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A B S T R A C T

Objectives: Venous thromboembolism (VTE), following Janus kinase inhibitors treatment (JAKi),
is poorly understood in rheumatoid arthritis (RA). We investigated whether JAKi augmented
immune cell-driven clotting or immunothrombosis in RA.
Methods: Peripheral blood leukocytes (PBLs) isolated from patients with RA and healthy controls
were treated with various JAKi classes, before stimulation with Toll-like receptor (TLR)-4 (lipo-
polysaccharide [LPS]) or TLR3 (polyinosinic-polycytidylic acid—poly (I:C)) agonists. Condi-
tioned supernatants were used in plasma turbidity assays to evaluate clot formation and lysis
dynamics, while bulk RNA sequencing, enzyme-linked immunosorbent assay, and bead-based
immunoassays were used to explore immunothrombosis mechanisms.
Results: Turbidity analyses showed that conditioned media from PBLs treated with LPS and tofaciti-
nib significantly accelerated clot formation when compared to LPS alone, and this effect was tissue
factor pathway dependent and accompanied by elevations in immunothrombotic cytokines, includ-
ing tumour necrosis factor α, interleukin (IL)-1β, and IL-6. PBLs from patients with active RA exhib-
ited significantly greater immunothrombotic potential compared to those with low disease activity,
despite comparable baseline cytokine levels. RNA sequencing analysis revealed significant pathway
enrichment in tofacitinib/LPS-treated PBLs, including activation of Nuclear Factor (NF)-κB path-
ways, increased tissue factor expression, and reduced levels of anticoagulant factors such as protein
S. Pharmacological inhibition assays with 5 JAK therapies suggested that JAK1/tyrosine kinase 2-
dependent effect underscored increased thrombosis but selective JAK3 inhibition did not reproduce
the prothrombotic effects. Finally, patients with RA with JAK-associated pulmonary embolism
showed interstitial changes compatible with immunothrombosis in 4/6 (67%).
Conclusions: Immunothrombosis offers a novel explanation for JAKi-associated VTE in RA.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Janus kinase inhibitors (JAKis), particularly tofacitinib, are
associated with increased risk of venous thromboembolism
(VTE) in rheumatoid arthritis.

� The mechanisms underlying JAKi-related VTE remain unclear
and are not explained by classical thrombophilia risk factors.

� Immunothrombosis, driven by innate immune activation, is
increasingly recognised as a contributor to thrombosis in
inflammatory diseases and under some conditions JAKi may
actually increase innate immune activation.

WHAT THIS STUDY ADDS

� JAKis amplified toll-like receptor 4-induced cytokine produc-
tion and accelerated clot formation in rheumatoid arthritis
leukocyte assays and more pronounced in patients with
active RA.

� The prothrombotic effect was tissue factor-dependent and associ-
ated with increased F3 (tissue factor) expression and reduced Pro-
tein S.

� Selective JAK3 inhibition did not reproduce these effects, suggesting
pathway-specific risk.

� Pulmonary emboli under JAKi frequently showed imaging features
compatible with in situ pulmonary immunothrombosis rather than
DVTwith PE development.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� This work provides mechanistic evidence that JAKi-associated
VTE is linked to immunothrombosis rather than inherited clot-
ting disorders.

� This study also highlights that the JAK and VTE association
may be more likely in active RA.

� It also suggests that preserving IL-10 signalling or combining
with protective strategies could mitigate thrombotic risk in
future JAKi development.
INTRODUCTION

The risk factors for deep vein thrombosis (DVT) and pulmo-
nary embolism (PE), collectively known as venous thromboem-
bolism (VTE), include female sex, surgery, immobilisation, older
age, heart failure, and cancer, among others [1−3]. Recent stud-
ies have also shown higher rates of VTE in patients with rheuma-
toid arthritis (RA) [4−7], which can be potentially further
exacerbated upon treatment with Janus kinase inhibitors
(JAKi), particularly tofacitinib [8−10]. Increased incidence of
atherosclerotic disease upon treatment of patients with RA with
JAKi has also been documented, although findings across
cohorts remain inconsistent [11−15]. The pathogenesis of both
VTE and major adverse cardiac events in JAKi-treated cases
remains poorly understood.

PE is classically viewed as a consequence of DVT, where
thrombi originating in the peripheral venous system embolise to
the pulmonary arteries, leading to vascular occlusion and hyp-
oxia. However, a notable subset of PE cases—estimated to
account for nearly one-third—occur without detectable DVT,
even after thorough imaging evaluation [16,17]. This phenome-
non, referred to as isolated PE (iPE) or in situ pulmonary throm-
bosis (iPT), is increasingly recognised as a distinct clinical entity
and may be particularly relevant in the setting of JAKi-associ-
ated thrombosis in RA [8,18,19]. Epidemiologic studies suggest
that iPE occurs more frequently in women and older individuals
and is less often associated with cancer or peripheral symptoms
such as leg swelling or pain [20]. Furthermore, individuals with
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iPE appear to have a higher prevalence of atherosclerotic comor-
bidities—including coronary artery disease, atrial fibrillation,
stroke, and peripheral artery disease—compared to patients
with other VTE phenotypes [21]. The field is further compli-
cated by the fact that both active RA and active inflammatory
disease, in general, are also associated with DVT and PE [4,8],
making it challenging to disentangle disease-specific and treat-
ment-related thrombotic mechanisms.

Thus far, genetic risk factors for hypercoagulability have not
been incriminated in JAKi-associated thrombosis [22]. The term
‘immunothrombosis’ describes activation of blood clotting
mechanisms through innate immune defensive mechanisms trig-
gered in several different pathologies [23]. Activated monocyte
production of tissue factor, a crucial coagulation initiator, plays
an important role in immunothrombosis. Other mechanisms,
including dysregulation of platelets and key inflammatory cyto-
kines dysregulation, including interleukin (IL)-1, tumour necro-
sis factor α (TNF-α), and IL-6, have been proposed [24].
Interestingly, pulmonary immunothrombosis is a key pathogenic
mechanism in COVID-19 [25−29]. Of note, such thrombosis
occurs without evident DVT, which has also been reported in RA
under JAKi [8]. Thus, both conditions are linked to iPT, where
PE without DVT may be evident [30].

