
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Gober et al. Journal of Neuroinflammation          (2024) 21:149 
https://doi.org/10.1186/s12974-024-03129-0

Journal of Neuroinflammation

*Correspondence:
Amy K. Wagner
wagnerak@upmc.edu

Full list of author information is available at the end of the article

Abstract
Uncontrolled neuroinflammation mediates traumatic brain injury (TBI) pathology and impairs recovery. Interleukin-6 
(IL-6), a pleiotropic inflammatory regulator, is associated with poor clinical TBI outcomes. IL-6 operates via classical-
signaling through membrane-bound IL-6 receptor (IL-6R) and trans-signaling through soluble IL-6 receptor (s)
IL-6R. IL-6 trans-signaling specifically contributes to neuropathology, making it a potential precision therapeutic TBI 
target. Soluble glycoprotein 130 (sgp130) prevents IL-6 trans-signaling, sparing classical signaling, thus is a possible 
treatment. Mice received either controlled cortical impact (CCI) (6.0 ± 0.2 m/s; 2 mm; 50-60ms) or sham procedures. 
Vehicle (VEH) or sgp130-Fc was subcutaneously administered to sham (VEH or 1 µg) and CCI (VEH, 0.25 µg or 1 µg) 
mice on days 1, 4, 7, 10 and 13 post-surgery to assess effects on cognition [Morris Water Maze (MWM)] and 
ipsilateral hemisphere IL-6 related biomarkers (day 21 post-surgery). CCI + sgp130-Fc groups (0.25 µg and 1 µg) 
were combined for analysis given similar behavior/biomarker outcomes. CCI + VEH mice had longer latencies and 
path lengths to the platform and increased peripheral zone time versus Sham + VEH and Sham + sgp130-Fc mice, 
suggesting injury-induced impairments in learning and anxiety. CCI + sgp130-Fc mice had shorter platform latencies 
and path lengths and had decreased peripheral zone time, indicating a therapeutic benefit of sgp130-Fc after 
injury on learning and anxiety. Interestingly, Sham + sgp130-Fc mice had shorter platform latencies, path lengths 
and peripheral zone times than Sham + VEH mice, suggesting a beneficial effect of sgp130-Fc, independent of 
injury. CCI + VEH mice had increased brain IL-6 and decreased sgp130 levels versus Sham + VEH and Sham + sgp130-
Fc mice. There was no treatment effect on IL-6, sIL6-R or sgp130 in Sham + VEH versus Sham + sgp130-Fc mice. 
There was also no treatment effect on IL-6 in CCI + VEH versus CCI + sgp130-Fc mice. However, CCI + sgp130-Fc 
mice had increased sIL-6R and sgp130 versus CCI + VEH mice, demonstrating sgp130-Fc treatment effects on brain 
biomarkers. Inflammatory chemokines (MIP-1β, IP-10, MIG) were increased in CCI + VEH mice versus Sham + VEH and 
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Introduction
There are no disease-modifying therapies for traumatic 
brain injury (TBI) to improve neurologic recovery. TBI 
survivors often have lasting cognitive, behavioral, and 
sensory deficits, which may be linked to chronic uncon-
trolled inflammation. Following TBI, the pleiotropic 
cytokine, interleukin-6 (IL-6), is upregulated acutely and 
chronically (3-months) [1]. Patients with higher cerebro-
spinal fluid (CSF) IL-6 levels had worse 6-month global 
outcomes following severe TBI. Other reports demon-
strate that patients with severe TBI and with higher ratios 
at 3 months post-injury of serum IL-6 to the anti-inflam-
matory cytokine IL-10 also had increased odds of worse 
6-month global outcomes [2]. IL-6 contributes to other 
inflammatory pathologies like rheumatoid arthritis (RA), 
multiple sclerosis (MS), asthma, cancer, metabolic syn-
drome, type 2 diabetes, and inflammatory bowel disease 
(IBD) [3–5]. Associations with chronic disease states and 
poor neurologic outcomes after TBI highlight IL-6 sig-
naling as a possible therapeutic target.

IL-6 also regulates homeostatic and anti-inflammatory 
processes [6] and mechanistically acts via both classi-
cal and trans-signaling. Classical signaling occurs when 
IL-6 binds to membrane-bound IL-6 receptor (mIL-6R) 
in a complex with membrane-bound glycoprotein-130 
(gp130). Classical signaling only occurs in cell types con-
taining mIL-6R, which include microglia, neutrophils, 
naïve T-cells, and hepatocytes [7, 8]. Also, mIL-6R acti-
vation is critically involved in microglial priming across 
the lifespan by enhancing both pro-inflammatory genes 
and major histocompatibility complex (MHC)-II expres-
sion [9]. Activating the classical signaling pathway pri-
marily regulates metabolic and regenerative processes 
[6]. Conversely, trans-signaling involves soluble IL-6R 
(sIL-6R), which binds IL-6 before binding to the ubiqui-
tously expressed gp130. Soluble (s)gp130 is the natural 
inhibitor of the agonistic IL-6/sIL-6R complex acting 
as a decoy receptor [10]. IL-6 has three binding sites for 
receptors, with site I recognizing IL-6R and sites II and 
III recognizing gp130. IL-6 and IL-6R antibodies target 
site I of the IL-6/IL-6R complex which affects all (classi-
cal, trans) IL-6 signaling. The fusion protein sgp130(-Fc) 
is unique in that it selectively targets sites II and III, only 
affecting trans-signaling and sparing classical signaling 
[11]. Despite the differences in upstream signaling mech-
anisms between classical and trans-signaling, which rely 

