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Alum, a widely used adjuvant, has recently been recognized for its capacity to modulate immune 
responses beyond classical activation. In this study, we investigated whether alum-induced expansion 
of myeloid-derived suppressor cells (MDSCs) and their interaction with regulatory T cells (Tregs) 
promote immune tolerance in corneal transplantation. C57BL/6 mice received repeated intraperitoneal 
alum injections to induce MDSCs, which were subsequently characterized and tested in suppression 
assays. Corneal allograft recipients were treated with alum, adoptive transfer of alum-induced MDSCs, 
or combined transfer of MDSCs and Tregs. Alum significantly expanded MDSCs in the spleen, blood, 
and bone marrow, and suppressed CD4⁺ T cell proliferation. Compared with MDSCs transfer alone, 
alum treatment more effectively prolonged allograft survival (50% vs. 20% tolerance), increased 
Foxp3⁺ Tregs and IL-10⁺ Treg cells, and reduced Th17 responses. Co-transfer of MDSCs and Tregs further 
enhanced graft survival (~ 60%), indicating a synergistic effect. These findings suggest that alum 
enhances transplant tolerance through both expansion and activation of MDSCs and Tregs, providing 
mechanistic insight into its immunosuppressive potential and offering a rationale for combined cell-
based strategies in transplantation.
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Immune modulation is a critical determinant of success in organ transplantation, where the recipient’s immune 
system must be carefully regulated to prevent graft rejection. Among various immunoregulatory populations, 
myeloid-derived suppressor cells (MDSCs) have gained attention for their capacity to suppress T cell activation 
and proliferation. MDSCs consist of two main subsets—polymorphonuclear MDSCs (PMN-MDSCs) and 
monocytic MDSCs (M-MDSCs)—and play established roles in immune suppression in cancer, autoimmunity, 
and infectious diseases1–5. However, their function in the context of alloimmune responses in transplantation 
remains incompletely understood6,7.

Alum, a widely used vaccine adjuvant, has recently been shown to promote MDSC expansion in vivo and 
may offer a novel approach to immune regulation in transplantation8. Previous studies have reported that alum 
enhances the accumulation of MDSCs, suppresses T cell proliferation, and facilitates the development of a 
tolerogenic immune environment9. Nevertheless, whether alum-induced MDSCs alone are sufficient to mediate 
long-term allograft survival, or whether other regulatory cell types are involved, remains unclear.

In particular, regulatory T cells (Tregs) and IL-10–producing CD4⁺ T cells are critical for maintaining immune 
tolerance, yet the potential of alum to modulate these populations has not been fully explored. Previous studies 
have demonstrated that in vitro–generated MDSCs are capable of suppressing neovascularization and immune 
rejection in murine corneal transplantation models10–13. Building on these findings, the present study aimed to 
explore a novel strategy for inducing the in vivo expansion of MDSCs using the adjuvant alum, and to evaluate 
its efficacy in preventing immune-mediated rejection in corneal allografts. This raises the possibility that alum 
may contribute not only to the expansion of MDSCs but also to the activation of Tregs, thereby enhancing their 
therapeutic potential14.
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In this study, we sought to determine the relative contribution of alum-induced MDSCs and Tregs to 
immune tolerance in a murine corneal transplantation model. Specifically, we compared the effects of alum 
administration, adoptive transfer of alum-induced MDSCs, and combined transfer of MDSCs and Tregs on 
allograft survival. Flow cytometric analysis was used to characterize immune cell subsets—including Th1, Th17, 
Tregs, and CD4⁺IL-10⁺ regulatory T cells—in the draining lymph nodes of graft recipients. We hypothesized 
that alum promotes corneal graft survival not only by expanding MDSCs but also by activating Tregs, leading 
to a broader and more durable immunosuppressive effect. This study aims to provide novel insights into the 
mechanisms of alum-mediated immune regulation and offers a potential combinatorial strategy for enhancing 
transplant tolerance.

