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Abstract

Background To explore the effect of radiotherapy on anti-pd-1 anti-tumor activity in
metastatic hepatocellular carcinoma.

Methods Patients with metastatic HCC treated with intensity-modulated radiation
therapy (IMRT) in combination with immunotherapy (n=13) were retrospectively
analyzed by comparing its efficacy with that of immunotherapy alone (n=12) as

well as untreated (n=20) patients with metastatic hepatocellular carcinoma. Animal
experiment used mouse hepatocellular carcinoma H22 cell metastatic tumor model
and were also divided into a control group, a PD-1 antibody group, an SBRT group, and
an SBRT combined with a PD-1 antibody group. SBRT treatment is 8 Gyx3 F. The growth
curves of body weight, irradiated tumor (the primary tumor), and non-irradiated tumor
(secondary tumor) were plotted for each group of tumor-bearing mice. For this study,
we used flow cytometry to examine effector CD8+T cells expression in both irradiated
and non-irradiated tumors, the CD4+T and CD4+/CD8+T cells ratio in the spleen, and
used enzyme-linked immunosorbent assays (ELISA) to analyze the concentrations of
IFN-y and IL-10 in serum. Tumors were additionally stained with immunohistochemistry
Ki-67 and TdT-mediated dUTP nick end labeling (TUNEL). We used hematoxylin-eosin
(HE) staining of liver, spleen, lungs, kidneys, and heart to assess the anti-tumor activity
of each group of tumor-bearing mice and their tolerance to determine the safety of the
approach.

Results Clinical results: The median survival of IMRT +PD-1 group, PD-1 group, and
control group were 17.5 months (95Confidence Interval (Cl) 13.2-21.8), 12.5 months
(95C19.0-16.0), and 5.2 months (95CI 5.5-12.9), respectively (P <0.001). SBRT combined
with PD-1 antibody improved tumor control in both radiated and non-radiated tumors,
resulting in a complete cure of the half of mice in animal studies. This was linked to an
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increased in CD8+effector T cells infiltration triggered by radiotherapy. HE staining of

mice in the SBRT combined with the PD-1 treatment group suggested no damage to
the liver, spleen, lungs, kidneys, and heart.

Conclusions This study showed that SBRT, while being well-tolerated, significantly
increased anti-PD-1 antitumor activity by enhancing the tumor immune
microenvironment in mice with metastatic hepatocellular carcinoma without
significant toxic side effects.

Disclaimer :This manuscript was previously submitted as a preprint only in
Experimental Hematology & Oncology and has no conflict of interest with this
submission.

Keywords Stereotactic body radiation therapy, Tumor immune microenvironment,
Immunotherapy, PD-1 antibody, Metastatic hepatocellular carcinoma, Toxic effects.
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1 Introduction

Hepatocellular carcinoma (HCC) is one of the frequent primary liver cancers, respon-
sible for almost 90% of all liver malignancies, according to the latest 2020 GLOBOCAN
report. Indeed, in terms of its worldwide prevalence and death rates, primary liver can-
cer ranks sixth and third respectively [1]. HCC is a complex condition that has mul-
tiple etiologies including obesity, alcohol abuse, and chronic infections from hepatitis
viruses. In fact, hepatitis B and C viruses remain a prominent risk factor for HCC pro-
gression, while non-alcoholic steatohepatitis, linked to diabetes or metabolic syndrome,
has become a more prevalent risk factor in the West [2, 3]. This is because chronic viral
infections can contribute to cirrhosis, a chronic liver disease preceding HCC and which
occurs after prolonged inflammation and is followed by progression. This causes regen-
erative nodules and fibrotic tissues to replace healthy liver parenchyma, thereby leading
to portal hypertension that creates a hypoxic environment conducive to tumor growth.
The disease basically progresses from an asymptomatic stage (compensated cirrhosis) to
a symptomatic one (decompensated cirrhosis), with subsequent complications generally
linked to high mortality, decreased quality of life, and frequent hospitalization [4, 5]. The
risk of hepatocellular carcinoma due to immune dysfunction occurs with cirrhosis for-
mation and increases as liver function impairment progresses [6].

