W Durham
University

AR

Durham E-Theses

Understanding cell type responses to SARS-CoV-2
coronavirus spike proteins

GRANGE, THOMAS,DANIEL

How to cite:

GRANGE, THOMAS,DANIEL (2024) Understanding cell type responses to SARS-CoV-2 coronavirus
spike proteins, Durham theses, Durham University. Available at Durham E-Theses Online:
http:/ /etheses.dur.ac.uk,/15600/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/15600/
 http://etheses.dur.ac.uk/15600/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

Understanding cell type
responses to SARS-CoV-2

coronavirus spike proteins

Thomas Daniel Grange

Abstract: The angiotensin converting enzyme 2 (ACE2) receptor is important for the regulation of
blood pressure and as an entry receptor for the SARS-CoV-2 coronavirus. ACE2 degrades the
vasoconstrictive Ang II protein to assist in the maintenance of fluid homeostasis. As the entry
receptor for SARS-CoV-2, ACE2 expression can predict susceptibility to infection alongside host
priming enzymes including TMPRSS2. Whilst SARS-CoV-2 is largely associated with lung
pathology, extrapulmonary organs including the heart, kidney and small intestine are also implicated
in COVID-19. Disruption to ACE2 levels during COVID-19 is associated with exacerbated immune
responses leading to the development of cytokine storms and severe disease states. In this thesis,
ACE2 expression has been assessed in keratinocyte, placental and cervical carcinoma cell lines.
Furthermore, the regulation of ACE2 by cytokines was also investigated. The administration of
recombinant spike proteins did not alter ACE2 expression or localisation in keratinocytes, although
ACE2 downregulation was indicated within placental cells, demonstrating potential cell line specific
responses to SARS-CoV-2 protein. Assays were also devised to investigate downstream responses
to spike proteins in HaCaT, BeWo and HeLa cell lines. The gamma, kappa and omicron spike protein
variants were unable to affect the gross expression of the ACE2 receptor or cytokine responses. This
thesis assesses the suitability of ACE2 antibodies for protein expression and immunofluorescence
analysis and provides a basis for future investigation of SARS-CoV-2 spike responses within

susceptible cell lines.
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Section 1.0 Introduction

1.1 Overview of SARS-CoV-2.

In December 2019, the emergence of pneumonia cases with unknown etiology in Wuhan, China
represented the first cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This
novel, highly pathogenic betacoronavirus is the causative agent of coronavirus disease 2019
(COVID-19) which has developed into a worldwide pandemic. SARS-CoV-2 primarily affects
organs of the respiratory system, causing flu-like symptoms including a cough, fever, loss of taste or
smell, fatigue and in severe cases, lung failure, septic shock, and death (Zaim et al. 2020). Surges of
COVID-19 cases have led to global lockdowns, major economic damage, and a heavy human toll.
As of March 19" 2023, over 760 million positive cases have been diagnosed in 228 countries and

territories, with over 6.8 million deaths reported (WHO 2023).

The predominant cause of death during COVID-19 is from acute respiratory distress syndrome,
ARDS (C. Huang et al. 2020). ARDS is characterised by the rapid onset of pulmonary inflammation
causing a build-up of fluid within the lungs (Han and Mallampalli 2015). This prevents oxygen from
reaching the lungs and subsequent hypoxemia develops. Systemic hyperinflammation resulting from
exacerbated production of pro-inflammatory cytokine and chemokine signalling molecules can also
lead to the development of ARDS and multiple organ failure in severe cases of disease (Ragab et al.
2020). The COVID-19 pandemic represents the 3™ severe epidemic caused by a B-coronavirus in the
previous two decades, after the SARS-CoV and MERS-CoV epidemics in 2003 and 2012
respectively. This demonstrates the global threat of viral zoonotic transmission to human

populations, especially within the Coronaviridae family.

Controversy surrounds the proximal origins of the SARS-CoV-2 virus, although there is a scientific
consensus that the emergence is a result of animal-to-human interspecies transfer (J. Xu et al. 2020).
The detection of an early cluster of cases linked to the Huanan market in Wuhan supports the
possibility of zoonotic transfer from an animal source at this location (Andersen et al. 2020).
Phylogenetic analyses have shown that the SARS-CoV-2 viral genome is closely related to that of
SARS-CoV, with up to 79.5% base pair similarity (R. Lu et al. 2020). However, the SARS-CoV-2
virus exhibits greater human-to-human transmission than SARS-CoV. Structural differences in
surface protein composition and the kinetics associated with viral load may be responsible for this
increased transmissibility (Cevik et al. 2020). This property, combined with a relatively long average

incubation time of 5.8 days, has hampered human efforts to limit viral spread (Mcaloon et al. 2020).



1.2 Genomic organisation of SARS-COV-2.

As with related coronaviruses, the genetic material of SARS-CoV-2 is organised into a positive
single-stranded RNA genome with a 5” cap and a 3’-poly-A tail. SARS-CoV-2 possesses one of the
largest known RNA genomes, consisting of approximately 30,000 nucleotides (Naqvi et al. 2020).
The SARS-CoV-2 genome comprises five major open reading frames (ORF’s) and a number of
accessory genes which encode for 29 viral proteins. The genetic arrangement of ORF’s within SARS-
CoV-2 is highly similar to both the SARS-CoV and MERS-CoV viruses (Naqvi et al. 2020). Of the
29 SARS-CoV-2 proteins, 16 are non-structural proteins (nsp’s), 9 are accessory and 4 have
structural functions (Bai, Zhong, and Fu Gao 2022). Two-thirds of the RNA genome is occupied by
two overlapping ORF’s located at the 5’ end- ORF1la and ORF1b, which encode two polypeptides
that are proteolytically processed into the 16 nsp’s required for RNA replication and transcription

(Troyano-Hearnes, Reinosa, and Holguin 2021).

The 3’ end of the SARS-CoV-2 genome encodes for the four major structural proteins- the spike (S)
glycoprotein, membrane (M) protein, envelope (E) protein and nucleocapsid (N) protein. The
molecular arrangement of SARS-CoV-2 is displayed in Figure 1. The spike, membrane and envelope
proteins constitute the viral envelope whilst the nucleocapsid protein binds to viral RNA to assist in
genome packing against the internal envelope surface (Xiang et al. 2020). The membrane and
envelope proteins are important for viral assembly, budding and virus morphogenesis (Kumar et al.
2020). The spike protein has a major role in binding host cellular receptors via spike-receptor fusion
to stimulate viral infection. Together, these structural proteins confer stability to the complete viral

particle and are responsible for pathogenicity of the complete virus.

The 3’ end of the SARS-CoV-2 genome also encodes the nine accessory proteins which are
understood to have roles in virulence and host interaction (Xiang et al. 2020). ORF3b, ORF6, ORF7a,
ORF8 and ORF9b proteins function to assist immune evasion by interfering with type I IFN action
and by inhibiting cytokine secretion (Redondo et al. 2021). ORF9b also inhibits the RIG-I-MAVS
antiviral signalling pathway which may contribute to worsening infections (Wu et al. 2021). Despite
their high sequence similarity, accessory proteins are poorly conserved between SARS-CoV-2 and
SARS-CoV. Accessory proteins are also less well characterised than other SARS-CoV-2 proteins,
possibly because they are not essential for viral replication (Hassan et al. 2022). As such, they present
less potent targets for the development of therapeutic interventions. However, the manipulation of
the host immune system through interference in inflammatory cytokine production suggests that

accessory proteins may have a greater role in SARS-CoV-2 pathogenicity than initially believed.



1.3 ACE2 and the RAAS.

In mammals, the ACE2 gene encodes for angiotensin converting enzyme Il (ACE2), a type I cell
surface glycoprotein with a molecular weight of 110kDa (Devaux, Rolain, and Raoul 2020). This
membrane-bound protein is expressed in a range of tissue types, and consists of a C-terminal
transmembrane anchor, N-terminal signal peptide region and a metalloprotease motif with catalytic
activity (Samavati and Uhal 2020). Although ACE2 acts as the primary receptor for SARS-CoV-2
entry, the standard function of ACE2 in humans is the regulation of the renin-angiotensin aldosterone
system (RAAS). The RAAS is required for maintaining blood pressure and systemic vascular
resistance (Fountain and Lappin 2022). The RAAS is composed of two counter-regulatory arms, the
classical arm and the alternative anti-inflammatory arm. The classical arm comprises the
ACE/Angiotensin II (Ang IT)/AT1 receptor (AT1R) axis, whilst the anti-inflammatory arm involves
the ACE2/Angiotensin 1-7 (Ang 1-7)/Mas receptor system (Lanza et al. 2020).

ACE protein exhibits 42% sequence homology with ACE2 and is more ubiquitously expressed in
human cell types (Donoghue et al. 2000). Despite the shared structural constitution, these enzymes
perform divergent functions. ACE catalyses the conversion of physiologically inactive angiotensin I
(Ang 1) into the potent vasoconstrictor Ang II (Guang et al. 2012). Ang II then binds to ATIR
receptors expressed in the adrenal cortex, brain and kidney, stimulating release of aldosterone
(Benigni, Cassis, and Remuzzi 2010). ACE also degrades peptides required for vasodilation
including bradykinin and substance P (Sturrock and Acharya 2021). Overall, these actions result in

vasoconstriction and an increase in blood pressure.

ACE2 plays a major physiological role within the RAAS by counterbalancing the function of ACE,
the human homolog of ACE2, to maintain fluid homeostasis (Sparks et al. 2014). ACE2 converts
Ang I into Ang 1-9 (Angiotensin 1-9) through cleavage of a single C-terminal leucine residue. ACE2
also produces the vasodilator Ang 1-7 by degradation of Ang II (Burrell et al. 2004). Although ACE2
degrades both Ang I and Ang II in-vivo, it preferentially metabolises Ang II. Indeed, ACE2 displays
a 400-fold higher catalytic efficiency for Ang II than for Ang I (Polak, Speth, and Faha 2021). The
bipartite regulation of Ang II levels by ACE and ACE2 allows angiotensin metabolism to be closely
controlled. Together, the enzymatic actions of ACE and ACE2 modulate the balance of vasodilators
and vasoconstrictors to control fluid homeostasis. Relatively high overall ACE2 expression within
mammals favours Ang 1-7 over Ang II, giving ACE2 a cardioprotective role through the Ang 1-
7/Mas signalling pathway (Wong 2016). The RAAS also assists in regulation of cell proliferation
and the immune-inflammatory response which occurs during infection (Mascolo et al. 2021). The
RAAS is a delicate balance between the counter-regulatory arms, with dysregulation resulting in
severe clinical consequences including hypertension, cardiovascular disease and strokes (T. K. W.

Ma et al. 2010).



14 The SARS-CoV-2 spike protein.

The mechanism of viral entry into susceptible host cells is a crucial component of the infection
pathway of all viruses. All human coronaviruses (hCoVs) express surface crown-like spike proteins
on the exterior of the viral particle to allow these viruses to penetrate susceptible cells (Verma and
Subbarao 2021). The SARS-CoV-2 spike protein is responsible for the recognition of appropriate
host receptors and as such, is a major determinant for viral tropism. Attachment of the virion to the

cell surface precedes the fusion of host and viral membranes which leads to viral invasion.

The SARS-CoV-2 virus requires surface expression of ACE2 for infecting host cells. HeLa cells that
transiently express ACE2 protein are susceptible to infection by SARS-CoV-2 although ACE2-
deficient HeLa cells are not, demonstrating the importance of receptor expression (P. Zhou et al.
2020). The ACE2 protein is also characterised as the functional entry receptor for the closely related
SARS-CoV and the alphacoronavirus HCoV-NL63 (W. Li et al. 2003). Association of the
homotrimeric SARS-CoV-2 spike protein with surface ACE2 is the initial step for invasion of
susceptible host cells (Figure 1). These spike proteins protrude from the surface of mature viral
particles and mediate cellular invasion of the host cells through binding to ACE2 (Y. Huang et al.
2020). Receptor recognition by p-coronaviruses is a key determinant for infectivity, pathogenesis,
and host selection (Shang et al. 2020). Prior to receptor binding, spike proteins adopt a metastable

pre-fusion conformation that is enzymatically cleaved to allow cell entry (Figure 1).

The SARS-CoV-2 S protein consists of two subunits, S; and S, which perform distinct roles in the
infection process. The S; subunit is located at the membrane distal tip of the spike glycoprotein and
contains the receptor binding domain (RBD, 319-541 residues) and an N-terminal domain (NTD, 14-
305 residues) (Dejnirattisai et al. 2021). An N-terminal signal peptide (SP) located in the S; subunit
helps guide the S protein to the cell membrane (Hoffmann, Hofmann-Winkler, and P6hlmann 2018).

The S, subunit is required for mediating the fusion of host and viral membranes to allow viral entry.

During viral replication inside infected cells, modification of nascent spike proteins through
attachment of N-linked glycans results in the production of complete spike glycoproteins
(Bagdonaite and Wandall 2018). The exterior envelope of a SARS-CoV-2 particle displays 66 N-
linked glycosylation sites, enabling extensive glycosylation to occur (Petrovié, Lauc, and Trbojevi¢-
Akmaci¢ 2021). This glycosylation can mask the SARS-CoV-2 virus from detection by the host
immune system. By presenting a so-called ‘glycan shield’ to the exterior of the viral particle,
neutralising antibodies of the host can be prevented from recognising key viral epitopes (Casalino et
al. 2020). This form of immune evasion is effective for promoting pathogenicity. Shielding of S
proteins with a polysaccharide coat is observed for a wide range of viral glycoproteins, including
those of SARS-CoV, influenza and HIV-1. This glycosylation assists in immune evasion by masking

immunogenic surface proteins (Watanabe et al. 2020). The emergence of novel SARS-CoV-2



variants exhibiting additional or altered glycosylation sites has been reported (Newby et al. 2023).
These mutations may give rise to greater immune escape through additional masking of viral antigens

from host antibodies or by altering the wider antigenic structure beyond this site.

The RBD of the S; subunit is a critical component as this presents the interacting surface for binding
with ACE2 receptors. Furthermore, the RBD of the spike protein is thought to be one of the most
variable sections of the SARS-CoV-2 genome (P. Zhou et al. 2020). Crystal structures of SARS-
CoV-2 spike proteins have elucidated that the RBD is composed of a core region and a receptor
binding motif (RBM), the latter of which mediates the direct contact with ACE2 (Shang et al. 2020).
There is significant sequence homology (76%) between SARS-CoV-2 and SARS-CoV spike
proteins, with the RBD’s also displaying 74% sequence similarity (Jaimes et al. 2020).

Cryo-electron microscopy analysis has confirmed that the SARS-CoV-2 spike protein adopts
multiple conformations with individual functions. Prior to infection, the S protein exists as an
inactive trimer on the surface of the virus. However, as the SARS-CoV-2 virus interacts with the host
cell, the spike protein transitions from a pre-fusion to a post-fusion state. These structural changes
facilitate the invasion of susceptible host cells. The initial binding of SARS-CoV-2 spike proteins to
the host receptor results in conformational changes that cause dissociation of the S; subunit from
ACE2. This process prompts the S, subunit to adopt a post-fusion state which subsequently enables
membrane fusion to occur (Kirchdoerfer et al. 2018; Lan et al. 2020). The conformational transitions
that occur within the spike protein during cellular invasion are crucial for coronavirus pathogenicity.
Stabilising mutations which prevent the structural shift from pre-fusion to post-fusion states can
inhibit viral entry and thus eliminate the infectivity of SARS-CoV and SARS-CoV-2 (Kirchdoerfer
et al. 2018). Additional enzymatic actions on exposed regions of the spike protein also assist in the
viral infection pathway. This activation of the spike protein through proteolytic processing is called

‘priming’.



SARS-CoV-2

_— REL
Spike (S)
Envelope (E) NTD
S1/S2
cleavage site
Membrane (M) FP
S2' cleavage
Nucleocapsid (N) site
ssRNA A
(~30kb genome) Prefusion spike
“.‘ glycoprotein
ACE2
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Figure 1: SARS-CoV-2 virus structure and interaction with host factors.
The prefusion spike glycoprotein consists of subunits 1 and 2 (S; and S,), with a receptor binding
domain (RBD), N-terminal domain (NTD), S1/S; cleavage site, fusion peptide (FP) and S»’

cleavage site. Interaction of the spike protein with host ACE2 precedes cellular invasion, with

TMPRSS2-mediated priming of S also required for viral entry.



1.5 Priming of spike proteins by host factors.

Following binding of the spike protein to ACE2, host proteases can cleave the S protein into
individual S and S, subunits, activating the spike and allowing subsequent viral entry (Y. Huang et
al. 2020). Host proteases are utilised by all members of the Coronaviridae family to ‘prime’ spike
glycoproteins through cleavage at specific sites. A polybasic cleavage site located at the boundary
between the S;and S subunits contains multiple arginine residues (RRAR). This region is able to be
cleaved by the subtilisin-like host enzyme furin along with other proteases and as such, is described
as a furin cleavage site (FCS). The presence of polybasic cleavage sites within spike protein subunits
is not unusual for B-coronaviruses, with the human infecting OC43, HKU1 and MERS-CoV viruses

all expressing these motifs (Sternberg and Naujokat 2020).

Processing of the spike protein at these cleavage sites plays an important role in the pathogenesis of
B-coronaviruses (Chan and Zhan 2022). Whilst SARS-CoV possesses a monobasic cleavage site at
the Si/S; boundary, SARS-CoV-2 contains a unique polybasic FCS at this region (Winstone et al.
2021). The presence of a polybasic FCS has been suggested to contribute to the greater infectivity of
SARS-CoV-2, as furin or furin-like human proteases are necessary for activation of the spike protein
(Sternberg and Naujokat 2020). These enzymes are ubiquitously expressed in humans, providing
ample priming to the SARS-CoV-2 spike. The critical importance of priming by host proteases has
led to these enzymes being proposed as possible targets for antiviral intervention (Hoffmann,
Hofmann-Winkler, and P6hlmann 2018). Furthermore, investigations into deletions of the FCS at
the Si/S, boundary have demonstrated that this region is important for viral entry, with modified

SARS-CoV-2 particles restricted to low pH compartments (Winstone et al. 2021).

Priming of the spike protein by the host protein transmembrane serine protease 2 (TMPRSS2) is
required for viral entry of SARS-CoV-2 (Figure 1). TMPRSS2 is widely expressed on the surface of
many susceptible human tissues including the lungs, thyroid, gastrointestinal tract, pancreas, kidney
and liver (Piva et al. 2021). In addition to the polybasic FCS site at the Si/S> boundary, the cleavage
site S,” must also be processed to allow viral invasion (Jackson et al. 2021). This site has been

identified as the KPSKR sequence at residues 810-815 in the spike (Essalmani et al. 2022).

