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Abstract

Although microwave ablation (MWA) is an important curative therapy in colorectal
cancer liver metastasis, recurrence still occurs clinically. Our previous studies have
shown that the expression of programmed cell death 1 ligand 1 (PD-L1) is upregu-
lated following MWA, suggesting that MWA combined with anti-PD-L1 treatment can
serve as a promising clinical therapeutic strategy against cancer. Using MWA-treated
preclinical mice models, MWA combined with aPD-L1 treatment decreased tumor
growth and prolonged overall survival (OS). Furthermore, through flow cytometry
and single-cell RNA sequencing analysis, we determined that the MWA plus aPD-L1
therapy significantly suppressed CD8" T cell exhaustion and enhanced their effector
function. A significant increase in y-interferon (IFN-y) stimulated transcription fac-
tors, specifically Irf8, was observed. This enhancement facilitated the polarization of
tumor-associated macrophages (TAM1s and TAM2s) through the nuclear factor-«B/
JAK-STAT1 signaling pathway. Furthermore, the combination therapy stimulated the
production of CXC motif chemokine ligand (CXCL9) by TAM1s and tumor cells, po-
tentially increasing the chemotaxis of CD8 T cells and Th1 cells. Knocking out Cxcl?
in MC38 tumor cells or using CXCL9 blockade enhanced tumor growth of untreated
tumors and shortened OS. Taken together, our study showed that blocking the IFN-
v-Cxcl9-CD8* T axis promoted tumor progression and discovered a potential in-
volvement of IRF8-regulated TAMs in preventing T cell exhaustion. Collectively, we
identified that the combination of MWA with anti-PD-L1 treatment holds promise as
a therapeutic strategy to rejuvenate the immune response against tumors. This merits

further exploration in clinical studies.
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1 | INTRODUCTION

The local management of tumors has been emphasized by accumu-
lating evidence, showcasing the crucial role of radiofrequency abla-
tion (RFA) and microwave ablation (MWA), particularly in colorectal
cancer liver metastasis (CRLM).22 However, in most cases, even if
the tumor is completely resected by MWA, clinical recurrence still
occurs due to unclear tumor boundaries and the absence of mi-
crometastases, which suggests that the tumor-promoting immune
microenvironment cannot be ignored. Simultaneously, it will be
important to determine which cell populations mediate the immu-
nosuppressive microenvironment after MWA treatment and their
underlying mechanism. Furthermore, new therapeutic strategies ef-
fectively combined with MWA are urgently needed.

Numerous preclinical and clinical investigations have shown that
thermal ablation promotes the infiltration of tumor cells and myeloid
cells by upregulating programmed death ligand 1 (PD-L1), thereby
inducing immunosuppression of residual tumor.® Previous stud-
ies have shown that PD-1 inhibitors combined with RFA or MWA
synergistically enhance T cell responses and induce tumor rejection
in animal models.*> Abundance of tumor-associated macrophage
1 (TAM1) within the tumor microenvironment (TME) in preclinical
models is linked to tumor regression and is deemed essential for the
efficacy of T cell-based immunotherapies.®’ Tumor-associated mac-
rophage 1 normally yields interferon gamma-induced chemokine
(IFN-y), CXC motif chemokine ligand (CXCL) 9, and CXCL10, which
have proinflammatory effects.® To the best of our knowledge, the
responses of myeloid and tumor cells after thermal ablation have
been seldom evaluated, and their mechanisms of action in combina-
tion therapy remain unclear.”°

The purpose of this research was to analyze the impact of MWA
combined with aPD-L1 therapy on cytokines and chemokines in-
volved in the interaction between tumor-infiltrating lymphocytes

and tumor cells.

2 | MATERIALS AND METHODS

2.1 | Mice and mouse cell lines

Male C57BL/6j or BALB/c mice (6-8weeks old) were purchased
from Cavens Laboratory Animal and maintained in a dedicated
pathogen-free facility. All animal experiments were carried out in
accordance with protocols allowed by the Ethics Committee of The
Third Affiliated Hospital of Soochow University. The mouse colon
cancer cell lines CT26 and MC38 were obtained from the Chinese
Academy of Sciences, Shanghai Institutes for Biological Sciences.
The MC38%?~~ tumor cell was provided by Haixing Bioscien. The
MC38 and CT26 cells were cultured in DMEM (Gibco, Thermo Fisher
Scientific) supplemented with 10% (v/v) FBS (Gibco, Thermo Fisher
Scientific), 100U/mL penicillin, and 100mg/mL streptomycin. Cells
were incubated at 37°C with 5% CO,,.

