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Abstract

Background: Sepsis is characterized by profound immune dysregulation, in which myeloid-derived suppressor cells (MDSCs) serve as
key regulators of the host immune response. However, the prognostic significance of distinct MDSC subsets during the early phase of
sepsis remains incompletely understood. Methods: In this prospective cohort study, flow cytometry was used to quantify circulating
MDSC subsets in sepsis patients within 24 hours of intensive care unit (ICU) admission and in healthy control subjects. Patients were
followed to establish 90-day survival, and the prognostic significance of MDSC subset frequencies on admission was evaluated using
receiver operating characteristic (ROC) curve analysis and Cox regression models. Multivariate Cox models were adjusted for disease
severity scores. A murine cecal ligation and puncture (CLP) model of sepsis was also used to investigate temporal and tissue-specific
MDSC dynamics and to examine endoplasmic reticulum (ER) stress-related signaling within these cells. Results: Compared with
healthy controls, patients with sepsis exhibited the marked expansion of circulating MDSCs, including both polymorphonuclear and
monocytic subsets. Among these, the proportion of circulating monocytic MDSCs (M-MDSCs) on ICU admission was significantly
higher in 90-day survivors than in non-survivors. After adjusting for disease severity and other clinical variables, higher M-MDSC
frequencies were independently associated with lower 90-day mortality. ROC curves confirmed the ability of the M-MDSC proportion
to predict 90-day mortality. In the CLP model, MDSC subsets displayed temporal and tissue-specific dynamics that differed between
the acute and recovery phases of sepsis. MDSCs isolated from septic mice exhibited ER stress-related pathway activation in the spleen
and bone marrow. Collectively, these findings suggest that early M-MDSC expansion represents a distinct immunological phenotype
associated with favorable outcomes in sepsis. Conclusions: An early increase in circulating M-MDSCs is associated with improved 90-
day survival in patients with sepsis. These findings underscore the dynamic, context-dependent role of M-MDSCs in sepsis, indicating
that early immunoregulatory responses, possibly associated with activation of ER stress pathways, may represent an adaptive mechanism
leading to favorable clinical outcomes.
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1. Introduction

Sepsis remains a leading cause of morbidity and mor-
tality worldwide and a major challenge in critical care
medicine [1]. Despite marked improvements in antimicro-
bial treatment, organ support, and early detection meth-
ods, sepsis patients continue to experience poor short and
long-term outcomes, with mortality rates remaining unac-
ceptably high [2]. Sepsis is associated with diverse clini-
cal manifestations and host responses to infection that re-
main major challenges to improving sepsis patient out-
comes, highlighting the need for a comprehensive under-
standing of sepsis-related immune dysregulation and de-
pendable biomarkers that offer insight into host immune
status rather than simply reflecting disease severity [1,3,4].

Sepsis involves a complex, dynamic interaction be-
tween heightened inflammatory activity and the suppres-
sion of immune activity [5,6]. While early hyperinflamma-
tory responses may contribute to acute organ injury, accu-
mulating evidence indicates that many patients rapidly de-
velop features of immune dysfunction, including impaired
antigen presentation, lymphocyte exhaustion, and altered
myeloid cell function [7,8,9,10]. Importantly, these im-
mune alterations are not uniform across patients or over
time, suggesting that distinct immune phenotypes may un-
derlie divergent clinical trajectories and outcomes [11,12].

Myeloid-derived suppressor cells (MDSCs) play a
crucial role in regulating immune responses across diverse
pathological conditions such as cancer, chronic infections,
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and inflammatory diseases [13,14]. MDSCs are immature
myeloid cells that can be broadly categorized into polymor-
phonuclear (P-MDSCs) and monocytic (M-MDSCs) sub-
sets, with each possessing unique phenotypic and functional
traits [15]. Through mechanisms such as the suppression
of T-cell activation, the modulation of cytokine production,
and the regulation of innate immune responses, MDSCs can
profoundly shape host immunity [16,17]. In sepsis, circu-
latingMDSCs frequently expanded; undergo expansion, al-
though their clinical significance continues to be the subject
of scholarly debate [8,18].

Previous studies investigating MDSCs in sepsis have
yielded inconsistent and sometimes conflicting results
[19,20,21,22,23]. Several reports have associated increased
MDSC levels with immune paralysis, secondary infections,
and adverse outcomes [24,25,26], whereas others have sug-
gested neutral or even protective roles for specific MDSC
subsets [27,28,29]. These discrepancies may reflect differ-
ences in study design, patient populations, timing of im-
mune assessment, and analytical strategies [15,30]. In par-
ticular, many studies have focused on total MDSCs or on
measurements obtained during the later phases of sepsis,
potentially obscuring the distinct and time-dependent roles
of individual MDSC subsets during the early course of the
disease.

Among MDSC subsets, M-MDSCs have been the fo-
cus of particularly intensive study due to their potent im-
munomodulatory capacity and their close relationship with
circulating monocytes. Experimental and clinical data sug-
gest that M-MDSCs may exert context-dependent effects,
mediating the balance between inflammatory injury and im-
mune regulation in a manner that depends both on disease
stage and microenvironmental cues [31]. However, it re-
mains unclear as to whether early alterations in circulating
M-MDSCs are of prognostic significance in sepsis or how
these cells shape and/or respond to the underlying biologi-
cal processes that define this devastating condition.

