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Inadequate sustained immune activation and tumor recurrence are major limitations of
radiotherapy (RT), sustained and targeted activation of the tumor microenvironment can
overcome this obstacle. Here, by two models of a primary rat breast cancer and cell co-
culture, we demonstrated that valproic acid (VPA) and its derivative (HPTA) are effective
immune activators for RT to inhibit tumor growth by inducing myeloid-derived
macrophages and polarizing them toward the M1 phenotype, thus elevate the
expression of cytokines such as IL-12, IL-6, IFN-y and TNF-a during the early stage of
the combination treatment. Meanwhile, activated CD8" T cells increased, angiogenesis of
tumors is inhibited, and the vasculature becomes sparse. Furthermore, it was suggested
that VPA/HPTA can enhance the effects of RT via macrophage-mediated and
macrophage-CD8" T cell-mediated anti-tumor immunity. The combination of VPA/
HPTA and RT treatment slowed the growth of tumors and prolong the anti-tumor effect
by continuously maintaining the activated immune response. These are promising findings
for the development of new effective, low-cost concurrent cancer therapy.

Keywords: VPA-like compounds, radiotherapy, breast cancer, TAMs, M1-like macrophages, CD8* T, vasculature

Abbreviations: VPA, valproic acid; HPTA, 2-hexyl-4-pentynoic acid; DAB, 3,3'-diaminobenzidine; DMBA, 7,12-
dimethylbenz[a]anthracene; FBS, fetal bovine serum; HDACI, histone deacetylase inhibitor; BrdU, 5-Bromo-2’-
deoxyuridine; HE, hematoxylin and eosin; IHC, immunohistochemistry; SD, Sprague-Dawley; TBS, Tris-Buffered Saline;
TAMs, tumor-associated macrophages; CTLs, cytotoxic T lymphocytes; PD1, programmed cell death protein 1; EMT,
Epithelial-mesenchymal transition; PBMCs, Peripheral blood mononuclear cells; MDSCs, Myeloid-derived suppressor cells;
Tregs, Regulatory cells; CTLA-4, Cytotoxic T-lymphocyte-associated protein 4.
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INTRODUCTION

Breast cancer is one of the most common types of tumors in
women, and radiotherapy (RT) is a mainstay of oncology
treatment. In addition to the direct cytoreductive effect of RT
in breast cancer, emerging evidence suggests that the generation
of an anti-tumor immune response also plays an important role
in the effectiveness of this treatment modality (1, 2).

A variety of different cell types within tumors have been
described to undergo apoptosis after local irradiation, these
include T cells, stromal cells, and vascular endothelial cells,
which limited the therapeutic effect to some extent and
increased the possibility of immune escape (2). At the same
time, RT paradoxically promotes metastasis and invasion of
cancer cells by inducing the epithelial-mesenchymal transition
(EMT), and can even cause tumor recurrence (3), which are the
main obstacles to the successful treatment of cancer, and remains
the important cause of mortality in patients receiving RT (4).
New therapeutic strategies, such as combining immunotherapy
with RT are being trialed (5).

Breast cancer has a complex microenvironment consisting of
malignant cells, resident histiocytes such as adipocytes and
recruited cell types, which play an important role in the
progression of breast cancer to malignancy and resistance to
treatments (6). Among them, macrophages play a pivotal role.
Tumor-associated macrophages (TAMs), one of the main types
of immunosuppressive cells in the tumor microenvironment, are
key players in tumor immune escape, a major obstacle to cancer
immunotherapy (7, 8). In the overwhelming majority of tumors,
TAMs stimulate tumor cell migration, invasion, intravasation as
well as the angiogenic response required for tumor growth (9-
11). Clinicopathological studies have suggested that TAMs
accumulation in tumors is correlated with a poorer clinical
outcome (12). In human breast carcinomas, high TAMs
density is correlated with poorer prognosis (13). Depending on
the microenvironmental presence, macrophages are polarized
into two distinct phenotypes, the classically activated (M1) or the
alternative activated (M2) macrophages. TAM:s closely resemble
the M2-polarized phenotype (14). Recent studies have shown
that polarizing TAMs toward M1 phenotype can effectively treat
tumors (15-19). This suggests that macrophages have plasticity,
which can restore the anti-tumor properties of TAMs for the
treatment of tumors (20). Therefore, TAMs are considered as
one of the important therapeutic targets to improve the efficacy
of immunotherapy, and the search for novel drugs that can
modulate the TAMs phenotype holds promise for safer and more
effective oncology treatment.

On the other hand, activation and recruitment of cytotoxic
lymphocytes (CTLs) have been recognized as key to effective
immunotherapy for solid tumors. Among them, CD8" T cells are
essential to inhibit the occurrence and development of solid
tumors, because once these cells exert full cytotoxicity, they can
eliminate tumor cells (21). Most solid tumors include a variety of
immune cells, such as regulatory T cells and TAMs, which can
inhibit CTLs function (22, 23). It was reported that the depletion
of TAMs enhances CD8" T cell-mediated anti-tumor immunity
in a mouse model of breast cancer (24). Therefore, therapies

targeting the immune system hold great promise for the
treatment of cancer (25, 26).

In recent years, some scholars have reported that a histone
deacetylase inhibitor (HDACi), TMP195 can switch the major
macrophage type in tumors from TAMs to the high phagocytic
macrophages in mice mammary tumors (27). In this model,
TMP195 activates immune pathways, and synergistic anti-PD1
antibodies and chemotherapy significantly inhibited tumor
development. This HDACI, which has a stable and effective
regulatory effect on the immune system, hold great potential as
it targets specifically immune cells, resistance to treatment is rare
as compared with those agents which directly act on the tumor
cells (28, 29). The other HDACI, valproic acid (VPA), a well-
tolerated anti-epileptic agent used since the 1970s, has also
received attention recently as a possible concurrent therapy to
RT. Many researchers have demonstrated that VPA-like
compounds can kill a variety of tumor cells, including glioma
(30), breast cancer (31), prostate cancer (32), while sensitizing
tumor cells to RT or chemotherapy through its effect on DNA
repair (33-35). It was not clear whether VPA and VPA-like
compounds reported sensitization of tumor cells to RT or
chemotherapy was associated with the regulation of
immune function.

Therefore, in our study, we used a well-established animal
model of breast cancer that does not affect tumor immune
function (36) to explore whether VPA and VPA-like
compounds may also have the ability to activate immune
pathways, and when co-administered with RT can better
inhibit the development of tumors.

METHODS AND MATERIALS

Establishment of a Breast Cancer Model
Detailed steps are reported in our previous article (35). In brief,
female Sprague-Dawley (SD) rats were purchased from Peng
Yue Laboratory Animal Co. Ltd., Jinan, China. The studies of
animal tissue were performed in accordance with the
requirements of the Shandong University Human and Animal
Ethics Research Committee (project identification code
81472800, approved 3 March 2014). A single dose of 1 ml
7,12-dimethylbenz[o]anthracene (DMBA) oil was administered
to 50-day-old SD rats through intragastric gavage (37, 38). At
40-60 days after gavage, primary tumors could be detected
through palpation around the breast. The tumor size, location
and appearance were recorded weekly and measured with
Vernier Caliper. Tumor volume was calculated according to
the clinical standard formula “Volume (V; mm?®) = Length
(L) * Width (W)? % 0.5”.

Drug Treatment and Radiotherapy in Rats

The tumor-bearing rats were given an intraperitoneal injection of
saline, VPA (BP452, Sigma) or HPTA (H0964, TCI) twice a day
for 6 consecutive days. RT was applied to rats by using X-ray
Irradiator (X-RAD225 OptiMAX, Pxi) as shown in Figure S1.
Four fractionated doses of 2 Gy were utilized in our study. The
specific methods are as follows: When irradiating, we fixed the
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rat and placed it on the round plate. And the hollow cylinder
indicated by the red arrow is used for the precise irradiation of
the tumor. The inside diameter of the hollow cylinder is 2 cm,
and the tumor was exposed to radiation here (as indicated by the
red arrow). And the X-ray aperture was selected to match the
diameter of the tumor. The cylinder is made of solid copper,
allowing full protection of the rest of the body.

BrdU Incorporation and HE Staining
5-Bromo-2'-deoxyuridine (BrdU) (B5002, Sigma) was injected
intraperitoneally at a dose of 100 mg/kg 24 h before tissue
harvest. Tumor tissues and normal breast were fixed overnight
in 4% paraformaldehyde solution, embedded in paraffin and
serially sectioned 5 um thick for hematoxylin and eosin (HE)
staining according to the manufacture’s procedures guideline.

Immunohistochemistry (IHC)

The avidin-biotin immunoperoxidase method was used for
deparaffinized zinc formalin-fixed, paraffin-embedded sections.
Specific methods are detailed in our previous article (27). The
primary antibodies including CD11b (1:5,000, ab133357,
Abcam), F4/80 (1:200, 123101, BioLegend), CD68 (1:500,
GB11067, Servicebio), Cleaved caspase-3 (1:300, 9661, Cell
Signaling), BrdU (1:50, B44, BD), Ki67 (1:400, 12202, Cell
Signaling), CD8 (1:500, GB11068, Servicebio), granzyme-B
(1:200, sc-8002, Santa Cruz), followed by incubation with
secondary antibodies: biotinylated goat anti-mouse IgG (1:300,
BA-9200, Vector), biotinylated goat anti-rat IgG (1:300, BA-
9400, Vector) and biotinylated goat anti-rabbit IgG (1:300,
BA-1000, Vector). Images were taken through a light
microscope (Olympus).

