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Abstract

In this study, we present a molecular characterization of the interaction between the
SARS-CoV-2 envelope protein E with TLR2. We demonstrated that E protein interacts
physically with TLR2 receptor in a specific and dose-dependent manner. Furthermore, we
showed that this interaction is able to engage TLR2 pathway as demonstrated by its capacity
to activate NF-xB transcription factor and to stimulate the production of CXCLS8
inflammatory chemokine in a TLR2-dependent manner. Furthermore, in agreement with the
importance of NF-«xB in TLR signaling pathway, we showed that the chemical inhibition of
this transcription factor led to significant inhibition of CXCL8 production, while blockade of
P38 and ERK1/2 MAP kinases resulted only in a partial CXCLS8 inhibition. Overall, our
findings suggest considering the envelope protein E as a novel target for COVID-19
interventions: (i) either by exploring the therapeutic effect of anti-E blocking/neutralizing
antibodies in symptomatic COVID-19 patients, or (ii) as a promising non-Spike SARS-CoV-2
antigen candidate to include in the development of next generation prophylactic vaccines

against COVID-19 infection and disease.

Importance

Although, the exact mechanisms of COVID-19 pathogenesis are unknown, recent data
demonstrated that elevated levels of pro-inflammatory cytokines in serum is associated with
enhanced disease pathogenesis and mortality. Thus, determining the molecular mechanisms
responsible for inflammatory cytokine production in the course of SARS-CoV-2 infection
could provide future therapeutic targets. In this context, to the best of our knowledge, our
report is first to use a detailed molecular characterization to demonstrate that SARS-CoV-2
Envelope E protein binds to TLR2 receptor. Specifically, we showed that SARS-CoV-2
Envelope E protein binds to TLR2 in a direct, specific and dose-dependent manner.
Investigating signalling events that control downstream activation of cytokine production
show that E protein / TLR2 binding leads to the activation of NF-kB transcription factor that
control the expression of multiple pro-inflammatory cytokines including CXCLS8. Overall, our
findings suggest considering the envelope protein E as a novel target for COVID-19

interventions.


https://doi.org/10.1101/2021.11.10.468173

47

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.10.468173; this version posted November 12, 2021. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1. Introduction

SARS-CoV-2, the etiologic agent of the current worldwide COVID-19 pandemic, is a
-coronavirus belonging to the Coronaviridae family. SARS-CoV-2, emerged in 2019, is the
third causative agent of severe acute respiratory syndrome also named COVID-19
(CoronaVirus Disease 2019). The two other viruses are SARS-CoV-1 and MERS-CoV
emerged in 2003 and 2012, respectively. SARS-CoV-2 is an enveloped virus with a single
strand positive RNA genome of about 30 kbases and shares 79% of nucleotide identity with
the genome of SARS-CoV (1). Its envelope contains three proteins. i) The "Spike™ protein (S)
a glycoprotein of 180-200 kDa (2), present as trimers at the surface of the viral particle. It
plays a crucial role in the virus entry into target cells following its interaction with ACE2
receptor to induce viral and cell targets membranes fusion (3). ii) The Membrane protein (M),
a protein of 25-30 kDa, involved in viral assembly, is the major protein of the envelope. iii)
The Envelope Protein (E), is a 8.4-12 kDa polypeptide of 76 to 109 amino-acids (4, 5). Itis a
small integral viral membrane protein. Inside infected cells, E protein is localized in the RE,
Golgi and ERGIC (ER/Golgi intermediate compartments) where it seems to play an important
role in the virus assembly and budding (6, 7). In agreement with its role in viral assembly and
budding at the RE/Golgi, compartment where are produced the complete viral particles at the
end of coronavirus life cycle, its mutation or deletion leads to a substantial decrease in the
capacity of viral replication (8, 9). Thus, the important role of E protein, makes it as potential
target for antiviral drug molecules and vaccine candidates development (10). Protein-protein
interactions were well characterized between E and M proteins, as shown by the presence of
E-M complexes at the level of ERGIC in infected cells (11, 12). It is also interesting to note
that the expression of these two proteins is sufficient for the formation of VLP (viral like
particles) (6, 13). By interfering with protein transport via secretory pathways and with the
normal function of the immune system, E protein could act as a pathogenic factor in the
immunopathogenesis associated with SARS-CoV, MERS-CoV and SARS-CoV2 (8, 14). In
fact, in SARS-CoV infected cells, E protein anchored to a lipid bilayer is able to adopt a
structure forming membrane-integral pores, also named viroporin, with a selective activity for
cations including, H+, K+, Na+ and Ca2+ (15). At least, the selective permeability to Ca2+
has been reported to be associated with the inflammatory response often observed in ARDS
(acute respiratory distress syndrome) (15).

Infection with SARS-CoV-2 is accompanied by deregulation of the control

mechanisms of the innate immune response (16, 17). This deregulation is characterized by a
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80 delay in the IFN-I and IIl production and also by an exacerbation of the inflammatory
81  response including, IL-6, TNF-a, IL-1B, IFN-y but also certain chemokines including CXCLS8
82  (18). In patients developing a critical COVID-19, this dysregulation leads to the establishment
83  of a cytokine storm, a deleterious proapoptotic state for various tissues and organs including
84  the lungs (19-21). SARS-CoV-2 infection also impact the adaptative immune response by
85  affecting the normal physiological functions of antigenic presenting cells (22), but also CD4+,
86 and in a higher degree CD8+ T-cells(23, 24).

