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Abstract

Impact Statement

Cardiovascular complications including venous
thromboembolism and cardiac injury emerge as
strong comorbidity factors in COVID-19. Therefore,
biomarkers are immensely required to predict
cardiovascular complications in COVID-19. The
inflammatory markers such as lipocalin-2, S100A8/
A9, and cystatin C have recently been linked to
COVID-19 severity; however, it is largely undefined
when particularly these markers are induced dur-
ing the COVID-19 pathogenesis and whether they
are associated with cardiovascular complications
in COVID-19. Here we report, for the first time, that
lipocalin-2 induced during the early, and S100A8/
A9 and cystatin C during the late severe, stage of
COVID-19. Consistently, ST00A8/A9 and cystatin C,
but not lipocalin-2, were found to be positively cor-
related with the tissue injury marker myoglobin in
the COVID-19 patients. Hence, these markers could
serve as predictive markers for severity, thrombo-
embolism, and tissue injury in COVID-19.

Severe coronavirus (SARS-COV-2) infection often leads to systemic inflammation
accompanied by cardiovascular complications including venous thromboembolism
(VTE). However, it is largely undefined if inflammatory markers such as lipocalin-2
(LNC2), calprotectin (S100A8/A9), and cystatin C (CST3), previously linked with
VTE, play roles in cardiovascular complications and advancement of COVID-19
severity. To investigate the same, hospitalized moderate and severe (presented
pneumonia and required intensive care) COVID-19 patients were recruited. The
levels of plasma LNC2, S100A8/A9, CST3, myoglobin, and cardiac Troponin |
(cTnl) were assessed through enzyme-linked immunosorbent assay (ELISA).
The investigation revealed a significantly upregulated level of plasma LNC2 at
the moderate stage of SARS-CoV-2 infection. In contrast, the levels of S100A8/
A9 and CST3 in moderate patients were comparable to healthy controls; however,
a profound induction was observed only in severe COVID-19 patients. The
tissue injury marker myoglobin was unchanged in moderate patients; however, a
significantly elevated level was observed in the critically ill COVID-19 patients. In
contrast, cTnl level was unchanged both in moderate and severe patients. Analysis
revealed a positive correlation between the levels of S100A8/A9 and CST3 with
myoglobin in COVID-19. In silico analysis predicted interactions of ST00A8/A9 with
toll-like receptor 4 (TLR-4), MyD88 LY96, and LCN2 with several other inflammatory
mediators including MMP2, MMP9, TIMP1, and interleukins (IL-6, IL-17A, and
IL-10). In summary, early induction of LCN2 likely plays a role in advancing the

COVID-19 severity. A positive correlation of S100A8/A9 and CST3 with myoglobin suggests that these proteins may serve as
predictive biomarkers for thromboembolism and tissue injury in COVID-19.
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Introduction

Severe coronavirus (SARS-CoV-2) infection is frequently
linked to coagulopathy and venous thromboembolism (VTE)
which promotes tissue injury and multiorgan dysfunction.!?
SARS-CoV-2 invades alveolar epithelial and endothelial
cells through the angiotensin-converting enzyme-2 (ACE-2)
receptor resulting in angiotensin-signaling dysregulation.?
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The infection leads to endotheliitis and injury to different
soft organs including the kidney and heart.*> The viral myo-
carditis and kidney dysfunction contribute to elevated myo-
globin levels and often lead to fatal complications in severe
COVID-19.97 Studies reported that the SARS-CoV-2 infection
of endothelial cells in the kidney, cardiovascular system, and
brain leads to myoglobin induction.? Moreover, prolonged
hypoxia condition in COVID-19 causes non-specific damage
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to multiple soft organs and further contributes to the level
of myoglobin which serves as a good prognostic marker of
COVID-19 pneumonia.

Venous thrombosis followed by pulmonary embolism
(PE) is commonly seen in severe COVID-19 and found to
be associated with increased severity and mortality rate.”10
The precise mechanism of VTE is largely undefined though
the induction of platelet activation markers at early mod-
erate stage of infection, inflammatory mediator (cytokine
storm), and acquired FXIII deficiency seem to play critical
roles in VTE.2!! Vascular inflammation induces endothelial
activation, which promotes the prothrombotic state of the
endothelial layer.!> The endothelial dysfunction occurs not
only due to SARS-CoV-2 invasion but also through inflam-
matory markers secreted from activated endothelial cells.!314
Hence, inflammatory mediators linked to thromboembolism
may play driving roles in tissue injury and multiorgan failure
in severe COVID-19. A previous study suggested myoglobin
as a powerful predictor of increased risk of fatal outcome in
major PE'® which is commonly observed in severe COVID-19.

