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Abstract

Background: Coagulopathy is a major cause of morbidity and mortality in COVID-19
patients. Hypercoagulability in COVID-19 results in deep vein thrombosis, thrombo-
embolic complications, and diffuse intravascular coagulation. Microbiome dysbiosis
influences the clinical course of COVID-19. However, the role of dysbiosis in COVID-
19-associated coagulopathy is not fully understood.

Objectives: The present study tested the hypothesis that the microbiota-derived
proapoptotic corisin is involved in the coagulation system activation during SARS-
CoV-2 infection.

Methods: This cross-sectional study included 47 consecutive patients who consulted
for symptoms of COVID-19. A mouse acute lung injury model was used to recapitulate
the clinical findings. A549 alveolar epithelial, THP-1, and human umbilical vein endo-
thelial cells were used to evaluate procoagulant and anticoagulant activity of corisin.
Results: COVID-19 patients showed significantly high circulating levels of corisin,
thrombin-antithrombin complex, D-dimer, tumor necrosis factor-o, and monocyte-
chemoattractant protein-1 with reduced levels of free protein S compared with
healthy subjects. The levels of thrombin-antithrombin complex, D-dimer, and corisin
were significantly correlated. A monoclonal anticorisin-neutralizing antibody signifi-
cantly inhibited the inflammatory response and coagulation system activation in a
SARS-CoV-2 spike protein-associated acute lung injury mouse model, and the levels of
corisin and thrombin-antithrombin complex were significantly correlated. In an in vitro
experiment, corisin increased the tissue factor activity and decreased the anticoagulant
activity of thrombomodulin in epithelial, endothelial, and monocytic cells.

Conclusion: The microbiota-derived corisin is significantly increased and correlated
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1 | INTRODUCTION

COVID-19 is caused by the novel SARS-CoV-2 [1]. As of December
2022, more than 600 million people worldwide had been infected with
the virus, and the global number of deaths due to COVID-19 was
more than 6 million [1]. The increase in excess mortality, or the
number of total deaths directly or indirectly caused by the COVID-19
pandemic compared with that expected under nonpandemic condi-
tions, is even more dramatic. The World Health Organization esti-
mated global excess mortality of approximately 14.83 million between
January 2020 and December 2021 [2]. Coagulopathy is an important
factor contributing to increased morbidity and mortality in patients
with COVID-19. Enhanced coagulation system activation in COVID-
19 patients leads to deep vein thrombosis and thromboembolic dis-
ease that may involve multiple organs, including the lungs, brain,
heart, spleen, and kidneys [3-8]. Coagulation activation in COVID-19
disease has been attributed to increased activation of platelets and
enhanced expression and/or activation of procoagulant factors,
including tissue factor (TF), prothrombin, factor (F) V, FVIII, FXI, FXII,
and FXIIl [8-11]. Hypofibrinolysis, due to reduced availability of
plasminogen or increased activation of plasminogen activator
inhibitor-1 and thrombin-activatable fibrinolysis inhibitor, and
decreased levels of anticoagulant proteins, including protein C, protein
S (PS), membrane-bound thrombomodulin (TM), and endothelial pro-
tein C receptor (EPCR), have also been reported to play a role in the
pathogenesis of COVID-19-associated coagulopathy [8,12-15].

The microbiota is a complex community of microorganisms,
including bacteria, that inhabits the human body. It plays a vital role in
human health and disease, influencing many physiological processes,
such as digestion, metabolism, immunity, and inflammation [16,17].
Dysbiosis, or a disturbance in the balance and diversity of the micro-
biota, can contribute to the development or severity of various diseases,
such as obesity, diabetes, liver diseases, cancer, and infections [16-18].
Dysbiosis of the gut and respiratory microbiota has also been linked to
the severity of acute lung injury (ALI) or acute respiratory distress

syndrome (ARDS), which are life-threatening forms of respiratory

with activation of the coagulation system during SARS-CoV-2 infection, and corisin may

directly increase the procoagulant activity in epithelial, endothelial, and monocytic cells.
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failure that can be caused by COVID-19 [19,20]. For example, the
population of bacteria that promotes immune response decreases while
the number of opportunistic microbes increases, and this proportionally
correlates with the severity of COVID-19 [21-23]. In addition, lower
diversity of the gut and respiratory microbiota has been associated with
more severe COVID-19 [22,24,25]. Despite strong evidence showing
the role of dysbiosis in COVID-19-associated ALI/ARDS, the respon-
sible microbial factor involved in the pathological process remains
unclear. However, we recently identified a microbiota-derived proap-
optotic peptide named corisin that induces acute exacerbation of pul-
monary fibrosis and ALl in experimental animal models [26,27]. The
levels of corisin are also dramatically elevated in the bronchoalveolar
lavage fluid (BALF) and serum from patients with idiopathic pulmonary
fibrosis with acute exacerbation [28]. In addition, recent studies have
shown that treatment with an anticorisin monoclonal neutralizing
antibody ameliorates lipopolysaccharide-induced ALl in a preventive
and established disease model, suggesting that corisin is also implicated
in the pathogenesis of ALI[28,29]. Based on these findings, it is possible
to speculate that corisin is one factor that can worsen the clinical course
of SARS-CoV-2 infection.

The present study investigated the hypothesis that corisin is
involved in the activation of the coagulation system during SARS-CoV-2
infection. To test this hypothesis, we evaluated the relationship be-
tween corisin levels and coagulation markers in COVID-19 patients and
animal models with SARS spike protein-induced ALI. We also investi-
gated whether corisin can induce the expression of TF, a key initiator of

coagulation, in alveolar epithelial, endothelial, and monocytic cells.