87 Understanding the molecular mechanisms responsible, on one hand, for the control or
88 escape of SARS-CoV-2 detection by innate immune sensors and, on the other hand, for
89 SARS-CoV-2-induced pathological hyper-inflammation are essential steps for the
90 development of effective therapeutic strategies against COVID-19. To achieve this goal, it is
91  important to determine the nature of viral PAMPS and cellular PRRs that are engaged in the
92 course of SARS-CoV-2 infection. According to their biochemical and structural
93  characteristics, PRRs are classified into six different families including: (i) Toll-Like
94  Receptors (TLRs); (ii) Lectin type C receptors (CLR); (iii) scavenger receptors; and (iv) the
95  opsonin receptors. In addition to these transmembrane receptors, found on the surface of the
96 cell or in endosomes, cells also express cytosolic and/or nuclear receptors including: (v)
97  receptors for nucleic acids, RLR (RIG-I-Like), which recognize the RNAs and cytosolic DNA
98  sensors called CDS, including cGAS, and AIM2-like receptors (ALRS) including AIM2, and
99  (vi) NOD type receptors, NOD-Like (NLRs) (25, 26). To date, at least nine PRRs have been
100  reported in the detection of RNA viruses including, TLR7 and 8 (single-stranded RNA),
101  TLR3 (single-stranded RNA), RIG-I and MDA-5 (single and / or double-stranded RNA, di or
102  tri-phosphorylated in 5'), DAI / ZBP-1 (RNA with a Z conformation)(27, 28), receptors
103  forming NLRP3 and NLRP1(29) inflammasomes, as well as helicases of the DDX family
104  including DDX3 which recognizes the RNA of HIV-1(30). More recently, it was advanced
105  that SARS-CoV-2 E envelope protein can be sensed by TLR2 (31), and its expression, as that
106  of its cofactor MyD88, and the induced inflammatory responses seem to increase more
107  importantly in patients with critical severe COVID-19 (32). More interestingly it was shown,
108 in ACE2 transgenic mouse model, that the blockade of TLR2 pathway allowed protection
109  against the disease development and lethality induced by SARS-CoV infection (32).
110 Considering the important role of innate immune sensors, including TLR2, as potential
111 therapeutic targets in order to alleviate the development of hyper-inflammation and cytokine
112 storm associated with severe COVID-19, in the present study we analysed at molecular level,

113  the interaction between SARS-CoV-2 envelope protein E and human TLR2. Our findings
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demonstrated that the SARS-CoV-2 E protein interacts with TLR2 receptor in a specific and
dose dependent manner in a solid-phase binding assay but also on the cell membrane of TLR2
positive cells, including primary human monocytes and macrophages. Moreover, using HEK-
based TLR2 reporter cell lines, we also showed that E protein activates TLR2 signaling
pathway that culminate in the activation of NF-kB transcription factor and production of

inflammatory cytokines/chemokine including CXCLS.

The finding suggest considering the envelope protein E as a novel target for COVID-
19 interventions: (i) either by exploring the therapeutic effect of anti-E blocking/neutralizing
antibodies in symptomatic COVID-19 patients, or (ii) as a promising non-Spike SARS-CoV-2
antigen candidate to include in the development of next generation prophylactic vaccines

against COVID-19 infection and disease.
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128 2. Materials and Methods

129

130 2.1 Ethics statement:

131 The use of human cells in this study was approved by the Research Ethical Committee
132 of Haute-Garonne, France. Human Peripheral Blood Mononuclear Cells (PBMC) were
133 isolated from buffy coat of healthy human donors. Buffy coats were provided anonymously
134 by the EFS (Etablissement Francais du Sang, Toulouse, France). Written informed consent
135  was obtained from the donors under EFS contract N° 21/PVNT/TOU/INSERMO01/2011-0059,
136  according to French Decree N° 2007-1220 (articles L1243-4, R1243-61).

137

138 2.2 Cells:

139 Human embryonic kidney cell lines stably transfected with TLR2 (HEK-TLR2), TLR4
140 (HEK-TLR4) and HEK-TLR2-blue and control HEK cell line (HEK-null) were purchased
141 from InvivoGen and cultured in DMEM supplemented with 10 % FCS, 1% of P/S and
142  selections antibiotics according to the manufacturer’s instructions (InvivoGen). Vero E6 and
143 A549 cell lines were cultured in DMEM supplemented with 10% FCS and 1% of P/S.

144

145 2.3 Virus infection:

146 Primary monocytes-derived macrophages (10° cells) were treated with 0.01 to 1 MOI
147  of the mNeonGreen SARS-CoV-2. This recombinant reporter SARS-CoV-2 developed by Pei
148  Yong Shi et al (33) was obtained from World Reference Center for Emerging Viruses and
149  Arboviruses (WRCEVA).

150

151 2.4 Isolation of human monocytes:

152 PBMCs were isolated from buffy coats of healthy blood donors (from Etablissement
153  Francais du Sang [EFS], Toulouse) and monocytes were separated from lymphocytes by
154  positive selection using magnetic cell sorting technique according to the manufacturer’s
155 instructions (Miltenyi Biotec) and as described (34).

156

157 2.5 Generation of monocyte-derived macrophages:

158 To allow differentiation of monocytes into monocyte-derived macrophages,
159  monocytes were cultured in DMEM medium (Invitrogen) supplemented with 10% fetal calf
160  serum (FCS) 100 1U/ml penicillin, 100 pug/ml streptomycin, 10 ng/ml GM-CSF, and 10 ng/ml
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161  MCSF. After 3 days of culture, cells were stimulated by the same amount of GM-CSF and M-
162  CSF and cultured for additional 4 days before their use in our experiments as differentiated
163  macrophages.

164

165 2.6 Chemical products, Proteins, and Antibodies:

166 PAM,CSK,4, PAM3CSK,, LPS-RS were purchased from InvivoGen. Recombinant
167  soluble E protein from SARS-CoV-2 was purchased from Clinisciences. GST, GST-Nef and
168  the corresponding antibodies were produced in our laboratory. Soluble recombinant TLR2
169  was purchased from R&D systems. Anti-TLR2 and anti-TLR4 monoclonal antibodies were
170  obtained from eBioscience. Anti-Phospho-P65 and anti-total P65 were purchased from cell
171 Signalling. Bayl11-7082, SB202190, PD98059 and RO0318220 were purchased from
172 Calbiochem.

