Open access Original research

Cryoablation triggers type I interferon-
dependent antitumor immunity and
potentiates immunotherapy efficacy in

00
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Gu C, Wang X, Wang K,
et al. Cryoablation triggers
type | interferon-dependent
antitumor immunity and
potentiates immunotherapy
efficacy in lung cancer. Journal
for ImmunoTherapy of Cancer
2024;12:¢008386. doi:10.1136/
jitc-2023-008386

» Additional supplemental

material is published online only.

To view, please visit the journal
online (http://dx.doi.org/10.
1136/jitc-2023-008386).

CG, XW, KW and FX contributed
equally.

Accepted 11 January 2024

‘ '.) Check for updates

© Author(s) (or their
employer(s)) 2024. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

For numbered affiliations see
end of article.

Correspondence to
Dr Jiayuan Sun;
xkyyjysun@163.com

Hongbin Ji; hbji@sibcb.ac.cn

lung cancer

Chuanjia Gu,"?® Xue Wang,* Kaiyu Wang,*° Fangfang Xie,"** Luonan Chen,

Hongbin Ji,*>%" Jiayuan Sun @ 23

ABSTRACT

Background Cryoablation is a minimally invasive option
for patients with medically inoperable non-small cell

lung cancer (NSCLC) and can trigger abscopal immune-
regulatory effects. However, it remains unclear how
cryoablation affects the host-level immune response

in NSCLC. In this study, we investigated the local and
systemic immunological effects of cryoablation and the
potential of combining cryoablation with programmed cell
death protein 1 (PD-1) blockade to boost immunotherapy
efficacy in NSCLC.

Methods We first investigated systemic immunological
effects induced by cryoablation in patients with early-
stage NSCLC. Subsequently, we explored cryoablation-
induced antitumor immunity and the underlying biological
mechanisms using KP (Kras®'2”*, Tp53~'") mutant

lung cancer cell allograft mouse models. Moreover, the
synergistic efficacy of cryoablation and PD-1 blockade
was explored in both mouse models and patients with
unresectable NSCLC.

Results We found that cryoablation significantly increased
circulating CD8" T cell subpopulations and proinflammatory
cytokines in patients with early-stage NSCLC. In lung cancer
cell allograft mouse models, we demonstrated that cryoablation
resulted in abscopal growth inhibition of contralateral,
non-ablated tumors. Integrated analysis of bulk, single-cell
RNA and T cell receptor (TCR) sequencing data revealed

that cryoablation reprogrammed the intratumoral immune
microenvironment and increased CD8* T cell infiltration

with higher effector signature, interferon (IFN) response,

and cytolytic activity. Mechanistically, cryoablation promoted
antitumor effect through the STING-dependent type | IFN
signaling pathway, and type I IFN signaling blockade attenuated
this antitumor effect. We also found that the combination of
PD-1 blockade with cryoablation further inhibited tumor growth
compared with either treatment alone in an allograft mouse
model. Moreover, the combination therapy induced notable
tumor suppression and CD8" T cell infiltration in patients with
unresectable NSCLC.

Conclusions Our results provide mechanistic insights into
how cryoablation triggers the antitumor immune effect in
lung cancer, thereby potentiating programmed cell death
ligand 1 (PD-L1)/PD-1 blockade efficacy in the clinical
treatment of NSCLC.

4,5,6,7,8

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Local tumor cryoablation is an effective non-surgical
treatment for local tumor control and can enhance
immunotherapy efficacy in some preclinical cancer
models.

WHAT THIS STUDY ADDS

= Our work reveals a type | interferon-dependent an-
titumor immune response elicited by cryoablation
and further demonstrates the enhanced syner-
gistic efficacy of cryoablation in combination with
anti-programmed cell death protein 1 (PD-1)-based
immunotherapy in patients with non-small cell lung
cancer (NSCLC).

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our data provide mechanistic insights into how
cryoablation boosts antitumor immunity and initial
clinical evidence supporting the experimental strat-
egy of combining cryoablation with anti-PD-1 ther-

apy in NSCLC to enhance immunotherapy efficacy.

INTRODUCTION

Lung cancer remains the leading cause
of cancerrelated death worldwide." Local
tumor cryoablation has been increasingly
applied in clinic as a minimally invasive
treatment option for non-small cell lung
cancer (NSCLC),*™ providing an alterna-
tive local therapy for lung tumors to surgical
resection and radiation therapy.” ® Among
these methods, cryoablation may be better
tolerated and provide better preservation
of the lung tissue.” During cryoablation, the
rapid expansion of pressurized nitrogen or
argon gas cools the cryoprobe to less than
—-140°C, enabling the destruction of target
tissues. Importantly, cryoablated tissues left
in situ serve as a source of tumor-specific
antigens capable of eliciting an immune
response against sublethally damaged or
even untreated tissues, which is similar to a
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vaccination, potentially yielding an abscopal effect.® Early
studies since the late 1970s have recognized this immu-
nological effect of cryoablation in several case reports,
in which untreated metastatic lesions exhibited regres-
sion.” Although preclinical animal models have shown
that cryoablation can induce immunogenic changes
across several malignancies,' ! evidence remains limited
in NSCLC. The underlying mechanisms of cryoablation-
induced antitumor immune responses in primary and
distant tumors of NSCLC remain obscure.

Recent years have witnessed the emergence of immune
checkpoint inhibitors (ICIs) as systemic treatments
for NSCLC, showing remarkable efficacy.'” '* However,
unresponsiveness to cancer immunotherapy has been
noted in some patients, which potentially is attributed
to inadequate tumor infiltration of tumor-specific T cells
in NSCLC. Considering that cryoablation may have the
capacity to modify the immune landscape of patients with
malignancies, combining ICIs-based immunotherapy and
cryoablation to boost immunotherapy efficacy may be
promising and deserves further investigations.

Therefore, we aimed to investigate the local and systemic
immunological effects of cryoablation and its possible
underlying mechanisms. We first found that cryoabla-
tion modified hostlevel immune responses in early-stage
NSCLC. Subsequently, we explored cryoablation-induced
antitumor immunity using lung cancer cell allograft
mouse models. Our data revealed that cryoablation
reprogrammed the intratumoral immune microenviron-
ment and promoted type I interferon (IFN)-dependent
antitumor effect. Moreover, we demonstrated that
combined therapy with cryoablation and programmed
cell death protein 1 (PD-1) blockade exhibited great effi-
cacy and enhanced immune infiltration in both mouse
models and patients with NSCLC. Taken together, our
study sheds light on the cryoablation-induced abscopal
effect and demonstrates enhanced synergistic efficacy
with anti-PD-1 therapy, suggesting the promising poten-
tial of a combination strategy involving cryoablation and
PD-1 blockade immunotherapy in patients with NSCLC
in clinical practice.

MATERIALS AND METHODS

Patients and specimens

Peripheral blood and biopsy samples were obtained
from patients with NSCLC at Shanghai Chest Hospital,
Shanghai Jiao Tong University School of Medicine. The
enrolled patients were ineligible for surgery or refused
surgery. Peripheral blood samples (n=6) were collected
from patients with early-stage NSCLC before cryoabla-
tion and at various time points (1, 3, 7, and 14 days) post-
cryoablation. We isolated peripheral blood mononuclear
cells using Ficoll-Paque density gradient media (Cytiva)
to assess the changes of lymphocyte populations using
flow cytometry. Plasma was extracted after centrifugation
for examination of key inflammation biomarkers using
Bio-Plex Pro Human Inflammation Panel 1, 37-Plex Kit

(Bio-Rad). Biopsy specimens (n=3) were obtained from
patients treated with cryoablation combined with anti-
PD-1 immunotherapy to evaluate the changes within the
tumor microenvironment (TME) before and after the
combined therapy.

Written informed consent about the procedure and
clinical trial was obtained from all the participants.

Cell culture

KP'* KL,” and Lewis lung cancer (LLC) cells were
used in this study. KP and LLC cells were cultured in a
37°C and 5% CO, incubator, using Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 100 units/mL penicillin plus
streptomycin. KL cells were cultured under the same
conditions, using RPMI 1640 medium supplemented with
10% FBS and 100 units/mL penicillin plus streptomycin.
All cell lines were authenticated and free of Mycoplasma
contamination.

Mouse lung cancer allograft assay and treatments

All mice were purchased from Zhejiang Vital River Labora-
tory Animal Technology (Zhejiang, China) and housed in
a pathogen-free environment at Shanghai Chest Hospital.
For detailed methods of mouse lung cancer allograft assay
and treatment, refer to online supplemental material.