The S,’ site is situated within the S, subunit and is thus inaccessible to external proteases in the pre-
fusion state. However, engagement of ACE2 with the S; subunit enacts conformational changes
which expose the S;’cleavage site for processing (D. Ma et al. 2020). Cleavage of S2’ induces
additional structural rearrangements within the spike glycoprotein that bring the viral and cellular
membranes into close contact. This assists in the creation of a fusion pore, allowing insertion of viral
genetic material into the host cell. TMPRSS2 is one of multiple host enzymes that proteolytically

cleave residues within the S;’site to enhance viral entry (Yi et al. 2020).



Additional cleavage sites within the SARS-CoV-2 spike protein also exist. Additional host serine
proteases and cathepsins such as furin and cathepsins B and L may also act upon these cleavage sites
to liberate the S, fusion peptide (FP) and instigate membranal fusion (Bollavaram et al. 2021;
Peacock et al. 2021). The cathepsin B/L dependent auxiliary activation pathway is especially
prevalent during infection of cells lacking expression of TMPRSS2. The cysteine protease cathepsin
L is predominantly located within endolysosomal vesicles where it degrades protein antigens
produced by pathogen endocytosis (Miiller, Dennemérker, and Reinheckel 2012). However, during
COVID-19 infection, cathepsin L is excessively secreted into circulating plasma where it may cleave
between residues Thr696 and Met697 to cause dissociation of the S;and S, domains at the subunit
boundary (Gomes et al. 2020). The concentration of cathepsin L is also correlated with disease
severity in patients suffering from COVID-19 (Zhao et al. 2021). This suggests that cathepsin L may
contribute to acute disease states by assisting the processing of the SARS-CoV-2 spike protein.

The TMPRSS2 enzyme also primes the spike proteins of other coronaviruses including the
pathogenic human viruses MERS-CoV and SARS-CoV, resulting in virus-cell membrane fusion
(Iwata-Yoshikawa et al. 2019). This ability to utilise a range of host proteases for activation of entry
proteins provides multiple routes for SARS-CoV-2 invasion. A number of serine protease inhibitors
have been developed as potential therapeutic agents following the discovery of their importance
within the SARS-CoV-2 infection pathway. The use of potent TMPRSS2 inhibitors, such as camostat
mesylate have proven effective in inhibiting SAR-CoV-2 activation and reducing cellular entry in-
vitro (Hoffmann et al. 2021). Human trials have also been performed on COVID-19 patients with
mixed results. Whilst studies have reported viral load reductions, the clinical improvement of
hospitalised patients may be unaffected by camostat mesylate (Chupp et al. 2022; Tobback et al.
2022; Kinoshita et al. 2022). Due to the exploitation of numerous host enzymes for priming spike
proteins, absolute suppression of viral entry through protease inhibition is unfeasible. However,
limitation of SARS-CoV-2 pathogenicity through therapeutic means may be effective in preventing
severe disease. The development of prophylactic medicines to protect against acute COVID-19 has

also involved priming proteinase inhibitors (Rahbar Saadat et al. 2021).



1.6 Spike-ACE2 complex formation.

The presence of suitable membrane-bound receptors and the expression of viral surface proteins with
complementary bindings sites contributes to the success and pathogenicity of B-coronaviruses. The
molecular interactions and binding affinity between the host receptor and viral entry proteins can
therefore play a major role in determining the outcomes of infection. For this reason, extensive
characterisation of the complex formed between the SARS-CoV-2 spike protein and the ACE2
receptor has been completed. Whilst isoforms of ACE2 exist, including the truncated form 3-ACE2,
only full length ACE2 acts as the receptor for SARS-CoV-2 (Onabajo et al. 2020).

The structure of the SARS-CoV-2 RBD-ACE2 complex has been elucidated using X-ray
crystallography. The interface of this complex represents the initial interaction between SARS-CoV-
2 and ACE2 on the surface of susceptible host cells. The receptor binding motif (RBM) is a region
of the SARS-CoV-2 spike protein RBD (residues 438-506) containing the majority of contacting
residues required for binding to ACE2 (Yi et al. 2020). ACE2 contains an N-terminal peptidase
domain consisting of two lobes, the smaller of which interacts with the RBM region of the viral spike
(Lubbe et al. 2020). This RBM consists of short B-5 and -6 strands twisted together to present a
concave interacting surface towards the N-terminal helix of ACE2 (Lan et al. 2020). The surface area
of this interface is maximised through ‘cradling’ of the N-terminal a-helix by the exterior surface of
the spike RBM, resulting in 17 RBD residues being in close contact with 20 residues of ACE2 (Lan
et al. 2020).

There are six amino acid residues within the SARS-CoV-2 spike RBD that are crucial for interaction
with ACE2- 1455, F486, Q493, S494, N501 and Y505 (Andersen et al. 2020). Of these six residues,
five are distinct from the SARS-CoV genome. Although the RBM is the major functional motif of
the RBD, the remaining regions are important for maintaining structural integrity of the RBD-ACE2
complex (Yi et al. 2020). Amino acid alignment investigations have determined that the sequence
similarity of the RBD region between SARS-CoV and SARS-CoV-2 is 74% (R. Lu et al. 2020).
However, RBM similarity is only 47%, highlighting the variability of this binding region (Jaimes et
al. 2020). Interestingly, the overall mode of SARS-CoV-2 RBD-ACE2 binding is determined to be
nearly identical to that of SARS-CoV RBD-ACE?2, despite the low amino acid identity.

Interactions between ACE2 and SARS-CoV-2 S proteins have been determined both in-vitro and
with computer simulations. A network of hydrophilic interactions is a prominent feature of the RBD-
ACE2 interface, with 2 salt bridges and 13 hydrogen bonds strengthening formation of this complex
(Lan et al. 2020). Independent of the RBD, the SARS-CoV-2 spike protein also expresses a single
lysine residue, Lys417, that forms a salt-bridge interaction with the ACE2 residue Asp30 (Lan et al.
2020). This contact is absent within SARS-CoV spike-ACE2 interaction. Presence of the salt-bridge
contributes to a greater electrostatic complementarity for SARS-CoV-2 than SARS-CoV binding



ACE2 (Yingjie Wang, Liu, and Gao 2020). These minor differences in spike-ACE2 binding between
SARS-CoV and SARS-CoV-2 may contribute to the overall difference in spike-ACE2 affinity.
Indeed, an investigation using surface plasmon resonance analysis has determined that overall
binding affinity for the spike RBD-ACE2 complex is greater for SARS-CoV-2 than SARS-CoV,
15nm and 40nm respectively (Shang et al. 2020). Surface area of the binding interface is also greater
for SARS-CoV-2, with additional amino acid residues contributing to this interacting region

(Sternberg and Naujokat 2020).

The significance of the association between the SARS-CoV-2 spike RBM and ACE2 can be observed
through the effects of altering the interacting surface. Mutations within key residues of the RBD,
such as Lys353, have a significant impact upon enhancement of the binding interaction (Y. Huang
et al. 2020). This residue forms a strong hydrophobic interaction with Tyr505, which is required for
stabilising the binding surface (Du et al. 2021). If the conserved Lys353 residue is mutated to
histidine, then the RBD-ACE2 complex exhibits weaker binding (Lupala et al. 2020). Simulations
of molecular dynamics also show how mutations within non-RBM regions can alter the structure of
the RBD and influence its interaction with ACE2 (Du et al. 2021). Although mutations within the
RBD can be deleterious for binding ACE2, there are a substantial number which are well-tolerated
or lead to enhanced binding (Starr et al. 2020). Enhancement mutations may be selected for if they
provide greater SARS-CoV-2 infectivity. Therefore, surveillance of viral mutations and the
functional annotation of these is important for tracking the evolution of the SARS-CoV-2 virus and

for identifying possible new variants of concern (VOC’s).

The RBD and NTD of the S; subunit are important immunogenic regions which promote immune
responses. The RBD in particular constitutes the principal target for binding of neutralising
antibodies (Hoffmann, Hofmann-Winkler, and P6hlmann 2018). Due to the critical importance of
the RBD within the viral life cycle, it has been designated a major site for antibody-induced inhibition
of viral entry (Jackson et al. 2021). Whilst all sub-regions of the spike protein can elicit an immune
response, antibodies produced against the RBD have the highest affinity (Ravichandran et al. 2020).
Interestingly, neutralising antibodies against the SARS-CoV RBD may exhibit cross-binding to the
SARS-CoV-2 RBD (Lok et al. 2021). This is the result of partly shared RBD sequence homology,
although cross-neutralisation of live SARS-CoV-2 virus with SARS-CoV antibodies is limited (Lv
et al. 2020). SARS-CoV-2 therapeutics also target exposed regions required for successful viral
invasion and replication. The central helix and HR1 domain of the S, subunit stimulate immune
responses as these are exposed on the stem region of spike protein trimers (J. Zhang et al. 2021).
Identification of these immunogenic regions, along with an understanding of the interactions
occurring during spike-ACE2 association, can provide insights into key targets of monoclonal

antibody therapy.
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1.7 SARS-COV-2 variants.

The efficient transmissibility of SARS-CoV-2, along with the emergence of asymptomatic variants
has led to high viral success. This is demonstrated by the rise in global infections, especially in re-
infected individuals. The majority of mutations that arise are deleterious and are soon purged from
the gene pool. However, if a mutation occurs which heightens transmissibility, assists in immune
evasion or otherwise improves host-pathogen interactions, then this may be selected for. An increase
in frequency of a particular variant suggests that the present mutations confer a competitive
advantage in the phenotype (Lauring and Hodcroft 2021). This advantage may be expressed as a
greater capacity for intrinsic replication, increased viral loads within the host or greater immune

evasion contributing to increased transmissibility (Yurkovetskiy et al. 2020).

A single mutation conferring a significant phenotypic advantage can result in the dominance of a
variant across the globe. Indeed, the D614G substitution first observed in March 2020 causes
increased interhuman transmission and has become ubiquitous among highly transmissible SARS-
CoV-2 variants (Plante et al. 2021). Compared to the beginning of the COVID-19 pandemic, there
are now heightened selection pressures affecting the evolution of the SARS-CoV-2 genome. Mass
vaccination and widespread infections have changed the immune profiles of susceptible human
populations, protecting individuals against disease. This selection pressure may have contributed to
the emergence of SARS-CoV-2 variants that are more effective in escaping the neutralising
antibodies present after vaccination or primary infection (L.-F. Wang et al. 2022). Additionally,
variant-dependent effects of the SARS-CoV-2 virus upon the host immune response may exist.
Possible dysregulation of cytokine and/or ACE2 levels during infection may negatively influence

host responses during COVID-19, contributing to greater viral pathogenicity.

The rise of asymptomatic variants has been observed during the course of the COVID-19 pandemic,
with reductions in lethality and greater infectivity becoming more predominant in recently identified
variants (Hu et al. 2021). Highly contagious and asymptomatic viruses with an extended incubation
period (such as SARS-CoV-2) are difficult to track, which makes the identification of positive cases
difficult. However, the identification of many SARS-CoV-2 mutations and possible links with
pathological changes is critical for understanding viral evolution and responding effectively to the

emergence of dangerous variants (Cheng et al. 2022).

Publicly available genomic epidemiology data has allowed for global characterisation of variant
subtypes, with those greatly influencing viral transmissibility and antigenicity labelled as ‘Variants
of Concern’ (VOC’s) by the World Health Organisation (WHO). As of 22" March 2023, five VOC’s
have been characterised by the WHO- the alpha, beta, gamma, delta, and omicron SARS-CoV-2
variants (WHO 2023). In addition to this, ‘Variants Under Investigation’ (VUI’s) and ‘Variants of
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Interest’ (VOI’s) have also been designated, representing recently discovered lineages and those with

genetic changes affecting viral transmissibility or immune escape.

The most important mutations acquired within the SARS-CoV-2 genome occur within the regions
encoding for the spike protein (Gusev et al. 2022). This is likely due to the importance of the spike
protein for cellular invasion, as well as being a major target for neutralising antibodies during the
host immune response. Mutations within this region can significantly alter pathogenicity and
virulence or impede the efficacy of vaccines in preventing infections. Enhancement of the binding
affinity between the SARS-CoV-2 spike and the ACE2 receptor may also result in greater viral entry,
improving efficiency of infection. The evolution of SARS-CoV-2 spike proteins appears to select for
mutations that increase ACE2 binding and allow for greater evasion of host neutralising antibodies

(Saville et al. 2022).

The kappa (k) variant (B.1.617.1) was first detected in India in October 2020 with identification of
this variant coinciding with a resurgence of COVID-19 cases in the country (W. Ren et al. 2022).
Eight mutations are determined within the k-spike protein (Figure 2). The E154K mutation occurs
within an exposed loop of the NTD, likely affecting the propensity of antibody binding to this region
(Saville et al. 2022). After the RBD, the N-terminal domain is the region targeted most by anti-
SARS-CoV-2 neutralising antibodies (McCallum et al. 2021). The L452R mutation is a substitution
within the RBD which may contribute to greater binding affinity to ACE2, increasing the efficiency
of cellular invasion (Tchesnokova et al. 2021). L452R also contributes to immune escape, potentially
leading to increased transmissibility and pathogenicity (Motozono et al. 2021). The E484Q mutation,
as with L452R, reduces susceptibility of the k-spike to monoclonal antibodies (Verghese et al. 2021).
Interestingly, these two mutations are not synergistic for antibody evasion, as sensitivity to
neutralising antibodies is reportedly similar for L452R and E484Q alone when compared to the
presence of both mutations in k-spike protein (Ferreira et al. 2021). The P681R mutation is present
immediately prior to a FCS at residues 682-688. Substitution here enhances cleavage and activation
of the spike by furin and furin-like proteases (Saito et al. 2021). Thus, P681R results in enhanced
viral tumorgenicity and transition of the spike protein into a post-fusion state (Saville et al. 2022).
P681R mutations are also present in the delta variant (also of the B.1.617.2 lineage) with significantly

increased pathogenicity (Dhawan et al. 2022).

The gamma (y) variant (lineage P.1) first appeared in Brazil in December 2020 where it contributed
to a surge in COVID-19 cases in the city of Manaus (Naveca et al. 2022). Several mutations within
the y variant are not present within the original SARS-CoV-2 virus genome (Figure 2), including
N501Y, also present within o and B SARS-CoV-2 (Y. Liu et al. 2022). N501Y increases the affinity
of the viral spike for ACE2, enhancing the binding interaction (F. Tian et al. 2021). Convergent

evolution of the N501Y mutation in several lineages suggests this substitution confers a major
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phenotypic advantage. E484Q is also observed within the y-spike, as with the k variant (Jangra et al.
2021). Substitution of glutamic acid at residue 484 is also shared by spike proteins of the B, 3 and o
variants, with reductions in antibody neutralisation conferred in each case (Wise 2021; Khateeb, Li,
and Zhang 2021). This highlights the importance of E484Q for viral success as mutations robustly

increase reproductive fitness.

The current COVID-19 pandemic is predominated by cases of omicron (o, lineage B.1.1.529),a VOC
first reported in South Africa in November 2021 and has since developed into many sub-lineages
(BA.1-BA.5) (D. Tian et al. 2022). The initial SARS-CoV-2 omicron variant displays 32 mutations
within the spike protein (Figure 2) (Shrestha et al. 2022). Three mutations in the proximity of the
FCS at the S;/S; boundary facilitate cellular invasion (Lubinski, Jaimes, and Whittaker 2022). A
multitude of substitutions within the RBD, such as S371L, S375F, G446S, S447N and T478K assist
in increasing spike-ACE2 affinity (J. Zhang et al. 2022; D. Tian et al. 2022). Vaccine efficacy is also
reduced by NTD and RBD mutations, as neutralising antibodies are unable to bind due to
considerable RBD modification. The reduced immunogenicity conferred by the o-variant has
contributed to a wave of re-infections after primary infection or vaccination (Pilz et al. 2022).
Structural analysis of the omicron variant has demonstrated that ACE2 binding, whilst improved, is
similar to the Alpha variant first detected in November 2020 (Mannar et al. 2022). However, the
increased transmissibility of omicron is a result of a heightened ability to evade neutralisation by
host antibodies (Zepeng Xu, Liu, and Gao 2022). The combination of enhanced ACE2 binding and
greater immune escape explains the dominance of novel variants across the globe. It is inevitable that
mutations within the SARS-COV-2 genome will continue to arise, presenting a constant
epidemiological need for genetic monitoring to identify novel variants and to characterise the

phenotypes conferred by new mutations.
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Figure 2: Sequence alignments for SARS-CoV-2 variant spike proteins.

Sequence alignments of three SARS-CoV-2 variant spike proteins, A (Gamma), B (Kappa), and C
(Omicron). Labelled mutations represent amino acid substitutions compared to the original SARS-
CoV-2 reference genome. Regions including the NTD (N-terminal domain), RBD (receptor
binding domain), RBM (receptor binding motif), SD1 (sub-domain/subunit 1), SD2 (sub-
domain/subunit 2) and S;/S; boundary are shown. Data obtained from outbreak.info Genomics

Reports (Gangavarapu et al. 2022).
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1.8 SARS-CoV-2 uses ACE2 for cellular entry.

Despite the known manifestation of COVID-19 as a respiratory illness, the SARS-CoV-2 virus can
infect a range of cell and tissue types. The nature of ACE2 as the primary receptor for SARS-CoV-
2 entry has defined the presence of this protein as a major indicator for susceptibility to infection.
Tissues expressing high levels of ACE2 are therefore targets for SARS-CoV-2. ACE2 receptors are
ubiquitously expressed within the heart, kidney, gut, gallbladder, testis and small intestine (Hikmet
et al. 2020; M. Y. Li et al. 2020). Epithelial cells of the respiratory system (especially type II
pneumocytes) also express ACE2, with the lungs and upper respiratory tract representing the
predominant sites for SARS-CoV-2 infection (Zhe Xu et al. 2020; Hamming et al. 2004). This
correlates with the pneumonia-associated symptoms exhibited during SARS-CoV-2 infection,
including a fever, cough and shortness of breath (Pal et al. 2020). However, a multitude of additional
symptoms can accompany COVID-19 infection including protein or blood in the urine, strokes or

seizures, cardiac inflammation and injury, and pancreatitis (Temgoua et al. 2020).

Individuals displaying underlying medical conditions including diabetes, heart disease and
hypertension are at greater risk of COVID-19. ACE2 expression is significantly increased within
patients suffering from hypertension and type I or type II diabetes, suggesting this may be responsible
for the heightened risk of disease (Fang, Karakiulakis, and Roth 2020). The involvement of wider
organs also contributes towards severe disease and suggests that SARS-CoV-2 may affect a wide
range of organs containing cells expressing ACE2. The co-expression of ACE2 and viral spike
proteins hints to tissue locations where SARS-CoV-2 infection has or may occur. Presence of both
SARS-CoV-2 and ACE2 has been detected in cells of the small intestine, kidney, lung, heart and
pancreas (J. Liu et al. 2021). These extrapulmonary organs may function as reservoirs for viral
particles, especially within immunocompromised individuals. Viral shedding in these locations
following initial recovery can also lead to the false classification of the individual as re-infected

(Kalkeri, Goebel, and Sharma 2020).

