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Inhibition of IL-6 trans-signaling promotes @
post-stroke functional recovery in a sex
and dose-dependent manner

Cassandra Hall'", Dustin T. Nguyen'", Kate Mendoza', Chunfeng Tan' and Anjali Chauhan'"

Abstract

Introduction Elevated circulating IL-6 levels are associated with poorer outcomes after stroke, and increased
serum IL-6 levels are linked to a higher risk of stroke. IL-6 binds to soluble IL-6 receptors (sIL-6R) and subsequently

to ubiquitously expressed gp130, initiating proinflammatory trans-signaling. This study tested the hypothesis that
inhibiting IL-6 trans-signaling by administering soluble (s) gp130 improves long-term functional outcomes in young
mice after stroke.

Methods Recombinant mouse gp130Fc chimera (sgp130) was administered one hour after middle cerebral

artery occlusion (MCAO) followed by twice-weekly administration for 2 weeks in mice (8-15 weeks old). Behavioral
assessments were done on days 7 and 28 post-MCAQ for chronic studies. Flow cytometry was performed on days 3
(blood) and 7 (spleen and brain) to assess IL-6, mIL-6R, and phosphorylated STAT3 expression.

Results Improved long-term functional outcomes were observed in male, but not female mice. To investigate the
differential response in females, ELISA analyses revealed that plasma IL-6 levels increased in both sexes after MCAO,
with a more pronounced induction in females. Additionally, circulating sIL-6R levels were significantly higher in
females compared to males (p <0.05) at 24 h post-MCAO. Administering a higher dose of sgp130 (1 mg/kg) to females
improved long-term functional outcomes, suggesting that a higher dose is needed to inhibit IL-6 trans-signaling

in females effectively. Mechanistically, sgp130 treatment reduced phosphorylated STAT3 expression in brain F4/80
macrophages and increased the expression of mIL-6R on splenic immune cells at day 7 post-MCAQ in both sexes.

Conclusion These findings demonstrate that inhibition of IL-6 trans-signaling with gp130Fc improves long-term
functional outcomes in both male and female mice, albeit in a dose-dependent manner. This study provides novel
insights into potential therapeutic strategies targeting IL-6 signaling pathways following stroke.
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Introduction

Interleukin-6 (IL-6) is a cytokine secreted by multiple
cell types, including microglia, macrophages, astrocytes,
monocytes, fibroblasts, endothelial cells, mast cells, kera-
tinocytes, and T cells [1]. IL-6 plays a pivotal role in the
immune response and is involved in several inflamma-
tory conditions, including ischemic stroke [2, 3]. IL-6
signaling occurs through two main pathways: classical
signaling, which is anti-inflammatory, and trans-signal-
ing, which is pro-inflammatory. In classical signaling,
IL-6 binds directly to membrane-bound IL-6 receptors
(mIL-6R) already complexed with gp130 [4, 5]. This
pathway is restricted to cells expressing mIL-6R, such as
hepatocytes, neutrophils, monocytes, macrophages, and
some lymphocytes, limiting the number of cells that can
engage in classical signaling [6]. In contrast, IL-6 trans-
signaling occurs when IL-6 binds to soluble IL-6 recep-
tor (sIL-6R). The IL-6/sIL-6R complex then binds to
membrane (m)-bound gp130 [4, 5, 7]. Because gp130 is
ubiquitously expressed, trans-signaling can occur in vir-
tually any cell type, broadening the potential inflamma-
tory responses mediated by IL-6. Therefore, selectively
inhibiting IL-6 trans-signaling represents a promising
therapeutic strategy for inflammatory conditions, aiming
to mitigate excessive immune responses while preserving
the beneficial aspects of IL-6 classical signaling.

The effects of manipulating IL-6 signaling have been
extensively studied in numerous stroke investigations
[8]. IL-6 is recognized as an early and chronic phase-
inflammatory mediator, yet it also plays a role as a neu-
rotrophic mediator [9]. Importantly, the effects of IL-6
within the brain may differ from those in peripheral tis-
sues. For instance, locally produced IL-6 in the brain has
been shown to promote angiogenesis post-stroke [10],
and intracerebroventricular administration of IL-6 was
neuroprotective in a rat model of permanent focal cere-
bral ischemia [11], suggesting a beneficial role of enhanc-
ing IL-6 specifically in the brain. However, elevated
serum levels of IL-6 have been associated with larger
infarct sizes and poorer outcomes in stroke patients [2,
3]. Therefore, targeting peripheral IL-6 while preserving
beneficial central IL-6 effects may represent a therapeutic
approach to improve stroke outcomes.

Selective blockade of IL-6 trans-signaling by soluble (s)
gp130 has demonstrated protective effects against trans-
verse aortic constriction-induced ventricular remodeling
in young mice, reducing ventricular fibrosis, immune cell
infiltration, and oxidative stress [12]. Additionally, sgp130
treatment decreases endothelial activation and intimal
smooth muscle cell infiltration, thereby reducing mono-
cyte recruitment and slowing atherosclerotic plaque
progression [13]. Intracerebroventricular (ICV) admin-
istration of sgpl30 has also attenuated LPS-induced
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sickness behavior in adult and aged mice [14, 15], high-
lighting its efficacy across various disease models.
Although ischemic stroke primarily affects older adults,
its incidence among young adults has been increasing
globally [16-19]. While risk factors in younger patients
often overlap with those in older patients, behaviors such
as low physical activity, excessive alcohol consumption,
and smoking contribute disproportionately to ischemic
strokes in young adults. Therefore, it is critical to test
therapies in younger patient populations. Consequently,
we hypothesized that inhibiting IL-6 trans-signaling
would enhance long-term functional outcomes after
stroke in young mice. This study aimed to evaluate the
enduring benefits of IL-6 trans-signaling inhibition by
sgpl130 and to investigate the underlying mechanisms
influencing stroke-induced functional outcomes.

