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SARS-CoV-2 spike protein promotes e

inflammatory cytokine activation
and aggravates rheumatoid arthritis
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Sung-Hwan Park* and Mi-La Cho'?**"

Abstract

Background Coronavirus disease 2019 (COVID-19) induces inflammation, autoantibody production, and thrombosis,
which are common symptoms of autoimmune diseases, including rheumatoid arthritis (RA). However, the effect of
COVID-19 on autoimmune disease is not yet fully understood.

Methods This study was performed to investigate the effects of COVID-19 on the development and progression

of RA using a collagen-induced arthritis (CIA) animal model. Human fibroblast-like synoviocytes (FLS) were trans-
duced with lentivirus carrying the SARS-CoV-2 spike protein gene in vitro, and the levels of inflammatory cytokine
and chemokine expression were measured. For in vivo experiments, CIA mice were injected with the gene encod-
ing SARS-CoV-2 spike protein, and disease severity, levels of autoantibodies, thrombotic factors, and inflammatory
cytokine and chemokine expression were assessed. In the in vitro experiments, the levels of inflammatory cytokine
and chemokine expression were significantly increased by overexpression of SARS-CoV-2 spike protein in human FLS.

Results The incidence and severity of RA in CIA mice were slightly increased by SARS-CoV-2 spike protein in vivo.
In addition, the levels of autoantibodies and thrombotic factors, such as anti-CXC chemokine ligand 4 (CXCL4, also
called PF4) antibodies and anti-phospholipid antibodies were significantly increased by SARS-CoV-2 spike protein.
Furthermore, tissue destruction and inflammatory cytokine level in joint tissue were markedly increased in CIA mice
by SARS-CoV-2 spike protein.

Conclusions The results of the present study suggested that COVID-19 accelerates the development and progres-
sion of RA by increasing inflammation, autoantibody production, and thrombosis.
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Background

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic, also known as the coronavirus
disease 2019 (COVID-19), is an unprecedented global
health emergency [1]. Patients with COVID-19 com-
monly present with fever, cough, shortness of breath,
anosmia, ageusia, and diarrhea [2]. Thrombosis has also
been reported in patients with COVID-19, which is
linked with higher disease severity and mortality [3, 4].
The cohort study showed that 6.68% among COVID-19
infected patients developed acute venous thromboembo-
lism (VTE) [5]. In Sweden, it has been reported that the
incidence of thrombosis was significantly increased after
COVID-19 infection [6]. Thilagar et al. [7] reported the
benefit of prophylactic anticoagulation for the COVID-
19 infected patients. Currently, there are seven approved
COVID-19 vaccines from Pfizer, AstraZeneca, Johnson &
Johnson, Moderna, Sinopharm, Sinovac-CoronaVac, and
Bharat Biotech. Similar to any vaccine, there have been
reports of mild to moderate side effects, including fever,
tiredness, muscle ache, and pain at the injection site in
some cases. However, there have also been reports of
thrombosis as a more serious side effect after vaccina-
tion against COVID-19. Greinacher et al. [8] reported
that 11 patients presented with one or more thrombotic
events, including cerebral venous thrombosis, splanchnic
vein thrombosis, pulmonary embolism, and other throm-
boses, beginning 5-16 days after vaccination. Nine of
these 11 patients were women. Schultz et al. reported five
patients presenting with venous thrombosis and throm-
bocytopenia 7-10 days after vaccination, and four of
these patients were women [9]. The mechanisms under-
lying these cases of post-vaccination thrombosis are
unclear.

Rheumatoid arthritis (RA) is an inflammatory dis-
ease that causes long-term systemic joint inflammation
[10-12]. Proinflammatory cytokines, such as interleukin
(IL)-17 and IL-1pB, are known to be associated with the
pathogenesis of RA [13]. Many studies have shown that
inflammation is associated with thrombotic factors and
endothelial dysfunction in the development of athero-
thrombosis in patients with RA [14, 15]. In addition,
recent studies have shown that patients with RA have an
up to sixfold increased risk of venous thromboembolism
(VTE), including deep vein thrombosis (DVT) and pul-
monary embolism (PE) [16, 17].

