Open access

s
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Ye J, Qin SS,

Hughson AL, et al. Blocking

LIF and PD-L1 enhances the
antitumor efficacy of SBRT in
murine PDAC models. Journal
for ImmunoTherapy of Cancer
2025;13:¢010820. doi:10.1136/
jitc-2024-010820

» Additional supplemental

material is published online only.

To view, please visit the journal
online (https://doi.org/10.1136/
jitc-2024-010820).

Accepted 21 April 2025

| '.) Check for updates

© Author(s) (or their
employer(s)) 2025. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ Group.

For numbered affiliations see
end of article.

Correspondence to

Dr Scott A Gerber;
scott_gerber@urmc.rochester.
edu

Original research

Blocking LIF and PD-L1 enhances the
antitumor efficacy of SBRT in murine

PDAC models

Jian Ye

,'? Shuyang S Qin,"® Angela L Hughson,'? Gary Hannon © |

1,2

Noah A Salama,® Tara G Vrooman,'?® Maggie L Lesch,’?* Sidney Lesser,"?

Sarah L Eckl,"?® Rachel Jewell,"? Lauren Benoodt,* Bradley N Mills,"*®

Carl J Johnston,>® Edith Lord,?* Brian A Belt, Laura M Calvi,>’ David Linehan,"*®
Nadia Luheshi,® Jim Eyles,® Scott A Gerber'?35

ABSTRACT

Background Recent preclinical and clinical data
suggest that leukemia inhibitory factor (LIF) is a

potential target for various tumor types including
pancreatic ductal adenocarcinoma as LIF is involved in
multiple protumor processes including cancer stem cell
maintenance, epithelial-mesenchymal transition (EMT),
immunosuppression, and chemo/radioresistance. Anti-LIF
antibody therapy has demonstrated safety and tolerability
but limited efficacy in phase 1 clinical trial in advanced
solid tumors. This prompted us to explore combination
therapies, suggesting that LIF blockade, when combined
with standard-of-care chemotherapy, radiotherapy, and/
or immunotherapy, could present a promising therapeutic
strategy.

Methods We evaluated the impact of combining systemic
inhibition of LIF/programmed death-ligand 1 (PD-L1) with
localized stereotactic body radiotherapy (SBRT) on tumor
progression across multiple murine orthotopic pancreatic
tumor models and examined systemic antitumor immunity
using a hepatic rechallenge model. The antitumor immune
response was characterized throughflow cytometry and
Luminex assays. To identify differentially expressed genes
and signaling pathways following treatment, we performed
bulk RNA sequencing on pancreatic tumors. Additionally,
single-cell RNA sequencing was conducted to further
examine changes in tumor-infiltrating immune cells and
their signaling pathways.

Results We showed that simultaneous inhibition of

LIF and PD-L1 significantly amplified the antitumor
efficacy of SBRT, resulting in extended survival. The

triple therapy (SBRT+anti-LIF+anti-PD-L1) generated

an immunostimulatory tumor microenvironment,
characterized by a proinflammatory shift in the cytokine/
chemokine profile, increased infiltration of effector CD8*
T cells, and upregulated activation or maturation signals
in tumor-infiltrating CD8* T cells and macrophages. The
beneficial effects of triple therapy were mostly abrogated
by depletion of CD8" T cells. In addition, triple therapy
downregulated pathways related to tumor stemness,
proliferation, and metabolism, and reduced EMT.
Importantly, the combination of local SBRT treatment with
systemic LIF and PD-L1 blockade resulted in long-term
systemic antitumor memory.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Emerging evidence suggests that leukemia inhibi-
tory factor (LIF) is a promising biomarker and target
for pancreatic ductal adenocarcinoma (PDAC). A
phase 1 clinical trial with anti-LIF antibody demon-
strated safety but limited efficacy. It remains to be
determined whether blockade of both LIF and pro-
grammed death-ligand 1 (PD-L1), along with stereo-
tactic body radiotherapy (SBRT) enhances antitumor
efficacy in both local and metastatic PDAC models.

WHAT THIS STUDY ADDS

= Blockade of both LIF and PD-L1 significantly en-
hanced the antitumor effects of local SBRT in
orthotopic PDAC murine models by shifting the
immunosuppressive tumor microenvironment to-
ward a more immunostimulatory phenotype that
included a proinflammatory cytokine/chemokine
profile, increased infiltration of effector CD8* T cells,
and enhanced activation and maturation of tumor-
infiltrating CD8" T cells and macrophages. The
efficacy of triple therapy was primarily dependent
on CD8" T cells. Notably, local SBRT combined with
systemic blockade of LIF and PD-L1 induced long-
term systemic antitumor memory.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The combination of SBRT with LIF and PD-L1 block-
ade has the potential to generate both local and
long-lasting systemic antitumor immune responses
in PDAC. This work provides a proof of concept for
advancing this triple therapy regimen into clinical
studies for human PDAC.

BACKGROUND

Pancreatic ductal adenocarcinoma (PDAC)
is predicted to become the second deadliest
cancer by 2030, presently holding the fourth
position among cancerrelated fatalities in
the USA."* While showing promising benefits
across various tumor types, immune check-
point blockade (ICB) has proven ineffective
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for PDAC, largely due to the unique immunosuppressive
tumor microenvironment (TME) of PDAC.*" Hence, the
current challenge is to surmount the barrier of the immu-
nosuppressive TME and transition itinto an immunostim-
ulatory environment. Our previous studies have indicated
that radiotherapy, such as stereotactic body radiotherapy
(SBRT), is a suitable candidate for combination with
ICB due to its immunomodulatory effects, in contrast to
chemotherapy. However, additional interventions are still
necessary to reverse the immunosuppressive PDAC."?

