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Relevance of Spike/Estrogen Receptor-a interaction for
endothelial-based coagulopathy induced by SARS-CoV-2
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Dear Editor,

The severe coagulation syndrome in numerous organs is the
major life-threatening conditions characterizing the acute infec-
tion by SARS-CoV-2. Endothelial inflammation/dysfunction, plate-
let hyper-reactivity, generation of neutrophil extracellular traps,
promote the activation of the coagulation cascade in an infection-
dependent manner.! The outcome of the COVID-19 vaccination
campaign has also revealed a potential risk of vaccine-induced
immune thrombotic thrombocytopenia (VITT), or thrombosis with
thrombocytopenia syndrome (TTS).! Although this risk is extre-
mely low, the propensity of the Spike protein to induce
inﬂammatorg and coagulation factors in placental and endothelial
cells (ECs)>® has called for caution during the SARS-CoV-2
vaccination campaign.

We recently described a potential function of Spike (S) as a
co-factor for estrogen receptor alpha (ERa) nuclear signaling,*
mediated by interaction of a nuclear receptor co-regulator
(NRC) LXD-like motif present on the viral protein S2 subunit,
with the activation function 2 (AF-2) region on ERa. To clarify
the relevance of this interaction for the expression/release of
pro-coagulation factors by human ECs, we exposed the
immortalized Ea.Hy926 EC line to increasing concentrations of
wild-type (wt) S, 17B-Estradiol (ES; a natural ERa agonist) Tumor
Necrosis Factor-alpha (TNFa; a pro-inflammatory cytokine
involved in SARS-CoV-2 coagulopathy), Raloxifene and Fulves-
trant (RAL, FS; two ERa inhibitors with a function as Selective
Estrogen Receptor Modulator, SERM, and Degrader SERD,
respectively). Incremental amounts of the S-protein increased
the pro-coagulant activity (PCA) of the cells (Supplementary
Fig. 1a, c) and the expression of Tissue factor (TF) mRNA
(Supplementary Fig. 1b, d). The ability of the two ERa inhibitors
to reduce cellular TF mRNA and viral secretion (measured by
RT-PCR amplification of the ORFTab transcript in the super-
natant) was confirmed in real infection experiments performed
on Ea.Hy926 cells with SARS-CoV-2 (Fig. 1a, b, Supplmentary
Fig. 52).

The knowledge based on the EXSCALATE supercomputing
platform? guided us in introducing point mutations in the putative
LXD-like motifs present in the S2 domain of Spike mimicking
Nuclear Receptor Coactivator (NCOA) function. These regions—
not related to known amino acid mutations reported in SARS-CoV-
2 variants (Fig. 1¢, d), were mutated into sequences (Sp5 and Sp7)
with a potentially lower affinity for ERa, but maintaining a wild-
type conformation. We first assessed the effect of the trimeric wt-
S, Sp5, and Sp7 on the PCA and TF expression in ECs. The results
showed a significant reduction of the PCA, and a decreased TF
transcript and activation levels (Fig. 1e-h). Interestingly, TF
expression and activity after treating cells with the two mutants
were similar to the levels observed in RAL and FS treatments, thus
validating the selectivity of the wt-S intracellular function via the
interaction with ERa. These results were also validated in a line
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derived from human lung ECs (HULEC-5a), confirming the clinical
relevance of our findings (Fig. 1i).

