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RESEARCH ARTICLE

Inflammation and Cardiovascular Disease

Interleukin-6 enhances localized immune cell infiltration and deep vein
thrombosis resolution at the distal edge
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Abstract

Inflammation directed by immune cells is pivotal in the development of deep vein thrombosis (DVT). Disruption in the infiltration
of these cells can lead to dysregulation of thrombus organization and increase the risk of deadly embolization. Although the
general importance of the cytokine interleukin-6 (IL-6) in immune responses is well documented, its role in acute DVT remains
largely unknown. Here, we elaborate on how IL-6 governs acute inflammation and the subsequent organization and early resolu-
tion of DVT in vivo. We induced DVT in mice via total inferior vena cava ligation and infused them with either recombinant IL-6
or phosphate-buffered saline (PBS) as a control. Exogenous IL-6 reduced DVT burden by 2 and 4 days with accelerated distal
edge organization, characterized by well-demarcated fibrosis-like white lesions containing abundant fibrin-collagen, neutrophils,
platelets, Arg1™ monocytes, von Willebrand factor, laminin, myofibroblasts, and neovascular channels at the expense of erythro-
cytes. IL-6 upregulated intrathrombi chemokines, proinflammatory cytokines, and platelet-leukocyte surface markers in the distal
region. This IL-6-heightened localized inflammatory response led to extracellular matrix remodeling, which is essential for DVT
organization and early resolution. As observed by two-photon microscopy in stasis- and irradiation-induced saphenous vein
thrombosis, IL-6 stimulated leukocytes to rapidly infiltrate the thrombus in parallel with venous flow through the distal edge. IL-6-
augmented thrombus organization, visualized by rhodamine 6 G-labeled platelet-leukocyte accumulation, prompted early resolu-
tion, as determined by the reduced thrombus area. Ultimately, IL-6 enhances DVT organization by amplifying localized leukocyte
migration and orchestrating acute inflammation involving platelets, thereby expediting the early resolution of DVT.

NEW & NOTEWORTHY IL-6 might play a beneficial role in acute DVT by coordinating the actions of innate leukocytes and plate-
lets. This coordination enhances acute inflammation-dependent thrombus organization at specific distal locations, facilitating
early resolution and reducing the burden of acute DVT. Although the role of inflammation in the pathogenesis of DVT remains
controversial, our results indicate that IL-6 exerts an antithrombotic effect in acute DVT.

deep vein thrombosis; inflammation; interleukin-6; in vivo imaging; leukocyte

INTRODUCTION

Venous thromboembolism (VTE), comprising deep vein
thrombosis (DVT) and pulmonary embolism (PE), occurs in
~1-2 per 1,000 patient-years among Western people and
belongs to the top three leading causes of death globally (1,
2). Approximately 27%-56% of DVT cases progress to PE,
which has a higher risk of mortality than the other 20%-50%
of cases that end in chronic morbid post-thrombotic syn-
drome (2, 3). Although preventing PE is one of the primary
goals of DVT management, addressing its contributing fac-
tors is noteworthy (4, 5). The risk of PE is augmented by a
thrombus with low stability (6), even in the early DVT
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treatment by dabigatran, a thrombosis inhibitor that also
inhibits fibrin cross linking, as demonstrated in a murine
study (7). Accumulating evidence indicates that thrombus
stability can be inferred from thrombus organization (8-10).

Emerging literature highlights the importance of immune
cells and inflammatory responses involving chemokines,
cytokines, and proteases in DVT organization, which conse-
quently mandates resolution (11, 12). Along with platelets,
the activation of innate immune cells plays a central role in
eliciting inflammation (13). Platelets, through P-selectin, in
addition to venous endothelial cells, accommodate leuko-
cyte infiltration into the thrombus (mainly neutrophils and
monocytes) during the acute phase (14, 15). Neutrophils
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release neutrophil extracellular traps (NETs) and, as with
monocytes, inflammatory cytokines (15). Simultaneously, pla-
telets secrete von Willebrand factor (vVWF), which stabilizes the
thrombus (9). Moreover, leukocytes promote fibrinolysis and
degradation of cellular debris, leading to thrombus resolution
(16, 17). Leukocyte recruitment is generally regulated by che-
mokines and/or cytokines, including monocyte chemotactic
protein-1 (MCP-1) and interleukin-8 (IL-8). Experimental sup-
plementation with these agents increases early intrathrombi
leukocyte accumulation, resulting in enhanced organization
and resolution, partly through angiogenesis (18, 19).
Meanwhile, impaired leukocyte infiltration delays thrombus
organization and resolution; hence, an immense DVT burden
is unavoidable, as shown in neutropenic rats (20), CXCR2 ™/~
mice (21), CCR2~/~ mice (22), and TLR4 '~ mice (23).

Beyond the involvement of innate immune cells in DVT, a
growing body of literature indicates the contribution of adapt-
ive immune cells. Mice lacking B cells exhibit increased
thrombogenesis indirectly through neutrophilia and hyperfi-
brinogenemia (24). In addition, effector memory T cells that
infiltrate the thrombosed vein wall secrete interferon-y (IFN-vy)
independently of antigen presentation, further inducing neu-
trophil and monocyte infiltration and hindering throm-
bus resolution (25). However, different subsets of T cells,
CD4" and CD8 " T cells (26), and specialized regulatory T
cells (27) demonstrate an antithrombotic effect.

Widely known as a pleiotropic cytokine, interleukin-6 (IL-
6) is generated locally at the injured tissue, mostly from mye-
loid cells (28), to facilitate an acute immune response by
innate immune cells (29). During acute inflammation, IL-6
manages neutrophil trafficking, including recruitment and
apoptosis, through STAT3 signaling (30). The leukocyte che-
motactic response conferred by IL-6 has been shown to cor-
relate with in situ chemokine secretion (31). Subsequently,
IL-6 is responsible for the transition to a chronic immune
response by adaptive immune cells. Although this mecha-
nism often induces deleterious effects in various chronic
inflammatory diseases, such as rheumatoid arthritis, sys-
temic lupus erythematosus, and sarcoidosis (29, 32, 33), little
is known about the role of IL-6 in DVT development.

Conflicting evidence exists regarding the contribution of
IL-6 to DVT. IL-6 expression is elevated in the peripheral
blood mononuclear cells of patients with DVT. Lowering
IL-6 levels using an anti-IL-6 antibody or agomiR-338-5p
impairs murine DVT formation (34). However, IL-6 blockade
through genetic modification or pharmacological agents
decelerates subacute thrombus resolution by reducing mac-
rophage-derived proteolytic enzymes (35) and matrix metal-
loproteinase-9 (MMP-9) activity-induced recanalization (36).
In chronic venous thrombosis, global depletion of IL-6
attenuates venous wall fibrosis. However, this effect is not
observed following anti-IL-6 antibody administration. This
indicates that IL-6 is not crucially involved in post-throm-
botic syndrome (37). The investigation into the role of IL-6
during the initial days of DVT, covering the orchestration of
immune cells toward thrombus organization and early reso-
lution, is inadequate, underlining a knowledge gap that
necessitates further exploration.

In recent years, advancements in thrombosis assessment
by intravital imaging, including optical coherence tomogra-
phy, positron emission tomography/computed tomography,
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confocal microscopy, epifluorescence microscopy, and two-
photon microscopy, may have broken the barriers of DVT
dynamics study in the acute time frame (38-41). In vivo imag-
ing of a novel femoral/saphenous vein thrombosis model allows
for temporal real-time observation of human-like DVT mecha-
nisms involving inflammation (41). We thereby evaluated DVT
organization and resolution with IL-6 treatment and harnessed
molecular approaches along with intravital microscopy to eluci-
date IL-6-driven acute inflammation in DVT.

