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Combining all-trans retinoid
acid treatment targeting
myeloid-derived suppressive
cells with cryo-thermal therapy
enhances antitumor immunity in
breast cancer

Yue Lou, Peng Peng, Shicheng Wang, Junjun Wang,
Peishan Du, Zelu Zhang, Jiamin Zheng, Ping Liu*

and Lisa X. Xu*

School of Biomedical Engineering and Med-X Research Institute, Shanghai Jiao Tong University,
Shanghai, China
Targeting myeloid-derived suppressive cells (MDSCs) has been considered a

potential strategy in tumor therapy. However, a single drug targeting MDSCs

remains a challenge in the clinic. An increasing number of studies have shown

that combination agents targeting MDSCs and immunotherapy may provide

exciting new insights and avenues to explore in tumor therapy. In our previous

study, a novel cryo-thermal therapy was developed for metastatic tumors that

systematically activate innate and adaptive immunity. Moreover, cryo-thermal

therapy was shown to dramatically decrease the levels of MDSCs and induce

their differentiation toward potent antigen-presenting cells. However, the

therapeutic effects of cryo-thermal therapy on the 4T1 mouse breast cancer

model were still not satisfactory because of the high level of MDSCs before and

after treatment. Therefore, in this study, we combined cryo-thermal therapy

with all-trans retinoid acid (ATRA), a small molecule drug that can induce the

inflammatory differentiation of MDSCs. We found that combination therapy

notably upregulated the long-term survival rate of mice. Mechanically,

combination therapy promoted the phenotype and functional maturation of

MDSCs, efficiently decreasing suppressive molecule expression and inhibiting

glutamine and fatty acid metabolism. Moreover, MDSCs at an early stage after

combination therapy significantly decreased the proportions of Th2 and Treg

subsets, which eventually resulted in Th1-dominant CD4+ T-cell differentiation,

as well as enhanced cytotoxicity of CD8+ T cells and natural killer cells at the

late stage. This study suggests a potential therapeutic strategy for combination

ATRA treatment targeting MDSCs with cryo-thermal therapy to overcome the

resistance of MDSC-induced immunosuppression in the clinic.

KEYWORDS

cryo-thermal therapy, all trans retinoid acid, combination therapy, myeloid-derived
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Introduction

T cell-based immunotherapy has shown remarkable clinical

efficacy in multiple cancer types; however, the accumulation of

immunosuppressive cells limits the therapeutic efficacy (1).

Myeloid-derived suppressive cells (MDSCs) are considered to

be suppressive and inhibit antitumor immunity to promote

tumor progression (2). The level of MDSCs in peripheral

circulation or tumor tissue is highly related to poor prognosis

(3–5). Thus, strategies to overcome the immune tolerances

induced by MDSCs are urgently needed.

MDSCs are a highly heterogeneous group of cells that

coexpress CD11b and Gr-1 in tumor-bearing mice and are the

direct progenitors of dendritic cells (DCs), macrophages, and

granulocytes (6). MDSCs facilitate the differentiation of

immature DCs, tumor-associated macrophages, and Tregs by

secreting suppressive or chronic cytokines, expressing immune

checkpoint molecules, and inducing oxidative stress and

nutrient deplet ion (7) . Currently , Food and Drug

Administration (FDA)-approved medicines fail to prevent the

accumulation and function of MDSCs. However, combining

antitumor therapies targeting MDSCs with other therapies

improves the prognosis of patients (8), which may provide a

new strategy for tumor therapy.

In our previous studies, a novel tumor cryo-thermal therapy

was established to entirely ablate primary tumor tissue through

alternating liquid nitrogen cooling and radiofrequency (RF)

heating (9). Moreover, cryo-thermal therapy remodels the

immunosuppressive environment by inducing durable Th1-

induced antitumor immune protection and decreasing the levels

of effective Tregs (10, 11). Cryo-thermal therapy significantly

improved the cure rate in both the B16F10 melanoma model and

the 4T1 triple-negative breast cancer model (12–14). The

therapeutic effect of cryo-thermal therapy was observed in

different tumor models, and approximately 50% of mice

exhibited long-term survival in the 4T1 model, while more than

80% of B16F10-bearing mice were cured (12–14). To understand

the different mouse survival rates after cryo-thermal therapy in the

two models, immune status before treatment was analyzed. The

proportion ofMDSCs in the B16F10model was significantly lower

than that in the 4T1 model. Moreover, although the proportion of

MDSCswasnotably reducedafter cryo-thermal therapy, the level of

MDSCs in the 4T1 model was still higher than that in the B16F10

model. Therefore, MDSCs may be the major barrier to improving

the therapeutic efficacy of cryo-thermal therapy in highly

immunosuppressive tumor models.

To further improve the therapeutic efficacy of cryo-thermal

therapy in the 4T1 tumor model, which has a high level of

MDSCs, in this study, we combined all-trans retinoic acid

(ATRA) treatment targeting MDSCs with cryo-thermal

therapy. ATRA can stimulate the differentiation of MDSCs

into mature DCs and macrophages (15). We found that

combination therapy could significantly downregulate the
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suppressive function of MDSCs and prevent the differentiation

of suppressive subsets of CD4+ T cells at the early phase, which

ultimately resulted in Th1-dominant differentiation of CD4+ T

cells at the late phase and improved the long-term survival rates

of 4T1-bearing mice. Our study provides a new therapeutic

strategy combining ATRA treatment targeting MDSCs with

cryo-thermal therapy for highly immunosuppressive tumors.
Materials and methods

Cell cultivation and animal model

The 4T1 breast cancer cell line was provided by Shanghai

First People’s Hospital, China, and the female BALB/c mice were

obtained from Shanghai Slaccas Experimental Animal Co., Ltd.

(Shanghai, China). Tumors were established by subcutaneous

injection of 4T1 cells (4 × 105 cells in 100 ml of phosphate-
buffered saline (PBS)) in the right flank of wild-type BALB/c

mice as above (11). All animal experiments were approved by the

Animal Welfare Committee of Shanghai Jiao Tong University,

and experimental methods were performed in accordance with

the guidelines of Shanghai Jiao Tong University Animal Care

(approved by Shanghai Jiao Tong University Scientific Ethics

Committee, Proto code 2020017).
Cryo-thermal therapy and all-trans
retinoid acid treatment

The cryo-thermal therapy system was developed and

maintained by Dr. Aili Zhang and Engineer Jincheng Zou in

our laboratory. When the diameter of the tumor reached 10 mm

(about 16 days after tumor inoculation), mice were randomly

divided into tumor-bearing control or cryo-thermal group. Mice

from the cryo-thermal group were anesthetized with 5% chloral

hydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai,

China) and treated with fast liquid N2 freezing at −20°C for

5 min followed by RF heating at 50°C for 10 min to entirely

ablate the primary tumor tissue. The parameter of cryo-thermal

therapy was determined according to our previous studies. The

maximum power was set as 65 W, and the real-time power was

adjusted according to temperature.

