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Abstract

Hypoxia exacerbates thromboembolism and sterile inflammation through the NLRP3 inflasmmasome, which is directly acti-
vated by HIF-1a, a factor that plays a pivotal role in potentiating deep vein thrombosis. One of the clinical manifestations
of thromboinflammation is deep vein thrombosis, characterized by formation and propagation of a clot in the lower extrem-
ity of the body. The underlying inflammatory milieu promotes immune cell recruitment and platelet hyperactivation, further
promoting a prothrombotic state. However, the intricate relationship between hypoxia, thromboembolism, and sterile in-
flammation is not fully understood. To address this knowledge gap, we integrated in vitro cell lines, ex vivo human periph-
eral blood mononuclear cells, in vivo animal models, and human patient-based studies to uncover the role of cellular in-
teractions in driving hypoxia-induced thrombosis. We gained early mechanistic insights and subsequently tested the
translational potential in humans who developed deep vein thrombosis at high altitudes (>11,000 feet). Our investigation
revealed that hypoxia increased monocyte adhesion to endothelial surfaces, an effect mediated through CD11a/CD18 (2
integrin) and F11R (junctional adhesion molecule-1; JAM-1). We determined the significance of the HIF-1a-NLRP3-Egr1-TF/
FVII axis in inflammation-induced coagulation under sterile conditions operating through NLRP3 elevating Egr-1, which sub-
sequently augments tissue factor. This axis increases platelet hyperactivation and platelet association amplifying throm-
boinflammation. Human patients who developed high altitude thrombosis showed enhanced HIF-1a, NLRP3, Egr1, and TF/
FVII levels, confirming the clinical relevance of these factors. Finally, abrogating these molecules with either pharmacolog-
ical inhibitors or siRNA demonstrated a potential to reverse these pathophysiological processes. These findings identify the
HIF-1a-NLRP3-Egr1-TF/FVII axis as a potential therapeutic target for mitigating hypoxia-induced thromboinflammation.

Introduction

Venous thromboembolism is one of the most significant
contributors of cardiovascular morbidity and mortality
worldwide, closely following stroke and myocardial infarc-
tion.* This underscores the necessity of effective popula-
tion-level strategies to prevent this condition. The initiation
of thromboembolism is a multifactorial process involving
complex events complying with Virchow’s Triad.® We pre-
viously reported that sterile inflammation plays a critical
role in the pathogenesis of venous thromboembolism
under hypoxic conditions, demonstrating the activation
of the nucleotide-binding domain, leucine-rich-containing

family, pyrin domain-containing-3 (NLRP3) inflammasome
in hypoxia and its direct regulation by hypoxia-inducible
factor 1 alpha (HIF-1a).

Hypoxia, characterized by low oxygen availability at both
systemic and localized levels caused by blood flow re-
striction or stasis, contributes significantly to thrombus
formation.” Unfavorable environmental factors, such as
hypobaric hypoxia and low temperature, also aggravate
a prothrombotic phenotype at high to extreme altitudes
(9,000 to 18,000 feet).® Multiple research groups have
shown a link between hypoxia and inflammatory respons-
es, involving different cell types such as endothelial cells,
lymphocytes, monocytes, and platelet activation.*™ Fur-
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thermore, exposure to hypoxia results in activation of
endothelial cells and recruitment of different immune
cells, such as monocytes/macrophages, neutrophils, and
lymphocytes, to the venous wall, resulting in blood clot
formation." Platelets participate directly in this process,
resulting in amplification of thrombi.”>"® Beyond their pri-
mary role in adhesion and aggregation, platelets contribute
to thrombosis through several other mechanisms, such
as triggering coagulation, generating platelet-leukocyte
aggregation, enhancing the formation of extracellular
traps from neutrophils, and activating the NLRP3 inflam-
masome which results in the release of interleukin (IL)-1p
and IL-18.4"

While the activation of the NLRP3 inflammasome is a key
upstream event, the specific transcriptional regulators
that translate this inflammatory signal into a procoagu-
lant state during hypoxia are not well defined. In the last
two decades many groups have shown that early growth
response-1(Egr-1) plays a crucial role in inflammation and
coagulation.® Egr-1 is a prototypic member of the Egr
family of zinc finger transcription factors which is stim-
ulated by various stimuli in different cell types. Pawlinski
et al. showed the sustained expression of inflammatory
mediators and tissue factor (TF) in a model of endotox-
emia.® Wu et al. demonstrated that thrombin stimulates
Egr-1 expression in endothelial cells via a MAPK-dependent
mechanism.” However, a direct mechanistic link between
the hypoxia-driven HIF-1a-NLRP3 axis and the transcrip-
tional activation of procoagulant factors remains poorly
defined. In this study, we sought to bridge this gap by
investigating the downstream effectors of inflammasome
activation in thromboinflammation.

Using in vitro cell lines, human peripheral blood mononu-
clear cells (hPBMC), a murine model of hypoxia-induced
thrombosis, and deep vein thrombosis (DVT) patients
exposed to high altitude, we demonstrate that the HIF-
Ta-NLRP3 axis promotes thrombosis by upregulating Egr-
1 and its target, TF. This study also highlights that this
pathway enhances monocyte recruitment and is amplified
by hyperreactive platelets, which further stimulate NLRP3
activation in monocytes. Our findings establish the HIF-
Ta-NLRP3-Egr-1-TF axis as a central driver of hypoxia-in-
duced thrombosis, offering new targets for therapeutic
intervention.