In rheumatology and other medical specialties, JAK pathway
antagonism—comprising JAK1, JAK2, JAK3, and tyrosine
kinase 2 (TYK2) inhibition—has been used increasingly for
inflammatory disease therapeutics [31−35]. Although generally
overlooked by rheumatologists, it has been reported that JAKi
elevates murine proinflammatory cytokine production in
response to bacterial lipopolysaccharide (LPS) challenge, likely
due in part to antagonism of IL-10 signalling, an anti-inflamma-
tory cytokine [36,37]. Indeed, we recently confirmed a dissocia-
tion between JAKi on innate and adaptive immune
compartments with seemingly paradoxical augmentation of
myeloid inflammation despite robust suppression of adaptive T
cell responses in an in vitro enthesitis model [38]. Given the
present enigmatic basis for JAKi-associated VTE in RA, we tested
the hypothesis that JAKi could promote immunothrombosis in
vitro, depending on RA disease activity. Accordingly, we report
that immunothrombosis represents a simple explanation for
VTE associated with JAK inhibition, which may also be associ-
ated with JAK pathway selectively.
METHODS

Ethical approval and patients

Ethical approval for the study was obtained from the Leeds
Teaching Hospitals NHS Trust (Rheumatoid Arthritis DiseAse
Research ethics, protocol number RR09/9134, version 12.0).
Patients already under JAKi were excluded, but disease-modify-
ing antirheumatic drugs (DMARDs) or biological therapy was
permitted. A volume of 8 mL of blood obtained in EDTA tubes
was collected from patients with RA in remission/low disease
activity (LDA) (Disease Activity Score [DAS]-28-C-reactive pro-
tein [CRP] score ≤ 3.2, n = 12), with moderate-high disease
activity (DAS-28-CRP > 3.2, n = 14) and from healthy controls
(n = 6). For clotting studies, home-made normal pooled plasma
(NPP) was prepared by collecting free-flowing blood from the
antecubital vein of at least 25 healthy donors using 19-gauge
butterfly needles. Blood was drawn into 0.109 M trisodium cit-
rate tubes and processed within 1 hour. Samples were centri-
fuged at 3000 relative centrifugal force for 20 to 30 minutes to
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obtain platelet-poor plasma, which was subsequently pooled.
The pooled NPP was divided into 0.8 to 1 mL aliquots, snap-fro-
zen in liquid nitrogen, and stored at −80°C until use.

Peripheral blood leukocyte isolation and stimulation

Peripheral blood leukocytes (PBLs) were isolated from
peripheral blood using centrifugation, following ammonium
chloride-mediated lysis of red blood cells (RBCs). Blood was
diluted 10-fold in RBC lysis buffer (Cytek Biosciences) and incu-
bated at room temperature for 10 minutes. After incubation, the
samples were centrifuged at 400 g for 10 minutes, and the super-
natants were discarded. The PBLs were washed 3 times in phos-
phate-buffered saline, each time centrifuging at 300 g for 10
minutes. Cells were resuspended in Roswell Park Memorial
Insistitute (RPMI) 1640 media (Gibco) supplemented with 10%
fetal bovine serum (Sigma-Aldrich), 100 U/mL penicillin
(Sigma-Aldrich) and 100 µg/mL streptomycin (Sigma-Aldrich)
and plated at a density of 5 × 105 cells per well in cell culture-
treated 96-well plates (Thermofisher).

Cell stimulations

Cells were treated with either vehicle control (0.01%
Dimethyl Sulfoxide -DMSO; Sigma-Aldrich) or JAK inhibitors
(tofacitinib, upadacitinib, deucravacitinib, baricitinib, ruxoliti-
nib, or ritlecitinib; MedChemExpress), which were dissolved in
0.01% DMSO. To account for any effect of the solvent, 0.01%
DMSO was included in all experimental conditions, including
LPS-only and poly(I:C)-only samples. A second control condition
consisting of unstimulated cells treated with DMSO alone was
also included to assess baseline cytokine expression. Treatments
were applied using clinically relevant concentrations (1 μM,
100 nM, and 10 nM) for 1 hour before stimulation with either
LPS (100 ng/mL; Sigma-Aldrich) or polyinosinic-polycytidylic
acid (poly(I:C), 1 μg/mL; Invivogen). To assess the role of ste-
roid therapy on JAKi-induced coagulation, cells were treated
with 1 µM tofacitinib 1 hr before LPS stimulation in combination
with incremental doses of methylprednisolone (1 µM, 100 nM,
and 10 nM; Cayman Chemical). For transcriptomics analysis,
cells were collected 24 hours post-stimulation for RNA extrac-
tion. Supernatants were collected 48 hours post-stimulation for
analysis of clotting dynamics and cytokine quantification and
stored at -80°C.

Cytokine quantification

The LEGENDplex Human Essential Immune Response Panel
(13-plex; BioLegend) multiplex assay panel (IL-4, IL-2, C-X-C
motif chemokine ligand (CXCL)-10 [interferon gamma inducible
protein 10, IP-10], IL-1β, TNF-α, C-C-motif ligand (CCL2)
[Monocyte Chemotatic Protein 1, MCP-1], IL-17A, IL-6, IL-10,
interferon [IFN]-γ, IL-12p70, CXCL8 [IL-8], and Free Active
transforming growth factor -TGF-β1) was used for supernatant
cytokine quantification, measured on a Beckman Coulter Cyto-
flex S flow cytometer. Due to high concentrations of IL-6 and IL-
1β, repeated measurements were performed on diluted samples
using enzyme-linked immunosorbent assay kits (Thermo Fisher
Scientific).

Turbidity and lysis

JAK inhibition has been shown to increase myeloid inflam-
matory activity in response to some pathogen-associated
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molecular pattern stimuli, including LPS [36,37], which could
theoretically augment immunothrombosis. Therefore, we exam-
ined whether conditioned media from tofacitinib-treated PBLs
impacted clotting using plasma turbidity.

Conditioned media were generated from isolated RA PBLs by
pretreatment with either tofacitinib or DMSO vehicle control
1 hour before stimulation with LPS or poly(I:C) for 48 hours,
and subsequent collection of cell-free supernatant. The condi-
tioned supernatants were added to NPP along with CaCl2 and
thrombin to trigger clotting, and clotting metrics were analysed
by measuring plasma turbidity.

For turbidity assays, stimulated cell supernatants (20 μL)
were added to NPP (20 μL) obtained from healthy individuals.
Clotting was triggered by the addition of clotting mix (20 μL)
containing CaCl2, human thrombin (Sigma)—at final concentra-
tions 10 mM/mL and 0.1U/mL, respectively—in Hanks’ bal-
anced salt solution. For lysis assays, tissue plasminogen
activator (tPA, 0.03 ng/mL; Technoclone) was also added to the
clotting mix [39]. Absorbency was read on a Powerwave plate
reader (Biotek) at 340 nm, every 12 seconds for 3.5 hours at
37°C [39]. Clot formation and lysis parameters, including lag
time, maximum optical density, maximum turbidity velocity,
and time to 50% lysis, were obtained as previously described
[40]. To evaluate the impact on contact and tissue factor coagu-
lation pathways, experiments were replicated using plasma
sourced from patients deficient in Factor XI (FXI; George King
Bio-Medical) and Factor VII (FVII; George King Bio-Medical),
respectively. Experiments were performed in duplicate, for 10
RA samples (5 from the LDA group; 5 from the moderate-high
disease activity group).

