T cell dysregulation, excessive
antibody responses are observed in severe disease, which is characterized with high levels of serum
IgG and IgA'"®. An unrestrained type I IFN response, excessive antibody responses, together with
the lack of Treg cells, promote unchecked inflammation and progression towards the cytokine
storm and ARDS!''*!?!, To overcome host immune defences, SARS-CoV-2 uses its proteins to
counteract pivotal immune mechanisms of both innate and adaptive immunity to promote immune

evasion and viral replication.

2.4. SARS-CoV-2 immune evasion

During viral infection, innate immune responses act as first line defences to protect the
host!?2. This typically includes the recruitment of antiviral effector proteins and the induction of
type I IFN and type III IFN antiviral responses in consequence to cellular detection of viral proteins
and viral nucleic acids'?>!%. To successfully infect the host and spread, SARS-CoV-2 has adapted
to use many of its proteins to target host antiviral pathways '22. As described above, these strategies

include the antagonization of viral RNA sensing, blockade of IFN signalling, shutoff of host
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translation, and obstruction of nuclear import and export'?>2. Among these viral antagonization
mechanisms, my interest lies within ORFS8, notably due to its capacity of secretion and
dimerization, which suggests potentially novel viral mechanisms of systemic immunomodulation
unique to SARS-CoV-2!?*. T will therefore focus on reviewing the structure, evolutionary
landscape, and reported functions of SARS-CoV-2 ORFS, as well as highlight the current

knowledge gaps regarding the role of ORF8 in viral pathogenicity.

2.4.1. Accessory protein ORFS structure and evolution

SARS-CoV-2 ORFS is a small secreted accessory protein. It has been of notable interest
due to its large interactome network and its capacity to modulate host cellular pathways to promote
immune evasion and viral replication!?>!24, Positioned amongst one of the most hypervariable
regions of SARS-CoV-2-like and SARS-CoV-like genomes, following the spike protein, it serves
as a strong recombination hotspot!?>"1?7. Despite its expression in other Sarbecoviruses, it only
shares 55.4% nucleotide similarity with full-length SARS-CoV ORFS8 and 93% nucleotide
similarity with bat-CoV RATG13 ORFS, the closest relative of SARS-CoV-2'?%, SARS-CoV-2
ORF8 is structurally distinct from SARS-CoV ORFS as it forms a dimer which is held via three
intramolecular disulfide bonds (C25-C90, C37-C102, C61-C83) within the monomeric subunits,
and an intermolecular disulfide bond (C20-C20), four salt bridges (D199-R115, R115-E92), and
hydrogen bonds (F120-K53, K53-S24, QI18-L22, R52-1121) between the monomeric
subunits!?*!12%-133 Fyrthermore, ORF8 contains an Ig-like domain within its B-sandwich, which is
thought to mediate SARS-CoV-2 ORF8 immune mimicry and evasion of host immune
pathways!26:12°,

Being one of the most hypervariable proteins of Sarbecoviruses, it is no surprise that

SARS-CoV-2 ORF8 has evolved throughout the course of the pandemic in parallel with the
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emergence of VOCs and VOIs'?*. One of the earliest amino acid changes within ORFS was the
L84S, which is expected to hinder dimer interactions and Ig-like domain binding!24126.127:129.134.135,
In addition, the S24L and V62L ORF8 mutants have become common amongst emerging viral
variants, while the C20 dimerization and N78 glycosylation sites have remained conserved across
VOCs and VOIs!?#126.136-138 " 1n SARS-CoV-2 pathogenic VOCs, such as Delta (B.1.617) and
Alpha (B.1.1.7), ORF8 mutations (deletion of D199-F120 and Q27stop, respectively) have been
associated with a decrease in ORF8’s function through loss in dimer stability or
expression!¥13%140 Interestingly, loss of function mutations in ORF8 have emerged alongside S
glycoprotein mutations which increase viral infectivity, suggesting a potential compensation of

t124.139,141,142 However, recent

pathogenicity and transmissibility for SARS-CoV-2 to persis
findings suggest that a complete loss of ORF8 impedes ancestral and variant SARS-CoV-2

transmission, supporting the crucial role of this accessory protein for successful SARS-CoV-2

infection and transmission'*3.

2.4.2. Contribution of ORFS8 in SARS-CoV-2 immune evasion

Over the past three years, the role of ORF8 in host immune evasion and mimicry has been
studied by several groups. Importantly, ORF8 has been detected in the plasma of COVID-19
patients, and its levels correlate with disease severity!**!%3, Further supporting a role of ORFS in
SARS-CoV-2 pathogenicity, a 382-nucleotide deletion in ORF8 emerged in a small cohort in
Singapore which exhibited milder COVID-19 disease symptoms and progression'46-147 A
comparable deleterious mutation in ORF8 was observed in a lymphoma patient, indicating the
possibility of a loss in selective pressure on SARS-CoV-2 pathogenic genes under

immunosuppression '?#13%!48_ These findings mirror the split of ORFS8 gene and its eventual loss

during the SARS-CoV outbreak in 2003 124136149 The functions of SARS-CoV ORFS8 and its split
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Figure 2. Immunomodulation of host cellular and systemic immunity by SARS-CoV-2
ORF8. Within cells, SARS-CoV-2 ORF8 antagonizes IFN responses via antagonization of NF-
kB activation. Furthermore, it promotes the lysosomal degradation of MHC-I which leads to a
deficient CTL response. As a soluble protein. ORFS acts as an IL-17 mimic by binding IL-17RA
and promoting pro-inflammatory cytokine signalling. Finally, ORFS interacts with CD16 at the
surface of monocytes and NK cells, suppressing ADCC. Figure adapted from Arduini A, Laprise
F, & Liang C (2023)'%*,

products ORF8a and ORF8b have yet to be fully understood. Nonetheless, the rapid dominance of
this SARS-CoV mutant indicates a possible trade-off between host adaptability and viral
pathogenicity>> 124149150 Taken together, the changes of ORFS8 during both the SARS-CoV
epidemic and SARS-CoV-2 pandemic support an important role of ORF8 in viral immune evasion
and pathogenicity.

SARS-CoV-2 ORF8 functions can be categorized into two main areas: contributing to viral

replication and promoting immune evasion'?*. Regarding viral replication, ORF8 has been shown
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to help remodel the ER and facilitate the formation of convoluted membranes (CM) and DMV,
through activation of adaptive unfolded protein response (UPR) sensors including inositol-
requiring transmembrane kinase endoribonuclease-1a (IRE1a), protein kinase R-like endoplasmic
reticulum kinase (PERK), and activating transcription factor 6 (ATF6)), inhibition of ER-phagy
receptors atlasin GTPase 3 (ATL3) and reticulophagy regulator 1 (RETREG1), and sequestration
of ER chaperones BiP and calnexin'>'"'*3. In addition, monomeric SARS-CoV-2 ORF8§ contains
the histone H3 regulatory site ‘ARKS’ sequence, and has been linked with the downregulation of
histone acyltransferase KAT2A transcription, leading to modulations in histone post-translational
modifications and chromatin compaction, in favour of SARS-CoV-2 replication!?%!34155,
However, this latter finding was recently challenged by other groups due to the lack of
reproducibility of the data as well as ORFS8 residence in the ER lumen '*!13157_ Finally, ORF8
was reported to antagonize the packaging of S glycoprotein into progeny virions, resulting in
decreased cell-surface S glycoprotein expression, thus reducing antibody-mediated detection of
SARS-CoV-2 infected cells'!-142,

In addition to its role in SARS-CoV-2 replication, it is recognized that the primary function
of ORFS is to modulate and evade host immunity (Fig. 2)'?*. The known mechanisms include
antagonization of IFN and CTL response, as well as its function as a virokine (Fig. 2)'**. ORFS8
appears to antagonize type I IFN response by a few different ways which are cell-type dependent.
In cervical cancer cell line HeLa and kidney epithelial cell line HEK293T, ORF8 represses mRNA
expression of IFN-B and NF-«B (Fig. 2)°>!3. Furthermore, its capacity to bind and activate CTP
synthase 1 (CTPSI) has been linked with antagonization of nuclear translocation of IRF3, hence
inhibiting RIG-I/MDA-5-MAVS signalling (Fig. 2)*1?%15%16 In lung cell line A549, ORFS

counters [FN-y response via the formation of intracellular aggregates, thus suppressing expression
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of antiviral effectors such as IFN-induced transmembrane 1 (IFTIM1) and 2°, 5’-oligodenylate
synthetase (OAS3)!?*161 ORFS has also been reported by several groups to downregulate the
expression of major histocompatibility complex I (MHC-I), thus antagonizing the CTL response
which plays a major role in clearing infected cells (Fig. 2)!?*. MHC-I downregulation was first
observed in nasopharyngeal swabs of SARS-CoV-2 patients, and it was later confirmed in SARS-
CoV-2 infected cells that ORFS targets MHC-I to lysosomes for degradation!?*!9%163 In contrast,
some groups did not detect direct interaction between ORF8 and MHC-I, but have noticed that
ORFS, together with ORF6, antagonizes MHC-I induction by targeting effectors of the
downstream signalling pathway!'?*!63. Although a clear consensus on the mechanism behind MHC-
I antagonization by ORFS has yet to be reached, these findings do support the function of ORF8
in evading CTL-mediated killing of SARS-CoV-2-infected cells (Fig. 2)!24162,

In its secreted form, ORF8 can act systemically as an IL-17A mimic and by binding to Fc
receptors (Fig. 2)!?*. ORF8 has been reported to activate pro-inflammatory signalling by binding
to the IL-17A receptor (IL-17R) in murine models, peripheral blood monocytes (PBMCs) and
monocytic cell lines THP1 and U937 (Fig. 2)!%:1¢4-1¢7 Fyrthermore, this function may be specific
to un-glycosylated ORFS, supporting possible pathways of unconventional secretion'®®.
Additionally, ORF8 has been shown to interact with CD16a on monocytes and natural killer (NK)
cells, decreasing both its cell-surface expression as well at its capacity to mediate antibody-
dependent cellular cytotoxicity (ADCC) in assays using convalescent and vaccinated COVID-19
serum samples (Fig. 2)!241%, Altogether, these findings support both soluble and intracellular
ORF8 as critical modulators of host immunity, in favour of virus replication and immune escape.
In addition, the capacity of ORFS to interact with IL-17R, MHC-I, and CD16a suggests its possible

interaction with the broad host Ig domain superfamily, which remains to be further investigated'*,

17



3. Lung Mucosal Immunity

3.1. Mucosal immune landscape
The mucosa of our respiratory tract is constantly exposed to various chemicals and

169 Hence, maintaining immune homeostasis in the airways is

potential pathogens from inhaled air
crucial in preventing respiratory diseases. As such, our body has evolved complex mechanisms
ranging from innate to adaptive immune pathways to sense and neutralize infectious particles'®’.
During infection, airway epithelial cells act as the first line of defence through their capacity to
sense incoming pathogens via a variety of PRRs, including TLRs, RIG-I-like receptors (RLR), and
Nod-like receptors (NLR)®>»16%170 Activation of these receptors leads to induction of type I, type
11, or type III IFN responses and are linked with pro-inflammatory cytokine secretion!®’.
Tissue-resident immune cells have been shown to play a crucial role in bridging innate and
adaptive immunity. First, dendritic cells monitor the alveolar space for invading pathogens, rapidly
initiating pro-inflammatory and adaptive immune responses'’!. Circulating neutrophils can be
recruited to the lungs upon either infection or sterile inflammation, where they undergo functional
changes into an “activated” phenotype'®”!”2, This allows the neutrophils to mediate core-
inflammatory signalling pathways in the lungs by modulating their cell-surface receptors and
metabolic functions to perform robust pathogen killing via granule exocytosis and apoptosis
induction'®!7317*_ Another critical subset of lung-resident immune cells are alveolar macrophages
(AM). Being largely present in the alveolar space, their main function is to phagocytose pathogens
and promote antigen-presentation'®’. Furthermore, their interaction with regulatory T cells and

alveolar epithelial cells allows for infection-dependent immunomodulation of both pro- and anti-

inflammatory signalling '¢17>176 Additionally, innate lymphoid cells (ILCs) have been shown to
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be involved in inflammatory antimicrobial responses at mucosal barriers due to their capacity to
release cytokines in response to direct activation by infected cells!®17".

In recent years, there has been growing evidence for the existence of both tissue-resident
memory B (BRMs) and T (Trwm) cells in the lungs'’®!”. Although BRMs are antigen-experienced,
they are not pathogen-specific. This entails that they are recruited to tissues following a primary
infection but they can respond to a broad range of microbes including S. pneumococcus and
influenza, where they can be rapidly relocated in response to a secondary infection!”?"13!, Although
the exact location of BRMs is still debated, they have been found to rapidly differentiate into
antibody-secreting cells (ASCs) in response to pathogens, highlighting their critical contribution

179,182

to antibody-mediated adaptive mucosal immunity . In addition to BRMs, TruM cells migrate

to and persist in mucosal barriers, such as the lungs, after infection and can become activated

following a subsequent challenge at the site of infection!”®

. Although the specific mechanism of
Trm cells remains under investigation, they have been shown to contribute in shaping the protective
immune response against various pathogens, including a wide range of viruses!'®.

An important function of the mucosal adaptive immune response is to produce antibodies
which contribute to the primary defence against pathogens'®. The secretory immunoglobulins
(sIgs) population is mostly consisted of dimeric immunoglobulin A (dIgA) and pentameric
immunoglobulin M (pIgM)'**. In response to infection, IgM is the first antibody produced, then
production of IgA allows for a specific and early neutralizing response during infection!8>1%¢_ As
a product of Ig class switching, IgA has two subtypes. [gA1 makes up the majority of the IgA pool

on mucosal surfaces whereas IgA2 is found in the colon'®’

. While plasma B cells produces
monomeric IgA which goes into blood circulation, subepithelial BMRs produce IgA as a dimer

dIgA) consisting of two monomeric IgAs linked with a joining chain (JC)'®. The followin
g g g J g g
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sections provide a detailed account of the secreted (dimeric) IgA (sIgA), including its role in

mucosal immunity and its mechanism of secretion across mucosal epithelia.

3.2. IgA-mediated mucosal immunity and the polymeric Ig receptor (pIgR)

slgA is the dominant antibody class in mucosal secretions, thus it plays a pivotal role in
maintaining immune homeostasis at mucosal surfaces'®>!*°, In the lungs, the main functions of
sIgAs are to capture and clear pathogens via coating, cross-linking, agglutination, and to promote
mucociliary transport of airway secretions'?!"1%2. Of interest, the structure of sIgA is distinct from
dIgA 2. To be secreted, dIgA must be transported from the lung subepithelial space to the mucosal
lumen. This process, termed transcytosis, is mediated by the polymeric Ig receptor (pIgR) located
at the basolateral surface of epithelial cells'®>.

Human plgR is a type I transmembrane protein which contains six extracellular domains,
a transmembrane domain, and an intracellular domain'®®. The extracellular domain contains five
Ig-like domains in tandem which mediate binding with dIgA and pIgM, while the sixth domain
contains a proteolytic cleavage site that, upon cleavage by proteases, allows the release of sIgA
after transcytosis'®>!**, When un-ligated, the ectodomain of pIgR, known as the secretory
component (SC), adopts a closed conformation with primary interactions between domain (D) 1
and D5, D1 and D4, and finally D1 and D2"%!%° In its closed conformation, D1-D4-D5 forms a
large interface with their respective complementarity determining regions (CDRs) facing
outwards, suggesting that JC binding initially occurs with D1 and D5'%>!%, This initial interaction
promotes a conformational change within pIgR, separating D1 and D5 to allow D1 CDRI to
mediate the main interaction between SC and the JC of dIgA, while D3-D4-D5 become extended,

leaving D4-D5 to have a minor interaction with both the Fc and JC of dIgA %1%,
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Following binding of dIgA to pIgR, the pIgR-IgA (pIgA) complex gets internalized via
clathrin-mediated endocytosis at the basolateral pole, then the complex traffics via the
conventional endosomal pathway!*>!°6. Once arriving at the apical pole of epithelial cells, D6
undergoes endo-proteolytic cleavage, allowing the release and diffusion of dIgA bound to SC of
plgR (sIgA) into the mucosal lumen'®*. In addition, constitutive transcytosis of un-ligated pIgR
allows the release of SC into the mucosa. SC participates in immune exclusion by preventing
access of pathogens to the epithelium in unison with sIgA®*197-1% In cells, pIgR is upregulated
by host cytokines such as IL-1, IL-17, IFN-y, TNF-a as a result of activation of NF-kB and IRF1
by microbial products'**2%. Owing to its crucial role in mucosal immunity, dysregulation of IgA

transcytosis and pIgR expression has been implicated in various pulmonary diseases.