Leukemia inhibitory factor (LIF) is a multifunctional
cytokine and a member of the interleukin (IL)-6 family,
which also includes IL-6, IL-11, IL-27, ciliary neurotrophic
factor, cardiotrophin 1, cardiotrophin-like cytokine, and
oncostatin M. LIF forms a ternary complex (1:1:1) with
glycoprotein 130 (gpl130) and the LIF receptor (LIFR)
on the cell surface. The intracellular chains of LIFR and
gpl30 bind to Janus kinase 1 (JAK1), triggering down-
stream pathways such as JAK/STAT3, MAPK, PI(3)K, YAP,
and mTOR signaling. These pathways regulate diverse
cellular processes including self-renewal, differentia-
tion, and survival.'” " Originally identified for its role in
inducing the differentiation of leukemia cells, LIF has
emerged as a key regulator in tumor-promoting processes
in various cancers by regulating the self-renewal of cancer
stem Cells,lg"14 activating cancer-associated ﬁbroblasts,15
and promoting suppressive myeloid cells.'® Additionally,
LIF facilitates tumor cell proliferation'® '” and confers
resistance to chemotherapy'* and radiotherapy.'® Clini-
cally, high expression of LIF is associated with poor prog-
nosis and resistance to anticancer therapies.'*'”'® Notably,
recent clinical and preclinical studies highlight serum
LIF as a promising diagnostic, prognostic, and disease
progression biomarker for PDAC, demonstrating supe-
rior sensitivity and specificity compared with traditional
markers, such as Carbohydrate Antigen 19-9 (CA19-9)
and Carcinoembryonic Antigen (CEA)." However, while
these findings are encouraging, the potential role of LIF
as a biomarker, as well as the mechanistic involvement of
LIF in areas such as immunosuppression and radioresis-
tance, is not necessarily exclusive to PDAC, as LIF has also
been implicated in other cancer types. Further confirma-
tion in larger clinical studies is required to better define
the specificity and utility of LIF across cancers.

Given its potential to influence multiple cancer mech-
anisms, inhibiting LIF represents a promising novel
therapeutic strategy. Neutralizing antibodies and small-
molecular inhibitors targeting the LIF/LIFR axis have
been developed for preclinical studies or clinical evalu-
ation."”” '** Notably, MSC-1 (AZD0171), a humanized
monoclonal antibody, has shown potent and specific
LIF blockade across multiple cancer types.”* Although
the phase 1 trial of MSC-1 confirmed safety and tolera-
bility as a monotherapy, the modest efficacy observed®
suggests that inhibition of LIF may require combination
with standard-of-care therapies, such as chemotherapy,
radiotherapy, or immunotherapy, to achieve optimal ther-
apeutic outcomes.

In this study, we evaluated the therapeutic potential of
combining SBRT, anti-LIF, and anti-programmed death-
ligand 1 (PD-L1) in preclinical PDAC models. The triple
therapy (SBRT+antiLIF + anti-PD-L1) achieved signifi-
cantly improved local tumor control and prolonged
survival compared with untreated controls or mono-
therapy/dual therapy across multiple orthotopic PDAC
mouse models. The triple therapy regimen fostered an
immunostimulatory TME, marked by proinflammatory
cytokine/chemokine profiles, increased infiltration of
effector CD8" T cells, and enhanced activation/matu-
ration signaling in both tumor-infiltrating CD8" T cells
and macrophages. The therapeutic efficacy was primarily
dependent on CD8" T cells, as their depletion nearly
abolished the antitumor effect. Additionally, the triple
therapy suppressed tumor stemness, proliferation, meta-
bolic signaling, and epithelial-mesenchymal transition
(EMT). Importantly, the integration of local SBRT with
systemic LIF and PD-L1 blockade generated durable
systemic antitumor memory. Together, these preclinical
findings demonstrate that combining SBRT with LIF and
PD-L1 inhibition represents a promising multimodal
approach for PDAC treatment.

METHODS

Cells and reagents

The murine PDAC KCKO and luciferase-expressing
KCKO (KCKO-Luc) cell lines were kindly provided by Dr
Pinku Mukherjee (University of North Carolina, Char-
lotte, North Carolina, USA). KP2.1-Luc was generated by
transfecting KP2 cells (obtained from Dr David DeNardo,
Washington University of Medicine, St Louis, Missouri,
USA) with luciferase-containing vectors (#LVP571-PBS,
GenTarget). All cell lines were maintained in RPMI1640
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin, regularly tested for Myco-
plasma contamination, and used within three passages to
ensure experimental consistency.

Anti-LIF (mAZDO0171), anti-PD-L1 (Clone 80) and
corresponding isotype IgG controls were provided by
AstraZeneca. For in vivo studies, antibodies were admin-
istered intraperitoneally (20mg/kg, 10 mg/kg anti-PD-L1
or matched isotype IgG control in 100pl phosphate-
buffered saline (PBS)) two times per week, starting 1 day
before SBRT. For T cell depletion, mice received 200 pg
of anti-CD4 (clone: YI'S191), anti-CD8 (clone: 53-6.7), or
isotype IgG (diluted in 100 pl PBS) every 3 days via intra-
peritoneal injection.

Murine orthotopic model and hepatic metastases model of
pancreatic cancer

Female C57BL/6] mice (6-8 weeks old; Jackson Labo-
ratory) were acclimated in our facility prior to experi-
ments with all procedures approved by the University
Committee on Animal Resources (UCAR) at the Univer-
sity of Rochester Medical Center (Rochester, New York,
USA). We established orthotopic and hepatic metastasis
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models with minor modifications from published proto-
cols.® ***” For the orthotopic implantation, anesthetized
mice received 2x10° KCKO-Luc cells or 5x10* KP2.1-Luc
cells suspended in a 1:1 mixture of PBS and Matrigel via
the pancreatic tail injection, with titanium clips placed to
mark the tumor for SBRT. In the rechallenge model, mice
cured of primary tumors by triple therapy (SBRT+anti-LIF
+ anti-PD-L1) received 5x10° KCKO-Luc or KP2-Luc cells
via hemispleen to induce hepatic metastases.