The dysregulation of markers such as calprotectin
(S100A8/A9),1017 cystatin C (CST3),!81% and lipocalin-2
(LCN2)2021 js linked with cardiovascular complications
including vascular inflammation and VTE and tissue injury.
S100A8/A9 is secreted from myeloid cells in response to
inflammatory reactions and regulates the pathogenesis of
cardiovascular disease.?? It has also been used as a prog-
nostic marker in different inflammatory diseases including
pulmonary inflammations, gastrointestinal inflammations,
and inflammatory bowel disease.?3?* LCN2, also known
as neutrophil gelatinase—associated lipocalin (NGAL), is
a neutrophil-associated protein that plays a role in innate
immunity and is found to be associated with cardiorenal
diseases.? Similarly, CST3, a non-glycosylated cysteine pro-
tease inhibitor, has been linked to cardiovascular risk and
renal dysfunction.?6

Increased levels of plasma S100A8/A9,%8 LCN2,?° and
CST3% have recently been reported in COVID-19. SARS-
CoV-2-mediated induction of these markers may contribute
to the severity of the disease partly due to the effects on the
cardiorenal system. The COVID-19 patients may develop
cardiac complications even in the absence of pre-existing car-
diac diseases likely due to injuries caused by myocarditis.3!
Cardiac injury is reported in hospitalized severe COVID-19
patients and is strongly associated with poor clinical out-
comes.3233 Hence, assessment of the level of LCN2, S1I00A8/
A9, and CST3 in moderate and severe COVID-19 patients is
important. Moreover, the correlation between the levels of
said inflammatory markers and cardiac injury is the utmost
requirement to establish their potential roles in the cardio-
renal complication observed in severe COVID-19.

Therefore, here we sought to assess the role of LCN2,
S100A8/A9, and CST3 in cardiovascular complications and
in the progression of COVID-19 severity by recruiting mod-
erate and severe COVID-19 patients. Our findings show
that the levels of LCN2, S100A8/A9, and CST3 are strongly
associated with the pathogenesis of COVID-19. The levels of
myoglobin in COVID-19 patients positively correlate with
the levels of SI00A8/A9 and CST3. In silico analysis predicts
the interaction of LCN2 and S100A8/A9 with many other

key inflammatory markers previously linked with throm-
bosis or VTE.

Materials and methods
Patients and sample processing

A total of 30 hospitalized COVID-19 patients including 15
moderate (without pneumonia or intensive care require-
ment) and 15 severe (presented pneumonia and/or acute
respiratory distress syndrome and required intensive care)
patients were recruited from Rashid Hospital, Dubai,
between May and June 2020. The SARS-CoV-2 infection in
these patients was confirmed with the reverse transcription—
polymerase chain reaction (RT-PCR). Moreover, a total of
10 healthy controls were recruited for comparison. A writ-
ten informed consent and medical and family history were
collected from patients and healthy controls before collect-
ing the blood samples. Patients with a history of inflamma-
tory diseases and/or pre-existing cardiovascular diseases
including those with myocardial infarction, stroke, or deep
vein thrombosis (DVT) were excluded from the study. The
study protocol was approved by the ethical review boards of
the University of Sharjah and Dubai Health Authority. The
blood samples from the patients and healthy controls were
collected in an appropriate anticoagulant vial. The whole
blood samples were centrifuged at 3000 rpm for 20 min, and
platelet-poor plasma (PPP) was transferred to a fresh tube
and stored at —80°C.

Assessment of specific inflammatory and cardiac
injury markers

The vascular inflammation markers S100A8/A9 (Abcam
#ab267628), CST3 (ThermoFisher #EHCST3), and LCN2
(ThermoFisher #EHLCNZ2) were assessed in the plasma
using enzyme-linked immunosorbent assay (ELISA) kits
following the instruction manual. The cardiac injury mark-
ers myoglobin (ThermoFisher #8MS2259) and cTnl (Abcam
#ab200016) were also assessed employing ELISA kits follow-
ing manufacturer instructions. All the samples were assessed
in duplicate, and the average was taken as a final reading.

