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ABSTRACT

Seasonal human coronaviruses, including sHCoV-NL63, sHCoV-229E, sHCoV-0C43, and sHCoV-
HKU1, belong to the Coronaviridae family. While typically causing mild respiratory infections,
sHCoVs can trigger severe complications in vulnerable populations. Among them, sHCoV-NL63 uses
the ACE2 receptor, the same entry receptor used by SARS-CoV-2. Previous work from our
laboratory showed that sHCoV-NL63 upregulates the ACE2 receptor after infection, potentially
increasing the risk of co-infection and of emerging recombinants. The mechanisms underlying this
regulation of ACE2 expression remain unknown. This study investigated whether individual sHCoV-
NL63 viral proteins modulate ACE2 surface expression. Expression vectors encoding individual
sHCoV-NL63 proteins were transfected into HEK293T+ACE2 and LLC-MK2 permissive cell lines.
These were used to analyze protein expression and ACE2 receptor levels by fluorescence
microscopy, flow cytometry and western blot. While most viral proteins were successfully
expressed, none significantly increased ACE2 surface expression, suggesting that ACE2 receptor
regulation may depend on coordinated events associated with productive viral infection and/or
the cell-intrinsic antiviral response. Further investigation of viral proteases, host cell signalling
pathways, and interferon responses may help elucidate the mechanisms responsible for ACE2

receptor modulation.
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INTRODUCTION

Origin of Seasonal Human Coronaviruses

Seasonal human coronaviruses (sHCoVs) belong to a larger group of human coronaviruses
(HCoVs), which is composed of seven zoonotic viruses, as illustrated in Figure 1. This group
includes the highly pathogenic viruses SARS-CoV, SARS-CoV-2, and MERS-CoV, as well as four
endemic viruses referred to as seasonal human coronaviruses, which are sHCoV-NL63, sHCoV-

229E, sHCoV-0C43, and sHCoV-HKU1 (Xin Li et al., 2019).

The sHCoV-NL63 and sHCoV-229E are classified within the genus Alphacoronavirus, whereas
sHCoV-0C43 and sHCoV-HKU1 belong to the Betacoronavirus genus. Phylogenetic and
evolutionary analyses suggest that sHCoV-NL63 and sHCoV-229E probably originated from bat
coronaviruses. In the case of sHCoV-229E, dromedary camels and alpacas have also been
identified as potential intermediate hosts. The sHCoV-0OC43 is most associated with a bovine
origin, with a few papers also mentioning rodents. However, more extensive analyses including
open reading frames encoding the envelope, membrane, nucleocapsid, and spike proteins,
along with whole-genome sequences, indicate that its origin may go beyond bovine to include
murine, rabbit, and canine hosts. In contrast, sHCoV-HKUL1 is believed to have originated from
a murine coronavirus (Otieno, J.R et al.,, 2022; Lagacé-Wiens, P et al., 2021). Comparative
genomic analyses have demonstrated that recombination rates vary across the genera and
among seasonal human coronaviruses. Recombination events have been identified across the
coronavirus genome, involving regions encoding both non-structural and structural proteins.
One of the most notable locations is the spike protein, associated with viral adaptation, where
genetic variation may influence receptor interactions, host specificity, and viral fitness. sHCoV-
229E and sHCoV-0C43 display the highest recombination rates, whereas sHCoV-NL63 and
sHCoV-HKU1 accumulate more nucleotide substitutions per recombination event, indicating

1



that the relative contributions of recombination and point mutation to viral evolution differ

among sHCoVs. (Otieno, J.R. et al., 2022; Nicola F. Miiller et al., 2021).

sHCoV-229E was first identified in 1966 by researchers at the University of Chicago during
investigations of respiratory specimens from individuals presenting common cold symptoms.
sHCoV-0C43 was subsequently isolated in 1967 from volunteers at the Common Cold Unit in
Salisbury, United Kingdom, using nasopharyngeal swab samples. sHCoV-NL63 was discovered
in 2004 in the Netherlands in a child presenting with bronchiolitis, coryza, fever, and
conjunctivitis. More recently, sHCoV-HKU1 was identified in 2005 in Hong Kong in adult
patients diagnosed with pneumonia (van der Hoek et al., 2004; H.F. Boncristiani et al., 2009;

Chang-Xing Li et al., 2021; Jeremy Huynh et al., 2012).
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Figure 1. Phylogenetic tree representing members of the Coronaviridae family. Coronaviruses are
classified into four genera: Alphacoronavirus (a), Betacoronavirus (B), Gammacoronavirus (y), and
Deltacoronavirus (8). The human coronaviruses are highlighted with red circles and include the
seasonal human coronaviruses sHCoV-NL63, sHCoV-229E, sHCoV-OC43, and sHCoV-HKU1, as well as
the highly pathogenic coronaviruses SARS-CoV, SARS-CoV-2, and MERS-CoV. Reproduced and adapted

figure from Lamkiewicz et al. (2023).



Transmission and Pathogenesis

Seasonal human coronaviruses have successfully established endemic circulation due to
characteristics, as illustrated in Figure 2, that facilitate persistent transmission, such as efficient
human-to-human transmission, widespread global circulation, and relatively low disease severity.
sHCoVs are estimated to be responsible for approximately 5% to 30% of all human respiratory tract
infections. Their circulation typically begins in late October, reaches its highest level by the end of
January or early February, remains highly active between January and March, and gradually
declines until early June (Harrison, C.M et al., 2023; Lagacé-Wiens P et al., 2021; Marie E. et al.,
2006; Rory Wilson et al., 2024). Across epidemiological studies, sHCoV-OC43 has been the most
prevalent circulating species among the sHCoVs, followed by sHCoV-NL63, sHCoV-229E, and sHCoV-
HKU1. In addition, some epidemiological reviews show that the majority of the test positivity rates
for sHCoV-0C43 and sHCoV-NL63 were observed among pediatric populations, whereas sHCoV-
229E and sHCoV-HKU1 were more frequently detected among adults (Rory Wilson et al., 2024; Ye
R-Z, Gong C et al., 2023).
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Figure 2. Geographical Distribution of Seasonal Human Coronaviruses Based on Published Reports.

Geographical representation of studies reporting seasonal human coronavirus infections, classified
according to the age group of included participants (adults, pediatric patients, or both). Author's illustration,
adapted from published data (Su et al., 2016; Wilson et al., 2024).

Human coronaviruses are transmitted predominantly via respiratory droplets. Additional routes of
transmission include direct contact with contaminated surfaces and the fecal-oral route (Andrew G

et al., 2020; Ye et al., 2020).

The clinical manifestations are similar among the seasonal human coronaviruses. Common
symptoms include malaise, headache, runny nose, sneezing, sore throat, fever, and cough, with an
incubation period ranging from approximately 2 to 5 days. In more severe cases, sHCoV-NL63 is
associated with tachypnea, hypoxia, and obstructive laryngitis symptoms, whereas sHCoV-HKU1
has also led to dyspnea. While seasonal human coronavirus infections are typically mild, they may
progress to more severe disease in young children, the elderly, and immunocompromised

individuals (Chang-Xing Li et al., 2022; Lia Van Der Hoek et al., 2006).



Single infections with seasonal human coronaviruses have been associated only with respiratory
outcomes. Nevertheless, isolated exceptions have been reported. For instance, one patient with a
single sHCoV-HKU1 infection developed meningitis, whereas another patient infected only with

sHCoV-0C43 experienced seizures (Lia Van Der Hoek et al., 2006; Esper F et al., 2006).
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Figure 3. Symptoms associated with seasonal human coronavirus infections. Common clinical
manifestations include respiratory symptoms such as cough, sore throat, runny nose, and breathing
difficulties, as well as systemic symptoms including fever, headache, malaise, and myalgia (Author's
illustration).



Epidemiological studies have shown that coinfection with other respiratory viruses, including
human respiratory syncytial virus (HRSV), human metapneumovirus (hMPV), and influenza viruses,
is relatively common, occurring in 11% to 41% of coronavirus-positive respiratory samples.
Interestingly, patients with sHCoV-NL63 coinfections exhibit significantly lower viral loads than
patients infected exclusively with sHCoV-NL63. There are a few possible explanations for this: one
is direct competition between respiratory viruses for the same target cells within the respiratory
tract. Another hypothesis is that the innate immune response induced by one respiratory virus
suppresses sHCoV-NL63 replication. It is also possible that sHCoV-NL63 establishes infection before
the second infection, and by the time the subsequent virus produces clinical symptoms, the sHCoV-
NL63 infection may already be under effective immune control, resulting in reduced viral
replication. Nevertheless, coinfections have been reported more frequently among hospitalized
patients than among outpatients, suggesting that the detection of an additional respiratory virus
may be associated with more severe disease (van der Hoek et al., 2005; A Koetz et al., 2006; Huang

et al., 2017).

The occurrence of coinfection between seasonal human coronaviruses and SARS-CoV-2 has been
documented in a few clinical settings. However, it is considered rarer compared with other

respiratory viruses.

Case reports have identified simultaneous infections involving sHCoV-0OC43 and sHCoV-HKU1 in
patients with underlying comorbidities. The reports of symptom aggravation are still not clear, but
there is concern due to the increased release of inflammatory cytokines, which may affect disease
severity (Mponponsuo et al., 2023; Madaras et al., 2025; Chuang et al., 2020). Although some
studies have found no significant difference in disease severity between SARS-CoV-2 monoinfection
and coinfection with other respiratory viruses, severe outcomes have occasionally been reported
(Chekuri et al., 2021; Carstens et al., 2025). A case report from Hong Kong described a patient with

comorbidities who progressed to a fatal outcome while presenting coinfection with SARS-CoV-2
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and sHCoV-229E (Lau SKP et al., 2021). Furthermore, studies conducted in different regions,
including Korea and Iran, have documented the continued circulation of sHCoVs alongside SARS-
CoV-2, with reported cases involving sHCoV-229E, sHCoV-NL63, and sHCoV-OC43. These
observations support the importance of comprehensive screening to better assess the potential

impact of these viral interactions on disease progression (Roh et al., 2021; Valian et al., 2021).
Viral Entry Receptor

Even though the sHCoVs are from the same family, they use different entry receptors. sHCoV-229E
uses aminopeptidase N (APN)/CD13, a zinc-dependent metallopeptidase membrane protein with
multiple biological functions that include enzyme activity, receptor activity, and immune signalling
(Nwokolo et al., 2025; Lim, Ng, Tam, & Liu, 2016; Lu et al., 2020). sHCoV-0OC43 and sHCoV-HKU1
recognize glycan-based receptors carrying 9-O-acetylated sialic acid, a key factor for
metallopeptidases for entry. Besides the receptor role, its exact function is not well-defined.
However, evidence suggests that sialoglycans have a role in cell surface and glycoprotein protection
against proteases, formation of blood vessel lumen, and immune cell trafficking (R.J.G. Hulswit et
al., 2019; Tomris | et al., 2024; Visser et al., 2021). Nevertheless, sHCoV-NL63 utilizes angiotensin-
converting enzyme 2 (ACE2) for cell entry, which is also a metallopeptidase membrane protein that
modulates inflammatory immune responses and oxidative stress and acts as a receptor. ACE2 is a
key entry point for SARS-CoV-2, suggesting a potential overlap in receptor usage between seasonal
and pandemic-causing coronaviruses (Devarakonda CKV et al., 2020; Lim, Ng, Tam, & Liu, 2016;

Amelimojarad & Amelimojarad, 2025).

Recent studies have attempted to better understand the cell entry mechanisms of the seasonal
human coronaviruses. One of them, working with lentiviral pseudovirus-based models,
showed that sHCoV-NL63, sHCoV-229E, and sHCoV-HKU1 rely primarily on endosomal entry

mechanisms rather than cellular serine protease activity. These findings indicate that



proteolytic activation of the spike proteins can occur through cathepsins within the endosomal
compartment. They also demonstrated that arginine residues located at the S1/S2 cleavage
site were necessary for efficient entry of sHCoV-NL63 and sHCoV-229E but were dispensable

for sHCoV-HKU1 (Sabari Nath Neerukonda et al., 2025).

Another recent study on structural and functional analyses demonstrated that the sHCoV-
HKU1 spike glycoprotein initiates infection by interacting with host cell surface sialoglycans
and requires transmembrane protease serine 2 (TMPRSS2) to promote more efficient viral
entry. However, the absence of TMPRSS2 does not inhibit viral entry (McCallum et al., 2024;
Sabari Nath Neerukonda et al., 2025).

In contrast, sHCoV-OC43 has been reported to bind either cell surface sialic acids or HLA class
I molecules for internalization. Viral entry then occurs through caveolae-mediated endocytosis

rather than clathrin-mediated endocytosis. (Owczarek et al., 2018; Szczepanski et al., 2019).

sHCoV-NL63 and sHCoV-229E Structure

sHCoV-NL63 and sHCoV-229E are enveloped, non-segmented, positive-sense single-stranded
RNA viruses belonging to the Alphacoronavirus genus. Their genomes range from
approximately 27 to 30 kb. The virions are spherical particles of approximately 120 nm in
diameter, surrounded by a lipid envelope that contains the major structural proteins, including
the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins. The viral genome
contains two large open reading frames, ORFla and ORF1b. sHCoVs encode accessory proteins
that vary between viral species. sHCoV-NL63 contains accessory protein 3 (P3), whereas
sHCoV-229E encodes accessory proteins 4 (4A and 4B) (Otieno et al., 2022; Liu, Liang, & Fung,
2021; van der Hoek L, Pyrc, & Berkhout, 2006; National Center for Biotechnology Information
[NCBI], n.d.; ViralZone, n.d.).



The genomic organization of sHCoV-NL63 follows the order: 5’-cap-ORF1a-ORF1b-S-ORF3-E-
M-N-poly(A) tail-3" and consists of 27,553 bp. The ORFlab encodes 16 non-structural proteins
(nsps), including nsp3, which encodes the Papain-Like Protease or PLpro (PLP1 and PLP2),
responsible for cleaving from nspl to nsp3, and nsp5, which encodes the Main Protease or
Mpro, also known as 3C-like proteinase or 3CLpro, responsible for cleaving from nsp4 to nsp16.
Additionally, the nsp12 encodes the RNA-dependent RNA polymerase (RdRp), and nspl3
encodes Helicase (Figure 4) (National Center for Biotechnology Information [NCBI], n.d.; Chazal
N et al., 2021; Pyrc, 2005), whereas sHCoV-229E displays the genomic arrangement: 5'-cap-
ORF1a-ORF1b-S-ORF4-E-M-N-poly(A) tail-3’, with a total genome size of 27,317 bp. Similar to
sHCoV-NL63, the ORFlab encodes 16 nsps, including nsp3 encoding Papain-Like Protease or
PLpro (PLP1 and PLP2), responsible for cleaving from nspl to nsp3, and nsp5, which encodes
the Main Protease or Mpro/ also known as the 3C-like proteinase or 3CLpro, responsible for
cleaving from nsp4 to nspl6. Additionally, nspl2 encodes the RNA-dependent RNA
polymerase (RdRp), and nsp13 encodes Helicase (Figure 5) (National Center for Biotechnology

Information [NCBI], n.d.; ViralZone, n.d.).
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Figure 4. Genomic organization of seasonal human coronavirus NL63 (sHCoV-NL63).

Schematic representation of the sHCoV-NL63 genome (27.5 kb), showing the genomic arrangement 5'-cap-
ORF1a-ORF1b-S-ORF3-E-M-N-poly(A) tail-3'. The ORF1a/ORF1b region encodes 16 non-structural proteins
(nsps), including the viral proteases PLpro (nsp3; PLP1/PLP2) and Mpro/3CLpro (nsp5), as well as key
components of the replication-transcription complex, including RNA-dependent RNA polymerase (RdRp,
nsp12) and helicase (nsp13). The sequence also includes spike (S), protein 3 (3), membrane (M), envelope
(E), and nucleocapsid (N) proteins. Adapted from NCBI (n.d.), Chazal et al. (2021), and Pyrc (2005).
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Figure 5. Genomic organization of seasonal human coronavirus 229E (sHCoV-229E).
Schematic representation of the sHCoV-229E genome (27.3 kb), showing the genomic arrangement 5'-cap-
ORF1a-ORF1b-S-ORF4-E-M-N-poly(A) tail-3'. Similar to sHCoV-NL63, the ORF1a/ORF1b region encodes 16
non-structural proteins (nsps), including the viral proteases PLpro (nsp3; PLP1/PLP2) and Mpro/3CLpro
(nsp5), together with replication-associated proteins such as RdRp (nspl12) and helicase (nsp13). The
sequence also includes spike (S), protein 4A (4a), protein 4B (4b), membrane (M), envelope (E), and
nucleocapsid (N) proteins. Adapted from NCBI (n.d.) and ViralZone (n.d.).

Structural Proteins

The spike (S) glycoprotein is the viral surface protein responsible for mediating host cell
attachment and membrane fusion. It is a large type | transmembrane glycoprotein that forms
a homotrimer and is organized as a single-pass integral membrane protein, consisting of an
extracellular N-terminal domain, a single transmembrane segment, and a cytoplasmic C-

terminal domain. Following N-linked glycosylation, the S protein has an approximate molecular
12



weight of 150 kDa (Tsai et al., 2025; Zhang et al., 2020; Li, 2016). During viral entry, the S
protein requires proteolytic activation by host proteases, including endosomal cathepsins,
which cleave the protein at specific sites such as the $S1/S2 junction (Neerukonda et al., 2024).
The N-terminal S1 subunit contains the receptor-binding domain (RBD), which undergoes
structural changes between closed and open (nonactivated and activated) conformations to
facilitate interaction with host receptors (Song et al., 2021). The S2 subunit contains the
conserved fusion machinery required for membrane fusion. Following proteolytic activation,
conformational rearrangements within S2 expose the fusion peptide, allowing its insertion into
the host membrane. Subsequent refolding of the heptad repeat regions HR1 and HR2 brings
viral and cellular membranes into close proximity, promoting membrane fusion and viral entry

(Walls et al., 2016; Zhang et al., 2020).

The membrane (M) protein represents the most abundant structural component of the
coronavirus envelope and is essential for virion assembly by interacting with other structural
proteins such as S, N, and E and morphogenesis. Additionally, it may contribute to virus—host
interactions, including attachment processes involving molecules such as heparan sulfate
proteoglycans (HSPGs). This approximately 27 kDa protein forms homodimers and contains a
short N-terminal ectodomain that undergoes N-linked glycosylation, a modification important
for protein stability and function (de Haan CAM et al., 2000; Naskalska A et al., 2019; Arndt
AlLarson BJ et al., 2010; Castillo G et al., 2023).

The Nucleocapsid (N) protein is a multifunctional protein that plays essential roles throughout
the coronavirus replication cycle. With an approximate molecular weight of 43 kDa, the N
protein consists of two major domains: the N-terminal domain primarily interacts with viral
RNA, while the C-terminal domain promotes N—N interactions required for oligomer formation
(Tang et al., 2005; Szelazek et al., 2017). The N protein forms dimers that bind and encapsulate

the viral genome, assembling into a helical ribonucleoprotein complex that provides structural
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protection and helps shield the viral genome from host-mediated degradation (Xiao et al.,

2025).

The Envelope (E) protein is the smallest structural protein, with a molecular weight of
approximately 10 kDa. It consists of a short N-terminal region, a hydrophobic transmembrane
domain (TMD), and a longer C-terminal domain (Sucec et al., 2024). The E protein functions as
a viroporin. Through modulation of ion homeostasis and calcium signalling, it contributes to
membrane remodelling, efficient virion assembly, and viral particle release (Schoeman &

Fielding, 2019; Ye & Hogue, 2007).

Accessory Proteins

The sHCoV-NL63 protein 3 (P3), encoded by ORF3, has a predicted molecular weight of
approximately 26 kDa. P3 is characterized as a transmembrane protein containing three
predicted membrane-spanning domains, meaning that the protein is predicted to cross the
lipid bilayer three times (Miiller et al., 2010). In silico analyses have suggested a potential role
for P3 in viral infectivity and pathogenesis. Additionally, experimental studies have indicated
that P3 may contribute to viral assembly, showing its importance during the coronavirus

replication cycle (Abdul-Rasool & Fielding, 2010; Fielding, B. C., & Suliman, T.,2009).

The sHCoV-229E accessory protein 4, encoded by ORF4, is often found split into two distinct
open reading frames, ORF4a and ORF4b, having molecular weights of about 16 kDa and 11kDa,
respectively. Their functions are not well established. However, one study proposed that these
proteins exhibit ion channel activity, allowing the passage of monovalent cations and

potentially contributing to viral production (Zhang et al., 2013; Dijkman et al., 2006).
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Non-Structural Proteins (Open Reading Frame / Polyproteins)

The genomes of sHCoV-NL63 and sHCoV-229E consist of positive-sense, single-stranded RNA,
containing a 5’ cap structure and a 3’ poly(A) tail. The 5 proximal region, representing
approximately two-thirds of the genome, contains two large open reading frames, ORFla and
ORF1b, which are translated into the replicase polyproteins ppla and pplab through a -1
ribosomal frameshift mechanism. These polyproteins are subsequently processed by viral
proteases into approximately 16 individual non-structural proteins. Nsp3 encodes two papain-
like protease (PLpro) domains, designated PL1 and PL2, whereas Nsp5 encodes the 3C-like
cysteine protease/ Main protease (3CLpro/ Mpro). These nsps subsequently assemble into
the replication—transcription complex that is responsible for viral genome replication and the

synthesis of subgenomic mRNAs (Ziebuhr, 2005; Lai et al., 2007).