Cellular stress responses are increasingly linked to the
pathophysiology of sepsis. The unfolded protein response
and endoplasmic reticulum (ER) stress are essential for the
preservation of cellular homeostasis during inflammation,
hypoxia, and metabolic disturbances [32,33]. Recent re-
ports suggest that ER stress signaling can influence immune
cell differentiation and function, including that of myeloid
cells [34]. The potential role of ER stress pathways in
themodulation of sepsis-associatedMDSC responses, how-
ever, has not been well characterized.

This prospective cohort analysis was developed to ex-
amine the early expansion of circulating MDSC subsets in
sepsis patients and to clarify how these myeloid cell dy-
namics relate to 90-day mortality. In addition, a cecal liga-
tion and puncture (CLP)-induced murine sepsis model was
employed to examine temporal and tissue-specific MDSC
dynamics and MDSC-intrinsic ER stress-related signaling,
complementing our clinical observations. The overall goal

of this study was to determine the prognostic significance
and biological traits associated with early M-MDSC expan-
sion in sepsis through the systematic evaluation and integra-
tion of clinical and experimental evidence.

2. Materials and Methods
2.1 Study Design and Population

This prospective cohort study was conducted in the
intensive care unit (ICU) of Qinghai Provincial People’s
Hospital, Xining, China, from February to December 2024.
Patients were consecutively screened and enrolled at ICU
admission according to predefined inclusion and exclu-
sion criteria. Sepsis was diagnosed in accordance with the
Sepsis-3 definition. Eligible participants were adults aged
18–80 years. Patients were excluded if they were preg-
nant or lactating, had a history of malignancy or autoim-
mune disease, had hematological disorders, HIV infection,
or were receiving immunosuppressive therapy.

Of the 100 patients screened for eligibility, 25 were
excluded during screening, including 5 who died within
24 hours of ICU admission, 10 with malignancies, 3 with
intracranial infections, 3 with skin and soft tissue infec-
tions, and 4 with HIV infection. In addition, 5 patients
were lost to follow-up. Ultimately, 70 patients with sep-
sis were included in the final analysis. A total of 21 age-
matched healthy individuals without evidence of acute in-
fection were also included. Patients were followed for up
to 90 days after ICU admission. Clinical data were sys-
tematically collected, including demographic characteris-
tics, baseline clinical parameters, laboratory findings, and
90-day all-cause mortality.

2.2 Sample Storage
Blood samples from patients were obtained within

24 hours of ICU admission. Venous blood (2 mL) was
drawn into EDTA-containing tubes. The samples were cen-
trifuged, and the serum was stored at –80 °C for future ex-
periments.

2.3 Flow Cytometry
Flow cytometry was conducted as reported previ-

ously [15], with application-specific antibodies. We uti-
lized the BV510-Zombie Aqua Fixable Viability Kit (Bi-
oLegend, 423102) and performed MDSC phenotyping via
five-color flow cytometry with the following antibodies:
FITC-anti-CD11b (BD, 557396), BV421-anti-CD33 (Bi-
oLegend, 366621), PerCP-Cy5.5-anti-HLA-DR (BioLe-
gend, 307630), PE-anti-CD14 (BioLegend, 367104), and
PE-Cy7-anti-CD15 (BioLegend, 301924). The proportions
of MDSCs and associated subtypes were detected using a
BD Aria III flow cytometer, and the resulting data were an-
alyzed in FlowJo v10.8.1 (BD Biosciences, Franklin Lakes,
NJ, USA).
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2.4 Phenotypic Analysis
Whole blood was stained as previously described

[15]. TotalMDSCswere identified as CD33+CD11b+HLA-
DR−/low cells. M-MDSCs were defined as being CD14+,
while P-MDSCs were identified as CD14−CD15+ cells.
Flow cytometric analyses were performed using a standard-
ized gating strategy, although inter-assay variability cannot
be completely excluded.

2.5 Inflammation Index Measurement
Human serum concentrations of IL-6, IL-1β, IL-10,

and IL-8 were quantified using the CBA Human Inflamma-
tory Cytokines Kit (cat/# 551811/1267105, BD, New Jer-
sey, USA). Briefly, after vortexing for 10 seconds, 10 μL of
microspheres were extracted from each tube. Serum sam-
ples were processed by centrifugation, treatedwith a plasma
enhancement solution, diluted, and incubated with micro-
spheres and PE-conjugated inflammatory factor antibodies,
with intermittent washes, to prepare them for downstream
analysis. TNF-α levels were assessed using an appropri-
ate kit (JLW10208; Jonln, Shanghai, China). Plasma levels
of other cytokines were assessed using commercial ELISA
kits as per the manufacturer’s guidelines. All samples were
analyzed in duplicate.

2.6 Murine Cecal Ligation and Puncture (CLP) Model
The study was carried out in accordance with the AR-

RIVE guidelines. Male C57BL/6J mice (10–14 weeks, 22–
28 g) were obtained from Jiangsu Huachuang Xinuo Phar-
maceutical Co., Ltd. In Suzhou, China. Prior to experimen-
tal use, mice were acclimated for at least three days in the
Plateau Medicine Research Center’s animal facility, which
maintained a controlled temperature (18–24 °C) and humid-
ity (50–60%)with a 12-hour light/dark cycle. Animals were
randomly assigned to three subgroups based on time post-
surgery: Sham, CLP 12 h, and CLP 168 h (n = 18/group).
The experimental unit was each individual mouse. Sample
size was based on previous similar CLP studies and pilot ex-
perimental data in our laboratory. All surgical procedures
were performed under general anesthesia with isoflurane
(veterinary drug approval No. 020037015, RWD) using an
RWD Life Science animal gas anesthesia system (Model
number R583S, Shanghai, China). CLP was performed fol-
lowing a previously described protocol [35]. The key steps
of the procedure were as follows: A 1-cm midline abdom-
inal incision was made to expose the cecum, which was
ligated approximately 1 cm from the distal end and punc-
tured with a 22-gauge needle approximately 0.2 cm distal
to the ligation. Following surgery, all mice underwent sub-
cutaneous resuscitation with 1 mL of sterile 0.9% saline
(Sichuan, China). Animals were provided unrestricted ac-
cess to food and water throughout the study.