The incidence and fatality rates of hepatocellular carcinoma are steadily rising. Early-
stage HCC is treated surgically, whereas more advanced HCC is treated with surgery
combined with chemotherapy [7-10]. For the early-stage HCC, in addition to sur-
gery, liver transplantation, and local ablation therapy can result in an overall survival
rate of >60%. In contrast, advanced HCC treated with chemoembolization or systemic
therapy tend to be less effective [11, 12]. However, most individuals with hepatocellular
carcinoma are already in late stages when diagnosed [13]. The FDA has authorized the
medicine sorafenib as the first-line treatment for HCC patients, showing 13.6 months
of median survival [14]. Compared to sorafenib, lenvatinib is another first-line thera-
peutic option for advanced HCC, however, it did not enhance the survival rate for the
unadjusted cohort (HR: 0.85, 95% CI 0.70-1.02) [15]. In recent years, the ESMO clinical
practice guideline states that regorafenib and cabozantinib have recently been approved
by FDA as second-line therapy for patients with advanced HCC whose disease had pro-
gressed after first-line treatment [3].
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A new cancer treatment i.e., immunotherapy to regulate and destroy tumor cells by
reducing the suppressed condition in the tumor microenvironment of immune cells
and activating the body’s own immune system. In numerous types of cancer, immune
checkpoint modulators (represented by anti-CTLA4 and anti-PD-1/PD-L1 antibodies)
have shown surprising anti-tumor effects, thus ushering in a new era of cancer treat-
ment. There are many kinds of immune checkpoint receptors in hepatocellular car-
cinoma, among which CTLA-4, PD1, PD-L1/2, LAG-3, TIM-3 and TIGIT are deeply
studied (Fig. 4). The McAbs of the corresponding five receptors have been successfully
developed, and some of them have been approved by FDA, which has benefited patients
a lot [16]. Compared with conventional therapies, immunotherapy has become a hot
topic in basic and clinical cancer research as it enhances immune function, delays tumor
progression and inhibits tumor recurrence and metastasis, and prolongs patient survival
[17-19].

Additionally, radiation treatment at one tumor site has been observed to regression of
metastatic cancer in a distant unirradiated site, with this effect known as the“abscopal
effect” [20, 21]. This effect is associated with mechanisms involving the immune system
and can be mediated through its activation [22]. Radiation can enhance the immunoge-
nicity of tumors by promoting the release and presentation of tumor neoantigens, alter-
ing the immunogenicity of the tumor microenvironment (TME), as well as enhancing
the recruitment and activation of effector T cells [23]. T cell infiltration or survival/pro-
liferation of pre-existing T cells may be boosted and radiotherapy [24]. The main effector
molecule secreted by these tumor infiltrating lymphocyte (TIL) is IFN-y, which inhibits
tumor cell growth [25]. TME includes a variety of suppressive immune cells, including
Treg cells, which accumulate in the tumor microenvironment and secrete the cyto-
kine IL-10, which inhibits activation of effector T cells [26]. However, this effect is rare
because existing immune tolerance mechanisms may preclude the development of a suf-
ficiently potent“abscopal effect’at treatment time [20]. Radiation therapy for advanced
hepatocellular carcinoma has gained a lot of interest for improving the effectiveness
of immunotherapy, because of its abscopal compartmentalization effect [27]. For solid
tumors, Stereotactic body radiation therapy (SBRT), a novel kind of radiation treatment
that delivers higher doses to smaller target lesions, has been shown to have potential
anti-cancer benefits by greatly boosting local and distant control and improving sur-
vival [28]. However, the immunogenic effects of these radiations are also more pro-
nounced, causing them to promote vascular destruction and exacerbate tumor hypoxia.
In contrast, anti-PD-1 therapy not only leads to tumor regression but also reduces tumor
hypoxia [29].

Hence, an increasing body of evidence suggests that radiation therapy combined with
immunotherapy may be used to treat both local and metastatic diseases that can reduce
the risk of“abscopal effect” [20, 30]. Induction of immunogenic cell death, enhancement
of neoantigen expression and presentation, and CD8 + T cell activation and infiltration
provide preclinical rationale for combined radiation and immune checkpoint blockade
(ICB) approach [31]. Therefore, the current research aimed to explore the effect of radio-
therapy on anti-PD-1 activity in metastatic hepatocellular carcinoma. Its tolerability and

toxicity were also evaluated to guide clinical applications.
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2 Materials and methods
2.1 Clinical information
This retrospective analysis involved three groups of BCLC-B/C HCC patients namely
those who were untreated (control group), those who received PD-1 inhibitor mono-
therapy, and those who were given intensity-modulated radiotherapy (IMRT) along
with PD-1 inhibitors from September 2018 to January 2022 at the Affiliated Hospital of
Southwestern Medical University. IMRT (48 Gy) was performed during the first cycle
of PD-1 inhibitors therapy (including Tislelizumab, Sintilimab, Camrelizumab, and
Pembrolizumab) within 7 days of treatment and the major objective of the study was
on overall survival (OS) for patients. This trial complied with the Declaration of Hel-
sinki and was approved by the Clinical Trials Ethics Committee of the Affiliated Hospital
of Southwest Medical University (Approval No. KY2020254). Due to the retrospective
nature of the study, the requirement for informed consent was waived by the Ethics
Committee of the Affiliated Hospital of Southwest Medical University. No potentially
identifying information or images of human participants are included in this article.
Inclusion criteria were as follows: (1) There are more than 2 liver tumors in cytological
or clinical diagnosis; (2) age =18 years old; (3) Eastern US Cancer Cooperation Group
(ECOGPS) expression status 0-1; (4) no severe major organ dysfunction; (5) tumor
clearly visible on at least one CT or MR diagnostic image; (6) BCLC stage: B-C (Interme-
diate and advanced); (7) The patients are treatment-naive. The exclusion criteria were as
follows: (1) pacemakers, additional implants, or transportable electronic medical equip-
ment; (2) any severe physical or mental illness; and (3) insufficient information.

