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Direct Interleukin-6 Inhibition Blunts Arterial
Thrombosis by Reducing Collagen-Mediated
Platelet Activation

Stefano Ministrini®®" Luca Liberale;" Yustina M. Puspitasari®®, Jiaying Han®, Kilian Kirmes, Leonhard Paul Unkelbach®,
Amedeo Tirandi®, Rebecca Niederberger, Susan Bengs®, Jirg H. Beer(®, Fabrizio Montecucco®, Peter Libby(,
Thomas F. Lischer, Dario Bongiovanni®, Giovanni G. Camici

BACKGROUND: Recent clinical trials demonstrated a reduction in biomarkers of thrombosis and inflammation in patients with
very high cardiovascular risk treated with the anti=IL-6 (interleukin 6) monoclonal antibody ziltivekimab. However, if and how
direct IL-6 inhibition exerts antithrombotic effects remains unknown. This translational project aimed to investigate the effect
of direct IL-6 inhibition on experimental arterial thrombus formation and its underlying cellular mechanisms.

METHODS: Three-month-old C57BL/6J male and female mice received very low dose lipopolysaccharide for 4 weeks; in
addition to lipopolysaccharide, during the fourth week, mice were randomized to receive either anti-mouse IL-6 monoclonal
antibody 200 pg or IgG 1 isotype control. Thrombosis of the right common carotid artery was induced by endothelial-targeted
laser injury. Coagulation factors and platelet reactivity were assessed in treated mice and controls. Platelets were isolated
from whole blood and their reactivity to different chemical stimuli was measured by fluorescence-activated cell sorting.
Additionally, whole blood samples from patients with a history of percutaneous coronary intervention were incubated ex vivo
with either ziltivekimab biosimilar or IgG 1 isotype control. Platelet reactivity at rest and in response to diverse chemical stimuli
was quantified by fluorescence-activated cell sorting.

RESULTS: Mice with low-grade chronic inflammation treated with anti—IL-6 monoclonal antibody displayed significantly blunted
thrombus formation, without any significant difference in coagulation factors. Ex vivo stimulation with Collagen-rP (collagen-
related peptide) significantly activated platelets isolated from control mice but not those obtained from mice treated with
anti—IL-6 monoclonal antibody. Similarly, platelet reactivity from patients with previous percutaneous coronary intervention fell
significantly after ex vivo treatment with ziltivekimab biosimilar.

CONCLUSIONS: Direct IL-6 inhibition blunts thrombus formation by reducing collagen-induced platelet activation. These
findings offer a potential mechanistic explanation for the results observed in the RESCUE trial and support the rationale of
the ongoing ZEUS trial (Ziltivekimab Cardiovascular Outcome Study).

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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such as acute myocardial infarction or acute isch-  impaired vascular reactivity to hemodynamic stress,
emic stroke, represent common causes of death and arterial stenosis due to atherosclerosis, or arterial wall
disability worldwide."? Multiple, sometimes overlapping,  hyperplasia compromised microcirculatory function and

Acute cardiovascular and cerebrovascular diseases, mechanisms underlie these conditions, including
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Nonstandard Abbreviations and Acronyms

Highlights

CD cluster derived
Collagen-rP collagen-related peptide

hsCRP high-sensitivity C-reactive protein

Ig immunoglobulin

IL interleukin

mAb monoclonal antibody

siL-6R soluble IL-6 receptor

STAT3 signal transducer and activator of
transcription 3

TRAP thrombin receptor agonist peptide

ZEUS Ziltivekimab Cardiovascular Outcome

Study

eventually superimposed arterial thrombosis leading to
vascular occlusion.® Arterial thrombosis arises from the
concurrent presence of endothelial injury, platelet acti-
vation, and hypercoagulability.* Systemic inflammation
promotes the occurrence of these conditions, serving
as a well-established risk factor for both cardiovascu-
lar disease and cerebrovascular disease. Consequently,
inflammatory mediators represent promising targets for
preventing acute cardiovascular disease and cerebrovas-
cular disease.®

IL-6 (interleukin 6) is a cytokine with pleiotropic
effects on host immune response to pathogens, inflam-
mation, and hematopoiesis. It is produced and released by
many cell types, including T lymphocytes, in response to
infections and tissue injury, contributing to host defense
and inflammation.® IL-6 levels predict vascular events in
primary and secondary prevention with accuracy com-
parable to that of hsCRP (high-sensitivity C-reactive
pro‘[ein).7 Furthermore, Mendelian randomization studies
suggest that genetic variants in the IL-6 receptor sig-
naling pathway are associated with the lifetime risk of
coronary heart disease.®

From the clinical perspective, a single administration
of a blocking monoclonal antibody (mAb) against the
IL-6 receptor (tocilizumab) before coronary intervention
in patients with non—ST-segment—elevation myocardial
infarction leads to reduced circulating levels of hsCRP
and troponin T° More recently, the phase 2 RESCUE
trial confirmed a reduction in biomarkers of inflamma-
tion and thrombosis in patients with chronic kidney
disease and elevated levels of hsCRP treated with the
IL-6-blocking mAb ziltivekimab.'® The efficacy of zilt-
ivekimab on cardiovascular events in such patients is
currently being investigated in ZEUS (Ziltivekimab Car-
diovascular Outcome Study) a large, long-term phase
2 trial."" Based on the evidence discussed above, this
translational project aimed to investigate whether direct
IL-6 inhibition affects arterial thrombus formation and
the underlying cellular mechanisms to provide a deeper
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+ Atherothrombosis and acute inflammation are key
processes in cardiovascular disease and major
acute cardiovascular events.