Although the specific functions of all nsps have not been fully characterized in sHCoV-NL63
and sHCoV-229E, studies across the Coronaviridae family have identified several conserved
roles for these proteins. Nsp1l is involved in the inhibition of host gene expression, while nsp2
remains less well characterized. Nsp4 and nsp6 are transmembrane proteins involved in the
organization of membrane structures associated with viral replication (DMV’s formation).
Nsp7 and nsp8 support viral RNA synthesis, while nsp9 has RNA-binding activity and nsp10
acts as a cofactor for other viral enzymes. Nspl2 functions as the RNA-dependent RNA
polymerase (RdRp), and nspl3 provides helicase activity. Nspl4 contributes to RNA
proofreading and RNA cap formation, while nspl5 functions as an endoribonuclease,
promoting evasion of dsRNA sensors. Finally, nsp16 provides 2’-O-methyltransferase activity

involved in viral RNA cap modification (Fehr & Perlman, 2015; Chen Y et al., 2020).
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Figure 6. Structure of human coronaviruses. Schematic representation of a coronavirus virion, illustrating
the lipid envelope containing the spike (S), membrane (M), and envelope (E) structural proteins, and the
viral positive-sense single-stranded RNA (+ssRNA) genome is encapsulated by the nucleocapsid (N) protein.
(ViralZone, n.d.).

Viral Replication

The virus initially attaches to the cell surface by interaction between the respective cell
receptor and the S protein (S1 region). In some coronaviruses, for instance, the sHCoV-NL63
membrane protein can interact with the heparan sulfate proteoglycans (HSPGs) on the cell
surface, acting as a cofactor that stabilizes attachment and facilitates infection. For example,
SARS-CoV-2 also interacts with the HSPGs but uses the spike protein rather than the
membrane protein, acting as a co-receptor for SARS-CoV-2 infection (Naskalska et al., 2019; De
Pasquale et al., 2021). Following attachment, host proteases cleave and activate the S protein,
which facilitates viral entry into the cell. The virus is then internalized through clathrin-
mediated endocytosis or caveolae-mediated endocytosis. Once inside the cell, the virus goes
through uncoating, releasing the viral genome. The positive-sense single-stranded RNA acts as

messenger RNA (mRNA) and is translated from the open reading frames (ORF1a and ORF1b)
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by the ribosome, producing polyproteins (ppla and pplab). These polyproteins are
subsequently cleaved by the viral proteases into nonstructural proteins (nsps), including the
RNA-dependent RNA polymerase (RdRp), which assemble into the replicase-transcriptase
complex (RTC). At the same time, the nsps remodel endoplasmic reticulum membranes to
generate viral replication organelles composed mainly of double-membrane vesicles (DMVs).
These membrane structures, which are derived from the endoplasmic reticulum (ER), provide
a protected environment where the RTC first synthesizes full-length negative-sense RNA
intermediates, followed by subgenomic negative-sense RNAs through discontinuous
transcription, which serve as templates for the production of positive-sense genomic RNA and
subgenomic mRNAs. These subgenomic mRNAs are translated into structural proteins, Spike
(S), Envelope (E), Membrane (M), and Nucleocapsid (N), as well as several accessory proteins.
The genomic RNA associates with the N protein to form the nucleocapsid, which is
incorporated into the endoplasmic reticulum-Golgi intermediate compartment (ERGIC)
containing the S, E, and M proteins, where virion assembly occurs. Mature virions are
subsequently transported in secretory vesicles and released from the cell by exocytosis
(Bergmann & Silverman, 2020; Fehr & Perlman, 2015; Milewska et al., 2014; Milewska et al.,
2018; Castillo et al., 2023).
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Figure 7. Coronavirus replication cycle. The viral spike (S) protein mediates attachment to host cell
receptors, followed by proteolytic activation and viral entry. The viral genome is released into the
cytoplasm and translated into viral proteins, including components of the replicase—transcriptase
complex. Synthesized structural proteins are incorporated into the ERGIC membrane, where
nucleocapsid assembly and virion budding occur. Mature virions are transported through the secretory
pathway and released by exocytosis from the host cell. (Author's illustration — inspired by Misbah S et al.,
2020; Mingaleeva, R.N et al., 2022; da Silva Torres MK et al., 2022).

Viral Immune Response

During the early phase of infection, the innate immune system recognizes the virus through
pattern recognition receptors (PRRs). Following viral entry, the RTC synthesizes negative-sense

RNA. The positive-sense RNA is transcribed and replicated to form the viral genome. This
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process leads to the formation of single-stranded RNA (ssRNA) and double-stranded RNA
(dsRNA) that are recognized as pathogen-associated molecular patterns (PAMPs). The PRRs
sense viral RNA in different cellular compartments. In the cytoplasm, RIG-I-like receptors
(RLRs), such as retinoic acid-inducible gene | (RIG-1), are involved in the detection of short RNA,
and melanoma differentiation-associated protein 5 (MDAS5) in the detection of longer RNA.
Activated RIG-1 and MDAS interact with Mitochondrial Antiviral Signalling Protein (MAVS),
which recruits tumor necrosis factor receptor-associated factors (TRAF) that activate
threonine-protein kinase (TBK1) and inhibitor of nuclear factor kappa-B kinase (IKKe), which
phosphorylate and activate interferon regulatory factor 3 (IRF3) and nuclear factor kappa-
B (NF-KB), promoting the production of pro-inflammatory cytokines and type | and IlI
interferons (IFN-B, IFN-a and IFN-A). At the same time, in the endosome, Toll-like receptors
(TLRs), especially TLR3 for detection of dsRNA and TLR7 for detection of ssRNA, contribute to
viral sensing. These receptors recruit signalling adaptor proteins such as TIR-domain-
containing adapter-inducing IFN-B (TRIF) for TLR3 and myeloid differentiation primary
response gene 88 (MYD88) for TLR7, activating TBK1, IKKe or IKKa, IKKB, and IKKy, respectively,
forming signalling complexes. These complexes activate intracellular signalling cascades
involving IRF3 and IRF7 or NF-kB, which are essential for controlling viral replication in the
initial stages (Ohto U, Shimizu T., 2016; Yan et al., 2021; Zhuang et al., 2020; Duan T et al.,
2022; Khatun, Kaur & Tripathi, 2025; Zhu, Chiang & Gack, 2023; Tanneti, Stillwell & Weiss,
2025; Zhao X et al,. 2022). IFN-I (IFN-a and IFN-B) binds to the interferon-a/B receptor (IFNAR),
whereas IFN-III (IFN-A) binds to Interferon Lambda Receptor (IFNLR), activating the JAK—STAT
signalling pathway, including Janus kinase 1 (JAK1), Tyrosine Kinase 2 (TYK2), and signal
transducer and activator of transcription 1 and 2 (STAT1 and STAT2). STAT1 and STAT2 form a
complex with IRF9, known as Interferon-Stimulated Gene Factor 3 (ISGF3), which drives the

transcription of Interferon-Stimulated Genes (ISGs). These genes encode antiviral proteins that
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inhibit multiple steps of the viral life cycle (Kim & Shin, 2021; Zhuang et al., 2020; Islamuddin
M et al., 2022).

Some examples of ISGs that possibly play a role in sHCoVs are Protein Kinase R (PKR), which is
induced by interferon, acts as a PRR recognizing dsRNA, and leads to its autophosphorylation
and subsequent phosphorylation of eukaryotic translation initiation factor (elF2a), which
interferes with protein synthesis. Another interesting ISG that plays a role in viral replication is
Oligoadenylate Synthetase (OAS), which detects dsRNA and induces the production of 2'-5'-
oligoadenylate synthetase (2-5A), activating Ribonuclease L (RNase L), promoting both host
and viral RNA degradation (Fausto A et al., 2026; Tanneti NS et al., 2025).

Cyclic GMP-AMP synthase (cGAS) is a DNA sensor that detects foreign dsDNA. RNA viruses
can indirectly activate the cGAS—STING pathway through mitochondrial DNA release or cellular
stress, influencing antiviral and inflammatory responses during infection. Recognition of DNA
activates the enzymatic activity of cGAS, resulting in cGAMP synthesis. cGAMP subsequently
binds STING and initiates downstream signalling involving TBK1 and IRF3, ultimately promoting

a type | IFN response (Hopfner, KP et al., 2020).

20



IFN

&l
receptor %
I T Receptor
JAK1 TYK2
STAT1 STAT2

NN ’
Viral ssRNA

LNONON
Viral dsRNA

TLR3 TLR? L

>

Mitochondrial
DNA

( d cGAﬁF@GTP

IRF3 IRF7 l
STING

Type I and Il
Interferon Cytokines

Proinflammatory

Figure 8. Innate immune recognition of seasonal human coronaviruses and activation of the
interferon response. Viral ssRNA and dsRNA replication intermediates are recognized by cytoplasmic
RIG-I-like receptors (RIG-1 and MDAS5) and endosomal Toll-like receptors (TLR3 and TLR7), activating
signalling pathways that lead to the activation of IRF3, IRF7, and NF-kB. These transcription factors
induce the production of type | (IFN-a/B) and type Il (IFN-A) interferons, as well as pro-inflammatory
cytokines. Interferons bind to their respective receptors, activating the JAK—STAT pathway and the
ISGF3 complex (STAT1-STAT2-IRF9), which promotes the expression of interferon-stimulated genes

(ISGs) attempting to establish an antiviral state. (Author's illustration — inspired by Zhao X et al., 2022;
Islamuddin M et al., 2022).
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Coronavirus Innate Immune Evasion Mechanism

Coronaviruses have evolved multiple mechanisms to evade the host innate immune response.
Although the efficiency of these strategies differs among coronavirus species and contributes
to differences in pathogenicity, several immune evasion mechanisms are conserved across
them. One of the most common and conserved mechanisms among coronaviruses is the
formation of DMVs. As discussed in the viral replication section, these membrane structures
protect viral RNA from PRRs, reducing the activation of innate antiviral signalling. In addition
to this, coronaviruses modify their RNA by adding a 5’ cap and 2'-O methylation, making viral
transcripts more similar to host mRNA. These modifications reduce recognition by RIG-I and
IFIT proteins, limiting the induction of innate immune responses. Beyond these conserved
mechanisms, coronaviruses encode several viral proteins that antagonize innate immune
signalling. These mechanisms have been characterized in SARS-CoV-2, as illustrated in Figure
9. SARS-CoV-2 proteins and proteases interfere with multiple stages of the innate immune
response, including viral sensing, interferon production, and interferon signalling (Minkoff, J.M
et al., 2023; Fan, H et al., 2024; Liu, Y et al., 2025; Hatixhe Latifi-Pupovci, 2022; Kasuga et al.,
2021).
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Figure 9. SARS-CoV-2-mediated interference with innate immune signalling. Viral proteins antagonize
multiple steps of the host antiviral response, including innate immune sensing, type | interferon
production, and interferon signalling. Reproduced from Minkoff and tenOever (2023).

Even though immune evasion mechanisms have been more studied in SARS-CoV-2, the

literature indicates that seasonal human coronaviruses employ similar strategies, although

these remain less explored.

Apart from these conserved mechanisms, sHCoV-NL63 has evolved strategies to suppress
interferon responses. The papain-like protease 2 (PLP2), for example, possesses enzymatic
activities capable of reversing ubiquitination and ISGylation, thereby modifying post-
translational regulatory mechanisms involved in antiviral signalling, including RIG-I, STING,
TBK1, and IRF3. Consequently, PLP2 disrupts the assembly of the STING-MAVS-TBK1/IKKe
signalling complex and suppresses IRF3 and NF-kB activation, reducing type | interferon

production (Clementz et al., 2010; Sun et al., 2012; Chen et al., 2014; Chiang, Liu & Gack, 2021).

Another mechanism attributed to sHCoV-NL63 PLP2 involves regulation of the p53 pathway.

p53is a cellular tumor suppressor protein that can also act as a sensor of virus-induced cellular
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stress and contribute to antiviral responses. Its cellular levels are regulated in part by murine
double minute 2 (MDM2), an E3 ubiquitin ligase that adds ubiquitin to p53, targeting it for
degradation by the proteasome. sHCoV-NL63 PLP2 interferes with this regulatory mechanism
through its deubiquitinating activity. By removing ubiquitin from MDM2, PLP2 increases
MDM2 stability, allowing MDM2 to promote the ubiquitination and subsequent proteasomal
degradation of p53. Reduced p53 levels also decrease the transcriptional activation of IRF7, a
transcription factor involved in the induction of type | interferon. Therefore, through the
stabilization of MDM2 and consequent degradation of p53, NL63 PLP2 can weaken the host
antiviral response by suppressing p53-mediated antiviral signalling (Yuan et al., 2015; Lei et al.,

2018).

In addition, both sHCoV-NL63 and sHCoV-229E encode nspl, which inhibits host protein
synthesis, suppressing the expression of antiviral proteins and contributing to interferon

antagonism (Yuan et al., 2015; Enjuanes et al., 2016; de Breyne et al., 2020; Wang et al., 2010).

Overall, sHCoVs share some immune evasion strategies with highly pathogenic coronaviruses,
including the protection of viral RNA from host sensors, suppression of interferon induction

and signalling.

Regulation of ACE2 Receptor Expression During Viral Infection

Introduction to the ACE2 receptor

Angiotensin-converting enzyme 2 (ACE2) is a type | transmembrane glycoprotein that is part
of the renin—angiotensin—aldosterone system (RAAS) and plays a fundamental role in
maintaining cardiovascular, renal, and pulmonary homeostasis. While angiotensin-converting
enzyme (ACE) generates the vasoconstrictor angiotensin Il, ACE2 converts this peptide into

angiotensin-(1-7). This ACE2 activity limits excessive RAAS activation, protecting against
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inflammation and tissue damage, particularly in the lungs (Imai et al., 2005; Kuba et al., 2005;

Silhol F et al., 2020).

ACE2 receptor is normally expressed in many tissues throughout the body, some of which are
the respiratory tract, gastrointestinal epithelium, kidneys, and heart. Within the lungs, ACE2
receptor expression is particularly enriched in nasal epithelial cells, ciliated airway epithelial
cells, and alveolar type Il pneumocytes (Williams, Strachan, Macrae et al., 2021; Lubbe, Cozier,
Oosthuizen, Acharya, & Sturrock, 2020). Structurally, ACE2 consists of an extracellular N-terminal
peptidase domain containing glycosylation sites and the conserved HEMGH motif required for zinc-
dependent catalytic activity. Its C-terminal region contains a transmembrane domain that anchors
the protein to the membrane and contributes to its interaction with amino acid transporters
(Lubbe, Cozier, Oosthuizen, Acharya, & Sturrock, 2020; Saponaro et al., 2020; Pouremamali, Babaei,

Malekshahi et al., 2022).

In addition to its receptor form as described, ACE2 receptor can be cleaved by the
metalloprotease ADAM17, releasing a soluble form (sACE2) that retains enzymatic activity.
While receptor ACE2 serves as the primary receptor for some coronaviruses, sACE2 can bind
viral spike proteins and potentially limit viral entry (Jia et al., 2009; Lambert et al., 2005; Chan
et al., 2020).

The discovery that ACE2 serves as the entry receptor for SARS-CoV represented an advance in
understanding coronavirus pathogenesis. This finding was later extended to sHCoV-NL63,
which was shown to utilize the ACE2 receptor despite belonging to a different coronavirus
genus. More recently, SARS-CoV-2 was also found to use the same receptor with considerably
higher binding affinity. Structural analyses have revealed that, although these three
coronaviruses target overlapping sites within the extracellular region of ACE2, they interact
with the receptor through distinct molecular contacts, influencing binding strength (Hofmann

et al., 2005; Hoffmann et al., 2020).
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Coronavirus infection using the ACE2 receptor

Coronavirus entry begins with the interaction between the spike glycoprotein and the ACE2
receptor, followed by proteolytic activation of spike by host proteases. However, the specific
proteases involved in this process differ among coronavirus species, as discussed in the viral
entry receptor section. SARS-CoV and SARS-CoV-2 utilize the cell surface serine protease
TMPRSS2, allowing membrane fusion and viral entry. In contrast, sHCoV-NL63 relies mostly on
cathepsin activity after receptor-mediated endocytosis. These differences influence viral
tropism, entry kinetics, and sensitivity to antiviral inhibitors (Milewska et al., 2018; Simmons

et al., 2005; Shulla et al., 2011; Hoffmann et al., 2020; Kawase M et al., 2026).

In addition to functioning as a viral entry receptor, ACE2 expression is regulated by physiological
and pathological factors. At the transcriptional level, its expression is modulated by inflammatory
cytokines, oxidative stress, hypoxia, hormonal signals, and epigenetic mechanisms. Post-
transcriptional regulation by microRNAs has also been described. At the protein level, membrane
receptor ACE2 undergoes internalization, degradation, and shedding mediated by ADAM17. The
amount of ACE2 present at the cell surface reflects the dynamics between receptor synthesis,
trafficking, recycling, shedding, and degradation (Lambert et al., 2005; Haga et al., 2008; Gheblawi
et al., 2020).

ACE2 exists as two main isoforms: the full-length isoform (flACE2), functioning as both the
physiological enzyme of RAAS and the viral receptor, and the interferon-inducible truncated
isoform (dACE2), which lacks the spike-binding domains. Although interferon stimulation can
increase dACE2 levels, dACE2 is unable to interact with coronavirus spike proteins, and its induction
is not expected to increase cellular susceptibility to viral infection (Onabajo et al., 2020; Ng et al.,

2020; Xiao et al., 2021).
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During SARS-CoV-2 infection, ACE2 surface expression is generally reduced through receptor
internalization after spike binding and increased shedding. Although transcriptomic studies have
reported variable changes in ACE2 mRNA, presenting both upregulation and downregulation, these
changes may not accurately reflect changes in the functional membrane receptor responsible for
viral entry. In general, studies suggest that downregulation of ACE2 receptor is directly related to

the severity of lung injury (Kuba et al., 2005; Zhuang M-W et al., 2020; Nor Rashid, N et al., 2025).

Less is known about ACE2 receptor regulation during sHCoV-NL63 infection. A kinetic study showed
an increase in ACE2 surface expression during the early stages of infection, followed by a marked
downregulation as viral replication progressed (Dijkman et al., 2012). In contrast, another paper
demonstrated a significant upregulation of the ACE2 receptor over sHCoV-NL63 infection and a

modest reduction in ACE2 surface expression over sHCoV-229E infection (Siragam V et al., 2024).
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Virus Cellular Entry protease ACE2 modulation ACE2 modulation Evidence
receptor mRNA Receptor Protein
SARS-CoV | ACE2 TMPRSS2/Cathepsin L Downregulation Strong downregulation Kuba et al.,
through internalization and  2005;
shedding. Glowacka et
al.,, 2010
SARS-CoV-2 | ACE2 TMPRSS2/Cathepsin L Downregulation/ Strong downregulation Hoffmann et
Upregulation through internalization and  al., 2020;
reported by SACE2  shedding. Nejat et al.,
production 2023:; Vieira
etal, 2021:
Ramos et al.,
2021; Yalcin
etal, 2021;
Zhuang et al.,
2020.
sHCoV-NL63 | ACE2 Mainly Cathepsins Initial upregulation  Early upregulation followed Glowacka et
followed by by replication-dependent al., 2010;
downregulation downregulation Dijkman et
al., 2012
sHCoV-229E | CDI3 Cathepsins Indirect downregulation Siragam et
(APN) reported al., 2024;

Table 1. Modulation of host entry receptors during infection with human coronaviruses. The table
summarizes the impact of SARS-CoV, SARS-CoV-2, sHCoV-NL63, and sHCoV-229E infection on ACE2
expression at the mRNA and protein levels.
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Rationale

This project has been built upon findings from previous studies conducted in our laboratory,
highlighting both the infection kinetics and cytopathic effects of sHCoVs and their impact on host

receptor expression, especially regarding ACE2 receptor upregulation.

It was shown that sHCoV-229E, sHCoV-0C43, and sHCoV-NL63 were capable of exhibiting CPE in
their respective cell lines. Notably, only sHCoV-NL63 and sHCoV-0C43 led to an upregulation of the
angiotensin-converting enzyme 2 receptor (ACE2). These findings highlighted the differential
effects of sHCoVs on receptor modulation and their potential implications for viral entry and co-

infection (Figure 1 — Appendices) (Siragam et al., 2023).

Understanding the molecular mechanisms underlying ACE2 receptor upregulation raises important
clinical and epidemiological considerations. Increased ACE2 surface expression during sHCoV-NL63
infection could potentially enhance host susceptibility to co-infection or subsequent infection with
other ACE2-utilizing viruses, including SARS-CoV-2. This could potentially influence disease severity
and increase opportunities for viral interactions, including recombination events that may
contribute to the emergence of new variants. These findings provided the rationale for the present
study, which aimed to identify whether sHCoV-NL63 viral proteins are involved in ACE2 receptor

modulation.
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Hypothesis

The project hypothesizes that specific viral proteins from sHCoV-NL63 lead to ACE2 receptor

upregulation, which may facilitate co-infections with other viruses that use ACE2 for entry, such as

SARS-CoV-2.
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Aims

This thesis was structured around two aims:

Aim #1

To identify which viral proteins from NL63 is/are responsible for ACE2 receptor upregulation.

Approach: The isolated viral protein genes will be cloned into expression vectors containing a
fluorescent reporter and transfected into cell lines. The analysis to confirm the transfection
efficiency and receptor expression will be performed by flow cytometry and western blot

techniques.

Aim #2

To validate ACE2 upregulation mechanisms in a more relevant context, the same techniques will be

performed in primary human cells.

Approach: Primary human cells will be transfected and analyzed using flow cytometry and

western blot techniques
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Methods

Vector Design

Polycistronic pcDNA3.1 vectors containing the isolated viral protein sequences from sHCoV-NL63
and sHCoV-229E were designed based on sequences obtained from the National Center for
Biotechnology Information (NCBI) database using SnapGene software and subsequently
synthesized by GenScript for transfection experiments (Liu, Liang, & Fung, 2021; National Center

for Biotechnology Information [NCBI], n.d.; ViralZone, n.d.).

For sHCoV-NL63, the genes of interest included Spike protein (S), Envelope protein (E), Membrane
protein (M), Nucleocapsid protein (N), Protein 3 (P3), and Open Reading Frame 1ab (ORFlab — both
ORF1a and ORF1b regions were cloned) (Figure 10).

sHCoV-NL63 proteins

5'UTR ORFlab P33 M N 3UR

Figure 10. Analysis of Proteins of sHCoV-NL63 for isolation. (Adapted image from Snap Gene; NCBI
Reference Sequence NC_005831.2)

For sHCoV-229E, which was used as a physiological control, the genes of interest included the Spike
protein (S), Envelope protein (E), Membrane protein (M), Nucleocapsid protein (N), Protein 4A (4A),
and Protein 4B (4B) (Figure 11).