2.2 | Animal models and in vivo treatment

For tumor inoculation, MC38 (1 x 10°) and CT26 (1x 10%) in 100 uL
PBS were inoculated subcutaneously into both sides of C57BL/6j
and BALB/c mice. Seven days after inoculation, mice were ran-
domly assigned to the Control group, MWA group, «PD-L1 group,
or MWA combined with «aPD-L1 group. Simultaneously, MWA was
carried out only on right-sided tumors only on day 7 after inocula-
tion. The approach to performing MWA and measuring subcuta-
neous tumors aligns with the methodology established by Chen
et al.!! For subcutaneous tumors, mice were euthanized at 24h
after three combined therapies (day 15 after MWA) for flowing
cytometric, single cell RNA sequencing (scRNA-seq) and quantita-
tive real-time PCR (qRT-PCR).

Mice with established subcutaneous tumor were treated
with 200pug aPD-L1 (Clone 10F.9G2; BioXcell) or aCXCL9 (Clone
MIG-2F5.5; BioXcell) in 100 1L PBS i.p. four times every 3days start-
ing from day 1 after MWA. To deplete CD8™" T cells, mice were in-
traperitoneally injected with 200 ug «CD8 (Clone 2.43; BioXcell) in
100puL PBS every 3days for four times starting 1day before MWA.
For the blockage of IFN-y, alFN-y Abs (Clone XMG1.2; BioXcell)
were administered with «PD-L1 treatment.

2.3 | Cxcl9 gene knockout in MC38 tumor cells
CRISPR-Cas9-mediated Cxcl9 gene ablation was undertaken
using the CRISPR-Cas9 ribonucleoprotein complexes. These
complexes contained expression cassettes for hSpCas9 and
chimeric guide RNA. To target exons 1 to 4 of the Cxcl9 gene,
two guide RNA sequences, CAACGGGGCTGGCCAAATGCTGG
and GGTCTCGAAAGCTACGTGGGAGG, were selected using
the https://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design website. The plasmid containing the guide
RNA sequence was electrotransfected into cells using the Neon
Transfection System (Thermo Fisher Scientific) according to the
manufacturer's instructions. Plasmids from eight to 10 single
colonies were isolated and sequenced through Sanger sequencing
(GENEW!IZ). Clones with mutations in both alleles were selected
for subsequent studies. The generated cell lines using this strat-
egy include gene (+/+), gene (+/-), gene (+/-A), gene (+/-B), and
gene (-/-) cells.

24 | Flow cytometry

Tumors excised from the tumor-bearing mice were minced and di-
gested with Liberase TL (REF 05401020001; Roche) and DNase |
(REF 10104159001; Roche) for 30 min at 37°C. Subsequently, the re-
sulting cell suspension was filtered through a 100 um nylon filter (BD
Biosciences) and reconstituted in Hank's media supplemented with

1% FCS for subsequent analysis. Anti-mouse Abs including CD45
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(Clone 13/2.3), Ghost (Cell Signaling Technology), CD3 (Clone 17A2),
CD4 (Clone GK1.5), CD8 (Clone 53-6.7), NK1.1 (Clone PK136),
FOXP3 (Clone MF-14), CD11b (Clone M1/70), CD11c (Clone HL3),
F4/80 (Clone BM8), MHCII (Clone M5/114.15.2), CD103 (Clone
M290), PD-L1 (Clone 10F.9G2), CD206 (Clone C068C2), CXCL9
(Clone MIG-2F5.5), CD31 (Clone MEC13.3), and CD140b (Clone
APBS5) were used for cell staining and analysis. To assess intracellular
cytokine levels, cellular stimulation was initiated by treating the cells
with PMA (50ng/mL; Sigma-Aldrich), ionomycin (1 mg/mL; Sigma-
Aldrich), and monensin (GolgiStop; BD Biosciences) at 37°C for 5h.
Poststimulation, surface marker Abs were used for cell staining, fol-
lowed by fixation and permeabilization as per the manufacturer's
protocol outlined in the Invitrogen Fixing/Permeabilization Solution
kit. The fixed cells were further stained using Abs targeting IFN-y
(Clone XMG1.2), tumor necrosis factor-o (TNF-a; Clone MP6-XT22),
and granzyme B (GZMB; Clone GB11). Analysis was carried out uti-
lizing a BD FACSAria Il flow cytometer, with data processed through
FlowJo software.

2.5 | Quantitative real-time PCR analyzing IFN-y-
stimulated MC38 cells both in vivo and in vitro

In 6-well plates, MC38 tumor cells were seeded at a density of
0.5%x 10 cells/well. In vitro experiments were undertaken by sub-
jecting the cells to either medium alone or the specified concentra-
tion of IFN-y (10ng/mL) at 37°C for 24 h.

