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Anti-TGF-B/PD-L1 bispecific antibody =
synergizes with radiotherapy to enhance
antitumor immunity and mitigate radiation-
induced pulmonary fibrosis
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Abstract

Background Despite the success of immune checkpoint inhibitors (ICls) in multiple malignant tumors, a significant
proportion of patients remain unresponsive to treatment. Radiotherapy (RT) elicits immunogenic antitumor
responses but concurrently activates several immune evasion mechanisms. Our earlier research demonstrated

the efficacy of YM101, an anti-TGF-3/PD-L1 bispecific antibody, in stroma-rich tumors. Nevertheless, YM101 has
demonstrated reduced effectiveness in non-inflamed tumors characterized by poor immune cell infiltration. This
study investigated the potential synergy between RT and YM101 in overcoming immunotherapy resistance and
mitigating RT-induced pulmonary fibrosis.

Methods The antitumor activity and survival outcomes of RT plus YM101 treatment in vivo were explored in
several non-inflamed murine tumor models. Furthermore, the inhibition of pulmonary metastases was assessed in a
pulmonary metastasis model. The impact of RT on dendritic cell (DC) maturation was quantified by flow cytometry,
whereas cytokine and chemokine secretions were measured by ELISA. To comprehensively characterize changes

in the tumor microenvironment, we utilized a combination of methods, including flow cytometry, IHC staining,
multiplex inmunofluorecence and RNA sequencing. Additionally, we evaluated the impact of YM101 on RT-induced
pulmonary fibrosis.

Results RT plus YM101 significantly inhibited tumor growth, prolonged survival and inhibited pulmonary metastases
compared with monotherapies in non-inflamed tumors with poor immune infiltration. RT promoted DC maturation
in a dose-dependent manner and increased the secretions of multiple proinflammatory cytokines. Mechanistically,
RT plus YM101 simultaneously increased the infiltration and activation of intratumoral DCs and tumor-infiltrating

*Correspondence:

Qi Mei

borismg@163.com

Ming Yi
mingyi_onco@outlook.com
Kongming Wu
wukm_lab@163.com

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13045-025-01678-2&domain=pdf&date_stamp=2025-3-1

Wu et al. Journal of Hematology & Oncology (2025) 18:24

Page 2 of 20

lymphocytes and reshaped the tumor microenvironment landscape. Notably, YM101 attenuated both RT-induced

peritumoral fibrosis and pulmonary fibrosis.

Conclusions Our findings suggest that RT combined with YM101 enhances antitumor immunity and overcomes
resistance in non-inflamed tumors in preclinical models, while simultaneously showing potential in mitigating
RT-induced fibrosis. This combination therapy demonstrates promise in overcoming ICl resistance, while potentially
sparing normal pulmonary tissue, thereby providing a strong rationale for further clinical investigations.

Keywords Radiotherapy, PD-L1, TGF-@, Bispecific antibody, Tumor microenvironment

Background

Over the past two decades, the paradigm of malignant
tumor treatment has been revolutionized, which has
been predominantly achieved by the advent of immune
checkpoint inhibitors (ICIs) [1-4]. Despite the approval
of numerous ICIs for a variety of malignancies, a major-
ity of patients exhibit limited or no response to immu-
notherapy, especially ICI monotherapy [5-7], thereby
necessitating solutions to address poor response rates
and acquired resistance issues.

The complex framework of cancer cells, infiltrating
and resident immune cells, stromal cells, soluble factors,
and the extracellular matrix is collectively termed the
tumor microenvironment (TME) [8, 9]. Tumors are typi-
cally categorized into three main immunophenotypes:
immune-inflamed, immune-excluded, and immune-des-
ert phenotypes [10, 11]. The latter two types, which are
often referred to as non-inflamed tumors, are resistant to
ICIs, which has been increasingly attributed to the com-
plex interaction of immunosuppressive factors within the
TME [12]. Among these factors, transforming growth
factor-B (TGEF-B) has emerged as a critical molecule
affecting cancer activities [13, 14]. TGEF-f, a pleiotropic
cytokine, exerts multiple effects, including the suppres-
sion of T cell function, the promotion of regulatory T cell
(Treg) differentiation, and the enhancement of cancer-
associated fibroblast (CAF) activity [15, 16]. Our previ-
ous research focusing on YM101 (a bispecific antibody
that simultaneously targets PD-L1 and TGF-f) demon-
strated enhanced efficacy compared with monotherapies
[17]. Multiple independent studies, including our own
previous study, have corroborated the superior therapeu-
tic efficacy of therapies that simultaneously target both
the PD-L1 pathway and the TGF-B pathway compared
with anti-PD-L1 monotherapy [18, 19]. However, non-
inflamed tumors, which are characterized by a low tumor
mutational burden (TMB), extensive stromal remodeling,
and sparse tumor-infiltrating lymphocytes (TILs), remain
resistant to these approaches [13, 20].

Non-inflamed tumors typically exhibit deficient innate
antitumor immunity, which can be caused by either the
complete absence or suppression of this immunity [21].
Effective antitumor responses to treatments require not
only the restoration of T cell exhaustion but also the

revitalization of innate immunity [22, 23]. The potential
of radiotherapy (RT) to convert non-inflamed tumors
into “hot” tumors (thereby sensitizing them to immu-
notherapy in clinical trials) has garnered significant
interest [24, 25]. RT induces a multifaceted immuno-
modulatory response within the TME. Specifically, it
promotes immunogenic cell death (ICD) and augments
dendritic cell (DC)-mediated antigen presentation,
thereby initiating a cascade of events that activate both
innate and adaptive immune responses [26]. Additionally,
RT increases leukocyte infiltration, expands the T cell
repertoire and upregulates the expression of the immune
checkpoint PD-L1, which is thought to synergize with
ICIs [27, 28].

However, the interaction between RT-induced immu-
nogenic effects and compensatory immunosuppres-
sive mechanisms is complicated. In addition to PD-L1,
the immunostimulating effects of RT are often offset by
other important immunosuppressive pathways within the
TME, such as the TGF-B pathway [29, 30]. Overall, we
presume that RT synergizes with YM101 to enhance anti-
tumor efficacy and overcome resistance in non-inflamed
tumors.