Materials and methods

Animals

Young adult male and female mice (8-15 weeks) were
used for this study and were group housed in a pathogen-
free facility with access to food and water ad libitum. All
animals were group housed in Tecniplast individually
ventilated cage racks, fed a commercially available irradi-
ated, balanced mouse diet (no. 5058, LabDiet, St Louis,
MO), and provided corncob bedding. Rooms were main-
tained at 21-24°C and under a 12:12 h light: dark cycle.
Animal procedures were performed at an Association
for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) accredited facility and were approved by
the Animal Welfare Committee at the University of Texas
Health Science Center in Houston, TX, USA. All the sur-
geries and behavioral testing were conducted between 6
and 9 AM by an investigator blinded to treatment.

Middle cerebral artery occlusion (MCAO)

Transient focal ischemia was induced under isoflurane
anesthesia in young for 60 min by occlusion of the right
middle cerebral artery [20]. Body temperature was main-
tained at 37.0+ 1.0 °C throughout the surgery by an auto-
mated temperature control feedback system (TC1000,
mouse, CWE Inc., USA). A midline ventral neck inci-
sion was made, and unilateral MCAO was performed
by inserting a Doccol monofilament (Doccol Corp, Red-
lands, CA, USA, 602145PK10Re) through a right external
carotid artery into the internal carotid artery. Cerebral
blood flow (CBF) was measured by a Laser Doppler flow-
meter (Moor Instruments Ltd., Devor, UK) to ensure
occlusion (>80% from baseline) and later MCA recana-
lization. Animals were allowed to awaken from anesthe-
sia during the intra-ischemic period to ensure behavioral
deficits (turning). One hour after ischemia, animals were
re-anesthetized, and reperfusion was established by the
withdrawal of the monofilament. Animals were then
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placed in a recovery cage and were euthanized either
at 24 (efficacy study) or 72 h after reperfusion or 7 days
post-MCAO (for assessment of mIL-6R, and mgp130).
For chronic studies, mice were euthanized at day 15
(females only) or 30 post-MCAO. Sham controls under-
went the same procedure except the monofilament was
not introduced to occlude the middle cerebral artery.
Animals were randomly assigned to stroke and sham sur-
gery groups and housed in recovery cages for two hours
after surgery. Sham and stroke mice were then housed
together in their home cages (group housing) to mini-
mize the detrimental effects of social isolation [21]. Mice
used for stroke (or sham) underwent pre-screening with
the Barnes maze and open field test. All mice escaped to
the dark box in the Barnes maze within three minutes
and were thus included in the study.

Three mice died in the vehicle MCAO group (days 4 (2
mice) and 7 (1 mouse) post-MCAQ), and three mice in
sgp130MCAO (days 4 (2 mice) and 7 (1 mouse)). These
mice were excluded from the day 7 analysis but were
included in the pre-MCAOQO analysis. We observed no
mortality in the 24-hour male and female cohorts. No
mortality was observed in 7-day male cohorts. Vehicle
or sgp130 (0.5 mg/kg or 1 mg/kg (females only), i.p, R&D
systems; #: 468-MG@G) was administered immediately after
reperfusion in both males and females. A total of four
injections were administered, with the first dose given
at the time of reperfusion and the remaining injections
administered at three-day intervals. BrdU (Sigma, 50 mg/
kg, i.p.) was administered for 10 days starting on day one
post-MCAO.

Behavioral testing

Neurological deficit scoring was done on day one post-
MCAO and the mice were euthanized after the testing.
Open field and Barnes maze tests were performed on
day 7 and day 28 post-MCAO in the chronic cohort. The
animals were euthanized on day 30 post-MCAO. Behav-
joral studies were conducted and analyzed by a trained
observer blinded to surgical and treatment groups. Each
testing apparatus was cleaned with 70% ethanol between
mice.

Neurological deficit scores

The NDS was assessed on day 1 post-MCAO to quan-
tify acute neurological deficits [22]. The NDS system was
defined as follows: 0, no deficit; 1, forelimb weakness and
torso turning to the ipsilateral side when held by the tail;
2, circling to the affected side; 3, unable to bear weight on
the affected side; and 4, no spontaneous locomotor activ-
ity or barrel rolling.
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Open field testing

Locomotor activity was assessed as described previously
on days 7 and 28 after MCAO [23]. Mice were placed in
a brightly lit box, 50 cm wide x 50 cm long x 38 cm high,
and allowed to explore freely for 5 min. The mice were
filmed from above during the test. These videos were
then analyzed using Noldus EthoVision behavioral soft-
ware (Leesburg, VA).

Barnes maze task

The Barnes maze was performed on the elevated circu-
lar platform (9 c¢cm in diameter) with 20 equally spaced
holes (5 cm in diameter). A randomly chosen hole was
designated as the escape hole that allowed the mouse to
escape the platform in a dark box below. Training phase
(Pre-surgery training phase): the mouse was placed at
the center of the maze and allowed to explore for 5 min.
Visual cues on the surrounding walls helped orient the
mouse to the position of the escape box. At the end of
5 min, the mouse was gently moved to the dark box and
remained there for 1 min. On days 2—4, the mouse was
allowed to explore the maze for 3 min, and the time
to escape and the number of incorrect entries were
recorded. If the mouse failed to find the dark box within
3 min, it was gently guided to the box. Mice received the
training twice a day followed by testing on day 5. On day
5, baseline testing was conducted. The mice performed
the task twice and the average was taken. On days 2-5
(training and baseline), as well as days 7 and 28 (testing).
Peanut butter was used as an olfactory cue, and placed in
the dark box to motivate the mice to locate it. Only mice
that located the dark box within 3 min were included in
the study. All the mice that performed the task were able
to locate the dark box within 3 min. The mice were then
tested on days 7 and 28 post-MCAO to assess long-term
memory retention.

Nest building test

The nest building test was performed and analyzed as
described previously [24, 25]. Mice were singly housed
overnight in a cage with corncob bedding and one square
nestlet (2x2 inches). Twelve hours later photographs
were taken of the nests and scored using a 5-point scale.
(1) The Nestlet is untouched, with more than 90% intact.
(2) The Nestlet is partially torn, but more than 50%
remains intact. (3) The Nestlet is almost or completely
torn, with no identifiable nest site present (pieces scat-
tered throughout the cage). (4) The Nestlet is almost
or completely torn, with an identifiable nest site, but
more than 50% of the nest’s sides are flat. (5) The Nest-
let is almost or completely torn, with an identifiable nest
site, and the nest’s walls are higher than the body of the
mouse on all sides.
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Tissue harvesting procedure

Mice were euthanized on day 3 (acute cohort) and day
30 (chronic/recovery cohort) post-MCAO. Mice were
euthanized on day 3 (acute cohort) and day 30 (chronic/
recovery cohort) post-MCAQ. Animals were transcardi-
ally perfused with 40 ml of cold sterile PBS. The olfactory
bulb, brainstem, and cerebellum were removed.