Methods

Cell lines, primary human cell isolation and culture
conditions

THP-1, a human leukemia monocytic cell line, and K-562, a
human myelogenous leukemia cell line, were obtained from
the National Centre for Cell Science (NCCS) Pune, India.
Human umbilical vein cell lines (Ea. hy926 and HUVEC) were
a kind gift from the Central Drug Research Institute (CDRI),
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Lucknow, India, and Institute of Genomics and Integrative
Biology (IGIB), Delhi, India, respectively.

In vitro experimental treatments

THP-1 and K-562 were differentiated using phorbol 12-myri-
state 13-acetate (PMA) (see the Online Supplement for the
protocol). The cells were treated with 1% oxygen (O,) to
create the hypoxic condition for 8 h and dimethyloxalyl-
glycine (DMOG, 1,000 uM) as an HIF-1a activator for 12 h.
For inhibition studies, cells were treated with 3,3’-diindo-
lylmethane (DIM, 10 uM) for HIF-1a inhibition, after DMOG
stimulation; pre-treated for 4 h with MCC950 (10 uM) for
NLRP3 inhibition and SML0499 (10 uM) for inhibition of the
catalytic activity of caspase-1, prior to DMOG stimulation.
Adenosine diphosphate (ADP, 10 uM) was used for the ac-
tivation of platelets, which were washed with fresh media
before use in experiments.

Animals and treatment

All the experiments were performed according to the guide-
lines set forth by the Committee for Control and Supervi-
sion of Experiments on Animals, Government of India. Male
Wistar rats, weighing 220-250 g, were kept and cared for in
a typical standard laboratory setting for the investigation.
The animals were divided into seven groups according to
various treatments: no addition (NA)/control, heparin, ferric
chloride (FeCl), DMOG, DMOG+DIM, MCC950+DMOG, and
SML0499+DMOG. All the chemicals were injected intrave-
nously through the tail vein.

Human studies

Human studies were conducted in accordance with the
ethical standards of the Indian Council of Medical Research.
The study patients comprised patients with DVT living at
high altitude (N=10) in Leh Ladakh (altitude >11,483 feet)
who reported to the only immediate care facility, Sonam
Nurboo Memorial (SNM) Hospital, and low-lander patients
with venous thromboembolism and associated complica-
tions (N=5), treated at ESIC Medical College, Faridabad, India.
The high-lander and low-lander patients were examined
by physicians at SNM Hospital and ESIC Medical College,
respectively, and blood samples were collected via veni-
puncture as soon as possible following confirmation of
diagnosis, which was made using ultrasound imaging. In-
formed consent was obtained according to the Declaration
of Helsinki. The control group comprised a comparable
number of healthy volunteers, matched for ethnicity and
duration of stay at high altitude, who did not develop any
form of thrombosis during the same period, while low-lander
healthy controls were healthy individuals residing in the
plains. Individuals with pre-existing systemic diseases,
malignancies, sickle cell anemia, paroxysmal nocturnal
hemoglobinuria, lupus anticoagulant, or those who had
undergone prior surgery were excluded from the study.
Peripheral blood mononuclear cells collected from healthy
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volunteers were isolated by density gradient centrifugation.

Statistical analysis

All the statistical analyses were performed using GraphPad
Prism (v.8), R studio and SPSS. Unless specified otherwise,
all results are represented as the mean * standard error of
mean. One-way analysis of variance with the Tukey multiple
comparison post hoc test was applied to compare data
across several groups, the unpaired, two-tailed Student t
test was employed to compare two groups of independent
samples, linear regression and Pearson correlation analysis
were applied. The statistical analysis for all the data was
done and represented as P values.

Results

The HIF-1a-NLRP3 inflammasome axis in monocytes
induces their adhesion to endothelial cells

Monocyte adherence to endothelium depends on the cells’
adhesion molecules and is a crucial step in regulating vas-
cular inflammation.”® The direct association of HIF-1a-NL-
RP3 on leukocyte function in thrombosis remains unclear.
To assess the impact of the HIF-1a-NLRP3 inflammasome
axis on monocyte adherence to vascular endothelium, we
performed a monocyte-endothelial cell adhesion assay.
Endothelial cells (Ea. hy926 or HUVEC) were pre-activated
with 1% oxygen for 8 h to create an adhesive surface for
monocytes. THP-1 cells and hPBMC were treated with 1%
oxygen or DMOG in the presence or absence of the inhibi-
tors DIM, MCC950, and SML0499. Compared to the control
(activated endothelial cells with monocytes with no chem-
ical additions or exposures), exposing monocytes to either
hypoxia or an HIF-1a activator (DMOG) produced a similar
increase (8- to 9-fold) in the total number of monocytes
adhered to the surface of endothelial cells. This effect was
significantly reversed when monocytes were treated with
inhibitors of HIF-1a (DIM), NLRP3 (MCC950), or caspase-1
(SML0499) confirming that the adhesion was dependent
on this specific pathway (Figure 1A, Online Supplementary
Figure ST7).

