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Abstract

Background and aims: TLR4 is an important innate immune receptor that recognizes bacterial LPS, viral
proteins and other pathogen associated molecular patterns (PAMPs). It is expressed on tissue-resident and
immune cells. We previously proposed a model whereby SARS-CoV-2 activation of TLR4 via its spike
glycoprotein S1 domain increases ACE2 expression, viral loads and hyperinflammation with COVID-19
disease [1]. Here we test this hypothesis in vitro and demonstrate that the SARS-CoV-2 spike S1 domain is
a TLR4 agonist in rat and human cells and induces a pro-inflammatory M1 macrophage phenotype in
human THP-1 monocyte-derived macrophages. Methods: Adult rat cardiac tissue resident macrophage-
derived fibrocytes (rcTMFs) were treated with either bacterial LPS or recombinant SARS-CoV-2 spike S1
glycoprotein. The expression of ACE2 and other inflammatory and fibrosis markers were assessed by
immunoblotting. S1/TLR4 co-localisation/binding was assessed by immunocytochemistry and proximity
ligation assays on rcTMFs and human HEK-293 HA-TLR4-expressing cells. THP-1 monocytes were
differentiated into M1 or M2 macrophages with LPS/IFNy, S1/IFNy or IL-4 and RNA was extracted for RT-
gPCR of M1/M2 markers and ACE2. Results: TLR4 activation by spike S1 or LPS resulted in the upregulation
of ACE2 in rcTMFs as shown by immunoblotting. Likewise, spike S1 caused TLR4-mediated induction of the
inflammatory/wound healing marker COX-2 and concomitant downregulation of the fibrosis markers CTGF
and Col3al, similar to LPS. The specific TLR4 TIR domain signalling inhibitor CLI-095 (Resatorvid®), blocked
the effects of spike S1 and LPS, confirming that spike S1 is a TLR4 agonist and viral PAMP (VAMP). ACE2
expression was also inhibited by the dynamin inhibitor Dynasore®, suggesting ACE2 expression is mediated
by the alternative endosomal/B-interferon pathway. Confocal immunofluorescence microscopy confirmed
1:1 stoichiometric spike S1 co-localisation with TLR4 in rat and human cells. Furthermore, proximity
ligation assays confirmed spike S1 and TLR4 binding in human and rat cells. Spike S1/IFN-y treatment of
THP-1-derived macrophages induced pro-inflammatory M; polarisation as shown by an increase in IL-13
and IL-6 mRNA. Conclusions: These results confirm that TLR4 is activated by the SARS-CoV-2 spike protein
S1 domain and therefore TLR4 may be a receptor/accessory factor for the virus. By binding to and
activating TLR4, spike S1 caused upregulation of ACE2, which may facilitate viral entry into cells. In
addition, pro-inflammatory M; macrophage polarisation via TLR4 activation, links TLR4 activation by spike
S1 to inflammation. The clinical trial testing of CLI-095 (Resatorvid®) and other TLR4 antagonists in severe
COVID-19, to reduce both viral entry into cells and hyperinflammation, is warranted. Our findings likely
represent an important development in COVID-19 pathophysiology and treatment, particularly regarding
cardiac complications and the role of macrophages.
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INTRODUCTION.

The SARS-CoV-2 virus has caused a global COVID-19 pandemic, infecting millions of people worldwide and
resulting in millions of deaths. The virus has a spike glycoprotein on its outer envelope, which it uses to
enter human cells through interaction with the proposed entry receptor, ACE2 [2, 3]. However, since the
pulmonary expression of ACE2 is low (approx. 1-2% of cells in lungs) [4-6], when COVID-19 is primarily a
respiratory illness, besides the hyperinflammatory state that occurs in COVID-19 often referred to as the
“cytokine storm” [7], has raised questions regarding the pathophysiology of SARS-CoV-2 [1]. We recently
proposed a model for SARS-CoV-2 infectivity and disease in which SARS-CoV-2 binds to and activates TLR4
via its spike glycoprotein to increase ACE2 expression, thus facilitating viral entry [1]. Furthermore, the
hyperinflammation and myocarditis seen in COVID-19 may be due to over-activation of TLR4 by spike
glycoprotein in viral sepsis, leading to an excessive release of pro-inflammatory cytokines downstream of
TLR4 [1]. Therefore, in this study, we sought to confirm our original hypothesis in rat and human cells.

Toll-like receptor 4 (TLR4) is a critical pattern recognition receptor (PRR) that not only belongs to the innate
immune system but is also expressed on tissue-resident cells as part of intrinsic host defence against
invading pathogens [8-10]. Its function is to recognize certain bacterial-, viral-, fungal- and parasitic-
derived components, so-called pathogen-associated-molecular-patterns (PAMPs), and direct both the
cellular and the systemic immune response [1, 11]. Activation of TLR4 results in the secretion of pro-
inflammatory cytokines and chemokines that cause inflammation and alert other cells to infection, in
coordination with the priming of adaptive immunity [12, 13]. Activation of TLR4 by viral PAMPs (or VAMPs)
results in the secretion of type 1 interferons, such as B-interferon, whose function is to alert neighbouring
cells to viral infection, inhibit viral replication and confer an anti-viral state [1, 14, 15]. TLR4 is a very
important and extraordinary receptor since it recognizes many different components from different
foreign infectious organisms as a first line of defence, in addition to damage-associated molecular patterns
(DAMPs) released from host tissue (see [1, 11] and references within). It is a unique receptor that is present
on both the cell surface and in endosomes (ie following receptor endocytosis), and is the only TLR having
canonical and alternative downstream signalling pathways [16, 17]: (i) a canonical MyD88-dependent
pathway which results in the secretion of pro-inflammatory cytokines and chemokines; (ii) an alternative
TRIF/TRAM-dependent endosomal pathway which leads to the secretion of type | interferons and some
anti-inflammatory cytokines (see [1] and references within). Weaker or delayed (late phase) pro-
inflammatory signalling also occurs via the alternative pathway, and there is cross talk between both
pathways [18, 19]. However, gram-negative bacterial lipopolysaccharide (LPS), its classical or canonical
agonist [20], results in the internalisation of the LPS-TLR4 complex into endosomes within 30 min after the
first wave of NFkB activation, followed by signalling mainly in an anti-inflammatory and B-interferon
context [13, 21, 22]. The internalization of TLR4 is both dynamin and clathrin-dependent [23].

The SARS-CoV-2 transmembrane spike glycoprotein consists of 2 subunits, S1 and S2 [24, 25]. The
outer/external protruding S1 subunit is the most important and was used in this study because it contains
the putative binding site to TLR4 based on in silico molecular simulations [26], and the Receptor Binding
Domain (RBD) which binds to ACE2 [24, 25]. One mechanism called ‘entry by direct fusion’, proposes that
after S1initially binds to ACE2 via the RBD, the S1 subunit is cleaved by the proteases furin and/or TMPRSS2
at 2 cleavage sites (S1/S2 and S2’) [2, 27-31], shed from the virus surface and released into the extracellular
space, while the S2 domain then becomes exposed and mediates fusion of the viral and host cell
membranes to allow the completion of the viral entry process [24, 27]. Therefore, we hypothesise that S1,
either during initial infection, on assembled and released virions or shed from cells during infection, would
then activate TLR4 in neighbouring cells.

