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Abstract  7 

Sepsis-induced immune paralysis, driven by regulatory T cell (Treg) reduction, is a 8 

major cause of mortality. While A Disintegrin and Metalloproteinase 10 (ADAM10) 9 

overactivation is observed in patients with sepsis, its precise upstream regulation and 10 

role in Treg dysfunction remain unclear. Bioinformatics and clinical data from sepsis 11 

patients revealed a significant inverse correlation between ADAM10 and Treg markers. 12 

Mechanistically, SRC (Steroid receptor coactivator) kinase directly interacted with and 13 

phosphorylated ADAM10, triggering its hyperactivity. This led to excessive shedding 14 

of surface CD25 (sCD25 release), which impaired the IL-2 signaling essential for Treg 15 

differentiation. The SRC inhibitor Dasatinib dose-dependently inhibited ADAM10, 16 

restored CD25 surface expression, and rescued Treg frequency. Critically, this 17 

restorative effect was abolished by an ADAM10 agonist, confirming the specificity of 18 

the SRC-ADAM10 pathway. In septic mice, Dasatinib treatment also significantly 19 

reduced plasma sCD25, increased splenic Tregs, attenuated organ injury, and improved 20 

survival. This study elucidates a novel SRC-ADAM10-CD25 axis driving Treg 21 

reduction in sepsis and identifies Dasatinib as a potential drug repurposing candidate to 22 
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restore immune homeostasis in patients with sepsis. 23 

Keywords: Sepsis · SRC · ADAM10 · Immune Dysregulation · Regulatory T Cells 24 

(Tregs) 25 

 26 
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Introduction 27 

Sepsis is a life-threatening condition characterized by organ dysfunction due to a 28 

dysregulated host response to infection [1]. It represents the leading cause of death in 29 

intensive care units (ICUs) worldwide and is associated with high rates of morbidity 30 

and mortality[2]. The pathogenesis of sepsis is highly complex, fundamentally defined 31 

by a biphasic immunopathological response. In this process, hyperinflammatory and 32 

immunosuppressive states can be activated synchronously, sequentially, or concurrently 33 

[3]. Excessive inflammation coupled with a profound disruption of immune 34 

homeostasis are key drivers of disease progression and poor patient outcomes. Patients 35 

typically present with an initial hyperinflammatory phase, characterized by a 'cytokine 36 

storm' and extensive immune cell infiltration [4]. Crucially, this inflammatory surge is 37 

often accompanied or immediately followed by signs of immune paralysis, a state of 38 

profound immunosuppression [5–7]. Consequently, all current experimental 39 

therapeutic strategies targeting sepsis-induced immune paralysis share a core objective: 40 

to reduce immune cell apoptosis and loss, enhance the recovery of immune cell 41 

populations, and restore their regenerative and functional capacity [8,9]. 42 

 43 

A Disintegrin and Metalloproteinases (ADAMs) are transmembrane proteins that 44 

regulate key cellular processes—including adhesion, migration, proteolysis, and signal 45 

transduction—through their metalloproteinase activity [10]. This activity enables 46 

immune and endothelial cells to cleave and release a wide range of substrates, such as 47 

inflammatory mediators, adhesion molecules, and chemokines [11–13]. In prior work, 48 
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we identified ADAM10 as playing a critical role in sepsis-associated endothelial injury. 49 

Under septic conditions, ADAM10 is markedly overexpressed and hyperactivated, with 50 

its expression and activity levels closely correlating with disease severity [14–17]. 51 

Interactome studies indicate that the cytoplasmic tail of ADAM10 can bind multiple 52 

adaptor proteins and non-receptor tyrosine kinases containing Src homology 3 (SH3) 53 

domains, notably members of the Src family kinases (SFKs) such as SRC, Fyn, and 54 

Lyn [18]. These interactions influence ADAM10 trafficking, localization, and 55 

enzymatic regulation [19]. Bioinformatics analyses further highlight SRC—a core SFK 56 

member—as a key regulatory factor in the pathogenesis of neonatal sepsis [20]. 57 

Although SRC has been shown to directly bind the cytoplasmic domain of ADAM10 58 

in pituitary adenomas, thereby modulating cell proliferation and migration [21], and 59 

although ADAM10 activation via an SRC-dependent pathway has been reported in 60 

pemphigus vulgaris [22], the precise nature and regulatory consequences of the SRC-61 

ADAM10 interaction in sepsis remain poorly understood and warrant further 62 

investigation. 63 

 64 

Regulatory T cells (Tregs) are a specialized population of CD4⁺ T lymphocytes essential 65 

for maintaining immune homeostasis [23,24]. Their core functions include suppressing 66 

excessive immune activation, sustaining immune tolerance, and preventing 67 

autoimmunity [25]. Evidence indicates that Tregs also play a pivotal role in adaptive 68 

immunity during sepsis. In the early inflammatory phase, they help restrain excessive 69 

inflammation, promote bacterial clearance, and mitigate tissue injury [26,27]. However, 70 
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clinical studies reveal a significant reduction in absolute Treg counts in patients with 71 

septic shock and in non-survivors of sepsis [28–31].  72 

 73 

Nevertheless, the upstream mechanisms driving ADAM10 overactivation and their 74 

therapeutic potential remain unclear. Based on the established role of SRC in regulating 75 