A recent study suggested that patients with RA may
have a higher risk of COVID-19 and COVID-19-related
hospitalization or death compared to those without
RA [18]. Patients with rheumatic diseases, particularly
those taking immunosuppressive agents, may be at
increased risk of severe infections. However, data regard-
ing the severity of COVID-19 in patients with RA are
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still inconclusive [19-22]. Therefore, it is crucial to gain
a better understanding of the mechanism underlying
regulation of the development and progression of RA by
COVID-19. This study was performed to examine the
effects of SARS-CoV-2 on the development and progres-
sion of RA using a collagen-induced arthritis (CIA) ani-
mal model of RA.

Methods

Cell culture and transduction with lentivirus carrying
SARS-CoV-2 spike protein

Human fibroblast-like synoviocytes (FLS) were grown in
complete DMEM (12800017; Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS) (#16000044; Thermo Fisher Scien-
tific) at 37 °C in an atmosphere of 5% CO,. For generation
of lentivirus carrying SARS-CoV-2 spike protein [23],
HEK293T cells were transfected with a plasmid encod-
ing SARS-CoV-2 spike protein (pBOB-CAG-SARS-CoV-
2-Spike-HA ,#141347; Addgene, Watertown, MA, USA)
and packaging vectors (pMD2.G, #12259 and psPAX2,
#12260; Addgene) using Lipofectamine 2000 (#11668030;
Thermo Fisher Scientific). Culture supernatants were
harvested at 48 h posttransfection and aliquots of 2 x 10°
human FLS were transduced with the generated recombi-
nant lentivirus. At 48 h after lentiviral transduction, cells
and supernatant were harvested for qPCR and ELISA,
respectively.

RNA isolation, cDNA synthesis, and real-time quantitative
PCR (qPCR)

It was performed as described previously [24]. Briefly,
total mRNA from cells was collected using TRI reagent
(#TR118; Molecular Research Center, Cincinnati, OH,
USA). ¢cDNA was synthesized using the Superscript
Reverse Transcription system (Takara, Shiga, Japan),
and real-time quantitative PCR (qPCR) was performed
using LightCycler FastStart DNA Master SYBR Green I
(Takara) in accordance with the manufacturer’s instruc-
tions. Expression levels were normalized relative to
B-actin. The sequences of the primers used are listed in
Additional file 1: Table S1.

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants from the indicated cells were
examined using sandwich enzyme-linked immuno-
sorbent assay (ELISA) kits to detect the expression of
IL-6 (#DY206; R&D Systems, Minneapolis, MN, USA),
MCP-1 (#DY279; R&D Systems), and TNF-a (#DY210,
R&D Systems). Type II collagen (CII)-specific IgG2a
(A90-107P; Bethyl Laboratories, Montgomery, TX, USA)
and total IgG (A90-131A; Bethyl Laboratories) in serum
samples were measured using ELISA Quantitation Sets
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as indicated. CXCL4 (#DY595; R&D Systems) and APLA
(#MBS742389; MyBioSource, San Diego, CA, USA) lev-
els in serum samples were measured using the indicated
commercial ELISA kits in accordance with the respective
manufacturer’s instructions. Absorbance was measured
at 405 nm on an ELISA microplate reader (Molecular
Devices Inc., Sunnyvale, CA, USA).

Collagen-induced arthritis (CIA) and spike protein injection
Male DBA1/] mice purchased from Orient Bio Inc.
(Gyeonggi-do, Korea) were intradermally immunized
by injection of 100 pg of chicken CII in complete Fre-
und’s adjuvant (Chondrex Inc., Remosa, WA, USA) dis-
solved in 0.1 N acetic acid into the base of the tail, twice,
with a 17-day interval to induce arthritis. Mice were
injected intravenously with 200 pg of pLEX307-ACE2-
puro (#158448; Addgene) and pcDNA3.1-SARS2-spike
(#145032; Addgene) in 1 mL of saline on day 7 after the
second immunization with CII. Animals in the control
group were injected with the same volume of saline.