However, although S1 cleavage and shedding at the cell membrane has been established for SARS-CoV
and SARS-CoV-2, for the latter the furin-dependent S1-S2 cleavage may also occur in the trans-Golgi
complex during post-translational processing of newly synthesised spike protein post-infection [32-36]
(and see [37]). This is because unlike SARS-CoV, SARS-CoV-2 contains an additional unique multi-basic
PRRAR motif, which is a furin cleavage site at the junction between S1 and S2 [24, 28]. This distinctive
inserted sequence is not present in SARS-CoV and other close viral relatives and would allow it to be
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cleaved by furin endoproteases, which are ubiquitously expressed in human cells [24, 38-40]. SARS-CoV,
MERS-CoV and SARS-CoV-2 utilise both cell surface and endosomal entry pathways and can be primed at
the S2’ site by TMPRSS2/4 at the cell surface or by cathepsins B/L in the endosome. Interestingly, a number
of entry facilitators or co-factors have been identified including heparan sulphate proteoglycans (HSPGs),
phophatidyl serine (PS) receptors, neuropilin-1 (NRP-1), CD147 and C-type lectins (see [37]). Interestingly,
the PS receptor T-cell immunoglobulin and mucin domain type-1 (TIM-1) has been shown to enhance the
entry of ebola virus via the endosomal route [41, 42]. Therefore, it is intriguing to speculate that TLR4 may
be a novel co-factor for SARS-CoV-2 entry via the endosomal pathway.

The present research also sheds light on the implications and significance of the process of spike S1 domain
being externalised from cells, either as packaged into new virions or shed as the cleaved S1 domain (see
[32] and refs within). We hypothesise that spike S1 would bind and activate TLR4 to increase ACE2
expression and contribute to the release of pro-inflammatory cytokines.

We sought to confirm our hypothesis in adult rat cardiac tissue resident macrophage-derived cells (cTMFs)
which we routinely use in our research and which co-express monocyte/macrophage and myofibroblast
markers and adopt a myofibroblast (fibrocyte) phenotype in culture and play an important role in
myocardial inflammation and wound healing [9]. These cells also have a low basal ACE2 expression; unlike
cardiomyocytes where at least 7.5% may be ACE2 positive [4]. More importantly, cTMFs express TLR4 and
respond to LPS and DAMPs such as the extra domain A of fibronectin (FNgpa) [9]. In addition, we used
human cells expressing TLR4 (hTLR4-HA HEK 293 cells) and human monocyte-derived macrophages which
also express TLR4.

Here we show that SARS-CoV-2 spike S1 subunit binds and activates TLR4 as well as upregulates ACE2
expression in rat cTMFs as shown by immunoblotting, RT-qPCR, confocal immunofluorescence microscopy
and proximity ligation assay. Furthermore, spike S1 caused similar downstream effects as bacterial LPS on
the expression of certain inflammatory and fibrotic markers, including cyclo-oxygenase-2 (COX-2),
connective tissue growth factor (CTGF) and the collagen 3al isoform (COL3A1). The effects of spike S1
were inhibited by the selective TLR4 signalling inhibitor CLI-095 (Resatorvid® or TAK-242), confirming that
spike S1is a TLR4 agonist and a viral PAMP for TLR4. Proximity ligation assays confirm spike S1 binding to
TLR4 in both rat cTMFs and human TLR4 expressing cells. Treatment of human THP-1 differentiated
macrophages with spike S1 and Interferon-y (IFNy) resulted in the induction of a pro-inflammatory M1
macrophage phenotype, comparable to that induced by bacterial LPS plus IFNy. Thus, TLR4 activation likely
contributes to the hyperinflammatory state observed with SARS-CoV-2 viral sepsis. Overall, we have
confirmed our hypothesis and our findings also highlight the role of macrophages in COVID-19 and provide
possible explanations as to why the virus is so virulent and can cause severe multi-organ disease.

MATERIALS AND METHODS.
Materials:

General-purpose chemicals and reagents were from Thermo Fisher Scientific UK, and Sigma-Aldrich UK,
unless specified otherwise. General cell culture media and reagents were from Sigma-Aldrich, UK and
Gibco, UK. Fetal Bovine Serum (FBS: sterile filtered Australian Origin Bovine Serum) was obtained from Pan
Biotech (P40-39500); LPS (Lipopolysaccharide) was Salmonella enterica serotype typhimurium (L2262)
from Sigma-Aldrich UK; CLI-095 (Resatorvid®; TAK242) was from Sigma-Aldrich, UK; Dynasore® (ab120192)
was from Abcam, UK; Recombinant SARS-CoV-2 Spike S1 active glycoprotein, aal6-685 (ab273068), was
from Abcam, UK; Recombinant SARS-CoV-2 (N501Y) Spike RBD, aa391-451 protein (40592-VO8H82), was
from Sino-Biological, USA; Phorbol 12-myristate 13-acetate (PMA) (1201/1) was from Bio-Techne, UK;
Cytokines: interferon gamma (IFNy) (SRP3058) and human Interleukin-4 (IL-4) (14269) were from Sigma-
Aldrich, UK; Primary antibodies were as follows: anti-CTGF goat polyclonal antibody (sc-14939), and anti-
COL3A1 goat polyclonal antibody (sc-8781) were from Santa Cruz Biotechnology, USA; anti-COX-2 (PA5-
32366) and anti-TLR4 (MA5-16216) were from Invitrogen, UK; anti-ACE2 (ab15348) and anti-spike S1
(ab273074) were from Abcam, UK; anti-GAPDH (14C10), and anti-beta-actin (4970S) were from Cell
Signalling Technology, NL. Secondary antibodies were as follows: polyclonal rabbit anti-goat
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Immunoglobulins/HRP (P0160) and polyclonal swine anti-rabbit Immunoglobulins/HRP (P0217) were from
Dako, DK; Cy™3-conjugated AffiniPure goat anti-rabbit IgG (111-165-144) and Cy™3-conjugated AffiniPure
goat anti-mouse 1gG (115-165-146) were from Jackson Immuno Research Laboratories Inc., USA; Donkey
anti-rabbit Alexa Fluor® 647 conjugated IgG (A31573) was from Invitrogen, UK; goat anti-mouse I1gG Alexa
Fluor® 488 (ab150117) and Goat ant-rabbit Alexa Fluor® 647 conjugated (ab150091) were from Abcam,
UK; wheat germ agglutinin (WGA) conjugated to Alexa Fluor® 488 (W11261) was from Thermo Fisher
Scientific, UK. Bovine serum albumin (BSA) fraction V was from Roche diagnostics, GmbH; borosilicate glass
coverslips were from VWR, UK; Vector-Shield hard-set mounting medium with DAPI was from Vector Labs,
USA; Page Ruler™ Prestained protein ladder (26616) was from Thermo Fisher Scientific, UK; pre-cast 10%
mini-Protean® TGX SDS-PAGE mini-gels were from Biorad, UK; polyvinylidene difluoride (PVDF)
membranes (Hybond-P) were from Amersham, UK; Enhanced Chemiluminescence Western Blotting
Substrate (ECL) and the CL-Xposure film were from Thermo Fisher Scientific, UK; Monarch® total RNA
miniprep kit was from New England Biolabs, UK; PCR primers were from Insight Biotechnology, UK,
Integrated DNA Technologies, BE and Invitrogen, UK.

Isolation of Rat cTMFs:

cTMFs were isolated from adult rat ventricles by collagenase digestion on a Langendorff perfusion
apparatus. The non-myocyte cell fraction containing tissue resident macrophages was obtained as the
supernatant following the settling of myocytes through BSA and centrifuged at 1000 rpm for 5 min to pellet
the cells, followed by resuspension in Full Growth Medium (FGM: Dulbecco’s Modified Eagle’s Medium-
high glucose (DMEM); 1% penicillin/streptomycin; 10% foetal calf serum). Cells were washed x2 by
pelleting at 1000 rpm for 5 min followed by resuspension in FGM. Cells were finally diluted in FGM at the
appropriate volume then plated onto polystyrene 6-well plates, grown in FGM followed by a media change
2-3 days later, then after reaching confluence, media was changed to serum free (SF) media 24 hours prior
to treatment with agonists. cTMFs were characterized as co-expressing monocyte/macrophage,
mesenchymal stem cell and myofibroblast markers including CD90 (Thy1); F4/80; CD14; Mrcl; Collal;
Col3al; alpha-smooth muscle actin (aSMA); vimentin; periostin etc elsewhere [9] and manuscript in
preparation.