« The role of IL-6 (interleukin 6) in the pathogen-
esis of cardiovascular disease is well-established.
However, no pharmacological treatment targeting
this cytokine has been demonstrated effective in
preventing major acute cardiovascular events at the
present time.

* Our results show that direct inhibition of IL-6 can
prevent arterial thrombosis in a murine model of
chronic low-grade inflammation, by blunting plate-
let aggregation in response to subintimal collagen
exposure. These results are confirmed ex vivo in
patients with very high cardiovascular risk.

+ These results support the potential clinical applica-
tion of direct IL-6 inhibition for the prevention of
major acute cardiovascular events in subjects with
very high risk for cardiovascular disease, as already
under investigation in advanced clinical trials.

insight into the mechanistic background of ongoing
clinical trials.

METHODS

The data that support the findings of this study, as well as ana-
lytic methods and study materials, are available from the cor-
responding author upon reasonable request.

Animals

Three-month-old C57BL/6J wild-type male and female mice
received very low dose lipopolysaccharide intraperitoneally for
4 weeks to induce a state of chronic low-grade inflammation,
as previously described.'>'® During the past week, mice were
randomized to receive in addition to lipopolysaccharide either
anti-mouse IL-6 mAb (BE0046, Bio X Cell, PA) 200 ug IP
every other day or the same amount of IgG1 isotype control
(BE0290, Bio X Cell, PA), as previously described."'® Ten-week
old animals were purchased from Charles River Laboratories
(Lyon, France) and acclimatized to the animal facility located in
the Schlieren Campus of the University of Zurich for 2 weeks.
Animals were raised in optimal hygiene conditions, with a stable
temperature of 20 to 22°C, and fed with an ad libitum chow
diet (Kliba Nafag 3336, 17 MJ/kg; Kliba Nafag, Kaiseraugst,
Switzerland). Mice were sequentially numbered and allocated
to the intervention groups using a casual number generator
(https://www.calculator.net/random-number-generator.html).
Only 1 experimenter (S.B.) knew the allocation of the animals.
The allocation template was disclosed after statistical analysis.
Animal experiments were approved by the ethics committee of
the Canton Zurich Veterinary Office (license ZH148/2023).
Animals meeting humane end points were euthanized, and col-
lected data were excluded from the analysis. Sex differences
and their interaction with the treatment were not analyzed in
the current study.
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Photochemically Induced Arterial Thrombosis

Both groups of mice underwent endothelial-targeted photo-
chemical injury of the right common carotid artery to induce arte-
rial thrombosis. The detailed description of this technique has
been previously reported.'® Briefly, Rose Bengal (62.6 mg/kg of
body weight) was administered by tail-vein injection in anesthe-
tized mice. Mice were placed in a supine position under a dis-
secting microscope, and the right common carotid artery was
exposed by a midline cervical incision. A Doppler-flow probe was
applied around the right common carotid artery and connected
to a flowmeter. Five to 10 minutes after Rose Bengal injection, a
1.6 mW green light laser was directed to the site of injury at 6 cm
from the artery, until thrombosis occurred. Occlusion was defined
as blood flow below 0.1 mL/min for at least 1 minute, and the
time-to-occlusion was used as a measure of arterial thrombo-
sis efficacy. Cyclic flow variations were recorded, and thrombus
embolization was defined as an increase of blood flow to above
0.1 mL/min after a previous decrease below said level lasting <1
minute. Clot embolization episodes reflect thrombus stability.''”

Platelet Reactivity Assay in Murine Samples

Blood samples were terminally drawn by cardiac puncture
under anesthesia and collected in sodium citrate 0.1 M. A 50
uL aliquot of whole blood was employed for cell count (ScilVet
ABCplus, Horiba, Kyoto, Japan). Platelet-rich plasma was
obtained by centrifugation at 200g for 8 minutes, then incu-
bated for 10 minutes at 37°C with the addition of 0.02 U/
mL of potato apyrase (A6535; Sigma-Aldrich, MO) and 1 pL/
mL prostaglandin E1 (638903; Merck, Darmstadt, Germany)
as described before.'” Platelets were isolated from platelet-rich
plasma by centrifugation (800g for 15 minutes), then washed
twice in modified Tyrode-HEPES buffer (5 mmol/L HEPES,
137 mmol/L NaCl, 0.42 mmol/L NaH,PO,, 2 mmol/L KCI,
12 mmol/L NaHCO,, 55 mmol/L glucose, 0.35% bovine
serum albumin, and pH 7.35) with 1 ug/mL prostaglandin E1.
Afterward, washed platelets were resuspended in modified
Tyrode-HEPES buffer with 1 mmol/L CaCl, and 1 mmol/L
MgClI2 and activated with ADP (10 pM, 01905; Sigma-Aldrich,
St. Louis, MO), Collagen-rP (collagen-related peptide; 20 ug/
mL, CRP-XL; Camb Collabs, Littleport, United Kingdom) or
thrombin from human plasma (0.1 U/mL; T6884; Merck,
Darmstadt, Germany). Agonists’ concentrations were specified
according to previous ex vivo platelets aggregation assay.'>'618
In parallel, washed platelets were labeled with fluorescent anti-
mouse antibodies against CD (cluster derived) 41 (1.3 pg/mL;
BioLegend, San Diego, CA), CD62P (0.5 pug/mL; eBioscience,
San Diego, CA) and activated Gp (glycoprotein) Ib/Illa (JON/A,
0.75 pg/mL; EMFRET Analytics, Wirzburg, Germany). CD41
was employed as platelet-specific membrane marker, whereas
CD62P and activated Gpllb/Illa were employed as activation
markers, as previously described.'®"?' Platelets reactivity will be
measured by fluorescence-activated cell sorting (FACS-LSR
Il Fortessa 4 L; BD & Company, Franklin Lakes, NJ), acquiring
10 000 CD41-positive events, as mean fluorescence intensity
of CD62P and activated Gpllb/llla.