Protein-protein interaction network analysis

The protein-protein interaction (PPI) was performed to
predict the interacting partners of SI00A8/A9, LCN2, and
CST3 through an online tool, STRING database (https://
string-db.org/). APPI networking map was prepared for the
network, co-occurrence, database, co-expression, neighbor-
hood, fusion, and co-localization of the gene of interest and
its interacting gene as described previously.>* The name of
the target gene (Homo sapiens) was entered in the STRING
database. Predicted functional partners were represented
based on scores (indicators of confidence where STRING
judges PPI based on evidence). Scores rank from 0 to 1,
where 1 being the highest possible confidence.3

Statistics. Data were analyzed employing one-way anal-
ysis of variance (ANOVA) followed by Tukey’s post hoc
analysis for multiple comparisons. For correlation, a linear
regression test was performed (Graph Pad Prism Software
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Figure 1. SARS-CoV-2 infection induces lipocalin-2 at moderate and calprotectin and cystatin C at severe stage of COVID-19 pathogenesis. The scatter dot plots
show the levels of (A) plasma lipocalin-2 (LCN2), (B) calprotectin (S100A8/A9), and (C) cystatin C (CST3) in moderate and severe COVID-19 patients versus healthy

controls. (A color version of this figure is available in the online journal.)
*P <0.05; **P <0.005; ***P < 0.0005.

Inc., San Diego, CA). Data were presented as mean + SEM
(standard error of mean). A P value less than 0.05 was con-
sidered statistically significant.

Results
Demography and clinical manifestations

The median age of the moderate patients was 48 years and
57years of the severe group. There was no fatality reported
in the moderate group; however, a total of five (33.3%) of 15
patients died in the severe group. Most of the patients were
on chloroquine or hydroxychloroquine with or without anti-
viral and anti-inflammatory medication like Kalerta (lopina-
vir/ritonavir), Favipiravir, Tocilizumab, Azithromycin, and
Corticosteroids (Supplementary Table 1). A detailed labora-
tory investigation results of these patients were reported
recently.3® The patients in both moderate and severe groups
presented normal mean serum ferritin, creatinine, and plate-
let counts, and a trend of increased activated partial throm-
boplastin time (APTT) and prothrombin time (PT) were
observed. Moreover, the D-dimer level, white blood cells

(WBCs), and absolute lymphocyte count (ALC) were signifi-
cantly increased in the severe versus moderate group. These
findings attest the induction of inflammation and coagula-
tion activation in the severe COVID-19 patients.

SARS-CoV-2 induces the levels of LCN2 at
moderate and S100A8/S100A9 and CST3 at the
severe stage of infection

The SARS-CoV-2-induced inflammatory reaction accom-
panied by pro-coagulant changes in the vascular endothe-
lium facilitates thrombosis and thromboembolism which
determines the clinical presentation of COVID-19. Hence,
we hypothesized that inflammatory markers, previously
linked with thromboembolism, could potentially have asso-
ciations with COVID-19 severity. Indeed, an increased level
of LCN2 was identified in the moderate and only a trend of
increase level was observed in the critically ill COVID-19
patients (Figure 1(A)). However, conversely, the levels of
S100A8/S100A9 and CST3 were profoundly upregulated
in the severe cohort and were unchanged in the moderate
group (Figure 1(B) and (C)). These results suggest that LCN2
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Figure 2. Severe SARS-CoV-2 infection exaggerates cardiac injury in COVID-19. (A) The bar diagram shows an unchanged myoglobin level in the moderate and
significantly increased levels in the severe COVID-19 patients. (B) The scatter bar diagram shows comparable levels of cardiac troponin | (cTnl) in moderate and
severe COVID-19 patients. (A color version of this figure is available in the online journal.)

****P < 0.0001.

induction in moderate patients aggravates the COVID-19
severity and most likely plays an important role in the induc-
tion of cytokine storms. The elevated levels of S100A8/
S100A9 and CST3 in severe patients are potentially caused
due to inflammation induction.

Severe SARS-CoV-2 infection promotes myoglobin
induction

The association between SARS-CoV-2 infection-induced sys-
temic inflammation and myocarditis-induced cardiac injury
has been reported in the severe COVID-19.%%” Therefore, we
assessed the level of cardiac injury markers, myoglobin and
cTnl, to know if the recruited COVID-19 patients potentially
developed cardiac injury. The myoglobin level was found
comparable between moderate patients and healthy con-
trols; however, a profoundly elevated level was identified in
the severe versus moderate COVID-19 patients and healthy
controls (Figure 2(A)). Surprisingly, ¢Tnl level was found
unchanged both in moderate and severe COVID-19 groups
(Figure 2(B)). The plasma S100A8/S100A9 and CST3 were
positively correlated with the levels of myoglobin (Figure
3(A) and (B)); however, no correlation was observed between
the levels of LCN2 and myoglobin in the recruited patients
(Figure 3(C)). These observations suggest that SARS-CoV-2
infection leads to induction of plasma LCN2 at a relatively
early stage. The positive correlations of SI00A8/S100A9
and CST3 with cardiac injury marker myoglobin in severe
patients suggest their potential roles in cardiovascular com-
plications in COVID-19.