Immunocompromised patients are high-risk for severe COVID-19 disease and resulting impaired
antiviral responses enables greater replication and multi-organ spread of the virus (van Cleemput et
al. 2021). SARS-CoV-2 mediated histological lesions have been identified in the kidneys of deceased
COVID-19 patients, suggesting direct viral entry can occur (Temgoua et al. 2020). Overall, the
pathogenicity of multi-organ damage resulting from SARS-CoV-2 infection is unclear and may arise
from a combination of direct viral invasion and indirect systemic inflammation through the

overexpression of signalling cytokines.

ACE2 expression levels naturally differ between individuals. The pathophysiology of ACE2 during
SARS-CoV-2 infection is extremely complex, although analysis of severely ill patients has identified

several correlations with factors affecting ACE2. Sex-related differences within males contributes to
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a greater susceptibility towards COVID-19 (Foresta, Rocca, and di Nisio 2021). Immunological
investigations suggest that males may mount an attenuated antiviral response compared to females
(Viveiros et al. 2021). Although the ACE2 gene is expressed on the X chromosome, mRNA
expression of ACE2 in oral epithelial cells is not substantially different between genders (Peng et al.
2021). ACE2 expression within males is, however, more widespread than in females which may
contribute to gender disparity in COVID-19 severity (Kaseb et al. 2021). Elderly individuals also
express relatively higher levels of ACE2, with this group also exhibiting greater susceptibility to
severe COVID-19 (Peng et al. 2021).

The presence of TMPRSS2 alongside ACE2 is also viewed as a prerequisite for infection as this
protease is a major primer and activator of the SARS-CoV-2 spike (Fraser et al. 2022). Overall
TMPRSS?2 expression is considerably higher in males than females due to upregulation by the male
sex hormone androgen (Strope, PharmD, and Figg 2020). Furthermore, up to three times as many
alveolar type II cells co-express ACE2 and TMPRSS?2 within the lungs of men when compared to
women (Okwan-Duodu et al. 2021). This indicates increased cellular penetration can occur during
SARS-CoV-2 infection, resulting in poorer disease outcomes for males. Indeed, clinical trials of
drugs that directly or indirectly (through the androgen pathway) inhibit TMPRSS2 expression are
promising treatments for managing SARS-CoV-2. The serine protease inhibitors camostat mesylate,
bromhexine and nafamostat have all demonstrated potential inhibitory effects against SARS-CoV-2
(Nitulescu et al. 2020). In addition to ACE2 and TMPRSS?2, there are a vast number of immunological
genes that influence the susceptibility to and outcome of SARS-CoV-2 infections, with ACE2

polymorphisms also known to affect the outcome of disease (F. Chen et al. 2021).
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1.9 SARS-CoV-2-mediated effects on ACE2 and the RAAS.

The high-affinity interaction of the SARS-CoV-2 spike protein with the ACE2 receptor leads to entry
of the virus and subsequent viral replication. During this process, spike protein binding results in the
internalisation of the protein complex and a reduction in ACE2 surface expression (Silhol et al. 2020;
Verdecchia et al. 2020). The loss of ACE2 function during SARS-CoV-2 infection is driven by this
endocytosis and subsequent proteolytic processing of the receptor as viral particles infiltrate host
cells (Gheblawi et al. 2020). Downregulation of ACE2 disrupts the lung’s ability to respond to and
heal from acute lung injury (Banu et al. 2020). Depletion of ACE2 thereby removes its protective
function and enhances the damaging effects of Ang II (Wong 2016). Whilst ACE2 loss from the cell
surface has been extensively reported, internal processing of the spike protein-ACE2 complex is
poorly understood. As the SARS-CoV-2-spike induces ACE2 shedding, infection has a direct effect
upon the entire RAAS system. ACE2 is required for protection against lung injury and its endocytosis

coincides with wide-ranging inflammatory responses.

The RAAS has an important role in the pathogenesis of COVID-19. In a clinical setting,
neurohormonal imbalance of the RAAS is associated with a worsened prognosis for COVID-19
patients (Chinonyerem et al. 2021). This is likely due to the importance of the RAAS and ACE2 in
regulation of cardiovascular physiology. Individuals with RAAS imbalance also suffer more
frequently from pulmonary thromboembolism, poor lung perfusion and kidney failure (Rysz et al.
2021). One biochemical marker of this imbalance is hypokalemia, a deficiency of potassium within
the bloodstream (Silhol et al. 2020). Hypokalemia is frequently observed COVID-19 patients, and

this is associated with poor clinical outcomes of the disease (D. Chen et al. 2020).

Severe COVID-19 can be considered, in part, a consequence of RAAS dysregulation resulting from
excessive activation of the pro-inflammatory classical arm. This process, along with direct viral-
induced immune responses can lead to the development of a hyperinflammatory state that presents a
major threat to infected individuals. This immune hyperactivation contributes to exacerbated
inflammatory responses through proliferation of immune cells releasing pro-inflammatory signalling
proteins (di Mauro Gabriella et al. 2020; Darif et al. 2021). The reduction in ACE2, combined with
inflammatory cytokine production, results in greater levels of Ang I and Ang II (Gheblawi et al.
2020). Increased Ang II levels contribute towards pulmonary inflammation and the development of
ARDS as Ang II acts as both a vasoconstrictor and as a pro-inflammatory cytokine through AT1R
(Eguchi et al. 2018).

Isolated spike proteins of the related SARS-CoV promote lung injury through a reduction in
protective ACE2 expression (Imai, Kuba, and Penninger 2008; Glowacka et al. 2010). This
demonstrates how spike proteins alone may induce Ang II production through ACE2

downregulation, resulting in pulmonary inflammation. Furthermore, cases of acute lung injury can
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be rescued through inhibition of ATIR (Y. L. Gao et al. 2020). The Ang II-AT1R signalling
mechanism amplifies inflammation through generation of an IL-6 positive feedback loop within the
NF-«kB pathway (Hojyo et al. 2020). Excessive inflammatory states can contribute to multiple organ
failure, observed in the most severe cases of COVID-19 (Mokhtari et al. 2020). These investigations
demonstrate the contribution of human coronaviruses to development of ARDS through pulmonary

inflammation, with potentially fatal outcomes.

The COVID-19 pandemic has stimulated greater investigation into the ACE2/Ang 1-7 axis to provide
protection against inflammatory lung damage, or conversely, to reduce potential SARS-CoV-2 entry
into susceptible cells. Initial observations predicted that elevated ACE2 levels may heighten SARS-
CoV-2 infection risk by increasing the number of available entry receptors (Gheware et al. 2022).
However, the physiological imbalances caused by viral-induced ACE2 deficiency has since proven
to be the more pivotal factor in severe COVID-19 disease. Clinical trials investigating the potential
therapeutic administration of ACE2 have demonstrated the in-vivo possibility of RAAS
manipulation for reducing systemic inflammation (Hemnes et al. 2018). External delivery of soluble
ACE2 (sACE2) may also prevent further viral spread by blocking interaction of the SARS-CoV-2
spike with membrane bound ACE2 (Yi et al. 2020). The effects of RAAS disruption are most potent
in patients with comorbidities, such as cardiovascular disease, hypertension or diabetes (Beyerstedt,
Casaro, and Rangel 2021). In any case, this delicate RAAS equilibrium must be considered prior to
the development of therapeutic interventions as the balance of these neurohormonal molecules and

the availability of receptors (e.g ACE2) have major impacts upon COVID-19 patients.
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1.10 Inflammatory response and cytokine storm.

During SARS-CoV-2 infection, the body’s immune system coordinates responses through a network
of interconnected signalling pathways, resulting in the activation of a wide range of immune cells.
Signalling is performed by a diverse group of pro- or anti-inflammatory proteins called cytokines
(Ramesh, Maclean, and Philipp 2013). The balance of these signalling molecules is crucial for
appropriate host responses to disease. However, during SARS-CoV-2 infection, serum levels of
critical cytokines are disrupted, leading to exacerbated inflammatory responses and severe COVID-
19 disease (R. Chen et al. 2021). Whilst these responses contribute to the neutralising antibody
response against SARS-CoV-2, the hyperinflammation caused can severely damage host tissues.
This ‘cytokine storm’ involves immune cell hyperactivation and plays a direct role in the

development of ARDS, leading to poor patient outcomes (Tang et al. 2020).

Understanding the roles of key pro-inflammatory cytokines and managing the resulting inflammation
is crucial for preventing COVID-19 deterioration. Major increases in serum levels of cytokines IL-
6, IL-8 and IL-10 are reported in infected individuals, along with significant generation of anti-
SARS-CoV-2 antibodies (Laing et al. 2020). Immunotyping of patients also shows abrupt increases
in the levels of inflammatory monocytes, macrophages and neutrophils along with a reduction in
lymphocytes (Giamarellos-Bourboulis et al. 2020). T cell responses are manipulated by SARS-CoV-
2 infection, with hospitalised patients exhibiting either impaired CD4" function resulting in reduced
IFN-y production, or an over-stimulation of these T cells promoting hyperinflammation (Sattler et
al. 2020; Mathew et al. 2020). Viral-induced cell lysis results in production of the major pro-
inflammatory cytokines TNF-o and IFN-y, leading to stimulation of local neutrophils, macrophages
and endothelial cells (Shimabukuro-Vornhagen et al. 2018). Activation of these cells results in
additional release of pro-inflammatory cytokines under control of positive-feedback loop signalling
through the NF-xB and MAPK pathways (Merad and Martin 2020). Additional studies have also
identified high levels of the cytokines IL-1f, IL-6, IFN- vy and TNF-a within severely ill COVID-19
patients, demonstrating the correlation between pro-inflammatory protein production and worsened

disease prognosis (H. Han et al. 2020; Del Valle et al. 2020).

The dysregulation of cytokine production during SARS-CoV-2 infection may also influence the
RAAS through manipulation of ACE2 expression. ACE?2 has recently been shown to be an interferon-
stimulated gene (ISG) (Ziegler et al. 2020). The production of cytokines, such as type I and type 11
interferons may upregulate expression of host ACE2 in the presence of SARS-CoV-2 (Busnadiego
et al. 2020). The outcome of this enhanced expression may further viral infection through additional
entry receptors. However, by protecting against exacerbated inflammatory action, ACE2 production
may be beneficial to the host (Yalcin et al. 2021). Regardless, contrasting evidence exists for the

effects of SARS-CoV-2 on ACE2 expression. Indeed, isolated spike proteins of SARS-CoV-2 may
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suppress production of ACE2 and interferons in lung tissue (Sui et al. 2021). Downregulation of
ACE2 through destabilisation of ACE2 mRNA by SARS-CoV-2 spike proteins has also been
demonstrated in kidney cells (X. Gao et al. 2022). Therefore, the overall effect of SARS-CoV-2 on
ACE2 is likely dependent upon numerous factors including the specific cell types involved and host
immune responses. Additional investigations examining SARS-CoV-2-mediated effects upon ACE2
expression are required for all tissues susceptible to viral infection. Furthermore, the effects of

cytokine action upon ACE2 expression in these host cells must also be investigated.

1.11 Thesis aims.

Previous investigations have discerned ACE2 expression across a wide range of tissue and cell types,
however this data is incomplete and at times contradictory. The objectives of this thesis are to
determine whether ACE2 expression can be detected in skin, cervical and placental tissues.
Additionally, the effects of cytokine and spike protein treatments upon ACE2 expression within these
cells will be investigated. Spike-mediated production of cytokines will be characterised, along with
the internal processing of ACE2 in response to these treatments. Presence of variant-dependent
effects of spike treatments will also be determined in this study. Finally, a system to allow for the
determination of downstream proteomic consequences of ACE2-spike protein engagement will be

developed.
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Section 2.0 Materials and methods

2.1 Chemicals and reagents.

All chemicals used during these experiments were obtained from Sigma-Aldrich, unless stated

otherwise. The constitution of some common buffers, solutions and cell treatments are listed below.
TBST- 10 mM Tris, 150 mM NacCl, 0.1% Tween-20, pH 8.0.
1x MNT buffer- 20 mM MES, 30 mM Tris-HCI, 100 mM NaCl, pH 7.4.

2x Laemmli loading buffer- 65.8 mM Tris-HCl, 26.3% w/v glycerol, 2.1% SDS, 0.01% bromophenol
blue, pH 6.8 (BioRad).

Mouse IFN-y was obtained from Thermofisher Scientific, human IFN-y was obtained from
PeproTech. Human recombinant TNF-a protein was obtained from Sigma Aldrich. Recombinant
spike RBD proteins of gamma, kappa and omicron SARS-CoV-2 variants were acquired from ProSci

Incorporated.

2.2 Antibodies.

All anti-ACE2 antibodies were purchased from Abcam. This includes the rabbit monoclonal
ab108209, the rabbit monoclonal ab108252 and rabbit polyclonal ab15348 antibodies. The anti-p-
actin antibody 66009-1-Ig was purchased from Proteintech. The secondary antibodies used in
western blot experiments were- goat anti-mouse HRP (GAMPO, P0447) and swine anti-rabbit HRP
(SARPO, P0217) conjugates from DAKO Products. Murine HC-10 monoclonal antibody was a gift
from Jacques Neefjes, and has also previously been described (Sernee, Ploegh, and Schust 1998).

The dilutions of primary antibodies used in western blotting experiments were as follows- anti-ACE2
ab108209, 1:1500; anti-ACE2 ab108252, 1:1500; anti-ACE2 ab15348, 1:3000 and anti-B-actin
66009-1-Ig (Proteintech), 1:10,000. Secondary antibodies dilutions used in western blotting were the
following- goat anti-mouse HRP (GAMPO), 1:3000; swine anti-rabbit HRP (SARPO), 1:3000. The
dilutions of primary antibodies used in immunofluorescence microscopy experiments were the
following- anti-ACE2 ab15348, 1:100; HC-10, 1:00. The concentrations of secondary antibodies
used in immunofluorescence experiments were as follows- donkey anti-rabbit [gG Alexa Fluor 488,

1:500 and donkey anti-mouse Alexa Fluor 594, 1:500.
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23 Cell culture procedure.

Three different cell lines were used during this investigation, chosen to represent a range of human
tissue types. The HaCaT cell line was selected to represent human skin tissue, as these are a form of
immortalised epidermal keratinocytes. HaCaT cells utilised in this study were already available
within the laboratory and were originally characterised by Boukamp (Boukamp et al. 1988). Foetal
placental cells originating from an immortalised human choriocarcinoma (BeWo, ECACC
86082803) were also used. The HeLa cell line (ECACC 93021013) was established originally from
immortalised epidermoid carcinoma cells present within a human cervical tumour. HaCaT and HeLa
cell lines were obtained from laboratory stocks. Experiments were performed at passage numbers

p18-p35 for HaCaT, p5-p12 for BeWo and p10-p35 for HeLa cell lines.

HaCaT cells were subcultured twice-weekly in Dulbecco’s Modified Eagle’s Medium (DMEM,
Thermofisher Scientific) supplemented with 10% foetal bovine serum (FBS), 1% glutaMAX
(Invitrogen) and 1% Pen-Strep (100 pg/mL penicillin, 100 pg/mL streptomycin, Invitrogen). The
HeLa cell line was subcultured twice-weekly using Minimum Essential Medium (MEM,
Thermofisher Scientific) containing 8% FBS along with 2 mM glutaMAX and 1% Pen-Strep. BeWo
cells were subcultured weekly, in Ham’s F-12 Medium (F-12, Thermofisher Scientific)
supplemented with 10% FBS, 1% glutaMAX and 1% Pen-Strep. Passaging of cell lines was
performed providing the cells had reached ~80% confluency for HaCaT and HeLa cells, and ~60%
confluency for the BeWo cell line due to inability of BeWo cells to reach a high confluency. For cell
passaging, cells were initially washed in 5 mL phosphate buffered saline (PBS) twice before 2 mL
of Trypsin (Thermosphere Scientific) was added to the flask. Cells were allowed to trypsinise for 5-
10 minutes and once detachment was confirmed with light microscopy, cells were re-suspended in
fresh medium. The fresh medium containing cells was then diluted into new flasks at a dilution of
1:10 for HaCaT or HeLa cells and 1:2 for BeWo cells. All cell lines were cultured in T25 flasks and
grown within a humidified incubator at 37 °C with 5% COx.

24 Cell treatments.

Cells grown for experimental treatments were trypsinised and transferred from flasks to 10 cm dishes.
All cells were allowed to reach log growth phase before treatments were performed, with HaCaT and
HeLa cells at 80% confluency, and BeWo cells at 60%. Fresh medium (DMEM for HaCaT, F-12 for
BeWo and MEM for HeLa cells) was supplemented with the required chemical treatment and added
to experimental dishes before the dishes were returned to the incubator. Once the time-course was

completed, cells were removed from the incubator for media removal and cell lysis.
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2.5 Cell lysis.

Following incubation of cell treatments for the required time, cells within the 10 cm dishes were
lysed in an identical manner. The lysis buffer was prepared with, 10% MNT, 10% protease inhibitor
cocktail (10 pg/mL chymotatin, 10 pg/mL leupeptin, 10 pg/mL antipain and 10 pg/mL pepstatin A,
Sigma Aldrich) and 1% Triton X-100. The MNT buffer used in the lysis buffer consisted of 20 mM
MES, 30 mM Tris-HCI and 100 mM NaCl. The MNT buffer ingredients were dissolved in di-H,O
to a total volume of 100 mL and the pH was adjusted to 7.4 before use. Following treatment, cells
were removed from the 37 °C incubator. At this point, cell media was removed by pipette and
transferred to Falcon tubes if required for further analysis. During cell lysis, treated cell dishes were
kept on ice to halt biological activity. Treated cells were then washed twice with PBS for 5 minutes
each. The remaining PBS was removed, and 250 mL lysis buffer was added to each dish. Cell
scrapers were used to detach cells from dishes and the resulting cell lysates were collected into 1.5
ml Eppendorf tubes. Cell nuclei and additional cell debris was removed by centrifugation at 14,000
g (Eppendorf microcentrifuge) for 10 minutes at 4 °C. The supernatants present after this
centrifugation step were then transferred into fresh Eppendorf tubes. Liquid nitrogen was used to

flash-freeze the Eppendorf tubes before storage at -20 °C.

