Pan et al. Experimental Hematology & Oncology (2024) 13:52 Experimenta| Hemato|ogy &
https://doi.org/10.1186/540164-024-00520-8 on CO|Ogy

Combination of percutaneous thermal @
ablation and adoptive Th9 cell transfer
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Yichuan Xiao?, Qingquan Luo'", HuiWang'" and Jia Huang"

Abstract

Background Non-small cell lung cancer (NSCLC) is one of the predominant malignancies globally. Percutaneous
thermal ablation (PTA) has gained widespread use among NSCLC patients, with the potential to elicit immune
responses but limited therapeutic efficacies for advanced-stage disease. T-helper type 9 (Th9) cells are a subset
of CD4" effector T cells with robust and persistent anti-tumor effects. This study proposes to develop PTA-Th9 cell
integrated therapy as a potential strategy for NSCLC treatment.

Methods The therapeutic efficacies were measured in mice models with subcutaneously transplanted, recurrence, or
lung metastatic tumors. The tumor microenvironments (TMEs) were evaluated by flow cytometry. The cytokine levels
were assessed by ELISA. The signaling molecules were determined by quantitative PCR and Western blotting. The
translational potential was tested in the humanized NSCLC patient-derived xenograft (PDX) model.

Results We find that PTA combined with adoptive Th9 cell transfer therapy substantially suppresses tumor growth,
recurrence, and lung metastasis, ultimately extending the survival of mice with NSCLC grafts, outperforming both
PTA and Th9 cell transfer monotherapy. Analysis of TMEs indicates that combinatorial therapy significantly augments
tumor-infiltrating Th9 cells, boosts anti-tumor effects of CD8* T cells, and remodels tumor immunosuppressive
microenvironments. Moreover, combinatorial therapy significantly strengthens the regional and circulation immune
response of CD8* T cells in mice with tumor lung metastasis and induces peripheral CD8" T effector memory cells

in mice with tumor recurrence. Mechanically, PTA reinforces the anti-tumor ability of Th9 cells primarily through
upregulating interleukin (IL)-1(3 and subsequently activating the downstream STAT1/IRF1 pathway, which could be
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effectively blocked by intercepting IL-1{ signaling. Finally, the enhanced therapeutic effect of combinatorial therapy is

validated in humanized NSCLC PDX models.

Conclusions Collectively, this study demonstrates that combinatorial therapy displays robust and durable anti-tumor
efficacy and excellent translational potential, offering excellent prospects for translation and emerging as a promising

approach for NSCLC treatment.

Keywords Non-small cell lung cancer, Percutaneous thermal ablation, Adoptive Th9 cell therapy, Tumor

immunotherapy, Patient-derived xenograft

Background
With an estimated 2.2 million newly diagnosed cases and
over 1.7 million deaths yearly, lung cancer (LC) remains
the most prevalent malignancy and the leading cause of
cancer-related mortalities globally, and non-small-cell
lung cancer (NSCLC) accounts for about 80-85% of total
LC morbidity [1]. Despite the implementation of screen-
ing programs, at least 30% of NSCLC cases are diagnosed
at an advanced stage, rendering surgical resection no
longer the preferred treatment approach [2]. Regrettably,
conventional methods such as platinum-based chemo-
therapy and radiotherapy exhibit limited efficacy, leading
to a poor prognosis for patients with advanced NSCLC
[3, 4]. Adoptive cell therapy (ACT) has emerged as one
of the most potent cancer immunotherapy strategies with
excellent specificity [5]. Nonetheless, the dense, complex
extracellular matrix of tumors, along with low chemokine
expression levels and the scarcity of immunogenic tumor
neoantigens, significantly impede the recognition and
infiltration of transferred T cells into tumors [5, 6]. Addi-
tionally, the tumor microenvironment (TME) harbors
a multitude of immunosuppressive elements, including
a variety of immunosuppressive cells (e.g., regulatory T
cells (Tregs), tumor-associated macrophages (TAMs),
and myeloid-derived suppressor cells (MDSCs)), inhibi-
tory receptors on tumor cells (e.g., programmed death-
ligand 1 (PD-L1) and cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4)), and hypoxic conditions. These fac-
tors collectively diminish the anti-tumor effectiveness of
transferred T cells, leading to their exhaustion and result-
ing in the limited efficacy of ACT for treating solid malig-
nancies [7]. Moreover, in the case of ‘cold’ tumors like
NSCLC characterized by inadequate immune cell infil-
tration, transferred T cells face challenges infiltrating the
TME, leading to suboptimal ACT outcomes [8]. Given
this, an urgent imperative exists to introduce immune-
stimulation strategies to enhance the therapeutic efficacy
of ACT for advanced NSCLC [5]. Given this, an urgent
imperative exists to introduce immune-stimulation strat-
egies to enhance the therapeutic efficacy of ACT for
advanced NSCLC.

Percutaneous thermal ablation (PTA) encompasses
hyperthermic techniques and cryoablation, with the
former primarily comprising radiofrequency ablation

(RFA) and microwave ablation (MWA). PTA has been
widely utilized for early-stage NSCLC, exhibiting superi-
orities over surgical resection in preserving more normal
lung tissue and reducing comorbidities [9]. Addition-
ally, PTA can address primary and metastatic lesions in
advanced NSCLC patients for whom conventional ther-
apy is unsuitable, thereby extending their survival [10].
By generating an extremely high temperature within the
tumor’s targeted area, hyper-thermic PTA achieves irre-
versible cellular damage and, ultimately, cell death and
tissue coagulation necrosis [11]. During this process,
tumor-specific antigens (TSAs) are liberated from tumor
cells, thereby recruiting immune cells, such as lympho-
cytes, dendritic cells (DCs), and macrophages (M¢) [12].
However, in advanced NSCLC patients, PTA often fails
to eradicate tumor lesions completely, resulting in tumor
recurrence or progression shortly following treatment
[13]. Considering the potential of PTA to stimulate anti-
tumor immune responses, a novel PTA-integrated ther-
apy, combining PTA with ACT to overcome the transient
limitations of PTA in NSCLC, represents a promising
strategy for achieving a potent anti-tumor approach.

In recent years, T-helper type 9 (Th9) cells, a unique
subset of CD4* effector T cells, have emerged as a prom-
ising avenue against advanced malignancies, attributed
mainly to their robust and enduring anti-tumor effects,
primarily driven by interleukin (IL)-9 secretion [14—16].
Compared to conventional Th subsets, Th9 cells exhibit
lower exhaustion levels while demonstrating cytolytic
activity similar to Thl cells and persisting similarly to
‘stem cell-like’ Th17 cells in vivo, thus generating a strong
anti-tumor effect [17]. Th9 cells also demonstrate height-
ened efficacy against ‘cold tumors’ compared to ordinary
CD8* T cells [18]. Moreover, in an acute lymphocytic
leukemia model, chimeric antigen receptor (CAR) T9
cells display markedly greater and enduring anti-tumor
efficacy when compared to CAR T1 cells [19]. Addition-
ally, adoptive Th9 cell transfer therapy effectively inhibits
lung metastasis of melanoma and prolongs the survival of
mice via recruiting DCs [14]. These findings indicate that
Th9 cell-mediated ACT holds promise as a therapeu-
tic approach for solid tumors. However, the utilization
of Th9 cells combined with clinically relevant immune-
activation modalities, which could potentially develop
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a novel therapeutic strategy with enhanced efficacy, has
rarely been documented.

Following PTA, pro-inflammatory cytokines are
released from the ablated tissues, tumor cells, and
immune cells, leading to increased levels of IL-1p, tumor
necrosis factor (TNF)-«, IL-6, and IL-8 on a timescale
of hours to days [12, 20]. Intriguingly, pro-inflamma-
tory cytokines, especially IL-1B, TNF-a, and IL-33, have
been found to dramatically boost the proliferation, cyto-
kine production, and tumor-eliminating potency of Th9
cells [21-23]. Given this, we postulated that PTA could
promote the effects of Th9 cells in eliminating NSCLC
tumors, and thus, in this study, we explore the thera-
peutic potential of combining PTA with adoptive Th9
cell transfer. Our findings reveal that this combinatorial
approach significantly suppresses NSCLC tumor growth,
recurrence, lung metastasis, and extends the survival of
mice bearing NSCLC grafts, offering a compelling thera-
peutic strategy with substantial translational prospects in
NSCLC treatment.

Methods

Animals

C57BL/6 (male, 4-5 weeks old) and immunodeficient
nonobese diabetic/ShiLt]Gpt-Prkdct™20C452[[2ygem26Cd22
Gpt (NTG) mice (male, 4-5 weeks old) were purchased
from SPF (Beijing) Biotechnology Co., Ltd. (Beijing,
China) and stabilized for 2 weeks before experiments. IL-
9-internal ribosome entry site (IRES)-EGFP mice were
created by Biocytogen Co., Ltd. (Beijing, China), utilizing
the CRISPR/Cas9 system to insert an IRES-EGFP-SV-pA
sequence before the termination codon of the /9 gene
through CRISPR/Cas9, as reported by our team previ-
ously [24]. This genetic engineering technique allows for
the expression of EGFP as a reporter under the control of
the 119 gene’s regulatory elements, facilitating the study
of IL-9 expression in various biological contexts. All
mice were bred and housed under specific-pathogen-free
(SPF) conditions at the Animal Center of Shanghai Chest
Hospital. For animal experiments, mice were randomly
divided into different groups and treated specifically.
All animal experiments were carried out following the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the institu-
tional biomedical research ethics committee of Shanghai
Jiao Tong University. All animal studies have followed the
ARRIVE guidelines.

Antibodies and reagents

For the flow cytometric analysis, anti-mouse CD45
(13/2.3), anti-mouse CD3 (17A2), anti-mouse CDllc
(N418), anti-mouse NKI1.1 (S17016D), anti-mouse
CD45R/B220 (M1/70), anti-mouse CD4 (RM4-5), anti-
mouse CD8 (53-6.7), anti-mouse CD62L (MEL-14),
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anti-mouse interferon (IFN)-y (XMG1.2), anti-mouse
IL-4 (11B11), anti-mouse IL-9 (RM9A4), anti-mouse
CD25 (MEF-14), anti-mouse Granzyme B (QA16A02),
anti-mouse PD-1 (RMP1-30), anti-mouse F4/80
(QA17A29), anti-mouse MHC-II (M5/114.15.2), anti-
mouse CD206 (C068C2), anti-mouse Ly-6G (1AS8),
anti-mouse CD127 (S18006K), anti-mouse IL-10 (JES5-
16E3), anti-mouse GITR (DTA-1), anti-mouse CTLA-4
(UC10-4B9), anti-human CD45 (HI30), anti-human CD3
(OKT3), anti-human CD4 (A161A1), anti-human HLA-
DR (L243), anti-human IL-9 (MH9A4), anti-human PD-1
(EH12.2H7), anti-human Granzyme B (QA16A02), and
Zombie UV Fixable Viability Kit were purchased from
BioLegend. Anti-mouse CD44 (IM7), anti-mouse Ly6C
(HK1.4), and anti-mouse FOXP3 (FJK-16s) were pur-
chased from eBioscience. Anti-mouse CD11b (M1/70)
was purchased from BD Pharmingen. For the Western
blot assay, signal transducer and activator of transcrip-
tion 1 (STAT1, D1K9Y), p-STAT1 (Tyr701; 58D6), inter-
feron regulatory factor (IRF) 1 (D5E4), B-actin (D6AS),
and HRP-linked anti-rabbit IgG were purchased from
Cell Signaling Technology (Danvers, MA, USA).

Cisplatin, Raleukin (also known as anakinra), SU6656,
and cyanidin 3-O-glucoside chloride (C3G) were pur-
chased from MedChemExpress (Monmouth Junction, NJ,
USA). Purified anti-mouse IL-1p monoclonal antibody
(mADb), anti-mouse TNER type 1 mAb, anti-mouse TNFR
type 2 mAb, and IgG isotype control were purchased
from Biolegend. Recombinant mouse transforming
growth factor (TGF)-p1 was purchased from Biolegend,
recombinant mouse IL-4, human IL-4, and human TGF-
were purchased from Novoprotein (Jiangsu, China), and
InVivoPlus anti-mouse IFN-y antibodies were purchased
from Leinco Technologies (St. Louis, Missouri, USA).
Dulbecco’s modified Eagle’s medium (DMEM; with
high glucose, 4.0 mM L-glutamine, and sodium pyru-
vate; SH30243.01) and Roswell Park Memorial Institute
(RPMI) 1640 medium modified (SH30809.01) were pur-
chased from Hyclone (Logan, UT, United States). Fetal
bovine serum (FBS; 10,270) and penicillin/streptomycin
(15140-122) were purchased from Gibco. Levofloxacin
was from Absin Bioscience Inc., and Ficoll and Percoll
were from MP Biomedicals (Santa Ana, California, USA).
DNase I and Collagenase II and IV were purchased from
STEMCELL Technologies. Mouse and human CD4 and
CD45 microbeads were purchased from Miltenyi Biotec
(Bergisch Gladbach, Cologne, Germany).