Clinical assessment of arthritis

Arthritis score was recorded following protocol [11].
Briefly, we followed the mean arthritis index on a scale
of 0—4, as follows: (0) no swelling; (1) mild swelling con-
fined to the toes; (2) erythema and mild swelling extend-
ing from the ankle to the mid-foot; (3) moderate swelling
extending from the ankle to the metatarsal joints; and
(4) severe swelling encompassing the ankle, foot, and
toes. Arthritis severity was determined as the sum of the
scores of all legs, as assessed by two independent observ-
ers blinded to the experimental groups.

Histopathological analysis

The animals were euthanized and the knee joints were
dissected out, fixed in 10% formalin after decalcifica-
tion with Decalcifying Solution-Lite (Calci-Clear Rapid;
National Diagnostics, Atlanta, GA, USA), and embedded
in paraffin. Tissue was cut into “Conclusions” Section pm
thick with a microtome (Leica biosystems) and stained
with hematoxylin and eosin (H&E).

Immunohistochemistry

Paraffin-embedded sections were incubated at 4 °C with
the following primary monoclonal antibodies: anti-IL-1f
(ab9722, Abcam, Cambridge, UK), anti-TNF-a (ab6671,
Abcam), anti-IL-17 (ab79056, Abcam), and anti-MCP-1
(ab7202, Abcam). The samples were next incubated with
the respective secondary biotinylated antibodies, fol-
lowed by incubation for 30 min with streptavidin—per-
oxidase complex. The reaction product was developed
using 3,3/-diaminobenzidine chromogen (K3468, Dako,
Carpinteria, CA, USA).
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Flow cytometry

Splenocytes were stained with the following antibod-
ies: FITC-IFN-a (#22100-3; R&D systems), PC7-IFN-y
(#557649; BD Biosciences, Franklin Lakes, NJ, USA),
APC-IL-17 (#17-7177-81; eBioscience, San Diego, CA,
USA), PE-FOXP3 (#12-5773-82; eBioscience), PC5.5-
CD4 (#45-0042-82; eBioscience), and APC-CD25
(#102012; BioLegend, San Diego, CA, USA). Samples
were examined by flow cytometry (CytoFLEX; Beck-
man Coulter, Fullerton, CA, USA), and the data were
analyzed using FlowJo (BD Biosciences, Franklin
Lakes, NJ, USA).

Statistical analysis

The results are shown as the mean + standard error of the
mean (SEM). Data were analyzed by Student’s ¢ test or
Mann-Whitney U-test using Prism 5 software (Graph-
Pad, La Jolla, CA, USA). In all analyses, P<0.05 (two-
tailed) was taken to indicate statistical significance.

Results

Increased inflammatory cytokine and chemokine
expression by SARS-CoV-2 spike protein

To validate the expression of ACE2 and SARS-CoV-2
spike, we overexpressed plasmids encoding them into
HEK293 cells (Fig. 1A). Human FLS cells express endog-
enous ACE2 receptor and its expression increases in
the active RA patients [25]. To investigate the role of
SARS-CoV-2 spike protein in inflammatory cytokine and
chemokine expression, we overexpressed SARS-CoV-2
spike protein in human FLS. The mRNA and protein
expression levels of the inflammatory cytokines, IL-6,
TNF-«, IL-1p, and IFN-y, and the chemokine, MCP-1,
were markedly increased by overexpression of SARS-
CoV-2 spike protein (Fig. 1B, C). These results indicated
that SARS-CoV-2 induces inflammation in human FLS.