2.6 BCA protein assay.

After cell lysates were collected (section 2.5), protein concentration was determined to ensure equal
loading of samples in subsequent experiments. Total protein concentration was quantified using a
colorimetric Pierce Bicinchoninic Acid (BCA) Protein Assay Kit (Thermofisher Scientific), with
bovine serum albumin (BSA) used as a standard. The linear relationship between colour change (due
to reduction of Cu®** to Cu®) and overall protein concentration enabled accurate protein quantification.
All BCAs were performed with 9 sets of duplicate BSA protein standards with concentrations
ranging from 0-2000 pg/mL. The BSA standard solution was diluted to the required concentration
with lysis buffer used during cell lysis (section 2.5). 25 uLL measures of each standard and lysate
sample were added to microplate wells of a 96-well plate in duplicate fashion. 200 uL of BCA
working reagent was then added to each well before the plate was mixed thoroughly using a plate-
shaker for 1 minute. The 96-well plate was then incubated at 37 °C for 30 minutes to allow for the
colour change to occur. Absorbance values of each well were then measured using a
spectrophotometer set at 562 nm. Averages of duplicate readings were calculated and the BSA
protein standards were used to plot a standard curve. Absorbance values of lysate samples were then

compared to the standard curve to determine overall protein concentration.
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2.7 Orangu cytotoxicity assay.

Orangu cytotoxicity assays were performed to determine relative cell viability in response to a range
of cell treatments. This assay is based on detection of dehydrogenase activity, which is representative
of viable cell metabolism. The Orangu assay was performed according to the manufacturer’s
instructions. Cells were grown until ~80% confluence in suitable media within a 96-well plate. Cell
treatments were then performed as stated above (2.4). After allowing 24 hours for treatment
incubation, 10 pL of Orangu solution was added to each well of the 96-well plate. The plate was then
placed in a 37 °C incubator with 5% CO, and left for 3 hours to produce a detectable signal. The
plate was then removed, and the absorbance of each well was measured at 450 nm using a
spectrophotometer. Relative absorbance values of treated wells were used to compare cell viability

between treatments.

2.8 SDS-PAGE and sample preparation.

The analysis of proteins within lysate samples was achieved using SDS-PAGE, an electrophoretic
system for protein separation based upon molecular weight differences. By running both sample
lysates and a molecular weight marker, protein sizes can be attributed to individual bands of protein.

This process was performed prior to western blotting.

The acrylamide gels used in SDS-PAGE were cast using a template Hoefer mini dual gel casting
system. 10% SDS-PAGE resolving gels were cast along with a stacking gel to improve resolution of
proteins during electrophoresis. The recipes for resolving and stacking gels are shown in Table 1.
The resolving gel was cast first and allowed to polymerise for 20 minutes, whilst a layer of di-H,O
was used to prevent the gel from shrinking. After the resolving gel had set, the di-H,O was removed
and stacking gel was cast on top of the resolving gel. A 10-well comb was inserted to create equally
sized wells as the stacking gel was setting. After the stacking gel had also set, the gels were removed
from the Hoefer caster and transferred to a Hoefer Mighty Small Mini Protein Electrophoresis Unit
(Thermofisher Scientific). Refrigerated 1x TGS running buffer (5§ mM Tris, 192 mM glycine, 0.1%
SDS, pH 8.3) was used to fill the central cavity and the base reservoir, with buffer also covering the

surface of the gel (BioRad, see Table 2). The comb was then removed to expose wells for loading.
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Table 1: Volumes of ingredients required to cast two gels for western blotting experiments.

Ingredient (mL) 10% Resolving Gel Stacking Gel
di-H,O 7.2 2.2
40% Acrylamide 3.75 0.4
1.5M Tris [pH 8.8] 3.75 0.4
10% w/v SDS 0.15 0.03
10% w/v APS 0.15 0.023
TEMED 0.006 0.002

Sample lysates were stored in a -20 °C freezer until required. Samples were slowly thawed on ice
before being spun in a centrifuge at 14,000 g for 5 minutes at 4 °C. The supernatant was used to
immediately prepare samples for loading. The known protein concentration of each sample
(determined by BCA) was used to prepare aliquots of equivalent total protein to ensure equal loading
into wells. 20 puL aliquots of each sample were prepared to a concentration of 20 pg/pL using lysis
buffer with the addition of 2 L. 500 mM DTT and 5 pL 2x Laemmli sample loading buffer (BioRad).
These samples were then heated to 95 °C for 5 minutes before further centrifugation at 14,000 g for

5 minutes. The resulting supernatant was then loaded into wells of the gel.

6 pL of molecular weight marker (Precision Plus Protein™ Dual Color Standards, BioRad) was
added to one or more wells to enable identification of sample band sizes. 15 pL of prepared lysate
samples were then loaded into remaining wells. Once loading was completed, the gel was run at 40
mA for ~1 hour. The gels were then removed from the electrophoresis apparatus and used for western

blotting and Coomassie staining experiments.
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Table 2: Buffer solutions prepared for western blotting experiments.

Ingredient/ 1x TGS Running Transfer 5% w/v Milk | Acid Stripping
Condition Buffer (BioRad, 1L) | Buffer (1L) | Solution (100 Buffer (200
mL) mL)
Glycine (g) 14.41 14.5 - 3
Tris-Base (g) 3.03 2.9 - -
SDS (g) 1 - - 0.2
Non-fat milk - - 5 -
powder (g)
TBST (mL) - - 100 -
di-H,O (mL) 1000 800 - 200
Methanol - 200 - -
(mL)
Tween-20 - - - 2
(mL)
Final pH 8.3 8.3 - 2.2
2.9 Western blotting.

Western blotting was performed following protein separation by molecular weight during SDS-
PAGE. Proteins were transferred from gels onto polyvinyl difluoride (PVDF) membranes for further
analysis. PVDF membranes were activated by submersion in methanol for 20 seconds. The gel
containing proteins was placed into a transfer system (within a cassette) against the activated PVDF
membrane, sandwiched between buffer-soaked filter papers and sponges. Electrophoretic transfer
was performed at either 150 mA for 2 hours at 25 °C, or at 30 V overnight at 4 °C. In either case,
both gel and membrane were fully submerged within transfer buffer during this step (Table 2). After
transfer completion, 20 mL of a 5% milk solution was used to block the membrane to prevent non-
specific binding from occurring (see Table 2). Membranes were incubated in the milk solution for 1
hour at 25 °C or overnight at 4 °C. After blocking, membranes were washed 5 times in TBST for 5

minutes each.
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Primary antibody incubation was subsequently performed with the membranes, for either 1 hour at
25 °C or overnight at 4 °C. Primary antibodies were first diluted to the required concentration in a
mixture of 2.7 mL TBST and 0.3 mL 5% milk solution. A further 5 TBST washes of 5 minutes each
then followed before secondary antibody incubation for 1 hour at 25 °C. Secondary antibody
incubation was performed with either goat anti-mouse HRP (GAMPO) or swine anti-rabbit HRP
(SARPO) depending on the primary antibody species used. All antibody concentrations are described
in section 2.2. The use of horseradish peroxidase (HRP)- bound secondary antibodies allowed
chemiluminescent detection of specific protein-primary antibody complexes. 500 pL of enhanced
chemiluminescence (ECL, GE Healthcare) solution was evenly applied to each membrane before
visual detection of protein localisation was performed, either by manual development with

photographic light-sensitive film, or by use of an iBright Imaging System (Invitrogen).

Membranes were occasionally stripped and re-probed with alternative antibodies. This was
performed using an Acid Stripping Buffer described in Table 2. Membranes were first soaked in 25
mL of stripping buffer for 10 minutes. The stripping buffer was then removed and replaced with
fresh stripping buffer and allowed to soak for a further 10 minutes. Stripping buffer was then removed
and the membrane was washed twice with PBS, for 10 minutes each time. Finally, the membrane
was washed twice with TBST for 5 minutes each. The stripped membrane was blocked with 5% milk
in TBST as described above, before being washed and incubated with a primary and then secondary

antibody.

2.10 Coomassie gel staining.

Following SDS-PAGE protein separation, the gels were gently washed in 100 mL di-H»O for 10
minutes to remove residual SDS. The di-H,O was then discarded before 20 mL PageBlue™ Protein
Staining Solution (ThermoFisher Scientific) was added to the gel. Gels were gently agitated for 60

minutes before imaging with an iBright Imaging System (Invitrogen).

2.11 Immunofluorescence microscopy.

2 cm glass coverslips were placed into 12-well plates with sterile tweezers to provide a surface for
cell growth. Cells used for immunofluorescence microscopy experiments were transferred from
flasks into the 12-well plates along with a suitable cell medium and allowed to reach 80% (or 60%
for BeWo cells) confluency. Treatments were then performed within the 12-well plates for the
required duration. Cell media was removed using an aspirator before coverslips were washed in 2
mL phosphate buffered saline with calcium and magnesium (PBS™) for 5 minutes. Cells were fixed

to the coverslips with 4% paraformaldehyde (PFA, Agar Scientific) for 15 minutes before being
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washed twice with PBS*" for 5 minutes each. Cells were then permeabilised by incubation of the
coverslips in 0.1% Triton X-100 in PBS*" for 10 minutes at 25 °C. For non-permeabilised cells,
coverslips were instead incubated in PBS™ only. In either case, the coverslips were then washed
three times in PBS™ for 5 minutes. Sample coverslips were then blocked in a solution of 0.2% bovine
serum albumin (BSA) in PBS™ for 15 minutes. Primary antibodies were diluted to the required
concentration in a 0.2% BSA solution, before incubation with coverslips for 2 hours at 25 °C or
overnight at 4 °C. In cases of co-incubation, two primary antibodies were mixed before incubation
with coverslips. Cells were then washed 3 times in PBS*™ for 5 minutes each to remove unbound
antibodies. After this, suitable secondary antibodies were diluted to the required concentration of
1:500 in PBS* before incubation with the coverslip for one hour at 25 °C. Coverslips were washed
a further 3 times in PBS™ for 5 minutes each. After excess PBS™ was removed by aspiration, 50 uL
of a 5 pg/mL DAPI solution was applied to each coverslip and incubated for 5 minutes. Coverslips
were then washed briefly in PBS™ before they were mounted onto glass microscope slides with 6
pL soft-set Vectashield mounting medium (Vector Labs). The mounting medium was allowed to dry
for 10 minutes before coverslips were sealed with nail varnish. Microscope slides were stored at 4
°C in the dark until inspection using a Carl Zeiss 800 Confocal Microscope. Captured images were

analysed using Zen Blue Edition software (Zeiss).

2.12 ELISA assay.

Enzyme linked immunosorbent assays (ELISAs) were utilised for quantification of specific proteins
within biological samples. The cell media extracted from treated dishes was used as samples for
analysis of potential cytokine secretion. Following incubation of cell treatments, experimental plates
were removed from the 37 °C incubator and serological pipettes were used to transfer cell media into
5 mL Falcon tubes. Cell lysates were also obtained from these experimental dishes. Cell media was
concentrated using Microcon centrifugal filters to increase protein concentration (Sigma Aldrich).
Media was placed into filter tubes with a 3000 Da molecular weight cut-off before centrifugation at
14,000 g for 15 minutes, at 4 °C. The filtered supernatants were retained and used as samples in the
ELISA. BCA assays were used to confirm sample concentration had occurred. Two separate ELISA
kits were used during the experimental procedure, Human TNF-a ELISA Kit ab181421 (Abcam) and
Human TNF-o ELISA Kit (Sigma Aldrich). The Sigma Aldrich kit was used for the initial TNF-a
quantifications only, with the Abcam kit being used for all subsequent ELISA experiments. Both

sandwich ELISAs were performed according to the manufacturer’s instructions.

The Sigma Aldrich ELISA kit was used as follows. All solutions stated here were provided within
the kit (Sigma, RAB0476). Reagents and samples were brought to room temperature before
powdered TNF-a was dissolved in di-H,O to create a dilution series of TNF-a. Eight TNF-a
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standards were prepared, ranging from 0-6000 pg/mL. 100 pL of standards and cell media were
added into the appropriate wells in duplicate. The ELISA plate was covered for 2.5 hours at 25 °C.
The wells were then emptied and washed 4 times with 300 pL 1x Wash Buffer (RABWASH4). 100
pL of 1x Detection Antibody (RAB0476D) was then added to each well. Wells were covered and
allowed to incubate for 1 hour at 25 °C. The wash step was then repeated. 100 uL of HRP-
Streptavidin (RABHRPS) was then added to each well before a 45-minute incubation step. This
solution was then discarded, and the wells were washed a further 4 times with 1x Wash Buffer. 100
pL of Colorimetric TMB Reagent (RABTMB3) was added to each well to induce the colour-change
reaction. Wells were once again covered and the plate was incubated for 30 minutes in the dark at 25
°C, with gentle shaking. 50 pL of Stop Solution (RABSTOP3) was then added to each well, halting
the reaction. A spectrophotometer was used to determine absorbance of wells in the ELISA plate. A
standard curve was plotted using the standard absorbance values, enabling quantification of TNF-a

concentration in each sample.

The Abcam ELISA Kit ab181421 is a single-wash, 90-minute sandwich ELISA created with
SimpleStep ELISA technology (Abcam). All listed buffer solutions and reagents were provided
within the ELISA kit. Materials were equilibrated to room temperature prior to use. Lyophilised
TNF-a was dissolved in 100 pL of di-H»O to produce a stock solution. The stock TNF-a solution
was used to create a serial dilution of TNF-o through addition of a sample diluent to generate
standards ranging from 0-2000 pg/mL. 50 pL of concentrated cell culture media samples and 50 pL
of each TNF-o standard were added to individual wells of the 96-well microplate. An antibody
cocktail was then prepared with 150 pL capture antibody, 150 uL detector antibody and 2.7 mL
antibody diluent. 50 pL of the antibody cocktail was added to each well. The microplate was covered
and incubated for 1 hour at 25 °C on a plate shaker. Each well was then washed with 350 pL of wash
buffer. Each wash was repeated three times. 100 uL. of TMB substrate was added to each well and
incubated on a plate shaker for 10 minutes in the dark. Colour development was stopped by the
addition of 100 pL of stop solution into each well. The microplate was transferred to a plate shaker
for 1 minute before the optical density of each well was measured using a spectrophotometer at 450
nm. The signal generated is proportional to the amount of bound analyte. TNF-a standards were then
used to produce a standard curve, with sample absorbance readings able to provide quantitative

measurements.
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Section 3.0 Results

3.1 ACE2 expression in BeWo, HaCaT and HeLa cell lines.

An investigation into ACE2 expression was undertaken based upon previous preliminary findings in
the laboratory that detected ACE2 across a range of mammalian tissues and cell types. As ACE2 acts
as the functional entry receptor for SARS-CoV-2, the validation of ACE2 detection on a cell line
demonstrates the likely susceptibility of the cell to SARS-CoV-2 infection (Jackson et al. 2021).
TMPRSS2 expression is also important for priming SARS-CoV-2 spike proteins to facilitate viral

invasion.

In order to study the ACE2-spike protein interaction during COVID-19 infection, a range of cell lines
were selected to represent a variety of human cell types. Whilst lung epithelial cells have largely
been the primary focus of SARS-CoV-2 infection studies, alternative body tissues display
susceptibility. HaCaT, BeWo and HeLa cell lines were chosen for this investigation, as these
immortalized cell lines are derived from skin keratinocytes, foetal placental cells, and a cervical

carcinoma, respectively.

Previous research has suggested that expression of ACE2 and TMPRSS2 varies across these cell
lines (Figure 3). mRNA expression data derived from The Human Protein Atlas database was utilized
to assist investigation of the cell lines. BeWo and HaCaT cell lines expressed high levels of ACE2
mRNA, with BeWo cells also displaying considerable TMPRSS2 expression. Published
transcriptomic data also showed that the HeLa cell line is not expected to express ACE2, with little
TMPRSS2 expression. A search of the available literature supported this observation, suggesting
HeLa cells are not natural hosts for the SARS-CoV-2 virus (Stelzer-Braid et al. 2020).

However, in contradiction to this, preliminary experiments by members of the laboratory detected
possible ACE2 expression in HeLa cells with the anti-ACE2 antibody ab15348. Thus, an aim of this
thesis was to clarify whether ACE2 protein could be reproducibly detected within the HeLa cell line.
Resolution of this finding may have important implications for the use of cell lines as models for

studying the interaction between SARS-CoV-2 and susceptible cells.
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Figure 3: Database-derived ACE2 and TMPRSS2 expression data.
Expression profiles of ACE2 and TMPRSS2 mRNA have been previously determined for several

mammalian cell lines, with this data compiled into The Human Protein Atlas database (Uhlén et al.

2015). BeWo cells exhibit substantial expression of both ACE2 and TMPRSS2. HaCaT

keratinocytes and HeLa cervical cancer cells exhibit lower TMPRSS2 expression, with HeLa cells

determined to not express ACE2.
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3.1.1 Effects of mouse derived IFN-y upon ACE2 expression.

Initial experiments were performed to validate whether ACE2 expression could be detected in lysates
obtained from HaCaT, BeWo and HeLa cells. The interaction between the RBD of the viral spike
protein and ACE2 of the host cells precedes viral entry and thus efficient virus infectivity requires
ACE2 expression. To confirm native ACE2 expression within these three cell lines, western blot
experiments were performed. The effects of an IFN-y cytokine treatment upon expression levels was
also investigated. ACE?2 has been characterized as an interferon-stimulated gene (ISG) and as such,

the type II interferon IFN-y was hypothesized to increase levels of ACE2.

To explore this, HaCaT, BeWo and HeLa cell cultures were incubated either with standard media or
with media supplemented with 60 ng/mL murine-derived IFN-y for 24 hours before cell lysates were
extracted. Lysates were analysed by SDS-PAGE and immunoblotting with rabbit anti-ACE2
antibody ab15348.

Bands corresponding to ACE2 protein were detected within all three cell lines, suggesting the
expression of this membrane receptor (Figure 4). Susceptibility towards SARS-CoV-2 infection can
be inferred from this result, suggesting that HaCaT, BeWo and HeLa cell lines could be used to
evaluate spike-ACE2 interactions. Two bands corresponding to the known molecular weight of
ACE2 (100-130 kDa) were identified for each sample. This likely represents the extensive

glycosylation that ACE2 undergoes during post-translational modification.

With previous investigations having identified ACE2 as an ISG, IFN-y treatments were performed to
determine cytokine-mediated ACE2 upregulation in cell lines derived from skin, placental and
cervical tissues. Following 24hr treatment of HaCaT, BeWo and HelL a cells with IFN-y, ACE2 levels
appeared to be slightly upregulated when compared to the untreated controls in each case (Table 3).
Expression of B-actin was ascertained with the 66009-1-Ig anti-B-actin antibody. The B-actin band
obtained was used as a control to establish equal loading of protein lysates for each sample. Pixel
density analyses determined that ACE2 levels were greater following IFN-y treatment than in
untreated cells of the same cell line (Table 3). The relative increase in ACE2 expression was greatest
for cells of the HaCaT cell line, whilst BeWo and HeLa cells showed smaller changes in response to
IFN-y treatment (Table 3). Whilst FIJI densitometry suggests some interferon-induced upregulation

has occurred, additional repeats are required to perform rigorous statistical analysis of expression.
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Figure 4: ACE2 expression following murine-derived IFN-y treatment.