We next examined the effect of ADP-induced activated
platelets on monocyte adhesion to hypoxia-activated en-
dothelial cells. In the presence of ADP-induced activated
platelets, monocyte adhesion increased significantly under
various conditions: a 5.7-fold increase was observed in
monocytes without hypoxia treatment, an 18.3-fold increase
in monocytes exposed to hypoxia, and a 15-fold increase
in DMOG-treated monocytes. These fold changes are rel-
ative to normoxic monocytes adhered to hypoxia-activat-
ed endothelial cells, highlighting the enhanced adhesive
response induced by activated platelets. Addition of DIM,
MCC950, and SML0499 produced comparable decreases in
monocyte adhesion to hypoxic endothelial cells compared
to that produced by DMOG (Figure 1B).
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To understand the molecular basis of these effects, we ex-
amined the expression of key adhesion molecules: 32 integrin
(CD11a/18) and junctional adhesion molecule-1 (JAM-1). Sig-
nificant increases in the expression of CD11a/18 (P=1.09x10")
and F11R (P=6.9x10") were observed under hypoxic condi-
tions and in the presence of DMOG. The increased expres-
sion was significantly reduced by pharmacological inhibition
of HIF-1a, NLRP3, and caspase-1 activity, suggesting that
monocyte adhesion to activated endothelial cells under
hypoxia may be mediated through these molecules. Further
validation is needed to confirm this mechanism (Figure 1C,
D). Figure 1E illustrates monocyte adhesion to endothelial
cells under various experimental conditions.

CD11a/18 (B2 integrin) is expressed by monocytes and other
leukocytes, but not by endothelial cells.?° Endothelial cells,
monocytes, and platelets, among others, express F11R.?' We
examined the expression of F11R separately in monocytes
and endothelial cells. The results demonstrated that the
expression of F11IR and DMOG was modestly upregulated
in monocytes (~1.8 fold) and in endothelial cells (~1.9-fold)
under hypoxia (Online Supplementary Figure S2). In con-
trast, co-culturing these cells resulted in amplification of
F11R expression to a level 3.5-fold higher than in separate
cultures (Figure 1D). The increased expression of F11R in the
co-culture was due to the interaction between monocytes
and endothelial cells and not to the endothelial cells only.
Collectively these data suggest that the HIF-1a-NLRP3 axis
enhances monocyte adhesion to endothelial cells, potentially
through the upregulation of f2 integrin and F11R expression.
We also studied the expression of adhesion molecules
in endothelial cells and found increased expression of
intercellular adhesion molecule (I-CAM), vascular cell ad-
hesion molecule (V-CAM), E-selectin and P-selectin under
hypoxia and with DMOG, an effect which was suppressed
by the addition of DIM, MCC950 and SML0499 signifying
the importance of endothelial dysfunction/activation for
the recruitment of immune cells and the progression of
thrombosis through the HIF-1a-NLRP3 axis (Online Sup-
plementary Figure S3).

Status of hypoxia and its response pathway in
manifesting NLRP3 inflammasome activation leading to
increased expression of Egr-1in monocytes through the
HIF-10-NLRP3 axis