Bulk RNA sequencing and analysis

RNA extraction was performed using the Norgen Total RNA
Purification Kit (Norgen Biotek, Canada) following man-
ufacturer’s instructions. Libraries were prepared and sequenced
(PE150, 9 Gb per sample) on the Illumina NovaSeq X plus at
Novogene. Following removal of low-quality reads and reads
containing adapters and poly-N, reads were aligned to the refer-
ence genome using Hisat 2 v2.0.5. FeatureCounts v1.5.0-p3 was
used to count reads and calculate Fragments Per Kilobase of
transcript per Million base pairs sequenced. Differential expres-
sion analysis was performed with DESeq2 (DESeq2RPackage
1.20.0) [41], and adjusted P values (Padj) were calculated using
Benjamin and Hochberg’s approach [42]. Genes with a Padj ≤
.05 were assigned as differentially expressed. Pathway enrich-
ment analysis was performed using clusterProfiler package in R.

Computed tomography pulmonary angiography imaging

Computed tomography pulmonary angiography (CTPA) stud-
ies of 6 patients with confirmed PE under JAK inhibition therapy
were also reviewed for evidence of lung parenchymal changes
supporting immunothrombosis with imaging analysis by an
experienced radiologist (AS). Demographic, clinical, and sero-
logical relevant data were analysed.

Statistical analysis

Results were analysed with GraphPad Prism software. Data
are presented as mean ± SEM and were compared by one-way
analysis of variance when normal distribution was found. When
not normally distributed, data were presented as median + IQR
and compared by the Kruskal-Wallis test. Differences were
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considered statistically significant for P < .05. Multiple compari-
sons were corrected by Tukey’s post hoc method.
RESULTS

Patient demographics

A total of 32 patients with RA (4 males, 28 females) and 6
healthy individuals (3 males, 3 females) participated in this
study. Blood was collected from 26 patients with RA (3 males,
23 females) who were separated into a moderate-high disease
activity group (DAS-28-CRP > 3.2; n = 12) and an LDA group
(DAS-28-CRP ≤ 3.2; n = 14). Additionally, 6 patients with RA
who were diagnosed with PE while on JAK inhibition therapy
were included for analysis of imaging features on CTPA. The
overall median age of the patients was 61 (IQR 50.5-66.5), and
the median age of the healthy individuals was 23 (IQR 16-29).
Details of the patients and stage of RA are shown in Table 1. The
samples and experimental conditions for each experiment are
presented in Supplementary Figure S1.
Tofacitinib treatment of PBLs increases the rate of clotting

Compared to media from unstimulated cells, LPS-stimulated
PBL conditioned media (LPS) induced a significant reduction in
the time taken for clotting to start (lag time) (median 494 sec-
onds vs 810 seconds, P = .0229) and showed a nonsignificant
trend towards increased rate of clot formation (Vmax) (0.0325
ΔOD/min vs 0.0263 ΔOD/min, P = .057) (Fig 1A,B). The addi-
tion of tofacitinib-treated LPS-stimulated PBL conditioned
media (tofacitinib/LPS) further augmented this procoagulant
effect, reducing the lag phase to a median of 349 seconds com-
pared to 494 seconds in LPS alone (P= .0454), and significantly
increasing Vmax to 0.055 Δ Optical Density (OD)/min compared
to 0.0335 ΔOD/min in LPS alone (P = .0432) (Fig 1A,B), sug-
gesting that tofacitinib enhances PBL-driven coagulation in a
TLR4-dependent manner. To determine whether JAK inhibitors
alone could trigger prothrombotic responses, PBLs were also
treated with tofacitinib (1 μM) without LPS. Tofactinib alone
did not impact clotting metrics (Supplementary Fig S2A,B).

In contrast to LPS, poly(I:C) stimulated PBL conditioned
media, with or without the addition of tofacitinib, did not signif-
icantly alter plasma turbidity compared to unstimulated PBL
conditioned media (Fig 1C,D), indicating no role for TLR3-
induced activation of leukocytes in promoting clotting. Further-
more, analysis of each RA subgroup showed that clotting rates
and lag time were not significantly different between moderate-
high disease activity and LDA RA groups, suggesting that tofaci-
tinib-promoted coagulation is independent of disease activity
(Supplementary Fig S3).

To elucidate which pathway of the coagulation cascade was
responsible for the alteration in clotting observed above, we
Table 1
Patient demographics and details

Variables Moderate-high disease
activity RA (n = 12)

Low disease
RA (n = 14

Age, median (IQR) 59 (50-66) 61 (50-62)
Female, n (%) 11 (92%) 12 (86%)
DAS-28-CRP score, mean (SD) 4.83 (1.35) 2.35 (0.46)

CRP, C-reactive protein; DAS, disease activity score; JAKi, Janus kin
rheumatoid arthritis.
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repeated these experiments using coagulation FVII (FVII−/−) or XI
(XI−/−) deficient plasma, lacking activation of the tissue factor and
contact pathways, respectively. As with complete plasma, in FXI⁻/⁻
plasma, tofacitinib/LPS-conditioned media significantly reduced lag
time (396 seconds vs 620 seconds for LPS alone, P = .0094) and
increased Vmax (0.040 ΔOD/min vs 0.0275 ΔOD/min, P = .0053)
(Fig 1E,F). However, in FVII−/− plasma, neither LPS nor tofacitinib/
LPS altered lag time compared to unstimulated media (LPS: 1178
seconds vs 798 seconds, P = .481; tofacitinib/LPS: 900 seconds vs
798 seconds, P = .4895). Interestingly, LPS decreased Vmax in
FVII−/− plasma (median 0.005 δOD/min vs 0.035 δOD/min in
unstimulated, P = .0123), yet the observed Vmax for tofacitinib/
LPS was not significantly different from untreated levels
(median 0.0212 δOD/min vs 0.035 δOD/min in unstimu-
lated, P = .7684) (Fig 1G,H). Therefore, the loss of tofaciti-
nib plus LPS-induced augmentation of clotting in FVII−/−

plasma suggests the clotting potential of PBL supernatant is
driven by the tissue factor pathway.

