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cell renal cell carcinoma
Yiming Jin1,2, Hisamitsu Ide1,3*, Masayoshi Nagata1,
Takuro Kobayashi1,4, Jun Lu1, Yoshihiro Ikehata1,4,
Fumitaka Shimizu1, Yan Lu1 and Shigeo Horie1,3,4*

1Department of Urology, Graduate School of Medicine, Juntendo University, Tokyo, Japan,
2Department of Molecular and Medical Pharmacology, David Geffen School of Medicine, University of
California, Los Angeles, Los Angeles, CA, United States, 3Department of Innovative Longevity,
Graduate School of Medicine, Juntendo University, Tokyo, Japan, 4Data Science and Informatics for
Genetic Disorders, Graduate School of Medicine, Juntendo University, Tokyo, Japan
Background: Immune checkpoint inhibitors (ICIs) are a cornerstone of systemic

therapy for clear cell renal cell carcinoma (ccRCC), yet response rates remain

variable and predictive biomarkers are lacking. This study aimed to determine

whether baseline levels of myeloid-derived suppressor cells (MDSCs), especially

monocytic (M-MDSC) and polymorphonuclear (PMN-MDSC) subtypes, could

predict ICI response in ccRCC patients.

Methods: In this prospective cohort study, 20 ccRCC patients receiving ICI-

based therapy for at least 3months were enrolled. Peripheral bloodmononuclear

cells were collected before and after treatment to quantify total MDSCs, M-

MDSCs, and PMN-MDSCs via flow cytometry. Additional clinical variables,

including blood cell counts and metabolic profiles, were assessed. Elastic net

regression identified key variables associated with treatment response.

Multivariable logistic regression was used to evaluate their predictive value. The

primary outcome was objective response (CR/PR) based on RECIST 1.1.

Results: Among 47 clinical and laboratory variables with an area under the curve

(AUC) greater than 0.6, elastic net regression identified 7 key predictors of

immunotherapy response. Notably, higher baseline levels of monocytic MDSCs

(M-MDSCs) and their proportion within total MDSCs were independently

associated with objective response to immune checkpoint inhibitors (OR =

3.082, p = 0.041 and OR = 5.764, p = 0.036, respectively). Following

treatment, responders exhibited a significant decline in circulating M-MDSC

levels, whereas non-responders did not.
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Conclusions: Baseline circulating M-MDSC levels and their relative proportion

within total MDSCs may serve as potential predictive biomarkers for response to

immune checkpoint inhibitors in ccRCC patients. These findings highlight the

role of MDSCs in modulating immunotherapy efficacy and suggest their clinical

utility in guiding personalized treatment strategies.
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1 Introduction

Clear cell renal cell carcinoma (ccRCC) accounts for

approximately 70%–80% of renal cell carcinoma (RCC) cases and

is characterized by mutations in the Von Hippel-Lindau (VHL)

gene, leading to dysregulation of the hypoxia-inducible factor (HIF)

pathway, enhanced angiogenesis, and an immunosuppressive

tumor microenvironment (TME) (1, 2). In recent years, immune

checkpoint inhibitors (ICIs), particularly those targeting PD-1/PD-

L1 pathways, have significantly improved the treatment of

metastatic ccRCC (mccRCC), replacing VEGF-TKIs as the

preferred first-line therapy either as monotherapy or in

combination with VEGF-TKIs or CTLA-4 inhibitors (3).

Despite significant clinical benefits, ICI responses vary

markedly among mccRCC patients, with objective response rates

ranging from 40% to 60% (4, 5). Robust predictive biomarkers

remain lacking, complicating patient selection and treatment

optimization (6). Existing models like the International Metastatic

RCC Database Consortium (IMDC) risk model offer limited

predictive value for ICI efficacy, as they were primarily developed

for patients receiving VEGFR-TKIs (7). Furthermore, tissue-based

markers such as PD-L1 expression and tumor mutational burden

(TMB) are invasive to obtain and show inconsistent predictive

ability in ccRCC (8).

Myeloid-derived suppressor cells (MDSCs), a heterogeneous

immunosuppressive cell population present in the TME and

peripheral blood, play a critical role in tumor immune evasion and

ICI resistance through multiple mechanisms. MDSCs are typically

classified into monocytic (M-MDSCs) and polymorphonuclear

(PMN-MDSCs) subtypes, each using distinct mechanisms—M-

MDSCs primarily through nitric oxide (NO), and PMN-MDSCs

via reactive oxygen species (ROS)—to suppress T-cell activity (9–11).

MDSCs could also promote tumor angiogenesis by releasing VEGFA

and MMP-9 (12, 13). Furthermore, MDSCs interact with other TME

components to create an immunosuppressive environment, such as

promoting Treg proliferation through CD40, which leads to ICI

therapy resistance (14). Studies in other malignancies have linked

high circulating MDSC levels with poor prognosis and ICI resistance.

In gastric cancer, non-small cell lung cancer (NSCLC), and

melanoma, high level of MDSCs was significantly associated with
02
worse prognosis (15, 16). In NSCLC, higher circulating M-MDSC

and PMN-MDSC levels were linked to ICIs resistance (17, 18). In

ccRCC, the association between circulating MDSC subtypes and ICI

treatment response has not been clearly established.