Immunofluorescence

Specific methods are detailed elsewhere (33, 39). The primary
antibodies including CD11b (1:1,000, ab133357, Abcam), F4/80
(1:200, 123101, BioLegend), EpCAM (1:200, sc-66020, Santa
Cruz), CD31 (1:200, GB12063, Servicebio), followed by
staining with Alexa Fluor® 594 goat anti-mouse IgG(H+L)
(1:300; A11032, Molecular probes), Alexa Fluor® 488 chicken
anti-rabbit IgG(H+L) (1:300; A21441, Molecular probes). Images
were taken using Zeiss 880 Confocal Microscope and analyzed
on Leica Microsystems imaging software. Composite images and
pseudo-colored images were generated using Fiji software and
images were captured using a laser confocal microscope.

Real-Time Quantitative Reverse
Transcriptase PCR (QRT-PCR)

The tumors were rapidly extracted after the tissues were
harvested, snap-frozen in liquid nitrogen, and stored at —80°C
before being used for qRT-PCR analysis. The RNA was extracted
from whole tumor tissue according to the RNA prep Pure Tissue
Kit (Tiangen) protocol. For the cellular experiment, we extracted
RNA according to the FastPure Cell/Tissue Total RNA Isolation
Kit (vazyme) and the isolated RNA was quantified by NanoDrop
ND-2000 spectrophotometer (Nadro Drop Technologies,
Wilmington, DE, USA). cDNA synthesis was performed using
the ReverAid First Strand cDNA Synthesis Kit (Thermo). Finally,

specific primers and Maxima SYBR Green (Thermo) were used,
and qRT-PCR analysis was performed on Light Cycler® 48011
(Roche Applied Science, Indianapolis, IN, USA) using 1 uL of
each primer and 1 UL of cDNA. The levels of the relative genes
and the internal reference gene (GAPDH) expressed were
measured, and the C, values (threshold cycle number) of the
target gene and the reference gene were calculated according to
the Light Cycler® 480 Software release 1.5.0 SP4 software, use
27 C, method. Sample from the DMBA-induced breast cancer
was used as control sample, and the expression of the target gene
of each group was compared. AAC, = experimental group AC; —
control group AC,, AC, = (average C, of the target gene of the
control sample - average C, of the control sample GAPDH) (40,
41). The primer sequences used in this study are listed in
Table S1.

Cell Culture

MCEF7 and RAW264.7 cell lines were purchased from American
Type Culture Collection (ATCC) and maintained in DMEM
(12100046, Gibco) medium with 10% Fetal Bovine Serum
(10270106, Gibco) and 1% Penicillin-Streptomycin (V900929,
Sigma). All cells were confirmed to be mycoplasma-free, and
maintained at 37°C and 5% CO,.

Cytokine Detection in Macrophage Lysate
MCEF7 cells were seeded in P60 dishes followed by 500uM VPA,
15uM HPTA and 100 ng/ml LPS (L8880, Solarbio) treatment for
24 h. The culture was centrifuged to collect the medium
supernatant, which is subsequently added to the P35 dishes
seeded with RAW264.7 cells. After 24hrs, RAW264.7 cells were
lysed by repeated freeze-thawing in PBS, and lysates were
collected. Cytokines detection (IL-12, IL-10, TNF-o, IFN-y)
were performed using ELISA kits (1211232, 1211002, 1217202,
1210002, DAKEWE, China).

Primary Culture and Stimulation of

Human Peripheral Blood Mononuclear
Cells (PBMCs)

Whole blood samples were collected from healthy donors after
obtaining informed consent in accordance with the National
Regulations on the Administration of Human Genetic Resources,
China. The ethics for this part of the study was approved by the
Shandong University Human and Animal Ethics Research
Committee’s requirements (project identification code
81472800, approved on 3 March 2014). PBMCs were isolated
from whole blood using Lymphocyte Isolate (LTS1007-1,
TBDScience, China) density gradient centrifugation. The
PBMCs were maintained in RPMI 1640 (12633012, Gibco)
medium with 10% Fetal Bovine Serum (10270106, Gibco) and
1% Penicillin-Streptomycin (V900929, Sigma).

PBMCs were isolated, and cells were seeded at 5 x 10° in 24-
well plate coated with CD3 (5 pg/ml) (B287689, BioLegend) at
4°C overnight, 500 pl/well, and added to CD28 (1 ug/ml)
(B281555, BioLegend) with IL-2 (10 ng/ml) (031612,
PEPROTECH) and maintained at 37°C and 5% CO, for 3
days. Subsequent experiments were performed after sufficient
cells were reached.
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Flow Cytometry

Lysates were extracted following the macrophage factor detection
step and added to the already activated PBMC cells at a 1:3 of
medium volume ratio for 5 days in culture. Then PBMCs were
collected, washed three times with PBS, incubated with the CD3
(B278047, BioLegend), CD4 (B310677, BioLegend) and CD8
(B311544, BioLegend), and centrifuged to collect cells. Cells
were washed three more times with PBS and resuspended as a
single cell suspension for flow cytometry.

Co-Culture of Tumor Cells With PBMCs
Lysates were extracted following the macrophage factor detection
step and added to the already activated PBMC cells at a 1:3 of
medium volume ratio for 5 days in culture. 4 x 10> MCF7 cells
were seeded on the lower chamber of the transwell (Corning
#3412, 24 mm Transwell® with 0.4 pum Pore Polycarbonate
Membrane Insert), and 2 Gy irradiation treatment was
administered after the cells had fully adherent growth. At the
end of irradiation, 2 x 10° PBMC cells cultured for 5 days were
transferred to the upper chamber of the transwell for co-cultured
for 24 h. The tumor cells in the lower chamber were subjected to
MTT to detect the number of viable cells.

MTT

MCEF7 cells were seeded in lower chamber of a 6-well transwell at
a density of 4 x 10° cells per well. Following treatments, MTT
solution (5 mg/ml, Sigma) was added to the treated cells and
incubated for 4 h at 37°C. Then the medium was replaced with
dimethyl sulfoxide. After mixing, 120 pl was added to each well
in a 96-well plate. The absorbance of the solution was measured
using an enzyme immunoassay analyzer at 540 nm.

To determinate the effect of IR on the growth of macrophage,
RAW?264.7 were seeded at a density of 2 x 10° cells per well in 96-
well plate, and treated with 4 and 8 Gy after the cells had attached,
and the growth of the cells observed by MTT assay after 72 h.

Statistical Analysis

All statistical analyses were performed with Student’s t-test on
SPSS Statistics for Windows, version 23.0 (Armonk, NY: IBM
Corp; licensed to Shandong University) and represented as mean +
SD. The P values were designated as: *, P <0.05; **, P <0.01,
indicating a statistically significant difference.

RESULTS

VPA/HPTA Enhanced Radiotherapy Effect
to Inhibit Tumor Growth in Rats With
Breast Cancer

To study whether VPA/HPTA can enhance the effect of
radiotherapy in vivo, we used the primary breast cancer model
in rats induced by the environmental carcinogen DMBA, which
was previously described and employed in related studies (33, 35,
36). In brief, around 40 days after DMBA gavage to female SD
rats, lumps in the breast sites were found. The shape of lumps
in the location of mammary glands was irregular (Figure 1A).

By HE staining, when compared with the normal breast tissue,
a monotonous population of cells, poorly circumscribed,
infiltrating the surrounding soft and adipose tissues, cords and
nodules of atypical epithelial cells, with some duct or gland
formation, indicating that breast cancer in rats was successfully
induced. Next, the dose of VPA/HPTA and radiotherapy
were determined for the tumor treatment in this animal
model. Reported studies of VPA on glioblastoma utilized
intraperitoneal injection of VPA in the range from 150 to 600
mg/kg (42), here, we choose 200 mg/kg as the treatment dose of
VPA, which was the same as that used to treat the cells (0.5 mM)
in our working system (33, 35). 20 mg/kg HPTA was adopted as
this is closest to the 200 mg/kg VPA previously utilized in cell
culture (0.015 mM) (34). Four fractionated doses of 2 Gy, based
on previous studies, were utilized (43, 44). The workflow of our
experimental design is detailed in Figure 1B upper.

During the early observation, the growth of tumors in VPA/
HPTA-treated rats was inhibited (P <0.05). Compared with the
RT-alone group, the reduction of breast cancer volume in the
VPA/HTPA treatment groups was significantly more (P <0.01).
On the 10th day post-treatment, the morphological structure of
tumors was observed by HE staining (Figure 1C). The VPA/
HPTA treatment led to vacuole structures formation in the breast
cancer tissue as compared with the untreated control group; there
were more vacuoles structures and number of necrotic cells after
the RT, and larger necrotic areas and cells were seen in the tissues
in the combination treatment groups. The morphological results
are consistent with the above findings. The results demonstrated
that 200 mg/kg VPA or 20 mg/kg HPTA can effectively enhance
RT for breast cancer in our rat working model.

We next tested the cell proliferation ability in the tumor using
both BrdU and Ki67 markers. BrdU IHC staining results showed
that VPA/HPTA treatment significantly reduced the proliferation
of tumor cells, the reduction was significantly greater in the
combination treatment groups (P <0.01, Figure 1D). Similar
results were noted with the Ki67 proliferation marker (P <0.01,
Figure S1A). The IHC findings were consistent with the gross
observation and measurement. In conclusion, we highlight that
the combination of both treatment modalities is superior to each
treatment modality alone.