2,3,5-Triphenyltetrazolium chloride (TTC) staining

Brains were placed at — 80 °C for 4 min to slightly harden
the tissue. Five 2-mm coronal sections were then cut
from the frontal pole to the cerebellar junction and
stained with 1.5% TTC (SIGMA, St. Louis, MO). Slices
were fixed in 4% formalin and then digitized for assessing
infarct volume using Fiji software (version 2.9.0). Infarct
volume (mm?®) = (Infarct volume) - (Contralateral / Ipsi-
lateral volume).

Cresyl violet (CV) staining procedure

CV staining was performed as described previously. The
brain was post-fixed overnight in 4% paraformaldehyde
[26] and placed in a 30% sucrose solution for 48 h before
processing. The brains were then cut into 30-um sec-
tions on a freezing microtome, and every eighth slice was
stained with CV to visualize tissue loss. The slices were
digitally imaged, and tissue atrophy was analyzed using
Fiji software. Tissue atrophy percentage was calculated
using the following formula: percentage tissue atrophy =
(total ipsilateral tissue / total contralateral tissue) x 100.

Flow cytometry procedure

Brain tissue was harvested at 72 h or 7 days post-MCAO,
placed in RPMI medium (Lonza), and processed by
mechanical and enzymatic digestion using collagenase/
dispase (1 mg/mL) and DNAse (10 mg/mL; Roche Diag-
nostics) as previously described [27]. The cell suspen-
sion was filtered through a 70 um filter, and leukocytes
were isolated from the interphase of a 70%/30% Percoll
gradient. Spleens were mechanically disrupted through
a 70 pm filter screen, and blood was collected in hepa-
rinized tubes. Red blood cell lysis was achieved with
two consecutive 5-10 min incubations in Tris-ammo-
nium chloride (Stem Cell Technologies). Leukocytes
were washed with 1X PBS and blocked with mouse Fc
Block (eBioscience, 1 ul/50 pl) before staining with pri-
mary antibody-conjugated fluorophores: CD45-R718,
CD11b-BV605, F4/80-PE/Cy7, Ly6C-APC, Ly6G-ef4d50,
CD3-APC-ef780, IL-6R-APC or PE, and gp130-PE. For
intracellular IL-6 and phosphorylated STAT3 (pSTAT?3)
staining, cells were fixed and permeabilized using a fixa-
tion/permeabilization kit (BD Biosciences) according to
the manufacturer’s instructions. Cells were incubated
with IL-6-APC or pSTAT3-Percp Cy5.5-conjugated
antibodies overnight at 4 °C, followed by washing. Data
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acquisition was performed on a CytoFLEX cytometer
(Beckman Coulter) and analyzed using FlowJo soft-
ware (TreeStar Inc.). Cell-specific fluorescence minus
one control was used to validate antibody specificity.
For leukocyte IL-6R and gp130 estimation in the brain,
no fewer than 200,000 events were recorded. For blood
IL-6, IL-6R, and gp130 estimation, no fewer than 100,000
events were recorded.

Immunohistochemistry (IHC)

IHC staining was performed on 30-pm mouse brain
sections mounted on Fischer Scientific Superfrost Plus
charged slides as described previously [25]. Tissue sec-
tions were briefly rinsed in 0.1 M phosphate-buffered
saline (PBS), pH 7.4. Antigen retrieval was performed
by heating the tissue in a 10 mM sodium citrate buffer at
pH 6.0. Tissue sections were incubated for 1 h in block-
ing solution (0.1% Triton-X, 10% normal goat serum
in 1X PBS), followed by overnight incubation with the
primary antibody at 4 °C: IBA-1 (Fujifilm Wako Pure
Chemical Corporation, #NCNP24, 1:200); GFAP-Cy3
(Sigma-Aldrich, #C9205, 1:300); DyLight 594-labeled
Lycopersicon Esculentum (tomato) lectin (Vector Labo-
ratories, 1:300); Doublecortin (Cell Signaling, #14802S,
1:300); BrdU (Abcam, #ab6326, 1:100); IL-6 (Thermo
Fisher Scientific, #MA5-45069, 1:100). To quantify neu-
rogenesis, sections were washed three times with 0.1 M
PBS (pH 7.4) for 10 min, then placed in ice-cold 1 N
hydrochloric acid (HCl) for 10 min, followed by incuba-
tion in 2 N HCI for 30 min at 37 °C. After 30 min, sec-
tions were rinsed three times with 0.1 M 1X PBS and
incubated in 0.1 M boric acid for 10 min. Sections were
washed three times, blocked with blocking solution, and
incubated overnight with BrdU antibody at 4 °C. Digital
images were taken on a Leica microscope. Three coronal
brain sections per mouse, taken 0.02, 0.45, and 0.98 mm
from bregma, were stained and visualized for quantifica-
tion at 20X magnification at the core/penumbra junction
to quantify positive cells. Three images were taken from
each mouse brain, and values were averaged.

Enzyme-linked immunosorbent assay (ELISA)

The IL-6 (MBS705090), IL-6R (MBS041720), and LBP
(KA0449) ELISAs were performed according to the
manufacturer’s instructions. For the IL-6 assay, undiluted
plasma was used. Plasma samples were diluted 1:20 in
dilution buffer for the IL-6R assay and 1:800 for the LBP
assay.

Statistical analysis

Data are presented as mean+SEM, except for NDS,
which is presented as median (interquartile range) and
analyzed using the Mann-Whitney test. Outliers were
identified using the ROUT test. Two-group comparisons
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were analyzed using an unpaired t-test with Welch’s cor-
rection. Flow cytometry data were analyzed using two-
way ANOVA with Tukey’s multiple comparisons test.
Data from three groups were analyzed using ordinary
one-way ANOVA with Tukey’s multiple comparisons
test. Statistical significance was set at p <0.05.