Western blot analysing the expression of ACE2 in cell lysates of HaCaT (A), BeWo (B) and HeLa
(C) cells. Cells were either untreated (NT) or treated with 60 ng/mL mouse-derived IFN-y for 24
hours (IFN-y). ACE2 doublets at ~110 kDa were observed in all cell lines for both untreated and
IFN-y treated cells, with B-actin control bands present at ~40 kDa. X-ray film was used for imaging

chemiluminescent blots.

Table 3: Relative ACE2 expression for untreated (NT) and mouse IFN-y treated (IFN-y) cells.
Western blots shown in Figure 4 were analyzed using ImageJ (F1JI) software. Quantitative
comparison of band densities was performed, and relative density values were obtained with
measurements of protein loading (B-actin). [FN-y treated cells showed slight ACE2 increases in

BeWo and HeLa cells, with HaCaT cells demonstrating the greatest increase in ACE2 expression.

Cell line Relative density of ACE2 normalized to
B-actin (NT:IFN-y)
HaCaT 1:2.44
BeWo 11512
HeLa L1820
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3.1.2 Human-derived IFN-y mediates ACE2 expression.

The influence of cytokines on the levels of ACE2 expression are especially critical during SARS-
CoV-2 infection due to the association of cytokine storms with severe disease phenotypes.
Furthermore, maintenance of stable ACE2 levels is required for cardiovascular health and regulation
of blood pressure (Burrell et al. 2004). Following analysis of the effects of mouse-derived IFN-y
upon ACE2 levels, additional experiments were performed using human IFN-y protein. [FN-y from
a non-human species exhibits sequence differences. This may affect how IFN-y interacts with
receptor proteins and their signalling pathways including JAK-STAT, which in turn may alter the
regulation of target genes, including ACE2. Therefore, human-derived IFN-y was used to validate
ACE2 upregulation observed with the murine cytokine. TNF-a was tested alongside IFN-y as an

additional example of a proinflammatory cytokine in COVID-19.

Cells of the HaCaT, BeWo and HeLa cell lines were treated with media containing 60 ng/mL IFN-y
or 30 ng/mL TNF-a, alongside untreated controls for 24 hours. Lysates were acquired and subjected
to analysis through SDS-PAGE and western blotting using the ab15348 anti-ACE2 antibody.
Analysis of western blots was performed using an iBright machine instead of X-ray film for greater
sensitivity and ease of analysis. The resulting western blots are depicted in Figure 5. Normalisation
of B-actin control band pixel densities were performed to provide semi-quantitative analysis of the

western blots (Table 4).

Clear bands corresponding to ACE2 were present in all samples derived from the HaCaT cell line
(Figure 5). Clear upregulation of ACE2 was observed in HaCaT cells in response to human-derived
IFN-y and TNF-a (Table 4). Whilst both cytokines induced ACE2, the effect of [FN-y treatment
appeared greater than that of TNF-o. ACE2 doublets were also observed, indicating likely
glycosylation of HaCaT ACE2 protein (Figure 5).

For BeWo cells, ACE2 was detected in untreated cells and in the presence of IFN-y and TNF-a
treatments (Figure 5). No doublets were observed for ACE2, although a possible ACE2 fragment
was observed at ~80 kDa for untreated BeWo cell lysate. ACE2 expression initially appeared similar
between treatments for BeWo cells (Figure 5), however corrections for protein loading showed both
IFN-y and TNF-a mildly upregulated ACE2 levels when compared to the untreated control (Table
4). TNF-a was a more potent inducer of ACE2 than IFN-y in BeWo cells following 24-hour
treatments (Table 4).

HeLa cells showed limited levels of ACE2 expression in this experiment despite sufficient protein
loading for both untreated, IFN-y and TNF-a treated lysates (Figure 5). However, both IFN-y and
TNF-0 appeared to mildly induce ACE2 upregulation in HelLa cells (Table 4). Following

normalisation of protein loading controls, TNF-a and IFN-y treatments upregulated ACE2, with

34



TNF-a acting as a stronger stimulant than IFN-y in this model (Table 4). Reproducing these results

with independent experiments is needed to corroborate the findings displayed here.

Coomassie staining was also performed on the protein lysates used in Figure 5. These lysates were
loaded onto additional polyacrylamide gels alongside those used for the western blotting
experiments. Coomassie gel staining determined that the overall protein composition of each lysate
was not greatly affected by either 60 ng/mL IFN-y or 30 ng/mL TNF-qa treatment after 24 hours
(Figure 6). In addition, Coomassie staining also acted as a secondary loading control for western
blotting experiments. Furthermore, the presence of well-defined bands also demonstrates the protein

quality of the samples, with no apparent protein degradation (Figure 6).
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Figure 5: The effects of human IFN-y and TNF-a upon ACE2 expression.

Western blots demonstrating the effect of cytokine treatments on ACE2 expression in HaCaT (A),
BeWo (B) and HeLa (C) cells. Cells were incubated in untreated media (NT), or in media
supplemented with either 60 ng/mL IFN-y (IFN-y) or 30 ng/mL TNF-a (TNF-a) before samples
were loaded on a 10% acrylamide gel. Bands corresponding to ACE2, and B-actin are present at
~100kDa and ~45kDa respectively.
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Table 4: Relative ACE2 expression for untreated (NT), human IFN-y treated (IFN-y) and

TNF-a treated cells.

Western blots depicted in Figure 5 were analyzed using ImagelJ (F1JI) software. Quantitative

measurements of band densities were taken, and relative density values were calculated and

normalized to protein loading with B-actin. All cell lines demonstrated increased ACE2 expression

in response to cytokine treatments.

Cell line Relative density of Relative density of
ACE2 normalized to B- | ACE2 normalized to f5-
actin (NT:IFN-y) actin (NT:TNF-a)
HaCaT [GIES3 1:1.74
BeWo =531 1:1.83
HeLa 15227 1:3.16
A. HaCaT B. BeWo C. HeLa

NT IFN-y TNF-a

250-

250-

NT IFN-y TNF-a

N,

NT IFN-y TNF-a

250-

Figure 6: Cell lysate protein composition is unaffected by either IFN-y or TNF-a treatment.

Coomassie stained SDS-PAGE gels showing sample lysates are not greatly altered in HaCaT (A),

BeWo (B) and HeLa (C) cells. 10% acrylamide gels were loaded with sample lysate (used in

Figure 5) following treatment of cells with either untreated media (NT), 60 ng/mL human IFN-y
(IFN-y) or 30 ng/mL TNF-a (TNF-a). Molecular weights (kDa) are displayed on the left-hand side

of each gel.
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3.2 Synergistic effects of IFN-y and TNF-a on ACE2 expression.

Previous reports of cytokine mediated ACE2 upregulation have been supported by the initial
experiments in section 3.1. However, the diversity and interplay of individual cytokine responses is
unclear. Combination treatments of multiple cytokines can lead to greater ACE2 expression than the
sum of the individual cytokines, indicating that a synergistic effect may exist between
immunoregulatory proteins (Coperchini et al. 2020). Regulation of ACE2 through cytokine-
induction is likely dependent upon the specific cytokines present and cell type. To test whether
regulatory elements of ACE2 production may be influenced by the presence of multiple cytokines,
combination treatments were devised. If combined cytokines induce a greater ACE2 response than

the additive effects of individual cytokines, a synergistic effect may be observed in western blots.

HaCaT and BeWo cells were treated with media supplemented with either 60 ng/mL IFN-y or 30
ng/mL TNF-a, or with a combination of both for 24 hours. Lysates were then analysed by SDS-
PAGE and western blotting with the anti-ACE2 antibody ab15348 (Figure 7). Untreated cell lysates

were used as controls. A B-actin control was unavailable for this experiment.

ACE2 was detected in HaCaT cells following cytokine incubation, with protein doublets identified
at ~110 kDa following IFN-y, TNF-a, combined treatments, as well as in untreated cells (Figure 7).
Additional ACE2 bands were also seen at 40 kDa and 140 kDa in each treatment type, possibly
reflecting alternative isoforms of ACE2 (Figure 7). Levels of ACE2 were similar in response to IFN-
v and TNF-a treatments. The combination of IFN-y and TNF-o may have resulted in slightly higher
ACE2 expression when compared to individual treatments, suggesting a synergistic response may
exist between these cytokines (Figure 7). However, this experiment requires follow-up, since ACE2
expression in the untreated sample was difficult to quantify accurately because of background
staining. Nevertheless, glycosylated ACE2 was indicated by bands present at greater than 120 kDa
(Figure 7). Potential forms of ACE2 were detected at ~40 kDa, with similar expression apparent for
IFN-y, TNF-a and IFN-y + TNF-a treatments, with untreated lysates expressing lower levels of these

fragments.

BeWo cells that were either untreated, or treated with IFN-y, TNF-0, or both IFN-y and TNF-a
expressed detectable levels of ACE2 (Figure 7). Levels of ACE2 did not vary considerably between
untreated and 60 ng/mL IFN-y treated BeWo cells, in contrast to previous results (Figure 7).
However, TNF-a alone and a combination of IFN-y and TNF-a appeared to upregulate ACE2 in
BeWo cells (Figure 7). Levels of ACE2 expression were not clearly different between TNF-a and
IFN-y + TNF-a treatments, suggesting no synergistic effects between these cytokines. Multiple high
molecular weight bands (>110 kDa) were detected for both TNF-a and IFN-y + TNF-a treated cells,
but not in untreated or IFN-y treated lysates (Figure 7). Low molecular weight bands indicating ACE2

fragment proteins were less apparent in BeWo than HaCaT cell lysates (Figure 7).
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Figure 7: Synergistic effect of IFN-y and TNF-a on ACE?2 expression.

Western blots showing the effects of individual and combined cytokine treatments on levels of
ACE2 expression in HaCaT (A) and BeWo (B) cells. Cells were incubated in either untreated
media (NT), or in media containing 60 ng/mL IFN-y (IFN-y), 30 ng/mL TNF-o (TNF-a) or both 60
ng/mL IFN-y and 30 ng/mL TNF-o (IFN-y + TNF-a)). Molecular weight markers are indicated on
the left (kDa).
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Figure 8: Testing alternative commercially available anti-ACE2 antibodies.

Two monoclonal anti-ACE2 antibodies supplied by Abcam, ab108209 (A) and ab108252 (B), were
selected for immunoblotting in cell lines previously determined to express ACE2. Cells were
incubated in either untreated media (NT), or in media containing 60 ng/mL IFN-y (IFN-y) or 30
ng/mL TNF-a (TNF-a). Molecular weights (kDa) are displayed on the left-hand side and labels

corresponding to expected ACE2 and B-actin protein bands are shown.
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33 ACE2 immunoblotting with alternative anti-ACE?2 antibodies.

The western blotting experiments in Figures 4, 5 and 7 demonstrated that the anti-ACE2 antibody
ab15348 detected expression of ACE2 in cell lysates derived from a range of cell lines. Having
observed clear ACE2 protein in HaCaT and BeWo cell lines, immunoblotting experiments were
performed with additional antibodies against the ACE2 protein. This would provide a basis for
evaluating the performance of independent anti-ACE2 antibodies and to allow selection of the most
appropriate and effective monoclonal antibodies for subsequent experiments. Therefore, western
blotting experiments were devised to test two additional commercially available anti-ACE2

antibodies.

HaCaT and BeWo cells were treated for 24 hours with media containing either 60 ng/mL IFN-y or
30 ng/mL. TNF-a before cell lysis was performed. SDS-PAGE and western blotting was then
performed using the resulting cell lysates, with two anti-ACE2 monoclonal antibodies selected;
ab108209 and ab108252. These antibodies are both rabbit-derived and raised against synthetic
peptides. Both primary antibodies were utilised at a dilution recommended by the manufacturer
(1:1000). Western blot membranes were subsequently reprobed with -actin; the results are displayed

in Figure 8.

Both western blots showed that the selected anti-ACE2 antibodies did not detect ACE2 protein under
the conditions used. No observable signal was produced at the 110 kDa region following probing
with either ab108209 or ab108252 monoclonal antibodies (Figure 8). This was observed for lysates
obtained from both HaCaT and BeWo cell lines. Bands corresponding to B-actin at ~45 kDa, showed
that loading of samples was equivalent across treatment types for each cell line (Figure 8). The
strength of B-actin signal also demonstrated that sufficient protein lysate had been loaded for

detection, however positive ACE2 controls are lacking in this experiment.
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34 Recombinant SARS-CoV-2 spike treatments do not alter ACE2

expression.

Following engagement of the SARS-CoV-2 spike with the ACE2 receptor, internalisation of ACE2
and subsequent degradation can lead to downregulation of surface ACE2 protein within bronchial
epithelial cells (Y. Lu et al. 2022). However, treatment with recombinant SARS-CoV-2 spike protein
demonstrates conflicting outcomes, with the extent and direction of affected ACE2 expression
dependent upon various factors including cell type, spike protein concentration and experimental
conditions. Furthermore, the amino acid composition of spike proteins, altered between SARS-CoV-
2 variants (Figure 2), may influence the effects of spike treatment through modification of spike-
ACE2 binding. To investigate the effects of SARS-CoV-2 spike proteins upon cell lines
demonstrated to express ACE2, western blotting experiments were devised for keratinocytes and

placental cells using commercially supplied recombinant spike proteins.

HaCaT and BeWo cell lines were subjected to 24-hour treatment +/- 50 ng/mL or 500 ng/mL SARS-
CoV-2 spike proteins of variants gamma (y), kappa (k) or omicron (0). Protein lysates were then

harvested and analysed by western blotting with the ACE2 mADb ab15348 (Figure 9).

Clear bands corresponding to ACE2 protein were detected in both untreated and SARS-CoV-2 spike
protein treated cell lysates obtained from both HaCaT and BeWo cell lines (Figure 9). ACE2
expression was observed as a single band in all lysates. No doublets were seen in control or treated

cells of the HaCaT and BeWo cell lines (Figure 9), contrasting with results of previous experiments.

For HaCaT cell lysates, there was a strong protein signal. Positive signals in all lanes indicated that
ACE2 was detectable in the presence of SARS-CoV-2 spike proteins at concentrations of both 50
ng/mL and 500 ng/mL (Figure 9). ACE2 did not appear to vary considerably between any two HaCaT
samples. Furthermore, a ten-fold increase in spike protein concentration (from 50 to 500 ng/mL) had
little effect upon ACE2 (Figure 9). The nature of the SARS-CoV-2 variant from which the spike
protein was sourced also did not appear to significantly affect ACE2 expression levels following

treatment for cells of the HaCaT cell line (Figure 9).

A positive signal at ~105 kDa for BeWo cell lysates demonstrated that ACE2 was detectable
following all spike protein treatments (Figure 9). ACE2 expression was greatest in untreated cell
lysates, when compared to lysates treated with 500 ng/mL of spike proteins from either gamma,
kappa, or omicron variant SARS-CoV-2 (Figure 9). Levels of ACE2 in BeWo cell lysates were also
not influenced by the variant type of SARS-CoV-2 from which the spike proteins were derived
(Figure 9). However, lack of an available protein loading controls for both HaCaT and BeWo samples

limited interpretation of the differences in ACE2 expression between lysates.
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Figure 9: SARS-CoV-2 spike protein treatments do not appear to affect ACE2 expression.

Western blots demonstrating the effects of spike protein variants upon expression of the ACE2

receptor in HaCaT (A) and BeWo cells (B). Cells were treated with either 50 ng/mL (50) or 500

ng/mL (500) of spike proteins derived from the SARS-CoV-2 variants gamma (y), kappa («) or

omicron (o). Sample lysates were run on 10% acrylamide gels, with ab15348 used for ACE2

detection. A B-actin antibody was unavailable for this experiment. Molecular weights (kDa) are

displayed on the left-hand side.
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3.5.1 ACE2 detection in HaCaT cells with immunofluorescence

microscopy.

Initial experiments indicated that HaCaT cells express ACE2 and that cytokines may induce
upregulation of ACE2 expression in this cell line (Figures 4 and 5). Following analysis of these
western blots, immunofluorescence microscopy experiments were devised to validate the findings.
ACE2 is expressed on the surface of epithelial keratinocytes. Cytokine treatments may induce
upregulation of surface ACE2, with detection of this protein hypothesised to increase following
incubation of cells with IFN-y. ACE2 increases were also anticipated in response to greater interferon

concentration (Figures 4 and 5).

HaCaT cells were grown to 80% confluence before incubation with media containing +/- 30 ng/mL
or 60 ng/mL IFN-y for 24 hours. Following treatment, cells were fixed before incubation with an
antibody against ACE2. DAPI was also applied to stain nuclear DNA. A Zeiss 800 microscope was

used to inspect cells.

Immunofluorescence microscopy demonstrated ACE2 expression in HaCaT cells (Figure 10).
Staining corresponding to ACE2 was observed following no treatment and for 30 ng/mL and 60
ng/mL IFN-y treatments. ACE2 expression was detected both at the cell surface and intracellularly
for all treatment types (Figure 10). Examination of merged images demonstrated weak distributed
ACE2 in HaCaT cells. Overall ACE2 expression appeared unchanged in untreated cells and in both
30 ng/mL IFN-y and 60 ng/mL IFN-y treated cells (Figure 10).
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Figure 10: Visualization of ACE2 in HaCaT cells following IFN-y treatment.
Immunofluorescence microscopy was performed on HaCaT cells that were untreated (A) or treated
with either 30 ng/mL IFN-y (B) or 60 ng/mL IFN-y (C) for 24 hours. Fixed cells were incubated
with the anti-ACE2 antibody ab15348 (green) prior to imaging. DAPI stain was used to visualize

nuclear DNA (blue). All images were taken on a Zeiss 800 microscope. Scale bars are displayed.
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3.5.2 ACE?2 detection in BeWo cells with immunofluorescence microscopy.

Previous experiments have determined ACE2 expression in BeWo cells. Furthermore, possible
cytokine stimulated ACE2 upregulation in BeWo cells was observed by western blotting (Figures 4
and 5). To confirm ACE2 expression in the presence and absence of cytokines, immunofluorescence

microscopy was performed.

BeWo cells were treated with either 30 ng/mL or 60 ng/mL IFN-y for 24 hours, alongside untreated
controls. Cells were then fixed and incubated with the anti-ACE2 antibody ab15348. DAPI was also

applied to indicate nuclear DNA. A Zeiss 800 microscope was used to inspect cells.