The involvement of the HIF-1a-NLRP3 axis in potentiating
thrombosis led us to inspect the functional engrossment
of hypoxia response pathways. The expression of HIF-1a
protein (Figure 2A), and its targeted transcripts, vascular
endothelial growth factor-A (VEGF-A), and erythropoietin
(EPO) (Online Supplementary Figure S4), was significantly
increased under hypoxia and DMOG. The presence of a
pharmacological inhibitor of HIF-1a,, NLRP3, and caspase-1
resulted in reduced accumulation and transcriptional activ-
ity of VEGF-A and EPO in monocytes (Online Supplementary
Figure S4).
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We also investigated the association between hypoxia, HIF-
1o and NLRP3 inflammasome activation in monocytes. We
observed a significant increase in protein levels of NLRP3,
and IL-1p (Figure 2B, C) and mRNA transcripts of NLRP3,
caspase-1 and IL-18. Apart from this, caspase-1 catalytic
activity and IL-1p release were significantly increased under
hypoxia and DMOG (Figure 2B, C, Online Supplementary
Figure S4). Their expression was downregulated by DIM,
MCC950, and SML0499, indicating the activation of NLRP3
under hypoxia in monocytes/macrophages.
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Following hypoxia pathway modulation and, NLRP3 in-
flammasome activation, we observed significant increases
in both mMRNA and protein levels of Egr-1 under hypoxia
(P=2.6x10", P=8.4x10-°) and DMOG (P=9.0x107", P=2.7x107"°).
This upregulation was completely dependent on the integrity
of this axis as Egr-1 levels decreased significantly under
the pharmacological inhibition of HIF-1a (DIM: P=5.0x107°,
P=1.2x107), NLRP3 (MCC950: P=9.1x10"", P=4.5x107"°), and
the catalytic activity of caspase-1 (SML0499: P=9.0x10°%,
P=1.7x10") (Figure 2D, Online Supplementary Figure S4). In
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Figure 1. Adherence of monocytes to endothelial cells. Endothelial cells (EC) were exposed to hypoxia for 8 h for all the experi-
mental conditions to create a suitable endothelial surface and simultaneously THP-1 cells (monocytes) were exposed to hypoxia
for 8 h, the hypoxia inducible factor 1 alpha (HIF-1a) activator, DMOG for 12 h, DMOG + an HIF-1a inhibitor (DIM), an NLRP3 inhib-
itor (MCC950) + DMOG and an inhibitor of catalytic activity of caspase-1 (SML0499) + DMOG. All the inhibitors were used for 4 h
each. Adherence was subsequently determined in all the experimental conditions (the comparisons were: no addition vs. hypox-
ia and DMOG; DMOG vs. DIM, MCC950, and SML0499). (A) Number of monocytes that adhered to EC. (B) Effect of platelets on the
number of monocytes that adhered to EC. Differentiated and ADP-activated megakaryocytic cells were added to monocytes and
EC in all the above-mentioned experimental conditions. (C) Expression of 2 integrin adhesion molecules on the co-culture of
monocytes and EC. (D) Involvement of the F11R gene in the co-culture of monocytes and EC. (E) Representation of adhesion of
monocytes to EC in all the experimental conditions. Statistical analysis was performed using one-way analysis of variance with
the Turkey multiple comparison test. Data are represented as mean * standard error of mean. M®: monocytes; NA: no addition;
DMOG: dimethyloxalylglycine; DIM: 3,3’-diindolylmethane; Plt: platelets.
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Figure 2. Involvement of the hypoxia response pathway in the regulation of the NLRP3 inflammasome axis and identification of
the HIF-1a binding site in the Egr-1 promoter. Monocytes were treated in all the experimental conditions. RNA and whole cell
lysate were collected. Regulation of hypoxia response pathway. (A) Estimation of hypoxia-inducible factor 1 alpha (HIF-1a) protein;
exposure to hypoxia resulted in a pro-inflammatory state through the HIF-1a-NLRP3 inflammasome axis. (B-D) Protein levels of
NLRP3, IL-18, and Egr-1in all the experimental conditions (the comparisons were: no addition vs. hypoxia and DMOG; DMOG vs.
DIM, MCC950, and SML0499. (E) Chromatin immunoprecipitation was used to examine HIF-1a binding to the Egr-1 promoter in
the presence of normoxia, hypoxia, DMOG with and without HIF-1a inhibitor, NLRP3 inhibitor, and the inhibitor of catalytic activ-
ity of caspase-1. (F) Regions of Egr-1 promoter depicting the binding site of HIF-1a, spanning nucleotides -1302 to -1295, -1585 to
-1578, and -869 to0-862. The HIF-1a binding site within the Egr-1 promoter with the sequence 5-TCACGTCA-3’ is illustrated. Sta-
tistical analysis was performed using one-way analysis of variance with the Turkey multiple comparison test. Data are represent-
ed as mean * standard error of mean. HIF-1a: hypoxia-inducible factor 1a; NA: no addition; DMOG: dimethyloxalylglycine; IL-1p:
interleukin-1 beta; DIM: 3,3’-diindolylmethane; IP: immunoprecipitation; Ab: antibody.
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hPBMC, Egr-1 mRNA expression was upregulated in hypoxia
and with the addition of DMOG, an effect that was sup-
pressed by inhibiting HIF-1a,, NLRP3, and catalytic activity
of caspase-1, indicating that the regulation of Egr-1 under
hypoxia is due to the HIF-1a-NLRP3 axis (Online Supple-
mentary Figure S4A).

To determine whether HIF-1a regulates Egr-1 directly, we
performed chromatin immunoprecipitation (ChIP) assays.
The binding of HIF-1a to the promoter region of Egr-1
gene was analyzed through ChIP assays under different
experimental conditions (Figure 2E). The enrichment of
the Egr-1 promoter region in ChIP assays demonstrated
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increased binding of HIF-1a to the promoter in hypoxia
and DMOG-treated samples, while this binding was sub-
stantially reduced in the presence of DIM, MCC950, and
SML0499 (Online Supplementary Figure S4).

In further investigations of the specific interaction between
HIF-1a and the Egr-1 promoter, we identified that HIF-1a
binds to the hypoxia response element (HRE) region with-
in the Egr-1 promoter. HIF-1a binds to the HRE sequence
5’-TCACGTCA-3’, spanning nucleotides -869 to -862. In-
deed, three HRE binding sites for HIF-1a. were identified in
the Egr-1 promoter at nucleotide positions -1302 to -1295,
-1585 to -1578, and -869 to -862 (Figure 2F).
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Figure 3. A hypoxia-induced prothrombotic state is regulated through the HIF-1a-NLRP3 inflammasome axis. Monocytes were
treated to all the experimental conditions. RNA and whole cell lysate were collected: expression of tissue factor (TF) in all the
different experimental conditions, indicating its regulation through this axis. (A) Estimation of microparticle-bound TF activity. (B)
Expression of TF determined by flow cytometry. (C) Quantification of TF-positive cells under different experimental conditions.
A total of 10,000 events were analyzed in triplicate. (D-F) Activation of the fibrinolytic pathway under the influence of HIF-1a.
Relative levels of plasminogen activator type 1 (D), urokinase-type plasminogen activator (E), and tissue plasminogen activator
(F) in all experimental conditions as described above. The comparisons were: no addition (control) vs. hypoxia and DMOG; DMOG
vs. DIM, MCC950, and SML0499. The expression of the gene was normalized with 18sRNA, as an internal control to that of the
control group. Statistical analysis was performed using one-way analysis of variance with the Turkey multiple comparison test.
Data are represented as mean * standard error of mean. MP: microparticle; AU: arbitrary units; NA: no addition; DMOG: dimeth-
yloxalylglycine; DIM: 3,3’-diindolylmethane; PAI-1: plasminogen activator type 1; uPA: urokinase-type plasminogen activator; tPA:
tissue plasminogen activator.
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These findings illustrate that HIF-1a binds directly to the
HRE regions within the Egr-1 promoter, suggesting that
the regulation of Egr-1 expression under these conditions
is mediated by HIF-1a binding.