Moreover, concerns regarding treatment-related
adverse effects, particularly radiation-induced pulmo-
nary fibrosis (RIPF), associated with immunotherapy
have increased. Clinical observations have indicated an
increased incidence of RIPF in patients with non-small
cell lung cancer (NSCLC) who receive anti-PD-L1 as
consolidation treatment following chemoradiotherapy
[31, 32]. RIPF significantly reduces the quality of life of
patients and even causes life-threatening respiratory fail-
ure [33]. Currently, there are few effective treatments
for RIPF [34]. Given the central role of TGF-f in fibrosis
progression [15] and the demonstrated efficacy of TGF-
blockade in ameliorating fibrosis across various patho-
logical models [34, 35], YM101 may mitigate the inci-
dence of RIPE.

In this context, our study investigated the potential of
combining RT with YM101 to synergistically enhance
antitumor immunity in non-inflamed tumors. We
hypothesize that this approach may effectively modu-
late the TME, thereby overcoming resistance in non-
inflamed tumors while simultaneously mitigating RIPF.
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By addressing both the efficacy and safety aspects of
combined therapy, we aim to provide a novel therapeutic
strategy that could expand the benefits of immunother-
apy to a broader patient population, thereby potentially
transforming the treatment landscape for currently
refractory tumors.

Materials and methods

Cell lines and therapeutic antibodies (Abs)

The 4T1 and CT26 cell lines were obtained from the
American Type Culture Collection (ATCC). The MC38
cell line was purchased from Annoron Biotechnology
Co., Ltd. (Beijing, China). 4T1 and CT26 cells were cul-
tured in RPMI-1640 medium containing 10% FBS. MC38
cells were cultured in DMEM supplemented with 10%
EBS.

The Abs, including isotype, anti-TGF-P, anti-PD-L1
and YM101, were obtained from Wuhan YZY Biopharma
Co., Ltd., (Wuhan, China) as previously described [17,
36].

Radiotherapy (RT)

Prior to RT, the mice were anesthetized with pento-
barbital sodium (15 mg/mL) and secured in a supine
position to optimize exposure of the target area. Radia-
tion was delivered using an Elekta Precise clinical lin-
ear accelerator (Stockholm, Sweden) with 6-MV X-ray
beams (600 cGy/min, source-to-surface distance of
100 cm). Dosimetry verification was performed using
a three-dimensional water scanning system to ensure
accurate dose delivery. For localized tumor irradiation,
a single dose of either 8—10 Gy was precisely delivered
to the tumor site, with lead shielding (8 mm thickness)
protecting the surrounding normal tissues. Customized
tissue-compensating boluses (5 mm) were implemented
to ensure dose homogeneity. For the RIPF experiments
a single fraction of 20 Gy was administered to target the
geometric center of the lung field. The radiation field was
collimated to encompass the entire thorax, whereas the
head, neck and abdomen were protected using custom-
designed lead shielding.

Murine tumor models and treatments

Female BALB/c and C57BL/6 mice (aged 6-8 weeks)
were acquired from Beijing Vital River Laboratories and
fed in a specific pathogen-free laboratory. All the pro-
cedures adhered to guidelines sanctioned by the Animal
Ethics Committee of the Hubei Safety Evaluation Center
(permit number: 202310005). For all of the experiments,
an equivalent mole of isotype (6.6 mg/kg), anti-TGF-f
(6.6 mg/kg), anti-PD-L1 (6.6 mg/kg) or YM101 (9 mg/
kg) was administered intraperitoneally (i.p.) six times
over two weeks [17]. RT was delivered concurrently
with the second Ab dose. For the efficacy experiments,
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the experimental endpoints were defined as either
the completion of the treatment protocol or when the
tumor volume exceeded 2000 mm?. The tumor volume
was measured using a caliper and was calculated as V =
[length x width?] x 0.5. For the survival analysis, mice
were monitored until death or until the median survival
time was reached.

4T1 orthotopic tumor model

BALB/c mice were orthotopically implanted with 4T1
cells (1x10°) in the right mammary fat pad. For the effi-
cacy experiments (n=6/group), upon reaching a mean
tumor volume of approximately 150 mm?, the tumor-
bearing mice were randomly allocated into the following
six groups: isotype control, YM101, RT (10 Gy), RT com-
bined with anti-PD-L1, RT combined with anti-TGF-f,
and RT combined with YM101. Treatment was initiated
on Day 0, and the mice were euthanized on Day 12. The
tumor volume and mouse weight were recorded on alter-
nate days. For the survival experiments (n=9/group),
treatment was initiated at 5 days post inoculation. The
survival status of the mice was monitored for 10 weeks.

MC38 and CT26 tumor models

For the efficacy experiments (1 = 6/group), CT26 (1 x 10°)
and MC38 (1x10°) cells were subcutaneously injected
into the right groins of BALB/c and C57BL/6 mice.
Upon reaching a mean tumor volume of approximately
150 mm?®, the tumor-bearing mice were randomly allo-
cated into the following four groups: isotype control, RT
(10 Gy), YM101 and RT combined with YM101. Treat-
ment was initiated on Day 0, and mice were euthanized
on either Days 12 or 14. Tumor volume and mouse
weight were recorded every one or two days. For the
survival experiments (1=9/group), CT26 (1x10°) cells
were subcutaneously injected into the right groins of
the BALB/c mice. Treatment was initiated at 7 days post
inoculation. The survival status of the mice was moni-
tored for 80 days.

Lung metastasis models
For the CT26 lung metastasis model, mice were intrave-
nously injected via the lateral tail vein with CT26 (2 x 10°)
cells in 100 pL of PBS. The animals were randomly allo-
cated into the following four groups: isotype control, RT
(8 Gy), YM101, and RT combined with YM101. The mice
were euthanized at 18 days after tumor cell injection. The
lungs were subsequently harvested, and the tumor nod-
ules were counted based on their characteristic appear-
ance. The weights of the lungs were recorded, after which
the lungs were fixed for histological evaluation.

The 4T1 spontaneous metastasis model was estab-
lished via orthotopic implantation of 4T1 (2x 10°) cells
into the second mammary fat pads of BALB/c mice, and
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the primary tumors were surgically removed at 500—
750 mm?® [37]. After confirming lung metastases in 4
sentinel mice, the remaining mice were randomized into
four groups (n=6/group). The mice were euthanized on
Day 35, and their lungs were fixed in Bouin’s solution,
enabling the precise discrimination between tumor nod-
ules and normal lung tissue.