Increased thrombosis-related marker expression

by SARS-CoV-2 spike protein

It is well known that COVID-19 is associated with throm-
bosis. Here, we injected CIA mice with a plasmids encod-
ing ACE2 and SARS-CoV-2 spike protein (Spike group
also known as Spike) or empty vector alone (control
group also known as Mock) (Fig. 2A). The arthritis scores
and incidence of arthritis were significantly increased in
the Spike group compared to the control group (Fig. 2B).
Next, we analyzed the levels of thrombosis-related mark-
ers, which are known to be increased in COVID-19. The
ELISA results showed increasing trends of ClI-specific
IgG2a and total IgG in the Spike group (Fig. 2C). In addi-
tion, the levels of CXCL4 and APLA were also increased
in the Spike group (Fig. 2D). We validated the effect of
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Fig. 1 Inflammatory effect of SARS-CoV-2 spike protein in human FLS. Plasmids encoding ACE2 or SARS-CoV-2 spike protein transfected into HEK
293 cells. At 48 h after transfection, cells were harvested for immunoblot to validate their expression. A Immunoblot showing expression of ACE2
and SARS-CoV-2 spike protein. GAPDH was used for loading control. Human FLS were transduced with a lentivirus vector carrying SARS-CoV-2 spike
protein (Spike) or empty vector (Mock). At 48 h after lentiviral transduction, cells and supernatant were harvested for gPCR and ELISA, respectively.
B gPCR analysis of IL.-6, MCP-1, TNF-q, IL-1(3, and IFN-y in the Mock and Spike groups. C Protein levels of IL-6, MCP-1, and TNF-a in the supernatant of
Mock and Spike groups. Data are shown as the mean = SEM. **P <0.005 (unpaired/two-tailed t test)
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Fig. 2 Induction of thrombosis in the RA model by SARS-CoV-2 spike protein. A CIA mice were euthanized at 10 weeks after injection of a plasmid
encoding SARS-CoV-2 spike protein (Spike group, N=5) or empty vector alone (Mock group, N=5) and serum samples were collected for ELISA. B
The arthritis scores and incidence of arthritis of CIA mice in each group are shown. C Cll-specific IgG2a, total IgG, D Anti-CXCL4 autoantibody and
APLA levels, E COVID-19 specific IgG and IgM in the serum of Mock and Spike groups. Serum of vaccinated human was used for positive control.
Data are shown as the mean & SEM from three independent experiments. *P < 0.05 (Mann Whitney U test or unpaired/two-tailed t test)
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Fig. 3 Effects of SARS-CoV-2 spike protein on the development and progression of RA. Joint tissues were collected from Control and Spike groups
for histological analysis. A Representative images show joint tissues of mice in the Control and Spike groups stained with hematoxylin and eosin
(H&E). Bar graphs show joint erosion and inflammation scores. Scale bar=100 um (B) IL-13, TNF-a, IL-17, and MCP-1 expression in the synovium
were assessed by immunohistochemistry. Bar graphs show percentages of cells labeled with each antibody. Scale bar= 100 um, Data are shown as

the mean 4= SEM. *P < 0.05 (unpaired/two-tailed t test)

SARS-CoV-2 spike protein in vivo by COVID-19 test kit
(Fig. 2E). We used vaccinated human sample as a positive
control. These results suggested that increased thrombo-
sis due to SARS-CoV-2 spike protein accelerates the pro-
gression of RA in the CIA mouse model.

SARS-CoV-2 spike protein accelerates the progression

of RA

Next, we investigated the role of SARS-CoV-2 spike pro-
tein in the progression of RA. Mouse joint tissues were
examined for tissue disruption by H&E staining (Fig. 3A).
Histological analysis showed marked increases in both
bone and cartilage damage and inflammation in the
Spike group. Furthermore, inflammatory cytokine and
chemokine level were markedly increased in the Spike
group (Fig. 3B). These findings suggested that SARS-
CoV-2 spike protein accelerates RA by increasing inflam-
matory cytokine and chemokine expression.