2 | MATERIALS, SUBJECTS, AND METHODS

2.1 | Patients

This is a cross-sectional study of 47 subjects who presented to our in-
stitutions with symptoms suggestive of COVID-19 between June and
December 2022 (Supplementary Figure S1, Table). COVID-19 diagnosis
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was confirmed by reverse transcriptase polymerase chain reaction (PCR)
using nasopharyngeal or sputum samples. The Table summarizes the pa-
tients’ demographics, clinical characteristics, underlying medical condi-
tions, treatment, and routine coagulation parameters. The cohort included
39 patients with moderate COVID-19 and 8 with severe disease (Table).
Blood was sampled from all patients. The serum was separated after
centrifugation and stored at —80 °C until use. Serum samples collected
from 8 healthy volunteers were used as controls.

2.2 | Experimental animals

Male WT C57BL/6J mice were provided by Nihon SLC. The mice
weighed 20 to 22 g and were 8-9 weeks old. The mice were accli-
mated to the new environment for 2 weeks before the experiments.
The mice were housed in a specific pathogen-free facility at 21 °C and
a 12-hour light/dark cycle in the Experimental Animal House of Mie
University. In their cages, we provided the mice with wood-wool

nesting material, water, and food ad libitum.

2.3 | Ethical statement

The Ethical Committee of Mie University for Clinical Investigation
(approval number: U2022-012, date: May 19, 2022) approved the clinical
study protocol. The clinical work followed the Helsinki Declaration.
Written informed consent was obtained from all subjects. The experi-
mental protocol for the animal model was approved by the Animal
Investigation Committee of Mie University (approval number: 2021-5-
SAl1, date: May 16, 2023). All experiments were conducted under the
internationally approved laboratory animal care principles published by
the National Institutes of Health (https://olaw.nih.gov/). The research
also followed the Animal Research: Reporting of In Vivo Experiments

(ARRIVE) Guidelines for animal investigation.

24 | ALl experimental model

Eight mice received an anticorisin-neutralizing monoclonal antibody
(mAb), while 9 received an isotype immunoglobulin (Ig) G control at a
dose of 20 mg/kg body weight via intraperitoneal injection. The in-
jections were administered every other day for a total of 4 doses over
1 week. On day 8, 1 day after the final antibody treatment, mice were
anesthetized using inhaled isoflurane and placed in the supine posi-
tion. An incision was made in the anterior neck region to expose the
trachea. Mice treated with the anticorisin mAb or control 1gG received
an intratracheal administration of a mixture comprising high molecular
weight polyinosinic-polycytidylic acid (Poly-IC) (7.5 mg/kg of body
weight) and recombinant SARS spike protein (0.6 mg/kg of body
weight), followed by 100 pL of air. Control mice were administered

TABLE

Clinical data

Age, y (mean = SD)
Sex

Male

Female
Body mass index
Smoking

Never

Current smoker

Ex-smoker
Arterial pressure

Systolic

Diastolic
Respiratory frequency
SpO2
Body temperature

General coagulation
parameters

Prothrombin time

Activated partial thromboplastin
time

Fibrinogen (mg/dL)

Fibrin degradation
products

Disease severity
Moderate
Severe

Underlying diseases
Arterial hypertension
Cardiopathy
Cerebral vascular disease
Interstitial lung disease
Cancer
Diabetes mellitus
COPD
Dementia
Rheumatoid arthritis
Chronic kidney disease
Allergy

Sarcoidosis

Normal range

(<120 mm Hg)
(<80 mm Hg)
(12-20/min)
(95%-100%)
(36.5-37.2 °C)

(9-13 sec)
(24-39 sec)

(200-400 mg/
dL)

(<5.0 pg/mL)

jth--

Clinical parameters of the COVID-19 patients.

Values
77.36 £ 11.71

26
21

20.18 + 4.06

20
24

133.28 £ 32.74
77.31 + 18.68
2327 £7.22
93.93 £ 4.63
37.66 = 1.17

12.77 £ 321
37.73 + 13.07

409.57

12521
7.95 + 10.05

39

ww.l;mmmo\\loo\os

[N

(Continues)


https://olaw.nih.gov/

TSURUGA ET AL

TABLE (Continued)
Clinical data Normal range Values
Treatment
Anti-inflammatory drugs 22
Corticosteroids 17
Antibiotics 20
Antiviral drugs (remdesivir) 22

Data are the mean + SD.

COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus
disease 2019; SPO,, saturation of percutaneous oxygen.

intraperitoneal injections of saline following the same schedule as the
antibody treatment. They then underwent intratracheal instillation of
the same volume of saline or the dose of Poly-IC or recombinant SARS
spike protein. All mouse groups underwent computed tomography
(CT) after 24 hours, and blood, BALF, and lung samples were collected

after 28 hours of intratracheal infusion under profound anesthesia.

2.5 | Biochemical analysis

The concentrations of cytokines, chemokines, coagulation markers,
Toll-like receptor-3 (TLR3), fatty-acid binding protein-2 (FABP-2), and
corisin were measured by enzyme immunoassays as described in the

Supplementary Material.