VPA/HPTA Activates the Macrophages
and Reprograms TAMs Polarization
Towards M1 Phenotype in Irradiated
Breast Tumor at the Early Stage

of the Treatment

Other scholars had reported that TMP195 has a macrophage-
mediated immune effect (27), so we next studied the
macrophages in the tumor microenvironment to investigate
whether VPA and VPA-like compound (HPTA) may have a
similar effect during RT treatment in our working model.

We used the macrophage marker F4/80 for THC staining
(Figure 2A) and found that after VPA/HPTA treatment, the
macrophages increased significantly in the tumor, while in the
combination treatment groups, there were a further substantial
increased (P <0.01). Similar results were observed for the other
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Normal breast DMBA-induced breast cancer
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FIGURE 1 | VPA/HPTA enhanced radiotherapy effect to inhibit tumor growth in rats with breast cancer (A) Normal breast and DMBA-induced breast cancer of rats
under gross observation. HE staining for the morphology of normal tissue and DMBA-induced breast cancer. (B) The tumor-bearing rats were given intraperitoneal
injection of saline, 200 mg/kg of VPA or 20 mg/kg of HPTA twice a day for 6 consecutive days in combination with 2Gy of radiotherapy once a day for 4 consecutive
days. The change in tumor volumes in different groups after treatment, which was normalized by untreated group. (C) HE staining for the morphology of tumors in
different groups. (D) IHC was performed on tumor sections with BrdU, a marker of proliferation. Quantitation as a percentage of total tissue is shown to the right of
representative images. Each data point in the graphs was from three independent experiments (mean + SD). P-values were calculated by Student’s t-test (*P < 0.05,
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macrophage marker, CD68 (P <0.01, Figure S2). The data
indicate that the immune system is activated by VPA/HPTA in
response to RT.

TAMs, being a M2 macrophage, play a key role in cancer
immune escape. We next investigate whether VPA/HPTA
treatment may be able to switch the polarization of
macrophages to the pro-inflammatory M1 phenotype. As shown
in Figure 2B, VPA/HPTA treatment alone significantly promoted
an increase in the cell population expressing M1 marker (CD86;
P <0.01) and M1 function markers (IL-12, IL-6, MHC-II, IFN-y
and TNF-a; P <0.01) at the transcriptional level in the tumor. The
M2 macrophage marker (CD209 and CD163) and the function
marker (IL-10) also had no significant change. For the RT-alone
group, M2 macrophages, but not M1 macrophages, were
significantly increased compared with the untreated control
group. Meanwhile, in the combination treatment groups, the
increase in M1 marker and function markers and decrease in
M2 marker (CD209 and CD163) and function marker (IL-10) was

further amplified (P <0.01). The data suggest that VPA/HPTA can
reverse and further activate the RT-induced immune pathway at
the early stage after the RT treatment.

VPA/HPTA Regulates Myeloid-Derived
Macrophages to Enhance Radiotherapy
Effect in Breast Cancer at the Early Stage
of Treatment In Vivo

We next explore the origin of the macrophages which were
recruited into the tumor microenvironment by VPA/HPTA.
Some scholars have reported that CD11b, a marker of
myeloid-derived differentiated cells, can promote bone marrow
cells to develop into macrophages and then inhibit tumor growth
(45). Therefore, we performed IHC analysis of tumor tissues in
each group with CD11b, the results showed that CD11b" cells
were significantly increased after VPA/HPTA treatment (1.76
0.24/2.11 £ 0.31) (P <0.01, Figure 3A), there was a small increase
after RT-alone (0.95 + 0.15, P <0.05). We noticed a substantial
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(mean + SD). P-values were calculated by Student’s t-test (P < 0.05, **P < 0.01).
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FIGURE 2 | VPA/HPTA activates the macrophages and reprograms TAMs polarization towards M1 phenotype in irradiated breast tumor at the early stage of the
treatment (A) IHC was performed on tumor sections with the macrophage-specific marker F4/80 to assess infiltration of macrophages, and representative
quantitation and images are shown. (B) The mRNA expression levels of CD86, CD209, CD163, MHC-II, IL-10, TNF-a, IFN-y, IL-6 and IL-12 in DMBA-induced breast
tumors in rats were determined by real-time PCR. Data were normalized to untreated group. Each data point in the graphs was from three independent experiments

increase in CD11b" cells with the combination treatment (4.42 +
0.94/4.14 + 0.91) (P <0.01). The data demonstrate that VPA/
HPTA can induce an increase in CD11b" cells in the tumor.

Next, to verify the source of VPA/HPTA-induced
macrophages, we employed co-localization staining of CD11b
and F4/80 markers. As shown in Figure 3B, all F4/80" cells co-
localized with CD11b, and the proportion of the cells (CD11b",
F4/80") increased significantly after VPA/HPTA treatment
(29.4%/27.5%) (P <0.01, Figures 3C and S3A). This proportion
was further increased in the combination treatment groups
(52.2%/49.4%) (P <0.01), but not in the RT-alone group
(P >0.05). The data demonstrate that the increased macrophages
in the tumor may be of myeloid origin, which can be recruited into
the tumor microenvironment by VPA/HPTA.

To distinguish whether the increased macrophage population
were the resident macrophages in the tumor, the ability of

RAW?264.7 macrophages was tested after IR and VPA/HPTA
combination treatment by MTT assay in vitro. We found that the
ability of the macrophages irradiated with 4 and 8Gy was
significantly decreased (Figure S3B, P <0.01); however, VPA/
HPTA treatment did not cause a further decrease in the cell
ability (P >0.05). We concluded that the previously observed
increased macrophage population is likely from non-tumor
resident macrophages, the myeloid-derived macrophages may
be recruited from other tissues.

VPA/HPTA-Activated Macrophages Are
Highly Phagocytic in Breast Tumors at the
Early Stage of Treatment In Vivo

To determine the effect of VPA/HPTA-activated macrophages
on tumors, we found that the proportion of apoptotic cells
(Cleaved caspase-3") was increased after VPA/HPTA
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FIGURE 3 | VPA/HPTA regulates myeloid-derived macrophages to enhance radiotherapy effect in breast cancer at the early stage of treatment in vivo (A) IHC was
performed on tumor sections with the myeloid marker CD11b to assess infiltration, representative quantitation and images are shown. Immunofluorescence co-
staining of myeloid derived cells (CD11b+: green) and macrophages (F4/80+: red), and representative images (B) and quantitation (C) are shown. Each data point in
the graphs was from three independent experiments (mean + SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).

treatment and RT-alone treatment, this was further increased
after the combined treatment (2.03 + 0.43/1.90 + 0.41, P <0.01,
Figure 4A), suggesting that the combination treatment
promoted the apoptosis of tumor cells.

Phagocytosis of breast tumor cells was quantified as the
proportion of F4/80" macrophages that contain intracellular
EpCAM, a marker of breast tumor cells. By co-localization
staining with F4/80 and EpCAM markers (Figure 4B), we
found that the proportion was increased significantly both in
the VPA/HPTA-alone and the combination treatment groups
(89.61%/87.73%) (P <0.01, Figures 4C and S4). Thus, the
macrophages induced by VPA/HPTA are highly phagocytic,
which we concluded is helpful to enhance the RT effect in
eliminating tumor cells.

VPA/HPTA Reinforces the Anti-Tumor
Effect of Radiotherapy by Activating CD8*
T Cell-Dependent Anti-Tumor Response
and Inducing Vascular Normalization /In
Vivo at the Early Stage of the Treatment
TAMs can target CD8" T cells and inhibit immune rejection of
tumor cells through various mechanisms (46), while IL-12
secreted by M1 cells can activate CD8" T cells to stimulate an
anti-tumor response in solid tumor models (47, 48). CD8" T cells
mediate the most important anti-tumor immune response in vivo,
and most cancer immunotherapy approaches aim to evoke,

promote and enhance the specific anti-tumor activity of CD8" T
cells (49). Since we found that VPA/HPTA promoted pro-
inflammatory M1 phenotype and increased IL-12 expression in
our study, we next examined whether VPA/HPTA can activate
CD8" T cells to be involved in the anti-tumor response. The results
in Figure 5A showed that VPA/HPTA treatment induced an
increase in CD8" T cells population (P <0.01), which was also
modestly increased in the RT-alone treatment group (P <0.05).
The combination treatment further significantly increased the
CD8" T cells population (19.85 + 5.61/20.00 + 5.43) (P <0.01).
Granzyme-B, the functional marker of CD8" T cells, was also
increased in the combination treatment groups (Figure 5B),
indicating that VPA/HPTA activated the CD8" T cells and thus
enhanced the RT effect in the tumor, which may be associated with
IL-12 secreted by anti-tumor M1-type macrophages.