MATERIALS AND METHODS
Mice

Male C57BL/6J mice aged 8-12 wk and weighing 20-25 g
(CLEA Japan, Inc.) were exclusively used in this study.
Consistent with the fact that the incidence of first-episode
VTE is higher in men than in women (42, 43), male mice also
have a higher susceptibility to thrombosis, partly due to pul-
satile growth hormone patterns that downregulate coagula-
tion inhibitor genes in the liver (44). Considering the
balance between scientific advancements and ethical animal
treatment, where the interruption of the right branch of the
inferior vena cava (IVC) as part of the model procedure does
not compromise the male reproductive organs, in contrast to
that in female mice, in which the right uterine vein drains to
the IVC (45, 46), we decided to focus on male mice in this
study. Mice allocated to the IVC ligation procedure were
continuously infused with a subcutaneous mini-osmotic
pump (ALZET model 1003 D or 2001; DURECT Corporation,
Cupertino, CA) containing mouse recombinant IL-6 (rIL-6
BioLegend No. 575706/100 pg, San Diego, CA) at a dose of 1.2
ug/day or phosphate-buffered saline (PBS) as a control at an
infusion rate of 1.0 puL/h starting a day before surgery until the
day of DVT harvest. Mice designated for the femoral-saphe-
nous vein thrombosis model were intraperitoneally injected
with 0.3 pg rIL-6 in 200 pL PBS/mouse or 200 uL PBS/mouse
as a control a day before thrombus induction. Mice were
fed a standard chow diet, CFR-1 (Charles River Laboratories
International, Inc., Wilmington, MA), and water ad libitum
under a 12-h light-dark cycle. All experimental procedures
carried out on mice were under the Kobe Pharmaceutical
University Animal Experimentation Regulation and the
Guide for the Care and Use of Laboratory Animals published
by the US National Institute of Health (Publication No.
85-23, revised 1996) and have been approved by the
Institutional Animal Care and Use Committee (2022-051,
2023-054, 2024-005).

IVC Ligation-Induced DVT

The mouse stasis-induced DVT model has been previously
reported (47, 48). Mice were deeply anesthetized with con-
tinuous isoflurane (FUJIFILM Wako Pure Chemical, Osaka,
Japan) inhalation (2 L/min). Following the midline laparot-
omy procedure, the intestines were laterally displaced to
expose the retroperitoneal space, in which the aorta was
freely separated from the IVC. Total ligation was performed
on the infrarenal IVC with a 6-0 nylon suture and on its right
branch with a 7-0 nylon suture to induce complete cessation
of venous blood flow. Consequently, thrombogenesis occurs
steadily and relatively faster with a pronounced vein wall
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reaction, leading to a more even thrombus size and homoge-
neous intrathrombi composition (45, 49, 50) compared with
the IVC stenosis model, where partial venous occlusion
occurs (51, 52). The mice were euthanized on days 2 or 4 after
IVC ligation. We harvested the infrarenal IVC to collect vein
wall-free and vein wall-lined thrombi for specific studies.
Macroscopic images and length and weight measurements
were obtained after thrombus harvest. Thrombi were then
stored in 4% paraformaldehyde (PFA) overnight, followed by
a 4-h immersion in 30% sucrose solution before embedding
in the Tissue-Tek optimal cutting temperature (OCT) com-
pound (Sakura Finetek, 4583) for histopathological analyses,
or snap frozen and stored at —80°C for quantitative polymer-
ase chain reaction (PCR) and protein assays.

Histopathology Analyses

Basic histology.

The OCT-embedded thrombus tissues were sectioned
using a Leica CM1860 cryostat (Leica Biosystems, Nussloch,
Germany) at 6-8 um thick. Hematoxylin-eosin (HE) staining
was performed to evaluate the gross histological features of
the longitudinal thrombus sections. Carstairs staining was
performed to differentiate the composition of the longitudi-
nal thrombus sections: red blood cells (yellow), fibrin (red),
platelets (gray), and collagen (blue). Picrosirius red staining
(0.5 g of Sigma-Aldrich 365548-5 G Direct Red 80 Dye in 500
mL of a saturated aqueous solution of picric acid) was per-
formed to evaluate the collagen thickness of the vein wall at
the axial section of the thrombosed IVC.

Immunohistochemical staining.

After removing OCT through quick distilled water immer-
sion, heat-induced epitope retrieval was performed by
immersing the PFA-fixed thrombus sections in antigen-
unmasking solution (citric acid-based) H-3300 (Vector
Laboratories, ZE0905), heated at 90°C-95°C for 10 min.
Endogenous peroxidase activity was blocked by immersing
the thrombus sections in 3% H,0, in methanol. To enhance
reaction specificity, the sections were incubated with 10%
normal serum (in 0.1% PBS-Triton X) of the origin species of
the secondary antibodies for an hour at room temperature.
The 4°C overnight incubation with rat anti-mouse NIMP-
R14 (Santa Cruz sc-59338, 1:100 dilution), rabbit anti-mouse
Argl (Proteintech 16001-1-AP, 1:200 dilution), rabbit anti-
mouse CCR2 (Abcam ab273050, 1:250 dilution), rabbit anti-
mouse CD61 (Novus Biologicals NBP2-67416, 1:200 dilution),
rabbit anti-mouse vVWF (Abcam ab9378, 1:50 dilution), rabbit
anti-mouse SM220 (Abcam ab14106, 1:200 dilution), and
rabbit anti-mouse laminin (Abcam ab11575, 1:200 dilution),
continued with an hour incubation of biotinylated second-
ary antibodies at ambient temperature, was conducted to
detect neutrophils, proreparative monocytes, inflammatory
monocytes, platelets, vVWF, myofibroblasts, and laminin,
respectively. Antigen-antibody binding was observed using
diaminobenzidine (Vector Impact DAB peroxidase substrate
kit; Vector Laboratories, SK-4105) and counterstained with
Gill’s hematoxylin (Muto Chemical, 30051).

Immunofluorescence.
OCT removal and heat-induced epitope retrieval for PFA-
fixed thrombus sections were performed similarly to
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immunohistochemical staining. The sections were then
incubated with 5% donkey serum (in 0.1% PBS-Triton X)
for an hour at room temperature. The 4°C overnight incu-
bation with the combinations of rat anti-mouse NIMP-R14
(Santa Cruz sc-59338, 1:100 dilution) and rabbit anti-
mouse CD19 (Cell Signaling Technology 35748, 1:100 dilu-
tion) or rabbit anti-mouse CD3¢ (Abcam ab16669, 1:100
dilution); rat anti-mouse CD31 (BD Pharmingen 550274,
1:100 dilution) and rabbit anti-mouse SM22o (Abcam
ab14106, 1:200 dilution), continued with an hour incuba-
tion of fluorochrome-labeled secondary antibodies in the
dark at room temperature, was performed to assess the
population of B cells or T cells in the surroundings of neu-
trophils and venous endothelial cells that undergo myofi-
broblast transition, respectively. Vectashield mounting
medium with DAPI (Vector Laboratories, H-1200-10) was
then applied.

All stained sections were visualized and captured using an
All-in-One Fluorescence Microscope (BZ-X810; Keyence) and
the associated software (BZ Analyzer software; Keyence). Fiji
software (National Institute of Health, Bethesda, MD) was
used to quantify the RBC, fibrin, collagen, CD61" platelet,
VWEF, SM220. ", and laminin areas as a percentage of the cor-
responding area of the thrombus. Vein wall thickness was
measured on five fields radially around the IVC under x22.2
magnification of the objective lens and averaged. The num-
bers of NIMP-R14* neutrophils, CD19" B cells, CD3s* T
cells, Argl ™ monocytes, and CCR2 " monocytes were taken
from five fields under x22.2 magnification of the objective
lens, and laminin-positive channels were taken from five
fields under x44.4 magnification of the objective lens,
counted, and totaled with adjustment to the total measured
area. The fluorescence intensities of CD31 and SM22a were
measured in five fields radially around the IVC under x22.2
magnification of the objective lens, averaged, and normal-
ized to the PBS group.