For tumor cell sorting, single cells prepared as described above
were stained with Abs against CD45 (Clone 30-F11), CD140b (Clone
APB5), and CD31 (Clone 390) followed by FACS to obtain tumor
cells. After in vivo sorting or in vitro stimulation, MC38 tumor cells
were assessed by gRT-PCR.

Quantitative real-time PCR was carried out for mRNA analy-
sis. Total RNA extraction from cells was undertaken using TRIzol
(Thermo Fisher Scientific). Subsequently, the PrimeScript gRT-PCR
kit (Takara) was utilized to synthesize first-strand cDNA. Target gene
expression levels were assessed using specific primers detailed in
Table 1.

2.6 | Quality control, normalization, integration,
reduction, and clustering of scRNA-seq data analysis

As our previous research, we utilized Cellranger 7.0.0 in combina-
tion with the mm10 reference genome to align and quantify mouse
transcriptome data.'*'? To remove artificial doublets, we applied
the DoubletFinder package. The individual data was converted
into a Seurat object. Subsequently, we determined the proportion
of artificial nearest neighbors (referred to as pANN) for each genu-

ine cell by calculating the PC distance matrix. The final predictions

HE ET AL.
TABLE 1 Primersinvolved in quantitative real-time PCR.
Gene Primer Sequence (5’-3')
GAPDH FP GCACCGTCAAGGCTGAGAAC
RP ATGGTGGTGAAGACGCCAGT
CD274 FP GCTCCAAAGGACTTGTACGTG
RP TGATCTGAAGGGCAGCATTTC
Cxcl9 FP GGAGTTCGAGGAACCCTAGTG
RP GGGATTTGTAGTGGATCGTGC
Cxcl10 FP CCAAGTGCTGCCGTCATTTTC
RP GGCTCGCAGGGATGATTTCAA

Abbreviations: FP, forward primer; RP, reverse primer.

of doublets were generated by subjecting the pANN values to a
threshold (set at 0.075), which was set according to the expected
number of doublets. The default parameters used for this thresh-
olding included PCs within the range of 1-20, pN at 0.25, and pK
at 0.01. Further analyses involved the selection of cells meeting
specific criteria, including the “singlet” status, nFeature RNA count
less than 6000, nCount RNA less than 60,000, a mitochondrial
gene percentage less than 5%, and a ribosomal gene percentage
below 40%.

The application of the FindVariableFeatures function allowed
for normalizing the data, resulting in the identification of the top
2000 variable features using default parameters. The RunPCA
function was used to execute dimensionality reduction. To elimi-
nate the batch effect present in our data, we utilized the Harmony
package. In order to visualize the cells in a reduced-dimensional
space, the RunUMAP algorithm was subsequently implemented,
using the top 30 principal components. Meaningful annotations
were then assigned to the obtained clusters by renaming them
according to marker genes mentioned in relevant published re-
ports. The Seurat and ggplot2 packages were used to create visual
representations.

2.7 | Trajectory analysis
Within the scope of our study, the gene identification process
using Monocle2 entailed the following essential steps: genes had
to meet the criteria of being expressed in more than 10 subsets of
cells and exhibiting an average expression level greater than 0.5.
Subsequently, we used the DDRTree method to estimate pseudo-
time, which enabled the assignment of temporal values to individual
cells, thus adding a temporal dimension for further analysis. To visu-
ally elucidate and interpret the developmental trajectories of cells,
we leveraged the Plot_cell_trajectory function.

Additionally, we used the velocyto package, a tool capable of

estimating RNA velocities of single cells by distinguishing between
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unspliced and spliced mRNAs in standard scRNA-seq protocols.
Specifically, we utilized the velocyto run10x method to estimate
unspliced and spliced mRNAs. For the purpose of visualization, we
turned to the velocyto.R package. These techniques collectively al-
lowed us to gain insights into the temporal aspects of gene expres-
sion and the dynamics of cellular development in our study.

2.8 | Gene set enrichment analysis

In our analysis, we gathered gene sets from the Molecular Signatures
Database (MSigDB) and a previous article,"® and we utilized the
AddModuleScore function to compute the signature scores for
these gene sets. Subsequently, we harnessed the ggplot2 package
for creating visual representations of our results. This approach ena-
bled us to assess the functional enrichment and associations of spe-
cific gene sets in our dataset.