Total RNA extraction and quantitative real-time PCR

Total RNA was extracted from tumor tissues using
TRIzol Reagent (Invitrogen). Subsequently, cDNA was
synthesized using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). Quantitative real-time
(qRT)-PCR was performed using the FastStart Universal
SYBR Green Master (Rox) (Roche). The mouse primers
used are listed in online supplemental table S1. All
the primers were purchased from Tsingke and Sangon
Biotech.

Bulk RNA sequencing and data analysis

Total RNA was obtained from contralateral tumor tissues
harvested at day 7 postcryoablation from the cryoabla-
tion (CA) and non-cryoablation (non-CA) groups (n=3
per group). RNA sequencing was then performed using
Ilumina NovaSeq 6000 (150 bp paired-end reads).
For detailed methods of data analysis for bulk RNA
sequencing, refer to online supplemental material.

Flow cytometric analysis

Freshly harvested tumors were dissociated to generate
single-cell suspension. Subsequently, immune cells were
enriched and stained with indicated fluorochrome-
conjugated antibodies in FACS buffer (phosphate buff-
ered saline (PBS)+2% FBS+1 mM EDTA). Flow cytometry
was performed using BD FACS Fortessa. Data were
analyzed with FlowJo V.10.8.1 software. For detailed
methods of flow cytometric analysis, refer to online
supplemental material.
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Single-cell RNA and V(D)J sequencing

Intratumoral CD45" immune cells were isolated at day
7 and CD45'CD3" T cells were isolated at days 7 and 14
after cryoablation using BD FACSAria III. The single-
cell pellet was then resuspended in PBS without calcium
and magnesium ions to reach a density of <1000 cells/
pL. Single-cell 3 RNA sequencing libraries for CD45"
tumor-infiltrating lymphocytes (TILs) were constructed
according to the protocols of the Chromium Single Cell
3’ Library Kit (10x Genomics) on the Illumina platform.
For CD45°CD3" TILs, the single-cell suspension was
converted to uniquely barcoded RNA and T cell receptor
(TCR) libraries by using the Chromium Single Cell 5
Library Kit, Gel Bead and Multiplex Kit, and Chromium
Single Cell V(D)] Enrichment Kit following the manufac-
turer’s instructions. Sequencing was performed on the
Ilumina NovaSeq 150PE platform by Berry Genomics
(Beijing, China). For detailed methods of data analysis
for single-cell sequencing, refer to online supplemental
material.

Multiplex immunoassay

The mouse tumor tissues were homogenized in PBS, and
the supernatants were collected. The protein levels of
IFN-o. and IFN-B were then detected using LEGENDplex
Mouse Type 1/2 Interferon Panel (Biolegend) according
to the manufacturer’s instructions. For detailed methods
of multiplex immunoassay, refer to online supplemental
material.

Western blot analysis

Protein expression was analyzed by western blot. The
bands were visualized by chemiluminescence using Amer-
sham Imager 6000. Gray values of each band were calcu-
lated using Image] V.1.53 software, and the band intensity
of the target protein was normalized by the band intensity
of B-actin to reduce the influence of intersample varia-
tion. For detailed methods, refer to online supplemental
material.

Multiplex immunofluorescence staining

Human biopies were fixed in 10% formalin, embedded
in paraffin, and sectioned at 5pm thickness. Multiplex
immunofluorescence staining was then performed
using Opal 4-Color Manual IHC Kit (Akoya) following
the manufacturer’s instructions with indicated anti-
bodies (online supplemental table S2) and 4,
6-diamidino-2-phenylindole (DAPI). Multispectral immu-
nofluorescent images of stained slides were acquired
using Leica TCS SP8 STED.

Statistics

All statistical analyses were performed using SPSS V.25.0
and GraphPad Prism V.8.0. P value <0.05 was consid-
ered to be of significant difference. Data are expressed
as mean+SEM. For detailed methods of statistics, refer to
online supplemental material.

RESULTS

Cryoablation is clinically effective for local control of NSCLC
and alters host-level immune profiles

At our center, cryoablation has demonstrated excellent local
control in patients with medically inoperable early-stage
NSCLC (figure 1A). To explore the effects of cryoablation
on the systemic antitumor immune response, we analyzed
the changes of immune cell subsets in peripheral blood
samples by flow cytometry. The gating strategy is illustrated
in online supplemental figure S1IA. We observed a signifi-
cant increase in the proportion of CD8" T cells after cryoab-
lation, whereas the proportion of CD4" T cells remained
unchanged (figure 1B-D). We also noticed that there were
no significant changes in the frequencies of naive CD8"
T cells (CD45RA'CCRT7'), central memory CD8" T cells
(CD45RACCR7"), effector CD8" T cells (CD45RA'CCRT),
or effector memory CD8' T cells (CD45RA"CCR7") between
pretreatment and posttreatment (online supplemental
figure S1B). Moreover, four out of six patients exhibited a
reduction in the proportion of Foxp3" regulatory T cells
(Tregs), and five out of six patients exhibited an increased
ratio of CD8" T cells to Tregs after cryoablation (online
supplemental figure S1C,D). We also found that a broad
panel of inflammatory biomarkers, including interleukin
(IL)-2, IL-11, IL-29, and matrix metalloproteinase 3 (MMP-
3), were significantly increased after cryoablation (figure 1E
and online supplemental figure SIE-H). Collectively, our
results demonstrate the promising clinical benefits of cryoab-
lation, highlighting its potential to induce systemic immune
response beyond the ablation zone in patients with NSCLC.

Cryoablation induces an antitumor abscopal effect on the
non-ablated tumors

To explore the immune response induced by cryoablation,
we employed a bilateral lung tumor model in which a KP
genetically engineered mouse model (GEMM)-derived
primary cell line was inoculated subcutaneously into the bilat-
eral flanks of C57BL/6 mice (figure 2A). First, we sought to
determine whether cryoprobe insertion or damage caused by
cryoablation of normal tissue leads to abscopal tumor growth
inhibition. We did a preliminary experiment and designed
four groups, namely no treatment (non-CA), cryoprobe
insertion without cryoablation (sham treatment), cryoab-
lation of normal skin tissue (sham CA), and cryoablation
of tumor tissue (CA; online supplemental figure S2A). We
found that there was no significant difference in the growth of
contralateral tumors between non-CA, sham treatment, and
sham CA groups (online supplemental figure S2B). There-
fore, we used non-CA as the control group in our follow-up
study. Under the condition of two freeze—thaw cycles with
liquid nitrogen, the tumors on the lateral side of the cryoab-
lation were completely ablated (online supplemental figure
S2C) and the growth of the contralateral tumors slowed
down (figure 2B). At day 14 after cryoablation, the tumor
weight was significantly reduced in the CA group compared
with that in the non-CA group (figure 2C). This finding was
also confirmed in two other transplantable models of lung
cancer cell lines, KL cells, a Kras®'®"* Lkb I~ GEMM-derived
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Figure 1 Cryoablation modulates the host-level immune response in human NSCLC. (A) Representative CT scans of a patient
with early-stage NSCLC treated with cryoablation. The red arrows indicate the target lesions. (B-D) Flow cytometric analysis of
CD4" and CD8" T cells in peripheral blood samples collected before cryoablation and at day 1 after cryoablation from patients
with early-stage NSCLC (n=6). (E) Cytokine secretion displayed as heatmap in the peripheral blood samples collected before
cryoablation and at days 1, 3, 7, and 14 after cryoablation from patients with early-stage NSCLC (n=6). The results are shown
as mean+SEM, and the statistical significance of differences between groups was determined by unpaired Student’s t-test
(*p<0.05). CA, cryoablation; NSCLC, non-small cell lung cancer; IL, interleukin; IFN, interferon; MMP, matrix metalloproteinase;
TSLP, thymic stromal lymphopoietin; LIGHT, lymphotoxin-related inducible ligand that competes for glycoprotein D binding to
herpesvirus entry mediator on T cells; TNFSF, tumor necrosis factor superfamily.

primary cell line, and LLC cells (online supplemental figure
S2D). Collectively, these results demonstrate that the destruc-
tion on tumor tissues caused by cryoablation promotes
abscopal growth inhibition of contralateral, non-ablated
tumors in lung cancer cell allograft mouse models.

