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Abstract: Background: Previous experiments have demonstrated that hypofractionated radiation therapy (HFRT), low-
dose radiation therapy (LDRT), and combined anti-programmed cell death protein 1 (aPD-1) can enhance the abscopal
effect. Combined with the phenomenon of low prognosis in patients with breast cancer lung metastasis, our study
establishes a mouse model and changes the irradiation regimen of LDRT to explore its preventive effect on breast
cancer lung metastasis. Methods: The breast cancer subcutaneous graft tumor model was developed. Two-lung
prophylactic LDRT was performed prior to the onset of lung metastases, in combination with HFRT (8 Gy, 3f), and
aPD-1 (200 pg, 4f) therapy. We watched and documented the tumor volume, survival duration, and number of lung
metastases. Furthermore, after labeling the corresponding cells using markers, we detected immune-related cell
infiltration by immunohistochemistry and flow cytometry, such as T cells. We also determined the expression of
cytokines (IFN-y and TNF-a) by enzyme-linked immunosorbent assay. Result: The triple therapy (HFRT+LDRT
+aPD-1) resulted in tumor shrinkage and prolonged survival in mice, with median survival extending from 35 to 52
days. The most notable decrease in the quantity of advanced lung metastatic nodules in breast cancer was observed
with the triple therapy (HFRT+LDRT+aPD-1) (p < 0.05). Furthermore, according to immunohistochemistry and flow
cytometry, the triple treatment (HFRT+LDRT+aPD-1) showed the greatest expression of CD8" T cells. Additionally,
the ratio of CD8*/CD4" T cells was considerably greater than that of the groups (p < 0.0001). Triple therapy (HFRT
+LDRT+aPD-1) increased the recruitment of DCs cells, promoted IFN-y and TNF-a expression, and curbed the
aggregation of MDSC:s cells (p < 0.05). Conclusion: Prophylactic LDRT to the lungs, based on HFRT and aPD-1, can
enhance anti-tumor efficacy and prevent advanced lung metastases from breast cancer. The process involves boosting
the recruitment of DCs and CD8* T cells, preventing MDSC cell aggregation, and lessening the tumor

microenvironment’s immunosuppressive effects.

Introduction

Hypofractionated radiation therapy (HFRT) activates innate
and adaptive anti-tumor immunity through various
mechanisms. It plays a pivotal role in regulating the tumor
microenvironment (TME) and shifting the TME towards an
immunologically favorable phenotype, producing local anti-
tumor and abscopal effects [1,2]. Abscopal effects induced
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by HFRT alone are rare, and anti-programmed cell death
protein 1 (aPD-1) plays an important role in this process
[3-5]. However, HFRT is a double-edged sword, which can
have negative effects by recruiting immunosuppressive cells
and increasing the secretion of immunomodulatory
cytokines [6-8].

Recent studies have shown that low-dose radiation
therapy (LDRT) plays a key role in immunomodulation by
enhancing the infiltration of immune effector cells [9-12].
This effect may attenuate the immunosuppressive effects of
high-dose radiotherapy [13,14]. How to combine the
different treatments to utilize their respective advantages
and further expand the abscopal effect is a hot research
topic in recent years [15-17]. For example, Yin et al
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established a multi-tumor model to confirm that simultaneous
HERT (8 Gy, 3f, to the primary tumor), LDRT (2 Gy, 1f, to the
secondary tumor), and immunotherapy significantly reduced
the volume of metastatic tumors [16].

The highly metastatic nature of breast cancer, such as
bone, lung, and liver metastases, has led to it being the
malignant tumor with the highest mortality rate among
women worldwide [18-20]. In recent years, researchers have
made significant progress in breast cancer treatment, but the
5-year survival rate of patients with breast cancer lung
metastasis is only 6.8% [21,22]. Based on the above research
background, we wanted to change the irradiation regimen of
LDRT, combine HFRT and aPD-1, to explore whether they
could have a preventive effect on breast cancer lung
metastasis.

