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Abstract 34 

Rationale: Myeloid-derived suppressor cells (MDSCs) play a critical role in inducing T-cell 35 

lymphopenia in sepsis, and the highly heterogeneous MDSCs necessitate the identification of 36 

key molecules within these cells. 37 

Methods: By integrating bulk and single-cell transcriptomic sequences, we identified the  38 

critical molecular and MDSC subpopulation in pneumonia-induced sepsis (PIS) models. 39 

Through fluorescence-activated cell sorting (FACS) technology, we isolated the primary target 40 

subset to evaluate its immunosuppressive potential via T-cell proliferation assays, and 41 

investigate the underlying cellular and molecular mechanisms. To assess the immunological 42 

consequences of molecular interventions (pharmacologic blockade and shRNA-medaited 43 

knockdown), we employed a “two-hit” experimental model to monitor T-cell-aassociated 44 

immune responses and hosts’ outcomes following secondary infection. Futhermore, we 45 

collected and analyzed clinical samples to support of translating the cellular and molecular 46 

concept to human context. 47 

Results: We confirmed the specific enrichment of arginase-2 (ARG2) in CXCR2Hi MDSCs, 48 

which expanded during sepsis and drove immunosuppression via ARG2-mediated arginine 49 

depletion. The blockade of ARG2 and arginine supplements improved the proliferation and 50 

decreased apoptosis of CD4+ T cells. In PIS models, both ARG2 inhibition and knockdown 51 

regained CD4+ T cells in lung and bone marrow sites, thus enhancing host’s resistance to 52 

secondary infections caused by opportunistic pathogens. Further mechanistic investigations 53 

indicated p38-MAPK as a critical regulator of the protein stability of the immunosuppressive 54 

molecule ARG2 in CXCR2Hi MDSCs, particularly in response to lipopolysaccharide (LPS) 55 

stimulation. In the human context, we revealed that CXCR2Hi MDSC increased in peripheral in 56 

septic patients and correlated significantly to lymphopenia and elevated ARG2 levels.  57 

Conclusions: Sepsis stimulated p38-MAPK signaling and expanded ARG2-enriched CXCR2Hi 58 

MDSCs to mediate septic lymphopenia via arginine depletion. The ARG2 inhibition restored 59 

T-cell immunity against secondary infection in septic immunosuppressed hosts. These findings 60 

identified CXCR2Hi MDSC-derived ARG2 as a promising target of immune enhancement 61 

therapy in sepsis.  62 

 63 

Keywords: single-cell RNA sequencing, septic lymphopenia, myeloid-derived suppressor 64 

cell, T cell, arginase 2 65 

 66 



  

 

3 

 

 

Introduction 67 

Sepsis is a syndrome of life-threatening organ dysfunction caused by the host’s systemic 68 

inflammatory and dysregulated immune responses to infection [1]. Despite the standard 69 

implementation of timely antibiotics and fluid resuscitation since the 1990s [2], the mortality 70 

rate of septic patients remains as high as 20-30%, accounting for 20% of all global deaths 71 

annually [3]. The failures of therapeutic strategies that target excessive inflammation in clinical 72 

trials, coupled with the deepening understanding of the immune system's central role in septic 73 

pathology [4], underscores the urgent need for novel immunotherapeutic approaches. These 74 

innovative treatments hold the potential to significantly reduce the persistently high mortality 75 

rates associated with sepsis worldwide. The World Health Organization's designation of sepsis 76 

as a global health priority in 2017 [5] further emphasizes the imperative for new solutions that 77 

address the complex immunological challenges posed by this condition. 78 

Sepsis is marked by a profound disruption of both innate and adaptive immunity, often 79 

leading to a transition from an initial hyperinflammatory state to a subsequent 80 

immunosuppressive state, characterized by persistent lymphopenia—a condition associated 81 

with increased susceptibility to secondary infections and higher mortality rates in septic patients 82 

[6-8]. Despite the recognition of lymphocyte apoptosis, particularly of CD4+ T cells, as a key 83 

process in septic lymphopenia, the intricate mechanisms driving this phenomenon are not fully 84 

elucidated. Studies have demonstrated lymphocyte apoptosis in both cellular and animal models 85 

induced by gram-negative bacteria-derived LPS [9], as well as in septic patients [10, 11]. Early 86 

strategies aimed at mitigating septic progression by inhibiting apoptotic signaling pathways 87 

were thought to be promising [12]. However, the multifaceted physiological roles of caspases, 88 

which are central to apoptosis, have complicated the development of targeted therapies, as their 89 

inhibition could interfere with vital cellular processes [13, 14]. Consequently, further research 90 

is needed to explore the cellular and molecular mechanisms underlying septic lymphopenia to 91 

uncover potential therapeutic targets.  92 

In the context of infectious diseases, including mycobacterium tuberculosis, klebsiella 93 

pneumoniae (K.p), and staphylococcus aureus [15-17], the emergence of MDSCs from 94 

immature myeloid cells during emergency granulopoiesis has been linked to lymphopenia and 95 

immunoparalysis. MDSCs are known to produce a variety of immunosuppressive mediators, 96 

such as arginase-1 (ARG1) and nitric oxide, which deplete L-arginine, an essential metabolite 97 

for T-cell proliferation [18]. Additionally, MDSCs can express programmed death 1 ligand 98 

(PD-L1), contributing to T-cell exhaustion and dysfunction through interactions with 99 
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programmed cell death protein 1 (PD-1) on T cells [19]. Clinical studies have consistently 100 

shown an expansion of MDSCs following sepsis, with a correlation between increased MDSC 101 

proportions or numbers and disease severities, as well as the incidence of secondary infections. 102 

The emergence of MDSCs is shaped by diverse factors, including pathogen types, infection 103 

sites, and the host's immune state [20], leading to a heterogeneous population with diverse 104 

immunophenotypes and molecular functions. In a clinical study, both monocyte-derived 105 

MDSCs (M-MDSCs) and granulocyte-derived MDSCs (G-MDSCs) accumulated in septic 106 

patients, but only the increase in G-MDSCs was associated with secondary infections and sepsis 107 

reoccurrence [21]. This suggests that the immunosuppressive mechanisms of MDSCs are not 108 

uniformly activated; instead, their impact is determined by the predominant MDSC subtype, 109 

the pathological context, and the specific immunosuppressive site. Thus, our study aimed to 110 

characterize and investigate the functional subtypes of MDSCs during the progression of PIS, 111 

which can be recognized as potential therapeutic targets.  112 

In this study, we identified ARG2-enriched CXCR2Hi MDSCs as a pivotal 113 

immunosuppressive subset in a K.p-induced PIS model. Following PIS, this subset accumulated 114 

in the lung and bone marrow (BM), mediated arginine starvation in an ARG2-dependent 115 

manner, further suppressing CD4+ T cell proliferation and survival. In septic patients, this 116 

subset significantly expanded in the peripheral blood, exhibiting significant positive 117 

correlations with neutrophils and negative correlations with lymphocytes. Utilizing a “two-hit” 118 

mouse model, we demonstrated that pharmacological blockade and in vivo knockdown of 119 

ARG2 enhanced T cell immune responses against secondary infections by restoring CD4+ T 120 

cells, reducing bacterial loads and improving survival rates. Our findings underscore the role 121 

of ARG2-enriched CXCR2Hi MDSCs in the pathogenesis of septic lymphopenia and propose 122 

ARG2 as a promising therapeutic target for immunomodulation in sepsis. 123 

 124 

Methods 125 

Bacteria strains 126 

The highly virulent K.p strain ATCC 43816 was purchased from the American Type Culture 127 

Collection. The clinical strain F132, a sequence type 11 carbapenemase-producing Klebsiella 128 

pneumoniae (CP-Kp) strain with extensively drug resistant phenotype [22], was isolated 129 

from an ICU-ward inpatient with nosocomial infection and used to induce secondary 130 

opportunistic infections in the two-hit model. Both strains were cultured in a lysogeny broth 131 

medium in the biosafety level 2 laboratory. 132 
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Animal models 133 

Specific pathogen-free (SPF) c57BL/6 mice aged 7-9 weeks were purchased from the Xiamen 134 

University Laboratory Animal Center, Xiamen, China. All experiments used female c57BL/6 135 

mice to maintain relatively hormonal consistency when studying lymphopenia dynamics. The 136 

mice were healthy and were housed in individually ventilated cages for one week’s habituation 137 

before experiments, with standard feeding conditions of temperature (23 ± 3 °C), relative 138 

humidity (55 ± 5%), and a 12-h light/dark cycle. The animal project has been reviewed and 139 

approved by the Ethics Committee of Laboratory Animals of Xiamen University (Approval 140 

number: XMULAC20210021). 141 

The lethal pneumonia-associated sepsis mice model was established according to the 142 

previous study [23]. Briefly, after anesthetization with tribromoethanol (250 mg/kg), mice 143 

were intratracheally inoculated with K. p strains ATCC43816 (about 1 × 104 colony-forming 144 

units) to induce the pneumonia onset and the progression to sepsis. At given time points, the 145 

anticoagulated peripheral blood (PB) and BM cells were harvested, which were then slowly 146 

spread onto the 1.084 g/mL Ficoll medium (GE, 17-5446-02) and centrifuged at 350 × g for 147 

30 min at 20 °C to obtain low-density PB and BM cells. This was followed by erythrocyte 148 

lysing with ACK lysis buffer (Sbjbio, BL-O51) at room temperature (RT) and cell washing 149 

with pre-chilled PBS buffer, adding 2% fetal bovine serum (FBS). The viability of retained 150 

cells was assessed using trypan blue under microscopy. After assuring that the cell viability 151 

was more than 88%, isolated PB and BM samples were stored in liquid nitrogen for single-152 

cell sequencing. To approximate the clinical scenario of human sepsis, where secondary 153 

infections often occur following a period of immunosuppression, mice were treated with the 154 

antibiotic levofloxacin (Selleck, S1940, 15 mg/kg) at 48 and 72 h post-infection. This 155 

treatment allowed the mice to survive until Day 6, when they were subjected to a secondary 156 

infection with the clinical strain F132 at the inoculum dose of 1×10⁷ CFU, the highest 157 

tolerated dose for healthy mice (Figure S6J).  158 

 159 

Adeno-associated virus (AAV) delivery 160 

A recombinant adeno-associated virus (AAV2/8) for the knockdown of ARG2 in CD11b+ 161 

cells was purchased from OBiO Technology (Shanghai, China). Each mouse was treated with 162 