Pharmacological treatment:

Cells were treated with TLR4 agonists, either LPS (2 pug/ml) or Spike S1 (100ng/ml) in 2 ml medium per well
on 6-well plates. Inhibitors were added 1 hour prior to agonist addition. CLI-095 was used at 2.8 uM final
concentration (from a 1mg/ml stock solution in DMSO. Final DMSO concentration was 0.1%). Dynasore®
(dynamin inhibitor) was used at 80 uM final concentration. The cells were harvested approximately 22
hours later. For cytokine treatment on THP-1 cells, LPS (50 ng/ml) plus IFNy (50ng/ml); Spike S1 (100ng/ml)
plus IFNy (50 ng/ml); IFNy alone (50 ng/ml), IL-4 (20 ng/ml), as outlined in the section below (THP-1 cells
and differentiation).

Sample preparation:

Cells were lysed in 200 pl of 2x SDS-PAGE sample buffer (20% glycerol; 6% SDS in 0.12 M Tris, pH 6.8) per
well, and scraped into microcentrifuge tubes. 2-mercapto-ethanol was added to the samples (10% vol/vol).
Samples were heated at 100°C for approx. 7 minutes, followed by cooling at 4°C. 4ul of Bromophenol blue
(8% in ethanol) was then added to each sample. Samples were then stored at -20°C prior to analysis on
10% SDS-PAGE gels.

SDS-PAGE and Immunoblotting:

Samples were run on pre-cast mini-Protean® TGX 10% SDS-PAGE gels (Bio-Rad, UK) using a mini-protean
Il apparatus (Bio-Rad, UK) at a constant 85V. Proteins were then electrophoretically transferred onto PVDF
membranes overnight at 30mA, via wet transfer using Mini Trans-Blot Cell (Bio-Rad, UK). Following
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transfer, membranes were blocked in a solution containing PBS; 0.05% (v/v) Tween 20; 2% (w/v) milk
powder for 1 hour at room temperature. Membranes were then incubated in primary antibody at a 1:1000
dilution in PBS; 0.05% Tween 20; 0.1% milk solution (PBSTM) for approx. 3 hours at room temperature
with constant gentle shaking. The membranes were then washed for 3x for 5 min each in PBSTM. The
corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (Dako, Denmark), diluted
at 1:2500 in PBSTM were added for approx. 1 hour at room temperature. Membranes were then washed
in PBSTM 3x for 5 min each. They were then developed by exposing the membranes to enhanced
chemiluminescence (ECL) detection reagent and exposing them to CL-Xposure film in a cassette in the dark
for between 30 s and 2 min. Films were developed using an RGII X-Ray Film Processor (Fuji, Japan).

Immunocytochemistry & Confocal fluorescence microscopy:

Briefly, cells were grown on sterilized borosilicate glass coverslips in 6 well plates to approx. 80%
confluence for approximately 1 week. Media was changed to serum free for 24 hours, then LPS (2ug/ml)
or Spike (100ng/ml) were added as appropriate to the experiment, or left untreated as controls, and the
cells were incubated for a further 22 hours. Cells on coverslips were washed with 1 ml of cold PBS and
fixed with 1 ml of 4% paraformaldehyde for 10 minutes at room temperature. The coverslips were washed
twice with 1 ml of cold PBS for five minutes each. Cells were then permeabilized with 1ml of 0.2% Triton
X-100in PBS for 20 min at room temperature and washed twice with 1ml of cold PBS for five minutes each.
Following this, they were incubated for two hours at room temperature in 1 ml of blocking buffer (0.1%
Triton X-100 and 2% Bovine Serum Albumin (BSA) in PBS). This was followed by adding 800 ul (final volume)
of diluted primary antibody in 2% BSA in PBS, to the coverslips as appropriate to the experiment and
incubated overnight at 4°C. The antibody concentration varied and depended on the antibody used, but it
was usually at 1:200 or similar for the primary antibodies (i.e. TLR4) and 1:400 for ACE2. Coverslips were
then washed for 3x 5 minutes each in 1 ml of cold PBS. 800 pl of the relevant fluorescent secondary
antibodies were added, diluted in 2% BSA in PBS and incubated in the dark for 2 hours at room
temperature. This was followed by 3x washes for 5 minutes each in 1 ml of PBS at room temperature and
allowing it to air dry. The coverslips were then mounted on glass slides, using mounting medium with DAPI.
Edges of coverslips were sealed with nail varnish and left to set. Slides are stored at 4°C in the dark. The
slides were analysed using a Leica TCS SP5X confocal microscope. Confocal images were analysed at x63
or x100 magnification.

Ratiometric analysis of S1 spike and TLR4 signal overlap:

16-bit confocal images were imported into Wolfram Mathematica 12.3 (Champaign Il), denoised and
background subtracted using a Difference of Gaussians with kernel radii of 2 and 127 pixels respectively.
The arctangent of the red channel intensity with respect to the green channel intensity was then
calculated per pixel and normalised to a scale of 0 - 1. This is a linear scale that gives the degree of
overlap between two fluorophores. Values closer to 0 are due to a higher presence of red fluorophore
per pixel, whilst values closer to 1 have a higher presence of green fluorophore. Values of 0.5 represent
an equal presence of each fluorophore. A histogram of these ratios was then plotted using the Norm of
the two intensities as a weight. The same weighting was also used to calculate the weighted mean of the
distribution.

Proximity ligation assay:

Proximity ligation assay (PLA) was performed using the Duolink® In Situ Red Mouse/Rabbit kit (DU0O92008,
Sigma-Aldrich, UK) according to the manufacturer’s instructions. Primary antibodies used were mouse
anti-human TLR4 and rabbit anti-spike S1 with the appropriate secondary antibodies (anti-rabbit-minus
and anti-mouse-plus PLA probes) from the kit and red detection reagents.
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293-hTLR4-HA cells:

293-hTLR4-HA cells (InvivoGen, USA) are HEK 293 cells stably transfected with the hTLR4a gene fused at
the 3’ end to an influenza haemagglutinin (HA) tag. 293 cells express very low levels of endogenous TLR4.
Cells were maintained in FGM in the presence of normocin™ (100ug/ml) and the selective antibiotic
blasticidin S (10 ug/ml). 293 Null cells were used as a negative control.

THP-1 cells and differentiation:

The human monocytic cell line THP-1 was routinely maintained in RPMI 1640 (1x) growth medium
containing 10% of heat-inactivated FBS, 4.5 mg/ml D-glucose, 2mM L-glutamine, 10mM HEPES, 1mM
pyruvate, 0.05 mM 2-mercaptoethanol, and 1% Penicillin/streptomycin. Cells were differentiated into Mg
macrophages by treatment with phorbol myristyl acetate (PMA, 80nM) for 48 hrs, followed by recovery
for 24 hours. Mg macrophages were then further differentiated into M1 macrophages by treatment with
LPS plus IFNy (50ng/ml +50ng/ml), or Spike S1 plus IFNy (100 ng/ml + 50 ng/ml) for 24 hrs or into M>
macrophages by treatment with IL-4 (20 ng/ml ) for 24 hrs [43].

