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Abstract
Background:High agglomeration of myeloid-derived suppressor cells (MDSCs) in neuroblastoma (NB) impeded therapeutic effects.
This study aimed to investigate the role and mechanism of targeted inhibition of MDSCs by low-dose doxorubicin (DOX) to
enhance immune efficacy in NB.
Methods: Bagg albino (BALB/c) mice were used as tumor-bearing mouse models by injecting Neuro-2a cells, and MDSCs were
eliminated by DOX or dopamine (DA) administration. Tumor-bearing mice were randomly divided into 2.5mg/kg DOX, 5.0mg/kg
DOX, 50.0 mg/kg DA, and control groups (n= 20). The optimal drug and its concentration for MDSC inhibition were selected
according to tumor inhibition. NB antigen-specific cytotoxic T cells (CTLs) were prepared. Tumor-bearing mice were randomly
divided into DOX, CTL, anti-ganglioside (GD2), DOX+CTL, DOX+anti-GD2, and control groups. Following low-dose DOX
administration, immunotherapy was applied. The levels of human leukocyte antigen (HLA)-I, CD8, interleukin (IL)-2 and interferon
(IFN)-g in peripheral blood, CTLs, T-helper 1 (Thl)/Th2 cytokines, perforin, granzyme and tumor growth were compared among
the groups. The Wilcoxon two-sample test and repeated-measures analysis of variance were used to analyze results.
Results: The slowest tumor growth (F= 6.095, P= 0.018) and strongest MDSC inhibition (F= 14.632, P= 0.001) were observed in
2.5 mg/kg DOX group. Proliferation of T cells was increased (F= 448.721, P< 0.001) and then decreased (F= 2.047, P= 0.186).
After low-dose DOX administration, HLA-I (F= 222.489), CD8 (F= 271.686), Thl/Th2 cytokines, CD4+ and CD8+ lymphocytes,
granzyme (F= 2376.475) and perforin (F= 488.531) in tumor, IL-2 (F= 62.951) and IFN-g (F= 240.709) in peripheral blood of
each immunotherapy group were all higher compared with the control group (all of P values< 0.05). The most significant increases
in the aforementioned indexes and the most notable tumor growth inhibition were observed in DOX+anti-GD2 and DOX+CTL
groups.
Conclusions: Low-dose DOX can be used as a potent immunomodulatory agent that selectively impairs MDSC-induced
immunosuppression, thereby fostering immune efficacy in NB.
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Introduction

Neuroblastoma (NB) is the most common extracranial
malignant tumor in childhood, which is highly malignant
and prone to relapse and metastasis. Although many
methods including surgery, chemotherapy, and stem cell
transplantation have been widely used in the clinic, the
survival rate of children with high-risk NB remains very
low.[1-3] In recent years, with the progress of tumor biology
and immunology, immunotherapy has gradually become a
promising new form of tumor treatment. However, to
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date, there are still some issues, mainly including the tumor
immunosuppressive microenvironment, tumor antigen
heterogeneity, and short effective time of immune cells
in vivo, which seriously affect the immune efficacy of
NB.[4-7]

Myeloid-derived suppressor cells (MDSCs) are a group of
myeloid-derived natural immune cells with inhibitory
functions.[8] MDSCs inhibit both natural immunity and
T cell adoptive immunity, and can cause tumor immune
tolerance, which is the main obstacle that affects immune
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efficacy.[8] In recent years with comprehensive understand-
ing of MDSC differentiation, proliferation, and inhibitory
functions, research on tumor immunotherapy that targets
MDSCs has advanced significantly. Alizadeh et al[9] found
that doxorubicin (DOX) selectively clears MDSCs in a
breast cancer model, activates effector cells, and has
obvious anti-tumor effects. Moreover, the neurotransmit-
ter dopamine (DA) promotes the differentiation and
maturation of MDSCs and decreases the inhibitory effect
of MDSCs on T cell proliferation.[10] Tumor microenvi-
ronment (TME) regulation by targeted inhibition or
differentiation of MDSCs improves immune efficacy
through various mechanisms, but whether these mecha-
nisms play an effective therapeutic role in NB is unknown.

Therefore, in the present study, bagg albino (BALB/c) mice
were used to establish a tumor-bearing model by injection
of NB cells, followed by DOX or DA administration to
explore the effect and mechanism of targeted inhibition of
MDSCs on the killing effect of effector cells in vivo.
Inhibition of MDSCs is hypothesized to provide a new
method to improve immune efficacy in NB, which will be
an important theoretical basis to explore new drugs and
biological agents.
Methods

Ethical approval

All experiments were conducted in accordance with the
principles and procedures outlined in the Guideline of
Laboratory Animals of the Institutional Experimental
Animal Review Committee (2019-P052). The ethical
standards of experiments were in accordance with the
guidelines provided by World Medical Association
Declaration of Helsinki on Ethical Principles for Medical
Research Involving Experimental Animals.