3.3. IgA and pIgR in diseases

Early studies investigating pIgR-knockout mice demonstrated that the disruption of IgA
transcytosis and secretion led to higher serum IgA levels and subsequent gut microbiota changes
which promoted inflammatory bowel disease (IBD), consistent with clinical data!®3201-202,
Similarly, the knockout of pIgR from mice hepatocytes has been shown to aggravate autoimmune
hepatitis due to mucosal barrier dysfunctions caused by a decrease in sIgA%®. In contrast, pIgR
levels are clinically associated with cardio-renal syndrome, such that an increase in pIgR correlates
with kidney disease and an increase in urinary sIgA and SC!*42%4,

In the lungs, a variety of pulmonary diseases have been linked with altered levels of sIgA
and changes in pIgR expression. One such example is chronic obstructive pulmonary disease
(COPD), a degenerative lung disease where disease severity correlates with deficiencies in sIgA,

resulting in dysfunctional local immune response?®>2%’. COPD is characterized by excessive

pulmonary inflammation which decreases the expression of pIgR in bronchial epithelial cells due
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to increased epithelial TGF-B expression?”’2%. It has been reported that pIgR is similarly
downregulated by IL-4 and IL-13 in asthma, leading to an impaired sIgA response?'®. Furthermore,
asthma is increasingly prevalent in patients suffering from selective IgA deficiency (SIgAD), an
immunodeficiency disease characterized by low to undetectable IgA levels, further emphasizing
the role of sIgA in preventing inflammatory pulmonary diseases?’’2!!-*!2_ In the past few years, the
role of sIgA in pulmonary diseases has gained more attention due to its link with SARS-CoV-2
and COVID-19 disease severity?’.
3.4. IgA-mediated mucosal immunity during SARS-CoV-2 infection

The systemic antibody response to SARS-CoV-2 has been extensively investigated,
notably to assess vaccine efficacy and understand COVID-19 progression. In patients infected with
SARS-CoV-2, potent neutralizing antibody (nAb) responses against N and S glycoprotein are
observed in serum IgA, IgM, and IgG 2!3. Although total serum nAb responses can be maintained
up to 6-8 months-post infection, systemic neutralizing IgA has been shown to be rapidly lost as

early as 2 months post-infection 2!4215

. Similarly, intramuscular vaccination has been successful
in generating potent serum neutralizing IgG responses?!. Serum and secretory IgA responses are
elicited by vaccination of pre-immunized patients, but these are not maintained and do not respond
to subsequent immunization with boosters?!%2!”. This may be of concern because sIgA is known
to play a pivotal role in controlling early infection as it dominates the early nAb response?!®,
Furthermore, low serum nAb responses in mild COVID-19 patients are inversely correlated with
slgA, where low serum nAb titres and high neutralizing sIgA titres in mucosal secretions correlate
with positive disease prognosis?!®?!?. This suggests that transient nAb presence in serum observed

in mild to moderate COVID-19 disease may be linked to an increased nAb secretion in the mucosa

of the respiratory tract. Concordantly, patients with sIgAD tend to suffer from more severe and
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longer-lasting COVID-19 disease??°. The ongoing development of mucosal vaccines aims to
stimulate both mucosal and systemic protective immunity, which cannot be achieved with
intramuscular vaccine regimens??!. To better achieve this goal, it is critical to understand the

mucosal immune response to SARS-CoV-2 infection and the viral antagonization mechanisms.
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Figure 3. SARS-CoV-2 ORF8 modulates pIgR expression and highjacks the dIgA-pIgR

pathway for internalization. Graphical abstract demonstrating the main pathways of pIgR
modulation by SARS-COV-2 ORFS8. Within cells, ORF8 downregulates pIgR expression,
leading to decreased cell-surface dIgA binding. In contrast, soluble ORFS8 interacts and
highjacks the digA-pIgR complex to enter cells. Whether immunomodulation of pIgR by ORF8

leads to an antagonized sIgA response remains to be investigated. Made in biorender.com.
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4. Research Objectives and Aims

Given that SARS-CoV-2 infects the respiratory tracts and lungs, mucosal immunity is
expected to suppress infection establishment through the transcytosis and secretion of dIgA across
lung epithelial cells by pIgR??2. Loss of this biological function may render the airways more
susceptible to SARS-CoV-2 infection, since low pIgR levels have been shown to correlate with
COVID-19 disease severity?*>?**. Notably, my preliminary experimental data revealed that SARS-
CoV-2 accessory protein ORF8 downregulates pIgR (Fig. 4). This observation, together with the
secretory nature of ORF8 and its reported role in modulating host immunity, prompts us to
hypothesize that ORF8 may antagonize dIgA-mediated mucosal immunity by downregulating
pIgR and modulating dIgA-pIgR transcytosis, thus facilitating SARS-CoV-2 infection of
lung epithelial cells. Hence, I propose a model where SARS-CoV-2 infection of lung epithelial
cells leads to ORF8 expression, which can act intracellularly to decrease pIgR levels and
extracellularly to intercept digA-pIgR transcytosis (Fig. 3). To test this hypothesis, the following
aims were investigated: (1) elucidate the molecular mechanism of pIgR downregulation by ORF8
through characterizing their interaction, and (2) determining the effect of ORF8 from SARS-CoV-
2 and its VOCs on pIgR-mediated dIgA binding and internalization.
4.1. Aim I: elucidate the molecular mechanism of pIgR downregulation by ORF'S through
characterizing their interaction

I have tested a large panel of ORF8 mutants as well as ORFS8 from other coronaviruses to
determine the key motifs and features of ORF8 underlying its function towards plIgR
downregulation, and whether this activity is conserved in SARS-CoV-2 VOCs and in ORFS8 of
other coronaviruses. I have also designed and performed sequential domain deletions of pIgR

ectodomain to determine which domain serves to bind ORFS8. Finally, I characterized the
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interaction of these ORF8 mutants with pIgR by co-immunoprecipitation and confocal imaging
and was able to establish the correlation between ORF8-pIgR interaction and ORF8-mediated
downregulation of pIgR. Altogether, I was able to identify ORF8 mutations which modulate its
activity against pIgR expression and determine the key domains within pIgR which are responsible

for binding to ORFS.

4.2. Aim 2: determine the effect of ORF8 from SARS-CoV-2 and VOCs on pIgR-mediated dIgA
binding and internalization

The binding and internalization of the dIgA-pIgR complex initiate the process of transcytosis,
rendering these steps indispensable for the secretion of dIgA in the lumen!**. To study the early
transcytosis steps, I used flow cytometry and confocal microscopy to measure the effect of both
intracellular and secreted ORF8 on dIgA binding to pIgR and internalization of the dIgA-pIgR

complex.
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CHAPTER 2: MATERIALS AND METHODS

1. Cell culture

HEK293T kidney epithelial cells (ATCC, cat. CRL-1573) were grown in Dulbecco’s Modified
Eagle Medium (DMEM; ThermoFisher Scientific, Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS; ThermoFisher Scientific), and 1% penicillin and streptomycin (PS;
ThermoFisher Scientific). Calu-3 lung epithelial cells (ATCC, cat. HTB-55) were grown in Eagle’s
Minimum Essential Medium (EMEM; Wisent Bioproducts, St-Jean-Baptiste, Qc) supplemented
with 20% FBS and 1% PS. Caco-2 colon epithelial cells (ATCC, HTB-37) were grown in EMEM
supplemented with 10% FBS and 1% PS. Cells were passaged every second day or at 90%
confluence using 0.05% Trypsin-EDTA (ThermoFisher Scientific, cat. 25300-054).

2. Plasmids and reagents

2.1. Plasmids

The lentiviral mammalian expression vector pLVX-Elalpha-IRES-Puro encoding WT SARS-
CoV-2 ORFS fused to the Strep-11 tag (Addgene, cat. 141390) was used as ORF8 expression
plasmid. In addition, we used a plasmid containing pIgR fused to the FLAG tag (GenScript, cat.
OHul19522D) and the empty vector pQCXIP (Addgene, cat. 631516). We also used transferrin
receptor 1 (TFR1) expression plasmid (provided by Dr. Kostas Pantopoulos, McGill University,
Qc), as well as M-Cherry-TFR-20 expressing TFR1 fused to the mCherry tag (Addgene,
cat.55144). Finally, we used pLVX-EFlalpha-eGFP-2xStrep-IRES-Puro encoding eGFP
(Addgene, cat. 141395), pMD2.G (expressing VSV-G; Addgene, cat. 12260), and psPAX2

(lentivirus packaging plasmid; Addgene, cat. 12260).
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2.2. Antibodies
Antibodies used in this study were the following: rat monoclonal anti-Strep-II (Abcam,

Boston, MA; cat. Ab252885), rabbit SARS-CoV-2 Spike Protein (S1) monoclonal antibody (Cell
Signaling Technology, Danvers, MA; cat. 99423S), mouse anti-FLAG (Sigma-Aldrich,
Burlington, MA; cat. F1804), mouse anti-tubulin (Santa Cruz Biotechnology, Dallas, TX; cat. SC-
23948), rabbit anti-FLAG (Sigma-Aldrich; cat. 7425), rabbit pIgR polyclonal antibody
(Thermofisher; cat. PA5-35340), mouse monoclonal anti-hpIgR (R&D Systems, Minneapolis,
MA; cat. MAB27172), mouse Transferrin receptor monoclonal antibody (H68.4) (Invitrogen,
Carlsbad, CA; cat.13-6800), Zombie Violet (BioLegend, San Diego, CA; cat. 77477), sheep anti-
hGM130/GOLGA2 (R&D Systems; cat. AF8199), goat anti-rat [gG-HRP (Invitrogen; cat. 31470),
goat anti-mouse IgG-HRP (SeraCare, Milford, MA; cat. 5450-0011), goat anti-rabbit I[gG-HRP
(SeraCare; cat. 5450-0010), Alexa Fluor 488 donkey anti-rat IgG (H+L) (Invitrogen; cat. A21208),
Alexa Fluor 488 goat anti-rat [gG (H+L) (Invitrogen; cat. A11006), Alexa Fluor 594 donkey anti-
sheep IgG (H+L) (Invitrogen; cat. A11016), Alexa Fluor 568 goat anti-rabbit IgG (H+L)
(Invitrogen; cat. A11011), Alexa Fluor 647 donkey anti-rabbit IgG (H+L) (Invitrogen; cat.
A31573), Alexa Fluor 647 donkey anti-mouse IgG (H+L) (Invitrogen; cat. A31571), DAPI
(Abcam, cat. Ab228561), Mouse Strep-II-FITC (GenScript; cat. A01736-100), and anti-FLAG-
647 (Rockland Scientific, Victoria, BC; cat. 200-343-383).
2.3. Protein and antibody labelling

In this study, we conjugated recombinant SARS-CoV-2 ORF8-His (Invitrogen; cat. RP87666),
IgA from human colostrum (Sigma-Aldrich; cat. 12636), and human transferrin (Sigma-Aldrich;
cat. T3309) using Alexa Fluor 488 Microscale Protein Labeling Kit (Invitrogen; cat. A30006) and

Alexa Fluor 647 Protein Labeling Kit (Invitrogen; A20173). 1 mg/ml — 1.5 mg/ml proteins were
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conjugated by incubating with 10% 1M sodium bicarbonate (provided in kit) and incubating with
reactive dye for 15 minutes (microscale Alexa Fluor 488 labeling kit) or 1 hour (Alexa Fluor 647
protein labeling kit). Conjugated proteins were purified using spin filters filled with the provided
suspended gel resin and spun at 16,000 x g for 1 minute. IgA and transferrin conjugated with the
microscale Alexa Fluor 488 labeling kit were not filtered due to a 50 kDa size restriction on the
spin filter. Conjugated proteins were stored at 4°C for use.

3. Mutagenesis and plasmid DNA purification

3.1. pIgR domain deletions

To generate pIgR domain deletions, a set of 6 primers was designed to amplify extracellular
domain-deleted pIgR sequences (Table 1). Amplification of the pIgR mutants was performed with
polymerase chain reaction (PCR) using Accuprime Pfx DNA polymerase (Invitrogen; cat.
12344024). The plgR vector (pIgR-FLAG) was digested to remove the targeted region of pIgR
using restriction enzymes HindIIl (New England Biolabs, Burnaby, BC; cat. R0104) and Afel
(New England Biolabs; cat. R0652). To isolate the vector and the amplified mutants, gel
electrophoresis was performed, and the DNA was extracted using E.Z.N.A. Gel Extraction Kit
(Omega Bio-Tek, Norcross, GA). The extracted vector and amplified PCR products were ligated

using T4 ligase (New England Biolabs; cat. M0202).

3.2. Mutant, variant, and animal coronavirus ORF8

The lentiviral mammalian expression vector pLVX-Elalpha-IRES-Puro encoding SARS-
CoV-2 ORF8-Strep-I1 was used as backbone to derive mutant, variant, and animal coronavirus
ORF8 by Ariana Arduini (Chen Liang lab). As a control, we also generated an empty vector

plasmid from pLVX-Elalpha-IRES-Puro by excising ORF8-Strep-II using EcoRI (New England
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Biolabs; cat. R0O101) and BamHI (New England Biolabs; cat. RO136). To isolate the empty vector,
we performed gel electrophoresis and DNA extraction as described above. DNA Polymerase I,
Large (Klenow) Fragment (New England Biolabs; cat. M0210) was used to fill the gap in the
empty vector before ligation with T4 ligase.
3.3. Plasmid DNA purification

To expand plasmid stocks, subcloning efficiency DHS5a chemically competent cells
(Invitrogen; cat. 18265-017) were transformed with 100 ng plasmid DNA (pDNA) and streaked
onto LB plates containing either ampicillin (Fresenius Kabi, Bad Homburg, DE; cat. 02227002)
or kanamycin (Sigma-Aldrich; cat. K1377-5G), depending on resistance gene expressed by pDNA.
Plates were incubated at 37°C overnight and single colonies were picked and amplified in 3 ml to
50 ml sterile liquid LB containing appropriate antibiotics, as described previously. Tubes or flasks
were incubated overnight at 37°C with shaking at 200 rotations per minute (RPMs). Liquid LB
with confluent bacterial growth was used to isolate the expanded plasmid DNA using E.Z.N.A
Plasmid DNA Mini/Midi Kit (Omega Bio-Tek). Plasmid sequences were validated using MCLAB

sequencing services, and plasmids with verified sequences were stored at -20°C.

Primer Name Primer sequence (5°->3°) Tm (°C)
Deletion Domain 1 (AD1) cagctaagcttggtaccatgtttgatgtcagectggaggt 56

Deletion Domain 1-2 (AD1-2) | cagcttaagcttggtaccatgctaaageccgageecgaget | 64

Deletion Domain 1-3 (AD1-3) | caattaagcttatgcccecgeageccceactgtggt 70

Deletion Domain 1-4 (AD1-4) | cagctaagcttggtaccatggaaggagaaccaaacctcaa | 53
Deletion Domain 1-5 (AD1-5) | cagctaagcttggtaccatggttgaagagaggaaggcage | 57
Primer Name Primer sequence (3°->5°) Tm (°C)

Reverse primer (D5-1) agaccagcgctctggagcttccaccttgtt 70

Table 1. List of primers for mutagenesis of pIgR extracellular domain deletions. This list
includes primers for the deletion of domain 1, deletion of domain 1 through 2, deletion of
domain 1 through 3, deletion of domain through 1 through 4, deletion of domain 1 through 5,

and a reverse primer flagging the entire extracellular domain of pIgR.
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4. Calu-3-ORFS8 stable cell line generation
4.1. Generating lentiviral particles expressing ORF$8

To generate lentiviral particles expressing ORF8 and its mutants, 4.0x10° HEK293T cells
were co-transfected with 500 ng VSV-G, 3000 ng psPAX2, and 4000 ng ORF8 plasmids expressing
ORF8 and its mutants, 4000 ng eGFP control plasmid, as well as 2500 ng of the previously
described empty lentivirus vector in 10-cm dishes using a 1 ug:3 ul DNA to PEI ratio. Supernatants
were collected after 48-hour transfection and filtered through 0.2 pum polyethersulfone sterile
membranes (VWR international, Radnor, PA; cat. 514-0073). Sterile conditioned media was

aliquoted into ready-for-use 250 ul fractions in 1.5 ml Eppendorf tubes and stored at -80°C.