2.6 | Phosphatidyl serine externalization assay
Human umbilical vein endothelial cells (HUVECs, 4 x 10° cells/well)
were cultured in 12-well plates until sub-confluent, and after serum
starvation for 12 hours, they were treated with corisin or a scrambled
peptide, and phosphatidyl serine externalization was evaluated after
48 hours by flow cytometry (FACScan, BD Biosciences) after staining
with fluorescein-labeled annexin V and propidium iodide (FITC-
Annexin V Apoptosis Detection Kit with P, Biolegend) [26].

2.7 | Immunohistochemical staining

The terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay and fibrinogen/fibrin (goat anti-mouse fibrinogen/
fibrin) staining were performed at MorphoTechnology Corporation in
Sapporo, Hokkaido, Japan, using standard procedures.

2.8 | CT examination

A Hitachi Aloka Medical micro-CT Latheta LCT-200 was used for the
radiological study. Mice were anesthetized with inhaled isoflurane and

placed in a prone position as described before [30]. The ALI radio-
logical findings were scored as described [29]. Seven experts in the
field blindly scored the CT findings.

2.9 | BALF sampling

BALF was collected from mice under deep anesthesia prior to
euthanasia, as described previously [31]. The BALF samples were
centrifuged, and the supernatant was stored at -80 °C until analysis.
The cells were counted with a nucleocounter (ChemoMetec). The
BALF cells were smeared on a glass slide using a cytospin and stained
with May-Griinwald Giemsa (Merck) for differential cell counting.

2.10 | Lung sampling

The lungs were collected after mouse euthanasia by isoflurane over-
dose, as described previously [32]. After thoracotomy, the pulmonary
circulation was flushed with saline, and the lungs were removed. One
lung was fixed in formalin, embedded in paraffin, and stained with
hematoxylin-eosin. Histopathological findings were assessed using an
Olympus BX50 microscope with a plan objective and an Olympus
DP70 digital camera.

2.11 | ALI severity assessment

The ALI severity was assessed using a scoring system based on previ-
ously reported histopathological findings, including the accumulation of
neutrophils, the presence of a hyaline membrane, interstitial thickening,
microthrombi formation, atelectasis, and hemorrhage [29]. Each finding
was scored as follows: O for absent, 1 for focal, and 2 for diffuse findings.

The sum of the scores for each finding was taken as the total score.

2.12 | Cell culture

A549 and THP-1 cells were maintained in RPMI 1640 medium (Nacalai
Tesque), while HUVECs were cultured in EGM-2 (Lonza Japan) medium.
Both cell lines were incubated at 37 °C in a humidified atmosphere con-
taining 95% air and 5% CO,. Each culture medium was supplemented with
10% (v/v) heat-inactivated fetal bovine serum, 100 IU/mL penicillin, and
100 pg/mL streptomycin.

2.13 | TF activity

HUVEC, THP-1, and A549 cells were cultured in a 48-well plate until
subconfluent. After overnight starvation, 5 uM corisin, scrambled peptide,
or 12.5 pg/mL Poly-IC with or without anticorisin mAb was added and
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incubated for 24 hours. The cells were washed with 4-2-hydroxyethyl-1-
piperazineethanesulfonic acid (HEPES)-buffered saline and then 200 pL
of a mixture containing 10 nM FVlla and 200 nM FX in HEPES-buffered
saline with 5 mM CaCl, and 1 mM MgCl, was added along with 10 pg/mL
of anti-TF antibody. Following incubation for 30 minutes at 37 °C, 90 pL
of the reaction mixture was removed and added to 10 pL of
phosphate-buffered saline containing 100 mM EDTA to stop FXa for-
mation. The reaction mixture was transferred to a 96-well plate, and 10 uL
of $-2222 (final concentration 0.2 mM) was added and incubated for 30
minutes at room temperature. The reaction was stopped with 10 pL of

30% acetic acid, and the absorbance at 405 nm was measured.

2.14 | TM activity

HUVEC, THP-1, and A549 cells were seeded in a 48-well plate until
subconfluent. After overnight starvation, 5 pM corisin, scrambled
peptide, or 12.5 pg/mL Poly-IC with or without anticorisin mAb was
added and incubated for 24 hours. The cells were then washed with
HEPES-buffered saline (10 mM HEPES, 150 mM NaCl, 4 mM KCI, 11
mM glucose, pH 7.5), and 200 pL of a mixture containing 80 nM
protein C and 0.05 U/mL thrombin in HEPES-buffered saline with 5
mM CaCls,, and 1 mM MgCl, was added along with anti-TM antibody
(clone R7D7). The reaction was incubated for 60 minutes at 37 °C.
After incubation, 90 pL of the reaction mixture was removed and
added to 10 pL of hirudin (2 U/mL). The reaction mixture was then
transferred to a 96-well plate, and 10 pL of S-2366 (final concentra-
tion 0.2 mM) was added and incubated for 30 minutes at room tem-
perature. The reaction was stopped with 10 pL of 30% acetic acid, and
the absorbance at 405 nm was measured.

2.15 | Gene expression analysis

Total RNA was extracted from HUVEC lysates using Trizol Reagent
(Invitrogen). The oligo-dT primers and the Superscript Preamplification
System Kit (Invitrogen) were used to reverse-transcribe RNA, and then
DNA was amplified by PCR. Primers’ sequences are described in
Supplementary Table S1. The PCR conditions were as follows: 26 to 35
cycles depending on the gene, denaturation at 94 °C for 30 seconds,
annealing at 65 °C for 30 seconds, and elongation at 72 °C for 1 minute,
followed by a further extension at 72 °C for 5 minutes. We normalized
gene expression by the GAPDH transcription level.