To exclude that interaction of other viral proteins with ERa
accounts for the wt-S-induced TF upregulation, we generated a
recombinant Vesicular Stomatitis Virus, in which the viral envelope
glycoprotein was replaced by the wt-S or the Sp5/Sp7 mutants.
Characterization of these pseudo-viruses (PSVs) by electron
microscopy and preliminary infection in Ea.Hy926 cells indicated
a similar content of the three variants (Supplementary Fig. 3),
while TF mRNA was clearly expressed at lower levels in cells
infected with PSVs containing the mutated Spike variants
compared to wt-S (Fig. 1j). The wt-S and the Sp5/Sp7 coding
sequences were also introduced into an expression vector
designed to elicit immune responses similarly to expression
systems employed in SARS-CoV-2 vaccination.” Vectors were
amplified and electroporated in the lower limb adductor muscles
in mice. As shown in Fig. 1k, the three Spike variants were
expressed at comparable levels, and this was accompanied by a
comparable immunization of the mice against the S1 domain of
the protein as assessed by ELISpot performed with splenocytes
derived from the mice receiving the wt and the Sp5/Sp7 variants
(Fig. 11). Immunization was also confirmed by detection of anti-
Spike antibodies in the plasma of the injected mice (Fig. Tm). To
verify the coagulation response in vivo, the recalcification time as
well as the levels of D-Dimer, von Willebrand Factor (vWF) and TF
were measured in the plasma of control, wt-S, Sp5, and Sp7
electroporated mice. Results showed a transient increase in blood
clotting at 48 h followed by a return to basal levels at 96 h (Fig. 1n,
S4) in mice treated with wt-S, but not Sp5 and Sp7. The analysis of
circulating coagulation markers characterizing the COVID-19
infection® produced similar results (Fig. 10-q). These data were
finally validated by employing a disseminated thrombosis in vivo
model, where thromboembolic death/paralysis after collagen/
epinephrine injection was much lower in Sp5/Sp7-treated than in
wt-S-treated mice (Fig. 1r).

Although vasculopathy consequent to COVID-19 depends on
the damage/inflammation of the endothelium mediated princi-
pally by ACE-2, other mechanisms are emerging even not directly
related to the infective activity of the virus. For example, sensing
of the E protein by inflammatory cells causes a strong innate
immunity reaction mediated by interaction with TLR2,’ and
vasculopathy in the heart could be determined by disruption of
the vascular homeostatic function of pericytes due to the
activation of CD147 receptor signaling by the Spike S1 domain.®
By providing evidences that the activation of coagulative cascade
might derive from the interaction of Spike with ERaq, the present
study establishes, for the first time, an important function of the
viral protein as a co-factor for induction of TF, and of other
coagulation effectors (D-Dimer, VWF) in COVID-19.° Various
mechanisms could account for this elevation according to various
possibilities. For example, it is possible that after internalization of

Received: 2 January 2023 Revised: 12 April 2023 Accepted: 29 April 2023

Published online: 19 May 2023

© The Author(s) 2023

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01488-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01488-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01488-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01488-3&domain=pdf
www.nature.com/sigtrans

Letter

TF/18S mRNA fold (2"22¢%)
Ct values ORF1ab

1 MFEVFLVLLPLVSSQCVNLTTRTQLPPAYTNSF TRGVYYPDKVFRSSVLHSTQDLFLPFFS
6t NVTWFHAIHVSGTNGT KRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIV
221 NNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLE
1821 GKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQT
21 LLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGT I TDAVDCALDPLSETK
301 CTLKSFTVEKGIYQTSNFRVQPTESIVRFPNI TNLCPFGEVFNATRFASVYAWNRKR ISN
1 CVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIAD
421 YNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPC
4 NGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVV LSFELLHAPATVCGPKKSTNLVKNKCVN
50 FNFNGLTGTGVLTESNKKFLPFQQFGRDIADT TDAVRDPQTLEILDITPCSFGGVSVITP
@1 GTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSY
61 ECDIPIGAGICASYQTQTNSPRRARSVASQS | |AYTMSLGAENSVAYSNNSIAIPTNFTI
721 SVTTEILPVSMTKTSVDCTMY I CGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQE
71 VEFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRSFIEDLLFNKVTLADAGF IKQYGDc]
a1 ARDLICAQKFNG LT V[LPPLLTDEMIAQYTSALLAGT ITSGWTFGAGAALQIPFAM

s01 [QMA Y RéNGIGVTQNvL YENQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALN

N
F
K
c

961/TLVKQ SSNFGAISSVLNDI[LSRLDKVEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRA
1021 SAN LAATKMSECVLGQSKRYDFCGKGYHLMSF PQSAPHGVVFLHVTYVPAQEKNFTTAPA
1081/ | CHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIITTONTFVSGNCDVVIGIVNNTVYDP
uu/LQPEL SFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDL
1201 QELGKYEQY I KWPWY IWLGFIAGLIAIVMYTIMLCCMTSCCSCLKGCCSCGSCCKFDEDD
1260 SEPVLKGVKLH YT | \

*kk _

800 - ; g

& kkk *kk &

g 600 s

o

2 400 : <

5 4

< 200 nE:
[3)

o 7]