ADAM10 and its identification as a sepsis-associated kinase, we hypothesized that 76 

Dasatinib—a clinically approved SRC-family kinase inhibitor—could be repurposed to 77 

block the SRC-ADAM10 axis. This inhibition would be expected to prevent 78 

pathological CD25 shedding and restore Treg homeostasis. To test this, we integrated 79 

clinical analysis, mechanistic rescue experiments, and in vivo sepsis models to validate 80 

the pathway and provide a translational foundation for immunotherapy in sepsis. 81 

 82 

Materials and methods 83 

Peripheral blood mononuclear cells purification and ethical use of human samples 84 

Human peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral 85 

blood of healthy volunteers and patients with sepsis. All experimental procedures 86 

involving human subjects were conducted in accordance with the ethical standards of 87 

the Declaration of Helsinki and were approved by the Medical Ethics Review 88 

Committee of Dongguan First Affiliated Hospital of Guangdong Medical University 89 

(Approval No. SLYJ202506001). Written informed consents were obtained from all 90 

individual participants included in this study. 91 

 92 
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Animals 93 

Specific pathogen-free (SPF) male C57BL/6 mice, aged 5–9 weeks and weighing 20–94 

25 (±0.4) g, were purchased from Beijing SPF Biotechnology Co., Ltd., and used in 95 

this study, which was performed exclusively in males to minimize confounding effects 96 

of estrous cycle-associated hormonal fluctuations on the inflammatory response to 97 

sepsis, a standard practice in cecal ligation and puncture (CLP) models. All mice were 98 

group-housed under controlled environmental conditions with a 12-hour light/dark 99 

cycle, a constant temperature of 22±2 °C, and a relative humidity of 40%-60%. All 100 

animal experimental protocols were approved by Shenzhen Top Biotech Co., Ltd. 101 

Institutional Animal Care and Use Committee, IACUC (TOP-2PZ-GM251208). 102 

 103 

Establishment of cecal ligation and puncture (CLP) sepsis mouse model 104 

Wild-type male C57BL/6 mice were fasted for 12 hours with free access to water before 105 

surgery. Mice were anesthetized to a deep anesthetic state via intraperitoneal injection 106 

of 2% pentobarbital sodium (50 mg/kg). After shaving and disinfecting the abdominal 107 

area, a midline abdominal incision (1–1.5 cm in length) was made, and the cecum was 108 

exposed from the left lower abdomen. The cecum was ligated 0.5 cm below the 109 

ileocecal valve and punctured once back and forth with a 23-gauge needle (2.6 × 65 110 

mm). The cecum was gently squeezed to extrude a small amount of feces, then carefully 111 

returned to the abdominal cavity, and the abdominal wall and skin incisions were 112 

sutured layer by layer. The surgical wound was disinfected with iodine tincture. Each 113 

mouse was administered resuscitation fluid (0.9% NaCl, 37 °C, 50 mL/kg) via 114 
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subcutaneous injection. After anesthesia recovery, mice were allowed free access to 115 

food and water. Postoperatively, the mice were closely monitored for sepsis-related 116 

symptoms, including mental status, food and water intake, respiratory rate, fur 117 

condition, stool characteristics, body temperature changes, and skin temperature. 118 

 119 

Western blotting 120 

Cell samples were centrifuged at 500 g. The supernatant was discarded, and the cell 121 

pellet was lysed in RIPA lysis buffer containing protease inhibitors for 30 min on ice. 122 

The protein concentration of each sample was normalized according to the instructions 123 

of the BCA Protein Assay Kit. Protein samples were separated by SDS-PAGE at 80 V 124 

for 30 min until the sample front entered the separating gel, followed by electrophoresis 125 

at 120 V for 60 min. Proteins were transferred onto PVDF membranes at 400 mA for 126 

35 min. The membranes were blocked with protein-free rapid blocking buffer for 30 127 

min at room temperature, then incubated with primary antibodies at 4 °C overnight. 128 

After washing with TBST, the membranes were incubated with secondary antibodies 129 

for 1 h at room temperature. Protein bands were visualized using an automated 130 

chemiluminescence imaging system (Tanon 5200, Shanghai, China) and quantified 131 

using ImageJ software. 132 

 133 

Flow cytometry analysis 134 

Cells were collected and centrifuged at 500 g at 4 °C for 5 min. The antibodies used 135 

were as follows: Brilliant Violet 510 CD45 (clone 30-F11; BD Pharmingen), Alexa 136 
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Fluor 700 CD3 (clone 500A2; BD Pharmingen), Brilliant Violet 786 CD4 (clone GK1.5; 137 

BD Pharmingen), PerCP-Cyanine5.5 CD8a (clone 53 − 6.7; BD Pharmingen), APC 138 

CD44 (clone IM7; BD Pharmingen), CD62L (clone MEL-14; BD Pharmingen), BD 139 

Horizon Brilliant Blue 515 CD25 (clone PC61; BD Pharmingen), PE-Cyanine7PE IFN-140 

