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ABSTRACT
Background:Myeloid-derived suppressor cells (MDSCs) play a critical role in immunotherapy.
Methods:We investigated the effects of the Wilms’ tumor 1 (WT1) peptide-loaded dendritic cell (DC) vaccination on MDSCs in
patients with acute leukemia.
Results: WT1-DC vaccination reduced MDSCs and enhanced WT1-specific immunity. In complete remission patients, MDSC
reduction was accompanied by decreased arginase 1 and indoleamine 2,3-dioxygenase levels and increased interleukin (IL)-12
and interferon-γ levels in plasma. Conversely, patients with disease progression showed increased IL-10 and transforming growth
factor-β1. Reduced MDSCs were correlated with WT1-specific immune activation and associated with longer survival.
Conclusion: These findings indicate that WT1-DC vaccination suppresses MDSCs and improves clinical outcomes.
Clinical Trial Registration:This study is registeredwith theUniversityHospitalMedical InformationNetwork (UMIN) in Japan
(Registration ID: UMIN000027279).

1 Introduction

The prognosis of acute leukemia has improved significantly with
advances such as small molecule inhibitors, bispecific antibodies,
and chimeric antigen receptor T-cell therapies [1, 2]. However,
relapse after achieving complete remission (CR) remains com-
mon and overall survival rates remain poor. Recent findings from
our study demonstrated that dendritic cell (DC) vaccination using
Wilms’ tumor 1 (WT1)-loaded DCs resulted in hematological or
molecular CR in four out of 11 patients with relapsed or refractory
acute leukemia [3]. These outcomes correlated with enhanced
WT1-specific immunity and decreased regulatory T cells (Tregs),
emphasizing the importance of reversing immune suppression

for favorable outcomes. These results encouraged us to explore
the effects ofWT1-DC vaccination onmyeloid-derived suppressor
cells (MDSCs) which play a critical role in immune evasion.

MDSCs are immunosuppressive cells divided into three
subsets: monocytic MDSCs (M-MDSCs; CD14+HLA-DR−/low),
polymorphonuclear MDSCs (PMN-MDSCs; CD15+ HLA-
DR−CD11b+CD33+) and early-stage MDSCs (eMDSCs;
Lin−HLA-DR−CD11b+CD33+) [4]. These subsets suppress
immune surveillance through mechanisms such as the
production of arginase-1 (ARG1) and indoleamine 2,3-
dioxygenase (IDO), secretion of cytokines like interleukin
(IL)-10, and transforming growth factor (TGF)-β, induction
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FIGURE 1 Changes in the absolute myeloid-derived suppressor cell (MDSC) subset counts and plasma concentrations of arginase-1 (ARG1) and
indoleamine 2,3-dioxygenase (IDO) before and after dendritic cell (DC) vaccination. The absoluteMDSC subset counts (A: early-stageMDSCs [eMDSCs],
B: monocytic MDSCs [M-MDSCs], and C: polymorphonuclear MDSCs [PMN-MDSCs]) and the plasma concentrations of ARG1 (D) and IDO (E) were
measured using the methods described in Materials and Methods. * and ** indicate p-values of <0.05 and <0.01, respectively. ns denotes not significant.
Horizontal lines represent themean cell numbers. Pre- and Post-denote pre-vaccination and post-vaccination, respectively. CR and PD indicate complete
remission and progressive disease, respectively.

of Tregs and expression of programmed death-ligand 1 [5,
6]. Elevated levels of MDSCs in peripheral blood and tumor
microenvironments are linked to resistance to therapy, relapse,
and poor prognosis in both solid and hematological malignancies
[6, 7]. While previous studies have explored the impact of DC
vaccines on immune responses, the interaction between these
vaccines and MDSCs remains poorly understood [8–10].