Cell line culture

Mice Lewis lung cancer (LLC)/Luciferase (LUC) cell line
was a generous gift from Dr. Feng Yao (Shanghai Chest
Hospital). Mice LLC and LLC/LUC and human embry-
onic kidney HEK293T cell lines were cultured in DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and
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100 mg/mL streptomycin. The cell lines were culti-
vated at 37 °C with 5% CO, and passaged when the cell
intensity was approximately 70-80%. The mycoplasma
contamination of all cells used in the study was conven-
tionally tested using Mycoplasma Detection Kits and
proved negative.

In vitro Th9 cell culture and differentiation

The in vitro Th9 cell polarization was conducted accord-
ing to previously described protocol [24]. For in vitro
mice Th9 cell differentiation, the primary lymphocytes
were separated from the lymph nodes, and spleens of
mice, and CD4* T cells were further enriched through
negative selection by using the MojoSort Mouse CD4*
T Cell Isolation Kit (BioLegend) per the instructions
from the manufacturer, followed by purification of naive
CD4* T cells (CD4*CD44"°CD62LM cells) by using flow
cytometry. Naive CD4* T cells were stimulated in the
round bottom 96-well cell culture plate (Corning Incor-
porated, Kennebunk, ME, USA) with plate-bound anti-
mouse CD3e (5 pg/mL) and anti-mouse CD28 (5 pg/mL)
antibodies and T cell culture medium (RPMI 1640, 10%
FBS, 1 X nonessential amino acids, 100 U/mL penicillin,
100 mg/mL streptomycin, 1 X levofloxacin, and 50 pM
B-mercaptoethanol). Naive CD4* T cells were differen-
tiated into Th9 cells with anti-mouse IFN-y (10 pg/mL),
anti-mouse IL-4 (20 ng/mL), and anti-mouse TGF-f$1
(10 ng/mL) and were used as effector CD4" T cells (ThO
cells) via cultured without supplemented with TGF-p1
and IL-4. Th9 or ThO cells were routinely harvested after
differentiation for 3—4 days, and the cytokine expression
was detected by flow cytometry or qPCR.

The total tumor proteins and cytokines levels in the
supernatant of tumor digests were measured by Pierce
BCA Protein Assay Kit and ELISA, respectively. To
explore the pro-inflammatory cytokines induced by PTA
that contributed to the differentiation of Th9 cells, naive
CD4* T cells were polarized in the round-bottom 96-well
palates under the Th9-differentiation condition with
or without 30 mg/mL of total tumor proteins extracted
from LLC tumors 18 h after PTA or Sham. TGF-$ and
IL-4 in the cultivation condition were adjusted to 10 ng/
mL and 20 ng/mL, respectively. In some experiments,
IL-1R antagonist Anakinra (100 ng/mL), anti-IL-1 mAb
(150 ng/mL), anti-TNF-R1 (50 ng/mL) plus anti-TNEF-
R2 mAbs (50 ng/mL), STAT1 phosphorylation inhibitor
SU6656 (150 uM), or IRF1 expression inhibitor cyani-
din 3-O-glucoside chloride (C3G, 300 uM) were added
to investigate the signaling pathways that engaged in the
PTA-induced Th9 cells differentiation.

For in vitro human Th9 cell polarization, the peripheral
blood mononuclear cells (PBMCs) were isolated from
NSCLC patients using 1xFicoll and further purified by
flow cytometry with the MojoSort Human CD4* T Cell
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Isolation Kit (BioLegend). Then, the isolated CD4" T
cells were stimulated with plate-bound anti-human CD3e
(5 pg/mL) and anti-CD28 (5 pg/mL) antibodies and fur-
ther differentiated into Th9 cells in T cell culture medium
(RPMI 1640, 10% FBS, 100 U/mL penicillin, and 100 mg/
mL streptomycin) supplemented with human IL-4 (20
ng/mL) and TGEfB1 (10 ng/mL).

Mice tumor models

For the subcutaneous (s.c.) graft tumor model, LLC
cells that grew at a logarithmic speed were s.c. injected
into the flank of C57BL/6 mice aged 6-8 weeks (2x10°%/
mouse). The tumor volumes were evaluated every 2 days
by using a vernier caliper. The equation applied to calcu-
late the tumor volume was as follows: Volume = (major
tumor axis) X (minor tumor axis)? X 11/6. For the recur-
rence model, LLC/LUC cells that grew at a logarithmic
speed were s.c. implanted into the right flank of C57BL/6
mice (8x10°/mouse), the tumor growth was visualized
by intraperitoneal injection of 100 mg/kg XenoLight
D-Luciferin Potassium Salt and monitored by the Perki-
nElmer IVIS Spectrum (PerkinElmer, Waltham, MA,
USA). The tumor and the adjacent tissues were radically
resected when its volume reached 200-300 mm?. After
recovering for 2—3 weeks, PerkinElmer In Vivo Imaging
System (IVIS) Spectrum was used to check tumor recur-
rence, and mice with local recurrence were excluded to
avoid surgery-induced bias. Then, the tumor-free mice
were rechallenged by s.c. implantation of LLC/LUC cells
(4x10%/mouse) at the left flank, followed by monitoring
the tumor growth over time. For the metastasis model,
C57BL/6 mice received intravenous (i.v.) injection of
LLC/LUC cells (8x10°/mouse) and s.c. implantation of
LLC cells (2x10°%mouse). The tumor metastasis was
visualized by PerkinElmer IVIS Spectrum at the indi-
cated days. Mice were treated and sacrificed on the indi-
cated days, and the tumors and lungs were harvested and
weighed. For some experiments, the tumor-infiltrating
immune cells were isolated and further analyzed by flow
cytometry.

The tumor tissues were digested with RPMI 1640 modi-
fied medium supplemented with 0.1 mg/mL DNase I and
0.5 mg/mL Collagenase II and IV, then straining through
the 70 pm strainer to isolate single cells. Then, the tumor-
infiltrating immune cells were isolated using 37% Percoll
and assessed by flow cytometric analyses. The tumor-
infiltrating CD45*CD4* T cells were flow-cytomet-
ric sorted from the isolated immune cells and further
detected for gene expression via qPCR analyses. Mean-
while, the peripheral blood from tumor model mice was
also collected for ELISA tests to evaluate the cytokines.
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Percutaneous thermal ablation

MWA was selected as the PTA technique in our study
and was performed using the MTC-3 C Microwave Abla-
tion Machine (Vison-China Medical Devices R&D Cen-
ter, Jiangsu, China) following the protocol previously
described with minor revision [25]. Briefly, tumor-bear-
ing mice received anesthesia with isoflurane inhalation
and were fastened on the operating table. Then, the abla-
tion area was disinfected with 75% ethanol and exposed
by an approximately 0.5 cm incision, followed by a single
PTA at 90-100 C for 90-120 s. Then, the incision was
closed with intermittent sutures. Mice merely underwent
anesthesia and the sham surgery served as control. After
the operation, mice were maintained on the electric blan-
ket with a temperature of 37 C until resuscitation.

Adoptive Th9 cell transfer therapy

The adoptive Th9 cell transfer was performed as
described previously [17, 21, 24]. Briefly, C57BL/6 mice
(6—-8 weeks of age) underwent the i.v. injection of Th9
cells (5x10° cells/mouse) differentiated in vitro for 3—4
days on the indicated days after tumor inoculation, and
mice treated with PBS were used as the control. The
tumor growth and survival of mice were supervised over
time. To treat the patient-derived xenografts (PDX) mice
model, the in vitro differentiated NSCLC patient-derived
Th9 cells (3-5x10° cells/mouse) were i.v. administrated
on the indicated days.

H&E staining

The tumor and lung tissues were freshly harvested from
mice and fixed with 4% neutral buffered formalin (Ser-
vicebio Inc., Wuhan, China) immediately. Subsequently,
the tissues were embedded in paraffin and were sec-
tioned with a thickness of 5 um. The tissue sections were
placed on the adhesion microscope slides (Citotest Sci-
entific Co., Ltd., Jiangsu, China) and flowed by staining
with H&E using the standard protocol described previ-
ously. Briefly, tissue sections were dewaxed and hydrated
and then stained as follows: washing in flowing water,
staining in Harris hematoxylin solution (Baso Diagnos-
tics Inc., Guangdong, China) for 30 s, washing in flow-
ing water, 1% acid alcohol for 3 s, washing in flowing
water, staining in eosin for 30 s, followed by dehydration
with 80%, 95%, and 100% ethanol and xylene for 5 min,
respectively. Finally, the tissue sections with the H&E
staining were sealed with coverslips and magnified with
the microscope.

Cytokine determination

Mice IL-1B, TNF-a, TGE-B, and IL-4 levels and human
IL-1p and TNF-a levels were evaluated using single-plex
sandwich enzyme-linked immunosorbent assay (ELISA)
kits (Excel Biotech, Shanghai, China). Mice and human
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IL-9 levels were determined using a single-plex sand-
wich ELISA kit (Beyotime Biotech, Shanghai, China). The
assay was conducted per the manufacturer’s instructions.

Extraction of tumor proteins and measurement of
cytokines

LLC tumors were dissected from mice and were digested
with RIPA supplemented with protease and phospha-
tase inhibitor, phenylmethanesulfonyl fluoride (PMSF),
and Aprotinin, followed by centrifuge at 12,000 rpm for
20 min at 4 ‘C. Then, the lysates were collected and ster-
ilized by filtering with 0.22 pm strainers. The cytokines
levels were determined by enzyme-linked immunosor-
bent assay (ELISA) tests.

Immune cell staining and flow cytometry

The immune cell staining and flow cytometry analysis
were performed per the previously described methods
[24]. For cell surface staining, cells were incubated with
the indicated flow cytometric antibodies in the staining
buffer (2.5% FBS in PBS) on ice for 25 min, followed by
washing with the staining buffer at least twice. Then the
cells were incubated with the Zombie UV Fixable Via-
bility Kit and washed with the staining buffer, followed
by the fixation by 4% paraformaldehyde and washing
at least twice with the staining buffer. Finally, the cells
were diluted in PBS and analyzed by the BD LSRFortessa
Cell Analyzer (BD Biosciences). For intracellular cyto-
kine staining, cells were stimulated for 8-16 h at 37 °C,
5% CO, in the T cells culture medium (RPMI 1640, 10%
FBS, 100 U/mL penicillin, 100 mg/mL streptomycin,
and 1xlevofloxacin) supplemented with the Leukocyte
Activation Cocktail, with BD GolgiPlug (BD Pharmin-
gen), followed by incubating with the Fixation/Permea-
bilization Buffer Solution (BD Biosciences) according to
the protocol from the manufacturer. Subsequently, cells
were incubated with the indicated intracellular cytokine
flow cytometric antibodies in the staining buffer (2.5%
FBS in PBS) on ice for 30 min, followed by washing with
the staining buffer at least twice. Finally, the cells were
diluted in PBS and analyzed by the BD LSRFortessa Cell
Analyzer. The flow cytometric data were analyzed using
Flowjo V10.

RNA isolation and real-time quantitative PCR

The total RNA from in vitro differentiated or tumor-
infiltering Th9 cells was extracted using TRIzol per the
manufacturer’s protocol, followed by cDNA amplifying
using the PrimeScript RT Reagent Kit (Takara). Real-
time qPCR was carried out with SYBR Green Master Mix
(Roche), and the expression of mice II-9, Pu.1, Irfl, Irf4,
Statl, Stat3, Stat5, Stat6, Traf6, Nf-kbl, Nf-xb2, Gata3,
Map3k8, Eomes, Gzma, Gzmb, Gzmk, and Il1rl genes
and human /L-9 and IRFI genes were measured by the
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standard curve method, followed by normalizing to the
expression level of mice or human Actb. The qPCR prim-
ers applied in the study are listed in Table S1.

Western blot assay

Total proteins were extracted using lysis buffer (RIPA),
followed by measuring the protein concentration using
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
The extracted proteins were then electrophoresed with
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis at 80 V for 40 min, followed by electrophoresing at
100 V for 80 min. The BLUeye Prestained Protein Ladder
(GeneDireX, Inc.) was used as the reference. Then, the
separated proteins were transferred to the polyvinylidene
fluoride membrane by using trans-blotting apparatus at
100 V for 120 min. The membrane containing the indi-
cated protein was blocked with 5% NON-Fat Powdered
Milk (Sangon Biotech Co. Ltd.) at 20-25 °C for 1 h. The
blocked membrane was then incubated with the indi-
cated primary antibody against IRF1, STAT1, p-STATI,
or B-actin (1:1000) at 4 ‘C for 14—16 h, followed by wash-
ing with PBST (PBS with 0.1% Tween) four times. Then,
the membrane was incubated with the HRP-linked sec-
ondary antibodies (1:15000) at 20-25 °C for 2 h, followed
by washing with PBST four times. The protein band was
visualized with the Immobilon Western HRP Substrate
Peroxide Solution (EMD Millipore Co., Burlington, MA,
USA) using ChemiScope (ClinX Science Instruments,
Shanghai, China). The expression level of the protein was
assessed by analyzing the intensity of the indicated band
with Image] (NIH Image, Bethesda, MD, USA).

RNA-sequencing analysis

Mouse naive CD4" T cells cultured under Th9-polarizing
conditions for 72 h were applied for total RNA extrac-
tion with TRIzol (Invitrogen) and subjected to RNA
sequencing analysis. RNA sequencing was performed
by BGI Tech Solutions (Shenzhen, China). The raw tran-
scriptomic reads were mapped to a reference genome
(GRCm38/mm10) using Bowtie. Gene expression levels
were quantified using the RSEM software package. Sig-
nificantly affected genes were acquired by setting a fold
change>1.5 and a false discovery rate threshold of 0.05.
Differentially expressed genes were analyzed using the
Ingenuity Pathway Analysis and DAVID bioinformatics
platforms.