Patients
Fifteen (15) patients subjected to percutaneous coronary inter-
vention 6 months earlier were enrolled in this study. According
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to the guidelines of the European Society of Cardiology, all
these subjects qualify as very high risk of major adverse car-
diovascular events.?? The study was approved by the ethics
committee of Klinikum rechts der Isar, Munich, Germany (no.
2023-77-S-SR) and was conducted in accordance with the
1964 Declaration of Helsinki and its later amendments. All
patients signed a written informed consent. Venous blood from
each patient was collected in the morning after at least 8 hours
of fasting and stored in tubes with 3.2% citrate. Whole blood
samples were preincubated with 1.5 pug/mL ziltivekimab bio-
similar (PX-TA-1613-100, Proteogenix, Schiltigheim, France)?®
orlgG1 isotype (PTX-17897, Proteogenix, Schiltigheim, France)
for 30 minutes at room temperature.

Platelets Reactivity Assay in Human Samples
Whole blood samples were incubated with ADP (5 pM, 01905;
Sigma-Aldrich, St. Louis, MO), Collagen-rP (2 pg/mL, CrP-XL;
Camb Collabs, Littleport, United Kingdom), and TRAP-6
(thrombin receptor agonist peptide-6) amide (10 uM, 4031274;
Bachem, Bubendorf, Switzerland) at room temperature. In par-
allel, samples were stained with anti-human antibodies against
CD41 (1 pg/mL, 303730; Bio Legend, San Diego, CA) and
CD62P (7.5 pug/mL, 550561; BD Biosciences; Franklin Lakes,
NJ). After incubation in the dark for 30 minutes, the whole
blood samples were fixed, and erythrocytes were lysed with
Lyse/Fix Buffer (568049; BD Biosciences, Franklin Lakes,
NJ) for 10 minutes at room temperature. CD41 was employed
as a platelet-specific membrane marker, whereas CD62P was
employed as activation markers, as previously described.'®2
Platelet reactivity was measured by fluorescence-activated
cell sorting (Gallios, Beckman Coulter, Brea, CA), acquiring
10 000 CD41-positive events, as mean fluorescence intensity
of CD62P.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6
software (GraphPad Software Inc, La Jolla, CA). The ROUT
method was employed to identify outliers for a set O=1%.
Outliers were a priori excluded from inferential analyses (=2
mice, both in the isotype control group). Normality of data was
assessed by the Kolmogorov-Smirnov test. For the comparison
of means, we used the paired and unpaired 2-tailed Student ¢
test for normally distributed variables, or the Mann-Whitney U
test and the paired Wilcoxon test for non-normally distributed
variables. To compare >3 groups, 1-way and 2-way ANOVA
with Bonferroni post hoc test for multiple comparisons were
employed as appropriate. A <0.05 was considered statisti-
cally significant.

Methods description for hemostasis assessment in mice
and in vitro cell experiments (Figure S1) are reported in the
Supplementary Methods. For a summary of methods, please
refer to the Major Resources Table in the Supplemental Material.

RESULTS

Mice treated with anti—IL-6 mAb displayed a signifi-
cantly longer time-to-occlusion, as shown in Figure 1A.
Thrombus embolization episodes did not differ between
the 2 groups (Figure 1B). A representative diagram of
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blood flow in the right common carotid artery during the
experiment in both anti-IL-6 mAb treated animals and
controls is reported in Figure 1C. Physiological variables,
such as body weight, blood flow in the carotid artery at
baseline, heart rate at baseline, and white blood cell
count did not differ significantly (Figure 1D through 11).
Unexpectedly, coagulation parameters (ie, prothrombin
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Figure 1. Effects of direct IL-6
(interleukin 6) inhibition on carotid
photochemical thrombosis and
platelet reactivity in mice.

Chronic low-grade inflammation was
induced by intraperitoneal administration
of lipopolysaccharide; then mice were
treated with either anti—IL-6 monoclonal
antibody (mAb) or IgG1 isotype control.
Comparison of time-to-occlusion of the
right common carotid artery (A) and
embolization episodes (B) between
treated and control mice. Representative
trace of mean blood flow until occlusion
in the 2 study groups (C). Comparison

of baseline physiological parameters
between treated and untreated mice:
body weight (D and E), blood flow in the
right common carotid artery (F), heart rate
(G), neutrophils (H), lymphocytes (I), and
platelets count (J). Representative picture
of flow-cytometry analysis of platelets
activation upon stimulation with different
activators (ADP, Collagen-rP [collagen-
related peptide], and thrombin) in treated
and control mice (K). Expression of
CD62P (P-selectin) after stimulation with
different activators (ADP, Collagen-rP, and
TRAP [thrombin receptor agonist peptide])
in treated and control mice (L through N).
Expression of activated Gp (glycoprotein)
lIb/Illa (JON/A) after stimulation with
different activators (ADP, Collagen-rP,
and TRAP) in treated and control mice
(O through Q). Data are presented as
mean+SEM. Student t test (A, F through
J), Mann-Whitney U test (B), and 2-way
repeated measures ANOVA (L through
Q); n=10 mice (A through G), n=6 mice
(H through J) and n=5 mice (L through
Q). CD indicates cluster derived; MFI,
mean fluorescence intensity; and PerCP,
peridinin-chlorophyll-protein.