For ATRA treatment, 200 mg of ATRA (dissolved in corn oil)

was administered daily by i.p. from the day before cryo-thermal

therapy to 3 days after treatment. The single cryo-thermal

therapy group was treated with the same dose of corn oil.
Flow cytometry analysis

The splenocytes were separated into single-cell suspension,

and the red blood cells were removed by erythrocyte-lysing
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reagent (containing 0.15 M of NH4Cl, 1.0 M of KHCO3, and 0.1

mM of Na2EDTA). The dead cells were excluded by Zombie Dye

staining, and then cells were stained by a cell-specific surface

marker for 20 min. For transcription factors detection, cells were

treated with a True-Nuclear Transcription Factor Buffer Set

(BioLegend, San Diego, CA, USA) according to the

manufacturer’s protocol. For intercellular staining, cells were

stimulated with Cell Activation Cocktail (with Brefeldin A, 20

µg/ml, BioLegend, San Diego, CA, USA) for 4 h before Zombie

Dye and surface marker staining. After that, cells were fixed and

permeabilized with the fixation buffer and permeabilization

wash buffer according to the manufacturer’s instructions

(BioLegend, San Diego, CA, USA) and followed by

intercellular cytokines staining for 20 min. For data collection,

BD FACS Aria II cytometer (BD Biosciences, Franklin Lakes, NJ,

USA) was used, and the data were analyzed using FlowJo

software (https://www.flowjo.com accessed on 3 July 2022). All

the fluorochrome-conjugated monoclonal antibodies were

purchased from BioLegend (San Diego, CA, USA) and listed

in Supplementary Table 1.
RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol Reagent (TaKaRa,

Otsu, Shiga, Japan) and was reverse transcribed to cDNA by the

PrimeScript RT reagent kit (TaKaRa, Otsu, Shiga, Japan). The

absorbance at 260/280 nm of samples above 1.9 was used.

Quantitative real-time PCR (qRT-PCR) was performed on the

ABI 7900HT sequence detection system, and SDS 2.4 software

(Applied Biosystems, Waltham, MA, USA) was used for Ct value

collection. The expression level of targeted genes was normalized

as GAPDH (DDCt method).
Isolation of CD4+ T cells and myeloid-
derived suppressive cells

For isolation of CD4+ T cells, single-cell suspensions of

splenocytes from 4T1 tumor-bearing control mice (day 16

after inoculation) were isolated by an Easysep CD4+ T cell

negative selection kit (StemCell Technologies, Vancouver, BC,

Canada). For isolation of MDSCs, single-cell suspensions of

splenocytes from indicated groups were firstly incubated with

Gr1-PE (listed in Supplementary Table 1) and then isolated with

a PE positive selection kit (StemCell Technologies, Vancouver,

BC, Canada).
In vitro coculture assay

For detection of CD4+ T-cell differentiation influenced by

MDSCs, splenic MDSCs separated from the indicated group of
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mice were cocultured with the CD4+ T cells isolated from the

spleen of tumor-bearing mice before treatment (16 days after

tumor inoculation) in the ratio of 1:5 for 24 h. Corresponding

serums were added to mimic the cytokine environment in vivo.

For detection of the suppressive function of MDSCs on the

proliferation of CD4+ T cells, splenocytes from age-paired naïve

mice were labeled with carboxyfluorescein succinimidyl ester

(CFSE) and then cocultured with MDSCs in the indicated E/T

ratio with anti-CD3 (1 ng/ml, BioLegend, San Diego, CA, USA)

added to stimulate the proliferation of T cells. After 72 h, the

proliferated CD4+ T cells (CFSE−) were tested by flow cytometry.
Gene expression profiling

RNA samples from freshly isolated splenic MDSCs from

tumor-bearing control, cryo-thermal therapy, or combination

therapy were extracted using the mirVana miRNA Isolation Kit

(Ambion, Austin, TX, USA) and constructed into libraries using

TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San

Diego, CA, USA) following the manufacturer’s protocol. Then

the libraries were sequenced on the Illumina sequencing

platform (HiSeq™ 2500), and 125 bp/150 bp paired-end reads

were generated. The fold change of gene expression >2.0 was

considered significantly different. The principal component

analysis (PCA) was performed using OECloud tools (https://

cloud.oebiotech.cn accessed on 3 July 2022). The gene set

enrichment analysis was performed using GSEA as described

(16). The gene set LIT_MM_LAROSA_FATTY-ACID-

BIOSYNTHESIS_METABOLISM_DIFF was used for fatty acid

metabolism analysis (p-value <0.05).
Statistical analysis

Student’s t-test with a two-tailed distribution was used for

statistical comparisons using Graph Pad Prism 7 (https://www.

graphpad.com accessed on 3 July 2022). Figures denote

statistical significance of *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001. p-values <0.05 were considered to be

statistically significant.
Results

Cryo-thermal therapy facilitated the
maturation and differentiation of
myeloid-derived suppressive cells and
induced their suppressive phenotype

In our previous study, we found that in the 4T1 model, the

proportion of MDSCs in the spleen of mice was decreased within

14 days and was then slightly increased on day 21 after cryo-
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thermal therapy [14]. Because high levels of MDSCs contribute

to tumor progression, we supposed that the increased level of

MDSCs on day 21 after cryo-thermal therapy would affect the

therapeutic effect of cryo-thermal therapy. To identify changes

in the differentiation and proliferation of MDSCs after cryo-

thermal therapy, 4T1-bearing mice were treated with cryo-

thermal therapy, and on day 21 after treatment, the

proportion of splenic MDSCs (marked as CD11b+Gr-1+) was

examined by flow cytometry. As shown in Figure 1A, the

proportion of MDSCs was notably decreased after cryo-

thermal therapy compared with that in tumor-bearing mice.

Moreover, the expression levels of CD86 and MHC-II were

significantly upregulated, which indicated the phenotypic

maturation of MDSCs (Figure 1B), and the expression levels of

CD11c and F4/80 were markedly increased, which suggested the

differentiation of MDSCs into functional inflammatory DCs and

macrophages (Figure 1C). To further clarify the function of

MDSCs, splenic MDSCs were separated by magnetic beads, and

the expression levels of stimulatory and suppressive molecules

were detected by qRT-PCR. Compared to those of tumor-

bearing mice, the expression levels of stimulatory molecules,

including CXCL10, IL-12, and IL-15, were significantly

upregulated, while the expression level of IL-7 was

downregulated (Figure 1D). However, the expression levels of

chronic inflammatory cytokines (IL-6, IL-1b, TNF-a, IL-10,
TGF-b, etc.), which contribute to the immunosuppressive

function of MDSCs, and other suppressive molecules (PD-L1,

VEGFR, etc.), as well as the chemokine that participates in Treg

recruitment (CCL5), were increased in MDSCs after cryo-
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thermal therapy (Figure 1D). However, the expression levels of

iNOS and Arg-1 were downregulated after cryo-thermal therapy

(Figure 1D). These results suggested that immunostimulatory

and suppressive markers of MDSCs were both increased after

cryo-thermal therapy.
Myeloid-derived suppressive cells
promoted the proliferation of CD4+ T
cells while inhibiting Th1 differentiation
and increasing the proportion of Th2
cells and Tregs after cryo-thermal
therapy

In our previous studies, we found that Th1-dominant

differentiation of CD4+ T cells was essential for cryo-thermal-

induced antitumor immune response (17). However, MDSCs can

directly suppress the proliferation and cytotoxic differentiation of T

cells while inducing the differentiation of Tregs (7).