Experimental cells and animals

Neuro-2a mouse NB cell line TCM29 was purchased from
the Shanghai Cell Bank of the Chinese Academy of
Medical Sciences (Shanghai, China) and cultured in
glutamine-containing medium with 10% fetal bovine
serum at 37°C in a humidified atmosphere with 5%
CO2. Four-week-old female healthy BALB/c mice, each
weighing 8 to 11 g (SCXK Hebei 2008-1-003), were
purchased from the Experimental Animal Center of Hebei
Province (specific pathogen-free grade; SYXKHebei 2008-
0026) and housed in a specific pathogen-free facility. Their
daily routine, diet, and defecation were observed regularly
and recorded.
Establishment of the tumor-bearing mouse model and
screening of targeted drugs

An NB-bearing mouse model was established by subcuta-
neous injection of Neuro-2a cells in the logarithmic growth
phase at 5� 107 cells/mL. A total of 250 BALB/c mice were
injected with 0.2 mL tumor cell suspension into the lower
flank region unilaterally. Successful modeling was assumed
when a tumor reached a measurable volume of 100 mm3

under the inoculated subcutaneous tissue at 5 days after
335
injection. Tumor sizes were determined every 3 days by
caliper measurement using the standard formula 1/6p
(length � width2). Then, the tumor-bearing mice were
randomly divided into the 2.5 mg/kg DOX (Wanle
Pharmaceutical, Shenzhen, China) group, 5.0 mg/kg
DOX group, 50.0 mg/kg DA (eBioscience, CA, USA)
group (hereafter referred to as DOX2.5, DOX5, and DA,
respectively), and control group, according to a random
number table with 20 mice in each group (the sample size
was estimated to meet the design requirements). On days 7
and 12 after inoculation, DOX or DA was injected
intravenously in the corresponding groups,[9,10] and the
MDSC proportion, T cell cycle, tumor volume, body
weight, and tumor weight of tumor-bearing mice in each
group were assessed and compared on days 14, 17, and 23
after inoculation. No intervention was applied to the
control group. Then the optimal drug and its concentration
to inhibit MDSCs were selected according to inhibition of
tumor growth.
Assessment of the MDSC proportion and T cell cycle in
tumors of each drug screening group

Three mice in each group were sacrificed on days 14, 17,
and 23 post-inoculation. The tumor was excised and
placed in precooled normal saline to remove blood and
then cold erythrocyte lysis buffer was added. The tumor
was then fully dissociated by a cell ultrasound pulverizer
and centrifuged at 300 � g for 5 minutes. The supernatant
was collected and stored at �20°C. The single cell
suspension was subjected to erythrocyte lysis and then
resuspended in PBS. MDSCs were separated by density
gradient centrifugation on a Percoll solution (Cytiva,
Amersham, UK). Rat anti-mouse glutathione reductase-1
+-fluorescein isothiocyanate (Gr-1+-FITC) (eBioscience,
CA, USA) and rat anti-mouse cluster of differentiation 11b
+-phycoerythrin (CD11b+-PE) (eBioscience) antibodies
were applied to the MDSCs, according to the manufac-
turer’s instructions. The proportion of Gr-1+CD11b+

MDSCs was determined by flow cytometry (FC500;
Beckman, CA, USA). A control group was set up.

CD3+ T cells were purified by negative selection using
magnetic activated cell sorting (MACS) and a MagCellect
Mouse CD3+ T Cell Isolation Kit (R&D Systems,
Shanghai, China), according to the manufacturer’s proto-
col. The samples were collected in PBS and the cell density
was adjusted to 1� 106 cells/mL, followed by centrifuga-
tion at 300� g for 10 minutes. After discarding the
supernatant, the cells were resuspended with 100 mL PBS
and stained with propidium lodide (PI) in dark for 10
minutes. After adding 500 mL PBS, T cell cycles in the
tumor were assessed using a Cell cycle detection kit
(Invitrogen, CA, USA) by flow cytometry.
Preparation of NB antigen-specific cytotoxic T lymphocytes
(CTLs)

A mononuclear cell suspension derived from the murine
spleen was suspended at 2� 108 cells/mL and incubated
with a MagCellect Antibody Cocktail (R&D Systems) to
remove undesired cells (non-CD3+ T cells). CD3+ T cells
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were purified by negative selection using MACS and a
MagCellect Mouse CD3+ T Cell Isolation kit (R&D
Systems), according to the manufacturer’s protocol.
Murine myeloid-derived dendritic cells (DCs) were loaded
with tumor antigens and then mixed with a lysate of
Neuro-2a cells in the logarithmic growth phase. Tumors
loaded with DCs were incubated with CD3+ T cells (DCs:
T cells = 1:20) for 3 to 4 days to induce antigen-specific
CTLs.
Immunotherapy of NB-bearing mice after low-dose DOX
administration

