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A B S T R A C T   

In modern war or daily life, blast-induced traumatic brain injury (bTBI) is a growing health concern. Our pre
vious studies demonstrated that inflammation was one of the main features of bTBI, and CD28-activated T cells 
play a central role in inflammation. However, the mechanism of CD28 in bTBI remains to be elucidated. In this 
study, traumatic brain injury model induced by chest blast exposure in male mice was established, and the 
mechanism of CD28 in bTBI was studied by elisa, immunofluorescence staining, flow cytometry analysis and 
western blot. After exposure to chest shock wave, the inflammatory factors IL-4, IL-6 and HMGB1 in serum were 
increased, and CD3+ T cells, CD4+ and CD8+ T cell subsets in the lung were activated. In addition, chest blast 
exposure resulted in impaired spatial learning and memory ability, disruption of the blood-brain barrier (BBB), 
and the expression of Tau, p-tau, S100β and choline acetyltransferase were increased. The results indicated that 
genetic knockdown of CD28 could inhibit inflammatory cell infiltration, as well as the activation of CD3+ T cells, 
CD4+ and CD8+ T cell subsets in the lung, improve spatial learning and memory ability, and ameliorate BBB 
disruption and hippocampal neuron damage. Moreover, genetic knockdown of CD28 could reduce the expression 
of p-PI3K, p-AKT and NF-κB. In conclusion, chest blast exposure could lead to bTBI, and attenuate bTBI via the 
PI3K/AKT/NF-κB signaling pathway in male mice. This study provides new targets for the prevention and 
treatment of veterans with bTBI.   

1. Introduction 

In recent years, the increased numbers of local conflicts and terrorist 
attacks throughout the world have increased the incidence of explosion 
events year by year. The blast induced-traumatic brain injury (bTBI) is a 
leading cause of morbidity and mortality worldwide (Marsh, Bentil, 
2021). The report shows that bTBI accounts for about 30 % of all 
injury-related deaths, which constitutes a serious public health burden 
(Robinson., 2021). The types of bTBI damage include TNT, compressed 
air or shock tube and micro spherical explosive (Ma et al., 2014; 
Rubovitch et al., 2011; Beamer et al., 2016; Heldt et al., 2014; Liu et al., 
2015). TNT can refer to trinitrotoluene, which is an explosive that is 
widely used in both military and civilian applications. In the past two 
decades, at least 417503 U.S. soldiers have suffered bTBI during military 
missions (Evans et al., 2021). Most of the wounded have no obvious 

brain dysfunction in the short term, and these servicemen suffering from 
bTBI often return to work in advance. However, many potentially hid
den neuropathological processes, including microvascular injury, axon 
injury and neuroinflammation, may occur within a few weeks after bTBI 
and have long-term adverse effects on physical, cognitive and emotional 
health (Raza et al., 2021). Therefore, it is more important to find some 
reliable biomarkers to reveal the details of the pathogenesis of bTBI. 

T cell activation plays a central role in the inflammatory response, 
and at least two signals are required for T cells to be fully activated 
(Zumerle et al., 2017). The first signal is the antigen peptide-MHC 
molecule complex on the antigen-presenting cell which binds specif
ically to the T cell receptor (Janakiram et al., 2017). The second signal, a 
costimulatory signal, is provided by the interaction between cos
timulatory molecules expressed on the membranes of 
antigen-presenting cells and T cells, and one of the most important 
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costimulatory molecules expressed by T cells is CD28, which interacts 
with CD80/CD86 expressed on the membrane of antigen-presenting 
cells (Langenhorst et al., 2017). Moreover, cytokines promoted the 
activation of T cells, such as IL-2, IL-6 and IL-1 (Ptackova et al., 2018). 
As CD28 is a potent T cell costimulator, the inhibition of CD28 will 
effectively attenuate the activation of T cell (Langenhorst et al., 2018). 
The central nervous system inflammation and peripheral immune sys
tems jointly regulated the process of brain damage and remodeling. 
Blocking the CD28/CD80 pathway can reverse the immune system 
imbalance and regulated inflammation to alleviate long-term brain 
injury in mice with cerebral ischemia (Ma et al., 2016). Selective 
blockade of CD28 can reduce the activation of T cells and B cells in a 
rhesus monkey autoimmune encephalomyelitis model, and reduce 
central nervous system inflammation, and prevent the pathological 
changes to central nervous system cells (Haanstra et al., 2015). How
ever, the mechanism of CD28 knockout (KO) on bTBI indirectly caused 
by chest exposure to blast waves is still unclear. 

Although it has been determined that bTBI can cause neurodegen
erative diseases, the mechanism remains to be elucidated. Revealing the 
potential molecular mechanism of bTBI is very beneficial to interfere 
with and block the neurodegeneration after bTBI. There are three 
prominent hypotheses about bTBI, among which the chest conduction 
hypothesis is the most concerned (Dixon, 2017). Its core view is that the 
pressure shock wave acting on the chest will lead to the surge of pe
ripheral blood volume and the increase of intracranial blood pressure, 
thus damaging the blood-brain barrier (BBB) and capillaries in the brain 
(Cernak, 2010). Another view is that primary bTBI may be a pressure 
wave transmitted from the chest to the brain through soft tissue or 
vascular system (Konan et al., 2019). The BBB is the most rigorous and 
solid barrier in the human body, which effectively prevents other 
exogenous substances from entering the brain and maintains brain 
function. The bTBI-related BBB damage can lead to cerebrovascular 
damage, including hemorrhage, hematoma, vasospasm and brain edema 
(Logsdon et al., 2018). 