γ (clone XMG1.2; BD Pharmingen) and Brilliant Violet 650 IL-17 A (clone TC11-141 

18H10; BD Pharmingen). For Tregs staining, cells stained with surface molecules were 142 

fixed, permeabilized, and stained intracellularly with Foxp3 using the Transcription 143 

Factor Buffer kit (BD Pharmingen) according to the manufacturer's directions. Finally, 144 

cells were washed three times, fixed with 0.5% paraformaldehyde, and then analyzed 145 

on BD FACS Aria III (BD Biosciences, San Jose, CA, USA). 146 

 147 

In vitro sorting and induction of naïve CD4+ T cells 148 

Spleens were harvested from C57BL/6J mice, and single-cell suspensions were 149 

prepared and centrifuged. The cell pellet was resuspended in red blood cell lysis buffer 150 

for 1 min, then neutralized with 6− 8 mL of culture medium containing 10% fetal bovine 151 

serum (FBS) or PBS, followed by centrifugation to discard the supernatant. The cell 152 

pellet was stained with PE-conjugated anti-CD4 and APC-conjugated anti-CD62L 153 

antibodies at 4 °C for 30 min in the dark, and naïve CD4+ T cells were sorted using a 154 

flow cytometer. After sorting, 0.5 million cells were re-analyzed by flow cytometry to 155 

verify the sorting efficiency. Two hours prior to cell culture, 96-well plates were coated 156 

with PBS containing 1 μg/mL Ultra-LEAF™ Purified anti-mouse CD3ε antibody. After 157 

discarding the coating solution, the wells were filled with RPMI 1640 medium 158 
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supplemented with 1 μg/mL Ultra-LEAF™ Purified anti-mouse CD28 antibody, 50 159 

U/mL IL-2, and 4 ng/mL TGF-β as we previously described.[32] The sorted naïve CD4+ 160 

T cells were seeded into the coated wells at a density of 5×10⁵ cells per well, and 161 

cultured in a 37 °C incubator with 5% CO₂ for 3 d. 162 

 163 

Hematoxylin-Eosin (HE) staining 164 

Mouse tissue samples were harvested and fixed in paraformaldehyde for 24 h. The fixed 165 

tissues were dehydrated through a graded ethanol series (70%, 80%, 90%, 95%, and 166 

100%) for 1− 2 h per step, then embedded in molten paraffin and allowed to solidify. 167 

Paraffin blocks were sectioned into 4− 6 μm thick slices, which were flattened in a 168 

40 °C water bath, mounted onto glass slides, and dried. The sections were stained with 169 

HE, sealed with neutral gum and coverslips, and air-dried. Tissue pathological sections 170 

were scanned and imaged using a digital pathological slide scanner, and tissue damage 171 

was scored. Lung tissue damage was evaluated based on indicators including 172 

pulmonary edema, hyaline membrane formation, hemorrhage, atelectasis, and 173 

inflammatory cell infiltration. Renal tissue damage was assessed by vacuolar 174 

degeneration, renal tubular epithelial edema, tubular atrophy, necrosis, and exfoliation. 175 

A 1− 4 points scoring system was used to determine the severity of lesions, with the 176 

total pathological score calculated by summing the scores of each area based on the 177 

percentage of affected area. 178 

 179 

Immunofluorescence staining 180 
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A square was marked on an immunofluorescence slide using an immunofluorescence 181 

pen, and cells were fixed by adding 200 μL of 4% PFA dropwise into the square. The 182 

slide was blocked with immunostaining blocking buffer for 30 min− 1 h at room 183 

temperature, then washed 3− 5 times with 200 μL of PBS. SRC and ADAM10-specific 184 

polyclonal antibodies were diluted to the appropriate concentration, and the diluted 185 

primary antibody solution was gently added to the cell area on the slide to ensure full 186 

coverage of the cells. The slide was incubated overnight at 4 °C on a shaker, then 187 

washed 3− 5 times with PBS. The cells were incubated with Alexa Fluor 647-188 

conjugated goat anti-rabbit IgG and Cyanine 3-conjugated goat anti-mouse IgG at 4 °C 189 

for 1− 2 h in the dark. After recovering the secondary antibodies, the slide was washed 190 

3− 5 times with 200 μL of PBS, and finally mounted with 20 μL of anti-fluorescence 191 

quenching mounting medium containing DAPI. The slides were scanned and imaged 192 

using a digital pathological slide scanner, and the images were analyzed using ImageJ 193 

software. 194 

 195 

Enzyme-linked immunosorbent assay (ELISA) 196 

The mouse enzyme-linked immunosorbent assay (ELISA) kit was used to 197 

quantitatively detect the level of soluble CD25 (sCD25) in mouse plasma in strict 198 

accordance with the kit instructions, and the absorbance value of each sample was 199 

measured using an iMark microplate reader. 200 

 201 

Statistical analysis 202 
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All experimental data were statistically analyzed and graphed using GraphPad Prism 203 

software (Version 8.0, GraphPad Software, USA). Quantitative data were presented as 204 

mean ± standard deviation (mean ± SD). For normally distributed data, independent 205 

sample t-tests were used for comparisons between groups; for non-normally distributed 206 

data, Mann-Whitney U tests were applied. Chi-square tests were used for the analysis 207 

of categorical data. A P-value < 0.05 was considered statistically significant. 208 