Role of the HIF-10-NLRP3 inflammasome axis in the
coagulation cascade potentiating thrombosis in
monocytes

To establish the functional role of the HIF-1a-NLRP3 in-
flammasome axis in coagulation, we assessed key throm-
botic markers in monocytes. Hypoxia or DMOG exposure
significantly increased microparticle-associated TF activity
(P=5.8x10"), as well as TF protein (P=8.4x10"%) and mRNA
(P=9.0x107") levels along with factor VII (FVII) expression
(Figure 3A-C, Online Supplementary Figure S5). In the pres-
ence of DIM, MCC950 and SML0499, expression of these

S. Chanchal et al.

molecules was reduced. Activation of the extrinsic pathway
of the coagulation cascade to promote thrombogenesis
leads to regulation of the fibrinolytic system.?? Consistent
with a prothrombotic phenotype, we also observed changes
in the fibrinolytic system. In synchrony, under hypoxia and
DMOG treatment, there was elevated expression of plas-
minogen activator type 1 (PAI-1) and reduced expression
of urokinase-type plasminogen activator (UPA) and tissue
plasminogen activator (tPA). These effects were reversed
by DIM, MCC950 and SML0499 (Figure 3D-F). Similarly, in
hPBMC, TF and FVII were upregulated under hypoxia and
DMOG treatment, effects suppressed by pharmacological
inhibition of the HIF-1a-NLRP3 axis, confirming regulation
of TF through this axis (Online Supplementary Figure S4A).
Following the demonstration of inflammation-mediated
coagulation under hypoxia through this axis, we proceeded
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Figure 4. Functional activity of platelets under the influence of the HIF-1a-NLRP3 inflammasome. Differentiated and ADP-acti-
vated megakaryocytic cells were stimulated and treated with all the experimental conditions. (A) Adhesion of platelets to colla-
gen in all different experimental conditions. (B) Percent platelet aggregation under the influence of hypoxia through the HIF-1a-
NLRP3 axis. (C) Kinetics of platelet aggregation showing increasing aggregation regulated by HIF-1a-NLRP3. (D) Detection of
intracellular platelet calcium as an indicator of platelet function. Comparisons were: no addition vs. hypoxia and DMOG; DMOG
vs. DIM and MCC950. Statistical analysis was performed using one-way analysis of variance with the Turkey multiple comparison
test (A, B, D) and linear regression (C). Data are represented as mean * standard error of mean. NA: no addition; DMOG: dimeth-
yloxalylglycine; DIM: 3,3’-diindolylmethane; iCalcium: intracellular calcium.
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to analyze the downstream molecules of NLRP3 and the
coagulation trigger, TF, and its activity. We aimed to validate
whether the activation of coagulation is interdependent
with the release of cytokines IL-18, Egr-1, and TF activity
or not. Hence, we studied the correlation of the protein
expression of HIF-1a versus NLRP3, NLRP3 versus IL-1p and
IL-1p versus Egr-1, and finally Egr-1 versus TF activity (Online
Supplementary Figure S6A-D).

To specifically validate the role of Egr-1 as the key interme-
diary linking inflammation to coagulation, we employed a
siRNA-mediated knockdown approach. First, we confirmed
our proposed pathway hierarchy i.e., siRNA knockdown of
upstream HIF-1o. or NLRP3 each resulted in significant-
ly lower Egr-1 expression (Online Supplementary Figure
S7A-F). Next, we performed a critical experiment in which
the direct knockdown of Egr-1 led to a significant decrease
in both TF mRNA expression (P=3.9x10°) and TF activity
(P=4.7x10"%) (Online Supplementary Figure S7G, H). Finally,
to confirm the pathway directionality, we showed that Egr-1
knockdown had no effect on the upstream inflammasome
components, as the expression of NLRP3, caspase-1, and
IL-18 remained unchanged (Online Supplementary Figure
S7B-D). Taken together, these data provide robust evidence
that Egr-1 functions as the critical downstream effector of
the HIF-1a-NLRP3 axis, directly driving the expression of TF.

