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Introduction

Spinal cord injury (SCI) is a catastrophic neurological 
event that desperately needs therapeutic interventions pri-
marily to control the inflammation which happens imme-
diately after primary neural tissue insult. Excessive inflam-
mation ultimately leads to neural tissue destruction, cavity 
formation, scarring, and subsequent sensory and motor dis-
turbances. Despite decades of intensive research to establish 
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Abstract: Following acute spinal cord injury (SCI), excessive recruitment of neutrophils can result in inflammation, neural 
tissue loss and exacerbation of neurological outcomes. Ibrutinib is a bruton’s tyrosine kinase inhibitor in innate immune 
cells such as the neutrophils that diminishes their activation and influx to the site of injury. The present study evaluated the 
efficacy of ibrutinib administration in the acute phase of SCI on neural tissue preservation and locomotor recovery. Ibrutinib 
was delivered intravenously at 3.125 mg/kg either immediately, 12 hours after, or both immediately and 12 hours after SCI 
induction in adult male C57BL/6 mice. Neutrophil influx into the lesion area was evaluated 24 hours following SCI using light 
microscopy and immunohistochemistry methods. Animals’ body weight changes were recorded, and their functional motor 
recovery was assessed based on the Basso mouse scale during 28 days after treatment. Finally, spinal cord lesion volume was 
estimated by an unbiased stereological method. While animals’ weight in the control group started to increase one week 
after injury, it stayed unchanged in treatment groups. However, the double injection of ibrutinib led to a significantly lower 
body weight compared to the control group at 4 weeks post-injury. Mean neutrophil counts per visual field and the lesion 
volume were significantly decreased in all ibrutinib-treated groups. In addition, ibrutinib significantly improved locomotor 
functional recovery in all treated groups, especially in immediate and double-injection groups. Neural tissue protection and 
locomotor functional recovery suggest ibrutinib treatment as a potent immunotherapeutic intervention for traumatic SCI that 
warrants clinical testing.
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effective therapeutic strategies in SCI, to date, no successful 
recuperation has yet been achieved [1, 2].

Following the primary damage to the spinal cord as a 
result of transection, compression, contusion or ischemic 
insults, a series of secondary injuries begin with inflamma-
tion. Inflammation acts as a double-edged sword and undis-
putedly may lead to further neurologic dysfunctions if not 
controlled [3-5]. Amongst white blood cells, neutrophils are 
the first defensive leukocytes that arrive at the site of inflam-
mation. Despite their beneficial effects in recruiting phago-
cytic cells such as the macrophages to remove debris and 
resolving inflammation, an excessive number of neutrophils 
may lead to an imbalance and dysregulated milieu that accel-
erates neural tissue loss through the release of their oxidative 
and proteolytic enzymes [6, 7]. Studies have shown that the 
modulation of neutrophil infiltration into the site of neural 
injury presents a promising approach for the management of 
secondary events following SCI [8]. 

Ibrutinib, a Food and Drug Administration (FDA)-ap-
proved medication, can block Bruton̓ s tyrosine kinase (BTK) 
in some immune cells such as B cells and myeloid cells [9-
12]. Ibrutinib is primarily known for its essential role in the 
treatment of mantle cell lymphoma and chronic lymphocytic 
leukemia as well as other B cell malignancies [9, 13, 14]. In 
macrophages, BTK regulates the secretion of inf lamma-
tory cytokines upon stimulation [15]. BTK is also involved 
in neutrophil margination, adherence to and their crawling 
along the endothelium, and finally their migration into the 
damaged tissues [16]. Evidence indicates that activation of 
BTK increases caspase-1 in myeloid cells. This phenomenon 
in turn releases interleukin (IL)-1β to the extracellular space 
which can strongly induce more neutrophil recruitment 
and intensify inflammatory response. Ibrutinib irreversibly 
binds to a conserved cysteine residue of BTK, and thereby 
suppresses phosphorylation and activation of downstream 
signaling proteins in neutrophils to mitigate acute inflam-
mation. Studies have also shown that BTK-inhibition could 
subside inflammation and tissue injury in the liver [17] and 
brain ischemia reperfusion models [18]. Moreover, the role 
of BTK-inhibition for regulating inflammation in acute lung 
injury and lethal flu has been established [19, 20]. 