32



sHCoV-229E proteins

soo0o’ 10,0007 15,0007 20,0007 25,0007

5'UR ORFlab S 4bEM N Fum
s D
ORFla 4a

Figure 11. Analysis of Proteins of sHCoV-229E for isolation. (Adapted image from Snap Gene; NCBI
Reference Sequence NC_002645)

The vectors were designed with CMV as a promoter, FLAG-DYKDDDDK as a tag in frame with the
gene of interest to enable protein detection, an Internal Ribosome Entry Site (IRES) to allow cap-
independent translation of the downstream GFP from the same bicistronic transcript, GFP as a
reporter gene to confirm transfection efficiency, and antibiotic resistance genes:

Neomycin/Kanamycin for cell selection and Ampicillin for bacterial selection (Figure 12).
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PLASMID CARRYING
THE VIRAL PROTEIN

AMPICILLIN CMV £ aG
ANTIBIOTIC nid

FOR GENE OF
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SELECTION
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GFP

NEOMYCIN
ANTIBIOTIC
FOR

CELL
SELECTION

Figure 12. General organization of the polycistronic expression vectors. Each construct contains the
CMV promoter, an N-terminal FLAG epitope in-frame to the viral gene, an Internal Ribosome Entry Site
(IRES), enhanced Green Fluorescent Protein (eGFP), a Neomycin resistance cassette for cell selection,
and Ampicillin resistance for bacterial selection.

In addition, a double reporter control vector was designed following the same specifications, with
the gene of interest replaced by mCherry. Later, monocistronic pcDNA3.1 vectors expressing either
FLAG control (FLAG-A2 or FLAG-APOBEC2 and FLAG-A3G or FLAG-APOBEC3G) or GFP control (GFP-
A2 or GFP-APOBEC2 and GFP-A3G or GFP-APOBEC3G) obtained from our laboratory control stock,
were included as technical positive controls during flow cytometry optimization (Figure 13). FLAG-
A2 was used to establish the positive population for FLAG detection in the Alexa Fluor 647 channel,
whereas GFP-A2 was used to define the GFP-positive population in the FITC channel. These
constructs therefore provided independent controls for each fluorescent marker and supported

the establishment of consistent gating parameters before the analysis of the viral protein
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constructs. Their inclusion was intended specifically for optimization of the flow cytometry gating

strategy and not as biological controls for changes in ACE2 expression.

CONTROL PLASMIDS

DOUBLE REPORTER SINGLE POSITIVE
AMPICILLIN LMY o) g CANAMYCIN cMV
ANTF'S'F?T‘C mCHERRY ANTIBIOTIC

BACTERIAL

FOR GFP / FLAG
SELECTION

BACTERIAL
SELECTION

cDNA 31 IRES
p 6cDNA 3.1

GFP

NEOMYCIN
ANTIBIOTIC NEOMYCIN
FOR ANTIBIOTIC
CELL FOR
SELECTION CELL
SELECTION

Figure 13. Control plasmids. Schematic representation of the control plasmids. Positive controls
included a dual fluorescent FLAG in frame with mCherry and GFP vector and monocistronic FLAG-A2
and GFP-A2 expression vectors used for optimization of flow cytometry gating, antibody staining and
western blot detection.

Due to lack of detectable Spike protein expression, monocistronic pcDNA3.1 vectors were also

designed to express the Spike protein, with the FLAG tag switched from the N-terminus to the C-

terminus, to address potential protein stability issues (Figure 14).
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PLASMID CARRYING
THE SPIKE PROTEIN

AMPICILLIN CMV

GENE OF
ANT:'E’:?TIC INTEREST
BACTERIAL
SELECTION FLAG
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ANTIBIOTIC
FOR
CELL
SELECTION

Figure 14. Monocistronic Spike protein construct. Design of the monocistronic pcDNA3.1 construct
expressing the sHCoV-NL63 Spike protein. To improve protein stability and expression, the FLAG
epitope was repositioned from the N-terminus to the C-terminus of the Spike coding sequence.

Centrifugation

For microcentrifuges tubes ranging from 1.5 to 2mL, centrifugation was performed using a Thermo
Fisher Scientific Legend Micro 21 microcentrifuge equipped with a 24 x 1.5/2 mL rotor
(#75003424). For flow cytometry tubes, 15 mL tubes, and 50 mL tubes, centrifugation was
performed using a Thermo Fisher Scientific Legend XTR centrifuge equipped with a rotor with a

maximum speed of 3,500 rpm (#75003667).
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Plasmid Propagation

After receiving the designed plasmids from GeneScript, the lyophilized plasmids were resuspended
in RNase-free sterile water at a concentration of 100 ng/uL. The plasmids were then propagated,
and screening was performed to confirm the extraction of the correct plasmid with the expected

sequence.

Competent Escherichia coli DH5a cells were used for transformation with the plasmid of interest
using a heat-shock protocol. Competent cells were thawed on ice for approximately 7 - 10 min. For
each transformation, 1 - 5 pL of plasmid at 100 ng/uL was added to a sterile 1.7 mL microcentrifuge
tube, followed by 80 uL of competent cells. The DNA and cells were gently mixed by pipetting and
incubated on ice for 30 min. The cell-plasmid mixture was subsequently subjected to heat shock
at 42°C for 90 seconds in a water bath incubator. Immediately following heat shock, the cells were

placed on ice without agitation and incubated for an additional 2 min.

Following ice incubation, 800 pL of 2xYT medium with 1 M glucose was added to each
transformation reaction, and the suspension was gently mixed by inversion. The cells were
recovered at 33°C with shaking at 210 rpm for 1 h and 30 minutes. During the recovery period, LB
agar plates containing the appropriate antibiotic (Ampicillin) at a final concentration of 150 pg/mL
were pre-incubated at 33°C. After recovery, the cultures were gently mixed, and 200 pL of each
transformation culture was spread onto the antibiotic-containing LB agar plates using a sterile L-
shaped cell spreader. For plasmids exhibiting low transformation efficiency, such as NL63-ORF1a
and NL63-ORF1b, the entire recovery culture was centrifuged at 3,000 rpm for 3 min, the resulting
pellet was resuspended in 200 uL of the supernatant, and the concentrated suspension was plated.

Plates were incubated in an inverted position overnight (16—18 h) at 33°C.

Following incubation, bacterial colonies were examined for the expected colony morphology,

including size and appearance (large, white and rounded colonies with no satellite colonies around
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them). Individual colonies were collected and used for plasmid extraction using QlAprep Spin

Miniprep Kit (#27106) following all the steps described in the manufacturer's protocol.

To maintain quality and clone specificity, glycerol stocks were prepared. Following overnight growth
at 33°C, as mentioned above, 500 uL of the bacterial culture was transferred to a sterile 1.7 mL
tube and mixed with 500 pL of 50% sterile glycerol, resulting in a final glycerol concentration of
25%. The suspension was mixed by inversion, appropriately labelled with the bacterial strain,

plasmid, and date, and stored at -80°C.

Plasmid Restriction Enzymes Digestion

Restriction enzymes recognize specific sequences and cleave the phosphodiester backbone at
defined sites, generating fragments of predictable sizes that can be used to confirm the expected

plasmid construct.

Restriction enzyme digestion was performed for plasmid screening to confirm the expected
plasmid size. We planned to use restriction enzymes corresponding to the beginning and end of
the gene of interest. However, we did not have suitable single-cutter candidates in this region. As
the restriction enzymes were used only for screening, we decided to proceed with other available
enzymes and send the plasmids for sequencing later. The plasmids were digested using restriction
endonucleases from New England Biolabs (NEB), including Milul-HF (#R3198S), HindllI-HF
(#R3104S), Xmal (#R0180S), Sacl-HF (#R3156S), Agel-HF (#R3552S), and EcoRV-HF (#R3195S).

As illustrated in Figures 3 and 4 in the Appendices, MIul-HF and Hindlll-HF were used for the
digestion of the majority of the sHCoV-NL63 and sHCoV-229E structural and accessory protein
plasmids. Mlul-HF was used in combination with Xmal for the NL63-ORF1b plasmid and 229E
Nucleocapsid, whereas Sacl-HF and Xmal were used for the 229E-Envelope construct. The NL63-
ORF1la plasmid was digested using Agel-HF and EcoRV-HF. The expected fragment sizes described

in the figure were calculated based on the restriction sites and total plasmid size.
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Restriction digestion reactions were prepared on ice in a final volume of 25 uL, containing 500 ng
of plasmid, 2.5 pL of 10x rCutSmart, 0.5 L of each restriction enzyme, and nuclease-free water to
a final volume of 25 uL. For double digestions, both restriction enzymes were included in the same
reaction, with enzyme compatibility always checked using the restriction enzyme tool on the NEB
website. Enzymes were added last, and the reactions were gently mixed by tapping the tube. The

reactions were incubated at 37°C for 1 h using an Eppendorf ThermoMixer F.

Following digestion, samples were mixed with DNA loading dye (NEB #B7024S) and analyzed by 1x
agarose gel electrophoresis alongside a DNA molecular weight ladder (DM3100 — SMOBIO). The
resulting bands were compared with the predicted fragment sizes to confirm the expected plasmid

architecture.

Sequencing

Furthermore, the same plasmids previously described were sent for sequencing, which was
performed by Plasmidsaurus, confirming that the obtained sequences matched the designed
plasmid maps provided by GenScript. A summary of the alignment report, generated using the
SnapGene application, is provided in Figure 5 in the Appendices. Because of the size of the
sequences, the complete alignments were not included in this thesis. However, the electrophoresis

gel provided with the sequencing results was also included in Figure 6 in the Appendices.

Cell culture

Two cell lines were selected for the study: LLC-MK2 (rhesus monkey kidney cells; CCL-7, ATCC) and
HEK293T+ACE2 (human embryonic kidney epithelial cells stably expressing angiotensin-converting
enzyme 2; BEl Resources, NR-52511). HEK293T (human embryonic kidney epithelial cells; CRL-
3216, ATCC) cells were additionally used during the initial optimization of transfection conditions

and flow cytometry gating.
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LLC-MK2, HEK293T and HEK293T+ACE2 cells were maintained in DMEM medium (Wisent
Bioproducts #319-005-CL) supplemented with 10% Fetal Bovine Serum or FBS (Avantor #97068-
085) and 1% Penicillin/ Streptomycin or P/S (Cytiva #5V30010). All cell lines were cultured and
maintained at 37°C in a humidified incubator with 5% CO,. To ensure the absence of mycoplasma
contamination and maintain experimental quality, all cell lines were routinely tested using the

LookOut Mycoplasma PCR Detection Kit (# MP0035).

Transfection

The chemical transfection conditions for HEK293T+ACE2 (293T+ACE2) and LLC-MK2 cells were
optimized using plasmids encoding viral proteins and control plasmids (peGFP-C3, peGFP-A2,
peGFP-A3G, peFLAG-A2, peFLAG-A3G and Double reporter). Transfection efficiency was evaluated
by measuring GFP expression using flow cytometry and confirmed by fluorescence microscopy. Two
commercially available transfection reagents, jetPRIME Transfection Reagent (Polyplus,
CAT#101000027) and Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific,
CAT#11668027), were used during the optimization process (Chong, Yeap, & Ho, 2021; Polyplus,
n.d.).

For HEK293T+ACE2 cells, jetPRIME provided efficient transfection and was selected for all
subsequent experiments. Cells were seeded at 3 x 10° cells per well in 6-well plates one day before
transfection in complete medium (DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin). Transfection was performed using 3 plL of jetPRIME reagent per 1 pg of plasmid DNA
diluted in 200 pL of jetPRIME buffer. The transfection mixture was added directly to the cells and
incubated for 6 hours at 37°C in a humidified incubator containing 5% CO,. After the incubation,
the transfection medium was replaced with fresh complete medium. Cells were further incubated
for 48 hours before being analyzed by fluorescence microscopy, harvested for flow cytometry, and

collected for western blot analysis.
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For LLC-MK2 cells, several transfection trials were initially performed using jetPRIME. However, due
to the low transfection efficiency observed in this monkey kidney cell line, the protocol was
optimized using Lipofectamine 2000, which resulted in improved expression efficiency. Cells were
seeded at 1.7 x 10° cells per well in 6-well plates one day before transfection in complete medium
(DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, and 1% glutamine). Thirty
minutes before transfection, the culture medium was replaced with MEM (GIBCO #11095-080)
containing 3% FBS. Transfection was performed using 7 L of Lipofectamine 2000 and 1.2 ug of
plasmid DNA diluted in 200 uL of serum-free and antibiotic-free MEM. The transfection mixture
was incubated with the cells for 4 hours at 37°C and 5% CO,, after which the medium was replaced
with fresh complete medium. Cells were incubated for an additional 48 hours before analysis by
fluorescence microscopy and flow cytometry. A portion of the harvested cells were also collected

for subsequent western blot analysis.

Detection by Fluorescence Microscopy

The fluorescence microscopy acquisition was primarily performed using a Zeiss confocal inverted
microscope at 48 h post-transfection to detect the expression of the reporter gene, green
fluorescent protein (GFP). Some images were also captured using the ZOE microscope available at

the university for common use.

Using the designed polycistronic vector system, it was expected that all cells exhibiting GFP
fluorescence would also express the gene of interest, allowing them to be considered double-
positive cells. The images were acquired using a 10x objective and a GFP filter. GFP fluorescence
was detected by excitation with blue light, which is absorbed by the fluorophore and subsequently
emitted as green fluorescence. The camera exposure settings were manually optimized and

maintained constant across all experiments to allow accurate comparison between conditions.
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CPE was assessed by examining the transfected cells under brightfield and comparing them with
MOCK untransfected cells exposed to the transfection reagent. Positive CPE was considered to be
present when morphological changes, cell aggregation, cytoplasmic vacuoles, and/or cell death
were observed (Figures 7, 9, and 11 in the Appendices). CPE was not scored (+/++/+++/++++),
instead, this analysis was used as a qualitative assessment based on the presence or absence of

CPE.

Detection by Flow Cytometry

Flow cytometry was used to quantitatively measure fluorescence signals in individual cells. It was
applied to evaluate exogenous GFP expression, cell surface ACE2 receptor expression, and

intracellular FLAG-tagged protein expression.

Surface ACE2 protein expression was assessed by staining with a primary polyclonal goat IgG anti-

human ACE2 antibody, followed by a PE-conjugated donkey anti-goat IgG secondary antibody.

FLAG expression, corresponding to the gene of interest in the designed polycistronic vector, was
evaluated by intracellular staining using a rat IgG2a monoclonal anti-FLAG antibody conjugated to

Alexa Fluor 647.

Antibody titration was also performed for both the Alexa Fluor 647-conjugated anti-FLAG antibody,
which demonstrated the best efficiency at a 1:2000 dilution (Figure 20), and the PE-conjugated
secondary antibody for ACE2 detection, which showed better efficiency at a 1:250 dilution (Figure
21). The primary ACE2 antibody had already been optimized in the laboratory and was used at a
3:100 dilution.

Untransfected cells (MOCK) were used to establish baseline FSC, SSC, and fluorescence detector
voltages. Isotype controls were included for each antibody staining condition to assess nonspecific

antibody binding and background fluorescence. A plasmid expressing both GFP and FLAG-tagged
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mCherry was used as a positive control for dual fluorescence detection, while individual GFP and

FLAG controls were included to further optimize the gating strategy.

For cell preparation, HEK293T+ACE2 cells were harvested using 1x PBS supplemented with 5 mM
EDTA, whereas LLC-MK2 cells were detached using StemPro™ Accutase™ Cell Dissociation Reagent
(#A1110501) and placed in a flow tube. Cells were centrifuged at 300 x g for 5 minutes and washed
with 1x PBS containing 0.2% BSA. For surface ACE2 staining, cells were incubated with the primary
anti-hACE2 antibody for 1 hour at 4°C, followed by two washes with 1x PBS containing 0.2% BSA.
Cells were then incubated with the PE-conjugated secondary antibody for 40 minutes at 4°C and
washed twice with 1x PBS containing 0.2% BSA. Subsequently, cells were fixed and permeabilized
using the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (#554714) for intracellular FLAG
staining. Following permeabilization, cells were stained with the Alexa Fluor 647-conjugated anti-
FLAG antibody according to the BD kit protocol and resuspended in 1x PBS containing 0.2% BSA for

flow cytometry analysis.

Detection by Western Blot

Western blotting was used for the detection and confirmation of specific proteins, complementing
the flow cytometry findings by evaluating protein production, relative abundance, and molecular

weight.

For protein extraction, HEK293T+ACE2 cells were lysed using Triton lysis buffer (1.25% Triton X-100,
0.1% NP-40, 50 mM Tris-HCI, pH 7.5, and 150 mM NacCl) supplemented with 2x protease inhibitor
cocktail (Thermo Scientific #87786) and incubated on ice for 20 minutes, with the tubes mixed
every 5 minutes. LLC-MK2 cells were lysed using NP-40 lysis buffer (1% NP-40, 50 mM Tris-HCI, pH
7.4, 150 mM NaCl, and 5 mM EDTA) supplemented with 2x protease inhibitor cocktail and
incubated for 30 minutes under constant agitation at 4°C. Following lysis, samples were centrifuged

at 12,000 rpm for 20 minutes, and the supernatants were transferred to 1.7 mL tubes.
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The protein lysates were mixed with SDS-free loading buffer (62.5 mM Tris-HCI, pH 6.8, 25%
glycerol, and 1% bromophenol blue) to minimize SDS-related aggregation, and the samples were

not heat-denatured to prevent thermal aggregation of the target proteins.

Proteins were separated by SDS-PAGE using 12% polyacrylamide gels, except for Spike protein
detection, for which 7.5% gels were used to improve resolution of the higher molecular weight
protein. The amount of sample loaded depended on the comb size; for all the trials, the maximum
volume per well was used. Protein concentration would normally be measured using a BSA protein
guantification assay to load the same amount of protein per well. However, because of the
aggregation presented by most of the viral proteins and limited expression, the maximum possible
sample volume was loaded to increase the likelihood of detecting the proteins. The running and
transfer buffers were prepared according to the general Bio-Rad protocol. The running buffer
contained 25 mM Tris, 190 mM glycine, and 0.1% SDS, while the transfer buffer contained 25 mM
Tris, 190 mM glycine, and 20% methanol, which was added before transfer. Electrophoresis was

performed for 5 minutes at 50 V, followed by 30 minutes at 100 V and 40 minutes at 120 V.

Before transferring, gels were equilibrated in transfer buffer containing 20% methanol for 10
minutes. Proteins were then transferred onto methanol-activated PVDF membranes using a
sandwich transfer system (negative polarity side, sponge, 3 filter papers, gel, activated PVDF
membrane, 3 filter papers, sponge, positive polarity side). The PVDF membrane was activated by
submerging it in pure methanol for 1 minute and then washing it once with transfer buffer before
incorporation into the transfer sandwich. After transfer, the membranes were blocked in 1x TBST
(20 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) supplemented with 5% BSA for 1 hour at
room temperature and subsequently incubated with the specific antibody diluted in 1x TBST
supplemented with 3% BSA for 1 hour at room temperature or overnight at 4°C. Membranes were
washed with 1x TBST and visualized using a Bio-Rad ChemiDoc imaging system with an enhanced

chemiluminescence (ECL) detection substrate.
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B-Tubulin was used as the loading control and detected using a rabbit polyclonal HRP-conjugated
anti-B-tubulin antibody (#ab21058). FLAG was detected primarily using a monoclonal mouse anti-
FLAG M2 HRP-conjugated antibody (#A8592) but was also tested using a monoclonal mouse anti-
FLAG (DYKDDDDK) HRP-conjugated antibody, with no differences observed between the two
antibody detections. GFP was detected using a polyclonal goat HRP-conjugated anti-GFP antibody
(#ab6663). hACE2 was detected using a primary polyclonal goat anti-human ACE2 antibody
followed by an HRP-conjugated rat anti-goat IgG secondary antibody (#A9037, Sigma).

Representative images illustrating the troubleshooting are shown in Figure 2 in the Appendices.
Detection by Dot Blot

Protein dot blot is an immunoblotting assay used for the qualitative detection and semi-
guantitative analysis of target proteins. Similar to western blotting, this technique is based on the
specific interaction between a target protein and its corresponding antibody. However, unlike
western blotting, dot blotting does not provide information regarding protein molecular weight, as

proteins are directly immobilized onto the membrane without prior separation by electrophoresis.

For the assay, a 10 uL aliquot of sample was applied directly to a nitrocellulose membrane and
allowed to dry before blocking with 1x TBST containing 5% BSA for 1 hour at room temperature.
Membranes were subsequently incubated with specific primary antibodies diluted in 1x TBST
containing 3% BSA for 1 hour at room temperature. Following antibody incubation, membranes
were washed four times with TBST (0.1% Tween-20) and visualized using a Bio-Rad ChemiDoc

imaging system with an enhanced chemiluminescence (ECL) substrate.

sHCoV-NL63 Infection Assay

The cells were seeded one day before infection at 2.5 x 10° cells per well in 6-well plates using
complete medium (DMEM supplemented with 10% FBS, 1% P/S, and 1% glutamine). On the day of

infection, the medium was replaced with adsorption medium (DMEM supplemented with 1% P/S
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and 1% glutamine), and the MOIs used were 0.007, 0.01, and 0.1. After 1 hour of incubation for
virus adsorption at 35°C, the medium was replaced with DMEM supplemented with 3% FBS, 1%
P/S, and 1% glutamine, and the cells were maintained at 35°C in 5% CO,. Samples were collected

ondays 1, 2, 3, and 4 and analyzed by flow cytometry and western blotting.

The same collection procedure described above was used for this experiment, with the addition of
a fixation step for flow cytometry. After cell staining, the cells were fixed with 4% PFA for 30 min

and resuspended in 1x PBS containing 0.2% BSA.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism. The results were considered statistically

significant at p < 0.05.

Statistical significance of ACE2 modulation was evaluated using the geometric mean fluorescence
intensity (gMFI) obtained from flow cytometry data. The geometric mean fluorescence was
assessed to analyze the intensity of ACE2 in ACE2-expressing cells. One-way analysis of variance
(ANOVA) is a common statistical analysis used to evaluate the overall differences among groups,

calculating the p-value based on the value between group variation with within group variation.