Functional role of platelets in regulating
thromboinflammation in monocytes through the HIF-1a-
NLRP3-Egr-1 axis

Our observation that monocytes affect inflammation-me-
diated coagulation through the HIF-1a-NLRP3-Egr-1 axis
prompted us to investigate the role of platelets in this
process. While previous studies have established that hy-
poxia triggers platelet hyperactivation, leading to inflamma-
tion, enhanced aggregation, and thrombus stability,?*?" the
precise mechanism driving this hyperactivation is largely
unexplored. Hence, we performed an in vitro investigation
to determine whether the HIF-1a-NLRP3 inflammasome
axis is responsible for this phenomenon. We measured the
primary steps of platelet function, such as adhesion, aggre-
gation and calcium release, in hypoxia. Platelets exposed
to hypoxia and DMOG demonstrated enhanced adhesion to
collagen (Figure 4A), increased rate and extent of platelet
aggregation (Figure 4B, C) and stimulated calcium release
(Figure 4D). Remarkably, this platelet hyperreactivity was
significantly reduced by the pharmacological inhibitors
DIM, MCC950, and SML0499 (Figure 4A-D). These data sup-
port the notion of platelet hyperreactivity being mediated
through the HIF-1a-NLRP3 inflammasome axis.
Furthermore, since this axis regulates platelet hyperre-
activity and platelet—-immune cell interactions influence
inflammation-driven coagulation, it is important to study
how platelets affect NLRP3-mediated coagulation in mono-
cytes and macrophages. We, therefore, studied this axis in
co-culture models of monocytes and platelets. We observed
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a significant increase in protein levels of HIF-1a, NLRP3, and
IL-18 under hypoxia or DMOG treatment in comparison to
the ‘platelet only’ condition (activated platelets and mono-
cytes with no exposure to hypoxia or chemicals) (Figure
5A, B, Online Supplementary Figure S8). A similar pattern
of increase was observed in mRNA transcripts of these
molecules along with Egr-1 and TF (Online Supplementary
Figure S8). With the inflammatory role, there was increased
expression of Egr-1 protein (P=2.4x10%, P=4.6 x10°°), micro-
particle-bound TF activity (P=6.9x10"®), mRNA expression of
TF (P=7.6x107") and FVII (Figure 5C, D, Online Supplementary
Figure S8). Pharmacological inhibition of HIF-1a, NLRP3,
and caspase-1 decreased the expression of the molecules
in this axis. Interestingly, addition of activated platelets to
monocytes with no exposure significantly elevated mRNA
expression compared to the condition with no addition of
chemicals (monocytes only).

The interaction of monocytes with endothelial cells in the
presence of platelets produced a significant increase in
TF activity in comparison to monocytes alone, an effect
attenuated by inhibiting HIF-1a, NLRP3, and caspase-1.
This confirms that the system together aggravates the in-
flammation-mediated coagulation (Online Supplementary
Figure S9). Thus, platelets act as amplifiers of the HIF-1a.-
NLRP3-Egr-1-TF axis in monocytes, resulting in a potent
thromboinflammatory state.

Validation that involvement of the HIF-1a-NLRP3-Egr-1
axis contributes to tissue factor expression in an in vivo
FeCl;—induced model of thrombosis

After the association of the HIF-1a-NLRP3-Egr-1 axis in
promoting thromboinflammation in vitro, we next sought to
validate the involvement of this axis in inflammation-me-
diated coagulation through the expression of TF in a rat
model. /n situ examination of inferior vena cava revealed a
significantly heavier and larger thrombus in FeCl,-treated
(P=7.4x10" and P=7.6x107"%, respectively), and DMOG-treated
rats (P=7.6x10" and P=7.6x107", respectively). Reductions in
thrombus weight and size were observed in animals treat-
ed with DIM (P=9.7x107"2, P=9.7x10-"?), MCC950 (P=8.4x10",
P=8.4x10"") or SML0499 (P=7.6x10-", P=7.6x10-") (Figure 6A-
C). The denser and heavier thrombus suggests exaggerated
thrombogenesis with the HIF-1a-NLRP3 axis.

Consistent with these physical findings, we investigated
systemic coagulation parameters and observed significant-
ly shortened bleeding time (Figure 6D), activated partial
thromboplastin time, and prothrombin time (Online Sup-
plementary Figure S10) in DMOG-treated animals and longer
bleeding time, activated partial thromboplastin time, and
prothrombin time in those treated with DIM, MCC950 and
SMLO0499, indicating a role of HIF-1a. and NLRP3 in hypox-
ia-associated thrombogenesis.