Moreover, the destruction of the integrity of the BBB will also lead to 
the influx of harmful substances around the body, such as unwanted 
cellular or microbial pathogens, which can lead to chronic inflammation 
and immune response. Researches have shown that repeated shock wave 
exposure is associated with an increase in desmin and CD13 positive 
pericytes and neuroinflammation, while BBB loses complete foot 
coverage at the end of astrocytes after exposure to bTBI (Uzunalli et al., 
2021). In addition, our previous research has shown that chest 
shock-induced bTBI involves many important biological processes and 
signaling pathway changes, such as inflammation, cell adhesion, 
phagocytosis, neuronal and synaptic damage, oxidative stress and 
apoptosis (Tong et al., 2021). Therefore, we hypothesized that bTBI 
caused by chest blast may cause peripheral inflammatory cells to enter 
the brain by destroying the BBB, leading to brain dysfunction and im
mune inflammation by activating inflammatory pathways, which need 
to be further clarified. 

Therefore, CD28 KO mice were selected to construct the bTBI model 
induced by shock wave in the chest, and the effects of silencing CD28 on 
the BBB, as well as T cell accumulation and activation were evaluated in 
this study. To explore the possible mechanism of CD28 silencing in 
alleviating bTBI. Our data suggest that CD28 KO can attenuate bTBI 
through the PI3K/AKT/NF-κB signaling pathways. These results provide 
new targets for prevention and treatment of veterans suffering from 
bTBI. 

2. Materials and methods 

2.1. Animals and experimental group 

One hundred healthy male C57BL/6 mice, weighing 21–24 g and 
aged 6–8 weeks, were purchased from Beijing Vital River Laboratory 
Animal Technology Co., LTD., China. One hundred healthy male CD28 

KO mice, weighing 21–24 g and aged 6–8 weeks, were purchased from 
the Jackson Laboratory (Sacramento, CA). The mice were housed 5 to a 
cage with adlibitum access to chow and water, under temperature- 
controlled conditions on a 12 h light/dark cycle. The C57BL/6 and 
CD28 KO mice were randomly assigned to the control group (n=20) and 
different experimental groups (12 h, 24 h, 48 h and 1 w blast), the 
number of mice in each experimental group is 20. In each group of mice, 
5 mice organs were used in Evans blue test, 5 mice organs were tested by 
glucan test, 5 mice organs were detected by flow cytometry, and 5 mice 
organs were tested by protein immunoblotting and pathology. All ani
mal experiments were carried out according to the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals and approved 
by the Institutional Animal Care and Use Committee (Shenyang Medical 
College) and in compliance with the ARRIVE guidelines. All this 
experimental steps were in conformity to the guideline of experimental 
animal care and use of Shenyang Medical College, no. 
SYYXY2021092201. 

2.2. Blast exposure induced brain injury in male mice 

The bTBI model was used as previously described (Tong et al., 2018). 
Chest explosion in this study was a mild injury. Briefly, the male mice 
were anesthetized by the abdominal injection of 2 % pentobarbital so
dium (1.5 mL/kg; No.57–33–0; Shanghai Rongbai Biological Technol
ogy Company, China) to reduce the fear of mice in the process of model 
preparation. Moreover, to alleviate post-operative pain, analgesia in the 
form of buprenorphine (0.2 mg/kg; No. 117299, Alstoe Animal Health, 
UK) was administered intramuscularly prior to recovery and killing of 
animals. Buprenorphine was given to male mice once on the day of 
model preparation and the day of execution for two days. The anes
thetized male mice were placed in a protective cover with their chest 
exposed, and aluminum foils were placed in the middle layer. After 
fixing the screws, the male mice were placed on the wire mesh atop the 
device. A pressure pump was used to increase the air pressure in the 
lower part of till the burst of the aluminum foils. The compressed air 
rapidly expanded from the blasting port at high speed, forming blast 
waves that impacted the chest of male mice. The pressure detected by a 
pressure sensor was transmitted through a data cable and recorded by a 
computer. The overpressure value of the shock wave at the instant of 
blasting was 115.8 ± 10.4 per square inch (PSI). The male mice model 
and experimental timeline were shown as Fig. 1. 

2.3. Y maze in male mice 

The animals’ body weight was reduced to 80 percent of that of 
normal male mice by fasting two days earlier. Adaptation period: one 
day of adaptation was carried out in the first 2 days of different exper
imental time points (12 h, 24 h, 48 h and 1 w). The male mice were 
placed in the Y maze palace for about 10 min each time. It could adapt 
three times a day without food. Training period: 120 h for adaptation 
training and 144 h for formal training. Training was carried out one day 
before different experimental time points. The food was placed into one 
arm of the Y maze, and the food was bait. The other arm of the door was 
closed, and place the mice over the starting arm so that the mice could 
find the food, and guide if necessary. Each training lasts for 10 min, 3 
times a day. Test period: the test was carried out at 12 h, 24 h, 48 h and 
1 w after the success of the model. The software was opened, then the 
doors of the three arms of the Y maze were simultaneously opened, the 
fasting male mice were placed in the starting arm, and the number of 
times the mice entered each arm and the stay time were recorded within 
5 min. 

The three arms and the central region of Y maze were set as four 
regions respectively using the animal motion trajectory tracking system 
(Model: ethovision XT, Netherlands: Noldus). The position of male mice 
was located by the camera, the time that the mice stayed in a certain 
area and the number of times they entered the area were recorded by the 
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animal motion trajectory tracking system. 

2.4. Evans blue experiment in male mice 

The five C57BL/6 male mice and five CD28 KO male mice in each 
group were used in the Evans blue experiment. After lung injury eval
uation, Evans blue (No. E8010, Solarbio, China) was used to evaluate 
BBB permeability. The male mice were intraperitoneally anesthetized 
with 2 % sodium pentobarbital (1.5 mL/kg) to reduce the fear of mice in 
the process of model preparation. Evans blue was injected into the vein 
30 min before perfusion, and then 0.9 % of the saline was perfused for 
15 min. Local anesthesia was performed on the thoracic cavity 3 min 
before dissection in the form of subcutaneous bupivacaine (No. 02848/ 
0198, Mercury Pharma, UK). The brain was photographed and weighed. 
The brain tissues were homogenized in 0.5 mL 50 % trichloroacetic acid 
(No. T8100, Solarbio, China). The samples were incubated for 24 h at 37 
◦C, and centrifuged at 12,000 rpm for 10 min at 4◦C. Next, the super
natant was sucked up. The OD (absorbance) value of the samples was 
determined by iMark™ Microplate Reader (Bio-Rad Laboratories, USA). 
The standard curve was established using the OD value of Evans blue 
gradient concentration, and the content of EB in the brain tissue exu
dates was calculated. 