This study aimed to investigate the immunomodulatory effects
of WT1-DC vaccination on MDSCs and assess their association
with clinical outcomes in patients with acute leukemia. By
understanding these mechanisms, we hope to provide insights
into optimizing therapeutic strategies for this challenging disease.

2 Materials andMethods

2.1 Patients

Ten eligible patients with relapsed or refractory acute leukemia
from aWT1-DC pilot trial were included in this study. One patient
was excluded due to a lack of blood samples available for analysis.

2.2 Evaluation of Clinical Outcomes and Sample
Collection

Bonemarrow aspirationwas performedwithin 1week prior to the
first vaccination andwithin 2 weeks after the seventh vaccination

to assess hematological and molecular effects. Peripheral blood
was collected at the same time points and peripheral blood
mononuclear cells (PBMCs) and plasma were stored at -196 and
-30◦C, respectively until analysis.

2.3 Flow Cytometry (Fluorescence-activated Cell
Sorting) Analysis

Cryopreserved PBMCs were stained with fluorescent dye-
conjugated monoclonal antibodies and analyzed using a
Fluorescence-Activated Cell Sorting (FACS)Calibur system
(Becton Dickinson Co., Tokyo, Japan). Absolute MDSC subset
counts were calculated by multiplying their percentages by white
blood cell counts.

2.4 Enzyme-linked Immunosorbent Assay

ARG1, IDO, and cytokine concentrations were measured using
commercially available enzyme-linked immunosorbent assay kits
(Thermo Fisher Scientific Co., Tokyo, Japan) according to the
manufacturer’s protocols.

2.5 CD107a mobilization Assays

Cryopreserved PBMCs were cultured with WT1 peptide
(10 µg/mL, purchased from AnyGen Co., Ltd., Buk-gu, Korea)
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FIGURE 2 Kaplan-Meier estimates of progression-free survival (PFS) and overall survival (OS) based on changes in the absolute myeloid-derived
suppressor cell (MDSC) subset counts. Kaplan-Meier curves for progression-free survival (PFS) and overall survival (OS) were generated according to
the presence (solid line) or absence (dashed line) of a decrease in the absolute early-stage MDSC (eMDSC) count (A, D), absolute monocytic MDSC
(M-MDSC) count (B, E) and absolute polymorphonuclear MDSC (PMN-MDSC) count (C, F) after DC vaccination.

for 2 weeks and then incubated with WT1 or control peptides,
stained with FITC-conjugated CD107a and PE-conjugated CD8
monoclonal antibodies (MBL Co., Tokyo, Japan) and analyzed
by FACS. This assay detects degranulation and the surface
expression of lytic granules in CD8+ T cells.

2.6 Statistical Analysis

Differences between groups were analyzed using paired or
Student’s t-test and correlations were evaluated using Pearson’s
correlation coefficients. Survival outcomes were analyzed using
Kaplan-Meier methods and log-rank tests. Statistical analyses
were performedusingEZR software. A significant level of p< 0.05
was applied.

3 Results

3.1 MDSC Subset Changes

Baseline MDSC levels were similar between patients achieving
CR and those with progressive disease (PD) (Figure 1A–C). Fol-
lowing WT1-DC vaccination, eMDSCs and M-MDSCs decreased
significantly in CR patients while moderate non-significant
increases were observed in PD patients (Figure 1A,B). PMN-
MDSCs showed a reduction trend in CR patients but without
statistical significance (Figure 1C).

3.2 Plasma Levels of ARG1 and IDO

In CRpatients, plasma concentration of ARG1 and IDOdecreased
significantly after vaccination. In contrast, no significant changes
were observed in PD patients, indicating a potential link between
reduced MDSC activity and clinical response (Figure 1D,E).

3.3 Survival Outcomes

Patients with reductions in eMDSCs and M-MDSCs exhib-
ited significantly longer progression-free survival (PFS) and
overall survival (OS) compared to those without reductions
(Figure 2A,B,D,E). While reductions in PMN-MDSCs also corre-
lated with improved survival outcomes, these changes were less
pronounced (Figure 2C,F).