 209 

Results 210 

Elevated ADAM10 expression and decreased Treg cell frequency are present in 211 

both septic patients and mouse models 212 

 213 

To clarify the potential role of ADAM10 in sepsis-associated immune dysregulation, 214 

we first analyzed clinical transcriptomic datasets to characterize the expression patterns 215 

of ADAM10 and Treg-related molecules under septic conditions. Transcriptomic 216 

analysis revealed that, compared with healthy controls, ADAM10 mRNA expression 217 

was significantly upregulated in peripheral blood mononuclear cells (PBMCs) from 218 

septic patients. In contrast, the transcription levels of Treg-associated genes, including 219 

FOXP3, IL2RA, and STAT5, were markedly downregulated, whereas the pro-220 

inflammatory cytokine IL-6 was significantly increased (Fig. 1A). Correlation analysis 221 

further demonstrated that ADAM10 expression was significantly and negatively 222 

correlated with FOXP3, IL2RA, and STAT5, but positively correlated with IL-6, 223 

indicating that aberrant ADAM10 expression is closely associated with Treg 224 
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dysfunction and inflammatory imbalance in sepsis (Fig. 1B). 225 

To validate these transcriptomic findings at the protein level, flow cytometric analyses 226 

were performed on clinical PBMC samples. The results showed that the proportions of 227 

CD4+ CD25+ T cells and CD4+ FOXP3+ Tregs were significantly reduced in septic 228 

patients compared with healthy controls, indicating a pronounced reduction  of Tregs 229 

during sepsis (Fig. 1C). Meanwhile, ADAM10 protein expression in PBMCs from 230 

septic patients was markedly increased, as evidenced by a rightward shift of 231 

fluorescence intensity peaks and a significant elevation of mean fluorescence intensity 232 

(MFI) (Fig. 1D). Consistently, Western blot analysis further confirmed that ADAM10 233 

protein levels were significantly higher in the sepsis group than that in healthy controls 234 

based on quantitative densitometric analysis (Fig. 1E). 235 

To extend these clinical observations to an experimental model, a cecal ligation and 236 

puncture (CLP) mouse model of sepsis was established, and splenocytes were analyzed. 237 

Flow cytometric analysis recapitulated the clinical findings: compared with sham 238 

controls, CLP mice exhibited significantly reduced proportions of CD4+ CD25+ T cells 239 

and CD4+ FOXP3+ Tregs in splenic tissues (Fig. 1F). In line with the human data, both 240 

MFI analysis by flow cytometry and Western blot results demonstrated a significant 241 

upregulation of ADAM10 protein expression in splenic T cells from CLP mice, further 242 

validating the sepsis-associated ADAM10 high-expression phenotype (Fig. 1G-H). 243 

Collectively, these data demonstrate that both septic patients and sepsis mouse models 244 

exhibit pronounced Treg decrease accompanied by synchronous upregulation of 245 

ADAM10 in lymphocytes, suggesting a potential mechanistic link between ADAM10 246 
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dysregulation, Treg impairment, and immune imbalance in sepsis. 247 

 248 

Figure. 1  ADAM10 is upregulated in sepsis and associated with altered Tregs-related signaling. 249 

(A) Scatter plots visualizing the distribution of transcriptional expression levels of ADAM10, 250 

FOXP3, IL2RA, STAT5, and IL6 in peripheral blood mononuclear cells (PBMCs) from healthy 251 
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controls and sepsis patients in the GSE134347 dataset. (B) Correlation scatter plots with fitted lines, 252 

demonstrating the association of ADAM10 transcriptional levels with FOXP3, IL2RA, STAT5, and 253 

IL6 in PBMCs of sepsis patients via Pearson correlation analysis. (C) Flow cytometry (left) and 254 

histogram analysis (right) were performed to detect the proportions of CD4+ CD25+ T cells and 255 

CD4+ FOXP3+ Tregs in PBMCs from healthy controls and sepsis patients. (D) Flow cytometry (left) 256 

and histogram analysis (right) were applied to determine the mean fluorescence intensity (MFI) of 257 

ADAM10 in PBMCs from the above two groups. (E) Western blot (left) and histogram analysis 258 

(right) were used to examine the expression level of ADAM10 protein in PBMCs from healthy 259 

controls and sepsis patients. (F) Flow cytometry (left) and histogram analysis (right) were conducted 260 

to analyze the proportions of CD4+ CD25+ T cells and CD4+ FOXP3+ Tregs in the spleen tissues of 261 

mice from the sham group and cecal ligation and puncture (CLP) group at 12 h post-operation. (G) 262 

Flow cytometry (left) and histogram analysis (right) were employed to detect the MFI of ADAM10 263 

in the spleen tissues of mice from the sham group and CLP group. (H) Western blot (left) and 264 

histogram analysis (right) were utilized to measure the expression level of ADAM10 protein in 265 

splenocytes from the sham group and CLP group. Data were presented as mean ± SEM from at least 266 

three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 267 

 268 

ADAM10 hyperactivation impairs Treg differentiation via proteolytic cleavage of 269 

surface CD25 270 

 271 

To investigate whether ADAM10-mediated CD25(IL-2Rα) cleavage impairs Tregs 272 

generation, we differentiated induced Tregs (iTregs) in vitro under LPS-simulated 273 
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septic conditions in the presence or absence of the ADAM10 inhibitor GI254023X. 274 