Considering that cryo-thermal-induced MDSCs expressed both

immunosuppressive and immunostimulatory markers, splenic

MDSCs were cocultured with CD4+ T cells to investigate the

effect of MDSCs on the proliferation and differentiation of CD4+

T cells on day 21 after cryo-thermal therapy. The schematic of the

study design is shown in Figure 2A. Splenic MDSCs from tumor-

bearingmice showeda strong capacity to inhibit the proliferationof

CD4+ T cells, while after cryo-thermal therapy, splenic MDSCs

could promote the proliferation of CD4+ T cells at a high E/T ratio

(Figure 2B). However, compared to MDSCs from the tumor-
A

B

D

C

FIGURE 1

The proportion and phenotype of MDSCs after cryo-thermal therapy. (A) The proportion of splenic MDSCs on day 21 after cryo-thermal
therapy. (B, C) The expression levels of CD86 and MHC-II (B), CD11c, and F4/80 (C) on MDSCs from tumor-bearing control (gray) and cryo-
thermal therapy (solid line) were detected by flow cytometry. (D) The expression levels of functional molecules of MDSC were detected by qRT-
PCR. *p < 0.05, ***p < 0.001. n = 4 for each group. MDSCs, myeloid-derived suppressive cells.
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bearing control group, MDSCs in the cryo-thermal therapy group

significantly decreased Th1 differentiation and inhibited the

expression of granzyme B in CD4+ T cells (Figure 2C). Moreover,

the proportions of Th2 cells and Tregs were increased when

cocultured with MDSCs after cryo-thermal therapy compared

with those from tumor-bearing mice (Figure 2C). These results

indicated that after cryo-thermal therapy, the suppressive effect of

MDSCs could not be entirely reversed, which mainly inhibited the

differentiationofCD4+Tcells toward theTh1 subset andpromoted

CD4+ T suppressive subset differentiation.
Combining all-trans retinoid acid with
cryo-thermal therapy decreased the
differentiation of CD4+ T cells into
suppressive subsets at an early stage

As stated previously, the level of MDSCs was decreased after

cryo-thermal therapy; however, their suppressive function was
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not entirely reversed. ATRA can induce the differentiation of

MDSCs into mature DCs and macrophages and inhibit the

suppressive function of MDSCs. Therefore, we combined

ATRA with cryo-thermal therapy (combination therapy) to

fur ther conver t immunosuppres s ive MDSCs in to

immunostimulatory cells. To determine whether combination

therapy could trigger the maturation of MDSCs at an early stage

after treatment, 200 mg of ATRA was injected by i.p. from the

day before cryo-thermal therapy to 3 days after treatment, and

the phenotypes of MDSCs were analyzed on day 4 after therapy

(Figure 3A). As shown in Figure 3B, ATRA treatment alone did

not decrease the level of MDSCs compared with that in the

tumor-bearing control group, while cryo-thermal therapy alone

significantly decreased the percentage of MDSCs compared with

that in the tumor-bearing control group. However, combination

therapy did not further reduce the proportion of MDSCs

(Figure 3B). To determine whether combination therapy could

facilitate the maturation and differentiation of MDSCs, the

expression level of surface markers, including CD86, MHC-II,
A B

C

FIGURE 2

MDSCs after cryo-thermal therapy facilitate the proliferation of CD4+ T cells but also the immunosuppressive subset differentiation. (A) Scheme
of study design. In brief, MDSCs from the spleen of tumor-bearing mice or cryo-thermal treated mice (day 21 after treatment) were separated
by MACS. To detect the function of MDSCs on CD4+ T-cell proliferation, MDSCs were cocultured with the splenocytes from age-paired naïve
mice in the indicated E/T ratio with anti-CD3 (1 ng/ml) added to stimulate the proliferation of T cells. The splenocytes were pre-labeled with
CFSE. After 72 h, the proliferated CD4+ T cells (CFSE−) were tested by flow cytometry. To analyze the function of MDSCs on the differentiation
of CD4+ T cells, MDSCs were cocultured with the splenic CD4+ T cells separated from the tumor-bearing mice before treatment (16 days after
tumor inoculation) in the ratio of 1:5. The corresponding serums were added to mimic the cytokine environment in vivo. The subsets of CD4+ T
cells were detected after 24 h by flow cytometry. (B, C) The proliferation (B) and subsets of CD4+ T cells (C) after coculture with MDSCs in vitro.
**p < 0.01, ***p < 0.001, ****p < 0.0001. The symbol & in panel B means the comparison with tumor-bearing control, & p < 0.0001. n = 4 for
each group. MDSCs, myeloid-derived suppressive cells; MACS, magnetic-activated cell sorting; CFSE, carboxyfluorescein succinimidyl ester.
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CD11c, and F4/80 on MDSCs, was further examined. ATRA

treatment alone downregulated the expression levels of CD86

and F4/80 and slightly increased the level of CD11c on MDSCs

compared to those in the tumor-bearing control group, which
Frontiers in Immunology 06
indicated that ATRA treatment alone could not regulate the

phenotypic maturation of MDSCs (Figures 3C, D). After cryo-

thermal therapy, compared to that in the tumor-bearing control

group, the expression level of MHC-II on MDSCs was
A
B

D

E

F G

C

FIGURE 3

Combination therapy downregulated the suppressive function of MDSCs and promote inflammatory differentiation of CD4+ T cells. (A) Scheme
of study design. In brief, 200 mg of ATRA was administered daily from the day before cryo-thermal therapy to day 3 after treatment, and the
phenotype of MDSCs and the subsets of CD4+ T cells were detected on day 4 by flow cytometry. (B–D) The proportion (B), maturation
phenotype (C), and transmission phenotype (D) of MDSCs. (E) The molecule expression profiles of splenic MDSCs were detected by qRT-PCR
on day 4 after treatment. (F, G) MDSCs after combination therapy inhibited the differentiation of CD4+ T cells into immunosuppressive subsets.
(F) Scheme of study design. In brief, MDSCs from the spleen of different groups of mice on day 4 after treatment were separated and
cocultured with the splenic CD4+ T cells separated from the tumor-bearing mice before treatment (16 days after tumor inoculation) in the ratio
of 1:5. The corresponding serums were added to mimic the cytokine environment in vivo. The subsets of CD4+ T cells were detected after 24 h
by flow cytometry. (G) The subsets of CD4+ T cells after coculture with MDSCs in vitro. *p < 0.05, **p < 0.01, ***p < 0.001. n = 4 for each
group. MDSCs, myeloid-derived suppressive cells; ATRA, all-trans retinoid acid.
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upregulated, and the level of CD86 was downregulated

(Figures 3C, D). Interestingly, combination therapy did not

affect the expression of MHC-II but increased the expression

level of CD86 compared to cryo-thermal therapy, which

suggested that cryo-thermal therapy combined with ATRA

could further promote the maturation of cryo-thermal-induced

MDSCs (Figures 3C, D). The expression level of F4/80 on

MDSCs in the combination therapy group was increased

compared to ATRA treatment alone but was lower than that

in the cryo-thermal therapy group, and the level of CD11c on

MDSCs after combination therapy was not different compared

to that of the other groups (Figures 3C, D). These results

suggested that combination therapy mainly promoted the

inflammatory activity of MDSCs.