4.2 Generating Calu-3 cell-lines which stably express ORF8 and its mutants

Reverse transduction of Calu-3 cells was performed to generate stable cell lines by
preparing a 1:2 dilution of lentiviral vector aliquots in EMEM containing 10% FBS and 8 pg/ml
hexadimethrine bromide (polybrene; Sigma-Aldrich; cat. H9268-10G). The 1:2 EMEM/lentiviral
vector mix was added in a 1:1 volume ratio with 0.5x10° Calu-3 cells in 6-well plates and
spinoculated in the centrifuge for 45 minutes at 1800 RPMs. Cells were incubated for 48-72 hours,
until sufficient cell growth, and transduced cells were selected and maintained using EMEM
containing 10% FBS, 1% PS, and 4 pug/ml puromycin dihydrochloride (Sigma-Aldrich; P8833-
25MG). Cells were monitored and media was changed every two days until all control cells were
killed, after which confluent cells were expanded to 10-cm dishes and maintained for use in

experiments.

4.3. Preparing cell stocks
To prepare stocks of the Calu-3 stable cell lines, 2.0x10° cells were collected in 2 ml

Eppendorf tubes and centrifuged for 5 minutes at 1500 RPMs. Cell pellets were decanted and re-
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suspended in cold solution constituted of 90% FBS and 10% methyl sulfoxide (DMSO; Sigma-
Aldrich; cat. W357520). The cells were placed in an insulated freezing container and stored at -
80°C overnight, after which they were transferred to -135°C for long-term storage.
5. Western blot analysis
5.1. Western blot of HEK293T cell lysates and conditioned media

0.6x10° HEK293T cells/well were seeded in a 6-well plate and incubated overnight at 37°C
and 5% COa. Cells were co-transfected for 6 hours with 0.1 to 0.5 pg of either SARS-CoV-2 ORFS
or its mutants, variant, and animal CoV ORFS expression plasmid, 0.5 pg of pIgR, and 0.25 to 0.5
pg of pQCXIP empty vector plasmid using polyethyleneimine (PEI; Sigma-Aldrich; cat. 913375)
ina 1 ug:3 ul DNA to PEI ratio. After incubation at 37°C for 48 hours, cells and conditioned media
were harvested using 50 mM Tris HCI, 150 mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate
(SDS), I mM EDTA, 0.1% SDS, and 0.01% sodium azide (RIPA) supplemented with complete
Mini EDTA-free protease inhibitor cocktail (protease inhibitor; Sigma-Aldrich; cat. 118361700)
and stored at -80°C. 15 pg of lysates and 30 pl of conditioned media were further diluted in 4X
Laemmli buffer and treated at 95°C for 10 minutes. Protein samples were analyzed in a 12%
sodium dodecyl-sulfate (SDS; Bioshop, Burlington, ON; cat. SDS001.1) polyacrylamide gel by
electrophoresis and transferred on a polyvinylidene difluoride (PVDF) membrane (Sigma-Aldrich;
cat. 03010040001).
5.2. Western blot of Calu-3 cell lysates and conditioned media

3.0x10° Calu-3 and Calu-3 stable cell lines were seeded in a 10-cm dish and incubated at 37°C
and 5% COz until 90% confluence was reached. Cells and conditioned media were harvested on

ice using RIPA buffer supplemented with protease inhibitor and stored at -80°C. 30 ug of lysates

and 30 pl of conditioned media were further diluted in 4X Laemmli buffer and boiled at 95°C for
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10 minutes. Protein samples were analyzed in a 12% SDS polyacrylamide gel by electrophoresis
and transferred on PVDF membrane.
5.3. Western blot of Caco-2 cell lysates

For electroporation, 1.0x10° Caco-2 cells were centrifuged for 10 minutes at 1200 RPMs and
mixed with 5 pg SARS-CoV-2 ORFS, empty vector, or GFP control plasmid, 82 ul cell line
nucleofector solution T, 18 ul cell line supplement 1 (Lonza, Walkersville, MD; cat. VCA-1002)
and transferred to cuvettes to be electrophoresed using Lonza Amaxa Nucleofactor II Device on
Caco-2 program. Following this, cells were incubated at 37°C and 5% CO, in 6-well plates. For
transfection, 0.8x10° Caco-2 cells/wells were seeded in a 6-well plate and incubated overnight at
37°C and 5% COa. Cells were co-transfected for 6 hours with 5 ug SARS-CoV-2 ORF8, empty
vector, or GFP control plasmid using a ratio of 1:2 DNA to p3000 (Invitrogen; cat. 100022058)
and a ratio of 1:3 DNA to lipofectamine (Invitrogen; cat. 100022052). Cells and conditioned media
were harvested on ice using RIPA buffer and stored at -80°C. 30 pg of lysates and 30 pl of
conditioned media were further diluted in 4X Laemmli buffer and boiled at 95°C for 10 minutes.
Protein samples were analyzed in a 12% SDS polyacrylamide gel by electrophoresis and
transferred on PVDF membrane.
5.4. Western blotting

Membranes were blocked in 5% milk diluted in Dulbecco’s phosphate-buffered saline (DPBS)
containing 0.1% Tween 20 (PBST; Bioshop; cat. TWN508) at room temperature for 1 hour. The
membranes were incubated with primary antibodies rat anti-Strep-II (1:5,000), mouse anti-FLAG
(1:5000), mouse anti-tubulin (1:5,000), or rabbit anti-SARS-CoV-2 Spike protein (1:1000) diluted
in 2% bovine serum albumin (BSA; BioShop; cat. 9048-46-8) for 2 hours at room temperature,

rabbit anti-pIgR (1:1,000) in 2% BSA overnight at 4°C. After washing with PBST, membranes
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were incubated with either HRP-conjugated goat anti-rat (1:10,000), HRP-conjugated goat anti-
rabbit (1:5,000), or HRP-conjugated goat anti-mouse (1:5,000) for 1 hour at room temperature,
and then exposed to enhanced chemiluminescence (ECL) reagents (PerkinElmer, Waltham, MA;
cat. NEL104001EA). Membranes were imaged by exposure to autoradiography films and
quantified via ImageJ.
6. Co-immunoprecipitation of HEK293T cell lysates

4.0x10° HEK293T cells were seeded in 10-cm dishes and incubated overnight at 37°C and 5%
COy. Cells were co-transfected for 6 hours with 2.5 ug of either SARS-CoV-2, SARS-CoV, Bat-
CoV YNLF 31C, or C20A ORFS8 expression plasmids, 5.0 ug of pIgR expression plasmid and 2.5
pug of pQCXIP empty vector plasmid using a 1 ug:3 ul DNA to PEI ratio. After a 48-hour
incubation, cells were lysed with RIPA buffer and stored at -80°C. 1 mg of the whole cell lysates
was incubated with 20 ul MagStrep “type 3 XT beads (Strep-II tag beads; IBA-Lifesciences,
Gottingen, DE; cat. 2-4090-002) overnight at 4°C or with 15 ul anti-FLAG M2 Affinity Gel (FLAG
tag beads; Sigma-Aldrich; cat. A2220) for 2 hours at 4°C. Samples incubated with the Strep-II tag
beads were placed in a magnetic Eppendorf tray and the supernatant was removed and conserved
(flowthrough), while samples incubated with FLAG beads were centrifuged at 6000 RPMs for 5
minutes and the supernatants were removed and conserved (flowthrough). Samples were washed
and then precipitated under denaturing condition by adding 30 ul of 1X Laemmli buffer and eluting
the samples at 95°C for 2 minutes. Supernatants were recovered and analyzed together with the

whole cell lysates (WCL) via Western blot, as described above.
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7. Flow cytometry
7.1. Flow cytometry analysis with HEK293T cells

0.25x10° HEK293T cells/well were seeded in a 12-well plate and incubated overnight at
37°C and 5% COa. Cells were co-transfected for 6 hours with 0.125 pg of SARS-CoV-2 ORFS, its
mutants and variants, or animal CoV ORF8 expression plasmid, 0.25 pg of pIgR and pIgR mutants,
and 0.125 pg to 0.25 pg of pQCXIP empty vector plasmid using a 1 ug:3 ul DNA to PEI ratio.
After incubation at 37°C for 48 hours, cells were lifted with 0.1 mM EDTA for 5 minutes at 37°C.
Cells were washed three times in DBPS and stained with cell viability stain Zombie Violet (1:2000)
diluted in DBPS for 30 minutes at room temperature. Cells were washed three times with 3% BSA
in DPBS and cell surface pIgR was stained with mouse monoclonal anti-hpIgR (1:100) diluted in
3% BSA for 30 minutes at 4°C. After washing with 3% BSA, cells were stained with Alexa Fluor
647 donkey anti-mouse (3 pg/ml) diluted in 3% BSA for 30 minutes at 4°C. Cells were washed
with 3% BSA in DBPS and fixed with 4% paraformaldehyde (PFA; Bioshop; cat. PAR070.250) in
DPBS for 15 minutes at room temperature. Cells were washed three times with 1X BD
permeabilizing wash buffer (BD Biosciences, Frankly Lakes, NJ; cat. 51-2091KZ) in distilled H>O
(dH20). Cells were stained with either mouse Strep-II-FITC (1:1000) or anti-FLAG-647 (1:1000)
for 1 hour at 4°C. Cells were washed three times with 1X permeabilizing buffer and resuspended
in 200 pl mixture of 3% BSA and 1% PFA in DBPS which were stored at 4°C until analysis on BD
LSRFortessa and BD FACSCanto Flow Cytometers.
7.2. Flow cytometry analysis with Calu-3 cells

0.3x10° Calu-3 cells and ORF8-expressing Calu-3 stable cell lines were seeded per wells
of a 12-well plate and incubated for 72 hours at 37°C and 5% COs.. Cells were lifted with 0.5 mM

EDTA for 15 minutes at 37°C. Calu-3 ORF8 stable cells lines were stained with anti-Strep-I11-488
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as described above. Viability staining was not performed for Calu-3 cells. Cells were analyzed

using BD LSRFortessa and BD FACSCanto Flow Cytometers

7.3. Flow cytometry analysis with Caco-2 cells

0.3x10° Caco-2 cells/well were seeded in a 12-well plate and incubated for 72 hours at
37°C and 5% COa. Cells were lifted with 0.5 mM EDTA for 5 minutes at 37°C. Viability staining
was not performed for Caco-2 cells. Cells were analyzed using on BD LSRFortessa and BD
FACSCanto Flow Cytometers.
8. Confocal microscopy
8.1. Confocal microscopy analysis of HEK293T cells

0.1x10% HEK293T cells/well were seeded in a 12-well plate on glass cover slides pre-
treated with 10 pg/ml poly-D-lysine hydrobromide (Sigma-Aldrich; cat. P6407-5MG) for 1 hour
at 37°C. Cells were incubated overnight at 37°C and 5% CO- and co-transfected for 6 hours with
0.125 pg of SARS-CoV-2 ORFS, its mutants or variants, and animal CoV ORF8 expression
plasmid, 0.25 pg of pIgR, and 0.125 pg to 0.25 pg of pQCXIP empty vector plasmid using a 1
ug:3 ul DNA to PEI ratio. After a 48-hour incubation, cells were fixed with 1 ml 4% PFA for 10
minutes at room temperature. Cells were washed three times with DPBS and permeabilized with
0.1% Triton X-100 in DPBS for 10 minutes at room temperature. After washing, cells were blocked
with 3% BSA for 1 hour at room temperature. Cells were then stained with primary antibodies
rabbit anti-FLAG (1:200), rabbit pIgR polyclonal antibody (1:50), rat monoclonal anti-Strep-II
(1:200), and sheep anti-hGM130/GOLGAZ2 (1:100) diluted in 0.2% Triton X-100 and 1% BSA in
DPBS for 2 hours at room temperature or overnight at 4°C. After washing cells were stained with
secondary antibodies Alexa Fluor 488 donkey anti-rat (1:500), Alexa Fluor 488 goat anti-rat

(1:500), Alexa Fluor 594 donkey anti-sheep (1:500), Alexa Fluor 568 goat anti-rabbit (1:500), and
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Alexa Fluor 647 donkey anti-rabbit (1:500) diluted in 0.2% Triton X-100 and 1% BSA in DPBS
for 1 hour at room temperature protected from light. Cells were washed and finally stained with 1
pg/ml DAPI for 15 minutes at room temperature protected from light. Glass cover slides were
mounted onto glass slides using a drop of Immu-mount solution (Epredia, Kalamazoo, MI; cat.
9990402) and stored at 4°C. Cells were imaged using Zeiss LSM800 laser scanning confocal

microscope.

8.2. Confocal microscopy analysis of Calu-3 cells

0.25x10° Calu-3 cells and Calu-3 cells stably expressing ORF8 and its mutants were seeded
in a 12-well plate on non-treated glass cover slides. Cells were incubated at 37°C and 5% CO; for
72 hours. Cells were fixed as described above. Primary antibodies used were rabbit pIgR
polyclonal antibody (1:50) and rat monoclonal anti-Strep-II (1:200), while the secondary
antibodies used were Fluor 488 donkey anti-rat (1:500), Alexa Fluor 488 goat anti-rat (1:500),
Alexa Fluor 568 goat anti-rabbit (1:500), and Alexa Fluor 647 donkey anti-rabbit (1:500). Cells
were imaged using Zeiss LSM800 laser scanning confocal microscope.
9. IgA binding and internalization assay
9.1. IgA binding in HEK293T cells for flow cytometry

0.25x10° HEK293T cells/well were seeded in a 12-well plate and incubated overnight at
37°C and 5% COa. Cells were co-transfected for 6 hours with 0.125 pg of SARS-CoV-2 ORFS, its
mutants and variants, and animal CoV ORF8 expression plasmids, 0.25 pg of pIgR and pIgR
mutants, and 0.125 pg to 0.25 pg of pQCXIP empty vector plasmid using a 1 ug:3 ul DNA to PEI
ratio. After incubation at 37°C for 48 hours, cells were lifted with 0.1 mM EDTA for 5 minutes at
37°C. Cells were washed three times in DBPS and stained with cell viability stain Zombie Violet

(1:2000) diluted in DBPS for 30 minutes at room temperature. Cells were washed three times with
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3% BSA and then incubated with 10 pg/ml IgA-647, 10 pg/ml IgA-488 and/or 10 pg/ml ORFS-
488 diluted in 3% BSA for 30 minutes at 4°C protected from light. Cells were washed three times
with 3% BSA and then further stained with either anti-FLAG-647 or anti-Strep-II and analyzed as
previously described.
9.2. IgA binding and internalization in HEK293T cells for confocal microscopy

0.1x10° HEK293T cells/well were seeded in a 12-well plate on glass cover slides pre-
treated with 10 pg/ml poly-D-lysine for 1 hour at 37°C. Cells were incubated overnight at 37°C
and 5% COz and co-transfected for 6 hours with 0.25 pg of pIgR and 0.25ug of pQCXIP empty
vector plasmid using a 1 ug:3 ul DNA to PEI ratio. After a 48-hour incubation, two sets of cells
were stained with either 10 pg/ml IgA-647, 10 pg/ml ORF8-488, or both for 30 minutes at 4°C.
As a control, cells were pre-treated with 1 ml 10 uM 3-Hydroxynapthalene-2-carboxylix acid-(3,4-
dihydroxybenzylidene)-hydrazide (Dynasore; Sigma-Aldrich; cat. 324410) in DMEM with 0.2%
FBS for 15 minutes and then incubated with 10 pg/ml IgA-647 for 30 minutes at 4°C. Cells were
washed with DBPS, and the first set was further incubated with 3% BSA at 37°C for 15 minutes
and 30 minutes. After their respective incubations, both sets of cells were fixed with 4% PFA for
10 minutes at room temperature protected from light. Cells were stained with primary antibody
rabbit anti-FLAG, and secondary antibodies Alexa Fluor 568 goat anti-rabbit, and DAPI. Samples
were mounted and analyzed as previously described.
9.3. IgA binding in Calu-3 cells for flow cytometry

0.3x10° Calu-3 cells and Calu-3 stable cell lines were seeded per wells of a 12-well plate
and incubated for 72 hours at 37°C and 5% COa. Cells were lifted with 0.5 mM EDTA for 15
minutes at 37°C. Cells were washed three times with 3% BSA and then incubated with 30 pg/ml