The present study was aimed to evaluate the immuno-
modulatory effect of ibrutinib, a selective BTK-inhibitor, in 
terms of neutrophil infiltration into the injured spinal cord 
tissue and the subsequent effects on neural tissue preserva-
tion and functional motor recovery in a mouse contusion 

model of SCI. Furthermore, we investigated the best time 
course of drug administration in the acute phase of SCI. 

Materials and Methods 

Animals and experimental design
All procedures were performed according to the Shiraz 

University of Medical Sciences ethical committee guide-
lines (approval no. 15704). All mice were maintained in 
12-hour/12-hour light/dark cycle with adequate food and 
water access. Attempts were made to alleviate the animals’ 
distress as much as possible.

Sixty adult male C57BL/6 mice weighing 25–30 g were 
randomly divided into five experimental groups (n=12 per 
group, Fig. 1). After surgery, animals either received 100 µl 
of phosphate buffer saline (PBS) intravenously via tail vein 
immediately after injury (SCI/vehicle) or 100 µl of ibrutinib 
(dissolved in 0.1 M PBS at 3.125 mg/kg) [18] immediately 
after injury (SCI/immediate ibrutinib), 12 hours after injury 
(SCI/12-hour ibrutinib) and both immediately and 12 hours 
after injury (SCI/double injection ibrutinib). In sham control 
group, laminectomy procedure was performed without any 
injury to the spinal cord. Twenty-four hours after surgery, 5 
mice from each group were randomly sacrificed to evaluate 
neutrophil infiltration into the injured spinal cord tissue. 
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Fig. 1. Study design: animals were divided into sham (laminectomy 
only) and spinal cord injury (SCI) groups. After inducing SCI, animals 
were treated either with phosphate buffer saline (PBS) (Control) 
or ibrutinib in PBS; immediately, 12 hours and both immediately 
and 12 hours after injury (ibrutinib/immediate, ibrutinib/12-hour, 
ibrutinib/double injection). Neutrophil influx into the lesion area was 
analyzed 24 hours after injury. Body weight and locomotor function 
were evaluated every week for 4 weeks. To confirm injury to the spinal 
cord, immunofluorescent staining against ED1 and glial fibrillary 
acidic protein were performed at 3 days and 4 weeks after surgery, 
respectively. Lesion volume was estimated at the end of the study. 
BMS, Basso mouse scale.
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The remaining animals were evaluated in terms of locomo-
tor recovery for 4 weeks. Finally, all mice were sacrificed, and 
the spinal cord lesion volume was assessed. The body weight 
was measured before surgery and then weekly for 4 weeks 
after surgery (Fig. 2). 

Induction of spinal cord injury
For SCI surgeries, animals underwent a laminectomy at 

T10 level under deep anesthesia with an intraperitoneal in-
jection of a mixture of 10 mg/kg xylazine hydrochloride and 
90 mg/kg ketamine hydrochloride. Complete anesthesia was 
confirmed by testing response to paw-pinch reflex. To cre-
ate a laminectomy, after shaving by an electric clipper and 
scrubbing the thoracolumbar skin with betadine solution 
and alcohol, a midline skin incision was made on the back of 
the animals. The paravertebral muscles were dissected away 
from spinous processes, and lamina was removed by using 
an electric dental drill instrument. To induce contusive SCI, 
an 8-gram bar-shaped weight with 27 cm length and a 1 
mm×2 mm tip was applied for 10 minutes on the dura mater 
overlying the spinal cord [21]. Next, the paravertebral mus-
cles, superficial fascia, and skin were sutured. For hydration, 
the animals received 1 ml of 0.9% saline intraperitoneally. To 
prevent hypothermia, the animals were placed on a heating 
pad during surgery and recovery period. The mice bladder 
was manually expressed three times a day until spontaneous 
voiding returned. For analgesia, the mice received 1.5 mg/

kg of tramadol every 8 hours for 2 days. Moreover, for pre-
venting urinary tract infection, 4 mg/kg of gentamicin was 
administrated once a day for 3 days. 

