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A B S T R A C T

There is an unmet need in the treatment of traumatic brain injury (TBI), a leading cause of death and disability. 
Colony stimulating factor 1 receptor (CSF1R) and interleukin 1 receptor type 1 (IL1R1) are critical regulators of 
TBI-associated neuroinflammation. This study tested the hypothesis that early administration of CSF1R inhibitor 
PLX3397 plus IL1R1 inhibitor Anakinra alleviates TBI pathogenesis. Adult C57BL/6 mice were subjected to 
experimental TBI and treated with PLX3397 plus Anakinra, PLX3397 or Anakinra alone, or vehicle for up to five 
days post injury (5 dpi). Neurological deficits were attenuated by PLX3397 plus Anakinra in male and female 
mice. Combination therapy, as opposed to monotherapy, also reduced structural brain damage; however, this 
effect was observed exclusively in male mice. Bulk RNA-sequencing analysis of differentially expressed genes 
(DEGs) and gene set enrichment analysis (GSEA) revealed anti-neuroinflammatory effects in male mice treated 
with PLX3397 plus Anakinra, which exceeded the summed effects of monotherapies. Key DEGs included pro- 
neuroinflammatory markers such as Cd68 and Spp1/osteopontin, as well as genes associated with type I and II 
interferon responses. Immunofluorescence staining confirmed that PLX3397 plus Anakinra was more effective 
than monotherapy in attenuating CD68+ macrophages/microglia, CD45+/CD68- leukocytes, and osteopontin. 
Again, these effects exceeded the summed effects of monotherapy. The findings demonstrate beneficial syner
gistic effects of FDA-approved CSF1R and IL1R1 inhibitors and offer novel insights into the mechanisms of early 
TBI pathogenesis and therapy in a clinically relevant model.

Introduction

Traumatic brain injury (TBI) is a major cause of death and disability, 
presenting a significant medical and socioeconomic burden [1]. Current 
therapeutic options are mostly limited to surgical interventions and 
symptomatic relief, and only modest effects of various pharmacological 
treatments have been reported in recent randomized clinical trials 
[2–5]. TBI pathology combines multiple pathophysiological processes, 
including cerebral ischemia, blood brain barrier (BBB) disruption, brain 

edema, mitochondrial dysfunction, oxidative stress, neural cell death, 
and inflammation [6–9]. Microglia are considered the major drivers of 
the inflammatory responses, exerting, however, dual effects on the 
progression of damage following TBI [10–12].

Novel perspectives in investigating microglial function in health and 
disease emerged through the utilization of pharmacological inhibitors 
(i.e. PLX3397 and PLX5622) of colony stimulating factor 1 receptor 
(CSF1R) [13–16]. CSF1R is a transmembrane receptor tyrosine kinase 
that is expressed in microglia and other myeloid lineage cells. Two 
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endogenous ligands, CSF1/M-CSF and IL-34, have been identified that 
initiate downstream signaling cascades to regulate proliferation, dif
ferentiation and survival [17]. Although rigorous microglia depletion 
strategies are unlikely to be an adequate translational therapy for TBI 
[16,18], transient administration of CSF1R inhibitors at acute, subacute, 
or chronic phases of TBI resulted in beneficial effects [19–21]. Recently, 
we showed that administering PLX3397 during the first five days 
post-TBI reduced macrophage/microglia accumulation in injured brain 
tissue by 50 %. Discontinuing treatment at 5 dpi led to long-term 
beneficial effects at 30 dpi, which were more pronounced in male 
than in female mice [21]. However, this therapeutic approach was not 
sufficient to reduce the structural brain damage at 5 dpi, suggesting that 
CSF1R-independent pathomechanisms were involved and may have 
impeded therapeutic improvement. Indeed, the observation that gene 
expression of both IL-1β and IL1R1 remained unaltered, despite sub
stantial reduction of macrophages/microglia, indicated a crucial role of 
IL1R1 signaling by other cell types in this context [21].

IL1R1 is a receptor for IL-1α, IL-1β, and IL-1ra, primarily activating 
NF-κB and MAPK pathways, and the expression of key inflammatory 
mediators [22]. IL1-IL1R1 signaling has been implicated in the activa
tion of innate immunity following TBI, including the production of 
pro-inflammatory cytokines, recruitment of leukocytes and monocytes, 
disruption of BBB integrity, and exacerbation of neural cell death 
[23–28]. Anakinra, is the first IL-1ra drug that competitively prevents 
association of IL-1α, IL-1β with IL-1R1 [29]. It is approved as Kineret® 
for treatment of rheumatoid arthritis [30], Still’s disease including 
systemic juvenile idiopathic arthritis and adult-onset Still’s disease [31], 
cytokine storm syndromes [32], and COVID-19 disease [33]. Moreover, 
its safety was demonstrated in a randomized clinical phase II trial in TBI 
patients, but the study lacked sufficient statistical power to assess pa
tient outcomes [34]. In rodent models of TBI, Anakinra has been shown 
to provide overall beneficial effects on the inflammatory response, 
neurological deficits, and structural brain damage [35–38].

Hence, CSF1R and IL1R1 play a pivotal role in inflammatory pro
cesses and are promising therapeutic targets in TBI. While CSF1R is 
predominantly expressed by microglia [39], IL1R1 is also expressed in 
various other cell types, including neurons, astrocytes, and endothelial 
cells [24], suggesting that therapeutic approaches targeting these 
pathways simultaneously may enhance the therapeutic efficacy 
following TBI. Therefore, we tested the hypothesis that a combination 
treatment consisting in PLX3397 plus Anakinra improves the outcome of 
TBI at the behavioral, histological and gene expression level. We sub
jected cohorts of sex-matched adult C57BL/6JRj mice to the controlled 
cortical impact (CCI) model of TBI and compared 4 treatment groups i.e. 
PLX3397 plus Anakinra, PLX3397, Anakinra, vehicle. Mice were moni
tored for neurological deficits for up to five days post injury (5 dpi), 
followed by the examination of brain structural damage, transcriptomic 
changes, and brain tissue inflammation at 5 dpi.

