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Abstract

Microwave ablation (MWA) is a super minimally invasive therapeutic approach that has been widely applied in the treatment
of non-small cell lung cancer (NSCLC). Although MWA can elicit antitumor immune responses, these immune responses
are not relatively steady and insufficient to completely clear recurrence tumor cells within the body. Immunotherapy mono-
therapy has shown low clinical efficacy in the treatment of advanced NSCLC. MWA combined with immune checkpoint
inhibitors (ICIs) is a promising therapeutic approach. However, the mechanism of synergic effect remains elusive. In this
study, we have conducted a retrospective analysis of the clinical outcomes of MWA combined with ICIs, finding that the
combinational therapy yielded superior Objective Response Rate and longer Progression-Free Survival. In preclinical models,
we established a tumor rechallenged model to address post-MWA recurrence and to delve into the underlying mechanisms
of the combined therapy. We observed that the combined treatment (MWA + PD-L1 blockade therapy) effectively addressed
the issue of tumor recurrence in tumor rechallenged model. The combinational therapy increased the function and percentage
of CD8" tumor-infiltrating lymphocytes, enhanced the functionality of CD8* T cells within tumor-draining lymph nodes
(TdLNSs), and elevated the proportion of T central memory cells. Additionally, the combined treatments promoted the pro-
portion of Migration Dendritic Cells type 1 (Mig DC1) within TdLNs, thereby enhancing their activation potential. Notably,
FTY720-mediated blockade of lymphocyte egress abolished the therapeutic benefits, confirming TdLNs-dependent systemic
immunity. Moreover, the efficacy of the combinational therapy depended on the migration of T cells from TdLNs to tumor
site. In summary, we proposed a potentially effective combined treatment regimen and have elucidated the underlying cel-
lular mechanisms that underpin its efficacy.
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After microwave ablation (MWA) of the primary tumor, the release of tumor-associated antigens (TAAs) occurs. These
antigens are then internalized by Migration-Directed Dendritic Cells type 1 (Mig DC1), which subsequently migrate to the
tumor-draining lymph nodes (TdLNs). Within the microenvironment of the TdLNs, Mig DC1 presents these antigens to
naive T cells, prompting their differentiation into T central memory (Tcm) cells. In the context of the combined therapeutic
approach, which includes MWA and PD-L1 blockade therapy, a greater number of Tcm cells are induced and activated,
allowing for a rapid response to tumor re-challenge. These Tcm cells differentiate into effector T cells and migrate to the

tumor site to exhibit antitumor activity.
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Introduction

The latest statistics data reveals that lung cancer stands with
the highest rates of incidence and cancer-related deaths,
highlighting the urgent need for improved diagnosis and
treatment strategies [1]. Image-guided thermal ablation
(IGTA), as a super minimally invasive treatment modality,
has matured in its application for primary lung tumors [2].
The common ablation methods include radiofrequency abla-
tion (RFA), microwave ablation (MWA), and cryoablation
[3]. MWA is particularly advantageous in the treatment of
lung tumors due to its larger ablation zone, shorter ablation
time, and lower sink heat effect [4]. Additionally, MWA can
induce local coagulative necrosis and the release of tumor
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antigens, including tumor-associated antigens (TAAs), heat
shock proteins (HSPs) and damage associated molecular pat-
terns (DAMPs), at the tumor site [5—7]. This process recruits
dendritic cells (DC), natural killer (NK) cells, and T cells,
thereby activating antitumor immunity and possibly eliciting
an abscopal effect in some cases [8]. However, the antitumor
immune response induced by MWA is unstable and cannot
effectively suppress tumor growth in the long term, leading
to the post-MWArecurrence. This limitation restricts the
clinical treatment effect [9].

Immunotherapy, exemplified by immune checkpoint
inhibitors (ICIs), targeting cytotoxic T-lymphocyte anti-
gen-4 (CTLA-4), programmed cell death protein 1 (PD-1),
or programmed cell death protein ligand 1 (PD-L1), have
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revolutionized the concept and practice of cancer treatment
in recent years [10, 11]. This approach has achieved pio-
neering advancements in the field of lung cancer treatment,
successfully prolonging the survival of certain patients [12,
13]. ICIs monotherapy showed low clinical efficacy in the
treatment of advanced NSCLC [14].

An increasing number of studies are focusing on combi-
nation therapy approaches to improve treatment outcomes
[15-18], among which the combination of MWA and ICIs
is a promising treatment option. We retrospectively evalu-
ated the efficacy of MWA combined with ICI in the treat-
ment of advanced NSCLC. It found that the combination
therapy demonstrated a higher Objective Response Rate
(ORR) and longer Progression-Free Survival (PFS) com-
pared to ICI monotherapy. Our results indicated that the
combination treatment enhanced the clinical efficacy of ICI
in advanced NSCLC. Preclinical studies are currently under-
way to explore the potential mechanisms of the combined
therapy. MWA in conjunction with LAG3 blockade repro-
grammed the tumor microenvironment (TME), significantly
promoting the proliferation and function of CD8* tumor-
infiltrating lymphocytes (TILs) [19]. The combination of
RFA with PD-1 inhibitor significantly enhanced antitumor T
cell immune responses [20]. In clinical practices, ICIs com-
bined with MWA improved the clinical efficacy. However,
the mechanism of synergic effect remains elusive. Therefore,
we employed a tumor rechallenged model, simulating the
scenarios of advanced progression and tumor recurrence,
to further elucidate the underlying mechanisms and address
post-ablation recurrence. We observed that tumor recurring
post-MWA exhibited upregulated PD-L1 expression. Subse-
quently, we explored the therapeutic synergy of MWA with
anti-PD-L1 antibodies, aiming to broaden the indications
for this combined modality. Our findings not only validated
the clinical benefits of MWA-ICI combination but also shed
light on its mechanistic basis, paving the way for expanded
clinical applications.