time, thrombin/antithrombin [l complex, plasma and
vascular tissue factor, plasma and vascular plasminogen
activator inhibitor 1) did not differ between the 2 groups
(Figure S1A through S1H). Furthermore, in vitro experi-
ments in human aortic endothelial cells and THP-1
cells confirmed that the expression of endothelial- and
monocyte-derived prothrombotic factors is not affected
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by the treatment with anti-IL-6 mAb (Figure S11 through
S1P). Thus the potential involvement of platelets was
investigated by assessing platelet reactivity upon stimu-
lation with different activators (Figure 1J). After stimu-
lation with Collagen-rP, platelets were significantly
activated in isotype control-treated mice, but not in
mice treated with anti—IL-6 mAb (Figures 1L and 10).
Stimulation with ADP (Figures 1K and 1N) and TRAP
(Figures 1M and 1P) induced a significant activation
in both IL-6 mAb group and the isotype control group.
To increase the translational relevance of the results
observed in murine platelets, we assessed the reac-
tivity of platelets isolated from patients with very high
cardiovascular risk and ex vivo treated with ziltivekimab
biosimilar. Characteristics of enrolled patients are sum-
marized in Figure 2A. Patients had a median age of 66
years and were predominantly men with systemic arte-
rial hypertension. Of note, all patients had ongoing anti-
thrombotic therapy and 87% received dual antiplatelet
therapy. Consistently with what was observed in mice,
platelets treated with ziltivekimab biosimilar displayed a
significantly lower expression of CD62P after stimula-
tion with Collagen-rP (Figure 2B, 2C, and 2E), without
significant differences upon stimulation with either ADP
or TRAP (Figure 2B, 2D, and 2F).

DISCUSSION

As demonstrated in several clinical trials, targeting inflam-
mation can reduce very high residual cardiovascular risk in
patients with acute coronary syndromes or stroke.® More
recently, the RESCUE trial reported reduced biomarkers
of inflammation and thrombosis in high cardiovascular
risk patients treated with the anti—IL-6 mAb ziltivekimab.
Based on these observations, a large-scale cardiovascu-
lar outcomes trial (ZEUS) is underway. However, if and
how direct IL-6 ligand inhibition may provide antithrom-
botic effects remains unknown. This project investigated
the effect of direct IL-6 inhibition on arterial thrombus
formation and the underlying cellular mechanisms. Using
a murine model of arterial thrombosis, we found blunted
thrombus formation in mice receiving direct IL-6 block-
ade. Of note, before treatment with anti—IL-6 mAb, a state
of chronic low-grade inflammation was induced in mice
administering low-dose lipopolysaccharide, to mimic the
baseline conditions of patients included in the RESCUE
trial, who presented chronic kidney disease and systemic
inflammation as assessed by hsCRP. IL-6 is secreted by
several different cells, such as monocytes, fibroblasts,
and endothelial cells, typically after IL-1 stimulation.?*
Once secreted in the bloodstream, IL-6 has a range of
pleiotropic effects on several different cells, tissues, and
organs. Among them, IL-6 induces the liver to synthesize
a group of proteins, that is, acute phase proteins, which
include CRP, serum amyloid A, and some coagulation
cascade components.®® Furthermore IL-6 has a direct
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effect on endothelial cells, promoting the production of
several cytokines and chemokines and eventually initiat-
ing the coagulation cascade.?® However, investigation of
coagulation factors in the murine model (data not shown)
retrieved neutral results, suggesting that the observed
antithrombotic effects of direct IL-6 blockade are not
related to decreased production coagulation factors or
fibrinolysis.

Platelets play a pivotal role in arterial thrombus forma-
tion upon endothelial damage; therefore, we assessed
their reactivity as a possible determinant of the observed
antithrombotic effect. Interestingly, we found that plate-
let reactivity was selectively reduced in response to
Collagen-rP, but not ADP or TRAR, in mice treated with
IL-6 antibody. This mechanism is particularly relevant to
the murine model of arterial thrombosis employed herein,
as well as to acute atherothrombotic events. Indeed, this
model is based on exposure of collagen in the basement
membrane in the subendothelial layer, similar to what
occurs after atherosclerotic plaque erosion.?” To increase
the translational relevance of our results, we incubated
platelets from very high cardiovascular risk patients ex
vivo with ziltivekimab biosimilar or IgG1 isotype control.
Similar to what was observed in mice, ziltivekimab selec-
tively inhibited platelet reactivity in response to Collagen-
rP, but not ADP or TRAP.