Material and Methods

Animals and TBI experiments

Adult, 12-14 week-old male and female C57BL/6JRj mice (Janvier 
Germany) were housed and maintained in a controlled environment 
with a 12-h dark/light cycle, temperature of 22 ± 1 ◦C, and humidity of 
50 ± 5 %. Food and water were available to them ad libitum. All ex
periments were conducted in accordance with the institutional guide
lines of the Johannes Gutenberg University, Mainz, Germany, and were 
approved by the Animal Care and Ethics Committee of the Land
esuntersuchungsamt Rheinland-Pfalz (protocol number G19-1-027) and 
followed the ARRIVE guidelines. Mice were treated in TBI/sham ex
periments essentially as described [40]. Anesthesia was induced with 4 
% isoflurane for 90 s and maintained with 2.1 % isoflurane throughout 
the procedure. For analgesia, mice received carprofen (Rymadyl®, 
Zoetis) which was injected 30 min before start. After achieving the 

desired level of anesthesia, lidocaine-HCl (2 %, B.Braun) was injected 
subcutaneously at the temples, and the mouse head was then fixed in a 
stereotactic frame (Kopf Instruments). The temperature was maintained 
at 37 ◦C using feedback heating (Hugo Sachs, MarchHugstetten, Ger
many). The skin was incised 1 cm along the midline and a craniotomy of 
4 × 4 mm was drilled above the right parietal cortex. The bone fragment 
was flapped laterally while ensuring that the dura mater remained 
intact. The cortical impact was induced using a Benchmark™ Stereo
taxic Impactor (Leica Biosystems, Wetzlar, Germany) with the following 
parameters: impactor tip diameter of 3 mm, velocity of 6 m/s, duration 
of 200 ms, and displacement of 1.5 mm. After achieving hemostasis, the 
skull bone fragment was repositioned into the burr hole and sealed with 
tissue glue, followed by the suturing of the skin incision. Sham mice 
received isoflurane anesthesia, underwent skin incision and suturing, 
but did not undergo craniotomy or impact injury. For recovery, mice 
were placed in a temperature (36 ◦C) controlled incubator (IC8000, 
Draeger, Luebeck, Germany) and transferred back to their home cages 
after 90 min. Two animals died during the CCI procedure and were 
replaced. All animals survived the post-traumatic observation period 
until 5 dpi.

Experimental design and pharmacological treatment

A total of 56 mice were randomly divided into 5 experimental groups 
with equal sex distribution: TBI + PLX3397+Anakinra (n = 12), TBI +
PLX3397 (n = 12), TBI + Anakinra (n = 12), TBI + vehicle (n = 12), and 
sham + vehicle (n = 8) (Fig. 1). Mice received either PLX3397 or vehicle 
chow (Research Diets) ad libitum, beginning 90 min after the CCI/sham 
procedure until the study’s endpoint at 5 dpi. Anakinra (100 mg/kg, 
Kineret, Amgen) or placebo (saline) was injected subcutaneously at 5 
min, and 1, 2, and 3 dpi. Previous studies demonstrated the effectiveness 
of dietary PLX3397 administration at a food pellet concentration of 290 
mg/kg [13,21]. Daily food consumption was determined from 1 dpi to 5 
dpi, and body weights were recorded at 1, 3, and 5 dpi (Figs. S1 and S2
supplementary material). The researchers who performed the surgeries, 
drug administration, behavioral testing, data collection, and analyses 
were blinded to the group identities.

Evaluation of the neurological severity score (NSS) and behavioral 
monitoring

To evaluate neurological deficits, behavioral monitoring was per
formed in the same order as the CCI/sham operations between 9:00 a.m. 
and 2:00 p.m. Neurological impairments were assessed using the NSS, 
which measures balance, motor function, and general behavior, one day 
before TBI and at 1, 3, and 5 dpi essentially as described [41]. The NSS 
scores from 0 (no impairment) to 12 (severe neurological dysfunction), 
and pre-injury scores were close to zero, as expected. The general lo
comotor activity of the mice was evaluated in an open field test (OFT) 
(40 × 40 × 40 cm, 330–350 Lux) using a video tracking system (Etho
VisionXT, Noldus, Wageningen, Netherlands) before and after TBI 
(pre-score, 1, 3, and 5 dpi). Mice were positioned in the center of the 
arena, their movements was recorded for 3 min, and the moving dis
tance was calculated using the EthoVisionXT14 software. The elevated 
plus maze (EPM) test was utilized to assess anxiety/impulsivity at 4 dpi. 
A standard EPM maze 50 cm above ground with two closed arms with 
opaque walls and two open arms without walls was used. Mice were 
initially placed into the central area facing an open arm. Their move
ment was monitored and recorded continuously for 5 min. Using Etho
VisionXT14 software, the duration spent in open and closed arms and 
the frequency of entries into each arm were analyzed.

Brain sectioning and histopathology

The processing of brain tissue was carried out as described [42]. Mice 
were subjected to deep anesthesia using 4 vol% isoflurane and 
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subsequently decapitated at 5 dpi. Brains were carefully extracted, 
rapidly frozen in powdered dry ice, and stored at − 20 ◦C. A cryotome 
(HM 560 Cryo-Star, Thermo Fisher Scientific, Walldorf, Germany) was 
used to cut coronal brain sections, 12 μm thick, across 16 consecutive 
levels at 500 μm intervals from Bregma +3.14 mm to − 4.36 mm, which 
were collected on Superfrost Plus Adhesion Microscope slides (New Erie 
Scientific LLC, USA). Intermediate sections (60 μm, 8 × 4), which were 
divided along the midline to separate the right and left hemispheres, 
were obtained from Bregma +0.64 mm to − 2.86 mm. The upper 
quadrants of sections containing lesioned and perilesional brain (tissue 
including the cortex, striatum, dorsal hippocampus, and thalamus) were 
frozen in liquid nitrogen and processed for RNA extraction and RNA 
sequencing (RNAseq) as previously described in detail [21].

Cresyl violet staining was performed to evaluate the structural brain 
damage as described [42]. Briefly, brain sections underwent air-drying 
at room temperature (RT) for 1 h, followed by rehydration in 70 % 
ethanol for 2 min, staining in cresyl violet solution (10 mg/ml, 20 % 
ethanol, Merck) for 10 min, rinsing with distilled water, and dehydra
tion using increasing concentrations of ethanol (70 %, 96 %, and 100 %). 
Hematoxylin-Eosin (H&E) staining was applied to evaluate the area of 
hematoma as described [21].