173

174 2.7 Interaction of E protein with TLR2 in a solid phase assay:

175 The binding of the recombinant E-GST protein with TLR2 was tested in a solid phase
176  assay. Briefly, 100 pL of recombinant soluble TLR2 (R&D systems) at 1 pg / ml are coated
177  during 2 hours at room temperature in 96-well plates. After 1 hour of saturation with 300 pL
178  of PBS containing 5% non-fat milk and 5 washes with PBS-Tween 0.05%, 100 pL of
179  different concentrations of the soluble protein E-GST (1ng- 1000 ng/ml) are added to each
180  well. After 1 hour of incubation at 37 °C, 5 washes were performed with PBS-0.05% Tween.
181  Then, the detection of TLR2-E-GST complexes were performed by an additional incubation
182  during 1 hour at room temperature with 100l of a rabbit anti-GST sera previously diluted at
183  1/500 in PBS-tween 0.05% containing 5% non fat milk. After 5 further washes, the complexes
184  TLR2-E-GST-anti-GST were labeled by 1 hour incubation at room temperature with 100 pul
185  of anti-rabbit 1gG antibodies coupled to horseradish peroxidase in PBS-tween 0.05%
186  containing 5% non-fat milk (DAKOTA). After a last 5 washes with PBS-tween 0.05%,
187  TLR2-E-GST-anti-GST-anti-rabbit-1gG-peroxydase complexes were revealed by the addition
188  of 100 pL of TMB substrate (Tetramethylbenzidine). After 15 to 30 min incubation, the
189  peroxidase reaction was stopped with 50 uL of sulfuric acid (2N) and then the optical density
190  was read at 450/570 nm.

191

192 2.8 Inhibition assay of E-TLR2 interaction:

193 The specificity of E-TLR2 interaction was evaluated in a solid phase binding assay as
194  described above except that various amounts of PAM,CSK,, PAM3;CSK, were added to


https://doi.org/10.1101/2021.11.10.468173

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.10.468173; this version posted November 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

195  rTLR2-precoated wells during 1 hour before adding a constant amount of soluble E protein
196  (200ng).

197

198 2.9 Flow cytometry analysis:

199 Monocytes (10°) were incubated with GST or GST-E SARS-CoV-2 protein at 0.1-
200  10pg/ml for 1 hour at 37 °C in PBS, BSA 0.5%, NaN3 0.05%. Then, cells were washed 3
201 times with PBS, BSA 0.5%, NaN3; 0.05% to remove unbound proteins. Cells were stained
202 with and anti-GST-Alexa 488 (Catalog # A-11131, ThermoFisher, 1/2000) during 1 hour at
203  room temperature and washed 3 times with PBS, BSA 0.5%, NaN; 0.05%. Then cells were
204  fixed with PFA 4%. Data were acquired using FACSCalibur (BD).

205

206  2.10 Microscopy analysis:

207 The analysis of the binding of E protein to macrophages was analyzed by microscopy.
208  To this end macrophages (10°) were incubated with GST or GST-E SARS-CoV-2 protein at
209  10ug/ml for 1 hour at 37°C PBS, BSA 0.5%, NaN3 0.05%. Then, cells were washed 3 times
210  with PBS, BSA 0.5%, NaN3 0.05% to remove unbound proteins. Then cells were washed 3
211 times with PBS, stained with Hoechst, and anti-GST-Alexa 488 (1/500) during 1 hour at room
212 temperature and washed 3 times with PBS, BSA 0.5%, NaN3; 0.05%. Finally, cells were fixed
213 with PFA 4% before imaging. Images were acquired using EVOS M700 (Invitrogen) at 40x
214  magnification.

215

216 2.11 Cell based biological assays:

217 Primary human monocytes or macrophages cells (10° cells) or HEK-null, HEK-TLR2
218  or HEK-TLR4 cell lines (2,5. 10° cells) were plated in 24 well plates and treated by E protein
219  or PAM3CSK, and PAM,CSK; as positive controls at the indicated concentrations. Untreated
220  cells were used as negative controls. To block TLR2, anti-TLR2 were added in cell culture
221 medium 1 hr before treatment with E protein. To inhibit cell signaling pathways, cells were
222 incubated with chemical inhibitors 30 minutes before treatment with E protein. To inhibit the
223 binding of E protein to cell membrane TLR2, E protein (at 200ng/ml) was preincubated with
224  rTLR2 (20 ng/ml) during 1 hour at RT, before being added to HEK-TLR2 cells. Cell
225  supernatants were collected 18hrs after E-treatment and frozen at -20°C before further
226 analysis.

227

228  2.12 Phosphorylation analysis of NF-kB P65 subunit and Western blot analysis:
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229 HEK-TLR2 cells (2,5.10° cells) were treated during 30 or 60 min with E protein (1
230 pg/ml) or, with GST (1pg/ml) or PAM3CSK, (10 ng/ml) as negative and positive controls

231 respectively. Then, cells were lysed and prepared for immunoblot as previously described

232 (35).

233

234  2.13 NF-kB assay using HEK-TLR2-Blue:

235 The capacity of E protein to activate NF-kB was tested by using HEK-TLR2-blue

236 (InvivoGen). In this assay, HEK-TLR2 cells stably transfected with SEAP (secreted
237  embryonic alkaline phosphatase) gene under the control of NF-kB promoter were plated at
238 2,5.10° cells per well in 24 well plates one day before the experiment. The following day cells
239  were treated by E protein in cell culture medium at the indicated concentration. 18 hrs after
240  treatment, supernatants were collected and quantification of SEAP was performed according

241 to manufacturer’s instructions (InvivoGen).