Materials and methods
Patients

Sixty-two patients with NSCLC who underwent ICIs or
ICIs combined with MWA at The First Affiliated Hospital
of Shandong First Medical University were enrolled, from
January 1, 2019 and January 1, 2022.

The inclusion criteria were as follows: (1) pathologi-
cally verified NSCLC; (2) advanced tumor stage, includ-
ing stages I1IB and IV; (3) Eastern Cooperative Oncology
Group performance status of 0-2; (4) at least one measurable
tumor lesion after MWA procedure; (5) capable of tolerating
combined therapy. (6) wild-type epidermal growth factor

receptor and anaplastic lymphoma kinase based on genetic
test results.

The exclusion criteria were as follows: (1) history of other
cancer within the preceding five-year period; (2) intolerant
to ICIs; (3) other antitumor treatments performed during
the observation period; (4) long-term hormone or antibi-
otic therapy. (5) Presence of moderate or severe interstitial
pulmonary disease. (6) Those who were lost to follow-up.
Approval for this retrospective study, which complied with
the standards of the Declaration of Helsinki, was obtained
from Institutional Ethics Committee of the institutions,
and informed consent was waived due to the retrospective
nature of this study. The baseline characteristics are listed
in Table 1.

Treatment regimens

The equipment, basic materials, and care measures required
for the MWA procedure were performed as described previ-
ously [15, 21, 22]. MWA procedure was conducted under
percutaneous computed tomography (CT) guidance. KY-
2450B (CANYOU Medical Inc., CFDA Certificated No.:
20153251727) microwave ablation system was applied for
the procedure with a frequency of 2450 + 50 MHz and an
adjustable continuous wave output power of 0—100 W. For
tumors with a maximum dimension < 10 mm, ablation is
typically performed by positioning a single 19-G (19-gauge)
antenna at the tumor center. When targeting tumors measur-
ing 10-30 mm in maximum dimension, a conformal abla-
tion strategy utilizing double-antennas with multiple needle
adjustments is routinely employed. The treatment regimen
for these patients included MWA combination with cam-
relizumab (a PD-1 antibody designed by Hengrui Pharm,
Jiangsu Province, China), as well as camrelizumab mono-
therapy. The selection of treatment strategies is formulated
based on the individualized condition of the patient, mul-
tidisciplinary consultations, and the patient’s own prefer-
ences. MWA combination with camrelizumab group: cam-
relizumab was administered 5—7 days after MWA, a 30-min
intravenous infusion at a dose of 200 mg every 2 or 3 weeks
until disease progression or unacceptable toxicity. Camreli-
zumab monotherapy group: camrelizumab was administered
a 30-min intravenous infusion at a dose of 200 mg every 2 or
3 weeks until disease progression or unacceptable toxicity.

Assessments of clinical efficacy

All patients underwent a comprehensive clinical assess-
ment every three months, conducted by experienced clini-
cians based on the results of enhanced computed tomog-
raphy scan or positron emission tomography—CT. The
therapeutic analysis, encompassing complete response
(CR), partial response (PR), stable disease (SD), and
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Table 1 Baseline and treatment

o Characteristics ICI (N=30) MWA +ICI (N=32) P

characteristics of enrolled

patients Gender, n (%) 0.4267
Male 28 (93.3) 27 (84.4)
Female 2 (6.7) 5(15.6)
Age, year 0.8534
Median 66 67
Range 38-85 57-78
Smoking history, n (%) 0.7848
Nonsmokers 10 (33.3) 9(28.1)
Smokers 20 (66.7) 23 (71.9)
ECOG, n (%) 0.9999
0 3(10.0) 4(12.5)
lor2 27 (90.0) 28 (87.5)
Pathology, n (%) 0.2169
Adenocarcinoma 12 (40.0) 18 (56.3)
Squamous cell lung cancer 18 (60.0) 14 (43.7)
Lymph nodes metastases, n (%) 0.4508
No 6 (20.0) 7(21.9)
Yes 24 (80.0) 25 (78.1)
Stage, n (%) 0.6155
1B 16 (53.3) 14 (43.8)
v 14 (46.7) 18 (56.2)
PD-L1 positive, n (%) 0.4950
<1% 6 (20.0) 5(15.6)
> 1%, < 50% 8 (26.7) 9(28.1)
>50% 4 (13.3) 4 (12.5)
Unknown 12 (40.0) 14 (43.8)

“Except where indicated, data are number (%). The Chi-square or Fisher exact test was applied for cat-
egorical variables. ““Data were continuous variables, expressed in average + standard deviation (range), and
were compared using the Mann—Whitney U test. ICIs, Immune checkpoint inhibitors; MWA, microwave
ablation; ECOG PS, Eastern Cooperative Oncology Group performance status

progressive disease (PD), were assessed with the Response
Evaluation Criteria in Solid Tumors version 1.1 and subse-
quently compared across the two study groups.