RNA extraction and RT-qPCR:

Samples were isolated in RNA extraction buffer and RNA isolated using the Monarch® Total RNA extraction
Miniprep kit (T2010S; New England Biolabs) according to the manufacturer’s instructions. RNA
concentration and yield were measured using a ThermoScientific™ Nanodrop 2000 spectrophotometer.
Then, 500ng RNA was reverse transcribed using the High Capacity RNA-to-cDNA kit (4387406, Applied
Biosystems, UK), and RT-gPCR was carried out on the cDNA samples using the following primers:

Gene Forward/Reverse Primer Sequence Company

(Human) Primer

IL-1B FW-IL1B-H GGGCCTCAAGGAAAAGAATC Invitrogen, UK
RV-IL1B-H TTCTGCTTGAGAGGTGCTGA

IL-6 FW-IL6-H AGCCACTCACCTCTTCAGAAC
RV-IL6-H GCCTCTTTGCTGCTTTCACAC

MRC1 (CD206) | FW-MR-H CGAGGAAGAGGTTCGGTTCACC
RV-MR-H GCAATCCCGGTTCTCATGGC

IFN-B FW-IFNbeta-H ACGCCGCATTGACCATCTAT Integrated DNA
RV-IFNbeta-H GTCTCATTCCAGCCAGTGCT Technologies (IDT)

ACE2 FW-ACE2-H TCCATTGGTCTTCTGTCACCCG Insight Biotechnology
RV-ACE2-H AGACCATCCACCTCCACTTCTC (Cat. no. HP214223)

HPRT1 FW-HPRT1-H GCGTCGTGATTAGTGATG Invitrogen, UK
RV-HPRT1-H GTCCATGAGGAATAAACACC

RT-gPCR was carried out in a 20ul reaction mixture per well using the PowerUp™ SYBR™ green Master Mix
(A25742; Applied Biosystems, UK) in MicroAmp Fast Optical 96-well plates (0.1 ml) (4346907; Applied
Biosystems, UK) on an ABI Prism 7500 Fast gPCR machine. Cycle conditions were 95°C for melting and 60°C
for annealing for 40 cycles.

Statistical analysis: Immunoblots were scanned using a desktop scanner and band densities analysed using
Image Studio Lite™ (LiCor®). Protein of Interest (POI) integrated band densities were normalised to the
corresponding GAPDH band and expressed as a ratio. Statistical analysis was performed and graphs were
produced using GraphPad Prism 8, either using a Kruskal Wallis test, Wilcoxon Signed Rank Test, or
Repeated Measures One-way ANOVA with G-G correction followed by Tukey’s multiple comparisons post
hoc test as appropriate to the experiment and as indicated in the figure legends. Data is expressed as box
plots with median and full range. For RT-qPCR data was expressed as mean + S.E.M as dot plots.
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RESULTS:
SARS-CoV-2 spike S1 glycoprotein causes upregulation of ACE2.

Under baseline conditions ACE2 expression in cTMFs was low. Figure 2 shows that treatment of the cells
with spike S1 glycoprotein led to the prominent induction of ACE2 expression to 2-3 fold over control
levels, at approx. 22 hours following treatment. In addition, LPS induced ACE2 protein expression approx.
4-fold at the same time point. Hence, it is apparent that TLR4 activation by either LPS or spike S1 causes
the upregulation of ACE2. The concentration of spike S1 used (100 ng/ml or 0.8nM) was below
concentration range that has been shown to bind to and activate ACE2 (1.2-14.7nM) [24, 25], suggesting
stronger binding to TLR4 and as predicted by molecular docking/binding enthalpy predictions [26].

SARS-CoV-2 S1 glycoprotein is similar to LPS with respect to regulation of downstream gene expression.

We have previously shown that TLR4 activation by LPS and the DAMP fibronectin extra domain A (FNepa)
in rat cTMFs causes the induction of COX-2 expression and reciprocal downregulation of the fibrosis
markers connective tissue growth factor (CTGF) and the collagen 1al and 3al isoforms [9]. Indeed, spike
S1 glycoprotein caused a similar, but weaker, induction of COX-2 expression and downregulation of CTGF
and Col3al expression in a similar manner to LPS (Figure 2), therefore inducing a sighature response to
TLR4 activation in these cells comparable to LPS. These findings confirm that spike S1 is a viral PAMP
(VAMP) for TLR4.

SARS-CoV-2 spike S1 glycoprotein is a TLR4 agonist and induces the expression of ACE2 via the
alternative endosomal pathway.

In order to confirm that spike S1 glycoprotein subunit is an agonist for TLR4, we tested its effects in the
presence of the specific, cell-permeable TLR4 signalling inhibitor CLI-095 (also known as Resatorvid® or
TAK-242). This drug selectively binds to the TLR4 intracellular TIR domain, thereby inhibiting the
interactions between TLR4 and its adaptors [1, 44, 45]. Therefore, CLI-095 inhibits both the canonical
MAL/MyD88 and the alternative TRAM/TRIF signalling pathways that are downstream of TLR4. Figure 3,
panels A and C (i) and (ii) show that there was a marked increase in ACE2 expression in both LPS-treated
and spike S1-treated cells. However, this effect was completely inhibited in the presence of CLI-095.

Furthermore, pre-treatment with Dynasore®, a specific inhibitor of dynamin i.e. a drug which prevents
endosome formation and hence inhibits the TLR4 alternative pathway, also resulted in inhibition of ACE2
induction. Dynasore® inhibits endocytosis in macrophages and therefore specifically inhibits early
endosomal TRIF-dependent TLR4 signalling [46, 47]. This suggests that spike S1 upregulates ACE2 via TLR4-
dependent signalling and specifically via the alternative endosomal pathway. Treatment of cells with LPS
plus spike together also caused an increase in ACE2 expression, but this was not additive, suggesting
maximal activation in the presence of LPS alone. Control cells treated with CLI-095 alone had no effect on
basal ACE2 levels or cell viability as shown by GAPDH levels.

To confirm that the effects of spike S1 were specific and not due to a non-specific effect of addition of
exogenous recombinant protein to the cells, we used the spike ACE2 receptor binding domain (RBD) as a
negative control. In silico molecular simulations have suggested that TLR4 binding involves amino acid
residues in the N-terminal domain (NTD-shown in blue in figure 1) and the linker region (shown in beige in
figure 1) and not the RBD (shown in green in figure 1) [26]. Figure 3, panel B shows that there was no
induction of ACE2 by the RBD alone.
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CLI-095 and/or Dynasore™ block other TLR4-mediated effects of SARS-CoV-2 spike S1 glycoprotein.

Effects on COX-2 expression:

CLI-095 also completely inhibited the induction of COX-2 expression by either LPS or spike S1, confirming
TLR4 involvement. Dynasore® partially inhibited COX-2 expression in LPS-treated cells (Figure 3, panel A),
but this was not borne out statistically [Figure 3, panel C (iii) and (iv)], suggesting that COX-2 expression is
not significantly induced via the alternative TRIF/TRAM endosomal pathway. This suggests that either the
MyD88 canonical pathway is mainly responsible for COX-2 induction, given that the COX-2 proximal gene
promoter has transcription factor binding sites for NFkB [48, 49], or as we have previously shown in these
cells, that COX-2 expression downstream of TLR4 activation is mediated via the calcineurin (CN)/NFAT
transcription factor pathway [9].

Dynasore® appeared to potentiate spike S1-mediated COX-2 induction, which suggests that spike is also
acting via the MyD88 canonical or CN/NFAT pathway. Blocking the endosomal pathway and the
internalisation of TLR4 could increase cell surface expression of TLR4 and enhance signalling via the
canonical pathway, especially since the alternative pathway is considered to act as a negative feedback
regulator on the canonical pathway through receptor internalisation into endosomes for recycling and the
production of some anti-inflammatory cytokines (Figure 3, panel C). CLI-095 alone had no effect on basal
COX-2 expression.

