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ABSTRACT

Background Despite great advances in the treatment of
breast cancer, innovative approaches are still needed to
reduce metastasis. As a minimally invasive local therapy
(not standard therapy for breast cancer), microwave
ablation (MWA) has been attempted to treat breast cancer,
but the local effect and immune response induced by MWA
have seldom been reported.

Methods The clinical study was performed to determine
the complete ablation rate of MWA for early-stage breast
cancer. Secondary endpoints included safety and antitumor
immune response. 35 subjects from this clinical study
were enrolled in the current report, and the local effect
was determined by pathological examinations or follow-up.
To investigate MWA-induced immune response, patients
treated with surgery (n=13) were enrolled as control, and
blood samples were collected before and after MWA or
surgery. The immune cell populations, serum cytokines,
secretory immune checkpoint molecules, and T-cell
receptor sequencing were analyzed.

Results Of 35 enrolled patients, 32 (91.4%) showed
complete ablation. Compared with surgery, MWA induced
significantly increased levels of inducible co-stimulator
(ICOS)+ activated CD4+ T cells and serum interferon
gamma, indicating a shift in the Th1/Th2 balance toward
Th1. The activated ICOS pathway was involved in the
MWA-induced adaptive immune response. T-cell receptor
sequencing revealed MWA of primary tumor activated

T lymphocytes expansion and recognized some cancer-
specific antigens. Moreover, CD4+ effector memory T-cell
response was induced by MWA, and the immune response
still existed after surgical resection of the ablated tumor.
Conclusions MWA may not only be a promising local
therapy but also a trigger of antitumor immunity for breast
cancer, opening new avenues for the treatment of breast
cancer. Combinatorial strategy using additional agents
which boost MWA-induced immune response could be
considered as potential treatment for clinical study for
early breast cancer therapy.

BACKGROUND

Breast cancer is a significant threat to
women’s health.! Although the survival has
been significantly improved due to advances

in early detection and therapy, some patients
still suffer from metastatic breast cancer even
after systemic therapies, especially for triple-
negative breast cancer (TNBC). Therefore,
innovative approaches for breast cancer
therapy are still needed to reduce metastasis
and relapse.” > Immunotherapy is an attrac-
tive treatment strategy especially for highly
immunogenic cancers.'’ Immune checkpoint
antagonists specific for CTLA-4, PD-1 and
PD-L1 have been tested in advanced breast
cancer.” ® ° However, the objective response
rate is relatively low in several subtypes of
relatively ‘cold’ turnors,2 % which may be
partially explained by the low antigenicity
of these subtypes of breast cancer. ¥ Innova-
tive approaches which can induce immune
responses against tumor-associated antigens
may be a promising research direction.*"'
Surgery is the standard local treatment for
early-stage breast cancer. However, systemic
inflammation and surgery-associated immu-
nosuppression during the postoperative
period are reported in several studies.'**
Moreover, surgical stress induces a shift in the
Th1/Th2 balance toward Th2,14 so less inva-
sive surgical procedures are recommended.
Due to the advantages over surgery, mini-
mally invasive thermal therapies have been
attempted to treat breast cancer and other
solid tumors.” ' In situ tumor ablation can
create an antigen source for the generation
of antitumor immunity.16 As an effective local
treatment for solid tumors, ablation-related
immuno-modulation has been reported
in preclinical studies.” ' ' Importantly,
increased peripheral T-cell population and
T-cell infiltration after thermal ablation have
been observed mainly in liver tumors.”! *
Moreover, NK cell response has only been
reported after radiofrequency ablation of
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liver tumors in one study.”’ Peripheral elevated levels of
inducible co-stimulator+ (ICOS+, a member of the CD28
costimulatory family, as a surrogate of T-cell activation)
activated T cells were observed in six patients treated with
cryoablation combined with ipilimumab in a previous
study.” Based on several advantages, microwave ablation
(MWA) has been attempted in the treatment of breast
cancer in limited feasibility studies® ** about ablation of
small tumors followed by immediately resection. To the
best of our knowledge, the immune response induced by
ablation for breast cancer has seldom been reported.