50 μL of 3 × 1011 viral genome copies AAVs via the tail vein, in which AAV2/8-CMV-163 

mCherry-FLAG-WPRE was CMV-mCherry group and AAV2/8-CD11b promoter-mCherry-164 

mir30shRNA-WPRE was CD11b-shArg2-mCherry group. After 4 weeks of AAVs injection, 165 
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BM cells were collected for the verification of ARG2 knockdown and the subsequent in vivo 166 

experiments were initiated. 167 

 168 

Human samples  169 

The ethics approval for human samples was authorized by the ethics committee of the School 170 

of Medicine, Xiamen University (Approval number: XDYX202302K06). All subjects or 171 

their guardians provided informed consent before sample collection. The peripheral blood 172 

samples were collected from age- and gender-matched healthy volunteers (n = 5), pneumonia 173 

patients (n = 12), and septic patients (n = 10) in Xiang’an Hospital of Xiamen University 174 

from October 10, 2023 to April 20, 2024 (Table S6). According to the Sepsis 3.0 definition, 175 

sepsis was confirmed by infectious diagnosis and sequential organ failure assessment (SOFA) 176 

score of two points or more [1]. For pneumonia, patients were diagnosed by criteria of 177 

community-acquired pneumonia in terms of symptoms, physical signs, chest radiography, 178 

and laboratory tests [24]. The exclusion criteria included those under 18 years, pregnant, 179 

hematological malignancies, and those who received immunosuppressive therapy in the past 180 

15 days. A total of 2-4 mL of EDTA-anticoagulated blood was collected within 72 h of 181 

hospitalization and treated within 24 h. After centrifugation at 1, 500 rpm for 10 min, the 182 

plasma and leukocyte were retained and frozen in liquid nitrogen until use.  183 

 184 

Pathological evaluation 185 

Lung, liver, and kidney tissues were harvested and fixed in 4% paraformaldehyde (PFA, 186 

Greagent, 30525-89-4) for 72 h at RT for pathological evaluation. For hematoxylin and eosin 187 

(H&E) staining, fixed tissues were dehydrated in graded alcohol and embedded in paraffin 188 

wax followed by preparation of 5 µm thickness of tissue slices, dewaxing, and H&E staining. 189 

At last, the tissue histopathology was captured by an automatically scanning microscope 190 

Motic VM1 (Motic, China) with magnifications from 20 to 200 times. 191 

For micro-CT imaging, the 4% PFA was first injected endotracheally to inflate the lung. 192 

Then, the entire cardiopulmonary tissue was collected and fixed in 4% PFA for 24 h, and 193 

immersed in 97% ethanol for 72 h. When imaging, the samples were dried on gauze at room 194 

temperature. Setting X-ray parameters of 80 kV voltage and 12 µm adequate pixel size, 195 

micro-CT images were acquired by SKYSCAN 1272 (Bruker, Belgium). Next, CT images 196 

of individual samples were reconstructed using the NRecon software. The final images were 197 

displayed and exported by the Data Reviewer software. 198 
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Bulk-RNA sequencing and analysis 199 

Total RNA was extracted from 1×106 cells using the TRIzol reagent. The sample was 200 

quantified using the NanoDrop spectrophotometer (Thermo Fisher Scientific, USA), and 201 

RNA integrity was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies, 202 

USA). The samples with an RNA integrity number (RIN) value ≥ 7 were kept to library 203 

construction and sequencing with the PE100 strategy (BGISEQ, China). Differentially 204 

expressed genes (DEGs) were identified from the gene expression matrix by the “DESeq2” 205 

package, with criteria of |log2FC| > 1 and false discovery rates (FDR) < 0.05. DEGs were 206 

conducted for the enrichment analysis through the “clusterProfiler” package based on the GO 207 

database. Then enriched items were eliminated redundancy and visualized via Revigo [25]. 208 

The RNA sequencing data was deposited in the China National Center for Bioinformation 209 

platform by access number CRA015979. 210 

 211 

Single-cell RNA sequencing, pre-processing, and clustering 212 

In brief, individual cells were determined and captured by 10× Genomics-based droplet 213 

sequencing technology. Library construction was performed with the single cell 3’ library kit 214 

(10× Genomics, 1000268) following the manufacturer’s instruction and sequenced with 215 

paired-end reads through the MGISEQ-2000RS (BGISEQ, China). Then the reads were 216 

mapped to the mouse genome mm10 with default parameters. 217 

Based on the strict quality control procedure, low-quality cells in single-cell datasets were 218 

identified and filtered out as follows: (1) cells with less than 200 genes or greater than 90% 219 

of the maximum quantity of detectable genes, (2) cells with more than 15% proportion of 220 

mitochondrial unique molecular identifiers (UMI). Following the removal of these low-221 

quality cells, PB and BM Seurat objects contained 26,088 and 30,171 cells, respectively, for 222 

subsequent analysis. According to the standard pre-processing workflow by “Seurat” 223 

package[26], filtered UMI counts were firstly normalized by “ScaleData” function with a 224 

scaling factor of 10,000. Next, the 2,000 highly variable genes generated by the 225 

“FindVariableFeatures” function were subjected to principal component analysis (PCA) by 226 

the “vst” method of “FindNeighbors” function. The “ElbowPlot” function was used to 227 

determine the appropriate number of principal components for cell clustering. The 228 

subpopulations were then yielded from cell clustering by the uniform manifold 229 

approximation and projection (UMAP) method of “FindClusters” function when setting 230 

resolution = 0.8, which were further annotated identities in manual with typical cell-type 231 
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markers and displayed in two-dimension space. With the “FindMarkers” function, DEGs 232 

among subpopulations and disease groups were obtained when setting log2FC > 0.25, 233 

minPct > 0.1, and Padj < 0.05. The single-cell RNA sequencing data was available on the 234 

GEO platform by access number GSE262512. 235 

 236 

Cell communication analysis 237 

To infer possible cell-cell communication molecules, we conducted cell interaction analysis 238 

based on the “Cellchat” [27], a recognized repository that included signaling molecules and 239 

preset algorithms involving receptor-ligand interactions. The communication probability was 240 

estimated based on the average expression of ligand-receptor pairs in the normalized single-241 

cell matrix. A p < 0.05 in the permutation test was considered interaction significant. 242 

 243 

External Databases analysis 244 

To investigate the clinical relevance of the ARG2 enriched MDSC subset, we further analyzed 245 

public bulk- and sc-RNA sequencing datasets from clinical patients, which were downloaded 246 

from GEO (GSE186054, GSE136200, GSE5273, GSE28750, GSE655682, GSE57065, 247 

GSE54154, GSE63042) and ArrayExpress (E-MTAB-4421) databases (Table S3). Before 248 

analysis, the gene expression matrix in each dataset was log-transformed and normalized. The 249 

relative log expression (RLE) was used for quality control [28]. The receiver operating 250 

characteristic (ROC) curves were obtained with the “pROC” package, while area under curve 251 

(AUC) values were applied to assess the diagnostic value of the gene set representing the target 252 

subset. The odds ratio (OR) for 28-day mortality was calculated via the Logistic univariate 253 

regression in “survival” and “survminer” packages. The |OR| > 1 and p < 0.05 were considered 254 

as judgement criteria of risk factors. 255 

 256 

Flow cytometric sorting and analysis 257 

BM cells were sterilely harvested from femurs and tibias of c57BL/6 mice and processed with 258 

a 70 µm strainer (Biosharp, BS-70-XBS). The erythrocytes were lysed with ACK lysis buffer. 259 

The cells were then resuspended at 1 × 106/mL, followed by blocking with anti-mouse FcR 260 

reagent (Miltenyi, 130-092-575) at 4 °C in the dark for 15 min. After centrifugation at 300 g 261 

for 5 min at 4 °C and washed once with PBS, cells were incubated on ice for 40 min in flow 262 

cytometry staining buffer (PBS adding 1% FBS and 1 mM EDTA) with a combination of 263 

fluorescently labeled antibodies as follows: APC-CD11b (BioLegend, 101212), PE-Gr1 264 
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(Proteintech, PE-65140), and PE/Cyanine7-CXCR2 (CD182) (BioLegend, 149315). The BM 265 

cells were sorted by MoFlo Astrios EQS (Beckman Coulter, USA) or analyzed by CytoFlex 266 

LX cytometer (Beckman Coulter, USA). For CD4+ T cell analysis, cells from bronchoalveolar 267 

lavage fluid (BALF), spleen, blood, and BM were stained with fluorescently labeled antibodies 268 

to APC-CD3 (BioLegend, 100236), PE-CD4 (BioLegend, 100406), PE/Cyanine7-CD4 269 

(Elabscience, E-AB-F1097H), FITC-Annexin V (Beyotime, C1062S), and DAPI (Sigma-270 

Aldrich, D9542, 4 μg/mL).  271 

For clinical sample analysis, the thawed leukocyte was cultured overnight at 37 °C and 5% 272 

CO2 in RPMI 1640 medium (Gibco, 11875101) adding 10% FBS (Gibco, A5670501). On the 273 

second day, cells were collected and adjusted to a concentration of 1 × 106/mL. After blocking 274 

nonspecific binding by anti-human FcR (CD16/CD32) antibodies (BioLegend, 422302), cells 275 

were surfaced stained with fluorescently labeled antibodies to APCH7-HLA-DR (BD, 561358), 276 

BB515-CD33 (BD, 564588), PECy7-CD11b (BD, 557743), and PE-CXCR2 (BioLegend, 277 

320705) in 200 μL of flow cytometry staining buffer on ice for 40 min. Next, the cells were 278 

washed with PBS and stained with fixable viability Stain 700 (BD, 564997, AF700) in the dark 279 

at room temperature for 10 min. Finally, the cells were washed again and resuspended in a PBS 280 

buffer for flow cytometry analysis. For each sample, at least 10, 000 events were recorded and 281 

processed via FlowJo software v10.  282 

 283 

T-cell proliferation assays 284 

Activated T-cell proliferation capacities were suppressed by BM-derived MDSCs. T cells were 285 

sorted from splenocytes of healthy c57BL/6 mice by the CD3 marker and stained with 2 μM 286 

5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE, BestBio, BB-4211) in PBS at 37 ℃ 287 

for 10 min following the manufacturer’s instructions. The RPMI 1640 medium with 10% FBS 288 

was added to stop the staining process. After placing on ice for 5 min and washing, CFSE-289 

labelled T cells were seeded in U-bottom 96-well plates at 2 × 105 cells/well in the presence of 290 