242
243  2.14 CXCLS8 quantification by ELISA:
244 Cells were stimulated with various amount of E protein (1-1000ng/ml). After 18 hours

245  of stimulation at 37°C, supernatants were harvested and stocked at -20°C until CXCLS8
246  quantification by ELISA kits according the instructions of the manufacturer (R&D system).
247

248  2.15 Statistical analyses:

249 Statistical analysis was performed using GraphPad Prism software v.5. All results are
250 expressed as means+/—SD. All experiments were performed a minimum of three times.
251  Differences in the means for the different groups were tested using one-way ANOVA
252  followed by Bonferroni post hoc test. A p-value <0.05 was considered statistically significant.
253  Statistical significance comparing different groups is denoted with * for p <0.05, **p <0.01,

254  ***p<(.001, ns non-significant.
255

256
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257 3. Results
258 3.1 SARS-CoV-2 E-envelope protein interacts directly and physically with TLR2:

259 In order to analyse the capacity of SARS-CoV-2 envelope protein E to interact with
260 TLR2 at a molecular level, we tested in a solid phase assay the binding of various amounts of
261  E protein (1 ng/ml-1000 ng/ml) to a constant amount of pre-coated human recombinant TLR2
262 (1 pg/ml). The obtained results depicted in Figure 1 showed that E protein binds in a dose-
263  dependent manner to TLR2. In contrast, no significant binding to TLR2 was observed when
264  the experiment was performed with GST, instead of E protein (Figure 1A). Further, we also
265 showed that E protein, but not GST used as control, is also able to bind to human primary
266 monocytes when analysed by flow cytometry (Figure 1B, C) and to human primary

267  macrophages when analysed by microscopy (Figure 1D).

268 Altogether, these results demonstrate that the SARS-CoV-2 envelope protein is able to
269 interact physically, in a dose-dependent manner with the human soluble recombinant TLR2
270  but also with cell membrane TLR2 expressed at the surface of primary human monocytes and

271 macrophages.
272 3.2 PAM,CSK, and PAM;CSK, antagonise SARS-CoV-2 E protein binding to TLR2:

273 PAM,CSK,, a synthetic diacylated lipopeptide ligand of TLR2/TLR6, and
274  PAM3CSKy, a synthetic triacylated lipopeptide ligand of TLR2/TLR1 have been historically
275  characterized as the first identified ligands of TLR2. Thus, in order to characterise the
276  specificity of the interaction of E protein with TLR2, we evaluated the capacity of these two
277  ligands PAM,CSK,; and PAM3CSK,; to inhibit E-TLR2 interaction. To this end, the
278  experiment was performed as described in figure 1, by using a constant concentration of E
279  protein (200ng) but in presence of escalating amounts of PAM,CSK, or PAM3;CSK, (0.1uM
280 to 10uM). Both ligands inhibited E-TLR2 interaction in a dose dependent-manner (Figure
281  2A-B). However, only a partial inhibition, exceeding 50%, was obtained with PAM,CSK, and
282 PAM3;CSK, used at 10uM. Thus, these characterizations demonstrate that E protein-TLR2
283  interaction is specific as demonstrated by the capacity of PAM,CSK, and PAM3;CSK, to
284  inhibit this interaction.

285 3.3 SARS-CoV-2 E Protein stimulates the production of CXCL8 inflammatory chemokine
286 by recruiting TLR2 pathway:
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287 In order to study the biological consequences of E-TLR2 interaction, we tested the
288  capacity of E protein to stimulate the production of CXCL8 in a HEK cell lines-based assay
289 using cells stably transfected with the human TLR2 (HEK-TLR2) or TLR4 (HEK-TLR4)
290  receptors or HEK-null (transfected with empty plasmid). As previously shown by our group,
291 activation of TLR-dependent pathway in HEK cells lines stimulates the production of
292  measurable amount of CXCL8 chemokine, while other TLR-dependent cytokines including
293  TNF-a, IL-6, IL-10 where barely detectable. As consequence, the production of CXCL8 by
294  HEK cells lines was used as a marker of TLR response (36). Results presented in figure 3A
295  show that E protein from SARS-CoV-2 (200ng/ml) stimulates the production of CXCLS8 in
296  TLR2-expressing HEK cell lines, while GST or GST-Nef, two unrelated SARS-CoV-2 gene
297  products, used as controls, do not stimulate significant production of CXCL8 when used at
298  concentrations up to 1 pg/ml (Figure 3A). As additional controls, no production of CXCLS8
299 was obtained in the supernatants of unstimulated HEK-TLR2 cell line, while a clear
300 production of CXCL8 was produced following the stimulation by the synthetic ligand of
301 TLR2 PAM3CSK, (Figure3 A). The specificity of the activation of TLR2 pathway by E
302  protein was further demonstrated by showing that E protein induced the production of CXCL8
303 in a dose-dependent manner, with the lowest amount of E protein giving a detectable CXCLS8
304  production being around 10 ng/ml (Figure 3B). The specificity of E-TLR2 pathway activation
305  was further supported by the fact that no CXCL8 production was obtained in HEK-null cell
306 (Figure 3C) nor in HEK-TLR4 (Figure 3D) cell lines. This latter control also demonstrated
307 the absence of endotoxins contaminants in our recombinant E protein as demonstrated by the

308 absence of any activation of TLR4 pathway (Figure 3C-D).

309 Taking into account the data obtained with HEK-TLR2 cell line, we tested the
310  capacity of E protein to activate the production of CXCL8 in human primary monocytes and
311  macrophages. To this end, human monocytes and macrophages were stimulated by increasing
312 concentrations of E protein (1 ng/ml to 200 ng/ml) for 20 hours and CXCL8 was quantified
313 by ELISA as described above. The obtained results showed that E protein stimulated the
314  production of CXCLS8 in both primary human monocytes and macrophages (Figure 3E).