Mouse CD4*T cell ll1r1 knockdown

The gene silencing in mouse CD4% T cells followed a
previously established protocol from our team [24]. To
achieve Il1r1 knockdown, retrovirus particles were pro-
duced by transfecting HEK293T cells with the MSCV-
PIG plasmid, containing specific short hairpin RNA
(shRNA) sequences, in conjunction with the envelope
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and packaging plasmids pCL-Eco, using Lipofectamine
2000. After 48 h, the supernatant, containing fresh ret-
rovirus, was harvested and used to infect naive CD4" T
cells, previously stimulated with anti-CD3e (5 pg/mL)
and anti-CD28 (5 pg/mL) for 18-24 h. The infected T
cells underwent centrifugation at 1800 g for 1.5 h in the
presence of polybrene (8 pg/mL) and were then cultured
at 37 °C for an additional 2—-6 h before suspension in
mouse Th9 cell differentiation medium. The integrity of
the constructs was confirmed by DNA sequencing, and
the efficiency of [lIrl knockdown was assessed using
qPCR. The sequences of shRNA applied were as follows:
scrambled control shRNA,
5-CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAG
CGAGGGCGACTTAACCTTAGGTTTTTG-3';
Il1r1-shRNA,
5-CCGGCGTGAGCTTCTTCGGAGTAAACTCGAG
TTTACTCCGAAGAAGCTCACGTTTTTG-3!

Humanized patient-derived xenograft mice model

Tumor tissues from NSCLC patients who underwent sur-
gery at Shanghai Lung Cancer Center, Shanghai Chest
Hospital were s.c. implanted into immunodeficient NTG
mice on day 0. Then, PBMCs isolated from NSCLC
patients were deleted with CD4% T cells and activated in
vitro, followed by i.v. injected into NTG mice (8—10x 10°
cells/mouse) on day 7. Sham or PTA was performed
on day 10, and 18-24 h later, human ThO or Th9 cells
(4-5x10° cells/mouse) were iv. injected. On day 21, the
PDX mice were sacrificed, and the NSCLC tumors were
harvested and weighed, followed by the isolation of the
infiltrated immune cells, which were further flow-cyto-
metric analyzed or sorted for qPCR tests. Meanwhile, the
peripheral blood of PDX mice was collected for ELISA
tests to assess the cytokines.

Human peripheral blood samples

Human peripheral blood was obtained from NSCLC
patients aged 35-65 who underwent surgery at Shanghai
Lung Cancer Center, Shanghai Chest Hospital. PBMCs
were immediately isolated and cryopreserved at -80 ‘C
using FBS supplemented with 10% dimethyl sulfoxide
(Merck-Sigma Aldrich Co. LLC.,, St. Louis, MO, USA).

Statistical analysis

The data are expressed as mean+SEM. The presented
data in the study are the representative results of at least
three independent experiments unless indicated other-
wise. As indicated, the statistics were analyzed by two-
tailed Student’s t-test or one-way ANOVA with post hoc
Tukey’s analysis. For Kaplan-Meier analysis of survival
proportion, the death of tumor-bearing mice, the tumor
volume reached 1800 mm?, or the major tumor axis
reached 20 mm were considered the event. The statistical
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analysis was conducted using GraphPad Prism 9. The
two-tailed p-value of <0.05 was supposed to be statisti-
cally significant and was indicated by ’, those at the two-
tailed p-value of <0.01 were indicated by ~, and those at
the two-tailed p-value of <0.001 were indicated by *".

Results

PTA, in combination with adoptive Th9 cell transfer
therapy, exhibits robust therapeutic efficacies against
NSCLC tumors

Previous studies have indicated PTA induces the release
of pro-inflammatory cytokines and TSAs and further
enhances the anti-tumor immune response [25, 26].
However, PTA also contributed to elevated PD-1 expres-
sions and may be associated with tumor progression [27].
Therefore, we first investigated the therapeutic efficacy
of PTA monotherapy against LLC tumors, revealing that
PTA merely slightly delayed tumor growth and extended
the survival of tumor-bearing mice, though potently
caused coagulation necrosis in the primary tumor foci
(Figure S1A-F). Then, we detected the impacts of PTA on
the TME by applying flow cytometry following the gat-
ing strategy described in Figure S1 G, which, as expected,
found that PTA increased the number of immune cells
(CD45" cells) in TME (Figure S1 H). Further analyses of
the immune cell subpopulation showed that PTA simul-
taneously increased the absolute number of CD11b*
myeloid cells and pan-DCs (F4/80~ CD11c* MHCII*
cells), but not lymphocytes (CD3* CD11b™ cells), nature
killer (NK) cells (CD3~ NK1.1* cells), and pan-B cells
(CD45R/B220* cells). Furthermore, we detected a sig-
nificantly raised number of M1-like M¢ (CD11b* F4/80"
MHC II* cells) and a decreased frequency of M2-like
M¢ (CD11b* F4/80% CD206™ cells) in tumors from mice
receiving PTA while observing no notable alteration
in the number of polymorphonuclear MDSCs (PMN-
MDSCs, CD11b* F4/80~ CDl1lc™ Ly6G* Ly6C" cells)
or monocytic MDSCs (m-MDSCs, CD11b* F4/80~
CD11c™ Ly6G~ Ly6ChM cells; Figure S1 I-J). Moreover,
we also noticed that despite PTA possessing restricted
impacts on the number of tumor-infiltrating CD4" T
cells, Thl (CD4" IFN-y") cells, Th2 (CD4* IL-4*) cells,
and Tregs (CD4" Foxp3* CD25* CD127 cells), it sig-
nificantly improved the infiltration of Th9 (CD4* IL-9%)
cells and CD8* T cells into the tumor lesions, while it
neither enhanced the expression of anti-tumor cyto-
kines, including IFN-y, granzyme B, and IL-9 nor attenu-
ated the expression of PD-1 in CD8" T cells (Figure S1
K-M). Taken together, these results suggested that PTA
induced moderate and short-lived anti-tumor effica-
cies and exhibited limited abilities to generate a potent
anti-tumor immune response but may contribute to the
differentiation and IL-9 expression of Th9 cells in the pri-
mary tumor foci.
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Based on the aforementioned results, we sought to
combine PTA with adoptive Th9 cell transfer therapy to
access a more potent immunotherapy approach against
NSCLC tumors. Firstly, mice Th9 cells that highly
expressed Th9-related genes, including /9, Irf4, and
Pu.1, were generated by proliferating naive CD4™ T cells
in vitro for 3—4 days (Fig. 1A-B). Intriguingly, we found
that the proportion of IL-9% cells merely account for
approximately 30% of the CD4" cells, and thus, we then
performed the detection om the IL-9~ subgroup. IL-
9-reporter mice (expressing IL-9 linked with GFP) were
employed, and GFP™ CD4* T cells (representing Th9
cells) and GFP~ CD4* T cells (comprising the remain-
ing 70% of cells) were sorted using flow cytometry and
subjected to bulk-RNA sequencing. Figure S2 A illus-
trates the top 25 differentially expressed genes between
GFP~ and GFP* cells. As anticipated, I/9 emerged as the
most significantly varied gene between the two cell pop-
ulations. Furthermore, we found a significantly higher
expression of 119 in GFP* cells, while GFP~ cells exhib-
ited notably elevated expression of genes related to effec-
tor T cell development (Eomes) and the granzyme panel
(Gzma and Gzmk, Figure S2 B). Interestingly, GFP~ and
GFP* cells exhibited comparable expression levels of
all selected genes that have been reported to be pivotal
to Th9 cell differentiation, except for Gata3. Addition-
ally, both cell types demonstrated similar expression
levels of selected exhaustion/senescence and memory/
stemness genes. Finally, we validated these results and
further investigated the differences between ThO and
GFP~ cells. The comparison between the GFP* and GFP~
cells demonstrated results aligned with that of the bulk-
RNA sequence (Figure S2 C-D). Intriguingly, GFP™ cells
showed a significantly elevated expression of the I/9 gene
along with Pu.l and Irf4 genes (contribute to Th9 cell
differentiation induced by IL-4 and TGF-P in our pro-
liferation condition) and comparable Gata3 expression
compared with ThO cells. Given this, we hypothesize that
IL-97 cells undergo a process of transitioning towards IL-
9-producing cells under the Th9 proliferation condition
with IL-4 and TGF-f, with the expression of the /9 gene
being temporarily inhibited in vitro. Therefore, IL-9~
cells are likely associated with upregulated I/9 expression
and IL-9 production and exhibit Th9-like anti-tumour
efficacy after being adoptively transferred into mice.
Moreover, Gata3 may play a pivotal role in I/9 expression
induced by IL-4 and TGF-J in vitro.

Then, we detected the dynamic change of IL-1p and
TNF-« in the serum and tumor of mice within 72 h fol-
lowing PTA, revealing a dramatical increase of these two
critical pro-inflammatory cytokines during the 18-48 h
period after PTA (Figure S1 N). Intriguingly, a rising ten-
dency in IL-9 level was also observed from 36 h after PTA
in the tumor and serum, suggesting that inflammation
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Fig. 1 Combining PTA and adoptive Th9 cell transfer therapy induces notable anti-tumor effects. (A) Flow cytometric analysis of the frequencies of IL-
9-producing CD4™" T cells under ThO or Th differentiation conditions for 3-4 d (left) and the corresponding statistical analysis (right). (B) gPCR analysis
of the mRNA expression of Th9 signature genes (left: /9, middle: Irf4, and right: Pu.1) of CD4* T cells under ThO or Th9 differentiation conditions for 3-4 d.
Results were normalized to the expression of Actb and are presented in relation to that of ThO cells. (C) The timeline of treatment. C57BL/6 mice aged 6-8
weeks were s.c. inoculated with 2x 108 LLC cells. 12 days later, mice were randomly assigned to 5 groups (n=14-16 mice/group) and received sham +PBS
(Sham group), PTA + PBS (PTA group), sham +adoptive Th9 cell transfer (Th9 group), PTA +adoptive Th9 cell transfer (PTA+Th9 group), or sham + cisplatin
(Cisplatin group), respectively. Mice were sacrificed on day 20. Tumor growth (D), representative tumor images (E), tumor weights (F), and Kaplan-Meier
survival analysis (G) of C57BL/6 mice that underwent Sham, PTA, adoptive Th9 cell transfer, PTA plus adoptive Th9 cell transfer, or cisplatin (n=14-16
mice/group), respectively. ELISA tests of IL-1B (left), TNF-a (middle), and IL-9 (right) levels in the tumor (H) and serum (I) in LLC-bearing mice on day 20,
as described in (C). #1: Sham; #2: PTA alone; #3: Th9 alone; #4: PTA+Th9; #5: Cisplatin. Student’s t test or one-way ANOVA with Tukey’s post hoc analysis
specified for #2 vs. #4 and #3 vs. #4 was used. Bars, mean; error bars, SD; ", p<0.05; ", p<0.01; ™, p<0.001; and ns, not significant

storm induced by PTA may favor the production of IL-9.
Given this, Th9 cells were adoptively transferred 18 h
after PTA to meet the peak of inflammation storm, which
might maximize their IL-9 production and thus exhibit
the best efficacies.