Results

Induction of MCAO in young male mice leads to an
increase in expression of IL-6, but a decrease in membrane
IL-6R acutely after stroke

IL-6 signals by binding to mIL-6R followed by gp130
to initiate signaling. We investigated the expression of
IL-6, mIL-6R, and mgp130 acutely (72 h) in the blood
after MCAO using flow cytometry (Suppl. Figure 1). The
induction of MCAO led to a significant increase (p <0.05)
in the mean fluorescence intensity (MFI) of IL-6 on live
cells compared to sham-operated controls. MCAO also
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resulted in a decrease in mIL-6R expression on live cells;
however, there was no difference observed between
MCAO and sham-operated mice in the MFI of mgp130.
These findings indicate that stroke increases IL-6 expres-
sion and decreases mIL-6R expression, with no changes
in mgp130 expression.

Inhibition of IL-6 trans-signaling improves NDS and
reduces infarct volume 24 h after stroke in young male
mice

We investigated the efficacy of sgp130 on infarct volume
24 h post-stroke, as the lesion is fully developed within
this timeframe [28]. Given the exploratory nature of this
research, we administered sgp130 at a dosage of 0.5 mg/
kg at the time of reperfusion (Fig. 1A). This dosage was
chosen based on literature demonstrating its efficacy in
reducing atrial fibrillation, improving disease severity in
experimental ulcerative colitis models, and regressing
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atherosclerosis in hypercholesterolemic mice [13, 29,
30]. Mice treated with sgp130 exhibited a significantly
lower percentage of body weight loss (p <0.05) compared
to vehicle-treated MCAQO mice at 24 h post-MCAO
(Fig. 1B), vehicle-treated mice lost more weight after
experimental stroke. Acute splenic atrophy is a common
occurrence in experimental stroke models and contrib-
utes to brain injury. Interestingly, we found no significant
difference in spleen/body weight% between sgpl30-
treated and vehicle-treated MCAO mice at 24 h (Fig. 1C).
The Neurological Deficit Score (NDS) was notably lower
(p<0.05, Fig. 1D) in animals treated with sgp130 com-
pared to vehicle-treated male mice. Additionally, sgp130
treatment resulted in reduced infarct volume (p<0.05,
Fig. 1E) compared to vehicle-treated mice, indicating that
inhibition of IL-6 trans-signaling at the time of reperfu-
sion provides neuroprotective effects.

Sgp130 treatment improves post-stroke cognitive decline
at sub-acute and chronic time points in young male
animals

Following the acute studies, we investigated the inhi-
bition of IL-6 trans-signaling on functional outcomes
at subacute (week 1) and chronic time points after
stroke (week 2; Fig. 2A). On day 7 post-MCAO, latency
to escape and the number of incorrect entries were
increased (p <0.05) in vehicle-treated MCAO mice com-
pared to sham-operated mice (Fig. 2B) reflecting stroke-
induced cognitive impairment. However, no difference in
escape latency or incorrect entries was observed between
sham and sgp130-treated MCAO mice at this time point.
Vehicle-treated mice took longer to escape and made
more incorrect entries than sgp130 MCAO mice. In the
open-field test, vehicle-treated mice moved a greater
distance than sham-operated mice, reflecting persistent
habitual impairment [31, 32]. However, no difference in
distance moved was observed between sham and sgp130-
treated animals at day 7 post-MCAO. Similarly, vehicle-
treated and sgp130-treated MCAO mice traveled similar
distances in the open field.

On day 28 post-MCAOQO, stroke-induced cognitive
deficits persisted when comparing sham versus vehicle-
treated MCAO animals (Fig. 2C). Latency to escape on
the Barnes maze was significantly higher (p <0.05) in the
vehicle-treated MCAO mice compared to sham-oper-
ated. No difference in latency to escape and number of
incorrect entries was observed between sgp130 MCAO
mice versus sham-operated animals Sgp130-treated
MCAO mice were able to locate the hidden platform
more quickly and with fewer incorrect entries (p <0.05)
compared to vehicle-treated MCAO animals. On open
field, vehicle-treated MCAO mice traveled longer dis-
tances than sgpl130 MCAO-treated animals. The vehi-
cle-treated MCAO mice had lower nest-building scores
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than the shams reflecting memory impairment. Sgp130-
treated MCAO mice demonstrated higher nest-building
scores than vehicle-treated mice. These results indicate
that treatment with sgp130 resulted in improvements in
cognitive functions at subacute and chronic time points,
suggesting a beneficial role of inhibiting IL-6 trans-sig-
naling by sgp130 in the functional recovery from stroke.

Sgp130 treatment resulted in reduced tissue loss,
inflammation, and SVZ IL6 in young male mice
Sgp130-treated MCAO mice had significantly (p<0.05)
reduced tissue loss compared to vehicle-treated MCAQO
animals after stroke (Fig. 3A). The stroke resulted in
increased (p <0.05) markers of inflammation in the peri-
infarct regions, including Iba-1 and GFAP" cells in the
peri-infarct area compared to the sham (Fig. 3B). Iba-1
and GFAP" cells were significantly lower (p<0.05) in the
sgp130-treated MCAO mice compared to the vehicle-
treated MCAO group (Fig. 3B). Angiogenesis and neu-
rogenesis are integral to post-stroke recovery [33]. We
used Lycopersicon esculentum (tomato) lectin, DyLight
649, to stain vessels. The percentage lectin®™ area in the
peri-infarct region was significantly increased (p<0.05)
in both vehicle-treated and sgp130-treated MCAO com-
pared to sham-operated (Suppl. Figure 2). However, the
sgp130 treatment did not result in an additional change
in the percentage of lectin™ area compared to vehicle-
treated MCAO mice. To determine the contribution
of neurogenesis to post-stroke recovery, we examined
DCX, a marker for immature neurons, and BrdU in the
sub-ventricular zone (Fig. 3C). A significant increase
(p<0.05) in SVZ DCX" cells was observed in both vehi-
cle-treated and sgp130-treated MCAO mice compared
to sham-operated mice. The sgpl30-treated MCAO
group had a significantly higher (» <0.05) number of SVZ
DCX* cells compared to vehicle-treated animals. Fur-
thermore, an increase in SVZ BrdU" cells was evident in
both vehicle and sgp130-treated MCAO mice compared
to sham. Although not significant (p=0.064), sgp130-
treated MCAO mice had a higher number of BrdU™ cells
compared to vehicle-treated MCAO animals. Brain IL-6
facilitates neurogenesis [34, 35], we observed higher SVZ
IL-6 intensity in MCAO groups compared to sham-oper-
ated animals (Fig. 3D). Sgp130-treated MCAQO mice had
significantly higher SVZ IL-6 intensity compared to vehi-
cle-treated MCAO animals. These findings suggest that
inhibiting peripheral IL-6 signaling post-stroke promotes
tissue recovery by reducing neuroinflammation. Further-
more, the observed increase in central IL-6 signaling in
sgp130-treated mice may facilitate neurogenesis, thereby
supporting cognitive recovery.