315 In line with these results, we also showed that treatment of primary human
316  macrophages, during 20 hours, with infectious SARS-CoV-2 viral particles also resulted in
317  the production of CXCL8 in cell supernatants (Figure 3F). It is interesting to note that
318 macrophages do not show any signs of viral replication, as shown by the absence of

319  NeonGreen fluorescence in macrophages when infected with the recombinant mNeonGreen
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320 SARS-CoV-2, used at 0.01, 0,1 and 1 MOI (Supplementary Figure S1). As positive control,
321  we showed that the treatment of VVeroE6 cells with the recombinant mNeonGreen SARS-

322 CoV-2resulted in a clear infection of these cells (Supplementary Figure S1).

323 Altogether, our results showed that SARS-CoV-2 E protein, by recruiting, at least,
324  TLR2 pathway stimulated the production of CXCL-8.

325 3.4 The stimulation of CXCL8 production by SARS-CoV-2 E protein is reversed by soluble
326  rTLR2 and anti-TLR2 antibodies:

327 The specificity of the recruitment of TLR2 pathway by E protein was further
328  characterized in complementary assays using either soluble recombinant TLR2 (rTLR2) or
329  anti-TLR2 blocking antibodies. The results show that incubation of rTLR2 with E protein
330 before stimulation of HEK-TLR2 cells inhibit by about 50% the capacity of E protein to
331 stimulate TLR2-response as measured by the production of CXCLS8. Importantly, no
332 significant CXCL8 production was obtained with rTLR2 alone (Figure 4A). Interestingly,
333 this latter result also indicates the absence of endotoxins in the used preparation of rTLR2. In
334 agreement with the effect of rTLR2 we showed that anti-TLR2 antibodies used at 5ug/ml,
335 inhibits by about 60% E-induced CXCL8 production (Figure 4B) while only a moderate
336 inhibition, less than 30%, was observed by the use of anti-TLR4 antibodies (5ug/ml), used as
337  isotype controls. We also tested the effect of LPS-RS a specific antagonist of TLR4. Used at
338 10 pg/mL, LPS-RS induced a modest inhibition of E2 induced CXCL8 production of about
339  18% (Figure 4C). These moderate inhibitions may be caused by the steric hindrances caused

340 by the presence of anti-TLR4 antibodies and LPS-RS.

341 Altogether, these results confirm the recruitment of TLR2 pathway by E protein as
342  demonstrated by the capacity of soluble recombinant TLR2 and anti-TLR2 antibodies to
343  strongly block the production of CXCL8 chemokine production in HEK-TLR2 cells
344  stimulated by SARS-CoV-2 E protein.

345 3.5 SARS-CoV-2 E protein activates NF-kB as a signature of the recruitment of TLR2
346  pathway:

347 Activation of all TLR pathways leads to activation of the NF-kB. NF-kB is an
348  important transcription factor greatly implicated in the control of the expression of cytokines
349  genes that are involved in the immune and inflammatory responses (37, 38). The analysis of

350 the CXCL8 promotor element sequence highlights the presence of NF-kB binding site. NF-
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351 kB, a REL family member is composed of hetero or homodimers of 5 subunits including
352 RelA/p65, c-Rel, RelB, p50 and p52 (39). At the inactivated state heterodimeric NF-kB is
353  present in the cytoplasm in association with its inhibitor IkB. In order to be activated, NF-kB
354  must be phosphorylated on its subunits p65 and p50, but also on its inhibitor subunit IkB, thus
355 leading on one hand, to the nuclear translocation of P65 into the nucleus, where it binds on
356 NF-kB sites at the CXCL8 promotor element sequence, and on the other hand, on the
357  dissociation, ubiquitinilation and proteasomal degradation of IkB (38). Here, in our study, the
358  effect of E protein on the activation of NF-kB was evaluated by monitoring its effect on the
359  phosphorylation of the p65 subunit. To this end, HEK-TLR2 cells were stimulated during 30
360 or 60 min with E protein (1 pg/ml) or with GST or PAM3CSK, as negative and positive
361 controls respectively. Both at 30 and 60 min post stimulation, E protein leads to the
362  phosphorylation of p65 (Figure 5A lanes 3 and 4). Only a small phosphorylation of p65 was
363  observed in unstimulated cells (Figure 5A lane 2) and in cells stimulated with GST protein
364 (Figure 5, lanes 5 and 6). As expected, a strong phosphorylation was obtained following
365  stimulation with PAM3;CSK, (Figure 5A lane 7).

366 Then, the effect of E protein on the activation of NF-kB was further characterized in a
367  more functional assay, based on the evaluation of the capacity of E protein to transactivate the
368  expression of the gene product of SEAP soluble protein placed under the control of NF-kB
369 inducible promotor. To this end, HEK-TLR2 cell line stably transfected with SEAP gene
370 under the control of NF-kB, were stimulated with various amount of E protein (1ng-100
371 ng/ml) during 15 min, 30 min or 45 min. The expression of the enzymatic activity of soluble
372 secreted SEAP protein was then measured in the cell supernatants. The obtained results
373 depicted in Figure 5B clearly showed a positive presence of SEAP enzymatic activity since
374 15 min of stimulation with 10ng/ml of E protein. This enzymatic activity increased in time
375  and in a dose-dependent manner at 30 min and 45 min following stimulation with the highest
376  doses of 50 ng/ml and 100 ng/ml (Figure 5 B). As negative control, no significant SEAP
377  enzymatic activity was observed in supernatants of unstimulated HEK-TLR2 cells (Figure 5
378 B).

379 Altogether, these results showed that SARS-CoV-2 E envelope glycoprotein is able to
380  recruit and engage TLR2 pathway leading to the activation of the transcription factor NF-kB
381 as demonstrated by the phosphorylation of p65 NF-kB subunit and the transactivation of
382  SEAP gene under the control of NF-kB promotor site.