on cell-type specific differences in IL-6 receptor subtype/
subunit expression, the intracellular Janus kinsase/signal 
transducers and activators of transcription (JAK/STAT3) 
signaling does not differ as a function of IL-6 mediated 
classical versus trans-signaling [12]. However, the differ-
ent effects observed with trans-signaling are a function of 
the wide ranging cell types in which signaling occurs as 
well as stronger signaling observed compared to classical 
pathways [13]. For example, while classical IL-6 signal-
ing is less able to strongly activate STAT3 in endothelial 
cells, classical signaling patterns promote cell survival, 
while trans-signaling patterns in endothelial cells can 
promote inflammatory activation [14]. Relevant to TBI, 
research also suggests that IL-6 trans-signaling involving 
endothelial cells facilitates intercellular adhesion mol-
ecule (ICAM) and monocyte chemoattractant protein 
(MCP)-1 secretion, while classical IL-6 signaling facili-
tates IL-8 mediated immune cell transmigration [14]. 
Broadly speaking, IL-6 trans-signaling propagates inflam-
mation in the central nervous system (CNS), facilitating 
microgliosis and astrocytosis through chemokine signal-
ing, contributing to sickness behaviors and cognitive def-
icits in mice, and increasing risk for neurodegenerative 
disorders like Alzheimer’s disease [7, 15–19].

IL-6 has potential as a therapeutic target for inflam-
matory diseases. For example, IL-6 deficient mice have 
decreased susceptibility to experimental autoimmune 
encephalomyelitis [4]. Also, anti-IL-6 antibody treat-
ment (Tocilizumab) decreases symptomology in condi-
tions such as RA, and COVID-19 [20, 21]. While proven 
to be beneficial, IL-6 pan-inhibition by anti-IL-6 antibody 
treatment affects both trans- and classical signaling caus-
ing immunosuppression. sgp130 selectively neutralizes 
sIL-6R, and thus, prevents trans-signaling, while main-
taining the beneficial functions of classical signaling. 
Importantly, recent studies suggest that treatment with 
a sgp130 fusion protein (sgp130-Fc) can promote remis-
sion for arthritis and IBD [3, 22, 23].

Despite these findings in lipopolysaccharide (LPS)-
induced inflammation models, in vitro endothelial cell 
models, as well as in infectious and systemic autoimmune 
diseases, there is limited literature regarding the trans-
lational potential of inhibiting IL-6 trans-signaling in 
acquired brain injury, including TBI. Therefore, we aimed 
to determine if selectively inhibiting IL-6 trans-signaling 
via systemic sgp130-Fc administration would promote 

Sham + sgp130-Fc mice. However, CCI + sgp130-Fc mice had decreased chemokine levels versus CCI + VEH mice. IL-6 
positively correlated, while sgp130 negatively correlated, with chemokine levels. Overall, we found that systemic 
sgp130-Fc treatment after CCI improved learning, decreased anxiety and reduced CCI-induced brain chemokines. 
Future studies will explore sex-specific dosing and treatment mechanisms for sgp130-Fc therapy.
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behavioral and neuroinflammatory benefits in a mouse 
model of severe TBI.

Materials and methods
Animals
Adult (12–15 weeks) male C57BL/6J mice (N = 75; Jack-
son Laboratory) were housed in a temperature-, humid-
ity-, and lighting-controlled environment with ad libitum 
access to food and water. Mice were randomly assigned 
to one of five groups: (1) Sham + Vehicle (Sham + VEH; 
n = 21), (2) Sham + 1  µg sgp130-Fc (Sham + 1  µg; n = 8), 
(3) controlled cortical impact (CCI) + VEH (n = 26), 
(4) CCI + 0.25  µg sgp130-Fc (CCI + 0.25  µg; n = 10), (5) 
CCI + 1  µg sgp130-Fc (CCI + 1  µg; n = 10). Mice in the 
CCI + 0.25  µg and CCI + 1  µg sgp130-Fc groups had 
similar treatment-associated behavioral and brain IL-6 
related chemokine outcomes (Supplemental Figs.  2, 3, 
and 4), and therefore, were combined for all analyses 
(CCI + sgp130-Fc) presented in the main text. Supple-
mental Figs.  2, 3 and 4 present comparative findings 
for the CCI + 0.25 µg and CCI + 1 µg outcomes. A study 
design chart is provided in Fig. 1.

Mice received subcutaneous administration of either 
recombinant mouse sgp130-Fc chimera protein (R&D 
Systems) dissolved in 0.1  M phosphate-buffered saline 
(PBS) or VEH (PBS) on days (D) 1, 4, 7, 10, and 13 post-
surgery. The sgp130-Fc dosing strategy (every 3 days) 
was chosen due to the 72-hour half-life of the sgp130-Fc 
molecule [24]. The 2 doses (0.25  µg and 1  µg) adminis-
tered in this exploratory study were based on previous 
work. Given that the use of systemic sgp130-Fc for TBI is 
novel, doses were chosen to fall within the effective dos-
ing range in other published mouse studies identified at 
study inception [25–27].