To further analyze the signature of MDSCs after

combination therapy, the expression levels of functional

molecules in MDSCs were detected by qRT-PCR. As shown in

Figure 3E, compared to those of splenic MDSCs from tumor-

bearing mice, ATRA treatment alone slightly increased the

expression levels of some inflammatory molecules in MDSCs,

such as IL-12, IL-7, and IL-15, but the level of IL-6, which is

considered a chronic inflammatory cytokine and plays a major

role in MDSC-induced immunosuppression (18), was also

increased. Moreover, the expression level of suppressive

molecules, including CCL17, PD-L1, VEGFR, Arg-1, and

iNOS, was also increased after ATRA treatment alone

(Figure 3E). These results indicated that after ATRA treatment

alone, MDSCs maintained a suppressive signature. Cryo-

thermal therapy alone dramatically upregulated the expression

profiles of MDSCs compared to tumor-bearing controls, except

for the downregulation of IL-1b and an unchanged level of PD-

L1. Similar expression profiles of MDSCs were observed after

combination therapy; however, the expression levels of TNF-a,
IL-1b, CCL5, CCL17, VEGFR, and iNOS were further

downregulated after combination therapy compared to cryo-

thermal therapy alone. These results indicated that combination

therapy could further downregulate the expression of

suppressive molecules in MDSCs while retaining the level of

inflammatory molecules induced by cryo-thermal therapy.

Therefore, we hypothesized that MDSCs induced after

combination therapy would affect the differentiation of CD4+

T cells. Then, an in vitro coculture experiment was performed.

Splenic MDSCs were isolated from the treated mice on day 4

after therapy and sorted for coculture with CD4+ T cells from

tumor-bearing mice at a ratio of 1:5, and the subsets of CD4+ T

cells were analyzed after 24 h (Figure 3F). Compared to MDSCs

from tumor-bearing mice, MDSCs from ATRA-treated mice

slightly decreased the percentage of Tregs, and MDSCs from

cryo-thermal treated mice slightly decreased the proportion of

Th2 and Treg cells, while MDSCs from the combination therapy

group further downregulated the proportions of Th2 cells and

Tregs (Figure 3G). However, MDSCs did not promote the

expansion of Th1 cells or increase cytotoxic functions
Frontiers in Immunology 07
(Figure 3G). These results indicated that at the early stage after

combination therapy, the differentiation of suppressive CD4+ T

cell subsets induced by MDSCs was impaired, but Th1 and CTL

differentiation were not enhanced.
Combination therapy induced Th1-
dominant CD4+ T-cell differentiation at
the late stage

To further determine that combination therapy facilitates

the maturation of MDSCs, which decrease the differentiation of

suppressive CD4+ T subsets, in vivo subsets of CD4+ T cells at

the early stage (4 days after therapy) were analyzed by flow

cytometry. Compared to the tumor-bearing control, ATRA

treatment alone significantly decreased the differentiation of

Th2 cells and Tregs, but the expression level of perforin in

CD4+ T cells was obviously decreased; furthermore, the Th1

subset showed a decreasing trend (Figure 4A). On the contrary,

after cryo-thermal therapy, the percentages of CD4-CTLs and

Tregs were both increased compared with those in tumor-

bearing controls (Figure 4A). These suggested that these single

therapies could not induce Th1-dominant differentiation of

CD4+ T cells. However, combination therapy significantly

increased the proportion of Th1 subsets compared to ATRA

treatment alone and decreased the level of Th2 cells and Tregs

compared to cryo-thermal therapy alone (Figure 4A), which

suggested that combination therapy would have the ability to

induce Th1-dominant differentiation of CD4+ T cells at the early

stage after treatment. Furthermore, the proportion and function

of other lymphocytes, including CD8+ T cells and NK cells, were

also examined. After combination therapy, CD8+ T cells showed

higher expression levels of IFN-g, and the expression level of

perforin was increased in NK cells than after ATRA treatment

alone; however, compared to the effect of cryo-thermal therapy

alone, the proportion of CD8+ T cells was decreased, and the

expression level of perforin was reduced (Supplementary

Figure 1). These results indicated that combination therapy

mainly affects CD4+ T-cell-dominant immune response and

inhibited suppressive subset differentiation at the early stage.

Although the subsets of Th2 cells and Tregs were notably

decreased by combination therapy at the early stage, the increase

in Th1 cells and CD4-CTL subsets was not observed compared

with the effect of cryo-thermal therapy alone. Therefore, we

evaluated CD4+ T-cell subsets at the late stage after treatment

(21 days after cryo-thermal therapy). Compared to those in the

tumor-bearing control, ATRA treatment alone upregulated the

levels of Th2 cells and Tregs (Figure 4B), which suggested that

ATRA treatment alone could not enhance the CD4+ T-cell-

mediated antitumor immune response but could induce

immunosuppression. In the cryo-thermal therapy group, the

differentiation of Th1 and CTL subsets was markedly promoted,

but the level of Tregs was also increased (Figure 4B). After
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combination therapy, the differentiation of Th1 CD4+ T cells

was further increased but did not change the percentages of

CTLs or Th2 cells compared to cryo-thermal therapy alone

(Figure 4B). However, after combination therapy, the proportion

of Tregs maintained the same high level as compared to cryo-

thermal alone. Recent studies reveal that combinatorial

immunotherapies can exert an antitumor effect by promoting

Treg fragility, which characterizes as impaired suppressive

function and enhancing partial molecule expression of the Th1

subset, such as high expression of IFN-g and T-bet (19). In our

previous study, we also found that cryo-thermal therapy could

drive the fragility of Tregs, and these Th1-like Tregs

downregulated the expression of inhibitory molecules (11).