ACE2 expression was detected in BeWo cells with immunofluorescence microscopy (Figure 11).
ACE2 was expressed in untreated cells and in those treated with 30 ng/mL or 60 ng/mL IFN-y.
Untreated cells appeared to express lower levels of ACE2 than cells treated with either interferon for
24 hours (Figure 11). Indeed, ACE2 signal appeared strongest following 30 ng/mL IFN-y treatment
(Figure 11B). For untreated cells, ACE2 was determined both within the nucleus and at the cell
membrane (Figure 11A). For both 30 ng/mL and 60 ng/mL IFN-y treatments, ACE2 appeared to be
predominantly located at the surface of BeWo cells. Irrespective of treatment, dense clusters of
BeWo cells expressed greater levels of cell-surface ACE2 and lower levels of internalised ACE2

(Figure 11).
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Figure 11: Visualization of ACE2 in BeWo cells after IFN-y treatment.
BeWo cells were stained with the anti-ACE2 mAb ab15348 (green) and anti-rabbit Alexa Fluor
488 to observe expression of ACE2. DAPI stain (blue) was used to locate nuclear DNA. Prior to

fixing, BeWo cells were incubated with untreated media (A), or in media supplemented with either

30 ng/mL IFN-y (B) or 60 ng/mL IFN-y (C) for 24 hours. All images were taken on a Zeiss 800

microscope. Scale bars are shown.
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3.53 ACE?2 detection in HeLa cells with immunofluorescence microscopy.

The expression of ACE2 in HeLa cells was uncertain, with contrasting results previously described
(Figures 4 and 5). Furthermore, whilst interferon treatments can increase ACE2 expression in certain

tissues and cell lines, evidence of this occurring within HeLa cells has not been previously reported.

HeLa cells were grown to 80% confluence before treatment with media containing +/- 30 ng/mL or
60 ng/mL IFN-y for 24 hours. After treatment, cells were fixed before incubation with antibodies
against ACE2. DAPI was also used to stain nuclear DNA. A Zeiss 800 microscope was used to

inspect slides.

ACE2 was detected in untreated HeLa cells and those treated with either 30 ng/mL or 60 ng/mL IFN-
v (Figure 12). ACE2 expression was predominantly localised to elongated filopodia-like extensions
of the cell membrane in the examined HeLa cells. Overall levels of ACE2 expression were similar
for HeLa cells regardless of treatment type (Figure 12). For 60 ng/mL IFN-y treated HeLa cells,
ACE2 expression directly surrounding the nucleus was potentially greater than that observed in
untreated and 30 ng/mL IFN-y treated cells (Figure 12). Whether the ab15348 antibody used is truly
detecting ACE2 protein will require future experiments, such as validation with an ACE2 knockout

cell line.
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Figure 12: Detection of putative ACE2 in HeLa cells +/- IFN-y.

Immunofluorescence microscopy was performed on HeLa cells that were either untreated (A),
treated with 30 ng/mL IFN-y (B) or 60 ng/mL IFN-y (C) for 24 hours. Cells were incubated with
the anti-ACE2 antibody ab15348 (green) prior to imaging. DAPI demonstrates nuclear DNA

presence (blue). All images were taken on a Zeiss 800 microscope. Scale bars are shown.
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3.6.1 HaCaT ACE2 localisation in response to cytokine and spike

treatments.

Detection of ACE2 in HaCaT cells has previously been determined, by both immunoblotting and
microscopy analysis (Figures 4, 5 and 10). These observations are in accordance with the expected
results as prior investigations support ACE2 expression in epidermal keratinocytes (Xue et al. 2021).
Whilst preliminary immunofluorescence analysis has detected ACE2, distribution of the SARS-
CoV-2 entry protein in HaCaT cells was unclear, with apparent intracellular staining of ACE2
(Figure 10). ACE2 expression was not clearly detected at the cell surface, although ACE2 is thought
to be largely localised to the cell surface plasma membrane. To further investigate ACE2 distribution
in both the absence and presence of interferon and spike protein treatments, additional

immunofluorescence experiments were performed.

HaCaT cells were grown to 80% confluence before incubation with media containing IFN-y, SARS-
CoV-2 spike protein or both, for 24 hours. Following treatment, cells were fixed before co-incubation

with antibodies against ACE2 and HC-10. DAPI was also applied to indicate nuclear DNA location.

ACE2 expression in HaCaT cells was largely observed at the cell surface of both untreated and
treated cells (Figure 13). Clear punctuate clusters were seen in untreated, interferon treated, and spike
treated HaCaT cells, with without colocalization of ACE2 with the HC-10 antibody, which detects
MHC class I molecules. No intranuclear ACE2 expression was observed, in contrast to Figure 10.
Overall ACE2 expression did not vary considerably between untreated cells and those treated with
60 ng/mL IFN-y, 5000 ng/mL spike protein or combination treatments (Figure 13). No noticeable
ACE?2 distribution differences were observed between HaCaT cells treated with either of the three
(v, x or o) spike protein variants. The combination of both IFN-y and spike treatment for 24 hours

did not affect overall ACE2 expression levels or intracellular distribution of the protein (Figure 13).
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Figure 13: HaCaT ACE2 distribution following cytokine and spike incubation.

HaCaT cells were untreated (A), treated with 60 ng/mL IFN-y (B), 5000 ng/mL spike protein of y-
variant (C), x-variant (D) or o-variant (E) or both 60 ng/mL IFN-y and 5000 ng/mL y-variant spike
(F), for 24 hours before immunofluorescence imaging. Cells were stained with the ACE2 mAb
ab15348 (green) and HC-10 antibody (red), with DAPI stain (blue) used to indicate nuclear DNA.

Images were taken on a Zeiss 800 microscope; scale bars are shown.
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3.6.2 BeWo ACE?2 localisation in response to cytokine and spike

treatments.

The observation of ACE2 expression in BeWo cells was initially indicated by prior investigations
into its mRNA expression (Figure 3), with protein immunoblotting validating this result (Figures 4
and 5). Interferon induced ACE2 upregulation was also observed with both mouse and human IFN-
v. Recombinant SARS-CoV-2 spike protein did not greatly affect overall ACE2 expression (Figure
9). However, the in-vivo interaction between these proteins during SARS-CoV-2 infection may lead
to internalisation and proteolytic processing of membranal ACE2 receptors. Therefore, the internal
processing of ACE2 following recombinant spike treatment can suggest initial cellular responses to
viral infection with SARS-CoV-2. To evaluate whether the localisation of ACE2 in BeWo cells is
affected by cytokine and spike protein treatments, a series of immunofluorescence microscopy

experiments were performed.

BeWo cells were grown on cover slips before incubation with media supplemented +/- 60 ng/mL
IFN-y, 5000 ng/mL recombinant spike protein of either y, ¥ or o variant SARS-CoV-2, or a
combination of both IFN-y and spike protein, for 24 hours. Cells were then fixed before co-staining
with anti-ACE2 and HC-10 (anti-MHC class I) antibodies. Microscopy was then performed using a
Zeiss 800 to inspect the treated cells.

ACE2 expression and processing in BeWo cells was largely unaffected by recombinant spike protein
treatment (Figure 14). Overall ACE2 expression did not vary considerably between untreated cells
and those treated with recombinant spike protein alone. However, ACE2 expression did appear to
increase slightly in response to 60 ng/mL IFN-y and 60 ng/mL IFN-y + 5000 ng/mL spike-y
treatments (Figure 14). The distribution of ACE2 also appeared to be affected by treatment type. For
both untreated and IFN-y treated cells, ACE2 appeared less localised towards the cell membrane,
with ACE2 detected across a greater intracellular area than for BeWo cells treated with recombinant
spike protein (Figure 14). This observation coincided with decreased clustering of BeWo cells in the
untreated and IFN-y treated experiment, with possible ACE2 staining differences apparent for BeWo
clusters of varying cell density. All cells, both untreated and treated appeared healthy and
morphologically similar, indicating no toxicity had occurred (Figure 14). ACE2 distribution was
similar between variants of spike protein, however overall ACE2 detection appeared slightly weaker

for the k-variant with possible greater non-specific background staining (Figure 14D).
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Figure 14: BeWo ACE?2 distribution post cytokine and spike protein treatment.

BeWo cells were either untreated (A), treated with 60 ng/mL IFN-y (B), 5000 ng/mL spike protein
of y-variant (C), k-variant (D), o-variant (E) or both 60 ng/mL IFN-y and 5000 ng/mL y-variant
spike (F) for 24 hours. The ACE2 mAb ab15348 (green) and HC-10 antibody (red) were used for

staining, with DAPI (blue) used to locate nuclear DNA. Scale bars are shown.
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3.6.3 HeLa ACE2 localisation in response to cytokine and spike

treatments.

ACE2 was potentially detected in HeLa cells using the anti-ACE2 antibody ab15348 in western
blotting (Figure 4) and then followed up by immunofluorescence microscopy (Figure 12). Following
investigation of possible cytokine and spike protein mediated ACE2 expression differences within
keratinocytes and placental cells, cervical HelLa cells were examined. Treatment of cells with

recombinant spike protein may induce ACE2 uptake and degradation within intracellular vesicles.

HeLa cells were grown until 80% confluence before incubation with media treated +/- 60 ng/mL
IFN-y, 5000 ng/mL spike protein from either vy, k or o variant SARS-CoV-2, or a combination IFN-
v and y-variant spike protein, for 24 hours. Cells were fixed before staining with the anti-ACE2 mAb

ab15348. A Zeiss 800 microscope was then used to inspect treated cells.

ACE?2 distribution and expression in HeLa cells is depicted in Figure 15. The staining was relatively
weak, and the signal did not appear to be exclusively localized to the cell surface membrane of HeLa
cells (Figure 15). ACE2 expression appeared greatest in cells treated with both IFN-y and
recombinant spike protein (Figure 15F). IFN-y treatment alone appeared to slightly upregulate the
putative ACE2 in comparison to untreated cells, although ACE2 staining was weaker when compared
to cells treated with both IFN-y and spike protein (Figure 15). Overlap of ACE2 expression and DAPI
nuclear staining may have been due to non-specific staining with the ab15348 antibody in this
experiment. Furthermore, the unavailability of a HC-10 control for this experiment hinders clear

distinction of the cell surface.
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Figure 15: HeLa ACE?2 distribution after cytokine and spike protein treatments.

HelL a cells were untreated (A) or treated with either 60 ng/mL IFN-y (B), 5000 ng/mL spike
protein of y-variant (C), k-variant (D), o-variant (E) or 60 ng/mL IFN-y and 5000 ng/mL y-variant
spike protein (F), for 24 hours. Staining was performed with the ACE2 mADb ab15348 (green) with

DAPI (blue) indicating the nucleus. Scale bars are shown.
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3.71 Initial assessment of cytokine and SARS-CoV-2 spike

cytotoxicity.

Assaying HaCaT, BeWo or HeLa cells is an important step for investigating the effects of cytokines
or SARS-CoV-2 spike protein upon cells expressing ACE2. The previous experiments evaluating
treatment-mediated regulation of ACE2 assume that cell viability and behaviour is unaffected by
potential cytotoxic effects of the drugs. However, in some cases, poor cell growth was observed
following cytokine treatment. Furthermore, the response of individual cell lines to bioreagents varies
significantly due to variability in drug uptake and processing. To ensure that experimental outcomes
were independent of toxicity, a series of dose-response experiments were designed. These
experiments aimed to determine the concentration range at which cytokine and spike protein could
be applied to cells. Further, this would enable optimal concentrations to be determined that limit

cytotoxicity whilst still producing a measurable biological response.

HaCaT, BeWo and HeLa cells grown in 96-well plates were treated for 24 hours with media
supplemented +/- 60 ng/mL IFN-y or 30 ng/mL TNF-a, or with one of three SARS-CoV-2 variant
spike proteins- gamma, kappa or omicron, at 500 or 5000 ng/mL. To measure viability, Orangu
solution was added to each well before absorbance values were measured following a 3-hour
incubation. Comparison of absorbance values between untreated and treated samples can indicate the
cytotoxicity of individual drugs, as absorbance is correlated with viable cell metabolism through

Orangu-mediated detection of dehydrogenase activity.

For HaCaT cells, SARS-CoV-2 spike protein treatments did not greatly reduce cell viability when
used at either 500 or 5000 ng/mL (Figure 16A). The variant of spike protein also did not appear to
influence viability of HaCaT cells. Furthermore, IFN-y and TNF-a did not contribute to a loss in
viability (Figure 16A). Indeed, all HaCaT cells examined exhibited similar absorbance values post-

Orangu addition, suggesting that none of the treatment regimens inhibited cellular growth.

For BeWo cells, no treatment substantially decreased cell viability when compared to untreated cells
(Figure 16B). Furthermore, no variant-dependent differences were observed for SARS-CoV-2 spike
proteins on the viability of BeWo cells. IFN-y and TNF-a at 60 ng/mL and 30 ng/mL also did not
impede BeWo cell growth when compared to untreated cells (Figure 16B).

For the HeLa cell line, treatment with all three variant SARS-CoV-2 spike proteins resulted in some
reduction in cell viability after 24 hours, when compared to the untreated control (Figure 16C).
Indeed, absorbance measurements were reduced by >50% for all treatments tested. There were no
observed differences in cell viability due to variant type of the spike protein. Furthermore, increasing
the dosage of spike protein from 500 ng/mL to 5000 ng/mL did not significantly reduce cell viability
in HeLa cells (Figure 16C).
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Figure 16: Orangu cytotoxicity assays for cytokine and SARS-CoV-2 spike treatments.
Cytotoxicity of cellular treatments performed for 24 hours was evaluated for HaCaT (A), BeWo
(B) and HeLa (C) cell lines. Orangu solution was added to cells before absorbance was measured in
triplicate. HaCaT and BeWo cell viability was unaffected by treatments, although HeLa cells

viability was reduced following spike protein treatments. Absorbance scales are different for panels

A, B and C. Error bars represent standard errors.
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3.7.2 Cell viability following SARS-CoV-2 spike and cytokine treatments.

Initial assays examining cell viability when cells were exposed to SARS-CoV-2 spike protein, I[FN-
v and TNF-a indicated mild cytotoxicity of spike proteins for HeLa cells. This was unexpected as no
growth reduction had previously been noted following spike incubation with any of the cell lines.
Whilst the spike protein is known to be the major immunogenic component of the SARS-CoV-2
virus, the protein itself is not considered a toxin (Francesca et al. 2022). Additional investigations
were designed to follow up these findings and to determine whether downstream protein expression
is a specific result of drug action or a consequence of cellular damage. In order to determine whether
the cells were affected by the biological treatments, cells post-treatment were examined under the
microscope. The appearance of damaged and dead cells can indicate cytotoxicity, enabling

assessment of treatment conditions for individual cell lines.

HaCaT, BeWo and HeLa cells were incubated for 24 hours with media +/- 60 ng/mL IFN-y, 30
ng/mL TNF-o or 5000 ng/mL of either gamma, kappa or omicron variant SARS-CoV-2 spike

proteins. Following treatment, light microscopy was used to examine cells.

Inspection of HaCaT cells post-treatment did not show evidence of drug cytotoxicity affecting cell
viability following treatment with either cytokines or SARS-CoV-2 spike proteins (Figure 17A).
There were no apparent changes in cell morphology in response to the treatments, with high levels
of cell growth displayed in each case. Cellular detachment was also not observed following all
treatment types, with a similar number of floating cells identified for untreated and both spike protein

and cytokine treated cells (Figure 17A).

BeWo cells appeared unaffected by IFN-y, TNF-o and spike protein treatments (Figure 17B). All
cells inspected post-treatment were morphologically similar and displayed similar growth patterns
compared to untreated controls, irrespective of the treatment performed. Growth also appeared
uniform, with comparable cell densities across untreated and treated dishes (Figure 17B). No signs

of notable cell death were observed in BeWo cells.

HeLa cells were also unaffected by all cell treatments. Examination of microscopy images
demonstrated uniform growth patterns in response to all treatments (Figure 17C). Overall cell density
of HeLa colonies was standard, and the majority of cells appeared morphologically similar. SARS-
CoV-2 spike protein and TNF-a treatments did not affect the growth of HeLa cells (Figure 17C). The
variant type of SARS-CoV-2 spike protein was not determined to be a factor for influencing growth

of cells at the tested concentrations in HaCaT, BeWo or HeLa cell lines (Figure 17).
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Figure 17: Cell morphology is unaffected by cytokines and the SARS-CoV-2 spike protein.
HaCaT (A), BeWo (B) and HeLa (C) cells were either untreated (1), incubated with 60 ng/mL IFN-
v (2), 30 ng/mL TNF-a (3), or 5000 ng/mL of recombinant SARS-CoV-2 spike proteins of variants
gamma (4), kappa (5) and omicron (6). Treatments were applied for 24 hours before imaging. No

growth inhibition was observed following cytokine or spike protein treatment. Magnification:100x.
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3.8.1 SARS-CoV-2 spike treatment does not induce TNF-a production.

Infection of susceptible cells by SARS-CoV-2 results in the production of inflammatory cytokines
including TNF-a, IFN-y, IL-6 and IL-8, contributing towards a cytokine storm (Darif et al. 2021).
As the SARS-CoV-2 spike protein is the critical component for attaching to cells and triggering viral
invasion, the association of spike proteins to the ACE2 alone may be sufficient to induce cytokine
responses. Indeed, the SARS-CoV spike protein, which has an equivalent function to that of SARS-
CoV-2, was reported to stimulate production of inflammatory cytokines including IL-8 and TNF-a.
in human peripheral blood mononuclear cells (PBMCs) (Olajide et al. 2021). To observe possible
stimulation of inflammatory responses against SARS-CoV-2 S protein in a range of cell types,
HaCaT, BeWo and HeL a cell lines were exposed to recombinant SARS-CoV-2 spike proteins before

ELISAs were used to measure the cytokine responses.

Cells of the HaCaT, BeWo and HeLa cell lines were administered 50 ng/mL of SARS-CoV-2 spike
protein from either the gamma, kappa or omicron SARS-CoV-2 variants. Untreated cells were grown
as controls. Following 24-hour incubation, culture medium was removed and sampled for secreted

TNF-a by ELISA (RAB0476 kit).

Measurements of TNF-a produced by cells of the HaCaT, BeWo and HeLa cell lines in response to
SARS-CoV-2 spike protein treatment are displayed in Figure 18. In HaCaT cells, treatment with 50
ng/mL of S protein from the SARS-CoV-2 gamma variant appeared to significantly decrease
(P<0.05) the production of TNF-o compared to the untreated control (Figure 18A). However, this
measurement, along with a further four across the HaCaT, BeWo and HeLa cell lines, determined
TNF-a readings <0 pg/mL and may thus be within background levels. No additional significant
changes in TNF-a were observed between control and spike-treated samples in any of the cell lines
tested (Figure 18). Considerable variability in TNF-o was observed between the triplicate
measurements performed for each individual sample. Furthermore, no variant dependent differences

in TNF-a production were identified, either within or between the three cell lines (Figure 18).
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Figure 18: Initial ELISA for SARS-CoV-2 spike induced TNF-a production.

HaCaT (A), BeWo (B) and HeLa (C) cells were treated in triplicate with 50 ng/mL recombinant
spike protein from SARS-CoV-2 variants gamma (y), kappa (k) and omicron (o) for 24 hours.
TNF-a presence was determined with an ELISA kit (RAB0476). 50 ng/mL spike-y treatment
decreased TNF-a production within the HaCaT cell line, however TNF-a was unaffected by spike

protein treatments in BeWo, HeLa and remaining HaCaT samples. Error bars represent standard

errors. * =P <0.05.
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3.8.2 SARS-CoV-2 spike alone does not induce TNF-a

immunostimulation.