IgA-647 and/or 10 pg/ml ORF8-488 diluted in 3% BSA for 30 minutes at 4°C protected from light.
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Cells were washed three times with 3% BSA and then further stained with anti-Strep-II and
analyzed as previously described.
9.4. IgA binding and internalization in Calu-3 cells for confocal microscopy

0.25x10° Calu-3 cells/well were seeded in a 12-well plate on non-treated glass cover slides.
Cells were incubated at 37°C and 5% COx for 72 hours. Two sets of cells were stained with either
30 pg/ml IgA-647, 10 ng/ml ORF8-488, or both for 30 minutes at 4°C. Cells were washed with
DBPS, and the first set was further incubated with 3% BSA at 37°C for 15 minutes. After their
respective incubations, both sets of cells were fixed with 4% PFA for 10 minutes at room
temperature protected from light. Cells were stained with the primary antibody rabbit anti-pIgR
and the secondary antibodies Alexa Fluor 568 goat anti-rabbit and DAPI. Samples were mounted
and analyzed as previously described.
10. Chemical inhibition of protein degradation and endocytosis
10.1. Chemical inhibition of protein degradation in HEK293T cells

0.6x10° HEK293T cells/well were seeded in a 6-well plate and incubated overnight at 37°C
and 5% COa.. Cells were co-transfected for 6 hours with 0.25 pg SARS-CoV-2 ORFS, 0.5 ng plgR,
and 0.25 pg pQCXIP empty vector plasmid using a 1 ug:3 ul DNA to PEI ratio. After a 48-hour
incubation, cells were treated for 4 hours with 50 uM Chloroquine diphosphate salt (CQ; Sigma-
Aldrich; cat. C6628), or 10 pug/ml of a 1:1 mixture of (2S,3S)-trans-Epoxysuccinyl-L-leucylamido-
3-methylbutane ethyl ester (E64d; Sigma-Aldrich; cat. E8640) and pepstatin (pep; Roche,
Idianapolis, IN; cat. 10253286001), and for 6 hours with 10 uM of Z-Leu-Leu-Leu-al (MG132;
Sigma-Aldrich; cat. C2211), or 15 uM of N2, N4-dibenzylquinazoline-2,4-diamine (DBeQ;
Sigma-Aldrich; cat. SMLO0031). Cell lysates were harvested, and protein expression was analyzed

by Western blot with primary antibodies rat anti-Strep-II (1:5,000), mouse anti-FLAG (1:5000),
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mouse anti-tubulin (1:5,000), and with the secondary antibodies HRP-conjugated goat anti-rat
(1:10,000), and HRP-conjugated goat anti-mouse (1:5,000) as described above.
10.2 Chemical inhibition of endocytosis in HEK293T cells

0.6x10° HEK293T cells/well were seeded in a 6-well plate and incubated overnight at 37°C
and 5% COas. Cells were co-transfected for 6 hours with 0.25 pg SARS-CoV-2 ORFS, 0.5 ng plgR,
and 0.25 pg pQCXIP empty vector plasmid using a 1 ug:3 ul DNA to PEI ratio. After a 48-hour
incubation, cells were treated for 6 hours with 16 uM Dynasore (company). Cell lysates were
harvested, and protein expression was analyzed by Western blot with primary antibodies rat anti-
Strep-II (1:5,000), mouse anti-FLAG (1:5000), mouse anti-tubulin (1:5,000), and with the
secondary antibodies HRP-conjugated goat anti-rat (1:10,000), and HRP-conjugated goat anti-
mouse (1:5,000) as described above.
11. Transferrin binding and internalization assay
11.1. Transferrin binding and internalization for Confocal Microscopy

0.1x10° HEK293T cells/well were seeded in a 12-well plate on glass cover slides pre-
treated with 10 pg/ml poly-D-lysine for 1 hour at 37°C. Cells were incubated overnight at 37°C
and 5% CO> and co-transfected for 6 hours with either 0.25 pg of pIgR or 0.25 pg of TFR1 and
0.25pg of pQCXIP empty vector plasmid using a 1 ug:3 ul DNA to PEI ratio. After a 32-hour
incubation, cell media was changed, and cells were starved overnight with DMEM containing
0.2% FBS. Two sets of cells were stained with 25 pg/ml pre-conjugated transferrin-488 (Biotium,
San Francisco, CA; cat. 00081) diluted in 1% BSA for 90 minutes at 4°C. As a control, cells were
pre-treated with 1 ml 10 uM Dynasore in DMEM with 0.2% FBS for 15 minutes and then
incubated with 25 pg/ml pre-conjugated transferrin-488 90 minutes at 4°C. Cells were washed

with DBPS, and the first set was further incubated with 1% BSA at 37°C for 15 minutes and 30

39



minutes. After their respective incubations, both sets of cells were fixed with 4% PFA for 10
minutes at room temperature protected from light. Cells were stained with primary antibodies
rabbit anti-FLAG (1:200) or mouse transferrin monoclonal antibody (1:250), and secondary
antibodies Alexa Fluor 647 donkey anti-rabbit IgG (1:500) or Alexa Fluor 647 donkey anti-mouse
(1:500), and DAPI. Confocal microscopy was performed as mentioned above.
11.2. Transferrin binding for flow cytometry in HEK293T cells

0.25x10% HEK293T cells/well were seeded in a 12-well plate and incubated overnight at
37°C and 5% CO:a. Cells were transfected for 6 hours with either 0.25 pg of pIgR, 0.25 ng of TFR1,
or 0.25 pg TFR1-mCherry, and 0.25nug of pQCXIP empty vector plasmid using a 1 ug:3 ul DNA
to PEI ratio. After a 32-hour incubation, cell media was changed, and cells were starved overnight
with DMEM containing 0.2% FBS. Cells were lifted with 0.1 mM EDTA for 5 minutes at 37°C.
Cells were washed three times in DBPS and stained with cell viability stain Zombie Violet (1:2000)
diluted in DBPS for 30 minutes at room temperature. Cells were washed three times with 3% BSA
and then incubated with 25 pg/ml of either pre-conjugated transferrin-488 or our conjugated
human transferrin diluted in 1% BSA for 90 minutes at 4°C protected from light. For competition
assays, a titration of pre-conjugated transferrin-488 (6.25 pg/ml, 12.5 pg/ml, 25 pg/ml, 50 pg/ml)
was incubated with 10 pg/ml dIgA-647 diluted in 1% BSA for 90 minutes at 4°C. Alternatively,
cells were incubated with 25 ug/ml of our conjugated human transferrin and a titration of
unconjugated human transferrin (2 pg/ml, 10 pg/ml, 50 pg/ml, 250 pg/ml) diluted in 1% BSA for
90 minutes at 4°C. Cells were washed three times with 3% BSA and then further stained with anti-

FLAG-647 (1:1000) and analyzed by flow cytometry as previously described.
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11.3. Transferrin binding for flow cytometry in Calu-3 cells

0.3x10° Calu-3 cells and Calu-3 stable cell lines were seeded per wells of a 12-well plate
and incubated for 56 hours at 37°C and 5% COx>. Cell media was changed, and cells were starved
overnight with EMEM containing 0.2% FBS. Cells were lifted with 0.5 mM EDTA for 15 minutes
at 37°C. Cells were washed three times with 3% BSA and then incubated with a titration of pre-
conjugated transferrin-488 (50 pg/ml, 100 pg/ml, 200 pg/ml) diluted in 1% BSA for 90 minutes
at 4°C protected from light. Cells were washed three times with 3% BSA and analyzed by flow
cytometry as previously described.

12. Bio-layer interferometry (BLI)

BLI protocol was developed and performed by Mehdi Benlarbi from the Dr. Andres Finzi
lab at the Centre Hospitalier de I’Universit¢ de Montreal (CHUM). Amine reactive second-
generation biosensors (AR2G; Sartorius, Gottingen, DE) were hydrated in water for 5 minutes and
then activated with 5 mM sulfo-NHS and 10 mM EDC (Sartorius). 12.5 pg/ml unconjugated
transferrin, IgA, or IgM were loaded into the A2RG biosensors at 25°C in 10 mM acetate solution
(pH 5) for 10 minutes. The reaction was quenched with 1 M ethanolamine solution (pH 8.5;
Sartorius) for 5 minutes. To perform baseline equilibration, the biosensors were incubated with
10X kinetics buffer (Sartorius) for 2 minutes. Association of loaded biosensors with either
recombinant pIgR or recombinant TFR1 diluted in 10X kinetics buffer was measured using the
Octet RED96e system (ForteBio, Fremont, CA). Association was measured for 3 minutes at
various concentrations in a two-fold dilution series ranging from 100 nM to 3.12 nM. Dissociation
was then measured for 10 minutes, after which baseline was subtracted prior to data analysis using

ForteBio data analysis software.
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CHAPTER 3: RESULTS

3.1. SARS-CoV-2 ORF8 potently downregulates pIgR in a dose-dependent manner.

In patients suffering from severe COVID-19 disease, serum and urinary pIgR levels are
markedly reduced®”>*?*,  This highlights a potential mechanism of SARS-CoV-2 in the
antagonization of pIlgR-mediated mucosal immunity; however, the viral mechanisms behind this
effect remain largely unknown. To investigate which viral protein might be responsible for the
antagonization of plgR, we co-transfected HEK293T cells with plasmids expressing pIgR and a
panel of SARS-CoV-2 structural, non-structural, and accessory proteins, and assessed the levels of
pIgR expression by Western blots. Overall, SARS-CoV-2 proteins had minor up-regulatory and
down-regulatory effects on pIgR expression, except for the Spike glycoprotein, NSP1, and ORF8
(Fig. 4A-B). NSP1 exhibited the strongest downregulation of pIgR, due to its previously reported
function as a potent inhibitor of both host and viral mRNA translation; yet its intracellular nature
makes it unlikely to have systemic effects on pIgR outside infected cells®** (Fig. 4B). Compared
to the Spike protein that led to a mean downregulation of pIgR by 40%, we observed a slightly
more potent downregulation of 50% by ORF8 (Fig. 4B). Therefore, we decided to focus on
studying ORF8 because of its secretion from cells, its capacity to dimerize, its Ig-like fold, as well
as its reported antagonization of MHC-I, which together support a potential interaction with Fc
receptors, such as pIgR!2%:162:163.226

To further investigate ORF8 downregulation of pIgR, we co-transfected HEK293T cells
with a constant amount of pIgR and increasing doses of ORF8 plasmid DNA. We found that ORFS8
significantly downregulated pIgR in a dose-dependent manner (Fig. 4C-D). To confirm whether
the observed downregulation of pIgR is specific, this experiment was repeated with FcnR (neonatal

Fc receptor) as a control Fc receptor. We did not observe any downregulation of FcnR in the
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Figure 4. SARS-CoV-2 ORF8 downregulates pIgR in a dose-dependent manner. (A, B)
HEK293T cells co-transfected with 500 ng pIgR plasmid DNA, 250 ng plasmid DNA
expressing SARS-CoV-2 structural, non-structural (nsp), or accessory proteins, and 250 ng
QCXIP empty vector. (C-D) HEK293T cells co-transfected with 500 ng pIgR plasmid DNA
and a titration of SARS-CoV-2 ORF8-Strep-II plasmid DNA (0 ng, 50 ng, 100 ng, 250 ng, 500
ng), and QCXIP DNA. (F) HEK293T cells co-transfected with 2500 ng pIgR, 1250 ng ORFS8-
Strep-1I, and 1250 ng QCXIP plasmid DNA. Whole cell lysates were harvested and analyzed
for pIgR-FLAG (anti-FLAG), SARS-CoV-2 proteins and ORF8-Strep-II (anti-Strep-II), Spike
(anti-Spike), and tubulin (anti-tubulin) by Western blots. Protein expression was quantified
using Fiji and analyzed with Prism V9 (statistical significance measured via one-way Anova; *

p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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presence of the highest dose of ORF8, highlighting the specific downregulation of pIgR (data
generated by Ariana Arduini, not shown here). We next tested whether ORF8 downregulation of
plgR is a result of an interaction between these two proteins. To examine this, we co-transfected
HEK293T cells with plasmids expressing pIgR and ORF8 and performed co-immunoprecipitation
using anti-Strep-II magnetic beads (IP:Strep-II). This led to the successful pull-down of pIgR by
ORF8, indicating a potential interaction between the two proteins (Fig. 4E). Altogether, these data
support the capacity of the SARS-CoV-2 accessory protein ORF8 to interact with and

downregulate pIgR.

3.2. ORFS8 proteins from SARS-CoV-2 VOCs and VOlIs preserve their downregulation of pIgR
unlike dimerization deficient ORF8 from mutants and SARS-CoV.

ORF8 is hypervariable within SARS-CoV-2 and across beta-coronaviruses'?*!?7. This
means that it is readily mutated in variants of concern (VOCs) and interest (VOIs)'?’. In addition,
whether its novel capacity to dimerize, a characteristic unique to SARS-CoV-2-like ORF8s,
facilitates its immunomodulatory functions against mucosal immunity remains to be
investigated'?!. Hence, we first investigated whether the ability of pIgR downregulation is
conserved amongst ORF8 across different coronaviruses. Additionally, we sought to assess how
dimerization, multimerization, and glycosylation impact ORF8 function by generating a panel of
mutants and variants derived from the WT SARS-CoV-2 ORFS8 expression plasmid via
mutagenesis (Fig. SA). Mutations C20A, R52A, K53A, and R115A are expected to disrupt ORFS§
dimerization, Y73A disrupts multimerization, and N78A impairs glycosylation (Fig. 5A).
Moreover, we also cloned the Del119-120 enriched in Delta VOC, T111 in the Iota VOC, E92K in
the gamma VOC, and V100L in the Epsilon VOC (Fig. 5A). S24L and S84L were mutated based

on their enrichment in SARS-CoV-2 ORFS in the GSAID database (Fig. 5A). Finally, we also
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Figure 5. ORF8 from SARS-CoV-2 mutants, variants, and animal CoVs interact
differently with pIgR. (A) Schematic of ORF8 mutagenesis. (B-C) HEK293T co-transfected
with 500ng pIgR, 250ng QCXIP, and 250ng mutant, variant, and animal CoV ORFS proteins.
(D-E) HEK293T co-transfected with 2500ng plgR, 1250ng QCXIP, and 1250ng Pangolin,
YNLF, SARS-CoV, C20A, and R115A ORF8 proteins. (F) Correlation analysis performed on
PrismV9. (B-E) Protein expression was quantified using Fiji and analyzed with Prism V9 (mean
with SD; statistical significance measured via one-way Anova; * p < 0.05, ** p < 0.01, *** p

< 0.001, **** p < 0.0001)

tested the SARS-CoV ORFS, along with ORF8 from SARS-CoV-like bat-CoV YNLF 31C, and

the SARS-CoV-2 like pangolin CoV, bat-CoV HKU3-7, and bat-CoV RatG13 (Fig. 5A).

The variant, mutant, and animal CoV ORF8 plasmids were co-transfected into HEK293T

cells together with pIgR, and the whole cell lysates were analyzed by Western blots to assess pIgR
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expression. ORF8 proteins from RatG13, HKU3-7 (HKU3), Delta, lota, Gamma, Epsilon, S84L,
S24L, R52A, Y73A, and N78A maintained their downregulation of pIgR to levels greater or
similar to WT SARS-CoV-2 ORFS (Fig. 5B-C). Interestingly, ORF8 proteins from pangolin CoV,
bat-CoV YNLF 31C, SARS-CoV, C20A, and R115A have a reduced capacity to downregulate
plgR (Fig. 5B-C). More specifically, the WT SARS-CoV-2 ORFS8 reduced pIgR expression by
67%, while the pangolin CoV downregulated pIgR expression by 38%, bat-CoV YNLF 31C by
23%, SARS-CoV by 42%, C20A by 40%, and R115A by 51%, (Fig. 5C). These results suggest
that dimerization may play a crucial role in ORF8 downregulation of pIgR, since two out of the
four dimerization mutants (C20A and R115A), and the monomeric ORF8 proteins of SARS-CoV

and bat-CoV YNLF 31C exhibited a weaker downregulation of pIgR (Fig. 5B-C).