Cryoablation triggers an inflammatory process and activates
antitumor immune response

To further elucidate the underlying mechanism of the
abscopal effect induced by cryoablation, we performed
bulk RNA sequencing using contralateral, non-ablated
KP tumors at day 7 after cryoablation. Hallmark pathway
analysis revealed that cryoablation induced significant
transcriptional changes in distant tumors, notably a
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Figure 2 Cryoablation induces inhibition of contralateral tumor growth and promotes inflammatory responses in KP tumor-
bearing mice. (A) Schematic illustration of the experimental design. (B and C) Mean tumor growth (B) and tumor weight (at
day 14; C) of contralateral KP tumors in the non-CA and CA groups (n=6 per group). (D) Heatmap of the hallmark pathways
in contralateral KP tumors from the non-CA and CA groups at day 7 after cryoablation (n=3 per group). (E) Heatmap of IFN,
cytokines, and chemokines-related pathways (n=3 per group). (F) Heatmap of differential cytokines and chemokines (n=3 per
group). (G) mRNA levels of intratumoral cytokines and chemokines at days 3 and 7 after cryoablation (n=5 per group). The
results are shown as mean+SEM, and the statistical significance of differences between groups was determined by unpaired
Student’s t-test (*p<0.05, **p<0.01). CA, cryoablation; IFN, interferon; TME, tumor microenvironment.

significant upregulation of signaling pathways related
to inflammatory responses, including IFN-y response,
IL2/STAT5 signaling, IL6/JAK/STAT3 signaling, etc
(figure 2D). Subsequently, we screened immune-related
pathways and identified several major pathways that were
highly enriched in the CA group, including the produc-
tion of IFN-o, IFN-f, and IFN-y, as well as their immune
responsive pathways (figure 2E). We also found increased

levels of various proinflammatory cytokines and chemok-
ines (figure 2E,F), including IL-21, C-C motif chemokine
ligand (CCL) 5, CCL17, CCL22, C-X-C motif chemokine
liagnd (CXCL) 9, and tumor necrosis factor (TNF), which
was further confirmed by qRT-PCR (figure 2G).
Furthermore, we analyzed the infiltrating immune cells
in contralateral tumors. The gating strategy is illustrated
in online supplemental figure S3A. The percentage of
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group). (C and D) Representative flow cytometric plots (C) and the percentage (D) of IFN-y"CD4" and IFN-y"CD8* TILs (n=6 per
group). (E and F) Representative flow cytometric plots (E) and the percentage (F) of TNF-o."CD4* and TNF-o*CD8" TILs (n=6 per
group). (G and H) Representative flow cytometric plots (G) and the percentage (H) of PD-1*CD4+ and PD-1"CD8" TILs (n=6 per
group). The results are shown as mean+SEM, and the statistical significance of differences between groups was determined by
an unpaired Student’s t-test (*p<0.05, **p<0.01). CA, cryoablation; FSC, forward scatter; IFN, interferon; PD-1, programmed cell
death protein 1; TILs, tumor-infiltrating lymphocytes; TNF, tumor necrosis factor.

NKI1.1" natural killer (NK) cells exhibited a significant
increase at day 3 after cryoablation (online supplemental
figure S3B,C). More importantly, we noticed that T cell
infiltration was characterized by an increased frequency
of CD8" T cells at days 3 and 7 (figure 3A,B). The
percentage of Tregs remained comparable with that in
the non-CA group at days 3 and 7 (online supplemental
figure S3D,E). However, the CDS8" T cell to Treg ratio was
significantly increased at day 3 after cryoablation (online
supplemental figure S3F).

Next, we analyzed the effector function of TILs. The
production of IFN-y and TNF-o. by CD4" and CD8" T cells

was significantly increased at day 3, and the percentage of
IFN-y'CD8" and TNF-0."CD8" TILs remained higher than
thatin untreated mice atday 7 (figure 3C-F). The produc-
tion of granzyme B on CD8" T cells was also significantly
increased at day 3 (online supplemental figure S3G,H).
Furthermore, we observed that the expression of PD-1
was increased on CD8" TILs at day 3. A further increase
of PD-1 expression on both CD4" and CD8" TILs was
observed at day 7 (figure 3G,H). These data indicate that
cryoablation provoked a strong inflammatory response in
the distant tumors and remodeled the composition and
functional state of TILs.
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Figure 4 Cryoablation reprograms intratumoral immune cells and promotes activation features in CD8* TILs through scRNA-
seq. (A) Schematic diagram illustrating the experimental strategy for scRNA-seq and scTCR-seq. (B) UMAP embeddings of
scRNA-seq profiles of CD45" immune cells in contralateral KP tumors at day 7 after cryoablation. (C) Bar plot demonstrating
the percentages of cell subpopulations, related to the UMAP plot in (B). (D) UMAP embeddings of scRNA-seq profiles of
CD3+CD45+ T cells in contralateral KP tumors at day 7 after cryoablation. (E) Bar plot demonstrating the percentages of T

cell subpopulations, related to the UMAP plot in (D). (F) Type | IFN-associated T cells from the non-CA and CA groups. (G) GO
pathway enrichment analysis of CD8" TILs based on the differentially expressed genes between the non-CA and CA groups.
(H) Box plot indicating IFN-y response, effector, and cytolytic signatures of CD8* TILs. The statistical significance of differences
between groups was determined by the non-parametric Wilcoxon rank—sum test with Bonferroni correction (**p<0.01). CA,
cryoablation; FDR, false discovery rate; GO, Gene Ontology; NK, natural killer; scRNA-seq, single-cell RNA sequencing; scTCR-
seq, single-cell TCR sequencing; Tem, effector memory T cells; Tex, exhausted T cells; Th, T helper; TILs, tumor-infiltrating
lymphocytes; Tregs, regulatory T cells; UMAP, uniform manifold approximation and projection.

Cryoablation reprograms intratumoral immune cells and
promotes type | IFN pathway in T cells by scRNA-seq

To further investigate the impact of cryoablation on
the TME, we performed single-cell RNA sequencing
(scRNA-seq) on CD45" immune cells and single-cell TCR
sequencing (scTCR-seq) on CD45°CD3" T cells isolated
from contralateral, non-ablated tumors in KP tumor-
bearing mice (figure 4A). After data preprocessing and
quality control, we acquired a total of 17670CD45"
immune cells with high-quality single-cell transcriptomes

(8649 cells from the non-CA group and 9021 cells from
the CA group) and identified five clusters, including T, B,
NK, mast, and myeloid cells, according to the expression
patterns of the marker genes (figure 4B and online supple-
mental figure S4A). The relative abundance showed that
T and myeloid cells were the most predominant cell types
in the KP microenvironment (figure 4C). Otherwise,
we observed a marked increase in the proportion of B
cells within the tumors from the CA group. Hence, we
performed Gene Ontology (GO) pathway enrichment

Gu C, et al. J Immunother Cancer 2024;12:6008386. doi:10.1136/jitc-2023-008386
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Figure 5 Cryoablation reprograms tumor-infiltrating myeloid cells and promotes type | IFN-induced immune responses in a
STING-dependent manner. (A) UMAP embeddings of scRNA-seq profiles of myeloid cells in contralateral KP tumors at day 7
after cryoablation. (B) Bar plot demonstrating the percentages of cell subpopulations, related to the UMAP plot in (A). (C) The
developmental trajectory of myeloid cells. (D) mRNA level of type | IFN in contralateral KP tumors (n=5 per group). (E) Type |
IFN protein concentration in contralateral KP tumor tissue homogenate (n=6 per group). (F) The level of type | IFN secretion

in the peripheral blood samples collected before and at day 1 after cryoablation from patients with early-stage NSCLC

(n=6). (G) Immunoblot analysis of p-STING, STING, p-TBK1, and TBK1 in contralateral KP tumors from the non-CA and CA
groups. The numbers indicate the relative densities of indicated protein bands normalized to B-actin. (H and I) Mean tumor
growth (H) and tumor weight (1) of contralateral KP tumors after the treatment of cryoablation combined with an anti-IFNAR1
blocking antibody or an isotype control monoclonal antibody (n=5 per group). (J and K) Immunofluorescence staining (J) and
count (K) of tumor-infiltrating CD8" T cells in contralateral KP tumors after the treatment of cryoablation combined with an
anti-IFNAR1 blocking antibody or an isotype control monoclonal antibody (n=3 per group). Scale bar: 20 um. The statistical
significance of differences between two groups was determined by unpaired Student’s t-test and the statistical significance
of differences among multiple groups was determined by one-way analysis of variance (*p<0.05, **p<0.01). CA, cryoablation;
cDC, conventional dendritic cell; DAPI, 4’, 6-diamidino-2-phenylindole; IFN, interferon; IFNAR1, interferon alpha/beta receptor
subunit 1; NSCLC, non-small cell lung cancer; pDC, plasmacytoid dendritic cell; p-STING, phosphorylated stimulator of
interferon genes; p-TBK1, phosphorylated TANK binding kinase 1; scRNA-seq, single-cell RNA sequencing; STING, stimulator
of interferon genes; TBK1, TANK binding kinase 1; UMAP, uniform manifold approximation and projection.
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analysis specifically for B cells based on the differen-
tially expressed genes. The analysis revealed a significant
enhancement in antigen processing and presentation
via major histocompatibility complex (MHC) class II,
suggesting augmented MHC class II presentation of exog-
enous antigen and peptides to CD4" T cells for its activa-
tion (online supplemental figure S4B).