An anti-ganglioside (GD2) antibody is a proven therapeu-
tic agent for GD2-positive NB. Monoclonal antibodies
against GD2, such as chimeric mAb ch14.18, have become
the benchmark for NB therapies.[11] According to the
random number table, NB-bearing mice were randomly
divided into six groups including DOX, CTL, anti-GD2,
DOX+CTL, DOX+anti-GD2, and control groups with
20 mice in each group (the sample size was estimated to
meet the design requirements). On day 7 post-inoculation,
low-dose DOX was injected intravenously into the
corresponding groups according to the selected dose and
no intervention was performed in the control group.
On day 9 after inoculation, antigen-specific CTLs were
transfused or a mouse anti-GD2 antibody (14.G2a;
Abcam, Cambridge, UK) was injected into tumor-bearing
mice of the corresponding groups. On days 14, 17, and 23
after inoculation, blood was collected from the eyeball of
tumor-bearing mice, tumor tissues and non-tumor tissues
(>5 cm away from the tumor edge) were isolated, and
the corresponding indexes were measured in subsequent
experiments.
Detection of human leukocyte antigen (HLA)-I and CD8 in
tumors of each treatment group

Tumor tissues were embedded in paraffin and 4 mm thick
tissue sections were prepared, dewaxed, hydrated, and
then subjected to antigen retrieval. Stainingwas carried out
using an SP immunohistochemical kit (Santa Cruz
Biotechnology, Inc., DE, USA), according to the manu-
facturer’s instructions. The dilutions of a rabbit anti-mouse
HLA-I polyclonal antibody and rat anti-mouse CD8
monoclonal antibody were both 1:150. PBS was used as a
negative control. Expression of HLA-I and CD8 in each
group was compared using an Immunohistochemical
Image Optical Density Analysis System (Olympus, Tokyo,
Japan) and Image-Pro Plus (Media Cybernetics, Inc.,
Rockville, USA). According to the gray level of positive
immune response images, the appropriate gray segmenta-
tion threshold was selected to achieve double threshold
segmentation, and the half-gray level target image of the
sample was obtained. Then, the intensity and area of
positive immunostaining were measured by human-
computer interaction mode. Three mice were analyzed
in each group, and five visual fields were measured for each
mouse. The gray value and area of the measured positive
reactant were calculated automatically. The differences in
the relative contents of HLA-I and CD8 between the
groups were analyzed.
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Measurement of interleukin (IL)-2 and interferon (IFN)-g
levels in peripheral blood

Posterior orbital blood (100 mL) was collected from the
mice into sterile EP tubes. The blood was centrifuged and
the concentrations of IL-2 and IFN-g in peripheral blood at
various time points were measured using ELISA kits
(Abcam), according to manufacturer’s instructions.
Detection of CTLs, T-helper 1 (Th1)/Th2 cytokines, perforin,
and granzyme

Preparation of a homogenate supernatant and
lymphocytes from tumor and non-tumor tissues

After tumor-bearing mice were sacrificed, fresh tumor and
non-tumor tissues were prepared as a single cell suspen-
sion, the supernatant was collected by centrifugation,
and the protein concentration was measured by using
Bicinchoninic Acid (BCA) Protein Assay Kit (Applygen,
Beijing, China). Supernatants were stored at �80°C. After
the cells were resuspended, lymphocytes in the tissues were
separated using lymphocyte separation solution.
Detection of CD4+ CTLs, and CD8+ CTLs in tumors

The obtained lymphocytes were labeled immediately with
fluorescence. A control group was set up. A rat anti-mouse
CD3-FITC/CD8-PE antibody (eBioscience) or rat anti-
mouse CD3-FITC/CD4-PE antibody (eBioscience) was
added to the sample tube, and the corresponding
homotype control antibody was added to the control
tube. Then, the hemolytic agent was added and the cells
were incubated in the dark at room temperature. After
washing with PBS and centrifugation at 30� g for 10
minutes, the supernatant was discarded and the cells were
resuspended with PBS and analyzed by the flow cytometer.
Detection of Th1/Th2 cytokines in tumor homogenate
supernatants

The supernatant of the tumor homogenate stored at�80°C
was thawed at room temperature and then Th1/Th2
cytokines (IL-17A, IFN-g, tumor necrosis factor (TNF)-a,
IL-6, IL-4, and IL-2) were detected using a Cytometric
Bead Array (CBA) kit (BD Biosciences, NJ, USA),
according to the manufacturer’s instructions. Standard
control and negative control tubes were set.