In vivo CD8* T cell depletion model

For the 4T1 orthotopic model, an anti-CD8 antibody
(BioXcell, Cat. BP0061) for the depletion of CD8" T cells
and a rat IgG2b isotype control (BioXcell, Cat. BP0090)
as a control were intravenously administered on Day -1
prior to treatment [28]. The efficacy of depletion was con-
firmed via measurement of the loss of CD8" T cells in 4T1
tumor tissues, as determined by IHC. When the tumors
reached a volume of approximately 150 mm?, the mice
were stratified into three groups (n=6/group for effi-
cacy, n=9/group for survival): CTL (serving as immune-
competent controls), Combo (RT+YM101 +rat IgG2b
isotype) and Combo +anti-CD8 (RT + YM101 + anti-CD8
depletion).

Flow cytometry analysis and gating strategy
Monocyte-derived dendritic cells (MoDCs) were induced
as previously reported [38, 39] and cultured in RPMI-
1640 supplemented with 10% FBS, 50 ng/mL murine
granulocyte-macrophage colony-stimulating factor (GM-
CSF), 50 ng/mL murine IL-4 and 100 U/mL penicillin/
streptomycin. The cell morphology was monitored daily
using light microscopy. Tumor tissues were collected,
digested and filtered as previously reported [17]. Red
blood cells were eliminated by ACK lysis buffer (C3702,
Beyotime). The samples were incubated with Fixable
Viability Stain 700 (564997, BD Biosciences) to exclude
dead cells and purified human Fc block (564765, BD Bio-
sciences) or anti-mouse CD16/CD32 antibody (553141,
BD Biosciences). Surface marker staining was performed
with fluorochrome-conjugated antibodies. Intracellular
staining was performed by a Transcription Factor Buffer
Set (562574, BD Biosciences). Information regarding the
antibodies used for flow cytometry is listed in Additional
file 1: Table S1.

Flow cytometry was performed on a Beckman Cyto-
FLEX LX flow cytometer (Beckman Coulter). For the
MoDC s, the expression levels are reported as the median
fluorescence intensity (MFI) of the CD11c* population.
For the tumor samples, calculation of absolute cell num-
ber was performed as previously described [40]. The
number of cells obtained for each sample was normalized
per 100 mg of tissue. Data analysis was conducted using
FlowJo software (v10.8.1, BD).

Unstained controls, single-stained controls and fluores-
cence minus one (FMO) controls were used to establish
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compensation and gating threshold determination fol-
lowed standard quality control practices. Standardized
gating strategies were consistently applied across all sam-
ples in each experiment.

Cytokine and chemokine measurements

The levels of IL-6 and TNF-a were measured by ELISA.
The levels of chemokines were measured with multiplex
fluorescence-encoded beads (740985, BioLegend) accord-
ing to the manufacturer’s instructions and analyzed using
the dedicated software provided by Biolegend.

Immunohistochemistry (IHC)

All tumor and pulmonary tissues were fixed, dehy-
drated, and embedded in paraffin. The sections were
deparaffinized with xylene and rehydrated through a
graded alcohol series. Antigen retrieval was conducted
by immersing the sections in citrate buffer (pH 6) via a
microwave.

For the 4T1 model, tumor tissue sections were stained
with anti-a-SMA (1:800, 192458, CST), anti-collagen
I (1:500, ab270993, Abcam) and anti-CD8a (1:200,
ab237723, Abcam) antibodies. For all immunostain-
ing analyses, regions of interest (ROIs) were indepen-
dently delineated by two pathologists. For tumor tissues,
15 non-overlapping fields were randomly selected. The
staining intensity was quantitatively analyzed using
Image] software (v1.53). Standardized threshold criteria
were applied across all image evaluations. The number
of CD8" cells in multiple randomly selected microscopic
fields was determined via Image] software.

Multiplexed Immunofluorescence (IF) staining
Primary antibodies against CD8 (1:4000, ab209775,
Abcam), CD4 (1:4000, ab183685, Abcam), FOXP3
(1:4000, 12653, CST), CD11c (1:400, ab52632, Abcam)
and CD86 (1:400, 19589, CST) were used. After pri-
mary antibody incubation, the sections were incubated
with goat anti-rabbit IgG H&L (HRP) (1:4000, ab205718,
Abcam) as the secondary antibody. Tyramide signal
amplification (TSA) was then performed by iFluor 488
tyramide (1:300, 11060, AAT Bioquest) for CD4 and
CD86, iFluor 555 tyramide (1:600, 11065, AAT Bioquest)
for FOXP3, and iFluor 647 tyramide (1:400, 11066, AAT
Bioquest) for CD8 and CD11c. After the final wash, the
nuclei were counterstained with DAPI (C0060, Solarbio).
T-cell infiltration depth was quantified using the mean
nearest distance method, as previously described [13].
Briefly, the distance of CD4" or CD8" T cells from the
tumor margin was measured and scaled relative to the
distance from the tumor margin to its center. The CD8/
Treg ratio was calculated by dividing the number of CD8"
single-positive cells by the number of CD4*FOXP3* dou-
ble-positive cells in the same area. DC maturation was
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(See figure on previous page.)

Fig. 1 RT plus YM101 potentiates tumor suppression across multiple murine models. (a-c) 4T1 tumor model. (a) The representative tumors photograph
and schematic of treatment schedules. (b) Tumor volume expressed as the mean + SEM. Data are from three independent experiments with 6-9 mice per
group in each experiment. (c) Tumor weights on day 12 (n=6 per group). (d-f) CT26 tumor model. (d) The representative tumors photograph and sche-
matic of treatment schedules. () Tumor volume expressed as the mean + SEM. Data are from two independent experiments with 6-9 mice per group in
each experiment. (f) Tumor weights on day 12 (n=6 per group). (g-i) MC38 tumor model. (g) The representative tumors photograph and schematic of
treatment schedules. (h) Tumor volume expressed as the mean =+ SEM. (i) Tumor weights on day 14 (n=6 per group). (j-k) Survival analysis (via Kaplan-
Meier) in 4T1 and CT26 tumor-bearing mice were presented (n=9 per group). The P values were calculated by one-way ANOVA followed by Dunnett’s
multiple comparisons test. *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001 denote the significant difference relative to RT plus YM101 group when

not marked with lines

assessed by quantifying the colocalization of CD11c and
CD86 signals.