The tumor-promoting TAMs contribute to abnormalities in
tumor vasculature (9, 50-52), while anti-tumor M1 macrophages
are associated with anti-angiogenic effects including vascular
pruning and normalization (53). Studies have shown that IFN-y
can interfere with the integrity of blood vessels and affect the
progression of tumors (27, 39). Since we discovered that VPA/
HPTA increased mRNA level of IFN-y of M1 function markers in
our study, we next examine whether VPA/HPTA can influence
angiogenesis in the tumor. The results of CD31, the markers of
endothelial blood vessel, demonstrated that VPA/HPTA
treatment, as well as the RT-alone treatment, reduced the size,
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FIGURE 4 | VPA/HPTA-activated macrophages are highly phagocytic in breast tumors at the early stage of treatment in vivo (A) IHC was performed using the
cleaved caspase-3 to identify apoptotic bodies within macrophages, representative images and quantitation are shown. Phagocytosis of breast tumor cells was
quantified as the proportion of F4/80+ macrophages (red) that contain intracellular EpCAM+ (green), a marker of breast tumor cells by immunofluorescence,
representative images (B) and quantitation (C) are shown. Data were normalized to untreated group. Each data point in the graphs was from three independent
experiments (mean + SD). P-values were calculated by Student’s t-test (P < 0.05, **P < 0.01).

density and aberrantly branches of the vasculature, and the effect
was augmented in the combination treatment groups (Figure 5C).
These findings suggest that VPA/HPTA combined with
radiotherapy can inhibit tumor neovascularization, such action
is associated with IFN-y secreted by anti-tumor M1 macrophages
exhibiting anti-angiogenic properties.

VPA/HPTA Prolong the Radiotherapy
Effect of Breast Cancer via Maintaining the
Durability of Anti-Tumor Immune
Response In Vivo

Our results on the tumor growth revealed an interesting
phenomenon. As shown in Figure 1B, the tumor volume
significantly decreased in the first week after the RT-alone
treatment, and then started to increase after that. At the end of
the observation period (70 days), the tumor volume elevated to
about 2.5 times than that before RT treatment. Surprisingly, for
the combination treatment groups, the tumor volume grew
slowly after an initial decrease in the first week, and
subsequently the tumor volume was increased about 0.5 times
than that before the treatment at the end of the observation
period, indicating that both VPA and HPTA could significantly
prolong the RT effect in inhibiting tumor growth. We speculated
that this effect may be associated with anti-tumor immune
response activated at the early stage of the treatment, so we

further analyzed the immune state in the tumor at 70 days
after treatment.

Firstly, HE staining showed that there were still large necrotic
areas and cells in the combination treatment groups (Figure S5A).
The results of BrdU showed that the cells in the untreated group
were still high-proliferative, the proliferative capacity in the RT-
alone group was the same as in the VPA/HPTA-alone groups,
which was consistent with the tumor growth (Figure 1B), but was
lower than that in the untreated control group (P <0.01). While,
the combination treatment groups still showed much lower
proliferative capacity (P <0.01, Figures 5B and 6A). Similar
findings were noted with Ki67 (P <0.01, Figure S5C). The data
indicate that the tumor growth was inhibited in the combination
treatment at the later stage of RT treatment.

Subsequently, F4/80 IHC results suggested that macrophages
were still active in the combination treatment group (P <0.01,
Figures 6B and S5D), although not as evident as in the early stage,
as can be seen largely by the CD68 staining (P <0.01, Figure S5E).
We further analyzed the macrophage phenotype and its function.
The increase of CD86" M1-type population (P <0.01) and mRNA
level of M1 function markers (IL-12, IL-6, MHC-II, IFN-y and
TNF-0; P <0.01) and the decrease of CD209"/CD163" M2-type
population (P <0.05) and mRNA level of M2 function marker
(IL-10; P <0.01) were also observed in the combination treatment
groups but not in RT-alone group (Figure 6C). Such effects are not
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as strong as in the early stage of the treatment (Figure 2B). The
increased of CD8" T cell population (Figure 6D) with higher
expression of granzyme-B (Figure 6E) and a reduction in vascular
(Figure 6F), under the combination treatment were also observed,
supporting the hypothesis that VPA/HPTA prolonged the RT
effect by maintaining anti-tumor immune response through the
later stage of treatment.

VPA/HPTA Can Directly Promote M1
Polarization of Macrophages to Activate
Anti-Tumor Response of CD8" T Cells

In Vitro

To verify VPA-like compounds can directly reprogram M1
polarization and activate anti-tumor response, the conditional

FIGURE 5 | VPA/HPTA reinforces the anti-tumor effect of radiotherapy by activating CD8+ T cell-dependent anti-tumor response and inducing vascular
normalization in vivo at an early stage of the treatment. (A) IHC was performed on tumor sections for the marker CD8. Quantitation as a percentage of total tissue is
shown to the right of representative images. (B) IHC was performed on tumor sections with the marker granzyme-B. Quantitation as a percentage of total tissue is
shown to the right of representative images. (C) Immunofluorescence staining of tumor vessels (CD31+: green) and representative images are shown. Each data
point in the graphs was from three independent experiments (mean + SD). P-values were calculated by Student’s t-test (*P < 0.05, **P < 0.01).

medium experiment was employed for this study. Firstly, to
manipulate the environment for tumor cell growth, the
conditional medium, which was from the culturing breast
cancer cell line MCF7, was used to incubate the macrophage
cells, RAW264.7, thus to investigate the effect of VPA/HPTA on
RAW?264.7 polarization. The experiment design was shown in
Figure 7A. As a negative control, regular medium was used.
Both the qRT-PCR and ELISA experiments demonstrated a
significant decreased in the level of the M1 marker CD86 and
its secreted cytokines (IL-12, IFN-y, and TNF-o), and a
significant increase in M2 secreted cytokine IL-10 were
observed after VPA/HPTA treatment (P <0.01), although the
significant changes in the level of the M2 marker CD209 were not
observed (Figures 7B, C). The results indicate that VPA/HPTA
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FIGURE 6 | VPA/HPTA prolong the radiotherapy effect of breast cancer via maintaining the durability of anti-tumor immune response in vivo Tumor tissues were
analyzed 70 days after treatment. Quantitative analysis of BrdU (A) and F4/80 (B) immunohistochemistry. (C) The mRNA expression levels of CD86, CD209, CD163,
MHC-II, IL-10, TNF-at, IFN-y, IL-6 and IL-12 in DMBA-induced breast tumors in rats were determined by real-time PCR. Data were normalized to the untreated
group. (D) IHC was performed on tumor sections for the marker CD8. Quantitation as a percentage of total tissue is shown to the right of representative images.

(E) IHC was performed on tumor sections for the marker granzyme-B. Quantitation as a percentage of total tissue is shown to the right of representative images.

(F) Immunofluorescence staining of tumor vessels (CD31+: green) and representative images are shown. Each data point in the graphs was from three independent
experiments (mean + SD). P-values were calculated by Student’s t-test (P < 0.05, *P < 0.01).

can induce M2 polarization of macrophages under a normal
culture environment.

With the conditional medium, through both qRT-PCR and
ELISA, a significant elevation of the level of CD86 and the
cytokines (IL-12, IFN-y, and TNF-o) (P <0.01) and a
significant decrease of the level of CD209 and IL-10 were found
after VPA/HPTA treatment (P <0.01). The results indicate that
VPA/HPTA can directly promote M1 polarization under tumor
cell growth environment (Figures 7B, C).

We also used LPS as a positive control for this study. The
results indicated that LPS can induce M1 polarization of
macrophages under regular medium and conditional medium
(Figures 7B, C), consistent with other reports (54, 55),
suggesting that our experimental design was reliable.

Cell lysate from the macrophages was further used to incubate
MCF?7 cells to test for cell viability (Figure 7D). We found that
the relative survival fraction of VPA/HPTA-alone was
comparable to RT-alone treatment. The combination treatment
resulted in further inhibited cell growth (P <0.01).

We concluded from the above results that VPA/HPTA can
directly induce macrophage M1 polarization in the tumor

environment, and activate macrophage-mediated anti-tumor
immunity for enhancing the effects of radiotherapy to tumor.
Since VPA/HPTA can directly induce M1 polarization and
result in the increase of IL-12 level, we next test the effect of VPA/
HPTA-induced M1 polarization on CD8" T cells in vitro. The cell
lysate from the VPA/HPTA-treated macrophage RAW264.7 was
used to treat isolated mononuclear cells extracted from venous
blood from healthy donors, at the same time the isolated
mononuclear cells were activated with anti-CD3/CD28. The
experimental design was shown in Figure 7E. After treatment
for 5 days, the mononuclear cells were labeled with the antibodies
of CD3 and CD8 for isolating CD8" T cells by flow analysis. The
results showed that VPA/HPTA significantly increased the number
of CD3"CD8" T lymphocytes (Figure 7F, P <0.05), indicating that
VPA/HPTA-induced M1 polarization can promote the
proliferation of CD8" T cells. Next, to further illustrate the effect
of activated CD8" T cells on the growth of tumor cell MCF7
(Figure 7G), the PBMCs treated by VPA/HPTA-treated
macrophage lysate were co-cultured with MCF7 cells for 48 h.
We found the viability of MCF7 cells was inhibited by VPA/
HPTA-alone and RT-alone treatment (P <0.05), this was further
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FIGURE 7 | VPA/HPTA can directly promote M1 polarization of macrophages to activate anti-tumor response of CD8+ T cells in vitro (A) Protocol for MCF7
conditional medium and macrophage polarization experiment. (B) gRT-PCR analysis of markers (CD86 and CD209) of reprogrammed RAW264.7 macrophages
under different treatment conditions. (C) gRT-PCR and ELISA analysis of cytokines (TNF-a, IFN-v, IL-10 and IL-12) of reprogrammed RAW264.7 macrophages under
different treatment conditions. (D) The survival of MCF7 cells treated with macrophage lysate was detected by MTT assay. (E) Protocol for extraction and activation
of PBMCs and the co-culture with MCF7 cells. (F) Flow cytometric analysis of the effect of macrophage lysates on CD8" T lymphocytes. (G) MTT results of survival
of MCF7 cells after co-culture. Each data point in the graphs was from three independent experiments (mean + SD). P-values were calculated by Student’s t-test

(*P < 0.05, *P < 0.01).

reduced in the combination treatment groups (P <0.01). The
results suggested that VPA/HPTA not only can activate
macrophage-mediated anti-tumor immunity but also can activate
macrophage-CD8" T cell-mediated anti-tumor immunity to
enhance the effects of RT to tumor, thus supported the earlier
in vivo results.