Quantitative Real-Time PCR

RNAs were extracted from the thrombus tissues (whole tis-
sue or ¥4 distal part) using RNAiso Plus (Takara Bio) and puri-
fied using the NucleoSpin RNA Clean-Up kit (Macherey-
Nagel). cDNA was synthesized from 1 pg of total RNA using
the PrimeScript RT Reagent Kit with a gDNA eraser (Takara
Bio). Quantitative real-time PCR was performed using a
LightCycler96 (Roche Applied Science) with TB Green Premix
Ex Taq II [Tli RNaseH Plus; Takara Bio RR820B(Ax2)]. The
mRNA expression levels of the target genes were normalized
to 18s levels, analyzed using the 27T method (53), and
expressed in arbitrary units. All primers used for quantitative
real-time PCR are listed in Supplemental Table S1.

Enzyme-Linked Immunosorbent Assay

Interleukin-6.

On the day of DVT harvest, the vein wall-free thrombi were
homogenized in lysis buffer (25 mM Tris-HCI, pH 7.5,
100 mM NaCl, and 1% Nonidet P-40) containing a protease
inhibitor (Sigma-Aldrich, P8340). The homogenates were
centrifuged at 15,000 rpm for 15 min. The total protein con-
centration was measured using the DC protein assay kit from
Bio-Rad No. 5000116. IL-6 levels in the thrombus lysates and

H605

Downloaded from journals.physiology.org/journal/ajpheart (133.030.169.029) on August 27, 2025.


http://www.ajpheart.org

Q)) IL-6 AUGMENTS LOCALIZED INFLAMMATION AND DVT RESOLUTION

citrated plasma were measured using the ELISA MAX
Deluxe Set Mouse IL-6 (BioLegend No. 431304) according to
the manufacturer’s protocol, with a sensitivity of 2 pg/mL.
The intrathrombi IL-6 levels were normalized to the total
protein concentration and expressed as pg/ug of total pro-
tein, and plasma IL-6 levels were expressed as pg/mL.

Von Willebrand factor.

Heparinized plasma collected on the days of DVT harvest was
subjected to vWF level measurement using the Mouse von
Willebrand Factor SimpleStep ELISA kit (Abcam ab314372)
according to the manufacturer’s protocol. The sensitivity was
0.045 ng/mL. Plasma vWF levels were expressed as pug/mL.

Intrathrombi MMP Activity

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gelatin zymography.

Gelatinase (MMP-2 and MMP-9) activity was evaluated using
a protocol adapted from a previous study (54). In brief, 1.25
ug of protein lysates from the whole part of day 4 vein wall-
free thrombi were subjected to gelatin zymography using
10% sodium dodecyl sulfate-polyacrylamide gels containing
1 mg/mL of gelatin. SDS-PAGE was performed at a constant
voltage 0of 150 V for 50-60 min in a running buffer composed
of 25 mM Tris, 192 mM glycine, 0.1% (wt/vol) SDS, and pH
8.3. After electrophoresis, the gels were extracted and
immersed twice in a buffer containing 2.5% (vol/vol) Triton
X-100, 50 mM Tris-HCI, pH 7.5, 5 mM CacCl,, and 1 uM ZnCl,
for 30 min each to renature the enzymes. Subsequently,
the gels were incubated overnight at 37°C in a solution of
1% (vol/vol) Triton X-100, 50 mM Tris-HCI, pH 7.5, 5§ mM
CaCl,, and 1 uM ZnCl, to facilitate gelatinolytic activity.
Subsequently, the gels were treated with 10% (vol/vol) 2,2,2-
trichloroethanol (TCE) in a 1:1 methanol-water mixture for
10 min. Stain-free TCE-visualized total proteins were imaged
using a ChemiDoc XRS Plus (Bio-Rad). The gels were then
stained with Coomassie [0.5% (wt/vol) Coomassie Brilliant
Blue R-250, 40% (vol/vol) methanol, and 10% (vol/vol) acetic
acid] for 30 min, followed by destaining [40% (vol/vol) meth-
anol and 10% (vol/vol) acetic acid] until distinct bands
appeared, after which the gels were imaged using ChemiDoc
XRS Plus (Bio-Rad). The optical densities of MMP-2, MMP-9,
and total gelatinolytic activity were normalized to total pro-
tein signals in each sample, as determined by densitometry
of stain-free illumination.

Ex vivo imaging of intrathrombi MMP activity.

MMP activity was assessed as previously described (39, 55).
In brief, a day before the day 4-DVT harvest, 2 nmol/150 pL
1x PBS of MMPSense 680 (NEV10126, PerkinElmer) was
administered to each mouse via retroorbital injection. The
vein wall-free thrombi were visualized under an IVIS
Spectrum imaging system (Lumina LT, PerkinElmer) at an
excitation wavelength of 670 nm and an emission wave-
length of 620 nm to detect the intrathrombi MMPs (includ-
ing MMP-2, -3, -9, and -13)-driven activation of MMPSense
680 and subsequently processed with the associated soft-
ware (Living Image 4.4, PerkinElmer). The level of intra-
thrombi MMP activity was determined by the target-to-
background ratio, formulated as the mean signal intensity of
the thrombus divided by the mean signal intensity of the
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heart of the corresponding mouse and expressed in arbitrary
units.

Stasis- and Irradiation-Induced Saphenous Vein
Thrombosis

A new mouse venous thromboembolism model, which
combines stasis and irradiation of the femoral/saphenous
veins and uses serial in vivo imaging, has been previously
described (41). The mice were anesthetized with continuous
isoflurane inhalation (2 L/min) and placed on a customized
board in a supine position. The femoral skin was incised,
and the surrounding connective tissue was removed to
expose the femoral/saphenous vein and artery. The femoral
vein located proximally to the venous bifurcation was cau-
tiously liberated from the femoral artery and completely
ligated with 7-0 nylon sutures to induce stasis blood flow. All
mice that suffered from profound bleeding were excluded
from further experiments.

The mice were then positioned on the stage of epifluores-
cence microscopy, with the saphenous vein as the main
focus of visualization using fluorescein isothiocyanate
(FITC)-dextran. The saphenous vein was perpetually irradi-
ated with FITC-filtered light through a x10 objective lens
every 5 s for 60 s to initiate and image DVT formation. A
minimal amount of PBS was applied to the exposed tissues
throughout in vivo imaging.

Intravital Epifluorescence Microscopy

A Nikon multichannel epifluorescence microscope (Nikon
Eclipse Ni; Nikon, Tokyo, Japan) with x4 (Plan Fluor, NA
0.13) and x10 (Plan Fluor, NA 0.3) objective lenses and the
associated software (NIS Elements software; Nikon) was
used to perform intravital imaging of the blood circulation
in living mice. This system has a mercury lamp for excitation
at 350/50, 475/35, 542/20, and 630/38 nm (Nikon Intensilight
C-HGFIE; Nikon), which is coupled to filters for DAPI, FITC,
TRITC, and CyS5, respectively. A handheld laser check power
meter (Coherent, Japan) was used to assess the total power
density of each filtered light using a x10 objective lens, yield-
ing DAPI (15 mW/mm?), FITC (16 mW/mm?), TRITC (16 mW/
mm?), and Cy5 (4 mW/mm?).