Effects on CTGF and Col3al expression:

The expression of the fibrosis markers CTGF and Col3al are basally high in cTMFs under normal culture
conditions due to their predominantly myofibroblast phenotype, and expression is downregulated by TLR4
activation as previously described [9]. CLI-095 inhibited the downregulation conferred by spike S1,
restoring both CTGF and Col3al expression to baseline levels similar to control cells (Figure 3, panels A and
D). However, CLI-095 incompletely inhibited the downregulating effect of LPS with regards to Col3A1 and
to some extent with CTGF. This suggests that there may be slight differences between LPS and spike S1
signalling downstream of TLR4 or that the dose of CLI-095 used was insufficient to completely inhibit LPS.
Other co-receptors, particularly CD14 are involved in LPS signalling via TLR4 and also can initiate signalling
culminating in NFAT-dependent transcription of genes independently of TLR4 [22, 50]. This would be
consistent with our previous finding that NFAT mediated the transcriptional effects on gene expression in
these cells [9]. Moreover, CD14 in particular plays a role in bringing LPS to TLR4 [51]. This should be
investigated further, but the most important finding of relevance here is that spike S1-mediated effects
are inhibited by CLI-095, confirming that it is an agonist for TLR4.

Dynasore® enhanced the downregulation of CTGF caused by either LPS or spike S1. However, Dynasore®
partially inhibited the downregulation of Col3al by LPS and S1, which suggests complex differences
between the regulation of CTGF and Col3al expression. CTGF and Col3al are secreted proteins, and
dynamin is also important for their exocytosis [52, 53]. The canonical or another pathway could also be
responsible for downregulation. CLI-095 alone had no significant effect on basal CTGF or Col 3al levels.

Spike S1 glycoprotein co-localization with TLR4:

To confirm whether spike S1 co-localisation with TLR4 on cells may be indicative of TLR4 binding, we
undertook confocal immunofluorescence microscopy of both spike glycoprotein and TLR4. Figure 4, panel
B shows that both TLR4 (red) and spike S1 (yellow) displayed a punctate appearance and significant co-
localisation as shown by orange on the overlayed images. Images taken at a higher magnification (x100)
confirmed a high degree of overlap of the two fluorophores. To confirm overlap we performed ratiometric
analysis of the confocal images. In Figure 5 a pseudo-colour spectrum was applied where red depicts a low
degree of co-localisation and cyan depicts high degree of co-localisation, with a ratio of 0.5 indicating 1:1
co-localisation (see materials and methods). It can be clearly seen that in control cells in the absence of
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spike S1 the TLR4 signal is red, whereas in the presence of spike S1 there is a strong shift towards the cyan
and 0.5, with an average ratio of 0.48, suggesting strong co-localisation.

To confirm ACE2 upregulation as determined by immunoblotting, we treated cells with spike S1 protein
and stained for ACE2. Figure 6 shows that the intensity of staining for ACE2 in the spike-treated cells, was
higher than those in the control untreated cells, which agrees with the immunoblotting data shown in
Figure 2.

Proximity ligation assay confirms binding of spike and TLR4 in rat and human cells:

Cells were treated with spike S1 and then following fixation, permeabilization and blocking, each of TLR4
and spike S1 were probed with different primary antibodies. The Duolink® proximity ligation assay was
used, which is a sensitive assay in which the respective secondary antibodies are conjugated to either plus
or minus DNA strands, such that if the two proteins are in close proximity (at <40 nm resolution), a
combination of DNA ligase and polymerase ligate and amplify the DNA to produce a fluorescence signal.
Figure 7, panel B shows the red signal generated by amplified DNA corresponding to binding of both
proteins in the spike S1-treated cTMFs but not in control cells (panel A). Following CLI-095 treatment, the
red signals were more pronounced (results not shown), suggesting that preventing TLR4 internalisation
increases binding on the cell surface. We then used human TLR4-HA HEK293 cells to confirm this result.
Figure 8 shows that using either an anti-TLR4 antibody or an anti-HA tag antibody resulted in a strong PLA
signal, confirming the TLR4-spike interaction.

Spike S1 plus Interferon-y induces a pro-inflammatory M1 macrophage phenotype in THP-1 monocyte-
derived macrophages:

THP-1 monocytes were differentiated into Mg macrophages by PMA treatment for 48 hours. Following
recovery in media, they were then treated with LPS + IFNy as a positive control to induce M macrophage
phenotype or spike S1+IFNy, or IL-4 to induce M, macrophage phenotype, or left untreated as controls. 24
hours after treatment, RNA was extracted for analysis by RT-gPCR. The results shown in Figure 9
demonstrate that spike S1+IFNy also induced similar but weaker pro-inflammatory M: macrophage
polarisation in THP-1 cells, as illustrated by the marked increase in IL-1B and IL-6 transcript levels. A
relatively low dose of spike S1, at 100ng/ml at which it optimally activates ACE2. Since spike S1 induces an
M1 macrophage phenotype and inflammatory response at a dose lower than reported for ACE2 binding,
this suggests that it could cause severe inflammation during viral sepsis, whether in the form of the intact
virions or cleaved spike proteins circulating in the blood stream. CD206 (Mrc1) levels, as a marker for the
pro-resolution M, phenotype, were increased by IL-4 treatment but suppressed by M; induction by both
LPS+IFNy and spike S1+IFNy.

DISCUSSION.

Here we show that the SARS-CoV-2 spike (S1) glycoprotein is a TLR4 agonist, which binds to and activates
TLR4 to increase ACE2 expression within 22 hours in cardiac tissue-resident macrophage derived fibrocytes
(cTMFs). The classical PAMP TLR4 agonist LPS also induced the same effect on ACE2 expression.
Furthermore, the spike S1 downstream effects of induction of COX-2 expression, and downregulation of
CTGF and Col3al are further evidence of a TLR4-mediated pathway, as indeed confirmed by inhibition by
the TLR4 antagonist CLI-095. Increased ACE2 expression on the cell surface may facilitate SARS-CoV-2 virus
entry and infectivity. As confirmed by Dynasore® inhibition, the TLR4 alternative TRIF-dependent
endosomal pathway is responsible for the induction of ACE2 expression, which is consistent with the anti-
inflammatory role of ACE2. As we have previously proposed, the intermediate mechanism is likely
mediated via type | interferon production acting in an autocrine or paracrine manner [1], since ACE2 is an
interferon-stimulated gene (ISG) [54], although the exact intermediate link remains to be confirmed in
these cells. Interestingly, since we originally proposed this mechanism, SARS-CoV-2 spike protein has been
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shown to bind to LPS and that this interaction augments NFkB activation and cytokine expression in human
monocytic THP-1 cells and peripheral blood mononuclear cells (PBMCs) in vitro and also in vivo in NFkB
reporter mice [55].