To identify specific differences between groups, Tukey’s multiple comparisons test was performed;
the p-value was calculated by specifically comparing the protein of interest against the mock group

and the physiological control.
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Results

Characterization of ACE2 Receptor Modulation During sHCoV-NL63 Infection in Permissive LLC-
MK2 cells

Previous preliminary observations from our laboratory suggested that sHCoV-NL63 infection could
influence ACE2 receptor expression in LLC-MK2 cells. These preliminary observations provided the
basis for the central question investigated in this study: whether the modulation of ACE2 observed
during infection could be reproduced by the isolated expression of individual sHCoV-NL63 proteins.
However, before evaluating ACE2 modulation using transient expression systems, it was important
to further characterize the infection-associated phenotype itself. Therefore, infection kinetics
experiments were performed in LLC-MK2 cells to determine how ACE2 surface expression changed

throughout the progression of sHCoV-NL63 infection.

LLC-MK2 cells were infected with sHCoV-NL63 at different multiplicities of infection (MOI 0.007,
0.01, and 0.1), and ACE2 surface receptor expression was evaluated at multiple time points post-

infection (1—4 days post-infection, DPI) by flow cytometry and western blot.

The analysis included cell surface staining for ACE2 detection using an isotype control to define
background fluorescence and assess changes in ACE2 receptor expression in cell populations
following infection. In parallel, samples were collected for western blot analysis to further evaluate
ACE2 protein expression and determine whether changes observed at the cellular surface

corresponded to alterations in total protein levels.

As shown in Figure 15, ACE2 surface expression was detected in both mock and sHCoV-NL63

infected LLC-MK2 cells.

In mock cells, the percentage of receptor ACE2-positive cells exhibited modest fluctuations over

time (58.0-67.2%), a phenomenon that has also been reported in the literature and may reflect
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variations associated with cell confluence or culture conditions. Therefore, each infected condition

was compared with its corresponding mock control collected at the same time point.

Comparison between infected and mock cultures revealed a possible time- and/or MOI-dependent
modulation of ACE2 surface expression following sHCoV-NL63 infection. At an MOI of 0.007, the
proportion of ACE2 receptor expression increased by 3% at 1 DPl compared with the corresponding
mock control (63.7% - 60.7%), followed by a progressive reduction at subsequent time points.
Similarly, infection at an MOI of 0.01 resulted in a 5% increase in ACE2 receptor expression at 1 DPI
(65.7% vs 60.7%) and a smaller increase of 2.9% at 2 DPI (60.9% vs 58.0%), followed by a gradual
decline at later time points. The highest inoculum, at an MOI of 0.1, also exhibited a slight increase
of 1.2% in ACE2 receptor expression at 1 DPI (61.9% vs 60.7%), after which ACE2 expression

progressively decreased at 2, 3, and 4 DPI.

To determine whether changes in ACE2 surface expression reflected in total ACE2 protein levels,
western blot analysis was performed (Figure 15). Panel B was used to generate Panel C, which
shows the fold change in ACE2 protein expression relative to mock controls. To obtain these results,
the total band intensity of ACE2 was divided by the total band intensity of beta-tubulin, thereby

normalizing ACE2 protein levels for analysis.

Comparison of the results obtained from panels A and C revealed distinct patterns of ACE2
expression. While cell-surface ACE2 progressively decreased during infection, total cellular ACE2
protein remained stable or increased at later time points. A complete characterization of ACE2
regulation including mRNA quantification and soluble ACE2 detection was not performed in this
thesis. However, the difference between surface and total ACE2 could potentially involve changes
in receptor internalization, trafficking, shedding or degradation. These processes could reduce the
amount of ACE2 present at the cell surface without necessarily resulting in a similar reduction in
total cellular ACE2, particularly if accompanied by the synthesis of additional ACE2 protein. In this

context, the contribution of different ACE2 isoforms, including the interferon-inducible truncated
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isoform dACE2, could also potentially contribute to the stable or increased detection of total ACE2
at later time points. However, these mechanisms and the relative contribution of different ACE2

isoforms were not experimentally distinguished in this study.

At 48 hours post-infection, as illustrated in panel C, ACE2 protein levels increased in all infected
samples compared with their corresponding mock controls. This effect became more evident at

later time points and with increasing viral inoculum.

Overall, these findings suggest that sHCoV-NL63 infection induces an increase in the ACE2 receptor
during the early stage of infection, followed by a progressive decline in ACE2 surface expression as

infection proceeds.
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Figure 15. sHCoV-NL63 infection in permissive LLC-MK2 cells at different time points. LLC-MK2 cells were
infected with sHCoV-NL63 at multiplicities of infection (MOI) of 0.007, 0.01, or 0.1 and analyzed at 1, 2, 3,
and 4 days post-infection (DPI). (A) Representative flow cytometry dot plots showing ACE2 surface
expression (PE) in mock and sHCoV-NL63-infected cells. The isotype control (red) was used to establish
background fluorescence, while ACE2-positive cells are shown in blue. (B) Representative western blot
analysis of total ACE2 protein expression in mock and sHCoV-NL63 infected LLC-MK2 cells collected at the
indicated time points. B-Tubulin was used as the loading control. (C) ACE2 band intensity was normalized
to B-tubulin, and values are shown as fold change relative to the corresponding mock control. Data are from
a single experiment performed by the author in collaboration with Research Associate Negar Joharinia.




Another infection kinetics experiment was performed to further characterize receptor modulation
throughout viral infection progression. This experiment was performed following the protocol
described by Dijkman et al. (2012). In their study, the authors reported a pattern similar to that
observed in our experiments: an early upregulation of ACE2 surface expression followed by a
marked downregulation as the infection progressed. Figure 16 presents the results obtained from
this kinetics experiment, while Figure 17 compares our findings with those reported by Dijkman et

al., demonstrating a similar temporal pattern of ACE2 modulation.

The infection assay presented in Figure 16 was successfully performed. The cells started presenting
CPE at day 2 post-infection (DPI) and showed considerable cell death at DPI 5. The non-infected
cells, referred to as MOCK, presented variation in ACE2 expression over the days (20.3%-25%), a
behavior that has also been reported in the literature. In this experiment, we observed an increase
in ACE2 surface expression at days 2 and 3 post-infection, achieving a peak of 8.5% upregulation

and then a significant decrease at DPI 4 and 5.

The correlation between ACE2 reduction and increased CPE suggests that receptor modulation
occurs alongside viral infection progression. Importantly, the early increase in ACE2 surface
expression was observed before substantial CPE or cell loss became evident, making it less likely
that this initial modulation resulted from changes in cell viability or population loss. The mechanism
responsible for this early increase, however, remains unresolved. The results obtained in this study
did not identify any of the successfully evaluated individual viral proteins as sufficient to induce the
ACE2 receptor modulation. Nevertheless, several components of the infection process were not
captured by the transient-expression approach, including the activity of non-structural proteins,
protease-mediated processing, interactions among simultaneously expressed viral proteins, viral
replication-associated processes, and host antiviral responses. Therefore, the absence of
modulation following isolated protein expression does not exclude the possibility that one or more

of these infection-associated processes contribute to the early modulation of ACE2.
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In contrast, interpretation of the later decrease in surface ACE2 is more complex because it
coincided temporally with increasing CPE and cell loss. However, preliminary data from our
laboratory suggest that the observed reduction in ACE2 is not attributable to the loss of infected
cells. In this preliminary experiment, sHCoV-NL63-infected cells were stained for the viral N protein
together with a live/dead viability marker. ACE2 surface expression was analyzed using both N
protein-positive live cells and N protein-positive single cells as gating strategies. In both analyses,
infected cells showed markedly reduced ACE2 surface expression compared with mock non-
infected cells, supporting the possibility that the decrease reflects an active reduction of surface
ACE2 receptor rather than simply the loss of infected cells (Figure 14 — in the Appendices).
Processes such as altered receptor trafficking, internalization, shedding, or degradation could
potentially contribute to the decrease in surface ACE2. However, these mechanisms were not

directly investigated in the present study.
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Figure 16. Kinetics analysis for infected LLC-MK2 cells using sHCoV-NL63 at MOI 0.007. LLC-MK2 cells were
infected with sHCoV-NL63 at a multiplicity of infection (MOI) of 0.007 and analyzed at 1, 2, 3, 4 and 5 days
post-infection (DPI). Cytopathic effects (CPE) in the upper row were qualitatively assessed by brightfield
microscopy using a ZOE imaging system. Representative flow cytometry dot plots showing ACE2 surface
expression (PE) in mock (red) and sHCoV-NL63-infected cells (blue). Data are from a single experiment.

Following the characterization of ACE2 receptor modulation during sHCoV-NL63 infection in LLC-
MK2 cells (Figures 15 and 16), the observed infection-associated modulation was compared with
previously published findings (Figure 17) to determine whether receptor modulation was

consistent with independent observations.

Dijkman et al. (2012) described a dynamic regulation of ACE2 during sHCoV-NL63 infection,
characterized by an early increase in ACE2 expression followed by progressive downregulation as

infection progressed.

Despite differences in the methodology used to quantify ACE2 expression, both studies

demonstrate a similar pattern of receptor modulation during sHCoV-NL63 infection. In our

53



experiments, ACE2 surface expression increased during the early stages of infection, reaching its
highest level at 2—3 DPI before declining markedly at later time points. Likewise, Dijkman et al.
(2012) reported an increase in ACE2 protein expression up to 3 DPI, followed by significant

downregulation as viral replication progressed.
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Dijkman, R., et.al., (2012). Replication-dependent downregulation of cellular

angiotensin-converting enzyme 2 protein expression by human coronavirus NL63.
Journal of General Virology, 93(6), 1924-1929. https://doi.org/10.1099/vir.0.043919-0

Figure 17. Comparison of ACE2 modulation during sHCoV-NL63 infection with previously published
findings. (A) Flow cytometry analysis of ACE2 surface expression in LLC-MK2 cells infected with sHCoV-NL63
over a 5 DPI. Infected cells (blue) show an initial increase in ACE2 expression, peaking at dpi 3, followed by
a marked decline at later time points, whereas mock-stained cells (red) show variation in ACE2 levels across
time points. (B) Quantification of ACE2 protein levels following NL63 infection compared to mock-treated
cells (adapted from Dijkman et al., 2012). ACE2 levels increase at early time points but are significantly
reduced at later stages of infection.

Overall, despite differences in the magnitude of ACE2 modulation, the infection kinetics
experiments supported the preliminary observations from our laboratory and further characterized
ACE2 receptor modulation during productive sHCoV-NL63 infection. The results demonstrated a
dynamic pattern in which ACE2 surface expression increased during the early stages of infection
and subsequently declined as infection progressed. This characterization established an infection-
associated phenotype that could then be used as a reference to address the central question of

this study: whether the expression of individual sHCoV-NL63 proteins would be sufficient to induce

significant ACE2 modulation. To investigate this question independently of the complete viral

54



infection context, a transient-expression approach was developed using plasmids encoding
individual viral proteins. However, before assessing their effects on ACE2 surface receptor
expression, it was necessary to establish and optimize the experimental conditions required for
efficient transfection, reliable detection of plasmid and viral protein expression, and accurate
measurement of surface ACE2 receptor. Therefore, the following experiments focused on the
optimization and validation of the transient-expression system before its application to the

individual sHCoV-NL63 viral constructs.
Optimization
Flow Cytometry of single fluorophore detection in transfected HEK293T

Prior to evaluating the effects of the individual viral proteins on ACE2 surface receptor expression
and abundance, the experimental system was validated to establish reliable conditions for plasmid

delivery and detection of the GFP and FLAG markers used throughout the study.

GFP-expressing control plasmids (peGFP-C3, peGFP-A2 or GFP-APOBEC2, and peGFP-A3G or GFP-
APOBEC3) and FLAG-expressing control plasmids (pFLAG-A2 or FLAG-APOBEC2 and pFLAG-A3G or
FLAG-APOBEC3) were initially transfected into HEK293T cells. These experiments were used to
establish fluorescence detection parameters and to confirm that GFP-positive populations could
be clearly distinguished from the background fluorescence observed in the mock and FLAG
controls, ensuring the appropriate voltage adjustment, detection accuracy, and gating quality, and

not as biological controls for changes in ACE2 expression.

Flow cytometry analysis demonstrated detectable FITC fluorescence in cells transfected with each
GFP-expressing control plasmid, whereas mock cells and cells receiving FLAG constructs remained
within the GFP-negative population, while the PE channel was used for additional gating (Figure
18). These results established that the selected FITC-channel settings were capable of
distinguishing GFP-positive from GFP-negative cells and provided the gating framework
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subsequently used to estimate GFP expression. GFP detection was interpreted as evidence of

successful delivery and expression of the protein by the plasmid during transfection.

An additional figure showing the images of both brightfield and fluorescence from fluorescence
microscopy was provided in Figure 7 in the Appendices. The images were captured using a ZOE

microscope and a Zeiss microscope.

HEK-293T TRANSFECTED
FOR GFP DETECTION
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PFLAG-A2 PFLAG-A3G
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Figure 18. Validation of transfection efficiency and flow cytometry gating strategy using GFP-
expressing control plasmids in HEK293T cells. The HEK293T cells were transfected with GFP-expressing
control plasmids (peGFP-C3, peGFP-A2 or GFP-APOBEC2, and peGFP-A3G or GFP-APOBEC3) or FLAG-
expressing plasmids (pFLAG-A2 or FLAG-APOBEC2 and pFLAG-A3G or FLAG-APOBEC3) as negative
controls for transfected cells, to evaluate transfection efficiency and establish flow cytometry gating
parameters. GFP expression was detected by FITC fluorescence, while the PE channel was used for

additional gating.
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Given the successful transfection results obtained by flow cytometry, we proceeded with the
validation of those results by characterizing protein expression using western blot analysis

(Figure 19).

GFP was detected in lysates from cells transfected with the GFP constructs, while FLAG was
detected in the corresponding FLAG controls. B-tubulin was used as a loading control. These
results confirmed the expression of GFP and FLAG in the respective transfected cells and
demonstrated that the antibodies and detection conditions were suitable for the subsequent

analysis of the viral constructs.

57



Western Blot of single-positive plasmid transfected in HEK293T
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Figure 19. Validation of control plasmid expression by western blot in HEK293T cells. The HEK293T cells
were transfected with GFP and FLAG expressing control plasmids (peGFP-C3, peGFP-A3G, peGFP-A2,
peFLAG-A3G, and peFLAG-A2) to validate protein expression and optimize western blot detection
conditions before analysis of viral protein constructs. Protein samples were separated by 10% SDS-PAGE.
Panel (A) shows GFP detection using an anti-GFP primary antibody and secondary HRP-conjugated antibody;
Panel (B) demonstrates B-tubulin detection corresponding to Panel (A), confirming equivalent protein
loading. Panel (C) shows FLAG detection using the HRP-conjugated anti-FLAG M2 antibody. Panel (D)
represents B-tubulin detection corresponding to Panel (C).

Flow Cytometry of double fluorophore detection in transfected HEK293T

Because the experimental strategy required simultaneous measurement of GFP and intracellular
FLAG by flow cytometry, intracellular staining conditions were next evaluated using GFP, FLAG,
double-reporter and isotype controls. As shown in Figure 20, the single-positive controls occupied
the expected fluorescence populations, whereas the double-reporter construct generated a
population positive for both GFP and FLAG. The threshold was set based on the isotype control,

which was considered the negative region. These controls established that GFP fluorescence and
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intracellular FLAG staining could be distinguished and provided the technical basis for subsequent

simultaneous assessment of GFP, FLAG-tagged viral proteins and cell-surface ACE2.

HEK-293T TRANSFECTED
FOR GFP AND FLAG DETECTION
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Figure 20. Validation of intracellular staining efficiency and flow cytometry detection of GFP and
FLAG expression in HEK293T cells. The HEK293T cells were transfected with control plasmid constructs
expressing FLAG (peFLAG-A3G) as a positive single fluorophore, GFP (pGFP-A3G) as a negative control,
and a double-reporter plasmid. Cells were analyzed by flow cytometry to evaluate GFP expression (FITC
channel) and FLAG detection by intracellular staining (Alexa Fluor 647 channel). The isotype control
was used to establish background fluorescence and gating parameters.

Importantly, these optimization experiments validated the analytical detection system but did
not establish that every subsequent viral construct would necessarily be expressed with

equivalent efficiency. This distinction became important in later experiments, in which GFP

and FLAG signals differed substantially among individual viral constructs.
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Transfection Optimization in HEK293T+ACE2 cells

To ensure the best transfection efficiency, the amount of JetPRIME transfection reagent was
optimized while maintaining 1 pg of plasmid DNA. Four JetPRIME amounts were evaluated

using peGFP-A2 and a double-reporter control: 4.0, 3.5, 3.2 and 2.8 pL (Figure 21).
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Figure 21. 293T+ACE2 optimization with control plasmids. Optimization of chemical transfection
conditions in HEK293T+ACE2 cells using Jet Prime in different concentrations (4 pL, 3.5 pL, 3.2 uL, and 2.8
puL) with control plasmids (peGFP-A2 and double-reporter). GFP fluorescence was used to evaluate

transfection efficiency, and cell morphology was monitored under the microscope using the brightfield to
assess reagent-associated cytotoxicity.
Analysis of transfection efficiency showed that all tested reagent amounts resulted in

successful transfection, indicating that an amount between 2.8 pL and 3.2 pL was the best
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option to proceed. Based on these results, an additional trial was performed using the double-
reporter control used previously, for which we already had a transfection efficiency reference,
together with the viral plasmid vectors. For this working condition, we transfected

HEK293T+ACE2 cells using 1ug of plasmid and 3 pL of transfection reagent (Figure 22).
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Figure 22. 293T+ACE2 transfected with viral protein plasmids. HEK293T+ACE2 cells were transfected using
3 uL of Jet Prime with 1ug of NL63 protein viral plasmids or a double-reporter control. GFP fluorescence
was used to evaluate transfection efficiency in non-fixed cells.

GFP-positive populations were detectable in the FITC channel for almost all constructs,
although their expression differed. This observation was important because it demonstrated
that optimization of the transfection reagent alone did not eliminate construct-dependent
variability.
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Antibody Optimization in HEK293T+ACE2 cells

Antibody concentrations were next optimized to maximize separation between antigen-positive
populations and background staining. For intracellular FLAG detection, the Alexa Fluor 647-
conjugated anti-FLAG antibody was evaluated across multiple dilutions: 1:500, 1:1000, 1:2000, and
1:2500, using a double-reporter control and the sHCoV-NL63 Membrane construct (Figure 23). The

corresponding isotype controls were used to assess nonspecific fluorescence.

Among the tested conditions, the 1:2000 dilution provided the most favourable discrimination
between FLAG-positive samples and background staining and was therefore selected for
subsequent analyses. The ability to detect the Membrane construct under these conditions
additionally indicated that intracellular FLAG staining could be successfully applied to the viral

constructs.
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FLAG ANTIBODY OPTIMIZATION in 293T+ACE2 cells
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Figure 23. FLAG antibody titration. Optimization of FLAG antibody using an intracellular staining for
flow cytometry. Different antibody concentrations (1:500, 1:1000, 1:2000 and 1:2500) were tested to
determine the optimal signal-to-background ratio for subsequent analyses. The specific isotype

antibody was used to exclude background and nonspecific binding.

ACE2 detection was similarly optimized by titrating the PE-conjugated secondary antibody at 1:100,
1:250, 1:500, and 1:700 dilutions, while maintaining the concentration of 3:100 for the primary
anti-ACE2 antibody previously established by the laboratory. The 1:250 secondary-antibody
dilution provided the most appropriate separation between ACE2-stained and isotype-control
populations and higher efficiency and was therefore selected for subsequent experiments (Figure

24).
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Figure 24. hACE2 Antibody titration and detection. Optimization of the secondary antibody
concentration for ACE2 detection by flow cytometry. Different antibody concentrations (1:100, 1:250,
1:500 and 1:700) were tested to determine the optimal signal-to-background ratio for subsequent
analyses. The primary antibody has already been titrated in previous experiments from the lab. The
specific isotype antibody was used to exclude background and nonspecific binding.

These optimization experiments were particularly important because the central endpoint of this

study depended on detecting potential differences in cell surface ACE2 expression.

Transfection Optimization in LLC-MK2 cells

In addition, transfection optimization using Lipofectamine reagent in LLC-MK2 cells was also
performed. The optimization was performed using peGFP-A2 and sHCoV-NL63 Membrane protein

plasmid under four transfection conditions: 2 pg plasmid + 5 pL of Lipofectamine reagent; 1.2 ug
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plasmid + 7 pL of Lipofectamine reagent; 1.5 pg plasmid + 7 pL of Lipofectamine reagent; and 1.8

ug plasmid + 7 uL of Lipofectamine reagent (Figure 25).
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Figure 25. LLC-MK2 transfection optimization. Optimization of chemical transfection in LLC-MK2 cells
using Lipofectamine 2000 in different concentrations and DNA ratios for NL63-Membrane protein
plasmid and peGFP-A2 plasmid control (2ug plasmid + 5 uL of Lipofectamine reagent, 1.2ug plasmid + 7
uL of Lipofectamine reagent, 1.5ug plasmid + 7 pL of Lipofectamine reagent and 1.8ug plasmid + 7 uL of
Lipofectamine reagent). GFP fluorescence was used to determine transfection efficiency following
protocol optimization in non-fixed cells.

Among the evaluated conditions, 1.2 ug DNA combined with 7 uL of Lipofectamine 2000 produced
the highest GFP-positive population and was therefore selected for subsequent experiments.
Nevertheless, the optimization data also indicated that transfection in LLC-MK2 cells remained less

efficient than in HEK293T+ACE?2 cells.
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Since we had already optimized both the transfection reagents and antibodies for transfection in
both cell lines, we were ready to start the analysis and characterization of viral protein expression

and receptor surface expression.