Immunofluorescence staining was performed with cryosections, 
which were air-dried at RT for 30 min. The sections were then fixed in 4 
% paraformaldehyde for 10 min, followed by washing in phosphate- 
buffered saline (1x PBS). A blocking solution consisting of 5 % goat 
serum, 0.5 % bovine serum albumin, and 0.1 % Triton X-100 in 1x PBS 
was applied to the sections at RT for 1 h. Primary antibodies were added 
to the blocking solution and incubated overnight at 4 ◦C. The next day, 
the sections were washed with 1x PBS and incubated with secondary 
antibodies in the blocking solution for 1.5 h at RT. After washing in 1x 
PBS, the sections were mounted in Immu-Mount (Fisher Scientific). 
Primary and secondary antibodies and dilutions are listed as supple
mentary material (Table S1).

Image acquisition and histopathological analyses

Sections stained with cresyl violet or H&E were visualized using a 
bright field microscope (Stemi 305, Zeiss). Quantification of lesion 
volume, hippocampal granule cell layer (GCL) thickness, and Cornu 
ammonis 1 (CA1) length was conducted using Zen software (RRID: 
SCR_013672), and the hematoma area was determined utilizing FIJI 
ImageJ software (RRID: SCR_003070) [21]. Briefly, the volume of brain 
lesions was determined by identifying regions lacking violet staining in 
the injured hemisphere across 16 consecutive brain (Bregma +3.14 mm 
to − 4.36 mm) cryosections and multiplying the area by the distance 

between two sections (500 μm). The relative lesion volume was calcu
lated by dividing the lesion volume by the total ipsilateral hemisphere 
volume [43]. GCL thickness was evaluated at 5 dpi in the dorsal hip
pocampus from Bregma levels − 2.36 mm to − 2.86 mm on two sections 
along the suprapyramidal blade [41]. The CA1 length was determined 
on two sections from Bregma levels − 2.36 mm to − 2.86 mm. Values of 
GCL thickness are expressed as % relative to the contra-lesional hemi
sphere, and values of CA1 length are expressed as % of preserved CA1 
length. Determination of hematoma size was performed with 
H&E-stained sections (three per animal) from Bregma levels − 0.36 mm 
to − 1.36 mm. Immunofluorescence was acquired with a fluorescence 
microscope (BZ-X800, Keyence) on three sections from Bregma levels 
− 0.36 mm to − 1.36 mm by investigators blinded to the experimental 
randomization using equal acquisition parameters for each staining 
combination. Quantitative assessments were performed with FIJI 
ImageJ (RRID: SCR_003070) using auto-threshold settings implemented 
in FIJI followed by the “analyze particle” plugin.

RNAseq and analysis

Brain sample total RNA was extracted from cryosections containing 
damaged and surrounding areas (including cortex, striatum, dorsal hip
pocampus, and thalamus) as previously described in detail [21]. Briefly, 
total RNA was purified using RNAeasy Kit (Qiagen), and the quantity and 
quality assessment was checked by Qubit 2.0 and RNA 6000 Nano chip on 
Agilent’s bioanalyzer, respectively. Next Generation paired-end RNAseq 
was performed at Novogene (Cambridge, UK) on an Illumina NovaSeq 
6000 platform. Sample quality was evaluated using demultiplexed fastq. 
gz files, and sequenced reads were subjected to adapter trimming and 
processing via CLC Genomics workbench (CLC, Qiagen, v21.0.5). Results 
were visualized using CLC expression browser, encompassing the number 
of mapped reads, target length, source length and position, strand, genes 
and gene IDs, annotated according to the mm10 assembly. Read counts 
were normalized and the expression value unit is TPM (in CLC called 
CPM). Principal component analysis (PCA, Fig. S3) was performed with 
CLC using Z-score normalization across samples for each gene, genes with 
zero expression across all samples are removed. Data are deposited 
GSE228309 (see availability of data and materials).

The results were displayed as Volcano plots (absolute difference >4 
between compared groups), VENN diagrams (https://bioinformatics. 
psb.ugent.be/webtools/Venn/) and gene set enrichment analyses 
(GSEA) (http://www.gsea-msigdb.org) [44] to assess functional impli
cations of up- or downregulated genes. Differential gene expressions 
were calculated using ANOVA-like methods, t-tests and fold change, 
with p values < 0.05, as detailed the figure legends.

Fig. 1. Experimental design and pharmacolog
ical treatment. NSS and OFT were conducted at 1 
day before TBI (-1d), and subsequently at 1, 3 and 
5 dpi. EPM was performed at 4 dpi. Mice (equal sex 
ratio) were administered PLX3397 (290 mg/kg 
body weight) or vehicle chow for a duration of 5 
days. Anakinra (100 mg/kg body weight) or pla
cebo was injected subcutaneously at 5 min, 1, 2, 
and 3 days following CCI surgery. At 5 dpi, brains 
were dissected and processed for histological 
analysis and RNAseq using cryosectioning. This 
figure was generated using Biorender.
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Statistical analysis

GraphPad Prism software (GraphPad Software, version 10.0) was used 
to analyze the data. Shapiro-Wilk normality test was used to assess the 
data distribution. Outliers were detected using the Rout’s test, excluded 
from subsequent analyses, as specified in the figure legends. To compare 
different treatment groups, parametric data were analyzed using one-way 
analysis of variance (ANOVA) or Brown-Forsythe and Welch ANOVA 
tests, depending on the SD variance (F test), while nonparametric data 
were assessed using the Kruskal‒Wallis test. Two-way ANOVA or mixed 
effects model, with subsequent Holm-�Síd�ak post hoc test was used to 
analyze differences between groups in behavioral testing for the between 
subject factor “treatment” and the within subject factor “time”. Post hoc 
analyses for parametric and nonparametric data were conducted using the 
Holm-�Síd�ak, Dunnett T3, or Dunn’s multiple comparison tests, respec
tively. The sample size was calculated assuming that a 20 % change in the 
analyzed criteria would be relevant. The Type I error probability was set 
at α = 0.05, while the standard power was set at 1 − β = 0.8 (80 %), which 
results in a Type II error probability of β = 0.2. The values for individual 
animals are shown as the mean ± standard error of the mean (SEM). p <
0.05 was considered to indicate statistical significance; *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ns = not significant. All p values and 
F values are reported in the supplementary information (Tables S4-S8).