Clot thrombolysis kinetics were also assessed by turbidity by
addition of the tPA in the assays. We found no overall significant
effect of TLR stimulation ± tofacitinib on plasma clot time to
half-lysis when compared to untreated conditioned media sug-
gesting that JAK inhibition impacts on clot formation but not
lysis dynamics (Fig 1I).
Tofacitinib increases LPS-induced inflammatory cytokine
production in PBLs

We and others have previously reported that JAK inhibition
can counterintuitively increase the inflammatory activity of
myeloid cells, increasing the production of proinflammatory
cytokines. Given the importance of inflammatory cytokines in
promoting immunothrombosis, we measured the concentration
of cytokines, known to play a role in immunothrombosis, in the
conditioned media of stimulated RA PBLs (IL-1β, TNFα, IL-6, IL-
10, IL-12, and TGFβ). As expected, all cytokines measured were
upregulated following LPS stimulation, compared to controls,
while poly(I:C) had no effect (Fig 2A). Importantly, addition of
tofacitinib before LPS stimulation further elevated secretion of
each cytokine in a dose-dependent fashion, and while the effect
was statistically significant for IL-6 and IL-1β, the trend was
maintained for all cytokines (Fig 2A). To determine whether
JAK inhibitors alone could trigger cytokine, PBLs were also
treated with tofacitinib (1 μM) in the absence of LPS. Tofacitinib
alone did not induce secretion of measured cytokines (Supple-
mentary Fig S2C-E).

Moreover, when comparing patients with RA with moderate-
high disease activity to those with LDA, the effects of LPS and
tofacitinib on IL-1β and TNF-α were significantly enhanced,
while IL-6 showed a strong trend towards increase, despite simi-
lar baseline cytokine levels (Fig 2B).
activity
)

Healthy individuals
(n = 6)

Patients with RA who were
diagnosed with PE when
treated with JAKi (n = 6)

23 (16-29) 66 (60-70)
3 (50%) 5 (83%)
NR NR

ase inhibition; NR, not recorded; PE, pulmonary embolism; RA,



Figure 1. Effect of tofacitinib-treated leukocyte conditioned media on clotting. (A-I) Turbidity assays were conducted using conditioned media gener-
ated by PBLs isolated from patients with RA (n = 10). Conditioned media generated from stimulated RA PBLs were added to normal pool plasma (A-
D, I), FXI-deficient plasma (E, F), and FVII-deficient plasma (G, H). Turbidity was measured to assess clot formation lag time (A, C, E, G) and rate of
clot formation (Vmax; B, D, F, H). (I) Time from maximum optical density to 50% lysis when the normal pool was supplemented with RA PBL condi-
tioned media. FVII, Factor VII; FXI, Factor XI; LPS, lipopolysaccharide; PBL, peripheral blood leukocyte; RA, rheumatoid arthritis. DMSO, dimethyl
sulfoxide; pIC, poly (I:C)
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Transcriptional analysis shows increased innate immune activity
and dysregulated coagulation factors after tofacitinib treatment

To better understand the immunological effects induced by
tofacitinib pretreatment that may contribute to accelerated and
increased clotting, transcriptional analysis of stimulated PBLs
was performed. As the changes in clotting dynamics and cyto-
kine secretion were most strongly observed in the moderate-
high disease activity RA group, PBLs from this group were used
for analysis. PBLs were treated with tofacitinib 1 hour before
24-hour stimulation with LPS. Principal component analysis
showed that treatment condition accounted for 82% of variance,
while participant variability accounted for 7% of variance
(Fig 3A). Differential gene expression analysis comparing tofaci-
tinib-pretreated LPS-stimulated PBLs with LPS only stimulated
cells identified 1805 upregulated genes and 1990
118
downregulated genes (Supplementary Fig S4), with significant
upregulation of inflammatory genes including IFN signalling
components, antimicrobial peptides, colony-stimulating factors,
costimulatory receptors, and ILs (Supplementary Fig 3B,C).
Pathway enrichment analysis shows tofacitinib-pretreated LPS-
stimulated PBLs were enriched for pathways of innate immune
responses, leukocyte activation, regulation of T cell activity and
cell migration, suggesting tofacitinib pretreatment has a signifi-
cant impact on PBLs (Fig 3D). Increases in inflammatory
markers from tofacitinib-pretreated PBLs also support our previ-
ous findings of increased innate cell inflammatory activity.

In addition to assessing whole transcriptome changes, we
analysed expression of a custom set of genes associated with
coagulation and further highlighted altered gene expression in
tofacitinib-pretreated PBLs (Fig 3E). Differential gene expression
identified tissue factor pathway inhibitor 2 (TFPI-2) and F3



Figure 2. Effect of tofacitinib and Toll-Like receptor
(TLR) stimulation on cytokine production. PBLs isolated
from 12 patients with RA (6 with moderate-high Disease
Activity Score [DAS > 3.2]; 6 with low disease activity
or in remission [DAS ≤ 3.2]) were pretreated with vehi-
cle control (0.01% DMSO) or tofacitinib (1 µM, 100 nM,
10 nM) before stimulation with LPS (100 ng/mL) or poly
(I:C) (1 µg/mL). (A) Following 48 hours of stimulation,
supernatants were measured for secreted cytokines
(TNFα, IL-6, IL-1β, IL-12, IL-10, TGF-β, IL-4). (B) Secre-
tion of TNFα, IL-1β, and IL-6 was compared between the
PBLs from moderate-high disease activity and low dis-
ease activity patients with RA. Data are presented as
mean ± SD compared by one-way ANOVA. ANOVA,
analysis of variance; IL, interleukin; LPS, lipopolysaccha-
ride; PBL, peripheral blood leukocyte; RA, rheumatoid
arthritis; TNFα, tumour necrosis factor α. DMSO,
dimethyl sulfoxide; TGF-β, transformig growth factor β
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(encoding for tissue factor) as more than 2-fold upregulated,
while F2RL1 (encoding for factor II - or thrombin -receptor like
1), protein S gene (PROS1), and versican gene (VCAN) showed a
more than 2-fold downregulation in the tofacitinib group
(Fig 3E). Of these genes, TFPI-2 and VCAN were significantly
regulated (Padj > .05). TFPI-2 and PROS1 are important regula-
tors of the coagulation cascade, while F3 encodes tissue factor
which is a critical activator of coagulation via FVII. Tofacitinib-
induced changes in transcription of these factors and regulators
may therefore impact clotting kinetics, with increased tissue fac-
tor expression.
JAK3 inhibition does not promote LPS-induced
immunothrombosis