2.5. Dextran experiment in male mice 

The five C57BL/6 male mice and five CD28 KO male mice in each 
group were used in the dextran experiment. The fluorescein 
isothiocyanate-dextran 40 kD (FITC-dextran 40 kD, 500 mg/kg, No. 
FD40, Sigma-Aldrich, USA) was used to evaluate BBB breakdown. 
Briefly, 12 h, 24 h, 48 h and 1 w after lung injury, FITC-dextran was 
given intravenously to mice over 2 h. The male mice were then perfused 
transcardiacally, and the brains were removed and fixed in 4 % para
formaldehyde in PBS at 4 ◦C for 24 h. The fixed-brain tissues were then 
sliced into 20-μm-thick coronal sections with a freezing microtome. 
Finally, the samples were observed and photographed with a fluores
cence microscope. 

2.6. Sample collection and processing in male mice 

At 12 h, 24 h, 48 h and 1 w after blast exposure, the lung and brain 
tissues were collected. Briefly, after 12 h of fasting and 4 h of water 
deprivation preoperatively, the male mice were intraperitoneally anes
thetized with 2 % sodium pentobarbital (1.5 mL/kg, No. 57–33–0, 
Shanghai Rongbai Biological Technology Company, China) and fixed on 
the operating table in a prone position. The abdominal cavity was 
opened, and the blood was harvested through the abdominal aorta to be 
sacrificed. The cranial cavity and pleural were opened, and the lung and 
brain tissues of all male mice were taken. The whole blood of male mice 
was placed in the collecting vessel for 30 min, 3000 rpm, centrifuged for 
10 min, and the serum was taken and stored in a refrigerator of − 80℃. 
The ratio of wet to dry weight of one third of the brain tissue was 
calculated, and the direction of change was opposite to the direction of 
edema formation. Part of the lung and brain tissues in every group were 
immersed in 10 % formalin buffer (No.G2161, Solarbio, China) for 
pathological examination, while part of the lung and brain tissues in 
every group were placed in a nitrogen canister for protein 
determination. 

2.7. Enzyme linked immunosorbent assay (ELISA) in male mice 

The serum IL-4 (SEA077Mu, Cloud-Clone Company, USA), IL-6 
(SEA079Mu, Cloud-Clone Company, USA), and HMGB1 (SEA399Mu, 
Cloud-Clone Company, USA) levels were measured using an elisa kit as 
per manufacturer’s instructions. The experimental procedures were 
carried out in accordance with the instructions of the reagents. Optical 
density values were measured at 450 nm with a microplate reader 
(imark, Bio-Rad, USA). The standard curves were used to calculate 
concentrations in each sample. 

2.8. Histological analysis in male mice 

The brain and lung tissues for histological analysis were fixed in 
10 % formaldehyde (No. G2161, Solarbio, China) at room temperature 
and embedded in paraffin blocks using a Leica Microsystem tissue pro
cessor (ASP 300 S, Germany). For histological staining, Leica 

Fig. 1. Model sketch and experimental timeline. (A) The simulation device for explosive injury and the schematic diagram of the model preparation. (B) The 
experimental timeline. After exposure of chest to blast waves leading to ALI in C57BL/6 mice and CD28-/- mice, serum, lung and brain tissue samples were taken at 
12 h, 24 h, 48 h and 1 w for subsequent detection. 
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Microsystem microtome (Model RM 2265, Germany) was used for 
slicing, and the thickness of slicing was 3–5 μm, which were stained with 
hematoxylin and eosin (H&E). Lung injury score: Score 0, normal lung 
tissue without inflammation, edema, or bleeding. 1 point, mild lung 
injury, a small amount of inflammatory cell infiltration and edema 
around the alveoli, but no obvious bleeding. 2 points, moderate lung 
injury, marked infiltration of inflammatory cells around the alveoli, 
edema, and minor bleeding. 3 points, severe lung injury, a large number 
of inflammatory cell infiltration and edema around the alveoli, accom
panied by obvious bleeding necrosis. Brain injury score: 0 score, no 
inflammation around blood vessels. 1 point, There is a small amount of 
inflammatory cell infiltration around the blood vessels. 2 points: there is 
obvious inflammatory cell infiltration around the blood vessels. 3 points, 
there is a large number of inflammatory cell infiltration and edema 
around the blood vessels. 

2.9. Immunofluorescence staining in male mice 

The expression and localization of brain injury protein S100β and 
pathway proteins NF-κB, p-PI3K and p-AKT in the C57BL/6 mice and 
CD28 genetic knockout male mice were determined in the control group 
and different experimental groups (12 h, 24 h, 48 h and 1 week). The 
brain tissues were dewaxed with xylene, hydrated with a graded alcohol 
series, incubated with 3 % H2O2 (80 % methanol) for 30 min, and 
washed 3 times with PBS for 5 min. Antigen was repaired by the high- 
pressure thermal antigen repair method. The samples were blocked 
with 10 % goat serum (No. SL038, Solarbio, China) for 30 min and 
incubated with primary antibody (Tab.S1) overnight at 4◦C in a wet 
box, and stained with a fluorescent secondary antibody goat anti-mouse 
IgG H&L Alexa Fluor® 647 (1:200, No. ab150115, Abcam, UK, RRID: 
AB_2687948) and goat anti-rabbit IgG H&L Alexa Fluor® 488 (1:200, 
No. ab150077, Abcam, UK, RRID: AB_2630356) after washing 3 times 
with PBS for 5 min. Finally, the samples were observed and photo
graphed with a fluorescence microscope (PA53 FS6). 