Controlled cortical impact (CCI)
CCI mice were anesthetized with 4% isoflurane (induc-
tion) and 1–2% (maintenance) in 2:1 nitrous oxide/oxy-
gen [28, 29]. A 5 mm craniotomy was made over the left 
parietotemporal cortex. Temperature was maintained at 
37 ± 0.5ºC (rectal) during surgery. CCI was performed 
using a 3  mm flat-tip pneumatic impactor (velocity 

6.0 ± 0.2  m/s; vertical depth 2  mm; duration 50-60ms). 
After impact, the bone flap was replaced, sealed with 
dental cement, and the incision sutured. Mice were 
removed from anesthesia and recovered for 30  minutes 
(min) with supplemental oxygen. Shams underwent all 
procedures except for the CCI. Three mice died, none of 
which received sgp130-Fc treatment. This injury severity 
is accompanied by impairments in motor and cognitive 
tasks such as Morris water maze (MWM) learning and 
memory as well as a lasting brain inflammatory response 
[30–32].

Morris water maze (MWM)
MWM testing [28] consisted of two phases: (1) learning 
acquisition (D14-18) and (2) visible platform (VP; D19). 
Testing was conducted in a circular pool (67  cm diam-
eter, 58  cm deep) filled with water (20–22  °C, 28  cm 
deep) in a room surrounded by extra-maze visual cues 
on the walls. During acquisition, mice underwent four 
trials that were randomly assigned to one of four start-
ing locations (north, south, east, west) in the pool. A 
9 cm circular platform was submerged 0.5 cm below the 
water surface in the southwest quadrant. Mice were given 
a maximum of 120 s (sec) to locate the submerged plat-
form per trial. Mice were given 4 min inter-trial intervals 
in a 37  °C incubator. For VP testing, the platform was 
elevated 0.5 cm from the water surface. Mice were ran-
domly assigned to one of the four starting coordinates for 
four trials and given a maximum of 120 s per trial. Mice 
were given 4 min inter-trial intervals in a 37  °C incuba-
tor. Latency and swim tracking were recorded using Any-
Maze software (Stoelting Co).

Brain luminex assay
On day 21, mice were anesthetized with 4% isoflurane 
and sacrificed by decapitation [33, 34]. Brains were 
flash-frozen, and stored at -80  °C. The brain hemi-
sphere ipsilateral to the contusion was processed and 
analyzed using mouse T-cell (Millipore, MCYTO-
MAG-70 K-27) and soluble cytokine receptor (Millipore, 
MSCRMAG-42  K-12) panels following manufacturer’s 
protocols. Tissue was homogenized in T-PER (Thermo 

Fig. 1 Experimental design. Mice were randomly assigned to receive either sham or CCI [day (D)0]. Starting on D1, mice received either vehicle (PBS; 
Sham and CCI), 0.25 µg sgp130-Fc (CCI) or 1.0 µg sgp130-Fc (Sham and CCI). Mice were treated every 3 days with vehicle or sgp130-Fc. On D14-19 mice 
underwent Morris water maze (MWM) testing and on D21 tissue was collected for analysis
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Fisher Scientific; 300 mg tissue:1 mL T-PER), and super-
natant was removed and diluted in PBS to achieve a final 
protein concentration of 6 mg/mL. Samples were assayed 
undiluted for the mouse T-cell panel. Samples were run 
at a 5 times (x) dilution for the soluble cytokine receptor 
panel. Concentrations were measured using a Bio-Rad 
LX100 and LX200 microplate readers with Bio-Rad Bio-
Plex manager 6.2 software.

Luminex data were processed and subjected to a linear 
transformation. We adopted a trimmed mean (TM) anal-
ysis of the fluorescence intensity (FI) to address low and 
out of range low values through a linearization process 
to improve overall standard curve fit and increase the 
accuracy of values across the range of the standard curve 
[35, 36]. The TM process removed the highest and low-
est 10% of the measured beads for each analyte for each 
sample in each well, reducing random error, and provid-
ing a more precise measurement of a given well’s FI. The 
TM, FI and concentration for each standard were subject 
to log transformation to linearize the data. A third order 
polynomial equation, which best fit the distribution of 
the log transformed data, was generated from the stan-
dards. New sample concentrations were calculated with 
the polynomial equation. Plates were run with intra- and 
inter-plate controls and indexed to one another using the 
inter-plate control coefficients. The mean intra-plate and 
mean inter-plate coefficient of variance were < 15%.

Statistical analyses
Experimenters were blinded to treatment groups. Data 
were analyzed using STATA-16 or GraphPad Prism-9. 
Values are reported as mean ± standard error of the mean 
(SEM). Data were tested for distribution and variance. 
We used a mixed effects regression model to address the 
repeated measurements within the MWM assay. Mixed 
regression modeling is a flexible analytic approach that 
handles correlated data by accounting for the correla-
tion patterns between repeated measurements within 
each individual to be explicitly modeled. The flexibility 
to accommodate both fixed effects and random effects, 
factors whose effects that are assumed to be the same or 
varied across individuals respectively, effectively captures 
temporal dynamics of the system to address clinically 
relevant questions. Within the MWM assay, a random 
intercept mixed effects regression model was used to 
generate separate intercepts for each mouse to model 
within-mouse variation in test performance over time. 
This approach incorporates mouse-to-mouse variabil-
ity in the inference-making process to describe the rela-
tionship between the fixed effects and test performance. 
We fit models that evaluated the main effects of group, 
time, and the group-by-time interaction effect. We then 
estimated marginal means on each of MWM acquisi-
tion (D14-18) to assess the day-specific effect of group. 