3.3. The strength of ORF8 and pIgR interaction correlates with the degree of pIgR
downregulation by ORFS.

Since most of the mutants which failed to potently downregulate pIgR are monomeric, we
sought to investigate whether pangolin CoV, bat-CoV YNLF 31C, SARS-CoV, C20A, and R115A
ORF8 proteins have decreased interaction with pIgR. To this end, HEK293T cells were co-
transfected with pIgR and the above mentioned ORFS proteins. The cell lysates were then co-
immunoprecipitated with beads coated with anti-FLAG antibody (IP:FLAG). We observed that
pangolin CoV, bat-CoV YNLF 31C, SARS-CoV, and C20A ORF8 proteins have decreased
binding to pIgR compared to WT SARS-CoV-2 ORFS (Fig. 5D-E). In contrast, R115A ORF8 did
not show a reduced capacity to interact with pIgR, consistent with its capacity to downregulate
plgR (Fig. 5D-E). A correlation analysis was performed by plotting the relative ORF8 binding to
pIgR against the relative pIgR downregulation (Fig. 5F). Mutants which bound pIgR more

strongly, such as SARS-CoV-2 and R115A, showed more downregulation of plgR, while the
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opposite was true for mutants which bound pIgR less well, such as C20A, Pangolin, and YNLF
ORF8 (Fig. 5A-F). Hence, this indicates a strong negative correlation (R=-0.9757; P=0.0009)
between ORF8 binding and pIgR downregulation, suggesting the requirement of a direct ORFS8

interaction with pIgR for its downregulation (Fig. 5F).

3.4. ORF8 downregulates endogenous pIgR in Calu-3 cells.

Lung epithelial Calu-3 and intestinal epithelial Caco-2 cells have been commonly used to
study SARS-CoV-2 replication, due to their high expression of both ACE2 and TMPRSS2227-2%%,
In concordance, SARS-CoV-2 entry in both these cell lines is dominated by the TMPRSS2
pathway, rather than the cathepsin pathway?*®. Due to challenges in expressing ORFS8 via
transfection in Calu-3 cells, we produced lentiviral vectors which carried puromycin resistance
genes, along with either SARS-CoV-2, SARS-CoV, Pangolin, YNLF, R115A, or C20A ORF8
plasmids. These vectors were used to transduce Calu-3 cells and produce cell lines stably
expressing ORFS or its variants. To confirm successful expression of the ORFS§ proteins within the
stable expression Calu-3 cell lines, we performed flow cytometry where we observed ORF8
expression in around 40%-60% of the cells (Fig. 6B). Altogether these findings suggest that these
stable-expression cell lines can be used to study the impact of ORF8 on endogenous plgR.

To assess whether intracellular ORF8 could downregulate endogenous pIgR, we performed
Western blots using cell lysates from the ORF8-expressing Calu-3 cell lines. Similar to exogenous
pIgR expression in HEK293T cells, we observed downregulation of endogenous pIgR for all the
ORF8 proteins we tested (Fig. 6C-D). However, we found that ORF8 mutants which had the
weakest capacity to downregulate pIgR in HEK293T cells, such as C20A and R115A, were more

potent at antagonizing endogenous pIgR expression than WT SARS-CoV-2 ORFS in Calu-3
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Figure 6. Calu-3 cell lines express ORFS8 stably but fails to observe pIgR downregulation.
(A-D) Calu-3 cells lines stably expressing SARS-CoV-2 ORFS8-Strep-II and its mutants
generated via transduction with lentiviral vectors carrying ORFS8 expression plasmids. (A)
Calu-3 cell lines stained for pIgR (anti-pIgR; red), ORF8-Strep-II (anti-Strep-II; green), and
DAPI (blue). ORFS8 and plgR cellular localization analyzed by Confocal microscopy. (B) Calu-
3 cells stained for ORF8-Strep-1I (anti-Strep-1I-FITC) and analyzed by flow cytometry. (F)
Calu-3 cells transiently expressing ORF8-Strep-I1 via lentiviral transduction. Whole cell lysates
(C-F) and condition media (E) were harvested and analyzed for pIgR-FLAG (anti-FLAG),
ORF8-Strep-II (anti-Strep-II), and tubulin (anti-tubulin) by Western Blot. Protein expression
quantified using Fiji and PrismV9 (mean with SD; statistical significance measured via one-

way Anova; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

cells (Fig. 6C-D). To ensure the validity of our findings and that the Calu-3 ORF8 stable cell lines
were not becoming tolerant to the constant ORF8 expression, we performed transient transduction
of Calu-3 cells using the lentiviral vectors carrying the SARS-CoV-2 ORF8 plasmid. We failed to
observe plgR downregulation in cell lysates by Western blot. However, ORF8 expression was
much lower in this transient transduction experiment and required overnight staining to be
observed by Western blot (Fig. 6F). This latter result suggests that short transient ORF8 expression
(or low ORF8 levels) may not be sufficient to downregulate pIgR, and that SARS-CoV-2-mediated
antagonization of pIgR may require high levels or long-lasting stable ORF8 expression in lung-
epithelial cells. This further highlights the potential for an equilibrium between short- and long-
exposure to ORF8 expression being necessary for potent pIgR downregulation. However, how this
translates in the context of SARS-CoV-2 infection in primary lung-epithelial cells requires further
investigation.

To confirm these findings, we investigated the expression of SARS-CoV-2 ORF8 on
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electroporated with GFP expression plasmid. (A-B) GFP expression assessed by fluorescence
microscopy. (C-D) Caco-2 cells electroporated with 5000pug/ml ORF8-Strep-II. Whole cell
lysates were harvested and analyzed for pIgR-FLAG (anti-FLAG), ORF8-Strep-II (anti-Strep-
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endogenous pIgR expression in colorectal adenocarcinoma (intestinal epithelium) Caco-2 cells.
Similar to Calu-3 cells, we failed to express ORFS8 in Caco-2 cells by transfection, although we
were able to successfully transfect and express GFP (Fig. 7A). Overall, we identified challenges
in expressing ORF8 across different cell lines, such as Caco-2 and Calu-3 cells, which appear to
be non-tolerant of ORF8 but not to other proteins, such as GFP. To mitigate this issue, we

proceeded to electroporate Caco-2 cells, which entails the use of high-voltage pulses to
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permeabilize cell membranes, allowing plasmids to enter??

. Using this method, we successfully
expressed both GFP and ORF8 (Fig. 7B-C). However, this method led us to observe discrepancies
towards the effect of ORF8 on endogenous pIgR expression in Caco-2 cells. We first observed an
increase in pIgR in ORF8-electroporated cells when compared to non-electroporated cells, while
we later observed a decrease in pIgR expression with the electroporation of both an empty-vector
control and ORF8 (Fig. 7C-D). These confounding findings suggest that the stress induced on
Caco-2 cells from electroporation may be greater in modulating pIgR expression than the presence

of ORFS. However, these results support that transient exposure to low levels of ORF8 may not

be sufficient to antagonize endogenous pIgR expression, as observed in Calu-3 cells.

3.5. ORFS§ and pIgR modulate each other s subcellular localization.

To further investigate the mechanism behind the downregulation of pIgR by ORF8 from
SARS-CoV-2, SARS-CoV, mutants, and SARS-CoV-/CoV-2 like animal CoVs, we co-transfected
HEK293T cells with plasmids expressing pIgR and the above-mentioned ORFS proteins. To assess
the cellular localization of these proteins respective of the secretory pathway, we stained the cells
with the cis-Golgi marker GM130. In the absence of ORF8, pIgR is seen spread intracellularly and
localized to the plasma membrane with no aggregation to the cis-Golgi (Fig. 8A-C). Similarly,
when WT SARS-CoV-2, Pangolin, C20A, and R115A are expressed in the absence of pIgR, they
are spread intracellularly without aggregation or colocalization with the cis-Golgi (Fig. 8A-B).
However, when plIgR is co-expressed with either of these mutants, its localization is modulated
into a large punctate which overlaps with the cis-Golgi (Fig. 8A-B). As for the SARS-CoV-2 and
its mutant/animal-like ORF8 proteins, there is no striking changes in their cellular localization in
the presence of pIgR (Fig. 8 A-B). Contrastingly, colocalization of SARS-CoV and YNLF ORFS

with the cis-Golgi is drastically amplified in the presence of pIgR (Fig. 8C). Although SARS-CoV
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Figure 8. ORF8 and pIgR modulate each-other’s cellular localization. (A-C) HEK293T
cells co-transfected with 250ng pIgR, 250ng QCXIP, and 500ng SARS-CoV-2 (A), Pangolin
(A), C20A (B), R115A (B), YNLF (C), and SARS-CoV ORF8 (C). Cells stained with anti-
FLAG (red), anti-Strep-II (green), anti-GM130 (purple), and DAPI (blue), and analyzed by
Confocal microscopy. (D-E) HEK293T cells co-transfected with and without 250ng plgR,
250ng QCXIP, and 500ng SARS-CoV-2, Pangolin, YNLF, SARS-CoV, C20A, and RI15A
ORFS8. Whole cell lysates and conditioned media were harvested and analyzed for pIgR-FLAG
(anti-FLAG), ORF8-Strep-II (anti-Strep-II), and tubulin (anti-tubulin) by Western Blot. Protein
expression quantified using Fiji and PrismV9 (statistical significance measured via one-way

Anova; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

and YNLF ORF8 also promote accumulation and co-localization of pIgR to the cis-Golgi, it does
so less potently that SARS-CoV-2 and does not restrain pIgR expression to the plasma membrane
(Fig. 8C).

The subcellular localization of these ORFS8 proteins is consistent with expression of
endogenous pIgR in Calu-3 cells, where SARS-CoV-2, Pangolin, and R115A ORF8 are spread
intracellularly, while SARS-CoV and YNLF ORF8 form perinuclear punctates (Fig. 6A).
However, a major difference resides within the cellular localization of C20A which is seen to form
perinuclear punctates in Calu-3 cells rather than being spread intracellularly, as seen in HEK293T
cells (Fig. 6A). In addition, pIgR cellular location did not seem to be affected by the presence of
any of the ORF8 proteins (Fig. 6A). These finding confirm that ORFS8 cellular localization is not
cell-type dependent, however it may indicate differences between its interaction with endogenous
and exogenous pIgR. Overall, we believe that the increased cellular localization of the SARS-CoV-
like ORF8 proteins to the cis-Golgi in both HEK293T and Calu-3 cells could indicate increased
activity of the secretory pathway.

Furthermore, our previous data highlighted a strong interaction between SARS-CoV-2

54



ORF8 and plgR; however, we observed marginal co-localization of ORF8 with pIgR in confocal
microscopy (Fig. 8A-C). We worked to optimize co-localization analysis using Fiji with the help
of the imaging core manager at the Lady Davis Institute for medical research (LDI), but we were
unable to measure co-localization within our samples. This is consistent with imaging data in Calu-
3 cells, where distinct signals can be observed for SARS-CoV-2 ORFS and plgR, with no apparent
presence of co-localization (Fig. 6A). Although this may indicate that interaction with pIgR might
be mediated by secreted ORF8 binding to cell-surface pIgR, the discrepancy between the co-
immunoprecitation and imaging data merits further investigation.

To investigate whether pIgR may influence the secretion of SARS-CoV-like ORFS8 proteins
by promoting an increased activity of the secretory pathway, we co-transfected HEK293T cells
with and without SARS-CoV-2, SARS-CoV, and YNLF ORFS plasmids, and then assessed protein
expression in both the cell lysates and conditioned media by Western blots. In the absence of pIgR,
we noticed that both SARS-CoV and YNLF ORF8 are more secreted than SARS-COV-2 ORF8
(Fig. 8D). This may be explained by the localization of SARS-CoV and YNLF ORFS to the cis-
Golgi in the absence of pIgR. However, in the presence of pIgR, we only observed a mild decrease
0f 30% in SARS-CoV-2 ORFS secretion, and an increase of 10% in the secretion for both SARS-
CoV and YNLF ORFS, although not statistically significant (Fig. 8D-E).

Concordantly, we found that SARS-CoV-2, Pangolin, and C20A ORF8 proteins were well
secreted in Calu-3 cells and correlated with increased cellular expression (Fig. 6E). However, we
did observe very low secretion of the dimerization mutant R115A, albeit similar cellular expression
to SARS-CoV-2, Pangolin, and C20A ORF8 proteins (Fig. 6E). These results are consistent with
previous findings in literature which reported that disruption of ORF8 dimerization at C20 was not

sufficient to interrupt secretion, and highlight the importance of other intermolecular associations

55



between ORF8 monomers for dimer stability and secretion!*’?*°. Additionally, these results
highlight that ORF8 expression and secretion does not differ between cell types, as both secretion
and expression are similar between HEK293T cells and Calu-3 cells. Altogether, these results
suggest that, although pIgR modulation of ORFS cellular localization may influence secretion, its
role in doing so is not significant.
3.6. SARS-CoV-2 ORF8 does not downregulate pIgR via protein degradation or endocytosis
pathways.

In other studies, it was found that SARS-CoV-2 ORF8 downregulates MHC-I via
lysosomal degradation and autophagy'?. To investigate whether ORF8 employed this pathway for

pIgR downregulation, HEK293T cells co-expressing pIgR and ORF8 plasmids were treated with

plgR * + + + + + pIgR + + i
ORF$ - + + + + .
ORF8 - + -+
cQ - - +
E64D/pep : = 2 + . . z Dynasore 4
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Figure 9. ORF8 does not downregulate pIgR via degradation or endocytosis pathways. (A-
B) HEK293T cells co-transfected with 500ng pIgR, 250ng QCXIP, and 250ng SARS-CoV-2
ORFS. (A) Cells treated with CQ (50 uM; 4 hours), E64d/pepstatin (10 ug/ml; 4 hours), MG-
132 (10 uM; 6 hours), and DBeQ (15 uM; 6 hours). (B) Cells treated with 16uM Dynasore for
6 hours. (A-B) Whole cell lysates were harvested and analyzed for pIgR-FLAG (anti-FLAG),
ORFS8-Strep-II (anti-Strep-11), and tubulin (anti-tubulin) by Western Blot.
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chloroquine (CQ), E64d/pepstatin (E64D/pep), MG-132, or DBeQ, which respectively inhibits
lysosomal (CQ & E64d/pep), proteasomal (MG-132), and ER-associated degradation (DBeQ)'?.
We failed to see any of these drugs recover pIgR expression in the presence of ORFS, indicating
lysosomal, proteasomal or ER-associated pathways are not employed to downregulate pIgR (Fig.
9A). This led us to believe the possibility that ORF8 may be promoting an increased internalization
of pIgR endocytosis which may lead to the accumulation of intracellular pIgR and then promote
its downregulation. Hence, HEK293T cells co-expressing plgR and ORF8 were treated with
Dynasore, an inhibitor of clathrin-mediated endocytosis. Again, we did not observe a recovery of
pIgR expression with the inhibition of endocytosis, suggesting that ORF8 does not downregulate
pIgR via increased internalization of the receptor (Fig. 9B).

In support of our findings, lysosomal degradation of MHC-I has been contested and groups
have rather suggested that MHC-I downregulation by ORF8 is dependent on the antagonization of
MHC-I activators, such as NLRC5'®, Therefore, SARS-CoV-2 ORF8 may antagonize pIgR by
targeting steps upstream of its expression, such as through the inhibition of NF-kB signalling,
which is known to increase pIgR expression*!. This is in concurrence by the fact that SARS-CoV-
2 is known to antagonize IFN-I antiviral responses, including the induction of NF-kB%*232,
However, whether the antagonization of the IFN-I response by SARS-CoV-2 ORFS directly leads
to the downregulation of pIgR requires further investigation.

3.7. SARS-CoV-2 ORF$ interacts with the extracellular D1 of pIgR

To further investigate how ORFS interacts with pIgR and whether this may affect pIgR’s
capacity to bind and transcytoses dIgA, we performed mutagenesis to generate a panel of
extracellular domain deletions in pIgR (Fig. 10A). We did not perform deletions of the intracellular

or transmembrane domains, since we expected ORF8 to engage with plgR extracellular domains
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Figure 10. Intracellular ORF8 downregulates pIgR mutants. (A) Schematic of pIgR
mutagenesis. (B-C) HEK293T cells co-transfected with 500ng pIgR or pIgR mutants, 250ng
ORF8, and 250ng QCXIP. (D) HEK293T cells co-transfected with 2500ng pIgR or pIgR
mutants, 1250ng ORFS, and 1250ng QCXIP. Protein expression quantified using Fiji and
PrismV9. (E-H) HEK293T co-transfected with 500ng pIgR or pIgR mutants, 250ng QCXIP,
and 250ng either C20A ORF8 (E-F) or R115A ORFS8 (G-H). (B-H) Whole cell lysates were
harvested and analyzed for pIgR-FLAG (anti-FLAG), ORFS8-Strep-II (anti-Strep-II), and
tubulin (anti-tubulin) by Western Blot. Protein expression was quantified using Fiji and
analyzed with Prism V9 (mean with SD; statistical significance measured via one-way Anova;

*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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due to being both luminal and secreted!**!*157 The mutant panel included deletions of domain 1
(AD1), domains 1 through 2 (AD1-2), domains 1 through 3 (AD1-3), domains 1 through 4 (ADI-
4), and domains 1 through 5 (AD1-5) (Fig. 10A). We employed these mutants to further elucidate
ORF8-plgR interactions and investigate similarities and differences between dIgA and ORF8
binding to pIgR.