2.9 | SCENIC analysis

We undertook a transcriptional regulatory network analysis on sub-
clusters extracted from the integrated scRNA-seq dataset. Initially,
the coexpression network was computed using GRNBoost2, avail-
able in the Python package pySCENIC. Subsequently, regulons
were discerned utilizing the R package RcisTarget. The activity of
each regulon was quantified for every cell through the R package
AUCell. For dimensionality reduction of regulon activity, we adopted
t-distributed stochastic neighbor embedding (t-SNE), executed by
the runSCENIC_3_scoreCells function in the SCENIC R package.
Visualization of the area under the curve values for the regulons was

facilitated using the DoHeatmap function within Seurat.

2.10 | Cell-cellinteraction analysis

In our analysis, the initial step involved converting the normalized
data into a CellChat object. We focused on utilizing the Secreted
Signaling module for the analysis of cell-cell communication. To do
this, we subset the expression data specifically for signaling genes,
using the default parameters. Subsequently, we used the mergeCell-
Chat function to integrate data from different experimental condi-
tions, facilitating a comprehensive analysis. To assess differences in
cell-cell interactions, we applied the netVisual_diffInteraction func-
tion. The netAnalysis_signalingRole_heatmap function was applied

to visualize selected outgoing or incoming signaling.

2.11 | Statistical analyses

Statistical analysis was carried out by using the two-tailed unpaired
t-test, one-way ANOVA, two-way ANOVA, Kruskal-Wallis multiple
comparison test, and the log-rank test or log-rank survival analysis.
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3 | RESULTS

3.1 | Blockade of PD-L1 following MWA shows
synergistic antitumor effects

Using the aforementioned mouse model, we undertook combined
treatment with aPD-L1 Abs following MWA (Figure 1A). Compared
with the control group, we observed that both standalone MWA and
oPD-L1 treatments resulted in a decelerated growth of the contralat-
eral tumor (Figure 1B,D). Furthermore, treatment with either MWA
or aPD-L1 led to an extension survival time of mice (Figure 1C,E).
Remarkably, aPD-L1 therapy showed a remarkable efficacy when
combined with MWA, as evidenced by significant differences in the
rate of tumor growth and substantially prolonged survival compared
with other treatment groups (Figure 1C,E). Together, the data above
collectively suggest that the combination of MWA with «PD-L1 dem-
onstrates synergistic antitumor effects, distinguishing them from the
outcomes observed with singular MWA or aPD-L1 treatments.

3.2 | Microwave ablation combined with
aPD-L1 therapy increases proportion of infiltrated
lymphocytes

To investigate the synergistic anticancer mechanism of MWA com-
bined with aPD-L1 therapy, we undertook a comprehensive scRNA-
seq analysis of non-MWA-treated tumor tissues under the four
aforementioned conditions. Compared to the control group, we ob-
served that both MWA alone and combination therapy showed a de-
creased proportion of tumor cells and a higher proportion of immune
cells, such as myeloid cells and T cells (Figure 2A,B). Furthermore,
compared to the control group among subsets of T cells, MWA com-
bined with aPD-L1 therapy showed a notably increased proportion
of effector CD8" T cells, while the proportions of exhausted and
cycling CD8™" T cells were decreased (Figure 2C,D). Importantly, the
percentages of natural killer (NK) cells, stromal cells, and regulatory
T cells (Tregs) showed almost no change (Figure 2B,D). Furthermore,
in comparison to other groups, MWA plus «aPD-L1 therapy showed
a notable increase in the percentages of CD3" T cells and CD8" T
cells (Figures 2E,G and S1), which related to the scRNA-seq analysis
results. Additionally, it is worth noting that there were no substantial
alterations in the proportions of NK cells or Tregs among the four
groups (Figure 2F,H). Consequently, we hypothesized that aPD-L1
enhances the MWA-elicited antitumor immunity which may be as-

sociated with infiltrating T cells, particularly CD8" T cells.

3.3 | Microwave ablation combined with
oPD-L1 therapy suppressed CD8* T cell
exhaustion and enhanced their effector function

To comprehensively investigate functional changes, we undertook
scRNA-seq analysis of CD8" T cell subpopulations, primarily
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FIGURE 1 Microwave ablation (MWA) combined with o programmed death ligand 1 («aPD-L1) therapy inhibits non-MWA tumor growth
and prolongs survival time. (A) Schematic diagram illustrating the investigation of the combined therapy involving MWA and PD-L1
inhibition. MC38 or CT26 cells (1 x 10°) were bilaterally subcutaneously injected into male C57BL/6 and BALB/c mice, respectively. MWA
was carried out from day 7 after tumor inoculation. Day 1 after MWA, aPD-L1 Ab (200 1g/100 L) was administered (i.p.) with established
subcutaneous tumor four times every 3days. (B) Mean tumor growth and (C) Kaplan-Meier survival curves for C57BL/6 mice bearing MC38
tumors after treatment (n=10). (D) Mean tumor growth and (E) Kaplan-Meier survival curves for BALB/c mice bearing CT26 tumors after
treatment (n=5). Two-way ANOVA multiple comparison test and the log-rank test were applied, and the mean+SEM is shown. *p <0.05,