To establish the sepsis model, we employed the CLP
model, a polymicrobial sepsis model that more closely
mimics the clinical pathophysiology of human sepsis. In

addition, throughout the experimental process, organ in-
jury markers, inflammatory cytokine levels, and changes in
MDSCs and their subsets were evaluated at multiple time
points after CLP. The 12-hour time point was considered
to represent the acute hyperinflammatory phase, character-
ized by severe organ dysfunction, cytokine storm, and peak
innate immune activation, andwas therefore selected to rep-
resent the early acute inflammatory stage of sepsis. In con-
trast, at 7 days after CLP, surviving animals had entered
a stage of immune remodeling, during which MDSC ex-
pansion became more prominent. Accordingly, this time
point was considered more suitable for investigating PD-
1/PD-L1 signaling and sepsis-associated immunosuppres-
sion. Therefore, the primary focus of the present study was
to compare the acute inflammatory phase and the partial
recovery-associated immune remodeling phase during sep-
sis progression, and the 12 h and 7-day time points were
selected accordingly.

2.7 Experiment Animal Sampling
Mice were anesthetized with isoflurane (inhaled con-

centration 1.5%) (20240606, China) using an inhalational
animal anesthesia system (R583S, China). Whole blood
was collected via pericardiocentesis under deep anesthe-
sia, followed by transfer into EDTA-coated tubes for an-
ticoagulation. Euthanasia was subsequently confirmed by
exsanguination, in accordance with institutional guidelines
for animal care and use. Spleens were collected and me-
chanically dissociated [36] with a 5 mL syringe plunger to
create single-cell suspensions. Bone marrow (BM) cells
were extracted by washing the femur and tibia shafts with
phosphate-buffered saline (PBS, China), followed by brief
centrifugation. Red blood cells from all tissues were lysed.
The resulting cell suspensions were subsequently processed
for flow cytometric analysis.

2.8 Measurement of Organ Injury Markers
Serum was extracted by centrifuging blood samples at

2000 ×g for 20 minutes. An automated biochemical ana-
lyzer was employed as directed to assess serum levels of
organ injury markers, including creatine kinase (CK), cre-
atine kinase isoenzyme (CK-MB), lactate dehydrogenase
(LDH), aspartate aminotransferase (AST), alanine amino-
transferase (ALT), blood urea nitrogen (BUN), and creati-
nine (Cr).

2.9 Serum Inflammatory Cytokine Analyses
Serum levels of IL-6, IL-10, and TNF were assessed

using the BD™ CBA Mouse Inflammatory Kit (552364,
BD, USA) following the manufacturer’s guidelines.

2.10 Murine MDSC Subset Staining
BMand spleen cell suspensionswere prepared accord-

ing to established methods. Briefly, ~1 × 106 cells in 100
µL of staining buffer were stained with the Zombie Aqua™
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Fig. 1. Circulating MDSC subset frequencies in sepsis patients and healthy donors. (A) shows the percentage of total MDSCs,
M-MDSCs and P-MDSCs in the healthy donors (n = 21), while (B) presents these percentages in sepsis patients (n = 70). (C) Compares
MDSC percentages between healthy donors and sepsis patients. (D) Compares M-MDSC percentages between healthy donors and
sepsis patients. (E) Compares P-MDSC percentages between healthy donors and sepsis patients. Data are presented as the median with
interquartile range (IQR) and were compared with the Mann-Whitney U test. ****p < 0.0001.

(cat/# 423102/B395874, BioLegend, USA) to exclude dead
cells. Fc receptor blocking was performed for 10 minutes
using Mouse TruStain FcX™ (cat/# 101320/B411434, Bi-
oLegend, USA). Cells were then incubated with appropri-
ate antibodies in a 100 μL volume at 4 °C for 30 min-
utes in the dark, washed twice (500 ×g, 5 minutes), and
resuspended in 500 µL of PBS for acquisition. Antibod-
ies used for this study included FITC anti-mouse/human
CD11b (cat/# 101205/B324795), PerCP-Cy5.5 anti-mouse
CD45 (cat/# 103132/B370639), PE anti-mouse Ly6C (cat/#
128008/B313796), and PE/Cy7 anti-mouse Ly6G (cat/#
127618/B351626), all from BioLegend, USA.

Mouse MDSC populations were defined as in a prior
study [15]:

M-MDSCs are identified based on the markers
CD45+, CD11b+, Ly6G–, and Ly6C+

P-MDSCs are distinguished by the markers CD45+,
CD11b+, Ly6G+, and Ly6C–

2.11 Isolation of CD11b+Gr-1+ Cells
CD11b+Gr-1+ cells were isolated from mouse spleens

and bone marrow using the Easy Sep™ Mouse MDSC Iso-
lation Kit (cat/# 19867/1000171555, Canada) following the
manufacturer’s instructions. Post-sort purity was verified
by flow cytometry.