Given that circulating MDSCs can partially reflect their

infiltration in the TME and are accessible via minimally invasive

blood sampling, they offer a promising use for identifying patients

suitable for ICI therapy, enabling precision treatment, and allowing

real-time evaluation of treatment efficacy. However, the predictive

value of MDSCs for prognosis and ICI response varies significantly

across cancer types. In ccRCC, the association between circulating

MDSC subtypes and ICI treatment response has not been

well established.

This study aimed to investigate whether baseline levels and

dynamic changes in total MDSCs, M-MDSCs, and PMN-MDSCs

are associated with ICI efficacy in ccRCC patients. By integrating

flow cytometry-based quantification of MDSCs with clinical and

laboratory parameters in a prospective cohort, we sought to identify

potential blood-based biomarkers for predicting ICI response,

which may guide personalized immunotherapy strategies in ccRCC.
2 Material and methods

2.1 Patients and data collection

Patients with ccRCC treated with ICIs at the Department of

Urology, Juntendo University between October 2020 and July 2024

who consented to participate in this study were included. The

inclusion criteria were: (1) pathological diagnosis of ccRCC; (2) no

other primary malignancies; (3) received ICIs for more than three

months (including Ipilimumab + Nivolumab, Nivolumab alone

after TKI intolerance, or ICI + TKI); and (4) complete MDSCs

data from peripheral blood mononuclear cell before and after ICIs

treatment. Patients were excluded if they had another primary

cancer, received only TKI treatment, or had missing MDSC data.

In addition to MDSC measurements, we also collected laboratory

data before and after treatment, including uric acid (UA),

triglycerides (TG), C-reactive protein (CRP), alkaline phosphatase

(ALP), white blood cell count (WBC), neutrophils, lymphocytes,
frontiersin.org
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neutrophil-to-lymphocyte ratio (NLR), platelets (PLT), hemoglobin

(Hb), lactate dehydrogenase (LDH), total protein (TP), albumin

(Alb), calcium, creatinine (SCr), blood urea nitrogen (BUN), and

thyroid-stimulating hormone (TSH). Treatment response was

assessed based on RECIST 1.1 criteria using the best response

recorded between the pre- and post-treatment blood sampling

time points. Due to variations in patient clinic visit schedules,

post-treatment MDSC sampling was conducted 3 to 9 months after

initiating ICI therapy. Patients with complete or partial response

(CR or PR) were defined as responders; those with stable or

progressive disease (SD or PD) were defined as non-responders.
2.2 MDSCs measurement

MDSCs were detected from fresh peripheral blood

mononuclear cells (PBMCs) using density gradient centrifugation

with Histopaque®-1077 (Sigma-Aldrich, St. Louis, MO, USA).

1 × 106 single cells were suspended in 100 mL PBS and incubated

for 15 minutes with FcR blocking reagent (BioLegend, San Diego,

CA, USA) at room temperature. Fluorescently conjugated

antibodies, including HLA-DR-PE-Texas Red, CD14-PerCP-

Cy5.5, CD33-PE-Cy7 and CD15-APC-Cy7 (BioLegend, San

Diego, CA, USA), were added at appropriate concentrations and

incubated at 4°C for 15 minutes, followed by two washes and

resuspension of the stained cells in 500 mL buffer containing DAPI

(1 mg/mL). Flow cytometry data were acquired using a BD® LSR II

flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed

with BD FACSDiva™ software. Further analysis was performed

using FlowJo software (Tree Star Inc., Ashland, OR, USA). The

gating strategy for MDSC identification was shown in Figure 1.
Frontiers in Immunology 03
The characteristics of total MDSCs, PMN-MDSCs, and M-MDSCs

were defined as follows: total MDSCs (HLA-DRlow/- CD33+), PMN-

MDSCs (HLA-DRlow/- CD33+ CD15+ CD14-), and M-MDSCs

(HLA-DRlow/- CD33+ CD15- CD14+). For each sample, 30,000

PBMC events were collected for flow cytometry analysis to ensure

comparability across samples, and MDSC levels were ultimately

reported as a percentage of PBMCs.
2.3 Statistical analysis

We compared baseline characteristics between ICI responders

and non-responders, including age, BMI, smoking and alcohol use,

tumor stage, TNM classification, treatment regimens, surgical

history, IMDC risk, and comorbidities. Continuous variables were

analyzed using Student’s t-test and the Wilcoxon rank-sum test

otherwise according to their distribution. Categorical variables were

analyzed using Fisher’s exact test.

We further compared MDSC levels (total, M-MDSC, PMN-

MDSC), blood counts, and metabolic indicators before and after

treatment, as well as their changes during therapy. Missing values

(≤20%) were imputed using the random forest method (missForest),

and categorical variables were converted to dummy variables.