IL-6 promotes anti-inflammatory signaling via mIL-
6R. Studies indicate that immune cells and hepatocytes
are major sources of sIL-6R in circulation during acute
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Fig. 2 Sgp130 treatment improves post-stroke cognitive decline at sub-acute and chronic time points in young male animals. (A) Experimental strategy
for 30 days studies. (B) latency to escape, number of incorrect entries on Barnes maze, and distance moved on an open field at week 1 post-MCAO. (C)
latency to escape, number of incorrect entries on Barnes maze, and distance moved on an open field and nest building assessment at week 4 post-
MCAQO. Data presented as mean +SEM. n=6-10/gp. Three group data were analyzed by Ordinary one-way ANOVA with Tukey’s multiple comparisons

test. *p<0.05, *p<0.01, **p <0.001

phase responses [36, 37], with sIL-6R being generated
by proteolytic cleavage in mice. Given these findings,
we hypothesized that increased mIL-6R expression on
immune cells might correlate with reduced cleavage of
this receptor. To test this hypothesis, we investigated the
expression of mIL-6R and membrane gp130 (mgp130)
at day 7 post-MCAOQO, a critical recovery time associ-
ated with the initiation of cognitive recovery. The mean
fluorescence intensity (MFI) of mIL-6R on live brain cells
was significantly higher in mice treated with sgp130 after
stroke. However, no difference in mgp130 MFI on brain
live cells was observed between vehicle-treated MCAO

and sgpl30-treated MCAO mice (Fig. 3E). Although,
non-significant, splenic live cells in the sgp130-treated
had higher MFI mIL-6R than the vehicle-treated MCAO
mice. There was no difference in the mgp130 MFI on
splenocytes between sgp130-treated and vehicle-treated
MCAO mice, indicating that central IL-6/mIL-6R sig-
naling remained intact in sgp130-treated MCAO mice.
These results suggest that while peripheral IL-6 signaling
was partly inhibited after stroke, central IL-6/mIL-6R sig-
naling remained unaffected in the sgp130-treated mice.
This preservation of central IL-6/mIL-6R signaling in
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sgp130-treated mice could contribute to improved out-
comes in cognitive recovery post-stroke.

Sgp130 treatment did not improve cognitive functions,
tissue loss, and neuroinflammation after stroke in young
female mice

Inhibition of IL-6 signaling resulted in improved cogni-
tive outcomes in young male animals; hence, we tested
the efficacy of sgpl30 in young females after stroke
(Suppl. Figure 3). There was no difference in the neuro-
logical deficit score (NDS) between vehicle-treated and
sgp130-treated MCAO females at day 7 post-stroke (Sup-
ple. Figure 3B). Furthermore, no difference in the dis-
tance moved in the open field test was observed between
the two MCAO groups. The latency to escape was not
different; however, sgp130 MCAO-treated females made
significantly (p<0.05) fewer incorrect entries compared
to vehicle-treated female mice (Supple. Figure 3B). On
day 14 post-stroke, sgp130-treated females moved a sig-
nificantly greater distance (p<0.05) compared to vehi-
cle-treated MCAO mice in the open field test (Supple.
Figure 3C). However, no differences between the two
MCAO groups were evident in latency to escape or the
number of incorrect entries in the Barnes maze. Simi-
larly, no differences in nest-building scores were observed
between sgpl30-treated and vehicle-treated MCAO
female animals (Supple. Figure 3C). Furthermore, the
histopathological analysis revealed no difference in the
percentage of tissue loss (Supple. Figure 3D), Ibal, and
GFAP* cells (Supple. Figure 3D) in the peri-infarct area
between the two-stroke groups, indicating similar levels
of neuroinflammation and tissue damage. Together, these
findings suggest that prolonged inhibition of IL-6 signal-
ing using sgp130 does not improve functional outcomes,
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tissue recovery, or neuroinflammation in young female
mice after stroke.

Higher levels of systemic IL-6 and sIL-6R levels 24 h after
stroke in mice

To explore the potential reasons behind the lack of effi-
cacy of sgpl30 in females, we measured plasma lev-
els of IL-6 and sIL-6R in mice following stroke (Fig. 4).
Stroke induction led to a significant increase in systemic
IL-6 levels (Fig. 4A). In male mice (Fig. 4B), IL-6 levels
were 18.80+3.30 pg/ml in the sham group compared to
30.92+3.22 pg/ml after MCAO (p<0.05). Similarly, in
female mice (Fig. 4C), IL-6 levels were 10.16 + 1.94 pg/ml
in the sham group compared to 31.48 +5.24 pg/ml after
MCAO (p<0.01). These results suggest that female mice
experienced a more pronounced increase in plasma IL-6
levels following stroke. Additionally, female mice exhib-
ited higher levels of circulating sIL-6R following MCAO
compared to sham-operated females. In contrast, no
difference in IL-6R levels was observed between male
MCAO and sham mice (Fig. 4D). Notably, female MCAO
mice had significantly higher sIL-6R levels than their
male counterparts. These findings suggest that a higher
dose of sgp130 might be necessary to effectively inhibit
IL-6 trans-signaling in female mice.