Measurement of perforin and granzyme in
supernatants of tissue homogenates

The frozen supernatants of tissue homogenates were
thawed at room temperature and analyzed using perforin
and granzyme ELISA kits (eBioscience). Absorbance at 450
nm was measured using a microplate reader, and perforin
and granzyme concentrations were calculated using a
standard curve.
Comparison of tumor growth curves

Mice were fed in a sterile purification barrier system with
constant temperature (25± 2°C) and constant humidity
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(45%–50%), and observed for behavior, diet, and
defecation. Tumor volumes were calculated according to
the formula V=1/6p (length � width2), and then tumor
growth curves were drawn. The body and tumor weights
of tumor-bearing mice were also recorded and compared.
Deaths of mice were observed, and measurement of the
tumor volume was stopped when the death rate of mice in
any group reached 50%.
Statistical analysis

All data were analyzed using IBM SPSS Statistics 26.0
software (IBM, NY, USA). The Wilcoxon two-sample test
and repeated-measures analysis of variance were used to
analyze the results. P � 0.05 was considered to indicate a
statistically significant difference.
Figure 1: Comparison of tumor growth between the drug screening groups and selection of the
bearing mice were randomly divided into DOX2.5 group, DOX5 group, DA50 group and control
sacrifice NB-bearing mice were clearly introduced. (B) The tumor specimens of each group are sh
intravenously to the corresponding groups. The difference in tumor volume between the differen
occurred between DOX2.5 group and the other groups, with the slowest tumor growth. However
There was a significant difference in the body weight between the different groups. The significa
the highest body weight. (E) A significant difference in the tumor weight between the different gro
other groups, with the lowest tumor weight. Significant differences were also shown between
analyze the results.

∗
P< 0.05. †P> 0.05 vs. control group. DA: Dopamine; DOX: Doxorubici
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Results

Comparison of tumor growth between the screening groups
and selection of the optimal drug

There were significant differences in the tumor volumes
(F= 6.095, P= 0.018), tumor weight (F= 224.591, P <
0.001), and body weight (F= 8.409, P= 0.001) among
the various groups. Pairwise comparison showed signifi-
cant differences in the tumor volume (P< 0.05), tumor
weight (P< 0.05), and body weight (P< 0.05) were
found between the DOX2.5 group and other groups with
the slowest tumor growth, lowest tumor weight, and
highest body weight [Figure 1B–1E]. However, no
significant differences existed in the tumor volume
(P> 0.05) or body weight (P> 0.05) between DA,
optimal drug. (A) A diagram for the experiment of screening the targeted drugs. The tumor-
group, with 20 cases in each group. The time to inject drugs, detect different indexes and
own and compared. (C) On the 7th and 12th days after inoculation, DOX or DA were injected
t groups was gradually seen from the 14th day after inoculation. The significant difference
, no significant difference existed between the DA group, DOX5 group and control group. (D)
nt difference occurred in the body weight between DOX2.5 group and the other groups, with
ups. The significant difference occurred in the tumor weight between DOX2.5 group and the
the DA, DOX5 and control groups. A repeated-measures analysis of variance was used to
n; MDSC: Myeloid-derived suppressor cell.
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DOX5, and control groups, although significant differ-
ences were found in the tumor weight (P< 0.05)
[Figure 1C–1E]. The optimal targeted drug (DOX) to
inhibit MDSCs and its concentration (2.5 mg/kg) were
selected according to the tumor growth inhibition.
Figure 2: Comparison of the MDSC proportion and T cell cycle in tumors between the drug scree
group, DOX5 group, DA group and control group were shown at the different time points after in
tissue after DOX or DA administration, particularly in the DOX2.5 group. (B) By statistical anal
1+CD11b+ MDSCs was inhibited in the DOX2.5 group, DOX5 group and DA group, particularly in
the DOX5 group and DA group.

∗
P < 0.05. †P > 0.05.(C) In tumor, the cell proportions of G1 ph

group on the 14th day after inoculation. The cell proportions of S/G2 phases showed the contrary
groups on the 17th day after inoculation. The results showed an obvious proliferation of CD3+ T
experimental groups all increased again on the 23rd day after inoculation and the cell proport
inhibited again. The Wilcoxon two-sample test and a repeated-measures analysis of variance w
Twenty cases were enrolled in each group. DA: Dopamine; DOX: Doxorubicin; MDSC: Myeloi
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Comparison of the MDSC proportion and T cell cycle in
tumors between the drug screening groups
After drug administration, the MDSC proportion in
tumors was changed and the T cell cycle also varied.
The proportion of Gr-1+CD11b+ MDSCs was notably
ning groups. (A) In the flow cytometry, the proportion of Gr-1+CD11b+ MDSCs in the DOX2.5
oculation, respectively. The proportion of Gr-1+CD11b+ MDSCs notably decreased in tumor
ysis, significant differences were seen between the different groups. The increase in Gr-
the DOX2.5 group. No difference existed in the proportion of Gr-1+CD11b+ MDSCs between
ase in DOX2.5 group, DA50 group and DOX5 group were all lower than those in the control
variation. The proportions of G1/S/G2 cells remained the same tendency in the experimental
cells from 14 d to 17 d after inoculation. However, the cell proportions of G1 phase in the
ions of S/G2 phases decreased contrarily which suggested CD3+ T cells proliferation was
ere used to analyze the results.