As described in Fig. 1C, the tumor-bearing mice were
randomly distributed into the Sham, PTA, Th9, and
PTA+Th9 group, with the Cisplatin group as the positive
treatment control. We found that mice undergoing PTA
plus Th9 transfer therapy had significantly slower tumor
growth and smaller tumor size and weight than those
who received the monotherapy (Fig. 1D-F). Meanwhile,
mice in the PTA+Th9 group also exhibited a notably
longer survival duration than those in the monotherapy
groups (Fig. 1G). Moreover, we detected IL-1p, TNEF-
a, and IL-9 levels in serum and tumor of tumor-bearing

mice, which are essential for Th9 differentiation or anti-
tumor efficacy. We found IL-1p and TNF-« levels were
significantly increased by PTA alone and combinatorial
therapy but not by adoptive Th9 cell transfer monother-
apy, suggesting that PTA treatment rather than Th9 cell
transfer influenced IL-1B and TNF-« secretion in tumor
or plasma (Fig. 1H-I). Furtherly, the plasma and intertu-
moral IL-9 levels of the mice in the PTA+Th9 group were
notably higher than that of the PTA and Th9 groups.
These results suggested that the combination of PTA and
adoptive Th9 cell transfer therapy induced robust thera-
peutic efficacy, superior to that of each monotherapy
and cisplatin treatment against the established NSCLC
tumor.
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PTA synergizes with adoptive Th9 cell transfer therapy to
enhance the anti-tumor immune response of T cells

We further detected the alteration of the tumor-infil-
trating T cells in combinatorial therapy or monotherapy
groups and found that combinatorial treated mice had a
notably higher number of tumor-infiltrating T cells and
CD4" T cells than those that merely underwent PTA
(Fig. 2A-B). Meanwhile, PTA, in combination with adop-
tive Th9 cell transfer therapy, also significantly increased
CD8* T cells in the TME compared with PTA or Th9 cell
monotherapy (Fig. 2B). Furthermore, we analyzed the
alteration in the subpopulation of CD4* T cells, reveal-
ing that the combinatorial therapy remarkably increased
the tumor-infiltrating Th9 cells while did not impact Thl
and Th2 cells in LLC tumors than PTA or adoptive Th9
cell transfer monotherapy (Fig. 2C, Figure S3A-B). These
results suggested that PTA could synergize with adop-
tive Th9 cell transfer therapy to enhance the anti-tumor
immune response of T cells.
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The combination of PTA and adoptive Th9 cell transfer
therapy synergistically improves the anti-tumor effects of
CD8'T cells

CD8* T cells are one of the most important cell types
that induce anti-tumor immunity, and Th9 cells have
been reported to activate CD8* T cell responses and
induce Tc9 cells (CD8" IL-9* cells), a subtype of CD8*
T cells that induces potent immune activity against
malignancies [15, 28]. Therefore, we further evaluated
the efficiency of CD8" T cells in anti-tumor of combina-
tion or monotherapy groups. The results indicated that
PTA, in combination with Th9 cell transfer, significantly
enhanced the production of IFN-y and granzyme B, two
important anti-tumor cytokines, in CD8" T cells com-
pared with the monotherapy groups (Fig. 3A-B). Mean-
while, we also demonstrated that compared with PTA or
adoptive Th9 cell transfer alone, combinatorial therapy
possessed no significant impact on the tumor-infiltrating
Tc9 cells (Figure S4) [28]. Upregulation of PD-1 could be
implicated in the exhaustion of effector CD8" T cells,
and inhibition of PD-1 expression could enhance the
anti-tumor efficacies of CD8* T cells [29]. Therefore, we
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Fig. 3 Combining PTA and adoptive Th9 cell transfer therapy synergistically enhances the anti-tumor effects of CD8*T cells. Flow cytometric analysis of
tumor-infiltrating IFN-y* (A), Granzyme B* (B), and PD-1* (C) CD8* (CD45* CD11b~ CD3* CD4~ CD8*) T cells and PD-1 MFI of CD8* T cells, as indicated in

LLC-bearing mice on day 20, as described in Fig. 1
ns, not significant

further evaluated the PD-1 expression of CD8* T cells in
all groups and found that although PTA slightly increased
the absolute number of CD8" PD-1* cells compared with
sham (not significant), the two kinds of treatments led to
similar PD-1 expression levels in CD8" T cells (Fig. 3C).
Notably, the combinatorial therapy significantly reduced
average PD-1 expression in tumor-infiltrating CD8" T
cells compared with PTA or Th9 cell monotherapy. Taken
together, these results suggested that PTA and Th9 cells
transfer synergistically promoted the anti-tumor immune
responses of CD8" T cells.

PTA synergizes with adoptive Th9 cell transfer therapy to

remodel tumor immunosuppressive microenvironments

TME is vital for anti-tumor immunity, tumor growth,
and therapy resistance [30]. Given Figure S1 showed
that PTA monotherapy could not effectively reverse the
tumor immunosuppressive microenvironment, we then
compared the difference of combinatorial therapy with
monotherapies in remodeling the tumor immunosup-
pressive microenvironment, including the immunosup-
pressive myeloid cells-MDSCs, TAMs and Tregs, which

C. Data are presented as representative plots (left) and summary graphs (right). #1: Sham; #2: PTA; #3:
Th9; #4: PTA+Th9; #5: Cisplatin. One-way ANOVA with Tukey’s post hoc analysis specified for #2 vs. #4 and #3 vs. #4 was used. ", p<0.05;

,p<0.01; and

could significantly impair cytotoxic CD8" T cell-medi-
ated anti-tumor immune responses and act as essen-
tial members of the immunosuppressive cells [31, 32].
The results indicated that CD11b* myeloid cells in the
TME of mice receiving combinatorial therapy were sig-
nificantly more than that treated with adoptive Th9 cell
transfer alone but similar to those that merely underwent
PTA (Fig. 4A). Further analysis of cell subpopulation
revealed that compared with PTA or adoptive Th9 cell
transfer monotherapy, the combinatorial therapy notably
decreased M2-like M¢ (also referred to as TAMs) in the
TME while significantly increasing M1-like M¢, which
could promote anti-tumor immune responses of T cells
via acting as antigen-presenting cells (APCs) and secret-
ing proinflammatory cytokines (Fig. 4B-C). Additionally,
PTA combined with adoptive Th9 cell transfer therapy
dramatically reduced tumor-infiltrating PMN-MDSCs
(the dominant cell subpopulation of MDSCs) than PTA
alone (Fig. 4D). However, the combinatorial treatment
did not significantly influence m-MDSCs and Tregs
in the TME compared with the monotherapy, though
a tendency toward lower IL-10* Tregs was observed
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Fig. 4 Combining PTA and adoptive Th9 cell transfer therapy synergistically remodels tumor immunosuppressive microenvironments. Flow cytometric
analysis of tumor-infiltrating CD11b* myeloid cells (A), M1-like (B) and M2-like (C) Mg, PMN- and m-MDSCs (D), and Treg cells (E), as indicated in LLC-
bearing mice on day 20, as described in Fig. 1C. Data are presented as representative plots (left) and summary graphs (right). #1: Sham; #2: PTA; #3: Th9; #4:
PTA +Th9; #5: Cisplatin. Flow cytometric markers used to define immune cell subtypes (CD45%): M1-like Mg, CD11b* F4/80" MHC II*; M2-like Mg, CD11b*
F4/80" CD206%; PMN-MDSCs, CD11b* F4/80™ CD11¢™ Ly6G* Ly6C'%; m-MDSCs, CD11b* F4/80~ CD11¢™ Ly6G™ Ly6C™: Tregs, CD11b™ CD3* CD4* Foxp3*
CD25"* CD127~. One-way ANOVA with Tukey's post hoc analysis specified for #2 vs. #4 and #3 vs. #4 was used. ", p<0.05; ", p <0.01; and ns, not significant

when comparing combinatorial therapy and monother-
apy (Fig. 4D-E, Figure S5A-C). Finally, we also analyzed
other substantial cell populations in TME, finding out
that the combinatorial therapy could not notably impact
pan-DCs, pan-B cells, and NK cells compared with
PTA or adoptive Th9 cell transfer therapy alone (Figure
S5D-F). These results suggested that PTA synergizes
with adoptive Th9 cell transfer therapy to reverse tumor

immunosuppressive microenvironments. We have also
noticed that DCs are heterogeneous populations with
anti-tumor and immunotolerant subgroups. Given we
observed no significant alteration of the pan-DC groups
when comparing combinatorial versus monotherapy, we
did not further analyze the subgroup of pan-DCs. Further
investigation may be necessary to detect the mechanism
of activation of DCs and the alteration of their subgroups
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(See figure on previous page.)

Fig. 5 PTA promotes Th9 cell differentiation mainly via activating the IL-13/STAT1/IRF1 pathway. gPCR analysis of //9 (A) and Th9-inducing gene (B) ex-
pression in tumor-infiltrating CD45% CD4* T cells isolated from LLC-bearing mice on day 20, as described in Fig. 1C. Results were normalized to the expres-
sion of Actb and are presented in relation to that of the Sham group. In (C-I), naive CD4* T cells were cultured under ThO or Th9 conditions, with or without
tumor lysate supernatants from 24 h-postoperative LLC-bearing mice underwent sham or PTA, and gPCR results were normalized to the expression of
Actb and are presented in relation to that of control Th9 cells. Flow cytometric analysis of Th9 cells (C) and gPCR analysis of their //9 expression (D) cultured
for 24, 48, or 72 h. (E) gPCR analysis of Th9-inducing genes in Th9 cells cultured for 72 h. (F) WB analysis of p-STAT and STAT in Th9 cells cultured for 5, 15,
or 25 min (left), and IRF1 in Th9 cells cultured for 72 h (right). (G) WB analysis of p-STAT and STAT in Th9 cells cultured for 25 min, with or without IL-1Ra.
gPCR (left) and WB (right) analysis of IRF1 expression (H), and gPCR (left) and flow cytometric (right) analysis of IL-9 expression in (I) Th9 cells cultured for
72 h, with or without IL-1Ra. (J) WB analysis of p-STAT and STAT in Th9 cells transfected with nonsense control shRNA (NC) or //7r1-shRNA and cultured for
25 min. gPCR (left) and WB (right) analysis of IRF1 expression (K), and gPCR (left) and flow cytometric (right) analysis of IL-9 expression in (L) Th9 cells trans-
fected with NC or /7r7-shRNA and cultured for 72 h. (M) Tumor growth (left), representative tumor images (middle), and tumor weight (right) of C57BL/6
mice that revived the PTA plus adoptive Th9 cell transfer therapy, with or without IL.-1Ra treatment (n=6 mice/group). (N) Flow cytometric analysis of
tumor-infiltrating Th9 cells, as indicated in LLC-bearing mice on day 24, as described in (M). Data are presented as representative plots (left) and summary
graphs (right). (0) gPCR analysis of /9 (left) and Irf1 (right) expressions in tumor-infiltrating CD45" CD4™ T cells that were isolated from LLC-bearing mice
on day 24, as described in (M), and then stimulated with anti-CD3 (5 pg/mL) and CD28 (5 pug/mL) for 24 h. Results were normalized to the expression of
Actb and are presented in relation to that of the PTA+Th9+Veh group. (P) ELISA tests of IL-9 levels in the serum (left) and tumor (right) in LLC-bearing mice
on day 24, as described in (M). Flow cytometric analysis of tumor-infiltrating IFN-y* and Granzyme B* (Q) CD8* T cells and PD-1* and PD-1 MFI of CD8* T
cells (R), as indicated in LLC-bearing mice on day 24, as described in (M). Data are presented as representative plots (left) and summary graphs (right). (S)
Tumor growth (left), representative tumor images (middle), and tumor weight (right) of C57BL/6 mice that revived the PTA plus adoptive Th9 cell transfer
therapy, with or without anti-IL-13 mAb (25 mg/kg/100 pL) treatment (n=4 mice/group). One-way ANOVA with Tukey's post hoc analysis or Student’s t

*
i

test was used. Bars, mean; error bars, SD; p<0.05; - p<0.01 - p<0.001; and ns, not significant

induced by PTA in promoting the anti-tumor efficacy of
Th9 cells.

PTA boosts Th9 cell-induced anti-tumor efficacy mainly via
inducing IL-1 release

Figure 1 has indicated that PTA could increase tumor-
infiltrating Th9 cells and serum and intra-tumoral IL-9
levels and further significantly improve the anti-tumor
efficacy of Th9 cells. Moreover, we isolated tumor-infil-
trating CD45" CD4" T cells from LLC-bearing mice, as
indicated in Fig. 1C, revealing that the combinatorial
therapy notably up-regulated the expression of I/9 gene
compared with PTA or adoptive Th9 cell transfer mono-
therapy (Fig. 5A). Proinflammatory cytokines could
enhance the anti-tumor effects of T cells, and many stud-
ies have combined T cell therapy with the administration
of proinflammatory cytokines to improve immunother-
apy [33]. Our previous results indicated that PTA could
significantly increase serum and intra-tumoral IL-1p and
TNF-a levels, which has been reported to enhance the
differentiation of Th9 cells, secretion of IL-9, and anti-
tumor efficacy against established solid tumors [21, 22].
Therefore, we conjectured that PTA might strengthen
the ability of adoptively transferred Th9 cells against
LLC tumors by inducing the release of proinflammatory
cytokines. So, we first isolated tumor-infiltrating CD45"
CD4* T cells from LLC-bearing mice and analyzed the
expression of Th9-related genes, finding that compared
with that in those treated with PTA or Th9 cell transfer
alone, Irfl, Traf6, Nfkbl, and Nfkb2 genes were nota-
bly upregulated in combinatorial treated mice (Fig. 5B).
Meanwhile, we isolated lysates from LLC tumors 24—-36 h
after PTA or sham and detected the critical cytokines
that related to Th9 cell differentiation (namely IL-1j,
TNEF-a, TGE-B, and IL-4) and IL-9 levels, and the results