Platelets play a significant role in thrombogenesis; hence
we next analyzed platelet function ex vivo. Platelets isolated
from exposed animals demonstrated enhanced adhesion
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(Online Supplementary Figure S10) and increased rate and MCC950 and SML0499 (Online Supplementary Figure S10).
extent of aggregation with time-dependent ADP in animals We also observed a significant reduction in the release of
treated with FeCl, and DMOG and reduced adhesion and endothelial nitric oxide synthase in animals exposed to
decreased aggregation extent in animals exposed to DIM, FeCl; (P=2.0 x10-%) and DMOG (P=4.2 x10-?) which increased
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Figure 5. Platelets strengthen the pro-inflammatory and prothrombotic milieu under hypoxia. To determine the effects of plate-
lets on monocytes in inflammation-mediated coagulation, Monocytes without any treatment (NA), Monocytes with hypoxia for 8
h (Hypoxia), Platelets without any treatment (NA’), ADP-activated platelets (Platelets), Monocytes without any treatment and in
the presence of activated platelets (Platelets’), Monocytes stimulated with hypoxia for 8 h (Hypoxia’), DMOG for 12 h, DIM, MCC950,
and SML0499 for 4 h each and co-culture with ADP-activated platelets. RNA and whole cell lysate were collected as per the
experimental condition: monocytes, platelets and co-culture of monocytes and platelets. Gene and protein levels were subse-
quently determined in all the above-mentioned experimental conditions. (A) Protein levels of HIF-1a. (B) Relative protein levels
of NLPR3. (C) Relative levels of Egr-1 protein. (D) Microparticle-bound tissue factor activity in all the experimental conditions
mentioned. Statistical analysis was performed using one-way analysis of variance with the Turkey multiple comparison test. Da-
ta are represented as mean * standard error of mean. DMOG: dimethyloxalylglycine; DIM: 3,3’-diindolylmethane; M®: monocytes;
Plt: platelets; HIF-1a: hypoxia-inducible factor 1 alpha; MP: microparticle; TF: tissue factor.
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in DIM-, MCC950- and SML0499-treated animals. This reg-
ulation of endothelial nitric oxide synthase illustrates that
platelet hyperactivation is facilitated by the HIF-1a.-NLRP3
axis promoting thrombus formation (Online Supplementary

S. Chanchal et al.

Figure S10). Immunohistochemistry of liver sections further
confirmed increased expression of TF in the prothrombot-
ic groups (Figure 6E). To further establish the association
between pro-inflammatory and prothrombotic states, RNA
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Figure 7. Evidence for the involvement of the
HIF-10-NLRP3-Egr1-TF axis in human pa-
tients with high altitude-induced thrombo-
sis. Total RNA was isolated and collected
from whole blood samples of thrombotic
patients (N=10), and gene expression was
quantified. The expression of the gene was
normalized with 18sRNA as an internal con-
trol to that of the control. (A-F) The relative
expression of HIF-1a. (A), NLRP3 (B), caspase-1
(©), IL-1p (D), Egr-1 (E) mRNA, Egr-1 protein
levels (F), F3 (G) and F7 (H) transcripts in
thrombotic individuals vs. controls. The sta-
tistical analysis was performed using un-
paired Student t tests. Data are represented
as the mean * standard error of mean. The
blue color indicates the mean value. HIF-1a:
hypoxia-inducible factor 1 alpha; IL-1p: inter-
leukin 1 beta; EGR-1: early growth response-1;
F3: factor Ill; F7: factor VII.



ARTICLE - Inflammation-induced coagulation under hypoxia

and plasma were isolated from whole blood. We observed
increased mRNA transcript and protein levels of HIF-1a,
NLRP3, and its associated molecules such as caspase-1,
IL-18, along with Egr-1, and TF in FeCl; and DMOG-treated
rats, which were downregulated in animals exposed to DIM,
MCC950 and SML0499 (Online Supplementary Figure S17).
This further validates the involvement of the HIF-a-NLRP3-
Egr-1-TF axis in inflammation-mediated coagulation.

Involvement of the HIF-1a-NLRP3-Egr1-TF axis in
patients with high altitude-induced deep vein
thrombosis

After the in vitro and in vivo validation, we investigated
the potential involvement of HIF-1a-NLRP3-Egr1-TF axis
in clinically proven cases of DVT brought on by a hypo-
baric hypoxic environment. Online Supplementary Table
S1displays the demographic, and clinical, characteristics
of these patients with DVT. In support of the function-
al involvement of the HIF-1a-NLRP3-Egr1-TF axis in the
pathogenesis of DVT, we observed elevated transcripts of
HIF-1a, NLRP3, and caspase-1, and IL-1p. Along with this, the
downstream effectors responsible for driving coagulation,
such as Egr-1 (P=0.006), TF (P=0.003) and FVII (P=0.002),
and the protein level of Egr-1 (P=0.006) were increased
in patients compared with healthy controls (Figure 7A-
H). These clinical data strongly support the involvement
of the HIF-1a-NLRP3-Egr1-TF axis in the pathogenesis of
DVT in individuals who have been exposed to high-altitude
hypoxic conditions.

In contrast to high-altitude conditions, the HIF-1a-NLRP3-
TF axis is not pronounced in low-altitude human patients,
as there were no significant changes in caspase-1, IL-14,
Egr-1, and TF expression. Elevated NLRP3 expression was
observed in patients, which could be due to underlying
infection or release of damage-associated molecular pat-
terns. However, activation of NLRP-3 did not translate into
downstream activation of Egr-1and TF, the key mediators
that promote DVT development (data not shown).