IL-6 expression on monocytes and neutrophils is higher in
female mice 24 h after stroke

The percentage of IL-6-positive cells increased in both
male and female mice after stroke compared to their
respective sham-operated groups (Suppl. Figure 4).
In males, this increase was observed in both Ly6C*
monocytes and Ly6G* neutrophils (Suppl. Figure 4B),
with significantly higher percentages of IL-6-positive
cells in these populations post-stroke compared to
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Fig. 4 Systemic IL-6 and IL-6R levels increased at 24 h in mice after stroke. (A) Plasma IL-6 levels in mice sham and 24 h after MCAQ. (B) Plasma levels in
males. (C) Females. (D) sIL-6R levels. Data presented as mean +SEM. n=6-9/gp. Two group comparisons were analyzed by Unpaired t-test with Welch’s
correction and by Ordinary one-way ANOVA with Tukey's multiple comparisons test. *p < 0.05; **p < 0.01
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sham-operated males. However, no significant increase
in the percentage of IL-6-positive Ly6C* monocytes and
Ly6G* neutrophils was observed in female mice after
stroke compared to female sham groups. Notably, the
percentage of IL-6-positive monocytes and neutrophils
was significantly lower in female mice compared to males
after stroke (Suppl. Figure 4B).

An increase in the mean fluorescence intensity (MFI)
of IL-6 in live cells was observed in both male and
female mice after MCAO compared to their respective
sham groups (Suppl. Figure 4 C). Notably, a significant
increase (p <0.05) in IL-6 MFI on live cells was observed
in females compared to males following stroke. MCAO
led to a rise in IL-6 MFI in monocytes and neutrophils
in both male and female mice (Suppl. Figure 4 C). How-
ever, this increase in IL-6 MFI was significantly higher in
female mice compared to male mice after stroke. These
findings suggest that, despite a lower percentage of IL-
6-positive cells in females, they exhibit higher levels of
IL-6 expression after stroke.

Inhibition of IL-6 trans-signaling does not elevate systemic
LBP or IL-6 levels in both males and females after stroke
Post-stroke infections are a major cause of mor-

tality, so we investigated systemic levels of
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Fig. 5 Sgp130 at higher dose, improved neurological deficit score, and
reduced infarct volume in young females at 24 h after stroke. (A) Percent-
age of body weight loss. (B Percentage of spleen/body weight. (C NDS.
(D) Infarct volume. Data presented as mean +SEM. n=5-10/gp. NDS was
analyzed by Kruskal-Wallis with Dunn’s multiple comparison test and
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lipopolysaccharide-binding protein (LBP), a potential
marker of sepsis [38]. We observed no significant differ-
ence in plasma LBP levels between sham-operated and
MCAO male mice (Suppl. Figure 5 A). Similarly, there
was no variance in plasma LBP levels between vehicle-
treated and sgpl30-treated MCAO male animals at
day 30 post-stroke. Additionally, systemic levels of IL-6
showed no difference between sham-operated and stroke
groups in males, and there was no disparity in plasma
IL-6 levels between vehicle-treated and sgp130-treated
MCAO groups at day 30 post-stroke.

In female mice, plasma LBP levels were comparable
between vehicle-treated and sgpl130-treated MCAO
groups at day 14 post-stroke (Suppl. Figure 5B). How-
ever, although not statistically significant (p =0.058), the
sgp130-treated group showed higher plasma IL-6 lev-
els compared to vehicle-treated animals at day 14 post-
stroke. These findings suggest that systemic LBP levels
remain unaffected by sgpl130 treatment in both males
and females at days 30 and 14 post-stroke, respectively.

A higher dose of sgp130 improves neurological deficit
score and reduces infarct volume after acute stroke

To test our hypothesis that a higher dose of sgp130
could improve acute stroke outcomes in female mice, we
administered 1 mg/kg of sgp130 to young females. We
also administered sgp130 at the standard dose of 0.5 mg/
kg (same as used for males) at the time of reperfusion
(Fig. 5). Twenty-four hours after MCAO, we found no
difference in the percentage of body weight loss (Fig. 5A)
or in the percentage of spleen to body weight (Fig. 5B)
between the vehicle-treated group and those treated with
either dose of sgp130 (0.5 mg/kg or 1 mg/kg). However,
the group treated with 1 mg/kg of sgp130 showed a sig-
nificant reduction in the NDS compared to the vehicle-
treated MCAO group (Fig. 5C). Additionally, the higher
dose of sgp130 significantly reduced the infarct volume
compared to the vehicle-treated MCAO group (Fig. 5D),
indicating that indeed the higher dose of sgp130 was
effective in improving stroke outcomes in female mice.

A higher dose of sgp130 improved long-term functional
outcomes in females

Inhibition of IL-6 trans-signaling with a 1 mg/kg dose of
sgp130 resulted in reduced distance traveled by females
compared to vehicle-treated MCAO females at week
1 post-MCAO (Fig. 6A). While no difference in latency
to escape was observed between vehicle-treated and
sgp130-treated MCAO females, those treated with 1 mg/
kg sgp130 exhibited a reduction in the number of incor-
rect entries(Fig. 6A). At week 4 post-MCAO, sgpl30-
treated females demonstrated shorter distances moved
in the open field test compared to vehicle-treated mice,
indicating persistent habitual impairment (Fig. 6B).
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Fig. 6 Treatment with sgp130 resulted in improvement in post-stroke cognitive function and reduced tissue loss and inflammation in the young female
mice. (A) latency to escape, number of incorrect entries on Barnes maze, and distance moved on an open field at week 1 post-MCAO. (B) latency to
escape, number of incorrect entries on Barnes maze, and distance moved on an open field and nest building assessment at week 4 post-MCAQ. (C) on
percentage tissue loss, Iba1 [62] and GFAP (red) positive counts in peri-infarct region. Data presented as mean =+ SEM. n=7/gp. Two group comparisons
were analyzed by Unpaired t-test with Welch's correction. *p <0.05, **p <0.01