5 μg/ml CD3ε (BioLegend, 100339) and 5 μg/ml CD28 (BioLegend, 102115) antibodies for 3 291 

days, with the co-culture of BM-derived MDSCs at the ratio of 1:1 or 2:1. The suppressive 292 

efficiency of T-cell proliferation was then determined by flow cytometry based on the 293 

fluorescence strength of CFSE. The BEC hydrochloride (MedChemExpress, HY-19548A, 294 

0.625-10 μM) and L-arginine (MedChemExpress, HY-N0455, 100 μM) were utilized to inhibit 295 

the suppressive capabilities of MDSCs. 296 

 297 
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Cytokine and arginine measurement  298 

Concentrations of arginine (Cloud-Clone Corp, CEB938Ge), arginase-2 (Shanghai YSRIBIO 299 

industrial co., LTD., CS-3226E),  and cytokines (all purchasing from ABclonal) included IFN-300 

γ (RK00019), IL-4 (RK00036), IL-17A (RK00039), IL-6 (RK00008), IL-10 (RK00016), and 301 

CXCL2 (RK04208) were measured through enzyme-linked immunosorbent assay according to 302 

instructions of commercial ELISA kits. The concentrations were examined at 450 nm 303 

wavelength of absorbance in the Mutiskan SkyHigh microplate reader (Thermo Fisher 304 

Scientific, USA) and computed based on standard curves (R2 > 0.99). 305 

 306 

Quantitative real-time PCR (RT-PCR) 307 

Total RNA was extracted from 1 × 106 cells with 1 mL TRIzol reagent (Beyotime, R0016). The 308 

cDNA was synthesized from 500 ng RNA using Evo M-MLV master mix (Accurate 309 

Biotechnology, AG11706) by the reverse transcription procedure. The RT-PCR procedure was 310 

achieved by using a thermal cycle meter (BIO RAD CFX96, USA) and the SYBR Green premix 311 

reagent (Accurate Biotechnology, AG11701). Based on the 2-ΔΔCT method, mRNA quantities 312 

were normalized to housekeeping gene Gapdh and finally displayed as relative expression 313 

levels. The primer sequences of mouse species used in this study were listed in Table S7. 314 

 315 

Western blot 316 

At least 20 μg proteins were separated in precast gradient gels by SDS-PAGE electrophoresis 317 

and transferred onto methanol-activated PVDF membranes (Merck Millipore, ISEQ00010). 318 

The PVDF membranes were then incubated with primary antibodies at 4 °C overnight and 319 

subsequent with HRP-goat anti-rabbit (Proteintech, RGAR001) or HRP-goat anti-mouse  320 

(Proteintech, SA00001-1) secondary antibodies (1:10000) at RT for one hour. After washing 321 

three times with TBST buffer, the chemiluminescent substrate was laid on PVDF membranes, 322 

and target proteins linked to primary antibodies were visualized with the chemiluminescence 323 

imaging system Azure C300 (Azure Biosystems, USA). Primary antibodies applied in this 324 

study included Actin (81115-1-RR, 1:5000), ARG2 (14825-1-AP, 1:2000), phospho-p38 325 

(28796-1-AP, 1:1000), and p38 (66234-1-Ig, 1:1000) purchasing from Proteintech, as well as 326 

ARG1 (A4923, 1:2000) and PD-L1 (A11273, 1:1000) purchasing from ABclonal. 327 

For cell stimulation experiments, sorted CXCR2Hi MDSCs were seeded in six-well plates 328 

(LABSELECT, 11110) at 2 × 106 per well and treated with 1 μg/mL LPS (Sigma-Aldrich, 329 

L2880) or 10 ng/mL IFN-γ (ABclonal, RP01070) for 5 h. The JSH-23 (TargetMol, USA, 330 

https://www.baidu.com/baidu.php?url=0f00000uEDLSpLgiC6E8JcxMDN2IkRTeGVy4sP-ErbGmal7iSoAy_QwEb3hqdQL3zZcgNdqKyy0qQU3_8V7X0OxTW0LCnD-xCKNhY0o1pqg7Hfs2uSwujk69h8kT6LWVybpOiuL3NwMj1Ootyd0acBoHBTh871a6zVa74xVHzbox9gEdpVKVxq3KpOQljS7Y0-CzRVNwSWbzyq3qvzWWv5A-cgeg.7Y_NR2Ar5Od663rj6tV2UCpblRqArunTxFKnh7vhqtHnNj5lpagkwsn1pMknkG14nenvoFMqPKQ3_qyji17MJxZ1yFBEIuu3q-xuz4QryeR_nYQAe_tX26.U1Yk0ZDqfgFMn6Kspynqn0KsTv-MUWdbujf3n1KhuhD4mycYm1u-PWbsPWTsnhmLPW6dnjN9PfKY5y7zu1c0pyYqnWcd0ATqTZnz0ZNG5yF9pywdUAY0TA-b5HR0mv-b5HTs0AdY5HDsnH-xnW0dnNtknjDLg1csPWc0pvbqn0KzIjY1nHm0mhbqnHR3g1csP7tdnjn0UynqnH0krNtznjRkg1DsnHIxnW6knWcdPjmvPWD0TgKGujYs0Z7Wpyfqn0KzuLw9u1Ys0A7B5HKxn0K-ThTqn0KsTjYs0A4vTjYsQW0snj0snj0s0AdYTjYs0AwbUL0qn0KzpWYs0Aw-IWdsmsKhIjYs0ZKC5H00ULnqn0KBI1Ykn0K8IjYs0ZPl5fK9TdqGuAnqTZnVuLGCXZb0pywW5R9rf6KspZw45fKYmgFMugfqPWPxn7tkPH00IZN15HRYrj6vn1TvPjc4rHcsPWR1Pjm0ThNkIjYkP1nzP1DkP1cLP1bs0ZPGujd-uyfLrjfLnH0snjDvnWwB0AP1UHY4wWmdrRFAf1f1nWuaP1bY0A7W5HD0TA3qn0KkUgfqn0KkUgnqn0KlIjYs0AdWgvuzUvYqn7tsg1Kxn0Kbmy4dmhNxTAk9Uh-bT1Ysg1Kxn7ts0ZK9I7qhUA7M5H00uAPGujYs0ANYpyfqQHD0mgPsmvnqn0KdTA-8mvnqn0KkUymqn0KhmLNY5H00pgPWUjYs0A7buhk9u1Yk0Akhm1Ys0AwWmvfq0Zwzmyw-5Hm1njcsn6KBuA-b5Hf1wbnsnWf1rHwKfWfvfH0LnHDYwjm3PYnzPH04PWwA0AFY5H00Uv7YI1Ys0AqY5H00ULFsIjYsc10Wc10Wnansc108nj0snj0sc10WwDuRc10WQinsQW0snj0snankQW0snj0snansc10Wna3snj0snj0Wnansc10Wnansc10Wn0KBmy4omyPW5H0Wnansc100XZPYIHYvPHDsn10Y0Z7xIWYsQW6Lg108njKxna3sn7tsQW6Lg108PH9xn7tsQWR3g100mMPxTZFEuA-b5H00ThqGuhk9u1Ys0APv5fKGTdqWTADqn0KWTjYs0AN1IjYs0Z7MIvfqn0KETjDqn0KsTjfqn0KWThnqnH6Lns&us=newvui&xst=mWYYnYujnjcYn1bYfRcYPbDsP1DkPDfvrjIjnWRsrHmYw6715HDLnWDsn1TsnHckrj6drH0kn16Lg1czPNts0gTqmgFMn67k5y7zu1cKIHYvPHDsn10Y0gfqnHT1nWTknHTzPs7VTHYs0W0aQf7Wpjdhmdqsms7_IHYs0yP85HDdnj0LPjDYg1csgvwM0gFY5H0KnH0snWn3PHTYn6&cegduid=PWRknjnsP0&solutionId=6513965&word=&ck=2928.8.0.0.0.730.149.0&shh=www.baidu.com&sht=15007414_20_dg&wd=
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T1930), LY294002 (MedChemExpress, HY-10108), IPI-594 (MedChemExpress, HY-100716), 331 

Doramapimod (TargetMol, USA, T6308), Tofacitinib (TargetMol, USA, T6321), MG-132 332 

(TargetMol, USA, T2154), and Cycloheximide (MedChemExpress, HY-12320) were used to 333 

pre-treated the cells at a concentration of 10 μM for 1 h before LPS stimulation. 334 

 335 

Statistical analysis 336 

Statistical analyses and visualization of transcriptomic datasets were conducted by R software 337 

(Version 4.2.1). Column bar graphs were plotted using GraphPad Prism v9. Statistical tests 338 

were selected based on the data distribution and its variability. Unless indicated in the figure 339 

legends, results were expressed as mean ± standard deviation (SD). All in vitro experiments 340 

were performed with at least three independent biological replicates, and all individual data 341 

points (including technical replicates from each experiment) were analyzed without aggregation 342 

or exclusion. For in vivo studies, each group included at least three biologically independent 343 

mice, and all observations were retained for statistical analysis. When comparing two groups, 344 

the two-sided Student’s t-test and the Wilcoxon test were applied for parametric data and 345 

nonparametric data, respectively. When comparing more than two groups, the one-way analysis 346 

of variance (ANOVA) was conducted for parametric data, and the Kruskal-Wallis test was 347 

conducted for nonparametric data. In this work, a p-value of less than 0.05 was considered 348 

statistically significant (*p < 0.05, **p < 0.01, ***p < 0 .001). All experiments were repeated 349 

at least in triplicate, and the representative one replicate of three independent experiments. 350 

 351 

Results 352 

Bulk-RNA sequencing revealed elevated arginase-2 involved in T cell proliferation 353 

during pneumonia-induced sepsis 354 

To explore the molecular mechanisms contributing to lymphopenia in PIS, we constructed a 355 

solid PIS model. Mice were intratracheally inoculated with K.p, a common etiology of 356 

pneumonia and sepsis, to induce pneumonia. An inoculation dose of 2×103 CFU K.p 357 

(ATCC43816) was confirmed as a half-death dose (Figure S1, A and B). Post-inoculation, 358 

the infected mice were categorized into pneumonia and PIS groups based on the low body 359 

temperature (< 32℃) and behaviors items corresponding to the “mouse clinical assessment 360 

score for sepsis” (M-CASS) (Table S1 and S2) [29, 30]. Micro-computed tomography 361 