2.10. Flow cytometric analysis in male mice 

The recruitment and subtypes of T cells in the lung and brain tissues 
of the control group (the C57BL/6 male mice and the CD28 genetic 
knockout male mice) and blast injury groups (12 h, 24 h and 48 h in the 
C57BL/6 male mice, 24 h in the CD28 genetic knockout male mice) were 
detected. The cells were isolated from the lung and brain tissues. The 
individual lung and brain tissue were excised, cut into small pieces, and 
enzymatically digested in 5 mL of collagenase digestion buffer (HBSS 
without Ca+/Mg+) (No. C8140, Solarbio, China), 1.5 mg/mL collage
nase type I (No. C8140, Solarbio, China) at 37◦C for 30 min with 
agitating, then subsequently transferred into 5 mL of collagenase/dis
pase digestion buffer (HBSS without Ca+/Mg+, 1 mg/mL collagenase/ 
dispase (No. C8140, Solarbio, China) for another 20 min at 37◦C with 
agitating, and pressed against the bottom of a 100 µm strainer with the 
plunger of a 3 mL syringe. The single cells from tissues were washed 
through the strainer with 10 mL cold buffer (PBS+0.5 %BSA+2 mM 
EDTA). The red cell lysis buffers were used to perform red cell lysis (No. 
R7757, Sigma, USA), the cells were counted using a hemocytometer. The 
single cell suspensions were pre-incubated with anti-mouse CD16/32 
antibody (1:100, No.553142, BD Biosciences, USA, RRID: AB_394657) 
to prevent nonspecific binding of antibodies to FcRγ followed by multi- 
staining with fluorescence directly conjugated primary antibodies (Tab. 
S2). The dead cells were stained with propidium iodide staining solu
tion. The samples were subjected to FACS Aria II analysis (BD Bio
sciences). The data were analyzed by FlowJo_V10 (FlowJo, OR) 
software. Detection of the percentage and numbers of activation and 
accumulation of CD3+ T cells, CD4+ and CD8+ subsets of T cells was 
executed by immunofluorescence analyses using the antibodies conju
gated to allophycocyanin (APC), peridinin chlorophyll protein- 
cyanine5.5 (PerCP-Cy5.5), fluorescein isothiocyanate (FITC), peridinin 

chlorophyll protein (PerCP), allophycocyanin/cyanine7 (APC/Cy7) and 
phycoerythrin-cyanine7 (PE-Cy7). The minimum of 50,000 lympho
cytes was obtained for each antibody assortment. Activation and accu
mulation of CD3+ T cells, CD4+ and CD8+ subsets of T cells were 
demarcated by the positivity of CD3, CD44, CD4, CD8 and CD62L, 
respectively. The CD4 and CD8 cells were primarily gated, and then the 
dot plot analyses of subsets were derived from these gated CD4+ and 
CD8+ cell populations and reported. 

2.11. Western blotting 

The whole protein was extracted from the brain and lung tissues 
using a tissue protein extraction kit (No. FD0889, Hangzhou Fude Bio
logical Technology Company, China), and the protein concentration was 
determined by a BCA protein assay kit (No. FD2001, Hangzhou Fude 
Biological Technology Company, China). The main components of RIPA 
cracking solution were 50 mM Tris (pH 7.4), 150 mM NaCl, 1 %TritonX- 
100, 1 % sodium deoxycholate, 0.1 % SDS. The expression of CD8, IL-4, 
IL-6 and HMGB1 in lung tissues of C57BL/6 mice and CD28 KO mice 
were detected in control group and different experimental groups (12 h, 
24 h, 48 h, 1 w). The brain tissues CD8, brain damage proteins Tau, p- 
Tau, S100β, choline acetyltransferase were detected. The expressions of 
CD8, brain injury protein Tau, p-Tau, S100β and choline acetyl
transferase in brain tissues were detected. The expression of 
inflammation-related proteins IL-1β, IL-4, IL-10 and TNF-α were deter
mined. The pathway proteins NF-κB, PI3K, p-PI3K, AKT and p-AKT were 
also determined. The protein samples were added with a corresponding 
proportion of loading buffer, boiled and denatured for 5 min. Next, the 
samples were subjected to 10 % SDS-PAGE electrophoresis, then were 
transferred to 5 % skim milk PBST buffer at room temperature for 1 h, 
and washed with PBST 3 times. Next, the appropriate primary antibody 
(Tab.S3) were added and incubated overnight at 4◦C. The membrane 
was washed 3 times with PBST, and a horseradish peroxidase-labeled 
goat anti-mouse secondary antibody (1:4000, No. ab6789, Abcam, UK, 
RRID: AB_955439), goat anti-rabbit secondary antibody (1:4000, No. 
ab6721, Abcam, UK, RRID: AB_955447) and goat anti-rat secondary 
antibody (1:2000, No. ab7097, Abcam, UK, RRID: AB_955411) were 
incubated for 1.5 h at room temperature, respectively. The film was 
washed 3 times. The film were visualized using a ClarityTM Western ECL 
Substrate (No.170–5061, Bio-Rad Laboratories, USA) and a Tanon 5200 
chemiluminescence image analysis system (Tanon Science and Tech
nology Co., Ltd., Shanghai, China). 

2.12. Statistical analysis 

The SPSS 21.0 software was used for statistical analysis and the data 
were expressed as "mean±standard deviation". One-way analysis of 
variance was used for comparison between groups (ANOVA). The sig
nificance was determined when p values < 0.05. The data were analyzed 
and plotted using GraphPad Prism 8.0. 