∗
P< 0.05 vs. control group †P> 0.05 vs. control group.

d-derived suppressor cell.
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decreased in tumor tissue after DOX and DA admin-
istrations, especially in the DOX2.5 group. Statistical
analysis revealed significant differences between the
various groups (F= 14.632, P= 0.001; Figure 2A and
2B). The increase in Gr-1+CD11b+ MDSCs was inhibited
in DOX2.5, DOX5, and DA groups, particularly in the
DOX2.5 group. No difference was observed in the
proportion of Gr-1+CD11b+ MDSCs between DOX5
and DA groups (P> 0.05).

In tumors, the proportions of cells in G1 phase of DOX2.5,
DA, and DOX5 groups were all lower than those in the
control group on day 14 after inoculation (F= 448.721,
P< 0.001). The proportions of cells in S/G2 phases showed
the opposite trend (F= 680.833, P< 0.001 / F= 118.468,
P< 0.001). The proportions of G1/S/G2 cells remained the
same in the groups on day 17 after inoculation (P< 0.05).
However, the proportions of cells in G1 phase in the groups
were all increased again on day 23 after inoculation
(F= 2.047, P= 0.186), while the proportions of cells in
S phase was decreased (F= 3.844, P= 0.057) [Figure 2C].
Comparison of HLA-I and CD8 in tumors between treatment
groups

The expression levels of HLA-I and CD8 on the surface of
tumor cells determine whether it can be recognized and
killed by effector cells. HLA-I and CD8 were both
expressed in the cell membrane. After low-dose DOX
Figure 3: Comparison of HLA-I and CD8 in tumors between the treatment groups. (A and C) HL
administration, the expressions levels of HLA-I and CD8 in each immunotherapy group were all s
DOX+CTL group. (B and D) The expressions of HLA-I and CD8 in the immunotherapy groups inc
23rd day after inoculation. However, in the control group, the expressions of HLA-I and CD8 was l
HLA-I and CD8 in the DOX+anti-GD2 group were all higher compared with the anti-GD2 grou
inoculation, no difference existed between the DOX group and control group; but the differences
used to analyze the results.

∗
P< 0.05; †P> 0.05 vs. control group; ‡P< 0.05 vs. all the other g

L. DA: Dopamine; DOX: Doxorubicin; HLA: Human leukocyte antigen; IHS: Immunohistochemi
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administration, the expressions of HLA-I (F= 222.489,
P< 0.001) and CD8 (F= 271.686, P< 0.001) were
significantly higher in each immunotherapy group com-
pared with the control group, particularly in DOX+anti-
GD2 and DOX+CTL groups [Figure 3A and 3C]. The
expression of HLA-I and CD8 in the immunotherapy
groups was first increased at 14 and 17 days after
inoculation and then decreased slightly at 23 days after
inoculation. However, in the control group, the expression
of HLA-I and CD8 was lower and there was no significant
change between their expression levels at the various time
points. The expression levels of HLA-I and CD8 in the
DOX+anti-GD2 group were all higher than those in the
anti-GD2 group and the same between DOX+CTL and
CTL groups [Figure 3B and 3D].
Comparison of IL-2 and IFN-g levels in peripheral blood
between the treatment groups

IL-2 and IFN-g are released into peripheral blood during
tumor immunotherapy. After low-dose DOX administra-
tion, a significant difference was observed in the levels of
IL-2 (F= 62.951, P< 0.001) and IFN-g (F= 240.709,
P< 0.001) in the peripheral blood of each group compared
with those of the control group. IL-2 and IFN-g levels in
the peripheral blood of DOX+anti-GD2, DOX+CTL, and
anti-GD2 groups were increased more notably (Figure 4A
and 4B). The levels of IL-2 and IFN-g in peripheral blood
of the DOX+anti-GD2 group were all higher than those in
A-I and CD8 were both expressed brown-yellow in the cell membrane. After low-dose DOX
ignificantly higher compared with the control group, especially in DOX+anti-GD2 group and
reased firstly at the 14th and 17th days after inoculation, and then decreased slightly at the
ower and no significant change was observed at the different time points. The expressions of
p, and the same as between the DOX+CTL group and CTL group. On the 14th day after
were shown at the 17th and 23rd day after inoculation. The Wilcoxon two-sample test was
roups except DOX group. Twenty cases were enrolled in each group. Scale bar = 100 mmol/
cal staining; CTL: cytotoxic T lymphocyte.
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Figure 4: Comparison of IL-2 and IFN-g levels in peripheral blood between the treatment groups. After low-dose DOX administration, significant differences were observed in IL-2 (A) and
IFN-g (B) levels in the peripheral blood of each group. Specifically, the levels of IL-2 and IFN-g in the DOX+anti-GD2 group, DOX+CTL group and anti-GD2 group increased more than those in
the control group. The levels of IL-2 and IFN-g in DOX+anti-GD2 group were all higher compared with the anti-GD2 group, the same as between the DOX+CTL group and CTL group. On the
14th and 23rd days after inoculation, no difference existed in the level of IL-2 between the DOX group and control group; but the differences were shown in the level of IFN-g on the 14th,
17th, and 23rd days after inoculation. The Wilcoxon two-sample test was used to analyze the results.