Results
Expansion of MDSCs by alum
To investigate the expansion of MDSCs in alum-treated mice, CD11b⁺Gr1⁺ cells were analyzed in the spleen (SP), 
blood, and bone marrow (BM). The frequencies of CD11b⁺Gr1⁺ cells increased from 1.2 to 8.5% in the spleen, 
from 23.8 to 60.2% in the bone marrow, and from 6.6 to 35.8% in the blood following alum administration 
(Fig. 1A,B).

Phenotypic analysis of these cells by flow cytometry revealed that, compared to PBS-treated controls, 
alum-induced MDSCs exhibited increased expression of Ly6C and Ly6G. Ly6ClowLy6G⁺ cells constituted 
66.3% of CD11b⁺Gr1⁺ cells in the bone marrow and 67.7% in the spleen, while Ly6C⁺Ly6G⁻ cells constituted 
32.6% and 28.0%, respectively. These findings indicate that alum-induced MDSCs include both PMN-MDSCs 
(CD11b+Ly6ClowLy6G⁺) and M-MDSCs (CD11b⁺Ly6C⁺Ly6G⁻) subpopulations. The expression levels of CD80, 
CD86, CD40, TLR4, TLR2, and MHC-II were similar between alum-treated and PBS-treated groups (Fig. 1C). 
Phenotypic analysis showed that alum-induced MDSCs exhibited low expression of key co-stimulatory and 
activation markers, including CD80, CD86, MHC-II, CD40, TLR4, and TLR2. This suggests that alum maintains 
MDSCs in an immature, non-inflammatory state, preventing their differentiation into functionally mature 
antigen-presenting cells (APCs). 

Functional analysis of CD11b+Gr1+ cells in alum-induced mice
To assess the immunosuppressive function of alum-induced MDSCs on CD4⁺ T cells, CD11b⁺ cells were co-
cultured with CD4⁺ T cells at different ratios. At a CD11b⁺:T cell ratio of 1:2, a 46.4% suppression of CD4⁺ T cell 

Fig. 1.  Alum-induced MDSCs expansion and phenotypic characteristics. (A) Respresentative flow cytometry 
plot showing the gate strategy for CD11b+Gr1+ MDSCs in speen of alum-treated mice. (B) Quantification of 
CD11b+Gr1+ MDSCs in spleen, bone marrow, and blood of PBS-and alum-treated mice.Alum administration 
significantly increased the proportion of MDSCs in all three compartments. ***P < 0.001. (C) Flow cytometry 
analysis of MDSC subsets based on Ly6G and Ly6C expression. PMN-MDSCs (CD11b⁺Ly6G⁺Ly6Clow) and 
M-MDSCs (CD11b⁺Ly6G⁻Ly6C⁺) were identified. (D) Phenotypic characterization of CD11b⁺Gr1⁺ MDSCs, 
showing the expression levels of Ly6C, Ly6G, CD40, CD80, CD86, TLR2, TLR4, and MHC-II in PBS- and 
alum-treated groups. Alum treatment resulted in a significant increase in Ly6C⁺ and Ly6G⁺ cells. ***P < 0.001.
Data are presented as mean ± SD, and statistical significance was determined using an unpaired t-test.
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proliferation was observed. At a 1:8 ratio, suppression was 12.1%, while no significant effect was observed at a 
1:16 ratio or in control mice. No significant differences were observed between alum-induced SP-MDSCs and 
BM-MDSCs in their ability to suppress T cell proliferation across different ratios (Fig. 2A,B).

Further analysis revealed that alum-induced MDSCs downregulated CD25 and CD40L expression by 33.3% 
and 44.3%, respectively, while upregulating PD-1 and Foxp3 by 16.0% and 318.3%, respectively as shown 
in Fig.  2C. No significant changes were observed in CD69, PD-L1, CD62L, or CTLA-4 expression (Table  1, 
-supplementary material). These findings suggest that alum-induced MDSCs function as immunosuppressive 
cells, effectively inhibiting T cell proliferation and activation while promoting Foxp3 expression. 