**p<0.01, **p<0.001, ****p<0.0001.

subdividing them into effector CD8" T cells, exhausted CD8" T
cells, and cycling CD8"% T cells (Figure 3A). Simultaneously, we
utilized the monocle3 and velocyto.R¥ packages to construct
these three CD8* T cell
subpopulations. The results revealed that effector CD8" T cells
further differentiate into cycling CD8* T cells and exhausted CD8"

T cells (Figure 3B,C). Furthermore, compared with the control

developmental trajectories for

group, MWA alone upregulated the expression of chemokines
associated with T cell recruitment and circulation (Cxcr3 and Cxcr4),
as well as the molecule related effector function (Tnf). In contrast,
aPD-L1 alone upregulated the expression of immune checkpoint
molecules (Pdcd1, Lag3, Havcr2, Ctla4), T-cell receptor-related
molecules (Zap70, Nfact1), and the chemokine factor associated
with T cell residence (Cxcré). Within these gene expressions, MWA
combined with aPD-L1 therapy displayed a synergistic enhancing
effect on molecules like Ifng and Gzmb, which are pertinent to T

cell effector functions (Figure 3D). Subsequently, we undertook
SCENICY analysis to investigate the transcriptional regulatory
networks of distinct CD8* T cell subpopulations. Microwave
ablation plus aPD-L1 therapy promoted the regulatory activity
of transcription factors E2F and the ETS family in effector CD8"
T cells (Figure 3E). Additionally, MWA plus aPD-L1 therapy has
a significant increase in the proportion of IFN-y*CD8* T, TNF-
atCD8" T and GZMB*CD8* T cells compared to the control group
(Figure 3F-1). Assessing the role of CD8* T cells in the context of
MWA plus aPD-L1 therapy, we used anti-CD8 to deplete CD8*
T cells in the TME. The results revealed that tumor growth and
overall survival (OS) among the four groups of mice carrying
tumors tended to align (Figure 3J,K). Taken together, this study
has highlighted the pivotal role of CD8" T cells in the antitumor
immune response of MWA plus aPD-L1 therapy by using scRNA-
seq and flow cytometry.
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after tumor inoculation, MWA was performed. «PD-L1 was administered through intraperitoneal injection to mice every 3 days for a total
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cells (Tregs). One-way ANOVA multiple comparison test was performed, and mean+SEM is shown. *p <0.05. ns, not significant.

3.4 | Microwave ablation combined with
a PD-L1 therapy enhances infiltrations and
functions of monocytes and macrophages

To obtain a profound understanding of how MWA plus aPD-L1 ther-
apy affects other cellular components of the TME, we undertook a

subgroup analysis of myeloid cells. Analysis of scRNA-seq data un-
covered the diversity of myeloid cells within the tumor (Figure 4A).
Specifically, there was an increase in the proportion of TAM1 and
a decrease in TAM2 (Figure 4B). Next, we undertook a pseudotime
analysis to assess the impact of MWA in combination with «PD-L1 on
monocytes and macrophages. Consistent with previous findings,'¢*’
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FIGURE 3 Combination of microwave ablation (MWA) with a programmed death ligand 1 (aPD-L1) therapy reduces exhausted CD8" T
cells and increases the effector CD8" T cell population in MC38 tumors. Tumor samples were analyzed by flow cytometry and scRNA-seq
on day 15 after MWA. (A) UMAP analysis showed that CD8*TILs were classified into effector CD8T cell, exhausted CD8+T cells and cycling
CD8™T cells. (B) Pseudotime analysis showing the developmental trajectory of CD8" tumor-infiltrating lymphocytes (TILs) in MC38 tumors.
According to different gene markers, CD8" TILs were classified into effector (Ccl5, Pdcd1, Ifng), exhausted (Havcr2, Lag3, Pdcd1), and cycling
(Mkié7) subpopulations. (C) RNA velocities analysis showed the developmental trajectory of CD8" TILs within MC38 tumors. (D) Dot plot
illustrating the expression of specific genes across various treatment groups. (E) Heatmap showing the area under curve of regulons' scores
among distinct CD8™ T cell subpopulations. (F) Representative flow cytometry plots and absolute numbers of polyfunctional CD8" T cells