Mice

C57BL/6 mice (6—8 weeks old) were purchased from Bei-
jing Huafukang Biotechnology Co., LTD. (Beijing, China)
and housed in a the specific-pathogen-free (SPF) facility at
Shandong First Medical University & Shandong Academy
of Medical Sciences (Shandong, China). All animal exper-
iments were conducted according to protocols approved by
the animal ethics committee of the Shandong First Medi-
cal University& Shandong Academy of Medical Sciences.
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Cell lines

Lewis lung carcinoma cell line (LLC) was purchased from
FuHeng Biology (Shanghai, China). All cell lines were
grown in complete DMEM-10 medium: DMEM (Gibco,
NY, USA), which consists of 10% (v/v) fetal bovine serum
(FBS, Gibco, NY, USA), 100 U/mL penicillin, and 100 mg/
mL streptomycin.

Tumor rechallenge model and treatment

LLC cells (5% 10° cells/mouse) were injected subcutane-
ously into the right axillary fossa of mice on day 0. Upon
reaching a tumor diameter of approximately 8—10 mm, mice
were subjected to various therapeutic interventions around
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day 8: no treatment, MWA alone, aPD-L1 antibody therapy
alone, or a combination of MWA and aPD-L1 antibody.
MWA was specifically performed on the tumor in the right
axillary fossa on day 8, involving percutaneous insertion of
an ablation electrode to the deepest extent of the tumor along
its longitudinal axis. The procedure consisted of a 1.5-min
treatment duration at a power output of 3 watts. For aPD-
L1 antibody (10F.9G2, BioXcell, New Hampshire, USA)
was administered at a dose of 200 pg per mouse, beginning
from day D1, with injections every 3 days, for a total of four
doses. For FTY720 (HY-12005, MedChemExpress, China)
injection, 2 mg/kg FTY720 dissolved in the 0.9% saline was
injected intraperitoneally from Day-2 to Day10. For tumor
rechallenge, LL.C cells (2 X 10° cells/mouse) were injected
subcutaneously into the left axillary fossa on day 9. Tumor
growth in the left axillary fossa (abscopal site) was moni-
tored every two days.

Mice ablation procedures

The animal ablation system is analogous to that used in
patients, designed to achieve complete tumor ablation [23].
Mice were anesthetized using a animal anesthesia machine
(R500, RWD) equipped with 3%—4% isoflurane and main-
tained under full anesthesia. Subsequently, a microwave
ablation device (KY-2000, Kangyou) and a microwave abla-
tion antenna (K'Y-2450A-6, Kangyou) were employed with
ablation parameters set at 3 watts for 1 min.

CD8* T cells depletion

Mice were treated with an initial intraperitoneal injection of
200 pg/mouse of anti-CD8 antibodies (clone 2.43, BioXCell,
NH, USA) dissolved in PBS, two days before the start of
MWA treatments. This was followed by a maintenance dose
of 100 pg/mouse, administered every 4 days throughout the
course of tumor growth. The control group received equiva-
lent injections of control IgG.

Preparation of single cell suspensions from mouse
samples

Spleens and TdLNs were mechanically disrupted by pass-
ing them through a 70 pm cell strainer using the plunger
of a 3 mL syringe and then resuspended in 1 mL of ACK
red blood cell lysing buffer (Gibco NY, USA) for 3 min at
room temperature (RT). The tumor was cut into pieces with
scissors and then enzymatically digested with 1 mg per ml
collagenase IV (Gibco, NY, USA) at 37 °C for 40 min. Fol-
lowing digestion, tissues were filtered through a 70 pm cell
strainer, and then resuspended in 40% Percoll (Cytiva, Cat.
# 17-0891-01, MA, USA) for centrifugation at 1200 g for

20 min at RT, after which they were incubated with ACK red
blood cell lysing buffer. All isolated cells were suspended in
PBS supplemented with 2 mM EDTA and 1% FBS.