3. Results 

3.1. CD28 KO ameliorates the expression of serum inflammatory factors 
and lung injury 

CD28 KO can improve the expression of serum inflammatory factors 
and lung injury, as shown in Fig. 2. Compared with the control group, 
the serum levels of IL-4, IL-6 and HMGB1 in the blast injury group were 
significantly increased (p< 0.05), peaked at 12 h, and then gradually 
decreased (Fig. 2A–C). However, CD28 KO significantly inhibited the 
increase of serum levels of IL-4, IL-6 and HMGB1 (Fig. 2A–C). As shown 
in Fig. 2D, compared with the control group, the expression of CD28 in 
the lung tissues was significantly increased in the blast injury group (p<
0.05). As shown in Fig. 2F, the expression of CD28 in the lung of CD28 
KO male mice was significantly down-regulated, indicating that CD28 
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was effectively silenced in CD28 KO male mice. Compared with the 
control group, the inflammation score in the lung tissues peaked at 12 h 
and then gradually decreased, whereas CD28 KO significantly improved 
the inflammation score after shock wave exposure (Fig. 2G–H). As 
shown by western blot, the expression of IL-4, IL-6 and HMGB1 was 
increased after blast exposure, and CD28 KO improved the expression of 
serum inflammatory factors and the lung injury after blast exposure. 

3.2. CD28 KO inhibited the activation and accumulation of CD3+ T cells, 
CD4+ and CD8+ subsets of T cells in the lungs 

To determine the effect of CD28 on T cell activation, the percentage 
and number of CD3+ T cells and activated CD3+ T cells in the lung tis
sues by flow cytometry were analyzed, the results were shown in Fig. 3. 
When the C57BL/6 male mice were exposed to shock waves, the per
centage and number of CD3+ T cells and activated CD3+ T cells in the 
lung tissues were increased, reached its peak at 12 h, and then gradually 
decreased over time (Fig. 3A). The CD28 KO effectively inhibited the 
percentage and number of CD3+ T cells and activated CD3+ T cells 
induced by blast wave exposure for 24 h (Fig. 3A–E). In the CD28 KO 
male mice, the maximum number of CD3+ T cells was 9.2*103. 
Although blast wave exposure could induce an increase in CD3+ T cells 
in the lung tissues of CD28 KO male mice, it could not activate them. The 
percentage and total number of CD3+ T cells in C57BL/6 male mice 
after chest detonation were the highest at 12 h and the lowest at 48 h. 
Therefore, to ensure the validity of the data, the 24-h time point was 

selected. From this it can be seen, blast wave exposure significantly 
increased the percentage and number of CD4+ and CD8+ T cells, while 
CD28 KO effectively inhibited the percentage and number of CD4+ and 
CD8+ T cells induced by blast exposure (Fig. 3F–K). CD28 KO can inhibit 
the activation and accumulation of CD3+ T cells induced by blast wave 
exposure, the effect of CD28 KO on the activation and aggregation of 
CD4+ and CD8+T cells was further determined. 

3.3. CD28 KO alleviated spatial learning and memory impairment, BBB 
destruction, and brain damage 

The experimental results were shown in Fig. 4. In the Y-maze 
experiment, the retention time and entry times of mice in the food arm 
were significantly reduced after blast exposure, and CD28 KO could 
effectively slow down the recovery of the retention time and entry times 
of mice in the food arm (p< 0.05). As shown in Fig. 4D, there were no 
significant changes in male mice brain tissues before and after the blast 
exposure injury. Moreover, The results in Fig. 4E demonstrated that the 
wet-dry weight ratio of the brain tissues was slightly higher at 24 h after 
blast compared with the control group, indicating that the blast induced 
mild brain edema, whereas the edema degree was reduced in the CD28 
KO male mice. Evans blue extravasation was used to evaluate the degree 
of BBB damage, and the results indicated that there was obvious Evans 
blue extravasation in brain tissues after blast exposure. Evans Blue 
showed the most severe leakage at 12 h, decreased at 24 h and increased 
again at 48 h. According to the results in Fig. 4F–G, CD28 KO reduced 

Fig. 2. CD28 KO ameliorates the increased serum inflammatory factors and lung inflammation. (A-C) ELISA was used to detect serum inflammatory factors IL-4, IL-6 
and HMGB1. (D-E) The protein level (CD28) were normalized to GAPDH, Fig. 2E is the OD number of 2D. GAPDH was used as a reference. (F) CD28 protein knockout 
effect in the lung tissues of CD28-/- male mice. (G) HE staining was used to detect pathological changes in the lung tissues of C57BL/6 male mice and CD28-/- male 
mice after blast exposure at different times. (H) Pulmonary inflammation score was analyzed. (I-L) Western blot analysis was used to detect the expression of IL-4, IL- 
6, and HMGB1 in the lung tissues after blast exposure of C57BL/6 male mice and CD28-/- male mice at different times. GAPDH was used as a reference. Results were 
expressed as the mean ± S.D (n = 5 per group). *p < 0.05 versus the control group; #p < 0.05 versus the C57BL/6 group ((two-way ANOVA, Bonferroni post hoc test). 
CD28-/-: CD28 knockout mice. 
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BBB damage caused by blast exposure. Dextran also exhibited the most 
serious leakage at 12 h, decreased at 24 h and increased again at 48 h, 
while CD28 KO reduced BBB damage induced by blast exposure, and 
dextran had no upward trend. As shown in Fig. 4J–K, compared with the 
blast injury groups, the degree of hippocampal neuron injury in the 
CD28 KO male mice was significantly decreased (p< 0.05). The CD28 
KO can attenuate the hippocampal neuronal damage; after 1w, the 
neuronal damage in the CD28 KO male mice was observably higher 
compared with the control group without blat exposition, whereas the 
neuronal damage still lower than the control male mice exposed to the 
blast waves. 

3.4. Effect of CD28 KO on expression of brain injury markers 

The results were shown in Fig. 5. Explosion exposure resulted in 
increased expression of CD28 in the brain tissues, and the peak of CD28 
expression in the brain tissues was 48 h, which was different from that in 
the lung tissues at 12 h (Fig. 5A). Compared with the control group, the 
expression of t-Tau, p-Tau, S100β, and choline acetyltransferase was 
significantly increased in the C57BL/6 male mice (Fig. 5C). Whereas the 
expression of t-Tau, p-Tau, S100β and choline acetyltransferase was 

signally decreased in the CD28 KO male mice compared with the C57BL/ 
6 male mice (Fig. 5C–G). The results of immunofluorescence indicated 
that S100β expression was memorably raised after blast exposure, and 
the CD28 KO could effectively reduce the expression of S100β (Fig. 5J). 