PPI analysis reveals the potential interacting
partners of S100A8/S100A9, LCN2, and CST3

Next, we investigated how potentially SI00A8/A9, CST3,
and LCN2 regulate inflammation and cardiovascular com-
plications. In silico PPI revealed interaction of SI00A8/A9
with several key inflammatory mediators including toll-like
receptor 4 (TLR4), lymphocyte antigen 6 (LY6), interleukin-1

receptor-associated kinase 1 (IRAK1), myeloid differentia-
tion primary response 88 (MYD88/TIRAP), and neutrophil
cytosolic factor 2 (NCF2) (Figure 4(A)). Moreover, PP analy-
sis for CST3 revealed its several interacting partners includ-
ing cathepsin B (CTS-B, CTS-L), amyloid precursor protein
(APP), adiponectin (ADIPOQ), albumin (ALB), LCN2, beta-2
microglobulin (B2M), and cystatin B (CSTB) (Figure 4(B)).
Similar to S100A8/A9, LCN2 has also shown its interac-
tion with inflammatory mediators including matrix metal-
lopeptidases (MMP2 and MMP9), interleukins (IL-6, IL-10,
and IL-17A), SLC22A17, melanocortin 4 receptor (MC4R),
and tissue inhibitor matrix metalloproteinase 1 (TIMP1)
(Figure 4(C)). Taken together, most of the indicated interact-
ing inflammatory mediators are reported to be induced in
severe COVID-19 and previously linked with either throm-
bosis or VTE. Therefore, these interacting inflammatory
markers likely mediate cardiovascular complications in the
COVID-19.

Discussion

Here, we investigated the potential roles of SI00A8/A9,
CST3, and LCN2 in the pathogenesis of COVID-19 and
show induction of S100A8/A9 and CST3, particularly in
severe COVID-19 patients who required intensive care.
Most importantly, the level of LCN2 was found signifi-
cantly upregulated at the early moderate stage of COVID-
19. The plasma myoglobin was significantly elevated only
in the severe patients and was found positively correlated
with the levels of SI00A8/A9 and CST3. In silico analysis
show the potential interaction of SI00A8/A9 and LCN2
with several other inflammatory mediators.

The observed elevated levels of LCN2 at the early moder-
ate stage indicate its potential role in promoting the COVID-
19 pathogenesis. The predicted interactions of LCN2 with
MMPs and other inflammatory mediators further sug-
gest the role of LCN2 in vascular inflammation induction.
LCN2 forms a complex with and protects MMP9 which
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Figure 3. Calprotectin and cystatin C show a positive correlation with cardiac injury markers. The scatter plots from linear regression analysis show a positive
correlation between (A) calprotectin (S100A8/A9) and myoglobin and (B) cystatin C (CST3) and myoglobin. (C) Graph shows no correlation between lipocalin-2
(LCN2) and myoglobin. (A color version of this figure is available in the online journal.)

increases the deleterious effects of MMP9 on blood vessels.38
Consistent with the early induction of LCN2 in our study,
an early increase of plasma MMP9 was also previously
reported in COVID-19.% LCN2 is an independent throm-
botic risk factor,?0 and increased levels have been linked to
thromboembolic complications.*! Therefore, LCN2 may pro-
mote vascular inflammation and induce thromboembolism
in COVID-19 largely through regulating the levels of MMP9
and other inflammatory mediators (Figure 5). The interac-
tions between LCN2 and other inflammatory mediators
need validation to define the specific roles of LCN2 in the
regulation of thromboembolism.