Marginal mean contrasts with Sidak p-value correc-
tion were used to perform the post hoc comparisons by 
group. Speed adjusted mixed models were also gener-
ated (Fig.  2 and Supplemental Fig.  2) and only differed 
from the unadjusted models (Supplemental Fig.  1 and 
Supplemental Fig. 3, respectively) in that mean speed was 
included as a covariate to predict speed adjusted values 
for latency, path length and peripheral zone time. Linear 
regression was used to compare group relationships on 
VP.

Inflammatory markers were compared across groups 
using Kruskal-Wallis tests. Multiple comparisons adjust-
ments were applied using Dunn’s Test. All biomarker cor-
relations were performed with Spearman’s (r).

Results
Morris water maze
Speed-adjusted MWM outcomes
There was a main effect of group for mean swim speed 
(p < 0.001). In general, CCI mice had slower swim speeds 
than Sham + VEH mice across all MWM testing days 
(p < 0.05; Fig.  2A). To minimize the impact of the vary-
ing swim speeds on MWM outcomes, all MWM vari-
ables (latency, path length and peripheral zone time) 
were adjusted for speed to observe group-specific effects 
(detailed description in Methods). Group stratified cor-
relations between swim speed and other MWM variables 
(D14-18) showed group differences in how swim speed 
affected latency, path length and peripheral zone time. 
Overall, latency, peripheral zone time and path length 
were correlated with swim speed (Table 1). These group 
differences provided the rationale to control for swim 
speed as shown in Fig. 1 and Supplemental Fig. 2 when 
evaluating other MWM metrics such as latency and 
peripheral zone time.

Table 1.
We determined the effect of sgp130-Fc treatment after 

CCI on MWM learning acquisition (latency, path length) 
and anxiety-like (peripheral zone time [37]) behaviors 
(D14-19), while adjusting for swimming speed. There was 
a significant group effect for latency (p < 0.0001), path 
length (p < 0.05), and peripheral zone time (p < 0.0001). 
CCI + VEH mice had increased latencies to platform ver-
sus Sham + VEH mice (D14-17; p < 0.05). CCI + sgp130-Fc 
mice had shorter latencies versus CCI + VEH mice [D14 
(p = 0.076); D15 (p < 0.05); Fig. 2B]. The time spent in the 
peripheral zone was greater for CCI + VEH mice versus 
Sham + VEH mice (D15-18; p < 0.05) and CCI + sgp130-Fc 
mice (D14-17; p < 0.05; Fig.  2C). Sham + sgp130-Fc mice 
spent less time in the peripheral zone versus Sham + VEH 
mice (D14; Fig. 2C). CCI + VEH mice had increased path 
lengths to the hidden platform versus Sham + VEH (D14-
17; p < 0.05) and CCI + sgp130-Fc mice (D14-15; p < 0.05; 
Fig. 2D). Speed adjusted VP performance is presented in 
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Fig. 2B-D. Sham + VEH and CCI + sgp130-Fc mice had a 
shorter latency to the VP than CCI + VEH mice (p < 0.05; 
Fig. 2B). Sham + VEH mice spent less time in the periph-
eral zone (p < 0.05; Fig. 2C) and had shorter path lengths 
to the VP than CCI + VEH mice (p < 0.05; Fig. 2D).

Non-adjusted MWM outcomes
Analysis was also performed on MWM data without 
adjusting for variation in swim speed (Supplemen-
tal Fig.  1). There was a significant main effect of group 
for acquisition latency (p < 0.0001), peripheral time 
(p < 0.0001), mean speed (p < 0.0001) and path length 
(p < 0.05). Multiple comparison findings were similar to 
the speed adjusted data presented. Sham + VEH mice 
(D14-17 and VP; p < 0.05) and CCI + sgp130-Fc mice 
(D14-15 and VP; p < 0.05) had shorter latencies to the 

hidden platform than CCI + VEH mice (Supplemental 
Fig.  1A). Sham + VEH mice (D15-D18 and VP; p < 0.05) 
and CCI + sgp130-Fc mice (D14-17; p < 0.05) spent less 
time in the peripheral zone versus CCI + VEH mice (Sup-
plemental Fig.  1B). CCI + VEH mice had increased path 
lengths versus Sham + VEH and CCI + sgp130-Fc mice 
(D15; p < 0.05; Supplemental Fig. 1C).

Overall, these data show that CCI impaired learn-
ing and memory in the MWM task compared to sham 
procedures. Additionally, mice treated with sgp130-Fc 
after CCI had improved MWM performance (decreased 
latency and path length) compared to injured control 
(VEH-treated) mice during the testing days most proxi-
mate (D14-15) to the last dose of sgp130-Fc. sgp130-Fc 
treatment after CCI also reduced anxiety-like behavior 

Fig. 2 sgp130-Fc treatment post-CCI on MWM metrics during learning acquisition (D14-18) and visible platform (VP; D19). (a) Mean speed (b) speed ad-
justed escape latencies (c) speed adjusted peripheral zone time and (d) speed adjusted path length. Acquisition data were analyzed via mixed modeling 
for main effect and Sidak post-hoc testing. VP was analyzed using linear regression. Black arrow on D13 represents final sgp130-Fc or VEH administration. 
Lines/bars represent mean ± SEM. Significant comparisons (p < 0.05) include: *Sham + VEH vs. CCI + VEH, %Sham + VEH vs. CCI + sgp130-Fc, ̂ Sham + VEH vs. 
Sham + 1 µg sgp130-Fc, #CCI + VEH vs. CCI + sgp130-Fc, +Sham + 1 µg sgp130-Fc vs. CCI + VEH, !Sham + 1 µg sgp130-Fc vs. CCI + sgp130-Fc