3.7.1. Intracellular ORF8 downregulates pIgR mutants similarly to full-length pIgR.

To understand whether any of the pIgR mutants were resistant to antagonization by ORFS,
we co-transfected HEK293T cells with pIgR mutants and ORF8 plasmids and analyzed pIgR levels
by Western blots. Unexpectedly, we found that all pIgR mutants were capable of being
downregulated by ORFS, if not at higher degrees than WT plgR (Fig. 10B-C). This could also be
explained by the decreased stability observed for some of these mutants, most notably AD1, AD1-
3, and AD1-4 (Fig. 10B-C). Additionally, co-immunoprecipitation of these mutants using anti-
FLAG beads on HEK293T co-transfected cell lysates failed to highlight any interactions between
ORF8 and the pIgR mutants due to the low expression and poor stability of the pIgR mutants (Fig.
10D).

To confirm this observation, we decided to see how some of the ORF8 mutants, C20A and
YNLF), which demonstrated poor antagonization of pIgR expression due to low interaction, would
affect the pIgR mutants; and whether this could confirm if the previously described
downregulation of the pIgR mutants was ORF8-specific or rather due to the low stability. In
HEK293T cells co-transfected with the pIgR mutants and C20A ORFS8 plasmids, we observed a
similar downregulation of WT pIgR (40%) as previously mentioned (Fig. 10E-F). Furthermore,
we failed to observe more than 30% downregulation of the pIgR mutants, with AD1-5 being

unaffected by the presence of C20A ORF8 (Fig. 10E-F). Contrastingly, in HEK293T cells co-
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transfected with the pIgR mutants and YNLF ORF8 plasmids, we observed only a 10%
downregulation of WT plgR, and downregulation of the pIgR mutants did not exceed 15%, except
for AD1-5 which displayed a 40% downregulation when co-expressed with YNLF ORF8 (Fig. 8G-
H). Overall, we observed that ORF8 mutants, which do not bind pIgR potently, tend to exert lower
downregulation of the pIgR mutants (C20A average of 13.4% downregulation across pIgR
mutants; YNLF average of 20.7% downregulation across pIgR mutants; Fig. 10E-H) when
compared to WT ORF8 (average of 40% downregulation across pIgR mutants; Fig. SB-C). This
highlights the importance of ORF8 binding mediated by dimerization in contribution to pIgR
downregulation. Regarding discrepancies in the downregulation of AD1-5 by C20A and YNLF,
this may be due to the stability of this mutant. However, whether this may also indicate a possible
binding site for YNLF outside of pIgR ectodomain, which might not be accessible when WT pIgR

is folded, requires further investigation.

3.7.2 Secretory ORFS8 and dIgA interact mainly with D1 of pIgR.

Since ORF8 co-expression potently downregulated the pIgR mutants and made it difficult
to detect pIgR mutants in the co-IP study, we sought to investigate binding of soluble ORFS to the
pIgR mutants. To assess expression of these mutants, we expressed pIlgR mutants in HEK293T
cells which were stained and analyzed by flow cytometry. In agreement with previous data, we
observed low expression for the pIgR mutants AD1, ADI-3, and AD1-4 (Fig. 11A-B). This
potentially highlights the importance of extracellular D1, D3, and D4 at maintaining the stability
of plgR structure. In fact, in silico and in vitro analyses have described the main structural
interactions between pIgR to be found between the binding of D1 to D2, D4, and D5, and the
bindings of D2 and D3, as well as D4 and D5'%°.

To investigate which extracellular domain is important for ORF8 binding to pIgR, we
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Figure 11. Secretory ORF8 and dIgA interact with D1 of pIgR. (A-F) HEK293T cells
transfected with 250ng pIgR or pIgR mutants and (A-F) treated with 10pug/ml ORF-488 (C-D)
or 10pg/ml IgA-488 (E-F) for 30 minutes on ice. Cells stained with anti-FLAG (pIgR) and
ORF8 and IgA binding analyzed by flow cytometry. Data analyzed by PrismV9 (mean with
SD; statistical significance measured via one-way Anova; * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001).
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Figure 12. SARS-CoV-2 ORF8 does not compete with IgA for binding to pIgR. (A-B)
HEK293T cells transfected with 250ng pIgR and QCXIP and treated with 10pug/ml ORF8-488
and a titration of IgA (1pug/ml, 3ug/ml, 10pg/ml, 30pg/ml) for 30 minutes on ice. (B) ORF8
binding to pIgR-positive cells analyzed with PrismV9. (C-E) HEK293T cells transfected with
250ng plgR and QCXIP and treated with either 10pug/ml ORF8-488 (C) or 10ug/ml IgA-488
(D) and a titration of anti-pIgR monoclonal blocking antibody (1pug/ml, 2.5pug/ml, Spg/ml,
10pg/ml). (E) ORFS8 and IgA binding to pIgR-positive cells analyzed with PrismV?9.
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transfected HEK293T cells with WT and mutant pIgR plasmids and treated the cells with soluble
ORF8 for 30 minutes at 4°C. We observed strong binding of soluble ORF8 to WT plgR, but not to
any of the pIgR mutants (Fig. 11C-D). This indicated that the main interaction site for secretory
OREFS8 likely resides within pIgR extracellular D1. To compare whether this overlapped with the
binding site for dIgA, we repeated the experiment but incubated the cells with dIgA for 30 minutes
at 4°C instead of ORF8. Similarly, we observed strong binding of dIgA to WT pIgR, but not to the
other pIgR mutants (Fig. 11E-F). Of note, quantification revealed strong binding of dIgA to the
pIgR mutant AD1-3, but this may be a result of the low stability and expression of this mutant
skewing the quantification (Fig. 11E-F). Overall, these data suggest that the primary binding sites

for both ORF8 and dIgA most likely reside within the extracellular D1 of pIgR.

3.7.3 Secreted ORF8 and dIgA bind independently to pIgR.

To investigate whether ORF8 and dIgA binding to the same domain of pIgR could lead to
competition, we transfected HEK293T cells with WT plgR plasmid and then incubated the cells
with soluble ORFS and a titration of dIgA at 4°C. We found that, even at the highest dose of IgA,
ORF8 binding to pIgR was not blocked (Fig. 12A-B). This leads to two main hypotheses, the first
being that ORF8 and dIgA bind to different sites on domain 1 of pIgR, and the second that ORF8
may be small enough to bind pIgR without disrupting dIgA binding. To test these hypotheses, we
repeated the experiment but this time using a titration of pIgR monoclonal blocking antibody to
block either ORF8 or dIgA binding. Although we observed effective blocking of dIgA binding to
plgR, the blocking antibody only promoted minimal antagonization against ORF8 binding (Fig.
12C-E). Altogether, these findings further support our previous hypotheses and highlight that both

ORF8 and dIgA maintain interactions with the extracellular domain 1 of pIgR independently of
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Figure 13. Optimizing flow cytometry staining to remove background ORF8 binding. (A-
C) HEK293T cells transfected with 250ng pIgR and 250ng QCXIP, incubated with 10pg/ml
ORF8-488 for 30 minutes on ice and stained with titrations of viability staining (zombie violet;
1:500, 1:1000, 1:1500, 1:2000, 1:2500). (A) ORF8 binding before applying viability staining
gating strategy. (B) Viability staining gating. (C) ORF8 binding after applying viability

staining gating strategy.

one another.

To ensure specificity of ORF8 and dIgA binding to pIgR, we sought to optimize our flow
cytometry assay to remove background binding observed in Figures 11-12. In other experiments,

my colleague, Qinghua Pan, had noticed low ORFS8 binding to cells stained with Annexin V, a cell
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viability marker?*?

. However, due to my experimental limitations requiring staining to be
performed prior to fixation, we could not use annexin V>*. To mitigate this issue, we transfected
HEK293T cells with pQCXIP mock plasmid and treated the cells with soluble ORFS8 and a titration
of Zombie Violet stain, a cell viability marker which can be used on live cells. Using this marker,
we noticed a marked reduction in background binding of ORF8 to mock-transfected cells when
compared to cells (Fig. 13A-C). Hence, we incorporated this staining in all following flow
cytometry experiments with HEK293T cells.

To confirm the lack of competition between dIgA and ORFS8 observed in HEK293T cells,
we sought to investigate this relationship in the context of endogenous pIgR expression. To
establish a functioning cellular system for a dIgA binding and internalization assay using
endogenous pIgR, we optimized dIgA binding to Calu-3 and Caco-2 cells. In Caco-2 cells, binding
was saturated at 30 pg/ml dIgA, while Calu-3 cells saturated at 100 pg/ml dIgA and incubation
with 30 pg/ml led to around 70% dIgA binding (Fig. 14A). Hence, we decided to use 30 pg/ml
dIgA when using Calu-3 cells as saturation may render competition with weaker ligands more
difficult to observe. We proceeded to incubate Calu-3 cells with an increasing titration of dIgA and
a constant dose of soluble ORFS. At the lowest dose of dIgA, we did not observe the capacity of
secreted ORF8 to antagonize dIgA binding (Fig. 14B-C). Altogether, these results suggest a lack
of competition between IgA and ORF8, as similarly observed in HEK293T cells. However, in a
repeat of this assay, this time using a constant dose of dIgA, we observed dIgA binding decreased
from around 23.3% to 4.8% in the presence of soluble ORF8 (Fig. 14E). These confounding
findings could be a result of external factors, such as differences reagent lots or cell age, which
may have affected the health of the cells and subsequently the stability of pIlgR expression.

Altogether, our data have suggested that ORF8 cannot compete against dIgA binding to either
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Figure 14. ORF8 appears to prevent IgA internalization but not binding in Calu-3 cells.
(A) Calu-3 and Caco-2 cells incubated with a titration of IgA-647 (30pg/ml, 100pg/ml) on ice
for 30 minutes and analyzed by flow cytometry. (B-C) Calu-3 cells incubated with a titration of
IgA-647 (3.3ug/ml, 10pg/ml, 30pg/ml) and 10pg/ml ORF8-488 for 30 minutes ice, followed by
flow cytometry analysis. (D-E) Calu-3 cells incubated with 30pg/ml IgA-647 and 10ug/ml
ORF8-488 for 30 minutes ice, followed by flow cytometry analysis. (G-H) Calu-3 cells lines
expressing ORF8, and its mutants incubated with 30pg/ml IgA-647 for 30 minutes ice, followed
by flow cytometry analysis. (F) Calu-3 cells incubated with 30ug/ml IgA-647 (purple) and
10pg/ml ORF8-488 (green) for 30 minutes ice, followed by pIgR staining (rabbit anti-pIgR;
anti-rabbit-568; red). Immunofluorescence assessed by confocal microscopy. Data analyzed
with Prism V9 (mean with SD; statistical significance measured via one-way Anova; * p < 0.05,

% p < 0,01, #*% p < 0.001, **** p < 0.0001).

endogenous or exogenous plgR.

3.8. Intracellular SARS-CoV-2 ORF'8 antagonizes 1gA binding to pIgR.

The transcytosis and secretion of dIgA across epithelial cells consists one of the first
adaptive immune responses against incoming pathogens!®’. The initiating steps of transcytosis
involve the engagement of pIgR D1 and D5, which leads to a conformational change within pIgR
and opens the receptor, exposing binding motifs in D1, D4 and D5 that engage with dIgA into its

final binding state'®’

. Subsequently, the pIgR-dIgA complex undergoes clathrin-dependent
internalization where it traverses to basolateral early endosomes and is assisted by Rab11 proteins
to complete its transcytosis towards to apical pole of epithelial cells, allowing the complex to be
cleaved and released as sIgA 193234,

To assess the functional effect of ORF8 downregulation of pIgR, we decided to focus on
the initiating steps of pIgR-dIgA transcytosis, binding, and internalization. Since previous

experiments had determined a lack of competition between secretory ORFS8 and dIgA (Fig. 11A-

B), we sought to investigate whether intracellular ORF8 had the capacity to antagonize IgA binding
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Figure 15. Intracellular ORF8 antagonizes IgA binding while secreted ORF8 exploits the
pIgR-endocytosis pathway. (A-B) HEK293T cells co-transfected with 250ng pIgR, 250ng
QCXIP, and 500ng SARS-CoV-2 ORF8 expression plasmids. Cells incubated with 10pg/ml
IgA-647 for 30 minutes on ice and stained for ORF8-Strep-II (anti-Strep-1I-FITC). IgA binding
assessed by flow cytometry. (C-F) HEK293T cells co-transfected with 250ng pIgR and 250ng
QCXIP expression plasmids, then treated with 10pg/ml IgA-647 (purple) and/or 10pg/ml
ORF8-488 (green) for 30 minutes on ice. Cells washed and incubated at 37°C for 15 and 30
minutes. Cells stained for pIgR-FLAG (anti-FLAG; red), and DAPI (blue). Cellular localization
visualized by confocal microscopy. (F) Macro developed by Mathew Duguay on Fiji to analyze
and quantify ratio of ORF8 bound and internalized to pIgR expressing vs. pIgR naive cells.
Data analyzed with Prism V9 (mean with SD; statistical significance measured via one-way

Anova; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

due to the downregulation of pIgR expression. Hence, we incubated HEK293T cells co-expressing
plgR and ORF8 with dIgA and assessed binding by flow cytometry. Concordantly, we found that
intracellular ORF8 antagonized total dIgA binding to plgR-expressing cells (Fig. 15A-B).

Specifically, the mean dIgA binding to pIlgR-expressing cells was of 59.6%, but it dropped to
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36.9% in the presence of ORF8 (Fig. 15B). This suggests the capacity of intracellular ORFS to
antagonize the early steps of transcytosis by interfering with the binding of dIgA to plgR.
Interestingly, we observed an increase in intracellular ORF8 expression when co-expressed with
plgR (Fig. 12A). This increase was not observed in previous assays where pIgR and ORF8 were
co-expressed (Fig. 10D-E; Fig. 11E-H), but we believe this could be a result of secreted ORF8
getting internalized by surrounding pIgR-expressing cells leading to accumulation in non-ORFS8§-
expressing cells, although this needs to be further investigated.

To investigate whether the decrease in dIgA binding in the presence of intracellular ORF8
was due to decreased cell-surface pIgR expression, we optimized our staining protocol for cell-
surface pIgR. Using the pIgR blocking antibody, we successfully stained cell-surface pIgR with
little to no background staining of mock-transfected and ORF8-treated cells (Supp. Fig. 1A). We
did notice that pIgR levels (~85%) seemed to be much higher than those detected with the anti-
FLAG antibody in previous experiments (~50%) (Fig. 9A). Whether this could be due to the
blocking antibody having a greater sensitivity to pIgR remains to be investigated. Using this
staining method, we unexpectedly observed a slight increase in the mean cell-surface pIgR
expression in the presence of ORF8 from 73.8% to 84.9% (Fig. 16C). This could indicate that
ORF8 may antagonize dIgA binding by an alternate mechanism than decreasing pIgR cell-surface
expression, but whether this perceived increase is due to a lack of optimization of our staining
methods cannot be excluded.

To understand whether antagonization of IgA binding by intracellular ORF8 was
ubiquitous to both exogenously and endogenously expressed pIgR, we incubated the Calu-3 cell
lines stably expressing SARS-CoV-2 ORFS or its mutants with dIgA to assess binding. Although

we did observe a mild decrease in dIgA binding in cells expressing SARS-CoV-2 and C20A ORFS,
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Figure 16. Optimizing cell-surface binding of pIgR. (A-C) HEK293T cells co-transfected
with 250ng pIgR, 250ng QCXIP. Cells stained with mouse anti-pIgR monoclonal antibody
(1:1000), followed by anti-mouse-647 (3pg/ml). Staining analyzed by flow cytometry. (A)
Cells incubated with 10ug/ml ORF8-488. (B-C) Cells transfected with ORFS8-Strep-11 and
stained with anti-Strep-II-FITC. Data analyzed with Prism V9 (mean with SD; statistical
significance measured via one-way Anova; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <

0.0001).

we did not observe any statistically significant decreases (Fig. 14G-H). However, control binding
of IgA to ORF8-naive cells was very low (8%), so although binding dropped by half in the presence
of SARS-CoV-2 and C20A ORF8 (4%, it is difficult to conclude on the importance of this finding
within the context of infection. Altogether, we observed intracellular ORF8 expression to modulate
plgR and lead to a decrease in dIgA binding.
3.9. Secretory ORF'S exploits the pIgR-endocytosis pathway to potentially dampen mucosal
immunity and promote early SARS-CoV-2 infection.