After combination therapy, higher levels of T-bet and IFN-g in
Tregs were observed (Supplementary Figure 2). These results

suggested that combination therapy decreased CD4+ T

suppressive subsets at an early stage and promoted the Th1

antitumor immunity induced by cryo-thermal therapy at a late

stage. Moreover, the proportions of CD8+ T cells and NK cells

were notably increased after combination therapy compared to
Frontiers in Immunology 08
ATRA treatment or cryo-thermal therapy alone, and the

cytotoxicity of CD8+ T cells and NK cells was also enhanced,

with the increased expression level of IFN-g in CD8+ T cells, as

well as granzyme B, perforin, and IFN-g in NK cells

(Supplementary Figure 3). These results suggested that

combination therapy could not only induce a Th1-dominant

CD4+ T-cell-mediated antitumor immunity but also

comprehensively promote CD8+ T-cell activation and enhance

the cytotoxicity of NK cells at the late stage.
Combination therapy converted the
transcriptional and metabolic programs
of myeloid-derived suppressive cells at
the late stage

To determine whether the Th1-dominant differentiation of

CD4+ T cells at the late stage was attributed to the

reprogramming of MDSCs after combination therapy, the

phenotype of MDSCs at the late stage after combination therapy
A

B

FIGURE 4

In vivo CD4+ T-cell differentiation at early and late stages after combination therapy. (A) The subsets of CD4+ T cells were detected by flow
cytometry at an early stage (day 4). (B) The subsets of CD4+ T cells were detected by flow cytometry at a late stage (day 21). *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. n = 4 for each group.
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(21 days after cryo-thermal therapy) was examined by flow

cytometry. The results showed that ATRA treatment alone had

little impact on the proportion and phenotype of MDSCs, while

cryo-thermal therapy alone significantly decreased the percentage of

MDSCs and increased the expression levels of CD86, MHC-II,

CD11c, and F4/80 compared to those in the tumor-bearing control

(Supplementary Figure 4). However, combination therapy showed

no significant difference compared to cryo-thermal therapy alone

(Supplementary Figure 4).

To further understand the role of ATRA in remodeling

MDSC function after combination therapy, RNA-seq analysis

of splenic MDSCs was performed at the late stage. The gene

expression signature of MDSCs showed an enormous difference

after cryo-thermal therapy compared with that in tumor-bearing

controls, in which the expression levels of 5,250 genes were

changed (3,188 upregulated and 2,062 downregulated;

Figures 5A, B). In addition, compared to those in MDSCs

from cryo-thermal therapy and combination therapy, only 851

differentially expressed genes were obtained (706 upregulated

and 145 downregulated), indicating a similar immune state after

cryo-thermal or combination therapy (Figures 5A, B). Among all

the different expression genes, 506 genes were changed

commonly, when comparing cryo-thermal therapy with

tumor-bearing control and comparing combination therapy

with cryo-thermal therapy. Among these genes, the changes of

most genes were opposite. PCA assessment of all genes showed

that samples from two treatment groups were clustered well, and

the groups were completely separated. No cross-mixing was

found between the two treatment groups, which indicated that

the gene expression profi les in these groups were

different (Figure 5C).

We further studied the expression of suppressive function-

related genes in MDSCs, and the IL-10, IL-6, and TGF-b
signaling pathways were upregulated after cryo-thermal

therapy compared with those in tumor-bearing control. The

heatmap analysis showed that after cryo-thermal therapy, these

signaling pathways were activated in MDSCs; however,

combination therapy significantly inhibited their activation

(Figure 5D). The qRT-PCR analysis also confirmed that

combination therapy could effectively decrease the expression

levels of IL-10, IL-6, and TGF-b (Figure 5E). In addition,

compared to cryo-thermal therapy, combination therapy

further reduced the expression levels of other chronic

inflammatory cytokines in MDSCs, including TNF-a and IL-

1b (Figure 5F). Moreover, the expression level of IL-7, a cytokine

that is crucial for triggering proliferation, overcoming

exhaustion, and improving effector functions of T cells (20),

was further upregulated (Figure 5F). Furthermore, combination

therapy reduced the expression level of PD-L1 on MDSCs

(Figure 5G). These results suggested that combination therapy

could impair the suppressive function of MDSCs through

cytokine and checkpoint molecule expression.
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Recently, some metabolic pathways of MDSCs have been

highlighted for their tumorigenic functions, especially the

metabolism of glutamine (21) and fatty acids (22), which have

been reported to increase the suppressive functions of MDSCs

through multiple pathways. To further evaluate the functional

changes in MDSCs after single cryo-thermal and combination

therapy, the metabolic diversity of MDSCs was analyzed after the

two different therapies. As shown in Figure 5H, after cryo-

thermal therapy, the expression level of glutaminase, the key

enzyme responsible for the transformation of glutamine to

glutamate (23), was significantly upregulated compared with

that in the tumor-bearing control, but the expression level of

glutaminase was downregulated after combination therapy

compared to cryo-thermal therapy alone, which suggested that

glutamine metabolism was significantly decreased by

combination therapy. Additionally, gene set enrichment

analysis showed that fatty acid biosynthesis was enriched in

the cryo-thermal group but was downregulated after

combination therapy (Figure 5I). These results indicated that

the metabolism of MDSCs could be entirely reversed after

combination therapy, which could directly attenuate the

suppressive function of MDSCs.
Combination therapy improved the long-
term survival rates of mice

The above results indicated that the combination of ATRA

and cryo-thermal therapy could decrease the suppressive

function of MDSCs, which inhibited the differentiation of

suppressive CD4+ T-cell subsets at an early stage and further

improved the Th1-dominant differentiation of CD4+ T cells at a

late stage. To further demonstrate the therapeutic effect of

combination therapy, the survival rate was analyzed after the

different treatments. As shown in Figure 6, the single ATRA

treatment did not improve the survival time of mice compared to

that of the tumor-bearing control. The long-term survival rate of

mice was approximately 50% after cryo-thermal therapy, but

after combination therapy, more than 80% of mice survived for a

long-term period. These results further suggested that the

combination of cryo-thermal therapy and ATRA could obtain

a much better therapeutic effect than cryo-thermal

therapy alone.
Discussion

In our previous study, cryo-thermal therapy was reported to

induce Th1-dominant CD4+ T-cell-mediated antitumor

immunity and improve the long-term survival rates of tumor-

bearing mice. However, the therapeutic effect in the 4T1 triple-

negative breast cancer model was lower than that in the B16F10
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melanoma model. We hypothesized that the high level of

MDSCs in the 4T1 triple-negative breast cancer model was

responsible for the unsatisfactory poor prognosis. To improve

the long-term survival rate in the 4T1 triple-negative breast

cancer model, in this study, ATRA was used in combination with

the cryo-thermal therapy in the 4T1 model. Combination

therapy promoted the maturation of MDSCs and reduced

their suppressive function by downregulating the inhibitory

cytokine pathways and the expression of immune checkpoint

molecules, as well as modulating metabolism, which significantly
Frontiers in Immunology 10
decreased the differentiation of immunosuppressive CD4+ T

subsets and further fac i l i tated the Th1-dominant

differentiation of CD4+ T cells to improve the long-term

survival rate.