Challenging HaCaT, BeWo and HeLa cells with S protein (Figure 18) was insufficient to stimulate
production of TNF-a under the conditions investigated. Indeed, a decrease in HaCaT TNF-a was
observed following treatment with SARS-CoV-2 y-spike protein. This was an unexpected result in
contrast to the current literature reporting upregulation or unchanged cytokine levels post-treatment,
and most likely due to the technical limitations of the assay at low cytokine concentrations. In order
to re-examine the immune response towards recombinant SARS-CoV-2 spike proteins within the

HaCaT cell line, additional ELISAs were performed.

HaCaT cells were grown to 80% confluence before treatments of 60 ng/mL IFN-y or either 50 or 500
ng/mL spike proteins of SARS-CoV-2 variants gamma (y), kappa (k) or omicron (o). 3 ng/mL TNF-
a and untreated media were also administered as positive and negative controls. Treatments were
performed in triplicate. Following 24-hour treatments, cell media was removed and concentrated

with centrifugal filter tubes prior to TNF-a determination with an ELISA (ab181421 kit).

Immune responses towards spike proteins of the SARS-CoV-2 virus were limited in HaCaT cells
(Figure 19). No significant increase in TNF-a production was observed in cells treated with either
50 or 500 ng/mL spike protein, when compared to untreated controls. Furthermore, TNF-a was not
affected by the variant type of spike protein used (Figure 19). Treatment with 60 ng/mL IFN-y also
did not significantly stimulate increased production of TNF-a (Figure 19). Observed TNF-a presence
in the positive 3 ng/mL TNF-a control demonstrated that the immune signalling protein was able to

be detected in cell culture supernatants within this model.
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Figure 19: Improved ELISA for SARS-CoV-2 spike protein induced TNF-a secretion.

HaCaT cells were treated +/- 50 ng/mL or 500 ng/mL of recombinant spike protein from the
SARS-CoV-2 variants gamma (), kappa (k) and omicron (0). 60 ng/mL IFN-y and 3 ng/mL
treatments were also performed. Cell media was removed and tested for TNF-a post-treatment with
an ELISA kit (ab181421). No differences in TNF-a production were observed following spike

protein or IFN-y treatment. Error bars represent standard errors. **** =P <(.0001.
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39 Experimental summary.

The experiments performed within this thesis contribute towards expanding the understanding of
ACE2 expression, its regulation by cytokine factors and the effects of ACE2-spike interactions.
Preliminary experiments detected ACE2 expression within keratinocyte, placental and cervical cell
lines, with additional investigation validating this expression for HaCaT and BeWo cells. Whilst
there is some evidence for ACE2 expression within the HeLa cell line, this observation warrants
more rigorous investigation. Future experimentation with ACE2 knockout cell lines would assist in
confirmation of HeLa ACE2. Immunofluorescence investigations determined cell-surface expression
of ACE2 in line with the available literature, however intracellular expression was also detected.
Further experiments examining co-expression of ACE2 alongside TMPRSS2 would provide stronger

evidence for susceptibility of the investigated cell lines to SARS-CoV-2.

Evidence of cytokine mediated ACE2 expression was detected for both HaCaT and BeWo cell lines,
with putative ACE2 upregulation also observed in HelLa cells. Immunoblotting and
immunofluorescence experiments were both implemented to investigate this hypothesis, with
western blots demonstrating the strongest evidence for both IFN-y and TNF-a induced upregulation
of ACE2.

Recombinant spike protein and cytokine treatments did not adversely affect cell growth in HaCaT
and BeWo cell lines, enabling characterisation of suitable treatment concentrations for the cell lines
tested. For HeLa cells, spike protein treatments initially appeared to reduce cell viability when
compared to untreated cells, however visual examination determined no reduction in growth or

altered morphology.

The effect of isolated spike protein upon ACE2 expression was also investigated, with possible
downregulation of ACE2 observed in BeWo cells. However, additional controls for these

experiments are required to draw clear conclusions about ACE2 expression.

The SARS-CoV-2 spike protein alone was insufficient to stimulate TNF-o production in
keratinocyte, placental or cervical cells with the experimental conditions tested. Significant
improvements in the ELISA protocol (e.g the use of a centrifugal spin column) and an alternative
ELISA kit assisted in validation of these findings, showing that the Abcam supplied recombinant S

protein was not able to stimulate cytokine secretion in HaCaT cells.
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Section 4.0 Discussion

4.1 HaCaT and BeWo cell lines express ACE2.

The presence of ACE2 receptors at the plasma membrane indicates likely susceptibility of cells to
the SARS-CoV-2 virus, along with host priming factors including TMPRSS2 (Devaux, Rolain, and
Raoult 2020). Whilst the focus of ACE2 expression investigations has involved cell lines derived
from upper and lower respiratory tract tissue, concerns surrounding the possibility of extrapulmonary
infections have been raised. ACE2 was reproducibly demonstrated in HaCaT (keratinocyte) and
BeWo (placental) cell lines using western blotting (Figures 4, 5, 7 and 9) and immunofluorescence
microscopy (Figures 10, 11, 13 and 14). Colocalization of ACE2 with MHC class I (HC-10) staining
also indicates likely ACE2 localization in these cell lines (Figures 13 and 14), in accordance with
known ACE2 function and distribution as a membrane bound receptor (Samavati and Uhal 2020).
These findings corroborate initial predictions of ACE2 expression in keratinocyte and placental cells
following a database search of ACE2 transcription data in HaCaT and BeWo cell lines (Figure 3).
This is supported by independent observations of ACE2 expression in HaCaT and BeWo cell lines,
suggesting possible susceptibility to SARS-CoV-2 infection (D. Ma et al. 2020; Y. Wang et al. 2012).

Demonstration of expression of the receptor required for SARS-CoV-2 cellular entry was less certain
for HeLa cells. Western blots provided conflicting evidence for ACE2 expression (Figures 4 and 5)
and whilst immunofluorescence experiments indicated ACE2, background staining may have
contributed to a non-specific signal (Figures 12 and 15). HeLa cells have previously been determined
to have no exogenous ACE2 expression, with database derived transcriptomic data (Figure 3)
supporting this observation (Nie et al. 2004; P. Zhou et al. 2020). Alongside ACE2, expression of
host priming factors for activation of the SARS-CoV-2 spike protein is also a prerequisite for
infection (Piva et al. 2021). Therefore, future TMPRSS2 coexpression could be determined in these
cell types to fully evaluate the predisposition of HaCaT, BeWo and HeLa cells to SARS-CoV-2
infection. Deriving an organ-specific map of ACE2 expression, particularly for extrapulmonary
organ types, would further the understanding of the interactions between these cell types and SARS-

CoV-2 during viral infection.

Expression of ACE2 also indicates potential HaCaT and BeWo (and putative HeLa) cell involvement
in the RAAS pathway. The RAAS pathway has systemic effects through mediation of blood pressure
and fluid balance (Mascolo et al. 2021). Through expressing ACE2, HaCaT and BeWo cells could
assist in the modulation of Ang II levels by catalyzing conversion of this hormone into Angl-7. Ang
II is a vasoconstrictive hormone within the RAAS which causes muscular walls of arterioles to

narrow, increasing blood pressure (Fountain and Lappin 2022). Vasoconstrictive effects of Ang Il
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are inhibited by ACE2 through Ang II degradation and thus, HaCaT and BeWo cells could assist in
regulation of the anti-inflammatory arm of the RAAS. The use of these immortalized cancer cell
lines is suggestive, though not fully representative of human tissue. RAAS balance is particularly
important in placental tissue as the RAAS is involved in angiogenesis, which is crucial for placental
development (Pan et al. 2013). Furthermore, maintenance of a balanced RAAS is important for

escaping damaging inflammatory responses during infections (Sparks et al. 2014).

Potentially variable glycoforms of ACE2 were identified in western blotting experiments (Figures 4,
5 and 7). Evidence for ACE2 isoforms in mammalian cells has previously been reported as mRNA
transcripts and expressed protein (Onabajo et al. 2020). N-linked glycosylation of ACE2 is reported
at N53, N90, N103, N322, N432, N546 and N690 residues (Gong et al. 2021). ACE2 glycosylation
has been suggested to affect SARS-CoV-2 infectivity through modulation of the binding interaction
between ACE2 and the S protein RBD (Allen et al. 2021). Although ACE2 glycosylation was not a
major aim of this study, the mechanisms by which glycosylation can affect spike binding may be of

future interest in evaluating individual spike-ACE2 interactions of SARS-CoV-2 variants.

4.2 IFN-y and TNF-o mediate upregulation of ACE2 expression.

Precise roles of individual cytokines in immune action and protein regulation are complex as they
act upon multiple targets in diverse pathways alongside additional factors. Investigation of possible
cytokine-mediated ACE2 expression is important for consideration of RAAS regulation and SARS-
CoV-2 infection. Whether ACE2 expression is mediated by cytokines acting on specific target cell
subsets is not fully described, however cytokine induced ACE2 upregulation has been reported in
lung pneumocytes, thyroid cells and macrophages (Coperchini et al. 2020; Albini et al. 2021; Pantazi
et al. 2021). Conversely, ACE2 expression in kidney Vero cells is downregulated by IFN-y and IL-
4, suggesting cell type specific responses to cytokines may exist (de Lang, Osterhaus, and Haagmans
2006). Immunoblotting experiments performed in this study determined that IFN-y and TNF-o may
induce ACE2 production in both keratinocytes and placental cells (Figures 4 and 5). Whilst ACE2
expression in cervical tissue is still uncertain, both IFN-y and TNF-a appeared to upregulate
expression of this receptor in HeLa cells. Due to the uncertain nature of HeLa ACE2, this observation
requires further independent validation, possibly with ACE2 knockout and gain-of-function

experiments.

Both murine and human IFN-y was determined to upregulate ACE2 in the three cell lines examined
(Tables 3 and 4). Human IFN-y was a stronger stimulant of ACE2 than mouse derived IFN-y in HeLa
cells (2.27 versus 1.2-fold increase), although a weaker inducer of ACE2 in HaCaT cells (1.93 versus
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2.44-fold change). BeWo cells responded in a similar manner (~1.2-fold increase in ACE2) to either
cytokine. Initial predictions that mouse derived IFN-y would be less effective than human IFN-y for
stimulating these mammalian cell lines were not substantiated here. Indeed, IFN-y proteins from
humans and mice display only 40% sequence homology and species specificity has previously been

reported (Alspach, Lussier, and Schreiber 2019).

Overall, the two interferon cytokines appear to activate signalling responses in mammalian cells,
resulting in observed ACE2 upregulation in either case. This suggests that the differences between
human and murine IFN-y are insufficient to greatly affect stimulation of mammalian cells, however
clarification of the functional roles of mouse IFN-y upon human cell lines is required. TNF-a was
seen to increase ACE2 upregulation in HaCaT, BeWo and HeLa cell lines (Figure 5). TNF-a is
known to induce expression of many genes under IFN-y control (Schroder et al. 2004). ACE2
upregulation has also been reported in cardiac tissue following TNF-a treatment, exacerbating
SARS-CoV-2 entry potential (C. Y. Lee et al. 2021). Therefore, this observation was predicted for
the mammalian cells tested, although confirmation of cytokine-controlled regulation is important due
to possible cell line specific effects. Cellular expression of members of the TNF receptor superfamily
is important for specific signalling responses against TNF-a (Ward-Kavanagh et al. 2016). If no
surface receptors are present, weaker non-specific bystander effects towards this cytokine may be
observed. However, previous studies report TNF receptor expression in HaCaT, BeWo and HelLa
cell lines (Udommethaporn et al. 2016; Knoéfler, Stenzel, and Husslein 1998; Tsujimoto and Vilcek
1986). This indicates specific responses to TNF-a treatments are occurring in these cells, leading to

increased ACE2 expression.

These observations support the cytokine mediated ACE2 hypothesis that follows previous
designation of the ACE?2 gene as an ISG, with experiments demonstrating interferon mediated ACE2
increases within airway epithelial cells (Ziegler et al. 2020). Previous identification of ACE2
isoforms disrupts reporting of interferon regulation, as truncated ACE2 isoforms (including 3-ACE2)
which cannot act as SARS-CoV-2 entry receptors are also under positive IFN-y control (Onabajo et
al. 2020). Although ACE2 expression is largely cell line specific, the signalling pathways
underpinning its regulation may be shared, and as such, multi-organ expression of ACE2 may be
dependent upon similar factors. Regulation of ACE2 is required for maintaining the homeostasis of
the RAAS, as this receptor negatively regulates the RAAS through counterbalancing the effects of
ACE (Burrell et al. 2004). ACE2 thus plays a pivotal role in reducing inflammation in both placental

and skin epithelial tissues.

The mechanism responsible for interferon stimulation of ACE?2 is incompletely understood, though
JAK-STAT signalling may be involved, with IFN-y induced STAT1 and STAT2 phosphorylation
observed during ACE2 upregulation (Y. Zhou et al. 2021). The importance of IFN-y in resolution of
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viral infections is well characterised. Heightened production of IFN-y and TNF-a is associated with
antiviral immunity through regulatory effects upon the innate immune system (A. J. Lee and Ashkar
2018; Alejo et al. 2018). Indeed, SARS-CoV-2 infection stimulates interferon production, which may
lead to exacerbated cytokine responses observed in severe COVID-19. Development of this cytokine
storm causes life-threatening inflammation, leading to development of ARDS and poor patient

outcomes (Del Valle et al. 2020).

IFN-y and TNF-a induced ACE2 upregulation during COVID-19 may theoretically enhance viral
pathogenicity through increasing the number of available entry receptors in skin and placental
tissues. This observation suggests that the immune response to SARS-CoV-2 may inadvertently
assist in furthering viral invasion, despite the potent overarching outcomes of cytokines as antiviral
agents. Mild to moderate ACE2 deficiencies have been proposed as protective factors against SARS-
CoV-2 infection by lessening viral invasion, however this seems improbable given the strong binding
affinity for SARS-CoV-2 to ACE2 (Salamanna et al. 2020). Furthermore, low ACE2 expression is
associated with known risk factors for severe COVID-19, including diabetes and cardiovascular
disease (South, Diz, and Chappell 2020). ACE2 deficiency is also linked with hyperinflammatory
responses during COVID-19, and soluble ACE2 (sACE2) treatments are being considered as possible
therapeutic interventions (Ragab et al. 2020; Michaud et al. 2020). This is likely due to stabilisation
of'the RAAS system, which is crucial for preventing exacerbated inflammatory responses leading to
fatal cases. It is important to note that whilst placental and skin epithelial cells are potentially
susceptible to SARS-CoV-2, severe COVID-19 correlates predominantly with lung pathology. As
such, resulting cytokine induced ACE2 dysregulation in keratinocyte or placental cells may be less
severe than in susceptible pulmonary or cardiovascular tissue, although these cell types do represent

possible reservoirs of infection.

4.3 Synergistic effects of IFN-y and TNF-a on ACE2.

As cytokines, TNF-a and IFN-y control immune functions, which can contribute towards a
synergistic antiviral state when concurrently present (Bartee, Mohamed, and McFadden 2008). This
combined action of cytokine-mediated ACE2 increases in keratinocyte and placental tissues, led to
the development of a hypothesis for synergistic upregulation of ACE2 by IFN-y and TNF-a. Synergy
of these cytokines has been observed during SARS-CoV-2 infection, with co-treatment activating
the JAK/STAT1/IRF1 axis, which may cause inflammatory damage during severe COVID-19 (Karki
et al. 2021). Furthermore, synergism of IFN-y and TNF-a is reported for increasing ACE2 mRNA in
thyroid cells, demonstrating how these inflammatory cytokines can have important regulatory

functions (Coperchini et al. 2020). However, in this study, synergistic effects of IFN-y and TNF-a
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for ACE2 upregulation were not clearly identified in either HaCaT or BeWo cell lines (Figure 7).
This suggests no direct interplay between these signalling molecules under the experimental
conditions in this thesis, although both cytokines did independently upregulate ACE2. Strong
background signal in this experiment complicated identification of possible synergistic effects upon
ACE2. The previous characterization of IFN-y and TNF-a induced ACE2 mRNA production in
thyroid cells does indicate that these cytokines may function in collaboration to affect ACE2
expression, suggesting further quantitative approaches are required to investigate this expression in

specific target cell subsets.

4.4 Characterisation of alternative anti-ACE2 antibodies.

ACE2 detection was initially confirmed in western blotting and immunofluorescence experiments
using the anti-ACE2 mAb ab15348. ACE2 staining was clear and well described for many of these
experiments. Following this, it was decided to investigate whether alternative commercially available
antibodies stain ACE2 in a similar, or improved manner. Comparison of antibody efficacy allows
selection of high-performance antibodies for subsequent experiments. ACE2 staining using the
monoclonal antibodies ab108209 and ab108252 was investigated, with no signal detected for either
HaCaT or BeWo sample lysates known to express ACE2 (Figure 8). Both ab108209 and ab108252
were used at the manufacturers recommended dilution (1:1000), suggesting absence of ACE2
staining was due to another factor. The presence of B-actin bands also demonstrates successful
protein loading of each sample. Therefore, ACE2 detection with ab108209 and ab108252 may

require experimental conditions not present during this analysis.

Both ab108209 and ab108252 antibodies are rabbit derived and have been raised against a synthetic
peptide. ACE2 detection with ab108252 has previously been described in western blotting
experiments with liver and pancreatic cell lysates, demonstrating this antibody is feasible for ACE2
staining (An et al. 2021). Ab108209 is also shown to detect ACE2 in lung epithelial cells with
immunofluorescence microscopy experiments (Liang et al. 2020). Furthermore, ACE2 bands at 130
kDa have also been reported by western blotting with ab108209 (F. Ren et al. 2023). These studies
display efficacy of ACE2 detection with these anti-ACE2 antibodies and suggest the lack of
detectable ACE2 in this thesis may be due to the experimental conditions. Furthermore, positive
ACE2 controls were not present within the western blot described here (Figure 8), therefore this
experiment requires follow up to investigate ACE2 detection with ab108209 and ab108252. Future
use of ab15348 for ACE2 detection is suggested in this thesis, with experiments demonstrating the
efficacy of this antibody for ACE2 staining. However, additional investigation of ab108209 and
ab108252 is needed to determine the conditions required for ACE2 staining.
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4.5 Recombinant SARS-CoV-2 spike protein does not dysregulate ACE2.

Interactions between SARS-CoV-2 spike protein and membrane bound ACE2 occur during initial
association between the virus and susceptible cells. In-vivo investigations have determined that a
consequence of spike-RBD complex formation during SARS-CoV-2 infection is internalization and
subsequent degradation of ACE2 during viral penetration of the cell. Indeed, it has been well
documented that binding of the SARS-CoV-2 virus to ACE2 leads to downregulation of this receptor
(Silhol et al. 2020; Verdecchia et al. 2020). Although this process is reported for SARS-CoV-2, the
effects of recombinant spike protein upon susceptible cells are less clear. Whether the SARS-CoV-2
spike protein alone is sufficient to induce comparable effects upon ACE2 expression in-vitro was an

aim of this investigation.