Results

PLX3397 plus Anakinra therapy reduces neurological deficits after TBI

TBI was induced by CCI in adult sex-matched C57BL/6JRj mice and 
drug treatment started on the day of surgery. While the CSF1R inhibitor 
PLX3397 was administered via drug-containing chow (290 mg/kg) until 5 
dpi, treatment with the IL1R1 inhibitor Anakinra was performed using 
four subcutaneously injections (100 mg/kg each), shortly after TBI, at 1, 
2, and 3 dpi (Fig. 1). Motor function deficits, anxiety-like and open-field 
locomotion were assessed (Fig. 2A–J). NSS, with higher scores indi
cating increased severity, was assessed at 1, 3, and 5 dpi and was 
consistently lower in both male and female mice receiving the combina
tion therapy of PLX3397 plus Anakinra versus vehicle (Fig. 2A and B). 
Monotherapy with Anakinra showed similar effects, albeit more pro
nounced in female mice than in male mice, whereas mice treated with 
PLX3397 alone had no advantage over vehicle, irrespective of sex (Fig. 2A 
and B). Locomotor activity of male and female mice in the OFT at 1, 3, and 
5 dpi did not differ between CCI-treatment groups (Fig. 2C and D). 
However, mice treated with vehicle or monotherapy tended to show more 
TBI-evoked hyperactivity than mice receiving PLX3397 plus Anakinra 
(Fig. 2C and D). In EPM at 4 dpi, vehicle treated CCI mice spent less time 
in the closed arms and showed a higher frequency of visits to the open arm 
as compared to pharmacologic treatments or sham but differences were 
only significant for the combination PLX3397 plus Anakinra vs. vehicle 
for both sexes (Fig. 2E–H). The total time in the open arm summed over all 
time points was not different between treatment groups of male mice 
(Fig. 2I). However, in female mice, the total open arm time was signifi
cantly reduced, almost reaching sham level, when mice were treated with 
either PLX3397 plus Anakinra or single PLX3397 (Fig. 2J). Overall, the 
results showed that combined therapy reduced neurological deficits 
irrespective of sex and was superior to monotherapy with PLX3397. 
However, Anakinra showed also some behavioral effects in female mice. 
Combined therapy almost normalized exploratory and anxiety-related 
behavior compared to vehicle, albeit not consistently for all parameters. 
The superior therapeutic efficacy of the PLX3397+Anakinra was not 
accompanied with adverse effects at the behavioral level.

PLX3397 and Anakinra increase hematoma size at 5 dpi

Intracerebral hemorrhages and the subsequent formation of hema
toma are pathological hallmarks of TBI, and consistently occur with the 

CCI model of TBI [45]. The removal of the hematoma largely depends on 
microglial activity [21]. Hematomas were visualized by H&E staining at 
5 dpi (Fig. 3A). They were confined to the ipsilesional hemisphere, and 
their relative size was calculated across three Bregma levels in each 
animal. A trend toward increased mean hematoma size was observed for 
all drug treatment groups compared to vehicle both in male and in fe
male mice (Fig. 3B and C). However, hematoma size did not significantly 
increase in PLX3397 plus Anakinra treated mice, whereas statistically 
significant effects were observed following Anakinra monotherapy in 
male and in female mice, and PLX3397 monotherapy in female mice 
(Fig. 3B and C).

PLX3397 plus Anakinra therapy attenuates structural brain damage in 
male mice

To examine effects of combined PLX3397 plus Anakinra therapy on 
structural brain damage, brain lesion size as well as structural integrity 
of the hippocampal CA1 region and GCL were analyzed in cresyl violet- 
stained sections (Fig. 4A). Brain lesion volumes were calculated across 
sixteen Bregma levels (+3.14 mm to − 4.36 mm) at 5 dpi. Combined 
PLX3397 plus Anakinra therapy resulted in smaller lesion volumes in 
male mice as compared to all other TBI groups (Fig. 4B). Monotherapy 
using Anakinra or PLX3397 did not affect brain lesion size as compared 
to vehicle. Interestingly, the neuron-preserving therapeutic effect of 
combined PLX3397 plus Anakinra was evident only in male mice and 
not in female mice (Fig. 4B and C). We next assessed the degree of CA1 
region preservation at 5 dpi, which is located beneath the directly 
injured cortex (Fig. 4D and E). The mean preservation rate of the CA1 
region in vehicle treated male mice was about 35.26 % (±16.78 %, 
SEM), whereas it was almost 100 % (near total preservation) in male 
mice treated with PLX3397 plus Anakinra (one outlier with 41.9 % was 
recognized as an outlier). Monotherapies with PLX3397 or Anakinra 
reached preservation rates of 69.19 % (±13.53 %, SEM) and 78.78 % 
(±14.04 %, SEM), respectively, without reaching a statistically signifi
cant difference versus vehicle treated male mice (Fig. 4D). In female 
mice, CA1 preservation rates ranging from 60 to 78 % were reached, but 
without differences between treatment groups (Fig. 4E). Similarly, 
preservation of the hippocampal GCL was improved after combined 
PLX3397 plus Anakinra therapy vs. vehicle in male mice, and Anakinra 
monotherapy also showed protective effects for GCL integrity as 
compared to vehicle in male mice (Fig. 4F). In female mice, both com
bined PLX3397 plus Anakinra and monotherapies with Anakinra or 
PLX3397 mildly increased GCL preservation but without reaching sta
tistical significance (Fig. 4G). Taken together, PLX3397 plus Anakinra 
reduced structural brain damage and was superior to monotherapy at 5 
dpi in male mice. However, female mice did exhibit significant benefits 
from single administration of PLX3397, Anakinra, or their combination, 
versus vehicle treatment.