2.12 Western Blotting
CD11b+Gr-1+ cells were lysed in 1× RIPA lysis

buffer containing 1 mM PMSF, and 1× Phosphatase In-
hibitor Cocktail 2. Lysates were then centrifuged, and
protein concentrations were determined using an En-
hanced BCA Protein Assay Kit, after which samples
(25–30 μg per lane) were separated via electrophore-
sis and transferred to PVDF membranes. After block-
ing with 5% BSA for 1 hour, membranes were incu-
bated overnight with the following antibodies: Anti-
GRP78/Bip (cat/# C50812/10, 1:1000, CST, USA), Anti-
XBP1 (cat/# ab220783/1053976-17, 1:1000, Abcam,
USA), Anti-phospho-eIF2α (cat/# s51/6, 1:1000, CST,
USA), Anti-eIF2α (cat/# C3294/7, 1:1000, CST, USA),
Anti-ATF4 (cat/# C11815/5, 1:1000, CST, USA), Anti-
ATF6 (cat/#66563-1-Ig/10042149, 1:1000, Proteintech,
USA), or Anti-β-actin (cat/# 20536-1-AP/9300014001,
1:5000, Proteintech, China). After washing, membranes
were incubated with appropriate secondary antibodies for 1
hour, and signal intensity levels were quantified using Im-
ageJ 1.54m (National Institutes of Health, Bethesda, MD,
USA).

4

https://www.imrpress.com


Fig. 2. Comparison ofMDSC subsets and clinical outcomes between 90-day survivors and non-survivors. (A) Shows the percentage
of MDSCs, M-MDSCs and P-MDSCs in the 90-day survivors, while (B) presents these percentages in the 90-day non-survivors. (C)
ComparesMDSC percentages between the 90-day survivors and the 90-day non-survivors. (D) ComparesM-MDSC percentages between
the 90-day survivors and the 90-day non-survivors. (E) Compares P-MDSC percentages between the 90-day survivors and the 90-day
non-survivors. Data are presented as the median with the interquartile range (IQR). The Mann-Whitney U test was utilized for group
comparisons. ns, p > 0.05; ****p < 0.0001.

2.13 Statistical Analysis
GraphPad Prism 9.4 (GraphPad Software, San Diego,

CA, USA) and SPSS 28.0 (IBM, Corp. Armonk, NY,
USA)were utilized for statistical analyses. The clinical data
were analyzed using median (IQR) and the Mann–Whitney
U test, and the animal experimental data are expressed
as mean ± standard deviation (SD). One-way ANOVAs
were used when comparing multiple groups with normally
distributed data. Factors associated with 90-day survival
were identified via regression. Predictive performance was
evaluated using Receiver Operating Characteristic (ROC)
curves and the Youden index, while survival differences
were analyzed with Kaplan-Meier curves. All statistical
tests were two-sided, and a p-value < 0.05 was considered
statistically significant.

3. Results
3.1 Basic Patient Characteristics

A total of 70 sepsis patients were enrolled in the study.
All patients were admitted to the ICU within 24 hours of
sepsis diagnosis, with 21 healthy donors (HD) serving as
controls. Among the sepsis cohort, 36 patients survived,

and 34 patients died within 90 days after ICU admission.
Baseline characteristics of the population are presented in
Supplementary Table 1.

Non-survivors exhibited a higher prevalence of hyper-
tension compared to survivors. At the time of ICU admis-
sion, non-survivors had significantly elevated Acute Physi-
ology and Chronic Health Evaluation (APACHE) II and Se-
quential Organ Failure Assessment (SOFA) scores. In ad-
dition, lactate concentrations and plasma levels of inflam-
matory cytokineswere significantly higher in non-survivors
relative to survivors, with the exception of IL-1β (Table 1).

3.2 Expansion of Circulating MDSC Subsets in Patients
With Sepsis

Blood samples were collected from sepsis patients
within 24 hours of ICU admission, and flow cytometric
staining was performed within 30 minutes of sample collec-
tion. Gating strategy MDSC subset (Supplementary Fig.
1). Compared with healthy donors, patients with sepsis ex-
hibited robust expansion of totalMDSCs (3.64%vs 0.46%),
P-MDSCs (1.19% vs 0.15%), and M-MDSCs (1.39% vs
0.28%) (all p < 0.0001) (Fig. 1A–E).
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Fig. 3. Prognostic value of M-MDSC proportion as a predictor of 90-day mortality in sepsis. (A) Receiver operating characteristic
(ROC) curve evaluating the predictive performance of M-MDSC proportion for 90-day mortality. (B) Kaplan-Meier survival curves for
patients stratified using the optimal M-MDSC cut-off value (1.25%).

Fig. 4. Serum inflammatory cytokine levels and organ function indicators in CLPmodel mice at 12 h and 7 days post-CLP. Serum
levels of seven organ-specific injury markers were measured across the Sham, CLP 12 h, and CLP 7 day groups (n = 5 per group). (A)
IL-1β; (B) IL-6; (C) TNF; (D) IL-10; (E) BUN; (F) Cr; (G) CK; (H) CK-MB; (I) LDH; (J) ALT; (K) AST. Data are expressed as mean ±
standard deviation. One-way ANOVA was used for comparing multiple groups' data. ns, not significant, ***p < 0.001, ****p < 0.0001.
CLP, cecal ligation and puncture.
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Table 1. Baseline demographic and clinical characteristics of patients with sepsis and healthy controls.