3.4 WT1-specific Immunity andMDSC
Reduction

WT1-specific immunity, as indicated by the percentage of
CD107a+CD8+ T cells, increased significantly in CR patients after
vaccination. PD patients exhibited only a slight non-significant
increase in CD107a+CD8+ T cells (Figure 3A). Additionally, the
percentage of CD107a+CD8+ T cells in CR patients was signifi-
cantly higher than that in PD patients both before and after the
seventh vaccination (Figure 3A). Both median PFS and median
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FIGURE 3 Evaluation of Wilms’ tumor 1 (WT1)-specific responses using a CD107a assay, progression-free survival (PFS), and overall survival
(OS) according to CD107a positivity and the relationship between the changes in myeloid-derived suppressor cell (MDSC) subsets and WT1-specific
responses. (A) CD107a mobilization assay: Pre and Post denote pre-vaccination and post-vaccination, respectively. All, complete remission (CR), and
progressive disease (PD) indicate all patients, patients with complete remission, and patients with progressive disease, respectively. (B, C) Kaplan-Meier
estimates of (B) PFS and (C) OS according to CD107a positivity. Solid and dashed lines represent positive and negative results, respectively. Receiver
operating characteristic (ROC) curve analysis using the Youden index was performed to determine the optimal cutoff values for the percentage of
CD107a+CD8+ T cells that maximize sensitivity and specificity based on clinical outcomes. The ROC curve is shown in Figure S1. The optimal cutoff
value for CD107a+CD8+ T cell positivity was determined to be 0.65% (range: 0.6%–1.0%). (D–F) Correlations between the percentage of CD107a+CD8+

T cells post-vaccination and changes in MDSC subsets (D: early-stage MDSCs [eMDSCs], E: monocytic MDSCs [M-MDSCs], and F: polymorphonuclear
MDSCs [PMN-MDSCs]) following vaccination were analyzed using Pearson’s correlation coefficient.

OS were longer in patients with positive CD107a assay results
compared to those with negative results (Figure 3B,C). Fur-
thermore, enhanced WT1-specific immunity strongly correlated
with reductions in MDSC subsets, suggesting a mechanistic link
between T-cell activation and MDSC suppression (Figure 3D–F).

3.5 Cytokine Dynamics

Post-vaccination cytokine profiles revealed significant increases
in Th1-type cytokines (IL-12 and interferon [IFN]–γ) in CR
patients while immunosuppressive cytokines (IL-10 and TGF-β)
decreased (Figure 4A–D). Conversely, PD patients exhibited sig-
nificant increases in IL-10 and TGF-βwith no significant changes
in IL-12 or IFN-γ. IL-6 and IL-8 levels remained unchanged in
both groups (Figure 4E,F). These findings suggest that WT1-
DC vaccination shifts the immune environment in favor of
anti-tumor activity, particularly in CR patients.

4 Discussion

This study highlights the immunomodulatory effects of WT1-DC
vaccination onMDSCs and its association with clinical outcomes

in acute leukemia. The significant reductions in eMDSCs and
M-MDSCs observed in CR patients align with previous reports
of DC vaccine-induced MDSC suppression in other cancers
such as breast, prostate, and melanoma [8–10]. However, unlike
prior studies, patients in this trial did not receive concurrent
chemotherapy or IFN-α, enabling a clearer evaluation of the
vaccine’s direct effects on MDSCs.

EnhancedWT1-specific immunity appears to play a pivotal role in
overcomingMDSC-mediated suppression. The strong correlation
between increased CD107a+CD8+ T cells and reduced MDSC
subsets suggests that WT1-specific cytotoxic T cells (CTLs) may
directly target MDSCs. WT1 expression in MDSCs was demon-
strated by Wagner et al. using WT1 knockout mice and human
tumor samples [11]. These findings suggest that WT1-specific
CTLs may eliminate MDSCs that express WT1 epitopes on HLA
class I molecules, leading to the observed reduction in MDSCs
following DC vaccination. Additionally, the observed cytokine
shifts, including increased IL-12 and IFN-γ and decreased IL-10
and TGF-β, likely contribute to inhibiting MDSC differentiation
and function, creating a more favorable immune environment.