3.5. CD28 KO reduced inflammatory cell infiltration and cytokines 

As shown in Fig. 6A, compared with the control group, infiltration of 
inflammatory cells around blood vessels in the brain tissues appeared 
after blast exposure, and peaked at 48 h. This phenomenon was different 
in the lung tissues, in which inflammatory cell infiltration became most 
serious at 12 h, while inflammatory cell infiltration in the CD28 KO male 
mice was evidently reduced compared with the C57BL/6 male mice. 
Furthermore, blast exposure increased the expression of the IL-1β, IL-4, 
and TNF-α in the brain tissues, and peaked at 48 h, which was delayed 
compared with the peaking time in the lung tissues (Fig. 6D,E,G). The 
CD28 KO observably decreased the expression of IL-1β, IL-4, and TNF-α, 
and increased the expression of IL-10 compared with the C57BL/6 male 
mice (Fig. 6D–F). 

Fig. 3. CD28 KO inhibited the activation and accumulation of CD3+ T cells and CD4+ and CD8+ subsets of T cells in the lungs of mice exposed to blast waves. Flow 
cytometry data were collected from C57BL/6 male mice (Control group, 12 h, 24 h and 48 h after blast exposure) and CD28-/- male mice (Control group, 24 h after 
blast exposure). (A-E) Flow cytometry plots and quantitative data represent the percentage and total numbers of CD3+ T cells and CD3+CD44hi T cells (activated 
effector T cells) in the lung tissues. (F-H) Flow cytometry plots and quantitative data represent the percentage and total numbers of CD44hi CD62Llo T cells (effector 
memory T cells) within the CD4+ population of lungs. (I-K) Flow cytometry plots and quantitative data represent the percentage and total numbers of CD44hi CD62Llo 

T cells within the CD8+ population of lungs. Results were expressed as the mean ± S.D (n = 5 per group). *p < 0.05 versus the control group, #p < 0.05 versus the 
C57BL/6 group (two-way ANOVA, Bonferroni post hoc test). CD28-/-: CD28 knockout mice. 
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3.6. CD28 KO suppressed the activation and accumulation of CD3+ T 
cells, CD4+, and CD8+ subsets of T cells in the brain 

To determine the effect of CD28 on T cell activation, the percentage 

and number of CD3+ T cells and activated CD3+ T cells in the brain 
tissues by flow cytometry were analyzed. The percentage and number of 
CD3+ T cells and activated CD3+ T cells were increased after the C57BL/ 
6 male mice exposed to blast waves at 24 h and 48 h, and reached its 

Fig. 4. CD28 KO alleviated spatial learning and memory impairment, brain edema, BBB damage and neuronal damage in the hippocampus induced by blast 
exposure. (A) The road map of mice in Y maze. (B) Time spent in the food arm of male mice. (C) The number of times a mouse enters the food arm. (D) General 
picture of the male mouse brain. (E) The ratio of wet weight to dry weight of the brain. (F) Evans blue assay was used to detect BBB and brain images. (G) Evans blue 
permeability analysis. (H) Representative images of FITC-dextran extravasation in the brains. (I) Fluorescence intensity of FITC dextran. (J-K) HE staining in the 
hippocampus and the percentage of damaged cells in the hippocampus. Results were expressed as the mean ± S.D (n = 5 per group). *p < 0.05 versus the control 
group, #p < 0.05 versus the C57BL/6 group (two-way ANOVA, Bonferroni post hoc test). CD28-/-: CD28 knockout mice. 
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peak at 48 h, which was significantly delayed compared with the peak of 
CD3+ T cells in the lung tissues at 12 h (Fig. 7A–E). The CD28 KO 
effectively inhibited the percentage and number of CD3+ T cells and 
activated CD3+ T cells caused by blast exposure for 24 h (Fig. 7A–E). 
Although blast exposure could induce an increase in CD3+ T cells in the 
brain tissues of the CD28 male mice, it could not activate them. The 
percentage and total number of CD3+ T cells in C57BL/6 male mice 
after chest detonation were the highest at 48 h and the lowest at 12 h. 
Therefore, to ensure the validity of the data, the 24-h time point was 
selected. Because CD28 KO remarkably inhibited the activation and 
accumulation of CD3+ T cells induced by blast exposure, the effect of the 
CD28 KO on the activation and aggregation of CD4 + and CD8 + T cells 
was further determined. Blast exposure significantly increased the per
centage and number of CD4+ and CD8+ T cells, while the CD28 KO 
effectively inhibited the percentage and number of CD4+ and CD8 T cells 
induced by blast exposure (Fig. 7F–K). 

3.7. CD28 KO attenuated bTBI through the PI3K/AKT/NF-κB signaling 
pathway 

As shown in Fig. 8, compared with the control group, blast exposure 
significantly increased the expression of p-PI3K, p-Akt and NF-κB in the 
brain tissues, whereas the CD28 KO markedly inhibited the expression of 
p-PI3K, p-AKT and NF-κB (Fig. 8A–F). Moreover, the immunofluores
cence results also demonstrated that the expression of p-PI3K, p-AKT and 
NF-κB was significantly increased after blast exposure, and the CD28 KO 
could effectively inhibit the expression of p-PI3K, p-AKT and NF-κB (p <
0.05) (Fig. 8H–J). 