To assess predictive value, we performed ROC analysis and

ranked variables by AUC. To further explore the associations

between MDSC-related indicators and clinical parameters, both

Pearson correlation and Mantel tests were conducted. Pearson

correlation coefficients were calculated to assess linear

relationships among all variables. Mantel tests were applied

specifically to evaluate matrix-level associations between baseline

and change values of MDSC related indicators and other clinical
FIGURE 1

MDSCs flow cytometry identification gating strategies. Total MDSCs were defined as HLA-DRlow/- CD33+ cells. Within this population, PMN-MDSCs
were further defined as HLA-DRlow/- CD33+ CD15+ CD14- cells, and M-MDSCs were identified as HLA-DRlow/- CD33+ CD15- CD14+ cells. All subsets
were analyzed as percentages of the total peripheral blood mononuclear cell population. The gating strategy was applied following exclusion of
doublets and dead cells.
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parameters, based on Euclidean distance matrices. Elastic net

regression was applied to variables with AUC > 0.6, with

standardization and appropriate transformations. Key predictors

were selected at l.1se and validated using Wilcoxon signed-rank

and Mann-Whitney U tests.

Finally, univariate and multivariate logistic regression (adjusted

for age, disease stage, and treatment regimen) confirmed

independent predictors. Differences were considered statistically

significant at p values of < 0.05. Statistical analyses were conducted

using the R language, version 4.3.4 (R Foundation for Statistical

Computing, Vienna, Austria).
Frontiers in Immunology 04
3 Results

3.1 Study population and pre-treatment
characteristics

A total of 30 patients scheduled to receive ICI therapy for

ccRCC were screened (Figure 2). Ten were excluded due to the

following reasons: non-ccRCC histology (n = 4), presence of

another primary malignancy (n = 1), TKI monotherapy (n = 4),

and missing MDSC data (n = 1). Ultimately, 20 patients met all

criteria and were enrolled in the study.
FIGURE 2

Study population selection strategies. ccRCC, clear cell renal cell carcinoma; ICI therapy, immune checkpoint inhibitor therapy; TKI, tyrosine kinase
inhibitor; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. MDSC, myeloid-derived suppressor cell;
M-MDSC, monocytic myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell.
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Based on RECIST 1.1, 13 patients achieved complete or partial

response (CR/PR) were classified as ICI responders, while 7 with

stable or progressive disease (SD/PD) were classified as non-

responders. Response evaluation was based on the best outcome

recorded between the two MDSC sampling timepoints.

Baseline characteristics, including age, sex, BMI, smoking and

alcohol use, comorbidities (hypertension, diabetes), tumor stage (at

diagnosis and before ICI treatment), T stage, lymph node

involvement, distant metastasis, IMDC risk category, and

treatment regimens, were comparable between responders and

non-responders. No statistically significant differences were

observed in any of these variables (all p > 0.05) (Table 1).
3.2 Comparison of MDSC and other clinical
indicators between ICI responders and
non-responders: pre-treatment, post-
treatment, and changes during treatment

In patients receiving ICI therapy for at least 3 months, we

compared MDSC levels and other clinical indicators between

responders and non-responders at pre-treatment, post-treatment,

and for changes during therapy (Tables 2, 3, Figure 3).

Total MDSC levels (as % of PBMCs) showed no significant

differences between groups at any time point. However, responders

had significantly higher pre-treatment M-MDSC levels (1.02% vs.

0.22%, p = 0.019) and a greater proportion of M-MDSCs within

total MDSCs (21.23% vs. 2.63%, p = 0.008). These differences

disappeared post-treatment. PMN-MDSC levels and their

proportions showed no significant differences at any time point.

During treatment, responders showed a significant reduction in

both M-MDSC levels (-0.49% vs. 0.03%, p = 0.024) and their

proportion within total MDSCs (-10.6% vs. 5.47%, p = 0.017). No

significant differences were observed in PMN-MDSC or total

MDSC changes between groups.

Among other clinical markers, responders had higher pre-

treatment neutrophil counts and NLR (p = 0.03 for both). Post-

treatment, platelet levels were lower in responders (p = 0.03), and

during treatment, neutrophil counts decreased in responders but

increased in non-responders (p = 0.029). These results suggest that

M-MDSC levels, especially their baseline levels and treatment-related

decline, may be valuable in predicting ICI response in ccRCC patients.
3.3 AUC and correlation of variables

ROC analysis was conducted for all variables listed in Tables 1-

3. Variables with AUC > 0.8 were primarily related to M-MDSCs,

including pre-treatment M-MDSC levels, their proportion within

total MDSCs, and their changes during treatment. High AUC values

were also observed for pre-treatment NLR, neutrophil count, and

post-treatment platelet levels. Variables with AUC between 0.6 and

0.8 were mostly related to changes in metabolic markers such as

creatinine, triglycerides, and uric acid. Variables with AUC < 0.6

were considered to have limited predictive value (Figure 4).
Frontiers in Immunology 05
TABLE 1 Pre-treatment characteristics of ccRCC patients treated with
ICI therapy.