RIPF murine model and hydroxyproline determination

In the RIPF murine model, C57BL/6 mice received a sin-
gle dose of 20 Gy to the thorax. The mice in the non-RT
group were not irradiated. At 14- or 22- weeks post-RT,
the mice were treated with antibodies. The experiments
were terminated at 4- or 6- months post-RT. The right
lungs were harvested for histological examination,
whereas the left lungs were flash-frozen for subsequent
biochemical assays. The right pulmonary sections were
stained with H&E and Masson’s trichrome to assess tis-
sue morphology and fibrosis. Two independent patholo-
gists, blinded to the experimental groups, performed the
modified Ashcroft score (scale 0-8) [41]. Five random
microscopic fields were examined, with deliberate avoid-
ance of areas adjacent to large airways to prevent bias.
The mean score from all fields was calculated to deter-
mine the overall fibrosis severity.

Fibrosis was assessed using a colorimetric assay to
measure hydroxyproline (HYP) content. Briefly, the left
lung tissues were hydrolyzed (95 °C, 20 min), adjusted
for pH (6.0-6.8), and processed using a colorimetric HYP
assay kit (A030-2-1, Nanjing Jiancheng Bioengineering
Institute). The absorbance was measured at 550 nm, and
the results are expressed as pg HYP per mg of wet lung
tissue.

Blood collection and safety evaluation

After the treatment was terminated, blood samples
were collected via retro-orbital puncture. Briefly, blood
was collected in EDTA-coated 1.5 mL centrifuge tubes
and immediately mixed via gentle shaking. After collec-
tion, hemostasis was achieved using sterile cotton balls.
Serum was isolated from whole blood via centrifugation
under refrigerated conditions. The plasma was then col-
lected for subsequent testing. The plasma samples were
analyzed using an AU680 Clinical Chemistry Analyzer
(Beckman Coulter) for the detection of alanine amino-
transferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), creatinine (CRE), and cre-
atine kinase (CK) levels. Moreover, major organs were
harvested and stained with H&E for histopathological
evaluation.

RNA-sequencing (RNA-seq)

Total RNA was extracted from the 4T1 tumor tissues,
and quality was assessed using the RNA Nano 6000 Assay
Kit on a Bioanalyzer 2100 system (Agilent Technolo-
gies). Sequencing was performed on an Illumina HiSeq
4000 system. The raw reads were processed using fastp
software to remove adapters and low-quality sequences.
The Mus musculus GRCm38 genome was used as a ref-
erence. Differential expression analysis was conducted
using DESeq2 (v1.26.0). Genes with|log2-fold change| >
1.5 and an adjusted P-value < 0.05 were classified as being
differentially expressed. Gene Ontology (GO) analy-
ses were performed using the clusterProfiler R package
(v3.8.1) [42].

Immune signatures were developed using publicly
available datasets [19]. Immune signatures were scored
using scaled gene expression and compared using the
ROAST algorithm [43].

Statistical analyses

Statistical evaluations were conducted using R studio and
GraphPad Prism (v10.2.0). All results are expressed as the
mean + standard error of the mean (SEM). Comparisons
between two groups were analyzed using Student’s ¢ test
(unless otherwise explicitly stated). For multiple group
comparisons, one-way ANOVA followed by Tukey’s or
Dunnett’s multiple comparisons test was applied. Sur-
vival curves were analyzed via Kaplan-Meier estimation,
with statistical comparisons performed using log-rank
analyses. Statistical significance was denoted as *P<0.05,
**P<0.01, **P<0.001 and ****P<0.0001.

Results

RT plus YM101 enhances tumor suppression in multiple
murine tumor models

Previous studies have suggested that either anti-PD-L1 or
TGE-p blockade could synergistically enhance the anti-
tumor effect of RT in 4T1 breast cancer model, which is
known for its limited immune cell infiltration and rela-
tive resistance to ICIs [44]. Given the intricate nature of
the TME and the complex interaction between TGF-
and PD-L1 in immune evasion, we evaluated the efficacy
of RT plus YM101 against single-pathway interventions
in 4T1 tumor model (Fig. 1a-c). Notably, the combina-
tion of RT and YM101 resulted in superior tumor growth
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(See figure on previous page.)

Fig. 2 RT plus YM101 inhibits incidence of pulmonary metastases. (a) Schematic diagrams of treatment for CT26 metastasis model. BALB/c mice were
injected with CT26 cell suspension (2x 10° cells /100 uL) through the tail vein and were randomly separated into four groups: isotype control (i.p, 6.6 mg/
kg), RT (8 Gy), YM101 (i.p.,, 9 mg/kg) and RT combined with YM101 (i.p., 9 mg/kg). (b) The representative photographs of metastasized lungs. Blue arrows
point to metastatic nodules. (c) Quantification of metastatic pulmonary nodules across experimental cohorts on day 18. Data from individual mice and
mean + SEM were shown (n=5 per group). (d) The weight of tumor-bearing pulmonary for each group. The P values were determined by Student’s t-test.
(e) Representative histological images of pulmonary sections stained with H&E showing tumor burden variation within each treatment group. Red ar-
rows point to metastatic nodules. Scale bars represent 2.5 mm and 250 um, respectively. (f) Kaplan-Meier survival analysis of CT26 mice treated with RT
or YM101 monotherapy or combined therapy (n=9 per group). Statistical significance determined by log-rank test. *P < 0.05; **P <0.01; ***P<0.001 and

***%p < 0.0001 denote the significant difference relative to RT plus YM101 group when not marked with lines

inhibition and a greater reduction in tumor burden than
the use of either RT or YM101 alone. Moreover, RT plus
YM101 exhibited enhanced antitumor activity relative to
RT plus aTGE-B (P=0.0318), and showed a trend toward
improvement compared with RT plus aPD-L1 (P=0.061).
To further elucidate the breadth of the efficacy of this
combination therapy, we extended our investigation to
colorectal cancer (CRC) models using two syngeneic
murine models (CT26 and MC38), which exhibit vary-
ing degrees of resistance to RT and ICIs. Consistently,
RT plus YM101 demonstrated the most potent antitumor
activity in both models (Fig. 1d-i).