Contents Healthy donors [M (P25, P75)]
Sepsis patients [M (P25, P75)] p-value

90-d survivors 90-d non-survivors

Number of patients 21 36 34 -
Gender (male/female) 11/10 24/12 22/12
Age (years) 57 (50–60) 58 (45–69) 59 (52–71) 0.581
Hypertension, n (%) 6 (29%) 6 (17%) 13 (38%) 0.043
Diabetes, n (%) 5 (23%) 9 (25%) 8 (24%) 0.259
Hypertension and Diabetes n (%) 3 (14%) 4 (11%) 4 (12%) 0.457
APACHE II score - 12 (9, 14) 15 (12, 20) 0.006
SOFA score - 6.5 (4, 8) 9.5 (6, 12) 0.000
Neutrophils (×109/L) 2.94 (2.42, 3.87) 9.49 (6.50, 14.95) 8.10 (5.27, 13.07) 0.204
Monocytes (×109/L) 0.40 (0.34, 0.58) 0.36 (0.26, 0.59) 0.51 (0.30, 0.69) 0.192
Lactate (mmol/L) - 1.20 (0.90,1.88) 2.15 (1.70, 3.53) 0.000
TNF-α (pg/mL) 25.83 (22.62, 32.42) 1379.25 (644.63, 4297.46) 5884.25 (1885.90, 7911.15) 0.000
IL-6 (pg/mL) 2.38 (1.17, 3.63) 101.9 (43.1, 362.7) 734.3 (188.7, 2420.3) 0.003
IL-1β (pg/mL) 0.39 (0.26,1.02) 6.30 (4.90, 8.40) 7.40 (2.20, 11.90) 0.948
IL-8 (pg/mL) 3.99 (2.99, 6.446) 27 (20, 39) 210 (119, 500) 0.000
IL-10 (pg/mL) 0.48 (0.32, 1.30) 7.50 (3.70, 13.10) 56.60 (29.60, 145.10) 0.000
IL-7 (pg/mL) 29.34 (17.01, 54.84) 262 (140, 613) 188 (72, 278) 0.007
IL-15 (pg/mL) 15.60 (10.60, 17.90) 108 (48, 195) 180 (53, 534) 0.026
Comparison of demographic characteristics, laboratory markers, severity scores, lactate concentration, and plasma cytokines (TNF-α, IL-6,
IL-1β, IL-8, IL-10, IL-7, IL-15) between survivors and non-survivors at 90 days. Data are expressed as median (IQR) P25 and P75 represent
the 25th and 75th percentiles (%). Statistical significance was determined using the Mann-Whitney U test. p-values indicate comparisons
between 90-day survivors and non-survivors. TNF-α, Tumor Necrosis Factor-α; IL, Interleukin.

Fig. 5. The expression of MDSCs and their subsets in mouse bone marrow post-CLP. (A) Shows the percentage of MDSCs, M-
MDSCs and P-MDSCs in the Sham group, while (B) presents these percentages in the CLP 12-hour group. (C) Depicts the percentages
in the CLP 7-day group. (D) Compares MDSC proportions across the Sham, CLP 12-hour, and 7-day groups, and (E,F) provide a
comparison of P-MDSC and M-MDSC proportions among these groups (n = 5 per group). Data are expressed as mean ± standard
deviation. One-way ANOVA was used for comparing multiple groups' data. Significance levels are indicated as follows: ns, p > 0.05;
*p < 0.05; ****p < 0.0001.

7

https://www.imrpress.com


Fig. 6. The expression ofMDSCs and their subsets in the spleen of mice post-CLP. (A) Shows the percentage ofMDSCs, M-MDSCs
and P-MDSCs in the Sham group, while (B) presents these percentages in the CLP 12-hour group. (C) Depicts the percentages in the
CLP 7 -day group. (D) Compares MDSC proportions across the Sham, CLP 12-hour, and 7-day group, (E,F) provide a comparison of
P-MDSC, M-MDSC proportions among these groups (n = 5 per group). Data are expressed as mean ± standard deviation. One-way
ANOVA was used for comparing multiple groups' data. Significance levels are indicated as follows: ns, p ≥ 0.05; **p < 0.01; ***p <
0.001, ****p < 0.0001.

3.3 Association Between M-MDSC Levels and 90-Day
Survival

To explore the association between MDSC subsets
and clinical outcomes, sepsis patients were stratified ac-
cording to 90-day survival status. As shown in Fig. 2,
the proportion of circulating M-MDSCs at ICU admission
was significantly higher in 90-day survivors than in non-
survivors (p < 0.0001). Conversely, the totalMDSCs and P-
MDSCs did not differ significantly between survivors and
non-survivors (Fig. 2B,C,E). Among circulating MDSC
subsets, only M-MDSC levels were significantly elevated,
with an approximately three-fold increase in survivors rel-
ative to non-survivors (Fig. 2A,B,D).

3.4 Prognostic Performance of M-MDSCs in Evaluating
90-Day Mortality

We divided the patients with sepsis based on their sur-
vival statuswithin 90 days (0 for survival; 1 for death). Age,
hypertension, diabetes, APACHE II score, SOFA score,
Albumin, Monocytes, PCT (Procalcitonin), MDSC, M-
MDSC, and P-MDSC were used as independent variables
for univariate Logistic regression analysis. The results
showed that SOFA score, APACHE II score, M-MDSC, Al-
bumin, PT, PCT, and CRP (C-reactive protein) were all fac-
tors influencing the 90-day survival of sepsis patients (p <
0.05). For multivariate Logistic regression analysis of these
indicators (SOFA score, APACHE II score, M-MDSC, Al-

bumin, PT, PCT, CRP), the results showed that M-MDSC
remained an independent influencing factor for 90-day sur-
vival of sepsis (Supplementary Table 2).