We then comprehensively characterized the hetero-
geneous subpopulations within the infiltrating T cells
and identified 12 major clusters (figure 4D and online
supplemental figure S4C,D). More importantly, we iden-
tified a subpopulation with high expression of type I IFN-
stimulated genes (ISGs) in CD4" and CD8" T cells (online
supplemental figure S4E), which was specifically enriched
in the CA group (figure 4E,F). Meanwhile, we used
ProjecTIL to project all T cells onto a reference T cell
atlas following the methodology proposed by Andreatta et
al'® (online supplemental figure S4F,G), confirming the
clustering accuracy of T cells.

Subsequently, GO pathway analysis also revealed upreg-
ulation of type I IFN-associated pathways in all T cells,
CD8" T cells, and effector memory CD8" T cells (Tem)
from the CA group (figure 4G and online supplemental
figure S5A,B), which suggests that T cells in the CA group
were significantly influenced by type I IFN induced by
cryoablation. To further explore the role of type I IFN-
stimulated clusters in the lineage structure of CDS8" T cells,
we performed the pseudotime developmental trajectory
analysis on CD8" T cells (online supplemental S5C-E)
and observed a continuous differentiation trajectory in
the non-CA group, starting from naive T cells toward
Tem cells and ending with exhausted T cells (Tex) and
proliferative Tex cells (online supplemental figure S5D).
In contrast, pseudotime analysis of CD8" T cells in the CA
group exhibited a transitional process from naive T cells
and Tem cells to proliferative Tex cells through an inter-
mediate type I IFN-stimulated Tem (CD8_Tem_I-IFN)
state (online supplemental figure S5E). These results
suggest that type I I[FN-stimulated CD8" Tem cells, which
were specifically amplified in the CA group, might serve
as a crucial transitional state during CD8" T cell differen-
tiation. Moreover, the pseudotime analysis also demon-
strated that exhaustion represented the terminal stage
during CD8" T cell development, and the combination of
cryoablation to reactivate Tex could potentially emerge as
a potent therapy to prolong antitumor immunity.

Cryoablation expands CD8" TILs with effector and exhaustion
features

To further explore the functional state of T cells, we
performed gene set enrichment analysis for functional
signatures and found enhanced IFN-y response scores,
effector T cell gene signatures, and cytolytic activity in
CD8" T cells after cryoablation (figure 4H). Moreover,
the functional scores calculated using Gong et al's model'”
demonstrated a significant decrease in naive scores and
an increase in exhaustion scores in the CA group (online
supplemental figure S5F). These results highlight the

enhancement of cytotoxicity accompanied with exhaus-
tion features in CD8" TILs.

We nextisolated CD3" T cells at days 7 and 14 following
cryoablation and systematically analyzed the TCR iden-
tity on individual T cells based on the coupled V(D)
J profiling to characterize the clonal diversity of infil-
trated T cells after cryoablation. We used paired scTCR
and scRNA profiling to integrate clonotype profiling
with T cell phenotypes so as to infer phenotypic activi-
ties. Among all the subpopulations of T cells, CD8" Tem
cells displayed increased clonal expansion in the CA
group at day 7, followed by a marked decrease at day 14,
ultimately resembling the pattern observed in untreated
mice (online supplemental figure S5G). This suggests
that CD8" Tem cells within the KP TME may indeed be
reinvigorated to elicit clonotypic changes in response to
cryoablation at an early stage.

To elucidate the reason for the increased fraction of
naive T cells in the CA group, we further applied clono-
type neighbor graph analysis'® to correlate gene expres-
sion (GEX) profiles and TCR sequence using bicolored
discs, with the left and right halves corresponding to GEX
and TCR cluster assignments, respectively. The results
indicated that expanded naive T cells share similar TCR
clusters with effector T cells (online supplemental figure
S6), suggesting that these naive T cells tend to undergo
initial activation in terms of TCR phenotype, which is
not yet manifested in the GEX profiles. Therefore, we
hypothesized that the expansion of these initially acti-
vated T cells may act as a reservoir for subsequent rapid
transformation into functional T cells.

Cryoablation reprograms myeloid cells and promotes
antitumor effect through the STING-dependent type | IFN
pathway

With 5108 myeloid cells clustered into eight subpopula-
tions (figure 5A and online supplemental figure S7A),
we observed alterations in the proportions of myeloid
cells, especially higher frequencies of monocytes in the
CA group (figure 5B). The developmental trajectory of
myeloid cells validated the capability of monocytes to
differentiate into macrophages and dendritic cells (DCs)
(figure 5C). Furthermore, we performed GO analysis and
found the enrichment of responses to type I IFN (online
supplemental figure S7B). Hence, we hypothesized that
type I IFN-related pathways participate in the antitumor
effect of cryoablation.

To investigate this, we first examined type I IFN produc-
tion in contralateral tumors of the non-CA and CA groups
and found that the mRNA and protein levels of IFN-o; and
IFN-B were significantly increased at days 3 and 7 in the CA
group (figure 5D,E). Moreover, we observed an elevated
trend in the concentrations of IFN-o. and IFN-B in the
plasma of patients with NSCLC who underwent cryoabla-
tion, especially at day 1 after cryoablation (figure 5F and
online supplemental figure SI1IJ). Recent studies have
indicated that the cyclic GMP-AMP synthase-stimulator of
interferon genes (cGAS-STING) pathway facilitates the

Gu C, et al. J Immunother Cancer 2024;12:¢008386. doi:10.1136/jitc-2023-008386
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Figure 6 Cryoablation combined with anti-PD-1 synergistically enhanced antitumor immunity in KP tumor-bearing mice.

(A) mRNA level of PD-L1 expression in contralateral tumors at days 3 and 7 after cryoablation. (B) Schematic diagram of

the combined treatment. (C and D) Mean tumor growth of the contralateral tumors (C) and survival curves of KP tumor-
bearing mice (D) after the combined treatment of cryoablation with an anti-PD-1 or isotype control monoclonal antibody. (E
and F) Representative flow cytometric plots (E) and the percentage (F) of CD8" TILs at day 12 after the combined therapy.

(G) Representative flow cytometric plots showing CD25Foxp3™ Tregs at day 12 after the combined therapy. (H) The ratio of
CD8* TILs to Tregs (n=5 per group). (I and J) Representative flow cytometric plots (I) and the percentage (J) of IFN-y"CD4* and
IFN-y*CD8" TILs in the non-CA and CA groups (n=5 per group). (K and L) Representative flow cytometric plots (K) and the
percentage (L) of TNF-o.*CD4" and TNF-0."CD8" TILs in the non-CA and CA groups (n=5 per group). The statistical significance
of differences between two groups was determined by unpaired Student’s t-test and the statistical significance of differences
among multiple groups was determined by one-way analysis of variance. Survival curves were analyzed by log-rank (Mantel-
Cox) test (*p<0.05, **p<0.01). CA, cryoablation; FCS, forward scatter; IFN, interferon; mAb, monoclonal antibody; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death ligand 1; TILs, tumor-infiltrating lymphocytes; TNF, tumor
necrosis factor; Tregs, regulatory T cells.
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Table 1 Baseline characteristics of patients with NSCLC
treated with cryoablation combined with PD-1 blockade
Duration

PD-L1 of
expression response

Case Gender Pathology Stage (%) (months)

1 Male LUSC lIb 60 12

2 Male LUAD lla 50 44*

3 Male LUAD Ila 50 D

4 Male LUSC IVb 40 9*

S Male LUAD lla 90 14*

6 Male LUAD IVa 100 9*

*Patient is still being followed up and has not yet reached the
study endpoint.

LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma; NSCLC, non-small cell lung cancer; PD-1,
programmed cell death protein 1; PD-L1, programmed cell
death ligand 1.

innate recognition of irradiated tumor cells, leading to
enhanced antitumor immunity through the generation of
type 1 IFNs. " Hence, we proceeded to analyze the activa-
tion of STING signaling. The results showed that STING
and TANK binding kinase 1(TBK1) phosphorylation were
upregulated in the CA group (figure 5G), suggesting that
cryoablation might enhance STING-dependent type I
IFN responses. We further analyzed the activity of type I
IFN production in various tumor-infiltrating immune cell
types with scRNA-seq data to find out which cells produce
type I IFNs in the TME. We found that the activity of type
I IFN production was significantly elevated in monocytes
and DCs (online supplemental figure S7C,D).