 



Page 6 of 12Gober et al. Journal of Neuroinflammation          (2024) 21:149 

(decreased peripheral zone time) compared to injured 
controls.

sgp130-Fc dose response on MWM outcomes
Our initial study design compared the effect of two 
doses of sgp130-Fc after CCI (0.25 µg and 1 µg) on out-
come. Prior to combining the 0.25 µg and 1 µg sgp130-Fc 
groups for Figs. 2 and 3 and Supplemental Fig. 1 analysis, 
we assessed our data for group differences in the behav-
ioral and biomarker assays based on treatment dose. No 
statistical differences were noted for speed adjusted or 
non-adjusted MWM outcomes (latency, peripheral zone 
time, path length, mean speed) between the two treat-
ment groups (Supplemental Figs. 2, 3 and 4). There was 
a non-significant effect observed for platform latencies 
(Supplemental Fig.  2B, 3  A) and peripheral zone times 
(Supplemental Fig. 2C, 3B) in that mice treated with the 
higher sgp130-Fc dose (1 µg) had numerically better out-
comes than mice treated with the lower sgp130-Fc dose 
(0.25 µg).

Neuroinflammation
IL-6 related biomarkers
Brain IL-6, sIL-6R, and sgp130 levels were measured 
(D21) in the hemisphere ipsilateral to the injury site. 
CCI + VEH mice (p < 0.001) and CCI + sgp130-Fc mice 
(p < 0.05) had increased IL-6 levels versus Sham + VEH 

Table 1 MWM variables correlation with mean speed. 
Spearman’s (r) correlations for Morris Water Maze variables 
correlated with mean speed. Significant comparisons are bolded 
and indicate p < 0.05. Italics indicates a trend towards significance 
(p < 0.1)
TEST GROUP AND VARIABLE Spearman r P-VALUE
SHAM + VEHICLE
 LATENCY 0.1628 0.097
 PATH LENGTH 0.3385 0.0004
 Peripheral Zone Time 0.1937 0.0477
SHAM + SGP130-FC
 LATENCY 0.5163 0.0006
 PATH LENGTH 0.6545 < 0.0001
 Peripheral Zone Time 0.6962 < 0.0001
CCI + VEHICLE
 LATENCY -0.2008 0.022
 PATH LENGTH 0.2032 0.0204
 Peripheral Zone Time -0.0005 0.9959
CCI + SGP130-FC
 LATENCY 0.0973 0.3357
 PATH LENGTH 0.4477 < 0.0001
 Peripheral Zone Time 0.3507 0.0003

Fig. 3 Brain levels of IL-6 related biomarkers and inflammatory chemokines 21 days post CCI. (a) IL-6, (b) sIL-6R, (c) sgp130, (d) MIG, (e) IP-10, (f) MIP-1β 
were analyzed with Kruskal-Wallis tests and Dunn’s Test. Significant comparisons (*) indicate p < 0.05. Bars represent mean ± SEM
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mice. sgp130-Fc treatment had no impact on brain 
IL-6 levels (Fig. 3A). sIL-6R levels were similar between 
CCI + VEH, Sham + VEH and Sham + sgp130-Fc groups; 
however, CCI + sgp130-Fc mice had higher sIL-6R levels 
(p < 0.05) than Sham + VEH mice (Fig. 3B). sgp130 levels 
were decreased in CCI + VEH mice versus Sham + VEH 
and Sham + sgp130-Fc mice. sgp130 was increased in CCI 
and Sham mice treated with sgp130-Fc (CCI + sgp130-
Fc and Sham + sgp130-Fc) versus CCI + VEH mice 
(p < 0.0001) (Fig. 3C).

IL-6 related chemokines
The IL-6 associated chemokines, monokine induced by 
gamma (MIG, CXCL9), interferon γ-induced protein 
10 kDa (IP-10, CXCL10) and macrophage inflammatory 
protein-1β (MIP-1β, CCL4) [17, 38] were also measured 
(D21) in the hemisphere ipsilateral to the contusion [17, 
38]. Chemokine levels were increased in CCI + VEH 
versus shams (p < 0.0001; Fig.  3D-F). sgp130-Fc treat-
ment after CCI (CCI + sgp130-Fc) reduced MIG (p < 0.05; 
Fig.  3D), IP-10 (p < 0.05; Fig.  3E), with a trend toward a 
reduction in MIP-1β (p = 0.1001; Fig.  3F) compared to 
CCI + VEH-treated mice. There were no sgp130-Fc dose 
effects (0.25  µg vs. 1  µg) after CCI on IL-6 related bio-
markers (Supplemental Fig.  4). Interestingly, though, 
the higher dose of sgp130-Fc (1 µg) resulted in non-sig-
nificantly elevated IP-10 and MIP-1β levels compared 
to the lower dose of sgp130-Fc (0.25  µg; Supplemental 
Fig. 4E-F).

Overall, these data show that sgp130-Fc treatment 
increased brain levels of sIL-6R (in CCI + sgp130-Fc) 
and increased sgp130 levels (in CCI + sgp130-Fc and 
Sham + sgp130-Fc) on D21. Also, CCI resulted in a per-
sistent increase in IL-6 associated chemokines, and treat-
ment with sgp130-Fc attenuated this injury response.