The prognostic value of circulating M-MDSCs was
further assessed by receiver operating characteristic (ROC)
curve analysis. At ICU admission, the proportion of M-
MDSCs showed moderate discriminative ability for pre-
dicting 90-day mortality, with an AUC of 0.712 (95% CI:
0.584–0.839, p = 0.002) (Fig. 3A). The Youden index iden-
tified 1.25% of peripheral blood live cells as the optimal
cut-off value for the M-MDSC proportion.

Based on this cutoff, patients were stratified into low
(<1.25%) and high (≥1.25%) M-MDSC groups. Kaplan-
Meier survival analysis showed significantly lower 90-day
survival in patients with low M-MDSC levels than in those
with high M-MDSC levels (Fig. 3B).

3.5 Independent Association Between M-MDSC
Frequency and All-Cause Mortality

The results of univariate Cox proportional hazards
analyses conducted to identify variables linked to 90-day
mortality are presented in Table 2. Disease severity scores,
selected laboratory parameters, inflammatory cytokine lev-
els, and the proportion of circulating M-MDSCs were all
significantly associated with mortality in these univariate
analyses.
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Table 2. COX regression analysis of sepsis patients with different prognoses.

Variable
Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

P-MDSC of live cell 0.885 (0.736–1.063) 0.191
M-MDSC of live cell 0.743 (0.554–0.997) 0.048 0.696 (0.520–0.932) 0.015
SOFA score 1.173 (1.081–1.276) 0.000 1.126 (1.027–1.234) 0.011
APACHE II score 1.093 (1.037–1.152) 0.001 1.096 (1.030–1.1672) 0.004
CRP (mg/dL) 1.000 (0.997–1.003) 0.861
PCT (ng/mL) 1.011 (1.002–1.021) 0.020 1.011 (1.000–1.022) 0.060
Lac (mmol/L) 1.741 (1.372–2.210) 0.000 1.470 (1.056–2.047) 0.023
Albumin (g/L) 0.919 (0.860–0.986) 0.014 0.977 (0.900–1.060) 0.746
IL-8 (pg/mL) 1.001 (1.000–1.001) 0.000 1.001 (1.000–1.001) 0.000
Univariate and multivariate Cox proportional hazards analysis evaluating demographic char-
acteristics, laboratory values, cytokine levels, severity scores, and MDSC subset proportions
for associations with 90-day mortality. Hazard ratios (HRs), 95% confidence intervals (CIs),
and p-values are reported. Due to the large numerical range of cytokine concentrations, hazard
ratios per unit increase appear close to 1. PCT, procalcitonin; CRP, C-reactive protein.

Fig. 7. Upregulation of ER stress-related proteins in splenic CD11b+Gr-1+cells. Six ER stress-related proteins were analyzed by
Western blotting in splenic CD11b+Gr-1+ cells from the Sham, CLP 12 h and CLP 7-day groups (n = 5 per group). (A) Six endoplasmic
reticulum stress proteins; (B) BIP expression among the three groups; (C) P-eIF2α/eIF2α expression among the three groups; (D) XBP1
expression among the three groups; (E)ATF4 expression among the three groups; (F) ATF6 expression among the three groups; (G)
Nrf2 expression among the three groups. Data are presented as mean ± standard deviation. One-way ANOVA was used for comparing
multiple groups' data. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Variables with a p < 0.05 in univariate analyses were
included in the multivariate Cox regression model. After

adjustment for disease severity scores and relevant clini-
cal variables, the proportion of circulating M-MDSCs re-
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Fig. 8. Upregulation of ER stress-related proteins in bone marrow CD11b+Gr-1+cells. Six ER stress-related proteins were analyzed
by Western blotting in bone marrow CD11b+Gr-1+ cells from the Sham, CLP 12-h, and CLP 7-day groups (n = 5 per group). (A) Six
endoplasmic reticulum stress proteins; (B) BIP expression among the three groups; (C) XBP1 expression among the three groups; (D)
ATF6 expression among the three groups; (E) P-eIF2α/eIF2α expression among the three groups; (F) Nrf2 expression among the three
groups; (G) ATF4 expression among the three groups. Data are presented as mean ± standard deviation. One-way ANOVA was used for
comparing multiple groups' data. ns, not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001.

mained independently associated with 90-day mortality
(HR: 0.696; 95% CI: 0.520–0.932; p = 0.015). Among the
immunological variables included in the model, the propor-
tion of M-MDSCs was the only immune cell subset that re-
tained independent prognostic significance (Table 2).

3.6 Establishment of a CLP-Induced Murine Sepsis Model
To establish an experimental model corresponding to

different phases of sepsis, a standard CLP procedure was
performed in mice. Twelve hours post-CLP, mice showed
significantly increased serum levels of the inflammatory
cytokines IL-1β, IL-6, TNF and IL-10 compared to sham-
operated controls (Fig. 4A–D).

Markers of cardiac injury, hepatic dysfunction, and re-
nal impairment were also markedly increased at 12 hours
post-CLP. By 7 days post-surgery, the levels of most in-
flammatory cytokines and organ injury markers had largely
returned to the levels seen in the sham group (Fig. 4E–K).