Expression and Characterization of Viral Proteins in HEK293T+ACE2 cells

Fluorescence microscopy analysis

To determine whether individual sHCoV-NL63 viral proteins can modulate ACE2 surface expression,
we established a transfection-based system in HEK293T+ACE2 cells using plasmids expressing the
individual proteins of sHCoV-NL63 to be evaluated and individual sHCoV-229E proteins as a
physiological control, since sHCoV-229E does not behave as sHCoV-NL63 during infection, as

illustrated in Figure 1 (Appendices).

HEK293T+ACE2 cells are permissive to sHCoV-NL63 infection (Milewska et al., 2014). Due to their
high transfection efficiency, they can provide a more efficient transfection rate for analysis. These
cells were transfected with a polycistronic plasmid encoding individual viral proteins and a GFP
reporter gene in the same bicistronic mRNA. At 48 hours post-transfection, the GFP reporter, FLAG-
tagged viral protein, and ACE2 receptor expression were assessed using fluorescence microscopy,

flow cytometry, and western blot.

As illustrated in Figure 26, we started by evaluating transfection efficiency by detecting GFP
reporter expression using fluorescence microscopy. As expected, in panel A, mock cells showed no
detectable fluorescence, while the double-reporter control produced strong fluorescence,

confirming the efficiency of the transfection.

Most constructs showed detectable GFP signal for both sHCoV-NL63 and sHCoV-229E constructs,
confirming successful plasmid delivery, transcription, and translation. However, fluorescence
intensity was not uniform among constructs. Among the sHCoV-NL63 constructs illustrated in panel
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B, Membrane, Spike, and Protein 3 produced the strongest GFP signal, whereas Nucleocapsid and
Envelope exhibited lower fluorescence. No detectable GFP signal was observed following
transfection with the ORF1A and ORF1B constructs, suggesting unsuccessful transfection.
Considering the large size of the ORF1a and ORF1b plasmids, around 14 and 18 Kb, this may have
affected the transfection efficiency. Alternative approaches, including calcium chloride- and lipid-

based transfection methods, were also evaluated but were unsuccessful.

Similarly, in panel C, all evaluated sHCoV-229E constructs generated variable GFP expression levels
among the individual constructs. Membrane, Spike and Protein 4A produced the strongest GFP

signal, while Nucleocapsid, Envelope and Protein 4B exhibited lower fluorescence.

Because the plasmids were of relatively similar sizes, the observed differences may instead reflect
construct-specific factors affecting gene expression and protein homeostasis, including
transcription efficiency, mRNA stability, translation efficiency, protein folding, trafficking, and
degradation. However, GFP fluorescence in this system was used as an indicator of successful
expression of the bicistronic transcript and its downstream reporter rather than as a direct
guantitative measurement of the corresponding viral protein. Viral protein abundance was

therefore independently assessed using the FLAG epitope in flow cytometry analysis.

Cytopathic effects (CPE) were also evaluated using brightfield imaging with the ZOE and Zeiss

inverted microscopes, with no signs of toxicity observed (Figure 9 — Appendices).

As an exception, the results for ORFla and ORF1b presented strong CPE, including a considerable
number of cell deaths. Unfortunately, the images from these samples were unfortunately not

successfully saved and therefore could not be included in this thesis.
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Overall, the majority of the constructs were successfully expressed and presented a healthy
morphology under the microscope following transient transfection, supporting their reliability for

subsequent characterization by flow cytometry and western blot analyses.
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Figure 26. Fluorescence microscopy images of HEK293T+ACE2 cells transfected with individual sHCoV-
NL63 and sHCoV-229E protein constructs. (A) Control conditions showing mock cells (negative control) and
double-reporter cells (positive control). (B) Expression of the GFP reporter gene in a plasmid carrying
individual viral proteins from sHCoV-NL63, including Membrane, Nucleocapsid, Envelope, Spike, Protein 3,
ORF1B and ORF1A. (C) Expression of the GFP reporter gene in a plasmid carrying individual viral proteins
from sHCoV-229E, including Membrane, Nucleocapsid, Envelope, Spike, Protein 4A and Protein 4B.
Fluorescence intensity reflects the transfection efficiency. Images were acquired under identical microscopy
settings for GFP detection. The experiment was independently performed three times.
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Flow Cytometry analysis

Flow cytometry was performed to quantify three experimental parameters at the single-cell level:
GFP detection using the FITC channel, intracellular viral protein expression through FLAG detection
using the Alexa 647 channel, and receptor surface ACE2 levels using the PE channel. The analyses
were performed at 48 hours post-transfection. Cells were stained for surface ACE2 before fixation
and permeabilization, followed by intracellular FLAG staining. GFP fluorescence was measured by

exogenous expression in the FITC channel.

Figure 27 illustrates the mean flow cytometry values from three experiments, with one replicate
per experiment. The flow cytometry data confirmed the efficient transfection of the plasmid
control. We observed variation in the efficiency of FLAG and GFP expression, with most constructs
exhibiting a higher percentage of FLAG than GFP. This distinction was particularly evident for the
sHCoV-NL63 Membrane, Nucleocapsid, Envelope and Protein 3 and sHCoV-229E Membrane,

Nucleocapsid, and Protein 4A constructs.

This difference is likely attributable to the vector design. Following plasmid delivery into the cell,
transcription is driven by the CMV promoter, forming a single bicistronic mRNA containing both the
FLAG-tagged viral protein and the GFP reporter coding sequences. The FLAG-tagged viral protein is
synthesized through the cap-dependent site, in which ribosomes are recruited to the 5’ cap of the
MRNA and efficiently initiate translation. In contrast, GFP translation depends on the internal
ribosome entry site (IRES), which allows ribosomes to initiate translation independently of the 5’
cap. Because IRES-mediated translation is generally less efficient than cap-dependent translation,
a lower percentage of GFP expression compared to FLAG expression is consistent with the intrinsic
design of the bicistronic expression vector (Mizuguchi et al., 2000; Shen et al., 2021; Gao & Wau,
2025)
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On the other hand, a few constructs displayed the opposite trend, with these constructs exhibiting
a higher percentage of GFP than FLAG, as observed for sHCoV-NL63 Spike and sHCoV-229E
Envelope, Spike and Protein 4B. This suggests that construct-specific differences may interfere at
multiple levels of gene expression and protein homeostasis, including mRNA stability, translational

efficiency, protein folding, trafficking, and degradation, which were not investigated in this thesis.

Spike protein expression, in particular, displayed detectable GFP expression but little to no
detectable FLAG signal. The presence of GFP indicates that the plasmid was successfully
transfected, that transcription of the bicistronic transcript occurred, and that the IRES remained
functional. Therefore, the reduced FLAG signal is unlikely to be explained by the vector design and
instead suggests a construct-specific limitation affecting Spike protein expression or FLAG
detection. Possible explanations include decreased protein stability, enhanced protein

degradation, or reduced accessibility of the FLAG epitope due to protein folding.

Transfection of the ORFla and ORF1b constructs was unsuccessful, as GFP expression was not
detected and extensive cytopathic changes were observed by fluorescence microscopy, including
cell death. Due to the toxicity, the values presented were measured from a small number of cells
under unhealthy conditions, which would make our results for those plasmids less reliable.
Consequently, ORFla and ORFlb were excluded from subsequent analyses and will require

alternative expression strategies in future studies.

Comparison of the fixed samples in Figure 27 with the non-fixed samples presented in the
optimization section revealed a considerable reduction in GFP fluorescence following fixation and
permeabilization. This observation was reproduced in an independent repeat of the experiment,
in which a similar decrease in GFP signal was observed after sample processing, suggesting that the
reduction was consistently associated with the fixation and permeabilization procedure. Loss of

GFP fluorescence following fixation and permeabilization has been previously reported and
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represents a recognized technical limitation when fluorescent proteins are analyzed after

intracellular staining procedures (Fahlberg et al., 2024; Taves et al., 2019).

ACE2 receptor expression remained relatively consistent across the successfully transfected
populations. Most constructs maintained ACE2 levels comparable to the mock-stained control,
although a slight reduction was observed in some conditions, such as for sHCoV-NL63 Membrane,
Envelope and Protein 3 and a modest increase for sHCoV-229E protein 4A. However, these
differences were small relative to the overall ACE2-positive population and did not identify an
individual sHCoV-NL63 protein that reproduced the ACE2 upregulation previously observed during

infection.
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Expression of Viral Proteins in 293T+ACE2 cells
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Figure 27. Percentage of cells expressing individual viral proteins in 293T+ACE2 cells. At 48 hours post-
transfection, cells were harvested and stained for surface expression of the ACE2 receptor. Subsequently,
the cells were fixed, permeabilized and stained for internal FLAG, which is in frame with the viral protein.
Samples were then analyzed by flow cytometry: GFP expression was detected in the FITC channel and used
to evaluate transfection efficiency, FLAG in the Alexa Fluor 647 channel for viral protein expression, and
ACE2 in the PE channel to analyze the surface expression of the ACE2 receptor. The specific isotype
antibody was used to exclude background and nonspecific binding. The experiment was independently
performed three times, and the data are presented as the mean of the three independent experiments.
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Quantification of ACE2 receptor expression (%) and geometric mean fluorescence intensity
(gMFI)
Even though there were no substantial differences observed in the percentage of ACE2 receptor
expression, the percentage of ACE2-positive cells determines how much of the analyzed population
remains above the threshold established for ACE2 detection, but it does not distinguish differences
in receptor abundance among cells that remain ACE2 positive. To assess this complementary
measurement and increase the sensitivity of our analysis, we analyzed the geometric mean
fluorescence intensity (gMFI) of ACE2. For these analyses, gMFI values were normalized to the

corresponding isotype control by subtracting the isotype fluorescence from each sample value.

A modest variation in ACE2 gMFI was observed among the different viral protein expressions.
Interestingly, the sHCoV-NL63 proteins and the physiological control displayed opposite trends.
Cells expressing the sHCoV-229E proteins showed a modest tendency toward increased gMFI for
ACE2 surface expression, whereas expression of the sHCoV-NL63 proteins was associated with a

reduction in ACE2 gMFlI, as shown in Figure 28.

Despite these trends, the magnitude of the observed differences was very minor and did not reach
statistical significance following one-way ANOVA (p = 0.8688; significance threshold, p < 0.05).
Pairwise comparisons were subsequently performed using Tukey's multiple-comparisons test to
compare each viral protein with the mock-stained control and with the corresponding physiological

control. The statistical analyses are summarized in Table 1 (Appendices).

Overall, none of the isolated viral proteins significantly modulated ACE2 surface expression or ACE2

fluorescence intensity under the tested experimental conditions.

73



ACE2 RECEPTOR EXPRESSION
AND
GEOMETRIC MEAN FLUORESCENCE INTENSITY

B ACE2 gMFI

400

300
331
281
279
302
311
334
344
316

W
o
o

NORMALIZED
gMFI
OVER ISOTYPE
N
8
253
262
269
269
270
(%) NOISSTYdX3 1AV

100
r 50

o
o

o
MOCK-:Q 77
DOUBLE REPORTER. 73
FLAG- 76
MEMBRANEA-{? 71
NUCLEOCAPSID' 76
SPIKE- 75
ENVELOPE' 74

RFI B{ 2

RF |A{ 2
MEMBRANE. 75
NUCLEOCAPSID.

AaIx03 |19 &

m
o
0]
-
W
>
Z
w

PROTEIN 4A '
PROTEIN 48.
o

sHCoV-NL63 sHCoV-229E

Figure 28. Quantification of ACE2 receptor expression (%) and geometric mean fluorescence intensity
(gMFI) in transfected HEK293T+ACE2 cells. ACE2 represents the percentage of ACE2 receptors and gMFI the
geometric mean fluorescence of the positive ACE2 cells. Values of gMFI were normalized against the
corresponding isotype control. Statistical analysis was performed using one-way ANOVA followed by Tukey's
multiple comparisons test, as represented in Table 1. Data represent the mean + SD from three independent
experiments.

Although flow cytometry confirmed the presence of FLAG-tagged viral proteins in transfected
HEK293T+ACE2 cells, this approach does not provide protein characterization. Therefore, western

blot analysis was performed to validate viral protein expression by confirming protein size and

detection specificity, thereby complementing and strengthening the flow cytometry findings.
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Western Blot analysis

Following the same pattern, the transfected HEK293T+ACE2 cells were collected and lysed at 48

hours post-transfection.

In Figure 29, western blot analysis of lysates from transfected HEK293T+ACE2 cells is presented
across five panels. Panel A shows beta-tubulin detection, confirming comparable protein loading
across all samples. Panels B and C demonstrate ACE2 and GFP expression, respectively; both were
consistent with the flow cytometry results. Panel D shows the detection of FLAG and GFP controls,

confirming successful expression, extraction, and detection of the transfected constructs.

Detection of FLAG-tagged viral proteins in Panel E required extensive optimization. Initial analyses
performed using conventional SDS-containing loading buffer and heat denaturation resulted in a
lack of FLAG detection for the viral proteins and successful detection of the control, despite
successful transfection confirmed by flow cytometry and GFP detection using both methodologies.
Therefore, multiple lysis buffers and protein extraction conditions were evaluated to improve
protein recovery and FLAG detection (Figure 2 — Appendices). The best results were obtained using

a non-SDS loading buffer with unheated samples subsequently resolved by SDS-PAGE.

Native-PAGE was also evaluated and produced a more distinct FLAG signal. However, protein

migration was limited (Figure 10 — Appendices).

Under the optimized conditions, FLAG immunoblotting detected bands corresponding to the
expected molecular weights for several constructs, although additional higher molecular weight
bands were also detected. Based on previous reports describing detergent- and heat-induced
aggregation of membrane proteins, these additional bands may represent aggregated protein

species formed during sample preparation or electrophoresis (Lee et al., 2005; Sagné et al., 1996).
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In Panel E, underlined bands indicate proteins migrating at the expected molecular weight, whereas

boxed lanes identify samples in which no band was detected at the predicted size.

Overall, the western blot results confirmed that most viral constructs were successfully expressed,
indicating that the lack of significant ACE2 modulation observed by flow cytometry could not be
generally attributed to unsuccessful protein expression. These findings suggest that, under the
experimental conditions tested, individual sHCoV-NL63 proteins were not sufficient to induce

significant changes in ACE2 surface expression.

sHCoV - 229E sHCoV - NL63 sHCoV - 229E sHCoV - NL63
-3 2 2 2
? <« § & 8 2 ] - -
£ T & 3 § T & 5 £ N f sc 8 § g & 3 g‘ § x
g § 3 3§ 2 g 3 £ £t O § § &£ § £ s 3 & € O
g 8 2 3§ 8 ¢ 3 § 0o £ 8 8 ¢ 3 § e £ ERE T
A. e & Z L z =z = & & & z b a i z = z
B T | e D S—— e | 5003
- -
Rb pAb Antibody anti-Beta Tubulin - HRP b ‘-
: - 75KDa
B.
— -
hACE2 |m e . ool | 130KDa '. 50KDa
Primary Goat pAb Anti-hACE?2 1:3000 o
Secondary Anti Goat conjulgated HRP 1:5000 — i =
C. FLAG | — —
25KD.
GFP b- — — I ! el I 37KDa N
Rb mAb Antibody anti-GFP - HRP
1:10000 e 20k
10KDa
D. [ J
=} -—
CTRL
s [©] £
2 3
3 = E &
- - -

Mouse Monoclonal Antibody anti-FLAG M2 - HRP
S0KDa 42KDa 50KDa 52KDa 1:1000

Figure 29. Western blot characterization of viral protein expression in HEK293T+ACE2 cells. (A) B-Tubulin
loading control. (B) ACE2 protein detection. (C) GFP detection confirming transfection. (D) Control detection
for FLAG-A2 and GFP-A2. (E) FLAG detection following optimization of protein extraction and electrophoresis
conditions. Underlined bands indicate the expected molecular weight, whereas boxed lanes indicate
absence of detectable protein. Non-SDS loading buffer and non-heated samples were used to minimize
protein aggregation. 30 L of each sample was loaded per lane in the gel (15 uL lysate + 15 pl loading buffer).
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Fluorescence microscopy analysis for redesigned sHCoV-NL63 Spike protein construct

The initial characterization of the polycistronic viral protein constructs revealed a limitation in the
detection of the sHCoV-NL63 Spike protein. Although GFP expression confirmed successful plasmid
delivery and transcription of the construct, FLAG detection by both flow cytometry and western
blot was almost nonexistent, suggesting that the low signal was not exclusively related to
transfection efficiency. Since the Spike protein is a large and highly glycosylated membrane-
associated protein that requires proper folding and processing, we hypothesized that the N-
terminal positioning of the FLAG epitope may have affected protein stability, folding, or epitope

accessibility.

To overcome this limitation, the sHCoV-NL63 Spike coding sequence was recloned into a
monocistronic pcDNA3.1 expression vector with the FLAG tag relocated to the C-terminus. This
redesigned construct was generated to minimize potential interference of the FLAG tag with

protein expression and folding.

Fluorescence microscopy was initially performed to evaluate transfection efficiency. Since the
redesigned Spike protein construct does not contain a GFP reporter gene, in addition to
transfection with the Spike protein plasmid alone, cells were also co-transfected with the Spike
protein plasmid and a GFP-expressing plasmid (GFP-A2), both cloned into the pcDNA3.1 expression
vector. GFP fluorescence was used as an indicator of successful plasmid delivery, allowing the

evaluation of transfection efficiency by microscopy.

Fluorescence microscopy in Figure 30 was performed at 48 hours post-transfection. Robust GFP
fluorescence confirmed transfection efficiency in the co-transfected cells. As expected, the cells

transfected with only the Spike protein plasmid did not present GFP fluorescence.

The Spike-expressing cells were subsequently evaluated for morphological alterations, revealing no

sign of CPE, suggesting that expression of the redesigned sHCoV-NL63 Spike construct did not
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induce detectable cytotoxic effects under the experimental conditions. The cells were analyzed,

but no brightfield images were recorded.

Overall, fluorescence microscopy confirmed successful transfection, allowing subsequent

characterization by flow cytometry and western blot analyses.

FLUORESCENCE MICROSCOPY

sHCoV-NL63 Spike Protein

MOCK Spike+GFP Spike+GFP Spike Spire
: only
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Figure 30. Fluorescence microscopy images of the redesigned monocistronic sHCoV-NL63 Spike construct
containing a C-terminal FLAG tag, transfected in HEK293T+ACE2 cells alone and co-transfected with a GFP
plasmid. HEK293T+ACE2 cells were transfected with the redesigned sHCoV-NL63 Spike protein plasmid
alone, expecting no fluorescence, and co-transfected with the Spike protein plasmid and a GFP-expressing
plasmid as a transfection control. Fluorescence microscopy was performed at 48 hours post-transfection to
evaluate transfection efficiency based on GFP expression. The images were captured by the Zoe microscope.
Data are from a single experiment with two replicates.
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Flow Cytometry analysis of the redesigned sHCoV-NL63 Spike expression construct

Flow cytometry was performed to confirm and quantify Spike protein expression and evaluate its
potential effect on ACE2 surface receptor expression. Both transfection conditions were analyzed:

the Spike protein construct alone and co-transfected with a GFP-expressing construct (GFP-A2).

Transfection efficiency was measured by GFP detection in the co-transfected cells using the FITC
channel; to assess intracellular FLAG-tagged viral protein expression, the Alexa 647 channel was
used; and to determine receptor surface ACE2 levels, the PE channel was used. The analyses were
performed at 48 hours post-transfection. The cells were stained for surface ACE2, fixed,
permeabilized, and intracellularly stained for FLAG, while GFP was assessed by exogenous

expression.

As shown in Figure 31, the flow cytometry results confirmed successful expression of the
redesigned sHCoV-NL63 Spike protein. Spike protein expression was detected in approximately 30%
of the cells transfected with the Spike construct alone, an equivalent percentage to that observed
with the FLAG-A2 control construct. In the results for the co-transfected cells, we observed a small
reduction in the percentage of FLAG-positive cells, reaching 23.8%, while GFP expression was
detected in 47% of the cells under the experimental conditions. These results provided stronger
evidence that redesigning the construct improved Spike protein detection by antibody recognition.
However, the experiment performed cannot distinguish whether this resulted from improved
epitope accessibility, protein stability, altered folding, increased protein abundance, or another

feature of the redesigned expression system.

An increase in ACE2 surface expression was observed in Spike-expressing cells, for both the Spike-
alone and co-transfected conditions. ACE2 expression increased from 43.7% in the mock to 51.4%

following Spike transfection alone and 52.7% following Spike + GFP co-transfection.
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Considering that the percentage of ACE2 expression relates to the number of cells expressing ACE2
receptor in a specific population, we decided to evaluate the intensity of ACE2 surface expression
within the ACE2-expressing cells. Thus, the geometric mean fluorescence intensity (gMFI) was
guantified among ACE2-positive cells. This analysis provides a more sensitive measurement of

receptor expression levels compared with the percentage of ACE2-positive cells alone.

In addition, as will be mentioned in the description of Figure 37, where a greater discrepancy can
be observed, these results should be interpreted with caution because the experiment was
performed using a different antibody batch that resulted in weaker ACE2 detection, which indicates

lower detection efficiency.
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EXPRESSION OF sHCoV-NL63 SPIKE PROTEIN
IN TRANSFECTED HEK293T+ACE2 CELLS
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Figure 31. Flow cytometry analysis of the redesigned sHCoV-NL63 Spike construct expression in
HEK293T+ACE2 cells. Cells were transfected with the C-terminal FLAG-tagged sHCoV-NL63 Spike construct
alone or co-transfected with a GFP-expressing plasmid as a transfection control. At 48 hours post-
transfection, cells were analyzed by flow cytometry to evaluate GFP fluorescence as an indicator of
transfection efficiency by the FITC channel, FLAG expression as a measure of Spike protein expression by the
Alexa Fluor 647 channel, and ACE2 surface expression to assess potential receptor modulation by the PE
channel. The heatmap represents the percentage of positive cells for each analyzed marker. Data are from
a single experiment with two replicates.
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Quantification of ACE2 receptor expression (%) and geometric mean fluorescence intensity
(gMFI) for redesigned sHCoV-NL63 Spike construct
To determine whether this modulation in ACE2 receptor expression observed by flow cytometry
was significant, ACE2 geometric mean fluorescence intensity (gMFI) was quantified among ACE2-

positive cells.