IL-6 related biomarkers and chemokine correlations
We evaluated IL-6 family biomarker relationships with 
chemokines (Spearman r correlations). IL-6 positively 
correlated with MIG (R = 0.56, p < 0.0001), IP-10 (R = 0.74, 
p < 0.0001), and MIP-1β (R = 0.80, p < 0.0001). sIL-6R also 
positively correlated with MIG (R = 0.20, p = 0.089), IP-10 
(R = 0.28, p = 0.017), and MIP-1β (R = 0.20, p = 0.083), 
but to a lesser extent than IL-6. sgp130 negatively cor-
related with MIG (R=-0.52, p < 0.0001), IP-10 (R=-0.41, 
p = 0.0003), and MIP-1β (R=-0.33, p = 0.0037). MIG, 
IP-10, and MIP-1β were highly correlated with one 
another (Fig. 4). Together, these findings begin to create a 
foundation for biomarker-based IL-6 readouts, indepen-
dent of treatment.

Discussion
Neuroinflammation impairs recovery post-TBI. IL-6 
trans-signaling is a dominant mechanism driving many 
forms of CNS pathology making its selective inhibition, 
via sgp130-Fc, a promising therapeutic to promote neu-
rorecovery. Similar to clinical TBI studies, our mouse 
CCI model showed persistent IL-6 pathology in the set-
ting of neurological deficits [1, 39]. We showed that inter-
mittent systemic treatment with sgp130-Fc after CCI 
improved learning and decreased anxiety-like behaviors 
in the MWM. Sgp130-Fc treatment also increased brain 
sgp130 and sIL-6R and decreased CCI-induced IL-6 fam-
ily inflammatory chemokine levels when measured 7 days 
after the last dose given. Overall, our data suggest sig-
nificant CNS effects after systemic sgp130-Fc administra-
tion in reducing IL-6 associated brain tissue damage and 
functional impairments.

Clinically, IL-6 inhibition promotes anti-inflamma-
tory effects, and inhibitors are used in various disorders 
including RA, COVID-19 and cytokine release syndrome 
[40]. The anti-IL-6R antibody, Tocilizumab, is cardiopro-
tective in cardiac arrest patients. In that single-center 

Fig. 4 Biomarker correlation heat map. The data shown are Spearman (r) correlations. * indicates statistical significance
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trial, Tocilizumab reduced systemic inflammation after 
cardiac arrest, evidenced by decreased C-reactive protein 
and leukocyte levels [41]. IL-6 signaling inhibition may 
also be relevant to TBI pathology. Yang et al., demon-
strated that pan-IL-6 inhibition improved TBI-induced 
motor deficits and decreased pro-inflammatory cyto-
kines in a mild closed head injury + hypoxia model [42]. 
However, there are clinical reports showing that long-
term use of Tocilizumab is associated with leukoenceph-
alopathy and also worsened depression [43, 44].

Despite some potential promise, the effect of pan-IL-6 
inhibition in the CNS after acute brain injury remains 
unclear and requires a greater focus on neurologic end-
points [45]. Given the promising results observed with 
pan-IL-6 inhibition, selective CNS sIL-6R signaling 
blockage after TBI with sgp130-Fc offers therapeutic 
potential and the possibility for a reduced side effect pro-
file. Selectively targeting IL-6 trans-signaling via sgp130-
Fc could preserve regenerative and neurotrophic effects 
while reducing immune suppression that is typically 
associated with suppressed classical IL-6  signaling [23, 
46].

We found that two different doses of sgp130-Fc simi-
larly improved CCI-induced functional deficits in that 
CCI + sgp130-Fc mice had decreased escape latencies 
and swim distance (MWM) versus CCI + VEH mice. 
These findings suggest that after CCI, systemic sgp130-Fc 
administration improves neurorecovery in learning and 
memory tasks. However, underlying factors like motiva-
tion and anxiety appear to affect how sgp130-Fc influ-
ences MWM performance. For example, CCI mice had 
slower swim speeds than Sham + VEH mice. Thus, we 
adjusted for swim speed variation using a mixed effects 
regression model which reduced group variability in 
MWM metrics. CCI + sgp130-Fc mice also had decreased 
peripheral zone time versus CCI + VEH mice, indicating 
that IL-6 trans-signaling inhibition may influence injury-
induced anxiety-like behaviors. One important relay 
for anxiety is the hypothalamic pituitary adrenal (HPA) 
axis. HPA axis stimulation via IL-6 contributes to stress 
and anxiety following TBI [46]. Our data suggest that the 
effects of intermittent systemic sgp130-Fc administration 
on HPA axis-related pathways and associated behaviors 
after TBI require further study.

Uncontrolled neuroinflammation is also associated 
with both anxiety and memory impairments [47]. The 
mediolateral (ML) thalamus, a relay to the amygdala, is 
involved in MWM-associated thigmotaxis [48], and CCI 
produces lasting microgliosis in the ML thalamus [49]. 
Sgp130-Fc treatment-associated reductions in inflam-
matory chemokines may contribute to improvements in 
MWM associated anxiety and cognition; however, we 
evaluated these markers in the hemisphere ipsilateral to 
the injury and did not perform measurements in distinct 

brain regions. Thus, investigations into cell-type and 
region-specific inflammatory patterns associated with 
CCI and sgp130-Fc treatment, as well as effector function 
targets like the IL-6 downstream JAK/STAT pathway, 
are needed to better understand the molecular processes 
underlying behavioral improvements [50]. Also, future 
work should include additional assays capturing a variety 
of cognitive and affective constructs within our model 
that reflect learning and memory as well as anxiety, 
anhedonia, sociability, and PTSD-like behaviors in order 
to further expand our understanding of the potential of 
sgp130-Fc as a clinically translatable therapeutic agent to 
TBI survivors.