Quantification confirmed a significant LPS-induced increase in ADAM10 MFI, which 275 

was effectively reduced by the inhibitor (Fig. 2A). Consistent with enhanced 276 

ectodomain shedding, ELISA measurement of culture supernatants showed that LPS 277 

stimulation significantly elevated soluble CD25 (sCD25) levels. This increase was 278 

markedly suppressed by GI254023X, confirming that ADAM10 activity is responsible 279 

for the pathological release of sCD25 under these conditions (Fig. 2B). Analysis of Treg 280 

populations demonstrated that LPS stimulation significantly reduced the proportions of 281 

both CD4⁺ CD25⁺ T cells and CD4⁺ FOXP3⁺ Tregs compared to PBS controls. 282 

Inhibition of ADAM10 with GI254023X restored these frequencies to near-baseline 283 

levels (Fig. 2C). Together, these findings indicate that ADAM10-mediated proteolytic 284 

cleavage of surface CD25, evidenced by increased sCD25 release, is a key mechanism 285 

impairing Treg generation in vitro during LPS-simulated sepsis. Pharmacological 286 

inhibition of ADAM10 preserved membrane CD25 expression, mitigated functional 287 

impairment, and restored Treg differentiation, identifying ADAM10 as a critical 288 

regulator of Treg homeostasis via CD25 shedding. 289 
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 290 

Figure. 2  ADAM10-mediated cleavage of IL-2Rα regulates downstream Tregs generation. (A) 291 

Flow cytometry (left) and histogram analysis (right) were used to examine the MFI of ADAM10 in 292 

CD4⁺ T cells. (B) Enzyme-linked immunosorbent assay (ELISA) was employed to measure the 293 

concentrations of soluble interleukin-2 receptor α (sIL-2Rα) in culture supernatants, and the 294 

resulting data were statistically analyzed using histograms. (C) Flow cytometry (left) and histogram 295 

analysis (right) were employed to analyze the proportions of CD4⁺ CD25⁺ T cells and CD4⁺ Foxp3⁺ 296 

Tregs. Abbreviations: L, lipopolysaccharide (LPS); LG, LPS + ADAM10 inhibitor GI254023X (G). 297 

Data were presented as mean ± SEM from at least three independent experiments. *P < 0.05, **P 298 

< 0.01, ***P < 0.001, ****P < 0.0001. 299 

 300 
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SRC kinase acts as an upstream activator of ADAM10 through direct interaction 301 

and phosphorylation 302 

 303 

To elucidate the molecular mechanism underlying SRC-mediated regulation of 304 

ADAM10, we systematically investigated their physical interaction, expression 305 

correlation, and functional dependency in sepsis models. First, we performed co-306 

immunoprecipitation (co-IP) assays to test the direct interaction between SRC and 307 

ADAM10. when cell lysates were immunoprecipitated with an anti-SRC antibody, 308 

ADAM10 was readily detected in the precipitated complex. In contrast, no ADAM10 309 

signal was observed in the IgG control group, confirming the specific physical 310 

association between SRC and ADAM10 in cells (Fig. 3A). We next assessed the 311 

functional dependency of ADAM10 on SRC activity. Treatment with increasing 312 

concentrations of the SRC inhibitor Dasatinib prior to LPS stimulation resulted in a 313 

dose-dependent decrease in ADAM10 protein levels. Notably, inhibition of ADAM10's 314 

metalloprotease activity with GI254023X similarly reduced ADAM10 protein 315 

abundance, suggesting that SRC signaling is required for maintaining ADAM10 316 

expression in this context (Fig. 3B). Immunofluorescence staining provided direct 317 

evidence of a molecular interaction, showing distinct co-localization of p-SRC (red) 318 

and ADAM10 (green) signals within the cytoplasm of septic cells (Fig. 3C). This 319 

regulatory axis was further validated in primary CD4⁺ T cells. Dasatinib treatment 320 

induced a dose-dependent reduction in ADAM10 protein levels as measured by western 321 

blot (Fig. 3D). Consistent with this, flow cytometric analysis confirmed a significant 322 
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decrease in ADAM10 mean fluorescence intensity (MFI) in primary CD4⁺ T cells 323 

treated with Dasatinib (Fig. 3E). Collectively, these data demonstrate that SRC kinase 324 

activity is required for ADAM10 upregulation in sepsis. The observed co-localization, 325 

coupled with the loss of ADAM10 expression upon SRC inhibition, establishes SRC as 326 

a direct upstream regulator controlling ADAM10 levels in immune cells during septic 327 

insult. 328 

 329 

Figure. 3  SRC activation mediates ADAM10 expression. (A) Immunoprecipitation using anti-330 