Variables
ICI
responder
(n = 13)

ICI Non-
responder
(n = 7)

P

Age (y), Mean ± SD 69.54 ± 6.67 68.86 ± 3.63 0.771

Sex, n (%) 1

Female 3 (23) 2 (29)

Male 10 (77) 5 (71)

BMI (kg/m2), Mean ± SD 23.82 ± 2.68 22.08 ± 3.89 0.316

Smoking, n (%) 0.29

Never 2 (15) 3 (43)

Current or
Former Smoker

11 (85) 4 (57)

Drinking, n (%) 0.613

Never 10 (77) 4 (57)

Current or
Former Drinker

3 (23) 3 (43)

Hypertension, n (%) 0.356

No 4 (31) 4 (57)

Yes 9 (69) 3 (43)

Diabetes, n (%) 0.521

No 10 (77) 7 (100)

Yes 3 (23) 0 (0)

Stage at first
diagnosis, n (%)

0.174

Stage 1 & 2 3 (23) 4 (57)

Stage 3 & 4 10 (77) 3 (43)

Tumor at first
diagnosis, n (%)

0.245

T1 4 (31) 5 (71)

T2 5 (38) 0 (0)

T3 3 (23) 2 (29)

T4 1 (8) 0 (0)

Lymph node at first
diagnosis, n (%)

0.249

N0 9 (69) 7 (100)

N1 4 (31) 0 (0)

Metastasis at first
diagnosis, n (%)

0.329

M0 7 (54) 6 (86)

M1 6 (46) 1 (14)

IMDC risk, n (%) 1

Favorable risk 5 (38) 2 (29)

(Continued)
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Pearson correlation analysis revealed strong associations among

MDSC-related variables, particularly between pre-treatment M-

MDSC levels and changes during treatment. These variables

showed only weak correlations (r < 0.5) with most clinical

indicators. However, moderate positive correlations were observed

with WBC count, NLR, and neutrophils, while moderate negative

correlations were found with total protein, albumin, and calcium

(Supplementary Figure S1). Mantel test revealed that pre-treatment

MDSC-related indicators exhibited moderate matrix-level

correlations (Mantel’s r = 0.2–0.4, p < 0.05) with immune-related

parameters such as baseline WBC and lymphocyte counts, as well as

liver function markers including LDH, albumin, and total protein

levels (Figure 5A, Supplementary Table S1). Changes in MDSC-

related indicators demonstrated significant Mantel correlations with

alterations in metabolic parameters, including LDH, creatinine,

calcium, and platelet counts (p < 0.05; Figure 5B, Supplementary

Table S2). In contrast to baseline MDSC profiles, dynamic changes in

MDSCs during treatment exhibited no significant associations with

immune-related parameters, suggesting that MDSC kinetics may

reflect distinct biological mechanisms and hold potential as

independent biomarkers of therapeutic response.
3.4 Elastic net regression analysis for key
variables of ICI response selection

We applied elastic net regression to 47 variables with AUC > 0.6

(from Figure 4) to identify predictors of ICI response (Figure 6A).

Using cross-validation, l.1se (0.383) was selected to balance model
Frontiers in Immunology 06
TABLE 2 Comparison of variables between ICI non-responders and ICI
responders before and after ICI treatment.

Variables
ICI
responder
(n = 13)

ICI Non-
responder
(n = 7)

P

Total MDSC of PBMC
Before (%)

5.71 (3.48, 8.91) 5.5 (3.54, 9.47) 0.817

Total MDSC of PBMC
After (%)

5.72 (3.86, 7.6) 6.78 (5.23, 7.11) 0.637

M-MDSC of PBMC
Before (%)

1.02 (0.3, 2.28) 0.22 (0.06, 0.5) 0.019*

M-MDSC of PBMC
After (%)

0.23 (0.1, 0.57) 0.1 (0.04, 0.71) 0.284

PMN-MDSC of PBMC
Before (%)

0.56 (0.41, 3.3) 0.38 (0.32, 0.86) 0.25

PMN-MDSC of PBMC
After (%)

0.43 (0.24, 1.91) 0.84 (0.31, 0.92) 0.817

M-MDSC of Total
MDSC Before (%)

21.23 (7, 34.7) 2.63 (1.37, 5.7) 0.008*

M-MDSC of Total
MDSC After (%)

5.92 (1.97, 19.5) 1.37 (0.62, 15.5) 0.241

PMN-MDSC of Total
MDSC Before (%)

12.93 (8.33, 25.8) 9.8 (5.08, 12.95) 0.241

PMN-MDSC of Total
MDSC After (%)

7.8 (5.1, 25.13) 11.32 (5.7, 12.67) 0.536

M-MDSC/PMN-
MDSC Before

1.41 (0.67, 2.55) 0.25 (0.18, 1.02) 0.183

M-MDSC/PMN-
MDSC After

0.59 (0.08, 2.47) 0.12 (0.1, 1.5) 0.699

UA Before (mg/dL) 6.46 ± 1.91 6.44 ± 1.66 0.982

UA After (mg/dL) 6.52 ± 1.28 5.57 ± 1.57 0.204

TG Before (mg/dL)
106.5
(81.75, 170.5)

108.5 (95, 215.75) 0.708

TG After (mg/dL) 159 (113.5, 277.5) 123 (108, 176) 0.328

CRP Before (mg/dL) 0.33 (0.25, 1.69) 0.28 (0.17, 0.36) 0.475

CRP After (mg/dL) 0.47 (0.15, 0.69) 0.19 (0.08, 0.52) 0.267

WBC Before (109/L) 6.4 (5.6, 9.9) 5.7 (4.9, 6.4) 0.25

WBC After (109/L) 6.70 (5.3, 8.4) 7.60 (7.20, 9.05) 0.544

Neutrophil Count Before
(109/L)