Increased antiviral cytokine expression by SARS-CoV-2
spike protein

Type I IFN expression is known to be increased by viral
infection. Type I IFN is known to mainly expressed
by plasmacytoid dendritic cells (pDCs) and fibroblast.
Recent studies revealed that T cells express more STING
than macrophage and produce type I IFN [26-28]. In this
study, we found that type I IFN expression in splenocytes

were markedly increased in the Spike groups (Fig. 4).
Furthermore, the Thl, Th2, and Th17 population were
also markedly increased in the Spike groups, while Treg
population was decreased. And their expression was
inhibited by STING inhibitor, H-151 (Additional file 1:
Supplementary Figure 1). Type I IFN is also known to
induce thrombosis. Taken together, our findings sug-
gested that SARS-CoV-2 spike protein accelerates the
development and progression of RA via its effects on the
type I IFN—thrombosis axis.

Discussion

As exposure to SARS-CoV-2 has become almost inevi-
table, it is essential to understand the effects of viral
infection and minimize its impact. It has been reported
that COVID-19 affects the severity of autoimmune dis-
eases, including RA [29-31]. This study was performed
to examine the effects of SARS-CoV-2 infection on
the development and progression of RA. Here, we ana-
lyzed the severity of RA associated with SARS-CoV-2
spike protein in a CIA mouse model of RA. Our in vitro
experiments showed that the expression levels of the
proinflammatory cytokines, IL-6, TNF-a, IL-1fB, and
IEN-y, and the chemokine, MCP-1, were increased by
SARS-CoV-2 spike protein. SARS-CoV-2 infection has
been reported to induce a hyperinflammatory response
[32, 33]. In our in vivo experiments, severe bone erosion



Lee et al. Cell Communication and Signaling (2023) 21:44 Page 6 of 8
CD4'IFNo * Th1 Th2 Th17
A A A A A
E 2 E b1
5 :
§ 4 8L %41 %4 T SE
*? Fi
e o
9 R T I E BT T s apdans oo o e e
8 7 31 10 160 10 10° 16 10 8 10 168 10* 108 1 107 Qo 100 18 10 10° 16 10 \o’g 0 107 100 10 10* 1
@ ) 8 @ L ‘
z % Cg ] = ] é~
O <
= 3 3 £ ]
Q. 4 ah $§ DAL ST g’
» agc =
4
Wl i ¢ s ) S o e Slbetcccc HAISIN [ s I S
100 100 10° 105 108 |>o 100 108 100 10° 16 a0 100 100 10t 10* 1P g0’ 0 10' 18 16" 10* 108 1R 107 0 107 10° 104 10° o 10°
Ll Ll Ll Ll
1N IFNr IL-4 IL-17 CD25
CcD4* IFNx * Th1 Th2 Th17 Treg
S - o = S
T 4 & 10- * & 8- * g 5, * Z 154
2 * 2 2 B 2 I 2
— % ]
© 3] S 8 S 6 O 4 S
+ 1 +
3 2 3 2 53 "]
8 3 & 3 8 3 8
£ 2 c c 4 £ g
£ £ o
- - +
: : 3 L %
11 S 24 =|I 21 4 14 g
B 5 s s &
o ol o ol T o F 0 N 04
] 0 @ 0 Ig 0 N N §' 0 8 M N
[ o~ (2 '8 N ~2 P R e N @ 2 N
2 Ry 2 N O N
& = & & & o & & & 2