This clinical study was performed to determine
the complete ablation rate of MWA for breast cancer
confirmed by delayed surgery or follow-up. Secondary
and exploratory endpoints included safety and antitumor
immune response. Herein, we found MWA was a prom-
ising local therapy for breast cancer with a high complete
ablation rate. Moreover, MWA induced Thl-type immune
response in women with early-stage breast cancer. Impor-
tantly, the ICOS pathway was activated in MWA-induced
immune response. Furthermore, CD4+ T-cell memory
formation was initiated by MWA. As a minimally invasive
local therapy, MWA may not only be a promising local
therapy but also a trigger of antitumor immunity for
breast cancer. Therefore, MWA may be a promising alter-
native to surgery for the local therapy of breast cancer,
although future studies are recommended to confirm our
results.

METHODS

Study design

A single-arm, multicenter clinical study was performed
to determine the local effect of MWA in the treatment
of early-stage breast cancer. Secondary and explor-
atory endpoints included safety and antitumor immune
response.

From July 2016 to June 2019, 35 subjects who under-
went MWA successfully were enrolled in this study. From
August 2018 to December 2018, 13 consecutive patients
diagnosed with invasive breast cancer with similar clin-
ical stages to those in the MWA group, who underwent
standard surgery, were included as controls for the anal-
ysis of immune response (figure 1B). The main explor-
atory objective was to determine MWA-induced immune
response lweek after ablation, so the peripheral blood
was examined before and 1week after MWA or surgery
(figure 1A). The blood was also examined 4 weeks after
MWA in selected cases to determine whether immune
responses still exist after surgical resection of the ablated
tumor.

Patient enroliment for MWA

The patients diagnosed with invasive breast cancer by core
needle biopsy, with a maximal diameter of <3cm proved
by ultrasound, were enrolled in the single-arm, multi-
center clinical study. Before any treatment, the status
of hormone receptor, human epidermal growth factor
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Figure 1

Phenotypical characterization of peripheral T cells in patients treated with MWA. (A) Schematic illustrating the study

design. (B) Basic characteristics of enrolled patients.(C) Heat map of the changes in peripheral T cells, CD4+, and CD8+ T-

cell subsets in the MWA group (n=33) and the surgery group (n=12). The increased frequencies of peripheral T cells (D), CD4+
(E), but not CD8+ (F) T cells in patients treated with MWA were compared with those in surgery. (G) Scatter plots showing the
changes in the activated (ICOS) and exhausted (LAG-3, TIGIT, TIM-3 and PD-1) CD4+ T cells. Data are presented as mean+SD.
HER2, human epidermal growth factor receptor 2; ICOS, inducible co-stimulator; MWA, microwave ablation; NS, not significant.
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receptor 2 (HER2), and Ki67 was evaluated. Only a single
tumor, without an extensive intraductal component and
infiltration to the skin or pectoralis major muscle, was
included.

MWA and other treatments

In the MWA group, all enrolled patients underwent MWA
successfully. If they declined or were unsuitable for surgery
due to medical conditions, surgery was not performed.
Otherwise, prescheduled surgery was performed over
1week after MWA. Subsequently, other systemic therapies
were recommended according to the guidelines.

MWA was performed under local anesthesia according
to the guidelines in our center.** * The microwave irra-
diation frequency of the system (Nanjing Yigao Micro-
wave Electric Institute, Nanjing, China) was 2450 MHz
with an output power set at 40 W. According to our
previous experiences,” * MWA for at least 2min was
recommended to achieve complete ablation for tumors
larger than 1cm, and at least 1 min for tumors smaller
than 1cm. Two to five minutes were needed for MWA in
this study. Complete ablation was defined as the tumor
disappearing completely on ultrasound. Any complica-
tion related to MWA was assessed based on pathology or
follow-up imaging.

Clinical assessment of local effect for MWA
For patients who underwent MWA without local surgery,
breast MRI and contrast-enhanced ultrasound was recom-
mended 1 month after MWA and then every year during
follow-up. Breast ultrasound was recommended half
a year, and mammography was performed every year
after MWA. Complete ablation was defined as no focal
enhancement within or at the periphery of the tumor
confirmed by contrastenhanced imagines.”” When
suspected local recurrence was observed, biopsy or local
surgery was recommended. For patients who underwent
MWA followed by surgery, complete ablation was defined
as no viable tumor cells determined by pathological
examinations.”

More details about methods of this study are available
in online supplemental materials.