To further validate that type I IFN plays an important
role in cryoablation-induced antitumor immunity, we
treated KP tumor-bearing mice with an anti-interferon
alpha/beta receptor subunit 1 (IFNAR1) blocking anti-
body. The results showed that the inhibition of tumor
growth induced by cryoablation was almost eliminated
by IFNARI blockade (figure 5H,I). Additionally, the
recruitment of CD8" T cells (figure 5],K) as well as the
expression of proinflammatory cytokines and chemok-
ines (online supplemental figure S7E) were also compro-
mised in the absence of type I IFN signaling. Collectively,
these data indicate that cryoablation may modulate anti-
tumor immunity through the STING-dependent type I
IFN pathway.

Cryoablation combined with anti-PD-1 synergistically
enhances antitumor immunity in KP allograft mouse model
Our data demonstrated increased immune cell infiltra-
tion and upregulated PD-1 expression in T cells following
cryoablation. Accordingly, qRT-PCR confirmed the upreg-
ulation of PD-L1 expression in the contralateral tumor
tissues (figure 6A). Given that cryoablation could enhance
the PD-1/PD-L1 axis, we postulated that subsequent anti-
PD-1 therapy would further improve antitumor immunity.

To test this hypothesis, we treated subcutaneous KP mice
with cryoablation plus anti-PD-1 (CA+anti-PD-1 group),
cryoablation plus an isotype control antibody (CA group),
anti-PD-1 alone (anti-PD-1 group), or left them untreated
(non-CA group). We observed tumor growth and mouse
survival and collected contralateral tumor tissues for
immune analysis at day 12 (figure 6B). The results
showed that the CA+anti-PD-1 group demonstrated more
pronounced inhibition of tumor growth and prolonged
survival than the other groups (figure 6C and D).

We further analyzed the tumor-infiltrating immune
cells and found that the CA+anti-PD-1 group exhibited
a notably higher frequency of infiltrating CD8" cells
than the other groups at day 12. The CA and anti-PD-1
groups also demonstrated a higher percentage of CD8"
T cells than the non-CA group (figure 6E,F). We also
observed a significant increase in the ratio of CD8" T
cells to Tregs in the CA+anti-PD-1 group compared with
that in the non-CA group (figure 6G,H). Furthermore,
the percentage of IFN-y'CD8" and TNF-o.'CD8" T cells
in the CA+anti-PD-1 group was significantly higher than
thatin the other groups (figure 6I-L). These data suggest
that blockade of the PD-L1/PD-1 pathway further boosts
cryoablation-induced antitumor immune responses and
reverses immune suppression at distant tumor sites.

Cryoablation combined with immune checkpoint blockade
induces enhanced synergetic antitumor response in human
NSCLC
Since the synergistic efficacy of the combination therapy
was confirmed in animal experiments, we further vali-
dated the therapeutic efficacy in six immunotherapy-naive
patients with unresectable NSCLC. The baseline charac-
teristics of the patients and their tumors are summarized
in table 1. All tumors had a definite pathological diag-
nosis prior to the combined therapy, including two squa-
mous cell carcinomas and four adenocarcinomas without
any druggable mutations. These patients were ineligible
for surgery due to deteriorated lung function, advanced
disease, or refusal to undergo surgery. Cryoablation
combined with anti-PD-1 treatment was then performed.
During the follow-up period, we observed a reduction in
tumor size of the targeted lesions on CT scans, as shown
in figure 7A. Four patients achieved partial response,
with an overall response rate of 66.7%, and are still being
followed up. Two patients developed partial progression
late in treatment due to irregular immunotherapy admin-
istration or incomplete cryoablation. Furthermore, we
obtained tumor biopsies before and after the combined
therapy from three patients and analyzed the TME using
multiple-color fluorescence immunohistochemistry. We
detected that CD8" TIL infiltration increased in the target
lesions after receiving the combined therapy (figure 7B).
In summary, our results further demonstrate that local
cryoablation could help improve CDS8" TIL infiltration,
thereby augmenting the effect of PD-L1/PD-1 blockade
in the clinical treatment of NSCLC.
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Figure 7 Cryoablation combined with immune checkpoint blockade induces synergetic antitumor responses in human
NSCLC. (A) Representative CT scans of six patients who underwent cryoablation combined with anti-PD-1. The red

arrows indicate the target lesions. Upper: CT before the combined therapy; lower: latest CT after the combined therapy

(1: 12-month follow-up; 2: 44-month follow-up; 3: 5-month follow-up; 4 and 6: 9-month follow-up; 5: 14-month follow-up).

(B) Representative immunofluorescence staining of tumor microenvironment in three paired biopsy specimens obtained before
and after cryoimmunotherapy. Scale bar: 50 um (left and middle) and 200 um (right). NSCLC, non-small cell lung cancer; PD-1,

programmed cell death protein 1.

DISCUSSION

Cryoablation has become even more popular because of
its abscopal immune-regulatory effects, and recent inves-
tigations have aimed to explore the subsequent effect of
immunological responses induced by cryoablation. In our
study, we observed enrichment of CD8" T lymphocytes
and increased levels of inflammation-related cytokines in
the peripheral blood of patients with NSCLC after cryoab-
lation, indicating modified systemic immunity. We then
employed the KP cell allograft mouse model to observe
the cryoablation-induced abscopal immune response

and found that cryoablation induced tumor growth inhi-
bition and extensive intratumoral immune cell infiltra-
tion in contralateral, non-ablated tumors. Therefore, it
is hypothesized that cryoablation may induce a greater
postablation immune response, altering the TME from
an immune desert state into an inflammatory immune
infiltration state, thus significantly enhancing antitumor
immunity of the whole body.

It has been reported that cryoablation can preserve
the immunogenicity of tumor antigens and facilitate the
release of undamaged self-antigens into circulation.” *!
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However, the exact effects of cryoablation on the compo-
sition and function of intratumoral immune cells remain
to be deciphered. In the current work, we provided a
comprehensive single-cell transcriptome atlas to char-
acterize the potential impacts of cryoablation on the
immune states and cell transitions of CD45" tumor-
infiltrating immune cells. Our analysis revealed that
cryoablation expanded CD8" T cells with activation and
effector features, including a population of initially acti-
vated T cells. Interestingly, we identified specific T cell
subclusters with high expression of ISGs, which were
mostly enriched in the CA group, and GO enrichment
analysis demonstrated upregulation of the type I IFN-
related pathway. These data suggest that activation of
type I IFN signaling pathway may play a crucial role in
cryoablation-induced antitumor immunity.

In recent research, type I IFNs, originally identified as
potent defensive factors produced by our physiological
and immune barriers to combat microbial infections,
have been found to facilitate effective host immunolog-
ical responses to tumor cells.”* ** Although it is known
that various cell types can generate type I IFNs, the
specific cells acting as primary type I IFN producers in
the TME remain to be conclusively identified. Emerging
evidence indicates that tumor-infiltrating CD11b" DCs
play a crucial role in producing type I IFNs in TME, trig-
gered by the activation of tumor-derived DNA-sensing
cGAS-STING pathway.**  In our study, we observed
increased expression of IFN-o. and IFN-B in the plasma
of patients with NSCLC and contralateral murine tumors
after cryoablation. To find out the primary type I IFN
producer, we analyzed the activity of type I IFN produc-
tion in different cell types using scRNA-seq data and
found that monocytes and DCs may constitute the major
source of type I IFNs in TME, which is consistent with
prior studies.** * Previous studies revealed that tumor-
derived DNA could trigger the activation of DNA-sensing
cGAS-STING pathway, which is required for type I IFN
production.”® *” Hence, we further detected the activa-
tion of STING pathway and found that cryoablation
promoted STING phosphorylation. These data suggest
that STING-dependent DNA sensing is critical for type
I IFN production after cryoablation. Of note, except
for innate immune cells, tumor cells can also produce
type I IFNs.”* #* The reciprocal interaction related to
type I IFN pathways between tumor and immune cells
should be further investigated in future study as well.
Additionally, type I IFN could further stimulate T cells
by promoting maturation of T helper 1 cells, cytokine
synthesis, and secretion of ISG chemokines to enhance
antitumor effect.”® Except for T cells, prior studies have
shown that type I IFNs exert multiple impacts on various
target cells within the TME,31 including NK cells,?’2 DCs,?’3
neutrophils,*** Tregs,” and myeloid-derived suppressor
cells.”” In our study, we also found enhanced responses
to type I IFNs in different subpopulations of T cells and
myeloid cells from the CA group. Moreover, IFNARI
blockade showed a negative effect on the inhibition of

tumor growth and CD8" T cells infiltration in the TME
induced by cryoablation. Collectively, these data suggest
that STING-dependent type I IFN signaling activation
plays an important role in the immune remodeling
induced by cryoablation.