DISCUSSION

In this study, we demonstrate that VPA/HPTA evokes immune
activation by mobilizing myeloid-derived macrophages and
triggering M1 polarization in a DMBA-induced rat breast
cancer model. These reprogrammed macrophages led to
subsequent T cell recruitment and activation, vascular
normalization, and tumor suppression (Figure 8). Our findings
support the proposition of VPA/HPTA as an adjuvant therapy to
low-dose radiotherapy in breast cancer; VPA/HPTA enhances
and prolongs the RT effect on breast cancer by activating and
maintaining the anti-tumor immune function.

Persistent Immune Activation Is the Key to
Prevent Tumor Recurrence

RT has been the mainstay of oncological treatment of breast cancer
since the 1900s; today, about 50-60% of cancer patients continue to
receive this treatment modality. However, the resistance of tumor
cells to RT and high cancer recurrence rate has been reported (56).
Understanding the mechanism of radiation resistance in breast
cancer is of clinical importance. The tumor microenvironment has
been known to influence the response to RT, specifically
lymphocytes, monocytes and macrophages are particularly
radiosensitive. Furthermore, ionizing radiation has an effect on
the vascular endothelium and affects the recruitment of anti-tumor
T cells into the tumor site, as well as initiating adaptive and innate
immune responses that can result in systemic anti-tumorigenic
effects both inside and outside of the irradiation field.

Studies have shown that cancer immunotherapy achieves a
durable clinical response in patients with advanced cancer, who
are refractory to conventional treatment (57). While RT can also
activate the immune system to some extent (58), it is limited by
the dose and frequency of RT. Such RT-induced immune
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At the same time, the combination treatment not only effectively improve the effect of radiotherapy during the immediate exposure, the concurrent therapy also delay
the growth of tumors and prolong the anti-tumor effect by continuously activating the immune response to compensate for recurrence after radiotherapy.

activation is short-lived and tumors are prone to recurrence.
Therefore, safer and more effective immune activators are
needed to supplement and complement RT.

VPA-Like Compounds Are Ideal Immune
Activators, Which Can Activate the Anti-
Tumor Response of CD8" T Cells and
Enhance and Prolong the Curative Effect
of Radiotherapy

The microenvironment plays an important role in the progress of
breast cancer and its resistance to treatment (36). Most solid
tumor microenvironments tend to have a certain amount of
TAMs and are associated with tumor invasion and poor
prognosis (17-19, 59). TAMs were found to enhance
malignancy by stimulating angiogenesis, inducing tumor cell
migration, invasion and infiltration, and inhibiting anti-tumor
immunity in mouse models (60). In our working model, VPA/
HPTA induces an increase in myeloid-derived macrophages and
activates polarization toward a M1 phenotype that is pro-
inflammatory and has phagocytic capacity.

Analysis of breast cancer patients indicates that a low ratio of
macrophages to CD8" T cells is associated with poorer survival,
suggesting that macrophages may play a major role in suppressing
T cell activity against tumors (61). CD8" T cells play a key role in
anti-tumor immunity, but their activity is inhibited in the tumor
microenvironment, therefore tumors can escape immune attack
by various mechanisms of immunosuppression (62-65). The

cytotoxicity of reactivated CD8" T cells has important clinical
significance in cancer immunotherapy. Here, we explored a novel
combination treatment modality that activates the anti-tumor
CD8" T cells through regulation of the tumor
microenvironment to enhance the efficacy of RT. We
demonstrate that VPA/HPTA can reprogram macrophages in
tumors, activate CD8" T cell-mediated anti-tumor immune
response, and enhance radiotherapy efficacy.

Additional Implementation of Immune
Checkpoint Inhibitors May Have a Further
Positive Impact on the Treatment Efficacy
in Our Model
Immune checkpoints are immunosuppressive pathways that
maintain self-tolerance and protect surrounding tissues by
modulating immune responses, a property that tumor cells
exploit to evade attack by immune cells. Currently, two of the
most extensively studied immune checkpoint targets in tumors
are Cytotoxic T lymphocyte associated antigen 4 (CTLA-4) and
the PD-1 receptor. Immune checkpoint inhibitors release the
“immune brakes” in the tumor microenvironment, reactivate the
immune response effect of T cells on tumors, thereby achieving
anti-tumor effects. It is also of interest whether immune
checkpoint inhibition and other immunotherapies can be
combined to better exert anti-tumor effects.

Studies have reported that the triple combination of anti-
CTLA-4, anti-PD-1, and G47A-mIL12 was able to cure most
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mice of glioma (66, 67). This treatment was associated with
macrophage influx and M1-like polarization, along with increased
T effector to T regulatory cell ratios. Among them, G47A-mIL12
induces M1-like polarization in TAMs. This synergy may permit
low dose of the immune checkpoint inhibitors to reduce potential
adverse effects (67). In our study, VPA/HPTA seems to act similarly
to G47A-mIL12 by mobilizing macrophages to recruit and trigger
M1 polarization, suggesting that administration of immune
checkpoint inhibition (anti-CTLA-4, anti-PD-1) in our model
may potentially achieve better therapeutic outcomes.
Furthermore, VPA has been used clinically for decades and is a
low-cost alternative to the currently available immune checkpoint
inhibitor such as ipilimumab, pembrolizumab and nivolumab,
especially so for resource-constraint countries.

It was previously shown that the combination of RT, anti-
CTLA4, and anti-PD-L1 promotes immunity through distinct
mechanisms. Anti-CTLA4 predominantly inhibits T regulatory
cells (Tregs) to increase the CD8 T cell to Treg (CD8/Treg) ratio.
RT enhances the diversity of the T cell receptor (TCR) repertoire
of intratumoral T cells. Together, anti-CTLA4 promotes
expansion of T cells, while RT shapes the TCR repertoire of
the expanded peripheral clones. PD-L1 blockade reverses T cell
exhaustion and attenuates the decrease in the CD8/Treg ratio,
further encourages oligo-clonal T cell expansion (68). This
suggests that the combination of RT with immune checkpoint
inhibitor can improve tumor immunotherapy efficacy. Thus, we
speculate that the addition of immune checkpoint inhibitor to
existing treatment modalities may have a further positive impact
on treatment efficacy.

The Specific Immune Activation
Mechanism and More Reasonable
Strategies of VPA-Like Substances Need
to Be Further Explored

We found that CD11b" cells infiltrate tumors, but did not determine
which stimuli and receptors were involved in this recruitment. There
are several possibilities for the exact source of recruitment of
CD11b" cells and we cannot completely exclude the presence of
CD11b" MDSCs (Myeloid-derived suppressor cells). However,
MDSCs, as immunosuppressive cells, induce the generation of
Tregs (Regulatory cells) (69), promote the transformation of
macrophages from M1 to M2 phenotype (70), thus leading to
increased TAMs differentiation and vascular endothelial cells (71)
as well as inhibiting the killing of tumor cells by T cells (72) to
achieve anti-tumor immunosuppression. In our study, TAMs were
polarized from M2 phenotype to M1 with VPA/HPTA-alone
treatment as well as in combination with RT. Meanwhile, CD8" T
cells were induced to secrete granzyme B to restrain tumor, and
CD31 immunofluorescence staining also indicated that the tumor
vessels became sparse. These findings all confirmed that the
recruited CD11b" cells were not MDSCs; if any, minimal. Study
has reported additional roles for CD11b (45): CD11b activation
promotes pro-inflammatory macrophage polarization by
stimulating the expression of microRNA Let7a. In contrast,
inhibition of CD11b prevents Let7a expression and induces cMyc
expression, leading to immune suppressive macrophage

polarization, vascular maturation, and accelerated tumor growth.
This suggests that CD11b may serve as a positive regulator of
immune activation and a target for cancer immunotherapy.

At the same time, we also found that although the growth of
tumor volume was inhibited after the combination treatment as
compared with radiotherapy alone, the tumor nonetheless
continued to grow abide at a much slower growth rate,
suggesting that rebound effect may nonetheless occur after
stopping combination treatment (73). If we are to extend the
duration of VPA/HPTA treatment, the stability of reprogramming
phenotype and toxicology would warrant further exploration.

The strikingly different effects of VPA/HPTA on macrophage
polarization demonstrated in the cell model in vitro, with and
without the tumor cell medium environment, allow us to make
bold speculation that in the animal model, in addition to
promoting M1 polarization of macrophages to activate anti-
tumor response of CD8" T cells, VPA/HPTA may also exhibit
protection against the injury of distant normal tissues induced by
RT, as it is possible to mediate anti-inflammatory effects via
macrophage M2 type polarization.

As for how CD8" T cells may kill the tumor cells, the perforin/
granzyme-B apoptosis pathway is a likely candidate (74), but
there are also reports that T cell-promoted tumor ferroptosis is
an anti-tumor mechanism (75), which needs further exploration.

Regardless of these hitherto untested possibilities, VPA/
HPTA interventions are safe and effective options for the
treatment of breast cancer: persistent immune activation and
intensive radiotherapy. Our study may provide a more rational
and long-term strategy for breast cancer treatment in clinic.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Shandong University Human and Animal Ethics
Research Committee (81472800, approved March 2014). The
patients/participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by Shandong University Human and Animal Ethics
Research Committee (81472800, approved March 2014).