383
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384 3.6 SARS-CoV-2 E protein activation of CXCL8 production is dependent on NF-kB
385 pathway:

386 Then we wanted to evaluate the role of NF-kB in the control of CXCL8 production in
387 response to E stimulation in HEK-TLR2. To this end, HEK-TLR2 cell line cells were
388  previously treated during 60 min with various non-toxic concentrations (1-10 uM) of NF-kB
389 inhibitor Bay11-7082 before stimulation with E protein (200 ng/ml). After 18 h of culture,
390 CXCL8 production was quantified in cell supernatants. A dose-dependent inhibition of
391  CXCLS8 production was obtained in the presence of Bay11-7082 demonstrating the crucial
392  role of the transcription factor NF-kB in the control of gene expression of CXCL8 chemokine
393  (Figure 6A).

394 In addition to NF-kB, the promotor element sequence of CXCL8 gene contains also
395  binding sites for additional transcription factors, including AP-1 (activating protein), CREB
396  (CAMP response element binding protein), C/EBP (CAAT/enhancer-binding protein), CHOP
397  (C/EBP homologous protein) (40) and C/EBP beta (also named NF-IL-6) (41). While NF-kB
398 is crucial for the gene expression of CXCLS8, the other transcription factors, as AP1 and
399 CREB seem to play a secondary role by acting on the stability of mRNA and synergy action
400 with NF-kB on the expression of CXCL8 gene, thus contributing to allow an efficient
401  production of CXCL8 gene product (41, 42). The MAPkinases, including P38MAPK and
402 ERK1/2 MAPK has been reported to participate in the activation of AP1 and CREB and thus,
403  indirectly via AP1 and CREB, in the contribution of the increased expression of CXCL8 gene
404  product. Taking into account these contributions, we tested the effect of the inhibition of P38
405 MAP and ERK1/2 on the production of CXCLS8 following activation of HEK-TLR2 cell line
406 by E protein. To this end, HEK-TLR2 cells were previously treated during 60 min by a non-
407  toxic concentrations of SB202190 (0.1-10 puM) and PD98059 (1-100 puM) as inhibitors of
408 P38MAPK and MAPK ERK1/2 respectively before treatment with E protein at 200ng/ml.
409  Both inhibitors exhibit a partial inhibitory effect reaching respectively, 55% and 70 % of
410 inhibition by SB202190 and PD98059 when used at the highest concentrations (Figure 6B).

411 Because P38 and ERK1/2 are activated downstream of PKC, a large family of serine
412  /threonine kinase, we also evaluated the effect of PKC on the production of CXCL8 by E
413  stimulated HEK-TLR2 cells. To this end, cells were previously treated with various
414  concentrations of R0318220, an inhibitor of all PKC isoforms, before stimulation with E

415  protein at 200 ng/ml and quantification of CXCL8 in cell supernatants as described above. No
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evident inhibition was obtained in the presence of the PKC inhibitor R0318220 used at 0.1
and 1uM (figure 6B). However, the apparent inhibition observed at 10 uM of the inhibitor is
further related to the cytotoxic effect of 10uM concentration of RO318220 as evaluated by the

cytotoxicity assay measuring LDH release, a signature of cell death (data not shown).

Taken together, our results demonstrated the direct physical interaction between the E
envelope protein of SARS-CoV-2 and the TLR2. This interaction engages the activation of
TLR2 pathway leading to the activation of the transcription factor NF-kB which seems to
play, in contrast to ERK1/2 and P38 MAP kinases, a major role in the production of CXCLS8

chemokine.
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428 4. Discussion

429 Recent work by Zheng and colleagues provided genetic evidence that TLR2 pathway
430  contributes to overwhelming production of inflammatory cytokine production (particularly
431 TNF-a, IL-6, IFN-y) during infection by SARS-CoV-2 and other -coronaviruses, following
432  recognition of E envelop protein (31). In light of this recent finding, our study provides
433  further characterization of E — TLR2 interaction. Specifically, our results demonstrate that
434  SARS-CoV-2 E envelope protein interacts physically in a dose-dependent manner with
435  soluble recombinant TLR2 receptor but also with cell membrane TLR2 of primary human
436  monocytes and macrophages. Additionally, our findings show that E protein from SARS-
437  CoV-2 activates TLR2 pathway leading to the activation of the transcription factor NF-xB
438  which seems to play a major role in the production of CXCL8 chemokine, in contrast to
439  ERK1/2 and P38 MAP-kinases whose inhibition only results in partial inhibition of CXCLS8.

440 TLR2 was originally described to recognize ligands from bacterial origins (43-46) that
441 include diacyl and triacylglycerol moieties, proteins and polysaccharides. However, it is
442  currently assumed that recognition of TLR2 is not limited to bacterial ligand but concern a
443  broader set of molecules including viral proteins (review in (47)). These TLR2 viral ligands
444  include Glycoprotein B of Cytomegalovirus, hepatitis C core and NS3 Protein, and
445  hemagglutinin (H) of measles virus (47). Thus, E protein from SARS-CoV-2 extend the list of
446  viral TLR2 ligands. The diversity of molecules recognized by the receptor TLR2 may be
447  licensed by its capacity to form heterodimer with TLR1, TLR6 or TLR10 and to benefit from
448  the help of additional cofactors including CD14 and CD36 (47). However, the involvement of
449  TLR2 in the interaction with E protein raises a number of questions. Crystallographic studies
450  of the complex between TLR2/TLR1 and its tri-acylated lipopetides ligands PAM3;CSK have
451 allowed to determine the sites of interaction between TLR2/TLR1 with their ligands
452  PAM3CSK (48). The structures of the lipopeptide TLR2 ligands, PAM3CSK and PAM,CSK
453  contain 3 and 2 lipid chains respectively. By interacting with the hydrophobic pocket of
454  TLR2, these lipid chains allow heterodimerization of TLR2/TLR1 by PAM3;CSK and
455 TLR2/TLR6 by PAM,CSK and the recruitment of downstream adapters including
456  Mal/Myd88, thus allowing to the activation of the TLR2 pathway (48). It is therefore
457  important to question how the E protein of SARS-CoV-2, which does not have a lipid tail, can
458 interact and activate the TLR2 pathway. Indeed, the analysis of the primary structure of the E
459  protein reveals two hydrophilic regions in the N and C terminal parts of the molecule