SBRT treatment

As previously described,® ***¥ mice were anesthetized
with isoflurane for x-irradiation using a Small Animal
Radiation Research Platform (XStrahl SARRP: X-rays 220
kVp 13.0 mA at a dose rate of 3.1 Gy/min). The SARRP
is equipped with CT-image guidance for target delinea-
tion and uses collimated radiation beams to cover only
the defined target volume. Treatment planning was
accomplished using the on-board MuriPlan software to
identify the target and deliver the prescribed dose. The
location of each pancreatic tumor was defined using two
small titanium fiducial clips placed on either side of the
tumor at the time of tumor injection. The clips were local-
ized using CT imaging and used to precisely target two
parallel opposing 5mm x 5mm collimated beams to the
tumor volume while minimizing radiation exposure to
surrounding normal tissues. A dose of 6 Gy was delivered
to the tumor for four consecutive days (day 7-10 post-
tumor inoculation). Radiographic film dosimetry was
conducted prior to the experiment for treatment verifi-
cation and quality assurance of radiation dose and dose
distribution. Radiation-related side effects, such as weight
loss or diarrhea, were not observed in this model (data
not shown), likely due to the precise targeting of SBRT.

Flow cytometry

Tumor samples were processed into single-cell suspen-
sion using enzymatic digestion (30% collagenase, 37°C,
30min) and mechanical dissociation, followed by filtra-
tion through 40pm strainer.® > Cells were suspended
in PBS with 5% FBS and pretreated with Fc receptor
blocking solution to minimize non-specific binding.
For surface marker staining, cells were stained in the
dark at 4° C for 30 min using the following fluorophore-
conjugated antibodies (BD Biosciences or BioLegend):
anti-CD45  (Fluorescein Isothiocyanate (FITC) or
PE-Cy5), anti-CD3 (FITC), anti-CD4 (APC-Cyb), anti-CD8
(BV605), anti-NK1.1 (PE-Cy7), anti-CD11b (eFluor450),
F4/80 (APC), anti-Ly6C (APC-Cy7), anti-Ly6G (PE-Cy7),
anti-CD11c (PE-Cy7), anti-MHCII (PerCP-Cy5.5), anti-
CD69 (APC), anti-PD-L1 (BV605), CD24 (BV605), anti-
CD103 (APC), anti-XCR1 (BV421), anti-CD80 (BV786),
anti-CD86 (BV510), anti-PD1 (BV711), and ant-CTLA4
(APC-R700). For intracellular staining, fixed and perme-
abilized cells (FoxP3/Transcription factor staining buffer
set, eBiosciences) were stained with fluorescence-labeled
antibodies including anti-IFNg (BV786) and anti-FoxP3
(APC) in the dark for 30 min at room temperature. Cells

were analyzed on an LSR II Flow Cytometer (FlowJo
V.10.10.0 for data analysis).

Immunohistochemical staining

Cleaved caspase-3, HMGB1, and HSP70-positive cells
were evaluated by immunohistochemical staining, as
detailed in prior studies.” ** *” Briefly, frozen tumor
sections (KP2-Luc or KCKO-Luc tumors) were incu-
bated overnight at 4°C with primary antibodies: anti-
cleaved caspase-3 (#9664S, Cell Signaling), anti-HMGBI1
(ab18256, Abcam), or anti-HSP70 (ab79852, Abcam),
followed by rabbit antibody enhancer and Polymer horse-
radish peroxidase (#D39-18, GBI Labs). The tissues were
developed with chromogen substrate, and counterstained
with hematoxylin. Expression levels of these markers
were quantified using the Aperio Image Scope algorithm
(Leica Biosystems).

Analysis of cytokines and chemokines using multiplexed
magnetic Luminex assay

Tumor samples were processed as described previously.®?’
Briefly, samples were homogenized and incubated in ice-
cold Lysis Buffer #11 (R&D Systems) with protease inhib-
itors (1hour, 4°C). The samples were then centrifuged
(14000rpm, 20min, 4°C) to collect the supernatants.
The cytokine/chemokine profiling was performed by Eve
Technologies Corporation (Calgary, AB Canada) using a
multiplexed magnetic Luminex assay.

Bulk RNA-seq and bioinformatic analysis

Tumors were individually homogenized in Buffer RLT
Plus, and total RNA was extracted using the RNeasy
Plus mini kit (Qiagen) per the manufacturer’s protocol.
RNA integrity was verified using an Agilent Bioanalyzer
(Agilent Technologies). The University of Rochester
Genomics Research Center (GRC) performed RNA
sequencing, preparing complementary DNA libraries with
TruSeq RNA Sample Preparation Kit V.2 (Illumina) and
sequencing them on an Illumina high-throughput HiSeq
2500 platform. Differential gene expression analysis was
conducted using DESeq2 (V.1.28.1) in R (V.4.0.2), with
significant thresholds set at an adjusted p value (p adj
<0.05) and abs(log2FoldChange) > 0. Enriched pathways
and transcription factors were identified using Enrichr.

ScRNA-seq and bioinformatic analysis
As previously described,” mouse tumor tissues were disso-
ciated using the Tumor Dissociation Kit (Miltenyi Biotec
130-096-730), following the guidelines outlined in the
10x Genomics protocol (CG00147.Rev B). The resulting
single-cell suspension was stained with Ghost Dye Violet
510, and only viable (unstained) cells were selected
through sorting. Cells from various samples were multi-
plexed, captured, and sequenced in accordance with 10x
Genomics protocols at the GRC of the University of Roch-
ester Medical Center.