Long-term survival experiments in both 4T1 and CT26
models revealed significantly improved survival with RT
plus YM101 compared with monotherapies (Fig. 1j, k).
Furthermore, in the 4T1 model, RT plus YM101 signifi-
cantly improved survival compared with RT plus aTGE-3
(P=0.02), while showing a trend towards significance
compared with RT plus aPD-L1 (P=0.14).

The safety assessment of the combination therapy
revealed that all the serum biochemical markers (ALT,
AST, BUN, CRE, and CK) remained within normal
ranges (Additional file 1: Fig. Sla-e) and that there were
no histological abnormalities observed in major organs
(Additional file 1: Fig. S1f). We also observed stable body
weights throughout the treatment (Additional file 1: Fig.
S2). These findings demonstrate that RT plus YM101 not
only provides superior antitumor efficacy but also main-
tains a favorable safety profile without systemic toxicity.

RT plus YM101 inhibits the incidence of pulmonary
metastases
Pulmonary metastasis represents a major cause of can-
cer-related mortality, with the lung being a common site
for metastatic spread from various primary tumors [45—
47]. This scenario is particularly evident in CRC patients,
wherein the development of lung metastases is correlated
with notably poor clinical outcomes [48]. To evaluate the
therapeutic potential of RT plus YM101 in metastatic
disease, we established two complementary models: a
CT26 experimental metastasis model and a 4T1 sponta-
neous metastasis model.

In the CT26 metastasis model, tumor cells were intra-
venously administered to simulate hematogenous spread
of cancer. Treatment was initiated on Day 2, followed by

targeted lung irradiation being performed using a linear
accelerator on Day 7, thereby closely mimicking the clini-
cal RT protocol (Fig. 2a). Analysis of lung tissues on Day
18 revealed that, compared with either monotherapy, RT
plus YM101 significantly reduced both the number of vis-
ible metastatic nodules and lung weight (Fig. 2b-d). H&E
staining further confirmed the substantial reduction in
metastatic burden with combination therapy (Fig. 2e).
Importantly, RT plus YM101 extended the median sur-
vival to 28 days, compared with 20 days with YM101
alone and 23 days with RT alone (Fig. 2f).

To further validate these findings, we employed a 4T1
spontaneous metastasis model, which closely mirrors the
metastatic pattern of human breast cancer [49]. Consis-
tent with our CT26 findings, RT plus YM101 markedly
reduced pulmonary metastases compared with either
monotherapy (Additional file 1: Fig. S3). Collectively,
these findings provide compelling evidence that RT plus
YM101 effectively inhibits the colonization and progres-
sion of pulmonary metastases in vivo.

RT-induced DC maturation and its synergy with YM101 in
vivo

Previous studies have observed enhanced DC matura-
tion when cocultured with RT-treated tumor cells [50],
thereby suggesting a role for RT in enhancing DC func-
tion. However, the the direct effects of RT on DC matura-
tion and function remain poorly understood. To elucidate
the influence of RT on DCs, we utilized an in vitro sys-
tem using monocyte-derived DCs (MoDCs) [51]. After 6
days of culture with GM-CSF and IL-4, the cells exhibited
characteristics of immature DCs (imDCs) (Additional file
1: Fig. S4). We subsequently subjected imDCs to a radia-
tion dose gradient to investigate the impact on DC matu-
ration. Flow cytometric analysis revealed that RT, up to
10 Gy, significantly increased the expression of the DC
maturation markers CD86, CD80 and CD40 in a dose-
dependent manner, wherea higher doses exerted inhibi-
tory effects (Fig. 3a-c). Moreover, across all the tested
doses, RT increased the expression of major histocom-
patibility complex (MHC)-II molecules (HLA-DRs) on
DCs, indicating a broad effect on antigen presentation
capacity (Additional file 1: Fig. S5a). Importantly, cell
viability analysis revealed that the majority of the DCs
remained viable after exposure (Additional file 1: Fig.
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S5b). In conjunction with increased levels of costimula-
tory molecules, PD-L1 induced PD-L1 upregulation on
DCs after RT (Additional file 1: Fig. S6a, b). Similarly, RT
enhanced PD-L1 expression in multiple tumor cell lines,
including 4T1, CT26, and MC38 cells (Additional file 1:
Fig. S6¢c-e), and increased intratumoral PD-L1 expression
as demonstrated via IHC analysis (Additional file 1: Fig.
S6f).

Recent studies have emphasized the importance of
cGAS-STING signaling in RT-mediated antitumor
immune responses [52, 53]. We further examined the
production of cytokines linked to this pathway, with
a focus on IL-6 and TNF-« [54, 55]. Our data demon-
strated that RT induced the dose-dependent secretion
of TNF-a and sustained the elevation of IL-6 (Fig. 3d, e).
At 10 Gy, RT significantly increased the levels of multiple
proinflammatory chemokines, including CCL3, CCL4,
CCL5, CXCL1, CXCL5, CXCL9, and CXCL10, thereby
suggesting a broader impact on the inflammatory milieu
(Fig. 3f).

To further investigate the impact of RT on DC matu-
ration in the TME, we performed comprehensive flow
cytometry (Additional file 1: Fig. S7a) and IF analyses. In
the 4T1 model, RT plus YM101 significantly enhanced
the presence of intratumoral DCs and activated DCs
(Fig. 3g-i and Additional file 1: Fig. S7b). Consistent with
these findings, in the CT26 model, RT plus YM101 sig-
nificantly increased the density of CD86" DCs compared
with either monotherapy (Fig. 3j, k). Moreover, RT plus
YM101 significantly increased the density of F4/80" cells
(Additional file 1: Fig. S7c), which aligns with the results
of previous studies showing that either RT alone or RT
combined with an immunostimulatory agent (cancer vac-
cine) increased the percentage of F4/80" macrophages
[56-58].