∗
P< 0.05; †P> 0.05 vs. control group; ‡P< 0.05 vs. DOX+anti-GD2 group, DOX+CTL

group and anti-GD2 group. Twenty cases were enrolled in each group. CTL: Cytotoxic T lymphocyte; DOX: doxorubicin; GD2: Ganglioside; IL: Interleukin; IFN: Interferon.

Figure 5: Comparison of Th1/Th2 cytokines, granzyme and perforin in tumors between the treatment groups. The expression levels of IL-17A, IFN-g, TNF-a, IL-6, IL-4 and IL-2 showed
significant differences in tumor tissues between the different groups, with 20 cases in each group. Specifically, the levels in the DOX+anti-GD2 group, DOX+CTL group and anti-GD2 group
were increased compared with the control group. The levels of IL-17A, IFN-g, TNF-a, IL-6, IL-4 and IL-2 in tumors of the DOX+anti-GD2 group were all higher compared with the anti-GD2
group, the same as between DOX+CTL group and CTL group. No difference existed in the levels of IFN-g, IL-4 and IL-2 between the DOX group and control group; but the differences were
shown in the level of IL-17A, TNF-a and IL-6 on the 14 th or 17 th or 23 rd days after inoculation. (A) IL-17A; (B) IFN-g; (C) TNF-a; (D) IL-6; (E) IL-4; (F) IL-2. Significant differences were
shown in the concentrations of granzyme and perforin in tumor tissues between the different groups (G and I). However, there were no significant differences in the concentration of
granzyme and perforin in non-tumor tissues between the different groups (H and J). An apparent increase in DOX+anti-GD2 group, DOX+CTL group and anti-GD2 group was observed
compared with those in control group. The concentrations of granzyme and perforin in tumors of the DOX+anti-GD2 group were all higher compared with the anti-GD2 group, the same as
between DOX+CTL group and CTL group. No difference existed between the DOX group and control group. The Wilcoxon two-sample test was used to analyze the results.

∗
P< 0.05.

†P> 0.05. ‡P< 0.05 vs. all the other groups except DOX group. DOX: Doxorubicin; IL: Interleukin; IFN: Interferon; TNF: tumor necrosis factor; GD2: Ganglioside; CTL: Cytotoxic T lymphocyte.

Chinese Medical Journal 2021;134(3) www.cmj.org
the anti-GD2 group and the same between DOX+CTL and
CTL groups (all of P values< 0.05).

Comparison of CTLs, Th1/Th2 cytokines, perforin, and
granzyme in tumors between the treatment groups

CTL infiltration and release of Th1/Th2 cytokines,
perforin, and granzyme in tumors reflected the immuno-
therapy state in each treatment group. The proportions of
CD4+ and CD8+ CTLs in tumor tissue were significantly
higher compared with those in non-tumor tissue. The
340
proportions of CD4+ and CD8+ CTLs in the tumor tissue
of each group were in the order of DOX+anti-GD2, anti-
GD2, DOX+CTL, CTL, DOX, and control groups from
high to low.

There were significant differences in the expression levels
of IL-17A (F= 10.762, P = 0.006), IFN-g (F= 50.272,
P< 0.001), TNF-a (F= 65.847, P< 0.001), IL-6
(F= 301.880, P< 0.001), IL-4 (F= 45.182, P< 0.001),
and IL-2 (F= 86.316, P< 0.001) in tumor tissues between
the various groups [Figure 5A–5F]. Their levels in DOX
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+anti-GD2, DOX+CTL, and anti-GD2 groups showed
more increases compared with those in the control group
(P< 0.05). The levels of IL-17A, IFN-g, TNF-a, IL-6, IL-4,
and IL-2 in tumors of the DOX+anti-GD2 group were all
higher than those in the anti-GD2 group and the same
betweenDOX+CTLandCTLgroups (all ofPvalues<0.05).