Blood flow in the mice was visualized by injecting FITC-
dextran (FD2000S, Sigma-Aldrich, St. Louis, MO) at a dose of
25 mg/kg retroorbitally, resulting in a view of dye-free blood
cells. Rhodamine 6 G (2.5 mg/kg; Santa Cruz Biotech Inc.,
Dallas, TX) was administered with FITC-dextran 10-15 min
before live imaging to label the circulating leukocytes and
platelets. BUV563 rat anti-mouse Ly6G/Ly6C (0.1 mg/kg;
741226, BD Biosciences) and DyLight 649-conjugated rat anti-
mouse CD42b (GPIba, 0.1 mg/kg; X649, Emfret Analytics,
Eibelstadt, Germany) were administered in the same manner
to specifically illuminate Ly6G " Ly6C " leukocytes and plate-
lets, respectively.

Venous Blood Flow Velocity Assessment

Erythrocytes were labeled with FITC Isomer I (F7250,
Sigma-Aldrich, MO) using a protocol adapted from a previ-
ous study (41). Whole blood was extracted from a donor
mouse through heart puncture using a heparinized syringe
and subjected to centrifugation at 200 g/min for 10 min at
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20°C. The supernatant was discarded, and the cells under-
went two washing cycles of 5 min centrifugation at 200 g/
min, 20°C in PBS containing 0.5 mM Na,-EDTA (pH 8.0).
Subsequently, the erythrocytes were incubated with FITC
Isomer I (1 mg/mL PBS-EDTA) for 2 h at room temperature.
Postincubation, the supernatant dye was eliminated by cen-
trifugation at 200 g/min for 5 min, followed by three washes
with PBS-EDTA. The labeled erythrocytes were adjusted to a
final hematocrit of 20%-30% using PBS-EDTA and could be
stored at 4°C for 24 h. FITC Isomer I-labeled erythrocytes
(100 pL) were injected retroorbitally following ligation of the
femoral vein of a recipient mouse, and blood flow in the
saphenous vein was recorded under an epifluorescence
microscope on a x10 objective lens at four times lower laser
intensity than used for thrombogenesis, at a rate of ~8.7
frames/s. At least five representative erythrocytes were
tracked in 30 successive frames in each mouse using the Fiji
software manual tracking plug-ins (National Institute of
Health, Bethesda, MD). Blood flow velocity (um/s) was calcu-
lated as the distance covered by FITC Isomer I-labeled eryth-
rocytes divided by time, and the mean value for each mouse
in both groups was pooled for statistical analysis.

Saphenous Vein Thrombosis Resolution Analysis

DVT was identified as a filling deficiency on FITC-dex-
tran-generated venograms. The DVT region was traced and
divided into Y4 distal area, !4 proximal area, and the whole
area by denoting the lateral vessel as an anatomical land-
mark, and measured using Fiji software. The same lesion
was scanned after 2 and 24 h, as specified in each experi-
ment, to evaluate DVT resolution in terms of DVT area
reduction over time.

Intravital Two-Photon Microscopy

The two-photon microscope imaging system was built using
an upright two-photon microscope (Zeiss LSM 7 MP) powered
by a laser (Coherent Chameleon Ti:Sapphire; Glasgow, UK)
tuned to 860 nm and a x40/1.0 water-immersion objective
lens (W Plan-Apochromat DIC M27). Fluorescence signals
were detected using two external non-descanned detectors
with the following emission filters: 492/SP nm for SHG (blue
channel), 525/50 nm for FITC-dextran, and 575/25 nm for rho-
damine 6 G (red channel). The laser intensity varied from 12 to
18 mW. The system processed 3-color pictures (512 x 512 pixels)
at a rate of 7 frames/s. Image stacks were acquired at 0-100
pm depth below the saphenous vein surface using a 3-pm ver-
tical step. Time-lapse imagery was captured every minute for
20-30 min. Raw imaging data were processed using ZEN 2011
software.

Intravital Leukocyte Infiltration Assay

Fiji software (National Institute of Health, Bethesda, MD)
was used to generate three-dimensional time-lapse videos
using two-photon image stacks. Semiautomated tracking of
the motility of rhodamine 6 G-positive leukocytes that infil-
trated DVT in three dimensions (x, y, and t) was performed
using the TrackMate plugin (56, 57). The distance traveled
was determined by recording the positions at the initial and
final points of the migration tracking. These positions were
measured along the x-axis concerning the saphenous vein
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midline and the y-axis concerning venous flow. The migra-
tion speed was calculated by dividing the distance by the
time.

Complete Blood Count and Coagulation Profile Assay

Blood was collected from the mice’s hearts a day after rIL-
6 or PBS administration using a 1 mL syringe with a 26 G nee-
dle mixed with EDTA to measure the baseline complete
blood count. On the day of DVT harvest, bleeding time was
assessed using the tail vein filter paper method, as previously
explained (58). Blood collected from cardiac puncture was
mixed with 3.8% sodium citrate at a ratio of 1:9 and centri-
fuged at 1,000 g for 10 min to obtain plasma samples for the
coagulation profile assay. The measurement was delegated
to Fujifilm and performed according to their procedures.

Statistical Analyses

All data are presented as means + standard error (SE). The
Shapiro-Wilk test was performed to determine the normality
of the data distribution. To evaluate the mean difference
between IL-6-treated and control groups, the unpaired ¢ test
with Welch’s correction was used for parametric data; other-
wise, the Mann-Whitney test was used. A two-way ANOVA
with Tukey’s multiple comparisons was conducted to deter-
mine the mean difference between the two groups at various
time points. A mixed-effects model was used to evaluate
changes in the thrombus area in the stasis- and irradiation-
induced DVT model. Time points, groups, and their interac-
tions were considered fixed variables, and mice were consid-
ered random variables. Statistical significance was defined
as P < 0.05. All statistical analyses were performed using
GraphPad Prism 8.0.1 (GraphPad Software, Inc., California).

RESULTS

IL-6 Administration Decreases DVT Burden

To investigate the role of IL-6 in DVT burden, we adminis-
tered rIL-6 using a mini-osmotic pump a day before inducing
DVT through the harvest day on days 2 or 4 (Fig. 1A). Baseline
complete blood count analyses revealed no significant differ-
ences between the IL-6 and PBS groups (Supplemental Table
S2). Surprisingly, IL-6-treated mice formed a substantially
smaller IVC thrombus in terms of length, weight, and adjusted
weight/length than PBS-treated mice (Fig. 1, B-G). IL-6-
treated mice had significantly higher plasma and intra-
thrombi IL-6 levels than controls, confirming an effective con-
tinuous delivery of rIL-6 (Supplemental Fig. S1, A and B).
Nevertheless, both groups of mice showed similar bleeding
times and coagulation profiles, as shown by prothrombin
time, activated partial thromboplastin time, and fibrinogen
levels (Supplemental Table S3). These findings suggest that
exogenous IL-6 abates DVT propagation, leading to a reduc-
tion in the DVT burden.