Suppression of corneal allograft rejection by alum and alum-induced MDSCs
To evaluate the immunosuppressive effects of alum and alum-induced MDSCs on corneal allograft survival, we 
performed following BALB/c-to-C57BL/6 corneal transplantation.As shown in Fig. 3A, mice receiving allogeneic 
grafts with PBS treatment (PBS group) exhibited rapid rejection, with complete graft failure observed by day 13 
post-transplantation. In contrast, alum-treated recipients demonstrated significantly improved graft survival, 
with approximately 50% of grafts remaining clear and accepted beyond day 30 (p = 0.0005 vs. allogeneic control). 
Syngeneic grafts were uniformly accepted, maintaining 100% survival throughout the observation period.

Based on the observed results, we hypothesized that alum-induced MDSCs are the primary mediators of 
the immunosuppressive effects observed following alum treatment. To test this, we performed adoptive transfer 
of alum-induced MDSCs as a therapeutic intervention in the murine corneal transplantation model. The alum 
group showed a significantly improved allograft survival rate compared to the MDSCs group and PBS group 
(p = 0.0042). The survival rate in the MDSCs group was higher than that in the PBS group (p = 0.0429). The 
treatment outcomes revealed that approximately 50% of allogeneic corneal grafts in the alum-treated group and 
20% in the alum-induced MDSCs group achieved permanent tolerance (Fig. 3B). These results suggest that both 
alum and alum-induced MDSCs adoptive transfer have immune-suppressive functions in corneal alloreaction.

Fig. 2.  Suppressive function of alum-induced MDSCs on CD4⁺ T cell proliferation. (A) Representative CFSE 
dilution assay demonstrating the suppressive effect of MDSCs on CD4⁺ T cell proliferation. CD4⁺ T cells were 
labeled with CFSE and stimulated with anti-CD3/CD28 in the presence or absence of MDSCs. The percentage 
of proliferating cells is indicated. (B) Quantification of T cell division in the presence of SP-MDSCs and BM-
MDSCs at different MDSC-to-T cell ratios. Both SP-MDSCs and BM-MDSCs exhibited a dose-dependent 
suppression of T cell proliferation.Data are presented as mean ± SD.
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Alum-induced tregs could not be reproduced by MDSCs adoptive transfer
To elucidate the mechanisms underlying the treatment differences between the alum group and the alum-
induced MDSCs group, we extracted draining lymph nodes (LNs) from mice for cytokine and Foxp3 analysis. 
The results showed that alum treatment led to an increase in the percentage of CD4⁺CD25⁺Foxp3⁺ cells to 42.8%, 
while the percentage in the alum-induced MDSCs group was 25.8%, and 27.6% in the PBS group, 24.8% in the 
control group (p = 0.0023), as shown in Fig. 4A,B. There was no significant difference in Foxp3 expression levels 
between the MDSCs group, PBS group, and control group (p = 0.810).

Since allogeneic corneal transplant rejection depends on the balance between Th1, Th17, Treg, and 
CD4⁺IL-10⁺ regulatory T cells, we further analyzed their proportions. The results showed that CD4⁺IL-2⁺ T cells 
were 18.5% in the PBS group, while the corresponding percentages were 4.5% in the alum group, 4.8% in the 
alum-induced MDSCs group, and 1.6% in the control group (p < 0.001). The percentage of CD4⁺IL-2⁺ T cells 
showed no difference between the alum group and the alum-induced MDSCs group (p = 0.6482). CD4⁺IFN-γ⁺ T 
cells were 1.0% in the PBS group, while the corresponding percentages were 0.4% in the alum group, 0.45% in the 
alum-induced MDSC group, and 0.31% in the control group (p < 0.001). The percentage of CD4⁺ IFN-γ⁺ T cells 
showed no difference between the alum group and the alum-induced MDSCs group (p = 0.5065). CD4⁺IL-17 A⁺ 
T cells were 1.5% in the PBS group, while the corresponding percentages were 0.34% in the alum group, 1.2% in 
the alum-induced MDSC group, and 0.2% in the control group (p = 0.0002). The percentage of CD4⁺IL-17 A⁺ T 
cells showed no difference between the PBS group and the alum-induced MDSCs group (p = 0.3171). CD4⁺IL-10⁺ 
T cells were 3.5% in the PBS group, while the corresponding percentages were 5.3% in the alum group, 3.5% in 
the alum-induced MDSCs group, and 0.2% in the control group (p = 0.0182). The percentage of CD4⁺IL-10⁺ T 
cells showed no difference between the PBS group and the alum-induced MDSC group (p = 0.9186), as shown 
in Fig. 4C.