460  separated by a large hydrophobic domain which could present an affinity for the hydrophobic
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461  pocket of TLR2. In addition, it has been reported that E protein also exists in the form of
462  homo-oligomeric multimers (15, 49, 50) which by interacting with the hydrophobic pockets
463 of TLR2, TLR1 and TLR6 could bridge the formation of heterodimers of TLR2/TLR1, or
464  TLR2/TLR6 and even of homodimers of TLR2/TLR2. Thus, further structural research
465  studies are needed to confirm these hypotheses. Our data showing that PAM3;CSK and
466 PAM,CSK synthetic ligands interfere with E-TLR2 binding, suggest that E protein and
467 PAM,CSK/PAM;CSK bind TLR2 on partially overlapping sites.

468 In our study, we demonstrated a direct physical binding of E protein to TLR2 in a
469  solid phase binding assay. However, this assay is not informative about the functionality of
470  this interaction, nor it does not indicate if it induced structural rearrangements or
471 oligomerizations of TLR2. But, our findings showing that E protein is also able to bind to cell
472 membrane TLR2 of primary monocytes and macrophages, to activate the transcription NF-kB
473  and to stimulate the production of CXCL8 chemokine represent strong arguments in favour of

474  the capability of E protein to recruit and engage TLR2 pathway.

475 Activation of TLR2 light a diverse number of intracellular signalling pathways that
476  culminate in transcription of several immunity related genes including pro-inflammatory
477  cytokines and chemokines with important role in shaping innate and adaptive immune
478  response, as well as tissue homeostasis. Our data show that E protein activates NF-xB and
479  demonstrates that this activation is essential for CXCL8 production in HEK-TLR2 cell line.
480  The partial inhibition obtained in the presence of P38 and ERK1/2 MAPKinases inhibitors is
481 in line with the secondary role of these pathways, involved in the activation of the AP1 and

482  CREB transcription factors in the CXCL8 gene expression (41, 42).

483 Activation of TLR pathway by viruses play a mitigated role and triggers either
484  immune protection or pathogenesis of infections (51, 52). For example, the use of animal
485 model elegantly exemplifies that TLR7-dependent type | interferon production by
486  plasmacytoid dendritic cells (pDCs) confers protection against mouse hepatitis virus (MHV)
487  viral infection (53). Similarly, type I interferon production was also observed following pDCs
488 interaction with SARS-CoV (53) and SARS-CoV-2 (54). Accordingly, in order to escape
489  from TLR-mediated immunity, viruses have developed several strategies to interfere with
490 signal transduction downstream of TLR pathways (52, 55). In contrary, dysregulated
491 activation of TLR pathway has been associated with enhanced pathogenesis. This is the case

492  for TLR4 pathway which is involved in pathogenesis of 1AV, EBOV, and DENV infections
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493  while treatment with TLR4 antagonists (Eritoran) reduced cytokine/chemokine production
494  and alleviate disease symptoms (56). Other viruses are taking advantage of TLR pathway to
495  their own benefits. Our group and other have shown that HIV-1, through its Tat protein,
496  activates TLR4 pathway leading to the upregulation of several immunosuppressive factors
497 including IL-10, PD-L1 and IDO-1 (35, 57-59). This is also the case for measles virus which
498  subvert TLR2 pathway by its hemagglutinin (H) protein in order to upregulate the expression
499  of its own entry receptor CD150 (60). In the case of SARS-CoV-2, data from Zheng and
500 colleagues suggested that TLR2 pathway is involved in disease pathogenesis rather than viral
501  control (31).

502 Although, the exact pathway of the COVID-19 pathogenesis is still unknown, recent
503 data demonstrated that elevated levels of pro-inflammatory cytokines in serum, including
504 CXCLS, is associated with enhanced disease pathogenesis and mortality. Accordingly,
505 inflammatory mediators are promising therapeutic targets to alleviate COVID-19
506 pathogenesis (20, 61-63). Thus, understanding the molecular determinants responsible for
507 inflammatory cytokine production in the course of SARS-CoV-2 infection could provide
508 future therapeutic targets. Several SARS-CoV-2 components have been described to trigger
509 inflammatory cytokine production including detection of viral RNA by MDA-5 (64), TLR8
510 (65) and TLR7 (53, 54), activation of ACE-2 by spike (S) protein in epithelial cells (66) and
511  activation of TLR2 by E protein (32). However, the relative contribution of each pathway in
512 immune protection or pathogenesis warrants further studies. It should be noted that the work
513  of Zheng et al showed that unlike the E protein, the S protein does not seem to induce a
514  significant inflammatory reaction (31). This difference underlines the importance of
515  considering the E protein as a therapeutic target. Our findings showed that E protein induced
516  CXCLS8 production in TLR2- and NF-xB dependent manner when tested in HEK-TLR2 cell
517 line model. Thus, this model provides an important tool that could be used to screen
518  antagonist compounds which can be used as antiviral drugs. The production of CXCLS8, a
519  known neutrophil chemoattractant, is consistent with the reports describing a high circulating
520  neutrophil number and associated injury in the airway and lung tissues in COVID-19 patients
521 (67, 68). Regarding the pathological deleterious effect of CXCL8 in COVID-19 patients, we
522 could consider targeting protein E for therapeutic purposes, either by immunotherapy
523  approaches by administering neutralizing anti-E antibodies to COVID-19 patients in intensive
524  care units (ICU), or by vaccine approach by combining protein E as an immunogen in future