4.53 (3.33, 6.11) 3.13 (2.84, 3.68) 0.03*

Neutrophil Count After
(109/L)

4.35 (2.90, 5.37) 4.04 (4.00, 4.40) 0.979

Lymphocyte Count
Before (109/L)

1.61 ± 0.52 1.65 ± 0.42 0.837

Lymphocyte Count After
(109/L)

1.83 ± 0.76 1.95 ± 0.76 0.771

NLR Before 3.1 (2.29, 3.71) 2.1 (1.73, 2.28) 0.03*

NLR After 2.28 (1.91, 3.02) 2.37 (1.56, 2.57) 1

Platelet Before (109/L) 237 (172, 316) 304 (264, 349) 0.328

(Continued)
frontie
TABLE 1 Continued

Variables
ICI
responder
(n = 13)

ICI Non-
responder
(n = 7)

P

IMDC risk, n (%) 1

Intermediate or
poor risk

8 (62) 5 (71)

Regimen, n (%) 0.35

ICIs (IPI + NIVO/
NIVO monotherapy as
second line)

5 (38) 5 (71)

ICI + TKI 8 (62) 2 (29)

Tumor resection
surgery, n (%)

0.158

No 7 (54) 1 (14)

Yes 6 (46) 6 (86)

Stage before ICI,
n (%)

1

Stage 3 3 (23) 1 (14)

Stage 4 10 (77) 6 (86)
BMI, body mass index; ICI, immune checkpoint inhibitor; IMDC risk, international
metastatic RCC database consortium risk model; TKI, tyrosine kinase inhibitor.
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simplicity and performance (Figure 6B). Seven variables with non-zero

coefficients were selected (Figure 6C): pre-treatment M-MDSC

proportion within total MDSCs, pre-treatment M-MDSC level, pre-

treatment neutrophil count, changes in M-MDSC level and proportion

during treatment, changes in TSH, and post-treatment platelet count.

The pre-treatment M-MDSC proportion had the highest coefficient,

indicating its strong predictive contribution. ROC analysis showed that

all selected variables had AUC > 0.7 (Figure 6D), with pre-treatment

M-MDSC proportion and level showing the highest AUC values (0.86

and 0.82, respectively). These findings suggest that M-MDSC–related

indicators, particularly their pre-treatment levels and proportions, may

serve as reliable predictors of ICI response in ccRCC.
3.5 Statistical tests and logistic regression
analysis of selected variables

Wilcoxon signed rank tests showed significant reductions in M-

MDSC levels (p = 0.01, Figure 7A), M-MDSC proportion within
Frontiers in Immunology 07
total MDSCs (p = 0.02, Figure 7B), and platelet counts (p = 0.03,

Figure 7D) in ICI responders after treatment. These changes were

not observed in non-responders (all p > 0.05). Neutrophil counts

increased marginally in non-responders (p = 0.05, Figure 7C), while

TSH levels remained unchanged in both groups (Figure 7E). Mann-

Whitney U tests comparing changes between groups yielded

consistent results (Figure 7F).
TABLE 2 Continued

Variables
ICI
responder
(n = 13)

ICI Non-
responder
(n = 7)