3.7 Biphasic and Tissue-Specific Redistribution of MDSC
Subsets in CLP-Induced Sepsis

MDSC percentages in the BM and spleens of mice
were assessed at 12 h and 7 days post-CLP. Gating strategy
MDSC subset (Supplementary Fig. 2). In the BM,MDSC
dynamics exhibited a distinct pattern (Fig. 5D) such that at
12 hours after CLP modeling, the proportion of M-MDSCs
significantly increased (Fig. 5B,F), whereas the proportion
of P-MDSCs decreased compared to sham controls (Fig.
5B,E). By day 7, M-MDSC levels had partially declined
but remained elevated compared with the sham group (Fig.
5A,C,F), whereas P-MDSC levels had markedly increased
(Fig. 5C,E).

In the spleen, total MDSCs were significantly reduced
at 12 hours post-CLP compared with sham controls (Fig.
6A,B,D), followed by amarked increase at 7 days (Fig. 6C).
Subset analysis indicated that the early reduction was pri-
marily attributable to a decrease in P-MDSCs (Fig. 6B,E),
whereas the late increase was dominated by the expansion
of M-MDSCs (Fig. 6C,F).
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3.8 Sepsis Induces Tissue-Specific and Time-Dependent
Activation of ER Stress-Related Signaling in MDSCs

To evaluate ER stress in MDSCs during sepsis,
CD11b+Gr-1+ cells were extracted from the spleen and BM
of both sham-operated mice and CLP model mice at 12 h
and 7 days post-surgery. The purity of Gr-1 in mouse BM
was verified using flow cytometry (Supplementary Fig.
3). Western blotting revealed elevated levels of ER stress-
related proteins in MDSCs from CLP mice compared to
sham controls. Specifically, in splenic CD11b+Gr-1+ cells,
p-eIF2α/eIF2α was decreased, while Bip, XBP1, ATF4, and
Nrf2 were significantly upregulated at 12 hours after CLP
compared with the Sham group (Fig. 7A–E,G). whereas
ATF6 levels showed an upward trend without statistical
significance (Fig. 7A,F). At 7 days post-CLP, the expres-
sion of XBP1 (Fig. 7A,D), ATF4 (Fig. 7A,E), ATF6 (Fig.
7A,F), and Nrf2 (Fig. 7A,G) was significantly downreg-
ulated compared with the 12-hour time point. In contrast,
p-eIF2α/eIF2α was decreased (Fig. 7C), Bip (Fig. 7B) and
Nrf2 (Fig. 7G) levels remained significantly elevated rel-
ative to the Sham group, while ATF4 (Fig. 7E) levels re-
mained numerically higher than the Sham group without
reaching statistical significance.

In BM CD11b+Gr-1+ cells, Bip, XBP1, ATF4, and
Nrf2 levels were significantly increased at 12 h after CLP
compared with the Sham group (Fig. 8A–C,F,G). At 7 day,
p-eIF2α/eIF2αwas decreased (Fig. 8A,E), Bip (Fig. 8A,B),
and Nrf2 (Fig. 8A,F) remained significantly elevated rela-
tive to the Sham group. Compared with the 12-h time point,
the expression of Bip (Fig. 8A,B), XBP1 (Fig. 8A,C),
ATF4 (Fig. 8A,G), and Nrf2 (Fig. 8A,F) was significantly
decreased at 7 days, whereas ATF6 levels fluctuated among
groups without statistical significance (Fig. 8A,D).

4. Discussion
In this prospective cohort study, we investigated the

prognostic relevance of the percentage of circulating M-
MDSCs in sepsis and explored their potential biological
characteristics using a CLP-induced murine model. Cir-
culating M-MDSCs significantly increased in sepsis pa-
tients within 24 hours of ICU admission. Higher propor-
tions of M-MDSCs at admission were linked to better 90-
day survival and independently correlated with mortality
after adjusting for disease severity and other clinical vari-
ables. The same trend was observed in the bone mar-
row (12 hours post-CLP). Furthermore, the increase ob-
served in patients was primarily driven by survivors, sup-
porting the prognostic relevance of M-MDSCs. Third, in
the CLP model, MDSC subsets exhibited distinct temporal
and tissue-specific dynamics across the acute and recovery
phases of sepsis. MDSCs isolated from septic mice showed
activation of ER stress pathways in the spleen and bone
marrow. Taken together, these findings suggest that early
expansion of circulating M-MDSCs represents a prominent

immunological feature of sepsis and may carry important
prognostic information.

A key observation of this study is that among circulat-
ing MDSC subsets, only M-MDSCs differed significantly
between survivors and non-survivors and retained indepen-
dent prognostic value in multivariate analyses. While non-
survivors exhibited higher severity scores and more pro-
nounced systemic inflammation, the association between
M-MDSC levels and clinical outcomes persisted after ad-
justment for these factors. This finding indicates that M-
MDSCs may reflect aspects of host immune status that are
not fully captured by conventional clinical severity indices.
Our data is evident by highlighting the importance of focus-
ing on the monocytic subset and on early time points in the
disease course.

Sepsis is characterized by a complex and heteroge-
neous host response involving both excessive inflammation
and immunosuppression [37,38,39]. A growing body of
evidence indicates that MDSCs expand during sepsis and
contribute to immune dysregulation [28,29,30]. Previous
studies have linked persistent or delayed MDSC expansion
to adverse outcomes, particularly in later phases of sepsis
or septic shock [28,30], whereas other reports suggest that
specific MDSC subsets may exert context-dependent regu-
latory effects [27]. In contrast, our study suggests that early
expansion of M-MDSCs may be associated with improved
clinical outcomes, highlighting the importance of temporal
context when interpreting the role of MDSCs in sepsis [40].