2.16 | Statistical analysis

Data are expressed as the mean + SD. Differences between 2 vari-
ables were calculated by Student’s t-test and between 3 or more
variables by 1-way analysis of variance (anova) with the Newman-
Keuls test. Variables with skewed distribution were evaluated by

jth—
the Mann-Whitney U-test or the Kruskal-Wallis aNova with Dunn’s
test. Correlations were evaluated by Pearson product-moment cor-
relation or Spearman’s correlations. Statistical analyses were done

using Graphpad Prism version 9.0 (Graphpad Software). Statistical

significance was considered as P < .05.

3 | RESULTS

3.1 | Increased circulating corisin and inflammatory
cytokines in COVID-19

Serum levels of corisin and the inflammatory markers tumor necrosis
factor-o (TNFa) and monocyte-chemoattractant protein-1 (MCP-1) were
significantly increased in COVID-19 patients compared with healthy
subjects (Figure 1A). Furthermore, a significant correlation was observed
in the serum levels of corisin and MCP-1 (r = 0.3; P = .03) across
all subjects. These findings imply that corisin is released from the
microbiome as part of the inflammatory response to SARS-CoV-2
infection.

3.2 | Coagulation system activation in COVID-19
Circulating levels of the coagulation activation markers TF, D-dimer,
and thrombin-antithrombin (TAT) complex were significantly elevated
in COVID-19 patients compared with healthy subjects. In addition, the
free PS levels were significantly reduced in patients with COVID-19
compared with healthy subjects. Serum TM levels were increased,
while serum total PS levels were reduced in COVID-19 patients
compared with controls, although the differences were not statisti-
cally significant. These observations indicate that activation of the
coagulation system in COVID-19 is associated with decreased activity
of anticoagulant proteins (Figure 1B, C).

3.3 | Correlation between corisin and coagulation
markers

Serum levels of corisin were positively and significantly correlated with
serum levels of TAT and D-dimer, while they were negatively and
significantly correlated with serum levels of total and free PS (Figure 2).
These findings suggest the possibility that corisin may play a role in the
activation of the coagulation system in COVID-19 patients.

34 | Sex exerts no effect on any parameter

Male and female patients with COVID-19 exhibited no significant dif-
ferences in any of the measured parameters (Supplementary Table S2).
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Increased serum levels of corisin, inflammatory cytokines, and coagulation activation markers in COVID-19. Corisin, tumor

necrosis factor-a (TNFa), monocyte-chemoattractant protein-1 (MCP-1), tissue factor, thrombin antithrombin (TAT), D-dimer, soluble
thrombomodulin (TM), total protein S (PS), and free PS were measured by enzyme immunoassays. Data are expressed as mean + SD. Statistical
analysis was performed by anova with the Newman-Keuls test. *P < .05; **P < .01; ***P < .001; ***P < .0001. Ns, not significant.
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D-dimer, total protein S (PS), and free PS due to skewed distribution. A P < .05 was considered significant.

3.5 | Corisin plays a role in SARS spike protein-
associated ALI

To clarify the involvement of the microbiota-derived corisin in the
pathogenesis of SARS-CoV-2 infection, we evaluated whether an anti-
corisin mAb exerts any effect in a SARS spike protein-associated ALI
(Supplementary Figure S2). Intratracheal instillation of a combination of
Poly-IC + SARS spike protein significantly induced ALl-associated
radiological (eg, ground glass opacity) and histopathological (eg, inflam-
matory cell infiltration and alveolar wall thickening) abnormalities

compared with the control groups. Bleeding was not observed in any
mouse group. However, pretreatment with anticorisin mAb significantly
improved the radiological and histopathological findings compared with
pretreatment with an irrelevant antibody (Figure 3A-D).

Mice with ALl showed a significant increase in the number of in-
flammatory cells and a significant elevation in the levels of MCP-1,
interleukin (IL)-1B, and IL-6 in BALF compared with mouse counter-
parts treated with an irrelevant antibody (Figure 4A-C). In addition, the
lung tissue areas with TUNEL-positive staining were significantly
increased in mice with ALl treated with 1gG compared with control mice.
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FIGURE 3 Anticorisin antibody improves radiological and histopathological findings in mice with acute lung injury (ALI). Mice were
pretreated with anticorisin monoclonal antibody (anticorisin) or irrelevant immunoglobulin (Ig) G (control 1gG) 4 times by intraperitoneal
injection before receiving 1 dose of intratracheal instillation of high molecular weight polyinosinic-polycytidylic acid (Poly-IC) in combination
with recombinant SARS spike protein (SARS). Control mice were pretreated with physiological saline (SAL) by intraperitoneal injection 4 times
before receiving intratracheal instillation of SAL, Poly-IC, or SARS. Findings of computed tomography (CT) (A, B) and hematoxylin eosin-stained
lung tissue (C, D) were scored as described in the Materials and Methods section. Number of mice: n = 3 in each SAL/SAL, Poly-IC/SAL, and
SARS/SAL group, n = 9 in the Poly-IC/SARS/IgG group, and n = 8 in the Poly-IC/SARS/anticorisin group. Data are expressed as the mean * SD.
Statistical analysis was performed using aNova with the Newman-Keuls test. *P < .05; **P < .01; ***P < .001.