AUTHOR CONTRIBUTIONS

ZC, DL and ZF designed the study, analyzed the data, and wrote
the manuscript. ZC performed most of the experiments. GL, CC,
L], WD, CDj, QS and JP finished the rest part of the experiments
in this study, and they analyzed the data and designed the figures.

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 646384


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cai et al.

Enhance and Prolong Radiotherapy Effect

CDo and FZ provided guidance for this work. All authors
provided critical feedback on the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This research was supported by grants from National Natural
Science Foundation of China (No. 81472800), and Department

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Lee Y, Auh SL, Wang Y, Burnette B, Wang Y, Meng Y, et al. Therapeutic

Effects of Ablative Radiation on Local Tumor Require CD8+ T Cells:
Changing Strategies for Cancer Treatment. Blood (2009) 114(3):589-95.
doi: 10.1182/blood-2009-02-206870

. Lugade AA, Moran JP, Gerber SA, Rose RC, Frelinger JG, Lord EM. Local

Radiation Therapy of B16 Melanoma Tumors Increases the Generation of
Tumor Antigen-Specific Effector Cells That Traffic to the Tumor. J Immunol
(2005) 174(12):7516-23. doi: 10.4049/jimmunol.174.12.7516

. Lee SY, Jeong EK, Ju MK, Jeon HM, Kim MY, Kim CH, et al. Induction of

Metastasis, Cancer Stem Cell Phenotype, and Oncogenic Metabolism in
Cancer Cells by Ionizing Radiation. Mol Cancer (2017) 16(1):10. doi:
10.1186/s12943-016-0577-4

. Cummings B, Keane T, Pintilie M, Warde P, Waldron ], Payne D, et al. Five Year

Results of a Randomized Trial Comparing Hyperfractionated to Conventional
Radiotherapy Over Four Weeks in Locally Advanced Head and Neck Cancer.
Radiother Oncol (2007) 85(1):7-16. doi: 10.1016/j.radonc.2007.09.010

. Spaas M, Lievens Y. Is the Combination of Immunotherapy and Radiotherapy

in Non-small Cell Lung Cancer a Feasible and Effective Approach? Front Med
(Lausanne) (2019) 6:244. doi: 10.3389/fmed.2019.00244

. Noy R, Pollard JW. Tumor-Associated Macrophages: From Mechanisms to

Therapy. Immunity (2014) 41(1):49-61. doi: 10.1016/j.immuni.2014.06.010

. Chanmee T, Ontong P, Konno K, Itano N. Tumor-Associated Macrophages

as Major Players in the Tumor Microenvironment. Cancers (Basel) (2014) 6
(3):1670-90. doi: 10.3390/cancers6031670

. Devaud C, Westwood JA, Teng MW, John LB, Yong CS, Duong CP, et al.

Differential Potency of Regulatory T Cell-Mediated Immunosuppression in
Kidney Tumors Compared to Subcutaneous Tumors. Oncoimmunology
(2014) 3(11):€963395. doi: 10.4161/21624011.2014.963395

. Qian BZ, Pollard JW. Macrophage Diversity Enhances Tumor Progression

and Metastasis. Cell (2010) 141(1):39-51. doi: 10.1016/j.cell.2010.03.014
DeNardo DG, Andreu P, Coussens LM. Interactions Between Lymphocytes
and Myeloid Cells Regulate Pro- Versus Anti-Tumor Immunity. Cancer
Metastasis Rev (2010) 29(2):309-16. doi: 10.1007/s10555-010-9223-6
Hanahan D, Coussens LM. Accessories to the Crime: Functions of Cells
Recruited to the Tumor Microenvironment. Cancer Cell (2012) 21(3):309-22.
doi: 10.1016/j.ccr.2012.02.022

Choi J, Gyamfi ], Jang H, Koo JS. The Role of Tumor-Associated Macrophage
in Breast Cancer Biology. Histol Histopathol (2018) 33(2):133-45. doi:
10.14670/HH-11-916

Wynn TA, Chawla A, Pollard JW. Macrophage Biology in Development,
Homeostasis and Disease. Nature (2013) 496(7446):445-55. doi: 10.1038/
naturel2034

Zhou K, Cheng T, Zhan J, Peng X, Zhang Y, Wen J, et al. Targeting Tumor-
Associated Macrophages in the Tumor Microenvironment. Oncol Lett (2020)
20(5):234. doi: 10.3892/01.2020.12097

Yan H, Zhang Y, Zeng B, Yin G, Zhang X, Ji Y, et al. Genetic Diversity and
Association of EST-SSR and SCoT Markers With Rust Traits in Orchardgrass
(Dactylis Glomerata L.). Molecules (2016) 21(1):66. doi: 10.3390/
molecules21010066

Ni YH, Ding L, Huang XF, Dong YC, Hu QG, Hou YY. Microlocalization of
CD68+ Tumor-Associated Macrophages in Tumor Stroma Correlated With

of Science and Technology of Shandong Provence
(2019GSF108083 and ZR2020MH330).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at:

https://www.frontiersin.org/articles/10.3389/fimmu.2021.

646384/full#supplementary-material

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Poor Clinical Outcomes in Oral Squamous Cell Carcinoma Patients. Tumour
Biol (2015) 36(7):5291-8. doi: 10.1007/s13277-015-3189-5

Chaudhary B, Elkord E. Regulatory T Cells in the Tumor Microenvironment
and Cancer Progression: Role and Therapeutic Targeting. Vaccines (Basel)
(2016) 4(3):28. doi: 10.3390/vaccines4030028

Caetano MS, Zhang H, Cumpian AM, Gong L, Unver N, Ostrin EJ, et al. IL6
Blockade Reprograms the Lung Tumor Microenvironment to Limit the
Development and Progression of K-ras-Mutant Lung Cancer. Cancer Res
(2016) 76(11):3189-99. doi: 10.1158/0008-5472.CAN-15-2840

Liu M, Luo F, Ding C, Albeituni S, Hu X, Ma Y, et al. Dectin-1 Activation by a
Natural Product Beta-Glucan Converts Immunosuppressive Macrophages
Into an MI-like Phenotype. J Immunol (2015) 195(10):5055-65. doi:
10.4049/jimmunol.1501158

Williams CB, Yeh ES, Soloff AC. Tumor-Associated Macrophages: Unwitting
Accomplices in Breast Cancer Malignancy. NPJ Breast Cancer (2016) 2:15205.
doi: 10.1038/npjbcancer.2015.25

Dunn GP, Old LJ, Schreiber RD. The Immunobiology of Cancer
Immunosurveillance and Immunoediting. Immunity (2004) 21(2):137-48.
doi: 10.1016/j.immuni.2004.07.017

Smyth MJ, Ngiow SF, Ribas A, Teng MW. Combination Cancer
Immunotherapies Tailored to the Tumour Microenvironment. Nat Rev
Clin Oncol (2016) 13(3):143-58. doi: 10.1038/nrclinonc.2015.209

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, Adaptive, and
Acquired Resistance to Cancer Immunotherapy. Cell (2017) 168(4):707-23.
doi: 10.1016/j.cell.2017.01.017

DeNardo DG, Brennan D], Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al.
Leukocyte Complexity Predicts Breast Cancer Survival and Functionally
Regulates Response to Chemotherapy. Cancer Discov (2011) 1(1):54-67.
doi: 10.1158/2159-8274.CD-10-0028

Sharma P, Allison JP. The Future of Immune Checkpoint Therapy. Science
(2015) 348(6230):56-61. doi: 10.1126/science.aaa8172

Anguille S, Smits EL, Lion E, van Tendeloo VF, Berneman ZN. Clinical Use of
Dendritic Cells for Cancer Therapy. Lancet Oncol (2014) 15(7):e257-267. doi:
10.1016/S1470-2045(13)70585-0

Guerriero JL, Sotayo A, Ponichtera HE, Castrillon JA, Pourzia AL, Schad S,
et al. Class ITa HDAC Inhibition Reduces Breast Tumours and Metastases
Through Anti-Tumour Macrophages. Nature (2017) 543(7645):428-32. doi:
10.1038/nature21409

Sierra JR, Cepero V, Giordano S. Molecular Mechanisms of Acquired
Resistance to Tyrosine Kinase Targeted Therapy. Mol Cancer (2010) 9:75.
doi: 10.1186/1476-4598-9-75

Vesely MD, Kershaw MH, Schreiber RD, Smyth M]J. Natural Innate and
Adaptive Immunity to Cancer. Annu Rev Immunol (2011) 29:235-71. doi:
10.1146/annurev-immunol-031210-101324

Li C, Chen H, Tan Q, Xie C, Zhan W, Sharma A, et al. The Therapeutic and
Neuroprotective Effects of an Antiepileptic Drug Valproic Acid in Glioma
Patients. Prog Brain Res (2020) 258:369-79. doi: 10.1016/bs.pbr.2020.09.008
Zhang S, Tang Z, Qing B, Tang R, Duan Q, Ding S, et al. Valproic Acid
Promotes the Epithelial-to-Mesenchymal Transition of Breast Cancer Cells
Through Stabilization of Snail and Transcriptional Upregulation of Zebl. Eur
] Pharmacol (2019) 865:172745. doi: 10.1016/j.ejphar.2019.172745

Tran LNK, Kichenadasse G, Morel KL, Lavranos TC, Klebe S, Lower KM, et al.
The Combination of Metformin and Valproic Acid Has a Greater Anti-

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 646384


https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.646384/full#supplementary-material
https://doi.org/10.1182/blood-2009-02-206870
https://doi.org/10.4049/jimmunol.174.12.7516
https://doi.org/10.1186/s12943-016-0577-4
https://doi.org/10.1016/j.radonc.2007.09.010
https://doi.org/10.3389/fmed.2019.00244
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.3390/cancers6031670
https://doi.org/10.4161/21624011.2014.963395
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.1007/s10555-010-9223-6
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.14670/HH-11-916
https://doi.org/10.1038/nature12034
https://doi.org/10.1038/nature12034
https://doi.org/10.3892/ol.2020.12097
https://doi.org/10.3390/molecules21010066
https://doi.org/10.3390/molecules21010066
https://doi.org/10.1007/s13277-015-3189-5
https://doi.org/10.3390/vaccines4030028
https://doi.org/10.1158/0008-5472.CAN-15-2840
https://doi.org/10.4049/jimmunol.1501158
https://doi.org/10.1038/npjbcancer.2015.25
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1038/nrclinonc.2015.209
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1016/S1470-2045(13)70585-0
https://doi.org/10.1038/nature21409
https://doi.org/10.1186/1476-4598-9-75
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1016/bs.pbr.2020.09.008
https://doi.org/10.1016/j.ejphar.2019.172745
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cai et al.