The raw single-cell RNA sequencing (scRNA-seq) data
were processed using the CellRanger software (V.6.0.2)
from 10x Genomics, which facilitated demultiplexing and
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the generation of raw gene expression counts based on
the mml0 reference genome. Downstream analysis was
conducted in RStudio (V.4.3.2) using Seurat (V.4.3.0),
which enabled quality control, filtering, normalization,
clustering, and the identification of clusterspecific
marker genes. Cells with mitochondrial genome content
exceeding 10% were removed, and thresholds of
200-7,000 detected genes per cell were set to exclude
low-quality cells and doublets. Data normalization was
carried out using the “SCTransform” function, while
principal component analysis (PCA) and uniform mani-
fold approximation and projection (UMAP) were applied
for dimensionality reduction and clustering through
the “RunPCA” and “RunUMAP” functions, respectively.
Cluster-specific marker genes were identified using the
“FindAllMarkers” function, while differentially expressed
genes between treatment groups within selected clusters
were determined via the “FindMarkers” function. To visu-
alize gene expression patterns across cell clusters or treat-
ment conditions, functions such as “VinPlot,” “DotPlot,”
“FeaturePlot,” and “RidgePlot” were used. Genes with
an adjusted p value<0.05and a log2 fold change greater
than 0.25 or less than -0.25 were analyzed for pathway
enrichment using Enrichr. The average expression levels
of upregulated and downregulated genes within rele-
vant signaling pathways were further calculated using the
“AddModuleScore” function and represented in Ridge-
Plot or VInPlot across different treatment conditions.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (V.9.3.1). Unless otherwise specified, results are
presented as mean+SEM. For growth curve experi-
ments, multiple comparison, one-way analysis of vari-
ance (ANOVA) with Bonferroni post hoc adjustments
was used. For survival curve multiple comparisons, the
log-rank (Mantel-Cox) with Bonferroni adjustment was
applied. In studies involving multiple group compar-
ison, one-way ANOVA followed by the Dunnett test was
performed. For direct comparison between two groups,
paired Student’s t-tests were used. Statistical significance
was set at p<0.05or p<0.01, as indicated.

RESULTS

Combined LIF and PD-L1 blockade enhances SBRT efficacy in
orthotopic PDAC models

We evaluated whether targeting LIF and PD-L1 could
potentiate  SBRT in two immunocompetent PDAC
orthotopic models: KCKO-Luc (p48-Cre/LSL-KrasG12D
mice-derived) and KP2-Luc (p48-Cre/LSL-KrasG12D/
pb3flox/+ mice-derived).” Mice were randomized into
eight groups (figure 1A), including various combina-
tions of SBRT (6Gyx4), anti-LIF, and anti-PD-L1. In the
KCKO model (figure 1B-D), significant tumor reduction
and improved survival occurred in anti-LIF+anti-PD-L1,
SBRT+anti-PD-L1, and the triple therapy when compared
with the untreated group. Notably, triple therapy showed

superior efficacy, doubling survival rates (50% vs 25%)
compared with SBRT+anti-PD-L1. In the KP2 model,
triple therapy again demonstrated enhanced tumor
control and survival versus untreated or SBRT+anti-PD-L1
groups (figure 1E-G). These results established that
concurrent LIF/PD-L1 inhibition synergizes with SBRT,
yielding significantly improved outcomes in aggressive
PDAC models. The consistent superiority of triple therapy
across both models highlights its translational potential
for pancreatic cancer treatment.

Blockade of PD-L1 or LIF enhances ICD induced by SBRT
Immunogenic cell death (ICD) promotes antitumor
immunity through damage-associated molecular patterns
(DAMPs) release and immune cell recruitment.* *
While we previously established that SBRT induces ICD
in PDAC models,?®#” and that PD-L1 blockade potenti-
ates this effect,® we now investigated whether adding LIF
inhibition could further enhance ICD. In KP2 tumors
harvested 11 days postimplantation (treatment groups as
in figure 1A), we assessed cell death (cleaved caspase 3,
figure 2A), and DAMP expression (HMGBI, figure 2B;
HSP70, figure 2C). Consistent with previous find-
ings,8 2627 SQBRT alone induced increased ICD, and the
addition of LIF or PD-L1 blockade further augmented
cell death when combined with SBRT. The triple therapy
(SBRT+anti-PD-L1+anti-LIF) showed the highest levels of
ICD, significantly greater than SBRT alone (p<0.01), and
a trend toward higher ICD compared with SBRT+anti-LIF
or SBRT+anti-PD-L1. Additionally, analysis of scRNA-seq
data revealed high expression levels of Hsp70 family
genes in both the SBRT+anti-PD-L1 and triple therapy
groups (online supplemental figure 1), consistent with
the increased protein expression observed by immuno-
histochemistry (figure 2C). Similarly, in the KCKO model
(online supplemental figure 2), SBRT alone induced ICD,
and the addition of either anti-LIF or anti-PD-L1 further
enhanced cell death when combined with SBRT, with
trends consistent with those observed in the KP2 model.