In breast cancer patients, MDSCs are enriched in peripheral

circulation, which predicts advanced clinical stage, worse

survival, and metastatic extension (24). Moreover, MDSCs

participate in the self-seeding of circulating tumor cells leading

to the local recurrence in breast cancer patients who received

surgery and radiotherapy (25), and MDSCs contribute to the
A B

D E

F

G

I

H

C

FIGURE 5

Gene expression profile of MDSCs. Mice were treated with single cryo-thermal therapy or combination therapy, and splenic MDSCs were
isolated on day 21 through Gr-1+ magnetic bead separation. The gene expression signature of MDSCs was detected by RNA sequence. (A) Venn
diagram showing the number of statistically significant genes between tumor-bearing control and cryo-thermal therapy, and between cryo-
thermal therapy and combination therapy. (B) Volcano map of the different gene expressions. (C) Principal component analysis of
transcriptomes. (D) Heatmap of mean fold-change of IL-10, IL-6, and TGF-b-signaling associated gene expression. (E, F) The relative expression
levels of cytokines in MDSCs were detected by qRT-PCR. (G, H) The gene expression of PD-L1 and glutaminase of MDSCs. (I) Gene set
enrichment analysis of the fatty acid biosynthesis metabolism of MDSCs. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3 for each group. MDSCs,
myeloid-derived suppressive cells.
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immunosuppressive tumor microenvironment and hinder the

therapeutic efficacy. In our previous study, cryo-thermal therapy

was administered to a 4T1 model, and approximately half of the

mice were cured by cryo-thermal therapy; however, the other

mice ultimately died due to tumor metastasis. Moreover, mice

with tumor metastasis at the late phase always had higher levels

of MDSCs than the mice that survived for a long time (data not

shown). Cryo-thermal therapy reduced the proportion of

MDSCs and stimulated their maturation (13); however, the

level of MDSCs in the 4T1 breast cancer model after cryo-

thermal therapy was still higher than that of other tumor models

because of the high level of MDSCs in 4T1 model before

treatment. In this study, we found that the suppressive

function of MDSCs was increased, which mainly hindered

Th1-dominant differentiation of CD4+ T cells after cryo-

thermal therapy alone. Increasing evidence has shown that

CD4+ T cells, especially the IFN-g-Th1 subset, are the

orchestrator of the antitumor immune response (26). In our

previous study, the CD4+ Th1 subset increased the cytotoxicity

of NK cells and CD8+ T cells and promoted the maturation of

APCs and MDSCs, resulting in strong and durable antitumor

immunity (17). Therefore, although the proportion of the Th1

subset was significantly increased after cryo-thermal therapy,

which could be attributed to the decreased proportion of

MDSCs, the increased suppressive function of MDSCs could

still impair the cryo-thermal-induced antitumor immunity. Our

findings indicated that the high suppressive function of MDSCs

was responsible for the unsatisfactory therapeutic effects of cryo-

thermal therapy in the 4T1 model, and combining cryo-thermal

therapy with MDSCs targeting would efficiently improve the

long-term survival rate in a high immunosuppressive

tumor model.

A number of studies in mouse tumor models have reported

that MDSC depletion promotes T cell-dependent antitumor
Frontiers in Immunology 11
responses (27, 28). In our previous studies, we found that the

release of HSP70 induced by cryo-thermal therapy promoted the

differentiation of MDSCs into DCs and macrophages (13).

Moreover, cryo-thermal-induced M1 macrophages in early-

stage therapy increased the differentiation of CD4+ Th1

subsets, resulting in the formation of long-term antitumor

immune protection to inhibit tumor metastasis (10). Thus,

directly depleting MDSCs at an early stage after cryo-thermal

therapy could attenuate the expansion of inflammatory DCs and

macrophages. Suppressive MDSCs have been reported to be

converted into mature myeloid cells that are characterized by the

expression of MHC-II or CD86 (29, 30). These mature MDSCs

increase expression levels of proinflammatory cytokines and

costimulatory molecules and decrease suppressive activity (30).

Moreover, the expression of F4/80, CD11c, and MHC-II on

MDSCs indicates that the differentiation of MDSCs into potent

antigen-presenting cells has a strong capacity to promote Th1

differentiation, as well as enhance the cytotoxic function of CD8+

T cells, which leads to a decrease in tumor burden in a Lewis

lung carcinoma (LLC) mouse lung cancer model (31). These

suggested that promoting the maturation of MDSCs and

reprograming their immunosuppressive function may amplify

the antitumor immune response induced by cryo-thermal

therapy. ATRA was first used in the treatment of acute

myeloid leukemia due to its capacity to stimulate the

differentiation of MDSCs into DCs and downregulate the

inhibitory function of MDSCs (32). However, a single

treatment of ATRA fails to prevent tumor development in

clinical breast cancer (33). Recently, the combination of ATRA

and other immunotherapies, such as PD-1 blockade (34),

antiangiogenic therapies (35), and CAR-T (36), significantly

inhibit tumor growth and promote long-term survival in a

variety of solid tumor models. In this study, a combination of

ATRA treatment and cryo-thermal therapy overcame the
FIGURE 6

Combination therapy prolonged the long-term survival of 4T1-bearing mice. Kaplan–Meier survival curve of tumor-bearing control, single
treatment of ATRA or cryo-thermal therapy, or the combination therapy. The survival curves were compared using log-rank tests. *p < 0.05,
****p < 0.0001. ns, not significant. n = 12 for each group. ATRA, all-trans retinoid acid.
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resistance of MDSC-induced immunosuppression in breast

cancer models by promoting the phenotype and functional

maturation of MDSCs leading to improve survival rates.

Moreover, cryo-thermal therapy has been used in liver

metastasis patients and achieved better therapeutic effects (37).

Therefore, with the expansion of the indications of cryo-thermal

therapy, we suggested that ATRA treatment targeting MDSCs

with cryo-thermal therapy would provide a novel therapy for

breast cancer in the future.

MDSCs mediate immune suppression through multiple

mechanisms, including producing a range of tumorigenic

cytokines, especially IL-6, which is a crucial regulator of tumor

development and progression (18). Autocrine IL-6 helps to resist

necroptosis and facilitate the accumulation of MDSCs by

silencing the TNFa-RIP1 cascade (38) and promoting the

suppressive capacity of MDSCs by increasing the production

of Arg-1, ROS, and PD-L1 while reducing the expression of

MHC-II (18). Moreover, the paracrine effect of IL-6 produced by

MDSCs can directly increase the survival, proliferation, and drug

resistance of tumor cells (39). MDSCs can also express IL-10 and

TGF-b, which induce Treg differentiation and promote the

suppressive tumor environment. In this study, although the

proportion of MDSCs was significantly reduced after cryo-

thermal therapy alone, the expression levels of IL-6, IL-10, and

TGF-b were also upregulated, which restrain the acute immune

response and impaired Th1-dominant CD4+ T-cel l

differentiation (40). Studies have reported that incomplete

radiofrequency ablation can accelerate tumor progression and

induce constant inflammation, which stimulates the function of

myeloid cells (41). In our previous study, tumor lung metastases

were established in a 4T1 model before cryo-thermal therapy

(13, 14). Therefore, in highly immunosuppressive tumor models,

cryo-thermal triggered antitumor immunity may not be strong

enough to completely remodel the suppressive tumor

env i r onmen t , r e s u l t i n g i n enhan c emen t o f t h e

immunosuppressive function of MDSCs at the late stage of

treatment. Although the proportion of MDSCs was similar to

that after cryo-thermal therapy alone, the expression level of

suppressive cytokines in MDSCs was downregulated after

combination therapy, which direct ly inhibi ted the

differentiation of Th2 cells and Tregs at the early stage, leading

to Th1-dominant differentiation and stronger cytotoxicity of

CD4+ T cells at the late stage. A high level of Th1 subsets at the

late stage after treatment is characteristic of long-term antitumor

immunity (7). In our previous study, we found that Th1 subsets

could promote the cytotoxicity of CD8+ T and NK cells to

increase tumor cell killing (17). Consistently, combination

therapy significantly increased the long-term survival rates of

mice compared to cryo-thermal therapy alone.