IL-6 Does Not Alter the Whole DVT Architecture

To understand why IL-6 decreased DVT size, we per-
formed histological analyses of the resected DVT. The whole
thrombi were harvested by separating the surrounding vein
wall to observe the distribution of the tissue components
(Supplemental Fig. S1C). Both groups of mice demonstrated
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Figure 1. Exogenous IL-6 reduces the burden of deep vein thrombosis (DVT) in an inferior vena cava (IVC) stasis model. A: schematic diagram illustrating
the experimental design. Total ligation was performed on the infrarenal inferior vena cava (IVC) and its right branch of C57BL/6J mice a day after the ini-
tiation of continuous infusion of recombinant interleukin-6 (rIL-6) or phosphate-buffered saline (PBS). Vein wall-free thrombi were pathologically analyzed
on days 2 or 4 after IVC ligation. Images were sketched using a licensed version of Goodnotes 6.6.10. B: length of thrombi measured on day 2 (n =11
mice/group). C: weight of thrombi harvested on day 2 (n = 11 mice/group). D: weight of thrombi harvested on day 2 was adjusted to length (n = 11 mice/
group). E: length of thrombi measured on day 4 (n = 12—14 mice/group). F: weight of thrombi harvested on day 4 (n = 12—14 mice/group). G: weight of
thrombi harvested on day 4 was adjusted to length (n = 10 mice/group). Data are presented as means + standard error (SE). Statistical analysis was per-
formed using the unpaired t test with Welch’s correction (C, D, F, and G) and the Mann—Whitney test (B and E); *P < 0.05, **P < 0.01, ***P < 0.001. IL-6,

interleukin-6.

a similar amount of white lesion area on days 2 and 4
(Supplemental Fig. S1D). HE and Carstairs staining of the
longitudinal sections of thrombi showed that the erythrocyte
content diminished, whereas the increase in fibrin-collagen
deposition occurred from day 2 to day 4 after IVC ligation
in both groups (Supplemental Fig. S1, E-H). Immunostaining
revealed that the numbers of intrathrombi NIMP-R14 * neutro-
phils, CD19 " B cells, CD3e * T cells, Argl ™ monocytes, CCR2 ™
monocytes, CD61" platelets, and vWF deposition were equiva-
lent in the whole thrombus in both groups (Supplemental Fig.
S2, A-L). Circulating vVWF levels also showed unremarkable
changes upon IL-6 treatment (Supplemental Fig. S2M).

H608

Accordingly, these histological staining results clarified
that the macroscopic white lesion represented a fibrosis-
like area densely populated with neutrophils and platelets
(Supplemental Fig. S3).

We extended our analyses using real-time PCR for a better
quantitative approach. IL-6-treated mice shared a similar
expression level of intrathrombi mRNA of IL1B, CXCL2,
MCP1, and TNFq as the proinflammatory cytokines and che-
mokines; Mac-1, GPIba, PSGL-1, and SELP as leukocyte and
platelet activation markers; and F4/80 (Adgrel), RANTES
(CCLS), and TGFpB1 as the genes involved in extracellular
matrix regulation with PBS-treated mice (Supplemental Fig.
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S4, A-C). These data indicate that IL-6-induced DVT size
reduction might result from localized actions rather than
gross architectural changes.

IL-6 Enhances DVT Organization at the Distal Edge

After reassessing the gross macroscopic pictures of DVT,
we found that DVT from IL-6-treated mice exhibited appeal-
ingly well-organized white lesions at the distal edge of DVT
(Fig. 2A). Therefore, we reanalyzed the pathobiological pro-
file of the thrombi, considering the possibility of the seg-
mented effect of IL-6 relative to the venous blood flow
direction by scrutinizing the !4 distal part of the thrombus
(Fig. 2B). Quantitative analyses confirmed that the white

PBS IL-6 PBS

Day 4

Carstairs

lesions on the distal part of DVT from IL-6-treated mice,
which progressed from day 2 to day 4, were substantially
more extensive in contrast to those in PBS-treated mice
(Fig. 2C). This macroscopic feature suggests that IL-6 locally
promotes DVT organization in the distal part of the
thrombus.

DVT organization is a time-course process of shifting the
erythrocyte-rich thrombus to a more compact and stable tis-
sue matrix-rich thrombus (9, 59). The IL-6-treated mice’s
thrombus showed vivid demarcation by the ¥4 distal part,
which contained a significantly smaller erythrocyte area and
larger fibrin-collagen area than the PBS-treated mice’s
thrombus, indicating accelerated organization (Fig. 2, D-G).
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Figure 2. IL-6-treated mice exhibit an accelerated thrombus organization at the distal edge. A: representative macroscopic images demonstrating white
lesions (red arrow) found in the distal edge of the thrombus in IL-6-treated mice (scale bar = 2 mm). B: schematic of the thrombus segment for analysis:
Y distal part. Images were sketched using a licensed version of Goodnotes 6.6.10. C: the extent of the white lesion was quantified on the ¥4 distal throm-
bus part and expressed as the percentage of the corresponding area. D—G: vein wall-free thrombi aged 2 and 4 days in PBS- and IL-6-treated mice
were longitudinally frozen-sectioned and stained with hematoxylin-eosin and Carstairs. Representative histological images of the %5 distal thrombus part
(D and E; x22.2 magnification; scale bar = 100 um) with the corresponding quantifications of red blood cells (RBCs; yellow) and fibrin-collagen (red-blue)
area (F and G, respectively). Data are presented as means * standard error (SE). Statistical analysis was performed using two-way ANOVA with Tukey’s
multiple-comparisons test (C, F, and G); *P < 0.05, **P < 0.01, ***P < 0.001; ns, nonsignificant; n = 3—7 mice/group. HE, hematoxylin-eosin; IL-6, inter-
leukin-6; PBS, phosphate-buffered saline.
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As these histological features were linear to the macroscopic
findings, we postulate that the distal edge of the thrombus is
the primary locus of IL-6-mediated enhanced organization.

IL-6 Enhances the Distal Accumulation of Acute Immune
Cells in the Thrombus

Neutrophils and monocytes are the initial immune cells
that present with platelets in the early days of DVT (15, 60,
61). Immunofluorescence staining revealed that IL-6-treated
mice demonstrated a significantly greater accumulation of
neutrophils in the distal part of the thrombus on days 2 and
4 than in the PBS group without impacting the recruited
numbers of B cells and T cells (Fig. 3, A-D). Notably, pro-rep-
arative Argl™ monocytes, not inflammatory CCR2* mono-
cytes, incrementally localized at the distal edge of the
thrombus by day 4 in response to IL-6 (Fig. 3, E-H). CD61 "
activated platelets aggregated in correspondence with the
neutrophil-rich distal edge of the IL-6-treated mice’s throm-
bus, mainly on day 2 and slightly declined on day 4 (Fig. 3, I
and J). Moreover, vVWF was expressed in a distribution pat-
tern identical to that of neutrophils and platelets (Fig. 3, K
and L). These results suggest that IL-6 accelerates the organi-
zation of the distal edge of the thrombus by alluring neutro-
phils and platelets with the associated vWF deposition and
subsequently, pro-reparative monocytes.

IL-6 Upregulates Inflammation and Matrix Remodeling
at the Distal Edge of the Thrombus

Quantitative real-time PCR was performed to ascertain the
mechanism by which IL-6 governs thrombus organization at
the distal edge. We observed that in response to exogenous IL-
6, IL1B, and CXCL2, the proinflammatory cytokines and che-
mokines for neutrophils were notably upregulated at the
mRNA level in the thrombus distal edge 2 days after IVC liga-
tion relative to that in PBS-treated mice. By 4 days following
DVT induction, which is reported as the transition day of poly-
morphonuclear leukocytes (PMNs) to the mononuclear leuko-
cyte population (62), we found that the mRNA expression of
the proinflammatory cytokines MCP1 and TNFa was signifi-
cantly elevated in the IL-6-treated mice’s thrombus distal edge
compared with that in the PBS-treated mice (Fig. 4A).
Moreover, the mRNA expression of the monocyte/macrophage
surface marker F4/80 (Adgrel) was noticeably increased in the
distal edge of the 4-day-aged thrombus in IL-6-treated mice
(Fig. 4C). We observed similar vein wall thickness and endo-
thelial-to-mesenchymal transition (EndMT) between the IL-6
and PBS-treated groups (Supplemental Fig. S4, D-H). These
data demonstrate that IL-6 guides neutrophil-to-monocyte-
driven inflammation at the distal edge of the thrombus.