Materials and Methods

Cell lines and tumor models

The mouse breast cancer cell line 4T1 (Bio-Tech Co., Shanghai,
China) was acquired and cultivated in Dulbecco’s Modified
Eagle Medium (BD Bioscience, San Diego, CA, USA), which
included 1% penicillin/streptomycin (Beyotime, Shanghai,
China) and 10% fetal bovine serum (BD Bioscience, USA).
Female BALB/c mice, 6 weeks old (18 + 2 g, HFK Bioscience,
Beijing, China), were housed in specific pathogen-free
environments 36 mice were randomly grouped before the
experiment. BALB/c mice were subcutaneously (s.c.)
inoculated with 1.5 x 10° 4T1 cells in the right hind limb
(the primary tumor). Digital calipers were used to measure
tumors twice a week Tumor volume (mm’) = 0.5 X long
diameter x short diameter’. This study was approved by the
institutional animal care and use committee of Southwest
Medical University. Ethical approval No. 20211021-001.

Tumor therapy

The mice were given treatment when the original tumor size
was between 60 and 80 mm’. Each mouse received
isoflurane anesthesia (maintenance concentration: 1%-1.5%)
prior to radiation therapy, and a lead box was used, such
that only the tumor was exposed. The dose of irradiation for
HFRT was 8 Gy, and irradiation was performed once a day
for a total of 3 times. On the first day of HFRT irradiation,
bilateral lung LDRT irradiation (0.1 Gy, 1f) was performed
simultaneously. aPD-1 was administered intraperitoneally
(200 pg per injection; BP0273, Bio X Cell, West Lebanon,
NH, USA) every 3 days for four treatments. When the main
tumor reached a volume of 2000 mm?, the mice were put to
death in accordance with ethical animal protection rules.
Survival was calculated from the date of tumor cell
implantation to the date of death.

Metastatic nodule count

The mice were killed at defined experimental endpoints, their
lungs were collected, and metastatic nodules were counted
under a dissecting microscope. Grading was performed
according to the diameter, where <0.5 mm was defined as
grade A, 0.5-1 mm was defined as grade B, 1-2 mm was
defined as grade C, and >2 mm was defined as grade D. The
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total number of lesions was equal to the sum of A x 1, B x
2,C x 3,and D x 4 [23].

Flow cytometry

After anesthesia, mice were executed, and tumor and spleen
tissues were obtained. Tumor tissues were minced into pulp,
mixed with 3 mL of digestive enzyme, and incubated for
30 min at 37°C. Spleen tissues were ground to pulp, mixed
with an equal amount of erythrocyte lysate, and incubated
for 20 min at 37°C. Aliquots of medium were added to the
tissues to terminate the digestion, and then the tissues were
filtered through a 70 um pore-size nylon gauze. We gathered
the last single-cell suspensions. Subsequently, the cell
suspensions were incubated with fluorescently labeled
antibodies (BD Bioscience, USA) against CD3 (553061), CD4
(551162), CD8 (553128), CD11b (553079), CD11c (550993),
MHC II (553051), CD45 (550261), and Gr1 (557000) at 37°C
for 30 min. A FACSAria flow cytometer (BD Bioscience,
USA) was used for the multicolor flow cytometry study.
Treestar Inc., Ashland, OR, USA, provided the Flow Jo
program, which was used to further analyze the data.

Liquid chip assay and enzyme-linked immunosorbent assay
(ELISA)

Sections of pulmonary metastatic nodules were incubated
with CD3, CD4, and CD8 antibodies for 1 h at 37°C after
immunohistochemistry-related pretreatment. Subsequently,
the sections were incubated with anti-mouse secondary
antibody for 1 h at 37°C and stained dropwise with DAB
reagent (Beyotime, China) for 5-10 min. Image acquisition
was performed using an inverted fluorescence microscope
after blocking the sections. Media Cybernetics, Image-Pro
Plus 6.0 software was used for the quantitative analysis. The
concentration of cytokines (IFN-y and TNF-a) in mouse
serum was measured using a mouse-ELISA kit (BD
Bioscience, USA) according to the manufacturer’s protocol.