Together these findings suggest a mechanism for the increased virulence of SARS-CoV-2, since TLR4
activation upregulates ACE2 expression in cells which otherwise have relatively low levels of ACE2,
demonstrating that this is a generic effect of TLR4 activation by PAMPs and VAMPs. Furthermore, TLR4
activation leads to pro-inflammatory cytokine release. There are likely two scenarios which contribute to
these effects: (i) the SARS-CoV-2 virions themselves bind to TLR4 via their spike glycoproteins to increase
ACE2 expression and hence promote infectivity and (ii) the cleaved S1 glycoprotein subunits which are
released into the interstitial space and blood stream would activate TLR4 in tissues. The outer S1 subunits
are cleaved from spike by furin/TMPRSS2 or cathepsins B/L in the endosomes [37], following cell
engagement with ACE2 for example, during the viral entry process [27, 34]. However, whilst this
generalised model is true for SARS-CoV and SARS-CoV-2 [33-36], in fact for SARS-CoV-2 the story may be
more complicated because furin-dependent cleavage of newly synthesised spike protein also occurs in the
trans-Golgi complex due to a unique 4 amino-acid insert within the spike protein at the S1-S2 junction [24,
31]. This means that cleaved spike S1 may also activate TLR4 intracellularly (e.g. possibly in endosomes),
but more importantly it would be exported out of the cell in the secretory pathway during the viral exit
process [32, 56]. Furthermore, there is also evidence for shedding of the S1 domain into the extracellular
space where it could activate TLR4, especially since spike S1 was detected in both the blood and urine of
COVID-19 patients [57, 58]. Indeed, the presence of this furin cleavage site has been shown to promote
viral entry into lung cells and contribute to pathogenesis, although it is not essential for infection [28, 33,
37, 59]. Based on our novel findings, we hereby unravel part of the mechanisms responsible for this; the
higher numbers of cleaved S1 at the cell surface (or in endosomes) during viral entry or exported out of
the infected cell would activate TLR4 on neighbouring cells to increase ACE2 expression thereby promoting
cellular entry and also causing hyperinflammation, both of which may be key to the increased infectivity,
virulence, tissue tropism and mortality associated with SARS-CoV-2. Importantly, there is also some
evidence that the cleaved S1 and S2 subunits can remain bound non-covalently, in a “metastable pre-
fusion state” which possibly facilitates infectivity/tropism in host cells which lack TMPRSS2 [24, 32, 37, 60].

TLR4 as a possible entry receptor/co-factor:

ACE2 expression is mediated via the TLR4 alternative endosomal pathway, since it was inhibited by
Dynasore®, a dynamin inhibitor. This suggests that the spike S1-TLR4 complex is internalised in the cell into
endosomes, and therefore TLR4 may facilitate entry of SARS-CoV-2 by acting as a modulator/co-factor for
entry via the endosomal pathway. Receptor-mediated, clathrin-dependent endocytosis is a key
mechanism for viral entry into host cells, including SARS-CoV-1 [61] and SARS-CoV-2 (via ACE2 or
otherwise) [27, 62, 63]. The endocytic pathway has also been the target for some proposed drugs for
COVID-19 [27, 62, 63]. The same endocytic mechanisms apply for TLR4 endocytosis; and since spike S1
binds TLR4 and is internalised into endosomes via receptor-mediated endocytosis based on our findings,
then TLR4 could represent an additional route of viral entry, either independently of ACE2 or via ACE2.

In fact, TLR4 is involved in the internalisation of Gram-negative E. coli bacteria into phagosomes, via its
adaptor TRAM interacting with the Rab11-family interacting protein 2 (Rab11-FIP2). [64, 65]. In terms of
signalling, Rab11a GTPase also controls TLR4-induced stimulation of IRF3 on phagosomes [65].

Immunocytochemistry and proximity ligation assays strongly suggest that spike is binding TLR4. This also
indicates that spike is still present in these cells after almost 22 hours and the TLR4-spike S1 complex is
therefore probably being internalised into the cell in endosomes. Subsequent cleavage of spike via
endosomal cathepsins B and L may therefore facilitate viral entry, meaning that TLR4-mediated
internalisation into endosomes positively facilitates and/or modulates SARS-CoV-2 viral entry [37].
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Effects of Dynasore® on COX-2 expression:

Whereas COX-2 induction by LPS and spike S1 was completely abrogated by CLI-095, it was essentially
unaffected by dynamin inhibition with Dynasore® in the case of LPS. This suggests that COX-2 expression
is not dependent on the alternative TRIF-dependent endosomal pathway. This suggests that either COX-2
induction is dependent on the canonical MyD88 pathway since the COX-2 proximal gene promoter region
has both NFkB and NFAT transcription sites [9] and some studies have shown it to be regulated by the
canonical MyD88-dependent pathway in peritoneal macrophages [48]. However, it is also consistent with
our previous findings that in cTMFs, COX-2 induction downstream of TLR4 activation is mediated via the
CN/NFAT and PKCe pathway and not NFkB [9].

The observation of an enhanced COX-2 expression with spike S1 plus Dynasore®, compared to spike S1
alone, supports a related phenomenon: after the initial TLR4 stimulation, receptor-mediated endocytosis
itself serves as a negative regulator of LPS-TLR4 signalling. Blocking this via Dynasore®, keeps TLR4 at the
cell surface while also inhibiting the downstream negative feedback loops of the alternative pathway and
expression of feedback inhibitors, so there is an increase in canonical, unopposed, MyD88-NFkB or
Ca%*/CN/NFAT proinflammatory signalling. This idea is illustrated by the fact that inhibition of endocytosis
of the IL-1 receptor (which shares the TIR domain with TLRs) by Dynasore®, disrupts the feedback inhibition
loops on mitogen-activated protein kinase and NFkB signalling (although the pathway loop is more
complex for the latter) [66]. COX-2 (Ptgs2) mRNA expression increased approx. 3.7 fold in the presence of
Dynasore® after IL-1 stimulation at 60 min, and was NFkB-dependent [66].

Thus, inhibition of the endosomal pathway inhibits the negative feedback on the canonical NFkB-
dependent expression of genes. Furthermore, many other molecules exert negative feedback regulation
on TLR4 signalling, (See [67] and [18] for reviews). Moreover, TRAF3 ubiquitination states in the alternative
pathway selectively regulate the expression of type | interferons and proinflammatory cytokines [68].
Thus, it appears that the spike S1 balance of biased TLR4 signalling towards one pathway or another,
downstream of TLR4, may be slightly different from LPS. Collectively, these findings implicate TLR4
activation as one of the possible drivers of the COVID-19 hyperinflammation and “cytokine storm”.

Dynasore® effects on CTGF and Col3al expression.

Dynasore® appeared to enhance the downregulation of CTGF expression by LPS and spike S1. Dynamin is
not only important for endocytosis but also in fusion pore expansion during exocytosis (as the vesicle fuses
with the plasma membrane), as well as in intracellular transport, budding from Golgi apparatus and ER and
cell division (see [52, 53, 69-71]). Since CTGF and Col3al are secreted proteins, their intracellular transport
via budding vesicles from the ER and Golgi apparatus, as well as their secretion would be inhibited by
Dynasore® which could contribute to the enhanced downregulation. This is in line with evidence that
Dynasore inhibits MMP-3 induced CTGF/CCN2 protein expression in human dental pulp cells (fibroblast-
like cells) [72]. However, we cannot exclude gene regulatory effects on CTGF/Collagen expression at the
transcriptional level, as suggested by our previous study [9] and the fact that total levels, as detected by
immunoblotting of whole cell extracts, reflect overall expression levels rather than subtle differences in
trafficking through different intracellular compartments.

Translational therapeutic implications for treatment of COVID-19: TLR4 antagonists:

Our findings represent a potentially important advance in deciphering the pathophysiological mechanisms
occurring in COVID-19 as well as providing evidence for the use of TLR4 antagonists for its treatment (see
also [1]). TLR4 antagonists, particularly Resatorvid®, will be useful therapeutically in the later severe stages
particularly to reduce or prevent the excessive TLR4-mediated hyperinflammation, or cytokine storm. We
propose the clinical trial testing of Resatorvid® (also known as CLI-095 or TAK-242) as a treatment in

11


https://doi.org/10.1101/2021.08.11.455921
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.11.455921; this version posted August 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

patients with COVID-19 disease associated with hyperinflammation and/or multi-organ involvement, to
reduce the susceptibility of cells to further infection and reduce the inflammatory symptoms.