Statistical analysis
Numerical data are reported as mean+SD. The percentage
changes from baseline (relative increase) of T-cell
markers were calculated. The difference in the changes
between the MWA and surgery groups was determined
by the parametric test. The difference before and after
MWA or surgery was assessed by Student’s paired t-test.
A p valueof <0.05 was considered statistically significant.
Unsupervised clustering of T cells in breast cancer
samples of patients with MWA or surgery was performed
by FlowSOM packages in R/Bioconductor (source
repository: git clone https://git.bioconductor.org/pack-
ages/FlowSOM), which is an algorithm that uses self-
organizing maps (SOMs) for automated clustering and
dimensionality reduction. Briefly, five steps are provided

in this package: first, the data are read and preprocessed.
Then, SOMs are built based on the data contained in the
FlowSOM object, and the distance matrix is calculated
by a minimal spanning tree neighborhood. The fourth
step is to perform a metaclustering of the data. Finally,
the FlowSOM grid or tree is plotted, in which each node
is represented by a star chart indicating median marker
values.

RESULTS

Characteristics of the study population and local effect of
MWA

Thirty-five subjects from this trial, in whom MWA was
successfully performed, were enrolled in the present
study. The baseline clinical characteristics are shown in
figure 1B (detailed in online supplemental table 1). All
patients were diagnosed with invasive breast cancer 3.0 cm
or less in diameter. Of these 35 patients, 15 patients, who
declined or were not candidates for surgery due to medical
conditions, underwent MWA without local surgery, and
20 underwent MWA followed by prescheduled surgery
1week later. Of these 20 cases, unexpected intraductal
carcinoma was found beyond the targeted tumor in three
cases, defined as no complete ablation. Of the 15 patients
treated with MWA (detailed therapies in online supple-
mental table 2), no local recurrence was observed with a
median follow-up of 36 months (range 13-47 months). Of
all these 35 cases, 32 (91.4%) showed complete ablation
confirmed by follow-up or pathological examinations. All
(100%) showed local swelling at the treatment site about
2-3 days after ablation which then disappeared in 1week
(detailed complications in online supplemental table 3).

Phenotypical characterization of T cells in peripheral blood
The peripheral blood was obtained before and 1week
after MWA, not influenced by following surgery or
systemic therapy (figure 1A). Thirteen other patients with
early-stage breast cancer, who underwent surgery only,
were enrolled as control (figure 1B), and the periph-
eral blood was examined before and 1week after surgery
(figure 1A).

The changes in peripheral T cells, CD4+, and CD8+
T-cell subsets were compared between the two groups
(figure 1C). The increased percentage of peripheral T
cells 1week after MWA (n=33) was significantly higher
than that in the surgery group (n=12) (3.37%+30.31%
vs -19.42%+31.82%, p=0.033; figure 1D). Interest
ingly, the increased percentage of peripheral CD4+ T
cells was significantly larger than that in the surgery
group (10.68%+46.04% vs -23.81%+35.91%, p=0.024;
figure 1E), but no significant difference was observed
for CD8+ T cells (0.82%+27.84% vs -15.44%+31.59%,
p=0.102; figure 1F). When ICOS expression was evaluated
as a surrogate of T-cell activation, a significant increase in
the proportion of activated T cells after MWA was observed
in the CD4+ subset (4.04%+11.69% vs —9.37%+23.48%,
p=0.014; figure 1G) but not in the CD8+ subset (p=0.475,
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online supplemental figure 1A) compared with that in
the surgery group. When LAG-3, TIGIT, TIM-3, and PD-1
were evaluated as exhausted phenotype, there was no
significant change between the two groups in the propor-
tion of exhausted T cells in either CD4+ (figure 1G) or
CD8+ subset (online supplemental figure 1A).

The peripheral frequencies of all T cells, CD4+, or CD8+
T cells after MWA were not significantly higher than those
before MWA (online supplemental figure 1B). However,
the frequencies of ICOS+CD4+ and ICOS+CD8+ T cells
seemed to increase after MWA (online supplemental
figure 1C).