Recently, accumulating evidence indicates that type I
IFNs have a synergistic effect with ICIs in the treatment
of malignancies. Terawaki et al® proposed that type I
IFN-mediated PD-1 transcription might partially explain
the attenuated T cell response in sustained immune
reactions, which may also help explain the exhaustion
features we observed in tumor-infiltrating CD8" T cells at
day 7 after cryoablation. Furthermore, the combination of
type I IFN and PD-1 blockade effectively improved tumor
control in mouse models.”* Recently, the combination
of anti-PD-1 and type I IFN treatment has demonstrated
promising clinical efficacy in metastatic melanoma and
hepatocellular carcinoma with acceptable toxicity.* *!
Consequently, we hypothesized that cryoablation, which
upregulates STING-dependent type I IFN responses,
might act as the stimulus for type I IFNs, thereby ampli-
fying the efficacy of combined therapies with PD-1
blockade immunotherapy.

However, the immunological effect induced by cryoab-
lation alone may be insufficient for larger tumors. Various
combination strategies that could amplify the abscopal
effect of cryoablation have been investigated so far, such
as combining cryoablation with adoptive cell transfer
therapies™ ** or immunological adjuvants, such as CPG
oligodeoxynucleotides.** Nowadays, the development
of nanoplatform-based immunotherapy has become an
innovative concept, potentially synergizing with cryoabla-
tion to amplify antitumor immunity.” Recently, immune
checkpoint blockade has revolutionized the approach
to cancer therapy, and ICIs treatment, either as mono-
therapy or combination therapy, has been established as
the standard of care for patients with locally advanced
or metastatic NSCLC without epidermal growth factor
receptor (EGFR) or anaplastic lymphoma kinase (ALK)
alterations.*® Importantly, the addition of ICIs to cryoab-
lation appeared to produce a more robust synergetic
response compared with either ICIs or cryoablation
alone, which has been observed in preclinical or clin-
ical studies of several malignancies."’ ' **** Our study
found that combining cryoablation with PD-1 blockade
could induce a stronger immune response than either
ablation or anti-PD-1 therapy alone. Our clinical data
showed that the combined therapy benefited untreated
patients with NSCLC and induce an elevated infiltration
of CD8" T cells in the TME, suggesting that the combi-
nation of cryoablation and ICls is feasible and the syner-
getic therapeutic effect might be attributed to a CD8" T
cell response. Similar improved efficacy of the combined
therapy of cryoablation and anti-PD-1 was also observed
retrospectively in a relatively small cohort at the 12th
week.” In the future, further randomized controlled clin-
ical trials with larger cohorts and longer follow-up are still
warranted to systematically assess the clinical efficacy and
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safety of cryoablation and anti-PD-1 combination therapy
in patients with NSCLC.
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1 Supplementary Methods
2 Mouse lung cancer allograft assay and treatments
3 Atotal of 1 x 10° KP, KL or LLC cells were injected subcutaneously into the bilateral flanks of
4  female C57BL/6 mice, respectively. The treatment was administered when the tumor volume
5  (calculated as width x length) reached approximately 50 mm®. All cryoablation procedures were
6  carried out only on the left tumor, using the Cryotherapy System device and a 1.2-mm-diameter
7  cryoprobe (AccuTarget MediPharma [Shanghai] Co., Ltd.), which used nitrogen as the refrigerant.
8  The tip of the cryoprobe was inserted into the tumor along its long axis, and then 2 freeze-thaw
9  cycles (20 and 10 seconds, respectively, for each cycle) were performed. During the freezing
10  phase, the temperature at the tip of the cryoprobe could reached below -80°C. The target tumor
11 was entirely covered by the ice ball to ensure complete ablation. The growth of contralateral
12 tumors was monitored every 2 days.
13 IFNARI1 blockade was accomplished by administering 400 pg anti-IFNAR1 (clone MAR1-5A3,
14 BioXCell) or isotype control monoclonal antibody (BioXCell) intraperitoneally every 3 days for a
15  total of 4 doses. For PD-1 blockade, 200 pg anti-PD-1 (clone MP1-14, BioXCell) or isotype
16 control monoclonal antibody (BioXCell) was administered intraperitoneally at day 1, 4, 7 and 10
17  after cryoablation (figure 6B).
18
19  Sham treatment and cryoablation
20 The treatment was administered when the tumor volume (calculated as width x length) reached
21 approximately 50 mm’. The experimental grouping is shown in supplementary figure S2A. In

22 non-CA group, no treatment was received. In sham treatment group, cryoprobe was inserted into

1
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23 the left tumor without cryoablation. In sham CA group, CA was performed in subcutaneous tissue

24  ensuring no damage to the implanted tumor. In CA group, CA was performed in tumor tissues.

25  The growth of contralateral tumors was monitored every 2 days.

26

27  Data analysis for bulk RNA sequencing

28  Genome index and raw gene expression matrix for each sample were generated from raw fastq

29  data using STAR (v2.7.6a) [1]. The combined gene expression matrix was then generated by

30  customized scripts for R (v4.1.3). Subsequently, the gene expression matrix was converted to a

31 DESeqDataSet object using DESeq2 R package (v1.34.0) [2]. Normalization was performed by

32  DESeq2 and DEGs were selected by adjusted p-value < 0.05. Gene set signatures were computed

33  using the average gene expression and GSVA (v1.42.0) R package based on Hallmark gene sets

34 (h.all.v7.4.symbols.gmt) and some manually curated pathways. To visualize gene expression and

35  gene set activity, the heatmaps were generated using ComplexHeatmap R package (v2.10.0) [3].

36

37  Flow cytometric analysis

38  Preparation of mouse tumors

39  Freshly harvested tumors were treated with the Mouse Tumor Dissociation Kit (Miltenyi Biotec)

40  to generate single-cell suspension for flow cytometry following the manufacturer’s instructions.

41 Subsequently, the dissociated tumor samples were filtered through a 70-um strainer, followed by

42  centrifugation using Percoll reagent (GE) to enrich immune cells. Erythrocytes were lysed with

43  lysis buffer (Beyotime) for 5 min at RT and washed twice with PBS.

44  Staining
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45  To detect intracellular cytokine production, cells were stimulated with Cell Stimulation Cocktail
46 (plus protein transport inhibitors) (1:500, eBioscience) for 4 hours in a 37°C and 5% CO,
47  incubator, and washed twice with FACS buffer (PBS + 2% FBS + ImM EDTA) before staining.
48  For live-dead discrimination, cells were stained with Zombie UV™ Fixable Viability Kit
49  (Biolegend) for 30 min at RT in the dark. For surface marker analysis, cells were stained with
50 indicated fluorochrome-conjugated antibodies in FACS buffer for 30 minutes. For intracellular
51 marker staining, the Transcription Factor Buffer Set (BD Pharmingen) was utilized following the
52 manufacturer’s instructions, and then stained with indicated fluorochrome-conjugated antibodies.
53  All samples were washed with washing buffer (BD Pharmingen) after each staining. At last, all
54  samples further passed through a 70-um cell strainer. The antibodies used for flow cytometry
55 staining were listed in supplemental table S2. Flow cytometry was performed using BD FACS
56  Fortessa. Data were analyzed with FlowJo 10.8.1 software. Appropriate isotype controls were used
57  asnegative controls.

58

59 Quality control, determination of major cell lineages and subclustering of T cells and
60  myeloid populations

61 CellRanger (v6.0.1) count was used to aggregate the raw gene expression matrix from the initial
62  raw fastq data of each sample, which was converted to a Seurat object using Seurar R package
63 (v4.1.1) [4]. The gene expression was normalized by the SCT method [5] and a total of 17,670 and
64 40917 high-quality cells were finally obtained for CD45" and CD45'CD3" scRNA-seq
65  respectively. Cell clusters projected in the two-dimensional UMAP representation were annotated

66  to known cell types using well-recognized marker genes.

3
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67 To further identify subpopulations within the major cell clusters from CD45" 3’ scRNA-seq, a
68  second-round data process, dimension reduction and cell type annotation were performed for T
69 and myeloid cells separately. The subset gene expression matrix was normalized by the
70  LogNormalize method, and a total of 12 subclusters were obtained. To validate the accuracy of our
71 annotation results, ProjecTIL analysis [6] (ProjecTILs R package, v2.0.0) was performed with the
72 ‘mouse TIL atlas’ as a reference atlas, and most of cell types were well-matched. Myeloid cells,
73  including mast cells, underwent a similar re-clustering pipeline as T cells, resulting in the
74 identification of 8 clusters.