Triple therapy modulates the TME toward a more
immunostimulatory phenotype

We analyzed therapy-induced changes in the TME
by quantifying 30 immunomodulatory cytokines and
chemokines (spanning both immunosuppressive and
immunostimulatory factors) using Luminex technology”
at day 14 postimplantation (figure 3A). PCA (figure 3B,
online supplemental figure 3) revealed distinct clustering
for the triple therapy group (red dots) compared with
SBRT+anti-PD-L1 (blue dots) or untreated group (black
dots). Further analysis demonstrated that triple therapy
significantly increased IL-2 and IL-12p70 levels against
untreated tumors, while reducing protumor factors such
as IL-6, LIF, IL-10, MIP1o./B, and VEGF (figure 3A-C,
online supplemental figure 4). These results suggest
that triple therapy significantly remodeled the TME,
promoting immunostimulation largely through substan-
tial reduction of immunosuppressive factors.
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Figure 1 Blockade of LIF and PD-L1 significantly enhances the antitumor efficacy of SBRT in the murine orthotopic model
of pancreatic cancer. (A) Schematic of the experimental design. C57BL/6J mice were injected with KCKO-Luc or KP2-Luc
cells in the tail of the pancreas and treated with SBRT, anti-LIF, or anti-PD-L1 or combinations of two or three of these. Tumor
growth was analyzed by IVIS twice a week. (B) and (E) Representative IVIS images from day 18 after KCKO-Luc (B) or KP2-Luc
(E) implantation. (C) and (F) Tumor growth curves in KCKO-Luc (C) or KP2-Luc (F) were determined by IVIS imaging. Data shown
are the geometric mean of IVIS value+SD from 10 to 15 mice/group. (D) and (G) Kaplan-Meier survival curves of mice bearing
KCKO-Luc (D) or KP2-Luc (G) were observed. For KCKO-Luc model, untreated and SBRT groups (n=15 mice/group), other
groups (n=10 mice/group); For KP2-Luc model, untreated (n=15 mice), other groups (n=10 mice/group). *, adjusted p<0.05, **,
adjusted p<0.01, analyzed by one-way ANOVA with multiple comparison (adjusted by Bonferroni method) for growth curve;
analyzed by log-rank (Mantel-Cox) test with multiple comparison (adjusted by Bonferroni method) for survival curve. ANOVA,
analysis of variance; IVIS, in vivo imaging system; KCKO-Luc, luciferase-expressing KCKO; KP2-Luc; luciferase-expressing KP2
cells; LIF, leukemia inhibitory factor; PD-L1, programmed death-ligand 1; SBRT, stereotactic body radiation therapy.
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Figure 2 Blockade of PD-L1 or LIF induced increased ICD in combination with SBRT in the orthotopic model of murine
pancreatic cancer. Mice bearing KP2-Luc orthotopic tumors were treated with SBRT, anti-LIF or anti-PD-L1, and ICD was
determined by immunohistochemistry (IHC) staining of cleaved caspase 3 (A), HMGB1 (B), and HSP70 (C). Results are
expressed as the mean positivity+SEM from five mice per group and analyzed by one-way analysis of variance (ANOVA)
with Dunnett post-test. *p<0.05, **p<0.01, compared with untreated group or monotherapy group. ICD, immunogenic cell
death; KP2-Luc, luciferase-expressing KP2 cells; LIF, leukemia inhibitory factor; PD-L1, programmed death-ligand 1; SBRT,

stereotactic body radiation therapy.

Given that macrophages make up the largest
tion of immune cells in the pancreatic TME,* %

uated the effect of triple therapy on tumor-infiltrating
macrophages using flow cytometry and scRNA-seq. We
did not observe significant changes following triple

propor-
we eval-

therapy in flow cytometry (online supplemental figures
5 and 6B). However, with scRNA-seq, we revealed distinct
phenotypic differences between the macrophages in the
triple therapy and SBRT+anti-PD-L1 groups. Specifically,
we identified various macrophage subtypes, including
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Figure 3 Triple therapy modulates intratumor cytokine/chemokine profiles and macrophage signals toward inflammatory
phenotype. The change of intratumoral cytokines and chemokines after therapy was assessed using Luminex technology on
day 14 post KCKO-Luc tumor implantation. (A) Fold changes of cytokines and chemokines in the tumor following treatment of
SBRT/anti-LIF/anti-PD-L1. The levels of cytokines and chemokines of tumors from no treatment groups were set as 1, and data
were fold changes as compared with the untreated group. (B) Principal components analysis (PCA) of cytokine/chemokines
comparing untreated, SBRT+anti-PD-L1 and SBRT+anti-LIF+anti-PD-L1 groups. (C) IL-2, IL-12p70, IL-6, LIF, IL-10, MIP-1q,
MIP-1B, and VEGF. Results are expressed as mean+SEM from five mice per group and analyzed by one-way ANOVA with
Dunnett post-test. Significances are indicated by *p<0.05, **p<0.01, **p<0.001, and ****p<0.0001 compared with untreated
group. (D) and (E) Upregulated pathways in macrophages from scRNA-seq (D) and TNFa, BDNF, TLR and IL2 scores (E) shown
in bridge plots. ANOVA, analysis of variance; IFNY, interferon-gamma; IL, interleukin; KCKO-Luc, luciferase-expressing KCKO;
LIF, leukemia inhibitory factor; PD-L1, programmed death-ligand 1; SBRT, stereotactic body radiation therapy; scRNA, single-
cell RNA; TLR, Toll-like receptor; TSH, thyroid-stimulating hormone.

monocytes, M1, and M2 macrophages, based on their
marker genes (online supplemental figures 7 and 8A-C).
Consistent with the previous study that anti-LIF can

modulate tumor macrophage activity to enhance the
efficacy of antitumor therapy,* the triple therapy group
exhibited a partial reduction in immunosuppressive M2
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macrophages and a significant upregulation of proin-
flammatory pathways, including TNFo, BDNF, TLR,
and IL-2 signaling (figure 3D,E), suggesting enhanced
macrophage maturation and activation. Additionally,
we observed downregulation of hypoxia, glycolysis, and
mTORCI signals in the triple therapy group compared
with the SBRT+anti-PD-L1 group (online supplemental
figure 8D,E) further supporting a shift in the TME toward
an immunostimulatory phenotype.

CD8" T cells are critical for triple therapy-induced antitumor
efficacy

To assess the effect of SBRT/anti-LIF/anti-PD-LL1 on
antitumor effector cells, we analyzed tumor-infiltrating
immune cell populations via flow cytometry on day
14, 1day after the third dose of anti-LIF+anti-PD-L1.
We observed a notable increase in both CD8" T cells
and IFNY" CD8" T cells in the triple therapy group
(figure 4A), which the latter was validated using
scRNA-seq (online supplemental figure 9). There was
no significant change in the percentage of CD4 cells,
or myeloid cells within the tumor (online supplemental
figure 6).