Previous work has shown that JAK inhibition-dependent
increases in inflammatory cytokines are in part due to inhibition
of anti-inflammatory IL-10 signalling, which signals through
JAK1/TYK2 pathways, preventing effective negative feedback
[36,38]. Several JAKi with differing specificities are available to
target different JAK signalling pathways. Next, we compared
the effect of those inhibitors on LPS-induced cytokine produc-
tion to understand the importance of each pathway in cytokine
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regulation. We therefore compared IL-1β and IL-6 production
from PBLs isolated from 6 healthy volunteers, after treatment
with various JAKi. We found that inhibitors of JAK1, JAK2, and
TYK2 (tofacitinib, upadacitinib, baricitinib, deucravacitinib,
and ruxolitinib) led to a trend towards increased expression of
IL-1β and IL-6, while ritlecitinib, the JAK3 selective inhibitor,
did not impact LPS-induced production of either cytokine
(Fig 4A). Conditioned media of JAKi-pretreated LPS-stimulated
PBLs were also analysed by clotting turbidity assays in NPP.
Conditioned media from LPS-stimulated PBLs significantly
reduced clotting lag time (and increased Vmax, data not shown)
compared to unstimulated controls (mean 394 seconds vs 566
seconds, P = .0179). Tofacitinib-pretreated, LPS-stimulated
PBLs exhibited a slightly decreased mean lag time of 370 sec-
onds, which was not significantly different from LPS alone
(P = .9982), but remained significantly shorter than unstimu-
lated controls (P = .0065) (Fig 4B). Similar reductions in lag
time compared to unstimulated supernatants were observed
with other JAK1, JAK2, and TYK2 inhibitors: upadacitinib
(mean 325 seconds, P = .0008), baricitinib (358 seconds,
P = .0047), deucravacitinib (365 seconds, P = .0059), and rux-
olitinib (410 seconds, P = .0294) (Fig 4B). In contrast, ritleciti-
nib (selective JAK3i) pretreated LPS-stimulated conditioned



Figure 3. Bulk RNA sequencing of PBLs shows
tofacitinib-induced increase in PBL inflammation
and dysregulated coagulation-related genes. (A)
Principal components analysis of samples ana-
lysed by bulk RNA sequencing of PBLs isolated
from moderate-high disease activity patients with
RA (n = 3, DAS > 3.2) showing that treatment
condition is the primary contributor of variance
in the data. (B) Heatmap showing differential
gene expression of the top 100 significantly regu-
lated genes in unstimulated (blue), LPS-stimu-
lated (green), and tofacitinib-pretreated LPS-
stimulated (LPS + tofa; red) PBLs. (C) Volcano
plot showing differentially expressed genes of
tofacitinib-pretreated LPS-stimulated
(LPS + tofa) vs LPS-stimulated PBLs. Green dots
indicate > 2-fold change in expression. Red dots
indicate significant (Padj < .05) > 2-fold change
in expression. (D) Pathway enrichment dot plot of
the 20 most significantly enriched pathways in
tofacitinib-pretreated LPS-stimulated PBLs. Dot
size indicates counts of genes enriched in the
pathway. Dot colour indicates significance. (E)
Log2 fold changes in gene expression of clotting
factors and genes related to regulation and con-
trol of coagulation in tofacitinib-pretreated LPS-
stimulated PBLs vs LPS-stimulated PBLs. Coloured
dots indicate > 2-fold change in expression. Data
are presented as mean ± SD compared by one-
way ANOVA for (E). *P < .05, ***P < .001.
ANOVA, analysis of variance; LPS, lipopolysac-
charide; PBL, peripheral blood leukocyte; RA,
rheumatoid arthritis.
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media did not significantly alter lag time compared to unstimu-
lated media (mean 502 seconds vs 566 seconds, P = .4842),
and showed a nonsignificant trend towards prolongation rela-
tive to LPS alone (Fig 4B).
Corticosteroids do not mitigate tofacitinib-induced clotting despite
inflammatory cytokine reduction

Corticosteroids are commonly used alongside DMARDs in
treating RA. Given their significant ability to reduce inflamma-
tion and production of inflammatory cytokines, we tested
whether concomitant corticosteroid therapy mitigated against
or blocked JAKi-induced in vitro thrombotic potential. PBLs
from patients with RA were pretreated with vehicle control or
tofacitinib for 1 hour before stimulation with LPS with or with-
out methylprednisolone for 48 hours. Following stimulation,
supernatants were collected for use as conditioned media in tur-
bidity assays and measured for cytokine concentrations. In LPS-
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stimulated cells pretreated with tofacitinib, the addition of
methylprednisolone significantly reduced secretion of IL-1β,
TNFα, and IL-12 (Fig 5A-C). However, the addition of methyl-
prednisolone to tofacitinib/LPS-treated PBLs did not mitigate
the increased clotting potential observed by turbidity assays.
While, as before, the addition of tofacitinib/LPS to plasma
reduced clotting lag time and increased Vmax compared to LPS,
the addition of methylprednisolone did not significantly change
lag time or Vmax compared to tofa/LPS at any concentration
(Fig 5D,E), suggesting that corticosteroids did not block the
immunothrombotic tendency linked to JAKi and LPS stimula-
tion.
CTPA evaluation in RA cases with PE for immunothrombosis

In 6 patients with RA who developed PE under JAK inhib-
itor therapy (median age 66 years, 5 females), 4 were receiv-
ing baricitinib, 1 tofacitinib, and 1 upadacitinib. The median



Figure 4. JAK3 inhibition may avoid JAKi-induced increase in inflammatory cytokine production and clot acceleration. (A) PBLs isolated from
healthy participants (n = 6) were pretreated with either vehicle control (0.01% DMSO) or JAK inhibitor (1 µM, 100 nM, 10 nM) before LPS stimula-
tion. Secreted IL-6 and IL-1β were measured by ELISA 48 hours post-stimulation. Data are normalised to the LPS-induced cytokine level for each donor.
(B) Turbidity assays (n = 6) were performed using normal pool plasma supplemented with the conditioned media collected from the stimulation assay
in (A), lag time to clot formation was calculated for conditioned media of LPS plus 1 µM of each JAK inhibitor. Data are presented as mean ± SD com-
pared by one-way ANOVA for (A) and as median + IQR compared by Kruskal-Wallis test against the unstimulated condition for (B). *P < .05, **P <
.01. ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; JAKi, Janus kinase inhibitors; LPS, lipopolysaccharide;
PBL, peripheral blood leukocyte.