Transcriptomic profiling demonstrates synergistic efficacy of PLX3397 plus 
Anakinra therapy

Male mice had a stronger benefit in brain tissue protection than fe
male mice, this led us to focus on male animals in subsequent analyses. 
To characterize the beneficial effects of combined PLX3397 plus Ana
kinra at the molecular level, we employed RNAseq of brain samples 
collected at 5 dpi. Principal component analysis showed clustering of 
treatment groups. Overlapping clustering was observed between 
PLX3397+Anakinra and PLX3397 monotherapy on the one hand, and 
Anakinra monotherapy and TBI vehicle on the other hand, all of which 
were clearly separated from sham mice. In addition, treatment-specific 
effects on transcriptomic profiles were evident from gene heatmaps 
including significantly regulated genes and Top 100 regulated genes 
(Figs. S3-S5).

Next, DEGs between the different groups were calculated and visu
alized as volcano scatter plots (Fig. 5A–E, Fig. S6, supplementary data). 
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The number of DEGs was obviously higher in PLX3397 plus Anakinra 
versus vehicle as compared to PLX3397 versus vehicle, and DEGs were 
scarce for Anakinra versus vehicle (Fig. 5A–C). Hence, the comparisons 
between TBI groups versus vehicle showed an increasing number of 
downregulated DEGs in PLX3397 plus Anakinra ≫ PLX3397 > Ana
kinra. Comparisons between PLX3397+Anakinra versus monotherapy 
further revealed DEGs exclusively downregulated with the combination 
versus PLX3397 (15 genes) and the combination versus Anakinra (261 
genes) (Fig. 5D and E). This analysis suggested unique transcriptomic 
effects of PLX3397+Anakinra therapy.

Accordingly, a VENN diagram revealed unique and shared up- or 
downregulated DEGs between treatment groups and vehicle, and 
demonstrated marked differences in the number of DEGs (PLX3397 plus 

Anakinra versus vehicle: 281 genes; PLX3397 versus vehicle: 167 genes; 
Anakinra versus vehicle: 27 genes, Fig. 5F, Tables S2.1 – S32.5, sup
plementary data). This analysis further confirmed more pronounced 
transcriptomic changes following combination therapy than with either 
PLX3397 or Anakinra monotherapy, and also versus the summed 
monotherapy-DEGs (167 + 27 < 281). Notably, 108 DEGs were exclu
sively found in the comparison PLX3397 plus Anakinra versus vehicle. 
There were no exclusive DEGs for PLX3397 because all “PLX3397- 
dependent” DEGs were shared with the combination. Comparison of 
Anakinra monotherapy and vehicle showed 12 DEGs exclusively regu
lated by Anakinra (Table S2.1 – S2.5, supplementary data).

STRING-pathway analysis was used to identify gene ontology (GO) 
terms and pathways associated with DEGs identified by volcano plots 

Fig. 2. Combined PLX3397 plus Anakinra 
therapy reduces neurological deficits after TBI. 
(A, B) NSS in male and female mice at 1 day before 
TBI (pre-score), 1, 3, and 5 dpi. Higher scores 
indicate greater neurological severity. (C, D) OFT 
in male and female mice at one day before TBI, 1, 
3, and 5 dpi. Longer distances indicate increased 
locomotor activity. (E–J) EPM in male and female 
mice at 4 dpi. (E, F) Cumulative time spent in 
closed arms. Higher latency indicates increased 
anxiety-related behavior. (G, H) Frequency of open 
arm entries. Increased frequency indicates 
impaired anxiety-related behavior. (I, J) Cumula
tive time spent in open arms. Higher latency in
dicates impaired anxiety-related behavior. Data 
points represent individual mice, TBI: n = 6 per 
group, sham: n = 4 per group, data are expressed 
as mean ± SEM. Two outliers (B: sham, I: TBI 
vehicle) were identified by Rout’s test and 
excluded. Two-Way ANOVA with mixed-effects 
model followed by Holm-�Síd�ak multiple compari
sons test (A–D). One-way ANOVA and Kruskal‒ 
Wallis test followed by post hoc Holm-�Sid�ak or 
Dunn’s corrections (E–J), *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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and those identified by the VENN diagram (Tables S2 and S3, supple
mentary data). Both types of analysis showed that the majority of DEGs 
for PLX3397 plus Anakinra versus vehicle or monotherapy, were 
downregulated and associated with GO terms related to immune system 
processes and immune response. In contrast, Anakinra versus vehicle 
revealed more up-regulated DEGs, which were associated with ECM 
organization and collagen synthesis (Tables S2.1 – S2.5, supplementary 
data).

Furthermore, these effects were also evident when calculating the 
number of DEGs between all TBI groups vs. sham mice. Combined 
PLX3397 plus Anakinra therapy reduced strikingly the number of up- 
regulated DEGs in response to TBI vehicle by 44 % (from 856 to 478 
DEGs). PLX3397 reduced the number of up-regulated DEGs by 28 % 
(from 856 to 620 DEGs) whereas Anakinra rather increased the number 
of DEGs by 3.4 % (from 856 to 885 DEGs) (Fig. S6, supplementary data).

GSEA was used to calculate enrichments based on all annotated 
transcripts, providing an expanded overview of GO associations of BP, 
MF and CC as well as hallmark genes [44]. We examined GO associations 
(GOBP, GOMF, and GOCC) and hallmark gene sets. Again, among the 
significantly downregulated GO terms in mice with PLX3397 plus 
Anakinra in comparison to mice treated with vehicle, PLX3397 or 
Anakinra monotherapy were predominantly associated with immune 
and inflammation processes (Fig. S7, supplementary data).

Notably, enrichment plots and heatmaps for “interferon alpha 
response (IFNα)” or “interferon gamma (IFNγ) response” clearly showed 
the downregulation of IFN-I/II response hallmark genes in PLX3397 plus 
Anakinra versus all other treatment groups (Fig. 5G, H, Fig. S8, sup
plementary data). In contrast, Anakinra alone versus vehicle associated 
with up-regulation of both IFN-I/II response hallmark genes (Fig. 5G, H, 
Fig. S8, supplementary data).