SRC antibody confirmed the interaction between SRC and ADAM10. IgG was used as a negative 331 

control. (B) Western blot (left) and histogram analysis (right) were employed to analyze the protein 332 

expression level of ADAM10 in CD4⁺ T cells from the control group, LPS-treated group (1 μg/mL), 333 

SRC inhibitor Dasatinib-treated groups (1 μmol/L or 100 nmol/L) and ADAM10 inhibitor 334 

GI254023X-treated group (10 μmol/L). (C) Fluorescence microscopy observation of 335 
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phosphorylated SRC (p-SRC, green, Cy3), ADAM10 (red, AF647), and cell nuclei (blue, DAPI) in 336 

Tregs cells. Merged images were presented as composite images integrating the green, red, and blue 337 

channels. Scale bar = 20 μm. (D) Western blot (left) and histogram analysis (right) were used to 338 

determine the protein expression level of ADAM10 in Jurkat cells following 12-hour incubation 339 

with PBS or different concentrations of SRC inhibitor decitabine (1, 10, 20 or 100 nmol/L). (E) 340 

Flow cytometry (left) and histogram analysis (right) were applied to detect the MFI of ADAM10 in 341 

Jurkat cells. Data were presented as mean ± SEM from at least three independent experiments. *P 342 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 343 

 344 

ADAM10 activation abolishes the restorative effect of SRC inhibition, confirming 345 

the SRC-ADAM10-Treg axis 346 

 347 

To definitively confirm that SRC regulates Treg homeostasis exclusively via ADAM10, 348 

we performed a drug intervention rescue experiment: naive CD4⁺ T cells were cultured 349 

under LPS-induced sepsis-like differentiation conditions and treated with the SRC 350 

inhibitor dasatinib (D), with or without concurrent administration of an ADAM10 351 

agonist (I). Analysis of CD25 expression showed that LPS treatment alone significantly 352 

reduced the proportion of CD4⁺ CD25⁺ T cells and CD25 MFI (Fig. 4A). In contrast, 353 

combined treatment with dasatinib (Group L+D) not only effectively restored the LPS-354 

induced loss of CD4⁺ CD25⁺ T cells but also significantly increased CD25 MFI, 355 

accompanied by a marked elevation in ADAM10 MFI. Notably, the concurrent addition 356 

of the ADAM10 agonist (Group L+D+I) completely abrogated the restorative effects 357 
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of dasatinib: both the proportion of CD25⁺ cells and CD25 MFI were reduced to levels 358 

comparable to those in the LPS-only group, and ADAM10 MFI also decreased 359 

accordingly. 360 

This regulatory pattern was precisely recapitulated in Treg differentiation (Fig. 4B): 361 

LPS treatment suppressed the generation of CD4⁺ FOXP3⁺ Tregs and decreased FOXP3 362 

MFI. Dasatinib treatment (Group L+D) restored both the LPS-impaired Treg proportion 363 

and FOXP3 MFI, and also induced a significant increase in ADAM10 MFI. However, 364 

reactivation of ADAM10 with its agonist (Group L+D+I) completely reversed this 365 

restoration: the Treg proportion was reduced to 64.9%, FOXP3 MFI dropped even 366 

below the level of Dasatinib monotherapy, and ADAM10 MFI also decreased 367 

correspondingly. 368 

Taken together, the restorative effects of SRC inhibition on CD25 expression and Treg 369 

differentiation are entirely dependent on the inhibition of ADAM10. The ability of the 370 

ADAM10 agonist to completely abolish the benefits of Dasatinib, coupled with the 371 

dynamic changes in ADAM10 MFI, provides definitive mechanistic evidence that SRC 372 

primarily regulates Treg homeostasis by activating the ADAM10-CD25 axis. 373 
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 374 

Figure. 4  Dasatinib restores Tregs homeostasis by blocking the SRC/ADAM10 signaling axis. (A) 375 

Flow cytometry (left) and quantitative histogram analysis (middle) were used to examine the 376 

proportions of CD4⁺ CD25⁺ T cells in the L, L+D, and L+D+I groups, and histograms (right) were 377 

employed to illustrate the changes in mean fluorescence intensity (MFI) of ADAM10 across these 378 

groups. (B) The same analytical approach was applied to determine the proportions of CD4⁺ Foxp3⁺ 379 

Tregs in the three groups, with concurrent presentation of ADAM10 MFI changes. Representative 380 

flow cytometry plots, quantitative analyses, and MFI statistics for ADAM10 are shown in the figures. 381 

Abbreviations: L, lipopolysaccharide (LPS); L+D, LPS + SRC inhibitor dasatinib; L+D+I, LPS + 382 

dasatinib + ADAM10 agonist IO Data are presented as mean ± SEM from at least three independent 383 

experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 384 

 385 

Dasatinib treatment restores Treg homeostasis and improves survival in sepsis by 386 

selectively targeting CD25 shedding  387 

 388 

To determine whether the beneficial effects of Dasatinib in sepsis are mediated through 389 
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the restoration of Tregs, we evaluated the therapeutic efficacy of Dasatinib in a CLP 390 

model. Mice were administered Dasatinib 30 minutes before CLP surgery and again 6 391 

hours postoperatively (Fig. 5A). Dasatinib treatment significantly reduced ADAM10 392 

expression in splenic CD4⁺ T cells of septic mice, as evidenced by a leftward shift in 393 

fluorescence intensity and a decrease in MFI compared with DMSO-treated CLP 394 

controls (Fig. 5B). This intervention conferred a significant survival advantage, with 395 

over 50% of Dasatinib-treated mice surviving beyond 60 hours, whereas all DMSO-396 

treated CLP mice died within 40 hours (Fig. 5C). ELISA analysis of plasma revealed 397 

that Dasatinib specifically and significantly reduced levels of soluble CD25 (the 398 

cleaved ectodomain of IL-2Rα), without affecting concentrations of soluble IL-2Rβ or 399 