Other work shows that pan-IL-6 inhibition reduced 
injury-induced serum IL-6, keratinocyte-derived chemo-
kine, and MIP-1α levels 24 h after hypoxic brain injury in 
mice [42]. IL-6 neutralization also reduced brain IL-6 lev-
els and serum neuron-specific enolase in that model [42]. 
Given this work was an exploratory analysis, we chose 
specific, readily interpretable inflammatory molecular 
readouts and behavioral readouts as primary endpoints. 
As such, while we did not directly use histological tech-
niques to measure the extent of neuronal injury after 
CCI with/without sgp130-Fc treatment, treatment asso-
ciated reductions in brain IL-6 related chemokine levels 
are suggestive of reduced neuroinflammation after CCI. 
However, studies are needed to explore the impact of 
sgp130-Fc after TBI on CNS specific biomarker burden 
as well as other region-specific histological outcomes.

Systemic sgp130-Fc administration increased brain 
sgp130 and sIL-6R, but not IL-6, suggesting that sgp130-
Fc may effectively enter the brain possibly due to blood 
brain barrier disruption and/or other mechanisms like 
transcytosis, to directly impact CNS damage. Also, sys-
temic IL-6 signaling may modulate local immune cell 
chemokine production to facilitate T-cell and macro-
phage infiltration, which may also impact CNS dam-
age [17, 38, 51]. Moreover, IL-6 also stimulates the HPA 
axis and cortisol production, which may have negative 
effects on CNS repair and recovery after acute stress and 
trauma [52] as evidenced by acute cortisol associations 
with cognitive impairment after severe TBI [53]. Thus, in 
addition to direct CNS effects, peripheral modulation of 
IL-6 production via systemic sgp130-Fc administration 
may impact multiple mechanisms of CNS damage, par-
ticularly at later time points in our intermittent dosing 
regimen when blood brain barrier permeability is not a 
prominent component of TBI pathology.

Compensatory increases in sIL-6R bioavailability may 
be reactionary to the intermittent dosing that ended 
seven days prior to tissue collection, however, increased 
bioavailability within an appropriately facilitatory local 
environment may possibly support recovery mechanisms 
such as neurogenesis, wherein neuronal trans-signaling 
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reportedly has a role [54, 55]. One consideration regard-
ing D21 sIL-6R expression is that the Milliplex assay mea-
sures total IL-6R concentrations and cannot differentiate 
IL-6 bound sIL-6R versus unbound sIL-6R [56]. Thus, 
further evaluation of the bound vs. unbound sIL-6R is 
needed. Also, the assay chosen specifically quantified 
total sIL-6R, which is likely more impacted by sgp130-
Fc treatment given its selectivity for trans-signaling [57]; 
however, future work directly comparing membrane 
bound IL-6R levels is warranted [12]. Given that sgp130-
Fc has a 72-hour half-life in vivo [24], the direct effect on 
IL-6 associated biomarkers is unknown. However, inter-
mittent systemic sgp130-Fc dosing reversed CCI-induced 
increases in IL-6 sensitive chemokines MIG, IP-10, and 
MIP-1β, which are known to perpetuate neuroinflamma-
tion in other neurological diseases like encephalitis, MS, 
and Alzheimer’s disease [17], where IL-6 signaling also 
plays a role. IL-6 associated inflammation may impact 
recovery and susceptibility to secondary conditions post-
TBI, including cognitive performance deficits, which are 
reported in our clinical population [39].

The beneficial effects of sgp130-Fc did not appear to be 
restricted to only after CCI. Interestingly, we found that 
sham mice treated with sgp130-Fc (Sham + sgp130-Fc) 
performed better in the MWM (lower latencies, periph-
eral zone time, and path length) than VEH-treated shams 
(Sham + VEH). We administered the highest dose tested 
in this study (1  µg) to sham animals with no adverse 
effects. This finding may be due to a CNS response to 
systemic sgp130-Fc treatment, as demonstrated by the 
increased sgp130 levels in sgp130-Fc treated shams. 
However, sgp130-Fc treatment in sham mice, did not 
further reduce IL-6 associated chemokine (MIG, IP-10, 
MIP-1β). Sham procedures in mice, specifically craniot-
omy are often associated with some level of brain injury, 
and thus these findings in sham treated mice suggest that 
sgp130-Fc merits testing in models of mild and repetitive 
mild TBI [55].

We did not observe a significant dose response with 
sgp130-Fc treatment, which was the basis for combin-
ing the mice in those two dosing groups. Only a trend 
toward slightly improved MWM metrics were observed 
with our high versus lower dose regimen. An exami-
nation in future studies of multilevel dosing for other 
behavioral, histological as well as brain and spleen 
molecular endpoints (e.g. RNA sequence techology) is 
required to ensure an optimal dose titration is obtained 
and its impacts on region and cell specific heterogeneity 
with a complex injury model such as CCI [58–61]. Fur-
ther work elucidating brain region specific influences of 
classical signaling (e.g. microglial) and trans-signaling 
(e.g. neuronal) on damage burden, plasticity, and repair 
mechanisms is also warranted. Additional studies are also 
needed to determine the pharmacokinetics and dynamics 

of both systemic and CNS sgp130-Fc as well as additional 
safety testing for long-term treatment and use.