(micro-CT) imaging revealed pronounced pulmonary infiltrations in the PIS group relative 362 

to the pneumonia group (Figure 1B). Consistent with this, elevated levels of pro-363 
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inflammatory cytokines (including TNF-α, IL-6, and IL-1β) in BALF, as well as decreased 364 

lymphocytes in peripheral blood, were observed in the PIS group (Figure S1, C and D). 365 

Furthermore, we also compared bacterial loads across various organs harvested from the PIS 366 

and the pneumonia group. As shown in Figure 1C and Figure S1F, compared to the 367 

pneumonia, the bacterial load in lungs is significantly elevated in PIS mice (3.80-log higher 368 

CFUs, p < 0.01), with detectable K.p in peripheral blood and distant spleens, indicating a 369 

systemic dissemination of infection. Biochemical assays (Figure S1E) and histopathological 370 

examination of major organs (Figure 1D) revealed multi-organ dysfunction in the PIS group. 371 

Collectively, the above evidence of infection and multi-organ dysfunction, collectively 372 

validating the reliability of our PIS model to mimic the complexities of clinical sepsis [1].  373 

Given that BM has been reported to be the primary site of T cell proliferation during 374 

recovery from septic lymphopenia[31], we collected low-density immune cells in PB and 375 

BM at D3-D5 post-intubation for bulk sequencing (Figure 1A). Principal component analysis 376 

demonstrated distinct transcript clusters among control, pneumonia, and PIS groups (Figure 377 

1E). Differentially expressed genes (DEGs) were identified by comparing pneumonia versus 378 

control, PIS versus control, and PIS versus pneumonia, respectively. After intersection 379 

analysis, a total of 815 and 263 key DEGs were identified in PB and BM, respectively (Figure 380 

1F). Enrichment analysis revealed that these PB and BM DEGs were predominantly involved 381 

in leukocyte proliferation regulation, cell killing, and tumor necrosis factor production 382 

(Figure S1G). Focusing on the regulation of leukocyte proliferation, we constructed network 383 

maps of gene-function relationships depicted in Figure 1G. Among the DEGs involved in T 384 

cell proliferation, arginase-2 (Arg2) demonstrated a noticeable upregulation in both PM and 385 

BM samples as the disease progressed (Figure 1H). This pattern of increased expression 386 

initially implicates a potential role for Arg2 in modulating T lymphocyte proliferation within 387 

the context of sepsis. 388 

 389 

Single cell-RNA sequencing identified high ARG2 expression in CXCR2Hi MDSC 390 

To determine the cellular origin of Arg2, we conducted single-cell transcriptome sequencing 391 

(sc-RNA seq) on PB and BM cells from PIS mice. A lethal dose of 104 CFU K.p ATCC43816 392 

was intratracheal inoculated to induce PIS [29, 32]. Using the body temperature and M-CASS 393 

scoring systems, we categorized mice into stages of local pneumonia (KP1), systemic spread 394 

(KP2), and sepsis (KP3), which correspond to approximately 12 hours, 36 hours, and 90 395 

hours post-inoculation, respectively (Figure S2A). Serial samples of PB and BM from PIS 396 
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mice were harvested for sc-RNA seq analysis, as outlined in Figure 2A. After quality control, 397 

a total of 26,088 PBMCs and 30,171 BMMCs were retained for downstream analysis. 398 

Unsupervised clustering and cell type identification analysis were performed using Seurat 399 

[26]. In PB cells, the uniform manifold approximation and projection (UMAP) yielded five 400 

unique immune cell types, including the CD8 T, CD4 T, B, natural killer (NK), and myeloid 401 

cells (Figure S2, B and C). In BMMCs, the identified cell types included myeloid, 402 

hematopoietic, T, B, and natural killer cells (Figure S2, D and E). Our analysis revealed a 403 

dynamic and complex interplay among various immune cell populations in response to sepsis. 404 

Early in the disease course, there was a notable decrease in myeloid cells within the BM, 405 

which corresponded with a peak in their presence in the PB as the mice progress to a septic 406 

state (Figure S2, F and G). Similarly, B and NK cells exhibited a trend of decreased frequency 407 

in the BM and increased frequency in the PB, indicative of a systemic immune response. 408 

Most notably, we observed a significant reduction in T cell frequencies, from 64.8% to 53.5% 409 

in PB and from 10.2% to 3.1% in BM, as PIS progresses. This decline in T cells is particularly 410 

striking and contrasts with the patterns observed in other immune subsets, underscoring the 411 

profound impact of sepsis on T cell populations. Among these subpopulations, Arg2 412 

transcripts were predominantly localized within myeloid cells, with expression levels of 10% 413 

in PB and 4% in BM myeloid cells (Figure S2, H and I). 414 

Next, we re-clustered myeloid cells into monocytes, granulocytes, and dendritic cell 415 

subsets based on their distinct marker genes (Figure 2, B and C, Figure S2, J-K). At the 416 

single-cell resolution, dominant expression of Arg2 was observed in granulocyte subtypes 417 

(PB_G2 and BM_G3), with expressing percentages at 30% and 40%, respectively (Figure 2, 418 

B and C). The expression of Arg2 in lung tissues was further validated using a public dataset 419 

from septic mice induced by intratracheal K.p or LPS inoculation (Table S3). As a result, 420 

Arg2 was primarily expressed in neutrophils (Figure S3, A, B, D, and E). These Arg2-421 

expressing neutrophils accumulated upon intratracheal administration of LPS or bacteria 422 

(Figure S3, C and F). Integrating PB_G2 and BM_G3 profiles, we identified the Arg2-423 

enriched granulocyte subset as myeloid-derived suppressor cells (MDSCs), characterized by 424 

the specific expression of MDSC markers Cd11b (Itgam) and Gr1 (Ly6g) [33] (Figure 3E). 425 

Functional class scoring revealed that the MDSC score [34] was significantly upregulated in 426 

this subset, while other function scores related to bactericidal activities25, including NADPH 427 

oxidase complex and granular protein synthesis (specific granules and azurophil granules), 428 

were comparatively lower (Figure 3D and Table S4). Differential gene expression analysis 429 
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using COSG [35] and FindMarker [26] identified high expression of CXCR2, along with 42 430 

other signature DEGs, in the Arg2-enriched MDSCs (Figure 2, F-H and Table S5). Notably, 431 

the transcriptomic signature of this subset included multiple MDSC-associated molecules 432 

such as Cd33, Cd84, Cd300ld, Acod1, Hdc, and Il1b [34, 36-38].  433 

The CXCR2 has been reported to be a marker for tumor-derived MDSCs [39]. Given the 434 

specific and high expression of CXCR2, we identified it as a discriminating surface marker 435 

for isolating the targeted cell subset. Utilizing the FACS approach, we successfully separated 436 

CXCR2Low and CXCR2Hi MDSCs from BM samples of PIS and control mice, respectively 437 

(Figure 2I). Quantitative PCR analysis exhibited higher expression of signature genes 438 

(including Ifitm1, Clec4d, Acod1, Arg2, Cxcl2, Ccl6, Cxcr2, Slc7a11, Csf3r, Cd84, Clec4e, 439 

Wfdc17, Lilr4b, Mxd1, Mmp9, Mmp8, Hdc, Cd33, and Il1b) in the CXCR2Hi MDSCs (control 440 

group in Figure 2J and PIS group in Figure S3G), aligning with the expression profile of 441 

Arg2-enriched granulocytes. In addition, the protein levels of ARG2 were notably elevated 442 

in the CXCR2Hi MDSCs compared to the CXCR2Low MDSCs (Figure 2K) in both PIS and 443 

control groups. These data confirmed that Arg2 was enriched in CXCR2Hi MDSCs.  444 

 445 

An increase of ARG2-enriched CXCR2Hi MDSC was negatively correlated with 446 

lymphocytes  447 

In our sc-RNA seq data, the proportions of CXCR2Hi MDSCs were significantly higher in BM 448 

than in PB cells. The proportion was 13.6% in BM and 0.3% in PB cells in the CON group 449 

(Figure 3A), suggesting the origin of CXCR2Hi MDSC in BM. However, CXCR2Hi MDSCs in 450 

PB significantly expanded during disease progression (from 0.3% to 1.5%), while in BM, they 451 

slightly changed (from 13.6% to 14.9%). We further verified the expression of CXCR2Hi 452 

MDSCs in animal models and clinical cohorts. The Figure 3B showed representative pictures 453 

of CXCR2Hi MDSCs in flow cytometry assays. In the CON group of mice models, the highest 454 

proportion of CXCR2Hi MDSCs was observed in BM (15.67%, compared to 1.98% in the 455 

spleen and 5.0% in the blood) (Figure 3C). After K.p inoculation, in response to pathogenic and 456 

inflammatory stimuli [40], the CXCR2Hi MDSCs expanded quickly (Figure 3C), becoming the 457 

dominant subset in MDSCs (Figure 3D) in peripheral blood and spleen. At the same time, BM 458 

had a relatively stable CXCR2Hi MDSC proportion, probably due to the release into the 459 

periphery following emergency granulopoiesis. 460 

We further validated the expansion of CXCR2Hi MDSCs in septic patients. A total of 27 461 

individuals were enrolled, including 10 sepsis patients, 12 pneumonia patients as disease control, 462 
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and five healthy controls. Demographic characteristics were detailed in Table S6. No significant 463 

differences were observed in gender and age. Septic patients suffered pronounced lymphopenia, 464 

with a median lymphocyte count of 0.93 × 109 /L. The human MDSCs in circulation were 465 

marked by HLA-DRLowCD11b+CD33+ (Figure 3E and Figure S4A) [41]. In septic patients, the 466 

MDSCs were significantly elevated when compared to those in healthy controls (3.44% vs. 467 

0.01%, p < 0.01) (Figure S4B). Notably, the CXCR2Hi MDSC, with higher ARG2 expression 468 

than the CXCR2Low subset (Figure S4C), exhibited a pronounced increase in the sepsis group, 469 

as opposed to the healthy and pneumonia groups (0.85% vs. 0.23% and 0.01%, respectively, 470 

both p < 0.01) (Figure 3F). As sepsis advanced, the CXCR2Hi subset showed a trend towards 471 

further expansion within the MDSC population (Figure 3G). The proportion of CXCR2Hi 472 