P. David et al. Ann Rheum Dis 85 (2026) 114−127
duration of JAKi exposure before the thrombotic event was
7.5 months (range: 1.0-18.0), and none of the patients were
receiving glucocorticoids at the time of the event. CTPA
revealed segmental-level thrombi in 5 patients, and involve-
ment of a branch of the main pulmonary artery in 1
(Fig 6A). Figure 6B shows wedge-shaped peripheral
121
opacification representing pulmonary infarction as a result of
the thrombus. Ground-glass opacities were present in 3
cases, showing bilateral and focal or dependent patterns
(Fig 6C). Concomitant DVT was confirmed in only 1 patient,
suggesting a predominantly in situ pulmonary thrombotic
process (Table 2).



Figure 5. Methylprednisolone reduces tofacitinib-induced increase in proinflammatory cytokines but does not reduce accelerated clotting. PBLs iso-
lated from patients with RA (n = 6) were pretreated with either vehicle control (0.01% DMSO) or 1 µM tofacitinib (Tofa) before LPS stimulation. Cells
were also treated with methylprednisolone (MP; 1 µM, 100 nM, 10 nM) at the time of LPS stimulation as indicated. Secreted IL-1β (A), TNFα (B), and
IL-12p70 (C) were measured by bead-based immunoassay 48 hours post-stimulation. Turbidity assays were performed using normal pool plasma sup-
plemented with the conditioned media collected from the stimulation assay in (A-C). Lag time to clot formation (D) and clotting velocity (E; Vmax)
were calculated for the conditioned media. Data are presented as mean ± SD compared by one-way ANOVA for (A-C) and as median + IQR compared
by Kruskal-Wallis test for (D-E). ANOVA, analysis of variance; IL, interleukin; LPS, lipopolysaccharide; PBL, peripheral blood leukocyte; RA, rheuma-
toid arthritis; TNFα, tumour necrosis factor α.
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DISCUSSION

A link between JAKi and both DVT and VTE has been
reported, but the underlying mechanism(s) remain elusive
[8,9,19]. Increased incidence of VTE in patients with RA treated
with tofacitinib was reported particularly in those with active
disease, and receiving higher doses of the medication [8,10].
Herein, we report a TLR4, but not TLR3, JAKi-dependent mecha-
nism associated with accelerated in vitro immunothrombosis
that was more pronounced in RA samples from moderate-high
disease, in keeping with clinical observations linking active RA
to clotting [5]. In addition to upregulation of mononuclear cell-
derived clotting factors, JAKi also upregulated cytokines, includ-
ing IL-6, IL-1β, IL-12, and TNF-α, that have previously been asso-
ciated with immunothrombosis [43−46]. Supernatants from
TLR4-activated PBLs, in conjunction with tofacitinib and other
JAKi, accelerated clot formation in vitro. The exception was
JAK3 inhibition which was not linked to the acceleration of in
vitro thrombosis. Specifically, ritlecitinib, a selective JAK3 inhib-
itor, unlike upadacitinib (JAK1) and deucravacitinib (Tyk2),
does not perturb regulatory IL-10-mediated negative feedback
[38]. These findings offer novel insights into immunothrombosis
with JAK inhibition in rheumatology and potential strategies for
therapy development to mitigate against VTE.
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The observation of accelerated clotting exhibited by tofaciti-
nib-treated PBLs in normal and FXI−/− plasma, but not FVII−/−

plasma, suggests the effect primarily influences the tissue factor
pathway. This aligns with our bulk RNA expression analysis,
where we examined specific coagulation-related genes and
found a significant overexpression of F3 (tissue factor). Tissue
factor plays a crucial role in the crosstalk between the immune
system and thrombosis, serving as a key initiator of physiologi-
cal and pathological coagulation. When complexed with FVII,
tissue factor activates factor X, leading to thrombin formation
[47,48]. While the tissue factor pathway is typically associated
with tissue damage, many immune-related molecules, such as
TNFα, IL-1β, and IL-6, have been shown to induce the expression
and secretion of tissue factor by monocytes [49,50]. Notably,
secretion of TNFα and IL-1β, whose signalling pathways do not
involve the JAK family, was increased under tofacitinib treat-
ment. Thus, the tofacitinib-induced increases of TNFα and IL-1β,
among others, may directly stimulate tissue factor expression by
PBLs, thereby enhancing coagulation and contributing to a pro-
thrombotic environment.

Our transcriptional analysis of LPS-stimulated PBLs with or
without tofacitinib pretreatment also revealed dysregulated
coagulation pathway-related genes that may further impact clot-
ting dynamics. TFPI-2 was significantly overexpressed in PBLs



Figure 6. CTPA findings in a patient with pulmonary embolism under
JAK inhibitor therapy. (A) CTPA showing right lower lobar pulmonary
emboli. (B) Maximum intensity projection from CTPA showing wedge-
shaped peripheral opacification within the apical segment of the right
lower lobe, which may reflect pulmonary infarction, marked by arrow.
(C) CTPA revealing patchy bibasal subpleural ground-glass opacifica-
tion, marked by arrow. CTPA, computed tomography pulmonary angiog-
raphy; JAK, Janus kinase.
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treated with tofacitinib in conjunction with LPS. Despite its
nomenclature, TFPI-2 does not inhibit the tissue factor pathway;
instead, it belongs to the Kunitz-type family akin to tissue factor
pathway inhibitor 1 (TFPI-1), sharing a closely aligned domain
organisation and amino acid sequence [51]. TFPI-2 exerts inhib-
itory effects on serine proteases [51], including plasmin, thereby
impeding fibrinolysis more profoundly than FXIa activity, foster-
ing a hypercoagulative state [52]. Indeed, this molecule was
associated with a higher risk of thrombosis in some patients
with cancer [53,54]. Protein S expression was significantly
reduced in PBLs treated with LPS and tofacitinib compared to
LPS alone. Protein S serves as a cofactor for protein C, which,
when activated, inhibits FVa and FVIIIa [55], as well as for
TFPI-1, which in turn inhibits FXa [56]. Reduced protein S levels
would therefore diminish its direct inhibitory effect on FXa, fur-
ther enhancing coagulation and contributing to a prothrombotic
state. Intriguingly, TFPI-1 also inhibits the tissue factor-FVIIa
complex, and inhibition of protein S has been shown to reduce
the efficacy of TFPI-1 in regulating tissue factor-FVIIa activity
[57]. Given the dependence of tofacitinib-induced increase in
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coagulation on FVII in our turbidity assays, a decrease in protein
S expression may contribute to loss of TFPI-1-mediated control
of tissue factor-FVIIa and downstream FXa.