2.2 Experimental materials

Mouse-derived hepatocellular carcinoma H22 cells were purchased from Purisel Life
Sciences Ltd (Wuhan, China) while KM mice were purchased from Speford Biotechnol-
ogy Ltd (Beijing, China). Fetal bovine serum, penicillin, and RPMI1640 culture medium
were purchased from Invesco Jieji Trading Ltd (Shanghai, China). IvVivoPlus anti-mouse
PD-1 for injection was obtained from BioXcell (USA) while CD3+, CD4+, and CD8
+antibodies were also purchased from Sporicon Biotechnology Ltd (Chengdu, China).
CD45 +antibody was purchased from Thermo Fisher Scientific (USA). TdT-mediated
dUTP nick end labeling (TUNEL) kits, Ki-67 antibody, and enzyme-linked immunosor-
bent assays (Elisa) kits were obtained from Wuhan Service Biotechnology Ltd (Wuhan,
China). A purification process was not necessary since all of the chemicals were of ana-
lytical grade.

2.3 Cell culture

Cell culture was performed in 25 cm? cell culture flasks by adding H22, at a density of
10° cells/ml, to 5 ml of RPMI1640 culture medium containing 10% of fetal bovine serum
as well as 1% of penicillin/streptomycin. This was followed by incubation under 5% CO,
at 37 °C. Cells grown to 80% confluence were then used for cell passaging and subse-
quent experiments.

2.4 Animal model
Cultured H22 cells were first collected to prepare a cell suspension of 1x 10 cells/ml in
RPMI1640 medium. Six- to eight-weeks old male KM mice of weight 18—20 g were then
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selected and each mouse was subcutaneously injected with 1 x 10° cells in the left lower
limb. The tumor formation reached 100% after about 1 week. Three days after the first
inoculation of H22 cells in the left lower limb, the process was repeated with the right
lower limb. After tumor formation, tumor sizes were then measured every three days,
with treatment starting when the diameter of the left lower limb tumor (primary tumor)
reached approximately 7 mm. In this case, radiation therapy was used on the left lower
limb tumor (primary tumor) while the right lower limb one (secondary tumor) received
no radiation. The size of the tumors did not exceed 3000 mm? as required by the Animal
Ethics Committee of Southwest Medical University.

2.5 Tumor treatment

The experimental groups in this study included a control, a PD-1 antibody group, an
SBRT group, and an SBRT combined with a PD-1 antibody group, each containing 12
mice. No therapeutic intervention was applied to the control while mice were given
intraperitoneal injections of murine-derived PD-1 antibody for the PD-1 antibody
group, at a dose of 200 ug per mouse every three days for four times; Mice in the SBRT
group were irradiated with a linear gas pedal (Varian Medical Systems, Inc, USA) at
a dose of 8 Gy and a dose rate of 300 cGy/min for 3 days. For the last group, irradia-
tion was coupled with murine-derived PD-1 antibody at a dose of 200 pug per mouse
by intraperitoneal injection once every 3 days for 4 times. The volumes of primary and
secondary tumors were measured every three days during the treatment (volume =
Y xlengthxwidth?). Moreover, four mice from each group were randomly on the 17th day
of therapy, and their blood was extracted for ELISA analysis of IL-10 and IFN-y concen-
trations in serum. For further investigation, flow cytometry was used to examine both
primary and secondary tumors CD8 + T, and the CD4 +and CD8 + T cells in the spleen.
Hematoxylin-eosin (HE) staining of the spleen, liver, kidney, lung, and heart was also
used to assess the toxicity and overall anti-tumor effectiveness. Immunohistochemical
Ki-67 and TUNEL staining, and Tumor debridement of primary and secondary tumors
were performed on randomly selected four mice in each group, and Image J software was
used for Ki-67 and TUNEL staining quantitative analysis results. However, the remain-
ing 4 mice in each group were utilized to observe the tumor size with the naked eye.
To examine the survival cycle of mice, the body mass weight curves and tumor growth
curves of various groups of tumor-bearing mice were also plotted. Animal experiments
were carried out in accordance with animal care guidelines and were authorized by the
Institutional Animal Care and Treatment Committee of Southwest Medical University
(Luzhou, China) (approval No. SWMU20220042).

2.6 Flow cytometry and enzyme-linked immunosorbent assay (ELISA)

Mouse tumors and spleens were obtained, and both were cut into small pieces. Tumors
were then digested with type IV collagenase (1 mg/ml), hyaluronidase (1%), and DNAase
I (0.25%) at room temperature for about 0.5 h, washed thrice with PBS, they were filtered
through a 300-mesh screen and centrifuged at 300 g for 5 min to obtain tumor-infiltrated
single nucleated cells. After cell counting, the antibodies CD45+, CD3+, CD4+, and CD8
+were added to the corresponding flow tubes and protected from light at 4 °C for 30 min
prior to detection. However, the spleen was placed on a 300-mesh metal mesh, ground
with PBS, and filtered into a 15 mL centrifuge tube. The supernatant was poured off after
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centrifugation at 300 g for 5 min, and cells were resuspended in 3 mL of erythrocyte lysis
solution, Lysis was then performed for 10 min at 37 °C before being terminated with 10
mL PBS, centrifugation at 300 g for 5 min, and the cell precipitate was retained. PBS
solution was used to resuspend cells, which were then filtered through a 300-mesh sieve.
To obtain splenic single nucleated cells, the cells were resuspended in PBS solution and
filtered through a 300-mesh sieve. The CD8 + T effector cells expression were observed
in the tumor as well as CD4 + T cells and CD4+/CD8 + T cells in the spleen.