Flow cytometry

Surface markers were stained in PBS containing 2% BSA
or FBS (w/v) at 4 °C for 30 min after Fc blocking (Invitro-
gen, Cat. # 14-0161-86, CA, USA) to characterize murine
immune cell subsets. FVS700 (BD Biosciences, Cat. #
564,997, CA, USA) were used to discriminate the viable
or non-viable cells according to the manufacturer’s instruc-
tions. Intracellular cytokine staining (ICS) for IFN-y and
TNF-a were performed with the Cytofix/Cytoperm Fixation/
Permeabilization Kit (BD Biosciences, Cat. #554,714, CA,
USA). The following reagents were purchased from BD Bio-
sciences (CA, USA): CD45-BV786 (Cat. # 564,225), CD3e-
BUV737(Cat. # 612,771), CD4-APC/Cy7 (Cat. # 552,051),
CD8a-BV650 (Cat. # 563,234), CD44-BV510 (Cat. #
563,114), CD62L-PE/CF594 (Cat. # 562,404), CD80-
BUV737 (Cat. # 612,773), CD86-BUV395 (Cat. # 564,199),
Ly6G-PerCP/Cy5.5 (Cat. # 560,602), Foxp3-PE (Cat. #
566,881). The following reagents were purchased from Inv-
itrogen (CA, USA): NK1.1-BUV395 (Cat. # 363-5941-82),
KLRG1-PerCP/eF710 (Cat. # 46-5893-82), CD11c-PerCP/
Cy5.5 (Cat. # 45-0114-82), B220-SB600 (Cat. # 63-0452-
82), CD11b-APC/Cy7 (Cat. # A15390), Ly6C-eF450 (Cat.
# 48-5932-82), H-2Kd/H-2Dd-FITC (Cat. # 11-5998-82).
The following reagents were purchased from Biolegend (CA,
USA): CD39-PE/Cy7 (Cat. # 143,806), IFN-y-PE (Cat. #
505,808), TA/IE-BV510 (Cat. # 107,636), CD317-BV711
(Cat. # 127,039).

Immunohistochemical analysis

Immunohistochemistry was performed to detect CD8" TILs
of rechallenged tumor tissues. The tumor tissues were fixed
in a 10% formalin solution, followed by embedding in paraf-
fin, and then were cut into 4 pm thick sections and mounted
on poly-L-lysine coated slides. Subsequently, the slices were
subjected to staining with Anti-mouse CD8 Abs (ABclonal,
Wuhan, China).

Statistical analysis

SPSS version 22.0 (IBM Corporation, Armonk, NY, USA)
and GraphPad Prism 9.0.0 software were used for the statis-
tical analysis. Survival curves for PES was estimated using
the Kaplan—Meier method and the Chi-square or Fisher’s
exact test was employed to compare categorical variables via
SPSS version 22.0. Statistical significance was determined
using one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons test, and correlation analysis
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was conducted using Pearson’s test via GraphPad Prism
9.0.0 software (*, p <0.05; **, p<0.01; ***, p <0.001).

Date availability

The data supporting the findings of this study are available
from the corresponding author upon reasonable request.

Results

MWA combined ICl therapy yielded a favorable
clinical outcome for patients with lung cancer

We have performed a retrospective analysis of two patient
cohorts with lung cancer: one cohort received ICI monother-
apy with Camrelizumab, while the other cohort underwent
combined therapy with MWA and ICI. The baseline char-
acteristics of the enrolled patients are presented in Table 1.
No significant differences in basic characteristics, includ-
ing, sex, age, smoking history, ECOG score, pathology,
lymph nodes metastases, stage, PD-L1 expression or PD-L1
positive (TPS) were observed between the two groups. The
median follow-up time is 9.07 months with no loss to follow-
up. Our results revealed that patients receiving the combined
therapy achieved a higher objective response rate (ORR)
compared to those on ICI monotherapy [43.8% (14/32) vs.
16.7% (5/30), p=0.0208] (Fig. 1A, B and S1). The PFS of
the combined therapy group was markedly superior to that
of the ICI monotherapy group (9.88 +6.95 [95% confidence
interval, 8.92—13.7] vs. 5.32+4.21 [95% confidence inter-
val, 4.37-7.89] months, p=0.0012) (Fig. 1C). Based on
the above data, we have identified that patients with lung
cancer underwent the combinational therapy represented a
highly promising treatment regimen than those underwent
the monotherapy.

MWA monotherapy was insufficient to inhibit
rechallenged tumor growth but upregulated PD-L1
expression on rechallenge tumor

To investigate the impact of MWA on immune activation
and memory, we utilized a post-MWA tumor rechallenged
model [24, 25]. In this experimental setup, murine Lewis
lung carcinoma (LLC) cells were initially inoculated into
the left flank of the mice to establish the primary tumor,
designated as Day -9. Subsequently, after MWA therapy was
administered to this primary tumor, denoted as Day 0, LLC
cells were inoculated into the right flank on the same Day 0
to form a rechallenged tumor. This experimental paradigm
was strategically designed to evaluate the immune response
and memory (Fig. 2A). Our findings revealed that follow-
ing treatment with MWA alone, although the primary tumor
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was effectively locally ablated, MWA did not prevent the
growth of the rechallenged tumor when compared to Un
group (Fig. 2B-D), implying that MWA does not elicit a
long-lasting anti-tumor immune memory in our study. Cer-
tainly, although there was no inhibition of the rechallenged
tumor growth, MWA destroyed the primary tumor. This
resulted in the tumors in the Un group reaching the labora-
tory animal ethics standards earlier. Ultimately, the survival
rate of the mice in the MWA group was higher than that
of the Un group, which highlights the advantage of MWA
as a local treatment modality (Fig. 2E). One of the main
mechanisms by which tumor cells evade immune detection
involves the upregulation of immunosuppressive checkpoints
on tumor surface, such as PD-L1 [26]. Therefore, we exam-
ined the expression of PD-L1 on the rechallenged tumors.
For the first time, we observed that PD-L1 expression on
the rechallenge tumors was upregulated following MWA
treatment (Fig. 2F, G). In conclusion, our results indicated
that although MWA is effective in removing local tumors,
it fails to guard against tumor rechallenge and could poten-
tially worsen the immune evasion of the rechallenge tumor
with upregulated PD-L1 expression.