While down-regulated DEGs supported anti-inflammatory effects of 
PLX3397 plus Anakinra, we also examined GO associations of up- 
regulated DEGs. Neuronal-, neurotransmission-, and synapse- 
associated GO terms were increased for mice receiving the combina
tion of PLX3397 plus Anakinra versus mice treated with vehicle, 
PLX3397 or Anakinra monotherapy (Fig. S9, supplementary data).

Given the crucial role of microglia as a therapeutic target and in the 
inflammatory response to TBI, we screened for microglia-associated 
genes (out of a total of 4546 DEGs, as calculated by ANOVA) signifi
cantly regulated in our model of TBI using text mining (10x Genomics 

CellMarker 2.0, https://117.50.127.228/CellMarker/index.html). We 
identified 126 microglia-associated genes (Fig. 6) and their expression 
was strongly reduced with PLX3397 monotherapy and even stronger 
with the combination PLX3397 plus Anakinra versus TBI vehicle. This 
analysis revealed that an inhibited microglial response to TBI strongly 
contributed to the therapeutic efficacy of PLX3397 plus Anakinra.

PLX3397 plus Anakinra therapy attenuates brain tissue infiltration by 
activated microglia and leukocytes

Among the down-regulated microglia-associated genes following 
PLX3397+Anakinra therapy were Cd68 and Spp1 (encoding for osteo
pontin, OPN). These genes were recently reported to be significantly up- 
regulated in our model of TBI at 5 dpi [42]. In addition, Ptprc (encoding 
for CD45), a pan-marker of leukocytes was significantly down-regulated 
in the PLX3397+Anakinra versus vehicle group (Fig. 5A). Brain sections 
from male mice at 5 dpi were immunostained with antibodies specific to 
CD68, OPN, GFAP or CD45 to simultaneously examine, macro
phages/microglia, astrocytes, and peripheral immune cells in the 
injured brain tissue (Fig. 7). First, immunofluorescence revealed robust 
activation of CD68+ microglia and GFAP+ astrocytes at perilesional 
sites, and their numbers were clearly increased following TBI compared 
to sham animals, as expected (Fig. S10, supplementary data). While the 
numbers of astrocytes were not affected by our treatment approach, 
mice treated with PLX3397+Anakinra exhibited lower numbers of 
CD68+ microglia compared to those from monotherapy or vehicle 
treated mice in the perilesional brain tissue (Fig. 7A–C). Furthermore, 
we observed diminished numbers of CD45+/CD68- leukocytes after 
combined PLX3397 plus Anakinra compared to PLX3397 or vehicle 
treatment (Fig. 7A–D). In addition, cell counts of OPN+ cells revealed a 
clear reduction at perilesional sites in the PLX3397 plus Anakinra group 
versus monotherapy and vehicle (Fig. 7E and F). The same effect was 
observed for small OPN+ puncta, likely resembling a pool of soluble OPN 
deposited in the injured brain tissue (Fig. 7E–G).

Discussion

Previous results from our laboratory have shown that early post- 
traumatic treatment with the CSF1R inhibitor PLX3397 attenuated the 
proliferation and accumulation of microglia/macrophages by 

Fig. 3. PLX3397 and Anakinra increase 
hematoma size at 5 dpi. (A) H&E staining 
showing intracerebral hematoma (arrows 
point to hematoma) in the ipsilesional brain 
tissue in male mice with TBI (scale: 1 mm, 
Bregma − 0.86 mm). (B, C) Relative hema
toma area (% ipsilesional hemisphere) is 
increased following Anakinra vs. vehicle 
treatment in male mice and following 
PLX3397 and Anakinra monotherapy vs. 
vehicle in female mice. Data points represent 
individual mice (n = 6 per group), data are 
expressed as mean ± SEM. One outlier (C: 
TBI vehicle) was identified by Rout’s test 
and excluded. One-way ANOVA followed by 
post hoc Holm-�Sid�ak, *p < 0.05, **p < 0.01.
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approximately 50 % at 5 days after experimental TBI, but without 
reduction of the structural brain damage at this time point [21]. Consid
ering that potentially neurotoxic pathways such as IL1-IL1R1 signaling are 
also mediated by other cell types, we now investigated whether combined 
inhibition of CSF1R plus IL1R1 provided additional therapeutic benefit. 
Indeed, the results show that the combination of PLX3397 plus Anakinra 
was superior to either treatment alone and improved the outcome 
compared with vehicle at the behavioral, morphologic and molecular 
level. The only aspect that remained beyond therapeutic reach was the 
hematoma. However, compared to monotherapies, which tended to in
crease hematoma volume, the combination of PLX3397 plus Anakinra 
was more similar to vehicle, indicating no worsening occurred. [46,47]. 
Nevertheless, these observations should be approached with caution, as 
hematomas are not evenly distributed across the injured brain, and we 
assessed hematoma size in a limited number of sections. To further 
explore this issue, a more comprehensive study is warranted, using for 
example various MRI modalities to quantify hematomas, alongside cere
bral edema, which offers predictive value for injury severity and func
tional outcome in animal models of TBI [47,48].

Overall, male mice had a stronger benefit in brain tissue protection 
than female mice. This led us to focus on male animals in subsequent 

analyses, including RNAseq and immunofluorescence analyses. Indeed, 
sex-specific differences in the response to CSF1R inhibition by PLX3397 
have been recently reported with male mice showing a more pro
nounced depletion of microglia following a two- or three-week treat
ment with PLX3397 [49,50]. Body weight and food consumption had 
little influence on the distribution of PLX3397 in these studies, as brain 
concentrations were similar in male and female mice [49,50]. In 
contrast, long-term treatment over two to twenty-two months resulted in 
higher PLX3397 concentrations in the brain of male mice compared to 
female mice in a model of Alzheimer’s Disease [51]. While we found 
little evidence in a previous study for sex-specific PLX3397 effects after 5 
days of treatment post TBI, PLX3397 decreased expression of few 
microglial marker in male, but not in female sham mice [21]. To our 
knowledge, sex-specific effects of Anakinra in mice have not been re
ported, and this was also not notably observed in the present study. The 
sex-specific effects in our study may be related to an overall stronger 
neuroinflammatory response in male versus female mice in the CCI 
model of TBI, which also correlated with the size of brain lesions [52]. 
Sex steroid hormones are thought to be at least partially responsible for 
such effects, since both pharmacological manipulation of their synthesis 
or ovariectomy affects microglial and astrocyte activation and other 