Currently, an increasing number of studies have focused on

the clinical therapeutic effects of ATRA and have reported its

role in downregulating the proportions of MDSCs and
Frontiers in Immunology 12
promoting their maturation; however, no evidence has shown

that ATRA can directly reprogram the cytokine expression

profiles of MDSCs. The metabolic regulation of MDSCs has

emerged as a critical modulator in the suppressive tumor

environment (42). ATRA can regulate amino acid and fatty

acid metabolism (43). Instead of glycolysis, fatty acid oxidation is

the main source of energy in tumor-related MDSCs (44). To

increase the uptake of fatty acids, fatty acid transport protein 2

(FATP2) is highly expressed in MDSCs, which boosts

arachidonic acid uptake and PGE2 synthesis, leading to the

acquisition of immunosuppressive activity by MDSCs (45).

PGE2 expressed by MDSCs can also upregulate the expression

of PD-L1 on MDSCs and is involved in promoting MDSC-

induced differentiation of IL-10-expressing T cells (46).

Moreover, the increased rate of fatty acid oxidation leads to

the upregulation of the expression levels of inhibitory cytokines

in MDSCs, including IL-6 and IL-10, as well as granulocyte

colony-stimulating factor (G-CSF) and granulocyte-macrophage

colony-stimulating factor (GM-CSF), which further accelerate

the expansion of MDSCs (22). Glutamine promotes the

activation of immature tumor-related myeloid cells and

increases Arg-1 expression (47), which limits the proliferation

of T cells through cell cycle arrest (48). Targeting glutamine

metabolism triggers apoptosis in MDSCs and helps MDSCs

differentiate into inflammatory macrophages (21). Moreover,

targeting glutamine metabolism can decrease the expression

levels of IL-6, IL-1b, iNOS, and Arg-1 in MDSCs and promote

the proliferation of T cells, as well as IFN-g expression (49).

These studies suggest that metabolic reprogramming of MDSCs,

especially for fatty acid and glutamine restriction, is essential for

reducing their suppressive function and stimulating the

accumulation and cytotoxicity of T cells. After cryo-thermal

therapy, the fatty acid and glutamine metabolism of MDSCs was

upregulated compared to that of tumor-bearing controls, which

is consistent with the increased expression levels of suppressive

cytokines in MDSCs and the promotion of the differentiation of

CD4+ T immunosuppressive subsets. However, at the late stage

after combination therapy, fatty acid and glutamine metabolism

were significantly downregulated, and IL-6, IL-10, and TGF-b
signaling in MDSCs were reduced. These results suggest that

combination therapy mainly reprograms MDSC metabolism

and downregulates the expression of suppressive molecules.

However, we did not detect the expression level of these

differential genes at the protein level, which was a defect.

In conclusion, our study indicated that the combination of

ATRA and cryo-thermal therapy could remodel the metabolism

of MDSCs and decrease the expression of suppressive molecules,

leading to reduce differentiation of immunosuppressive CD4+ T-

cell subsets, enhance Th1-dominant antitumor immunity, and

facilitate long-term survival of mice. Combination therapy with

ATRA could act as a new effective strategy in the treatment of

tumor patients with high MDSC-induced immunosuppression.
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28. Rose P, van den Engel NK, Kovács JR, Hatz RA, Boon L, Winter H. Anti-Gr-
1 antibody provides short-term depletion of MDSC in lymphodepleted mice with
active-specific melanoma therapy. Vaccines (Basel) (2022) 10:560. doi: 10.3390/
vaccines10040560

29. Tobin RP, Jordan KR, Robinson WA, Davis D, Borges VF, Gonzalez R, et al.
Targeting myeloid-derived suppressor cells using all-trans retinoic acid in
melanoma patients treated with ipilimumab. Int Immunopharmacol (2018)
63:282–91. doi: 10.1016/j.intimp.2018.08.007

30. Kapanadze T, Medina-Echeverz J, Gamrekelashvili J, Weiss JM, Wiltrout
RH, Kapoor V, et al. Tumor-induced CD11b(+) gr-1(+) myeloid-derived
suppressor cells exacerbate immune-mediated hepatitis in mice in a CD40-
dependent manner. Eur J Immunol (2015) 45:1148–58. doi: 10.1002/eji.201445093

31. Albeituni SH, Ding C, Liu M, Hu X, Luo F, Kloecker G, et al. Yeast-derived
particulate b-glucan treatment subverts the suppression of myeloid-derived
suppressor cells (MDSC) by inducing polymorphonuclear MDSC apoptosis and
monocytic MDSC differentiation to APC in cancer. J Immunol (2016) 196:2167–80.
doi: 10.4049/jimmunol.1501853

32. Groth C, Hu X, Weber R, Fleming V, Altevogt P, Utikal J, et al.
Immunosuppression mediated by myeloid-derived suppressor cells (MDSCs) during
tumour progression. Br J Canc (2019) 120:16–25. doi: 10.1038/s41416-018-0333-1

33. Sutton LM, Warmuth MA, Petros WP, Winer EP. Pharmacokinetics and
clinical impact of all-trans retinoic acid in metastatic breast cancer: a phase II trial.
Cancer Chemother Pharmacol (1997) 40:335–41. doi: 10.1007/s002800050666
Frontiers in Immunology 14
34. Li R, Salehi-Rad R, Crosson W, Momcilovic M, Lim RJ, Ong SL, et al.
Inhibition of granulocytic myeloid-derived suppressor cells overcomes resistance
to immune checkpoint inhibition in LKB1-deficient non-small cell lung cancer.
Cancer Res (2021) 81:3295–308. doi: 10.1158/0008-5472.CAN-20-3564

35. Bauer R, Udonta F, Wroblewski M, Ben-Batalla I, Santos IM, Taverna F,
et al. Blockade of myeloid-derived suppressor cell expansion with all-trans retinoic
acid increases the efficacy of antiangiogenic therapy. Cancer Res (2018) 78:3220–32.
doi: 10.1158/0008-5472.CAN-17-3415

36. Long AH, Highfill SL, Cui Y, Smith JP, Walker AJ, Ramakrishna S, et al.
Reduction of MDSCs with all-trans retinoic acid improves CAR therapy efficacy for
sarcomas. Cancer Immunol Res (2016) 4:869–80. doi: 10.1158/2326-6066.CIR-15-
0230

37. Li W, Lou Y, Wang G, Zhang K, Xu L, Liu P, et al. A novel multi-mode
thermal therapy for colorectal cancer liver metastasis: A pilot study. Biomedicines
(2022) 10:280. doi: 10.3390/biomedicines10020280