4. Discussion 

The explosion not only damages the lung tissue, but also obviously 
reduces the heart rate and blood pressure, increases breathing and even 

Fig. 5. CD28 KO reduced the expression of brain damage markers. (A-B) Western blot analysis was used to detect the expression and grayscale analysis of CD28 in 
the brain tissues tissue after blast exposure. (C-G) Western blot analysis was used to detect the expression of Tau, p-Tau, S100β and choline acetyltransferase in brain 
tissues. GAPDH was used as a reference. (H-I) Immunofluorescence staining of S100β (red) and DAPI (blue) was performed on the sections of C57BL/6 and CD28 KO 
male mice. The positive cell rate of S100β was analyzed. Results were expressed as the mean ± S.D (n = 5 per group). *p < 0.05 versus the control group, #p < 0.05 
versus the C57BL/6 group (two-way ANOVA, Bonferroni post hoc test). CD28-/-: CD28 knockout mice. 
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Fig. 6. CD28 KO reduced inflammatory cell infiltration and cytokines. (A) HE staining in the brain tissues. (B) The score of inflammation. (C-G) Western blot analysis 
was used to detect the expression of IL1β, IL-4, IL-10 and TNF-α in the brain tissues. GAPDH was used as a reference. Results were expressed as the mean ± S.D (n = 5 
per group). *p < 0.05 versus the control group, #p < 0.05 versus the C57BL/6 group (two-way ANOVA, Bonferroni post hoc test). CD28-/-: CD28 knockout mice. 
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stops breathing after the explosion, thus indirectly affecting the func
tions of the heart, lung and brain (Miyazaki et al., 2015). In this study, 
after chest blast exposure, the serum inflammatory factors IL-4, IL-6 and 
HMGB1 were increased, the CD3+ T cells, CD4+ and CD8+T cell subsets 
in the lung tissues were activated. The percentage and total number of 
CD3+ T cells in the lung tissues of C57BL/6 male mice were the highest 
at 12 h and the lowest at 48 h. Therefore, to ensure the validity of the 
data, the percentage and total number of CD3+ T cells in the lung tissues 
of CD28-/- male mice at 24 h were selected. Moreover, chest blast 
exposure caused damage to the spatial learning and memory ability, BBB 
destruction and brain injury. Whereas CD28 KO significantly inhibited 
inflammatory cell infiltration and activation of CD3+ T cells and CD4+

and CD8+ subsets of T cells in the lung tissues, improved spatial learning 
and memory ability, BBB destruction and brain injury. Furthermore, 
CD28 KO inhibited chest blast exposure-induced increases of p-PI3K, 
p-AKT and NF-κB in the brain. Our data demonstrated that chest blast 
exposure could cause bTBI, whereas CD28 KO attenuated bTBI through 
the PI3K/AKT/NF-κB signaling pathway. These results provide a new 
target for the prevention and treatment of bTBI in veterans. 

Hyperphosphorylated tau aggregates were common in neurodegen
erative diseases, such as alzheimer’s disease (AD), and cause cognitive 
dysfunction (Kametani, Hasegawa, 2018), while the bTBI was also 

associated with Tau (Gyoneva et al., 2015). Choline acetyltransferase 
transfers acetyl-CoA to choline, leading to the formation of the neuro
transmitter acetylcholine, which was involved in the regulation of the 
correlation between the hippocampus, hippocampal formation, and 
memory span and may be observed in AD (Mellott et al., 2017). The 
S100β was a marker of brain injury and its expression was closely related 
to the severity of brain injury. The moderate amount of S100β protected 
the brain, but high levels of expression caused cerebrovascular diseases 
(Harpaz et al., 2021). Studies have shown that p-Tau and its combination 
with p-Tau/t-Tau can effectively evaluate the prognosis and mortality of 
bTBI patients (Wang et al., 2018). Tau protein is a member of 
microtubule-related proteins in nerve cells, and it will be phosphory
lated to p-tau during tTBI (Wang et al., 2018). Our results indicated that 
chest blast exposure caused damage to the spatial learning and memory 
ability, BBB destruction and brain damage, increased the expression of 
Tau, p-Tau, S100β, and choline acetyltransferase. In the case of head 
protection, chest blast exposure will propagate to the head along with 
the blood vessels and cause brain damage (Bhattacharjee, 2008). In this 
study, our data showed that BBB damage peaked at 12 h, recovered at 
24 h, and was aggravated again at 48 h during bTBI. As reported by Hue 
(Hue et al., 2016) et al., the opening of the BBB caused by the shock 
wave was temporary, starting from 6 h, reaching the peak opening at 

Fig. 7. CD28 KO inhibited the activation and accumulation of CD3+ T cells, CD4+, and CD8+ subsets of T cells in the brain tissues. (A-E) Flow cytometry plots and 
quantitative data represent the percentage and total numbers of CD3+ T cells and CD3+CD44hi T cells (activated effector T cells) in the lung tissues. (F-H) Flow 
cytometry plots and quantitative data represent the percentage and total numbers of CD44hi CD62Llo T cells (effector memory T cells) within the CD4+ population of 
the brain tissues. (I-K) Flow cytometry plots and quantitative data represent the percentage and total numbers of CD44hi CD62Llo T cells within the CD8+ population 
of brains. Results were expressed as the mean ± S.D (n = 5 per group). *p < 0.05 versus the control group, #p < 0.05 versus the C57BL/6 group (two-way ANOVA, 
Bonferroni post hoc test). CD28-/-: CD28 knockout mice. 
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12 h, recovering at 24 h, and opening again at 48 h. Our results sug
gested that the TBI caused by blast exposure directly to the brain, BBB 
damage caused by chest blast exposure was induced by other factors 
besides the blast wave propagating from the delayed vessels to the brain. 
However, the re-opening of the BBB at 48 h may be due to inflammation 
in the lung tissues. 