The interaction between the vascular wall and plate-
lets is crucial in arterial thrombus formation, but the role
of IL-6 in this process is still unclear. Endothelial cells
release |L-6 under several stressful conditions, includ-
ing exposure to lipopolysaccharide as in the present
study.??° On the other hand, platelets induce the release
of IL-6 from endothelial cells through the secretion of
soluble CD 40 ligand.® IL-6 may, therefore, play a pivotal
role in the amplification and propagation of the thrombo-
sis cascade. |L-6 signaling is a complex process that can
occur in 3 possible modalities: classic signaling, trans-
signaling, and transpresentation.®' With classic signaling,
the cytokine binds its transmembrane receptor gp80
and the IL-6/gp80 complex binds the transmembrane
adaptor gp130, activating a signal transduction cascade,
mainly through the STAT3 (signal transducer and activa-
tor of transcription 3).22 In the trans-signaling, IL-6 binds
its soluble receptor (sIL-6R [soluble IL-6 receptor]), con-
stituted by a 55 kDa fraction of gp80, and the IL-6/slL-
B6R complex eventually binds the adaptor gp130. Finally,
in the transpresentation, IL-6 binds gp80 on the surface
of a cell and the IL-6/gp80 complex binds gp130 on
the surface of a different cell, mediating a cell-to-cell
interaction.?* Resting platelets do not express gp80 on
their membrane, but they express gp130 and are thus
theoretically responsive to trans-signaling. Experimen-
tal evidence shows that, upon stimulation with throm-
bin, platelets secrete sIL.-6R and, in the presence of
IL-6, trans-signaling activation induces the expression
of gp80 through granules mobilization, thus generating

Arterioscler Thromb Vasc Biol. 2025;45:1432-1439. DOI: 10.1161/ATVBAHA.125.322533


https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.125.322533
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.125.322533

Ministrini et al

Direct IL-6 Inhibition in Arterial Thrombosis

Gz0z ‘ST Jequieides uo Aq Bio'sfeuuno feye//:dny wouy papeojumoq

an autocrine activation loop (Figure 2G).33-% Although
trans-signaling has no effect on platelet degranulation
or aggregation by itself®® our results suggest that this
autocrine activation loop could have a functional role
upon stimulation with collagen. This effect was previ-
ously hypothesized by Houck et al®® and Senchenkova et
al®” who described the physical proximity and functional
cooperation of gp130 and the collagen receptor gpVI on
platelet membrane. The results presented herein pro-
vide a functional demonstration of a cross-talk between
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collagen and IL-6 pathways in platelets. Furthermore, they
propose a potential mechanism to explain the expected
reduction in cardiovascular risk with direct IL-6 inhibition
and support the investigation of direct IL-6 inhibition in
clinical practice. In this regard, direct IL-6 blockade may
have pleiotropic effects on cardiovascular risk, over and
beyond platelet aggregation, by affecting atherosclero-
sis progression and megakaryocyte maturation, among
others.® Interestingly, Marino et al*® observed that the
P2Y 12 receptor inhibitor cangrelor inhibits the release
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of sIL-6R from platelets, suggesting that direct IL-6 inhi-
bition could have an overlapping function with P2Y12
receptor inhibitors, a class of drugs commonly employed
in dual antiplatelet therapy. In a future perspective, direct
IL-6 inhibition could help refine antiplatelet therapy in
patients with concomitant high bleeding and high throm-
botic risk. In this regard, a vast majority of patients with
very high cardiovascular risk receive antiplatelet drugs to
prevent the onset or recurrence of major atherothrom-
botic events. Consistently, >90% of patients recruited
for the ex vivo experiment were treated with antiplatelet
drugs. The demonstration, although ex vivo, of an effect
for direct IL-6 inhibition on top of antiplatelet therapy has
great translational relevance, as it supports the potential
use of ziltivekimab as an additional treatment for the pre-
vention of major atherothrombotic events.

This study presents some limitations. First, data from
very high cardiovascular risk patients were obtained by
ex vivo incubation of blood samples with ziltivekimab
and, therefore, our results do not account for the con-
tribution of other organs and tissues, such as vascular
wall and liver, whose function could be affected by the
direct IL-6 inhibition in vivo. However, with this approach,
we could highlight the direct effect of IL-6 inhibition on
platelets excluding possible off-target effects. Although
we excluded their contribution in the murine model,
some differences may still exist between real patients
and mice. As regards the murine model of arterial throm-
bosis, previous publications highlighted that mechanisms
of photothrombosis could be partially independent of
platelet activation.®® However, our group successfully
investigated platelet dysfunction in a murine model of
Hutchinson-Gilford progeria syndrome using this very
same method.?" Furthermore, although whole blood was
treated with ziltivekimab, only platelets were analyzed.
However, whole blood contains several other cells whose
function can be modified by direct IL-6 blockade and
which can, in turn, interact with platelets. Finally, molec-
ular mechanisms linking collagen and IL-6 signaling in
platelets were not further investigated in this paper, a
subject for future follow-up studies.

CONCLUSIONS

Direct IL-6 inhibition attenuates arterial thrombosis in a
murine model of endothelial damage and chronic low-
grade inflammation. This effect can be attributed to a
reduced platelets reactivity to collagen, as observed in
both mice and patients with very high cardiovascular risk.
These results support the possible use of direct IL-6 inhi-
bition to reduce residual risk and may complement the
ongoing clinical trials on this topic.

ARTICLE INFORMATION
Received January 24, 2025; accepted May 20, 2025.