These results indicate that both alum and alum-induced MDSCs adoptive transfer had similar effects in 
suppressing Th1 cells but not Th17 cells. However, alum showed a stronger ability to induce Treg and CD4⁺IL-10⁺ 
regulatory T cells expansion in alloimmune reactions. Treg cells play a crucial role in maintaining immune 
tolerance and preventing graft rejection. This may explain the higher proportion of permanent graft tolerance 
in the alum-treated group.

Fig. 3.  Alum-induced MDSCs improve corneal allograft survival.  (A) Alum-treated mice showed significantly 
prolonged corneal allograft survival compared to untreated allogeneic controls. Approximately 50% of the 
alum-treated recipients maintained long-term graft clarity, while all allogeneic controls experienced complete 
rejection within 15 days (B) Comparison of graft survival in PBS-treated, alum-treated, MDSC-treated, and 
syngeneic control groups. Alum treatment significantly improved graft survival compared to PBS and MDSC 
groups, while MDSC transfer alone resulted in moderate prolongation. Syngeneic grafts remained fully 
accepted without signs of rejection throughout the observation period. Statistical significance was assessed 
using the log-rank test. ***p < 0.001;**p < 0.01; *p < 0.05.
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Combined transfer of MDSCs and Tregs further enhances corneal allograft survival
To investigate whether the limited immunosuppressive effect of adoptively transferred MDSCs could be 
enhanced by regulatory T cells (Tregs), we performed co-transfer of alum-induced MDSCs and Tregs into 
C57BL/6 recipients of BALB/c corneal allografts.

As shown in Fig. 5, recipients of combined MDSCs + Tregs displayed significantly prolonged graft survival 
compared to either MDSCs or alum monotherapy. Approximately 60% of grafts remained clear and survived 
beyond day 30 in the MDSCs + Tregs group, compared to ~ 50% in the alum group and ~ 20% in the MDSCs-

Fig. 5.  Kaplan–Meier survival curves of corneal allografts in different treatment groups.  C57BL/6 mice 
receiving BALB/c corneal allografts were treated with either alum, adoptive transfer of MDSCs, co-transfer 
of MDSCs and Tregs, or no treatment (allogeneic control). Graft survival was monitored for 21 days post-
transplantation.

 

Fig. 4.  Alum-induced MDSCs modulate T cell responses in corneal allograft recipients.  (A) Representative 
flow cytometry plots showing the percentage of Treg cells in the draining lymph nodes of corneal allograft 
recipients across different treatment groups (Alum, MDSCs, and PBS). (B) Quantification of Foxp3⁺ Tregs 
as a percentage of CD4⁺ T cells in different treatment groups. Alum-treated mice exhibit a significantly 
higher proportion of Tregs compared to PBS-treated controls (*p < 0.05), while no significant difference (ns) 
is observed between MDSC-treated and PBS-treated groups.  (C) Cytokine profiling of CD4⁺ T cells from 
draining lymph nodes. Alum treatment significantly reduces pro-inflammatory cytokines IL-2, IFN-γ, and 
IL-17 A, while increasing IL-10, an immunoregulatory cytokine. Statistical significance: ***p < 0.001, **p < 0.01, 
*p < 0.05.
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only group. The MDSCs + Tregs group showed a improved allograft survival rate compared to the MDSCs group 
and PBS group (p = 0.04, p = 0.0024). Corneal grafts in the alum-treated and MDSCs + Tregs groups remained 
clear, with no signs of rejection, whereas grafts in the MDSC-only group appeared hazy and partially opaque, 
indicative of ongoing immune rejection. In contrast, the allogeneic control group exhibited rapid and complete 
graft rejection (as shown in Fig. 6).