In addition, we identified a marked increase in Mac-1 tran-
scripts on day 4, GPIba on days 2 and 4, PSGL-1 on days 2
and 4, and SELP on day 4 within the distal part of the IL-6-
treated mice’s thrombus relative to that in PBS-treated mice

(Fig. 4B), implying IL-6-induced activation of leukocytes and
platelets. As their interactions were recently identified in the
resolution process following the initiation of inflammation
(63), we examined the intrathrombi expression of extracellu-
lar matrix regulator genes. By day 2 of stasis-induced IVC
thrombosis, TGFp1 transcripts increased within the distal
part of the IL-6-treated mice’s thrombus. Furthermore, the
mRNA expression of RANTES (CCL5) and TGFp1 was ele-
vated at day 4 in the thrombus distal edge of IL-6-treated
mice compared with that in the PBS-treated mice (Fig. 4C),
indicating remodeling of the thrombus extracellular matrix,
which is essential for the organization and early resolution
of the thrombus (64). These findings demonstrate that IL-6
regulates inflammation through platelet-leukocyte interac-
tions to organize thrombi.

To evaluate the effects of IL-6 on extracellular matrix
remodeling within the thrombus, we performed immunohis-
tochemical staining targeting myofibroblasts, which are key
players in this process (65, 66), and laminin, an extracellular
matrix component (67). The distal edge of the thrombus in
IL-6-treated mice exhibited a greater SM22a-positive area as
early as day 2, indicating myofibroblast activity (Fig. 5, A
and B). This activity might be independent of the EndMT
process (Supplemental Fig. S4, F—H). Laminin was consider-
ably more extensive at the distal edge of the thrombus in IL-
6-treated mice (Fig. 5, C and D). However, the SM22q-positive
population and laminin area over the whole thrombus did
not differ between the groups (Supplemental Fig. S5, A-D).
These findings corroborate the pattern of fibrin-collagen
deposition (Fig. 2, D, E, G; Supplemental Fig. S1, E, F, and H).

Tissue remodeling is widely associated with neovasculari-
zation (61, 68). By day 4, neovascular channels were substan-
tially detected within the distal edge of the thrombus in IL-6-
treated mice (Fig. 5, E-G), consistent with the presence of pro-
reparative monocytes (Fig. 3, E and F). Nonetheless, we could
not detect the upregulation of VEGFA and MMP transcripts
on day 4 (data not shown). Further analysis through gelatin
zymography revealed a slight trend toward higher MMP-9
activity than MMP-2 activity in the whole thrombus, with
comparable total gelatinolytic activity (Supplemental Fig. 5,
E-I). This finding was confirmed by fluorescence visualiza-
tion of MMP activity in both groups of mice (Supplemental
Fig. 5, J and K).

In Vivo DVT Imaging Demonstrates Acute Immune Cell
Recruitment and Subsequent Thrombus Resolution in
Response to IL-6

The stasis- and irradiation-induced femoral/saphenous vein
thrombosis model enables the sequential evaluation of acute
DVT organization and early resolution by considering the
prompt involvement of immune cells (41, 69). Hence, we used
epifluorescence microscopy to elucidate how IL-6 orchestrates
the acute recruitment of innate immune cells into the

Figure 3. Immune cells accumulate at the IL-6-induced, organized, distal edge of the thrombus. A-L: vein wall-free thrombi aged 2 and 4 days from PBS-
and IL-6-treated mice were longitudinally frozen-sectioned and stained for NIMP-R14 (A and B; red), CD19 (A and D; green), CD3e (C and D; green), Arg1
(E and F), CCR2 (G and H), CD61 (/ and J), and von Willebrand factor (vWF) (K and L). Representative images of the ¥4 distal thrombus part (4, C, E, G, I, K;
% 22.2 magnification; scale bar = 100 pum) with the corresponding quantifications of NIMP-R14 " neutrophils, CD19* B cells, CD3e " T cells, Arg1* mono-
cytes, CCR2 - monocytes, CD61 + platelet area, and VWF area (B, D, F, H, J, and L, respectively). Blue (A and C), nuclear staining with 4’,6-diamidino-2-
phenylindole (DAPI). Data are presented as means + standard error (SE). Statistical analysis was performed using two-way ANOVA with Tukey’s multiple-
comparisons test (B, D, F, H, J, and L); *P < 0.05, **P < 0.01; ns, nonsignificant; n = 3—-5 mice/group. IL-6, interleukin-6; PBS, phosphate-buffered saline.
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thrombus at 0, 2, and 24 h after saphenous vein thrombogene-
sis (Fig. 6A). We observed that DVT initiation was similar
between IL-6- and PBS-treated mice (Supplemental Videos S1
and S2), as reflected by a comparable DVT area and length at
0 h (Supplemental Fig. S6, A and B). In response to IL-6, leu-
kocytes and platelets formed an extensive rhodamine 6
G-positive aggregate that indicates acute inflammation at
the distal edge of the thrombus, mirroring the enhanced dis-
tal edge organization of IVC thrombi in the IL-6-treated mice
(Fig. 6, B and C). The utilization of antibodies specific to
Ly6G TLy6C* leukocytes confirmed a pattern similar to that
of rhodamine 6 G (Supplemental Fig. S6C), suggesting that
most of the rhodamine 6 G signals were of leukocyte origin.
Serial in vivo imaging enables the assessment of the
time course of changes in DVT size (39, 69). The resulting
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dynamics of the thrombus area, which illustrate the reso-
lution process, are depicted (Fig. 6D). Over time, both
groups of mice experienced a decrease in the whole throm-
bus area (Fig. 6E). Since IL-6 facilitates the recruitment of
inflammatory cells to the distal edge of DVT, we specu-
lated that locally augmented inflammation at the edge
would result in enhanced DVT resolution in that particular
region. We assessed the percentage changes in the throm-
bus area at the ¥4 proximal and 4 distal edges (Fig. 6F).
The proximal edge of the thrombus in both groups exhib-
ited comparable thrombus area reductions at 2 and 24 h
(Fig. 6, G and H). Distinctly, the distal edge of the IL-6-
treated mice’s thrombus demonstrated a substantially
more significant reduction in thrombus area at 2 h and a
higher trend at 24 h after thrombogenesis than that in
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PBS, phosphate-buffered saline.

PBS-treated mice (Fig. 6, I and J), implying that IL-6 pro-
moted DVT resolution at the distal edge. Next, we eval-
uated the association between the degree of inflammation
and DVT resolution. As such, the extent of distal edge leu-
kocyte-platelet accumulation unveiled a strong positive

correlation with thrombus distal area reduction (Fig. 6K).
These data reaffirm that thrombus organization, played
by the acute interaction of leukocytes and platelets, to
which IL-6 locally intensifies, contributes to thrombus
resolution.
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IL-6 Expedites Leukocyte Migration into the Distal Part
of the Venous Thrombus

The caudal side of the DVT is reported to be the port of
entry for neutrophil infiltration (69, 70). Thus, to investigate
the dynamic spatiotemporal mechanism of leukocyte infil-
tration in the thrombus treated with IL-6 or PBS at the sin-
gle-cell level, we performed serial two-photon microscopy
over the saphenous vein thrombus (Fig. 7A). Under the
influence of IL-6, leukocytes and platelets were mainly
recruited to the distal edge. In contrast, we observed that
the accumulation of leukocytes and platelets occurred less
in number but in a more dispersed pattern in PBS-treated
mice (Fig. 7B).

By focusing on the distal edge of the thrombus, we tracked
the leukocyte migration pattern. In IL-6-treated mice, leuko-
cytes massively migrated into the thrombus through its dis-
tal edge parallel to the venous blood flow (Fig. 7, C and F;
Supplemental Video S3). In contrast, this feature was
scarcely observed in the PBS group (Fig. 7, C and F;
Supplemental Video S4). Quantitatively, the rhodamine 6
G-positive leukocytes of IL-6-treated mice significantly infil-
trated the thrombus through the y-axis, in line with the
direction of venous blood flow, at a longer distance than that
in PBS-treated mice (Fig. 7D). Meanwhile, leukocytes in both
groups showed similar migration distances on the x-axis of
the thrombus (Fig. 7E). Furthermore, leukocytes from IL-6-
treated mice exhibited amplified motility, as indicated by
the faster migration speed to the saphenous vein thrombus
on the y-axis (Fig. 7G), but not along the x-axis (Fig. 7H), rela-
tive to PBS-treated mice. Notably, the velocity of stasis
venous blood flow was proportionate between both groups
of mice (Supplemental Fig. S6D). This phenomenon might
explain the IVC thrombus phenotype, in which IL-6 signals
leukocytes to aggressively organize and resolve the throm-
bus from the distal edge by trailing venous flow, leading to a
shorter length and lower burden.