However, sgpl30-treated females continued to make
fewer incorrect entries, with no differences in latency
to escape. Additionally, nesting scores between the two
groups remained unchanged at week 4. Females treated
with sgp130 had significantly reduced percentage tissue

loss than vehicle-treated mice (Fig. 6D). Furthermore, a
decline in Ibal and GFAP" cells was observed in sgp130-
treated MCAOQ females compared to vehicle-treated mice
(Fig. 6D), suggesting that at higher dose sgp130 effec-
tively mitigated functional and histological deficits.
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Targeting IL-6 trans-signaling by sgp130 maintains splenic

immune cell mIL-6R and reduces phosphorylation of STAT3
in brain macrophages

To investigate the mechanism responsible for sgp130
efficacy after MCAO, we investigated the expression of
IL-6R on splenic macrophages, monocytes, neutrophils,
and T cells at day 7 post-MCAO in both male (Fig. 7) and
female mice (Fig. 8). In males, although not statistically
significant, a decrease in MFI mIL-6R on macrophages
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was observed in vehicle-treated MCAQO mice compared
to sham male mice (Fig. 7A). Notably, a significantly
higher (p <0.05) MFI mIL-6R on macrophages was found
in sgp130-treated MCAO mice compared to vehicle-
treated MCAO mice. A reduced MFI mIL-6R on Ly6C™
monocytes was also observed in vehicle-treated MCAO
mice compared to sham male mice (Fig. 7B). Sgp130
treatment resulted in a higher mIL-6R expression on
Ly6CM monocytes than in vehicle-treated MCAO mice
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Fig. 7 Sgp130 maintains splenic immune cell mIL-6Rreduced brain F4/80 macrophage phosphorylated STAT3 expression at day 7 after MCAO in male
animals. Increase in MFI mIL-6R on splenic. (A) macrophages, (B) Ly6Ch‘ monocytes, (C) Ly6G neutrophils and (D) CD3 T cells. (E) CD45™CD11b™ microg-
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presented as mean +SEM. n=3-8/gp. Three group data were analyzed by Ordinary one-way ANOVA with Tukey’s multiple comparisons test. *p <0.05;
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Unpaired t-test with Welch's correction. *p <0.05, **p < 0.01

(Fig. 7B). No differences in MFI mIL-6R were observed
on neutrophils between sham, vehicle-treated MCAO,
and sgp130-treated MCAO mice (Fig. 7C). Additionally,
sgp130-treated MCAO mice showed higher MFI mlIL-
6R on T cells compared to vehicle-treated MCAO mice
(Fig. 7D). These findings suggest that sgp130 treatment
may help preserve mIL-6R expression and limit the shed-
ding of IL-6R on peripheral macrophages, monocytes,

and T cells following stroke in male mice, thereby reduc-
ing IL-6 trans-signaling.

Following MCAO, a decrease in microglia numbers was
observed compared to the sham group (Fig. 7E), consis-
tent with previous studies [39]. Although not statistically
significant, MCAO led to a higher number of brain F4/80
macrophages than the sham group (Fig. 7F). A signifi-
cant increase in brain F4/80 macrophages was observed
in sgp130-treated MCAO mice compared to the sham
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group (Fig. 7F). Additionally, a reduced (p <0.05) expres-
sion of mIL-6R was observed on brain F4/80 macro-
phages in vehicle-treated MCAO mice compared to
sham (Fig. 7G). There was no difference in mlIL-6R
expression on brain F4/80 macrophages between sham
and sgp130-treated MCAO mice. Vehicle-treated MCAO
mice exhibited an increased MFI of pSTAT3 in microglia
and F4/80 macrophages compared to sham (Fig. 7H & I).
Sgp130 treatment resulted in a reduced (p <0.05) MFI of
pSTAT3 in microglia and F4/80 macrophages compared
to vehicle-treated MCAO mice. Previous studies have
demonstrated that inhibition of IL-6 trans-signaling by
sgp130 reduces pSTAT3 levels in experimental models
of SARS-CoV-2 infection, psoriasis, and coronary artery
disease [13, 40, 41], and in patients with inflammatory
bowel disease [42]. These findings suggest that the bene-
ficial effects of sgp130 treatment in MCAO may be partly
mediated by its ability to reduce pSTAT3 expression after
stroke.

Similarly, to male mice, female sgp130-treated (1 mg/
kg) MCAO mice exhibited higher MFI of mIL-6R on
splenic F4/80 macrophages (Fig. 8A) and Ly6C" mono-
cytes (Fig. 8B) compared to vehicle-treated MCAO mice.
No differences in MFI of mIL-6R were observed on
splenic neutrophils (Fig. 8C) or T cells (Fig. 8D) between
sgp130-treated and vehicle-treated MCAO mice. In the
brain, microglia and F4/80 macrophage counts were sig-
nificantly higher in sgp130-treated MCAO mice com-
pared to vehicle-treated MCAO female mice (Fig. 8F &
G, respectively). Although not statistically significant,
sgp130-treated MCAO females exhibited a higher MFI
of mIL-6R on F4/80 macrophages than vehicle-treated
MCAO females but not in microglia (data not shown).
Furthermore, sgp130 treatment resulted in a reduced
(p<0.05) MFI of pSTAT3 in F4/80 macrophages com-
pared to vehicle-treated MCAOQO females. These find-
ings suggest that the reduction in pSTAT3 expression on
brain F4/80 macrophages could contribute to the benefi-
cial effects of sgp130 treatment in female mice.