In this study, HaCaT and BeWo cells incubated with recombinant spike protein did not show clear
evidence of ACE2 protein dysregulation (Figure 9). Immunoblotting determined similar ACE2
expression following 24-hour spike RBD treatment for HaCaT cells and whilst slight ACE2
decreases were potentially observed for BeWo cells, protein loading was not controlled for here.
These findings suggest that purified spike protein alone is unable to induce internalization of ACE2
from the cell surface membrane. The recombinant spike proteins utilized in this study encode the
RBD of the spike alone and as such can be used to model binding to ACE2 receptors. As ACE2
expression appears unaffected, RBD-ACE2 binding appears insufficient to alter stabilization of the
RAAS in these systems. Furthermore, the effect of spike binding upon further susceptibility to

SARS-CoV-2 infection appears negligible as no change in entry receptor expression is observed.

SARS-CoV-2 spike RBD protein constructs have previously been implicated in Ang II elevation
through downregulation of ACE2 expression in animal models (L. Zhang et al. 2022). Spike RBD
proteins of the related SARS-CoV virus are also known to bind to ACE2 on susceptible cells,
resulting in endocytosis of the RBD-ACE2 complex (S. Wang et al. 2008). These studies suggest
ACE2 internalization does occur following spike-ACE2 binding, in contrast to results displayed here.
The SARS-CoV-2 spike protein has also been found to enhance expression of some ISG’s in
bronchial epithelial cells, including ACE2 (Y. Zhou et al. 2021). This may be due to activation of
host immune responses against the spike protein, which trigger expression of ISGs through type |
interferons. Conversely, SARS-CoV-2 spike proteins have been shown to downregulate ACE2
mRNA in transfected kidney epithelial cells (X. Gao et al. 2022). This demonstrates possible tissue

specific responses to recombinant spike proteins.

The initial hypotheses that SARS-CoV-2 spike RBD protein can downregulate ACE2 in cell lines
expressing ACE2 are not supported by preliminary experiments reported here. This may be the result
of the ACE2 expression system used, with the spike RBD alone employed, rather than the complete

spike glycoprotein or viral particle. Viral-induced ACE2 internalization observed during in-vivo
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infection may be dependent upon the presence of additional factors, including an activated S> subunit
and associated priming enzymes. The active S; subunit is known to play an important role in inducing
membrane fusion and facilitating SARS-CoV-2 entry (Y. Huang et al. 2020). Host proteases
including TMPRSS?2 are also required for viral entry (Hoffmann, Hofmann-Winkler, and P6hlmann
2018). The SARS-CoV-2 RBD protein is suitable for modelling binding of spike protein to host
ACE2. Although, the effect of additional viral factors, including the S, domain may potentially result
in affected ACE2 expression. This reasoning, however, is not supported by independent observations
of SARS-CoV and SARS-CoV-2 spike RBD proteins inducing ACE2 endocytosis (Inoue et al. 2007;
Bayati et al. 2021). Therefore, it is more likely that expression of surface ACE2 was unaltered in the
cell lines tested, regardless of spike-ACE2 binding. However, future characterisation of spike RBD-

ACE2 binding is proposed, as complex formation is assumed here.

Both direct SARS-CoV-2 spike-mediated downregulation of ACE2 protein and intracellular
degradation of ACE2 mRNA has previously been reported, suggesting the spike protein may cause
both endogenous and exogenous ACE2 to decrease (X. Gao et al. 2022). For the keratinocyte and
placental cells evaluated here, no ACE2 expression changes were observed. However, RNA levels
were not quantified in this study and as such, transcriptional control of ACE2 was not investigated.
Repeat western blot experiments are required to determine whether the slight ACE2 reductions
observed in BeWo cells following spike protein treatment are reproducible and are the result of spike-

ACE2 binding, rather than protein loading concerns.

Immunofluorescence microscopy experiments suggested that SARS-CoV-2 spike treatments did not
affect localisation of ACE2 in HaCaT, BeWo or HeLa cell lines (Figures 13, 14 and 15). Although
ACE2 internalisation and degradation has been reported following SARS-CoV-2 spike protein
treatment, no evidence of protein internalisation was determined here (X. Gao et al. 2022). Following
spike-ACE2 binding, endocytosis of the ACE2 protein along with associated S protein is thought to
be utilised by the SARS-CoV-2 virus for entry. Clathrin-mediated or AP2-dependent endocytosis of
the virus-ACE2 complex into endolysosomes is an important step in SARS-CoV-2 infectivity, where
additional proteolytic processing of S»’cleavage sites can occur (Jackson et al. 2021). Lysosomal
degradation of ACE2 occurs following internalisation, suggesting SARS-CoV-2 S protein may
induce ACE2 downregulation (Y. Lu et al. 2022). Direct evidence of receptor proteolysis was not
investigated in this study, whilst localisation of ACE2 in HaCaT, BeWo or HeLa cells did not appear
affected by the spike protein. Since SARS-CoV-2 induced ACE2 downregulation is linked with
severe COVID-19 through an imbalance of the RAAS, future investigation of ACE2 protein fate
following uptake may partially explain the associated inflammatory actions known to contribute to
poor prognosis following SARS-CoV-2 infection (Babajani et al. 2021). Furthermore, performance
of co-immunoprecipitation experiments to verify spike-ACE?2 interactions in this model would also

strengthen these findings.
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4.6 Spike protein and cytokine treatments do not inhibit cell growth.

Experiments performed upon HaCaT, BeWo and cell lines utilised IFN-y, TNF-o and SARS-CoV-2
spike RBD protein treatments. Slight growth inhibition was reported in initial experiments following
cytokine treatments, leading to the investigation of potential cytotoxic effects of the drugs for the
three cell lines. An Orangu cytotoxicity assay was performed to determine toxic effects of IFN-y,
TNF-a and the viral spike protein (Figure 16). The Orangu assay utilises WST-8, a tetrazolium salt
which produces a formazan orange dye when reduced. The formazan dye is produced by the activity
of dehydrogenase enzymes within live cells and as such, colour intensity is directly proportional to
the number of viable cells present (Chamchoy et al. 2019). This technique requires equal seeding of
cells prior to treatment as cell death is assumed by observed reductions in colour intensity compared

to other samples, rather than direct observation.

The Orangu assays demonstrated that HaCaT and BeWo cells were unaffected by treatment with
either cytokine or spike for 24 hours. This was expected due to previous reporting of HaCaT cell
stimulation to induce the expression of surface receptors using TNF-a and IFN-y in a 10-100 ng/mL
range (Konur et al. 2005; El Darzi et al. 2017). Modulation of BeWo signalling pathways has also
been demonstrated following incubation of cells with 1-100 ng/mL IFN-y and TNF-a cytokines
(Barbosa et al. 2015; Konur et al. 2005). This indicates that these cell lines respond to cytokines used

in this concentration range, without adverse cell growth being reported in the 24 hours post treatment.

Excessive TNF-a presence in the environment is toxic to cells as signalling through the TNF-R1 and
TNF-R2 receptors causes activation of NF-kB and MAPKSs, leading to generation of apoptotic signals
(Z. G. Liu 2005). IFN-y also triggers apoptotic cell death through activation of NF-xB (Schroder et
al. 2004). Indeed, many cytokine induced responses result in cellular apoptosis or necrosis,
demonstrating the consequences of excessive IFN-y or TNF-a cellular treatment. Furthermore,
reported expression of TNF receptor superfamily members on the cell surface of HaCaT, BeWo and
HeLa cell lines indicates that specific TNF-o mediated responses following stimulation occurs in
these cells (Udommethaporn et al. 2016; Knofler, Stenzel, and Husslein 1998; Tsujimoto and Vilcek
1986). Therefore, an overstimulation with the TNF-a cytokine may result in direct cell signalling
responses leading to apoptosis in these cell lines. However, no cytokine mediated inhibition was seen

in the HaCaT or BeWo cell lines.

Cell growth for the HeLa cell line appeared to be adversely affected by all SARS-CoV-2 spike
proteins, independent of variant type (Figure 16). This was unexpected, because whilst the SARS-
CoV-2 spike protein is known to be a key immunogenic region for antibody neutralisation, the spike
RBD protein itself is not considered a toxin (M. Y. Wang et al. 2020). Furthermore, no loss in cell
viability was reported following spike treatment with either the HaCaT or BeWo cell lines used.

Subsequent cell treatment experiments were performed, using a bright-field microscope to inspect
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cells for signs of growth inhibition and death. Visual inspection of treated cells showed that no
treatment performed upon either cell line resulted in adverse growth (Figure 17). Neither cell density
nor morphology appeared to be altered by either cytokine or spike treatment, suggesting that no
signalling resulting in apoptosis was occurring within the HaCaT, BeWo or HeLa cell lines. Whilst
the initial Orangu suggested a loss in viability for HeLa cells in the presence of spike proteins, this
was not supported by the microscope inspection. Furthermore, incubation with IFN-y or TNF-a also
did not affect HeLa cell growth. This demonstrates that the treatments were performed at a suitable

concentration for the HaCaT, BeWo and HeL a cell lines tested.

4.7 SARS-CoV-2 spike variants do not affect ACE2 expression or

localisation.

The emergence of SARS-CoV-2 variants has fueled recent surges in COVID-19 infections, with
evolutionary selection of spike proteins able to facilitate pathogenicity and immune escape (Lauring
and Hodcroft 2021). Indeed, novel SARS-CoV-2 variants express mutated spike proteins to either
enhance ACE2 binding or to lessen the neutralizing antibody response, improving viral success
(Harvey et al. 2021). Sequence alignments for the three SARS-CoV-2 variant spike proteins utilized
in this study are shown in Figure 2. Whilst y-S and x-S proteins demonstrate relatively high amino
acid similarity, the o-S protein exhibits 34 mutations in this region (Zepeng Xu, Liu, and Gao 2022).
Knowledge of altered spike variant binding to the ACE2 receptor, alongside reported ACE2
dysregulation during SARS-CoV-2 infection led to development of a hypothesis that the SARS-CoV-
2 spike may display variant dependent effects upon ACE2 expression. Additionally, whether immune

stimulation following spike incubation differs depending on variant type was examined.

In this study, variant dependent effects of recombinant SARS-CoV-2 spike proteins were not
identified. ACE2 expression and/or localization was not greatly affected by the variant type of spike
protein used for treating HaCaT, BeWo and HeLa cells (Figures 9, 13, 14 and 15). Although spike
induced downregulation of ACE2 expression in BeWo cells was not confirmed here, treatment with
o-S did appear to reduce ACE2 more so than spike proteins of either y or k variants (Figure 9).
However, lack of sufficient protein loading controls prevents variant dependent effects being
adequately identified in this experiment. Sufficient TNF-o stimulation was also not determined for
any spike protein variant, therefore variant differences in spike induced immune activation were also
not observed (Figures 18 and 19). These findings do not support the initial hypothesis that differential

binding of spike variants to the ACE2 receptor leads to individual responses. Furthermore, immune
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stimulation with any SARS-CoV-2 spike protein alone was not significant, thereby preventing

variant-dependent differences in spike proteins from being observed.

Differences in binding affinities between RBDs from SARS-CoV-2 variants and cellular ACE2 have
previously been characterized with free energy profiles. Omicron S has the greatest binding affinity
for ACE2 (-1.35BWmin), followed by kappa-S (-1.15BWmin), and then gamma-S (-1.11BWmin) (Giron,
Laaksonen, and Barroso da Silva 2022). Although strength of the spike-ACE2 interaction is similar
for kappa and gamma spike proteins, the omicron spike protein binds considerably tighter. If ACE2
dysregulation is a product of spike-ACE2 binding, then the omicron spike protein would be expected
to have the greatest effect upon ACE2. This reasoning may support the spike treated BeWo cell
findings demonstrated in Figure 9, as despite lacking the full controls, o-S treatment appeared to
downregulate ACE2 more strongly than either x-S or y-S. No ACE2 changes were observed for the
HaCaT cell line, irrespective of the variant type, suggesting the spike protein alone does not alter
ACE2 levels in this system (Figure 9). As before, follow up experiments are needed to confirm this

observation is biologically robust.

Aside from ACE2 dysregulation, additional SARS-CoV-2 variant dependent responses upon
susceptible cells exist. Disturbances to S protein structure can facilitate accessibility of viral and host
membranes or prevent recognition by neutralising antibodies to reduce humoral immune activation
(Hirabara et al. 2022). Immune signalling by the host cell in response to SARS-CoV-2 viral
attachment may also be affected. Although direct spike-induced stimulation of immunity was not
determined in this study (Figures 18 and 19), host responses to the SARS-CoV-2 spike protein
provides the basis for COVID-19 vaccines. Furthermore, recombinant spike treatments have
previously been shown to be sufficient for promoting cell signalling in various cell types, in the

absence of additional viral components (Suzuki and Gychka 2021; L. Zhang et al. 2022).

To investigate whether S variant type affects protein regulation downstream of spike-ACE2
interactions, quantitative analysis of protein fold-changes may be performed. A suggested workflow
for quantitative SWATH mass spectrometry is described (Figure 20). This experimental design could
involve immune stimulation alongside spike protein treatment, however as noted above, spike
induction has been deemed sufficient to elicit cell signalling responses in certain cell types. Whether
recombinant SARS-CoV-2 spike proteins induce signalling responses, and potential variant

dependent effects could be determined through analysis of downstream proteomic changes.
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SWATH Mass Spectrometry Workflow
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Figure 20: SWATH mass spectrometry workflow.

Experimental steps required to perform sequential window acquisition of all theoretical fragment
ion spectra mass spectrometry (SWATH MS) (Krasny et al. 2018). Quantitative analysis of
downstream translational targets can determine fold-changes in proteins induced by SARS-CoV-2

spike proteins.
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4.8 SARS-CoV-2 spike protein alone is unable to stimulate TNF-a

production.

SARS-CoV-2 infection of susceptible cells results in activation of immune responses and production
of antiviral cytokines and chemokines. These responses are crucial for positive resolution of COVID-
19 disease and demonstrate stimulation of protective immune responses towards pathogen activity.
Previous studies investigating SARS-CoV-2 antigenicity have led to designation of the spike
glycoprotein as a major immunogenic region of this coronavirus. Indeed, ~90% of neutralising
antibody activity in infected individuals is targeted against the RBD of the viral spike (Piccoli et al.
2020). Furthermore, the majority of current SARS-CoV-2 vaccines are targeted towards the spike
glycoprotein, indicating that generation of neutralising antibodies against this region is important for

protecting against severe disease (Martinez-Flores et al. 2021).

It was hypothesised that incubation of recombinant spike protein with cell lines expressing cell
surface ACE2 would lead to a biological response. Indeed, spike proteins of the closely related
SARS-CoV virus have been determined to induce production of inflammatory cytokines such as
TNF-o and IL-8 in human PBMC cells (Olajide et al. 2021). Furthermore, whilst no direct
inflammatory actions were determined for the SARS-CoV-2 structural proteins M, E and N, S
proteins have been shown to induce IL-6, IL-1B, TNF-a and CCL2 production in both human and
mouse macrophage cells (Khan et al. 2021). This inflammation was found to be TLR2-dependent,

with activation of the NF-kB pathway leading to cytokine secretion.

In this study, ELISA assays were performed to characterise whether the spike protein alone is
sufficient to induce production of an inflammatory cytokine. Although HaCaT, BeWo and HelLa
cells are not professional TNF-a secreting cells (such as macrophages), a biological response to viral
spike protein was expected (Parameswaran and Patial 2010). The recombinant spike was determined
to be unable to induce TNF-a immunostimulation in either HaCaT, BeWo or HeLa cells (Figure 18).
Failure of perceived TNF-a immunostimulation post spike treatment was unexpected, especially in
the HaCaT cell line as TLR2 expression is confirmed, with these keratinocytes previously shown to
be suitable for investigation of innate immune mechanisms in the skin (Olaru and Jensen 2010). For
BeWo and HeLa cells however, TLR2 expression is either minimal or undetectable (Pridmore et al.
2003; Tangerss et al. 2014). Regardless, a response to the SARS-CoV-2 spike protein may still occur

through additional downstream pathways.

The initial ELISA findings (Figure 18) led to repetition of TNF-a secretion experiments with protocol
improvements including use of a centrifugal spin column to increase supernatant protein
concentration and triplicate rather than duplicate measurements being taken. The HaCaT cell line
was selected for re-investigation due to known expression of TLR2 receptors and previous

determination of spike-induced inflammation via TLR2-dependent activation of the NF-kB (Khan et
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al. 2021; Pivarcsi et al. 2003). Improved ELISA experiments did not identify TNF-a secretion,
although a positive TNF-a control established that TNF-a detection in the ELISA system was
feasible (Figure 19). Furthermore, although use of a centrifugal spin column did not appear to
increase TNF-a measurements, BCA assays did demonstrate that total protein in supernatant samples

was increased.

Further experiments to demonstrate spike-ACE2 complex formation post spike treatment would
prove that this association alone is insufficient for signalling to occur. Whether the presence of
SARS-CoV-2 spike RBD protein can augment the stimulation of immune responses by secondary
factors is also unknown, however the activation of MAPK and NF-«B signalling molecules has been
determined previously (Barreda et al. 2021). Promotion of host inflammatory responses to SARS-
CoV-2 infection by the spike protein may be advantageous to the virus, as disrupted immune

responses benefits viral replication.

4.9 Conclusions.

The experiments reported in this thesis have demonstrated ACE2 expression in HaCaT and BeWo
cell lines. Both mouse and human IFN-y appeared to increase levels of detectable ACE2. Subsequent
cytokine challenge experiments did not detect clear synergistic effects between IFN-y and TNF-a,
however this requires follow up. Putative expression of ACE2 was also observed in HeLa cells with
western blotting. Comparison of anti-ACE2 antibodies demonstrated that the monoclonal antibody
ab15348 was the most effective for characterising ACE2 in both western blotting and
immunofluorescence experiments. Whilst SARS-CoV-2 infection induces ACE2 internalisation and
degradation, recombinant spike protein alone was not seen to affect ACE2 expression in epithelial
keratinocytes, however slight downregulation was indicated for placental cells. Identification of
variant-dependent effects of SARS-CoV-2 spike RBD proteins upon ACE2 regulation and
distribution were not observed, indicating that dysregulation of this protein and subsequent RAAS
imbalance is similar, regardless of variant type. Following this, spike-induced stimulation of HaCaT,
BeWo and HeLa cells was evaluated by ELISA and determined to be insufficient to produce
detectable TNF-a. Protocol improvement was described and a workflow for future quantitative
analysis of downstream translational targets was generated. Identification of variant dependent

differences in proteomic regulation of infected cells may be characterised by this method.
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