indicated that PTA notably increased IL-1p and TNF-«
but not TGF-f, IL-4, and IL-9 levels compared to sham
(Figure S6 A). The tumor lysates isolated from mice that
received PTA, but not sham, significantly increased the
proportion of Th9 cells and up-regulated expression of
119 gene when cocultured with naive CD4* T cells for
48-72 h under Th9 conditions (Fig. 5C-D). Accordingly,
we then analyzed the expression of IrfI, Traf6, Nfikbl, and
Nfkb2 genes in naive CD4* T cells that proliferated with
PTA or sham tumor lysates for 72 h, finding out that the
PTA tumor lysates most highly up-regulated the Irf1 gene
among these four target genes compared with the sham
tumor lysates (Fig. 5E). Most importantly, inhibiting IRF1
expression by cyanidin 3-O-glucoside chloride (C3G,
a specific IRF1 inhibitor) effectively ameliorated PTA
tumor lysates-induced /9 expression and Th9 cell pro-
liferation in naive CD4" T cells (Figure S6B-C). STAT1
could act as a transcriptional activator of IrfI in response
to proinflammatory cytokines, and phosphorylation of
STAT1 at Tyr701 promotes the dimerization and subse-
quent translocation to the nucleus of STAT1 and is thus
required for the transcriptional activity of STAT1 [22,
34, 35]. We found that in naive CD4" T cells, PTA tumor
lysates time-dependently induced the phosphorylation of
STAT1 at Tyr701 within 25 min of the induction of pro-
liferation without altering the expression of STAT1 and
increased downstream IRF1 expression when proliferated
for 3 d (Fig. 5F). Nevertheless, disruption of STAT1 phos-
phorylation by SU6656 (a specific STAT1 phosphoryla-
tion inhibitor) notably inhibited IRF1 and 1/9 expression
and Th9 cell differentiation in naive CD4* cells induced
by PTA tumor lysates (Figure S6D-F). These results sug-
gested that STAT1/IRF1 pathway is responsible for PTA
tumor lysates-induced IL-9 expression and Th9 cell pro-
liferation in vitro.
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IL-1B is the dominant proinflammatory cytokine in
the TME and the critical molecule that induces STAT1
phosphorylation and downstream Irfl expression in
Th9 cells [22, 36]. Therefore, we conjectured that IL-1f
played a pivotal role in the PTA-promoted Th9 cell dif-
ferentiation. So, we disrupted the IL-1p signaling by a
specific IL-1R antagonist (IL-1Ra)-Anakinra, and found
that Anakinra effectively inhibited STAT1 phosphoryla-
tion and IRF1 expression induced by PTA tumor lysates
(Fig. 5G-H). Accordingly, Anakinra inhibited PTA tumor
lysates-induced 119 expression and Th9 cell differentiation
(Fig. 5I). Considering the potential off-target effects of
IL-1Ra, we then constructed I/1r1-KD CD4" T cells and
validated these results in vitro (Figure S6 G, Fig. 5J-L).
Moreover, we applied neutralizing IL-1f (aIL-1p) mAb
in PTA-induced Th9 cell proliferation condition in vitro,
also demonstrating similar results (Figure S6H-J). Since
TNF-a has been shown to activate an IRF1-dependent
autocrine loop and STAT1-dependent signaling, we then
investigate whether these phenotypes were specific to
the IL-1p signaling [37]. The results showed that block-
ing TNFR (aTNFR) mAbs neither altered STAT1/IRF1
pathway nor affected IL-9 expression in PTA-induced
Th9 cells (Figure S6K-M). Taken together, these results
showed that PTA tumor lysates enhanced 1/9 expression
and Th9 cell differentiation in vitro via the IL-13/STAT1/
IRF1 signaling pathway.

Furthermore, we ought to detect whether IL-1p plays
a central role in the enhanced secretion of IL-9 and
increased IL-9-producing CD4* T cells in TME induced
by PTA in vivo. Firstly, we treated LLC-bearing mice
with PTA with or without IL-1Ra Anakinra and found
that Anakinra did not significantly alter the impact of
PTA on tumor growth (Figure S6 N). Additionally, flow
cytometry analysis showed that Anakinra notably inhib-
ited the induction of IL-9-producing CD4* T cells in the
TME by PTA while possessing limited effects on other
populations of primary immune cells in the TME of PTA-
treated LLC tumor (Figure S6 O). Moreover, Anakinra
also intercepted the up-regulation of I/9 and Irfl genes
induced by PTA in the tumor-infiltrating CD4* T cells
but did not notably influence the serum and tumor IL-9
levels (Figure S6P-Q). These results indicated that IL-1p
is pivotal in the PTA-induced proliferation of Th9 cells
in vivo. However, the therapeutic efficacy of PTA against
LLC tumors is quite limited, and thus, interference of
IL-1B signaling could not notably impact the tumor
growth in the NSCLC mice treated with PTA alone.
Given this, we further assessed the impact of block-
ing IL-1P on the amplified anti-tumor effects of combi-
natorial therapy. The results showed that Anakinra did
notably blockade the combinatorial therapy-induced
efficacies to restrict LLC tumor development, magnify
tumor-infiltrating Th9 cells, up-regulate /9 and Irfl
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expression in tumor-infiltrating CD4* T cells, and evalu-
ate serum and tumor IL-9 levels (Fig. 5M-P). Addition-
ally, flow cytometric analysis revealed that Anakinra also
significantly blocked the combinatorial therapy-induced
reinforcement of anti-tumor effects of tumor-infiltrating
CD8* T cells and reversing of tumor immunosuppressive
microenvironments, though it did not notably impact
the absolute number of CD11b* myeloid cells, DCs, and
MDSCs (Fig. 5Q-R, Figure S6R-T). Finally, we confirmed
these in vivo results by applying IL-1p mAb in mice,
observing that IL-1 mAb notably compromised the anti-
tumor efficacy of combinatorial therapy (Fig. 5S). Further
analysis confirmed that IL-1p mAb effectively blocked
PTA-induced promotion of Th9 cells and attenuated the
synergistic effects of combinatorial therapy on the IFN-y
and granzyme B production in tumor-infiltrating CD8*
T cells (Figure S6U-W). Collectively, these results sug-
gested that PTA induced Th9 cell differentiation and IL-9
production via increasing the IL-1f level in LLC-bearing
mice and thus enhanced the anti-tumor efficacy of adop-
tive Th9 cell transfer therapy. Moreover, we also found
that PTA increased the tumor-infiltrating DCs number
and their expression of CD86, an activation marker of
DCs (Figure S6X-Y). The maturity and activation of DCs
could promote Th9 cell differentiation and its IL-9 pro-
duction and cytotoxic effects [38—40].

Taken together, these results indicated that PTA
enhanced the anti-tumor efficacy of tumor-infiltrating
Th9 cells mainly by increasing IL-1B levels and further
activating the downstream STAT1/IRF1 pathway. Mean-
while, the activation of tumor-infiltrating DCs may also
contribute to the PTA-induced reinforcement of Th9 cell
anti-tumor effects.

PTA, in combination with adoptive Th9 cell transfer
therapy, induces notable anti-tumor efficacies against
PDX-NSCLC tumors

Further, we detected the therapeutic efficacy of the com-
binatorial therapy against humanized patient-derived
xenograft (PDX) mice tumors, aiming to evaluate its
translational potential and clinical significance. Non-
obese diabetic/ShiLt]Gpt-Prkdctm20C452]2ygtm26Cd22 Gt
(NTG) mice were s.c. inoculated with human NSCLC
tumor tissues and i.v. injected with CD4" T cells-depleted
PBMCs isolated from NSCLC patients to establish the
humanized immune system. Human Th9 cells were gen-
erated by proliferating human CD4* T cells in vitro for
4-5 days (Fig. 6A). Humanized PDX mice underwent
sham surgery, PTA or adoptive human Th9 cell transfer
alone or in combination (Fig. 6B). The results showed
that PTA slightly delayed tumor growth compared with
sham surgery control, while adoptive Th9 cell transfer
induced a more significant therapeutic efficacy (Fig. 6C-
F). Most importantly, PTA combined with adoptive Th9
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Fig. 6 Combining PTA and adoptive Th9 cell transfer therapy significantly suppresses NSCLC PDX tumors. (A) Flow cytometric analysis of the frequen-
cies of human IL-9-producing CD4* T cells under ThO or Th9 differentiation conditions for 4-5 d (left) and the corresponding statistical analysis (right).
(B) The timeline of treatment. NTG mice aged 6-8 weeks were s.c. implanted with the tumor tissues from NSCLC patients. 7 days later, NTG mice were
administrated with patients’ CD4* T cell-depleted PBMCs and were randomly assigned to 4 groups (n=6 mice/group), followed by receiving sham+Tho,
PTA+ThO, sham+adoptive Th9 cell transfer, or PTA+adoptive Th9 cell transfer, respectively. Mice were sacrificed on 21. For each independent experi-
ments, the tumor tissues were derived from the same patient to maintain the consistency of tumors among groups. (C) Summary graph of tumor growth.
(D) Individual tumor growth of each mouse, and each line represents one mouse. (E) Representative tumor images. (F) Tumor weights. Flow cytometric
analysis of the frequencies of tumor-infiltrating CD4* HLA-DR* and Th9 cells (G) and Granzyme B* and PD-1* and PD-1 MFI of CD8" T cells (H), as indicated
in human NSCLC PDX tumor-bearing mice on day 21, as described in (B). Data are presented as representative plots (left) and summary graphs (right). (1)
ELISA detection of serum (upper) and tumor (lower) human IL-9 levels, as indicated in human NSCLC PDX tumor-bearing mice on day 21, as described in
(B). (J) gPCR analysis of IL-9 (upper) and IRF1 lower) expression in tumor-infiltrating CD45" CD4* T cells isolated from human NSCLC PDX tumor-bearing
mice on day 21, as described in (B), and then stimulated with anti-CD3 (5 pg/mL) and CD28 (5 pg/mL) for 24 h. Results were normalized to the expression
of ACTB and are presented in relation to that of the #3 group. (K) ELISA detection of serum (left) and tumor (right) human IL-1( (1), as indicated in human
NSCLC PDX tumor-bearing mice on day 21, as described in (B). #1: Sham +ThO; #2: PTA+Th0; #3: Sham +Th9; #4: PTA+Th9. One-way ANOVA with Tukey’s
post hoc analysis specified for #2 vs. #4 and #3 vs. #4 or Student’s t test was used. Bars, mean; error bars, SD; ', p<0.05; ", p<0.01; ™, p<0.001; and ns, not
significant
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cell transfer significantly suppressed tumor growth. The
tumor volumes and weights of the mice receiving com-
bined therapy were approximately half those adoptively
transferred with human Th9 cells alone. Furthermore,
flow cytometric analysis showed that combining PTA and
adoptive Th9 cell transfer significantly increased tumor-
infiltrating HLA-DR* CD4™" T cells (the activated CD4* T
cells) and Th9 cells compared with adoptively transferred
Th9 cells alone in humanized PDX mice (Fig. 6G). Mean-
while, combinatorial therapy also notably enhanced the
granzyme B expression and suppressed PD-1 expression
of CD8" T cells in the TME of PDX mice compared with
PTA or Th9 cell therapy alone (Fig. 6H). Accordingly,
the serum and tumor IL-9 levels in the PDX mice under-
going the combinatorial therapy were notably higher
than in those receiving PTA or Th9 cells monotherapy
(Fig. 6I). Furthermore, PTA also remarkably promoted
the expression of Th9-related genes, including /L-9 and
IRF1, in tumor-infiltrated CD4* T cells in NSCLC PDX
model, which was in line with the findings in NSCLC
model using C57BL/6 mice (Fig. 6]). Finally, PTA alone
or combined with adoptive Th9 cell transfer significantly
increased IL-1p levels in the serum and tumor compared
with transferring Th9 cells alone (Fig. 6K). These results
confirmed that PTA could increase IL-1p and further
promote the infiltration of human Th9 cells in TME, and
most importantly, the combination of PTA and adop-
tive Th9 cell transfer therapy possesses robust efficacies
and excellent therapeutic potential for the treatment of
human NSCLC tumors.

PTA, in combination with adoptive Th9 cell transfer
therapy, effectively suppresses the recurrence of NSCLC
tumors

Generally, tumor recurrence represents a failure in tumor
immunotherapy and leads to a poor prognosis. Th9 cells
represent a less-exhausted and hyperproliferative sub-
set of CD4" T cells, which exhibit a durable immune
response against advanced tumors and inhibit tumor
recurrence [17, 40]. Given this, we ought to investigate
the potential efficacy of combinatorial therapy in pre-
venting the recurrence of NSCLC using mice models
with rechallenged LLC/LUC tumors (Fig. 7A). The results
showed that combinatorial therapy dramatically inhib-
ited the growth of rechallenged tumors compared with
PTA or Th9 cell monotherapy (Fig. 7B-E). Furthermore,
we detected the impacts of our treatment on the mem-
ory CD8* and CD4" T cells, which play a primary role
in preventing tumor recurrence and are associated with
the prognosis of NSCLC patients [41]. The results indi-
cated that PTA combined with adoptive Th9 cell transfer
dramatically increased the proportion of CD8" T effector
memory (CD8" CD44M CD62L", Ty, cells in the tumor
drainage lymph nodes (TDLNs) and spleen of mice
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with tumor recurrence than PTA or Th9 monotherapy
(Fig. 7F). Nevertheless, neither CD8" T central memory
(CD8* CD44" CD62L*, Tcy,) nor CD8" Tgyps (CDS*
CD44"°% CD62L7) cells were significantly altered by
combinatorial therapy compared with monotherapy
(Fig. 7F, Figure S7 A). Additionally, no remarkable differ-
ence was found among the mice receiving PTA and Th9
mono or combinatorial therapy concerning the propor-
tion of CD4" Tgy;, Ty OF Tepra cells in the TDLNs and
spleen (Figure S7 B). Finally, the combinatorial treatment
did not notably alter the proportion and the absolute
number of tumor-infiltrating CD4* or CD8* Tp,, (CD69*
CD103*) cells compared with PTA or Th9 treatment
alone (Figure S7 C). Taken together, PTA plus adoptive
Th9 cell transfer therapy increased the regional (TDLN5)
and peripheral (spleen) CD8" Tg,, cells and effectively
inhibited the recurrence of NSCLC tumors.