IL-2Rγ subunits (Fig. 5D). Flow cytometric analysis of splenocytes demonstrated that 400 

frequencies of CD4⁺ CD25⁺ and CD4⁺ FOXP3⁺ T cells were significantly higher in 401 

Dasatinib-treated CLP mice compared with CLP controls (Fig. 5E). These findings 402 

confirm the specific selectivity of the SRC-ADAM10 axis for CD25 shedding during 403 

sepsis. 404 

Restoration of immune homeostasis was associated with significantly attenuated end-405 

organ injury. Histopathological assessment showed that Dasatinib treatment 406 

significantly alleviated lung injury (reduced alveolar edema, inflammation, and 407 

hemorrhage) and renal injury (reduced tubular damage and inflammation) compared 408 

with sepsis controls, as quantified by blinded injury scoring (Fig. 5E–F). Collectively, 409 

these in vivo results demonstrate that SRC inhibition by Dasatinib suppresses ADAM10 410 

activity, specifically attenuates CD25 shedding, rescues Treg deficiency, and ultimately 411 
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improves survival and organ function in experimental sepsis. 412 

 413 

Figure. 5  SRC exacerbates immune disorders in septic mice by activating ADAM10. (A) 414 
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Experimental design: Wild-type male C57BL/6 mice were randomly assigned to the CLP group or 415 

the CLP + SRC inhibitor Dasatinib group. Dasatinib (1 mg/kg) was administered 30 minutes before 416 

surgery and 6 hours after CLP, and samples were collected 12 hours following the first dose. (B) 417 

Flow cytometry and histogram analysis were performed to detect the MFI of ADAM10 in splenic 418 

CD4⁺ T cells of mice. (C) Survival rates of mice in each group were compared and analyzed. (D) A 419 

schematic diagram illustrates the hypothetical mechanism of ADAM10-mediated IL-2 receptor 420 

cleavage; concurrently, ELISA was used to measure serum levels of soluble IL-2Rα, IL-2Rβ, and 421 

IL-2Rγ. (E) Flow cytometry (left) and histogram analysis (right) were employed to evaluate the 422 

proportions of CD4⁺ CD25⁺ T cells and CD4⁺ Foxp3⁺ Tregs in the spleens of mice from the CLP 423 

group and CLP + Dasatinib group. (F) Quantitative analysis of histopathological injury scores in 424 

kidney and lung tissues was performed using histograms. (G, H) Representative HE-stained sections 425 

of kidney (G) and lung (H) tissues from each group are presented. Scale bars: upper row, 1.25 mm; 426 

middle row, 100 μm; lower row, 50 μm. Data are presented as mean ± SEM from at least three 427 

independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 428 

 429 

Discussion 430 

Sepsis is defined by profound immune dysregulation, classically presenting as a 431 

biphasic response: an initial hyperinflammatory state followed by a period of 432 

immunosuppression [33]. The acute hyperinflammatory phase, driven by pathogen- and 433 

damage-associated molecular patterns (PAMPs/DAMPs) via pattern recognition 434 

receptors (PRRs), is characterized by a cytokine storm involving TNF-α, IL-1β, IL-6, 435 

and others, leading to clinical manifestations such as fever, shock, and organ failure 436 
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[34–36]. While this response is essential for pathogen clearance, its dysregulation 437 

causes collateral tissue damage and accelerates disease progression [37]. Regulatory T 438 

cells (Tregs), a specialized CD4⁺ T cell subset, are critical for maintaining immune 439 

homeostasis by suppressing excessive or pathological responses [38]. They function 440 

through multiple mechanisms,, including cell-contact inhibition, secretion of anti-441 

inflammatory cytokines (e.g., IL-10, TGF-β), and direct cytolysis [39–43]. In sepsis, 442 

Tregs help restrain early inflammation and mitigate tissue injury [27]. However, Treg 443 

deficiency is a hallmark of sepsis and other inflammatory diseases, contributing to 444 

immune paralysis [44–47]. As an IL-2-dependent population, Treg survival hinges on 445 

high-affinity IL-2 signaling via the CD25 receptor (IL-2Rα) [48,49], whereas low dose 446 

of IL-2 is also crucial for Treg induction and expansion [50–52]. Our study elucidates 447 

a novel mechanism for Treg loss in sepsis: ADAM10-mediated proteolytic cleavage of 448 

surface CD25, which disrupts this vital survival signal. 449 

 450 

ADAM10 activity is tightly controlled by post-translational modifications and protein-451 

protein interactions. Stimuli such as those in sepsis can rapidly activate ADAM10, often 452 

involving its recruitment to specific membrane microdomains [53,54]. Key regulators 453 

are proteins containing Src homology 3 (SH3) domains, which bind to proline-rich 454 

motifs on the ADAM10 cytoplasmic tail to modulate its trafficking and activity [55,56]. 455 