HE staining

Lung tissue sections were stained by immersion in
hematoxylin solution for 5 min (if reverse blue, alkaline
buffer solution could be used), and the surface water was
blotted out after soaking in tap water for 15 min. Sections
were immersed in 5% acetic acid for 30s, soaked in tap
water for 15 min, and then drained again. Sections were
immersed in eosin solution for 1 min and rinsed in tap
water for 1 min. Sections were sequentially immersed in
100%, 95%, 70%, and 50% ethanol for 10 min for
dehydration, and then immersed in xylene solution for 10
min for clearing. Finally, the sections were dropwise added
with neutral gum, and coverslips were used to seal the
sections. The morphological structure was observed under a
light microscope and pictures were collected.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
7.0 (La Jolla, CA, USA). The mean + standard error of the
mean is used to represent the findings. t-tests for students
were used to assess the significance among the groups. The
Kaplan-Meier technique was utilized to examine the survival
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FIGURE 1. Systemic synergistic effects of triple therapy. (A) Treatment scheme; (B) Tumor growth curve (n = 6); (C) Mouse survival curve (n

= 6). *¥*p < 0.001, ***p < 0.0001.

percentages, and log-rank tests were employed for
comparison. A two-way analysis of variance (ANOVA) was
used where applicable to compare tumor growth curves. p <
0.05, statistical significance was established.

Results

Triple therapy synergistically enhances tumor control and
overall survival in mice

In this study, mice bearing a single 4T1 tumor were used.
Fig. 1A illustrates the therapy protocol schematically. With
the exception of the control and LDRT+aPD-1 groups, the
growth of subcutaneous graft tumors was significantly
slowed, with the strongest decrease observed in the triple
therapy group (Fig. 1B). Prolonged survival was observed in
mice treated with triple therapy, which extended the median
survival from days 35 to 52, while HFRT+LDRT and LDRT
+aPD-1 extended the median survival to day 48, and HFRT
+aPD-1 and HFRT extended the median survival to day 36
(Fig. 1C).

LDRT+aPD-1

Triple therapy prevents the development of lung metastases in
advanced breast cancer

LDRT was performed in parallel with HFRT in the early stages
of treatment, with the aim to modulate the stroma in advance
and allow effector immune cells to infiltrate/expand and exert
a preventive effect on lung metastasis (Fig. 2). As expected, we
found that delivering HFRT to primary tumors with LDRT to
bilateral lungs and systemic aPD-1 noticeably enhanced
systemic abscopal responses and significantly reduced
metastatic nodules (Fig. 2B). However, LDRT+aPD-1 did
not prevent lung metastases in mice with advanced breast
cancer. Moreover, no larger tumor masses were observed in
the H&E-stained mouse lung tissues treated with triple
therapy (Fig. 2A).

Triple therapy modifies effector Tlymphocyte expression in the
local and systemic tumor immune microenvironment

To explore the effect of triple therapy on immune cell subsets,
we obtained lung metastatic nodal tissues from tumor-bearing
mice and stained them with the T cell markers CD3, CD4, and
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FIGURE 2. The tumor metastasis preventive role of triple therapy. (A) H&E-stained of lung (original magnification x400); (B) Number of lung

metastatic nodules. *p < 0.05, **p < 0.01, ***p < 0.0001.
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FIGURE 3. Effector T cell infiltration in lung metastatic nodal tissues. (A) IHC staining (the lung metastatic nodal tissues’ CD3*/CD4"/CD8"
cells are represented by the brown dots, original magnification x400); (B) Percentages of CD3" cells; (C) Percentages of CD4" cells; (D)
Percentages of CD8" cells. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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FIGURE 4. Effector T cell infiltration in spleen tissues. (A) Frequencies of CD3"CD8" T cells and CD3"CD4" T cells; (B) Ratio of CD8" T cells

to CD4" T cells. *p <0.01, ***p < 0.001, ***p < 0.0001.

CD8 (Fig. 3A). We found that all of the protocols induced the
infiltration of CD3¥, CD4", and CD8" T cells, with the
strongest increase observed in response to triple therapy
(Fig. 3B-D). However, as immunohistochemistry has certain
limitations when it comes to labeling these two markers
concurrently and cytotoxic T cells are often described as
CD3*CD8" T cells, we used flow cytometry to assess the
expression ratio of CD4'CD8" T cells in the spleen
(Fig. 4A). The experiment showed that the triple therapy

group had the highest level of CD8" T cell expression in the
spleen and had a considerably higher CD8"/CD4" T cell
ratio than the other groups (p < 0.0001, Fig. 4B).