After obtaining whole blood specimens from each group of tumor-bearing mice, it was
kept for 2 h at room temperature before being centrifuged at 3000 rpm for 15 min at
2-8 “C. The resulting supernatant was then used for the assay. For the ELISA, a standard
curve was prepared based on the concentration and optical density (OD) value of the
standards, and the concentrations of IFN-y and IL-10 in the samples were subsequently
determined from the standard curve.

2.7 Immunohistochemical Ki-67 and TUNEL staining

We used 10% neutral formalin to fix the tumor cells tissues for 24 hours, transferred
it to 70% ethanol, and sliced it up into 4-pm-thick sections. The terminal deoxynucle-
otidyl transferase-dUTP nick end labeling (TUNEL) and Ki-67 were used to stain the
tumor section, respectively. A microscopic examination was performed and images
were acquired for analysis. Paraffin section immunohistochemistry Ki-67 results were
interpreted as follows: hematoxylin-stained cell nuclei were blue, and positive expres-
sion, revealed by 3,3’-diaminobenzidine (DAB), was brownish-yellow. For the paraffin
section white light TUNEL, results could be interpreted as follows: DAPI-stained nuclei
were blue under UV excitation, the kit was FITC fluorescein-labeled, and positive apop-
totic nuclei were brownish-yellow. Image J software was used for quantitative analysis of
TUNEL and Ki-67 staining results.

2.8 Hematoxylin-eosin (HE) staining

All of the primary organs (liver, spleen, lungs, kidneys, and heart) were fixed in 10% neu-
tral formalin solution for 24 h before being transferred to 70% ethanol and embedded
in paraffin wax before being cut into 4-pum-thick pieces. Paraffin sections of specimens
were dewaxed prior to staining with hematoxylin-eosin (HE). The sections were then
sealed with neutral treacle. Microscopic examination (Nikon, Japan), image acquisition,
and analysis were performed. The nuclei were dyed blue, while the cytoplasm was dyed
red for the HE staining process.

2.9 Statistical analyses
All statistical analyses were performed using SPSS 26.0, while box and line plots with
errors were generated using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA).
Basic patient characteristics were described using frequencies and percentages. For
numerical variables, tests for normality were performed with the Kolmogorov-Smirnova
method and the Shapiro-Wilk method of normality. Chi-square between groups was
also tested using the Levene chi-square test. Normally- and non-normally-distributed
numerical variables were then provided as mean + standard deviation and median (P25,
P75) respectively. To estimate the median survival of the survival data, the Kaplan-Meier

curves were used.
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Comparisons of composition ratios between groups (three IMRT +anti-PD-1 groups,
anti-PD-1 group, and untreated group) were executed via the chi-square test for patient
baseline characteristics; comparisons of OS between patient groups were performed
using the Log-Rank method; Normally-distributed numeric variables and chi-squares
were analyzed using one-way ANOVA or the non-parametric Kruskal-Wallis test as
required; comparisons of tumor volume growth trends between groups were performed
using Repeated measures ANOVA was used for the comparison of tumor volume
growth trend between groups. Two-by-two comparisons were corrected by the Bonfer-
roni method. The statistical significance was defined as p < 0.05.

3 Result

3.1 Comparison of clinical efficacy of radiotherapy combined with immunotherapy
Forty-five HCC patients (IMRT +anti-PD-1 group, 13; anti-PD-1 group, 12; untreated
group, 20) were enrolled in the study between September 2018 and January 2022. Table
1 provides an overview of the patients’ baseline characteristics. As of May 2022, the
median survival was 17.5 months (95% CI 13.2—21.8),12.5 months (95% CI 9.0-16.0) and
5.2 months (95CI 5.5-12.9) for the IMRT +anti-PD-1, anti-PD-1 and control respec-
tively (P< 0.001). Furthermore, compared with the control, both IMRT +anti-PD-1 and
anti-PD-1 groups had significantly prolonged OS (P< 0.001, P= 0.009). This difference
was not statistically significant between IMRT +anti-PD-1 group and anti-PD-1 group
(P=0.191), even though the IMRT +anti-PD-1 group had longer OS than the anti-PD-1
group (Fig. 1). After multivariate analysis, age (P= 0.032) and treatment (P< 0.001) were
the two factors affecting OS (Table 2).