H o

0 y 92 o S > QA & T

& TR R P & £

H

@ X o

cellular TF (pM/ug prot)
supernatant TF (pg/ml)

eSS &
o @

the viral protein, the Spike/ER complex translocates into the
nucleus to directly activate transcription of ER-dependent targets.
A second possibility is that the pro-coagulation effects of Spike
occur mostly via the membrane-bound ER, and thus via a second-
messenger mechanism. While this extranuclear function of Spike
on activation of the coagulation cascade via ERa could be
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reconciled with what found recently on the release of VWF by
endothelial cells, mediated by an ACE-2 independent interaction
with the cytoskeleton-associated protein-4, it does not explain
the TF transcriptional upregulation observed in our experiments.

In summary, also corroborated by mounting evidences from
clinical and in vitro studies showing the potential effectiveness of
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Fig. 1 Effect of SARS-CoV-2 Spike and its Sp5/Sp7 mutants on EC coagulation cascade. a Infection of Ea.Hy926 endothelial cell line (1MOI) with
SARS-CoV-2 enhances expression of Tissue Factor (TF) mRNA. The addition of ERa selective inhibitors Raloxifene (RAL) and Fulvestrant (FS)
reduces the TF overexpression to the level of non-infected cells (equalized to 1 and represented with a dotted line in the bar graph). Data are
represented as fold changes RNA expression in infected vs. non-infected cells. b Addition of ERa selective inhibitors also reduces the
expression of the viral ORF1ab after infection with SARS-CoV-2 at 1 and at even 0.1 MOI, suggesting inhibition of viral replication in ECs. Data
are expressed as Ct values. c Computer-modeled S-protein/ERx proteins structures and interaction. The region (helix-12) of the ERa interacting
with S-protein is highlighted in yellow, while the two LDX maotifs in S-protein are indicated as red and light blue surfaces, respectively. Sp5 and
Sp7 mutations are indicated in the red and the light blue surface, respectively. d Primary aminoacidic sequence of the S-protein with an
indication of the two LXD-like patterns evidenced in the red and light blue boxes, respectively. —1 and —2 positions are reported in italic and
light gray background. e-h Pro-coagulant activity (PCA), TF mRNA, TF activity, and TF released in the culture supernatant of ECs exposed to wt
S-protein, Sp5, or Sp7 mutants with or without Raloxifene (RAL) or Fulvestrant (FS). i Validation of wt S (+ER« inhibitors), Sp5 and Sp7 effect on
primary human lung endothelial cells (HULEC). As shown by the fold increase in treated vs. untreated cells (equalized to 1 and represented
with a dotted line in the bar graph), exposure to wt S, but not to Sp5 or Sp7 mutants determined upregulation of TF mRNA. This effect was
bunted by RAL and FS. Estradiol (ES) + ERa inhibitors were used as positive controls. j Pseudo-viruses engineered with wt S, Sp5, and Sp7
mutants were used in infection experiments (0.3 MOI) to validate the effect of S/ERa interaction on expression of TF mRNA. As shown, the
pseudo-virus containing the wt S increased significantly expression of the coagulation factor compared to untreated cells (equalized to 1 and
represented with a dotted line in the bar graph), or to the two pseudo-viruses bearing the S mutants or the combined treatment of wt S with
ERw inhibitors. k Expression of the Spike transcripts (wt, Sp5, and Sp7 variants) at 48 h after electroporation of the expression vector in the
adductor muscles in mice. Data are expressed as ACt values. I, m Cell-mediated and antibody-mediated immunity in mice electroporated with
vectors bearing the wt S and Sp5/Sp7 variants. n-q In vivo coagulation response (expressed as a recalcification time) of plasma collected at
48 h after inoculation with vectors carrying the wt S-protein protein and Sp5/Sp7 mutants, and plasmatic levels of crucial coagulation markers
in COVID-19 (D-Dimer, von Willebrand factor, TF). r In vivo thromboembolic effect of wt S, Sp5, and Sp7. The administration of the expression
vector carrying the wt S increased the thrombosis events (evaluated as time for paralysis and/or death), as represented by the different trend
represented in the graph. Significance of the difference between the curves of the treatments vs. wt Spike was assessed by Mantel-Cox Log
Rank test. In vitro data (a, b, e-j) were analyzed with one-way ANOVA (repeated measures) with Tukey post hoc comparisons, while results of
in vivo tests (g, I-q), were analyzed with unpaired one-way ANOVA with Tukey or Newman-Keuls multiple comparisons post-hoc tests. When
tests did not reach statistical significance, the exact P value is indicated above each comparison, or indicated as ns. In every graph, the number
of independent experimental replicates and animals is indicated by the number of the circles overlapped to graphs. The different colors of the
dots in panel | represent the difference in the cell-mediated immune response of splenocyte from each mouse with respect to the challenging
conditions (DMSO vs. S1 or S2 region) or the electroporation with the S-protein or the two Sp5/Sp7 mutant versions. In all graphs *P < 0.05,
**P < 0.01 and ***P < 0.0001