As represented in Figure 32, expression of the redesigned sHCoV-NL63 Spike construct resulted in
very similar intensity values across the samples, with almost no increase in ACE2 gMFI compared
with control cells. The difference observed did not reach statistical significance following one-way
ANOVA (p = 0.5954; significance threshold, p < 0.05). Pairwise comparisons were subsequently
performed using Tukey's multiple-comparisons test to compare each viral protein with the mock-
stained control and with the corresponding physiological control. Consistent with the ANOVA
results, none of the pairwise comparisons reached statistical significance. The statistical analyses

are summarized in Table 1 (Appendices).

Overall, these findings indicate that the gMFI values for ACE2 did not support the modulation

observed in the percentage of ACE2 expression, resulting in a non-significant statistical change.
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Figure 32. Quantification of ACE2 surface expression (%) and ACE2 geometric mean fluorescence intensity
(gMFI) of the redesigned sHCoV-NL63 Spike construct expression in HEK293T+ACE2 cells. Quantification of
ACE2 percentage and gMFI following Spike protein expression. Values were normalized against the
corresponding isotype control. Statistical analysis was performed using one-way ANOVA followed by Tukey's
multiple comparisons test, as represented in Table 1 (Appendices). Data are from a single experiment.

To further validate the expression of the redesigned sHCoV-NL63 Spike construct, western blot

analysis was performed to assess protein expression and to determine whether the observed flow

cytometry signal corresponded to detectable Spike protein levels.
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Western Blot analysis of the redesigned sHCoV-NL63 Spike construct

As shown in Figure 33, beta-tubulin detection confirmed comparable protein loading across the
experimental conditions. Detection of the FLAG-tagged Spike protein presented technical
limitations. Despite successful transfection and the positive FLAG signal previously observed by
flow cytometry, western blot analysis did not reveal a well-defined band corresponding to the
expected molecular weight of the sHCoV-NL63 Spike protein. Instead, FLAG detection was
characterized by diffuse smearing and poorly resolved signals. This pattern may reflect limitations
including protein instability, aggregation, altered migration during electrophoresis, or glycosylation.
Therefore, western blot analysis was insufficient to provide definitive evidence of Spike protein

expression.

Nevertheless, when considered together with the positive FLAG staining detected by flow
cytometry in Figure 31 and the dot blot analysis presented in Figure 34, these findings suggest
successful expression of the Spike construct while highlighting the technical challenges associated
with its detection by western blot. Further optimization of protein extraction and electrophoresis

conditions will be necessary to achieve a more robust and specific validation of Spike expression.
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Figure 33. Western blot analysis of transfected HEK293T+ACE2 cells with the redesigned sHCoV-NL63
Spike construct using anti-FLAG antibody. Cells were transfected with the redesigned sHCoV-NL63 Spike
construct or the FLAG-A2 control plasmid. Cell lysates collected in different conditions (RIPA, Triton, and
NP40 Buffer) were analyzed by western blot using anti-FLAG antibody. B-Tubulin was used as a loading
control to confirm comparable protein loading among samples. Although FLAG-positive signals were
observed as diffuse smearing, no well-defined band corresponding to the expected molecular weight of the
Spike protein (~150-220 kDa) was detected under the experimental conditions. Red boxes indicate a faint
band present. These results demonstrate the technical limitations of detecting the sHCoV-NL63 Spike
protein.

As a complementary validation for the expression of the FLAG-tagged sHCoV-NL63 and sHCoV-229E
viral proteins, dot blot analysis was performed using lysates from transfected HEK293T+ACE2 cells

on a nitrocellulose membrane.
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Dot Blot analysis

The dot blot provides a complementary method to assess FLAG-tagged protein expression and
allows the comparison of relative expression levels among different viral protein constructs,
independently of protein migration and molecular weight resolution limitations associated with

western blot analysis.

As illustrated in Figure 34, dot blot analysis confirmed the presence of FLAG-tagged viral proteins
for the majority of the tested sHCoV-NL63 and sHCoV-229E constructs in transfected
HEK293T+ACE2 cells. The detected signal intensity varied among the different viral proteins,
suggesting differences in protein expression levels, consistent with the flow cytometry analysis. As
previously observed in the flow cytometry data, the sHCoV-229E Spike construct showed no

detectable signal under the tested conditions.

Overall, these findings support the successful expression of the majority of the viral protein
constructs and validate their use for functional analyses evaluating their potential role in ACE2

modulation.
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Figure 34. Dot blot analysis of FLAG-tagged viral protein expression in transfected HEK293T+ACE2 cells.
Cell lysates from HEK293T+ACE?2 cells transfected with individual sHCoV-NL63 and sHCoV-229E viral protein
constructs were analyzed by dot blot using an anti-FLAG antibody to confirm the expression of FLAG-tagged
proteins. MOCK- non transfected cells; FLAG CTRL-peFLAG-A2; NL63 M — NL63 Membrane; NL63 N — NL63
Nucleocapsid; NL63 E — NL63 Envelope; NL63 P3- NL63 Protein 3; NL63 S — redesigned NL63 Spike construct;
229E M — 229E Membrane; 229E N — 229E Nucleocapsid; 229E E — 229E Envelope; 229E P4A — 229E Protein

4A; 229E PAB — 229E Protein 4 B; 229E S — 229E Spike. Data are from a single experiment using 10 uL of
lysate per sample.

Expression and Characterization of Viral Proteins in LLC-MK2 cells
Fluorescence microscopy analysis

Following the characterization of viral protein expression in HEK293T+ACE2 cells, the sHCoV-NL63
and sHCoV-229E protein constructs were further evaluated in LLC-MK2 cells. LLC-MK2 cells are one

of the most commonly used cell lines for sHCoV-NL63 infection and represent the cell model used
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in our laboratory’s preliminary studies described in the rationale section (Figure 1. Appendices),
where ACE2 modulation was initially observed during viral infection. As a cell line used for sHCoV-
NL63 infection, this model was selected to determine whether the viral protein expression patterns
observed in HEK293T+ACE2 cells were maintained while allowing comparison with our previous

preliminary findings obtained using this cell line.

Fluorescence microscopy was initially performed to assess transfection efficiency, viral protein
expression patterns, and potential cellular morphological changes associated with individual viral

proteins (Figure 11— Appendices).

The fluorescence microscopy images, presented in Figure 35, were captured at 48 hours post-
transfection, taking into account the relatively low transfection efficiency typically observed in LLC-
MK2 cells. Despite this limitation, panel A shows the experimental controls: the double-reporter
control confirmed successful transfection, showing substantial GFP expression, while, as expected,
the mock cells exhibited no detectable fluorescence. In panel B, GFP reporter expression was
detected following transfection with the sHCoV-NL63 constructs encoding Membrane,
Nucleocapsid, Envelope, Spike, Protein 3, ORF1A, and ORF1B. The transfection efficiency varied
among constructs, following the same pattern observed in HEK293T+ACE2 cells. As previously

reported, no detectable fluorescence was observed for the ORF1A and ORF1B constructs.

Panel C shows GFP reporter expression in cells transfected with sHCoV-229E constructs encoding

Membrane, Nucleocapsid, Envelope, Spike, Protein 4A, and Protein 4B.

Overall, the sHCoV-NL63 protein constructs exhibited higher expression levels than the
corresponding sHCoV-229E constructs under the same experimental conditions. While the
mechanism underlying this difference was not investigated in this study, it may reflect variation in

construct-dependent or host cell-specific factors. Because LLC-MK2 cells are highly permissive to
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sHCoV-NL63 infection, it is also possible that cellular factors contribute to the more efficient

expression of sHCoV-NL63 proteins, although this hypothesis requires further investigation.

Given that the majority of the constructs were successfully expressed following transient

transfection, they were subsequently characterized by flow cytometry and western blot analyses.

FLUORESCENCE MICROSCOPY
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Figure 35. Fluorescence microscopy images of LLC-MK2 cells transfected with individual sHCoV-NL63 and
sHCoV-229E protein constructs. (A) Control conditions showing mock cells (negative control) and double-
reporter cells (positive control). (B) Expression of the GFP reporter gene in a plasmid carrying individual viral
proteins from sHCoV-NL63, including Membrane, Nucleocapsid, Envelope, Spike, Protein 3, ORF1B and
ORF1A. (C) Expression of the GFP reporter gene in a plasmid carrying individual viral proteins from sHCoV-
229E, including Membrane, Nucleocapsid, Envelope, Spike, Protein 4A and Protein 4B. Fluorescence
intensity reflects the transfection efficiency. Images were acquired under identical microscopy settings for

GFP detection. The experiment was independently performed twice.
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Flow Cytometry analysis

Following fluorescence microscopy evaluation, flow cytometry was performed to quantitatively
assess transfection efficiency by GFP expression detected by the FITC channel, viral protein
expression by the FLAG-tagged gene using the Alexa 647 channel, and ACE2 surface expression
using the PE channel in transfected LLC-MK2 cells. This approach enabled the evaluation of whether
specific viral proteins could influence ACE2 surface expression and comparison with the previously

observed results in HEK293T+ACE2 cells.

Figure 36 illustrates the mean flow cytometry values from two independent experiments, with one
replicate per experiment. Flow cytometry analysis confirmed efficient detection of the control
plasmid, demonstrating successful transfection and validating the experimental conditions in LLC-
MK2 cells. In contrast, cells transfected with the viral protein expression constructs exhibited lower

transfection efficiencies.

Similar to the observations in HEK293T+ACE2 cells, all the polycistronic viral constructs, with the
exception of the Spike protein, displayed a higher percentage of FLAG expression than GFP
expression. Analysis of ACE2 surface expression revealed no major differences among the
experimental groups, with cells expressing sHCoV-NL63 proteins presenting equal or lower ACE2
receptor expression, while cells expressing sHCoV-229E proteins presented lower ACE2 receptor

expression.

Overall, flow cytometry analysis demonstrated that the viral protein constructs were successfully
expressed in LLC-MK2 cells. Similar to the results obtained in HEK293T+ACE2 cells, no individual
viral protein was identified as a clear mediator of ACE2 surface upregulation in the LLC-MK2 model.
Nevertheless, the absence of a clear ACE2-upregulating phenotype across both cell models
suggests that expression of the successfully evaluated individual viral proteins alone, not extending

for nsps, may not be sufficient to induce the ACE2 receptor upregulation observed during sHCoV-
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NL63 infection. Instead, ACE2 modulation may depend on additional viral components, host
responses, or infection-associated processes that were not reproduced by isolated viral protein

expression.
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Expression of Viral Proteins in LLC MK2 cells
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Figure 36. Percentage expression of individual viral proteins in LLC-MK2 cells. At 48 hours post-
transfection, cells were harvested and stained for surface expression of the ACE2 receptor. Subsequently,
the cells were fixed, permeabilized and stained for internal FLAG, which is in frame with the viral protein.
Samples were then analyzed by flow cytometry: GFP expression was detected in the FITC channel and used
to evaluate transfection efficiency, FLAG in the Alexa Fluor 647 channel for viral protein expression, and
ACE2 in the PE channel to analyze the surface expression of the ACE2 receptor. The specific isotype
antibody was used to exclude background and nonspecific binding. The controls included were GFP-A2
and FLAG-A2. The experiment was independently performed two times, and the data are presented as the
mean of the two independent experiments.
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Quantification of ACE2 receptor expression (%) and geometric mean fluorescence intensity

(gMFI)

To further investigate the potential modulation of ACE2 surface expression intensity by individual
sHCoV-NL63 and sHCoV-229E proteins, ACE2 receptor expression was quantitatively evaluated by
measuring the geometric mean fluorescence intensity (gMFI) of ACE2-positive cells. Since flow
cytometry analysis from Figure 36 did not reveal evident differences in the percentage of ACE2-
positive cells among the experimental groups, gMFI analysis was performed to determine whether

viral protein expression could alter the intensity of ACE2 surface expression on individual cells.

As shown in Figure 37, ACE2 surface expression remained relatively stable across all experimental
groups. A slight reduction in ACE2 receptor expression was observed in both the physiological

control and sHCoV-NL63-expressing conditions.

The geometric mean fluorescence intensity (gMFI) of ACE2-positive cells was calculated and
normalized by subtracting the signal obtained from the corresponding isotype control. Analysis of
the graph showed a modest reduction in ACE2 intensity for both groups: sHCoV-NL63 proteins and
sHCoV-229E proteins.

Statistical analysis using one-way ANOVA showed no significant differences among the tested
conditions (p = 0.6946; significance threshold, p < 0.05). Tukey’s multiple-comparisons test was
subsequently performed to compare each viral protein with the mock-stained control and the
corresponding physiological control, as presented in Table 2 (Appendices). None of the tested

isolated viral proteins induced a statistically significant modulation in ACE2 surface expression.

Although sHCoV-NL63 infection has previously been associated with ACE2 receptor modulation in

LLC-MK2 cells in our preliminary observations mentioned in the rationale section (Figure 1.
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Appendices), expression of individual viral proteins using the polycistronic expression system was

insufficient to induce the ACE2 modulation observed during viral infection.
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Figure 37. Quantification of ACE2 receptor expression (%) and geometric mean fluorescence intensity
(gMFI) in transfected LLC-MK2 cells. Values of gMFI were normalized against the corresponding isotype
control. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparisons
test, as represented in table 2. Data represent the mean £ SD from three independent experiments.

To further validate viral protein expression detected by flow cytometry, western blot analysis was

performed in transfected LLC-MK2 cells at 48 hours post-transfection to assess protein size and

detection specificity, thereby complementing and strengthening the flow cytometry findings.

94



Western Blot analysis

In Figure 38, western blot analysis of LLC-MK2 cells transfected with the indicated constructs is
shown in five panels. Panel A confirms the presence of beta-tubulin across all samples, supporting
comparable protein loading. Panels B and C show ACE2 and GFP detection, respectively, both
consistent with the flow cytometry results. Panel D shows co-detection of FLAG and GFP for the

control plasmids, confirming successful expression and detection of the constructs.

As previously described for Figure 29, FLAG detection in Panel E presented a significant technical
challenge, potentially attributable to protein aggregation upon contact with SDS in the loading
buffer and during SDS-PAGE, compounded by thermal aggregation during the denaturation step
(Lee et al., 2005; Sagné et al., 1996). Despite lower overall viral protein expression in LLC-MK2 cells,
FLAG detection was achieved using a non-SDS loading buffer with unheated samples subsequently
resolved by SDS-PAGE. For the majority of the constructs, bands corresponding to the expected
molecular weights were detected alongside additional bands, which may have resulted from
protein aggregation or altered migration under the experimental conditions. In Panel E, underlines
indicate bands migrating at the expected molecular weight, while boxes indicate lanes where the

expected band was absent.

Overall, western blot analysis confirmed the expression of most of the FLAG-tagged viral proteins
in LLC-MK2 cells and supported the expression profiles observed by flow cytometry. These results

confirm that the polycistronic constructs were expressed in LLC-MK2 cells.
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Figure 38. Western blot characterization of viral protein expression in LLC-MK2 cells. (A) B-Tubulin loading
control. (B) ACE2 protein detection (C) GFP detection confirming transfection. (D) Control detection for
FLAG-A2 and GFP-A2 detection. (E) FLAG detection following optimization of protein extraction and
electrophoresis conditions. Underlined bands indicate the expected molecular weight, whereas boxed lanes
indicate absence of detectable protein. Non-SDS loading buffer and non-heated samples were used to
minimize protein aggregation. 30 uL of each sample was loaded per lane in the gel (15 pL lysate + 15 pL
loading buffer).

Fluorescence microscopy analysis for redesigned sHCoV-NL63 Spike protein construct

The initial characterization of the polycistronic viral protein constructs revealed a limitation in the
detection of the sHCoV-NL63 Spike protein, as also presented in the HEK293T+ACE2 analysis. GFP
expression confirmed successful plasmid delivery and transcription, while FLAG detection by both

flow cytometry and western blot was almost nonexistent.

To overcome this limitation, the same sHCoV-NL63 Spike construct recloned into a monocistronic
pcDNA3.1 expression vector with the FLAG tag relocated to the C-terminus was also transfected

into LLC-MK2 cells for analysis. This redesigned construct was previously evaluated in
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HEK293T+ACE2 cells in Figures 30-33, where it presented minor changes in the percentage of ACE2-
positive cells but not in ACE2 gMFI.

Fluorescence microscopy was initially performed to evaluate transfection efficiency. Since the
redesigned Spike protein construct does not contain a GFP reporter gene, in addition to
transfection with the Spike protein plasmid alone, cells were also co-transfected with the Spike
protein plasmid and a GFP-expressing plasmid, both cloned into the pcDNA3.1 expression vector.
GFP fluorescence was used as an indicator of successful plasmid delivery, allowing the evaluation

of transfection efficiency by microscopy.

As shown in Figure 39, fluorescence microscopy performed at 48 hours post-transfection
demonstrated considerable GFP fluorescence in co-transfected cells, indicating successful
transfection under the experimental conditions. As expected, cells transfected with the Spike

construct alone did not exhibit GFP fluorescence.

The Spike-expressing cells were subsequently evaluated for morphological alterations, revealing no
sign of CPE, suggesting that expression of the redesigned sHCoV-NL63 Spike construct did not
induce detectable cytotoxic effects under the experimental conditions. The cells were analyzed,

but no brightfield images were recorded.

Overall, fluorescence microscopy demonstrated successful transfection under the tested
conditions, supporting the subsequent characterization of Spike protein expression and analyses

of its potential role in ACE2 receptor modulation.
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Figure 39. Fluorescence microscopy images of the redesigned monocistronic sHCoV-NL63 Spike construct

containing a C-terminal FLAG tag, transfected in LLC-MK2 cells alone and co-transfected with GFP plasmid.
LLC-MK2 cells were transfected with the redesigned sHCoV-NL63 Spike expression plasmid isolated,
expecting no fluorescence, and co-transfected with the Spike expression plasmid and a GFP-expressing
plasmid as a transfection control. Fluorescence microscopy was performed at 48 hours post-transfection to
evaluate transfection efficiency based on GFP expression. The images were captured by the Zoe microscope.
Data are from a single experiment with two replicates.

Following the confirmation of successful transfection under the experimental conditions and the
absence of detectable cytotoxic effects associated with the redesigned monocistronic sHCoV-NL63

Spike construct shown in Figure 39, the next step was to evaluate whether Spike expression could

be detected by flow cytometry.

Flow Cytometry analysis of the redesigned sHCoV-NL63 Spike expression construct

Flow cytometry was performed to confirm and quantify Spike protein expression and evaluate its
potential effect on ACE2 surface expression. Both transfection conditions were analyzed: the Spike

protein construct alone and co-transfected with a GFP-expressing construct.
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Transfection efficiency was assessed by GFP detection in the co-transfected cells using the FITC
channel; to assess intracellular FLAG-tagged viral protein expression, the Alexa 647 channel was
used; and to determine surface ACE2 levels, the PE channel was used. The analyses were performed
at 48 hours post-transfection. The cells were stained for surface ACE2, fixed, permeabilized, and

intracellularly stained for FLAG, while GFP was assessed by exogenous expression.

As shown in Figure 40, flow cytometry analysis revealed a detectable FLAG signal in cells
transfected with the redesigned Spike protein construct. As observed in HEK293T+ACE2 cells, the
presence of a FLAG-positive population indicates that relocation of the epitope to the C-terminus
improved Spike protein detection by antibody recognition. However, this experiment cannot
distinguish whether the improved detection resulted from increased epitope accessibility, protein
stability, altered folding, increased protein abundance, or another feature of the redesigned

expression system.

The flow cytometry results supported successful expression of the redesigned sHCoV-NL63 Spike
protein. Spike protein expression was detected in approximately 13.4% of the cells transfected with
the Spike construct alone, a similar percentage to that observed with the FLAG-A2 control construct
(15%). In the co-transfected cells, a small reduction in the percentage of FLAG-positive cells was
observed, reaching 12.6%, while GFP expression was detected in 12.2% of the cells under the

experimental conditions.

ACE2 receptor detection showed considerably limited signal intensity, which may be attributed to
the use of a new antibody batch with reduced detection efficiency. Despite the lower overall signal,
a difference in the percentage of ACE2-positive cells was observed between mock-stained cells and
cells expressing the Spike protein, increasing from 2.7% to 4.1%, suggesting a potential difference
in ACE2 surface detection following Spike protein expression. Interestingly, in contrast to the

pattern observed in HEK293T+ACE2 cells, this difference was not maintained in cells co-transfected
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with the GFP-expressing plasmid, which presented ACE2 surface levels similar to those of the mock

cells.

Overall, these results should be interpreted with caution. The experiment was performed using a
different antibody batch that resulted in weaker ACE2 receptor detection, and only a small
percentage of cells were identified as ACE2 positive. In this experiment, only the Spike-alone
condition presented a possible difference in ACE2 surface detection, which was not maintained in
the Spike + GFP co-transfection condition. This result differed from that observed in HEK293T+ACE2
cells, where both Spike-alone and Spike + GFP conditions showed a similar increase in the
percentage of ACE2-positive cells. Considering the low proportion of ACE2-positive cells detected
in this LLC-MK2 experiment and the reduced antibody detection efficiency, the apparent difference
observed following Spike transfection may reflect technical variability rather than a biological
modulation of ACE2 surface expression. This experiment was performed once with two replicates
and presented the technical limitations described above. Therefore, to allow a more reliable
interpretation of these results, the experiment should be repeated using an antibody with

improved detection efficiency.
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Figure 40. Flow cytometry analysis of the redesigned sHCoV-NL63 Spike construct expression in LLC-MK2
cells. Cells were transfected with the C-terminal FLAG-tagged sHCoV-NL63 Spike construct alone or co-
transfected with a GFP-expressing plasmid as a transfection control. At 48 hours post-transfection, cells were
analyzed by flow cytometry to evaluate GFP expression as an indicator of transfection efficiency by the FITC
channel, FLAG expression as a measure of Spike protein expression by the Alexa647 channel, and ACE2
surface expression to assess potential receptor modulation by the PE channel. The heatmap represents the
percentage of positive cells for each analyzed marker. Data are from a single experiment with two replicates.