3.2 SBRT combined with PD-1 antibody enhances the apparent curative effect in mice

A schematic diagram of the treatment regimen using H22 cells to construct a model of
tumor-bearing mice is shown in Fig. 2A. Better tumor control was observed in primary
and secondary tumors when SBRT was coupled with the PD-1 antibody. Significant (P<
0.001) tumor suppression in SBRT coupled PD-1 antibody group vs. anti-PD-1 group
(P< 0.001), and tumor suppression in SBRT coupled PD-1 antibody group vs. SBRT
group (P=0.001) of primary tumors were shown in Fig. 2B. SBRT coupled to PD-1 anti-
body group vs. Control group for Secondary tumor (P< 0.001), SBRT coupled PD-1 anti-
body group vs. anti-PD-1 group tumor suppression was significant (P< 0.05, P= 0.013),
and SBRT coupled with PD-1 antibody group vs. SBRT group tumor suppression was
significant (P< 0.001) as shown in Fig. 2C. To visualize the tumor growth, H22 tumor-
bearing mice were euthanized 17 days after treatment, with pictures taken after strip-
ping the primary and secondary tumors as shown in Fig. 2D-E. Among them, there was
a 6/12 abscopal effect in the group of tumor-bearing mice who had SBRT with PD-1
antibody. According to the results, tumor control may have been improved with the

combined treatment.

3.3 SBRT combined with PD-1 antibody treatment significantly enhanced systemic
immune response

Compared with the other groups, tumor-bearing mice that were treated with SBRT
coupled to PD-1 antibody had significantly more CD8 +effector T cells. Two-by-two
comparisons with Bonferroni correction further showed that, for primary tumors,



Xu et al. Discover Oncology

(2025) 16:1081

Table 1 Baseline characteristics

Variable IMRT +anti-PD-1 anti-PD-1 Control P
Patients 13 12 20

Male sex 1(84.6) 10(83.3) 18 (90.0) 0.837
Age =60 years 5(38.5) 5(41.7) 11 (55.0) 0.597
Child-Pugh 011
A 10 (76.9) 7(58.3) 8(40.0)

B 3(23.1) 5(41.7) 12 (60.0)

Number of tumors >2 1(84.6) 10(83.3) 18 (90.0) 0.837
Tumor diameter, cm 0.457
<5 3(23.1) 2(16.7) 1(5.0)

>5<10 7(53.8) 541.7) 13 (65.0)

>10 3(23.1) 5(41.7) 6 (30.0)

Serum AFP, ng/ml 012
<400 8(61.5) 4(33.3) 14 (70.0)

> 400 5(385) 8 (66.7) 6(30.0)

BCLC stage 0.944
B 3(237) 3(25.0) 4(20.0)

@ 10 (76.9) 9(75.0) 16 (80.0)

HBV 9(69.2) 7(583) 10 (50.0) 0.55
Portal vein invasion 10 (76.9) 7 (58.3) 12 (60.0) 0.535
Lymph node metastasis 3(23.0) 4(333) 6(30.0) 0.843
Extrahepatic metastases 2(154) 2(16.7) 4 (20.0) 0.938
Lung 1(7.7) 2(16.7) 2(10.0)

Bone 1(7.7) 0 3(15.0)

PD-1 inhibitor type 0.864
Camrelizumab 4(30.8) 541.7) 0

Pembrolizumab 2(154) 2(16.7) 0

Sintilimab 4(30.8) 2(16.7) 0

Tislelizumab 3(23.0) 3(25.0) 0

IMRT: intensity modulated radiation therapy; PD-1: programmed cell death-1; HBV: hepatitis B virus; BCLC: Barcelona Clinic

Liver Cancer; AFP: alpha fetoprotein

100- _
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Fig. 1 Overall survival curve for IMRT plus anti-PD-1 group, anti-PD-1 group, and control group. IMRT +anti-PD-1,
anti-PD-1 and control (P< 0.001). control vs. IMRT +anti-PD-1 (P< 0.001). control vs. anti-PD-1 (P= 0.009). IMRT
1(P=0.191)

+anti-PD-1 vs. anti-PD-

Time (months)

Page 8 of 19
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Table 2 Univariate and multivariate cox regression analyses for overall survival

Variable Univariable cox regression Multivariable cox regression
HR 95%Cl P HR 95%(Cl P

Sex (male/female) 1.027 0.397-2.660 0.867

Age (= 60/<60 years) 0.444 0.224-0.882 0.02 0.445 0.213-0.931 0.032

Child-Pugh class (B/A) 2482 1.233-4.997 0011 1.682 0.793-3.571 0.175

Number of tumor (= 2/<2) 0.834 0.321-2.170 0.71

Tumor diameter (= 5/<5 cm) 2615 0.782-8.748 0.119

AFP (= 400/<400 ng/ml) 0.656 0328-1316  0.235

BCLC stage (B/Q) 0.64 0.265-1.548 0322

HBV (positive/negative) 0.549 0.276-1.095 0.089

Portal vein invasion (yes/no) 0.826 0.408-1.674 0.596

Lymph node metastasis (yes/no) 0.807 0.384-1.695 0.571

Extrahepatic metastases (yes/no) 1.766 0.764-4084  0.183

Treatment < 0.001 <0.001

None 1 1

RT +immunotherapy 0.134 0.049-0362  <0.001 0.124 0.044-0352  <0.001

Immunotherapy 0.247 0.097-0.627 0.003 0.236 0.091-0.615 0.003

AFP, alpha fetoprotein; BCLC, Barcelona Clinic Liver Cancer; HBV, hepatitis B virus; RT, radiation therapy.