MDSCs was positively correlated with the percentage of neutrophils (r = 0.7048, p < 0.01) and 473 

negatively correlated with the percentage of lymphocytes (r = -0.7769, p < 0.01) in the 474 

peripheral blood (Figure 3H and Figure S4, D-F). Consistent with the accumulation of 475 

CXCR2Hi MDSCs, ARG2 contents in blood samples from septic patients were significantly 476 

elevated compared to either the healthy (2.89 ng/mL vs. 0.65 ng/mL, p < 0.001) or the 477 

pneumonia (2.89 ng/mL vs. 1.67 ng/mL, p = 0.015) group (Figure 3I and Figure S4G).  478 

In addition, we conducted a comparative analysis to characterize the ARG2-enriched 479 

CXCR2Hi MDSC phenotype in public blood transcriptome data of septic patients (Table S3). 480 

The analysis revealed a generally high expression of signature genes associated with this MDSC 481 

subset in neutrophils but not monocytes (Figure S4H), disclosing the granulocytic origin of 482 

CXCR2Hi MDSCs. Furthermore, we utilized the receiver operating characteristic (ROC) 483 

analysis to assess the diagnostic potential of Arg2 expression in distinguishing sepsis from 484 

healthy states, yielding an AUC range of 0.755 to 0.905 (Figure S4I). Additionally, through 485 

univariate regression analysis, we identified high Arg2 expression as a risk factor for 28-day 486 

mortality in septic patients with prognostic information (OR > 1, p < 0.05) (Figure S4J). 487 

Together, these data indicated that the gene-phenotype of ARG2 enriched CXCR2Hi MDSC 488 

derived from our PIS model was translatable into human disease and raised the hypothesis that 489 

the immunosuppressive activity burden by this MDSC subset might contribute to lymphopenia 490 

and subsequent poor prognosis in septic patients. 491 

 492 

CXCR2Hi MDSC suppressed the proliferation of CD4+ T cells via ARG2-arginase 493 

activities in vitro 494 
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Studies have implicated MDSCs in suppressing T cell proliferation during sepsis [42]. Our data 495 

revealed a negative correlation between ARG2-enriched CXCR2Hi MDSCs and lymphopenia, 496 

suggesting a potential role of these cells in septic lymphopenia. To explore this relationship, we 497 

co-cultured BM-derived CXCR2Hi MDSCs with splenic T lymphocytes and assessed their 498 

impact on CD4+ and CD8+ T cell proliferation (Figure 4A). Upon CD3/CD28 co-stimulation, 499 

CXCR2Hi MDSCs exhibited a more pronounced suppressive effect on the proliferation of CD4+ 500 

T compared to CXCR2Low MDSCs at various co-culture ratios (Figure 4, B and C), the 501 

proliferation rate was 69.15% vs. 196.4% (p < 0.001). And the immunosuppressive effect of 502 

CXCR2Hi MDSC was diminished when its number in the co-culture was decreased (from 1:1 503 

to 1:4), with a proliferation rate of CD4+ T cells increasing from 56.67% to 81.86% (p < 0.001) 504 

(Figure 4D). In contrast, no significant inhibitory effect was observed for CD8+ T cell 505 

proliferation (Figure 4, B and C). This might be attributed to discrepancies in expression levels 506 

of arginine transporters and intracellular arginine sensors (Figure S5, A and B).  507 

Arginase activities mediated by isozymes ARG1 or ARG2 were required for MDSC to 508 

metabolize L-arginine to inhibit T-cell proliferation [43, 44]. To determine the contribution of 509 

ARG1 and ARG2 to this effect, we first compared their mRNA levels in our sc-RNA seq data. 510 

As shown in Figure 4E, Arg1 was elevated in PB but not in BM during PIS, whereas Arg2 was 511 

significantly upregulated in both PB and BM. The increased Arg2 expression in the PIS group 512 

compared to the pneumonia group within BM DEGs suggests that the systemic inflammatory 513 

response in sepsis enhances the release and peripheral migration of CXCR2Hi MDSCs, which 514 

might amplify ARG2-mediated immunosuppression. Further validation confirmed the minimal 515 

expression of ARG1 in BM-derived MDSCs, irrespective of CXCR2Hi or CXCR2Low subsets 516 

(Figure 4F and 4G). The transcript level of Arg2 was about 75-fold higher than that of Arg1 in 517 

CXCR2Hi MDSCs (p < 0.001). The above data confirmed that ARG2 but not ARG1 was 518 

enriched in the CXCR2Hi MDSCs.  519 

To substantiate the role of ARG2 in suppressing T cell proliferation, we investigated its 520 

enzymatic activity within the metabolic pathway of L-arginine. We assessed the in vitro 521 

capacity of CXCR2Hi MDSCs to deplete arginine, a critical component for T cell proliferation. 522 

Notably, the co-culture of CXCR2Hi MDSCs with CD4+ T cells led to a significant reduction in 523 

arginine levels in the supernatant (94.39 ug/mL vs. 54.17 ug/mL, p < 0.001), indicative of 524 

ARG2's metabolic activity (Figure 4H). To directly implicate ARG2 in this process, we 525 

incorporated the specific ARG2 inhibitor, BEC hydrochloride (BEC) [45], into the co-culture 526 

system. The incremental addition of BEC, ranging from 0.625 μM to 5 μM, correspondingly 527 



  

 

17 

 

 

resulted in a dose-dependent restoration of arginine concentrations, from 58.72 ug/mL to 103.8 528 

ug/mL (Figure 4H). This biochemical rescue was paralleled by a significant recovery in the 529 

proliferation of CD4+ T cells (65.96% vs. 91.91%, p < 0.001) (Figure 4I). Moreover, the 530 

exogenous supplementation of L-arginine to the co-cultures negated the suppressive effect of 531 

CXCR2Hi MDSCs, further confirming the dependency of T cell proliferation on arginine 532 

availability (Figure 4J). In addition, although MDSCs were reported to inhibit the T-cell 533 

proliferation via PD-L1 in septic models, PD-L1 was remarkably lower expressed in CXCR2Hi 534 

MDSCs than in the CXCR2Low MDSCs (Figure S6A), indicating different mechanisms 535 

underlying heterogeneous MDSC subtypes. These results underscored that ARG2, but not 536 

ARG1, is predominantly expressed in CXCR2Hi MDSCs and is pivotal for the observed 537 

inhibition of T-cell proliferation through the L-arginine metabolic pathway. 538 

 539 

BEC-mediated ARG2 inhibition regained CD4+ T cells and improved host defense against 540 

secondary infection in vivo 541 

The influence of ARG2 inhibition on CD4+ T cell functionality in vivo was further explored to 542 

delineate its role in sepsis immunopathology. Initially, the survival rates were compared 543 

between BEC-treated and control mice in our lethal PIS models, with or without levofloxacin. 544 

However, no significant improvement was observed among the various groups (Figure S6, B 545 

and E). This might be due to BEC’s inability to mitigate the early inflammatory cytokine release 546 

(Figure S6, C and D), a primary cause of mortality in septic hosts. 547 

Decreased CD4+ T cell count was related to chronic immunoparalysis and increased 548 

susceptibility to infections [11, 46]. Thus, we investigated the effects of BEC on PIS at a later 549 

stage and its influence on reactivity to secondary infections. BEC was administered 550 

intraperitoneally at 20 mg/(kg·d) to evaluate its impact on T cell immune dysfunction post-PIS 551 

induction (Figure 5A). BEC significantly elevated arginine levels in BALF at 36 h and D6 post-552 

infection (108.8 ug/mL vs. 59.55 ug/mL, p = 0.033; 91.22 ug/mL vs. 56.67 ug/mL, p = 0.032, 553 

respectively) (Figure 5B), without affecting plasma levels (Figure S6F). The ARG2-enriched 554 

CXCR2Hi MDSCs expanded systemically at a later stage (D6), including BM, blood, BALF, 555 

and spleen, but only expanded in the peripheral blood at 36 h post-infection (Figure 5C). Similar 556 

findings could be observed in cecum ligation and puncture (CLP) models simulating the 557 

abdominal sepsis. We first confirmed that the Arg2 transcripts was indeed enriched in the 558 

CXCR2Hi MDSC subset under CLP states via sc-RNA analysis (Figure S7, A-D). Subsequently, 559 

utilizing the surviving CLP model with imipenem treatment [47] (Figure S7E), we 560 
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demonstrated that CXCR2Hi MDSCs also accumulated systemically at a later stage (D6) after 561 

surgery, and their proportions in BM, BALF, blood were significantly elevated in the CLP 562 

group than the Sham group (Figure S7F).  563 

Notably, despite no reduction in ARG2-enriched CXCR2Hi MDSCs numbers post-BEC, a 564 

substantial decrease in CD4+ T cell apoptosis was observed in BALF (7.7% vs. 13.5%, p = 565 

0.046) and BM (23.46% vs. 51.93%, p = 0.017) on day 6 post-infection, effectively restoring 566 

CD4+ T cell proportions from 2.18% to 12.19% (p = 0.008) in BALF and from 4.42% to 11.07% 567 

(p = 0.016) in BM (Figure 5, D-F, and Figure S6, G and H). Immunofluorescence analysis of 568 

lung tissues also confirmed increased CD4+ T cell infiltrations (p = 0.008) in BEC-treated mice 569 

compared to infected controls (Figure S6I). Additionally, BEC treatment was associated with 570 

increased levels of CD4+ T cell effectors cytokines, including IFN-γ (206.5 pg/mL vs. 119.6 571 

pg/mL, p = 0.021), IL-17A (16.4 pg/mL vs. 6.4 pg/mL, p = 0.013), and IL-4 (196.0 pg/mL vs. 572 

143.1 pg/mL, p =0.012), as well as an elevation of the IL-17A to IL-4 ratio (p = 0.043) (Figure 573 

5, G and H), suggesting a shift towards a Th17 response, which is crucial for airway bacterial 574 

clearance during the memory response [48]. 575 

Furthermore, we investigated the impact of BEC treatment on susceptibility to secondary 576 

infections. Using a clinical K.p strain (F132) [22], which was isolated from a nosocomial 577 

infection in the ICU, we induced secondary pneumonia in mice recovering from PIS. BEC 578 

treatment significantly reduced the bacterial loads in BALF and distal organs, such as the liver 579 

(3.56-log lower CFUs, p = 0.006) and spleen (3.30-log lower CFUs, p = 0.006), leading to 580 

improved survival rates (90% vs. 50%, p = 0.048) in the two-hit model (Figure 5, J and K). 581 