P

Platelet After (109/L) 190 (161, 216) 266 (260.5, 312.5) 0.03*

Hb Before (g/dL) 12.55 ± 2.21 12.01 ± 1.73 0.556

Hb After (g/dL) 13.42 ± 1.77 12.36 ± 2.31 0.316

ALP Before (IFCC, U/L) 95 (78, 117) 113 (99, 174) 0.234

ALP After (IFCC, U/L) 71 (67, 96) 80 (72.25, 89.25) 0.568

LDH Before (IFCC, U/L) 191.23 ± 48.39 201 ± 33.42 0.603

LDH After (IFCC, U/L) 212.31 ± 53.09 214.29 ± 62.11 0.968

TP Before (g/dL) 7.2 ± 0.58 6.74 ± 0.68 0.159

TP After (g/dL) 6.9 ± 0.44 6.59 ± 1.18 0.52

Alb Before (g/dL) 3.95 ± 0.42 3.8 ± 0.51 0.532

Alb After (g/dL) 3.85 ± 0.32 3.61 ± 0.91 0.841

Calcium Before (mg/dL) 9.2 (9.1, 9.6) 9.1 (8.65, 9.35) 0.358

Calcium After (mg/dL) 9.4 (9.1, 9.6) 9.2 (8.65, 9.5) 0.212

SCr Before (mg/dL) 0.94 (0.81, 1.08) 1 (0.87, 1.39) 0.817

SCr After (mg/dL) 1.01 (0.85, 1.1) 1.03 (0.85, 1.12) 0.937

BUN Before (mg/dL) 22.46 ± 10.92 17.96 ± 8.58 0.781

BUN After (mg/dL) 18.92 ± 4.05 15.14 ± 6.2 0.181

TSH Before (mIU/L) 2.86 (1.43, 3.83) 2.13 (1.07, 3.66) 0.663

TSH After (mIU/L) 2.79 (2.16, 6.37) 5.75 (4.24, 7.46) 0.241
Normally distributed numerical variables were presented as mean ± SD. Non-normally
distributed numerical variables were presented as median (Q1, Q3). MDSC, myeloid-derived
suppressor cell; M-MDSC, monocytic myeloid-derived suppressor cell; PMN-MDSC,
polymorphonuclear myeloid-derived suppressor cell; UA, blood uric acid; TG, triglyceride;
CRP, C-reactive protein; ALP, alkaline phosphatase; WBC, white blood cell; NLR, neutrophil-
to-lymphocyte ratio; Hb, hemoglobin; LDH, lactate dehydrogenase; TP, total protein; Alb,
albumin; SCr, serum creatinine; BUN, blood urea nitrogen; TSH, thyroid stimulating hormone.
Bold values and asterisks* denote statistical significance at p < 0.05.
TABLE 3 Comparison of changes in variables between ICI non-
responders and ICI responders during ICI treatment.

Variables
ICI
responder
(n = 13)

ICI Non-
responder
(n = 7)

P

Total MDSC Change (%) -1.1 ± 4.44 -1.09 ± 6.41 0.999

M-MDSC of PBMC
Change (%)

-0.49 (-2.05, -0.07) 0.03 (-0.08, 0.21) 0.024*

PMN-MDSC of PBMC
Change (%)

-0.28 (-1.11, 0.05) -0.12 (-0.33, 0.56) 0.451

M-MDSC of Total
MDSC Change (%)

-10.6 ± 14.08 5.47 ± 11.84 0.017*

PMN-MDSC of Total
MDSC Change (%)

-2.96 ± 19.07 0.05 ± 4.93 0.599

UA Change (mg/dL) -0.13 ± 0.96 -0.87 ± 0.86 0.107

TG Change (mg/dL) 43.08 ± 105.54 -77.25 ± 163.06 0.241

CRP Change (mg/dL) -0.01 (-0.07, 0.48) 0.01 (-0.22, 0.06) 0.526

WBC Change (109/L) -0.5 ± 2.9 1.69 ± 3.15 0.155

Neutrophil Count
Change (109/L)

-0.9 (-1.21, 0.36) 1.07 (0.53, 1.35) 0.029*

Lymphocyte Count
Change (109/L)

0.23 ± 0.6 0.18 ± 0.69 0.89

NLR Change -0.43 (-1.51, 0.13) 0.11 (-0.05, 0.76) 0.127

Platelet Change (109/L) -42.92 ± 63.92 4.29 ± 72.79 0.177

Hb Change (g/dL) 0.86 ± 2.02 0.34 ± 2.46 0.642

ALP Change (IFCC,
U/L)

-7 (-27, 1) -19.5 (-89, -8.5) 0.368

LDH Change (IFCC,
U/L)

21.08 ± 59.61 13.29 ± 78.61 0.823

TP Change (g/dL) -0.3 ± 0.47 -0.16 ± 0.94 0.716

Alb Change (g/dL) -0.1 ± 0.39 -0.19 ± 0.58 0.734

Calcium Change (mg/dL) 0.02 ± 0.73 -0.07 ± 0.81 0.801

SCr Change (mg/dL) 0.01 (-0.03, 0.21) -0.18 (-0.3, -0.02) 0.088

BUN Change (mg/dL) 0 (-2, 3) -3 (-7.5, -1.5) 0.266

TSH Change (mIU/L) 0.08 ± 3.12 2.92 ± 3.12 0.075
frontie
Normally distributed numerical variables were presented as mean ± SD. Non-normally
distributed numerical variables were presented as median (Q1, Q3). MDSC, myeloid-derived
suppressor cell; M-MDSC, monocytic myeloid-derived suppressor cell; PMN-MDSC,
polymorphonuclear myeloid-derived suppressor cell; UA, blood uric acid; TG, triglyceride;
CRP, C-reactive protein; ALP, alkaline phosphatase; WBC, white blood cell; NLR, neutrophil-
to-lymphocyte ratio; Hb, hemoglobin; LDH, lactate dehydrogenase; TP, total protein; Alb,
albumin; SCr, serum creatinine; BUN, blood urea nitrogen; TSH, thyroid stimulating hormone.
Bold values and asterisks* denote statistical significance at p < 0.05.
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FIGURE 3

Comparison of MDSC-related indicators between responders and non-responders at different timepoints (before treatment, after treatment, and
change during treatment). The variables analyzed included total MDSC of PBMC, M-MDSC and PMN-MDSC of PBMC, M-MDSC and PMN-MDSC of
total MDSCs, and the M-MDSC/PMN-MDSC ratio. All values are expressed as percentages of PBMCs, except for the M-MDSC/PMN-MDSC ratio.
Statistical significance was assessed using unpaired t-tests; and asterisks denote significance (*p < 0.05, **p < 0.01). PBMC, Peripheral blood
mononuclear cell; MDSC, myeloid-derived suppressor cell; M-MDSC, monocytic myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear
myeloid-derived suppressor cell.
FIGURE 4