Significant differences were observed in the concentrations
of granzyme (F= 2376.475, P< 0.001) and perforin
(F= 488.531, P< 0.001) in tumor tissues between the
various groups. However, there was no significant
difference in the concentrations of granzyme (F= 0.510,
P= 0.764) and perforin (F= 1.650, P= 0.221) in non-
tumor tissues between the various groups. More apparent
increases were observed in DOX+anti-GD2, DOX+CTL,
and anti-GD2 groups compared with the control group
(Figure 5G–5J). The concentrations of granzyme and
perforin in tumors of the DOX+anti-GD2 group were all
higher compared with those in the anti-GD2 group and the
Figure 6: Comparison of tumor growth between the treatment groups. (A) A diagram for imm
group, CTL group, anti-GD2 group, DOX+CTL group, DOX+anti-GD2 group and control group, wit
bearing mice were clearly introduced. (B) The tumor specimens of each group are shown and com
group and CTL group, DOX2.5+CTL group and DOX2.5+anti-GD2 group. In particular, an apparen
group. The tumor volume at 17th day was slightly lower than that at 14th day, which may be re
from 14th day to 17th day. However, from 17th day to 23rd day, T cell proliferation is inhibited ag
weight among the different groups, except the anti-GD2 group and CTL group, DOX+CTL group a
the different groups, except the anti-GD2 group and CTL group, DOX+CTL group and DOX+an
∗
P< 0.05. †P> 0.05. CTL: cytotoxic T lymphocyte; DOX: Doxorubicin; GD2: Ganglioside.
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same between DOX+CTL and CTL groups (all of P values
< 0.05). No difference existed between DOX and control
groups (P> 0.05).
Comparison of tumor growth between the treatment groups

The tumor growth exactly reflected the immune efficacy in
each treatment group. There was a significant difference in
the tumor volume (F= 45.639, P< 0.001), tumor weight
(F= 697.051, P< 0.001), and body weight (F = 30.238,
P< 0.001) between the groups. Pairwise comparison
showed significant differences occurred in the tumor
volume among the various groups, except in DOX and
CTL groups (P= 0.066), and DOX+CTL and DOX+anti-
GD2 groups (P= 0.073). Significant differences were also
found in the tumor and body weights among the various
groups, except in anti-GD2 and CTL groups (P= 0.974,
P= 0.286), and DOX+CTL and DOX+anti-GD2 groups
(P= 0.662, P= 0.980). Of note, apparent inhibition of
unotherapy of NB-bearing mice. The tumor-bearing mice were randomly divided into DOX
h 20 cases in each group. The time to inject drugs, detect different indexes and sacrifice NB-
pared. (C) The significant differences occurred among all the groups other than the DOX2.5
t inhibition of tumor growth was observed in the DOX2.5+anti-GD2 group and DOX2.5+CTL
lated to acceleration of T cells proliferation and killing effect in tumor with low-dose of DOX
ain, so tumor volume increase again. (D) The significant differences were shown in the body
nd DOX+anti-GD2 group. (E) The significant differences existed in the tumor weight among
ti-GD2 group. A repeated-measures analysis of variance was used to analyze the results.
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tumor growth existed in DOX+anti-GD2 and DOX+CTL
groups [Figure 6A–6E].
Discussion

NB is the most common neuroendocrine malignant tumor
in childhood, which is susceptible to relapse and metasta-
sis.[12,13] NB immunotherapy effectively removes tumor
cells and decreases the recurrence rate because of its higher
specificity and lower toxicity compared with the tradition-
al treatment.[14] At present, the most effective method of
NB immunotherapy is to inject an anti-GD2 antibody or
gene-engineered vaccine, or adoptively transfuse chimeric
antigen receptor T (CAR-T) cells.[14] However, in phase III
clinical trials, although the survival rate of children with
NB has improved by alternate use of chimeric mAb
ch14.18 (g1, k) specific for GD2 combined with GM-CSF/
IL-2 or CAR-T cells, some children with high-risk NB still
experience relapse and metastasis. These results suggest
that passive immunotherapy may need to adjust the
immunosuppressive microenvironment to improve the
efficacy of immunotherapy.[4,11,15]

MDSCs are a group of myeloid-derived natural immune
cells with inhibitory functions, which play a negative
immunomodulatory role in tumor progression.[8] They
inhibit the functions of DCs by increasing the level of
IL-10, which accelerates the polarization of macrophages
to the M2 type, decreases the production of IL-12, and
decreases the functions of NK cells to inhibit innate
immunity in vivo. T cell adoptive immunity is inhibited by
high expression of arginase-1, inducible nitric oxide
synthetase, reactive oxygen species, and Treg amplification
induced by TGF-b and IL-10.[8] Thus, MDSCs play a
major role in the tumor microenvironment (TME) by
promoting tumor immune escape and reducing immune
efficacy.[15,16] In recent years, research on MDSCs as a
regulatory target has gradually emerged to improve tumor
immune efficacy.[17] Parihar et al showed that NK cells
with chimeric activation of NKG2D receptor eliminate
MDSCs, and rescue and improve the killing activity of
CAR-T cells in solid tumors.[18] In animal experiments, it
was also found that MDSC reduction enhances the anti-
tumor effect of leukocyte infusion in NB-bearing mice.[19]