combining SBRT with PD-1 antibody significantly increased CD8 +effector T cells
compared with the control (P< 0.001) or the anti-PD-1 group (P< 0.001). SBRT com-
bined with PD-1 antibody group vs. CD8 +effector T cells in SBRT group (P< 0.001)
are shown in Fig. 3A-B. SBRT coupled PD-1 antibody group vs. CD8 +effector T cells
in Control group for Secondary tumor (P< 0.001), SBRT combined with PD-1 antibody
group vs. anti-PD-1 group for CD8 +effector T cells (P< 0.01, P= 0.0044), and SBRT
coupled PD-1 antibody group vs. SBRT group for CD8 +effector T cells (P< 0.01, P=
0.0011) are shown in Fig. 3C-D. The spleen was studied by flow analysis, and CD4 +T
cells were significantly elevated in the SBRT combined with PD-1 antibody group vs.
Control group (P< 0.001), SBRT combined with PD-1 antibody group vs. anti-PD-1
group (P= 0.001), and SBRT combined with PD-1 antibody group vs. SBRT group (P<
0.01, P= 0.0035) as shown in Fig. 3E-F. After analyzing the ratio of CD4+/CD8 +T cells
in spleen samples, it was observed that CD4+/CD8 + T cells were significantly elevated
in the SBRT combined with the PD-1 antibody group compared with the control (P<
0.001), or the anti-PD-1 group (P< 0.01, P= 0.0069). CD4+/CD8 +T cells were signifi-
cantly elevated in the SBRT combined with PD-1 antibody group vs. SBRT group (P<
0.01, P=0.0049) as shown in Fig. 3G. The concentration of IFN-y in serum samples from
each group of tumor-bearing mice was analyzed by ELISA, it was found to be signif-
icantly elevated in the SBRT combined with the PD-1 antibody group compared with
the control group (P< 0.001), the anti-PD-1 group (P< 0.001) and the SBRT group (P<
0.001) as shown in Fig. 3H. In addition, the changes in IL-10 concentrations in serum
samples were analyzed, with the concentrations being significantly lower after the com-
bination therapy in comparison with the control group (P< 0.001), the anti-PD-1 group
(P< 0.01, P=0.0015), and the SBRT group (P< 0.001) as shown in Fig. 31. In conclusion,
these results suggest that SBRT increased anti-PD-1 activity by enhancing the tumor

immune microenvironment in mice.
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3.4 Decreased proliferation and increased apoptosis after combining SBRT with PD-1
antibody

Primary and secondary tumors of each group were subjected to immunohistochemi-
cal Ki-67 assay, and pictures, as obtained by pathology section scanner (P250 Flash
3DHISTECH), are shown in Fig. 4A. The immunohistochemical Ki-67 values of pri-
mary and secondary tumors in each group were analyzed by Image] software, and the
results were consistent with normality and chi-square, using a one-way method. Fig-
ure 4B shows the Ki-67 values for SBRT combined with PD-1 antibody group compared
with the control group in the primary tumor (P < 0.001), Ki-67 values in SBRT combined
with PD-1 antibody group vs. anti-PD-1 group (P< 0.01, P= 0.007), Ki-67 values in
SBRT combined with PD-1 antibody group vs. SBRT group (P< 0.05, P= 0.049). Fig-
ure 4C shows the Ki-67 values in SBRT combined with PD-1 antibody group vs. Control
group for secondary tumor (P< 0.001), SBRT combined with PD-1 antibody group vs.
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anti-PD-1 group (P< 0.01, P= 0.002), and SBRT combined with PD-1 antibody group
vs. SBRT group Ki-67 values (P< 0.01, P= 0.003). The results indicated that the prolif-
eration of tumor cells was attenuated after providing the combination therapy. Immuno-
histochemical TUNEL was also performed on primary and secondary tumors as shown
in Fig. 4D. The immunohistochemical TUNEL was analyzed by Image] software, and
since the results were consistent with normality and chi-square, a one-way comparative
method was used. The OD values of TUNEL for SBRT combined with PD-1 antibody
group compared with the control group (P< 0.001), the anti-PD-1 group (P< 0.01, P=
0.008), and the SBRT group (P< 0.01, P= 0.002) are shown in Fig. 4E. Similarly, Fig. 4F
shows the TUNEL OD values for the secondary tumors when SBRT combined with
PD-1 antibody was compared with the other groups: vs. control (P< 0.001), vs. anti-PD-1
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group TUNEL OD values (P< 0.01, P= 0.004) and vs. SBRT group TUNEL OD values
(P<0.001). These data suggest that providing treatment with SBRT combined with PD-1
antibody increased apoptosis. In addition, the combined therapy could reduce the prolif-
eration of tumor cells.

3.5 Non-significant toxic side effects of the combination therapy

Figure 5A shows that the treatment did not significantly change the body weight or
growth of mice in each group. The liver, spleen, lungs, kidneys, and heart of tumor-bear-
ing mice from each group were stained with hematoxylin-eosin (HE), and the pictures,
which were obtained by pathological section scanne, are shown in Fig. 5B. No signifi-
cant damages were observed in the liver, spleen, lungs, kidneys, and heart cells after the
two treatments. Thus, there was no obvious damage to organs or other side effects when
combining SBRT with PD-1 antibody treatment, In addition, there was no death in the
two combination groups of tumor-bearing mice, indicating good tolerability.