Fig. 4 Increased type | IFN expression by SARS-CoV-2 spike protein. Splenocytes were collected from mice in the Control and Spike groups for flow
cytometric analysis. The population of CD41IFN-a™, CD4TIFN-y* (Th1), CD4TIL-4™ (Th2), CD41IL-17* (Th17), and CD4TCD25TFOXP3™ (Treg) cells
were measured by flow cytometry in splenocytes of the Control and Spike groups. *P <0.05 (unpaired/two-tailed t test)

and joint damage were observed in mice in the Spike
groups compared to the control group. In addition, the
proinflammatory cytokine and chemokine level in the
joint tissue were increased in the Spike group compared
to the control group. The serum IL-6, IL-8, TNF-a, and
IL-1p levels were reported to be elevated in hospitalized
patients with COVID-19. In addition, proinflammatory
cytokines, such as IL-6, IL-15, and IL-1, were shown to
be correlated with the severity of disease associated with
MERS-CoV, SARS-CoV, and SARS-CoV-2 infection [33,
34]. Such proinflammatory cytokines are also known to
be hallmarks of RA. It has been reported that increased
levels of proinflammatory cytokines induce and acceler-
ate the development and progression of RA [35-37]. The
increases in proinflammatory cytokine levels in COVID-
19 may accelerate the development and progression of
RA.

The levels of anti-CXCL4 (also called PF4) autoanti-
bodies and APLA were increased in the Spike groups
compared to the control group in the present study. It has
been reported that autoantibodies to CXCL4 and APLA
were increased in patients with RA [38—40]. These factors

are known to be associated with thrombosis. Thrombosis
occurs frequently in patients with severe COVID-19 and
contributes significantly to mortality. Anti-phospholipid
syndrome (APS) is an autoimmune clotting condition,
in which individuals generate antibodies that target the
tissues and cells of their own body [41]. Several studies
have reported that levels of autoantibodies to CXCL4 and
APLA are significantly elevated in patients with COVID-
19 [42-44]. The increased levels of thrombosis-associ-
ated factors by COVID-19 in RA may accelerate disease
progression.

Type I IFNs have been implicated in the pathogenesis
of rheumatic diseases, including systemic lupus erythe-
matosus (SLE), Sjogren’s syndrome, and RA [45]. Type
I IFNs are mainly produced by plasmacytoid dendritic
cells (pDCs) following viral infection to inhibit viral rep-
lication [46]. Type I IFNs also have immunostimulatory
properties, including activation of B cells to produce
autoantibodies, which are abnormal antibodies targeting
the cells and tissues of the body [47]. Several recent stud-
ies have reported that autoantibody levels are elevated
and thrombosis occurs in patients with COVID-19 [48,
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49]. In this study, we found that the levels of type I IFNs
and autoantibodies were higher in the Spike groups than
the control group. Furthermore, blood clotting factors,
anti-CXCL4 autoantibody and APLA, were also were
higher in the Spike groups than the control group. Our
data indicated that the development and progression of
RA are accelerated by COVID-19 through increases in
type I IENs followed by increased levels of autoantibodies
and thrombosis-associated factors.

Autoimmune diseases, including SLE, Sjégren’s syn-
drome, and RA, are conditions in which the immune
system attacks the host’s own cells and tissue [50, 51].
These diseases are characterized by increased cytokine
levels in the tissue and elevated levels of autoantibod-
ies. In addition, these diseases are also accompanied by
increased blood clotting. Several cohort studies showed
that inflammatory cytokine and autoantibody levels
were increased in patients with COVID-19. In addition,
thrombosis has been reported to occur in COVID-19
patients. The results of the present study showed that
proinflammatory cytokine and chemokine levels were
increased in the Spike groups compared to the control
group. Furthermore, the levels of type I IFNs, autoan-
tibodies, and thrombosis-associated factors were also
increased in the Spike groups. Finally, we found that
SARS-CoV-2 spike protein increased the severity of RA
in a CIA mouse model.

Conclusions

These findings suggest that SARS-CoV-2 spike protein
may accelerate the development and progression of RA
by increasing the levels of proinflammatory cytokines
and thrombosis-associated factors. Our results pro-
vide the insight for therapy or prevention on not only
COVID-19 but also other viral infection on the patient
with autoimmune diseases.
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