However, mice with ALI treated with anticorisin mAb had significantly 3.6 | Corisin inhibition ameliorates coagulation

decreased TUNEL-positive staining compared with counterpart mice abnormalities
treated with control IgG (Figure 4D, E).
These observations recapitulate the implication of the microbiota-

derived corisin in the pathogenesis of SARS-CoV-2 infection.

Mice with ALI treated with an irrelevant antibody had significantly
higher levels of fibrinogen, TF, and TAT in the BALF and lung tissue
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FIGURE 4 Anticorisin antibody reduces inflammatory cell infiltration, cytokine release, and apoptosis in mice with acute lung injury.
Bronchoalveolar lavage fluid (BALF) was collected, and cells were counted using a nucleocounter. Differential cell counts were performed after
Giemsa staining (A, B). Scale bar 20 pm. Monocyte-chemoattractant protein-1 (MCP-1), tumor necrosis factor-o (TNFa), interleukin (IL)-1, and
IL-6 were measured using commercial enzyme immunoassay kits. Number of mice in B and C: n = 3 in the physiological saline (SAL)/SAL, high
molecular weight polyinosinic-polycytidylic acid (Poly-IC)/SAL, and recombinant SARS spike protein (SARS)/SAL groups; n = 9 in the Poly-IC/
SARS/control immunoglobulin (Ig) G group; and n = 8 in the Poly-IC/SARS/anticorisin group. The terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay was performed as described in the Materials and Methods section, and the stained area was quantified.
Histological examination of the lungs was performed using an Olympus BX50 microscope with a plan objective and an Olympus DP70 digital
camera. To quantify the TUNEL-positive stained area, an investigator blinded to the treatment group randomly took microphotographs of 5
microscopic fields from each mouse lung and measured the TUNEL-positive area using the WinRoof image processing software (Mitani Corp)
(D, E). Scale bar 50 um. Number of mice in D and E: n = 3 in the SAL/SAL, Poly-IC/SAL, and SARS/SAL groups, and n = 4 in the Poly-IC/SARS/1gG
and Poly-IC/SARS/anticorisin groups. Data are expressed as the mean + SD. Statistical analysis was performed using one-way anova with the
Newman-Keuls test. *P < .05; **P < .01; ***P < .001; ****P < .0001. Ns, not significant.
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FIGURE 5 Anticorisin antibody reduces markers of coagulation activation in mice with acute lung injury. Bronchoalveolar lavage fluid
(BALF) and lung tissue were collected, and the levels of tissue factor, fibrinogen, thrombin-antithrombin complex (TAT), and D-dimer were
measured by enzyme immunoassays (A). Lung tissue was stained for fibrinogen/fibrin, and the stained area was quantified. Histological
examination of the lungs was performed using an Olympus BX50 microscope with a plan objective and an Olympus DP70 digital camera. To
quantify the fibrinogen/fibrin-positive stained area, an investigator blinded to the treatment group randomly took microphotographs of 5
microscopic fields from the lung of each mouse and measured the fibrinogen/fibrin stained area using the WinRoof image processing software
(Mitani Corp) (B, C). Scale bar 50 pm. The number of mice in A: n = 3 in the physiological saline (SAL)/SAL, high molecular weight polyinosinic-
polycytidylic acid (Poly-IC)/SAL, and recombinant SARS spike protein (SARS)/SAL groups, n = 9 in the Poly-IC/SARS/immunoglobulin (Ig) G
group, and n = 8 in the Poly-IC/SARS/anticorisin group. Number of mice in B and C: n = 3 in the SAL/SAL, Poly-IC/SAL, and SARS/SAL groups,
and n = 4 in the Poly-IC/SARS/IgG and Poly-IC/SARS/anticorisin groups. Data are expressed as the mean * SD. Statistical analysis was
performed using one-way ANovA with the Newman-Keuls test. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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FIGURE 6 Elevated levels of corisin are correlated with SARS spike protein (SARS)-associated coagulation activation and inflammation.
Corisin, markers of coagulation activation, and inflammatory cytokines were measured by enzyme immunoassays, and the relationship between
the variables in bronchoalveolar lavage fluid (BALF) was evaluated by Spearman'’s correlation (A-C). The number of mice in each group: n = 3 in
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than control mice. However, mice with ALl that received the anti-
corisin mAb had significantly lower levels of TF, fibrinogen, and TAT in
the BALF and lung tissue than mice treated with control IgG. The level
of D-dimer in the BALF, but not in the lung tissue, was significantly
higher in mice with ALI receiving an irrelevant antibody than a control
mouse or mice with ALI treated with the anticorisin mAb (Figure 5A).
It is worth noting that the BALF level of TAT was higher than the
values previously reported, probably due to the use of different
commercial immunoassay kits [33,34]. Immunohistochemical analysis
demonstrated a significantly larger area of fibrinogen/fibrin staining in
the lungs of ALI mice compared with control mice. Pretreatment with
the anticorisin mAb significantly reduced the fibrinogen/fibrin staining
area compared with pretreatment with an irrelevant antibody
(Figure 5B, C).

3.7 | Elevated corisin levels correlate with
coagulation and inflammation markers

BALF, plasma, and lung tissue corisin levels were significantly higher in
mice with ALl compared with control mice. Pretreatment with the
anticorisin mAb significantly reduced corisin levels in BALF, plasma,
and lung tissue of ALl mice compared with mice treated with an
irrelevant 1gG (Figure 6A). In BALF, TAT and TF exhibited positive and
significant correlations with corisin. Additionally, corisin levels signif-
icantly correlated with BALF neutrophil counts, inflammatory cyto-
kine levels (TNFa and IL-6), and the ALI CT score (Figure 6B, C). These
findings further support the role of corisin in SARS-CoV-2 infection-

induced coagulation cascade activation and inflammatory response.