Tissue preparation for histological studies
For neutrophil infiltration assay or lesion volume assess-

ment, animals were anesthetized by an overdose of ketamine 
and xylazine 24-hour and 4 weeks after injury, respectively, 
and were perfused transcardially with 0.9% cold saline and 
then by 4% paraformaldehyde in 0.1 M PBS. Subsequently, a 
piece of the vertebral column containing the lesion site was 
isolated and post fixed in 4% paraformaldehyde overnight. 
The spinal cord was accurately dissected from the column 
and was further processed and embedded in paraffin [22]. 
Next, 8 µm serial cross sections were prepared using a mi-
crotome (MICROM HM 325, Walldorf, Germany) and sec-
tions were placed on superfrost plus glass slides with 50 µm 
intervals.

Neutrophil assay in spinal cord injury tissue 
After deparaffinization through xylenes and rehydration 

in a series of graded alcohols, we utilized Congo red–Hema-
toxylin staining on serial cross sections that were prepared 
24-hour after SCI. The tissues were immersed in Hematoxy-
lin for 10 minutes and were stained with 0.5% Congo red for 
20 minutes. After clearing and cover-slipping, we counted 
the neutrophils in the SCI tissues by using of Nikon E-200 
microscope (Nikon, Tokyo, Japan), connected to a computer 
with the Porsche's software. For neutrophil enumeration, we 
randomly chose three fields in each section in the first step 
and counted cells with unique features of neutrophils such 
as segmented ring nuclei and pale cytoplasm [23] by 60× oil 
immersion objective lens inside the injury site. Finally, the 
total sum of neutrophils in each section was calculated and 
the average number of neutrophils per visual field in each 
animal was determined.

Immunohistochemical assessment of Ly6G, CD68 
(ED1) and GFAP expression following spinal cord 
injury 

We utilized the anti-ly6G antibody as a surface marker 
of infiltrated neutrophils. Tissue sections from the rostral, 
caudal, and epicenter of the injured site were selected. After 
deparaffinization with xylene for 3 minutes, sections were 
hydrated in a series of graded alcohol. Later, the sections 
were incubated with sodium citrate buffer solution, pH 6.0, 
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Fig. 2. Body weight changes during 4 weeks after SCI. Slight weight 
loss occurred in all SCI groups one week after injury. While the sham 
and control groups continued to gain weight starting at one week post-
injury, it was plateaued in ibrutinib/immediate and ibrutinib/12-hour 
groups but significantly decreased in ibrutinib/double injection group 
at 4 weeks post-SCI. SCI, spinal cord injury. aP<0.05 vs. SCI/vehicle, 
bP<0.05 vs. Sham. 



Effects of ibrutinib on spinal cord injury

https://doi.org/10.5115/acb.20.299

Anat Cell Biol 2021;54:350-360 353

www.acbjournal.org

for 40 minutes at 95°C–100°C to retrieve the antigen. After 
washing in PBS, the sections were blocked in a blocking 
solution (using %2 bovine serum albumin+%5 normal goat 
serum) for non-specific binding for 40 minutes at room 
temperature, and subsequently incubated overnight at 4°C 
with primary rabbit anti-ly6G monoclonal antibody (1:250). 
On the following day, sections were then washed twice with 
PBS and incubated with Alexa-f lour 568 goat anti-rabbit 
antibody (1:600) for 1 hour in a dark room. Finally, the sec-
tions were rinsed and mounted using antifade medium, and 
then examined using the Olympus fluorescence microscope 
(Olympus, Tokyo, Japan).

Macrophage infiltration and astrogliosis were evaluated 
respectively by the expression of the CD68 (ED1) and glial 
fibrillary acidic protein (GFAP) at 72 hours and 4 weeks after 
surgery in the sham injured and SCI groups. Samples were 
prepared under the same condition as previously described 
for Ly6G antibody with the difference that we applied per-
meabilization with triton ×100. Rabbit anti-CD68 and rabbit 
anti-GFAP primary antibodies (1:200; Abcam, Berlin, Ger-
many), were detected by goat anti-rabbit-FITC and goat anti-
rabbit-Alexa flour 568 (1:600; Abcam) secondary antibodies, 
respectively. 