Using scRNA-seq, we performed a detailed subcluster
analysis of CD8" T cells (online supplemental figure
10A), comparing triple therapy with SBRT+anti-PDLI.
Naive, effector, intermediate cycling (proliferating) and
exhausted CD8" T cell subclusters were identified based
on canonical markers (online supplemental figure 10B).
Notably, triple therapy exhibited elevated total CDhS8*
and effector CD8" cell counts when compared with the
SBRT+anti-PD-L.1 group (figure 4B,C). Importantly,
pathway enrichment analysis revealed significant upregu-
lation of pathways involved in activation of CD8" T cells,”
including IL-2 and BDNF (figure 4D,E).

To further evaluate the contribution of CD8" T cells
and CD4" T cells to the triple therapy-mediated immune
response, we performed cell depletion experiments.
Depletion of CD8" T cells led to a significant reduction in
the efficacy of triple therapy. Although CD4" T cell deple-
tion partially diminished the antitumor effect without
reaching significance (figure 4F), simultaneous deple-
tion of CD4" and CD8" T cells completely eliminated
treatment efficacy. These findings underscore the critical
role of T cells, particularly CD8" T cells, in mediating the
antitumor effects of the triple therapy. Given that CD8+T
cells were identified as critical mediators, we next sought
to determine the importance of their production of IFNy,
a potentially key cytokine in the antitumor response. To
investigate the critical role of IFNY in the efficacy of triple
therapy, we conducted experiments using IFNy knockout
(IFNYKO) mice. As shown in figure 4G, the antitumor
effect of SBRT+anti-LIF+anti-PD-L1 was completely abro-
gated in IFNYKO mice. Together, these findings highlight
the central role of T cells, both as critical effectors and
as the primary producers of IFNYy, in mediating the anti-
tumor effects of the triple therapy

Triple therapy leads to a downregulation of stem cell-like
transcription and cell growth/metabolism-related pathways,
and reduction of EMT

Bulk RNA-seq analysis of whole tumor tissue revealed
significant gene expression and pathway changes
following treatment. PCA demonstrated distinct separa-
tion of the triple therapy group from other treatment
groups (figure 5A). Notably, the triple therapy induced
downregulation of several key transcription factors asso-
ciated with tumor stemness, such as MYC, E2F1, SOX2,
and RUNX2, as well as pathways related to cell growth,
differentiation, and metabolism, including G2-M, EMT,
mTORCI, and glycolysis when compared with SBRT+anti-
PD-L or untreated groups (figure 5C,D, online supple-
mental figure 11). Since these transcription factors and
pathways are predominately linked to tumor cells, the
observed gene expression changes are likely driven by
this population. To further investigate this, we conducted
scRNA-seq to specifically examine the effects on the
tumor cell population.

We performed subclustering of pancreatic tumor cells
from the triple therapy and SBRT+anti-PD-L1 groups,
which revealed two distinct cell populations of epithelial-
like and mesenchymal-like tumor cells based on marker
gene expression (online supplemental figure 12A,B).
Triple therapy led to an increase in epithelial-like cells
and a reduction in mesenchymal-like cells (figure 5E,F).
Further pathway enrichment analysis in whole tumor cell
population across different treatment groups demon-
strated downregulation of Myc and EMT signaling path-
ways (figure 5G,H), along with upregulation of apoptosis
and TNFa signaling pathways (figure 51,]). These find-
ings align with bulk RNA-seq data (figure 5A-D and
online supplemental figure 11) and corroborate previous
studies,"* confirming the role of LIF in regulating tumor
cell stemness, EMT and survival.

Triple therapy induces sustained systemic antitumor immune
memory

Radiotherapy combined with immunotherapy has been
shown to induce systemic or abscopal responses in various
tumors, although this effect remains uncertain in PDAC.
To evaluate whether triple therapy can induce both local
and systemic antitumor responses, we tested mice previ-
ously cured of KP2-Luc orthotopic pancreatic tumors
using the triple therapy regimen (figure 1). These cured
mice were rechallenged with KP2-Luc cells via hemis-
plenic injection, facilitating liver metastases. As shown
in figure 6A,B, naive mice of comparable age formed
liver metastases following the injection. In contrast, mice
cured by triple therapy demonstrated complete resistance
to metastatic rechallenge, indicating that triple therapy
established long-lasting systemic immunity capable of
liver tumor rejection. Consistent with this, we noted a
significant increase in the activated CD8" and CD4" T cells
in the spleen of triple therapy-treated mice (figure 6C,D),
suggesting the induction of a robust systemic antitumor
immune response. Together, these findings indicate that
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Figure 4 CD8" T cells are critical for the antitumor effect in the orthotopic PDAC model. (A) Mice bearing orthotopic KP2-Luc
pancreatic cancer were treated as in figure 1 and sacrificed on day 14. Tumor-infiltrating immune cells were determined by flow
cytometry. Tumor-infiltrating CD8" T cells and their expression of IFNy were analyzed. Results are expressed as mean+SEM
from five mice per group and analyzed by ANOVA with Dunnett post-test. Significance is indicated by *p<0.05, **p<0.01.

(B-E) Tumor-infiltrating CD8" T cells scRNA-seq analysis. (B) Reclustering of CD8 T cells shown in UMAP. (C) Cell counts in CD8
T cell subtypes across different treatments in pancreatic tumor were depicted, showing that triple therapy induced a relatively
high amount of effector CD8 T cells in pancreatic tumor. (D) Upregulated pathways in CD8 T cells (triple therapy vs SBRT+anti-
PD-L1 group). (E) DotPlot displaying upregulated DEGs in the IL2 signaling pathway in CD8 T cells from different treatments.