525  vaccine candidates against COVID-19. Indeed, E protein is one of the most conserved in
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526  coronaviruses (Lbachir Benmohamed, personnal communication), and could be associated
527  with a crucial function essential for one of the crucial stages of the viral cycle or for the

528  pathogenicity of the virus.
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726  Figures legends:

727

728  Figure 1: Binding of SARS-CoV-2 protein to human TLR2: (A) Soluble recombinant
729  human TLR2 (100 pl at 1 pg/ml) were coated in 96 plates. After saturation, various amounts
730 of E-GST protein (1 ng/ml-1000 ng/ml) were added for 2 hours at 37°C. TLR2 E-GST
731 complexes were revealed by a solution of anti-GST-sera follow by anti-anti-GST conjugated
732 to HRP. (B) Primary human monocytes were incubated with 0,1 to 10 pg/ml of GST or GST-
733  E SARS-CoV-2 protein. Cells were stained with anti-GST (1/1000). Data were acquired using
734  FACScalibur. One representative experiment is shown. (C) Quantification of SARS-CoV-2 E
735  protein or GST control binding to human monocytes out of from 3 different experiments
736  acquired on FACScalibur. (D) Primary human macrophages were incubated with 10 pg/ml of
737  GST or GST-E SARS-CoV-2 protein. Cells were stained with anti-GST (1/500). Images were
738  acquired using EVOS M700 microscope.

739

740  Figure 2: PAM,CSK,; and PAM;CSK, interfere with SARS-CoV-2 E binding to
741  TLR2: The specificity of E-TLR2 interaction was evaluated by testing the capacity of TLR2
742  ligands (A) PAM,CSK, (0.1-10 uM) and (B) PAM3CSK, (0.1-10 puM) to inhibit this
743  interaction.

744

745  Figure 3: E protein stimulate the production of CXCL8 chemokine in a TLR2-
746  dependent manner: (A) HEK-TLR2 cell line were stimulated with E protein (200ng/ml),
747  GST (10-1000ng/ml) or GST-nef (10-1000ng/ml), or PAM3CSK,; (10 ng/ml). CXCLS8
748  chemokine production in the cell supernatants was quantified by ELISA. (B) Production of
749  CXCLS8 in cell supernatants of HEK-TLR2 cells stimulated by escalating concentrations of E
750  protein (1-300ng/ml). (C-D) Production of CXCLS8 in cell supernatants of HEK-null (C),
751  HEK-TLR4 (D), cell lines stimulated with E protein (1- 100ng/ml) or with PAM3;CSKg. (E)
752 Primary human monocytes and macrophages were stimulated with E protein (1-200ng/ml).
753  Stimulation with GST (200 ng/ml) or PAM3;CSK, (1000 ng/ml) were used as negative and
754  positive control respectively. After 20h of treatment cell supernatant was collected and
755  CXCL8 chemokine production in the cell supernatants was quantified by ELISA. (F) Primary
756  human macrophages were infected with NeonGreen SARS-CoV-2 virus (MOI 0.01-1).
757  Stimulation with SARS-CoV-2 E protein (10 ng/ml) or PAM3;CSK, (10 ng/ml) were used as
758  positive control. After 20h of treatment cell supernatant was collected and CXCL8 chemokine

759  production in the cell supernatants was quantified by ELISA.
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760  Figure 4: Inhibition of E-induced CXCL8 production by soluble recombinant TLR2 and
761 anti-TLR2 antibodies: HEK-TLR2 cell line were stimulated with E protein (200ng/ml) in
762  the presence or absence of recombinant TLR2 (20 ng/ml) (A), anti-TLR2 or anti-TLR4
763  antibodies (B) or LPS-RS (10 pg/ml) as control (C). HEK-TLR2 cells were also treated with
764  recombinant TLR2 (20 ng/ml) alone as control (A). After 20h of treatment cell supernatant
765  was collected and CXCL8 chemokine production in the cell supernatants was quantified by
766  ELISA.

767  Figure 5: E protein stimulates the activation of NF-kB: (A) HEK-TLR2 cells were
768  stimulated with E protein, GST or PAM3;CSK, during 30 or 60 min. Phosphorylation of P-65
769  was analysed by SDS-PAGE and western blot by using specific anti-phospho-P65 (upper
770  panel) or anti-total p65 antibodies (lower panel). (B) HEK-TLR2 cell line, stably transfected
771 with SEAP (secreted embryonic alkaline phosphatase), were treated with escalating
772 concentrations of E protein or with PAM3CSK, during 15, 30 and 45 min and SEAP activity
773 was quantified in the cell supernatants.

774  Eigure 6: inhibition of E- induced CXCLS8 production by NF-kB inhibitor but not by
775 P38 and ERK1/2 MAPKinases and PKC inhibitors: (A) inhibition of E induced-CXCL8
776  chemokine in the presence of NF-kB inhibitor. HEK-TLR2 cells were stimulated with E
777  protein (200ng/ml) in the presence of the chemical inhibitor of NF-kB Bay11 used at 1 and 10
778 WM. Production of CXCLS8 in cell supernatants was quantified by ELISA. (B) HEK-TLR2
779  cells were previously treated with P38 MAP kinase inhibitor SB202190 (0.1-10uM), ER11/2
780 inhibitor MAP kinase PD 98059 (1-100uM) or PKC inhibitor RO318220 (0.1-10uM) during
781 1 hour, before stimulation with E protein (200ng/ml). Produced CXCLS8 in cell supernatants
782  was quantified by ELISA.

783

784  Supplementary Figure S1: Infection of primary human macrophages and VeroEG6 cells

785  with NeonGreen SARS-CoV-2 virus: Primary human macrophages or VeroE6 cell line were
786  infected with NeonGreen SARS-CoV-2 virus (MOI 0.01-1). After 20h of infection-time cells
787  were imaged, inside BSL-3 facility, using EVOS Floid microscope (Invitrogen). Image show

788  merge of bright field and NeonGreen fluorescence.
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