Our results also suggest that macrophages, particularly tissue resident macrophages, and dendritic cells
may be a target cell for SARS-CoV-2, especially given that they express high levels of TLR4. Furthermore,
the balance of activation of the canonical vs. alternative pathway may follow spatial (i.e. which tissue) and
temporal (i.e. time of activation depending on course of infection) variation. Therefore, the activation of
TLR4 by the spike S1 domain of SARS-CoV-2 virus may cause hyperinflammation via the canonical pathway
and/or increase ACE2 expression via the alternative endosomal pathway, thus increasing viral entry via
ACE2. A schematic representation of the mechanisms resulting in ACE2 upregulation, increased viral entry
and inflammation are shown in Figure 10.

Patients with concomitant gram-negative bacterial infections are more susceptible to SARS-CoV-2
infections, because LPS increases ACE2 expression. LPS also increases TLR4 expression but through the
canonical NFkB pathway (see [1] and references within, and [73]) Furthermore, spike S1 binds to LPS
increasing TLR-mediated proinflammatory cytokine expression [55]. Patients with cardiovascular
comorbidities could be more susceptible to SARS-CoV-2 infections not only because they have more ACE2
expression, but also because they have increased cardiovascular TLR4 expression and activation and
therefore basal inflammation.

CONCLUSIONS.

We have shown that SARS-CoV-2 spike S1 glycoprotein is a TLR4 agonist. We have also shown that spike
S1, like LPS, activates TLR4 and increases ACE2 expression in adult rat cardiac tissue resident macrophage-
derived fibrocytes/fibroblasts and human THP-1 monocyte-derived macrophages. This novel finding is
important because the mechanism may facilitate viral entry into cardiac and other cells which otherwise
have low ACE2 expression. This effect of ACE2 upregulation is blocked by the specific TLR4 signalling
inhibitor CLI-095 (Resatorvid®), which reduced ACE2 expression to basal levels. ACE2 upregulation is
induced via the dynamin-dependent endosomal pathway, indicating that spike S1-TLR4 complex is
internalised into endosomes to activate the alternative TRIF/TRAM pathway signalling. Spike S1 also led to
COX-2 induction and marked downregulation of CTGF and COL3A1 very similar to the effects conferred by
Gram negative bacterial LPS. The spike S1 effects on COX-2 induction were also inhibited by CLI-095
(Resatorvid®). Spike S1 in conjunction with IFN-y was able to induce pro-inflammatory M; macrophage
polariation and expression of the pro-inflammatory cytokines IL-1 B and IL-6. Collectively, these findings
also suggest that TLR4 may be a possible entry receptor or co-factor for the virus. We suggest the need for
clinical trial testing of Resatorvid® and perhaps other TLR4 antagonists for the treatment of severe COVID-
19 disease, especially given that it was well tolerated in a previous clinical trial for sepsis, apart from a
minor reversible side effect of methemoglobinemia [74]. Resatorvid® will prevent ACE2 upregulation,
reduce cellular susceptibility to viral infection and reduce the hyperinflammation occurring in COVID-19.
In effect, it will serve as an antiviral and anti-inflammatory drug.
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FIGURE LEGENDS.
Figure 1
Structure of SARS-CoV-2 spike protein.

Panel A: Schematic representation of the SARS-CoV-2 spike protein primary structure. The S1 spike protein
active fragment (aa 16-685) as used in the experiments is shown at the top with the receptor binding
domain (RBD: aa 319-541) used as a control, indicated. The N-terminal domain (NTD) is shown in blue and
RBD in green. Below is shown the full-length spike protein with the S1 and S2 subunits. NTD (blue); RBD
(green); S1/S2 boundary [protease cleavage site (arrow); S2’ protease cleavage site (arrow); structural
domains/linker region (SD1 and SD2: beige); fusion peptide (FP: sky blue); heptad repeat 1 (HR1: yellow);
Central helix (CH: orange); Connector domain (CD: purple); the N-terminal Signal sequence (SS), HR2,
transmembrane segment (TM) and C-terminal domain cytoplasmic tail (CT) are show in white. Panel B:
The prefusion structure of the SARS-CoV-2 spike protein complex. Side view (left) and top view (right) with
a single RBD in the up (open) conformation. In this depiction the two RBD down protomers are shown as
cryo-EM density maps in white or grey and the RBD up protomer is shown as a ribbon diagram (green).
Adapted from Wrapp et al [25] (with permission).

Figure 2
S1 Spike induced activation of TLR4.

Panel A: Cultured primary rat cardiac tissue macrophage-derived fibrocytes (cTMFs) were treated with
gram -ve bacterial lipopolysaccharide (LPS) (2 pg/ml) or recombinant S1 spike protein (aa 16-685) (100
ng/ml) and harvested 22 hours later for immunoblot analysis. Blots were probed with antibodies against
the SARS-CoV-2 entry receptor ACE2 and signature markers of the typical response of these cells to TLR4
activation [9]: cyclooxygenase-2 (COX-2), connective tissue growth factor (CTGF/CCN2) and collagen
isoform 3al (Col3al). Blots were also probed for GAPDH as a loading control. The position of molecular
weight markers in kDa are shown on the left for comparison. Panel B: Quantitative analysis of ACE2, COX-
2, CTGF and Col3al protein expression. Data for each protein was normalised to the corresponding GAPDH
band and expressed as fold matched untreated control set to 1. Data for each protein of interest (POI) are
expressed as box plots with median, inter-quartile range and full range. Statistical significance is shown as
*p<0.05 or **P<0.01 following a Kruskal-Wallis test.

Figure 3
The TLR4 antagonist CLI-095 (Resatorvid®) inhibits S1 spike-induced activation of TLR4.

Panel A: Cultured primary rat cardiac tissue macrophage-derived fibrocytes (cTMFs) were treated with LPS
(2 mg/ml) or recombinant S1 spike protein (100 ng/ml) either alone or following pre-treatment with the
TLR4 antagonist CLI-095 (2.8 uM) or the dynamin inhibitor Dynasore™ (80 uM). Cells were harvested 22
hours later for immunoblot analysis. Blots were probed with antibodies against ACE2, COX-2, CTGF and
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Col3al. Blots were also probed for GAPDH as a loading control. The position of molecular weight markers
in kDa are shown on the left for comparison. Panel B: Cultured primary rat cardiac tissue macrophage-
derived fibrocytes (cTMFs) were treated with LPS (2 mg/ml), recombinant S1 spike protein aa 16-685 (100
ng/ml) or recombinant S1 spike protein RBD aa 319-541 (100 ng/ml). Cells were harvested 22 hours later
for immunoblot analysis and blots were probed with antibody against ACE2. Blots were also probed for (3-
actin as a loading control. Panel C: Quantitative analysis of ACE2 and COX-2 protein expression. Data for
each protein was normalised to the corresponding GAPDH band and expressed as fold matched untreated
control set to 1. Data for each protein of interest (POI) are expressed as box plots with median, inter-
quartile range and full range (n=6). Statistical significance is shown as *p<0.05 following a Wilcoxon Signed
Rank test [sub-panels (i) and (iii)]. For multiple comparisons between groups data was expressed as
percent change relative to control and analysed using a Repeated Measures One-Way ANOVA with a
Tukey’s post-hoc test (n=6) where statistical significance is shown as *p<0.05 or **P<0.01. Data for each
protein of interest (POI) are expressed as box plots with median, inter-quartile range and full range [sub-
panels (ii) and (iv)]. Panel D: Quantitative analysis of CTGF and Col3al protein expression. Data for each
protein was normalised to the corresponding GAPDH band and expressed as fold matched untreated
control set to 1. Data for each protein of interest (POI) are expressed as box plots with median, inter-
quartile range and full range (n=6). Statistical significance is shown as *p<0.05 following a Wilcoxon Signed
Rank test [sub-panels (i) and (iii)]. For multiple comparisons between groups data was expressed as
percent change relative to control and analysed using a Repeated Measures One-Way ANOVA with a
Tukey’s post-hoc test (n=6) where statistical significance is shown as *p<0.05 or **P<0.01. Data for each
protein of interest (POI) are expressed as box plots with median, inter-quartile range and full range [sub-
panels (ii) and (iv)].