measured by co-staining for (G) intracellular granzyme B (GZMB), (H) y-interferon (IFN-y), and (I) tumor necrosis factor-a (TNF-a), after

ex vivo stimulation with PMA and ionomycin. (J, K) For depletion experiments, anti-CD8 was injected i.p. into mice on day 1 prior to MWA.
(J) The average growth of tumors and (K) survival curves using the Kaplan-Meier method were analyzed for mice hosting MC38 tumors
posttreatment. (F-1) One-way ANOVA and (J) two-way ANOVA multiple comparison test and (K) the log-rank test were carried out, and data
are presented as mean+SEM. *p <0.05, **p<0.01, ***p<0.001. ns, not significant.
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it appeared that these cells differentiate from monocytes into TAM1
and TAM2, and the combination therapy inhibited the differentiation
of monocytes into TAM2 (Figure 4C). In addition, the percentage of
TAM1 was increased, while TAM2 percentage was decreased after
combination therapy by flow cytometry (Figure 4D-G). Furthermore,
gene set enrichment analysis results revealed enhanced IFN-y signal-
ing in monocytes, TAM1, TAM2, and cycling macrophages in the com-
bination therapy (Figure 4H). Consecutively, we observed a significant

upregulation of the IFN downstream target gene Cxcl9 in monocytes,

A) (B)

Percentage (%)
| ]
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TAM1, TAM2, and circulating macrophages of the MWA combined
with aPD-L1 treatment compared to the control group (Figure 4l).
Next, SCENIC analysis revealed a significant upregulation in the regu-
latory activity of transcription factors in the IFN-y signaling pathway
(Stat1,1rf1/5/7/8) and nuclear factor-xB (NF-xB) signaling pathway (Rel,
Relb, and Nfkb1) in the combination therapy (Figure 4J). Collectively,
these data indicated that MWA in combination with aPD-L1 therapy
can activate the NF-xB and JAK-STAT1 signaling pathways, thus pro-
moting the polarization of TAM1 and TAM2 macrophages.
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Pseudotime

analysis showing the developmental trajectory of monocytes, tumor-associated macrophages 1 (TAM1), and TAM2 in MC38 tumors. TAM1
and TAM2 are discerned through their positive expression of Cdé8 and Mrc1 (CD206) genes, respectively. (D) Representative flow cytometry
plots are displayed. (E) Macrophages are quantified in terms of absolute cell numbers. (F) Absolute cell numbers of TAM1. (G) Absolute cell
numbers of TAM2. (H) Boxplot showing expression of Cxcl9 in monocytes, TAM1, TAM2, and cycling macrophages in different treatment
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*p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
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3.5 | Microwave ablation combined with
aPD-L1 therapy enhances antigen presentation
role of dendritic cells

Dendritic cells are the primary cells responsible for antigen
presentation and are also the main cell type expressing PD-L1.
Subsequently, we undertook a subpopulation analysis of DCs, pri-
marily categorizing them into four subgroups (Figure 5A). Notably,
CD274 is primarily expressed in migratory DCs (Figure 5B).

Through statistical analysis of various DC subgroups, we found
almost no differences among them (Figure 5C). Following combi-
nation therapy, the proportion of DC1 cells was increased slightly,
while DC2 cells remained largely unaffected by flow cytometry
(Figure 5D-G). Furthermore, SCENIC analysis showed that the
regulatory activity of IFN-y-related transcription factors Statl
and Irf1/8 in the combination therapy group was significantly en-
hanced (Figure 5H). Additionally, there was an enhancement in the

expression of MHC-I molecules in the combination therapy group
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(Figure 51). Collectively, IFN-y from CD8™ T cells likely plays an es-
sential role in the antigen presentation function of DCs in MWA
plus «PD-L1 therapy, thereby promoting the generation of an anti-

tumor immune response.

3.6 | Microwave ablation combined with
a PD-L1 therapy alters interactions among different
cellular populations within TME

In order to obtain a deeper understanding of the variances in cellu-
lar interactions, we utilized the CellChat package for the construc-
tion of a network that represents communication among cells.'®
Initially, the results revealed that tumor cells and myeloid cells are
the primary sources of signaling molecules such as transforming
growth factor-g, CXCL, and CCL (Figure 6A), while CD4* T cells and
CD8* T cells serve as the main providers of IFN-y and FAS ligand
signals (Figure 6B). Subsequently, we observed that IFN-y originat-
ing from T cells plays a crucial immunomodulatory role on various
immune cells within the TME (Figure 6C). In addition to genes as-
sociated with CXCL (such as Cxcl9 and Cxcl10), the combination
therapy upregulated MHC-Il-related molecules (such as Cd74
and H2-Aa) and CCL5 (Figure 6D). In addition to the chemokines
Cxcl9 and Cxcl10 downstream of the IFN-y signaling pathway, the
chemokine Cxcl16 also plays a significant role in promoting cell re-
cruitment (Figure 6E).