1438  August 2025

Direct IL-6 Inhibition in Arterial Thrombosis

Affiliations

Center for Molecular Cardiology, University of Zurich, Schlieren, Switzerland (S.M,,
YMP, AT, RN, SB, JHB, TFL, G.G.C). First Clinic of Internal Medicine, Depart-
ment of Internal Medicine, University of Genoa, Italy (L.L, AT, FM)). IRCCS Os-
pedale Policlinico San Martino Genoa-ltalian Cardiovascular Network (L.L., FM.).
Department of Internal Medicine |, School of Medicine, University Hospital Rechts
der lsar, Technical University of Munich, Germany (J.H.,, KK.). Department of In-
ternal Medicine |, Cardiology, University Hospital Augsburg, University of Augs-
burg, Germany (L.PU,, D.B.). Division of Cardiovascular Medicine, Brigham and
Women's Hospital, Harvard Medical School, Boston, MA (PL.). Royal Brompton &
Harefield Hospitals and Cardiovascular Academic Group, King's College, London,
United Kingdom (TFL.). Department of Research and Education, University Hos-
pital Zurich, Switzerland (G.G.C.).

Acknowledgments

G.G. Camici and L. Liberale conceived the project. S. Ministrini, L. Liberale, S.
Bengs, and Y.M. Puspitasari performed in vivo experiments. D. Bongiovanni, J.
Han, and K. Kirmes performed ex vivo experiments in human platelets. S. Ministri-
ni and A. Tirandi drafted the paper and performed statistical analysis. S. Ministrini,
Y.M. Puspitasari, S. Bengs, and R. Niederberger performed biomarkers measure-
ments and in vitro experiments. D. Bongiovanni, S. Bengs, and F. Montecucco
reviewed and finalized the paper. P. Libby, J.H. Beer, TF. Liischer, and G.G. Camici
supervised the project and made critical changes to the manuscript. G.G. Camici
provided funding for the project. All authors approved the final manuscript.

Sources of Funding

This work was funded by a grant from the Swiss Heart Foundation
(FF24041/2024) and the Swiss National Science Foundation (grant number
197510) to G.G. Camici.

Disclosures

L. Liberale and G.G. Camici are coinventors on the International Patent
WO0/2020/226993 filed in April 2020; the patent relates to the use of an-
tibodies blocking interleukin-1a. to reduce various sequelae of ischemia-
reperfusion injury to the central nervous system. G.G. Camici received financial
support from the Alfred and Annemarie von Sick Grants for Translational and
Clinical Research Cardiology and Oncology and the Swiss Heart Foundation. L.
Liberale has received financial support from the Swiss Heart Foundation and
the Novartis Foundation for Medical-Biological Research outside this project.
S. Ministrini has received financial support from the Swiss Heart Foundation,
outside this project. Y.M. Puspitasari has received financial support from the
Forschungskredit Candoc grant of the University of Zurich and the Swiss Life
Foundation for Public Health and Medical Research, outside this project. S.
Bengs has received financial support from the Swiss Heart Foundation and the
Hartmann Miller Foundation outside this project. T.F. Liischer holds leadership
positions at the European Society of Cardiology, the Swiss Heart Foundation,
and the Foundation for Cardiovascular Research—Zurich Heart House and the
London Heart House. T.F. Liischer received institutional educational and re-
search grants outside this work from Abbott, Amgen, AstraZeneca, Boehringer
Ingelheim, Daiichi Sankyo, Eli Lilly, Novartis, Novo Nordisk, Sanofi, and Vifor.
Since Q2, TF. Luscher does not accept any consulting fees from the industry.
The other authors report no conflicts.

Supplemental Material
Supplemental Methods
Table S1

Figure S1

Major Resources Table
ARRIVE Guidelines

REFERENCES

1. Townsend N, Wilson L, Bhatnagar P, Wickramasinghe K, Rayner M,
Nichols M. Cardiovascular disease in Europe: epidemiological update 2016.
Eur Heart J. 2016;37:3232-3245. doi: 10.1093/eurheartj/ehw334

2. Woodruff RC, Tong X, Khan SS, Shah NS, Jackson SL,
Loustalot F, Vaughan AS. Trends in cardiovascular disease mortality rates
and excess deaths, 2010-2022. Am J Prev Med. 2024,66:582-589. doi:
10.1016/j.amepre.2023.11.009

3. Koutsaliaris 1K, Moschonas IC, Pechlivani LM,
Tsouka AN, Tselepis AD. Inflammation, oxidative stress, vascular aging and
atherosclerotic ischemic stroke. Curr Med Chem. 2022;29:5496-5509. doi:
10.2174/0929867328666210921161711

Arterioscler Thromb Vasc Biol. 2025;45:1432-1439. DOI: 10.1161/ATVBAHA.125.322533



Gz0z ‘ST Jequieides uo Aq Bio'sfeuuno feye//:dny wouy papeojumoq

Ministrini et al

20.

21.

Arterioscler Thromb Vasc Biol. 2025;45:1432-1439. DOI: 10.1161/ATVBAHA.125.322533

. Jackson SP. Arterial thrombosis--insidious, unpredictable and deadly. Nat

Med. 2011:17:1423-1436. doi: 10.1038/nm.2515

. Liberale L, Ministrini S, Carbone F, Camici GG, Montecucco F. Cytokines

as therapeutic targets for cardio- and cerebrovascular diseases. Basic Res
Cardiol. 2021;116:23. doi: 10.1007/500395-021-00863-x

. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity,

and disease. Cold Spring Harb Perspect Biol 2014;6:a016295. doi:
10.1101/cshperspect.a016295

. Ridker PM, Rifai N, Stampfer MJ, Hennekens CH. Plasma concen-

tration of interleukin-6 and the risk of future myocardial infarction
among apparently healthy men. Circulation. 2000;101:1767-1772. doi:
10.1161/01.cir101.16.1767