 Evaluation of locomotor activity 
To evaluate the outcome of the new therapeutic inter-

vention, we evaluated the motor function of the hind limbs 
pre-operatively, one day after SCI, and then every week for 
4 weeks using the Basso mouse scale (BMS) in all experi-
mental groups. Mice were allowed to step spontaneously in 
an open field and their behavioral patterns such as move-
ments of the hip, knee and ankle joints, weight support and 
stepping, coordination, paw position, and trunk stability 
were accurately observed by two individuals and scored 
ranging from 0 indicating complete paralysis to 9 indicat-
ing normal movement of the hind limb and recorded the 
average score of left and right hind limbs as BMS score [24]. 
BMS scores were used to evaluate and compare motor func-
tion recovery in different groups over a period of 4 weeks 
after injury.

Assessment of lesion volume 
Four weeks post-injury, we estimated the spinal cord le-

sion volume in all experimental groups. After deparaffiniza-
tion through xylenes, and rehydration in graded alcohols, 
the serial cross sections were stained with cresyl violet. For 

systematic random sampling, one of every three cross sec-
tion were selected. The lesion volume was estimated by the 
stereological counting tools on a Nikon E-200 microscope 
(Nikon) connected to a computer on the selected sections. 
The lesion area, including both the cavity and surrounding 
spared tissue, was manually outlined in images of every sec-
tion viewed on the monitor, and then the surface area was 
calculated. Lesion volume was assessed by Cavalieri’s princi-
ple by using the formula: V=ƩA.d, where “ƩA” is the surface 
area summation obtained and “d” represents the distance 
between sections [25].

Statistical analyses
Statistical analyses were done using Graph-pad Prism 

software (version 6.07; GraphPad Software, San Diego, CA, 
USA). Repeated measurement ANOVA was used for evalu-
ation of body weight and BMS scores during different time 
points across different groups. For the assessments of a vari-
able between groups in a defined time, one-way ANOVA fol-
lowed by Tukey’s for multiple comparisons test was used.

Results

 Effect of ibrutinib on body weight after spinal cord 
injury

A slight weight loss occurred in all animals on the day af-
ter surgery. Subsequently, an increasing trend in body weight 
was observed in the control and sham groups during 4 
weeks following SCI, however, ibrutinib administration im-
mediately or 12-hour after SCI slowed this increasing trend. 
Conversely, double injection of ibrutinib induced weight 
loss so that the body weight in this group was significantly 
lower than that of the control and sham groups after 4 weeks 
(P<0.05; Fig. 2).

Evaluation of neutrophil infiltration after spinal 
cord injury using morphological criteria and 
immunofluorescent staining against Ly6G

Regarding neutrophil infiltration into the injured pa-
renchyma following SCI, statistical analysis revealed that 
the immediate administration of ibrutinib significantly de-
creased this index compared to the control group (P<0.01). 
In addition, the injection of ibrutinib 12-hour after SCI 
suggested a similar effect (P<0.01). Notably, neutrophil 
infiltration dramatically dropped in the group received 
ibrutinib both immediately and 12-hour after SCI (P<0.001; 
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Fig. 3). Laminectomy alone did not evoke neutrophil infil-
tration in the spinal cord of the sham injured animals. Fur-
thermore, investigation of Ly6G positive cells as a surface 
marker of neutrophils confirmed that a significant neutro-

phil depletion occurred in all ibrutinib treated groups 24 
hours after SCI (Fig. 4).
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Fig. 3. Neutrophil infiltration analysis 24-
hour after SCI: ibrutinib administration 
significantly decreased neutrophil influx 
into the injured neural tissue after SCI. 
Representative images show the infiltrated 
polymorphonuclear neutrophils at 24 
hours post-injury in each group: (A) 
Sham, (B) Control, (C) Ibrutinib/
Immediate, (D) Ibrutinib/12-hour, (E) 
Ibrutinib/double injection. Neutrophils 
are visualized as cells with annular and 
multi-lobulated nuclei (arrows), whereas 
neuronal cells are distinguished by 
their single round nuclei (arrowheads). 
(F) Graph showing mean neutrophil 
number per field of view. Congo red–
Hematoxylin staining. Low to high mag
nification: 4×, 10×, 20×, 60× objective 
lens respectively. SCI, spinal cord injury. 
**P<0.01, aP<0.001 vs. SCI/vehicle, 
bP<0.0001 sham vs. other groups. 
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Macrophage infiltration and reactive astrogliosis 
around the lesion epicenter after spinal cord injury