The unchanged S100A8/A9 at the moderate stage
of SARS-CoV-2 infection indicates that the SI00A8/A9
may play minimal roles during the early stage. SI00A8/
A9 expresses in neutrophils and monocytes and is rap-
idly released postinfection.*? The induction of S100A8/
A9 helps recruit leukocytes which further induces the
release of cytokines and may contribute to the cytokine
storms observed in the severe COVID-19. Consistent with
our results, an elevated level of SI00A8/A9 was recently
reported in severe COVID-19 patients who required ventila-
tors.#3S100A8/ A9, a TLR4 ligand that abundantly expresses
on the platelets, has been linked to platelet activation, VTE,

and organ damage in systemic inflammatory diseases such
as systemic lupus erythematosus.##> SI00A8/A9 also binds
with TLR4 present on neutrophils and prime with leucine-
rich-containing family, pyrin domain containing 3 (NLRP3)
inflammasomes that induce IL-1p secretion and tissue
injury.¢ Consistently, we observed that SI00A8/A9 levels
were correlated with the tissue injury marker myoglobin in
COVID-19 cases. NLRP3 emerges as a key regulator of VTE,
particularly under hypoxic conditions.#” NLRP3 inflamma-
some-induced IL-1B binds with IL-1f receptor on platelets
which leads to platelet aggregation and VTE under hypoxia.
The critically ill COVID-19 patients suffer from severe
hypoxia; therefore, SI00A8/A9-induced NLRP3 inflam-
masomes potentially play a major role in VTE observed
in severe COVID-19. Moreover, SI00A8/A9 is predicted
to interact with other inflammatory markers such as LY96,
IRAK1, and MYD88 which are the key components of TLR4
receptor signaling.4® Taken together, the SI00A8/A9-TLR4
axis likely plays an important role in thrombo-inflammation
and facilitates organ damage that ultimately leads to worse
clinical outcomes in COVID-19 (Figure 5).

Similar to S1I00A8/A9, CST3 has also been associated
with an increased risk of VTE!® and is reported to be an indi-
cator of cardiorenal injury.#->! Induction of CST3 levels in
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Figure 4. STRING database analysis to identify the potential interacting partners of calprotectin cystatin C and lipocalin-2. The protein-protein interaction (PPI)
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the key roles of lipocalin-2 (LCN2), calprotectin (S100A8/A9), and cystatin C (CST3) in the pathogenesis of COVID-19. SARS-CoV-2 infection at the moderate stage
promotes neutrophil infiltration and activation which potentially induces the profound release of LCN2. The elevated level of plasma LCN2 increases MMP9 stabilization
and in turn increases the deleterious effect of MMP9 on vasculatures which, partly, induces vascular inflammation. This further induces the myeloid cells infiltration

and S100A8/A9 release. ST00A8/A9 binds with toll-like receptor 4 (TLR4) receptors on neutrophils which further activates the immune cell population. S100A8/A9 also
couple with TLR4 present on platelets which induces platelet activation and aggregation. Moreover, S100A8/A9 prime with NLRP3 inflammasomes ultimately leads to
tissue injury and IL-1B secretion, particularly under hypoxic conditions, which activates platelets through binding with IL-1f receptor. Cystatin C (CST3) likely facilitates
thrombus embolization and ultimately tissue injury which further elevates the levels of CST3. (A color version of this figure is available in the online journal.)

severe COVID-19 may play a role in advancing the COVID-
19 severity through inducing inflammation, VTE followed
by organ injury. Consistent with our findings, elevated lev-
els of CST3 have been associated with poor prognosis and
increased mortality rate in COVID-19.52 A study has shown
that myoglobin level could be contributed by cardiac as
well as kidney injury.>® Consistently, the elevated levels of
myoglobin, however, unchanged cTnl levels in our study
indicate that increased myoglobin level in severe COVID-19
may be contributed due to kidney injury and injury to other
soft organs. An unchanged cTnl level, particularly in severe
COVID-19 patients, is surprising, but the cardiac injury can-
not be ruled out based on this finding. The timing of sam-
pling is a possible factor to be considered for this unusual
outcome as the level of cTnl rapidly decreases and returns

to a normal level within a few days after myocardial injury.
Including ¢cTnT marker would have provided a better picture
of cardiac injury in these patients. Moreover, if the cardiac
injury was not induced in these patients, then severe inflam-
matory reaction alone may not be entirely responsible, but
other factors also potentially play roles in the development
of cardiac injury in severe COVID-19.

In conclusion, we report that the LCN2 induction occurs
at the early moderate stage of SARS-CoV-2 infection when
patients do not need critical care. In contrast, the levels of
S100A8/A9 and CST3 were unchanged at the early stage;
however, a profound induction was observed in the critically
ill COVID-19 patients. The positive correlations of SI00A8/
A9 and CST3 with myoglobin indicate their potential role
in tissue injury. Therefore, LCN2 likely plays a role in the
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induction of systemic inflammation, and S100A8/A9 and
CST3 facilitate more severe complications including tissue
injury potentially through inducing the VTE.
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