While other immune cells could contribute toMDSC suppression,
our findings suggest their role is limited. Previous studies showed
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FIGURE 4 Changes in plasma cytokine levels following dendritic cell (DC) vaccination. Plasma samples collected within a week before the
first vaccination (pre) and after the seventh vaccination (post) were stored at -30◦C until analysis. Plasma concentrations of (A) interleukin (IL)-12,
(B) interferon (IFN)-γ, (C) IL-10, (D) transforming growth factor (TGF)-β, (E) IL-6, and (F) IL-8 were measured using commercial enzyme-linked
immunosorbent assay (ELISA) kits. Complete remission (CR) and progressive disease (PD) indicate patients with complete remission and patients
with progressive disease, respectively. Statistical significance was assessed using paired t-tests with p < 0.05 considered significant. * and ** indicate
p-values of <0.05 and <0.01, respectively. ns, not significant.

no significant changes in CD4+ T cells, natural killer cells, or
other immune cell subsets following vaccination except for a
reduction in Tregs [3].

Functional cross-talk between MDSCs and Tregs has been
reported to be mediated by soluble factors such as IL-10 and
TGF-β, as well as by metabolic pathways and direct cell-to-cell
interactions [12]. Huang et al showed that Gr-1+CD115+ MDSCs
promoted the development of Foxp3+ Tregs in vivo in an IL-10
and TGF-β-dependent manner in a murine colon cancer model
[13]. Similarly, humanM-MDSCs isolated from patients with hep-
atocellular carcinoma induced Treg differentiation in vitro when
co-cultured with autologous T cells [14]. Conversely, Lee et al
demonstrated that Tregs enhancedMDSC function and regulated
their differentiation through a mechanism involving TGF-β in a
murine colitis model [15]. Taken together, these findings suggest
the existence of a positive feedback loop between MDSCs and
Tregs in which MDSCs facilitate Treg expansion, while Tregs
modulate MDSC differentiation and effector functions via IL-
10 and TGF-β. Based on these observations, it is plausible to
hypothesize that the observed reduction in both MDSCs and
Tregs may be mediated by decreased plasma levels of IL-10 and
TGF-β following DC vaccination. This reduction may disrupt
their mutual cross-talk, further affecting the proliferation and
function of both cell types.

Baseline immune conditions also influence outcomes. CR
patients exhibited higher pre-vaccination levels of WT1-specific
immunity, as indicated by CD107a+CD8+ T cells, compared to
PD patients (Figure 3A). This suggests that pre-existing immunity
may enhance vaccine efficacy, highlighting the potential benefit
of priming immune responses before vaccination.

Despite these promising results, this study has limitations. The
small sample size limits generalization and the lack of detailed
data on other mediators of MDSC differentiation hinders a
comprehensive understanding of the mechanisms involved. Fur-
thermore, while cytokine shifts were observed, their precise role
in MDSC suppression requires further investigation.

5 Conclusions

This study provides compelling evidence that WT1-DC vac-
cination reduces MDSC numbers and suppressive functions,
enhances WT1-specific immunity, and improves survival out-
comes in acute leukemia patients. By modulating the immune
environment and overcoming MDSC-mediated suppression,
WT1-DC vaccination offers a promising therapeutic approach.
Future studies should focus on combining this vaccine with
agents targeting MDSCs or other immunosuppressive pathways
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to maximize clinical benefits. Larger trials are needed to validate
these findings and refine strategies for optimizing vaccine efficacy
in acute leukemia.
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