Furthermore, the results indicated thatin the absence of CXCL9,
both the tumor-suppressive effect of «PD-L1 and the antitumor
effect induced by MWA were rendered ineffective (Figure 6F,G
and S2). When aCXCL9 Ab was added, the percentages of CD3*
T cells in tumor tissue obviously decreased (Figure 6H), which
suggests that MWA plus aPD-L1 resulted in the tumor regression
which requires Cxcl9 to facilitate antitumor immune responses

through T cells.

3.7 | Microwave ablation combined with
o PD-L1 therapy promotes the immunogenicity of
tumor cells through IFN-y signaling

Through our previous research, we have discovered that tumor cells
often upregulate the expression of PD-L1 as a means to evade im-
mune surveillance. Consequently, we undertook a further investiga-
tion into tumor cells and categorized them into two distinct types
based on their functional characteristics: proliferative tumor cells
and inflammatory tumor cells (Figure S3A). Proliferative tumor cells
show heightened proliferative signaling pathways, whereas inflam-
matory tumor cells manifest more active inflammatory-related sig-
nals (Figure S3B). Furthermore, compared to the other three groups,
the expression of the genes Cd274, Stat1, Cxcl9, and Cxcl10 was up-
regulated in inflammatory tumor cells of the combination therapy

group (Figure S3C), indicating a regulatory role of IFN-y on tumor
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cells. To validate the impact of IFN-y on tumor cells, we stimulated
MC38 tumor cells with IFN-y in vitro and undertook qRT-PCR analy-
sis. We observed an obvious upregulation in the expression levels of
the genes Cxcl9, Cxcl10, and Cd274 on MC38 tumor cells following
IFN-y stimulation (Figure S3D). Furthermore, we isolated tumor cells
from the tumor samples of all four treatment groups and undertook
gRT-PCR validation. The results indicated a significant upregulation
in the expression of Cxcl9, Cxcl10, and Cd274 on tumor cells of the
combination therapy group (Figure S3E). Moreover, the flow cytom-
etry analysis corroborated these results, particularly in regard to the
expression of CXCL9 on tumor cells (Figure S3F). Simultaneously,
knockout of Cxcl9 in MC38 tumor cells promotes contralateral tumor
progression after MWA plus anti-PD-L1 treatment, with accelerated
tumor growth and shortened survival time, suggesting the immu-
noregulatory role of Cxcl9 in tumor cells (Figure S3G,H). In addition
to IFN-y signaling, Cxcl? is also upregulated by type I IFNs. To inves-
tigate this further, we utilized alFN-y Abs targeting the IFN-y recep-
tor (IFNGR) in conjunction with MWA and aPD-L1 treatment. Upon
blocking the IFNGR, the tumor growth rate accelerated, and the OS
was shortened under the combined treatment of MWA plus «aPD-L1
(Figure S4A,B). In the context of MWA plus aPD-L1 therapy, inhibi-
tion of IFN-y signaling resulted in elevated proportions of TAM2s
(Figure S4C,D) and decreased expression levels of CXCL9 in both
TAM1 and TAM2 cells (Figure S4E). Although the proportion of DCs
remained unaffected following IFN-y blockade, a significant de-
crease was observed in the expression of CXCL9 specifically within
DC2s (Figure S4F-H). Taken together, MWA plus aPD-L1 therapy
enhances tumor cell immunogenicity through IFN-y signaling, result-
ing in the upregulation of Cxcl9.

4 | DISCUSSION

Thermal ablation induces “immunogenic cell death” and promotes
antitumor immunity, providing opportunities for immunother-
apy.}?2° Our preclinical studies on mouse models supported MWA
combined with immune checkpoint inhibitors not only had the po-
tential to enhance CD8™ T cell infiltration in a distinct manner but
also induced PD-L1 expression in CD11b* myeloid cells.*?! Herein,
through the utilization of the mouse models of colon carcinoma
(MC38 and CT26), we effectively illustrate that the combination of
MWA alongside aPD-L1 elicits a diverse immune reaction.