4 Discussion

The median survival time for patients with advanced HCCs is around 6—8 months [32].
Subsequently, those who received sorafenib as a first-line therapy for advanced HCC
were found to have 13.6 months median survival [14]. In a phase II metastatic HCC
study by Qin S et al, 303 patients were screened between November 15, 2016, and
November 16, 2017. Camrelizumab was used in the treatment of 217 of the 220 eligible
patients who were randomly allocated (109 patients received treatment every 2 weeks
and 108 every 3 weeks). There was a 12 -5 months (IQR 5.7-15.5) follow-up in this
case [33]. In a different phase III study of metastatic HCC by Finn RS et al., the median
survival on pembrolizumab was 13.9 months (95% CI, 11.6—16.0) [34]. In our retrospec-
tive study, the median survival was 17.5 months, 12.5 months and 5.2 months for the
IMRT + anti-PD-1, anti-PD-1 and control respectively. In addition, OS was considerably
extended in both IMRT +anti-PD-1 and anti-PD-1 groups compared to the control in
both studies. However, the IMRT +anti-PD-1 group had a longer OS than the anti-PD-1
group which was not statistically significant. Our clinical study is consistent with these
findings in this regard to immunotherapy monotherapy use. However, because the sam-
ple size is too small, the results are biased, and further multicenter research is needed to
expand the sample size.

The development of immunotherapy based on ICB has dramatically changed the
approach to cancer treatment. This approach elicits durable therapeutic responses and
prolongs patient survival. However, not all patients benefit from this approach [35].
Moreover, only a small percentage of patients benefit from single-agent immunothera-
pies over the long term due to primary and secondary resistance often leads to treat-
ment failure, with only a minority of patients achieving long-term benefits [36]. Most
patients that present to the clinic are refractory to anti-PD-1 treatment, or develop resis-
tance over the course of treatment. The effectiveness of immune checkpoint inhibitors
is currently limited by low response rates caused by innate or acquired resistance [37]. It
has now been well established that by increasing the release and presentation of tumor
neoantigens, radiation may drastically change the immunogenicity of TME, and that
inflammatory remodeling in the microenvironment after radiation can enhance effector

T cell recruitment and activation as well as enhance tumor immunogenicity [23]. The
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preclinical theoretical basis for a combined radiation and ICB approach is the produc-
tion of immunogenic cell death, increased neoantigen expression and presentation, and
CD8 +T cell activation and infiltration [31]. Type I interferons are indeed produced by
radiation to induce DC cross-presentation of tumor antigens which subsequently trig-
ger CD8 +effector T cell crossover [38—40]. Type I interferon signaling in tumor cells
upregulates multiple T cell suppressor ligands, including anti-PD-1 [41]. Radiotherapy
may overcome the drug resistance to anti-PD-1 by changing the tumor microenviron-
ment. In our study in tumor-bearing mice, combination treatment is significantly higher
CD8 +effector T cells in primary and secondary tumors. CD4 + T cells and CD4+/CD8
+T cells were also significantly elevated in the spleen. There are studies that show that a
combination therapy comprising sorafenib, camrelizumab, TACE, and SBRT is an effec-
tive downstaging strategy for advanced HCC with PVTT and is associated with few
adverse events [42, 43].
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Radiation enhances T cell infiltration and proliferation, thereby increasing the con-
centration of T cells in tumors [24, 44]. The main effector molecule secreted by tumor
infiltrating lymphocytes (TILs) is IEN-y. IFN-y has multiple functions that reprogram
TIL to become a better effector, which in turn inhibits the growth of tumor cells through
the IFNGR1 mechanism [25]. Radiation can also increase the expression of PD-L1 in the
tumor microenvironment, which is thought to be associated with the secretion of IFN-y
[31]. In our study, a significantly higher concentration of IFN-y in the combination treat-
ment group of homozygous mice was analyzed from the serum of mice.

The tumor microenvironment (TME) includes a variety of suppressor immune cells,
including Treg cells, macrophages, and MDSCs, as well as other stromal cells.Treg cells
secrete the cytokine IL-10 in the tumor microenvironment, and IL-10 inhibits effec-
tor T-cell activation [26]. The immunomodulatory mechanism of SBRT and PD-1/
PD-L1 inhibitors in anti-tumor immunity reveals a potential synergistic effect of the
two in tumor treatment. The combination of SBRT and PD-1/PD-L1 inhibitors not only
enhances positive immune regulation, but also significantly reduces negative immune
resistance. SBRT has been shown to promote the release of tumor associated antigen,
which further induces dendritic cell maturation, cross-sensitization of cytotoxic T lym-
phocytes, and recruitment of lymphocytes to tumors, thereby transforming immuno-
logically “cold” tumors into “hot” tumors [45]. Recovery of CD8 +T cells after PD-1/
PD-L1 inhibitor treatment induces the production of TNFa, which further leads to the
elimination of myeloid-derived suppressor cells. Studies have shown that macrofraction-
ated radiotherapy alone cannot produce lasting anti-tumor immunity, but when used in
combination with PD-1/PD-L1 inhibitors, it can induce protective immune memory in
long-term survivors with increased memory CD8 +T cells [46]. In our study, the con-
centration of IL-10 in the blood of mice treated with stereotactic body radiation therapy
(SBRT) combined with PD-1 antibody was significantly reduced, which reduced immu-
nosuppression and was more favorable for anti-tumor effects.