Triple therapy impacts DC and MDSC expression in the
systemic tumor immune microenvironment

We next quantified the proportion of tumor-associated DCs
in splenic tissue by gating on CD45'CD11b*CDl1c"
populations (Fig. 5A). Comparing the triple therapy group
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FIGURE 5. Infiltration of DCs into spleen tissues. (A) Frequencies of CD45"CD11b"CD11c" cells; (B) Percentage of CD45"CD11b*CD11c*

cells. *p < 0.05, **p < 0.001, ***p < 0.0001.
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FIGURE 6. Infiltration of MDSCs into spleen tissues. (A) Frequencies of CD45"CD11b"Gr-1" cells; (B) Percentages of CD45"CD11b*Gr-1*

cells. ***p < 0.001, ***p < 0.0001.

to the HFRT (p < 0.001), LDRT+aPD-1 (p < 0.05), and control
(p < 0.0001) groups, the triple therapy group had a higher
percentage of CD45"CD11b"CD11c" cells (Fig. 5B).

Meanwhile, we extracted splenic tissue and used gating
on CD45"CDI11b"Gr-1" populations to analyze the impact
of various treatment regimens on the MDSC population
(Fig. 6A). Additionally, there was little variation in the
percentage of CD45"CD11b"Gr-1" cells in the HFRT
+LDRT, HFRT+aPD-1, and LDRT+aPD-1 groups
compared with those in the triple therapy group (Fig. 6B).
On the other hand, the triple therapy group’s percentage of
CD45"CD11b"Gr-1" cells significantly decreased compared
with those in the HFRT (p < 0.001) and control (p <
0.0001) groups (Fig. 6B). Overall, triple therapy showed
increased infiltration of DCs and decreased infiltration of
MDSCs. This reduced the immunosuppressive character of
the tumor microenvironment (TME) and created a milieu
that was conducive to T cells mounting an anticancer
immune response.

Triple therapy affects cytokine expression in the systemic tumor
immune microenvironment

We next determined the serum levels of IFN-y and TNF-q,
given their potential involvement in the tumor control effect
mechanism of triple therapy. On day 32, the combination
treatment groups—especially the triple therapy group—had
greater blood levels of TNF-a and IFN-y (Fig. 7).
Specifically, the triple therapy group showed approximately
higher levels of IFN-y (1.7-fold, Fig. 7A) and TNF-a (1.5-
fold, Fig. 7B) as compared to the HFRT+aPD-1 group,
indicating that LDRT may be the key driver elevating serum
levels of IFN-y and TNF-a.

Discussion

The extent to which RT stimulates the immune system and
induces antitumor immune effects is variable and depends
on the type of cancer, RT dose, RT fractionation, and many
other factors [24,25]. The low incidence of abscopal effects
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FIGURE 7. Expression of serum cytokines. (A) ELISA results in IFN-y (pg/mL); (B) ELISA results in TNF-a levels (pg/mL). *p < 0.05, ***p <

0.001, ***p < 0.0001.

of RT combined with immunotherapy suggests that optimal
biological effects are still not achieved despite the release of
tumor antigens and activation of antigen-presenting cells
and effector T cells by high-dose radiation therapy. Recent
studies have shown that low-dose radiation therapy can
further enhance the in situ inoculation effect of high-dose
radiation therapy by promoting APC maturation (CD40
agonists), enhancing effector T-cell infiltration (CTLA-4
blockers), and attenuating immunosuppressive signals
(TGF-B, Tregs), which can play complementary roles
[26-29].

We believe that the administration of high-dose
radiation to the primary tumor site can be used to induce
tumor neoantigens, while low-dose radiation administered
to the lungs to reprogram the TME, combined with
immunotherapy, may maximize anti-tumor immunity. This
is also illustrated by the fact that the triple therapy group
had the strongest effect in delaying tumor growth in the
results of this experiment. The outcomes line up with Yin
et al’s analysis, who established a double-tumor mouse
model of lung cancer for HFRT (8 Gy, 3f) for the primary
tumor and LDRT (2 Gy) for the secondary tumor combined
with immunotherapy [16].

Abscopal effects have been demonstrated in melanoma,
renal cell carcinoma, lymphoma, lung cancer, and others,
with an overall “random” character [2-5]. Inhibition of
secondary tumor growth is only one manifestation of the
abscopal effect, while inhibition of tumor metastasis (e.g.,
pulmonary metastasis) is another. Indeed, many
investigators have observed a decrease in tumor metastasis
in trials in which radiation therapy was combined with
other treatments. Wang et al. observed a significant
reduction in the incidence of lung metastases when high-
dose radiotherapy (12 Gy, 3f) combined with
immunotherapy ~was administered to subcutaneous
transplanted tumors of lung cancer [15]. Savage et al
observed a significant reduction in spontaneous pulmonary
metastatic nodules after high-dose radiotherapy (20 Gy, 3f)
followed by LDRT (0.5 Gy, 4f) [14].