Enhance and Prolong Radiotherapy Effect

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Tumoral Effect on Prostate Cancer Growth in Vivo Than Either Drug Alone.
In Vivo (2019) 33(1):99-108. doi: 10.21873/invivo.11445

Tian Y, Liu G, Wang H, Tian Z, Cai Z, Zhang F, et al. Valproic Acid
Sensitizes Breast Cancer Cells to Hydroxyurea Through Inhibiting RPA2
Hyperphosphorylation-Mediated DNA Repair Pathway. DNA Repair (Amst)
(2017) 58:1-12. doi: 10.1016/j.dnarep.2017.08.002

Ding W, Lim D, Wang Z, Cai Z, Liu G, Zhang F, et al. 2-hexyl-4-pentynoic
Acid, a Potential Therapeutic for Breast Carcinoma by Influencing RPA2
Hyperphosphorylation-Mediated DNA Repair. DNA Repair (Amst) (2020)
95:102940. doi: 10.1016/j.dnarep.2020.102940

Liu G, Wang H, Zhang F, Tian Y, Tian Z, Cai Z, et al. The Effect of VPA on
Increasing Radiosensitivity in Osteosarcoma Cells and Primary-Culture Cells
From Chemical Carcinogen-Induced Breast Cancer in Rats. Int | Mol Sci
(2017) 18(5):1027. doi: 10.3390/ijms18051027

Buque A, Bloy N, Perez-Lanzon M, Iribarren K, Humeau J, Pol JG, et al.
Immunoprophylactic and Immunotherapeutic Control of Hormone
Receptor-Positive Breast Cancer. Nat Commun (2020) 11(1):3819. doi:
10.1038/s41467-020-17644-0

Wang F, Ma Z, Wang F, Fu Q, Fang Y, Zhang Q, et al. Establishment of Novel
Rat Models for Premalignant Breast Disease. Chin Med ] (Engl) (2014) 127
(11):2147-52. doi: 10.3760/cma.j.issn.0366-6999.20130276

Feng M, Feng C, Yu Z, Fu Q, Ma Z, Wang F, et al. Histopathological
Alterations During Breast Carcinogenesis in a Rat Model Induced by 7,12-
Dimethylbenz (a) Anthracene and Estrogen-Progestogen Combinations. Int J
Clin Exp Med (2015) 8(1):346-57.

He W, Zhu Y, Mu R, Xu ], Zhang X, Wang C, et al. A Jak2-selective Inhibitor
Potently Reverses the Immune Suppression by Modulating the Tumor
Microenvironment for Cancer Immunotherapy. Biochem Pharmacol (2017)
145:132-46. doi: 10.1016/j.bcp.2017.08.019

Aoyama K, Komatsu Y, Yoneda M, Nakano S, Ashikawa S, Kawai Y, et al.
Alleviation of Salt-Induced Exacerbation of Cardiac, Renal, and Visceral Fat
Pathology in Rats With Metabolic Syndrome by Surgical Removal of
Subcutaneous Fat. Nutr Diabetes (2020) 10(1):28. doi: 10.1038/s41387-020-
00132-1

Pfaffl MW. A New Mathematical Model for Relative Quantification in Real-
Time RT-PCR. Nucleic Acids Res (2001) 29(9):e45. doi: 10.1093/nar/29.9.e45
Zhou Y, Niu J, Li S, Hou H, Xu Y, Zhang W, et al. Radioprotective Effects of
Valproic Acid, a Histone Deacetylase Inhibitor, in the Rat Brain. BioMed Rep
(2015) 3(1):63-9. doi: 10.3892/br.2014.367

Dovedi SJ, Adlard AL, Lipowska-Bhalla G, McKenna C, Jones S, Cheadle EJ,
et al. Acquired Resistance to Fractionated Radiotherapy can be Overcome by
Concurrent PD-L1 Blockade. Cancer Res (2014) 74(19):5458-68. doi: 10.1158/
0008-5472.CAN-14-1258

Rudqvist NP, Pilones KA, Lhuillier C, Wennerberg E, Sidhom JW, Emerson
RO, et al. Radiotherapy and CTLA-4 Blockade Shape the TCR Repertoire of
Tumor-Infiltrating T Cells. Cancer Immunol Res (2018) 6(2):139-50. doi:
10.1158/2326-6066.CIR-17-0134

Schmid MC, Khan SQ, Kaneda MM, Pathria P, Shepard R, Louis TL, et al.
Integrin CD11b Activation Drives Anti-Tumor Innate Immunity. Nat
Commun (2018) 9(1):5379. doi: 10.1038/s41467-018-07387-4

Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho CM, Pryer N, et al.
Macrophage IL-10 Blocks CD8+ T Cell-Dependent Responses to
Chemotherapy by Suppressing IL-12 Expression in Intratumoral Dendritic
Cells. Cancer Cell (2014) 26(5):623-37. doi: 10.1016/j.ccell.2014.09.006
Harbeck N, Penault-Llorca F, Cortes ], Gnant M, Houssami N, Poortmans P, et al.
Breast Cancer. Nat Rev Dis Primers (2019) 5(1):66. doi: 10.1038/s41572-019-0111-2
Kanemaru H, Yamane F, Fukushima K, Matsuki T, Kawasaki T, Ebina I, et al.
Antitumor Effect of Batf2 Through IL-12 p40 Up-Regulation in Tumor-
Associated Macrophages. Proc Natl Acad Sci USA (2017) 114(35):E7331-40.
doi: 10.1073/pnas.1708598114

Cassetta L, Pollard JW. Repolarizing Macrophages Improves Breast Cancer
Therapy. Cell Res (2017) 27(8):963-4. doi: 10.1038/cr.2017.63

Hanahan D, Folkman J]. Patterns and Emerging Mechanisms of the
Angiogenic Switch During Tumorigenesis. Cell (1996) 86(3):353-64. doi:
10.1016/S0092-8674(00)80108-7

Heldin CH, Rubin K, Pietras K, Ostman A. High Interstitial Fluid Pressure -
an Obstacle in Cancer Therapy. Nat Rev Cancer (2004) 4(10):806-13. doi:
10.1038/nrc1456

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Tredan O, Galmarini CM, Patel K, Tannock IF. Drug Resistance and the Solid
Tumor Microenvironment. J Natl Cancer Inst (2007) 99(19):1441-54. doi:
10.1093/jnci/djm135

Jain RK. Antiangiogenesis Strategies Revisited: From Starving Tumors to
Alleviating Hypoxia. Cancer Cell (2014) 26(5):605-22. doi: 10.1016/
j.ccell.2014.10.006

Wu G, Li A, Leng Y, Li Y, Kang J. Histone Deacetylase Inhibition by Sodium
Valproate Regulates Polarization of Macrophage Subsets. DNA Cell Biol
(2012) 31(4):592-9. doi: 10.1089/dna.2011.1401

Venosa A, Gow ]G, Hall L, Malaviya R, Gow AJ, Laskin JD, et al. Regulation of
Nitrogen Mustard-Induced Lung Macrophage Activation by Valproic Acid, a
Histone Deacetylase Inhibitor. Toxicol Sci (2017) 157(1):222-34. doi: 10.1093/
toxsci/kfx032

Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin (2017)
67(1):7-30. doi: 10.3322/caac.21387

Kaufman HL, Russell ], Hamid O, Bhatia S, Terheyden P, D’Angelo SP, et al.
Avelumab in Patients With Chemotherapy-Refractory Metastatic Merkel Cell
Carcinoma: A Multicentre, Single-Group, Open-Label, Phase 2 Trial. Lancet
Oncol (2016) 17(10):1374-85. doi: 10.1016/S1470-2045(16)30364-3

Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-Dose
Irradiation Programs Macrophage Differentiation to an iNOS(+)/M1
Phenotype That Orchestrates Effective T Cell Immunotherapy. Cancer Cell
(2013) 24(5):589-602. doi: 10.1016/j.ccr.2013.09.014

Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The
Prognostic Landscape of Genes and Infiltrating Immune Cells Across Human
Cancers. Nat Med (2015) 21(8):938-45. doi: 10.1038/nm.3909