The combination of MWA with aPD-L1 therapy
demonstrated a synergistic increase in antitumor
efficacy within rechallenged tumor mouse model

Given the increase of PD-L1 expression on the rechallenged
tumors after the primary tumor had undergone MWA, we
employed a combination of MWA and anti-PD-L1 antibody
(aPD-L1) to bolster resistance against tumor rechallenge.
In our established rechallenge model, aPD-L1 treatment
was initiated after the day of tumor rechallenge, designated
as Day 1 (Fig. 3A). Mice was treated with MWA, aPD-L1
or MWA + aPD-L1 (M + oP). Our results revealed that the
combinational therapy significantly suppressed the growth
of the rechallenged tumor, and also resulted in a reduction
in tumor recurrence after concurrent treatment (Fig. 3B,
C, E). Furthermore, in terms of survival, MWA effectively
eradicated the primary tumor and extended the survival of
mice beyond that of the aPD-L1 group. Additionally, the
combinational therapy exhibited a longer survival compared
to either monotherapy alone (Fig. 3D).

CDS8™T cells are the primary executors of antitumor
immune responses [27]; Immunohistochemical analysis
of the rechallenged tumors revealed a marked increase
in the infiltration of CD8*% TILs within the combination
group (Fig. 3F and S2E). To further characterize the tumor
immune microenvironment, we performed multiparametric
flow cytometry analysis to quantify CD8" T cell popula-
tions in tumor tissues. Notably, the combination therapy
elicited a significant increase in the frequency of CD8"
TILs (Figure S2A-B). Furthermore, this therapeutic strategy
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Fig.1 Clinical response to ICI
monotherapy and MWA com-
bined with ICI. A, B Waterfall
plot of best response change
in tumor burden from baseline
patients. C Kaplan—Meier
curves of the progression-free
survival in both groups of
patients. Note: Quantitative
variables are expressed as
means and range

Change from baseline (%)
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Progression-free survival probablity

Best change from baseline in target lesion of ICI

Complete response
Partial response
Stable diease
Progress response

substantially augmented their functional capacity, as evi-
denced by enhanced IFN-y secretion (Figure S2C-D). These
data collectively indicate that the combined regimen not only
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promotes CD8" T cell infiltrating into the tumor but also
potentiates their effector functions. In addition, to confirm
whether the antitumor efficacy of the combinational therapy
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was dependent on CD8* T cells, we further employed a
CD8* T cell depletion antibody and found that the combi-
national therapy were unable to control rechallenged tumor
after CD8™ T cell depletion (Figure S2F-I). In summary,
the combination therapy enhances the antitumor effect by
increasing the infiltration of CD8" T cells into the tumor,
augmenting the anti-tumor function of CD8* T cells, and
exerting a synergistic antitumor effect. Moreover, this syn-
ergistic effect is dependent on CD8* T cells.

lenge. D The survival of mice within a tumor rechallenged experi-
mental model.E The statistical analysis delineating the quantification
of rechallenged tumor weights. F Immunohistochemical staining of
CD8* T cells within rechallenged tumor in all treatment groups (*,
p<0.05; ¥** p<0.001, **** p)

The combination of MWA with aPD-L1 therapy
augmented the function of CD8* T cells within TdLNs

TdLNs represent the initiatory and sustaining site of the
body’s antitumor immune response and are crucial for the
induction of tolerance to tumors by the immune system [28,
29]. To further investigate the antitumor immunity elicited
by combinational therapy, we examined the immunologi-
cal microenvironment within TdLNs. CD8" T cells are one
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of the effector target populations for PD-L1 [30]. Our ini-  (Fig. 4A, B). TdLNSs consistently serve as a reservoir for T
tial assessment of TdLNs revealed that the percentage of  cells, maintaining both the abundance and heterogeneity of
CD8* T cells or CD4" T cells did not change significantly  the cellular population [31]. Cytotoxicity is critical for the
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«Fig.4 The MWA combined with aPD-L1 therapy enhanced the
antitumor function of CD8% T cells. A The proportion of CD4* T
cells or CD8% T cells within TdLNs, as shown in flow cytometry
plot. B Statistical results for A. C. The proportion of IFN-y*CD8*
T cells or TNF-a"CD8* T cells within TdLNs, as shown in flow
cytometry plots. D Statistical results for C. E The proportion of
CD44*CD62L*CD8* T cells (CD8" T central memory, TCM) or
CD44*CD62L"CD8" T cells (CD8" T effector memory, TEM)
within TdLNs, as shown in flow cytometry plots. F. Statistical results
for E. G The proportion of CD4* T cells or CD8" T cells within
spleen, as shown in flow cytometry plot. H Statistical results for G.
I. The proportion of IFN-y*CD8" T cells or TNF-a"CD8* T cells
within spleen, as shown in flow cytometry plots. J Statistical results
for 1. K The proportion of CD44TCD62LYCD8* T cells (TCM) and
CD44*CD62L~CDS8™ T cells (TEM) within spleen, as shown in flow
cytometry plots. L Statistical results for K (*, p<0.05; **, p<0.01;
#H% p<0.001)