While we identified beneficial effects of trans-signaling 
blockade via systemic sgp130-FC administration over the 
initial two weeks after CCI, it is possible that IL-6 trans-
signaling may play a neuroprotective role under certain 
conditions post-injury. For example, Willis et al. showed 
that in the context of microglial repopulation, IL-6 trans-
signaling may support neurogenesis and improve behav-
ioral function in a mouse CCI model [62]. While the 
results are intriguing, this model required full microg-
lial turnover to obtain this effect along with a high-dose 
(2ug) intrahippocampal sgp130-Fc injection [62]. How-
ever, our work is consistent with other work demonstrat-
ing the detrimental effects of sIL-6R trans-signaling in 
multiple neurodegenerative disease states, and the ben-
eficial impacts of central sgp130 administration on sick-
ness behaviors and associated cognitive dysfunction [7, 
15].

Conclusion
We demonstrated beneficial effects of systemic sgp130-
FC administration on behavioral performance and neu-
roinflammation after severe CCI in mice, with no adverse 
impacts on mortality. The selective nature of sgp130-Fc 
targets trans-signaling, leaving classical signaling intact. 
While this exploratory report suggests possible thera-
peutic benefit, dose optimization in males and females, 
further characterization of target engagement and addi-
tional neurorecovery outcomes require further exami-
nation. Overall, our data suggest that sgp130-Fc may be 
a promising therapy for post-acute TBI recovery with 
potential for future clinical applications.
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Supplemental Fig. 1. Effect of sgp130-Fc post-CCI on non-speed-adjusted 
MWM metrics (a) Latencies to hidden platform (b) Peripheral zone time (c) 
Path length and during learning acquisition (D14-18) and VP (D19). Acqui-
sition data were analyzed via mixed modeling for main effect and Sidak 
post-hoc testing. VP was analyzed using linear regression. Black arrow on 
D13 represents final sgp130-Fc or VEH administration. Lines/bars represent 
mean ± SEM. Significant comparisons (p < 0.05) include: *Sham + VEH vs. 
CCI + VEH, %Sham + VEH vs. CCI + sgp130-Fc, ^Sham + VEH vs. Sham + 1 µg 
sgp130-Fc, #CCI + VEH vs. CCI + sgp130-Fc, +Sham + 1 µg sgp130-Fc vs. 
CCI + VEH, !Sham + 1 µg sgp130-Fc vs. CCI + sgp130-Fc.

Supplemental Fig. 2. Effect of two doses of sgp130-Fc treatment after CCI 
on MWM metrics. (a) Mean speed (b) speed adjusted escape latencies 
(c) speed adjusted peripheral zone time (d) speed adjusted path length 
Learning acquisition data were analyzed via mixed modeling for main 
effect and Sidak post-hoc testing. VP was analyzed using linear regression. 
Black arrow on D13 represents final sgp130-Fc or VEH administration. Lines 
and bars represent mean ± SEM. Significant comparisons (p < 0.05) are as 
follows: *Sham + VEH vs. CCI + VEH, %Sham + VEH vs. CCI + 0.25 µg sgp130-
Fc, $Sham + VEH vs. CCI + 1 µg sgp130-Fc, ^Sham + VEH vs. Sham + 1 µg 
sgp130-Fc #CCI + VEH vs. CCI + 0.25 µg sgp130-Fc, @CCI + VEH vs. CCI + 1 µg 
sgp130-Fc, &CCI + 0.25 µg sgp130-Fc vs. CCI + 1 µg sgp130-Fc, !Sham + 1 µg 
sgp130-Fc vs. CCI + VEH, ?Sham + 1 µg sgp130-Fc + CCI + 0.25 µg sgp130-Fc, 
~Sham + 1 µg sgp130-Fc + CCI + 1 µg sgp130-Fc.

Supplemental Fig. 3. Effect of two doses of sgp130-Fc after CCI on 
non-speed adjusted MWM metrics. (a) Non-speed adjusted laten-
cies (b) non-speed adjusted peripheral zone time and (c) non-speed 
adjusted path length. Learning acquisition data were analyzed via mixed 
modeling for main effect and Sidak post-hoc testings. VP was analyzed 
using linear regression. Black arrow on D13 represents final sgp130-Fc 
or VEH administration. Lines and bars represent mean ± SEM. Signifi-
cant comparisons (p < 0.05) are as follows: *Sham + VEH vs. CCI + VEH, 
%Sham + VEH vs. CCI + 0.25 µg sgp130-Fc, $Sham + VEH vs. CCI + 1 µg 
sgp130-Fc, ^Sham + VEH vs. Sham + 1 µg sgp130-Fc #CCI + VEH vs. 
CCI + 0.25 µg sgp130-Fc, @CCI + VEH vs. CCI + 1 µg sgp130-Fc, &CCI + 0.25 µg 
sgp130-Fc vs. CCI + 1 µg sgp130-Fc, !Sham + 1 µg sgp130-Fc vs. CCI + VEH, 
?Sham + 1 µg sgp130-Fc + CCI + 0.25 µg sgp130-Fc, ~Sham + 1 µg sgp130-
Fc + CCI + 1 µg sgp130-Fc.

 Supplemental Fig. 4. Effect of two doses of sgp130-Fc after CCI on IL-6 
related biomarkers and chemokines. (a) IL-6, (b) sIL-6R, (c) sgp130, (d) MIG, 
(e) IP-10, (f ) MIP-1β were analyzed with Kruskal-Wallis tests. Post-hoc com-
parisons used a Dunn’s Test. Significant comparisons (*) indicated p < 0.05. 
Lines and bars represent mean ± SEM.
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