The secretory nature of ORF8 makes it a protein of interest due to its capacity to act
systemically in the context of SARS-CoV-2 infection by potentially priming its surrounding
environment to increase infection susceptibility. To assess this, we treated HEK293T cells

expressing pIgR with either dIgA, soluble ORFS, or both at different temperatures to promote
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either binding or internalization. At 4°C, we observed both ORF8 and dIgA individually binding
to cell-surface pIgR, and their co-incubation did not affect the binding of either protein (Fig. 15C).
Furthermore, we observed that co-localization between ORFS8 and dIgA binding occurred at pIgR-
rich regions at the cell surface (Fig. 15C).

At 37°C for 15 minutes, ORF8 and dIgA were individually localized close to the plasma
membrane, but their signals had agglomerated together (Fig. 15D). Similarly, co-incubation of
ORF8 and dIgA led to large punctates near the plasma membrane, likely indicating the localization
of both proteins to the same pIgR-rich regions in preparation for internalization (Fig. 15D). This
is in agreement with early studies which proposed that binding of dIgA to pIgR may induce
homotypic dimerization of pIgR, which facilitates internalization of the dIgA-pIgR complex,
although these findings have not been further investigated and corroborated®*®. However, our
observations suggest a clustering event of pIgR in response to dIgA binding, supported by the
hypothesized homodimerization of pIgR.

Further incubation at 37°C for 30 minutes reveals little to no internalization of soluble
ORF8 alone by plgR (Fig. 15 E). As for dIgA, we observed clear internalization represented by
multiple small intracellular punctates overlapping with pIgR signals (Fig. 15E). Interestingly,
when ORF8 is co-incubated with dIgA, we observed the internalization of large punctates
containing ORFS, dIgA, and pIgR (Fig. 15E). This finding suggests that secreted ORF8 may be
dependent on dIgA for internalization by pIgR. Of note, we did observe ORF8 binding to non-
pIgR expressing cells in all our imaging. However, through analysis of these images using Fiji, we
confirmed that ORF8 was 3-6 times more likely to bind plgR-expressing cells (Fig. 15F).
Altogether, these results suggest the dependence of ORF8 on the pIgR-dIgA complex for

internalization into cells. This further highlights a mechanism by which secreted ORF8 produced
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by SARS-CoV-2 infected cells may enter naive-uninfected cells to exert its known
immunomodulatory functions and render these cells more permissive to infection, hence
exacerbating disease severity.

However, we observed that secreted ORF8 behaved differently in the presence of
endogenous pIgR expressed by Calu-3 cells. In similar conditions to HEK293T cells, we found
that ORFS8 binds to the same regions on the surface of Calu-3 cells as dIgA without disrupting
binding; however, ORFS8 appears to aggregate and retain dIgA near the cell membrane, indicating
the capacity of ORFS8 to potentially prevent internalization of dIgA by pIgR (Fig. 14). These
findings contrast with our observations in HEK293T cells, where we found that ORF8 was
dependent on the pIgR-dIgA complex for internalization. Whether this could be due to differences
in the internalization of the pIgR-dIgA across different cell lines or the use of endogenous versus

exogenous pIgR merits further investigation.

3.10. Transferrin may use pIgR for internalization in cells expressing low levels of transferrin
receptor 1.

When performing our binding and internalization assay using dIgA and ORF8, we sought
to introduce a control for internalization. Since all nucleated cells can uptake transferrin, we used
conjugated transferrin as our internalization control. We found that mock-transfected HEK293T
cells were unable to uptake significant amounts of transferrin (data not shown), which could be a
result of low transferrin receptor 1 (TFR1) expression*237. We proceeded to transfect HEK293T
cells with TFR1 and incubated cells at 4°C with conjugated transferrin and followed with either a
15-minute or 30-minute incubation at 37°C to assess internalization. This assay allowed to confirm
successful internalization of transferrin at both 15-minutes and 30-minute in TFR1-expressing

HEK293T cells (Fig. 17A). We had initially performed this experiment with pIgR as our control
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Figure 17. pIgR binds and internalizes transferrin. (A) HEK293T cells transfected with
TFR1 (Dr. Kostas Pantapoulous) and incubated with 25pug/ml for 90 minutes at 4°C, and then
incubated at 37°C for 15 minutes and 30 minutes. (B-C) HEK293T cells transfected with
pIgR and incubated with 25ug/ml for 90 minutes at 4°C, and then incubated at 37°C for 15
minutes (B) and 30 minutes (C). (A-C) Cells stained and analyzed by confocal microscopy.
(D-E) HEK293T cells transfected with pIgR and incubated with 25ug/ml transferrin-488 and
a titration of pIgR mAb (1pg/ml, 2.5pg/ml, Spg/ml, 10pug/ml) for 90 minutes at 4°C. (F)
HEK293T cells transfected with plgR and incubated with a titration of transferrin-488
(6.25png/ml, 12.5pg/ml, 25pg/ml, 50pg/ml) and 10pug/ml IgA-647 for 90 minutes at 4°C. (G-
I) HEK293T cells transfected with either pIgR or TFR1-mCherry and incubated with
25pug/ml serum transferrin-488 and a titration of unconjugated serum transferrin (2pg/ml,
10pg/ml, 50pg/ml, 250pg/ml) for 90 minutes at 4°C. (D-I) Cells quantified analyzed by flow

cytometry and analyzed using PrismV9.
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for internalization in our previous binding and internalization assay, where we had interestingly
observed that transferrin was bound to pIgR-expressing cells when incubated at 4°C (Fig. 17B-C).
We further observed transferrin internalization by pIgR when incubated for 30 minutes at 37°C
(Fig. 17B-C). These results led us to hypothesize that pIgR may act as a novel receptor for
transferrin uptake in cells which express low levels of TFR1. However, it is interesting to note that
internalization of transferrin by pIgR appears to be slower and less potent than with TFR1, as we
saw little to no internalization after a 15-minute incubation at 37°C (Fig. 17B). Overall, these
results suggest the potential of pIgR to act as a novel receptor for transferrin endocytosis.

Iron is an essential micronutrient found primarily within hemoglobin of red blood cells
(RBCs)*®. Due to the low availability of biologically active iron, reticuloendothelial macrophages
and liver hepatocytes will not only serve as major storing sites for the micronutrient, but also
contribute heavily towards its recycling from RBCs**®. Circulating Iron is found bound to
transferrin, which has the capacity to bind and maintain 2 iron molecules in their redox inert state.
Transferrin will deliver iron to different tissues mainly through the ubiquitously expressed
transferrin receptor 1 (TFR1) and its homologue transferrin receptor 2 (TFR2) found on
hepatocytes and erythrocytes®*®2*!, Internalization into endosomes is triggered through binding of
differic transferrin on the plasma membrane to TFR1, where acidification and ferriductases will
allow the release and reduction of iron, which will be exported into the cytoplasm by the divalent
metal transporter 1 (DMT1) and stored as ferritin?*%24?24 Meanwhile, TFR1 will be recycled to
the plasma membrane for further transferrin uptake®*®. In the case of excess cellular iron,
ferroportin 1 (FPN1) meditates the secretion of iron, which is regulated by the release of liver-
derived hepcidin which can bind and downregulate FPN1 when body iron levels are

sufficient?*®2%24¢  Tron homeostasis plays an important role towards immune responses, as an iron
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deplete state can lead to immune dysfunctions including decreased neutrophil recruitment, natural
killer (NK) cell dysfunction, decreased T cell proliferation, and antagonized antibody responses®*’.

Although circulating iron is mainly found under the form of transferrin, two other members
of the transferrin family proteins, notably lactoferrin and melanotransferrin, are also known to bind
and transport ferric ions>*®. Lactoferrin is mainly found in secreted fluids which include milk, tears,
saliva and bile, while melanotransferrin is rather expressed on salivary glands, skin and
kidney?*®*%_ Tron transporters of the transferrin protein family have been characterized for their
critical role towards innate immunity. For instance, transferrin is known to sequester iron from
pathogenic bacteria, hence promoting nutrient deficiencies to halt infection®*®**°, On the other
hand, lactoferrin is less sensible to pH than transferrin, allowing it to sequester iron over a broad
pH range’*. Furthermore, lactoferrin possesses immunomodulatory properties as it is able to
modulate the secretion of dIgA and pIgM, maturation of B- and T- lymphocytes, cytokine
secretion, etc. in favour of pathogen clearance 2°!. It has been further investigated for its antiviral
properties, as it is believed to have broad activity against both enveloped RNA and DNA viruses
by antagonizing different steps of the viral life cycle against viruses including Avian flu (H5N1),
Hepatitis B virus (HBV), Human papillomavirus (HPV), Herpes simplex virus 1 and 2 (HSV-1,
HSV-2), Human immunodeficiency virus (HIV), etc 2>1:232,

Of interest are recent studies which have highlighted lactoferrin having antiviral functions
against SARS-CoV-2%%, In silico and in vitro studies have suggested that lactoferrin and bovine
lactoferrin, which share high homology, can compete with SARS-CoV-2 Spike binding to ACE2
and target the RNA-dependent RNA polymerase (RdRp) complex leading to effective
antagonization of SARS-CoV-2 infection?*> %7, These findings are supported by clinical trial

findings which have demonstrated that bovine lactoferrin supplementation can lead from mild to
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moderate symptom improvement in COVID-19-infected patients>>>238:2%,

Furthermore, iron homeostasis has been demonstrated to be critical during SARS-CoV-2
infection, such that hyperferritinemia (high levels of ferritin — iron stores — within cells) is common
amongst patients admitted with severe COVID-19 and tends to be a clinical predictor of disease
outcome?®®2!. Due to the large involvement of iron homeostasis towards immune responses
during viral infections, the known existence of alternate iron receptors outside of TFR1 and TFR2,
and our preliminary data demonstrating an interaction between transferrin and pIgR, we
hypothesized that transferrin can use pIgR as an alternate receptor for cellular entry into lung
epithelial cells®®. To assess our hypothesis, we aimed to elucidate the molecular mechanism of
transferrin binding to pIgR by characterizing its role in binding, internalization, and secretion.

To confirm whether the previously described transferrin binding and internalization was
plgR-dependent, transfected HEK293T cells with pIgR expression plasmid and incubated cells
with transferrin and a titration of pIgR monoclonal blocking antibody. We found that the pIgR
blocking antibody was effective in blocking transferrin binding to pIgR, with little to no
background binding to HEK293T cells (Fig. 17D-E). This suggests that binding of transferrin to
plgR is specific and likely does not involve the binding of other surface receptors. This finding led
us to question whether transferrin may have the capacity to compete with dIgA for binding to pIgR.
However, when incubating plgR-transfected HEK293T cells with dIgA and a titration of
transferrin we did not observe a decrease in dIgA binding (Fig. 17F). Since we did not observe any
competition between dIgA and transferrin, we incubated TFR1- and pIgR-transfected HEK293T
cells with conjugated transferrin and a titration of unconjugated transferrin. With both TFR1 and
pIgR, we observed the antagonization of conjugated transferrin by increased doses of unconjugated

transferrin (Fig. 17G-H). These results confirmed that transferrin is binding both TFR1 and pIgR.
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Figure 18. Transferrin and dIgA do not bind recombinant pIgR. (A) Calu-3 cells
incubated with a titration of transferrin conjugated to Alexa fluor 488 (50pg/ml, 100pg/ml,
200pg/ml) for 30 minutes at 4°C. Binding analyzed by flow cytometry. (B-D) Bio-layer
interferometry (BLI) performed using recombinant pIgR (B-D) and recombinant TFR1 (B-
C) as receptors, and transferrin (B), dIgA (C), and pIgM (D) as ligands (Mehdi Benlarbi, Dr.
Andres Finzi lab). (E) Table of ligand bindings to pIgR and TFR1. (F) Graphical abstract

describing transferrin binding to pIgR, leading to internalization.

80



Altogether, these results support the potential of pIgR as a novel receptor for pIgR.

To further test transferrin binding to endogenous pIgR, we incubated Calu-3 cells with a
transferrin titration and found that Calu-3 cells were capable of binding transferrin at
concentrations of 100 pug/ml and higher (Fig. 18A). However, lack of controls such as the use of
pIgR blocking antibody or the knockdown of pIgR renders it difficult to conclude endogenous
pIgR specificity. Hence, we sought to investigate whether we could confirm pIgR specificity
through binding of transferrin to both recombinant TFR1 (rTFR1) and recombinant pIgR (rpIgR).
In collaboration with the Dr. Andres Finzi lab at the Centre Hospitalier de I’Université de Montreal
(CHUM), Mehdi Benlarbi performed bio-layer interferometry (BLI) to assess the binding of
rTFR1 and rplgR to transferrin, dIgA, and pIgM (Fig. 18B-E). In contrast to our previous data,
there was no binding between rpIgR and transferrin (Fig. 18B). However, strong binding was
observed for transferrin and rTFR 1, with a KD of around 0.6 nM, similar to what has been recorded
in literature (Fig. 18B, E)**. Interestingly, we did not observe any binding for dIgA to rpIgR, but
we did observe binding of pIgM to rpIgR at a KD of 2.62 nM (Fig. 18C-E). The lack of binding
of both transferrin and dIgA to rpIgR questions our previous findings where we observe both dIgA
and transferrin to bind exogenous and endogenous pIgR. Overall, our findings suggest the potential
of' a novel mechanism for transferrin endocytosis, where transferrin can bind cell surface pIgR and

get internalized (Fig. 18F). However, further experiments are required to confirm our findings.
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CHAPTER 4: DISCUSSION

4.1. Main Findings

Albeit the high effectivity of intramuscular vaccines against SARS-CoV-2, lack of
sterilizing immunity allows for continued viral transmission and the possible emergence of highly
pathogenic VOIs and VOCs #2!. The current development of mucosal vaccines is promising, as
stimulation of potent mucosal immune responses could promote sterilizing immunity. However,
viral mechanisms employed by SARS-CoV-2 to evade mucosal immunity remain understudied
and must be considered for both therapeutic development and pandemic preparedness. To this end,
we have identified ORF8 as a pivotal antagonist of dIgA-mediated immunity.

Our study demonstrates that SARS-CoV-2 ORFS8 can specifically modulate pIgR
expression and function via two distinct pathways: intracellular and secretory expression of ORF8.
Within cells, we showed that SARS-CoV-2 ORFS8 can bind and downregulate pIgR in a dose-
dependent manner, resulting in decreased dIgA binding. More specifically, we observed a trend
where dimerization-deficient ORF8 proteins (SARS-CoV, YNLF, C20A, and R115A) were less
efficient in downregulating pIgR in correlation with their binding capacities. These results
highlighted a dependency on ORF8’s dimer structure to mediate potent binding and
downregulation with pIgR.

As a secretory protein, we observed ORF8 binding to D1 of pIgR without disrupting dIgA
binding. In contrast, we observed a capacity for unglycosylated, soluble ORF§ to modulate and
hijack the endocytosis of the dIgA-pIgR complex to promote its internalization within cells. We
propose a model where SARS-CoV-2 infected cells produce ORF8 which will act on pIgR
intracellularly to antagonize dIgA, and ORFS secretion will lead to its internalization in uninfected

cells via binding to the dIgA-pIgR complex (Fig. 3). Finally, we highlighted a potentially novel
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function of pIgR as a receptor for transferrin internalization.

4.2. Modulation of pIgR across microbial infections: a double-edged sword

By mediating the transcytosis of sIgA, pIgR plays a crucial role in maintaining mucosal
immune homeostasis. Although its role can be protective against incoming pathogens, many
microbes have adapted to exploit pIgR to their own advantage'®’. Examples of pIgR’s protective
role are highlighted during chlamydial infections, which are linked with increased expression of
plIgR that correlate with high levels of sIgA, required to clear infection 26324, In contrast, increased
pIgR expression subsequent to infection has also been shown to contribute towards inflammation,
as is the case for herpes simplex virus 2 (HSV-2) and porcine epidemic diarrhea virus
(PEDV)!72%5 Similarly, enteric viruses, such as norovirus and reovirus, have been found to be
reliant on pIgR-mediated sIg sensing for infection, such that decreased pIgR levels leads to reduced

viral titres in vivo*®®

. Overall, whether pIgR and slg responses are beneficial or detrimental for
pathogen clearance appears to vary. However, multiple pathways of pIgR modulation have been
identified for a broad range of pathogens, indicating a complex relationship between mucosal
pathogen persistence and clearance.