Fig. 4. PLX3397 plus Anakinra attenuates structural brain damage in male mice. (A) Cresyl violet staining showing coronal brain sections from male mice at 5 
dpi (scale: 1 mm, Bregma − 2.36 mm). (B, C) Relative brain tissue loss (% of ipsilesional hemisphere) is attenuated in PLX3397+Anakinra vs. monotherapy or vehicle 
exclusively in male mice. (D, E) Relative ipsilesional healthy CA1 length (% of total ipsilesional CA1 length) is preserved in PLX3397+Anakinra compared to vehicle 
exclusively in male mice. (F, G) Relative ipsilesional GCL length (% of contra GCL length) is preserved following combined PLX3397+Anakinra therapy and Anakinra 
monotherapy compared to vehicle in male mice. Data points represent individual mice (n = 6 per group), data are expressed as mean ± SEM. One outlier (D: TBI 
PLX3397+Anakinra) was identified by Rout’s test and excluded. One-way ANOVA and Kruskal‒Wallis test followed by post hoc Holm-�Sid�ak or Dunn’s corrections, 
*p < 0.05, **p < 0.01, ***p < 0.001.
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pathogenic processes during the acute phase in the CCI model of TBI [53,
54].

Interestingly, sexual dimorphism has been associated with the early 
activation of microglia and infiltration of pro-inflammatory myeloid 
cells during the initial days following brain injury in male mice, but not 
in female mice [55]. Since IL-1/IL1R1 signaling facilitates the trans-
endothelial migration of leukocytes, including myeloid cells [56,57], 
and CSF1R signaling regulates proliferation and survival of microglia in 
acute TBI [21], it is conceivable that similar mechanisms account for the 
here observed stronger therapeutic responsiveness of male mice in our 
study. Along this line, infiltrating leukocytes have been shown to be 
involved in the neuroinflammatory response in models of acute trau
matic or ischemic brain injuries and indicated a role in the amplification 
of inflammatory signaling via crosstalk with brain resident cells, 
particularly with microglia [58–64]. In addition, IL1-IL1R1 signaling 

both in endothelial cells and astrocytes may affect leukocyte recruitment 
and inflammatory amplification [56,65,66]. Furthermore, PLX3397 and 
Anakinra are also inhibitors of systemic immune responses [13,67–69]. 
Systemic effects are likely contributing to the results of our study, as the 
attenuation of TBI-induced systemic inflammatory responses may also 
reduce brain infiltration. This reduction may, in turn, decrease the 
mutual stimulation of leukocytes, microglia, and potentially other cell 
types. Consequently, it will be important to assess the role of systemic 
immunosuppression, in addition to the drug effects observed in the brain 
tissue, in future studies.

Our results showing superior efficiency of combined treatment with 
PLX3397 plus Anakinra versus single drug in reducing structural brain 
damage, CD68+ macrophages/microglia, and CD45+/CD68- leukocytes 
at injury sites suggested a synergistic mode of action of PLX3397 and 
Anakinra. We performed bulk RNAseq, GO enrichment analysis of DEGs 

Fig. 5. Transcriptomic profiling demonstrates 
synergistic efficacy of PLX3397 plus Anakinra 
therapy. (A–E) Volcano plots show DEGs (crite
rion: absolute difference >4, fold change >2, p <
0.05) in PLX3397+Anakinra and monotherapy 
versus vehicle, as well as PLX3397+Anakinra 
versus monotherapy (n = 5 per group). The X-axis 
represents the log2-transformed fold change (log2 
FC) and the Y-axis represents the negative log10- 
transformed p-value. Significantly up- or down- 
regulated DEGs (red dots = upregulated, green 
dots = downregulated) and non-significantly 
regulated genes (gray dots) are indicated. (F) 
VENN diagram of DEGs in PLX3397+Anakinra, 
PLX3397, and Anakinra treatment groups versus 
vehicle. (G) Enrichment plots, generated using 
GSEA 4.1.0, show the hallmark “IFNα response” 
related gene sets in PLX3397+Anakinra and mon
otherapy versus vehicle, as well as 
PLX3397+Anakinra versus monotherapy. The 
green line chart represents the gene enrichment 
score (ES) and the peak represents maximum 
enrichment. The vertical black bars represent in
dividual genes of the gene set. The bottom part 
shows the change in all genes, red indicates high 
expression and blue indicates low expression. (H) 
Heatmap showing relative expression levels 
(Zscores) of 90 genes belonging to hallmark “IFNα 
response”, red to blue color indicates high to low 
expression.
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and GSEA to test this hypothesis. Indeed, the transcriptomic response to 
the PLX3397 plus Anakinra, represented as the number of DEGs, 
exceeded the sum of the responses to monotherapy with PLX3397 or 
Anakinra. DEGs in the PLX3397 plus Anakinra versus vehicle or versus 
monotherapy groups were mostly down-regulated and associated with 
GOBP terms like “immune response” (GO:0006955), “regulation of im
mune system process” (GO:0002682) and “cytokine production” 
(GO:0001816). Moreover, GSEA revealed opposing drug effects on the 
IFN-I/II responses. While PLX3397 treatment inhibited this response, 
Anakinra led to its upregulation. For the combination of PLX3397 and 
Anakinra, the PLX3397-dependent downregulation predominated and 
the Anakinra-only effect was overruled. In fact, the combination therapy 
more effectively reduced the IFN-I/II responses than PLX3397 alone, 
although the individual drugs had opposing effects. This suggests that 
the outcome with the combination treatment is not a simple additive 
effect but rather a synergistic neuroprotective and anti-inflammatory 
mechanism. Therefore, we propose that synergistic brain tissue protec
tion by PLX3397 plus Anakinra is, at least in part, attributable to a 
reduction of the pathologic interaction between leukocytes and micro
glia and the associated amplification of inflammatory signaling.