Radiation dosages used in SBRT have more immunogenic effects than those used in
conventional radiation therapy, but these doses may also cause vascular damage and
worsen tumor hypoxia. However, anti-PD-1 treatment not only leads to tumor regres-
sion but also reduces tumor hypoxia [29]. Evidence suggests that 8 Gyx3 F radiation
doses generated immunogenic changes in TME and are more beneficial in promoting
T-cell infiltration and the reduction of tumors in the local and distant environment [47].
To further confirm its efficacy in metastatic HCC, animal-based experiments were con-
ducted. For radiotherapy modality, 8 Gyx3 F radiotherapy was selected, and the pd-1
antitumor efficacy was dramatically boosted by the dosage of radiation. But some studies
have shown that post low-dose radiotherapy (LDRT) effector immune cells such as T
cells and NK cells increase the homing of tumors. LDRT can enhance the activity and
persistence of effector T cells needed for successful checkpoint inhibition (CPI) and
adoptive cell therapy (ACT) by breaking the matrix barrier and regulating tumor micro-
environment (TME) [48, 49]. So, current studies remain inconclusive regarding the radi-
ation dose and modality to obtain the optimal efficacy, and as such, further studies are
warranted.

As mentioned above, SBRT significantly enhances the antitumor efficacy of immu-
notherapy. However, many data suggest that immune-related adverse events (IrAE)
may also occur in patients following the use of PD-1 antibodies. The toxicity profile of
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immune checkpoint inhibitors (ICIs) differs from that of standard chemotherapy or
other biologic agents, with most toxicity arising from over-immunization of normal
tissues [50]. Immune checkpoint drugs that target PD-1, PD-L1, and CTLA-4 have
seen increased usage in certain cancer treatments in the last several decades because
of advancements in cancer immunotherapy [51-53]. However, because of the increas-
ing usage, there have been more reports of IrAE, that tend to be unique. In contrast to
conventional cancer therapy, these treatments have delayed onset and extended dura-
tion. Furthermore, despite the fact that IrAE may affect any organ or system, they are
often low-grade, curable, and reversible. However, some serious side effects may lead to
a long-term health problems [54]. In our SBRT combined with PD-1 antibody animal
experiments, there was no death in all groups of tumor-bearing mice, no significant dif-
ference in body weight growth between the groups of tumor-bearing mice, and there
was no organ damage in any of the organs of the liver, spleen, lungs, kidneys, and heart.
However, despite the fact that IrAE may affect any organ system, the median onset time
depends on the afflicted organ system and can occur anywhere within 2—16 weeks after
the therapy begins [55].

Although we demonstrated through clinical studies and animal experiments that SBRT
could increase anti-PD-1 activity by enhancing the tumor immune microenvironment in
mice, and that no significant adverse effects occurred during the observation period of
animal experiments (17 days after starting treatment), there are many limitations of our
study. SBRT was used only once in the animal trial, however, in the clinical study, it was
used in the liver (lesions <4, diameter <5 cm). Secondly, the observation time in the ani-
mal study was 17 days, which could represent a too short observation time to reflect the
survival advantage of the combination therapy. In addition, the immune drug anti-PD-1
used in patients was not uniform, the sample size was small in each group, the doses of
IMRT and SBRT were inconsistent, and the follow-up information of some patients was
not available leading to failure to obtain post-treatment safety assessment of patients.
Therefore, on the basis of this study, we plan to further study the anti-tumor mecha-
nism of more molecules in the tumor microenvironment and observe the changes of
bone marrow cells in the tumor. And further compare the similarities and differences of
two different radiotherapy methods of IMRT and SBRT in the mouse model combined
with anti-PD-1, and explore the best treatment for patients with metastatic liver cancer.
In addition, other anticancer drugs such as Histone Deacetylase (HDAC) inhibitors also
showed distinct and beneficial immune-sensitizing effects in solid tumors, which might
be considered for future studies [56, 57].

5 Conclusions

This study demonstrated remarkable results showing that SBRT significantly greatly
increases anti-PD-1 antitumor activity by enhancing the tumor immune microenviron-
ment in mice with metastatic hepatocellular carcinoma, showing complete cancer cure
in half of the mice. This observation could be linked to increased infiltration of CD8
+effector T cells prompted by radiotherapy. Furthermore, no damage to individual
organs was observed, and no mortality occurred in the tumor-bearing mice after pro-
viding the combination therapy. We studied the toxic and side effects for the first time.
This indicates that this treatment modality was effective and well-tolerated, but further
validation studies are warranted.
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