Figure 4.
Confocal immunofluorescence analysis of S1 Spike-TLR4 co-localisation.

Panel A: Control (untreated) cells (cTMFs) were grown on glass coverslips, fixed and stained using mouse
monoclonal antibody against TLR4 or rabbit polyclonal antibody against S1 spike protein and
corresponding fluorophore-conjugated secondary antibodies and counter-stained with the nuclear stain
DAPI. Slides were then mounted and analysed using confocal immunofluorescence microscopy.
TLR4/Cy™3 (red); S1/Alexa-Fluor® 647 (yellow); DAPI (blue). Magnification x63. Scale bar 25um. Panel B:
cTMFs were grown on glass coverslips and treated with recombinant S1 spike protein and 22 hours later
fixed and stained using antibodies against TLR4 or S1 spike protein and corresponding fluorophore-
conjugated secondary antibodies and counter-stained with the nuclear stain DAPI or the cellular
membrane stain Alexa-Fluor® 488-conjugated wheat-germ agglutinin (WGA) [as for panel A: TLR4/Cy™3
(red); S1/Alexa-Fluor® 647 (yellow); DAPI (blue); WGA (green)]. Slides were then mounted and analysed
using confocal immunofluorescence microscopy. Overlayed images are shown for comparison.
Magnification x63. Scale bar 25um. Panel C: As for panel B, but detail at x100 magnification. TLR4 (red);
S1 (magenta); WGA (green); DAPI (blue).

Figure 5.
Ratiometric analysis of S1 spike and TLR4 co-localisation by confocal immunofluorescence.

Panel A: Confocal images showing overlap of TLR4 and spike S1 in S1 treated cells or control images (no
spike) were selected for ratiometric analysis of the degree of overlap between the fluorophores. TLR4 was
imaged using Alexa-Fluor 488 and S1 spike using Alexa-Fluor® 647. Images were processed and a pseudo-
colour scale applied in which red represents 0 or 1 at either end of the scale (no co-localisation) and cyan
(centre) represents 0.5 (1:1 co-localisation). The weighted averages of the plotted data for control and
spike were 0.245 and 0.438 respectively where 0.5 (cyan) represents an average 1:1 ratio of co-localisation.
Panel B: Graphs showing the distribution of pixel intensity over the applied pseudo-colour spectrum for
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control (left) and spike S1-treated (right). On S1 spike treatment there was a marked shift towards the
centre of the spectrum (cyan) approaching 1:1 co-localisation.

Figure 6.
Confocal immunofluorescence analysis of ACE2 upregulation in S1 spike-treated cells.

cTMFs were grown on glass coverslips and either left untreated or treated with recombinant S1 spike
protein, fixed 22 hours later and stained using a rabbit polyclonal antibody against ACE2 and corresponding
anti-rabbit Cy™3-conjugated secondary antibody (red). Samples were counter-stained with the nuclear
stain DAPI (blue) or the cellular membrane stain Alexa-Fluor® 488-conjugated wheat-germ agglutinin
(WGA: green). Slides were then mounted and analysed using confocal immunofluorescence microscopy.
Magnification x63. Scale bar 25um. Panel A: Control cells. Panel B: S1 spike-treated cells.

Figure 7.
Proximity Ligation Assay of S1 spike-treated rat cardiac TM-derived fibrocytes (cTMFs).

cTMFs were grown on coverslips and Proximity Ligation Assay (PLA) performed on control (no spike: Panel
A) or S1 spike-treated cells (Panel B) with the Duolink® In Situ Red Mouse/Rabbit protocol using mouse
anti-TLR4 and rabbit anti-spike S1 with the appropriate secondary antibodies (anti-rabbit-minus and anti-
mouse-plus PLA probes). Coverslips were mounted in mounting medium containing DAPI and slides were
analysed by confocal microscopy using the Alexa-Fluor® 594 and DAPI channels. A positive PLA signal
appears as red dots or white in the corresponding TIFF image. Magnification x63. Scale bar 50um.

Figure 8.
Proximity Ligation Assay of S1 spike-treated human TLR4-HA expressing HEK 293 cells.

HEK 293 cells expressing HA-tagged human TLR4 were grown on coverslips and Proximity Ligation Assay
(PLA) performed on control (no spike) or S1 spike-treated cells with the Duolink® In Situ Red Mouse/Rabbit
protocol. Panel A: samples were probed using mouse anti-TLR4 and rabbit anti-spike S1 with the
appropriate secondary antibodies (anti-rabbit-minus and anti-mouse-plus PLA probes). Panel B: samples
were probed using mouse anti-HA and rabbit anti-spike S1. Coverslips were mounted in mounting medium
containing DAPI and slides were analysed by confocal microscopy using the Alexa-Fluor® 594 and DAPI
channels. A positive PLA signal appears as red dots or white in the corresponding TIFF image. Magnification
x63. Scale bar 50um.

Figure 9.

Analysis of M1 and M2 macrophage polarisation in LPS or S1 spike-treated human THP-1 monocyte-
derived macrophages.

Human THP-1 monocytic cells were differentiated into Mo macrophages using PMA and then further
induced to M; or M, polarisation states suing LPS+interferon gamma (IFNy) or interleukin-4 (IL-4)
respectively, compared to cells treated with S1 spike+IFNy or IFNy alone. Following treatment RNA was
isolated and analysed by RT-qPCR for IL-1f3 and IL-6 (M1) or Mrc1/Cd206 (M,).

Figure 10.
S1 spike-mediated TLR4 activation leading to inflammation, ACE2 upregulation and increased viral entry.

Schematic showing SARS-CoV-2 spike interaction with TLR4, subsequent TLR4 activation via canonical and
endosomal pathways and induction of inflammation, upregulation of ACE2 expression and potential
increased viral entry. Created with BioRender.com™.
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Figure 4. Confocal immunofluorescence analysis of S1 Spike-TLR4 co-localisation.
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Figure 5. Ratiometric analysis of S1-spike and TLR4 co-localisation by confocal
immunofluorescence.
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Figure 6. Confocal immunofluorescence analysis of S1 Spike-induced ACE2 upregulation.
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Figure 7. Proximity Ligation Assay of S1-spike and TLR4 co-localisation in rat cardiac
TM-derived fibrocytes analysed by Confocal immunofluorescence.
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Figure 8. Proximity Ligation Assay of S1-spike and TLR4 co-localisation in human
TLR4-HA expressing HEK293 cells analysed by confocal immunofluorescence.
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Figure 9. TLR4 activation by LPS or S1 spike in combination with IFNy induces M1
pro-inflammatory polarisation in human THP-1 monocyte-derived macrophages.
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Figure 10. Schematic showing SARS-CoV-2 spike interaction with TLR4, subsequent
TLR4 activation via canonical and endosomal pathways and induction of
inflammation, upregulation of ACE2 expression and increased viral entry.
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