These results suggest a synergistic immunosuppressive effect between MDSCs and Tregs, indicating that 
Tregs are a necessary component of long-term immune tolerance that cannot be fully replicated by MDSCs 
transfer alone. This supports the hypothesis that the superior efficacy of alum treatment in promoting allograft 
tolerance may stem from its ability to simultaneously expand both MDSCs and Treg populations in vivo.

Discussion
MDSCs have been widely recognized for their role in immune modulation across various pathological 
conditions, including cancer, autoimmunity, and transplantation15–19. Their immunosuppressive mechanisms 
involve diverse pathways, such as metabolic enzyme activity, reactive oxygen species production, secretion 
of immunoregulatory cytokines, and cell–cell interactions mediated by molecules like PD-L120–24. Although 
MDSCs have been explored as a potential therapeutic tool in transplantation, their precise contribution to the 
regulation of alloimmune responses remains incompletely understood.

Although alum is conventionally used as an adjuvant to stimulate immune responses—particularly by 
activating antigen-presenting cells (APCs)—our results reveal an unexpected immunoregulatory role for this 
agent. We found that repeated alum injections did not enhance immune activation, but rather suppressed it, 
establishing a tolerogenic microenvironment. This condition preserved MDSCs in an immature, suppressive 
state and prevented their differentiation into mature myeloid lineages.

In this study, we investigated the immunomodulatory potential of alum-induced MDSCs in a murine corneal 
transplantation model. Both alum treatment and adoptive transfer of alum-induced MDSCs significantly 
prolonged allograft survival. However, the protective effect of alum was clearly superior: approximately 50% of 
grafts achieved permanent acceptance, compared to only 20% in the MDSC-treated group. These results suggest 
that, although alum-induced MDSCs exert suppressive effects on alloimmunity, alum itself likely initiates 
additional immunoregulatory pathways beyond MDSC expansion.

To elucidate these mechanisms, we analyzed immune cell subsets in the draining lymph nodes of transplanted 
mice. Alum treatment significantly increased the frequency of CD4⁺CD25⁺Foxp3⁺ regulatory T cells (Tregs) and 
IL-10⁺ CD4⁺ T cells, whereas MDSC transfer failed to induce a comparable regulatory expansion. Moreover, 
only alum—but not MDSCs—effectively suppressed Th17 responses. Although MDSCs are capable of inducing 
Tregs in vitro, our data suggest that this function is inadequate in vivo without a supportive immunological 
microenvironment. These observations are consistent with prior reports indicating that Treg induction and 
stability by MDSCs require additional cues from APCs or stromal cells25–29.

To further investigate the role of Tregs in this regulatory axis, we conducted a co-transfer experiment 
involving MDSCs and Tregs. Strikingly, this combination significantly enhanced graft survival compared to 
either cell type alone, with nearly 60% of grafts achieving long-term acceptance. This synergistic effect supports 
the hypothesis that Tregs are indispensable partners of MDSCs in establishing durable immune tolerance, and 
that the limited efficacy of MDSCs alone may stem from the absence of sufficient Treg support. Importantly, in 
our previous study14 we showed that adoptively transferred natural Tregs (nTregs) were ineffective in preventing 
corneal allograft rejection unless functionally activated in vivo. The current findings suggest that alum not only 
expands but also activates Tregs, thereby enhancing their immunosuppressive function and contributing to 
improved allograft survival.

Taken together, these findings highlight the multi-faceted immunomodulatory capacity of alum in corneal 
transplantation. While MDSCs play a significant role in suppressing immune responses, the establishment and 