Alveolar inflammation, neutrophil recruitment and cytokine pro
duction after traumatic stress, and then lung injury may increase the 
sensitivity of the brain to acute injury. Cytokine activated endothelial 
cells secrete chemokine adhesion molecules on their surface, resulting in 
the migration of activated immune cells across the endothelium. We 
speculated that this phenomenon was caused by inflammation related 
factors in the blood circulation. This local inflammation can spread to 
the systemic circulation. Pulmonary inflammation can spread to the 
brain system through humoral, cellular and neural pathways. The BBB 
destruction caused by the action of pro-inflammatory cytokines is a 
hallmark of cerebrovascular disorders, and then destruction of BBB 
might lead to neuroinflammation (Oikawa et al., 2019;Wu et al., 2019). 
Kaempferol alleviated LPS-induced neuroinflammation and BBB 

dysfunction through inhibiting HMGB1 release and down-regulating the 
TLR4/MyD88 pathway (Cheng et al., 2018). Therefore, the lung injury 
caused by blast waves led to an increase in inflammatory factors, which 
then caused brain microvascular endothelial cell disorders and BBB 
damage. The BBB protected the brain by restricting blood-derived 
products, pathogens, and cells from entering the brain, maintaining 
normal neuronal function and information processing, whereas damage 
to BBB integrity induces damage to hippocampal neurons, which in turn 
led to cognitive impairment (Montagne et al., 2015). In summary, the 
BBB damage caused by chest to blast exposure is not only related to blast 
waves transmitted along blood vessels to the brain, but also closely 
related to inflammation factors released by the lung tissues. 

Furthermore, the results demonstrated that CD28 KO significantly 
inhibited lung and brain inflammatory cell infiltration and activation of 
CD3+ T cells and CD4+ and CD8+ subsets of T cells, improved spatial 
learning and memory ability, reduced the BBB destruction, hippocampal 
neuronal damage during bTBI. The activation of T cells was positively 
correlated with the IL-4 content of the cell supernatant and negatively 
correlated with the level of serum interferon gamma (Shi et al., 2017). 

Fig. 8. CD28 KO attenuated bTBI through the PI3K/AKT/NF-κB signaling pathway. (A-D) Western blot analysis was used to detect the expression of PI3K, p-PI3K, 
AKT, p-AKT, and NF-κB in the brain tissues. GAPDH was used as a reference. (E-J) Immunofluorescence staining of p-PI3K, p-AKT, NF-κB (red), and DAPI (blue) was 
performed. The positive cell rate of p-PI3K, p-AKT, and NF-κB was analyzed. Results are expressed as the mean ± S.D (n = 5 per group). *p < 0.05 versus the control 
group, #p < 0.05 versus the C57BL/6 group (two-way ANOVA, Bonferroni post hoc test). CD28-/-: CD28 knockout mice. 

Z. Luo et al.                                                                                                                                                                                                                                      



Brain Research Bulletin 214 (2024) 110987

12

The CD28 observably increased IL-6 and IL-8 expression in relapsing 
remitting multiple sclerosis and selectively induced IL-17A expression 
by stimulating IL-6-mediated signaling (Camperio et al., 2014). These 
studies suggested that CD28 KO could effectively inhibit the production 
of the inflammatory response, thereby reducing the inflammatory 
related factors in blood circulation. Moreover, CD3/CD28 or PMA/IROO 
activated the release of TNFα, which promoted CD8+ T cells and induced 
plasticity in the brain (Zarif et al., 2017). The CD28 inhibition also 
reduced cerebral hemorrhage-induced inflammatory response (Zhou 
et al., 2017). In addition, the CD28 super-agonist monoclonal antibody 
(CD28SA) promoted the CD28 and increased cerebral infarct size caused 
by cerebral hemorrhage, increased regulatory T cells, and enhanced the 
inflammatory response (Janakiram et al., 2017). These data demon
strated that the CD28 KO ameliorated brain damage caused by chest 
exposure to blast waves by inhibiting inflammatory cell infiltration and 
T-cell activation in the lung tissues. 

It has been reported that CD28 signal transduction in T cells is closely 
related to the phosphatidylinositol 3 kinase (PI3K)/protein kinase B 
(AKT) pathway (Friend et al., 2006). PI3K, a direct upstream activator of 
AKT, plays an important role in many cell signaling pathways, cell cycle 
progression and cell growth (Way et al., 2016). The binding of CD28 and 
CD80/CD86 induced T cell activation and then activated the PI3K/AKT 
pathway, while downstream, phosphorylated AKT activated the NF-κB 
pathway to induce IL-6 expression and further enhance T cell activation 
(Koorella et al., 2014). Therefore, the activation of NF-κB signaling in 
this study is partially dependent on its upstream PI3K/Akt signaling 
pathway. PI3K delta, an inhibitor of AKT, could selectively stimulate the 
production of T-cell factors against CD3/CD28 and reduce inflammation 
in vivo (Way et al., 2016). Furthermore, the PI3K/AKT signaling 
pathway was necessary for CD28 to induce NF-κB activation (Skanland 
et al., 2014; Kunkl et al., 2019). Studies have shown that brain injury can 
also initiate neuroinflammation through the activation of PI3K/Akt and 
NF-κB pathways, leading to the elevation of inflammatory factors 
(Zhang et al., 2022). In this study, chest blast exposure leads to acute 
lung injury and inflammatory cell infiltration, activates peripheral blood 
T cells and promotes the expression and release of inflammatory factors 
such as IL-4, IL-6, and HMGB1. Activated T cells and inflammation 
factors reach the brain through blood circulation, cause BBB destruction 
and aggravates brain injury. In the hours to days after the initial injury, 
secondary damage mediated by inflammatory response is the main 
pathological feature of brain injury (Wang et al., 2020). Therefore, there 
is a certain time difference between brain injury and lung injury during 
the detonation event. Activation of NF-κB induces nuclear transcription 
and the expression of inflammatory factors, and increases the expression 
of Tau, p-Tau and Choline acetyl transferase, and finally caused bTBI. 
Therefore, these data suggested that CD28 KO ameliorated brain dam
age caused by chest blast exposure partly through the PI3K/AKT/NF-κB 
signaling pathway. 

5. Conclusion 

In summary, knockdown of the CD28 could reduce the expression of 
inflammation by down regulating PI3K/AKT/NF-κB pathways, thus 
playing a role in protecting brain injury. The CD28 KO targeting PI3K/ 
AKT/NF-κB may have unique pharmacological potential in brain injury 
and is expected to be developed as an inflammatory attenuator. This 
paper provides a new idea for studying the mechanism and treatment of 
chest blast exposure-induced traumatic brain injury. 
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