Other well-characterized examples of pathogens modulating or exploiting pIgR for its gain
is Streptococcus pneumoniae. This bacterium invades the brain through the blood-brain barrier
(BBB) to cause meningitis by using pIgR expressed on endothelial cells as a receptor for its
adhesins?®"-?%_ Its further been shown to subvert pIgR function by promoting reverse transcytosis
to enter nose epithelial cells?®’. Additionally, the fungus Candida albicans can otherwise bind free
SC to promote its attachment to mucosal epithelial cells'®”’°, As for viruses, Epstein-Barr virus

(EBV) has been shown to expands its cellular tropism by binding and exploiting anti-EBV sIgA

bound to pIgR, allowing its entry into otherwise non-permissive epithelial cells *"*"1:*72, Other
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viruses, such as simian immunodeficiency virus (SIV) and chimeric simian/human
immunodeficiency virus (S/HIV) mediate mucosal immune evasion by downregulating pIgR
expression in the lungs and gut?’**’*. The mechanisms that govern pathogen exploitation of pIgR
are broad, but some of these mechanisms seem to be conserved and shared by SARS-CoV-2.

In the context of SARS-CoV-2, clinical data correlates the importance of sIgA for SARS-
CoV-2 neutralization yet no direct link has been made between pIgR expression, IgA secretion,
and viral clearance 2!, We identified two possible pathways by which SARS-CoV-2 may both
modulate and exploit pIgR to evade mucosal immunity and promote its replication. Similarly to
SIV and S/HIV, SARS-CoV-2 ORF8 is capable of potently downregulating pIgR expression. In
contrast, secreted ORF8 may mimic mechanisms seen in EBV and S. pneumoniae by its capacity
to exploit and seemingly highjack the digA-pIgR complex for internalization in cells. This could
highlight adaptation of SARS-CoV-2 for distinct early- and late-infection immune evasion
mechanisms. However, our findings are limited due to the lack of confirmation of this effect in the
context of SARS-CoV-2 infection in lung epithelial cells. Interestingly, we also observed
downregulation of pIgR by spike glycoprotein which may parallel S. pneumoniae’s capacity to
mediate adhesin binding via pIgR. Hence, whether SARS-CoV-2 virions could exploit pIgR for
entry or to expand its cellular tropism, like EBV, merits further investigation.
4.3. Lung and gut epithelial cell lines to study pIgR transcytosis in the context of viral infection

Due to pIgR transcytosis being an understudied field, many challenges arise when
translating key assays used in the study of transcytosis for diseases such as cancer, COPD, asthma,
and allergy to viral infections. What is termed the “pIgR transcytosis assay” has become a standard
for studying sIgA secretion under different physiological conditions. In short, this assay employs

polarized cells which express human pIgR, either endogenously or exogenously, and the addition
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of dIgA in the basolateral pole of a transwell insert will allow to measure the rate of pIgR-mediated
transcytosis via the measurement of sIgA in the apical pole after a set incubation time (typically

around 48 hours)?”®

. However, the use of specific cell lines and particular conditions can challenge
the study of viral infection.

One of the first cell lines optimized for this assay was the use of polarized Madin-Darby
canine kidney (MDCK) cells expressing human pIgR?’®. Although this system can efficiently
promote transcytosis of dIgA, this cell line is limited as it does not always represent an appropriate
physiological environment for viral infection?’”*’®, However, it remains a useful tool to study the
biology and dynamics of dIgA transcytosis!?%?7%2%,

Another commonly used cell line for the establishment of a transcytosis assay are Calu-3
cells. Notably, their expression of endogenous pIgR and their nature as lung epithelial cells leads
to a more accurate system for the study of pulmonary disease?’>. They have been used to study
transcytosis in the context of cystic fibrosis and pulmonary drug delivery?’>281-28  Although
characterization of polarized Calu-3 cells under air-liquid interface (ALI) reveals a representative
morphology of airway epithelium, the nature of a transcytosis assay requires liquid-covered culture
(LCC)?"3282_ In regards to SARS-CoV-2 infection, Calu-3 cells have been used in cell culture to
study mechanics of SARS-CoV-2 entry and replication, making them a potential cell line for
studying the impact of SARS-CoV-2 infection on dIgA transcytosis by pIgR?*72%,

Finally, recent research has focused on using relevant primary epithelial cell lines, such as
primary human bronchial epithelial cells (HBECs), to study sIgA secretion in the context of asthma
and cystic fibrosis?!%“?!, These cell lines offer the advantage of polarizing into mucociliated tissue

under ALI culture in supplement growth media®®*. Furthermore, the endogenous expression of

ACE2, TMPRSS2, and plgR highlight the potential of the cells in the study of dIgA transcytosis
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modulation by SARS-CoV-2%%3-286_ This is supported by the use of HBECs for the study of drug
discovery against SARS-CoV-2 infection?*>2%¢, However, the short lifespan and limited replication
ability of primary cell lines can become challenging when designing and optimizing such
experiments®®’.

Aside from the use of various cell lines with their own advantage and disadvantages, pIgR
transcytosis assays are limited by experimental conditions which poorly reflect physiological
conditions. In MDCK cells, dIgA transcytosis by pIgR is determined by pulse chase assay of
radioactively labelled IgA, requiring shorter incubation times and smaller antibody titres (around
0.1mg/ml dIgA)*%?%, However, likely due to lower pIgR levels expressed in Calu-3 cells and
HBECs, these cell lines otherwise require higher dIgA concentrations of around 1 mg/ml and
longer incubation times raging from 48 to 72 hours®!®?%!, Clinically, sIgA are commonly tested in
the saliva, where normal levels can range anywhere between 0.0159 to 0.6 mg/L with a secretion
rate of 0.0072 to 0.235 mg/min”*®. Although initial dIgA concentrations produced by local ASCs
have yet to be determined clinically, it is likely that experimental conditions used for dIgA
transcytosis in Calu-3 cells and HBECs are not representative of actual physiological conditions.
This is further amplified by the long incubation time required for the detection of sIgA in the apical
pole which contrast with the rapid clinical sIgA secretion rates.

In our hands, we have tried to polarize Calu-3 cells under LCC culture, but we were
unsuccessful in measuring trans-epithelial electrical resistance (TEER) of 1000 Qxcm? required
for tight junctions to form between the cells (data not shown)?’>. We further tried to perform the
transcytosis assay using polarized HBECs, however we failed to detect sIgA in the apical pole by
ELISA likely due to using insufficient quantities of dIgA (around 0.2 mg/ml) in the basolateral

pole (data not shown). Lack of published articles studying pIgR transcytosis and sIgA secretion in
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the context of pulmonary viral infections renders optimization a challenge. Our current study is
limited by our capacity to mainly investigate transcytosis at its initiating steps (binding and
internalization), however we plan to continue optimizing our protocol for Calu-3 polarization to

study the impact of ORF8 on dIgA transcytosis by pIgR in the context of SARS-CoV-2 infection.

4.4. Endogenous vs exogenous pIgR expression: optimization to study impact of viral infections
on IgA-mediated mucosal immunity

When setting up our assays, we sought to confirm our findings from HEK293T-pIgR
expressing cells against cell lines which endogenously expressed pIgR. Due to their use in the
study of SARS-CoV-2, we settled in optimizing our assays in Calu-3 (lung epithelial) and Caco-2
(gut epithelial) cells?*®. In both cell lines we experienced challenges in the transient expression of
SARS-CoV-2 ORF8 as we tested methods ranging from transfection, electroporation, to
transduction. For Caco-2 cells, electroporation was successful in promoting transient ORFS8
expression. However, we noticed that the process of electroporation itself appeared to modulate
pIgR expression. This is agreement with findings highlighting a decrease in gut sIgA in the
presence of cellular stress?®.

As for Calu-3 cells, we were able to induce ORF8 expression through the development of
Calu-3 selective cell lines stably expressing ORF8 via lentiviral transduction. However, our results
suggest some minor discrepancies with results generated in HEK293T cells expressing pIgR,
notably for the effect of some of the ORF8 dimerization mutants (C20A and R115A). Whether this
might be a result of cellular adaptation of Calu-3 cell to the constant ORF§ expression merits
further investigation. Altogether, studying impacts of viral infection on dIgA-mediated mucosal

immunity through pIgR remains a challenge due to lack of standardized and optimized protocols.
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4.5. Study of pIgR transcytosis in vivo: murine models and their challenges

Although studies of pIgR in vivo are limited, their use has considerably contributed to our
understanding of mucosal immunity regulation. While germ-free mice allowed to establish a link
between the presence of gut commensal bacteria and the modulation of pIgR expression, other
models have been used to demonstrate that the application of mild physiological stress, such as
exercise and heat acclimatization, leads to and upregulation in pIgR and IgA secretion'**?%02%2 In
the late 90s, pIgR knockout (pIgR™") mice were developed and have since been heavily used to

193 As previously

study the role of pIgR and IgA secretion deficiencies in disease pathology
described, these mice models allowed to successfully identify an increased occurrence of auto-
immune and inflammatory diseases, such as IBD, in response to altered gut microbiota due to the
impaired gut mucosal immune response'**2!,

Conversely, while humans have two IgA subtypes, [gA1 and IgA2, mice only have one IgA
subtype which more closely resembles human IgA2!'**. However, this difference does not affect
the capacity of murine models to effectively transcytose and secrete IgA to mucosal surfaces via
pIgR %3, In fact, in vitro primary murine epithelial models have been successfully developed to
facilitate the study of IgA transcytosis by pIgR?%>.

On the other hand, studying COVID-19 in mice is a challenge since these rodents are not
naturally permissive to SARS-CoV-2 due to their lack of endogenous ACE2 expression®*. To
circumvent this issue, ACE2 transgenic mice have been frequently used to study SARS-CoV-2,
however, whether exogenous ACE2 expression can modulate pIgR expression or IgA secretion has

d294

not been investigated™". Regardless these mice models offer an opportunity to easily study the

impact of SARS-CoV-2 infection on pIgR expression and IgA secretion.
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4.6. Transferrin binding to pIgR: divergence between experimental conditions

An interesting finding we made while conducting our study was the potential novel
function of pIgR as a receptor for transferrin. Although this was surprising, iron has been known
to use receptors outside of TFR1 and TFR2, such as zinc transporter 8 (ZIP8) and 14, for
internalization?®?. However, we were unable to confirm our findings using recombinant pIgR
(rpIgR) and transferrin by BLI. Of note, we also failed to see any interaction between dIgA and
rplgR and were only able to see strong interactions between pIgM and rpIgR. These findings
challenge our study design, by which we saw strong binding of both transferrin and dIgA to Calu-
3 cells and HEK293T cells expressing pIgR.

In respect to our transferrin study, we observed additional discrepancies between
experiments depending on the origin of the transferrin used. In assays using pre-conjugated holo-
transferrin, we observed no binding and internalization by mock-transfected HEK293T cells and
high pIgR-specificity for binding and internalization (Fig. 17A-E). In contrast, in assays where we
used human transferrin, with unspecified contents and production (proprietary protocols), we
noticed high background binding to mock-transfected HEK293T cells, indicating low specificity
for pIgR (Fig. 17F-I). This may be a result in differences in apo- and holo-transferrin ratios present
in this transferrin sample. In fact, apo-transferrin is the iron-free version of transferrin while holo-
transferrin is iron-bound®*®. Although holo-transferrin binds TFR1 with higher affinity, apo-
transferrin remains capable of binding TFR1 non-competitively**°. Due to apo-transferrin’s lower
affinity to TFR1 than holo-transferrin, we expect differences in ratios of the two proteins to be
insufficient at generating the discrepancies we observed in background binding in Figure 12.

Another possibility for the high background binding could be related to our conjugation

protocol. In fact, the conjugation kit we use comes with purification columns with protein
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molecular weight restrictions of 50 KDa. Due to transferrin being around 80 KDa, we were unable
to purify our conjugation product using the provided column. This may have resulted in the
presence of free fluorophore in our conjugated-transferrin sample which may have further
contributed to the background binding observed in Figure 12. Altogether, the presence of
discrepancies across our data needs to be further investigated to conclude on the role of pIgR in
transferrin internalization.
4.7. Binding of dIgA to rplgR: implications for pIgM

In our study, we found that dIgA was capable of binding pIgR-expressing HEK293T cells
and Calu-3 cells. However, the BLI assay refuted our findings, as no binding was observed
between rplgR and dIgA. In contrast, strong binding was observed between pIgM and rplgR. A
possible reason for this could be our dIgA source. We had previously tried our assays using serum
IgA, however, due to serum IgA being primarily comprised of monomeric IgA, we did not observe
significant binding to pIgR-expressing cells (data not shown)*®. Since dIgA is mainly produced
by tissue-resident plasma B cells, we struggled to acquire human dIgA'®®. To circumvent this issue,
we decided to use IgA isolated from human colostrum, which is the first form of breastmilk
produced and known to be rich in sIgs*’. However, this implies that the IgA isolated would be
under the form of sIgA, which is dIgA bound to SC. Although we saw binding of this IgA in our
cell-based assays, the presence of SC on the dIgA moiety could explain why there was no binding
observed in the BLI.

In addition, binding of dIgA to pIgR involves a conformational change within pIgR!*>!%,
Since rplgR is not membrane-bound, it is unknown whether it would be capable of undergoing the
conformational changes required for dIgA binding. Further supporting this, we observed

discrepancies between ORFS8 binding to membrane-bound and soluble pIgR. In fact, in data not
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shown, we found that rpIgR could bind secreted SARS-CoV, but not SARS-CoV-2, ORFS (data
not shown). This contrasts with our findings where we observed membrane-bound pIgR to exert
stronger interactions with SARS-CoV-2 than SARS-CoV ORF8. However, the lack of binding of
dIgA to rpIgR in the BLI questions the validity of our findings regarding the effect of SARS-CoV-
2 ORF8 on dIgA binding and internalization.

Unlike dIgA, IgM is found as a pentamer in serum, rendering its acquisition easier**®. To
mediate the inconsistencies regarding dIgA, we plan to repeat key experiments using pIgM. In
doing so, we will be able to confirm whether SARS-CoV-2 ORF8’s antagonization of pIgR ligand
binding is conserved with pIgM or whether this effect may dIgA-specific. Altogether, we expect
to highlight SARS-CoV-2 ORF8 as an antagonist of plgR-mediated mucosal immunity,

independently of its ligand interaction.

4.8. Conclusions and future work

Overall, pathogens have evolved an array of mechanisms to modulate mucosal immunity
to their advantage. Although whether SARS-CoV-2 employs mechanism to evade mucosal
immunity remains poorly understood, slgs have been highlighted in playing a pivotal role during
early infection. To this end, we have provided insight into the antagonization of IgA-mediated
mucosal immunity by SARS-CoV-2. Specifically, we identified the accessory protein ORFS as
having the capacity to potently downregulate pIgR through interactions mediated in part by its
novel capacity to dimerize. Furthermore, we highlighted that intracellular ORF8 can disrupt dIgA
binding to pIgR, while soluble, secreted ORFS8 rather hijacks the dIgA-pIgR complex for
internalization. Finally, we highlighted a potential novel function of pIgR as a receptor for
transferrin uptake.

While we demonstrated the role of ORFS8 against the initiating steps of dIgA-pIgR
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transcytosis, whether ORFS affects dIgA secretion remains to be investigated via the development
of a functional transcytosis assay. Live infection of primary human airway epithelial cells to
compare wild-type and ORF8-deleted SARS-CoV-2 viruses would further inform whether dIgA
antagonization is specific to SARS-CoV-2 ORFS, and whether other SARS-CoV-2 viral proteins
contribute towards impaired mucosal immunity and enhanced establishment of viral infection in
lung epithelial cells. Moreover, this work demonstrates that SARS-CoV-2 ORF8 is a key viral
antagonist of protective mucosal immunity that merits consideration when developing novel
antiviral therapies fortifying local mucosal immunity, such as mucosal vaccines. Furthering our
understanding of immune escape mechanisms associated with proteins of SARS-CoV-2 and its

VOCs, such as ORFS, will contribute to future pandemic preparedness.
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