(F) Tumor-bearing mice were treated with SBRT+anti-CD73+anti-PD-L1 as in figure 1. Mice were given isotype or antibodies
against CD8, CD4 or a combination of both to deplete CD8* T cells, CD4* T cells, or both. Tumor growth was measured by IVIS.
Data are represented as geometric mean+SD (n=5 for each group). *p<0.05, **p<0.001. (G) Wild type or IFNYKO mice bearing
KP2-Luc pancreatic cancer were treated as in figure 1. Tumor growth was measured by IVIS. Data are represented as geometric
mean+SD (n=5 for each group). *p<0.05. ANOVA, analysis of variance; DEG, differentially expressed genes; IFNy, interferon-
gamma; IL, interleukin; VIS, in vivo imaging system; KP2-Luc, luciferase-expressing KP2 cells; LIF, leukemia inhibitory factor;
PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed death-ligand 1; SBRT, stereotactic body radiation therapy;
scRNA-seq, single-cell RNA sequencing; triple therapy, SBRT+anti-PD-L1+antiLIF; UMAP, uniform manifold approximation and
projection.
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Figure 5 Triple therapy induces downregulation of stem-like transcription, cell cycle-related and metabolism-related pathways
and reduction of EMT. (A-D) Mice bearing KCKO-Luc orthotopic pancreatic cancer were treated as in figure 1 and sacrificed

on day 14. Tumor tissues were collected and processed for bulk RNA-seq. (A) Principal component analysis was performed
showing the samples from triple therapy were relatively separated from other samples from other groups. (B) Heatmap

showing the differentially expressed gene in triple therapy versus SBRT+anti-PD-L1 group. (C) Downregulated transcriptions
(triple therapy vs SBRT+anti-PD-L1) in tumor stemness. (D) Downregulated pathways (triple therapy vs SBRT+anti-PD-L1)
including cell growth (G2-M checkpoint), stemness (Myc, E2F), and metabolism (mTORC1, glycolysis, cholesterol homeostasis).
(E-J) Tumor cells scRNA-seq analysis showing that triple therapy induced the reduction of mesenchymal tumor cells.

(E) Subclusters of tumor cells across different treatments are shown in UMAP. (F) Cell counts in cell types across different
treatments in pancreatic tumors were depicted, showing that triple therapy induced a decrease of mesenchymal cells and an
increase of epithelial cells. (G) Downregulated pathways in stemness (Myc, epithelial mesenchymal transition) and metabolisms
(Hypoxia, mTORC1, cholesterol homeostasis and glycolysis) when comparing triple therapy versus SBRT+anti-PD-L1.

(H) Downregulated DEGs in EMT signal pathway shown in DotPlots. (I) Upregulated pathways when comparing triple therapy
versus SBRT+anti-PD-L1. (J) Upregulated DEGs in apoptosis signal pathway shown in DotPlots. DEG, differentially expressed
gene; EMT, epithelial to mesenchymal transition; KCKO-Luc, luciferase-expressing KCKO; LIF, leukemia inhibitory factor; PD-
L1, programmed death-ligand 1; SBRT, stereotactic body radiation therapy; scRNA-seq, single-cell RNA sequencing; UMAP,
uniform manifold approximation and projection.
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Figure 6 Triple therapy induces systemic antitumor immune response in PDAC model. (A) and (B), mice that were cured by
SBRT+anti-LIF+anti-PD-L1 in figure 1 were resistant to tumor rechallenge. Mice cured by triple therapy and age-matched
naive mice received 5x10° KP2-Luc cells via hemisplenic injection. Tumor growth was monitored using IVIS imaging.

(A) Representative of IVIS on day 7 post injection. (B) Growth curve of tumor liver metastasis (n=5 mice/group). *p<0.05, by
multiple t-tests. (C) and (D) Triple therapy with SBRT, anti-PD-L1 and anti-LIF enhances activation of CD8 and CD4 cells in
the spleen of murine pancreatic cancer orthotopic models. Mice bearing KP2-Luc orthotopic pancreatic cancer underwent
treatment as described in figure 1 and were euthanized on day 14. Immune cells in the spleen were assessed by flow
cytometry. Results are presented as mean+SEM from five mice per group and analyzed using ANOVA with Dunnett’s post-
test. Significance is denoted by *p<0.05. ANOVA, analysis of variance; IFNy, interferon-gamma; IVIS, in vivo imaging system;
KP2-Luc, luciferase-expressing KP2 cells; LIF, leukemia inhibitory factor; PDAC, pancreatic ductal adenocarcinoma; PD-L1,
programmed death-ligand 1; SBRT, stereotactic body radiation therapy.

combining systemic LIF/PD-LI inhibition with localized
SBRT generates durable systemic antitumor immunity.

DISCUSSION

LIF has surfaced as a promising therapeutic target in
PDAC, as recent preclinical and clinical studies demon-
strated that LIF, secreted by pancreatic stellate cells,
functions as a pleiotropic regulator in PDAC progression
by governing the cancer stem cells self-renewal, cancer-
associated fibroblasts activation, suppressive myeloid cells
modulation, tumor cell proliferation, and chemoresis-
tance. Phase 1 clinical trials demonstrated tolerability and
safety of a humanized monoclonal antibody against LIF,
however the efficacy was limited.” Therefore, combining
LIF blockade with existing treatment modalities (radio-
therapy, chemotherapies, and immunotherapies) may
overcome the therapeutic resistance of PDAC. In our
study, systemic anti-LIF/anti-PD-L1 combined with local-
ized SBRT enhanced tumor control in multiple orthot-
opic PDAC models. Importantly, this triple therapy also
elicited durable systemic antitumor immunity.