RT plus YM101 attenuates tissue fibrosis and enhances T
cell infiltration

RT has been shown to activate TGF-f signaling, which
stimulates cancer-associated fibroblasts (CAFs) and
promotes tumor progression, metastasis, and therapy
resistance [59-61]. In the 4T1 model, RT significantly
increased the expression of o-smooth muscle actin
(a-SMA), a typical marker of CAF activation (Fig. 4a,
b). Similarly, RT enhanced tumor collagen deposition
(Fig. 4c, d). YM101 decreased stromal a-SMA levels and
collagen deposition compared with the isotype control,
which is consistent with our previous observations in the
EMT-6 model [17]. Intriguingly, YM101 reversed both
the RT-induced increases in «-SMA expression and colla-
gen deposition, which was likely a result of reduced CAF
activity. Collectively, these data suggest that YM101 has
the potential to counteract RT-induced CAF activation
and the subsequent development of fibrosis.
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The activation of CAFs and increased collagen deposi-
tion induced by RT theoretically impede T cell infiltra-
tion into the tumor core. Given the critical role of CD8"
T cells in RT plus immunotherapy-mediated immune
responses, we assessed the infiltration and distribution
of immune cells within the TME. Compared with either
monotherapy, RT plus YM101 substantially enhanced
the density of intratumoral CD8" TILs in the 4T1
model (Fig. 4e, f). IF analysis further revealed that RT
plus YM101 not only increased T cell numbers but also
improved T cell penetration into the tumor core (Fig. 4g,
h). The CD3 staining in the CT26 model also confirms
these findings (Additional file 1: Fig. S7d). The improved
T cell infiltration and distribution throughout the tumor
mass suggest a potential mechanism by which RT plus
YM101 overcomes the immunosuppressive barriers typi-
cally associated with RT-induced fibrosis.

RT plus YM101 enhances CD8*T cell activation and
remodels TIL composition

TILs in the TME have been consistently associated with
prognostic outcomes and treatment responses across
various solid tumors [62]. Flow cytometry assays were
conducted to characterized TIL changes within the
TME (Additional file 1: Fig. S8). Compared with either
monotherapy, RT plus YM101 significantly increased the
numbers of intratumoral total T cells and CD8" T cells
in the 4T1 tumor model. The combination therapy also
enhanced the function of CD8* T cells, as evidenced
by increased early-activated (CD69*) and proliferating
(Ki67*) and elevated production of inflammatory cyto-
kines (TNF-a*/IFN-y*) and cytotoxic (granzyme B*/
IFN-y*) CD8* T cells (Fig. 5a-h). Compared with iso-
type control or monotherapy, the combination therapy
also enhanced NK cell responses, with increased NK cell
infiltration and elevated expression of effector molecules
(including TNF-«, IFN-y, perforin, and granzyme B)
being observed (Additional file 1: Fig. S9a-e). Addition-
ally, we observed increased CD4" T cell recruitment and
proliferation, as evidenced by increased CD69 and Ki67
expression (Additional file 1: Fig. S9f-h).

Tregs, characterized by their specific expression of
the transcription factor forkhead box P3 (FOXP3), play
an essential role in tumor immune evasion [63-65].
Given the importance of the CD8"* T cell to Treg ratio in
treatment outcomes [66, 67], multiplex IF analysis was
conducted and revealed that, although YM101 alone
increased CD8" T cell infiltration compared with con-
trols, the combination with RT led to an even greater
enhancement. Crucially, the CD8*/Treg ratio was signifi-
cantly elevated in the combination group (Fig. 5i-k). This
shift towards a more inflammatory immune landscape
aligns with improved therapeutic. Notably, this elevated
ratio was primarily driven by the increase in CD8" T cells
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Fig.3 RT plus YM101 induced DCs maturation and activation. (@-¢) CD14* monocytes were cultured for 6 days with GM-CSF and IL-4. ImDCs were irradi-
ated with 0 Gy, 2 Gy, 5 Gy, 10-15 Gy and cultured for 24 h. ImDCs were stimulated with LPS (1 pg/mL) as a positive control and cultured for 24 h. Represen-
tative flow cytometry histograms of CD80, CD86, and CD40 expression on DCs (n=5 independent experiments). (d-e) ImDCs were irradiated with 0 Gy,
2 Gy, 5-10 Gy and cultured for 24 h. ImDCs were stimulated with LPS (1 pg/mL) as a positive control and cultured for 24 h. The levels of TNF-a and IL-6
were measured by ELISA (n=5 independent experiments). (f) ImDCs were irradiated with 0-10 Gy and cultured for 24 h. ImDCs were stimulated with LPS
(1 pg/mL) as a positive control and cultured for 24 h. Chemokines secretion was analyzed by ELISA (n=3 independent experiments). Representative data
in a-f were repeated at least three times with similar results. (g-i) In the 4T1 model, mice were sacrificed 5 days post RT (for DC maturation analysis) (n=5
mice/group). In the FACS assays, quantification of total DCs (g), CD80* DCs (h) and CD86™ DCs (i). The P values were determined by one-way ANOVA with
Dunnett’s multiple comparisons test. (j-k) Representative IF staining images of CD11c (green) and CD86 (red). Scale bars represent 50 um. All experiments

were repeated 2 or 3 times yielding similar results. *P < 0.05; **P < 0.01; **P<0.001; ****P <0.0001

rather than a reduction in Treg (Additional file 1: Fig.
S9i).

To directly assess the role of CD8" T cells in mediat-
ing therapeutic efficacy, we performed antibody-medi-
ated depletion experiments. Based on the results of the
IHC analysis of tumor tissues, we established an effective
depletion strategy by an anti-CD8 antibody at 200 ug per
mouse (Additional file 1: Fig. S10a, b). Compared with
nondepleted controls, CD8* T cell depletion significantly
compromised the antitumor effects of RT plus YM101,
resulting in accelerated tumor growth and reduced sur-
vival (Fig. 5]-n and Additional file 1: Fig. S10c).

RT plus YM101 reshapes the tumor immune landscape

To elucidate the molecular mechanisms driving the
enhanced efficacy of RT and YM101 combination ther-
apy, we performed transcriptomic analysis of 4T1 tumors.
The differential gene expression (DEG) map revealed
distinct gene expression patterns across the four treat-
ment conditions, with RT plus YM101 demonstrating
the most pronounced changes (Fig. 6a). Gene Ontology
(GO) enrichment analysis demonstrated that, compared
with RT alone, combination therapy significantly upreg-
ulated chemokine-mediated signaling pathways and T
cell activation (Fig. 6b). Similarly, the comparison of RT
plus YM101 to YM101 alone revealed enrichment of
pathways related to the IFN-y response, innate immune
responses and MHC protein complex binding (Fig. 6c).
RT plus YM101 combined treatment activated immune-
related pathways to a greater degree.