antitumor function of CD8" T cells. We found that the cyto-
toxic capabilities of CD8" T cells were notably enhanced
following combinational therapy, with a significant increase
in the secretion of IFN-y and TNF-a compared to mono-
therapy (Fig. 4C, D). Moreover, combinational therapy sig-
nificantly increased the proportion of T memory cells, par-
ticularly CD8" T central memory (CD8" CD44% CD62L*,
Tcem) (Fig. 4E, F). Concurrently, we observed changes in
the peripheral spleen, where the percentage of CD8™ T cells
or CD4" T cells did not change significantly (Fig. 4G, H).
Functionally, there was a marked increase in the propor-
tion of IFN-y*CD8* T cells in combinational therapy, and
the proportion of TNF-o*CD8" T cells an increasing trend,
although it did not reach statistical significance (Fig. 41,
J). The proportions of memory T cells, Tcm, were also
elevated within the spleen (Fig. 4K, L). Additionally, we
examined the population of regulatory T cells (Tregs) with
immunosuppressive function within TdLNs and the spleen.
The results indicated that there was no significant difference
in the Treg population, either within TdLNs or the spleen
(Figure S4A-D), suggesting that the combination therapy
did not have a discernible effect on the Treg population.
In summary, combination therapy enhanced the function of
CD8* T cells within both TdLNs and the peripheral (spleen),
elevated the ratios of Tcm cells, and effectively bolstered the
resistance to tumor rechallenge.

Combining MWA with aPD-L1 increased
the proportion of migratory DCs in TdLNs
and promoted DC1 activation.

Conventional Dendritic Cell Type (cDCs) are a specialized
subset of antigen-presenting cells within the immune system,
capable of capturing antigens in the body’s peripheral tissues
and presenting them to T cells. This function allows cDCs
to act as a critical bridge between the innate and adaptive
immune responses [32]. MWA ablates tumors and induces
antigens release, where cDCs phagocytosed these antigens.

Subsequently ¢cDCs migrated to TALNs for antigen pres-
entation. Within these TdLNs, cDCs are generally catego-
rized into two types: resident DCs (CD11c"MHC-II™, Res
DC), which are in an immature state, and migratory DCs
(CD1 1¢™MHC-IIM, Mig DC), which are mature and primar-
ily responsible for antigen presentation [33]. We therefore
conducted a detection and analysis of DC subsets within
TdLNs and found that neither monotherapy nor combined
therapy significantly affected the proportion of resident DCs
in TdLNs. However, combined therapy markedly increased
the proportion of Mig DCs compared to monotherapy
(Fig. 5A, B). Furthermore, we observed that monotherapy
reduced the proportion of cDC1 (XCR1%) within Mig DCs
and increased the proportion of cDC2 (Fig. 5D), whereas
combined therapy restored the proportion of cDC1 and also
increased the CD86 expression on cDC1 within migratory
DCs (Fig. SC-F). In contrast, such results were not observed
in the spleen, where no significant changes were observed
in the overall cDC population, nor in cDC1 or cDC2 subsets
(Fig. 5G-J). Concurrently, we examined TdLNs on the side
of MWA, referred to as MWA-TdLNSs, and the results were
essentially consistent with the previous findings (Figure S3).
In summary, our findings indicated that combined therapy
increased the proportion of Mig DCs in TdLNs, restored the
proportion of cDC1, and promoted their activation.

Enhanced efficacy of combined therapy
was dependent on the migration of lymphocytes
from TdLNs to tumor

TdLNSs serve as a critical reservoir for initiating anti-tumor
immunity, where a significant population of T cells is stimu-
lated by tumor antigens. These T cells then migrate to the
tumor site, where they evolve into effector T cells capa-
ble of exerting cytotoxic effects against tumor cells [31].
During this process, the migration of immune cells from
TdLNs to tumor site plays a pivotal role. FTY720 (fingoli-
mod), a novel immunosuppressive agent, primarily functions
by binding to the sphingosine-1-phosphate receptor (S1P
receptor), thereby inhibiting the migration of lymphocytes,
particularly T cells, into the tumor [34, 35]. To investigate
whether the migration of immune cells from TdLNs is essen-
tial for the augmented efficacy of MWA combined with
aPD-L1 therapy, we designed experiments with untreated,
MWA +oPD-L1, and MWA + oPD-L1 +FTY720 treatment
groups (Fig. 6A). Monitoring tumor growth revealed that
the addition of FTY720 abrogated the therapeutic effects
of the combined treatment, resulting in uncontrolled tumor
growth (Fig. 6B-D). Flow cytometric analysis of the tumor
and TdLNs demonstrated that the combined treatment sig-
nificantly increased the infiltration of CD3* T cells within
the tumor, whereas FTY720 treatment markedly reduced
this infiltration (Fig. 6E—G). Furthermore, following
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MWA + oPD-L1 treatment, we observed an elevated propor-  demonstrate that the therapeutic efficacy of MWA in combi-
tion of CD8* T cells and a decreased proportion of CD4* T~ nation with aPD-L1 therapy is dependent on the migration
cells within the tumor (Fig. 6E-G). In summary, our findings ~ of lymphocytes from TdLNs to tumor.
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«Fig.5 MWA in conjunction with aPD-L1 therapy increased the pro-
portion of migratory dendritic cells (Mig DCs) within the TdLNs and
facilitated their activation. A Graphical representations of the pro-
portional distribution of DC subsets within TdLNs at post-curative
treatment intervention. B Statistical results for A. C. Graphical repre-
sentations of the proportional distribution of DC subsets within Mig
DC. D Statistical results for C. E The median fluorescence intensity
(MFI) of CD80 and CD86 expression on Mig ¢cDCls in TdLNs fol-
lowing the combination of MWA with aPD-L1 therapy. F Statistical
results for E. G Graphical representations of the proportional distri-
bution of DCs within spleen. H Statistical results for G. I Graphical
representations of the proportional distribution of DC subsets within
cDC in spleen. J Statistical results for I (¥, p <0.05; **, p<0.01; ***,
p<0.001; ##%* »<0.0001)