MWA-induced upregulation of Th1-associated cytokines

Peripheral Th1 and Th2 cytokines were measured before
and 1 week after therapy (figure 2A). Thl cytokine inter-
feron gamma (IFN-y) but not interleukin (IL)-2, IL-12 or
IL-18 significantly increased after MWA (n=32) compared
with surgery (n=13) (figure 2B). In contrast, the differ-
ences of Th2 cytokines IL-4 and IL-10 between surgery
and MWA groups were not significant (figure 2A). In
addition, proinflammatory cytokine IL-6 exhibited a
2.76-fold increase after surgery, but only increased a little
after MWA, with a significant difference between the two
groups (p=0.002, figure 2B). No significant difference in
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Figure 2 Changes in peripheral cytokines induced by MWA in comparison to surgery. (A) Heat map of the changes in
peripheral cytokines in the MWA group (n=32) and the surgery group (n=13). (B) Scatter plots showing the changes in peripheral
Th1-associated cytokine IFN-y and proinflammatory cytokine IL-6 between the two groups. Data are presented as mean+SD.
IFN-y, interferon gamma; IL, interleukin; MWA, microwave ablation; TNF-o, tumor necrosis factor alpha.
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Figure 3 Changes in secretory immune checkpoint molecules in the blood. The changes in sPD-L1 (A), sPD-1 (C) and sLAG-3
(F) in the MWA group (n=35) and surgery group (n=13) were not significantly different. sPD-L2 (B), sTIM-3 (D) and sGalectin-9
(E) decreased after MWA, with significant differences from that in surgery group. Data are presented as mean+SD. MWA,

microwave ablation; NS, not significant.

the changes in IL-8 and tumor necrosis factor alpha was
observed between the two groups.

MWA-induced secretory immune checkpoint molecules
different from surgery

In vivo anticancer immune response may be counterbal-
anced by the number of immune checkpoints. Soluble
immune checkpoint molecules in the blood may reflect
host immunity and indicate the effect of therapeutic strat-
egies for patients with cancer.”*™" To further determine
the immune response induced by MWA, soluble PD-L1
(sPD-L1), PD-L2 (sPD-L2), PD-1 (sPD-1), TIM-3 (sTIM-
3), LAG-3 (sLAG-3) and galectin-9 (sGalectin-9) were
examined in peripheral blood before and 1week after
MWA (figure 3A-F).

Among 13 surgery cases, levels of all soluble immune
checkpoint molecules listed earlier increased after
surgery. On the other hand, in all 35 MWA cases, levels
of sPD-L1, sPD-1 and sLAG-3 also slightly increased after
MWA, which were similar to those in the surgery group

(figure 3A,C and F). Interestingly, levels of sPD-L.2, sTIM-3
and sGalectin-9 decreased after MWA, with significant
differences from those in surgery group (figure 3B,D and
E).

Upregulation of memory T cells induced by MWA of breast
cancer

In response to antigenic challenge, naive T cells prolif-
erate and differentiate. Then over 95% of these cells die
later after antigenic clearance, leaving behind a small
pool of long-lived memory cells. Memory T cells turn into
effector T cells on encountering the antigen and provide
effective secondary immunoresponses.” ** The changes
in peripheral memory T-cell subsets were examined for
31 patients in the MWA group and 12 patients in the
surgery group (figure 4).

Major functional subsets of T cells are delin-
eated by the expression of the cell surface CD45
isoform CD45RA and chemokine receptor CCR7,”
including naive (CD45RA'CCR7"), central memory
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surgery, with significant differences (-9.37%=+23.00% vs
33.55%+82.21, p=0.010; figure 4A,C). CD4+ T, signifi-
cantly increased after MWA (online supplemental figure
2, p = 0.035), and the increased level of CD4 +T,, in
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MWA group was significantly higher than that in surgery
group (22.12%=+43.52% vs -19.03%+25.25, p=0.004;
figure 4A,C). CD4+ T, and T, as well as CD8+ T-cell
subsets were similar in both groups (figure 4A,B).

Peripheral clonal T-cell expansions after MWA

In situ tumor ablation may create a tumor antigen source
for the generation of antitumor immunity.'® To deter-
mine whether MWA of breast cancer can induce tumor
antigen release and peripheral clonal T-cell expansions,
we used multiplex PCR to amplify the T-cell receptor
B (TCRP) chain and then investigated the sequence of
TCRP chain using ultradeep sequencing on pre-MWA
and postMWA. Paired peripheral blood mononuclear
cell (PBMC) samples were obtained from five patients
(online supplemental methods and table 1). Through
c¢DNA sequencing of the TCRP chain, we detected TCRf
sequence reads of 7 095 139+2768841 (range from
3052282 to 10 475 722 (online supplemental table 4),
distributed 503 814+132260 TCRP complementarity
determining region 3 (CDR3) clonotypes in PBMC spec-
imens. We calculated the proportions of abundant CDR3
clonotypes (defined as the clonotypes with the frequency
of 0.1% or higher), and found that the sum of the abun-
dant CDR3 clonotypes was significantly increased after
MWA (20.56%=9.07 vs 25.90%=7.83, paired t test p=0.013,
figure 5). To further illustrate the TCRB CDR3 clonotypes
enriched after MWA, the top 20 abundant TCRP3 CDR3
clonotypes in pretreatment and post-treatment speci-
mens were compared, and most of the enriched TCRf
CDR3 clonotypes in postMWA samples were absent or
rarely present in pre-MWA samples (figure 5).