Further analysis of immune cell-specific gene signa-
tures revealed that, compared with either monotherapy,
RT plus YM101 significantly enhanced the expression
of genes associated with T cells, NK cells, the IFN-a
response and the IFN-f response (Fig. 6d-g). These tran-
scriptomic findings provide molecular evidence that RT
plus YM101 combination therapy effectively remodels
the tumor immune microenvironment, corroborating
our observed improvements in tumor control and sur-
vival outcomes.

YM101 ameliorates radiation-induced pulmonary fibrosis
(RIPF)

RIPF represents a critical late-stage complication of tho-
racic RT and is characterized by excessive collagen depo-
sition and compromised pulmonary function [68]. To
elucidate the therapeutic potential of YM101 in mitigat-
ing RIPE, we established a murine model with a single
dose of 20 Gy thoracic irradiation(Fig. 7a). Pulmonary
sections were collected at 4 and 6 months post-RT and
stained with H&E for structural features and Masson’s
trichrome for collagen deposition. To ensure compre-
hensive and unbiased assessments, the analysis process
involved an initial examination of complete pulmonary
at low magnification, followed by a more detailed exami-
nation of each section under 200x magnification (Addi-
tional file 1: Fig. S11).

Histological analysis revealed that irradiated lungs
treated with the isotype control or anti-PD-L1 antibody
exhibited severe fibrotic changes, characterized by alveo-
lar collapse, interalveolar septal thickening, and dense
inflammatory infiltrates. Masson’s trichrome staining
demonstrated marked collagen accumulation in these
groups (Fig. 7b, c). Notably, both the anti-TGF-f and
YM101 treatments significantly attenuated these fibrotic
changes, whereby these treatments preserved alveolar
structure and reduced collagen deposition in the alveo-
lar septa. Quantitative assessment of fibrosis via Ashcroft
scoring confirmed these observations (Fig. 7d).

To further validate these observations, we quanti-
fied the content of hydroxyproline (HYP), which is the
gold standard biochemical marker of pulmonary fibrosis
severity [69]. HYP analysis at both 4 and 6 months post-
RT revealed a consistent pattern: non-RT group main-
tained low HYP levels, whereas irradiated mice treated
with isotype or anti-PD-L1 antibodies exhibited sig-
nificantly elevated HYP levels (Fig. 7e, f). Both the anti-
TGEF-B and YM101 treatments effectively reduced HYP
levels, with YM101 demonstrating superior fibrosis miti-
gation efficacy at 6 months post-RT.

Discussion

Our study demonstrated the therapeutic potential of
combining RT with YM101 (a novel bispecific antibody
that targets TGF- and PD-L1) for treating non-inflamed
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Fig. 4 RT plus YM101 attenuates tissue fibrosis and increases infiltration. (a-f) 4T1 tumor-bearing mice received isotype, YM101, RT or combination
therapy. Tumor tissues were harvested at day 10 post RT. Representative IHC images and quantifications of tumor sections stained with an anti-a-SMA,
anti-collagen | and anti-CD8 antibody. Scale bars represent 50 and 100 pm. Each point on the graphs represents an individual fields (N=15 fields, 5 mice).
(g) The representative CD4 (green) and CD8 (red) IF staining of tumor periphery and center. Dashed line indicates tumor boundaries. Scale bars represent
50 pm. (h) Quantification of infiltration depth of T cells based on IHC. The P values were determined using one-way ANOVA followed by Tukey's multiple
comparisons test. P<0.01; * P<0.001; **** P<0.0001; ns: not significant

tumors (Fig. 8). Compared with monotherapies, this Although multiple preclinical studies have revealed
combination therapy exhibited superior antitumor effi- stronger antitumor activities of RT combined with ICIs
cacy across multiple tumor models while simultaneously =~ [70], resistance frequently persists, thereby indicating
mitigating RIPF. the existence of additional immunosuppressive pathways
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Fig. 5 RT plus YM101 promoted CD8" T cell activation in the 4T1 murine model. (a-h) Flow cytometry analysis of tumors from BALB/c mice subcutane-
ously inoculated with 4T1 cells and sacrificed two days after the completion of treatment. Quantification of total T cells (@), CD8" T cells (b), activated CD8*
T cells (CD69Y) (c), Ki67* CD8* T cells (d), TNF-a* CD8* T cells (e), IFN-y* CD8* T cells (f), Perforin® CD8* T (g) and Granzyme-B* CD8* T cells (h). Each point
represents an individual mouse (n=>5 per group). (i) Representative images from CD8 (red), CD4 (green) and FOXP3 (yellow) in CT26 tumors stained by IF.
Scale bars represent 50 um. (j) Quantification of CD8* T cell density (cells/mm?) in multiplexed IF images of tumor area. (k) CD8"* T cell/Treg ratio in tumor
area based on multiplexed IF analysis. (I-n) Effect of CD8* T cell depletion on combined therapy in the 4T1 tumor model. (I) Tumor volume expressed as
the mean +SEM. Data are from two independent experiments with 6 or 9 mice per group in each experiment. (m) Tumor weights on day 12 (n=6 per
group). (n) Kaplan-Meier plot of survival by treatment group and median survival are presented. The P values were determined using a one-way ANOVA

followed by Dunnett’s multiple comparisons test. *P < 0.05; ** P<0.01; *** P<0.001; **** P<0.0001

[67, 71]. The superior antitumor activity observed with
RT plus YM101 compared with either monotherapy or
RT combined with anti-PD-L1 highlights the importance
of the simultaneous targeting of multiple immunosup-
pressive mechanisms within the TME. This observation
is particularly significant in the context of non-inflamed
tumors, which represent a major challenge for cancer
immunotherapy. These tumors are characteristically
resistant to currently used immunotherapies due to
a combination of factors, including the lack of tumor
antigens, hampered DC maturation, inadequate initia-
tion and stimulation of T cells, and compromised T cell
infiltration [72]. Our results align with increasing evi-
dence suggesting that successful cancer immunotherapy
requires both the stimulation of innate immunity and
increased T cell infiltration and activation within the
TME [73, 74].