3.8 | Corisin and TLR3 level

Activation of TLR3-associated intracellular signaling is linked to an
increased expression of TF and activation of the coagulation system
[35]. Mice with ALl induced by Poly-IC/SARS spike protein showed
significantly higher TLR3 levels than control mice. Mice with ALI
treated with the anticorisin mAb demonstrated lower TLR3 levels in
lung tissue compared with mice treated with an irrelevant antibody,
although the
(Supplementary Figure S3). The percentage of TLR3M&" expression
significantly increased in HUVECs and THP-1 cells stimulated with

corisin compared with cells stimulated with the scrambled peptide.

difference  was not statistically significant.

The corisin induction of TLR3 was significantly suppressed by the
anticorisin mAb in both cells. Cells cultured in the presence of Poly-IC
also exhibited a significant increase in TLR3 expression, but this
expression was not abrogated by the anticorisin mAb (Supplementary
Figure S4A-D).

3.9 | Gut barrier dysfunction and corisin elevation
Corisin is produced and released by commensal bacteria residing in the
lungs, gut, and other organs [26]. Therefore, elevated circulating corisin
levels observed in COVID-19 patients with ALl and mice with ALl might
be partially attributed to gut barrier dysfunction. FABP-2, which binds
and transports long-chain fatty acids in the small intestine, serves as a
biomarker of intestinal barrier integrity [36]. Serum FABP-2 levels were
significantly increased in COVID-19 patients compared with healthy
controls. Similarly, mice with ALI exhibited significantly elevated serum
FABP-2 levels compared with control mice. However, mice with ALI
treated with the anticorisin mAb showed significantly reduced circu-
lating corisin levels compared with their counterparts treated with an
irrelevant antibody. Further, the circulating levels of FABP-2 and cor-
isin were significantly correlated in both COVID-19 patients and mice
with ALl (Supplementary Figure S5A-D). These findings suggest that
impaired gut barrier function might contribute to the increased circu-
lating corisin levels observed in COVID-19 patients and mice with SARS
spike protein-induced ALI.

3.10 | Corisin increases TF activity

Lung epithelial and monocytic cells are the source of TF in SARS-
CoV-2 infection [9,37-39]. The role of endothelial cells as a source
of TF during SARS-CoV-2 infection remains controversial [39,40]. In
the present study, we stimulated HUVEC, A549, and THP-1 cells
with corisin or scrambled peptide. Corisin stimulation significantly
increased TF activity compared with saline control and scrambled
peptide in all cells (Figure 7A). Corisin-induced TF activity was
significantly inhibited in all cells pretreated with anticorisin or
anti-TF antibody. Poly-IC also significantly induced TF activity, but
this was not affected by the anticorisin mAb. This finding suggests
that corisin can directly activate the coagulation system by
enhancing TF activity in monocytes, alveolar epithelial cells, and
endothelial cells.

3.11 | Corisin upregulates TF expression

HUVECs and THP-1 cells were cultured in the presence of corisin,
scrambled peptide, or Poly-IC for 48 hours, and TF expression was
analyzed by flow cytometry. The percentage of cells expressing high
levels of TF was significantly increased by corisin or Poly-IC compared
with the scrambled peptide control (Supplementary Figure S6A-D).
Pretreatment of the cells with the anticorisin mAb significantly sup-

pressed TF expression induced by corisin but not that induced by Poly-IC.

the physiological saline (SAL)/SAL, high molecular weight polyinosinic-polycytidylic acid (Poly-IC)/SAL, and SARS/SAL groups, n = 9 in the Poly-IC/
SARS/control immunoglobulin (Ig) G group, and n = 8 in the Poly-IC/SARS/anticorisin monoclonal antibody (anticorisin) group. Data are expressed
as the mean + SD. Statistical analysis was performed using one-way anova with the Newman-Keuls test. *P < .05; **P < .01; ***P < .001.

CT, computed tomography; IL, interleukin; MCP-1, monocyte-chemoattractant protein-1; TAT, thrombin-antithrombin complex; TF, tissue factor;

TNFa, tumor necrosis factor-a.
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This finding suggests that corisin can also promote coagulation activation

by enhancing TF expression in monocytes and endothelial cells.

3.12 | Corisin promotes phosphatidyl serine
externalization

Phosphatidyl serine is a negatively charged phospholipid normally
confined to the inner leaflet of the plasma membrane [41]. Phospha-
tidylserine externalization facilitates coagulation activation by
providing a platform for the assembly and activation of coagulation
factors [41]. We have previously demonstrated that corisin induces PS
externalization in alveolar epithelial cells [26,27]. Here, corisin
significantly increased phosphatidyl serine externalization compared
with scrambled peptide in HUVECs (Supplementary Figure S7A, B).
Anticorisin mAb significantly blocked phosphatidyl serine external-
ization induced by corisin. Poly-IC also significantly promoted phos-
phatidyl serine externalization, but this effect was not suppressed by
anticorisin mAb. These findings suggest that corisin may promote
coagulation activation by enhancing cell phosphatidyl serine exter-

nalization, potentially contributing to its prothrombotic effects.