Discussion

In recent years, MWA has increasingly demonstrated its ther-
apeutic advantages in the treatment of pulmonary tumors,
owing to its unique treatment benefits [4, 36]. Our team con-
ducted a retrospective analysis of patients with oligometa-
static NSCLC who underwent MWA following complete
surgical resection. The median PFS and overall survival
(OS) for these patients were 15.1 months and 40.6 months,
respectively. These results indicated that MWA is a safe and
effective option for selected patients with pulmonary oligor-
ecurrence after radical surgical resection of NSCLC [21].
In this study, we performed a retrospective analysis of two
advanced NSCLC patients cohorts: one receiving ICI mono-
therapy and MWA combined with ICI. The results demon-
strated that the combination therapy yielded a higher ORR
and superior PFS, suggesting that the combined treatment
regimen holds significant therapeutic potential to improve
clinical efficacy for advanced NSCLC patients. Furthermore,
the results suggested that MWA induces alterations in the
tumor microenvironment, which contain positive, proactive
elements that can enhance the efficacy of monotherapy with
ICL.

To further investigate the mechanisms of combination
therapy, we established a tumor rechallenged model. In this
model, tumor cells were reimplanted in the contralateral
side of the mouse after MWA treatment. This model not
only simulated the condition of advanced stage patients
to explore the synergistic effects of combined therapy but
also replicated post-MWA tumor recurrence, allowing us
to assess whether the combination treatment can resist
tumor relapse. In this study, we observed that while MWA
monotherapy effectively eliminated the primary tumor, it
concurrently upregulated PD-L1 expression in rechallenged
tumors. A similar upregulation of PD-L.1 was also noted fol-
lowing RFA [20]. This phenomenon may contribute to the
recurrence of tumors post-ablation. Therefore, it is neces-
sary to combine MWA with PD-1/PD-L1 antibody therapy
for those patients who exhibit higher PD-L1 expression in
their tumors. CD8*TILs served as a critical biomarker for

assessing immune therapeutic efficacy. And our findings
indicate combinatorial regimen exerted antitumor effects
by enhancing CD8*TIL infiltration and augmenting effec-
tor functionality. Furthermore, the therapeutic efficacy was
abrogated when CD8* T cells were depleted, highlighting
the reliance of the combined treatment on the presence of
CD8* T cells. Previous research has shown that the antitu-
mor effects of MWA in combination with aPD-L1 are medi-
ated by the IFN-y-CXCL9-CD8™" T cell axis [37]. In addi-
tion, there has been a growing interest in combining MWA
with various immunotherapies, such as ICIs, Chimeric
Antigen Receptor T-cell (CAR-T) therapy, and immunoad-
juvants, to explore the synergistic effects of these combined
treatments [7]. MWA, when combined with plus adoptive
Th9 cell transfer therapy, has effectively inhibited the recur-
rence of NSCLC tumors [25]. The integration of MWA with
ICIs has been demonstrated to effectively prolong survival
and enhance the presence of CD8* TILs [38]. Furthermore,
the combination of MWA with CAR-T therapy has been
shown to remodel the tumor microenvironment, augment
the mitochondrial oxidative metabolism of CD8" TILs, and
thereby potentiate the therapeutic efficacy in NSCLC [39].
The therapeutic synergy of MWA and Flt3L markedly curbs
tumor recurrence by harnessing a CD8" central memory T
(Tcm)-like cell-mediated antitumor immune response within
TdLNSs [40]. The pairing of MWA with IL-21 demonstrated
a potent abscopal anti-tumor effect, significantly augment-
ing the effector function of CD8* T cells [34]. These results
collectively elucidated the partial mechanisms of syner-
gistic efficacy from various perspectives and concurrently
addressed the issue of post-ablation recurrence.