A key observation in our study was the ability of RT to
modulate DC maturation. Although previous research
has focused on enhanced DC maturation when cocul-
tured with irradiated tumor cells [50], our study provides
direct evidence of the impact of RT on DC activation and
proinflammatory cytokine production. Furthermore, we
demonstrated that RT directly increases PD-L1 expres-
sion on both tumor cells and DCs, providing a strong
mechanistic rationale for combining RT with YM101.
The upregulation of PD-L1 on DCs is particularly signifi-
cant, as recent studies have suggested that DC expressed
PD-L1 may be more predictive of clinical responses than
PD-L1 expression in tumor cells [38, 75]. This observa-
tion aligns with emerging evidence highlighting the
critical role of DCs in mediating successful antitumor
immune responses.

RT-induced DC activation leads to a cascade of down-
stream immune effects. Mechanistically, via improved
antigen cross-presentation, activated DCs effectively
sensitized and expanded tumor-specific T cells, as evi-
denced by increased levels of activation and proliferation
markers on CD8* T cells, as well as elevated produc-
tion of TNF-a, IFN-y, perforin and granzyme B, in the
flow cytometry. Moreover, the increased ratio of CD8" T
cells to Tregs further shifts the balance in favor of anti-
tumor immunity [76]. The essential role of CD8" T cells
in mediating the therapeutic efficacy of RT plus YM101
combination therapy was conclusively demonstrated via

depletion experiments, wherein CD8* T cell depletion
abolished the antitumor effects of combination therapy.
Interestingly, we also observed increased numbers of NK
cells and CD4" T cells, which likely resulted from the
enriched cytokine milieu created by activated DCs and
the reciprocal interactions between different immune cell
populations within the TME.

The ability of YM101 to reverse RT-induced CAF acti-
vation and collagen deposition represents another crucial
mechanism underlying the efficacy of this combination
therapy. By targeting TGF-B, YM101 helps to disman-
tle the physical and functional barrier created by CAFs
and their associated extracellular matrix components,
potentially facilitating immune effector cell expansion,
particularly CD8* T cells infiltration. Moreover, RNA-
seq analysis reveals a comprehensive remodeling of the
TME following combination treatment. These syner-
gistic effects provide a strong mechanistic basis for the
superior efficacy of combination therapy compared with
either monotherapy.

Importantly, our study provides novel insights into the
synergistic effects of dual PD-L1 and TGF-p blockade in
mitigating RIPE. Although anti-PD-L1 monotherapy had
a minimal effect on RIPF, YM101 demonstrated slightly
superior efficacy over a longer period compared with
anti-TGF-B alone. Recent single-cell sequencing data
have revealed that in fibrotic lungs, TGF-p expression
is predominantly localized to specific PD-L1-expressing
cell populations, particularly in specific endothelial cell
subsets and M2/lipofibroblast-like cells [28], which may
provide context for these observations. The ability of
YMI101 to attenuate RIPF while enhancing antitumor
efficacy potentially broadens the therapeutic window for
RT in cancer treatment.

However, several limitations of our study require fur-
ther investigation, particularly the optimal timing and
sequencing of RT and YM101 administration, as well
as the RT dosing and fractionation schedules, as these
parameters may significantly impact therapeutic out-
comes [77-79]. Additionally, the long-term effects and
potential toxicities of this combination approach warrant
careful investigation [31, 32]. Although our safety evalu-
ation revealed no overt systemic toxicity, more compre-
hensive studies are needed to comprehensively assess the
risk-benefit ratio of RT combined with YM101.
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Fig. 6 RT plus YM101 reshapes the tumor immune landscape in the 4T1 model. (@) Heatmap visualization of differentially expressed genes (DEGs) across
different treatment groups. DEGs were identified using the following criteria:|log2 fold change| = 1.5 and adjusted P-value < 0.05. Gene lists and statistical
information are provided in Additional file 1: Table S2. (b-c) GO enrichment analysis between RT plus YM101 and monotherapy groups (RT+YM101 Vs.
YM101 and RT+YM101 Vs. RT, respectively). Immune-related GO enrichment results are detailed in Additional file 1: Table S3. (d-g) Analysis of immune
signature enrichment using ROAST algorithm. The heatmaps depicted the normalized expression level of genes sets. The plots show the distribution of
ROAST enrichment scores for gene sets across different experimental groups. For each signature, scores were calculated using the ROAST mean statistic

with genes listed in Additional file 1: Table S4. *P <0.05; ** P<0.01

The translational potential of this approach is sup-
ported by the ongoing clinical development of Y101D,
the humanized version of YM101. A phase I clinical trial
(NCT05028556) has already demonstrated the safety

of Y101D, paving the way for phase Ib/II combination
therapy studies. Future studies should address the iden-
tified limitations through larger-scale investigations,
diverse tumor models, and detailed mechanistic analyses.
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Fig. 8 Mechanism of RT and YM101 combined therapy. Upper panels illustrate that schematic representation of the tumor microenvironment (TME)
before and after treatment with RT and YM101. Combined RT and YM101 treatment induce multiple effects, including immune activation (increased DC
maturation and pro-inflammatory cytokine/chemokine production), reduced T cell exhaustion, and enhanced T cell infiltration. Lower panels illustrate
the impact of YM101 on radiation-induced pulmonary fibrosis (RIPF), demonstrating attenuated ECM deposition and fibrosis. The ability to attenuate RIPF
while enhancing antitumor efficacy potentially broaden the therapeutic window for RT in the cancer treatment

Careful clinical trial design and comprehensive patient
monitoring will be essential for successful translation of
these preclinical findings.

Conclusion

Our study provides compelling evidence for the thera-
peutic efficacy of combining RT with YM101 (a bispe-
cific antibody that targets TGF-p and PD-L1) in murine
breast cancer and colorectal cancer models. This combi-
nation therapy demonstrated superior antitumor effects
compared with either monotherapy. Mechanistically,
our findings reveal that this combination therapy com-
prehensively orchestrates the TME remodeling by pro-
moting DC maturation, reversing CAF activation, and
facilitating robust CD8" T cell infiltration and activa-
tion. In particular, YM101 not only enhances the antitu-
mor efficacy of RT but also mitigates RILF, addressing a
critical clinical challenge of RT. These findings establish
a robust preclinical foundation and provide a compelling
rationale for future clinical investigations of RT com-
bined with YM101, particularly in patients with non-
inflamed and stroma-rich tumors resistant to current
immunotherapies.
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