Activated ICOS pathway in MWA-induced activated CD4+ T
cells
To understand T-cell subpopulations in more granular
detail, unsupervised clustering analysis was performed
(figure 6A and online supplemental figure 3). Before
any treatment, clustering around twocell populations
were observed: CD3+CD4+ cells with moderate PD-1 and
ICOS expression (online supplemental figure 3A), and
CD3 +CD8+ cells with moderate to high PD-1 expression
(figure 6A and online supplemental figure 3A). After
MWA, CD3+CD4+ICOS+ cell population was obviously
increased (figure 6A). Moreover, CD3+CD8+ICOS+cell
population was found in several cases after MWA
(figure 6A). From the cluster maps, the expression of CD4
and ICOS mainly increased after MWA but not surgery.
It has been reported that ICOS is upregulated following
Tecell activation® and plays an important role in T-cell
memory regulation, especially for CD4+ T cells.”” ** We
found that CD4+ T cells were activated (ICOS+), and
CD4+ T, also increased after MWA in this study. The
ICOS pathway may be activated by MWA of breast cancer.
To further confirm this observation, reverse transcription
PCR of peripheral T cells was performed in six MWA cases
with activated CD4+ T cells (figure 6B,C). The mRNA
levels of CD4 and ICOS were significantly increased after

MWA (figure 6B). Also, the PIK3R1 mRNA increased after
MWA (figure 6B). Importantly, the mRNA levels of ICOS
downstream factors, including JNK and ERK, but not p38,
were significantly increased. Furthermore, the mRNA
levels of IFN-y and the Th1 associated transcription factor
T-bet were also significantly increased (figure 6B), while
the CD8 mRNA level did not significantly increase. On
the other hand, the ICOS pathway was not activated by
surgery in breast cancer (online supplemental figure 3B).

MWA-induced Th1-type immune response mainly in non-
luminal breast cancers
Non-luminal breast cancers (HER2+ breast cancer and
TNBC) are more immunogenic than luminal breast
cancers,” ¥ with more tumorinfiltrating lymphocytes
in non-luminal breast cancers from analysis of biopsy
samples in this study (detailed data not shown). The
changes in MWA-induced immune response were exam-
ined in luminal-HER2-negative breast cancers (luminal
group) and non-luminal breast cancers. In non-luminal
breast cancers (n=14), the peripheral percentages of
CD4+ and ICOS+CD4+ T cells were significantly increased
after MWA treatment (online supplemental figure 4A),
but not CD8+ T cells. However, the peripheral percent-
ages of all T cells, CD4+, ICOS+CD4+ and CD8+ T cells,
were not significantly increased after MWA in luminal
breast cancers (n=19, online supplemental figure 4A).
The changes in Thl cytokines were examined after
MWA treatment. We found that the levels of IFN-y
(p=0.041) and IL-2 (p=0.044) significantly increased after
MWA in non-luminal breast cancers but not in luminal
breast cancers (online supplemental figure 4B). No
significant changes in other cytokines were observed in
non-luminal or luminal breast cancers after MWA treat-
ment. Additionally, the percentage of CD4+ T signifi-
cantly increased with a mean level of 34.29% after MWA
(online supplemental figure 4C, p=0.037) in non-luminal
breast cancers, but no significant difference was observed
in luminal breast cancers (online supplemental figure
4C).

MWA-induced T-cell response after surgical resection

Because MWA is not the standard local therapy for breast
cancer currently, it is important to determine the MWA-
induced immune response after surgical resection in the
current situation. Of 20 patients who underwent MWA
followed by prescheduled surgery 1week later, the blood
samples 4 weeks after MWA were available in 6 patients
with enhanced CD4+ T cells 1week after MWA. We found
that the percentages of T cells and CD4+ T cells 4 weeks
after MWA were still higher than those before MWA;
however, the percentage of ICOS+ early-activated CD4+ T
cells 4 weeks after MWA was significantly lower than that
before MWA (figure 7A—C). Importantly, the percentage
of CD8+ T cells significantly increased 4 weeks after MWA
(figure 7D), but this difference was not observed 1week
after MWA. Moreover, the percentage of CD4+ T, 4

EM
weeks after MWA was still significantly higher than that
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before MWA (figure 7E), with a lower level of naive CD4+
T cells (figure 7F).