These findings demonstrate that targeting ARG2-enriched CXCR2Hi MDSCs with BEC 582 

ameliorates T-cell dysfunction and enhances the host's resistance to secondary infections 583 

following PIS. 584 

 585 

The ARG2 knockdown in ARG2-enriched CXCR2Hi MDSCs were favorable for CD4+ T 586 

cell and host’s immune response against secondary infection  587 

To further determine whether the downregulation of CXCR2Hi-MDSC-derived ARG2 exerted 588 

preventive effects against septic immunosuppression. We delivered the adeno-associated virus 589 

(AAV) 2/8 with CD11b promoter and short hairpin RNA sequences into mice via tail vein 590 

injection, to achieve the specific knockdown of ARG2 in CD11b+ myeloid cells (including 591 

MDSCs marked by CD11b+Gr1+) [49]. Four weeks after AAV injection, we noted the 592 

expression of AAV genes in vivo, as indicated by the fluorescence of mCherry (Figure 6A). In 593 
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contrast to the general expression of the AAV control CMV-Cherry, the AAV CD11b-shArg2-594 

mCherry was selectively expressed in the BM, the ecological niche of myeloid cells. This 595 

expression specificity was better confirmed via flow cytometry, where the fluorescence 596 

intensity of mCherry from BM-derived CD11b+ cells was 11.75-fold higher (p < 0.001) than 597 

that of CD11b- cells in CD11b-shArg2-mCherry mice (Figure 6B). Compared to the CMV-598 

mCherry group, CXCR2Hi MDSCs isolated from CD11b-shArg2-mCherry mice showed an 599 

approximately 50% decrease in both mRNA and protein levels of ARG2 (both p < 0.001) 600 

(Figure 6, C and D). 601 

  To corroborate the role of CXCR2Hi MDSC-derived ARG2 in inhibiting T cell proliferation, 602 

we performed in vitro co-culture experiments with ARG2-knockdown CXCR2Hi MDSCs and 603 

CD4+ T cells. As shown in Figure 6E, CXCR2Hi MDSCs isolated from CMV-mCherry mice 604 

harbored the same suppressive capacity on CD4+ T cell proliferation as before. However, this 605 

capacity was substantially impaired in ARG2-knockdown CXCR2Hi MDSCs isolated from 606 

CD11b-shArg2-mCherry mice, as illustrated by the significant recovery in the proliferation of 607 

CD4+ T cells (81.16% vs. 36.64%, p < 0.001). Meanwhile, in the co-culture system of ARG2- 608 

knockdown CXCR2Hi MDSCs, the arginine necessary for T-cell activation and proliferation 609 

was simultaneously rebounded (70.86 ug/mL vs. 51.76 ug/mL, p = 0.001) (Figure 6F).  610 

  We then carried out in vivo experiments to investigate the impact of CD11b-specific ARG2 611 

knockdown on CXCR2Hi MDSC and CD4+ T cells in PIS models (Figure 6G). Consistently, 612 

the CXCR2Hi MDSCs accumulated in BM, blood, BALF, and spleen at a later stage (D6), which 613 

was not influenced by the inhibition or knockdown of ARG2 (Figure 5C and Figure 6H). As 614 

for CD4+ T cells, at day 6 post-infection, a remarkable decrease in CD4+ T cell apoptosis was 615 

noted in BALF (6.17% vs. 12.47%, p = 0.004) and BM (2.82% vs. 16.69%, p = 0.004) in 616 

CD11b-shArg2-mCherry mice, enabling increased CD4+ T cell proportions from 4.33% to 617 

13.10% (p < 0.001) in BALF and from 2.66% to 9.24% (p = 0.001) in BM (Figure 6, I and J). 618 

Additionally, PIS induction led to significantly reduced arginine levels in BALF (67.15 ug/ 619 

ug/mL vs. 79.83 ug/mL, p = 0.013) on day 6 (Figure 6K), whereas the ARG2 knockdown in 620 

CD11b-shArg2-mCherry group rescued arginine depletion (76.66 ug/mL vs. 67.15 ug/mL, p = 621 

0.01), in line with the role of ARG2 as an arginase in in vitro experiments. Moreover, in the 622 

two-hit experiment induced by the opportunistic strain F132 (Figure 6L), the bacterial load in 623 

lung tissues (1.0-log lower CFUs, p = 0.017) as well as distal organs liver (3.30-log lower CFUs, 624 

p = 0.001) and spleen (3.30-log lower CFUs, p = 0.009) of mice in CD11b-shArg2-mCherry 625 

group was significantly lowered in comparison to the CMV-mCherry group (Figure 6M), 626 
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indicating a reduced susceptibility to secondary infections. Overall, our data clearly showed 627 

that both the pharmacological inhibition and knockdown of ARG2 in ARG2-enriched CXCR2Hi 628 

MDSCs were favorable for CD4+ T cell proliferation and survival, thereby improving host’s 629 

immune response against opportunistic bacteria. 630 

 631 

The p38-MAPK pathway as a central regulator of ARG2-enriched CXCR2Hi MDSCs in 632 

PIS 633 

To decipher underlying regulatory signals regulating the functional activity of ARG2-enriched 634 

CXCR2Hi MDSC, we conducted an enrichment analysis based on signature DEGs (Figure 2H). 635 

The result revealed significant enrichment of MAPK cascade signaling, cell migration 636 

processes, and immune response regulation pathways (Figure 7A). During sepsis, we observed 637 

up-regulation of surface receptors, including Toll-like receptor 4 (Tlr4), Interleukin-4 receptor 638 

alpha (Il4ra), Interleukin-13 receptor alpha-1 (Il13ra1), and interferon-stimulated genes 639 

(IFITM family members including Ifitm6, Ifitm3, Ifitm2, Ifitm1, and Ifit1), implying the 640 

involvement of LPS (Tlr4 ligand), IL-4, IL-13, and interferon (IFN) in the immunomodulatory 641 

activities of this MDSC subset in septic hosts (Figure 7B).  642 

Given that LPS and IFN-γ were major pathogenic factors in bacterial infections, we 643 

stimulated primary ARG2-enriched CXCR2Hi MDSCs with LPS and IFN-γ in vitro to mimic 644 

their response to infection. LPS stimulation elicited a pronounced upregulation of ARG2 645 

expression and increased p38 phosphorylation, indicating activation of the MAPK signaling 646 

pathway (Figure 7C). Notably, among various signaling pathway inhibitors (including PI3K, 647 

NF-κB, and JAK blockade), pretreatment with the p38-MAPK inhibitor Doramapimod (Dora) 648 

specifically abrogated the upregulation of ARG2 (p = 0.013) (Figure 7, D and E), highlighting 649 

the p38-MAPK cascade as a central regulator of the immunosuppressive function of CXCR2Hi 650 

MDSCs through ARG2 engagement. We noted a discrepancy between the transcriptional 651 

regulation of Arg2 and its protein levels upon p38-MAPK activation (Figure S8A), suggesting 652 

a post-transcriptional mechanism potentially involving protein degradation. To determine 653 

whether reduced ARG2 protein levels were caused by diminished synthesis or accelerated 654 

degradation, we treated cells with the translation-blocking agent cycloheximide (CHX) 655 

alongside p38 inhibitor. As shown in Figure 7F and 7G, in CXCR2Hi MDSCs, the half-life of 656 

the ARG2 protein was shortened from 6 hours to 4 hours following treatment with the p38 657 

inhibitor Dora. Furthermore, while the blockade of p38-MAPK signaling led to a marked 658 

reduction in ARG2 protein levels, the addition of the proteasome inhibitor MG132 rather than 659 
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the autophagy inhibitor chloroquine (CQ) reversed this effect (Figure 7H). These results 660 

indicated that p38-MAPK signaling contributes to the stabilization of ARG2 protein by 661 

inhibiting its degradation via the proteasome. 662 

In addition, using Cellchat analysis, we mapped the cell-cell communication network 663 

involving CXCR2Hi MDSCs and other immune cell subpopulations. This analysis identified 664 

robust incoming and outgoing signals for CXCR2Hi MDSCs, with the Cxcl-Cxcr chemotactic 665 

axis, primarily driven by the Cxcl2-Cxcr2 interaction, emerging as the most potent signal 666 

(Figure 7I and Figure S8, C-E). Following K.p infection, there was a substantial increase in the 667 

overall Cxcl signaling flow (Figure 7J), corroborated by significantly elevated levels of CXCL2 668 

in plasma (212.6 pg/mL vs. 1.9 pg/mL, p = 0.001) and BALF (124.7 pg/mL vs. 0.4 pg/mL, p = 669 

0.002) from PIS models (Figure 7K). Intriguingly, LPS stimulation of ARG2-enriched 670 

CXCR2Hi MDSCs led to a consistent increase in CXCL2 transcripts and secretion (173.4 pg/mL 671 

vs. 0.4 pg/mL, p < 0.001) (Figure S8B and Figure 7L). These effects were then reversed entirely 672 

by Dora pretreatment (both p < 0.001), suggesting that the p38-MAPK regulated the CXCL2 at 673 

the transcriptional level. These findings suggested that the p38-MAPK pathway is a potential 674 

therapeutic target for modulating the immunosuppressive function and chemotactic behavior of 675 

ARG2-enriched CXCR2Hi MDSCs in PIS (Figure 7M). 676 

 677 

Discussion 678 

In the current study, we identify the pivotal role of ARG2 in the immunopathogenesis of PIS, 679 

highlighting the significance of ARG2-enriched CXCR2Hi MDSCs in mediating T cell 680 

depletion through arginine starvation, a critical substrate for T cell proliferation. Our findings 681 

underscore the therapeutic potential of targeting ARG2, as evidenced by the restorative effects 682 

of ARG2 blockade and knockdown on CD4+ T cell counts and the subsequent enhancement of 683 

the host's defense against secondary infections. Furthermore, we identify the p38-MAPK 684 

pathway as a central regulator of ARG2-enriched CXCR2Hi MDSCs, with its activation leading 685 

to increased ARG2 expression and CXCL2 production in response to bacterial infections. The 686 

targeted inhibition of p38-MAPK effectively counteracts these effects, demonstrating the 687 

pathway's role in controlling the immunosuppressive functions and chemotactic behavior of 688 

these MDSCs. This research advances the understanding of PIS immunopathology and paves 689 

the way for developing precision therapies to modulate the ARG2-enriched CXCR2Hi MDSC 690 

to combat septic lymphopenia and immunosuppression. 691 
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We have uncovered a critical subpopulation of MDSCs, ARG2-enriched CXCR2Hi MDSC, 692 

that are pivotal in the pathogenesis of septic lymphopenia. These cells, identified through 693 

single-cell transcriptome analysis, exhibit a distinct gene signature that sets them apart from 694 

standard myeloid cells, including the upregulation of immunomodulatory genes such as Arg2, 695 