Our sequencing data also showed a reduction in expression of
F5 and F12 in tofacitinib-pretreated LPS-stimulated PBLs. While
this did not reach statistical significance, it is noteworthy that
both are prothrombotic factors, as they belong to the common
and contact coagulation pathway. This could initially seem con-
tradictory, given that contact pathway factors are associated
with thrombosis. However, the procoagulant activity of the tis-
sue factor-FVIIa complex is significantly stronger than the ampli-
fication role of the contact pathway, specifically in the context of
immunothrombosis, where the tissue factor pathway—primarily
driven by tissue factor and FVII—plays a more potent role in ini-
tiating thrombosis, while the contact pathway mainly serves to
amplify coagulation [48,58].

As previously suggested by Pattison et al [36] and recently
shown by our group, the overexpression of inflammatory cyto-
kines is likely due to predominant inhibition of IL-10 signalling,
thereby preventing adequate negative feedback and further
driving inflammation [38]. Given that IL-10 signals through a
JAK1/TYK2 complex [59], JAK inhibition that spares IL-10 sig-
nalling may theoretically circumvent their immunothrombotic
effects. To test this, we performed a comparison with healthy
control samples (n = 6) to assess the effects of other JAK inhibi-
tors on LPS-induced cytokine expression and clotting dynamics.
Interestingly, every JAK inhibitor that targets either JAK1 or
TYK2 exhibited comparable effects on IL-1β and IL-6 produc-
tion, increasing their secretion when compared to LPS alone. In
contrast, ritlecitinib, a selective JAK3 inhibitor, did not augment
the TLR4 cytokine response following drug treatment. Intrigu-
ingly, in healthy donor PBLs, supernatants from LPS-stimulated
cells accelerated clot formation in turbidity assays, but the addi-
tion of JAK inhibitors did not significantly further enhance this
procoagulant effect. This contrasts with RA-derived PBLs, where
JAK inhibition appeared to further promote clotting metrics.
Yet, while JAK1 and TYK2 inhibitors had no impact on clotting
metrics, JAK3 inhibition normalised LPS-induced lag time to
that of untreated PBLs. These results suggest that additional acti-
vation of the myeloid compartment by JAKi may not be as
impactful on clotting in people without background risk (as in
RA), and that blockade of JAK3 signalling may circumvent
JAKi-associated immunothrombosis by sparing JAK1/TYK2-
dependent negative feedback loops.

While JAK inhibitors such as tofacitinib are clinically effec-
tive in reducing systemic inflammation in RA by suppressing
multiple cytokine pathways, including IL-6, IFN-γ, and GM-CSF,
emerging data suggest that their effects on innate immunity are
more complex and context dependent. Several mechanistic stud-
ies have shown that JAK inhibition disrupts IL-10−mediated
negative feedback in macrophages and dendritic cells, resulting
in exaggerated TLR-induced secretion of proinflammatory cyto-
kines such as TNF, IL-6, and IL-12 [36,38,60,61]. This paradox
—where JAKi dampen systemic inflammation but enhance
innate immune activation under specific stimuli—may have
clinical relevance beyond traditional immunosuppression. IL-10
plays a central role in regulating thromboinflammatory path-
ways, including tissue factor expression and platelet activation
[62−66]. By attenuating IL-10 signalling in myeloid cells, JAK
inhibitors may inadvertently promote a prothrombotic pheno-
type, particularly in settings of heightened innate immune acti-
vation. These findings support a model in which JAKi-driven
dysregulation of innate immune checkpoints—such as IL-10—
may serve as a mechanistic link between inflammation and



Table 2
Demographic and disease-related characteristics of patients with pulmonary embolism under JAK inhibitor therapy

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Age 72 68 71 62 71 33
Diagnosis age 53 56 42 50 50 23
Gender Female Female Female Female Male Female
Primary diagnosis Seronegative RA/PsA Seropositive RA Seronegative RA Seropositive RA Seropositive RA Seronegative RA
Comorbidities Osteoporosis, osteoarthri-

tis, hemochromatosis,
Osteoporosis, diabetes Post-knee replacement-

DVT, osteoarthritis, oste-
oporosis, hypertension

Diabetes, NSTEMI, COPD,
osteoarthritis, COPD, TIA

ILD, chronic hepatitis None

BMI 29.10 23.77 23.35 38.45 30.67 28.79
Smoking No No No Yes No No
Anti-CCP Negative Positive Negative Positive Negative Negative
RF Negative Positive Negative Positive Positive Negative
ANA Negative Negative Negative Negative Positive Positive
Antiphospholipid antibodies N/A N/A Negative Negative Negative Lupus anticoagulant (one-

time positive)
Biological treatments before JAKi Certolizumab, adalimu-

mab, etanercept, tocilizu-
mab, sarilumab

Abatacept, rituximab, eta-
nercept, golimumab,
sarilumab

Infliximab, etanercept, ada-
limumab golimumab,
tocilizumab, abatacept

Enbrel, rituximab, tocilizu-
mab, certolizumab,
abatacept

Abatacept, tocilizumab, rit-
uximab, infliximab, eta-
nercept, certolizumab

Rituximab

Previously received JAKi No No No Yes (baricitinib stopped
due to oral ulcers and
mood disorder)

No No

Which JAKi is used during the
event

Baricitinib Baricitinib Baricitinib Tofacitinib Baricitinib Upadacitinib

Duration of JAKi 14 mo 18 mo 1 mo 1 mo 13 mo 2 mo
Thrombosis age 69 65 65 57 66 32
Level of thrombosed vessel Segmental Segmental Segmental Branch of main pulmonary

artery
Segmental Segmental

Presence of ground-glass changes
at CT

No Yes, bilateral/dependent
changes

Yes, bilateral/focal No Yes, bilateral/focal No

CRP levels (mg/L) before the event 5 5.1 125 19.7 5.5 90
DVT concurrence No (clinical) No (clinical) No (clinical) No (US Venography) No (clinical) Yes
Any risk factor Pancreatic cancer No Cholecystitis (no surgery

was performed)
History of COVID infection
within the last 2 wk

No No

Receiving GCs during the event No No No No No No
Active arthritis during the event No No 2 wk ago No No No
Continuing JAKi after the event No No Yes Yes Yes No
Current treatment Abatacept Tocilizumab Filgotinib Tofacitinib Baricitinib Tocilizumab

ANA, antinuclear antibody; BMI, body mass index; CCP, cyclic citrullinated peptide; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CT, computed tomography; DVT, deep vein thrombo-
sis; GC, glucocorticoid; ILD, interstitial lung disease; JAKi, Janus kinase inhibitors; N/A, not applicable; NSTEMI, non-ST-elevation myocardial infarction; PsA, psoriatic arthritis; RA, rheumatoid arthritis; RF,
rheumatoid factor; TIA, transient ischaemic attack; US, ultrasound.
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thrombosis and highlight the need for individualised risk strati-
fication in patients receiving these therapies.