Our data suggest that anti-LIF when used in the triple
therapy regimen may target multiple cell types within
the TME. Bulk RNA-seq analysis identified tumor cells
as a primary target, revealing notable downregulation
of stemness, EMT, and proliferation-related pathways
in response to triple therapy (figure 5A-D and online
supplemental figure 11), consistent with prior reports
of LIF’s role in regulating tumor cell behavior. Addi-
tionally, scRNA-seq in the KP2 model further demon-
strated a decrease in mesenchymal-like tumor cells and
an increase in epithelial-like tumor cells (figure 5E-F
and online supplemental figure 12). This was accompa-
nied by the downregulation of Myc and EMT pathways,
and the upregulation of apoptosis and the TNFo path-
ways (figure 5G-J]). Addition of anti-LIF treatment to
SBRT+anti-PD-L1 also downregulated several metabolic
pathways, including mTORCI, glycolysis, and cholesterol
homeostasis (figure 5D, online supplemental figure 11C),
which have not been widely reported in PDAC. Supporting
our findings, a recent study in breast cancer has demon-
strated LIF’s role in metabolic rewiring specifically by
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activating AKT to promote Glutl trafficking to the plasma
membrane, thereby increasing glucose uptake and glyco-
Iytic activity to drive tumor progression.”” Additionally,
mutant KRAS has been shown to activate the cholesterol
biosynthesis pathway through downstream PISK/AKT/
mTOR signaling, promoting tumor progression in PDAC
models.”® Together, our findings suggest that the addi-
tion of anti-LIF may result in further metabolic repro-
gramming in PDAC tumor cells, including glycolysis and
cholesterol homeostasis, which could be critical in medi-
ating the antitumor effects observed with triple therapy.

LIF targeting in cancers, especially PDAC, has primarily
focused on tumor cell biology.”” ' ¥ % ICD is a key
mechanism for initiating antitumor immune responses,
making it an important target for enhancing therapy. In
a prior study on nasopharyngeal cancer, LIF was shown
to hinder the DNA damage response through activa-
tion of m-TORC1/p70S6K signaling, and inhibiting LIF
enhanced sensitivity to radiation."” However, the role
of LIF mediating radioresistance in PDAC has not been
explored until now. Our data indicate that, in the KP2
model, the combination of anti-LIF and SBRT increases
ICD (figure 2) and is associated with improved antitumor
efficacy (figure 1FK,G). This is further supported by the
downregulation of the mTORCI pathway following
anti-LIF treatment (figure 5G), indicating a potential link
between LIF inhibition and augmented DNA damage
response. Further studies are required to characterize the
precise mechanisms by which LIF may mediate treatment
efficacy through ICD induction.

PDAC is characterized by a profoundly immuno-
suppressive TME that is driven primarily by abundant
suppressive myeloid cells. LIF is a cytokine known for
its immunosuppressive effects with emerging evidence
suggesting blocking LIF may enhance ICB,"** though its
immunoregulatory role in PDAC remains largely unex-
plored. We investigated whether anti-LIF can repolarize
the TME toward immunostimulant and enhance anti-
tumor immune responses, particularly when combined
with SBRT and immunotherapy. We demonstrated that
the triple therapy regimen significantly alters the immune
TME as evidenced by several key observations: First, there
is a marked change in the cytokine/chemokine profile,
with increased levels of IL.2 and IL12, and decreased
expression of inhibitory factors such as IL6, LIF, IL10,
MIPla, MIP1B, and VEGF (figure 3). Second, we
observed a significant increase in CDS8" T cell infiltration,
particularly IFNY'CD8" cells, within pancreatic tumors
(figure 4A). Additionally, scRNA-seq data (figure 4B-E)
revealed increased tumor-infiltrating effector CD8" T
cells and upregulated IL2 signaling pathways. Impor-
tantly, the antitumor efficacy of the triple therapy is
largely dependent on CD8" T cells, as demonstrated by
the loss of efficacy on CD8" T cell depletion (figure 4F).
Finally, anti-LIF also reshapes tumor-infiltrating myeloid
cells, including macrophages, promoting an antitumor
phenotype (online supplemental figure 8, figure 3D,E).
Collectively, these results underscore the promise of

anti-LIF therapy when combined with SBRT and immu-
notherapy to transform the immunosuppressive TME in
PDAC, fostering a more immunostimulatory milieu that
boosts antitumor immunity.

Anti-LIF treatment has been shown to enhance the
tumor immune response by shifting tumor-associated
macrophage (TAM) polarization from M2 to M1 pheno-
type and increasing CXCL9 expression, consequently
promoting the infiltration of effector CD8" T cells into
the TME." Although our study did not detect signifi-
cant changes in CXCL9 levels following treatment, we
observed a significant decrease in several inhibitory
factors within the TME, including macrophage-derived
MIP-1o. and MIP-1B (figure 3, online supplemental figure
4). Furthermore, we identified upregulated proinflamma-
tory signaling pathways, such as TNFa, BDNF, TLR, and
IL2 in macrophages (figure 3D,E). It has been reported
that PDAC cells induce metabolic reprogramming in
macrophages, shifting their energy production from
oxidative phosphorylation to glycolysis. This metabolic
switch drives macrophage polarization towards an M2
phenotype, which facilitates tumor progression and inva-
sion.”” ' #* The observed reduction in M2 macrophages
following triple therapy may result from the suppres-
sion of metabolic pathways, including glycolysis in these
immune cells (online supplemental figure 8C,E). Taken
together, these results suggest that anti-LIF therapy repro-
grams TAMs towards an antitumor state in PDAC models.

Collectively, the triple therapy exerts dual effects by
directly targeting tumor cells and broadly reshaping the
antitumor immune response. Our findings reveal a distinct
anti-LIF treatment signature characterized by decreased
tumor stemness, proliferation, and metabolic signaling,
accompanied by heightened infiltration of effector CD8"
T cells and enhanced macrophage activation/matura-
tion. Additionally, we demonstrate that SBRT combined
with LIF and PD-L1 blockade generates not only localized
but also sustained systemic antitumor immunity in PDAC
(figure 6). In conclusion, our findings suggest that the
triple therapy regimen involving SBRT, anti-LIF, and anti-
PD-L1 holds promise for overcoming immunosuppressive
barriers in PDAC both locally and systemically. Ongoing
clinical trials evaluating combined ICB, anti-LIF, and
chemotherapy in PDAC (NCT04999969) represent a crit-
ical step toward clinical translation of our triple therapy
approach. These results provide preclinical validation
for a triple therapy approach combining SBRT, anti-LIF,
and anti-PD-L1 as a neoadjuvant or adjuvant treatment
strategy in human PDAC.
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