In addition to the percentage of ACE2-positive cells, the ACE2 geometric mean fluorescence

intensity (gMFI) was quantified among ACE2-positive cells.
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Quantification of ACE2 receptor expression (%) and geometric mean fluorescence intensity

(gMFI) for redesigned sHCoV-NL63 Spike construct

As shown in Figure 41, quantification of ACE2 geometric mean fluorescence intensity (gMFI)
revealed increased ACE2-associated fluorescence in cells expressing the redesigned Spike construct
compared with the control condition. However, this increase was observed only in the Spike-alone

condition and was not reproduced in the Spike + GFP co-transfection condition.

Statistical analysis using one-way ANOVA demonstrated a significant difference among
experimental groups (p = 0.0006; significance threshold, p < 0.05). Tukey’s multiple-comparisons
test confirmed a significant difference between mock-stained cells and Spike-expressing cells (p =
0.0007). In contrast, no significant difference was observed between mock-stained cells and cells
co-expressing Spike and GFP (p = 0.9667). The statistical analyses are summarized in Table 2

(Appendices).
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Figure 41. Quantification of ACE2 surface expression (%) and ACE2 geometric mean fluorescence intensity
(gMFI) of the redesigned sHCoV-NL63 Spike construct expression in LLC-MK2 cells. Quantification of ACE2
percentage and gMFI following Spike expression. Values were normalized against the corresponding isotype
control. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparisons
test, as represented in table 2 (Appendices). Data are from a single experiment.

Due to the inconsistent ACE2 modulation observed between cells transfected with the sHCoV-NL63
Spike construct alone and cells co-transfected with the Spike and GFP-expressing plasmids,

combined with the overall low ACE2 signal intensity that limited the analysis to a small number of

ACE2-positive cells, this observation was considered insufficient to support a relevant effect.
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Caution is required when comparing the HEK293T+ACE2 and LLC-MK2 results. Based on the
HEK293T+ACE2 flow cytometry data (Figure 31), similar effects on ACE2 receptor expression might
be expected following transfection with the Spike construct alone or co-transfection with the GFP
reporter plasmid. However, this pattern was not reproduced in LLC-MK2 cells. Interpretation of
these data is limited by reduced ACE2 antibody detection and the small positive cell population,
which may have introduced substantial variability into the analysis and reduced the reliability of
the observed difference. Therefore, these observations should not be considered conclusive

evidence of Spike-mediated ACE2 receptor modulation.

Therefore, we considered that none of the isolated viral proteins tested demonstrated consistent
and significant modulation of ACE2 surface receptor expression under the experimental conditions

evaluated.

To further validate the expression of the redesigned sHCoV-NL63 Spike construct, western blot
analysis was performed to determine whether the FLAG signal detected by flow cytometry

corresponded to detectable Spike protein expression.
Western Blot analysis of the redesigned sHCoV-NL63 Spike construct

As shown in Figure 42, beta-tubulin detection supported comparable protein loading across all
experimental conditions. However, detection of the FLAG-tagged Spike protein by western blot was
not achieved under the evaluated conditions. In contrast to the results obtained in HEK293T+ACE2
cells, no diffuse or smearing signal was observed. The absence of a detectable FLAG signal may be
associated with technical limitations such as extensive glycosylation, potential instability during
sample preparation, aggregation or altered migration during electrophoresis. Therefore, western

blot analysis was insufficient to confirm Spike protein expression in LLC-MK2 cells.

Nevertheless, when considered together with the positive FLAG staining detected by flow
cytometry in Figure 40 and the subsequent dot blot analysis in Figure 43, these findings support
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successful expression of the Spike construct while highlighting the technical challenges associated
with its detection by western blot. Further optimization of protein extraction and electrophoresis

conditions will be necessary to achieve a more robust and specific validation of Spike expression.
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Figure 42. Western blot analysis of transfected LLC-MK2 cells with the redesigned sHCoV-NL63 Spike
construct using anti-FLAG antibody. Cells were transfected with the redesigned sHCoV-NL63 Spike construct
or the FLAG-A2 control plasmid. The cells were lysed in Triton Buffer + Protease inhibitor and analyzed by
western blot using anti-FLAG antibody. B-Tubulin was used as a loading control to confirm comparable
protein loading among samples. The FLAG control was detected, showing efficient protein extraction and
transfer. However, no FLAG signal was detected for Spike protein under the experimental conditions.

Following the challenges encountered during western blot analysis for the detection of FLAG-
tagged viral proteins, dot blot analysis was performed as an alternative approach to further

evaluate protein expression. Unlike western blot, dot blot does not require protein separation by

electrophoresis, allowing direct detection of the FLAG epitope and reducing potential limitations
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associated with protein migration, aggregation, and poor resolution of high molecular weight

proteins.

This approach was used to complement the flow cytometry and western blot results and to
determine whether the FLAG-tagged sHCoV-NL63 and sHCoV-229E viral protein constructs were

detectable in transfected LLC-MK2 cells.

Dot Blot analysis

As illustrated in Figure 43, dot blot analysis performed on a nitrocellulose membrane supported
the expression of FLAG-tagged sHCoV-NL63 and sHCoV-229E proteins in transfected LLC-MK2 cells.

FLAG was detected for all tested protein constructs at different and considerably lower intensities.

Overall, dot blot analysis provided complementary evidence supporting the expression of the

FLAG-tagged viral proteins in LLC-MK2 cells.
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Figure 43. Dot blot validation of FLAG-tagged viral protein expression in transfected LLC-MK2 cells. Cell
lysates from LLC-MK2 cells transfected with individual sHCoV-NL63 and sHCoV-229E viral protein constructs
were analyzed by dot blot using an anti-FLAG antibody to confirm the expression of FLAG-tagged proteins.
MOCK- non transfected cells; FLAG CTRL-peFLAG-A2; NL63 M — NL63 Membrane; NL63 N — NL63
Nucleocapsid; NL63 E— NL63 Envelope; NL63 P3- NL63 Protein 3; NL63 S —redesigned NL63 Spike construct;
229E M — 229E Membrane; 229E N — 229E Nucleocapsid; 229E E — 229E Envelope; 229E P4A — 229E Protein
4A; 229E PAB — 229E Protein 4 B; 229E S — 229E Spike. Data are from a single experiment using 10 uL of
lysate per sample.

In conclusion, these findings demonstrate that the transient expression system successfully
generated detectable expression of the majority of the sHCoV-NL63 and sHCoV-229E viral proteins
in both HEK293T+ACE2 and LLC-MK2 cells, enabling assessment of their potential effects on ACE2
surface expression. Despite differences in transfection efficiency and protein detection among
constructs and between cellular models, none of the successfully evaluated individual sHCoV-NL63

proteins consistently and significantly induced an increase in ACE2 surface expression.

The redesigned sHCoV-NL63 Spike construct provided an additional observation that requires
further investigation. Although Spike expression did not significantly alter ACE2 gMFI in
HEK293T+ACE2 cells, a statistically significant increase in ACE2 gMFI was detected in LLC-MK2 cells
expressing the redesigned Spike construct. However, this effect was not reproduced in the Spike-

plus-GFP condition and was observed in an experiment in which ACE2 antibody detection efficiency
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was reduced. Therefore, while this result identifies Spike as a candidate that may deserve further
investigation, the current data are insufficient to conclude that Spike alone is responsible for ACE2

upregulation.

In contrast to the transient-expression experiments, infection with the complete sHCoV-NL63 virus
reproduced the dynamic pattern of ACE2 modulation previously reported in the literature,
characterized by an increase in ACE2 surface expression during the early stages of infection
followed by progressive downregulation as infection proceeded. The mechanism responsible for
the early increase remains unresolved. However, the difference between the phenotype observed
during productive infection and that obtained following isolated viral protein expression suggests
that coordinated events associated with productive viral infection or effect of nsps and/or viral

proteases activity may be required to ACE2 receptor modulation.

Together, these findings indicate that none of the individual viral proteins successfully evaluated
in this study was sufficient to consistently reproduce the ACE2 upregulation observed during
sHCoV-NL63 infection. Importantly, this conclusion cannot be extended to the complete viral
proteome, as the non-structural proteins were not evaluated. Therefore, the infection-associated
phenotype may depend on non-structural proteins, viral protease activity, interactions among
multiple viral proteins, replication-associated processes, host antiviral responses, or a combination

of these factors.

Overall, although this study did not identify a single viral protein responsible for ACE2 modulation,
the findings suggest that the early increase in ACE2 surface expression may involve mechanisms
associated with the broader context of productive sHCoV-NL63 infection. These findings provide a
basis for future studies investigating the viral and host factors involved in this modulation and may

contribute to a better understanding of how sHCoV-NL63 infection influences its cellular receptor.
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Conclusion

The present study investigated whether individual proteins from sHCoV-NL63 can modulate cell-
surface ACE2 receptor expression. To address this question, polycistronic expression vectors
encoding individual viral proteins were generated and sequence-verified to confirm the expected
sequences, followed by their expression and characterization in HEK293T+ACE2 and LLC-MK2 cells.
Overall, the transient expression system generated detectable expression of the majority of the
evaluated sHCoV-NL63 and sHCoV-229E viral protein constructs, allowing their potential effects on
ACE2 surface expression to be investigated. However, none of the successfully evaluated individual
sHCoV-NL63 proteins were sufficient to consistently induce an ACE2 upregulation. Therefore, under
the experimental conditions evaluated in this study, the isolated expression of the structural and
accessory proteins tested was not sufficient to reproduce the infection-associated ACE2
phenotype. Importantly, this conclusion should not be extended to all sHCoV-NL63 proteins, since

ORF1la and ORF1b proteins could not be evaluated.

Optimization of the transfection and detection protocols in HEK293T+ACE2 cells provided an
experimental system for simultaneously evaluating GFP fluorescence, intracellular FLAG-tagged
viral protein detection, and cell-surface ACE2 receptor expression. However, an important
observation throughout these experiments was that the different constructs did not produce
equivalent GFP and FLAG levels. Most constructs exhibited a higher percentage of FLAG-positive
than GFP-positive cells. This pattern was particularly evident for sHCoV-NL63 Membrane,
Nucleocapsid, Envelope, and Protein 3 and for several sHCoV-229E constructs. Because the
polycistronic vectors generate a bicistronic transcript in which translation of the FLAG-tagged viral
protein is cap-dependent, whereas GFP translation is mediated by an IRES, the generally lower GFP
signal is compatible with differences in translational efficiency between these two mechanisms.
Thus, GFP was useful as an indicator of plasmid delivery and transcription but could not be

interpreted as a direct quantitative measurement of viral protein abundance.
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Nevertheless, some constructs showed the opposite profile, with relatively higher GFP detection
but substantially lower FLAG detection. This was particularly evident for the polycistronic sHCoV-
NL63 Spike construct, for which GFP was detected while FLAG detection was almost absent. Since
GFP detection indicated successful plasmid delivery and synthesis of the bicistronic transcript, the
low FLAG signal could not be explained simply by unsuccessful transfection. Instead, this
discrepancy indicated a construct- or protein-specific limitation occurring post-plasmid delivery,
potentially involving inefficient translation, protein stability, degradation, folding, or accessibility of
the FLAG epitope. These mechanisms were not directly investigated in the present study and
therefore cannot be distinguished based on the available data. The variation observed among
constructs also emphasizes that reporter expression and viral protein detection should not be

considered equivalent measurements of protein expression in our experiment.

Another technical factor influencing GFP quantification was the fixation and permeabilization
required for intracellular FLAG staining. GFP fluorescence was considerably lower in fixed and
permeabilized samples than in the corresponding non-fixed samples evaluated during
optimization. This limitation is particularly relevant when interpreting differences between GFP and
FLAG percentages and reinforces the importance of considering the three measurements (GFP,

FLAG, and ACE2) as related but experimentally distinct parameters.

The inability to efficiently evaluate ORFla and ORF1b represents an important limitation of this
study. Both constructs showed no GFP detection together with high cytotoxicity, resulting in the
recovery of a small and unhealthy cell population that was considered unsuitable for reliable
analysis. The large size and complexity of these constructs likely contributed to the difficulty of
establishing a suitable transient-expression system. This limitation is particularly important in
relation to the central hypothesis because ORFla and ORF1b encode 16 non-structural proteins
involved in viral replication, polyprotein processing, replication-transcription complex formation,

and modulation of cellular antiviral pathways. Studies of SARS-CoV-2 have demonstrated that
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several nsps antagonize innate immune signalling by targeting key molecules involved in interferon
induction and RNA sensing, including RIG-I, MDA5, MAVS, and IRF3. Consequently, failure to
evaluate these proteins represents one of the main limitations of this work. Therefore, the present
study cannot exclude the possibility that one or more non-structural proteins contribute to ACE2

modulation, either directly or indirectly.

Flow cytometry analysis of ACE2 further demonstrated the importance of distinguishing the
percentage of ACE2-positive cells from receptor abundance within the positive population. Across
the successfully evaluated polycistronic constructs, the percentage of ACE2-positive cells remained
relatively stable, with only modest construct-dependent variation. Analysis of ACE2 gMFI provided
an additional measurement and increased sensitivity of receptor-associated fluorescence among
ACE2-positive cells and revealed some variation between experimental conditions. In
HEK293T+ACE2 cells, sHCoV-NL63 proteins showed a modest tendency toward reduced ACE2 gMFl,
whereas sHCoV-229E proteins showed a tendency toward increased gMFI; however, these
differences were small and did not reach statistical significance (one-way ANOVA, p = 0.8688).
Therefore, the combined analysis of ACE2-positive percentage and gMFI supports the conclusion
that none of the successfully evaluated polycistronic sHCoV-NL63 constructs produced a consistent

and statistically significant change in surface ACE2 under the experimental conditions tested.

Characterization of the viral proteins by western blot provided an additional level of validation,
strengthening the flow cytometry findings, but also revealed important technical limitations.
Conventional sample preparation using SDS-containing loading buffer and heat denaturation failed
to consistently detect FLAG-tagged viral proteins despite evidence of successful transfection and
FLAG detection by flow cytometry. Multiple extraction and electrophoresis conditions were
therefore evaluated. Based on previous studies describing detergent- and heat-induced
aggregation of membrane proteins, we hypothesize that sample preparation promoted protein

aggregation, thereby impeding FLAG detection (Lee et al., 2005; Sagné et al., 1996). The best
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condition for FLAG detection was obtained using non-SDS lysis buffer, non-SDS loading buffer, and
non-heated samples followed by SDS-PAGE. Native-PAGE was also tested and produced more
distinct FLAG signals but inconsistent protein migration and was consequently unsuitable for
reliable molecular-weight comparison. Under the optimized conditions using SDS-PAGE, bands
corresponding to the expected molecular weights were detected for several constructs, although
additional bands were also observed, potentially reflecting the native conformation of the protein

and SDS-aggregated forms generated from contact with SDS during SDS-PAGE electrophoresis.

An additional limitation of the western blot experiments was that total protein concentration was
not quantified prior to gel loading. Because viral protein expression was limited for some constructs
and, additionally, due to the aggregation factor encountered, the experimental priority was to
maximize the amount of available lysate loaded onto the gel, characterizing protein presence and
molecular weight rather than normalizing each sample to an identical total protein concentration.
For this purpose, a fixed lysate volume was loaded, and B-tubulin was used as a loading control to
assess comparability between samples. This approach allowed the limited material available from
the transfected cells to be used for FLAG detection, but it reduced the suitability of these blots for
guantitative comparison. Therefore, the western blot results should primarily be interpreted as
gualitative evidence supporting protein detection at or near the expected molecular weight rather

than as a quantitative comparison of expression levels.

The polycistronic sHCoV-NL63 Spike construct represented another technical limitation. Despite
detectable GFP expression, FLAG detection was almost absent, suggesting that plasmid delivery
and mRNA transcription were occurring; however, a limitation potentially related to protein folding,
stability, or epitope accessibility may have affected FLAG detection. The Spike coding sequence was
therefore redesigned in a monocistronic pcDNA3.1 vector, with the FLAG epitope repositioned from
the N-terminus to the C-terminus. This modification substantially improved FLAG detection by flow

cytometry, with approximately 30% FLAG-positive HEK293T+ACE2 cells and 13.4% FLAG-positive
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LLC-MK2 cells following transfection with the redesigned Spike construct. This finding supports the
interpretation that the configuration of the construct affected Spike detection. However, the
experiment cannot distinguish whether the improvement resulted specifically from increased FLAG
accessibility, improved protein stability, improved folding, or the change from a polycistronic to a

monocistronic expression system.

Despite the improved detection of the redesigned Spike construct by flow cytometry, Spike
remained difficult to characterize by western blot. In HEK293T+ACE2 cells, FLAG immunoblotting
produced diffuse and poorly resolved signals without a clearly defined band at the expected Spike
molecular weight, whereas in LLC-MK2 cells, no detectable FLAG band was obtained under the
tested conditions. In contrast, FLAG-positive cells were detected by flow cytometry and dot blot.
These differences illustrate that failure to obtain a well-resolved western blot band cannot, by itself,
be interpreted as the absence of protein expression. Instead, the combined findings suggest that
Spike detection was strongly influenced by the analytical method and sample-processing

conditions.

The redesigned Spike construct also produced one inconsistent observation regarding ACE2
modulation. In HEK293T+ACE2 cells, the percentage of ACE2-positive cells increased from 43.7% in
mock cells to 51.4% following Spike transfection and 52.7% following Spike + GFP co-transfection.
However, this increase in percentage was not accompanied by a significant increase in ACE2 gMFI,
with the overall comparison remaining non-significant (p = 0.5954). Moreover, this experiment was
performed only once and used an antibody batch associated with weaker ACE2 detection.
Therefore, these data were insufficient to conclude that Spike significantly increased ACE2 surface

abundance in HEK293T+ACE2 cells.

A different result was obtained when the redesigned Spike construct was evaluated in LLC-MK2
cells. The percentage of ACE2-positive cells increased from 2.7% in mock cells to 4.1% following

Spike transfection but this increase was not observed following Spike + GFP co-transfection, in
113



which the percentage of ACE2-positive cells remained at 2.7%, comparable to the mock condition.
Analysis of ACE2 gMFI showed a significant increase in cells transfected with Spike alone compared
with mock cells (p = 0.0007). However, this effect was not reproduced in cells co-transfected with
Spike and GFP (p = 0.9667), despite both conditions containing the same Spike expression
construct. Furthermore, ACE2 detection in this experiment was low, limiting the ACE2 and ACE2
gMFI analyses to a relatively small ACE2-positive population, and the experiment was performed
only once. The lack of agreement between the Spike-only and Spike + GFP conditions is particularly
important because a true and reproducible Spike-dependent effect would be expected to show a
consistent direction across conditions in which Spike is expressed. Although a significant result was
obtained with Spike alone, this experiment was performed once with two replicates and presented
the technical limitations described above. Therefore, to allow a more reliable interpretation of
these results, the experiment should be repeated using an antibody with improved detection

efficiency.

It is also important to emphasize the cellular context when investigating host-virus interactions.
Both cell lines used are permissive to sHCoV-NL63 infection. According to the literature, LLC-MK2
is the most commonly used cell line for NL63 infection studies. However, a few other cell lines are
also susceptible to NL63 infection, such as Caco-2 and Vero E6. One study also tested modified
HEK293T+ACE2 and A549+ACE2 cells, both of which showed efficient infection with comparable
virus titers. In general, these cell lines can provide a relevant system for intracellular environment
screening, virus propagation, and isolation, but they do not substitute for the physiological

relevance of primary cells (Lednicky et al., 2013; Herzog et al., 2008; Milewska et al., 2014).

Both cell systems provided distinct but complementary experimental advantages. HEK293T+ACE2
cells exhibited considerably higher transfection efficiency and were therefore valuable for
screening individual viral constructs. However, because these cells are engineered to stably express

ACE2, they may have reduced biological sensitivity for detecting changes in ACE2 expression. To
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partially address this limitation, ACE2 geometric mean fluorescence intensity (gMFI) was analyzed
in addition to the percentage of ACE2-positive cells, allowing more subtle changes in receptor
abundance within the ACE2-positive population to be evaluated. This model was further
complemented by the use of LLC-MK2 cells, which do not rely on stable ectopic ACE2 expression
and provided a system in which the effects of transient viral protein expression could be compared
with those observed during productive sHCoV-NL63 infection. Transfection efficiency and overall
viral protein detection were lower in LLC-MK2 cells, although expression remained sufficient for
the analysis of most constructs. Alternative transfection approaches, such as electroporation, could
potentially improve transfection efficiency in this cell line; however, due to resource limitations,
lipid-based transfection was maintained because it provided sufficient expression for the analyses
performed in this study. Consequently, differences observed between the two cell lines should not
necessarily be interpreted as contradictory biological effects, as transfection efficiency, baseline
ACE2 abundance, protein processing, and other host-cell-specific characteristics may influence the
measured phenotype. Importantly, neither model fully reproduces the physiological environment
of primary human respiratory epithelial cells. Therefore, future validation in more physiologically
relevant systems would strengthen the biological interpretation of ACE2 regulation during sHCoV-

NL63 infection.

While isolated expression of the successfully evaluated viral proteins did not significantly induce
the ACE2 upregulation, sHCoV-NL63 infection produced a dynamic change in surface ACE2 receptor
over time. In the infection kinetics experiment, ACE2 surface expression increased during the early
stages of infection and subsequently declined as infection progressed, reproducing the general
temporal pattern previously reported for sHCoV-NL63. The early increase was detectable before
substantial cell loss, whereas the later decline occurred concomitantly with increasing CPE and loss

of viable cells.
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Although these observations initially raised the possibility that the apparent reduction in ACE2
could be influenced by cell loss, preliminary data from our laboratory suggest that this decline is
not attributable to the loss of infected cells. In these experiments, sHCoV-NL63-infected cells were
stained for the viral N protein together with a live/dead viability marker, and ACE2 expression was
evaluated using both N protein-positive live cells and N protein-positive single cells as gating
strategies. Both analyses showed reduced surface ACE2 in infected cells compared with mock non-
infected cells, supporting the possibility of an active reduction in ACE2 surface expression during
infection (Figure 14 — Appendices). Nevertheless, because these preliminary observations were not
part of the experiments presented in this study, the mechanism underlying the later decrease in
ACE2 cannot be conclusively determined. Biological processes including altered receptor
trafficking, internalization, shedding, or degradation could contribute to the reduction in surface

ACE2, but these mechanisms were not directly evaluated in this study.