Kitamura T, Qian BZ, Pollard JW. Immune Cell Promotion of Metastasis. Nat
Rev Immunol (2015) 15(2):73-86. doi: 10.1038/nri3789

Ruffell B, Au A, Rugo HS, Esserman LJ, Hwang ES, Coussens LM. Leukocyte
Composition of Human Breast Cancer. Proc Natl Acad Sci USA (2012) 109
(8):2796-801. doi: 10.1073/pnas.1104303108

Fridman WH, Pages F, Sautes-Fridman C, Galon J. The Immune Contexture
in Human Tumours: Impact on Clinical Outcome. Nat Rev Cancer (2012) 12
(4):298-306. doi: 10.1038/nrc3245

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 Blockade Induces Responses by Inhibiting Adaptive Immune
Resistance. Nature (2014) 515(7528):568-71. doi: 10.1038/nature13954
Mellman I, Coukos G, Dranoff G. Cancer Immunotherapy Comes of Age.
Nature (2011) 480(7378):480-9. doi: 10.1038/naturel10673

Joyce JA, Fearon DT. T Cell Exclusion, Immune Privilege, and the Tumor
Microenvironment. Science (2015) 348(6230):74-80. doi: 10.1126/
science.aaa6204

Cheema TA, Wakimoto H, Fecci PE, Ning ], Kuroda T, Jeyaretna DS, et al.
Multifaceted Oncolytic Virus Therapy for Glioblastoma in an
Immunocompetent Cancer Stem Cell Model. Proc Natl Acad Sci USA
(2013) 110(29):12006-11. doi: 10.1073/pnas.1307935110

Saha D, Martuza RL, Rabkin SD. Macrophage Polarization Contributes to
Glioblastoma Eradication by Combination Immunovirotherapy and Immune
Checkpoint Blockade. Cancer Cell (2017) 32(2):253-267 €255. doi: 10.1016/
j.ccell.2017.07.006

Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati E,
et al. Radiation and Dual Checkpoint Blockade Activate non-Redundant
Immune Mechanisms in Cancer. Nature (2015) 520(7547):373-7. doi:
10.1038/nature14292

Li F, Zhao Y, Wei L, Li S, Liu J. Tumor-Infiltrating Treg, MDSC, and IDO
Expression Associated With Outcomes of Neoadjuvant Chemotherapy of
Breast Cancer. Cancer Biol Ther (2018) 19(8):695-705. doi: 10.1080/
15384047.2018.1450116

Uehara T, Eikawa S, Nishida M, Kunisada Y, Yoshida A, Fujiwara T, et al.
Metformin Induces CD11b+-cell-mediated Growth Inhibition of an
Osteosarcoma: Implications for Metabolic Reprogramming of Myeloid Cells
and Anti-Tumor Effects. Int Immunol (2019) 31(4):187-98. doi: 10.1093/
intimm/dxy079

Frontiers Editorial Office. Retraction: Targeting and Therapy of Glioblastoma
in a Mouse Model Using Exosomes Derived From Natural Killer Cells. Front
Immunol (2019) 10:1770. doi: 10.3389/fimmu.2019.01770

. Emoto M, Emoto Y, Yoshizawa I, Kita E, Shimizu T, Hurwitz R, et al.

Retraction: alpha-GalCer Ameliorates Listeriosis by Accelerating Infiltration

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 646384


https://doi.org/10.21873/invivo.11445
https://doi.org/10.1016/j.dnarep.2017.08.002
https://doi.org/10.1016/j.dnarep.2020.102940
https://doi.org/10.3390/ijms18051027
https://doi.org/10.1038/s41467-020-17644-0
https://doi.org/10.3760/cma.j.issn.0366-6999.20130276
https://doi.org/10.1016/j.bcp.2017.08.019
https://doi.org/10.1038/s41387-020-00132-1
https://doi.org/10.1038/s41387-020-00132-1
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.3892/br.2014.367
https://doi.org/10.1158/0008-5472.CAN-14-1258
https://doi.org/10.1158/0008-5472.CAN-14-1258
https://doi.org/10.1158/2326-6066.CIR-17-0134
https://doi.org/10.1038/s41467-018-07387-4
https://doi.org/10.1016/j.ccell.2014.09.006
https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1073/pnas.1708598114
https://doi.org/10.1038/cr.2017.63
https://doi.org/10.1016/S0092-8674(00)80108-7
https://doi.org/10.1038/nrc1456
https://doi.org/10.1093/jnci/djm135
https://doi.org/10.1016/j.ccell.2014.10.006
https://doi.org/10.1016/j.ccell.2014.10.006
https://doi.org/10.1089/dna.2011.1401
https://doi.org/10.1093/toxsci/kfx032
https://doi.org/10.1093/toxsci/kfx032
https://doi.org/10.3322/caac.21387
https://doi.org/10.1016/S1470-2045(16)30364-3
https://doi.org/10.1016/j.ccr.2013.09.014
https://doi.org/10.1038/nm.3909
https://doi.org/10.1038/nri3789
https://doi.org/10.1073/pnas.1104303108
https://doi.org/10.1038/nrc3245
https://doi.org/10.1038/nature13954
https://doi.org/10.1038/nature10673
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1073/pnas.1307935110
https://doi.org/10.1016/j.ccell.2017.07.006
https://doi.org/10.1016/j.ccell.2017.07.006
https://doi.org/10.1038/nature14292
https://doi.org/10.1080/15384047.2018.1450116
https://doi.org/10.1080/15384047.2018.1450116
https://doi.org/10.1093/intimm/dxy079
https://doi.org/10.1093/intimm/dxy079
https://doi.org/10.3389/fimmu.2019.01770
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cai et al.

Enhance and Prolong Radiotherapy Effect

of Gr-1(+) Cells Into the Liver. Eur J Immunol (2020) 50(9):1415. doi:
10.1002/€ji.202070200

73. Bonapace L, Coissieux MM, Wyckoft J, Mertz KD, Varga Z, Junt T, et al.
Cessation of CCL2 Inhibition Accelerates Breast Cancer Metastasis by
Promoting Angiogenesis. Nature (2014) 515(7525):130-3. doi: 10.1038/
naturel3862

74. Golstein P, Griffiths GM. An Early History of T Cell-Mediated Cytotoxicity.
Nat Rev Immunol (2018) 18(8):527-35. doi: 10.1038/s41577-018-0009-3

75. Wang W, Green M, Choi JE, Gijon M, Kennedy PD, Johnson JK, et al. CD8(+)
T Cells Regulate Tumour Ferroptosis During Cancer Inmunotherapy. Nature
(2019) 569(7755):270-4. doi: 10.1038/s41586-019-1170-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Cai, Lim, Liu, Chen, Jin, Duan, Ding, Sun, Peng, Dong, Zhang and
Feng. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 646384


https://doi.org/10.1002/eji.202070200
https://doi.org/10.1038/nature13862
https://doi.org/10.1038/nature13862
https://doi.org/10.1038/s41577-018-0009-3
https://doi.org/10.1038/s41586-019-1170-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Valproic Acid-Like Compounds Enhance and Prolong the Radiotherapy Effect on Breast Cancer by Activating and Maintaining Anti-Tumor Immune Function
	Introduction
	Methods and Materials
	Establishment of a Breast Cancer Model
	Drug Treatment and Radiotherapy in Rats
	BrdU Incorporation and HE Staining
	Immunohistochemistry (IHC)
	Immunofluorescence
	Real-Time Quantitative Reverse Transcriptase PCR (qRT-PCR)
	Cell Culture
	Cytokine Detection in Macrophage Lysate
	Primary Culture and Stimulation of Human Peripheral Blood Mononuclear Cells (PBMCs)
	Flow Cytometry
	Co-Culture of Tumor Cells With PBMCs
	MTT
	Statistical Analysis

	Results
	VPA/HPTA Enhanced Radiotherapy Effect to Inhibit Tumor Growth in Rats With Breast Cancer
	VPA/HPTA Activates the Macrophages and Reprograms TAMs Polarization Towards M1 Phenotype in Irradiated Breast Tumor at the Early Stageof the Treatment
	VPA/HPTA Regulates Myeloid-Derived Macrophages to Enhance Radiotherapy Effect in Breast Cancer at the Early Stage of Treatment In Vivo
	VPA/HPTA-Activated Macrophages Are Highly Phagocytic in Breast Tumors at the Early Stage of Treatment In Vivo
	VPA/HPTA Reinforces the Anti-Tumor Effect of Radiotherapy by Activating CD8+ T Cell-Dependent Anti-Tumor Response and Inducing Vascular Normalization In Vivo at the Early Stage of the Treatment
	VPA/HPTA Prolong the Radiotherapy Effect of Breast Cancer via Maintaining the Durability of Anti-Tumor Immune Response In Vivo
	VPA/HPTA Can Directly Promote M1 Polarization of Macrophages to Activate Anti-Tumor Response of CD8+ T Cells In Vitro

	Discussion
	Persistent Immune Activation Is the Key to Prevent Tumor Recurrence
	VPA-Like Compounds Are Ideal Immune Activators, Which Can Activate the Anti-Tumor Response of CD8+ T Cells and Enhance and Prolong the Curative Effect of Radiotherapy
	Additional Implementation of Immune Checkpoint Inhibitors May Have a Further Positive Impact on the Treatment Efficacy in Our Model
	The Specific Immune Activation Mechanism and More Reasonable Strategies of VPA-Like Substances Need to Be Further Explored

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	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 1.4
  /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 true
  /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 true
  /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 true
  /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