Cd84, Cd300ld, Acod1, and Hdc [34, 36-38], as well as chemotactic genes such as Cxcl2 and 696 

Cxcr2. This discovery provides a specific surface marker, CXCR2, in conjunction with 697 

CD11b/Gr1 for mice or HLA-DR/CD11b/CD33 for humans, which can be utilized for the 698 

diagnostic detection and functional study of MDSCs. The ARG2-enriched CXCR2Hi MDSCs' 699 

ability to migrate to inflammatory sites through a CXCL2-CXCR2-mediated chemotactic 700 

mechanism mirrors the behavior of MDSCs in the tumor microenvironment, suggesting a 701 

commonality in their immunosuppressive behavior across different pathological contexts [50]. 702 

Importantly, our data indicated a significant association between this MDSC subpopulation's 703 

peripheral frequency and lymphopenia's severity, highlighting its potential as a biomarker for 704 

immunological assessment in sepsis. 705 

We revealed that the CXCR2Hi MDSC subpopulation triggered apoptosis and impaired 706 

proliferation of CD4+ T cells in an ARG2-dependent way via arginine depletion. This finding 707 

aligns with the growing body of evidence supporting the potential of immunometabolic 708 

modulation as a therapeutic strategy for sepsis. L-arginine, a conditionally essential amino acid, 709 

has been shown to exert multiple beneficial effects on T cells, including promoting cell 710 

proliferation, activation, and survival [51]. The starvation of L-arginine caused severe T-cell 711 

dysfunction. Increased arginine availability has been shown to support the restoration of T cell 712 

proliferative capacity and mitochondrial function, effectively decreasing apoptosis rates [52]. 713 

Clinical research also confirmed that a deficiency state of arginine in septic patients has been 714 

associated with increased nosocomial infections and mortality [53]. Thus, maintenance of 715 

arginine levels in septic patients is expected to improve clinical outcomes. However, direct 716 

arginine supplementation failed to improve the outcomes of critically ill hosts in both 717 

preclinical and clinical trials [52, 54]. The pathophysiology of sepsis could be more complex 718 

than mere arginine deficiency. People further explored the therapeutic efficacies of targeting L-719 

arginine metabolic enzymes. ARG1 and ARG2 are isoenzymes that catalyze L-arginine 720 

metabolism to L-ornithine and urea. Studies have reported that peripheral blood MDSCs in 721 

sepsis catalyzed arginine catabolism through the ARG1 activity [18, 55, 56]. We found that the 722 

Arg1 expression was elevated in PB but not in BM during PIS, this established the role of ARG1 723 

in PB likely superseded any potential contribution from ARG2, partly explaining the lack of 724 
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significant CXCR2Hi-MDSC-mediated effect on T cells in PB. In addition, studies have 725 

characterized the cumulative expression of ARG2 in lung myeloid cells in the severe COVID-726 

19, thermal injury, and lung metastasis model of breast cancer to induce diminished immune 727 

surveillance [57-59], suggesting that the alveolar space could provide a permissive environment 728 

for ARG2-mediated immunosuppression. In our PIS models, the ARG2-enriched CXCR2Hi 729 

MDSC functioned in the BM in addition to the lung, suggesting that a comparable situation 730 

may exist at the BM site. A global knockout of the ARG1 gene in mice led to severe 731 

hyperargininemia, neurological damage, and fatal hyperammonemia [60, 61]. In contrast, 732 

besides a mild elevation of circulating levels of arginine, no severe abnormality was observed 733 

in ARG2 deficiency mice [62].Therefore, developing novel drugs or antibodies selectively 734 

targeting ARG2 offered an attractive immunotherapeutic method to prevent T-cell lymphopenia 735 

and improve the prognosis of critically ill patients. 736 

The inhibition of MDSCs’ immunosuppressive mechanisms has emerged as an effective 737 

strategy for reactivating T-cell responses and enhancing the efficacy of immunotherapies. Our 738 

study has identified the p38-MAPK signaling pathway as a critical regulatory axis controlling 739 

the tolerogenic activity of CXCR2Hi MDSCs. This finding complements the established role of 740 

PI3Kγ in modulating immune suppression and inflammation of macrophages [63]. Similar to 741 

the reported suppression of p38 signaling, which dismantles ARG1-mediated 742 

immunosuppression in MDSCs and potentiates T-cell antifungal activity against Cryptococcus 743 

neoformans [43], our findings suggested that targeting the p38-MAPK cascade with 744 

Doramapimod could be a viable therapeutic approach. By reversing the upregulation of ARG2 745 

and CXCL2, Doramapimod has the potential to simultaneously curb immunosuppression and 746 

the Cxcl2-Cxcr2 chemotaxis, positioning it as a promising candidate for immunotherapeutic 747 

intervention in diseases characterized by MDSC-driven immune tolerance. 748 

There were several limitations in our study. First, despite the valuable insights gained from 749 

our use of the primary MDSC cell, we are cognizant of its limitations in fully emulate the 750 

intricate physiological environment and complex interactions in the whole organism. This 751 

limitation underscores the need for future studies to incorporate conditional knockout mice 752 

models, which will allow us to delve deeper into the roles of ARG1 and ARG2 in septic 753 

immunity and provide a more holistic view of their functions. Second, whether and how the 754 

p38-MAPK regulates ARG2 protein through the molecular chaperone-mediated proteasome 755 

process deserve to be investigated in depth in subsequent researches. Third, whereas our design 756 

prioritizes mechanistic clarity in a controlled sex-specific context, we acknowledge that certain 757 
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immune pathways may exhibit sex dimorphism [64]. Future studies comparing sexes under 758 

standardized hormonal conditions will refine these distinctions. 759 

 760 

Conclusions 761 

In conclusion, our research underscores the critical role of ARG2-enriched CXCR2Hi 762 

MDSCs in sepsis-induced lymphopenia and immunosuppression and highlights the p38-MAPK 763 

pathway as a central regulator of CXCR2Hi MDSCs. We also reveal the potential of ARG2 764 

inhibition to restore CD4+ T cell and enhance resistance to secondary infections. These findings 765 

contribute to the growing understanding of the immunopathogenesis of sepsis and offer fresh 766 

horizons for immunotherapeutic intervention in sepsis. 767 
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Figure 1. Bulk-RNA sequencing revealed elevated arginase-2 involved in T cell 996 

proliferation during pneumonia-induced sepsis (PIS). (A) Collection of peripheral blood 997 

(PB) and bone marrow (BM) samples from klebsiella pneumoniae induced PIS models for 998 

bulk-RNA sequencing. (B) Representative micro-CT images of pneumonia in mice 999 

cardiopulmonary tissues. Red arrows marked the pneumonic lesion site. n = 5-8 biologically 1000 

independent mice. (C) Bacterial loads of lung, blood, and spleen samples in pneumonia and 1001 

PIS mice. UD meant undetectable. (D) HE staining showed inflammatory infiltration and 1002 

tissue injury in model groups, 20× (scale bar: 500 μm) and 200× (scale bar: 50 μm), 1003 

respectively. Black arrows indicated pathological areas. (E) PCA plots of bulk-seq data 1004 
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showed transcriptional characteristics of PB and BM samples. (F) Venn diagram for 1005 

differentially expressed genes (DEGs) in PB and BM samples. DEGs were generated from 1006 

two-by-two comparisons. A: pneumonia vs. control, B: PIS vs. pneumonia, and C: PIS vs. 1007 

pneumonia. (G) The network map of gene-function relationships depicted DEGs 1008 

corresponding to biological processes associated with leukocyte proliferation in PB and BM. 1009 

(H) Heatmaps showing DEGs enriched in the T cell proliferation process in PB and BM, 1010 

where Arg2 was upregulated in pneumonia and PIS conditions. Data were presented as mean 1011 

± SD. ***p < 0 .001. 1012 
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 1032 

Figure 2. Single cell-RNA sequencing identified high Arg2 expression in CXCR2Hi 1033 

myeloid-derived suppressor cell (MDSC). (A) Flowchart of the sample collection from PIS 1034 

animal at the healthy (CON), local pneumonia (KP1), distant spread (KP2), and ultimate sepsis 1035 

status (KP3) for sc-RNA sequencing. (B) The two-dimensional UMAP distribution for 881 1036 

myeloid cells in PB, with the dominant Arg2 expression in the PB_G2 cluster. (C) The two-1037 

dimensional UMAP distribution for 22, 894 myeloid cells in BM, with the dominant Arg2 1038 
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expression in the BM_G3 cluster. (D) Compared functional scores of Arg2 enriched 1039 

granulocytes and other granulocytes. (E) Feature plots indicated that Arg2-enriched 1040 

granulocytes (red circles) belonged to MDSCs, as marked by Itgam (Cd11b) and Ly6g (Gr1). 1041 

(F) The top 20 genes specially expressed in ARG2 enriched MDSCs (combing PB_G2 and 1042 

BM_G3) by COSG analysis, including cell surface marker Cxcr2. (G) The heatmap exhibited 1043 

genes highly expressed in ARG2-enriched MDSCs by FindMarker analysis, with a high 1044 

abundance of Cxcr2 transcripts. (H) Venn diagram showing the generation of signature genes 1045 

of the ARG2-enriched MDSCs. (I) Overview of sorting approach of CXCR2Low and CXCR2Hi 1046 

subsets in BM-derived MDSCs. (J) RT-PCR assay validating the high expression of signature 1047 

genes in the CXCR2Hi subset from CON mice. (K) The protein level of ARG2 by western 1048 

blotting and quantitative bar charts. Data were represented as mean ± SD. Statistical 1049 

significances were analyzed using an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0 .001. 1050 
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1075 
Figure 3. Increase of ARG2-enriched CXCR2Hi MDSC was negatively correlated with 1076 
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lymphocytes. (A) The ring chart for relative proportions of granulocyte subclusters in PB and 1077 

BM at CON, KP1, KP2, and KP3 stages. (B) Representative flow cytometry plots of the 1078 