This hypothesis is supported by several findings in models of TBI. For 
example, infiltrating monocytes/macrophages have been demonstrated 
to influence the activation of microglia, thereby promoting IFN-I re
sponses and neuroprotective effects were observed when this microglial 
response was reduced [70]. Furthermore, signaling via cyclic 
GMP-AMP-synthase-Stimulator of Interferon Genes (cGAS-STING) has 
been demonstrated to regulate early IFN-I-driven inflammatory and 
detrimental crosstalk of peripheral immune cell infiltration and 

microglia in TBI [71]. The significant role of the IFN-I pathway and its 
upstream regulation has been established across various experimental 
models of TBI, encompassing different age groups and post-traumatic 
time points [72–80]. The substantial evidence supporting the critical 
role of IFN-I signaling, combined with our findings that IFN-I responses 
contribute to the synergistic effects of PLX3397 plus Anakinra therapy, 
support the potential value of pharmacologically targeting this pathway 
in TBI.

It is important to acknowledge that the results of the present study 
are context-specific for the CCI model of TBI. While CCI is a widely 
used model, it does not fully replicate the complexity and heteroge
neity of human TBI [81,82]. Furthermore, initiating PLX3397 and 
Anakinra administration shortly after TBI - with the first Anakinra 
injection given 5 min and PLX3397 administration with food after the 
TBI or sham procedure - does not reflect a clinical scenario. The focus 
on the early phase of TBI is another major limitation and our study 
does not provide predictions for the subacute and late outcomes which 
may depend on sex, age, injury model, brain regions, pre-injury con
ditions, and post-injury time [21,83–85]. It is evident that future 
studies need to investigate lasting benefits or treatment associated 
risks, which do not reveal within the first days of treatment. It will be 
necessary to evaluate the relevance of PLX3397 plus Anakinra treat
ment for cognitive outcomes, as clinical studies on TBI have found 
persistent cognitive deficits [86,87]. In rodent models, such deficits 
can be studied using a battery of behavioral tests suitable for assessing 
long-term cognitive and hippocampal-dependent abnormalities, such 
as spatial learning and memory, fear conditioning, and novel object 
recognition [88–90].

Fig. 6. PLX3397 plus Anakinra down-regulates microglia-associated genes. Radar plot showing averaged gene expression of individual microglia-associated 
DEGs (identified by text mining using 10x Genomics CellMarker 2.0, http://117.50.127.228/CellMarker/index.html) in TBI treatment groups and sham. Expres
sion values are relative to the overall average (= common mean) of individual genes. The strongest increase across TBI groups was found for Lgals3 in vehicle TBI 
(about 240 % of the common mean).
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In addition, a recently published transcriptomic single-cell atlas 
demonstrated that microglia display the highest degree of heterogeneity 
across murine TBI models, sex, brain region, and time points [84]. These 
findings contribute to the existing body of research indicating that 
distinct brain regions exhibit varied responses to TBI due to differences 
in their proximity to the injury site, patterns of neuronal damage, and 
immune response [91–95]. For example, the hippocampal CA1 region, 
which was mostly preserved in our study following treatment with 
PLX3397 and Anakinra, is particularly vulnerable to pro-apoptotic 
processes induced by TBI (Tehranian et al., 2008). Therefore, the neu
roprotective effects of PLX3397 plus Anakinra support a significant role 
of neuroinflammation-driven secondary brain injury progression in the 
CCI model of TBI, which may be amenable to immune-targeting treat
ments. As a next step, it will be crucial to evaluate treatment effects on 
the longitudinal and regional changes of microglial subpopulations in 
phenotypes and functions [96–98] as well as other neural and immune 
cell types. Recent integration of single cell data across two time points (1 
and 7 dpi) and in two brain regions (cortex and hippocampus) has shed 
light on the complex cellular and molecular processes following TBI 

[94]. This spatiotemporal systems approach may prove particularly 
valuable in characterizing therapeutic effects.

Since we focused our RNAseq pathway analysis and immunofluo
rescence studies on male mice, we might have missed special beneficial 
effects of the combinatorial PLX3397 plus Anakinra treatment in female 
mice. Finally, we did not investigate in this study whether the use of 
PLX3397 and/or Anakinra, either as combined therapy or monotherapy, 
induces systemic immune suppression. It remains to be determined if 
such treatment would curtail the pathologic amplifying and detrimental 
interactions between leukocytes and microglia.

Conclusion

The translation of experimental TBI and its treatments to the clinical 
setting is still limited, also including drug repurposing [99,100]. This 
study demonstrates that CSF1R and IL1R1 inhibitors synergistically 
mitigate early brain damage, neurological deficits, and neuro
inflammation following TBI. Our findings suggest that PLX3397 (Pex
idartinib) and Anakinra has a potential for drug repurposing in TBI and 

Fig. 7. PLX3397 plus Anakinra attenuates 
CD68þ, CD45þ and osteopontin+ cells 
brain tissue infiltration in male mice. (A) 
Triple immunostaining of the ipsilesional 
cortex (scale: 100 μm, Bregma − 0.86 mm) 
using anti-CD68/CD45/GFAP antibodies 
showing activation of microglia, leukocytes 
and astrocytes. (B–D) Column plots showing 
CD68+, GFAP+, and CD45+/CD68- cell 
counts in mice treated with 
PLX3397+Anakinra compared to PLX3397 
monotherapy, Anakinra monotherapy or 
vehicle. (E) Representative images of 
immunostained ipsilesional cortex (scale: 
100 μm, Bregma − 0.86 mm) using anti- 
osteopontin showing TBI-induced accumu
lation of OPN+ cells and OPN+ puncta. Sec
tions were counterstained with anti-GFAP to 
identify perilesional brain regions. (F, G) 
Column plots showing reduced OPN+ cell 
counts and OPN+ puncta counts in 
PLX3397+Anakinra compared to mono
therapy or vehicle mice. Data points repre
sent individual mice (n = 6 per group), data 
are expressed as mean ± SEM. One-way 
ANOVA and Brown-Forsythe ANOVA test 
followed by post hoc Holm-�Sid�ak or Dunnett 
T3 corrections, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001.

S. Wang et al. Neurotherapeutics xxx (xxxx) xxx

10 



support the view that multi-target drug combinations are superior to 
single drug treatment [101,102]. However, further research is required 
to evaluate long-term effects, as well as to examine sex-specific re
sponses in more detail and subtle side effects which were not monitored 
in the current study.
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