In addition, CTPA appearance of patients with RA who devel-
oped PE during JAK inhibition treatment often demonstrated
concomitant ground-glass opacities that fit with immunothrom-
bosis taking place in vivo in these patients. Interestingly, during
the COVID-19 pandemic, where iPT was commonly seen and
often related to immunothrombosis [25], JAK inhibition with
baricitinib was successfully used as a therapy [67]. In COVID-
19, JAKi was used with corticosteroids as standard therapy. We
thus used corticosteroids in our in vitro clotting model to check
if it would neutralise JAK inhibition prothrombotic effect.
Despite reductions in inflammatory cytokines, no significant
changes were observed in in vitro clot dynamics, thus making it
uncertain what impact concomitant corticosteroids might have
in active RA cases starting JAKi. Corticosteroids have previously
been shown to increase the levels of plasminogen activator
inhibitor-1, thrombin, and von Willebrand factor in the blood of
healthy individuals [68]. Indeed, clinical observations show
that corticosteroid use is associated with an increased risk of
rethrombosis [69], indicating a broader impact on coagulation
regulation. The procoagulant mechanisms of corticosteroids
could explain why, despite their ability to reduce cytokine lev-
els, their effects on turbidity remained evident and like JAK
inhibition alone [70]. It is also of interest that the beneficial
effects of JAKi with baricitinib in COVID-19 pneumonia was
only evident in subjects with high body mass index (BMI), that
is a known risk factor for thrombosis.

This study was designed as a mechanistic in vitro investiga-
tion and, as such, has several important limitations. First,
although our experimental model focused on PBL responses
under inflammatory stimulation, it does not fully recapitulate
the complex physiological environment involved in coagulation
and fibrinolysis. Key contributors to immunothrombosis—such
as endothelial cells, platelets, plasmatic coagulation factors, and
complement pathways—were not included in our assays. There-
fore, while our findings provide mechanistic insight into leuko-
cyte behaviour during JAK inhibition, they cannot capture the
full complexity of thromboinflammatory responses in vivo.

In addition, we did not assess haematologic or genetic predis-
positions to thrombosis, such as JAK2 V617F mutations or age-
related clonal haematopoiesis, which could influence individual
susceptibility to thrombotic events during JAK inhibitor ther-
apy. Furthermore, we lacked longitudinal clinical data such as
plasma cytokine levels, CRP, or body temperature during treat-
ment, and were therefore unable to directly correlate in vitro
findings with in vivo inflammatory activity or thrombotic out-
comes. Future studies incorporating these elements will be
important for validating and extending our observations in clini-
cally relevant settings. Although PE cases in patients with RA
treated with JAK inhibitors were included for clinical context,
no peripheral blood samples from these individuals were used
in the experimental analyses. We also recognise that certain
imaging findings, such as ground-glass opacities observed on
CTPA scans, may be confounded by unrelated processes includ-
ing subclinical interstitial lung disease. As such, these features
should not be overinterpreted as definitive evidence of in situ
immunothrombosis.

While our transcriptomic and clotting assays revealed JAKi-
related alterations in key coagulation-related genes (eg, F3,
TFPI-2, PROS1), these findings were based solely on tofacitinib
exposure. However, previous work conducted by our lab [38],
exploring upadacitinib in entheseal bone marrow leukocytes,
has shown similar LPS-induced transcriptional changes after
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upadacitinib treatment. Indeed, interrogation of this dataset for
the coagulation genes of interest outlined in Figure 3 showed F3
and TFPI-2 to be strongly upregulated in the Giryes dataset as
well (Supplementary Fig S5). Given the genes implicated in both
datasets and the reliance on FVII demonstrated in Figure 1,
future studies should explore the relationship between JAK inhi-
bition and F3/TFPI-2-regulated coagulation in inflammation.
Nonetheless, caution is warranted when extrapolating our find-
ings to other JAK inhibitors, given the variability in JAK speci-
ficity and mechanism of inhibition across this drug class.

Finally, while our transcriptomic and turbidity assays
revealed JAKi-associated alterations in coagulation-related
genes, we did not perform proteomic validation or direct func-
tional assays of the affected pathways. These findings, therefore,
remain at the transcript level and require further investigation
to confirm their biological relevance.

Our study provides proof of concept that JAK inhibition,
especially JAK1 or TYK2, promotes immunothrombosis by
increasing inflammatory cytokines, clotting factors, and their
regulators triggered by TLR4 stimulation in PBLs from patients
with RA, in an in vitro setting. These findings invite the notion
that JAKi, targeting JAK1 and TYK2 in particular, may reduce
the threshold required for an immune insult, such as a respira-
tory tract infection, to initiate in situ clotting. This effect is par-
ticularly notable in cases of active disease, potentially
elucidating the heightened risk of VTE observed in active
patients with RA [4]. Interestingly, a study published at the time
of writing described a parallel platelet-dependent mechanism by
which JAKi can promote thrombosis via thromboxane produc-
tion in systemic lupus and axial spondyloarthritis, complement-
ing our results in support of prothrombotic JAKi effects in
inflammatory conditions [71]. Overall, our findings suggest that
VTE under JAK inhibition is distinct from clotting pathway
mutations and autoantibodies associated with thrombosis in
rheumatology, thus offering insights into distinct clotting mech-
anisms that are part of the innate immune response, which has
broad implications for understanding the clinical pharmacology
of JAKi.

From a clinical standpoint, these results underscore the
importance of identifying patient populations at increased risk
of thrombotic complications during JAKi therapy, particularly
those with active disease or concurrent inflammatory stressors.
The data also suggest that temporary discontinuation of JAK
inhibitors during episodes of acute infection or fever might be a
reasonable precaution in selected cases, especially in patients
with known thrombotic risk factors.

Moreover, by implicating the disruption of IL-10-mediated
immunoregulatory feedback as a key mechanistic driver, our
findings raise the possibility that next-generation JAK inhibitors
could be optimised to preserve IL-10 signalling, retaining their
anti-inflammatory benefits while reducing prothrombotic risk.
Ultimately, this work contributes to a better understanding of
the immunothrombotic landscape in inflammatory diseases and
may help guide personalised treatment decisions and safer drug
design in the era of targeted immunomodulation.
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