The reduced number of pulmonary metastatic nodules in
the HFRT group demonstrated that HFRT (8 Gy, 3f) could
exert anti-tumor effects outside the irradiated area,

producing an abscopal effect, in line with the results of
previous studies [16,17]. This effect was further enhanced by
combining immunotherapy with low-dose radiotherapy, as
seen in our experimental results. Among them, the
reduction in the number of lung metastatic nodules was
most significant in the HFRT+LDRT+aPD-1 group, and no
larger tumor masses were observed by HE staining,
indicating that the effects of immunotherapy and low-dose
radiotherapy enhanced by HFRT can be superimposed on
each other. Unlike Wang et al., who established a mouse
model of lung cancer and performed HFRT (12 Gy, 3f)
combined with immunotherapy [15], we established a
mouse model of 4T1 breast cancer with a high metastatic
cell line and added LDRT (0.1 Gy, 1f) in the lungs to HFRT
(8 Gy, 3f) combined with immunotherapy. Savage et al. also
established a mouse model of breast cancer and performed
HERT (20 Gy, 3f) combined with LDRT (0.5 Gy, 4f), but
not combined with immunotherapy [14], which differed
from our experiment. Unlike the experiment of Liu et al
[25], only low-dose radiotherapy to the lungs was
performed in this experiment because the cell lines we chose
are very susceptible to lung metastasis. We hope that this
treatment modality can be extended to clinical application
after validation in the future and that narrowing the
irradiation area can reduce the occurrence of adverse effects
of radiotherapy.

The entire process of tumor development is undoubtedly
accompanied by changes in the tumor microenvironment
[30-33]. Radiation therapy induces the production of death
receptors in tumor cells, which act by binding to activated T
lymphocytes, such as TNF-a and TRAIL [34-37], to induce
the secretion of chemokines by different types of tumor
cells. Consequently, these secreted chemokines, such as
CXCL9 and CXCL10 [38-41], recruit effector CD8" T cells
and helper CD4" T cells, which in turn produce an abscopal
effect. Thus, the abscopal effect is inextricably linked to T
cells. Indeed, in the current study, the CD8*/CD4" T-cell
ratios in the spleen tissues of the groups were significantly
different (Figs. 3 and 4), indicating that the induced
stimulatory effect of triple therapy on T cells was mainly
reflected in increasing the number of infiltrating CD8" T
cells, but not CD4" T cells. Furthermore, CD8" T-cell
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infiltration was increased the lung metastasis tissue in the
triple therapy group compared with the other groups,
consistent with the findings of previous studies.

In summary, early administration of prophylactic LDRT
to the lungs, based on HFRT and oPD-1 monoclonal
antibody, successfully delayed the growth of subcutaneous
transplanted tumors in 4T1 breast cancer, prolonged the
survival of tumor-bearing mice, and reduced the number of
advanced spontaneous lung metastases. These results
suggest that early prophylactic LDRT in both lungs may
prevent spontaneous lung metastases from breast cancer, a
phenomenon that is associated with the infiltration of CD8"
T cells, DCs, and MDSC to alter the tumor
microenvironment. However, this conclusion needs to be
validated in another tumor model.

There are some shortcomings in our experiments. First,
we selected high metastatic 4T1 breast cancer cells to
establish an animal tumor model. We did not select other
breast cancer cell lines to establish tumor models for
validation. Second, the tumor microenvironment is rich in
the variety of immune cells and cytokines associated with
anti-tumor effects, and we did not perform comprehensive
testing. The clear mechanism of combination therapy and
its complex signaling pathways are still unclear. In the
future, we will make adjustments to address the above issues
and improve the enrichment experiments in order to further
validate our results.

Conclusions

Our results demonstrate that prophylactic LDRT to the lungs,
based on HFRT and aPD-1, can enhance anti-tumor efficacy
and prevent advanced lung metastases from breast cancer.
The process involves boosting the recruitment of DCs and
CD8" T cells, preventing MDSC cell aggregation, and
lessening the tumor microenvironment’s immunosuppressive
effects.
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