75

76  Analysis of pathway enrichment and gene signatures

77  DEGs were identified using the Wilcoxon Rank Sum test between the non-CA and CA groups,
78  either across all cells or within specific cell clusters by Seurar R package with default parameters.
79 A maximum of 120 DEGs with a logFC_threshold > 0.25 were selected. GO enrichment analysis
80  was performed with clusterProfiler R package (v4.2.2) based on the up-regulated DEGs in the CA
81 group. The results were visualized through barplots generated by ggplot2 R package (v3.4.1).

82 Gene set signatures from both bulk RNA-seq and 3’ scRNA-seq, including the effector
83 signature, cytolytic score and IFN response signature of CD8" T cells, and type I IFN production
84  were computed using the average gene expression and GSVA (v1.42.0) R package based on
85  Hallmark gene sets (h.all.v7.4.symbols.gmt), GO gene sets (c5.go.v7.4.symbols.gmt) from
86  MSigDB and some manually curated pathways. Naive and exhaustion scores of CD8" T cells were
87  performed by a customized R script, following the methodology established by Gong et al [7]. In

88  brief, logistic regression models were developed for each gene module and corresponding cell

4
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89  clusters, and then the module score for each cell was calculated by summing the product of each
90  gene expression and weights estimated from the model parameters. The heatmap was plotted using
91 ComplexHeatmap with P-value and Z-score computed by R, and the boxplots were plotted using
92  ggplor2 with statistical tests performed by ggpubr R package (v0.4.0).
93
94  Pseudotime trajectory analysis of CD8" T cells and myeloid populations
95  Pseudotime trajectory analysis of CD8* T cells was performed by Monocle v3 R package (v1.0.0)
96 [8]. Pseudotime values were calculated, and the trajectory paths and directions were computed.
97  Monocle v3 and ggplot2 R package were used to visualize the pseudotime trajectory. Pseudotime
98  trajectory analysis of Myeloid cells was performed by Monocle v2 R package (v2.22.0) [9]. The
99  two-dimensional components and pseudotime values by Monocle v2 were merged into the Seurat
100  object, and Seurat and ggplot2 were used to visualize the pseudotime trajectory.
101
102  Clonotype diversity analysis and CoONGA
103  Immunarch R package (v0.8.0) was applied to read and process the clonotype data from outputs of
104  CellRanger vdj. The clonotype data was then integrated with cell attributes from scRNA-seq data
105  based on shared cell barcodes. The clonal expansion score, as defined by Wang et al. [10], was
106  calculated and compared in T cell clusters between non-CA and CA groups.
107 To enhance the integration of information between scRNA-seq and scTCR-seq, we performed
108  CoNGA (CoNGA python package, v0.1) analysis [11]. In brief, CONGA uses TCRdist to cluster
109  immune repertoire (IR) data and generate a cell-cell relationship network from the IR.

110 Simultaneously, it generates a cell-cell relationship network from gene expression (GEX) using

5
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111 Scanpy. Subsequently, CONGA integrates the GEX and IR networks by identifying nodes that
112 share similar neighbors in both networks. By employing CoNGA approach, we acquired 23,739
113  paired cells which was reduced into 15,055 clones. Each clone was assigned a CoNGA score
114 through the CoNGA pipeline.

115

116  Multiplex immunoassay

117  The mouse tumor tissues were homogenized (1:9) in PBS for 4 minutes, and then were centrifuged
118  at 12,000 rpm for 5 minutes at 4°C. Supernatants were collected and the protein level of IFN-a
119 and IFN-B was detected using LEGENDplex ™ Mouse Type 1/2 Interferon Panel (Biolegend)
120  according to the manufacturer’s instructions. Briefly, 25ul supernatant or standard was mixed with
121 25ul assay buffer and mixed capture beads, and then incubated for 2 hours at room temperature.
122 After washing the plate, 25ul detection antibodies were added to each well and incubated for 1
123  hour at room temperature. Then SA-PE was added directly and incubated for 30 min at room
124  temperature. After washing, all samples were read on Beckman Coulter CytoFLEX S. The assay
125  FCS files were analyzed to calculate the concentration of IFN-a and IFN-B using BioLegend’s
126  LEGENDplex™ data analysis software.

127

128  Western blot analysis

129  Mouse tumor tissues were lysed using RIPA lysis buffer (PO013B, Beyotime) containing a
130  protease inhibitor (1:100, Beyotime) and a phosphatase inhibitor (1:100, Epizyme).
131 Approximately 30-50 pg of total protein was separated on 10% SDS-PAGE, transferred onto a

132  0.45-um PVDF membrane, blocked with 5% non-fat milk, and incubated overnight at 4 °C with

6
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133  primary antibodies against indicated antibodies (supplementary table S2). Antibodies were

134  removed from the membrane by incubation with stripping buffer (Beyotime) for 15 min.

135

136 Statistics

137  All statistical analyses in the experiments were performed using SPSS 25.0 IBM, New York, NY,

138 USA) and GraphPad Prism 8.0 (GraphPad Software, San Diego, California, USA). P-value < 0.05

139  was considered significant difference. Data are expressed as mean + SEM. The two-sided unpaired

140  Student’s t-test was used for comparison of two groups (non-CA and CA group; before and after

141 the cryoablation). ANOVA test was used for comparisons of groups in studies involving combined

142  therapy (PD-1 blockade and IFNAR-1 blockade). Survival curves were analyzed by log-rank

143 (Mantel Cox) test.

144 All statistical analyses of omics data were performed using R (v4.1.3). Z-score normalization

145  was applied for better visualization in the heatmap. P-value < 0.05 was considered significant

146  difference. The one-sided unpaired Student’s t-test was used for comparison of gene expression

147 and signature scores between the non-CA and CA groups in bulk RNA-seq data. For single-cell

148  analysis, comparisons between two groups were performed using the nonparametric Wilcoxon

149 rank sum test with Bonferroni correction.

150
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Supplemental Table S1. Mouse primers used in this study

Gene Forward Primer (5°-3”) Reverse Primer (5°-3”)
121 GGACCCTTGTCTGTCTGGTAG TGTGGAGCTGATAGAAGTTCAGG
Ccels GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC

Ccll7 TACCATGAGGTCACTTCAGATGC GCACTCTCGGCCTACATTGG

Ccl22 AGGTCCCTATGGTGCCAATGT CGGCAGGATTTTGAGGTCCA
Cxcl9 GGAGTTCGAGGAACCCTAGTG GGGATTTGTAGTGGATCGTGC
Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

Ifna TGACCTCAAAGCCTGTGTGATG AAGTATTTCCTCACAGCCAGCAG
Ifnb AGCTCCAAGAAAGGACGAACAT GCCCTGTAGGTGAGGTTGATCT
Cd274 GCTCCAAAGGACTTGTACGTG TGATCTGAAGGGCAGCATTTC
p-actin -~ TGTCCACCTTCCAGCAGATGT AGCTCAGTAACAGTCCGCCTAG

178
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Supplemental Table S2. The antibodies used for flow cytometry, WB and multiple-color
fluorescence IHC

Antibodies Clone Source Identifier
Zombie UV™ Fixable Viability Kit / Biolegend Cat# 423107
BV510 anti-mouse CD45 30-F11 Biolegend Cat# 103138
AF700 anti-mouse CD3 17A2 Biolegend Cat# 100216
FITC anti-mouse CD4 RM4-5 Biolegend Cat# 100510
PerCP/Cyanine5.5 anti-mouse CD8a 53-6.7 Biolegend Cat# 100734
BV605 anti-mouse NK1.1 PK136 Biolegend Cat# 108753
BV605 anti-mouse PD-1 29F.1A12 Biolegend Cat# 135220
BV421 anti-mouse CD25 PC61 Biolegend Cat# 102043
PE anti-mouse FOXP3 NRRF-30 eBioscience  Cat# 12-4771-82
PE/Dazzle 594 anti-mouse IFN-y XMG1.2 Biolegend Cat# 505846
PE anti-mouse TNF-a MP6-XT22  Biolegend Cat# 506306

PE/Cyanine7 anti-human/mouse Granzyme B QA16A02 Biolegend Cat# 372214

BV510 anti-human CD45 HI30 Biolegend Cat# 304036
PerCP/Cyanine5.5 anti-human CD3 OKT3 Biolegend Cat# 317226
AF700 anti-human CD4 OKT4 Biolegend Cat# 317426
APC/Cyanine7 anti-human CD8 SK1 Biolegend Cat# 344714
BV605 anti-human CD45RA HI100 Biolegend Cat# 304134
BV421 anti-human CD197 (CCR7) GO043H7 Biolegend Cat# 353208
PE/Dazzl 594 anti-human FOXP3 206D Biolegend Cat# 320126
Rabbit anti-mouse p-STING (Ser365) mAb D8W4F CST Cat# 72971
Rabbit anti-mouse STING mAb D2P2F CST Cat# 13647
Rabbit anti-mouse p-TBK1/NAK (Ser172) mAb  D52C2 CST Cat# 5483
Rabbit anti-mouse TBK1/NAK mAb D1B4 CST Cat# 3504
Rabbit anti-mouse B-Actin mAb 13E5 CST Cat# 4970
Anti-rabbit IgG, HRP-linked Antibody 7074S CST Cat# 7074
Mouse monoclonal anti-human Pan-CK AE1/AE3 Abcam Cat# ab27988
Rabbit monoclonal anti-human CD4 EPR6855 Abcam Cat# ab133616
Mouse monoclonal anti-human CD8 alpha C8/144B Abcam Cat# ab17147
179
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Supplementary Figure S1. The effect of cryoablation on peripheral blood from early-stage

NSCLC patients.