. Swerdlow DI, Holmes MV, Kuchenbaecker KB, Engmann JEL, Shah T,

Sofat R, Guo Y, Chung C, Peasey A, Pfister R, et al; Interleukin-6 Recep-
tor Mendelian Randomisation Analysis (ILBR MR) Consortium. The
interleukin-6 receptor as a target for prevention of coronary heart disease:
a Mendelian randomisation analysis. Lancet 2012;379:1214—1224. doi:
10.1016/S0140-6736(12)60110-X

. Kleveland O, Kunszt G, Bratlie M, Ueland T, Broch K, Holte E, Michelsen AE,

Bendz B, Amundsen BH, Espevik T, et al. Effect of a single dose of the
interleukin-6 receptor antagonist tocilizumab on inflammation and tropo-
nin T release in patients with non-ST-elevation myocardial infarction: a
double-blind, randomized, placebo-controlled phase 2 trial. Eur Heart J.
2016;37:2406-2413. doi: 10.1093/eurheartj/ehw171

. Ridker PM, Devalaraja M, Baeres FMM, Engelmann MDM, Hovingh GK,

Ivkovic M, Lo L, Kling D, Pergola P, Raj D, et al; RESCUE Investigators.
IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (RES-
CUE): a double-blind, randomised, placebo-controlled, phase 2 trial. Lancet.
2021;397:2060-2069. doi: 10.1016/S0140-6736(21)00520-1

. Ridker PM. From RESCUE to ZEUS: will interleukin-6 inhibition with ziltive-

kimab prove effective for cardiovascular event reduction? Cardiovasc Res.
2021;117:e138-e140. doi: 10.1093/cvr/cvab231

. Liberale L, Kraler S, Puspitasari YM, Bonetti NR, Akhmedov A, Ministrini S,

Montecucco F, Marx N, Lehrke M, Hartmann NUK, et al. SGLT-2 inhibi-
tion by empagliflozin has no effect on experimental arterial thrombosis in a
murine model of low-grade inflammation. Cardiovasc Res. 2023;119:843—
856. doi: 10.1093/cvr/cvac126

. Geng S, Chen K| Yuan R, Peng L, Maitra U, Diao N, Chen C, Zhang Y, Hu Y,

Qi CF, et al. The persistence of low-grade inflammatory monocytes con-
tributes to aggravated atherosclerosis. Nat Commun. 2016;7:13436. doi:
10.10388/ncomms 13436

. Tsukamoto H, Senju S, Matsumura K, Swain SL, Nishimura Y. IL-6-

mediated environmental conditioning of defective Th1 differentiation damp-
ens antitumour immune responses in old age. Nat Commun. 2015;6:6702.
doi: 10.1038/ncomms7702

. Kugler DG, Mittelstadt PR, Ashwell JD, Sher A, Jankovic D. CD4+ T cells

are trigger and target of the glucocorticoid response that prevents lethal
immunopathology in toxoplasma infection. J Exp Med. 2013;210:1919—
1927 doi: 10.1084/jem.20122300

. Liberale L, Akhmedov A, Vlachogiannis NI, Bonetti NR, Nageswaran V,

Miranda MX, Puspitasari YM, Schwarz L, Costantino S, Paneni F, et al. Sirtuin
5 promotes arterial thrombosis by blunting the fibrinolytic system. Cardio-
vasc Res. 2021;117:2275-2288. doi: 10.1093/cvr/cvaa268

. Liberale L, Puspitasari YM, Ministrini S, Akhmedov A, Kraler S, Bonetti NR,

Beer G, Vukolic A, Bongiovanni D, Han J, et al. JCAD promotes arterial
thrombosis through PI3K/Akt modulation: a translational study. Eur Heart J.
2023;44:1818-1833. doi: 10.1093/eurheartj/ehac641

. Stivala S, Gobbato S, Bonetti N, Camici GG, Lischer TF, Beer JH. Dietary

alpha-linolenic acid reduces platelet activation and collagen-mediated cell
adhesion in sickle cell disease mice. J Thromb Haemost 2022;20:375—
386. doi: 10.1111/jth.15581

. Bernlochner |, Klug M, Larasati D, Von Scheidt M, Santovito D, Hristov M,

Weber C, Laugwitz KL, Bongiovanni D. Sorting and magnetic-based isola-
tion of reticulated platelets from peripheral blood. Platelets. 2021;32:113—
119. doi: 10.1080/09537104.2020.1724923

Klug M, Kirmes K, Han J, Lazareva O, Rosenbaum M, Viggiani G,
von Scheidt M, Ruland J, Baumbach J, Condorelli G, et al. Mass cytom-
etry of platelet-rich plasma: a new approach to analyze platelet sur-
face expression and reactivity. Platelets. 2022;33:841-848. doi:
10.1080/09537104.2021.2009453

Puspitasari YM, Ministrini S, Han J, Karch C, Prisco F Liberale L,
Bengs S, Akhmedov A, Montecucco F, Beer JH, et al. Hutchinson-Gilford
progeria syndrome mice display accelerated arterial thrombus formation

22.

23.