3.13 |
of TM

Corisin decreases the expression and activity

HUVEC, A549, and THP-1 cells were stimulated with corisin or
scrambled peptide for 48 hours. After cell washing, zymogen protein C
and thrombin were added, and activated protein C (APC) was measured
as an indicator of TM activity [42,43]. Corisin stimulation caused a sig-
nificant decrease in APC levels compared with saline and scrambled
peptide in A549, THP-1, and HUVEC cells. Pretreatment with anti-
corisin mAb significantly reversed this effect, leading to a significant
increase in APC levels compared with corisin alone in all cells
(Figure 7B). Pretreatment with anti-TM antibody significantly reduced
APC levels compared with cells treated with corisin alone. Poly-IC
significantly reduced APC levels in all cells, but this effect was not
affected by the anticorisin mAb. In addition, corisin stimulation signifi-
cantly reduced the messenger RNA expression of TM and EPCRs in
HUVECs (Supplementary Figure S8). These findings suggest that corisin
may also promote coagulation activation by reducing the activity of TM
in monocytes, alveolar epithelial cells, and endothelial cells and by
downregulating the expression of TM and EPCRs in endothelial cells.

4 | DISCUSSION

The results of the present study show that microbiota-derived corisin
is significantly released and correlated with activation of the coagu-
lation system in COVID-19 patients and in a SARS spike protein-
associated ALl mouse model and that corisin may directly increase
the procoagulant activity in vascular endothelial cells, monocytes, and

alveolar epithelial cells.
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COVID-19 is a complex disease that affects multiple organs and
systems, including the respiratory, cardiovascular, immune, and
coagulation systems. The principal cause of death in COVID-19 pa-
tients is respiratory failure due to ALI and ARDS. Several studies have
reported that COVID-19 patients exhibit hypercoagulability, which is
associated with increased mortality and morbidity. Hypercoagulability
in COVID-19 patients is manifested by elevated levels of D-dimer and
other coagulation markers and increased incidence of thrombotic
events, including pulmonary embolism, deep vein thrombosis, and
disseminated intravascular coagulation. The mechanisms underlying
the coagulation activation in COVID-19 are not fully understood. An
imbalance between procoagulant factors and anticoagulant proteins
due to cell injury, inflammatory cytokines, hypoxia, and direct viral
infection of host cells has been suggested as possible mechanisms.
Consistent with this procoagulant/anticoagulant imbalance mecha-
nism, here we found that COVID-19 patients have increased coagu-
lation activation associated with increased circulating levels of soluble
TM and decreased circulating levels of the anticoagulant-free PS.
Microbiota dysbiosis is a common feature of COVID-19 that may also
contribute to coagulation activation. However, the role of dysbiosis in
COVID-19-associated coagulopathy has been poorly explored. This
study investigated the level of the microbiota-derived corisin and its
correlation with coagulation markers in COVID-19. Corisin has been
shown to induce acute exacerbation in idiopathic pulmonary fibrosis
and ALl in animal models. In the present study, we found that an
excessive level of corisin is positively and significantly correlated with
markers of coagulation activation in COVID-19 patients. These clinical
findings implicate the excessive release of the microbiota-derived
corisin in the pathogenesis of COVID-19-associated coagulopathy.
The remarkable increase in the circulating level of corisin in
COVID-19 is a novel finding. The result was recapitulated in the mouse
ALI model induced by a mixture of SARS-CoV-2 spike protein and Poly-
IC. The ALI mouse model showed markedly high level of corisin
compared with control mice. Recent research reporting lung dysbiosis,
with enrichment of the opportunistic and corisin-producing Staphylo-
coccus cohnii, in patients who succumbed to severe COVID-19 infection
further supports the pathogenic role of excessive corisin release in this
disease [44]. Corisin is a 19-amino acid peptide released from a bacterial
transglycosylase after degradation of the polypeptide by a bacterial
protease [26]. It was originally isolated from the lung microbiome.
However, whether the lung microbiome is the primary source of corisin
during SARS-CoV-2 infection remains unclear. Prior investigations
indicate that transglycosylases containing corisin may be secreted by
various commensal or opportunistic bacteria normally found in the gut,
oral, lung, or skin microbiota [26]. The association of SARS-CoV-2
infection with dysbiosis in respiratory, oral, skin, and gut microbiota
[45] suggests that the microbial population from diverse body sites may
contribute to the elevated corisin levels in the systemic circulation of
our COVID-19 patients and mouse ALl model. This observation gains
support from the high circulating and lung levels of corisin observed in
patients with idiopathic pulmonary fibrosis, another well-recognized
pathological condition characterized by lung, gut, and oral dysbiosis