Discussion

A state of localized hypoxia has emerged as a key factor in
regulating thromboinflammation, with the HIF-1a-NLRP3 axis
acting as a critical regulator of cellular responses in both
physiological adaptation and pathological progression.?8-3¢
Since monocyte adhesion to the endothelial surface drives
vascular inflammation, it represents a crucial therapeutic
target for vascular diseases, including atherosclerosis.®
The interaction between $2 integrin and JAM-1 facilitates
transendothelial migration,*> and monocyte adhesion to
the endothelial surface. Our data demonstrate that the
HIF-10-NLRP3 axis facilitates the adhesion of monocytes to
endothelial cells through 2 integrin and JAM-1/F11R under
hypoxia, a process that is further amplified by platelets.
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Therefore, inhibiting this axis has potential for treating
vascular inflammation by reducing monocyte adherence.
Beyond the role of 2 integrin in the transition of monocytes
from an anti-adhesive to pro-adhesive state, our studies
revealed the role of the NLRP3 inflammasome in regulating
thromboinflammmation under hypoxia.® Systemic inflam-
mation strongly promotes thrombosis through increased
expression of procoagulant factors, inhibition of natural
anticoagulants, reduced fibrinolytic activity, and enhanced
platelet reactivity.**** We elucidated a molecular mechanism
whereby hypoxia triggers thromboinflammation through
activation of the HIF-1a-NLRP3-caspase-1-1L-1p-Egr1-TF/
FVII axis. The NLRP3 inflammasome is quite crucial for
thrombosis in various diseases, such as atherosclerosis®
and different inflammatory diseases®* including inflam-
matory bowel syndrome, rheumatoid arthritis, systemic
lupus erythematosus, hypoxia,®*® ischemic stroke,* and
SARS-CoV-2 infection.®®

We demonstrated that Egr-1, a pivotal molecule connecting
inflammation and coagulation through TF, increases un-
der hypoxia. Yan et al. have reported that Egr-1 activation
is essential for hypoxia-driven TF expression by binding
promoter regions and enhancing its transcription.®®* Our
study provides additional information, showing that the
regulation of thromboinflammation is mediated by the
HIF-1a-NLRP3 axis under hypoxia involving monocytes,
platelets and endothelial cells. Previous research showed
that monocytes/macrophages are primary sources of TF
after NLRP3 inflammasome activation, despite TF being
produced in various cell types.*® In addition to activation
of the extrinsic pathway of the coagulation cascade, we
observed dysregulation of the fibrinolytic system. These
findings suggest that the HIF-1a-NLRP3 axis drives hypox-
ia-induced thrombosis by simultaneously modulating both
the extrinsic pathway of coagulation and the fibrinolytic
system, Egr-1 and TF amplification. To identify the possi-
ble mechanism, we observed that the HIF-1a-NLRP3-Egr-1
axis is highly correlated with TF activity, thereby promoting
thrombosis. Abrogation of the HIF-1a-NLRP3 axis attenu-
ated hypoxia-induced progression of thrombosis, further
confirming the contribution of this axis and establishing an
association between inflammation-mediated thrombosis
via Egr-1. Although different studies have proven the po-
tential involvement of Egr-1in triggering TF expression,¢"
we postulate HIF-1a-NLRP3 inflammasome involvement in
hypoxia-induced coagulation through IL-1p and Egr-1.

We next demonstrated the involvement of NLRP3 in platelet
hyperreactivity and thromboinflammation. Beyond hemo-
static activities, platelets modulate the inflammatory re-
sponse by secreting pro-inflammatory mediators, initiating
NETosis, and forming heterotypic leukocyte aggregates.*+2
Along with other effects, the HIF-1a-NLRP3 axis increases
platelet adhesion and aggregation and aggravates throm-
boinflammation, effects that are suppressed by inhibiting
this axis. Other studies have shown that a deficiency of
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platelet NLRP3 and IL-1 impairs clot retraction and, in
the context of sickle cell disease, reduces aggregation due
to decreased P-selectin, and ATP release, thereby further
attenuating thrombosis.**4

We have demonstrated that Egr-1 promotes inflamma-
tion-mediated coagulation through the HIF-1a-NLRP3-1L-1p-
Egr-1and TF pathways, and this effect is further potentiated
by platelets. Some studies have suggested that the plate-
let-monocyte interaction mediated by protease-activated
receptors (PAR1 and PAR2) and TF in COVID-19 contributes
to the escalation of thromboinflammation and cytokine
release.*®*¢ The cytokines released from monocytes are
promoted by activated platelets, highlighting the signifi-
cance of platelet-monocyte aggregates in the inflamma-
tory response.*? This interaction is reciprocal as platelets
activate monocytes which further stimulate platelets, thus
this crosstalk exacerbates the inflammatory response.*546
Hence, we postulate that platelets amplify thromboinflam-
mation through platelet-monocyte/macrophages interac-
tions, increasing the production of cytokines and Egr-1 by
monocytes through the HIF-1a-NLRP3-Egr-1 axis.
Consistent with our findings, various groups have demon-
strated that platelets amplify inflammation in rheumatoid
arthritis, through IL-1p. Recent studies found that platelets
exhibited pro-atherogenic effects by inducing monocyte
differentiation into pro-inflammatory macrophage phe-
notypes.**® These observations support a broader role of
platelet-monocyte interactions in vascular inflammation.
However, further investigation is required to identify the
platelet factors that boost the inflammmasome activation in
monocytes that further aggravate thrombogenesis.
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