Ranking plot of variables by AUC for predicting ICI response. AUC, area under the curve; MDSC, myeloid-derived suppressor cell; M-MDSC,
monocytic myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell; UA, blood uric acid; TG, triglyceride;
CRP, C-reactive protein; ALP, alkaline phosphatase; WBC, white blood cell; NLR, neutrophil-to-lymphocyte ratio; Hb, hemoglobin; LDH, lactate
dehydrogenase; TP, total protein; Alb, albumin; SCr, serum creatinine; BUN, blood urea nitrogen; TSH, thyroid stimulating hormone; BMI, body mass
index.
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Univariate logistic regression indicated that pre-treatment M-

MDSC proportion (OR = 2.787, 95% CI: 1.069–7.263, p = 0.036)

and M-MDSC levels (OR = 2.217, 95% CI: 1.007–4.884, p = 0.048)

were significantly associated with ICI response. Changes in M-

MDSC proportion (p = 0.061) and TSH (p = 0.078) showed

borderline significance (Table 4). Multivariate logistic regression,

adjusted for age, disease stage, and treatment regimen, confirmed

that both pre-treatment M-MDSC proportion (Adjusted OR =

5.764, 95% CI: 1.125–29.527, p = 0.036) and M-MDSC level

(Adjusted OR = 3.082, 95% CI: 1.047–9.075, p = 0.041) were

independent predictors of ICI response (Table 5).
Frontiers in Immunology 09
4 Discussion

This study explored the relationship between peripheral MDSC

levels and ICI response in ccRCC patients. We identified pre-

treatment M-MDSC levels and their proportion within total

MDSCs as independent predictors of treatment efficacy, both of

which significantly decreased in responders following ICI therapy.

These findings highlight the potential role of M-MDSCs as accessible

blood-based biomarkers for guiding immunotherapy in ccRCC.

While immunotherapy has changed the treatment landscape for

ccRCC, predicting which patients will benefit remains challenging.
FIGURE 5

Correlation analyses between MDSC-related variables and clinical parameters at baseline and during treatment. (A) Associations between
baseline MDSC indicators and pre-treatment clinical parameters. (B) Associations between changes in MDSC indicators and concurrent changes
in clinical parameters. Both Pearson correlation coefficients (color scale) and Mantel test results (network lines) are shown. Circle color intensity
indicates Pearson r values; asterisks mark levels of statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). Mantel’s r is represented by edge
thickness, and p-values by edge color (yellow: p < 0.01; blue: p = 0.01–0.05; grey: p ≥ 0.05). MDSC, myeloid-derived suppressor cell; M-MDSC,
monocytic myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cell; UA, blood uric acid; TG,
triglyceride; CRP, C-reactive protein; ALP, alkaline phosphatase; WBC, white blood cell; NLR, neutrophil-to-lymphocyte ratio; Hb, hemoglobin;
LDH, lactate dehydrogenase; TP, total protein; Alb, albumin; SCr, serum creatinine; BUN, blood urea nitrogen; TSH, thyroid stimulating hormone;
BMI, body mass index.
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US-FDA-approved biomarkers such as PD-L1 expression and

tumor mutational burden (TMB) showed limitations on

invasiveness and inconsistent accuracy (19, 20). Blood-based

indicators, such as those in the IMDC risk model, were originally

developed for VEGF-TKI-treated patients, but some components—

like neutrophil count, NLR, and platelet levels—have also shown

potential predictive value for ICI therapy (7, 21). In our study,

responders had significantly higher baseline neutrophil counts and

NLR, and lower post-treatment platelet levels, consistent with prior

findings. However, due to their non-specificity, these markers may

not directly reflect tumor–immune interactions.

MDSCs, particularly the M-MDSC subpopulation, have

emerged as key immunosuppressive cells in the TME (22).

According to prior studies, higher baseline MDSC levels have
Frontiers in Immunology 10
been associated with worse ICI efficacy in melanoma, prostate

cancer, and NSCLC (23, 24). However, the predictive value of

MDSC subtypes varies by tumor type (25, 26). A meta-analysis

involving 1035 patients treated with ICIs found that lower

circulating MDSC levels were associated with improved survival,

although heterogeneity existed based on tumor type and MDSC

subtype (27). Notably, reductions in M-MDSCs during treatment

were also associated with better outcomes in melanoma

patients (28).

Contrary to prior studies, we found that higher pre-treatment

M-MDSC levels and their proportions within total MDSCs were

associated with better ICI response in ccRCC, which may attribute

to tumor-specific immune dynamics and differences in the

thresholds used to define high MDSC levels across studies (29).
FIGURE 6

Elastic net regression for feature selection and ROC Curves of selected variables for predicting ICI treatment response. (A) Elastic net regression
path. (B) Cross-validation graph. l.min (minimum cross-validation error) and l.1se (most conservative within one standard error). (C) Regression
coefficients rankings of the seven variables with non-zero coefficients selected at l.1se. (D) ROC curves of seven selected variables for predicting ICI
therapy response. MDSC, myeloid-derived suppressor cell; M-MDSC, monocytic myeloid-derived suppressor cell; PMN-MDSC, polymorphonuclear
myeloid-derived suppressor cell; TSH, thyroid stimulating hormone.
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For example, M-MDSC cutoff values in melanoma ranged from