PTA, in combination with adoptive Th9 cell transfer
therapy, effectively suppresses lung metastasis of NSCLC
tumors

Metastasis is the primary cause of cancer-related mor-
tality and the most significant challenge in cancer treat-
ment. Th9 cells have been found to possess powerful
capabilities to inhibit lung metastasis of solid tumors,
and thus, we detected whether the combinatorial ther-
apy exhibited enhanced efficacy against lung metasta-
sis of NSCLC tumors [14, 24]. C57BL/6 mice with local
and metastatic NSCLC tumors underwent sham surgery,
PTA or Th9 cell mono or combinatorial therapy (Fig. 8A).
The results showed that combining PTA and adoptive
Th9 cell transfer therapy dramatically suppressed lung
metastasis of i.v. injected LLC/LUC cells compared with
PTA or Th9 cell monotherapy (Fig. 8B-G). We subse-
quently used flow cytometry analysis to determine the
contribution of CD4* and CD8" T cells in TDLNs and
peripheral blood in generating systemic tumor metastasis
control. As expected, combinatorial therapy significantly
increased the proportion of Th9 cells in TDLNs and
peripheral blood compared with monotherapy (Fig. 8H).
Additionally, we observed that the percentage of INEF-
y- and Granzyme B-producing CD8" T cells in TDLNs
and peripheral blood in the PTA+Th9 group was nota-
bly higher than in the PTA or Th9 group (Fig. 8I). Never-
theless, any treatment did not remarkably alter Th1 and
CD8* PD-17 cells (Figure S8 A-B). These results indi-
cated that the combinatorial therapy effectively enhanced
anti-tumor efficacies of Th9 and CD8" T cells in TDLNs
and peripheral blood and further suppressed the lung
metastasis of NSCLC tumors.
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Fig. 7 Combining PTA and adoptive Th9 cell transfer therapy notably suppresses the recurrence of LLC tumors. (A) The timeline of treatment. C57BL/6
mice aged 6 weeks were s.c. inoculated with 8x 10° LLC/LUC cells. 10 days later, mice were randomly assigned to 4 groups (n=8 mice/group) and re-
ceived Sham+PBS, PTA+PBS, Sham+adoptive Th9 cell transfer, or PTA+adoptive Th9 cell transfer, respectively. Mice were rechallenged with LLC/LUC
tumors 2-3 weeks after surgical resections and were sacrificed on day 30. (B) Representative bioluminescence images of tumor growth over time. The
tumor growth was monitored before the treatment (Day — 25), surgical resection (Day —18), and rechallenge (Day 0) and 12, 18, 24, and 30 d after the
rechallenge, respectively. (C) Tumor burden quantified as the total photon count from luciferase intensity of mice by IVIS imaging, representative tumor
images (D) and rechallenged tumor weights (E). (F) Flow cytometric analysis of CD8" Ty, cells in the TDLNs and spleen, as indicated in LLC/LUC-bearing
mice on day 30, as described in (B). Data are presented as representative plots (left) and summary graphs (right). #1: Sham; #2: PTA; #3: Th9; #4: PTA+Th9.
Flow cytometry markers used to define CD8* T cell subtypes (CD45" CD11b~ CD3* CD8*): naive T, CD44"° CD62L": T, CD44" CD62LM; Teyypn CDA4"
CD62L'%; Ty, CD44M CDB2L. One-way ANOVA with Tukey's post hoc analysis specified for #2 vs. #4 and #3 vs. #4 was used. ", p<0.05;and ~, p<0.01

Discussion events, including mortalities. PTA is a widely clinically
NSCLC remains one of the most prevalent malignan- applied minimally invasive technic for NSCLC, offering
cies worldwide, severely threatening global public health.  numerous advantages over surgical resection. However,
Although immune checkpoint inhibitors have illuminated =~ PTA often incompletely eradicates tumor lesions, result-
potential treatment avenues, elicit responses in only 20%  ing in recurrence or progression shortly following treat-
of patients and carry the risk of adverse treatment-related = ment. Therefore, a novel therapeutic strategy with robust
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Fig.8 Combining PTA and adoptive Th9 cell transfer therapy effectively inhibits the lung metastasis of LLC tumors.(A) The timeline of treatment. C57BL/6
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anti-tumor efficacy is urgently needed. In this study, we
combined PTA with adoptive Th9 cell transfer therapy,
revealing that combinatorial treatment displayed a more
potent efficacy than PTA or Th9 cell monotherapy to
inhibit NSCLC tumor growth, recurrence, and metastasis
and prolong the survival of NSCLC model mice. Analysis
of TME indicated that combinatorial therapy dramati-
cally increased tumor-infiltrating Th9 cells, enhanced
anti-tumor effects of CD8" T cells, and remodeled tumor
immunosuppressive  microenvironments. Moreover,
combinatorial therapy significantly strengthened the
systemic immune response of CD8" T cells in mice with
tumor lung metastasis and induced peripheral CD8"
memory T cells in mice with tumor recurrence. Fur-
ther mechanical study revealed that PTA enhances the
proliferation and IL-9 production in Th9 cells and rein-
forces their anti-tumor efficacy primarily by upregulating
interleukin-1p, subsequently activating the downstream
STAT1/IRF1 pathway, which can be effectively blocked
by intercepting IL-1pB signaling. Finally, the enhanced
ability of combinatorial therapy was further validated in
the humanized PDX model. Hence, our research indi-
cates that the combination of PTA and adoptive Th9 cell
transfer therapy exhibits a robust and durable anti-tumor
efficacy, emerging as a promising approach for treating
NSCLC.

In the clinical treatment of NSCLC, the most com-
monly utilized PTA techniques include MWA, RFA), and
cryoablation. For this study, MWA was chosen as the
representative PTA method to integrate with adoptive
Th9 cell transfer therapy [42]. In general, these thermal-
based ablation techniques exert their tumor-eliminating
effects by subjecting the targeted area to extreme tem-
peratures, leading to tumor apoptosis and coagulative
necrosis. Nevertheless, previous studies have highlighted
several advantages of MWA over the other two methods
in treating NSCLC patients. Both MWA and RFA employ
electromagnetic waves to generate heat, inducing hyper-
thermic injury. However, unlike REA, MWA does not rely
on electric currents and tissue conduction, ensuring that
its therapeutic delivery remains unaffected by desiccation
[43]. Given this, MWA is better suited for lung tissues
with high impedance compared to RFA [12]. Addition-
ally, the microwaves utilized in MWA carry significantly
higher energy and conduct faster and more efficiently,
thus achieving better damage proposed for larger tumors
and displaying lower susceptibility to heat-sink effects in
comparison to RFA [12, 44]. In contrast to MWA, cryo-
ablation eliminates tumor cells by introducing extremely
low temperatures, as low as -160 C. Despite its poten-
tial to preserve more TSAs recognizable by the human
immune system, cryoablation carries the risk of caus-
ing bleeding and thus is not suitable for treating tumors
close to vessels [12, 45]. Given the abundant blood flow
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within the lung, the application of cryoablation is con-
siderably restricted. Moreover, cryoablation does not
lead to inflammation, a factor directly contributing to the
proliferation and anti-tumor effects of Th9 cells. Based
on these results, we deduce that MWA emerges as the
most promising technology, offering superior efficacy
and safety when integrated with Th9 cell-based immu-
notherapy. Additional research is imperative to pinpoint
the optimal PTA approach for enhancing the anti-tumor
efficacy of adoptive Th9 cell transfer therapy against
NSCLC.

It has been widely accepted that PTA could directly
damage tumor cells and lead to TSA release, which in
turn, triggers an immune response against the tumors.
Consistent with this consensus, our results also showed
that PTA alone could increase the tumor-infiltrating total
and mature DCs. The mature DCs express numerous co-
stimulated molecules, including OX40L, CD80, CD86,
and FASL, possessing the capability to induce Th9 cell
differentiation and IL-9 production via various signaling
pathways [46]. Additionally, our study found a substantial
increase in tumor-infiltrating M1-like M¢ that devours
TSAs and possesses the antigen-present capacity and
thus functions as an essential subtype of APCs follow-
ing PTA treatment [47]. Given this, the increased TSA
release and recruitment of APCs induced by PTA may
also contribute to the proliferation and activation of Th9
cells. Further study is needed to validate this conjecture.

Our study found that PTA combined with adoptive Th9
cell transfer therapy significantly augmented the cyto-
toxicity of CD8" T cells, surpassing the effects of PTA or
Th9 cell monotherapy. However, the functions of CD8*
T cells were not enhanced by PTA alone, suggesting that
the substantial promotion of their anti-tumor effects
induced by combinatorial therapy may, even more, rely
on the increased Th9 cells. This hypnosis is further sup-
ported by a parallel observation of decreased tumor-infil-
trating Th9 cells and compromised CD8" T cell efficacy
in the mice model of combinatorial therapy adminis-
trated with IL-pRa. Previous studies have elucidated that
Th9 cells and their secreted cytokines could (1) directly
promote the proliferation and cytokine production of
CD8* T cells and (2) consequently induce tumor infiltra-
tion and activation of CD8" T cells via recruiting DCs
[15, 40, 46]. In addition to IL-9, Th9 cells stimulated by
IL-1p also produce IL-21, which significantly promotes
the cytotoxicity of CD8" T cells [22]. Nevertheless, fur-
ther investigation is still required to reveal the detailed
mechanism of combinatorial therapy in promoting anti-
tumor efficacies of CD8" T cells in our NSCLC models.

Previous studies have found dual impacts of Th9 cells
on the development of various malignancies. Th9 cells
could facilitate the progression of hepatocellular carci-
noma and many hematological tumors, including chronic
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lymphocytic leukemia, Hodgkin’s lymphoma, B cell lym-
phoma, anaplastic large-cell lymphoma, NKT cell lym-
phoma, and thymic lymphoma [46, 48]. On the contrary,
Th9 cells demonstrate potent effectiveness against vari-
ous solid tumors, such as melanoma, colon cancer, and
breast cancer [14, 17, 24, 46, 49]. Nevertheless, a debate
persists regarding the role of Th9 cells in the develop-
ment and metastasis of NSCLC. Purwar et al. observed
that adoptive Th9 cell transfer effectively impairs the
metastasis of lung adenocarcinoma in mice 38, Similarly,
Shen et al. found that Th9 cells potently inhibit lung ade-
nocarcinoma growth in mice, and an elevated presence of
Th9 cells in the tumor tissues correlates with prolonged
survival in NSCLC patients [50]. However, Th9 cells
may also induce the epithelial-mesenchymal transition,
induce migration, prevent apoptosis, and contribute to
the proliferation and metastasis of NSCLC cells, result-
ing in unfavorable prognoses in NSCLC patients [51, 52].
Although neutralizing IL-9 could hinder tumor develop-
ment in these studies, the systemic transfer of Th9 cells
to mice bearing NSCLC tumors was not conducted, thus
leaving the impact of Th9 cells on established tumors
undisclosed. In our study, Th9 cells, whether adminis-
tered alone or in combination with PTA, markedly sup-
pressed the growth, recurrence, and lung metastasis of
NSCLC in C57BL/6 mice, with their therapeutic effica-
cies further reaffirmed in the humanized PDX model. dis-
cordant conclusions could be attributed to the differing
strategies for cell transfer and the quantities of Th9 cells
utilized. Additionally, Th9 cells may exert a dual impact
on the NSCLC tumor cells and TME. The endogeneity of
tumor-infiltrating Th9 cells and their secreted cytokine
IL-9 may contribute to the progression of NSCLC tumor
cells during their development. Nevertheless, the adop-
tive transfer of exogenous Th9 cells has the potential to
augment the immune response of CD8* T cells, remodel
tumor immunosuppressive microenvironments, and ulti-
mately exhibit substantial therapeutic efficacy against
NSCLC. Finally, the discrepant conclusions regarding the
correlation between lung Th9 cells and patient prognosis
in previous research might be due to the various genetic
backgrounds, oncogene status, and disease stages of
patients [50, 51]. Taken together, although several stud-
ies suggest Th9 cells might be tumor-promoting immune
cells, the adoptive Th9 cell transfer dose exhibits robust
therapeutic efficacies against the established NSCLC
tumors, and the additional combination with PTA could
promote its positive anti-tumor effect. Such dual effi-
cacies of Th9 cells can also be observed in hematologi-
cal malignancies, where Th9 cells are widely considered
tumor-promoting while CAR-T9 therapy exhibits potent
anti-tumor effects [19, 46, 48]. Further investigation
is necessary to determine whether adoptive Th9 cell
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transfer therapy could induce anti-tumor potent effects
in NSCLC patients.