Immunofluorescent staining against ED1 (CD63) and 
GFAP at 72 hours and 4 weeks after injury has confirmed 
the presence of cord injury in the SCI animals. While few 
ED1 immunoreactive cells could be detected in the spi-
nal cord of the sham injured animals, many ED1 positive 
macrophages and activated resident microglial cells were 
scattered throughout the lesion site of the SCI animals (Fig. 
5A–D). Similarly, after 4 weeks post-surgery, astrocytes ex-
pressing GFAP were scattered throughout the spinal cord in 
the sham injury group whereas in the SCI group patches of 
overexpressing GFAP positive astrocytes could be visualized 
around the lesion epicenter in the vehicle treated SCI ani-
mals further confirming the presence of cord injury in the 
SCI group (Fig. 5E–H). 

Effect of ibrutinib on Basso mouse scale score after 
spinal cord injury

Hind-limb motor function improvement was evaluated 
in injured mice in an open field at one day, 1-week, 2-week, 
3-week, and 4-week after injury, and their BMS scores were 
measured. Preoperatively, all of the mice showed normal gait 
with a 9.0±0.00 score whereas, after the surgery, the BMS 
score dropped to 0.0±0.5 in SCI group confirming a complete 
motor paralysis on day one. In contrast, the BMS score didn’t 
change in sham injured animals. Over four weeks, immedi-
ate and double-injection groups considerably showed a trend 
of increase in BMS scores that become significantly different 
compared to the control (vehicle treatment) group (P<0.01). 
Also, a moderate but significant increase in the BMS score 
was achieved in the 12-hour treatment group (P<0.05 com-
pared to the control group). Furthermore, statistical analysis 
indicated that the BMS score in the control group reached a 
plateau by the fourth week; however, the trend of recovery in 
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Fig. 4. Immunofluorescence based detection of Ly6G positive cells in the lesion site 24 hours after spinal cord injury (SCI): ibrutinib 
administration significantly decreased Ly6G positive cells in the lesion site 24 hours post-injury. Representative images are provided at the 
same levels in different groups: (A, B) Sham, (C, D) Control, (E, F) Ibrutinib/Immediate, (G, H) Ibrutinib/12-hour, (I, J) Ibrutinib/double 
injection, (K) Graph showing mean Ly6G positive cells per field of view. Magnification: upper panel at 4× and lower panel at 100×. Asterisks 
represent Ly6G positive cells, immunolabeled with red fluorescent Alexa-flour 568 anti-rabbit antibody. ***P<0.001, aP<0.0001 vs. SCI/vehicle, 
bP<0.0001 sham vs. other groups. 
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the ibrutinib treated groups was on the rise (Fig. 6).

Effect of ibrutinib on lesion volume after spinal cord 
injury

With respect to the size of the lesion following SCI, statis-
tical analysis demonstrated that administration of ibrutinib 
immediately after surgery significantly reduced this index 
compared to the control (vehicle treatment) group (P<0.001). 
Similarly, the lesion volume was decreased in the group that 
received ibrutinib 12 hours after SCI (P<0.001). Moreover, 
injection of ibrutinib both immediately and 12 hours after 
SCI also resulted in a considerable reduction in lesion vol-
ume (P<0.001, Fig. 7). 