For instance, the kinase SRC, which contains an SH3 domain, can direct ADAM10 456 

localization within lipid rafts, thereby influencing substrate specificity [57]. Prior work 457 

has shown that the phosphatase PP2A promotes Treg generation by inhibiting ADAM10 458 
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[58]. Conversely, we demonstrate that SRC kinase activates ADAM10, leading to CD25 459 

shedding and subsequent Treg depletion, thereby exacerbating septic pathogenesis.  460 

 461 

Dasatinib, an FDA-approved SRC-family kinase inhibitor used in leukemia [59,60], 462 

has documented immunomodulatory effects, including attenuation of TNF-α 463 

production and lung injury in inflammatory models [61,62]. We therefore investigated 464 

its potential to restore immune balance in sepsis. Our findings confirm that Dasatinib 465 

suppresses the SRC-ADAM10 axis, prevents CD25 cleavage, and rescues Treg 466 

differentiation and function in vitro and in vivo. In the CLP model, Dasatinib treatment 467 

improved survival, reduced organ injury, and specifically lowered plasma soluble CD25 468 

levels without affecting other IL-2 receptor subunits, highlighting the pathway's 469 

selectivity. 470 

 471 

This study provides several key advancements. First, it identifies SRC-dependent 472 

phosphorylation as a critical post-translational mechanism activating ADAM10 in 473 

sepsis, addressing a significant gap in understanding its upstream regulation. Second, it 474 

establishes a novel link between a central kinase signaling pathway (SRC) and adaptive 475 

immune regulation (Treg homeostasis), revealing important cross-talk within the septic 476 

immune microenvironment. Our work aligns with and extends recent insights into Treg 477 

fragility, including the roles of FOXP3 and mitochondrial regulators like Mcl-1 in Treg 478 

survival [63,64].  479 

 480 
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From a translational perspective, our data support the concept of drug repurposing for 481 

sepsis immunotherapy. Dasatinib, by specifically inhibiting the SRC-ADAM10 axis, 482 

offers a targeted strategy to restore the ‘immune brake’(Tregs) lost during sepsis. This 483 

approach of preventing a key receptor's shedding contrasts with broad 484 

immunosuppression and may help recalibrate the dysregulated immune response. 485 

Translating these findings to the clinic requires careful consideration of dosing and 486 

safety. The Dasatinib dosage used in our murine CLP model (1 mg/kg) approximates a 487 

human equivalent dose (HED) of 81 μg/kg, calculated based on body surface area, 488 

which falls within the range of doses used clinically for chronic myeloid leukemia. 489 

However, sepsis presents a distinct and dynamic pathophysiology. The profound 490 

immune dysregulation and frequent organ dysfunction in septic patients necessitate a 491 

rigorous re-evaluation of the risk-benefit profile. Known side effects of Dasatinib, such 492 

as pleural effusion, immunosuppression, and potential myelosuppression, could be 493 

exacerbated in the critical care setting. Therefore, future preclinical studies must 494 

establish an optimal therapeutic window for sepsis, balancing immunomodulatory 495 

efficacy with toxicity. Initial clinical exploration might involve lower doses or 496 

shortened treatment courses compared to oncology protocols, with stringent monitoring 497 

for infection control and organ function. 498 

 499 

Our study is subject to several important limitations. First, although 500 

immunofluorescence suggests an association, direct evidence of a physical interaction 501 

between SRC and ADAM10—such as co-immunoprecipitation—and the mapping of 502 
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specific phosphorylation sites on ADAM10 by SRC are required to fully substantiate 503 

the proposed regulatory mechanism. Second, the functional consequences of the SRC-504 

ADAM10 axis were examined primarily in Tregs. Its effects on other immune cell 505 

subsets and their potential crosstalk with Tregs in the septic microenvironment remain 506 

unexplored. Third, the clinical correlation data presented are cross-sectional. 507 

Longitudinal studies tracking the dynamics of this axis throughout the course of sepsis 508 

and recovery are needed to establish its prognostic or monitoring utility. Two further 509 

limitations warrant specific emphasis. First, while the pharmacological rescue 510 

experiment with an ADAM10 agonist strongly implicates the pathway, definitive 511 

genetic evidence—such as from T cell-conditional SRC or ADAM10 knockout 512 

models—is absent. Such approaches would conclusively demonstrate the cell-513 

autonomous necessity of this axis in sepsis-induced Treg depletion. Second, and most 514 

critically for translational relevance, all interventional efficacy data originate from 515 

preclinical murine models. The profound complexity of human sepsis, encompassing 516 

diverse comorbidities, ages, pathogens, and immune histories, cannot be fully 517 

replicated in mice. Consequently, the therapeutic potential and safety of targeting the 518 

SRC-ADAM10 axis in septic patients remain to be established in clinical trials. 519 
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