«

Silvia Stella Barbieri

SERMs (e.g., Raloxifene) as an anti-viral agent in COVID-19,'° our
results suggest a new non-infective pathologic action of the
S-protein at the vascular level enhancing the endothelial pro-
coagulation activity. Given the residual risk of coagulopathy
observed in subjects treated with COVID-19 vaccines, our study
indicates two variants of the original Spike sequence that could be
employed to design new versions of COVID-19 vaccines lacking
any residual risk of VITT in the still ongoing vaccination and
boosting campaign.

DATA AVAILABILITY
The raw data introduced in the present manuscript are available upon reasonable
request to the corresponding Authors.

ACKNOWLEDGEMENTS
We acknowledge Dr. Michele Santoro at TIGEM, Pozzuoli, Italy, for generating sp5/sp7
mutants.

AUTHOR CONTRIBUTIONS

S.S.B., F.C, LA, RB., MA, and M.P. designed the study; LS., MM.G., AA, CV, CT, Dl,
GT, ML, LL, ES, PA, GG, MMa, F.G, ARB, GS, EM, M.Z, M.Mi, and G.R. made
experiments and reviewed data; S.S.B,, F.C, RB, M.A,, and M.P. analyzed data and
wrote the manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41392-023-01488-3.

Competing interests: F.C, MMa,, C.T, D, F.G, ARB. and M.A. are employees of
Dompé Farmaceutici S.p.A that owns IP rights related to the study findings reported
in this paper.

Ethics declarations: The protocol for the in vivo DNA transfer was approved by the
local animal ethics committee and by the Italian Ministry of Health (authorization #
586/2019-PR).

Signal Transduction and Targeted Therapy (2023)8:203

% Franca Cattani?, Leonardo Sandrini’,

Magda Maria Grillo', Alessandra Amendola®, Carmen Valente®,

Carmine Talarico®, Daniela laconis®, Gabriele Turacchio®,

Miriam Lucariello®, Lucia Lione®, Erika Salvatori®, Patrizia Amadio’,

Gloria Garoffolo’, Mariano Maffei?, Francesca Galli?,

Andrea Rosario Beccari®, Giuseppe Sberna(®?, Emanuele Marra®,

Marica Zoppi', Michael Michaelides @'®, Giuseppe Roscilli®,

Luigi Aurisicchio®, Riccardo Bertini®, Marcello Allegretti and
Maurizio Pesce

"Centro Cardiologico Monzino, IRCCS, Milano, Italy; Dompé

farmaceutici S.p.A, L’Aquila, Italy; *Istituto Nazionale per le Malattie

Infettive Lazzaro Spallanzani, Roma, Italy; *Institute of Experimental

Endocrinology and Oncology “G. Salvatore” (IEOS), National Research

Council, Naples, Italy; >EXSCALATE, Dompé Farmaceutici S.p.A,

Napoli, Italy; ®Takis S.r.l, Rome, Italy; “National Institute on Drug

Abuse Intramural Research Program, Baltimore 21224 MD, USA;

8 Johns Hopkins School of Medicine, Baltimore, MD, USA and °Atreius

S.a.s., L'Aquila, Italy

These authors contributed equally: Silvia Stella Barbieri, Franca

Cattani.

These authors jointly supervised this work: Marcello Allegretti,

Maurizio Pesce.

Correspondence: Silvia Stella Barbieri

(silvia.barbieri@cardiologicomonzino.it) or

Maurizio Pesce (maurizio.pesce@cardiologicomonzino.it)

REFERENCES

1. Iba, T. & Levy, J. H. Thrombosis and thrombocytopenia in COVID-19 and after
COVID-19 vaccination. Trends Cardiovasc. Med. 32, 249-256 (2022).