Discussion

Herein, we found that the administration of ibrutinib, a 
selective BTK inhibitor, in mouse contusion model of acute 
SCI would reduce neural tissue damage and improve loco-
motor function. In the histological analysis of neutrophils 
using Congo red–Hematoxylin staining, we demonstrated 
that ibrutinib administration at the first 12 hours after the 
onset of SCI would result in a decreased neutrophil influx 
into the injured spinal cord tissue. This effect was more 
profound when ibrutinib was used both immediately and 

12-hour after the induction of SCI. In addition, our comple-
mentary immunofluorescent study proved the same trend 
of decrease in the number of Ly6G-positive cells in ibrutinib 
treated groups, although the number of Ly6G-positive cells 
was much higher than the number of neutrophils in Congo 

Fig. 5. Morphological confirmation of injury in the spinal cord: to confirm injury in the spinal cord, ED1 (CD68) (A–D) and glial fibrillary 
acidic protein (GFAP) staining (E–H) were performed respectively at 72 hours and 4 weeks after surgery. While ED1 and GFAP are respectively 
expressed by some resident microglial cells (A, B) and the astrocytes (E, F) in the sham injured cord tissue, their number, and staining intensity 
increased in the injured cord tissue due to the activation of microglial cells, influx of macrophages (C, D) and reactive astrogliosis (G, H). 
Magnification: upper panel at 4× and lower panel at 40×. SCI, spinal cord injury.
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Fig. 6. Hind limb locomotor function after SCI: Ibrutinib admini
stration significantly improved locomotor recovery. The BMS score 
was estimated pre-operatively, on the first day and every week to assess 
behavioral recovery following SCI. SCI, spinal cord injury; BMS, 
Basso mouse scale. **P<0.01, aP<0.05 vs. control. 
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red–Hematoxylin histological preparations. This discrep-
ancy could be justified by the fact that Ly6G is expressed in 
neutrophils and other myeloid cells [26, 27], thus the pres-
ence of other innate immune cells such as monocytes and 
other leukocytes in the lesion site cannot be ruled out with-
out using a comprehensive library of antibodies that were not 
available for this study.

Moreover, our study displayed a considerable reduction 
in the lesion volume and, most importantly, an improved 
locomotor behavioral recovery of the hind limbs after ibruti-
nib administration in all treated groups. However, statistical 
analysis unveiled a higher recovery rate in the immediate 
and double injection treatment groups during the four weeks 
following SCI. Although double injection of ibrutinib result-
ed in better neurological outcomes, it significantly decreased 
animals’ body weight compared to the control group. Impor-
tantly, we also observed accumulation of pus surrounding 
the surgical area and fluid in the abdomen of some animals 
in the ibrutinib double injection group in early days after SCI 
whereas no similar conditions were seen in control and other 
treatment groups. 

Following the primary SCI, the first leukocyte population 

proceeds into the injured site are polymorphonuclear neu-
trophils. Excessive neutrophil recruitment may exacerbate 
the injury process by damaging the neural parenchyma, and 
by releasing the toxic effectors in the acute phase [7]. In this 
study, we governed exaggerated inflammatory response post 
SCI by using an FDA-approved chemotherapy drug called 
ibrutinib, which irreversibly blocks a type of kinase called 
BTK, a small molecule in the signaling pathway of immune 
cells such as B cells and myeloid cells [9, 28]. Here, our find-
ings established that ibrutinib treatment within the acute 
phase limited the neutrophil quantity 24 hours following 
SCI, and thereby attenuated the extent of tissue damage 4 
weeks later, hence provided functional improvement. In 
this study, because the drug was administered in the acute 
phase of the injury, the effect of the drug on mononuclear 
leukocytes such as B cells that enter the chronic phase can be 
neglected. 

Of note, we compared the results obtained from differ-
ent injections and introduced the most effective time point. 
Body weight loss and wound infection following twice ad-
ministration of ibrutinib suggest that this pattern of injection 
is not safe compared to single-dose injection. Our findings 
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are in agreement with the study where exposure to ibrutinib 
impairs the anti-fungal innate immunity both in vitro and in 
vivo [29]. Furthermore, it was shown that the risk of fungal 
infections had increased in chronic lymphocytic leukemia 
patients received ibrutinib [30, 31]. 