Discussion

This study provides novel evidence supporting our
hypothesis that inhibiting IL-6 trans-signaling enhances
long-term functional outcomes after stroke. We dem-
onstrated that sgp130 treatment significantly improved
stroke outcomes in both males and females, though
the effects were dose- and sex-dependent. A previous
study using a permanent middle cerebral artery occlu-
sion model demonstrated that IL-6 administration alone
improved outcomes at 24 h, while co-administration with
sIL-6R worsened outcomes [43], suggesting that intensi-
fied IL-6 trans-signaling exacerbates injury. Our findings
indicate that acute stroke increases IL-6 expression in
peripheral blood cells, reflecting systemic inflammation
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[14, 44]. Moreover, mIL-6R expression on live periph-
eral blood cells decreased after stroke, while membrane
gp130 expression remained unchanged. The reduction
in mIL-6R on blood cells post-stroke may be attributed
to the shedding of mIL-6R, which generates sIL-6R [45,
46] and promotes IL-6 trans-signaling [12, 40]. There-
fore, we administered sgp130, which selectively inhibits
IL-6 trans-signaling without affecting classical signal-
ing pathways [47]. This study is the first to evaluate the
efficacy of sgpl30 in experimental stroke, with initial
administration at reperfusion-—a critical event known
to exacerbate ischemic damage [48, 49]. Our results
revealed that sgpl30-treated young males experienced
reduced body weight loss, improved neurological deficit
scores, and smaller infarcts compared to vehicle-treated
controls, highlighting the potential of sgp130 as a thera-
peutic intervention to mitigate post-stroke damage and
enhance recovery, particularly when administered during
the acute phase of reperfusion.

Spontaneous functional recovery is typically observed
in young animals after stroke [27, 50]. Sgp130 treatment
improved acute and long-term outcomes after stroke. At
both subacute and chronic time points, sgp130-treated
mice demonstrated shorter latency to escape and made
fewer incorrect entries in the Barnes maze, indicating
improved hippocampal-dependent cognitive recovery
[27]. Additionally, sgp130-treated mice traveled a shorter
distance in the open field test and exhibited improved
nest-building scores, indicating enhanced sensorimotor
function and memory [24, 51]. These findings emphasize
the beneficial effects of targeting IL-6 trans-signaling in
enhancing functional recovery following stroke.

In both preclinical and clinical settings, gliosis is a
common occurrence that regulates neuroinflamma-
tion following stroke [52, 53]. Treatment with sgp130
reduced the presence of both Ibal® (microglia/macro-
phage marker) and GFAP* (astrocyte marker) cells in the
peri-infarct region, indicating decreased neuroinflamma-
tion through inhibition of IL-6 trans-signaling. Neuro-
genesis and angiogenesis play crucial roles in post-stroke
recovery. While we observed no differences in vascu-
lar changes, sgp130 treatment enhanced neurogenesis,
as evidenced by increased SVZ DCX" and BrdU" cells
in sgp130-treated mice. Brain IL-6 trans-signaling pro-
motes neuronal differentiation and neurogenesis in mod-
els of traumatic brain injury [54] and stroke [11, 55, 56].
Increased SVZ IL-6 expression in sgp130-treated MCAO
mice could partially account for the enhanced SVZ neu-
rogenesis observed in these mice after stroke. While we
did not explore brain sIL-6R levels, we found increased
brain mIL-6R expression in sgp130-treated MCAO mice,
which may be attributed to reduced cleavage of the IL-6R
receptor and reduced IL-6 trans-signaling in the brain.
These findings suggest that inhibiting IL-6 trans-signaling
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with sgpl30 not only reduces neuroinflammation but
also promotes neurogenesis, potentially contributing to
improved recovery following stroke.

Stroke exhibits sexual dimorphism, highlighting the
importance of testing therapies in both sexes. At a
0.5 mg/kg dose, sgpl30 improved outcomes in males
but was ineffective in females. Post-stroke, females
exhibited stronger IL-6 induction and higher circulat-
ing sIL-6R levels compared to males, suggesting that
increased shedding of mIL-6R might reduce the efficacy
of this dose, though this hypothesis requires further test-
ing. Furthermore, female monocytes and neutrophils
displayed higher IL-6 intensity, indicating fewer cells
expressed higher levels of IL-6. Notably, increasing the
sgp130 dose to 1 mg/kg improved long-term functional
outcomes in females, highlighting dose-dependent effi-
cacy. At this efficacious dose, sgp130 preserved mIL-6R
expression on splenic immune cells in both sexes and
reduced STAT3 phosphorylation in brain macrophages.
A recent study in a cerebrovascular injury mouse model
highlights the critical role of IL-6R +repair-associated
Ibal +cells in functional recovery [57]. Following cere-
brovascular injury, the study observed increased IL-6R
expression on repair-associated Ibal +cells in the brain.
Infiltrating inflammatory monocytes were identified as
the primary source of IL-6, and their absence disrupted
the function of these repair-associated cells, leading to
impaired cerebrovascular repair and prolonged neuro-
logical deficits [57]. By day 7 post-injury, the infiltrating
monocytes acquire a microglia-like phenotype [58, 59].
Monocyte-derived macrophages (CD45MCD11b*F4/80%)
were distinguished from brain-resident microglia
(CD45™CD11b"). In sgp130-treated mice of both sexes,
an increase in brain macrophages with elevated mIL-
6R expression and reduced pSTAT3 expression was
observed. These changes likely contribute, at least in part,
to the long-term functional recovery seen in both males
and females.

Given the concerns about IL-6 inhibition and infection
risk [60, 61], we assessed systemic LBP and IL-6 levels
after stroke. No differences were observed in LBP lev-
els between sgp130-treated and vehicle-treated mice of
either sex. Plasma IL-6 levels also remained comparable
across groups, suggesting that sgp130 treatment does not
exacerbate infection risk.

This study represents the initial investigation into the
efficacy of sgp130 in ischemic stroke across both sexes.
While this study highlights the therapeutic potential of
sgp130, it is limited by the use of young mice, which may
not fully represent the clinical population of older stroke
patients. Nonetheless, this approach is relevant given
the rising incidence of stroke in younger populations
[54]. Future research will address the sex-specific effects
of IL-6 trans-signaling in older subjects. Additionally,
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examining temporal changes in brain and blood IL-6 and
sIL-6R levels could identify optimal time points for inter-
vention, enabling more personalized treatment strategies.

In conclusion, this study demonstrates that sgp130
treatment enhances acute and long-term functional out-
comes after stroke in a sex- and dose-dependent manner.
While 0.5 mg/kg sgp130 was effective in young males, a
higher dose (1 mg/kg) was required to achieve similar
benefits in young females. By selectively inhibiting IL-6
trans-signaling, sgp130 reduced neuroinflammation, and
improved functional recovery, offering a promising ther-
apeutic approach for ischemic stroke.
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