[26,28]. In our current investigation, the increased corisin level in the
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FIGURE 7 Corisin increases tissue factor (TF) activity and decreases thrombomodulin (TM) activity. A549 alveolar epithelial cells, THP-1
cells, and human umbilical vein endothelial cells were cultured in the presence of physiological saline, corisin, scrambled peptide, or high
molecular weight polyinosinic-polycytidylic acid (Poly-1C), and the activity of TF and TM was measured as described in the Materials and
Methods section. Some of the cell groups were pretreated with anticorisin monoclonal antibody (anticorisin), anti-TF, or anti-TM antibody.
Data are expressed as the mean + SD. Statistical analysis was performed using one-way aNova with the Newman-Keuls test. APC, activated
protein C. **P < .01; **P < .001; ****P < .0001.
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lungs of mice with ALI points to the lung microbiota as the primary
corisin source. Nonetheless, the significant correlation between the
increased circulating levels of FABP-2, a marker of gut barrier injury,
and corisin in both COVID-19 patients and mice with ALl suggests that
the gut microbiota may serve as an additional source of corisin [36].
Furthermore, the detection of substantial corisin levels in the bile and
blood of patients with severe acute cholangitis further reinforces the
assumption that the alimentary tract microbiota may also potentially
contribute to corisin secretion [46]. The mechanism of how dysbiosis
leads to enhanced corisin release during SARS-Cov-2 infection is un-
clear. Notably, corisin levels are detected in both healthy subjects and
normal mice, suggesting that the microbiome releases a baseline pep-
tide level under physiological conditions [26,28]. SARS-CoV-2 infection
has been documented to cause an abnormal host cell response, leading
to a "cytokine storm" in conditions such as ALl or ARDS [47]. Conse-
quently, it is conceivable that tissue injury and dysregulated host
immune responses induce an overactive response in microbiome-
associated organisms harboring and secreting corisin, thereby contrib-
uting to its elevated systemic release.

To clarify the role of corisin in coagulation activation associated with
COVID-19, we evaluated the inhibitory activity of the anticorisin-
neutralizing mAb in a mouse ALI model and different cell lines. Admin-
istration of the anticorisin mAb significantly reduces the lung levels of
corisin and coagulation markers, and the radiological and histopatho-
logical signs of inflammation in ALI model. This suggests that corisin is
involved in the pathogenesis of SARS spike protein-associated ALl and
that blocking corisin may have a beneficial effect. Subsequently, we
evaluated the relationship between coagulation system activation and
corisin levels in the ALI model. There was a positive and significant cor-
relation between corisin levels and the markers of coagulation activation
TAT and TF in the mouse model. This mirrors the findings in COVID-19
patients further indicating that corisin may contribute to the coagulop-
athy observed in this disease. Building upon this observation, we hy-
pothesized that corisin might directly induce procoagulant activity in
cells. Our data revealed that corisin upregulates TF activity, disrupts TM-
mediated anticoagulation in endothelial, alveolar epithelial, and mono-
cytic cell lines, and enhances TF expression in endothelial and monocytic
cells. Furthermore, corisin downregulates TM and EPCR expression and
promotes phosphatidyl externalization and apoptosis in vascular endo-
thelial cells. These findings are consistent with the increased expression
of coagulation factors and dysfunction of the anticoagulant system re-
ported in SARS-CoV-2 infection [48-50]. Therefore, our study suggests
that corisin may directly modulate the expression and activity of pro-
coagulant and anticoagulant proteins, leading to coagulation activation
during SARS-CoV-2 infection.

In this study, we also assessed the intricate relationship between
dysbiosis and inflammation by investigating the levels of corisin and
inflammatory mediators in both COVID-19 patients and a mouse
model of ALI. Dysbiosis has been linked to aberrant immune re-
sponses and an upregulation of inflammatory mediators. For instance,
gut dysbiosis is associated with reduced production of beneficial
short-chain fatty acids and an elevation in circulating cytokines [51].

Moreover, dysbiosis can release tryptophan metabolites that disrupt
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the host immune response [51]. Notably, disease severity in COVID-
19 patients has been associated with dysbiosis and excessive secre-
tion of inflammatory cytokines [52]. Considering corisin’s capacity to
stimulate the production of inflammatory cytokines and chemokines
[28], we hypothesized that an enrichment of microbiota with corisin-
producing bacteria might lead to increased corisin release, triggering
the secretion of inflammatory mediators from alveolar epithelial cells.
Our investigation revealed a significant association between elevated
circulating corisin levels and MCP-1 in COVID-19 patients. Similarly,
lung corisin levels correlated with the inflammatory cytokines IL-6 and
TNFa in the ALI mouse model. The well-established role of inflam-
matory cytokines in procoagulant activity during SARS-CoV-2 infec-
tion [48,49] suggests that corisin may also indirectly promote
coagulation activation in COVID-19 by stimulating cytokine secretion.
Conversely, corisin’s procoagulant activity with enhanced thrombin
generation may also contribute to increased secretion of cytokines
through thrombin from other cells, including endothelial and mono-
cytic cells [50]. This mechanism has the potential to establish a vicious
cycle where corisin-mediated coagulation activation and subsequent
thrombin generation drive additional cytokine secretion, further
intensifying coagulation activation and thrombin generation, perpet-
uating inflammation, and potentially amplifying tissue damage. The
inhibition of cytokines and coagulation markers by the anticorisin
mAb in our ALI model provides additional support for the potential
dual effect of corisin on inflammation and coagulation. In summary,
therapeutically targeting corisin may not only inhibit the expression of
inflammatory cytokines but also suppress the activation of the blood
coagulation system. This suggests a promising avenue for alleviating
the inflammatory response during SARS-CoV-2 infection.

The small sample size and descriptive design are limitations of the
study in COVID-19 patients. The use of serum instead of plasma to
measure coagulation parameters is another limitation in the COVID-19
study, as serum is generated after coagulation activation in non-
anticoagulated blood. A limitation of the in vitro study is the lack of
mechanistic pathways explaining how corisin promotes cell TF activity,
and a limitation of the mouse ALI study is the inclusion of only male mice.

In brief, this study demonstrated that the microbiota-derived
proapoptotic peptide corisin plays a crucial and direct role in the
activation of the coagulation system and the inflammatory response
during SARS-CoV-2 infection. However, these results need to be

validated in a larger cohort of patients.
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