Emerging studies have clarified downstream signaling 
pathways in myeloid cells where BTK has a crucial role in 
their activation. These studies have revealed that BTK regu-
lates the activation of a tissue-damage sensor called NLRP3 
(NLR family, pyrin domain containing 3) inflammasome or 
stimulates the cleavage of caspase-1 which are necessary for 
the conversion of the inactive pro-IL-1β, to the mature and 
active form that is released from myeloid cells to provoke an 
inflammatory response [16, 32]. The involvement of BTK 
in the recruitment of myeloid cells into the damaged area 
suggested that BTK inhibitor may impede trans-endothelial 
migration which is of prime importance in inflammatory 
responses [16, 33]. Other studies manifested that BTK con-
tributes to a form of cell death termed pyroptosis, the event 
which triggers the recruitment of more neutrophils to the 
lesion site [34, 35]. Ibrutinib with inhibitory potency on BTK 
blocks signaling cascade in myeloid cells through covalently 
binding to the cysteine amino acid of this kinase [36]. Our 
study showed that ibrutinib treatment lowers the number 
neutrophils and Ly6G-positive cells in the lesion site but does 
not completely deplete them. Therefore, limiting the number 
of neutrophils in the lesion site at the first 24 hours post inju-
ry reduces the severity of destructive events triggered by the 
neutrophils and at same time the presence of limited number 
of neutrophils in the early stages of injury will help resolving 
inflammation as have been reported by others [37]. In agree-
ment with this notion, Stirling et al. [38] showed that deple-
tion of the early arriving neutrophils using an anti-Ly6G/
Gr-1 antibody after SCI, would stop restoration events and 
result in severe neurological outcomes and increasing the le-
sion volume. Conversely, as shown by Ito et al. [18], ibrutinib 
treatment after ischemic stroke did not change the number 
of neutrophils and macrophages in the lesion site but instead 
impaired NLRP3 activation through BTK inhibition which 
in turn suppressed maturation of IL-1β by the infiltrating 
neutrophils and macrophages resulting in reduced infarct 
volume, and improved neurological deficits. Although using 
a similar dose of ibrutinib in the first 24 hours post injury, 
the discrepancy between Ito’s and ours study regarding the 
effect of ibrutinib on the number of neutrophil and macro-
phages in the lesion area could mainly be attributed to the 

nature of injury models (ischemic stroke vs contusive SCI). 
Although we did not look for BTK signaling and down-
stream pathways in our study, it is also expected to occur 
when ibrutinib used in SCI model and hence diminished the 
extent of inflammation and resulted in tissue sparing and 
functional recovery. Further studies are required to mecha-
nistically address this difference.

Overall, our findings in the context of similar studies 
evaluating the effects of BTK-inhibitors on acute inflamma-
tory conditions such as in patients with respiratory adverse 
events [12, 19] and patients with COVID-19 [39] and animal 
model of liver ischemia-reperfusion [17] demonstrated that 
ibrutinib treatment has a positive correlation with spinal 
cord preservation and functional recovery. Some researchers 
have demonstrated that ibrutinib has a favorable tolerability 
and safety profile [40]. For years, other medications includ-
ing glucocorticoids and nonsteroidal anti-inf lammatory 
drugs (NSAIDs) were used to manage secondary events after 
SCI. However, these medications showed a wide range of po-
tential complications such as gastrointestinal ulcer/bleeding 
and increased risks for respiratory, urinary tract, and wound 
infections, hyperglycemia, steroid induced myopathy, and 
mortality [8, 41-44]. Ibrutinib therapy seems to act as a safe 
treatment with fewer side effects that could be used to lessen 
complications associated with the SCI. 

In conclusion, the present study, for the first time, impli-
cates ibrutinib as a positive regulator of inflammation after 
SCI. We demonstrated that systemic ibrutinib administra-
tion in the acute phase, through downregulation of excessive 
neutrophil recruitment to the lesion site can be considered 
as a promising approach for treating SCI. With a significant 
motor recovery in all ibrutinib administration paradigms 
comparing to the untreated control condition and less body 
weight loss and wound infection in the single injection para-
digms (immediately and 12 hours after SCI), immediate ad-
ministration of a single dose of ibrutinib in the first 24 hours 
after SCI is recommended to reduce neutrophil infiltration 
into the injured cord, thus minimizing inflammation and 
enhancing locomotor recovery. 
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