CD11b+Gr1+ MDSC and CXCR2Hi subset in immune organs BM and spleen. (C) During PIS, 1079 

proportions of ARG2-enriched CXCR2Hi MDSCs increased in the spleen and PB. n = 3 1080 

biologically independent mice. Statistical significance was calculated by the Brown-Forsythe 1081 

and Welch analysis of variance (ANOVA) test. (D) The CXCR2Hi subset but not the CXCR2Low 1082 

subset dominated MDSCs in peripheral blood in PIS models. (E) Representative flow 1083 

cytometry plots of the HLA-DRLowCD11b+CD33+ MDSC and CXCR2Hi subset in blood 1084 

samples from clinical patients. (F) Statistics of proportions of CXCR2Hi MDSC in living cells 1085 

among healthy volunteers (n = 5), pneumonia patients (n = 12), and septic patients (n = 10), as 1086 

analyzed by one-way ANOVA analysis with nonparametric Kruskal-Wallis test. (G) With 1087 

sepsis progression, the CXCR2Hi subset expanded in MDSCs. (H) Correlations between the 1088 

percentage of CXCR2Hi MDSC and neutrophil proportion as well as lymphocyte proportion. (I) 1089 

The ARG2 contents in plasma from the healthy (n = 5), pneumonia (n = 12), and septic patients 1090 

(n = 10). (F-I) Red and blue dots represented female and male individuals, respectively. 1091 

Statistical significance was calculated via one-way ANOVA analysis with nonparametric 1092 

Kruskal-Wallis test. Data were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0 .001. 1093 
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Figure 4. The CXCR2Hi MDSC suppressed the proliferation of CD4+ T cells depending 1096 

upon ARG2-arginase activities in vitro. (A) Experiment design to compare 1097 

immunosuppressive functions of CXCR2Low and CXCR2Hi MDSC subsets. (B) Histogram 1098 

overly exhibited CD4+/CD8+ T cell proliferation labeled by CFSE, as measured by flow 1099 

cytometry. The ratios of co-culture numbers of MDSC and T cells were 1:1. (C) Quantitative 1100 

bar charts showed the percentage of CD4+ and CD8+ T cell proliferation normalized to 1101 

stimulated control. (D) The normalized percentage of CD4+ T cell proliferation at co-culture 1102 
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numbers of MDSC and T cells were 1:1, 1:2, and 1:4. (E) The abundance of Arg1 and Arg2 1103 

transcripts in PB and BM by bulk-RNA sequencing. (F) RT-PCR assay revealed remarkably 1104 

high Arg2 expression and low Arg1 expression in CXCR2Hi MDSC. Statistical significance was 1105 

analyzed by unpaired t-test. (G) Western blotting assay showed extremely low protein content 1106 

of ARG1 in both CXCR2Low and CXCR2Hi MDSC. Cell lines MH-S (mouse alveolar 1107 

macrophage) and LLC (mouse Lewis lung cancer cell) were positive controls. (H and I) The 1108 

H arginine concentration and I normalized percentage of CD4+ T cell proliferation elevated 1109 

with BEC concentration increasing. The ratio of co-culture numbers of MDSC and T cells was 1110 

1:1. (J) Quantitative bar charts showing the normalized percentage of CD4+ T cell proliferation 1111 

with treatment of BEC (10 μM) and L-Argine (100 μM). Statistical significances were 1112 

calculated using the Brown-Forsythe and Welch analysis of variance (ANOVA) test unless 1113 

otherwise indicated. Data were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0 .001. 1114 
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 Figure 5. ARG2 inhibitor BEC regained CD4+ T cells and improved host defense against 1116 

secondary infection. (A) Schematic diagram of the BEC administration and sample collection 1117 

procedures at 36 h (36H) and 6 days (D6) based on PIS models. (B) BEC administration restored 1118 
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arginine in bronchoalveolar lavage fluid (BALF). (C) The dynamic detection of CXCR2Hi 1119 

MDSCs in BALF, BM, spleen, and blood showed their accumulation in BALF and BM at D6, 1120 

as calculated by Brown-Forsythe and Welch analysis of variance (ANOVA) test. n = 3 1121 

biologically independent mice. (D) Representative flow cytometry plots of CD4+ T cell and its 1122 

apoptosis in BALF and BM at D6. (E and F) Elevated CD4+ T cell percentage E and reduced 1123 

apoptotic rate F in BALF and BM in the KP+BEC group at D6. n = 3 biologically independent 1124 

mice. (G) Increased levels of Th1-secreted cytokines IFN-γ, Th17-secreted IL17A, and Th2-1125 

secreted IL-4 in BALF at D6. n = 3 biologically independent mice. H) The elevation of IL-1126 

17A/IL-4 ratio in the KP+BEC group, indicating an enhanced CD4-T-cell response dominated 1127 

by Th17, as analyzed by ANOVA test. (I) Schematic diagram of the first infection (strain 1128 

#ATCC43816) and second hit (strain #F132) procedures in animal experiments to simulate 1129 

secondary infection following sepsis in the clinical scenario. (J) Viable bacterial CFUs 1130 

recovered from BALF, liver, and spleen after 24 h of secondary infection. n = 4 biologically 1131 

independent mice. (K) Kaplain-Meier survival curve of mice undergoing first infection with 1132 

#F132, and second hit with #F132 following first infection with #ATCC43816 when giving 1133 

BEC or not (n = 10 mice/group). Animal data were all from female c57BL/6 mice. Statistical 1134 

significances were calculated by unpaired t-test unless otherwise indicated. Data were presented 1135 

as mean ± SD. *p < 0.05, **p < 0.01. 1136 
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Figure 6. The CD11b-specific ARG2 knockdown were favorable for CD4+ T cell 1144 

proliferation and survival. (A) In vivo fluorescence (mCherry) image 4 weeks after AAV 1145 

infection confirmed the expression of AAV genes. (B) The CD11b+ cells from CD11b-shArg2-1146 

mCherry mice showed intense mCherry fluorescence, confirming the expression specificity of 1147 

the CD11b promoter. n = 4 biologically independent mice. (C and D) Validation of ARG2 1148 

knockdown in primary CXCR2Hi MDSC cells via C RT-PCR and D western blotting assays. 1149 

Data are representative of one replicate of three independent experiments. (E and F) The E 1150 

proliferation ratio of CD4+ T cell and F supernatant arginine concentration were recovered 1151 

when co-cultured with CXCR2Hi MDSC from CD11b-shArg2-mCherry mice. The ratios of co-1152 

culture numbers of MDSC and CD4+ T cells were 1:2. Statistical significances were calculated 1153 

by Brown-Forsythe and Welch analysis of variance (ANOVA) test. (G) Schematic 1154 

representation of PIS model induction and sampling 4 weeks after AAVs injection. (H) The 1155 

proportion of CXCR2Hi MDSCs in BALF, BM, spleen, and blood in CMV-mCherry and 1156 

CD11b-shArg2-mCherry group at D0 and D6. n = 3 biologically independent mice. (I) 1157 

Representative flow cytometry plots of CD4+ T cell and its apoptosis in bronchoalveolar lavage 1158 

fluid (BALF) and BM at D6. (J) Elevated CD4+ T cell percentage and reduced apoptotic rate 1159 

in BALF and BM in the CD11b-shArg2-mCherry group at D6. n = 3 biologically independent 1160 

mice. (K) The ARG2 knockdown restored depleted arginine in BALF. (L) Schematic 1161 

representation of the first infection (strain #ATCC43816) and second hit (strain #F132) 1162 

procedures in animal experiments 4 weeks after AAVs injection. (M) Viable bacterial CFUs 1163 

recovered from lung, liver, and spleen in AAV-delivered mice after 24 h of secondary infection. 1164 

n = 4 biologically independent mice. Animal data were all from female c57BL/6 mice. 1165 

Statistical significances were calculated by unpaired t-test unless otherwise indicated. Data 1166 

were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0 .001. 1167 
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Figure 7. The p38-MAPK pathway as a central regulator of ARG2-enriched CXCR2Hi 1170 

MDSC in PIS. (A) Gene ontology (GO) terms dominated in the CXCR2Hi MDSC, where the 1171 

MAPK cascade was significantly enriched. (B) The transcript levels of Tlr4, Il4ra, Il13ra1, 1172 

Cxcr2, and Interferon-stimulated genes (ISGs) upregulated upon infection. (C) LPS induced 1173 

the upregulation of ARG2, along with activation of p38-MAPK signaling. (D) The pretreatment 1174 

of p38 inhibitor Doramapimod impeded the upregulation of ARG2 and p38-MAPK pathway 1175 

activity when LPS stimulation. LY: The PI3Kα, PI3Kδ, and PI3Kβ inhibitor LY294002. IPI: 1176 

The PI3Kγ inhibitor IPI594. Dora: The p38-MAPK inhibitor Doramapimod. JSH: The NF-κB 1177 

inhibitor JSH-23. Tofa: The JAK inhibitor Tofacitinib. (E) Quantitative bar graphs showed that 1178 

the intervention of p38-MAPK inhibitor Dora significantly reduced p-p38/p38 and ARG2 1179 

protein levels compared with LPS treatment alone. (F and G) The half-life of ARG2 in isolated 1180 

CXCR2Hi MDSC when treated with the DMSO/Dora and cloheximide (CHX) for indicated 1181 

times. Statistical significance was calculated via the unpaired t-test. (H) Inhibition of the 1182 

proteasome via MG132 reversed ARG2 downregulation induced by the p38 inhibitor Dora. (I) 1183 

Cellchat analysis revealed strong communication probabilities of Cxcl2-Cxcr2 chemotaxis 1184 

between CXCR2Hi MDSC and itself. (J) The bar plot showed relatively increased CXCL 1185 

signaling flow at infected status. (K) Elevated CXCL2 levels in plasma and BALF samples 1186 

from PIS mice models, as calculated by unpaired t-test. n = 3 biologically independent mice. 1187 

(L) LPS stimulation resulted in increased secretion of CXCL2 by CXCR2Hi MDSCs, which 1188 

was reversed by the p38 inhibitor Doramapimod. Statistical significance was calculated by the 1189 

Brown-Forsythe and Welch analysis of variance (ANOVA) test. (M) Proposed model 1190 

demonstrating the p38-MAPK cascade regulated immunosuppressive function and migration 1191 

of CXCR2Hi MDSC in K.p-relevant PIS. The illustration was created by BioRender. Data were 1192 

presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0 .001. 1193 

 1194 