In the screening of targeted drugs, there was no significant
difference in the tumor growth and weights among DOX5,
DA, and control groups. However, the tumor volume and
weight of the DOX2.5 group showed the slowest increase
and the most significant difference. Therefore, as a type of
chemotherapeutic drug, the low-dose DOX administration
unexpectedly had a greater role in tumor inhibition
compared with high-dose DOX administration, which
suggested that other mechanisms may be involved in
immunotherapy. Moreover, in tumors, the proportion of
MDSCs was decreased notably and proliferation of T cells
was first increased then decreased after low-dose DOX
administration. DOX at a high concentration may cause
toxicity and side effects in the immune system of mice.
However, a low concentration of DOX not only clears
MDSCs, but also causes no damage to the immune system
of mice and promotes T cell proliferation steadily.
Therefore, DOX cooperates with the immune killing effect
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of the immune system on tumors and achieves a better
therapeutic effect. The inhibitory effect on tumors may be
dependent on the concentration of DOX and its clearance
efficiency of MDSCs. The specific mechanism needs to be
verified by further experiments. Yuan et al found that
nano-DOX is a cell inhibitor with good host tolerance,
which avoids chemotherapy resistance in the tumor
microenvironment of triple-negative breast cancer.[20]

Moreover, to date, DOX is the most specific drug to
selectively clear MDSCs.[9] Thus, low-dose DOX might
play an important role in removingMDSCs from the TME
of NB to accelerate tumor inhibition. Although some
studies have shown that high-dose DOX inhibits tumor
growth more than low-dose DOX in some cancers, it may
be because the excessive dose of DOX only acts as a
cytotoxic drug rather than an immunomodulator or
different tumors have different responses and tolerance
to DOX.

To verify whether low-dose DOX improved the immune
efficacy of NB, tumor-bearing mice were injected with an
anti-GD2 antibody and/or adoptively transfused with
antigen-specific CTLs after low-dose DOX administration.
The results showed that the therapeutic effect was
improved significantly and tumor growth was apparently
inhibited. The survival state of mice was restored and their
body weight was increased by inhibition of tumor growth.

A recent study found that the level of NF-kB in NB cells is
low.[21] NF-kB is a transcription factor that controls the
expression of MHC molecules. The low level of MHC-I
makes NB cells difficult to recognize by antigen-presenting
cells and T cells. With the development of tumors, tumor-
infiltrating lymphocytes are replaced by immature immune
cells, whose frequency can predict the prognosis.[22-24]

Thus, in the present study with the elimination of MDSCs
by low-dose DOX administration, HLA-I and CD8 in
tumors were increased and tumor-infiltrating lymphocytes
were also increased, which made NB cells easier to
recognize and be killed. Simultaneously, the levels of Th1/
Th2 cytokines (IL-17A, IFN-g, TNF-a, IL-6, IL-4, and IL-
2) were improved, the release of perforin and granzyme
was increased, and IL-2 and IFN-g in peripheral blood
were also increased. However, it is of interest that most of
these immune factors were notably improved in groups
with low-dose DOX administration, including DOX+anti-
GD2 and DOX+CTL groups, but this effect did not occur
in the groups of low-dose DOX administration alone. This
suggested that low-dose DOX did not act as a cytotoxic
drug, but as an immunomodulator. When low-dose DOX
was combined with the anti-GD2 antibody or CTLs, the
tumor-killing effect was enhanced and more cytokines
were released.

The present results indicate that DOX can be used as not
only a direct cytotoxic drug against tumor cells, but also as
a potent immunomodulatory agent that selectively impairs
MDSC-induced immunosuppression, thereby fostering the
efficacy of T cell-based immunotherapy. MDSC elimina-
tion by low-dose DOX administration causes effector cells
to inhibit tumor immune tolerance and the killing effect
of transfusing CTLs or anti-GD2 on tumor cells was
enhanced significantly, more Th1/Th2 cytokines were
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secreted, and more granzyme and perforin were released,
leading to obviously inhibited growth of tumors.

In conclusion, the future of cancer patient care is the
combination of immunotherapy with therapies that
improve effector functions and synergize with therapies
that target protector functions. The present study high-
lights a new application for DOX as a selective MDSC-
targeting agent that can be used to overcome a major
mechanism of tumor immune evasion. Thus, our results
advocate the implementation of DOX in combination
strategies to enhance the efficacy of immunotherapy. Tesi
et al suggested that the best combination therapy will be
immunotherapy combined with a therapy that targets
MDSCs, a major player in the TME.[8] Overall, low-dose
DOX provides a novel approach for anti-MDSC combi-
nation therapy for NB.
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