24,

26.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Direct IL-6 Inhibition in Arterial Thrombosis

and increased platelet reactivity. Thromb Res. 2024;241:109100. doi:
10.1016/jthromres.2024.109100

Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Back M,
Benetos A, Biffi A, Boavida JM, Capodanno D, et al; ESC National Cardiac
Societies. 2021 ESC Guidelines on Cardiovascular Disease Prevention in
Clinical Practice: developed by the Task Force for Cardiovascular Disease
Prevention in Clinical Practice with representatives of the European Soci-
ety of Cardiology and 12 medical societies with the special contribution of
the European Association of Preventive Cardiology (EAPC). Eur Heart J.
2021;42:3227-3337. doi: 10.1093/eurheartj/ehab484

Nowak KL, Kakkar R, Devalaraja M, Lo L, Park W, Gobburu J, Kling D,
Davidson M, Chonchol M. A phase 1 randomized dose-escalation study of a
human monoclonal antibody to IL-6 in CKD. Kidney360. 2021,2:224-235.
doi: 10.34067/KID.0005862020

Ridker PM, Rane M. Interleukin-6 signaling and anti-interleukin-6 thera-
peutics in cardiovascular disease. Circ Res. 2021;128:1728-1746. doi:
10.1161/CIRCRESAHA.121.319077

Schmidt-Arras D, Rose-John S. IL-6 pathway in the liver: from phys-
iopathology to  therapy. J Hepatol 2016;64:1403-1415. doi:
10.1016/}jhep.2016.02.004

Kang S, Kishimoto T. Interplay between interleukin-6 signaling and the vas-
cular endothelium in cytokine storms. Exp Mol Med. 2021;53:1116-1123.
doi: 10.1038/512276-021-00649-0

Badimon L, Vilahur G. Thrombosis formation on atherosclerotic lesions and
plaque rupture. J Intern Med. 2014;276:618-632. doi: 10.1111/joim.12296
Loppnow H, Libby P. Adult human vascular endothelial cells express the IL6
gene differentially in response to LPS or IL1. Cell Imnmunol. 1989;122:493—
503. doi: 10.1016/0008-8749(89)90095-6

Loppnow H, Libby P. Proliferating or interleukin 1-activated human vas-
cular smooth muscle cells secrete copious interleukin 6. J Clin Invest.
1990,;85:731-738. doi: 10.1172/JCI114498

Henn V, Slupsky JR, Grafe M, Anagnostopoulos |, Forster R,
Miiller-Berghaus G, Kroczek RA. CD40 ligand on activated platelets trig-
gers an inflammatory reaction of endothelial cells. Nature. 1998;391:591—
594. doi: 10.1038/35393

Garbers C, Heink S, Korn T, Rose-John S. Interleukin-6: designing specific
therapeutics for a complex cytokine. Nat Rev Drug Discov. 2018;17:395—
412. doi: 10.1038/nrd.2018.45

Rose-John S. Coordination of interleukin-6 biology by membrane bound
and soluble receptors. Adv Exp Med Biol 2001;495:145-161. doi:
10.1007/978-1-4615-0685-0_19

Oleksowicz L, Mrowiec Z, Zuckerman D, Isaacs R, Dutcher J, Puszkin E.
Platelet activation induced by interleukin-6: evidence for a mechanism involv-
ing arachidonic acid metabolism. Thromb Haemost 1994;72:302-308. doi:
10.1055/5-0038-1648857

Marta RF, Goette NP, Lev PR, Chazarreta CD, Pirola CJ, Molinas FC. Normal
platelets possess the soluble form of IL-6 receptor. Cytokine. 2005;29:13—
17. doi: 10.1016/j.cyt0.2004.09.003

Marino M, Scuderi F, Ponte E, Maiuri MT, De Cristofaro R, Provenzano C,
Rose-John S, Cittadini A, Bartoccioni E. Novel path to IL-6 trans-signaling
through thrombin-induced soluble IL-6 receptor release by platelets. J Biol
Regul Homeost Agents. 2013;27:841-852.

Houck KL, Yuan H, Tian Y, Solomon M, Cramer D, Liu K, Zhou Z, Wu X,
Zhang J, Oehler V, et al. Physical proximity and functional cooperation of
glycoprotein 130 and glycoprotein VI in platelet membrane lipid rafts. J
Thromb Haemost. 2019;17:1500-1510. doi: 10.1111/jth.14525
Senchenkova EY, Russell J,  Yildirim A, Granger DN,
Gavins FNE. Novel role of T cells and IL-6 (interleukin-6) in angiotensin
Il-induced microvascular dysfunction. Hypertension. 2019;73:829-838. doi:
10.1161/HYPERTENSIONAHA.118.12286

Cai T, Zhang Y, Ho YL, Link N, Sun J, Huang J, Cai TA, Damrauer S, Ahuja Y,
Honerlaw J, et al; VA Million Veteran Program. Association of interleukin 6
receptor variant with cardiovascular disease effects of interleukin 6 recep-
tor blocking therapy: a phenome-wide association study. JAMA Cardiol.
2018;3:849-857. doi: 10.1001/jamacardio.2018.2287

Ishibashi T, Kimura H, Uchida T, Kariyone S, Friese P, Burstein SA. Human
interleukin 6is adirect promoter of maturation of megakaryocytesinvitro. Proc
Natl Acad Sci USA. 1989;86:56953-5957. doi: 10.1073/pnas.86.15.5953
Kleinschnitz C, Braeuninger S, Pham M, Austinat M, Nolte |, Renné T,
Nieswandt B, Bendszus M, Stoll G. Blocking of platelets or intrinsic coag-
ulation pathway-driven thrombosis does not prevent cerebral infarc-
tions induced by photothrombosis. Stroke. 2008;39:1262-1268. doi:
10.1161/STROKEAHA.107.496448

August 2026 1439

=
=
=
—
v
=
=
[—]
—
==
=
o
e
m
=
()
m
o
1
-