The upregulation of CXCL9 and CXCL10 was not only stimulated
by IFN-y, but also by type-I IFN signaling.?? In our study, we showed
that CXCL9 was translationally activated in tumor cells and TAMs
after MWA through the IFN-y-mediated signal transducer and acti-
vator of transcription 1 (STAT1) signaling pathway instead of type-I
IFN signaling, inducing T cell accumulation. Consistent with this,
interrupting the IFN-y-CXCL9-CD8" T axis by CD8* T depletion,
tumor-intrinsic Cxcl9 KO or inhibition of IFN-y signaling significantly
promote tumor progression. In addition, CCL5, which is a type of

chemokine inherent to tumors, facilitates the movement of T cells
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FIGURE 6 Interactions among different cellular populations were altered by microwave ablation (MWA) plus o programmed death ligand

1 («PD-L1) therapy. Tumor samples were analyzed by flow cytometry and single cell RNA sequencing analysis on day 15 after MWA. For

the blockage of CXC motif chemokine ligand (CXCL9), xCXCL9 Abs (200 ug/100uL) were given, consistent with treatment of «PD-L1. (A,

B) Heatmap showed the outgoing and incoming signaling pathways among various cellular populations, respectively. (C) The y-interferon
(IFN-y) signaling pathway among different cellular populations. (D) Dot plots showing the expression levels of distinct chemokines in T

cells or myeloid cells found in MC38 tumors among various treatment groups. (E) The CXCL signaling pathway among different cellular
populations. (F) Representative mean tumor growth and (G) Kaplan-Meier survival curves of C57BL/6J mice (n=5 mice per group) engrafted
s.c. with MC38 cells and treated with MWA, aPD-L1, MWA +aPD-L1, or MWA + aPD-L1+aCXCL9. (H) Absolute cell numbers of CD3*
tumor-infiltrating lymphocytes (TILs), CD4* TILs, CD8" TILs, and regulatory T cells (Tregs). Two-way ANOVA multiple comparison test and
log-rank test were applied, and data are presented as mean + SEM. NK, natural killer; TAM, tumor-associated macrophage.

within tumors and collaborates with CXCL9.2® Tumors that showed
diminished expression of CCL5 and CXCL9 became unresponsive

to the treatment.?*

Overall, solid tumors commonly exhibit infiltra-
tion of CD8™ T cells, which is closely linked to the overexpression of

CCL5 and CXCL9.

In our study, we found MWA combined with aPD-L1 therapy
not only enhanced their effector function, but also suppressed
CD8* T cell exhaustion. Specifically, in our investigation, we found
that the application of MWA plus aPD-L1 therapy yielded a de-
crease in the proportion of TAM2s. Furthermore, recent studies
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have revealed that continual interactions between TAM2s and
CD8" T cells impede the migration of T cells toward the tumor
site.?” Notably, the therapeutic outcomes were primarily at-
tributed to a shift of TAMs toward the TAM1 phenotype. The ac-
cumulation of TAM1s resulted in an increased influx of T cells and
augmented the tumor-specific T helper 1 response through mech-
anisms involving direct cytotoxicity, as well as the generation of
inflammatory cytokines and chemokines.?¢

Interferon regulatory factor 5 (IRF5) and IRF8, as an essential
transcription factor for TAM1 differentiation,?” were obviously up-
regulated in MWA plus aPD-L1 therapy. Interferon regulatory factor
8 is essential for the execution of DC1-related functional processes,
such as cross-presentation.?® Moreover, in patients with clear cell
carcinoma, TAMs deficient in IRF8 show impaired proliferation and
reduced expression of chemokine genes. Among these genes, their
peculiar target, Cxcl9, assumes a vital function in drawing CTLs to
interact with TAMs within the TME. In contrast, we found that MWA
plus aPD-L1 treatment improved survival by expressing higher levels
of the IRF8-TAM1 gene signature compared to massive CD8" T cell
infiltration. The reason for this difference is unclear but may be re-
lated to the use of different tumor tissues.

In summary, MWA plus «aPD-L1 therapy may mediate the po-
larization of TAM1s in TME, thereby slowing down tumor growth,
which is at least partially related to the NF-kB/JAK-STAT1 signal-
ing pathway. Furthermore, MWA plus aPD-L1 treatment promoted
MC38 tumor cells and TAMs to secrete CXCL9, which not only
enhanced CD8" T cell effector function, but also suppressed their
exhaustion. Furthermore, exploring the potential involvement of
IRF8-regulated TAMs in preventing T cell exhaustion during MWA
in combination with «PD-L1 therapy can offer intriguing insights
for innovative therapeutic strategies. Thus, this investigation yields
novel understandings regarding the antitumor impact of MWA plus

aPD-L1 therapy by elucidating its underlying mechanism.
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