2. Guo, X. et al. Regulation of proinflammatory molecules and tissue factor by SARS-
CoV-2 spike protein in human placental cells: implications for SARS-CoV-2
pathogenesis in pregnant women. Front. Immunol. 13, 876555 (2022).

3. Bhargavan, B. & Kanmogne, G. D. SARS-CoV-2 spike proteins and cell-cell com-
munication inhibits TFPI and induces thrombogenic factors in human lung
microvascular endothelial cells and neutrophils: implications for COVID-19 coa-
gulopathy pathogenesis. Int. J. Mol. Sci. 23, 10436 (2022).

4. Solis, O. et al. The SARS-CoV-2 spike protein binds and modulates estrogen
receptors. Sci. Adv. 8, eadd4150 (2022).

SPRINGER NATURE


https://doi.org/10.1038/s41392-023-01488-3
http://orcid.org/0000-0002-7486-2637
http://orcid.org/0000-0002-7486-2637
http://orcid.org/0000-0002-7486-2637
http://orcid.org/0000-0002-7486-2637
http://orcid.org/0000-0002-7486-2637
http://orcid.org/0000-0003-0955-2074
http://orcid.org/0000-0003-0955-2074
http://orcid.org/0000-0003-0955-2074
http://orcid.org/0000-0003-0955-2074
http://orcid.org/0000-0003-0955-2074
http://orcid.org/0000-0003-0398-4917
http://orcid.org/0000-0003-0398-4917
http://orcid.org/0000-0003-0398-4917
http://orcid.org/0000-0003-0398-4917
http://orcid.org/0000-0003-0398-4917
http://orcid.org/0000-0002-3097-8961
http://orcid.org/0000-0002-3097-8961
http://orcid.org/0000-0002-3097-8961
http://orcid.org/0000-0002-3097-8961
http://orcid.org/0000-0002-3097-8961
mailto:silvia.barbieri@cardiologicomonzino.it
mailto:maurizio.pesce@cardiologicomonzino.it

Letter

5. Conforti, A. et al. COVID-eVax, an electroporated DNA vaccine candidate Open Access This article is licensed under a Creative Commons
encoding the SARS-CoV-2 RBD, elicits protective responses in animal models. Mol. BY Attribution 4.0 International License, which permits use, sharing,

Ther. 30, 311-326 (2022). adaptation, distribution and reproduction in any medium or format, as long as you give
6. Velavan, T. P. & Meyer, C. G. Mild versus severe COVID-19: laboratory markers. Int. appropriate credit to the original author(s) and the source, provide a link to the Creative

J. Infect. Dis. 95, 304-307 (2020). Commons license, and indicate if changes were made. The images or other third party
7. Zheng, M. et al. TLR2 senses the SARS-CoV-2 envelope protein to produce material in this article are included in the article’s Creative Commons license, unless

inflammatory cytokines. Nat. Immunol. 22, 829-838 (2021). indicated otherwise in a credit line to the material. If material is not included in the
8. Avolio, E. et al. The SARS-CoV-2 Spike protein disrupts human cardiac pericytes article’s Creative Commons license and your intended use is not permitted by statutory

function through CD147 receptor-mediated signalling: a potential non-infective regulation or exceeds the permitted use, you will need to obtain permission directly

mechanism of COVID-19 microvascular disease. Clin. Sci. 135, 2667-2689 (2021). from the copyright holder. To view a copy of this license, visit http://
9. Li, K. et al. SARS-CoV-2 Spike protein promotes VWF secretion and thrombosis via creativecommons.org/licenses/by/4.0/.

endothelial cytoskeleton-associated protein 4 (CKAP4). Signal Transduct. Target.
Ther. 7, 332 (2022).

10. laconis, D. et al. Characterization of raloxifene as a potential pharmacological © The Author(s) 2023
agent against SARS-CoV-2 and its variants. Cell Death Dis. 13, 498 (2022).

SPRINGER NATURE Signal Transduction and Targeted Therapy (2023)8:203


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Relevance of Spike/Estrogen Receptor-α interaction for endothelial-based coagulopathy induced by SARS-CoV-2
	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