DISCUSSION

DVT is classically believed to develop under Virchow’s
triad, which includes blood stasis, endothelial dysfunc-
tion, and heightened coagulability (71, 72). Recently, ster-
ile inflammation has been a concern in DVT, with immune
cells being the key players (13, 73). In the current study, we

explored the role of IL-6 in the pathogenesis of acute DVT
using the classical IVC stasis-induced DVT model and
intravital femoral/saphenous DVT imaging model to better
understand the immune cell dynamics during DVT organi-
zation and resolution.

Clinical studies have observed a significant relationship
between plasma IL-6 levels and DVT. The expression of IL-6
is increased in the peripheral mononuclear cells and plasma
of patients with DVT (34, 74, 75). Patients with IL-6 promoter
polymorphism (—572 G > C) have also been reported to have
elevated plasma IL-6 levels and an increased risk of DVT
(75). A previous report has shown that persistent IL-6 overex-
pression in myeloid cells results in systemic inflammation
and vascular dysfunction, including upregulated fibrosis
and myeloid cell recruitment in arteries (28). Therefore, we
speculate that IL-6 may cause venous endothelial dysfunc-
tion. In this condition, the expression of tissue factors and
adhesion molecules outweighs the physiological antithrom-
botic properties. This contributes to the activation of coagu-
lation cascades and the attachment of leukocytes and
platelets to the endothelium, which initiates DVT formation
(76, 77). Meanwhile, the effect of IL-6 on the DVT burden is
conflicting in animal models. Nosaka et al. (35) reported that
IL-6 supplemented in the formed thrombus of the IVC steno-
sis model accelerated thrombus resolution on day 10.
Obi et al. (36) demonstrated that DVT burden increased
in IL-6 '~ mice on days 8 and 21 after IVC ligation, without
any alteration on day 2. On the contrary, Zhang et al. (34)
showed that anti-IL-6 antibody treatment decreased DVT
size 48 h post ligation. These conflicting shreds of evidence
indicate that IL-6 has a paradoxical effect on DVT; one is a
proinflammatory cytokine that augments thrombogenesis,
and the other is an adaptive response to DVT organization
and resolution, similar to cutaneous wound healing patho-
physiology (78, 79).

Our study shows that IL-6 supplementation 1) amplifies
leukocyte infiltration, only the part of the innate but not
adaptive immune system, to the distal edge of the thrombus,
2) intensifies platelet-leukocyte activation and interactions,
thereby creating acute localized inflammation that results in
thrombus matrix remodeling without vein wall impairment,
and 3) leads to accelerated organization and early resolution
at the distal edge. Hitherto, we established that IL-6-induced
localized inflammation reduces DVT burden (Graphical
Abstract).

Figure 6. Real-time epifluorescence imaging reveals IL-6-driven acute leukocyte-platelet aggregation and associated thrombus area reduction at the
distal edge of the saphenous vein thrombus. A: schematic diagram illustrates the experimental design. Intraperitoneal (ip) injection of mouse recombi-
nant IL-6 (rlL-6; 0.3 ng/200 plL) or PBS (200 pL) was administered to C57BL/6J mice a day before DVT induction through femoral vein ligation and laser
irradiation of the saphenous vein. Serial intravital epifluorescence microscopy was performed. Images were sketched using a licensed version of
Goodnotes 6.6.10. B and C: representative images of saphenous vein thrombus in PBS- and IL-6-treated mice depicting the intrathrombi aggregation of
rhodamine 6 G-labeled leukocyte-platelet (B; scale bar = 250 um) with the corresponding quantification of distal rhodamine 6 G-positive area (C). D and
E: representative images of DVT resolution (D; scale bar = 250 pm) and quantification of the whole thrombus area change (%) in PBS- and IL-6-treated
mice over 0, 2, and 24 h following DVT induction (). F: schematic illustration of the measurement of the ¥4 proximal area change (P.A.C) and ¥; distal
area change (D.A.C) of the saphenous vein thrombus in PBS- and IL-6-treated mice; scale bar = 250 pm. The white line indicates the partition of the
thrombus area relative to the lateral vessel, as an anatomical landmark. The dashed white line marks the initial thrombus area at to, and the yellow line
demarcates the actual thrombus area at t: 2 or 24 h. G and H: quantitative analyses of area reduction in the ¥4 proximal part of PBS- and IL-6-treated
mice saphenous vein thrombus at 2 h (G) and 24 h (H) after DVT induction. / and J: quantitative analyses of area reduction in the ¥ distal part of the
saphenous vein thrombus in PBS- and IL-6-treated mice at 2 h (/) and 24 h (J) after DVT induction. K: the association of the distal rhodamine 6 G-positive
area with the subsequent percentage area reduction in the ¥4 distal thrombus part was assessed using Spearman’s correlation. Data are presented as
means * standard error (SE). Statistical analysis was performed using the unpaired t test with Welch’s correction (C, G, H, and J), mixed-effects model (E),
and the Mann—Whitney test (/); *P < 0.05, **P < 0.01, vs. PBS. #P < 0.05, ###P < 0.001vs. O h; ns, nonsignificant. n = 6 or 7 mice/group. DVT, deep
vein thrombosis; IL-6, interleukin-6; PBS, phosphate-buffered saline.
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Several factors may have led to the disparities found in
the studies of IL-6 in DVT. We believe that the employed
thrombosis model, utilization of IL-6 genetically modified
mice or antibody-based blockade, timing and route of
recombinant IL-6 administration, and the phase at which
the thrombus is assessed should be meticulously addressed.
In terms of subacute DVT (day 8 or later) burden, stasis, and
stenosis, IVC ligation models unveiled a comparable trend in
attribution with IL-6 (36). Intermittent supplementation of
IL-6 in the stenosis model of subacute DVT exquisitely discov-
ered that macrophages and various related proteolytic enzymes
are the key players in reducing the DVT burden (35). However,
the role of IL-6 in acute DVT (days 2 and 4) remains unknown.
In this study, we performed pretreatment with IL-6 before DVT
induction to understand the role of IL-6 in a clinical scenario in
which DVT occurs in patients with severe systemic inflam-
mation (80-84). The disadvantage of pretreatment might
affect both DVT formation and resolution. However, we did
not observe a significant change in thrombus formation
after IL-6 treatment (Supplemental Videos S1 and S2).
Correspondingly, our data revealed that IL-6 did not impair
the coagulation system, even in the number of circulating
blood cells at baseline. This notion is supported by the fact
that the final maturation of any hematopoietic cell lineage
does not require IL-6 (85), and genetic deletion of IL-6 does
not dysregulate coagulation and platelet function (36) or
inhibit DVT formation in mice (35, 36).