0.73% to 7.1% of live PBMCs, while our median in responders was

1.02%. Additionally, circulating MDSCs may differ in function from

those in the TME, and their predictive value could vary depending

on tumor burden and immune status (30, 31). Furthermore, our

study focused on short-term response, while prior research mainly

assessed longtime outcomes like PFS and OS.
Frontiers in Immunology 11
We propose that higher pre-treatment M-MDSC levels in

ccRCC may indicate a more immunologically active state, which

facilitates a better response to ICI therapy. MDSC development

involves tumor-driven signals and inflammatory cytokines such as

IL-17A, TNF-a, and G-CSF (32, 33). Chemokines like CCL2 and

CCL5 facilitate MDSC infiltrating to tumors (34, 35), while factors

such as STAT3 , IRF8 , and HMGB1 promote th e i r
FIGURE 7

Statistical tests of potential predictors. (A) Wilcoxon signed rank test for M-MDSC levels before and after ICI treatment. (B) Wilcoxon signed rank test
of the proportion of M-MDSC within total MDSCs before and after ICI treatment. (C) Wilcoxon signed rank test for neutrophil count levels before
and after treatment. (D) Wilcoxon signed rank test for platelet levels before and after treatment. (E) Wilcoxon signed rank test for TSH levels before
and after treatment. (F) Mann-Whitney U test comparing changes in TSH, platelet levels, neutrophil count, M-MDSC proportion within total MDSCs,
and M-MDSC of PBMC during ICI treatment between ICI responders and non-responders. MDSC, myeloid-derived suppressor cell; M-MDSC,
monocytic myeloid-derived suppressor cell; TSH, thyroid stimulating hormone.
TABLE 4 Univariate logistic regression analysis of variables associated with treatment response.

Variable OR 95% CI (Lower) 95% CI (Upper) P

M-MDSC of PBMC Before 2.217 1.007 4.884 0.048*

M-MDSC of PBMC Change 0.083 0.003 2.606 0.157

M-MDSC of Total MDSC Before 2.787 1.069 7.263 0.036*

M-MDSC of Total MDSC Change 0.897 0.8 1.005 0.061

Neutrophil Count Before 3.272 0.793 13.498 0.101

Platelet After 0.992 0.981 1.002 0.112

TSH Change 0.686 0.451 1.043 0.078
OR, odds ratio; CI, confidence intervals; MDSC, myeloid-derived suppressor cell; M-MDSC, monocytic myeloid-derived suppressor cell; TSH, thyroid stimulating hormone.
Bold values and asterisks* denote statistical significance at p < 0.05.
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immunosuppressive function in the TME (36, 37). In this context, a

higher baseline M-MDSC level in ccRCC patients may suggest that

the tumor is under immune pressure and has initiated the

recruitment of suppressive cells, indicating a TME enriched in T

cells that could be responsive to ICI treatment.

Supporting this hypothesis, we observed a significant reduction

in peripheral M-MDSC levels and their proportion within total

MDSCs after ICI treatment in responders. Previous research has

also shown that M-MDSC levels correlate with tumor burden in

RCC (38), and in our cohort, non-responders had a notably lower

median pre-treatment M-MDSC level (0.22%), which may reflect

immune exhaustion or limited baseline immune activation.

This study employed multiple statistical approaches within a

prospective cohort design to identify both the baseline circulating

M-MDSC level and its proportion within total MDSCs as predictive

biomarkers of ICI efficacy. To our knowledge, this is the first study

to highlight the predictive value of circulating M-MDSC

composition in ccRCC patients treated with ICIs. However, this

study has several limitations. Firstly, the limited sample size may

restrict the universality of the findings. Secondly, this study only

focused on short-term treatment response (CR/PR vs. SD/PD) but

did not evaluate long term outcomes, such as PFS or OS. Another

potential limitation was the use of elastic net regression for variable

selection in a small sample cohort may introduce selection bias, the

robustness of the selected features should be interpreted with

caution. Additionally, different ICI-based regimens (ICI + ICI,

ICI + TKI, ICI after TKI intolerance) could have influenced

immune dynamics despite statistical adjustment. Finally, our

study was observational and lacked mechanistic exploration.

To further validate the predictive value of M-MDSCs in ICI

treatment response, future studies should expand sample sizes and

conduct large-scale multicenter studies, and include patients only

receiving Ipilimumab + Nivolumab without concomitant TKIs.

Functional studies are also required to elucidate the role of M-

MDSCs in tumor immune regulation, including assessing PD-1/

PD-L1 exp r e s s i on on M-MDSCs , e v a l u a t i n g th e i r

immunosuppressive capacity, and analyzing the secretion of

immunosuppressive and pro-inflammatory cytokines such as IL-
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10, IL-6, and TGF-b through single-cell sequencing and flow

cytometry (39). Finally, combining M-MDSCs with other

immune markers could help develop more accurate ICI response

predictive models enabling personalized treatment for

ccRCC patients.
5 Conclusion

Our study first revealed that pre-treatment M-MDSC levels and

the M-MDSC proportion within total MDSCs were independent

predictors of ICI treatment response in ccRCC patients. These

findings provided potential biomarkers for personalized

immunotherapy and insights into tumor immune evasion and

treatment mechanisms.
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