(A) The gating strategy of flow cytometric analysis on peripheral blood mononuclear cells.

(B-D) The changes in the percentage of subpopulations of CD8+ T cells (B), the percentage of

Foxp3+ Tregs (C) and the ratio of CD8+ T cells to Tregs (D) in the peripheral blood samples

collected before cryoablation and at day 1 after cryoablation from early-stage NSCLC patients (n

=0).

(E-J) The changes in the levels of IL-2, IL-11, IL-29, MMP-3, IFN-a and IFN-§ secretion in the

peripheral blood samples collected before cryoablation and at day 1, 3, 7 and 14 after cryoablation

from early-stage NSCLC patients (n = 6).

The results are shown as the mean + SEM. The statistical significance of differences between two

groups was determined by unpaired Student's t-test and the statistical significance of differences

among multiple groups was determined by one-way ANOVA. * P < 0.05; **, P < 0.01. IL,

interleukin; IFN, interferon; MMP, matrix metalloproteinase; NSCLC, non-small cell lung cancer;

SSC, side scatter.
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198  Supplementary Figure S2. The effect of cryoablation on tumor growth.
199 (A) The experimental design. In non-CA group, no treatment was received. In sham treatment
200  group, the cryoprobe was inserted into the left tumor without cryoablation. In sham CA group, CA
201 was performed in subcutaneous tissue and skin ensuring no damage to the implanted tumor. In CA
202  group, CA was performed in tumor tissues.

203 (B) Mean tumor growth of the contralateral KP tumors in the non-CA, sham treatment, sham CA
204  and CA groups (n=5 per group).

205 (C) The changes of the cryoablated tumor during cryoablation and at day 3, 7 and 14 after

206  cryoablation.

207 (D) Mean tumor growth of the contralateral KL and Lewis lung cancer (LLC) tumors in the

208  non-CA and CA groups (n = 6 per group).
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209  The results are shown as the mean + SEM. The statistical significance of differences between two

210  groups was determined by unpaired Student's t-test. *, P < 0.05. CA, cryoablation; non-CA,

211 non-cryoablation.

212
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Supplementary Figure S3. Regulation of immune cell infiltration in contralateral KP tumors
by cryoablation.

(A) The gating strategy of flow cytometric analysis on KP tumor infiltrating immune cells.

(B and C) Representative flow cytometric plots (B) and the percentage (C) of NK1.1+ natural

killer (NK) cells in contralateral KP tumors from the non-CA and CA groups at day 3 and 7 after
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219  cryoablation (n = 6 per group).

220 (D and E) Representative flow cytometric plots (D) and the percentage (E) of CD25+Foxp3+

221 Tregs in contralateral KP tumors from the non-CA and CA groups at day 3 and 7 after

222  cryoablation (n = 6 per group).

223  (F) The ratio of CD8+ TILs to Tregs in the non-CA and CA groups (n = 6 per group).

224 (G and H) Representative flow cytometric plots (G) and the percentage (H) of GranB+CD8+ TILs

225  in contralateral KP tumors from the non-CA and CA groups at day 3 and 7 after cryoablation (n =

226 6 per group).

227 The results are shown as the mean + SEM, and the statistical significance of differences between

228 groups was determined by an unpaired Student's t-test. *, P < 0.05; **, P <0.01. CA, cryoablation;

229 non-CA, non-cryoablation.

230
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231

232 Supplementary Figure S4. Transcriptional profiling of tumor-infiltrating immune cells.

233  (A) Single-cell transcription level of representative genes illustrated in the UMAP plot of
234  tumor-infiltrating CD45+ immune cells.

235 (B) GO pathway enrichment analysis of B cells based on the DEGs between the non-CA and CA
236  groups.

237 (C and D) Single-cell transcription level of representative genes from CD4+ (C) and CD8+ (D)
238  TILs illustrated in the UMAP plot of CD3+CD45+ T cells.

239  (E) Heatmap showing expression of type I IFN-related genes in each T cell type.

240  (F and G) Validation of T cells clustering using ProjecTIL. The graphs represent a reference altas
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241 from ProjecTILs (F)and our clustering of T cells mapped by ProjecTILs (G).

242 CA, cryoablation; non-CA, non-cryoablation.
243
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244

245  Supplementary Figure S5. Expansion of T cells exhibiting upregulated responses to type I
246  IFN pathway and exhaustion features post-cryoablation.

247 (A and B) GO pathway enrichment analysis of all T cells and CD8+ effector memory T cells based
248  on the DEGs between the non-CA and CA groups.

249  (C-E) The pseudotime developmental trajectory performed on CD8+ T cells. The graphs represent
250  pseudotime values (C), pseudotime trajectory in the non-CA (D) and CA (E) groups.

251 (F) Box plot indicating naive and exhaustion scores of CD8+ T cells at 1 week after cryoablation.
252  (G) Heatmap showing clonal expansion in T cell clusters across groups at 1 week and 2 weeks
253  after cryoablation.

254  The statistical significance of differences between groups was determined by the nonparametric
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255 Wilcoxon rank sum test with Bonferroni correction. **, P < 0.01. CA, cryoablation; non-CA,

256  non-cryoablation.

257
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264  Supplementary Figure S7. Upregulation of responses to type I IFN in myeloid cells after

265  cryoablation and changes of intra-tumoral cytokines and chemokines upon IFNARI

266 blockade.

267  (A) Single-cell transcription level of representative genes illustrated in the UMAP plot of myeloid

268  cells.

269  (B) GO pathway enrichment analysis of myeloid cells based on the DEGs between the non-CA

270  and CA groups.

271 (C and D) Type I IFN production analysis in different cell types (C) and subpopulations of

272 myeloid cells (D).

273 (E) mRNA levels of intra-tumoral cytokines and chemokines after the treatment of cryoablation

274  combined with an anti-IFNARI1 blocking antibody or an isotype control monoclonal antibody (n =
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275 5 per group).

276  The statistical significance of differences among multiple groups was determined by one-way

277 ANOVA. *, P <0.05; **, P <0.01. CA, cryoablation; non-CA, non-cryoablation.

24

Gu C, et al. J Immunother Cancer 2024; 12:€008386. doi: 10.1136/jitc-2023-008386



	Cryoablation triggers type I interferon-­dependent antitumor immunity and potentiates immunotherapy efficacy in lung cancer
	Abstract
	Introduction﻿﻿
	Materials and methods
	Patients and specimens
	Cell culture
	Mouse lung cancer allograft assay and treatments
	Total RNA extraction and quantitative real-time PCR
	Bulk RNA sequencing and data analysis
	Flow cytometric analysis
	Single-cell RNA and V(D)J sequencing
	Multiplex immunoassay
	Western blot analysis
	Multiplex immunoﬂuorescence staining
	Statistics

	Results
	Cryoablation is clinically effective for local control of NSCLC and alters host-level immune profiles
	Cryoablation induces an antitumor abscopal effect on the non-ablated tumors
	Cryoablation triggers an inflammatory process and activates antitumor immune response
	Cryoablation reprograms intratumoral immune cells and promotes type I IFN pathway in T cells by scRNA-seq
	Cryoablation expands CD8﻿+﻿ TILs with effector and exhaustion features
	Cryoablation reprograms myeloid cells and promotes antitumor effect through the STING-dependent type I IFN pathway
	Cryoablation combined with anti-PD-1 synergistically enhances antitumor immunity in KP allograft mouse model
	Cryoablation combined with immune checkpoint blockade induces enhanced synergetic antitumor response in human NSCLC

	Discussion
	References