Taken together, these findings do not support the identification of a single successfully evaluated
structural or accessory sHCoV-NL63 protein as sufficient to induce significant ACE2 modulation.
However, they also do not exclude a contribution from individual viral proteins that could not be
adequately evaluated, particularly proteins derived from ORFla and ORF1b. During productive
infection, viral RNA synthesis, proteolytic processing of viral polyproteins, formation of replication-
transcription complexes and replication organelles, simultaneous expression and interaction of
viral proteins, cellular remodelling, and activation or antagonism of host antiviral responses occur
within the same cellular environment. These processes are not reproduced by transient expression

of a single structural or accessory protein and remain possible contributors to ACE2 modulation.

The present study narrows the original hypothesis by showing that isolated expression of the
successfully evaluated sHCoV-NL63 structural and accessory proteins was not sufficient to

consistently reproduce the ACE2 phenotype observed during infection. The mechanism responsible
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for the early increase in ACE2 remains unresolved and represents an important direction for future

investigation.
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Future Directions

Since the isolated viral proteins successfully evaluated in this study were not sufficient to induce
significant ACE2 modulation, future studies should investigate viral components and infection-

associated processes that were not represented.

One important direction would be to investigate the contribution of viral proteases, particularly the
papain-like protease (PLpro) and the main protease (3CLpro/Mpro), encoded within ORFla and
ORF1b. Beyond their essential roles in viral polyprotein processing, coronavirus proteases can also
interfere with host signalling pathways involved in innate antiviral responses. In particular, PLpro
possesses deubiquitinating and delSGylating activities that can interfere with proteins involved in
antiviral signalling. Determining whether the expression or enzymatic activity of these proteases
directly or indirectly influences ACE2 surface expression may provide important mechanistic insight
into receptor regulation during sHCoV-NL63 infection. Evaluating these proteins individually, rather
than attempting to express the complete ORFla and ORF1b sequences, may also overcome the
technical limitations encountered with the large constructs used in the present study. Investigating

all 16 nsps individually could also provide insight.

Another important direction would be to investigate the possible indirect contribution of type | and
type lll interferon signalling to ACE2 modulation. Interferons induce a broad antiviral program and
regulate the expression of numerous interferon-stimulated genes. In addition, interferon signalling
has been associated with the induction of the truncated ACE2 isoform, dACE2, rather than
necessarily increasing the expression of the full-length functional ACE2 receptor. Therefore,
simultaneously evaluating interferon production, activation of downstream signalling pathways,
expression of interferon-stimulated genes, and the different forms of ACE2 during sHCoV-NL63
infection could help determine whether the changes observed in ACE2 are directly induced by viral

infection or are partially associated with the host antiviral response. This distinction may also help
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clarify the difference observed in this study between changes in cell-surface ACE2 detected by flow

cytometry and total ACE2-associated protein detected by western blot.

Future experiments should also consider the possibility that ACE2 modulation requires interactions
among multiple viral proteins rather than the activity of one protein expressed in isolation. During
productive infection, structural, accessory, and non-structural proteins are expressed within the
same cellular environment and interact with each other while viral RNA replication, polyprotein
processing, replication-transcription complex formation, and cellular membrane remodelling occur
simultaneously. These conditions are not reproduced by transient expression of individual proteins.
Therefore, co-expression experiments involving selected combinations of viral proteins could help

determine whether cooperative protein-protein interactions contribute to ACE2 regulation.

The redesigned Spike construct should also be further investigated. Although the C-terminal FLAG
configuration substantially improved Spike detection compared with the original polycistronic
construct, the increase in ACE2 gMFI observed in LLC-MK2 cells was not reproduced in the Spike-
plus-GFP condition and was obtained under conditions of reduced ACE2 antibody detection.
Therefore, this observation should be independently replicated using standardized antibody
batches. Additional confirmation of Spike expression would also strengthen the interpretation,
given the difficulties encountered with its detection by western blot, the use of specific antibody

against sHCoV-Spike could improve the detection efficiency and reliability.

Overall, future studies should prioritize the non-structural proteins that could not be evaluated in
the present work, viral protease activity and polyprotein processing, interactions among
simultaneously expressed viral proteins, and host antiviral signalling. A better understanding of
these pathways may not only clarify fundamental aspects of coronavirus biology but also reveal
potential therapeutic targets capable of modulating host susceptibility and limiting the

consequences of respiratory viral co-infections.
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Appendices

HEK 233T+ACE? P value Significance Method
ALL SAMPLES 08488 NO One-way ANOVA

MOCK V5 MEMBRANE 05987 MO Tukey's multiple comparisons test

HOCK Y3 EQ o =0.9999 MO Tukey's multiple comparisons test

MOCK VS ENVELOPE >09999 MO Tukey's multiple comparisons test

sHCoV-ML63 VS PR N3 >0.9999 MO Tukey's multiple comparisans best
ALL SAMPLES (SPIKE PROTEIM

EXPERIMENT) 0.5954 NO One-way ANOVA,

MOCK V3 SPAKE 05815 MNO Tukey's multiple comparisons test

MOCK VS SPIKE + GFF 0.9905 MO Tukey's multiple comparizons test

HMOCK V5 MEMBRANE >0.9999 MO Tukey's multiple comparizons test

HOCK Y3 EC D 0.9993 MO Tukey's multiple comparisons test
MOCK VS ENVELOPE

sHCoV-229€ 09999 NO Tukey's multiple compariscns test
MOCK VS PROTEIM 44

>0.9999 MO Tukey's multiple comparisons test
MOCK VS PROTEIM 4B

09997 (] Tukey's multiple comparisons test
MEMBRAME V5 MEMBRAME

COMTROL 09692 MO Tukey's multiple comparisons test
MUCLECCAPSID VS

sHCoV-MLa&3 NUCLEQCAPSID CONTROL 09967 MO Tukey's multiple comparisons best
V5 EMVELOPE V5 EMVYELOPE

sHCoW-229E COMTROL 09931 MO Tukey's multiple comparisons test
PROTEIM 3 VS PROTEIM 44

CONTROL 09997 MO Tukey's multiple comparisons test
PROTEIM 3 VS PROTEIN 4B

COMNTROL =0.9999 NO Tukey's mukiple compariscns test

Table 1. Statistical analysis of ACE2-positive cells gMFI in transfected HEK293T+ACE2 cells. One-way
ANOVA and Tukey's multiple comparisons test evaluating ACE2 geometric mean fluorescence intensity
(gMFI) in HEK293T+ACE2 cells transfected with polycistronic viral protein and monocistronic spike protein
constructs.

120



LLC MKZ P value Significance HMethod
ALLSAMPLES | 066  NO  Ome-way ANOVA

MOCE Vs MEMBRAME 0.5a0s yLel Tukey's multiple comparisons test
MOCEK V8 NUCLECKCAPSID 0.8588 WO Tukey's multiple comparisons test

sHCoV-MLE3 . ,
MOCEK ¥5 ENVELOPE 0.8aar L] Tukey's multiple comparisons test
MOCK V5 FROTEIM 3 0.8408 MO Tukey's multiple comparisons test

ALL SAMPLES (SPIKE PROTEIN 0.0008 TES One-way AMOVA
EXPERIMEMT)
MHMOCEK WS SPIKE 0.0o07 YES Tukey's multiple comparisons test
MOCK VS SPIKE + GFP 0.Baar L] Tukey's multiple comparisons test
MOCK ¥5 MEMBRAME 0.8573 MO Tukey's multiple comparisons test
sHCoV-229E MoK WS NUCLECCAPSID 0.7625 e Tukey's multiple comparisons test
MOCE ¥5 ENVELOPE 0.6583 MO Tukey's multiple comparisons test
MOCEK V5 PROTEIM 4A 0.8023 yLel Tukey's multiple comparisons test
MOCE %5 PROTHEM 4B 0.8524 WO Tukey's multiple comparisons test
MEMBRAME ¥5 MEMBRAME COMNTROL 0.6958 NG Tukey's multiple comparisons test
MUCLEQCAPSID W5 NUCLEQCAPSID 0.885 MO Tukey's multiple comparisons test
sHCoV-MLG3 COMTROL

Vg EMVELOPE V5 ENVELOPE COMTROL 0.paEs2 yLel Tukey's multiple comparisons test
SHCoV-219E | pROTEIM 3 VS PROTEIN 44 COMTROL 0.990 NO Tukey's multiple comparisons test
PROTHM 3 W5 PROTEIM 48 CONTROL =0.6808 NG Tukey's multiple comparisons test

Table 2. Statistical analysis of ACE2-positive cells gMFI in transfected LLC-MK2 cells. One-way ANOVA and
Tukey's multiple comparisons test evaluating ACE2 geometric mean fluorescence intensity (gMFI) in
HEK293T+ACE?2 cells transfected with polycistronic viral protein and monocistronic spike protein constructs.
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Figure 1. Differential Cytopathic Effects and ACE2 Receptor Modulation Induced by Human
Coronaviruses 229E, OC43, and NL63 in Permissive Cells. (Adapted figures from Siragam et al., 2023).

One of our laboratory’s previous studies revealed that sHCoV-229E, sHCoV-OC43, and sHCoV-
NL63 were capable of exhibiting CPE in their respective cell lines. Notably, only sHCoV-NL63 and
sHCoV-0C43 lead to an upregulation of the ACE2 receptor. These findings highlighted the
differential effects of sHCoVs on receptor modulation and their potential implications for viral

entry and co-infection.
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Figure 2. Western blot troubleshooting for FLAG-tagged viral protein detection in transfected
HEK293T+ACE2 cells. HEK293T+ACE2 cells were transfected with control plasmids and individual sHCoV-
NL63 viral protein constructs, and cell lysates were prepared using different lysis buffers to optimize
protein recovery and FLAG detection. B-Tubulin was used as a loading control, GFP detection was used to
support successful plasmid-associated expression, and FLAG immunodetection was used to evaluate the
corresponding FLAG-tagged viral proteins. (A) Cells were lysed using RIPA buffer. (B) Cells were lysed using
NP-40 buffer. (C) Cells were lysed using Triton-X buffer. Differences in FLAG detection and band resolution
were observed among the tested extraction conditions. Red boxes indicate bands detected of the
corresponding FLAG-tagged viral protein. The additional enlarged panel in B highlights FLAG bands that
were more clearly visualized following image adjustment/increased image exposition.
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Figure 3. Restriction enzyme digestion analysis of the viral protein expression plasmids. Plasmid maps
showing the restriction enzyme sites selected for construct validation and the corresponding agarose gel
electrophoresis results following restriction digestion. Mlul-HF and HindllI-HF were used for the digestion
of the majority of the sHCoV-NL63 and sHCoV-229E structural and accessory protein plasmids. Mlul-HF
was used in combination with Xmal for 229E Nucleocapsid, whereas Sacl-HF and Xmal were used for the
229E-Envelope construct. The resulting DNA fragments were separated by agarose gel electrophoresis,
and the expected fragment sizes based on the plasmid maps are indicated next to the corresponding gel
images. The constructs analyzed were: (1) double-reporter control plasmid; (2) sHCoV-NL63 Membrane;
(3) sHCoV-NL63 Nucleocapsid; (4) sHCoV-NL63 Spike; (5) sHCoV-NL63 Protein 3; (6) sHCoV-NL63 Envelope;
(7) sHCoV-229E Membrane; (8) sHCoV-229E Nucleocapsid; (9) sHCoV-229E Protein 4A; (10) sHCoV-229E
Protein 4B; (11) sHCoV-229E Envelope; and (12) sHCoV-229E Spike. The observed digestion profiles were
compared with the predicted fragment sizes for each construct to support confirmation of the expected
plasmid organization.
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Figure 4. Restriction enzyme digestion analysis of the sHCoV-NL63 ORF1A and ORF1B expression
plasmids. Plasmid maps showing the restriction enzyme sites selected for construct validation and the
corresponding agarose gel electrophoresis results following restriction digestion. MIul-HF was used in
combination with Xmal for the digestion of the sHCoV-NL63 ORF1B plasmid, whereas Agel-HF and EcoRV-
HF were used for the sHCoV-NL63 ORF1A construct. The resulting DNA fragments were separated by
agarose gel electrophoresis, and the expected fragment sizes based on the plasmid maps are indicated
next to the corresponding gel images. The constructs analyzed were: (13) sHCoV-NL63 ORF1B and (14)
sHCoV-NL63 ORF1A. The observed digestion profiles were compared with the predicted fragment sizes for
each construct to support confirmation of the expected plasmid organization.
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Plasmid Sequence Alignment with the Designed Sequences
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Figure 5. Plasmid sequencing alignment with the designed reference sequences. Summary of the reports
from sequence alignments performed in SnapGene to validate the viral protein expression plasmids.
Plasmid sequencing performed by Plasmidsaurus were aligned with the corresponding reference plasmid
sequences originally designed by GeneScript. The alignment reports show the total number of bases
analyzed and the number of mismatches and gaps/insertions identified between the sequenced plasmids
and their corresponding designed sequences. The constructs analyzed were: (A) sHCoV-NL63
Nucleocapsid; (B) sHCoV-NL63 Membrane; (C) sHCoV-229E Nucleocapsid; (D) sHCoV-229E Spike; (E)
sHCoV-NL63 Envelope; (F) sHCoV-NL63 ORF1B; (G) sHCoV-229E Protein 4A; (H) sHCoV-NL63 Protein 3; (I)
sHCoV-NL63 Spike; (J) sHCoV-229E Membrane; (K) sHCoV-229E Protein 4B; and (L) sHCoV-229E Envelope.
All analyzed constructs showed complete alignment with their corresponding designed sequences, with
no mismatches detected. A single-nucleotide gap was reported for the sHCoV-NL63 ORF1B and Spike
constructs. In both constructs, the gap was located outside the protein-coding sequence, downstream of
the stop codon but upstream of the IRES site.
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Figure 6. Electrophoresis results from whole-plasmid sequencing of the viral protein expression
constructs. Electrophoresis results obtained from the plasmid sequencing performed by Plasmidsaurus
for the sHCoV-NL63 and sHCoV-229E viral protein expression plasmids. The electrophoretic profiles
represent the estimated size of each submitted plasmid following sequencing and were used as an
additional assessment of plasmid size and integrity. The constructs analyzed were sHCoV-NL63 Membrane
(NL63_M_2), Nucleocapsid (NL63_N_3), Envelope (NL63_E_4), Protein 3 (NL63_PROTEIN3_6), ORF1B
(NL63_ORF1B_7), ORF1A (NL63_ORF1A_8), and sHCoV-229E Membrane (229E_M_9), Nucleocapsid
(229E_N_10), Envelope (229E_E_11), Spike (229E_S_12), Protein 4A (229E_PROTEIN_4A_13), and Protein
4B (229E_PROTEIN_4B_14). The electrophoresis size profiles were evaluated together with the sequencing
alignment results to support validation of the submitted plasmid constructs.
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Figure 7. Fluorescence microscopy analysis of GFP-expressing control plasmids during optimization of
the transfection and fluorescence detection system in HEK293T cells. Representative brightfield and
fluorescence microscopy images of HEK293T cells transfected with GFP-expressing control plasmids
(peGFP-C3, peGFP-A3G, and peGFP-A2) or FLAG-expressing control plasmids (peFLAG-A3G and peFLAG-
A2). Mock cells were included as a negative control. Cells transfected with the GFP plasmids showed
detectable green fluorescence, whereas mock cells and cells transfected with FLAG constructs showed no
fluorescence. Images were acquired using Zoe and Zeiss fluorescence microscopes to qualitatively assess
cell morphology and GFP fluorescence following transfection. For the Zeiss microscope, samples were
visualized directly through the microscope; however, because the microscope-integrated image
acquisition system was unavailable at the time of the experiment, the displayed brightfield and
fluorescence images were photographed through the microscope eyepiece using a Samsung Galaxy S23
smartphone camera. These microscopy observations complemented the flow cytometry optimization
experiments used to establish fluorescence detection parameters and the gating strategy for distinguishing
GFP-positive from GFP-negative populations.
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Figure 8. Fluorescence microscopy analysis of the double-reporter control in transfected HEK293T cells.
Fluorescence microscopy images of HEK293T cells transfected with the double-reporter control plasmid
expressing both mCherry in frame with FLAG and GFP fluorescent markers. Cells showed detectable
mCherry fluorescence in the red channel and GFP fluorescence in the green channel, confirming the
simultaneous expression and detection of both fluorescent markers. Images were visualized and acquired
using a Zeiss inverted microscope. The images were used for qualitative visualization of fluorescence.
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293T‘+ACE2 cells

Brightfield view on ZOE Microscope
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Figure 9. Brightfield and fluorescence microscopy analysis of sHCoV-NL63 viral protein constructs in
transfected HEK293T+ACE2 cells. Microscopy images of HEK293T+ACE2 cells transfected with the sHCoV-
NL63 Membrane, Nucleocapsid, Envelope, Protein 3, and Spike expression constructs. Mock cells exposed

to the transfection reagent were included as a negative control. The upper row shows brightfield images
acquired using the ZOE microscope to qualitatively assess cell morphology following transfection. The
middle and lower rows show images acquired using the Zeiss inverted fluorescence microscope. The
middle row represents merged brightfield and GFP fluorescence images, whereas the lower row shows
the corresponding GFP fluorescence channel alone that was used to generate the merged images. The
images were used for qualitative assessment of cell morphology and GFP fluorescence.
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Figure 10. Native-PAGE analysis of FLAG-tagged sHCoV-NL63 viral proteins during optimization of protein
detection. Native-PAGE was evaluated as an alternative electrophoretic approach during western blot
troubleshooting to improve the detection of FLAG-tagged sHCoV-NL63 viral proteins. Lysates from
HEK293T+ACE2 cells transfected with sHCoV-NL63 Protein 3, Envelope, Nucleocapsid, and Membrane
constructs were separated under native conditions using a 12% polyacrylamide gel, with mock cells
included as a negative control. Native-PAGE resulted in distinct FLAG bands for the evaluated viral proteins.
However, protein migration did not correspond to the expected molecular weights. Therefore, although
Native-PAGE improved visualization of FLAG bands, it was used only as part of the qualitative optimization
of FLAG detection and was not selected for subsequent molecular-weight comparison of the viral proteins.
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Brightfield and Fluorescence Images on Zeiss Inverted Microscope
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Figure 11. Brightfield and fluorescence microscopy analysis of sHCoV-NL63 viral protein constructs in
transfected LLC-MK2 cells. Microscopy images of LLC-MK2 cells transfected with the sHCoV-NL63
Membrane, Nucleocapsid, Envelope, Protein 3, and Spike expression constructs. Mock cells exposed to
the transfection reagent were included as a negative control. The upper row shows representative
brightfield images acquired using the Zeiss inverted microscope to qualitatively assess cell morphology
following transfection. The middle and lower rows show the corresponding brightfield and GFP
fluorescence images, respectively, acquired during fluorescence microscopy analysis. Brightfield and
fluorescence images are presented separately because the microscope acquisition system recorded the
two imaging channels at different image dimensions, preventing accurate image alignment and merging.
Images were therefore used for qualitative assessment of cell morphology and GFP fluorescence.

132



Mean of FLAG and ACE2 expression across 3 experiments
in transfected HEK293T+ACE2 cells
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Figure 12. FLAG and cell-surface ACE2 expression in HEK293T+ACE2 cells transfected with individual
sHCoV-NL63 and sHCoV-229E viral protein constructs. Flow cytometry analysis showing the average
percentage of FLAG-positive cells and ACE2-positive cells across three independent experiments following
transient transfection of HEK293T+ACE2 cells. FLAG detection was used to assess the presence of the
FLAG-tagged viral proteins, whereas surface ACE2 staining was used to determine the percentage of ACE2-
positive cells. Mock cells, the double-reporter control, and FLAG control were included as experimental
controls. The sHCoV-NL63 constructs analyzed were Membrane, Nucleocapsid, Spike, Envelope and
Protein 3, while the sHCoV-229E constructs included Membrane, Nucleocapsid, Envelope, Protein 4A, and
Protein 4B. Data are presented as the mean % standard deviation (SD) from three independent
experiments (n = 3).
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Mean of FLAG and ACE2 expression across 2 experiments
in transfected LLC-MK2 cells
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Figure 13. FLAG and cell-surface ACE2 expression in LLC-MK2 cells transfected with individual sHCoV-
NL63 and sHCoV-229E viral protein constructs. Flow cytometry analysis showing the percentage of FLAG-
positive and ACE2-positive cells following transient transfection of LLC-MK2 cells. FLAG detection was used
to assess the presence of FLAG-tagged viral proteins, whereas surface ACE2 staining was used to
determine the percentage of ACE2-positive cells. Mock-transfected cells, the single-FLAG control, and the
single-GFP control were included as experimental controls. The sHCoV-NL63 constructs analyzed were
Membrane, Nucleocapsid, Spike, Envelope, and Protein 3, while the sHCoV-229E constructs included
Membrane, Nucleocapsid, Envelope, Spike, Protein 4A, and Protein 4B. Data are presented as the mean +
standard deviation (SD) from two independent experiments (n = 2).
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Figure 14. Preliminary assessment of ACE2 surface expression in sHCoV-NL63-infected LLC-MK2 cells
after viability-based gating. LLC-MK2 cells were infected with sHCoV-NL63 and analyzed at 4 days post-
infection (DPI) by flow cytometry. Cells were stained for surface ACE2 expression, intracellular sHCoV-NL63
N protein to identify infected cells, and with a viability marker to distinguish live and dead cells.
Representative plots show the isotype control, mock uninfected cells, cells gated by N protein-positive and
single cells, and N protein-positive and live cells. ACE2-positive mock cells represented 18.1% of ACE2
expression, compared with 5.86% of cells gated by N protein-positive and single cells, and 5.22% of cells
gated by N protein-positive and live cells. The persistence of reduced ACE2 detection when the analysis
was restricted to viable N protein-positive cells suggests that the decrease in surface ACE2 at this late stage
of infection may not be attributable to cell death or loss of infected cells. These data are preliminary, were
generated independently by Research Associate Negar Joharinia, and are not included in the experimental
results of the present thesis. The author authorized the use of these data as a reference for this thesis.
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