Fig. 6.  Representative anterior segment images of corneal grafts on day 21 post-transplantation.  Gross 
photographs of corneal grafts in each experimental group: syngeneic control (A), alum-treated (B), alum-
induced MDSCs combined with Tregs (MDSCs + Tregs) (C), MDSCs alone (D), and PBS-treated allogeneic 
controls (E).Corneal grafts in the alum-treated and MDSCs + Tregs groups remained clear, with no signs of 
rejection. In contrast, the MDSC-only group exhibited partial opacity and mild neovascularization, consistent 
with ongoing immune rejection. The PBS-treated allogeneic group showed complete graft opacity, edema, and 
extensive neovascularization, indicating rapid and severe rejection. The syngeneic group maintained full graft 
clarity as expected.
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maintenance of a tolerogenic environment—particularly through Treg expansion and activation—appear to 
be essential for long-term graft acceptance. This may explain why increasing the dose or frequency of MDSC 
transfer did not yield improved outcomes, and it underscores the need for combinatorial approaches to replicate 
the comprehensive immune conditioning achieved by agents like alum. A limitation of this study is the lack of 
control groups using MDSCs or MDSCs + Tregs isolated from untreated (wild-type) mice, which would help 
distinguish the specific immunological features conferred by alum induction. Additionally, this study did not 
examine the in vivo migration patterns of adoptively transferred MDSCs or Tregs. Future studies incorporating 
wild-type controls and using labeled regulatory cells to track their trafficking to lymphoid tissues and graft sites 
will help refine our understanding of MDSC-mediated tolerance and tissue-specific immune modulation.

Conclusion
In summary, our study demonstrates that repeated alum administration effectively induces the expansion of 
immature, suppressive MDSCs and simultaneously activates regulatory T cells (Tregs), resulting in prolonged 
corneal allograft survival in mice. While MDSCs alone exhibit partial immunosuppressive effects, their 
combination with Tregs significantly enhances graft tolerance, highlighting a synergistic mechanism. Notably, 
alum outperforms adoptive MDSC transfer by not only expanding MDSCs but also promoting Tregs activation 
and inhibiting Th1/Th17 responses. These findings provide new insights into the immunomodulatory properties 
of alum and support its potential as an immune-conditioning agent in transplantation. Future studies should 
further explore alum’s mechanisms and its applicability to other transplant models or immune-mediated diseases.

Methods
Mice and drug administration
Male BALB/c (H-2d) and C57BL/6 (H-2b) mice, aged 6 to 8 weeks, were purchased from the Institute of Zoology, 
Chinese Academy of Sciences. Alum (Sigma-Aldrich) or saline (100 µL) was administered intraperitoneally (IP) 
once daily for 7 consecutive days. The dose and duration were selected based on preliminary studies. This study 
was approved by the Institutional Animal Care and Use Committee, and all procedures adhered to the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research. Mice were euthanized using carbon 
dioxide inhalation followed by cervical dislocation, in accordance with institutional and AVMA guidelines. This 
study is reported in accordance with the ARRIVE guidelines.

Antibodies and flow cytometry (FACS)
For fluorescence-activated cell sorting (FACS) analysis, the following antibodies were used: anti-CD4-APC, 
anti-CD25-PerCP5.5, anti-CD40L-PE, anti-CTLA-4-PE, anti-CD62L-PE, anti-CD69-PE, anti-PD-1-PE, anti-
PD-L1-PE, anti-Gr1-PerCP5.5, anti-Ly6C-PE, anti-CD40-PE, anti-CD80-PE, anti-CD86-PE, anti-TLR2-PE, 
anti-TLR4-PE, and anti-MHC-II-PE, along with their respective isotype controls (eBioscience, San Diego, 
CA, USA). For intracellular staining, cells were fixed and permeabilized using Fix/Perm buffer according to 
the manufacturer’s instructions. The following antibodies were used for intracellular staining: Foxp3-FITC, 
IL-10-PE, IL-2-FITC, IFN-γ-PE, and IL-17 A-PE (eBioscience). Single-cell suspensions were analyzed using a 
FACScalibur flow cytometer (Becton Dickinson), and data were processed using FlowJo 10 software (Tree Star). 
Cells were first gated on forward and side scatter (FSC vs. SSC) to identify lymphocytes and exclude debris. 
Singlets were selected using FSC-H vs. FSC-A plots. To exclude dead cells, a viability gate was applied using 
Annexin V and 7-AAD double staining, with Annexin V⁻/7-AAD⁻ cells considered viable. Live CD3⁺ T cells 
were further gated to identify CD4⁺CD25⁺ regulatory T cells. For MDSC analysis, CD11b⁺Gr-1⁺ cells were gated 
from the myeloid compartment.