Prior research has established an increase in IL-1f
levels in NSCLC patients after PTA, suggesting that
the combinatorial therapy may also yield a potent anti-
tumor efficacy [12]. Given the higher vascularization of
pulmonary compared to s.c. tissues, it is plausible that
Th9 cells transferred into patients could more effectively
infiltrate tumors in an in-situ lung cancer model than in
a s.c. model. This leads to the hypothesis that a combined
therapeutic approach could even exhibit superior anti-
tumor effectiveness in the in-situ lung cancer model than
in the s.c. model. Nevertheless, the limitation of pulmo-
nary localization in PTA application to in-situ lung can-
cer mice model in this study prevented PTA’s application
to in-situ lung cancer, therefore we prompted to select a
s.c. allograft model for easier establishment and tumor
growth measurement. Thus, it is critical to validate the
combined therapy’s anti-tumor efficacy in autochthonous
NSCLC models, such as KRAS-LSL-G12D and EGFR-
L858R-T790M mice [53, 54]. Further investigation using
autochthonous NSCLC models and long-term obser-
vation of PTA application to in-situ lung cancer with
or without Th9 cell therapy in distant metastasis is also
crucial. Additionally, blood has been widely recognized
as a primary conduit for NSCLC metastasis from the
lung to distant organs. Our findings indicate that com-
bining PTA with Th9 cell therapy significantly increases
Th9 cells and enhances the anti-tumor activity of CD8*
T cells in peripheral blood within the lung metastasis
model, outperforming either therapy alone. This suggests
that the combined treatment may effectively prevent dis-
tant metastasis of lung tumors, and further investigation
using autochthonous NSCLC models is needed.

In our study, we have validated that the augmented
therapeutic effectiveness of PTA combined with Th9
transfer therapy, compared to monotherapy, predomi-
nantly depends on the increased levels of IL-1p. Conse-
quently, the utilization of recombinant IL-1 or an IL-1R
agonist to mimic IL-1f’s influence on Th9 cells is likely
to result in enhanced anti-tumor efficacy in vivo, offer-
ing a potential strategy to overcome several inherent
limitations of PTA. These limitations include invasive-
ness, pain, and restrictions in treating tumors located
near vital organs such as the heart, aorta, and pulmo-
nary artery due to high intervention risks [55]. Nonethe-
less, i.v. administration of recombinant IL-1 or an IL-1R
agonist potentially entails numerous side effects, includ-
ing pulmonary and bowel inflammation, as well as aller-
gic reactions [56]. Given this, a thorough investigation
into the administration route, dosage, frequency, and
timing concerning Th9 transfer is necessary to mitigate
side effects and enhance efficacy. Additionally, given the
pivotal role of IL-1p in PTA-induced promotion of Th9
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cells, it is reasonable to speculate that recombinant IL-1
might elicit comparable effects to tumor-derived cyto-
kines post-PTA. Nevertheless, TSAs released after PTA
are recognized by DCs, leading to their activation and
maturation [12]. Our findings corroborate that PTA also
activates DCs. Notably, activated DCs have been shown
to foster differentiation and augment the anti-tumor effi-
cacy of Th9 cells [38, 39]. Hence, TSAs may contribute to
synergistic PTA-dependent effects, necessitating further
validation and investigation of the underlying mecha-
nisms. Additionally, a thorough comparison between
recombinant IL-1 and PTA regarding their promotion of
Th9 cells is warranted.

Although adoptive Th9 cell transfer therapy has shown
excellent anti-tumor effects against progressive malig-
nancies, it is essential to acknowledge its potential dual
impact. The further clinical application of adoptive Th9
cell transfer therapy in treating solid tumors may be lim-
ited due to the aforementioned oncogenic potential of

Allograft
NSCLC model
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Th9 cells, particularly in the context of hematological
malignancies. Additionally, Th9 cells have been found to
induce many autoimmune diseases, encompassing bowel
inflammation, inflammatory skin disorders, allergic dis-
eases, encephalomyelitis, and multiple sclerosis [50, 57—
59]. Nonetheless, these potential adverse effects of this
promising therapeutic approach have not been system-
atically assessed in preclinical animal models and human
studies, necessitating further safety investigations. In
recent years, CAR-T and T cell receptor-engineered
T (TCR-T) cell therapy have emerged, demonstrating
exceptional tumor-targeting abilities and profound anti-
tumor efficacies [60, 61]. Of note, CAR-T9 cells have
displayed superior and enduring efficacy than CAR-T1
cells against progressive hematologic malignancy [19].
Moreover, tumor-infiltrating lymphocyte (TIL)-based
ACT, where TILs are isolated and enriched from patients’
resected tumor tissues, enhanced and expanded in vitro,
followed by delivered back as therapeutic agents, has
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recently been found to associated with improved tumor
specificities, enhanced anti-tumor effects, and less off-
target toxicities than ACT based on typical T cells against
highly progressive tumors including melanoma, glioblas-
toma, and pancreatic cancer [62, 63]. Given this, develop-
ing CAR-T cells, TCR-T cells, or TILs utilizing T9 (Th9
and Tc9) cells holds promise as strategies for obtaining a
Th9 cell-based ACT approach with improved tumor rec-
ognition and infiltrating, enhanced therapeutic effects,
and less off-target effects against solid malignancies.

Conclusions

In summary, our study illustrated that PTA combined
with adoptive Th9 cell transfer therapy exhibits nota-
bly enhanced efficacies to enhance anti-tumor effects
of CD8" T cells, remodels tumor immunosuppressive
microenvironments, and promotes CD8' memory T
cells, and ultimately inhibits NSCLC tumor growth,
recurrence, and metastasis, leading to extended survival
in NSCLC models (Fig. 9). Subsequent mechanistic inves-
tigation reveals that PTA stimulates Th9 cell proliferation
and IL-9 production by upregulating IL-1f, subsequently
activating the STAT1/IRF1 signaling pathway. Finally, we
confirm the tumor-eliminating efficacies of combinatorial
therapy in humanized NSCLC PDX model. These results
indicated that PTA with adoptive Th9 cell therapy holds
promise for the treatment of NSCLC, offering robust and
enduring anti-tumor efficacy with excellent potential for
translation.
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Tho cell T-helper type 9 cells

TSAs Tumor-specific antigens

TME Tumor microenvironment

LLC Lewis lung cancer

IL-9 Interleukin-9

I-1B Interleukin-13

TNF-a Tumor necrosis factor-a

TGF-B1 Transforming growth factor 31

TAM Tumor-associated macrophages

MDSCs Myeloid-derived suppressive cells

Mo Macrophages

Tregs Regulatory T cells

DCs Dendritic cells

APCs Antigen-presenting cells

PD-1 Programmed death-1

CTLA-4 Cytotoxic T lymphocyte-associated antigen 4
GITR Glucocorticoid-induced TNF receptor-related protein
STAT1 Signal transducer and activator of transcription 1
IRF1 Interferon regulatory factor 1

IFN-y Interferon-y

PDX Patient-derived xenograft

NTG Nonobese diabetic/ShiLt)Gpt-Prkdcem26Cd52)12rgem26Cd22/G ot
Temcells T effector memory cells

TDLNs Tumor-drainage lymph nodes

s.C. Subcutaneous
A Intravenous

Page 22 of 24

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540164-024-00520-8.

Additional file 1: Table S1: Primers used for real-time gPCR. Figure S1.
PTA induces slight and short-lived anti-tumor effects. Figure S2. Identify-
ing the IL-97 subgroup of cultured Th9 cells in vitro. Figure $3. Combin-
ing PTA and adoptive transfer Th9 cell therapy has no synergistic effects
on tumor-infiltrating Th1 and Th2 cells. Figure S4. Combining PTA and
adoptive transfer Th9 cell therapy has no synergistic effects on tumor-infil-
trating Tc9 cells. Figure S5. Combining PTA and adoptive transfer Th9 cell
therapy has no synergistic effects on tumor-infiltrating DCs, B cells, and NK
cells. Figure S6. PTA promotes Th9 cell differentiation mainly via activating
the IL-13/STAT1/IRF1 pathway and also recruits and activates DCs. Figure
S7. Combining PTA and adoptive transfer Th9 cell therapy has no synergis-
tic effects on CD8" Tey, and Tgyga and CD4* memory T in the TDLNs and
spleen, as well as Tgy, cells in the tumor foci. Figure $8. Combining PTA
and adoptive transfer Th9 cell therapy has no synergistic effects on Th1
and exhausted CD8* T cells in the TDLNs and peripheral blood.

Acknowledgements

We thank Dr. Feng Yao (Shanghai Chest Hospital) for the generous gift of cell
lines and colleges from Shanghai Lung Cancer Center and Department of
Central Laboratory, Shanghai Chest Hospital for their help in collecting patient
samples and FACS and animal experiments. Elements used in the graphic
abstract were downloaded from BioRender (https://www.biorender.com).

Author contributions

H. Pan, Y.Tian, and S. Pei designed the study, performed the experiments,
prepared the figures, and wrote the manuscript. H. Zhu, N. Zou, L. Jiang,

Y. Hu, S. Shen, and Z. Li contributed to human sample collection. W. Yang,
Y. Zhang (Yanyang Zhang), Z. Gu, J. Zhang, K. Wang, and H. Jin contributed
to the experiments. Y. Zhang (Yanyun Zhang) provided critical suggestions
and revised the manuscript. Y. Xiao, Q. Luo, H. Wang, and J. Huang initiated,
designed, supervised this research, prepared the figures, and wrote and
revised the manuscript.

Funding

The present research was supported by the grant from the National Natural
Science Foundation of China (81972176, 82001657, 82201921, 82201924,
82030041), the National Key R&D Program of China (2018YFA0902703,
2018YFA0107201), the Strategic Priority Research Program of the Chinese
Academy of Sciences (XDB39030300), CAS Project for Young Scientist in

Basic Research (YSBR-076), the programs from Shanghai Municipal Science
and Technology (20XD 1424600, 21140905000), China Postdoctoral Science
Foundation (2021M702163, 2021M700160, 2021M693272), the grant from the
Science and Technology Development Foundation of Shanghai Chest Hospital
(2021YNJCM10).

Data availability
All the data in this study are available from the corresponding authors upon
reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the Institutional Review Board of Shanghai Lung
Tumor Clinical Medical Center, Shanghai Chest Hospital [approval number:
KS(Y)23072]. All animal experiments were carried out following the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the institutional biomedical research ethics committee of
Shanghai Jiao Tong University. Additionally, all procedures involving human
participants followed the Declaration of Helsinki (revised in 2013). Informed
consent was collected from each involved case before their enroliment in the
study.

Consent for publication
Not applicable.


https://doi.org/10.1186/s40164-024-00520-8
https://doi.org/10.1186/s40164-024-00520-8
https://www.biorender.com

Pan et al. Experimental Hematology & Oncology (2024) 13:52

Competing interests
The authors declare no competing interests.

Author details

'Department of Thoracic Surgical Oncology, Shanghai Lung Cancer
Center, Shanghai Chest Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai 200030, China

“Chinese Academy of Sciences Key Laboratory of Tissue
Microenvironment and Tumor, Shanghai Institute of Nutrition and
Health, University of Chinese Academy of Sciences, Chinese Academy of
Sciences, Shanghai 200030, China

3Department of Oncology, Shanghai Lung Cancer Center, Shanghai Chest
Hospital, Shanghai Jiao Tong University School of Medicine,

Shanghai 200030, China

“Department of Central Laboratory, Shanghai Chest Hospital, Shanghai
Jiao Tong University School of Medicine, Shanghai 200030, China

Received: 29 October 2023 / Accepted: 7 May 2024
Published online: 17 May 2024

References

1. Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung cancer. Lancet.
2021,398(10299):535-54.

2. Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ Jr, Wu YL, et al.
Lung cancer: current therapies and new targeted treatments. Lancet.
2017,389(10066):299-311.

3. Wang M, Herbst RS, Boshoff C. Toward personalized treatment approaches for
non-small-cell lung cancer. Nat Med. 2021;27(8):1345-56.

4. Tan AC, Tan DSW.Targeted therapies for Lung Cancer patients with onco-
genic driver molecular alterations. J Clin Oncol. 2022;40(6):611-25.

5. Kirtane K, Elmariah H, Chung CH, Abate-Daga D. Adoptive cellular therapy
in solid tumor malignancies: review of the literature and challenges ahead. J
Immunother Cancer. 2021,9(7).

6. Mardiana S, Solomon BJ, Darcy PK, Beavis PA. Supercharging adoptive T cell
therapy to overcome solid tumor-induced immunosuppression. Sci Transl
Med. 2019;11:495.

7. Allen GM, Frankel NW, Reddy NR, Bhargava HK, Yoshida MA, Stark SR, et al.
Synthetic cytokine circuits that drive T cells into immune-excluded tumors.
Science. 2022;378(6625).eaba1624.

8. Creelan BC,Wang C, Teer JK, Toloza EM, Yao J, Kim S, et al. Tumor-infiltrating
lymphocyte treatment for anti-PD-1-resistant metastatic lung cancer: a phase
1 trial. Nat Med. 2021;27(8):1410-8.

9. Akhan O, Guler E, Akinci D, Ciftci T, Kése I. Radiofrequency ablation for lung
tumors: outcomes, effects on survival, and prognostic factors. Diagn Interv
Radiol. 2016;22(1):65-71.

10.  White DC, D'’Amico TA. Radiofrequency ablation for primary lung cancer and
pulmonary metastases. Clin Lung Cancer. 2008,9(1):16-23.

11.  Haen SP, Pereira PL, Salih HR, Rammensee HG, Gouttefangeas C. More than
just tumor destruction: immunomodulation by thermal ablation of cancer.
Clin Dev Immunol. 2011;2011:160250.

12. Chu KF, Dupuy DE. Thermal ablation of tumours: biological mechanisms and
advances in therapy. Nat Rev Cancer. 2014;14(3):199-208.