38. Smith AD, Lu C, Payne D, Paschall AV, Klement JD, Redd PS, et al.
Autocrine IL6-mediated activation of the STAT3-DNMT axis silences the TNFa-
RIP1 necroptosis pathway to sustain survival and accumulation of myeloid-derived
suppressor cells. Cancer Res (2020) 80:3145–56. doi: 10.1158/0008-5472.CAN-19-
3670

39. Ibrahim ML, Lu C, Klement JD, Redd PS, Yang D, Smith AD, et al.
Expression profiles and function of IL6 in polymorphonuclear myeloid-derived
suppressor cells. Cancer Immunol Immunother (2020) 69:2233–45. doi: 10.1007/
s00262-020-02620-w

40. Huang B, Pan PY, Li Q, Sato AI, Levy DE, Bromberg J, et al. Gr-1+CD115+
immature myeloid suppressor cells mediate the development of tumor-induced T
regulatory cells and T-cell anergy in tumor-bearing host. Cancer Res (2006)
66:1123–31. doi: 10.1158/0008-5472.CAN-05-1299

41. Shi L, Wang J, Ding N, Zhang Y, Zhu Y, Dong S, et al. Inflammation induced
by incomplete radiofrequency ablation accelerates tumor progression and hinders
PD-1 immunotherapy. Nat Commun (2019) 10:5421. doi: 10.1038/s41467-019-
13204-3

42. Ramel E, Lillo S, Daher B, Fioleau M, Daubon T, Saleh M. The metabolic
control of myeloid cells in the tumor microenvironment. Cells (2021) 10:2960.
doi: 10.3390/cells10112960

43. Grønningsæter IS, Fredly HK, Gjertsen BT, Hatfield KJ, Bruserud
Ø.Systemic metabolomic profiling of acute myeloid leukemia patients before and
during disease-stabilizing treatment based on all-trans retinoic acid, valproic acid,
and low-dose chemotherapy. Cells (2019) 8:1229. doi: 10.3390/cells8101229

44. Bleve A, Durante B, Sica A, Consonni FM. Lipid metabolism and cancer
immunotherapy: Immunosuppressive myeloid cells at the crossroad. Int J Mol Sci
(2020) 21:5845. doi: 10.3390/ijms21165845

45. Veglia F, Tyurin VA, Blasi M, De Leo A, Kossenkov AV, Donthireddy L,
et al. Fatty acid transport protein 2 reprograms neutrophils in cancer. Nature
(2019) 569:73–8. doi: 10.1038/s41586-019-1118-2

46. Prima V, Kaliberova LN, Kaliberov S, Curiel DT, Kusmartsev S. COX2/
mPGES1/PGE2 pathway regulates PD-L1 expression in tumor-associated
macrophages and myeloid-derived suppressor cells. Proc Natl Acad Sci U S A
(2017) 114:1117–22. doi: 10.1073/pnas.1612920114

47. Wu WC, Sun HW, Chen J, OuYang HY, Yu XJ, Chen HT, et al.
Immunosuppressive immature myeloid cell generation is controlled by
glutamine metabolism in human cancer. Cancer Immunol Res (2019) 7:1605–18.
doi: 10.1158/2326-6066.CIR-18-0902

48. Law AMK, Valdes-Mora F, Gallego-Ortega D. Myeloid-derived
suppressor cells as a therapeutic target for cancer. Cells (2020) 9:561.
doi: 10.3390/cells9030561

49. AUdumula MP, Sakr S, Dar S, Alvero AB, Ali-Fehmi R, Abdulfatah E, et al.
Ovarian cancer modulates the immunosuppressive function of CD11b+Gr1+
myeloid cells via glutamine metabolism. Mol Metab (2021) 53:101272.
doi: 10.1016/j.molmet.2021.101272
frontiersin.org

https://doi.org/10.3389/fimmu.2022.944115
https://doi.org/10.1016/j.cellimm.2020.104254
https://doi.org/10.1016/j.cell.2017.05.005
https://doi.org/10.1007/s00262-016-1808-7
https://doi.org/10.1172/JCI131859
https://doi.org/10.1158/2326-6066
https://doi.org/10.1016/j.bbcan.2018.07.007
https://doi.org/10.3389/fonc.2022.882896
https://doi.org/10.3389/fonc.2022.882896
https://doi.org/10.1158/2159-8290.CD-21-0932
https://doi.org/10.1007/s00018-017-2686-7
https://doi.org/10.1158/0008-5472.CAN-09-3690
https://doi.org/10.3390/vaccines10040560
https://doi.org/10.3390/vaccines10040560
https://doi.org/10.1016/j.intimp.2018.08.007
https://doi.org/10.1002/eji.201445093
https://doi.org/10.4049/jimmunol.1501853
https://doi.org/10.1038/s41416-018-0333-1
https://doi.org/10.1007/s002800050666
https://doi.org/10.1158/0008-5472.CAN-20-3564
https://doi.org/10.1158/0008-5472.CAN-17-3415
https://doi.org/10.1158/2326-6066.CIR-15-0230
https://doi.org/10.1158/2326-6066.CIR-15-0230
https://doi.org/10.3390/biomedicines10020280
https://doi.org/10.1158/0008-5472.CAN-19-3670
https://doi.org/10.1158/0008-5472.CAN-19-3670
https://doi.org/10.1007/s00262-020-02620-w
https://doi.org/10.1007/s00262-020-02620-w
https://doi.org/10.1158/0008-5472.CAN-05-1299
https://doi.org/10.1038/s41467-019-13204-3
https://doi.org/10.1038/s41467-019-13204-3
https://doi.org/10.3390/cells10112960
https://doi.org/10.3390/cells8101229
https://doi.org/10.3390/ijms21165845
https://doi.org/10.1038/s41586-019-1118-2
https://doi.org/10.1073/pnas.1612920114
https://doi.org/10.1158/2326-6066.CIR-18-0902
https://doi.org/10.3390/cells9030561
https://doi.org/10.1016/j.molmet.2021.101272
https://doi.org/10.3389/fimmu.2022.1016776
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Combining all-trans retinoid acid treatment targeting myeloid-derived suppressive cells with cryo-thermal therapy enhances antitumor immunity in breast cancer
	Introduction
	Materials and methods
	Cell cultivation and animal model
	Cryo-thermal therapy and all-trans retinoid acid treatment
	Flow cytometry analysis
	RNA isolation and qRT-PCR
	Isolation of CD4+ T cells and myeloid-derived suppressive cells
	In vitro coculture assay
	Gene expression profiling
	Statistical analysis

	Results
	Cryo-thermal therapy facilitated the maturation and differentiation of myeloid-derived suppressive cells and induced their suppressive phenotype
	Myeloid-derived suppressive cells promoted the proliferation of CD4+ T cells while inhibiting Th1 differentiation and increasing the proportion of Th2 cells and Tregs after cryo-thermal therapy
	Combining all-trans retinoid acid with cryo-thermal therapy decreased the differentiation of CD4+ T cells into suppressive subsets at an early stage
	Combination therapy induced Th1-dominant CD4+ T-cell differentiation at the late stage
	Combination therapy converted the transcriptional and metabolic programs of myeloid-derived suppressive cells at the late stage
	Combination therapy improved the long-term survival rates of mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