Proliferation and suppression assays
Suppression assays were performed in triplicate in 96-well round-bottom plates. Freshly isolated naïve CD4⁺ T 
cells (1 × 10⁵ cells per well) were labeled with 0.5 µM CFSE (Invitrogen, Molecular Probes) in pre-warmed PBS 
and incubated at 37 °C for 10 min in the dark. The staining reaction was quenched by adding five volumes of cold 
complete RPMI-1640 medium supplemented with 10% fetal bovine serum, followed by three washes with PBS to 
remove excess dye. CFSE-labeled T cells were then stimulated with anti-CD3/CD28 monoclonal antibodies and 
co-cultured with CD11b⁺ cells at indicated ratios for 72 h. T cell proliferation was evaluated by flow cytometric 
analysis of CFSE dilution.The percentage of suppression was calculated using the formula:

Suppression (%) = T cells without MDSCs(T cells without MDSCs)−(T cells with MDSCs)​×100%.

Suppression of CD4+CD25- T cell activation
CD4⁺CD25⁻ T cells were isolated from the spleens and lymph nodes of naïve C57BL/6 mice using a CD4⁺CD25⁺ 
Treg isolation kit (Miltenyi Biotec). The purity of the sorted cells was > 90%, as confirmed by flow cytometry. 
CD4⁺CD25⁻ T cells (1 × 10⁵) were stimulated with anti-CD3/CD28 mAb-coated Dynabeads (1:1 ratio) in the 
presence or absence of CD11b⁺ cells (1 × 10⁵) in 96-well flat-bottom plates for 48 h. Surface markers of T cell 
activation, including CD25, PD-1, CD69, PD-L1, CD62L, CTLA-4, and the nuclear transcription factor Foxp3, 
were analyzed.

Corneal transplantation
A standard murine orthotopic corneal transplantation model was used as described previously14with minor 
modifications. Briefly, 2-mm central corneal grafts from BALB/c mice were excised and sutured onto 2-mm 
recipient graft beds in the central corneas of C57BL/6 mice. Graft status was evaluated weekly using slit-lamp 
biomicroscopy. Grafts were considered rejected when they became opaque, and iris details were no longer visible, 
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according to a standardized opacity grading scale (0–5). The experimental groups included recipients treated 
with alum, adoptive transfer of MDSCs, or co-transfer of MDSCs and Tregs. PBS-treated allograft recipients 
served as positive controls, while syngeneic graft recipients served as negative controls.

Adoptive transfer
Alum-treated mice were sacrificed, and CD11b⁺ cells were isolated from spleens and bone marrow using a CD11b⁺ 
isolation kit (Miltenyi Biotec). The purity of CD11b⁺Gr1⁺ cells was confirmed to be > 90% via flow cytometry. 
CD11b⁺ cells (2 × 10⁶ per mouse) were intravenously transferred to allograft recipients on postoperative days 0 
and 5. CD4⁺CD25⁺T cells (Tregs)were isolated from the spleens and lymph nodes (LNs) of Alum-treated mice 
using a CD4⁺CD25⁺ regulatory T cell isolation kit (Miltenyi Biotec, Germany). The purity of the isolated cells was 
confirmed by flow cytometry and found to be greater than 90%. Treg cells (1 × 10⁶ per mouse) were intravenously 
transferred to allograft recipients on postoperative days 0. Allograft survival (n = 10 per group) was monitored 
for up to five weeks. Draining submandibular lymph nodes were harvested at day 14 post-surgery for analysis of 
Foxp3, IL-10, IL-2, IFN-γ, and IL-17 A expression. A schematic diagram illustrating the experimental timeline 
and cell administration procedures has been shown as Fig. 7.

Statistical analysis
Statistical analyses were performed using SPSS 13.0. A Student’s t-test was used for pairwise comparisons, 
while one-way ANOVA was used for multiple comparisons. Graft survival was analyzed using the Kaplan-
Meier method with a Mantel-Cox log-rank test. Data are presented as mean ± SD, and P < 0.05 was considered 
statistically significant.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
upon reasonable request.
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