Instead of affecting thrombogenesis, IL-6 accelerated
thrombus organization. Jewell et al. (86) showed that toci-
lizumab, an anti-IL-6R antibody, decreased the levels of
coagulation factor XIII, chemerin, and plasminogen acti-
vator inhibitors. This reduction may compromise fibrin
clot stability, potentially increasing the likelihood of
microthrombi detachment. Identically, we showed that
IL-6 supplementation promoted higher fibrin-collagen
content by substituting erythrocytes within the distal part
of the thrombus. Thrombus dissolution involves contrac-
tion-related size reduction and fibrotic transformation of the
blood clot, in which platelets and myofibroblasts play crucial
roles, leading to the restoration of luminal flow (87, 88).
Collagen-rich thrombi have less porosity, implicating invul-
nerable fibrinolysis and firmer adherence to the venous wall
(8, 36, 59, 70). Moreover, vWF found in the proximity of neu-
trophils and platelets reinforces the organization of DVT (10),
indicating that platelets are the primary source during the
acute response to IL-6 (89). Increased platelet production and

reactivity induced by IL-6 have also been identified in exper-
imental colitis, promoting microvascular thrombosis (90). In
contrast, our observations demonstrate that platelets are
effectors of IL-6 in DVT organization and early resolution.
Through this mechanism, IL-6 can stabilize the thrombus
and minimize embolization.

The effect of IL-6 on DVT, especially in the acute phase
(before day 8), remains unclear. In the current study, using
in vivo imaging techniques, we propose a novel concept that
IL-6 enhances the invasion of inflammatory cells at the distal
edge of DVT, resulting in locally enhanced DVT resolution.
We succeeded in identifying diminished lesions by compar-
ing the size of the same DVT over time using serial in vivo
imaging of DVT, which is not possible in a classical IVC sta-
sis-induced DVT model. Here, we demonstrated that IL-6
enhanced distal-edge dominant DVT resolution in rhoda-
mine 6 G-positive inflamed lesions.

IL-6 is well-acknowledged to regulate cellular trafficking.
Although several in vitro studies have reported the effect of
IL-6 on the enhancement of cell migration capacity (91-93),
no investigation has been conducted in a DVT setting.
Through intravital imaging, we successfully elucidated the
mode of action of IL-6 in a murine DVT model for the first
time. IL-6 energizes the flow-linear infiltration of leukocytes
into the distal edge of DVT, allowing aggregation with plate-
lets. Sreeramkumar et al. (94) highlight that during migration,
leukocytes exhibit asymmetrical conformation in which the
leading edge (moving front) guides the movement direction
and the uropod (receptor-rich trailing edge) at the back site
facilitates interactions with platelets through PSGL-1 and
P-selectin. In line with our previous study (69), the degree of
inflammation in the initial hours of DVT could predict throm-
bus resolution, in which IL-6 conveys it from the distal region.

IL-6 amplified the biased migration of leukocytes in the
direction of venous blood flow, independent of the velocity
of stasis blood flow. We speculate that this is because the
local chemokine gradient, as the effect of IL-6, is oriented on
the y-axis of the thrombus, in which the distal edge retains
the most significant concentration under the rheology of
DVT formation. Global genetic deficiency of IL-6 has been
shown to impair the production of local chemotactic factors
(31). Our findings in this current study suggest that the in
vivo assessment of leukocyte infiltration escalated by IL-6
could signify its actions in DVT resolution in real time. Such
arrangements cannot be observed in the in vitro migration
assays (95), where only the migration pattern is evaluated.

Figure 7. Real-time two-photon imaging demonstrates the directional leukocyte migration into DVT following IL-6 treatment. A: schematic diagram illus-
trates the experimental design. Intraperitoneal (ip) injection of mouse recombinant IL-6 (rlL-6) 0.3 ug/200 pL or PBS 200 pL was administered to C57BL/
6J mice a day before DVT induction through femoral vein ligation and laser irradiation of the saphenous vein. Serial intravital two-photon microscopy
was performed. Images were sketched using a licensed version of Goodnotes 6.6.10. B: representative images of the whole PBS- and IL-6-treated mice
saphenous vein thrombus resulting from the stitching of 10—12 images by Fiji software, each captured at 0, 2, and 24 h, visualizing the pattern of acute
leukocyte-platelet accumulation within the thrombus. The dashed white line indicates the initial thrombus area at O h. Scale bar =100 um. C—H: spatio-
temporal dynamics of rhodamine 6 G-positive leukocyte infiltration into the distal part of PBS- and IL-6-treated mice saphenous vein thrombi were moni-
tored using a two-photon microscope for 20—-30 min. Representative images of tracked leukocyte migration (C; tracks of at least 76 rhodamine 6
G-positive leukocytes per mouse; scale bar =100 um; n = 15—18 mice/group) show a magnified view from the dotted white square in each group. The
blue line indicates the vein wall, the dashed white line demarcates DVT, the white circle indicates infiltrating leukocytes, and the white line illustrates the
tracked path of leukocytes. The quantification of the mean leukocyte migration distance on the y-axis, which is parallel to the direction of venous blood
flow (D), and the x-axis, toward the center of the thrombus (E), is presented. The rose plot depicts the pattern of leukocyte infiltration into the saphenous
thrombus in PBS- and IL-6-treated mice (F). The mean leukocyte migration speed was quantified on the y-axis (G) and x-axis (H). A negative value indi-
cates that the leukocytes migrated in the direction opposite to the venous blood flow or outward from the thrombus center. Data were obtained for 15—
18 mice/group. Data are presented as means + standard error (SE). Statistical analysis was performed using the unpaired t test with Welch’s correction
(D, E, G, and H); *P < 0.05; ns, nonsignificant. DVT, deep vein thrombosis; IL-6, interleukin-6; PBS, phosphate-buffered saline.
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Limitations and Future Directions

Our study had some limitations that should be considered.
IL-6 acted greater as of DVT size reduction in the total IVC
ligation model than in stasis- and irradiation-induced saphe-
nous vein thrombosis, in which partial venous blood flow
surrounding the thrombus, as in the IVC stenosis model,
reduced the IL-6-guided resolution (36). Since the scope of
the present study was confined to targeting inflammation in
the acute phase of DVT while bridging the gap of a past study
where serial days 1, 4, and 8 of post-thrombogenesis rIL-6
treatment enhanced thrombus resolution (35), the effect of
more extended continuous administration of rIL-6 in throm-
bus has not yet been elucidated as to whether it is deleterious
and compromises DVT resolution, hence limiting the transla-
tionality of our results beyond 4 days. As mentioned earlier,
persistently elevated circulating IL-6 causes maladaptive sys-
temic inflammation and vascular dysfunction (28); thus,
extensive experimental studies before clinical trials are
imperative to determine the appropriate dosage and duration
of IL-6 supplementation in addressing DVT. Experiments to
validate the non-EndMT origins of IL-6-induced accumula-
tion of intrathrombi myofibroblasts as part of the potential
mechanisms were not feasible in the present study; thus, fur-
ther multimodal exploration is advocated. Furthermore,
although respecting the segmented effect of IL-6 in the gen-
erated thrombi, the thrombosed vein wall reactions to exoge-
nous IL-6 in acute DVT development were evaluated only
through histological staining due to limited tissue availabil-
ity, suggesting the necessity of utilizing more advanced tech-
niques capable of delivering quantitative assessments of
small amounts of vein wall tissues.

Conclusions

In summary, we postulate that IL-6 orchestrates innate
leukocytes in concert with platelets to augment acute
inflammatory-dependent thrombus organization within dis-
tal specific sites, which prompts early resolution, implying
the favorable contribution of IL-6 in acute DVT. Therefore,
prophylactic recombinant IL-6 could potentially be sought
to reduce the DVT burden in patients with inevitable occlu-
sive thrombogenesis. Indeed, a cautious investigation into
the side effects of IL-6 should be considered, although none
were found in the present study. To mitigate the systemic
off-target effects of IL-6, we propose that rIL-6 can be admin-
istered at the distal site of the identified venous occlusion.
Transcatheter administration serves as a viable method for
this purpose, although further research is required. Finally,
our findings highlight the critical role of acute inflammation
in thrombus organization and resolution, thereby advising
caution against excessive early administration of anti-IL-6
agents in the clinical management of DVT associated with
inflammatory diseases.
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