13. Yuan Z,Wang, Zhang J, Zheng J, Li W. A Meta-analysis of clinical outcomes
after Radiofrequency ablation and microwave ablation for Lung Cancer and
Pulmonary metastases. J Am Coll Radiol. 2019;16(3):302-14.

14. LuY,Hong S, Li H, Park J, Hong B, Wang L, et al. Th9 cells promote antitumor
immune responses in vivo. J Clin Invest. 2012;122(11):4160-71.

15. Zheng N, Lu Y. Targeting the IL-9 pathway in cancer immunotherapy. Hum
Vaccin Immunother. 2020;16(10):2333-40.

16. Wang, BiY,Chen X, Li C, LiY, Zhang Z, et al. Histone deacetylase SIRT1 nega-
tively regulates the differentiation of Interleukin-9-Producing CD4(+) T cells.
Immunity. 2016;44(6):1337-49.

17. LuY,Wang Q, Xue G, Bi E, Ma X, Wang A, et al. Th9 cells represent a unique
subset of CD4(+) T cells endowed with the ability to Eradicate Advanced
tumors. Cancer Cell. 2018;33(6):1048-e607.

18. Xue G, Zheng N, Fang J, Jin G, Li X, Dotti G, et al. Adoptive cell therapy with
tumor-specific Th9 cells induces viral mimicry to eliminate antigen-loss-
variant tumor cells. Cancer Cell. 2021;39(12):1610-e229.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 23 of 24

Liu L, Bi E, Ma X, Xiong W, Qian J, Ye L, et al. Enhanced CAR-T activity against
established tumors by polarizing human T cells to secrete interleukin-9. Nat
Commun. 2020;11(1):5902.

Ahmad F, Gravante G, Bhardwaj N, Strickland A, Basit R, West K et al. Changes
in interleukin-1B and 6 after hepatic microwave tissue ablation compared
with radiofrequency, cryotherapy and surgical resections. Am J Surg.
2010;200(4):500-6.

Jiang Y, Chen J, Bi E, Zhao Y, Qin T, Wang Y, et al. TNF-a enhances Th9 cell
differentiation and antitumor immunity via TNFR2-dependent pathways. J
Immunother Cancer. 2019;7(1):28.

Végran F, Berger H, Boidot R, Mignot G, Bruchard M, Dosset M, et al. The
transcription factor IRF1 dictates the IL-21-dependent anticancer functions of
TH9 cells. Nat Immunol. 2014;15(8):758-66.

Chen J, ZhaoY, Jiang Y, Gao S, Wang Y, Wang D, et al. Interleukin-33 contrib-
utes to the induction of Th9 cells and Antitumor Efficacy by Dectin-1-Acti-
vated dendritic cells. Front Immunol. 2018;9:1787.

Pei S, Huang M, Huang J, Zhu X, Wang H, Romano S et al. BFAR coordinates
TGFB signaling to modulate Th9-mediated cancer immunotherapy. J Exp
Med. 2021;218(7).

Yu M, Pan H, Che N, Li L, Wang C, Wang Y, et al. Microwave ablation of primary
breast cancer inhibits metastatic progression in model mice via activation of
natural killer cells. Cell Mol Immunol. 2021;18(9):2153-64.

Fietta AM, Morosini M, Passadore |, Cascina A, Draghi P, Dore R, et al.
Systemic inflammatory response and downmodulation of peripheral
CD25+ Foxp3+T-regulatory cells in patients undergoing radiofrequency
thermal ablation for lung cancer. Hum Immunol. 2009;70(7):477-86.

Shi L, Chen L, Wu C, ZhuY, Xu B, Zheng X, et al. PD-1 blockade boosts Radio-
frequency ablation-elicited adaptive Immune responses against Tumor. Clin
Cancer Res. 2016;22(5):1173-84.

LuY, Hong B, Li H, Zheng Y, Zhang M, Wang S, et al. Tumor-specific IL-
9-producing CD8+Tc9 cells are superior effector than type-I cytotoxic Tc1
cells for adoptive immunotherapy of cancers. Proc Natl Acad Sci U S A.
2014;111(6):2265-70.

Yang R, Sun L, Li CF, Wang YH, Yao J, Li H, et al. Galectin-9 interacts with PD-1
and TIM-3 to regulate T cell death and is a target for cancer immunotherapy.
Nat Commun. 2021;12(1):832.

Janes PW, Vail ME, Ernst M, Scott AM. Eph receptors in the immunosuppres-
sive Tumor Microenvironment. Cancer Res. 2021;81(4):801-5.

Nakamura K, Smyth MJ. Myeloid immunosuppression and immune check-
points in the tumor microenvironment. Cell Mol Immunol. 2020;17(1):1-12.
JiD,Song C, LiY, Xia J,Wu Y, Jia J et al. Combination of radiotherapy and sup-
pression of Tregs enhances abscopal antitumor effect and inhibits metastasis
in rectal cancer. J Immunother Cancer. 2020;8(2).

Corrado M, Pearce EL. Targeting memory T cell metabolism to improve
immunity. J Clin Invest. 2022;132(1).

Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcriptional activa-
tion in response to IFNs and other extracellular signaling proteins. Science.
1994,264(5164):1415-21.

Shuai K, Schindler C, Prezioso VR, Darnell JE. Jr. Activation of transcription by
IFN-gamma: tyrosine phosphorylation of a 91-kD DNA binding protein. Sci-
ence. 1992,258(5089):1808-12.

Zhang J, Veeramachaneni N. Targeting interleukin-18 and inflammation in
lung cancer. Biomark Res. 2022;10(1):5.

Karki R, Sharma BR, Tuladhar S, Williams EP, Zalduondo L, Samir P, et al. Syn-
ergism of TNF-a and IFN-y triggers inflammatory cell death, tissue damage,
and Mortality in SARS-CoV-2 infection and cytokine shock syndromes. Cell.
2021;184(1):149-e6817.

Xiao X, Balasubramanian S, Liu W, Chu X, Wang H, Taparowsky EJ, et al. OX40
signaling favors the induction of T(H)9 cells and airway inflammation. Nat
Immunol. 2012;13(10):981-90.

ZhaoY, Chu X, Chen J,Wang Y, Gao S, Jiang Y, et al. Dectin-1-activated den-
dritic cells trigger potent antitumour immunity through the induction of Th9
cells. Nat Commun. 2016;7:12368.

Chandwaskar R, Awasthi A. Emerging roles of Th9 cells as an Anti-tumor
helper T cells. Int Rev Immunol. 2019;38(5):204-11.

Zhang G, Liu A, Yang Y, Xia Y, Li W, Liu Y, et al. Clinical predictive value of naive
and memory T cells in advanced NSCLC. Front Immunol. 2022;13:996348.
Rangamuwa K, Leong T, Weeden C, Asselin-Labat ML, Bozinovski S, Christie
M, et al. Thermal ablation in non-small cell lung cancer: a review of treatment
modalities and the evidence for combination with immune checkpoint
inhibitors. Transl Lung Cancer Res. 2021;10(6):2842-57.



Pan et al. Experimental Hematology & Oncology

43.

44,

45.
46.

47.

48.

49.

50.

51

52.

53.

(2024) 13:52

Lubner MG, Brace CL, Hinshaw JL, Lee FT Jr. Microwave tumor ablation:
mechanism of action, clinical results, and devices. J Vasc Interv Radiol.
2010;21(8 Suppl):5192-203.

Prud’homme C, Deschamps F, Moulin B, Hakime A, Al-Ahmar M, Moalla S, et
al. Image-guided lung metastasis ablation: a literature review. Int J Hyperth.
2019;36(2):37-45.

Chen Z, Meng L, Zhang J, Zhang X. Progress in the cryoablation and cryoim-
munotherapy for tumor. Front Immunol. 2023;14:1094009.

ChenT, Guo J, Cai Z, Li B, Sun L, Shen Y, et al. Th9 cell differentiation and its
dual effects in Tumor Development. Front Immunol. 2020;11:1026.
Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in
health and disease. J Cell Physiol. 2018;233(9):6425-40.

Rivera Vargas T, Humblin E, Végran F, Ghiringhelli F, Apetoh L. T(H)9 cells in
anti-tumor immunity. Semin Immunopathol. 2017;39(1):39-46.

You FP, Zhang J, CuiT, Zhu R, Lv CQ, Tang HT, et al. Th9 cells promote antitu-
mor immunity via IL-9 and IL-21 and demonstrate atypical cytokine expres-
sion in breast cancer. Int Immunopharmacol. 2017;52:163-7.

ShenY, Song Z, Lu X, Ma Z, Lu C, Zhang B, et al. Fas signaling-mediated T(H)9
cell differentiation favors bowel inflammation and antitumor functions. Nat
Commun. 2019;10(1):2924.

SalazarY, Zheng X, Brunn D, Raifer H, Picard F, Zhang Y, et al. Microenviron-
mental Th9 and Th17 lymphocytes induce metastatic spreading in lung
cancer. J Clin Invest. 2020;130(7):3560-75.

Heim L, Yang Z, Tausche P, Hohenberger K, Chiriac MT, Koelle J, et al. IL-9
producing tumor-infiltrating lymphocytes and Treg Subsets Drive Immune
escape of Tumor cells in Non-small Cell Lung Cancer. Front Immunol.
2022;13:859738.

Srivastava S, Furlan SN, Jaeger-Ruckstuhl CA, Sarvothama M, Berger C, Smythe
KS, et al. Immunogenic Chemotherapy Enhances Recruitment of CAR-T
Cells to lung tumors and improves Antitumor Efficacy when combined with
checkpoint blockade. Cancer Cell. 2021;39(2):193-e20810.

Page 24 of 24

54. Qu X, LiuH, Song X, Sun N, Zhong H, Qiu X, et al. Effective degradation of
EGFR(L858R+T790M) mutant proteins by CRBN-based PROTACs through
both proteosome and autophagy/lysosome degradation systems. Eur J Med
Chem. 2021;218:113328.

55. Lin M, Eiken P, Blackmon S. Image guided thermal ablation in lung cancer
treatment. J Thorac Dis. 2020;12(11):7039-47.

56.  Palomo J, Dietrich D, Martin P, Palmer G, Gabay C. The interleukin (IL)-1
cytokine family-balance between agonists and antagonists in inflammatory
diseases. Cytokine. 2015;76(1):25-37.

57. Jadali Z.Th9 cells as a new player in inflammatory skin disorders. Iran J Allergy
Asthma Immunol. 2019;18(2):120-30.

58. Angkasekwinai P. Th9 cells in allergic disease. Curr Allergy Asthma Rep.
2019;19(5):29.

59. Elyaman W, Khoury SJ. Th9 cells in the pathogenesis of EAE and multiple
sclerosis. Semin Immunopathol. 2017,39(1):79-87.

60. LiuY,Yan X, Zhang F, Zhang X, Tang F, Han Z, et al. TCR-T immunotherapy: the
challenges and solutions. Front Oncol. 2021;11:794183.

61. Wang Z Wu Z, LiuY, Han W. New development in CAR-T cell therapy. J Hema-
tol Oncol. 2017;10(1):53.

62.  Kumar A, Watkins R, Vilgelm AE. Cell therapy with TILs: training and taming T
cells to Fight Cancer. Front Immunol. 2021;12:690499.

63. Paijens ST, Vledder A, de Bruyn M, Nijman HW. Tumor-infiltrating lymphocytes
in the immunotherapy era. Cell Mol Immunol. 2021;18(4):842-59.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Combination of percutaneous thermal ablation and adoptive Th9 cell transfer therapy against non-small cell lung cancer
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animals
	﻿Antibodies and reagents
	﻿Cell line culture
	﻿In vitro Th9 cell culture and differentiation
	﻿Mice tumor models
	﻿Percutaneous thermal ablation
	﻿Adoptive Th9 cell transfer therapy
	﻿H&E staining
	﻿Cytokine determination
	﻿Extraction of tumor proteins and measurement of cytokines
	﻿Immune cell staining and flow cytometry
	﻿RNA isolation and real-time quantitative PCR
	﻿Western blot assay
	﻿RNA-sequencing analysis
	﻿Mouse CD4﻿+﻿T cell ﻿Il1r1﻿ knockdown
	﻿Humanized patient-derived xenograft mice model
	﻿Human peripheral blood samples
	﻿Statistical analysis

	﻿Results
	﻿PTA, in combination with adoptive Th9 cell transfer therapy, exhibits robust therapeutic efficacies against NSCLC tumors
	﻿PTA synergizes with adoptive Th9 cell transfer therapy to enhance the anti-tumor immune response of T cells
	﻿The combination of PTA and adoptive Th9 cell transfer therapy synergistically improves the anti-tumor effects of CD8﻿+﻿T cells
	﻿PTA synergizes with adoptive Th9 cell transfer therapy to remodel tumor immunosuppressive microenvironments
	﻿PTA boosts Th9 cell-induced anti-tumor efficacy mainly via inducing IL-1β release
	﻿PTA, in combination with adoptive Th9 cell transfer therapy, induces notable anti-tumor efficacies against PDX-NSCLC tumors
	﻿PTA, in combination with adoptive Th9 cell transfer therapy, effectively suppresses the recurrence of NSCLC tumors
	﻿PTA, in combination with adoptive Th9 cell transfer therapy, effectively suppresses lung metastasis of NSCLC tumors

	﻿Discussion
	﻿Conclusions
	﻿References