From a biological perspective, M-MDSCs are known
to exert diverse immunomodulatory effects, including
regulation of T-cell activation, cytokine production, and
myeloid cell differentiation [16,29]. This duality under-
scores the importance of temporal context in interpreting
the immunological role of M-MDSCs. Rather than repre-
senting a uniform state of immune suppression, M-MDSC
expansion during early sepsis may contribute to limiting ex-
cessive inflammatory injury and promoting immune home-
ostasis. Our experimental data from the CLPmodel support
the concept that MDSC biology is highly dynamic, with
marked redistribution and subset-specific expansion across
immune compartments. The unique temporal patterns in
the bone marrow and spleen highlight the complexity of
myeloid cell responses during sepsis, indicating that circu-
lating M-MDSC levels may reflect signals from various tis-
sues.

Importantly, our clinical observations were paralleled
by experimental findings in the CLP model. Increased M-
MDSC levels were detected in the peripheral blood of pa-
tients during the early phase of sepsis and in the BM of
septic mice at 12 h post-CLP. Moreover, in patients, this
increase was predominantly observed in survivors, further
supporting its potential prognostic relevance. At the tis-
sue level, MDSC subsets displayed marked temporal and
compartment-specific redistribution. In the spleen, early
reductions in MDSC levels were mainly attributable to de-
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creased P-MDSC abundance, whereas later expansion was
dominated by M-MDSCs. In contrast, the BM exhibited
early M-MDSC expansion followed by the recovery of P-
MDSCs. These findings indicate thatMDSC responses dur-
ing sepsis are highly dynamic and tissue-dependent, and
that circulating M-MDSCs may reflect broader myeloid re-
programming across immune compartments. This dynamic
nature is also consistent with earlier experimental studies
showing that MDSCs may either attenuate or aggravate in-
flammatory responses depending on the stage of sepsis and
the subset involved [28,29].

An additional novel aspect of this study is the ob-
servation of ER stress activation in MDSCs during sepsis.
In both spleen and BM derived CD11b+Gr-1+ cells, sev-
eral canonical ER stress-related proteins, including Bip, p-
eIF2α, XBP1, ATF4, and Nrf2, were upregulated during
the acute phase following CLP. These findings indicate that
MDSCs are exposed to substantial intracellular stress dur-
ing sepsis, likely driven by the inflammatory milieu, hy-
poxia [41], and metabolic disturbances characteristic of this
condition [42,43]. More broadly, ER stress and the un-
folded protein response are increasingly recognized as im-
portant regulators of immune cell survival [44], differen-
tiation [45], and signaling under inflammatory conditions
[32,33,46,47].

Notably, ER stress activation in MDSCs exhibited
pathway-selective and dynamic features. The PERK-
eIF2α-ATF4 and IRE1-XBP1 branches of this pathway
were prominently activated during the acute phase of sep-
sis, whereas ATF6 activation was relatively limited. In ad-
dition, ER stress marker levels were elevated at 12 h post-
CLP and declined toward baseline at day 7, paralleling the
attenuation of systemic inflammation. Differences between
splenic and BMMDSCs further suggest that local microen-
vironmental factors may shape stress-response patterns in
these cells. Taken together, these findings indicate that the
sepsis-related induction of ER stress in MDSCs is not a
uniform or sustained response, but rather a dynamic pro-
cess characterized by pathway preference and tissue depen-
dence.

Previous studies focused on cancer and inflammatory
diseases have suggested that ER stress may influence the
phenotype and functional properties of myeloid suppres-
sor cells and other immunoregulatory myeloid populations
[34,46,47]. In the present study, ER stress activation was
observed in sepsis-associated MDSCs. However, whether
this pathway directly regulates MDSC function in sepsis re-
mains unclear. Therefore, the ER stress-related alterations
identified here should be interpreted as associative rather
than causal. Further mechanistic studies, including phar-
macological inhibition or genetic modulation of ER stress
pathways, are required to determine whether ER stress di-
rectly contributes to MDSC-mediated immune regulation
in sepsis. The current study provides a solid foundation for
subsequent mechanistic investigations.

Limitations should be acknowledged. First, reporting
cell populations as percentages has inherent limitations, as
the observed increase in MDSC proportions in sepsis may
reflect underlying lymphopenia rather than a true increase
in absolute MDSC numbers. Second, this study was con-
ducted at a single center with a relatively modest sample
size. Finally, although we identified ER stress activation in
MDSCs in a murine model, direct functional assays linking
ER stress pathways to M-MDSC immunoregulatory activ-
ity were not performed.

This study concludes that early expansion of circulat-
ing M-MDSCs independently correlates with enhanced 90-
day survival in sepsis patients and highlights ER stress acti-
vation as a key biological characteristic ofMDSCs in exper-
imental sepsis. These findings underscore the intricate and
context-specific role ofM-MDSCs in sepsis, advocating for
further research into their potential as immune biomarkers
and therapeutic targets in critical illness.

5. Conclusions
The early increase of circulating M-MDSCs is in-

dependently linked to enhanced 90-day survival in sepsis
patients. The study underscores the variable role of M-
MDSCs in sepsis, indicating that early immunoregulatory
responses, possibly associated with ER stress activation,
could lead to positive clinical outcomes.
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