Extensive evidence substantiated the concept that TdLNs
function as essential peripheral immune organs. Within the
TdLNs, antigen-presenting cells (APCs), mainly DCs, facili-
tated the presentation of antigens to T cells, a process that is
critical for the survival, activation, and functional differen-
tiation of T cells. In early-stage NSCLC, MWA effectively
destroyed the tumor while preserving the integrity of the
lymph nodes. This allowed for the antigens released post-
ablation, such as tumor-associated antigens, heat shock pro-
teins, and high mobility group protein 1, to be efficiently
processed by APCs within the TdLNs. Notably, the acti-
vation of CD8" T cells within the TdLNs was crucial for
maintaining robust anti-tumor immune responses [41]. To
this end, we have focused on assessing the immune micro-
environment within the TdLNs. Our findings revealed that
the proportion of CD8* and CD4* T cells within the TdLNs
remained relatively stable following combined therapy;
however, there was a significant increase in the secretion
capacity of IFN-y and TNF-a. Additionally, we observed a
marked increase in the proportion of CD44*CD8" T cells
or CD44*CD62L*CD8* Tcm cells post-combination treat-
ment. Our results further demonstrated that the antitumor
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efficacy was dependent on the presence of TdLNs, under-
scoring the role of TdLNs as a reservoir that continuously
supplies effector and memory-related T cells, thereby
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facilitating rapid and effective anti-tumor responses. Tcm as
a distinct subset of memory T cells that play a crucial role in
the adaptive immune response [42, 43]. Recent studies have



Cancer Immunology, Immunotherapy (2025) 74:161

Page 150f 18 161

«Fig.6 FTY720 abrogates the therapeutic efficacy of combined MWA
and aPD-L1 therapy on rechallenged tumor. A Graphical depic-
tion of the experimental setup and procedural outline for the B-D
experimental series. B Photographic visualization of the rechallenged
tumor across various experimental groups. C, D Daily tumor volume
measurements and tumor weight assessments following tumor rechal-
lenge. E The proportion of CD3*, CD4* or CD8* T cells within the
rechallenged tumor, as shown in flow cytometry plot. F The propor-
tion of CD3", CD4" or CD8" T cells within TdLNSs, as shown in flow
cytometry plot. G Statistical results for E. H Statistical results for F
(*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001)

emphasized the critical role of Tcm cells in responding to
PD-1/PD-L1 antibody therapy. These Tcm cells can rapidly
react to antigenic challenges, providing long-lasting protec-
tive functions and enhancing the response to tumor re-chal-
lenge [44]. Concomitantly, we observed similar phenomena
within the spleen. Previous research has demonstrated that
the combination of 2-deoxy-D-glucose (2DG) with MWA
exerted anti-tumor effects within LNs by activating STAT-1
and thereby promoting the differentiation of Tcm [45]. Addi-
tionally, it has been found that inhibiting glycolysis after
MWA can promote the differentiation of peripheral Tcm in
breast cancer patients [45].

Conventional Dendritic Cell Type 1 (cDC1) plays a cru-
cial role in modulating anti-tumor T cell responses during
the activation phase within TdLNs [46]. We examined the
DC subsets within the TdLNs and found that combined
therapy significantly enhanced the recruitment of Mig
DCs, while exerting a minimal effect on Res DCs. Notably,
monotherapy appeared to constrain Mig cDC1 populations,
which were restored to normal levels following combined
treatment. Additionally, we observed that combined therapy
promoted the activation of Mig cDC1 cells. However, in the
spleen, no significant differences were observed in the over-
all cDC populations or in specific subpopulations. Previous
studies have reported that under naive and tumor-bearing
conditions, the expression of PD-L1 on ¢cDC1 within the
spleen remains unchanged and is maintained at a relatively
low level [47]. This may account for the minimal changes
observed in the spleen after treatment.

Based on the changes in the tumor immune microenviron-
ment and TdLNs, we employed FTY720 to block the migra-
tion of T cells from TdLNs to the tumor [48]. The results
confirmed that the loss of T cells within TdLNs negates the
efficacy of the combined therapy. After MWA, the release
of antigens is observed, which are then taken up by Mig
DC1 and subsequently transported to TdLNs. Within the
TdLN microenvironment, Mig Dcl presents these antigens
to naive T cells, which further differentiate into Tcm cells.
Under the combined therapy regimen, Tcm cells are primed
to respond more rapidly to tumor rechallenge, differentiating
into effector T cells and migrating to the tumor site to exert
antitumor effects. Consequently, the preservation of TdLNs

may emerge as a new trend in the future, given their crucial
role in the generation of systemic anti-tumor immunity.

Despite the progress made, several significant limitations
remain. First, although the efficacy of combined therapy has
been identified through clinical retrospective studies, vali-
dation has thus far been limited to animal models. Future
investigations should incorporate clinical patient samples to
provide confirmation. Second, while we have observed that
combined therapy increases the infiltration of CD8* T cells
within tumors, a detailed description of the exhaustion state
of these CD8" T cells in response to combined therapy is
lacking. Moreover, this represented merely one of the mul-
tiple mechanisms contributing to the efficacy of the com-
bined therapeutic regimen. The specific differentiation of
Tem within TdLNs, as well as the interactions between DCs
and T cells, remain unclear and warrant further exploration.

In conclusion, our study has demonstrated that the com-
bination of MWA with ICIs showed a promising therapeu-
tic efficacy. In preclinical models, we have identified one
of the causes of post-ablation recurrence and successfully
addressed this issue with the combination of MWA and
oPD-L1 blockade. Furthermore, we have explored the poten-
tial mechanisms underlying the enhanced efficacy of this
combination for treating advanced-stage patients. Impor-
tantly, the efficacy of the combined treatment was contingent
upon the presence of TALNs. Future research was warranted
to further explore and amplify this promising combinational
regime.
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