DISCUSSION

Despite great advances in breast cancer therapies, innova-
tive approaches to breast cancer therapy are still needed
toreduce relapse. As the standard local treatment, surgery
can induce systemic inflammation and immunosuppres-
sion postoperatively.13 " As a minimally invasive thermal
therapy, MWA has been attempted in the treatment of
breast camcer,24 % and we found MWA was a promising
local therapy for breast cancer with a high complete abla-
tion rate in this study. To the best of our knowledge, the
immune response induced by ablation of breast cancer
has not been clearly documented. In this study, MWA-
induced Thl-type immune response was reported in
women with early-stage breast cancer. Importantly, CD4+
T,, response was induced by MWA, possibly providing
long-term protection against breast cancer. Furthermore,
the ICOS pathway of peripheral T cells was activated by
MWA of breast cancer. TCR sequencing revealed MWA
of primary tumor activated peripheral T lymphocyte
expansion and recognized some cancer-specific antigens.
This study may offer a potentially effective alternative for
surgery to treat early-stage breast cancer, although long-
term local effect and systemic immune response should
be determined in the future.

Minimally invasive thermal therapies have been applied
to treat small breast cancers in several phase I/II trials
with small sample sizes,"” *** but the long-term outcomes
of these therapies in the treatment of breast cancer have
seldom been reported.”” ** Although surgery completely
removes the tumors from the body, MWA destroys tumors
in situ and creates an antigen source for antitumor immu-
nity.'"® Immune response induced by minimally invasive
thermal therapies in breast cancer has only been reported
in one clinical study with 12 patients.® Thl-associated
cytokine levels are stable over time without >1fold change
in the cryotherapy-only group including six patients, and
markedly elevations in these cytokines were observed in
six cases treated with cryotherapy and ipilimumab. Acti-
vated T-cell response was observed in the cryotherapy
and ipilimumab groups, but not in the cryotherapy-only
group. In this study, the IFN-y level was significantly
increased about 50% in MWA group with >1fold change
in six cases, and the IL-2 level was increased about 1.5-fold
after MWA, without significant difference from thatin the
surgery group. Moreover, ICOS+ activated CD4+ T-cell
response was observed after MWA. Thl-type immune
response was induced by MWA compared with surgery,
and less inflammatory microenvironment was caused
by MWA than surgery. This postablation microenviron-
ment may provide protection against tumors, unlike the
systemic inflammatory and immunosuppressive microen-
vironments induced by surgery."”” The variable immune
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response to thermal ablation has been attributed to the
balance between coagulative necrosis of the central abla-
tion zone and apoptosis of periablational tissue.’ Necrosis
results in an expulsion of intracellular contents, including
DNA, RNA, HSPs and HMGBI1, which alert the immune
system; however, apoptosis may induce immunosuppres-
sion towards the antigens of the cell. High-power MWA
leads to little local periablational inflammation with a
very narrow rim of periablational tissue that is exposed to
non-lethal levels of heating.* Different from other mini-
mally invasive therapies, MWA-induced immune response
may mainly rely on the coagulative necrosis. MWA may be

effector memory T cell; T naive T cell.

EM’ naive’

a promising approach in inducing immune changes for
breast cancer, although the difference between MWA and
other ablations including cryotherapy should be deter-
mined in the future.

Preclinical studies” ** *' have suggested weak Thl-
type immune response is induced by minimally invasive
thermal therapies, and combined therapy can enhance
Thl-type response and cytotoxic T-cell response.”’ ** *
However, the tumor cells used in preclinical studies have
relatively high antigenicity,” *'™* such as 4T1 breast
cancer cell, BL6-10 melanoma cell, EG7 thymoma cell,
and MB49 urothelial carcinoma cell. In this study with
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cold breast cancers, weak Thl-type immune response was
found in patients with breast cancer treated with MWA
in comparison to the systemic inflammation and immu-
nosuppression microenvironments induced by standard
surgery. Although the MWA-induced immune response
was weak, activated CD8+ T-cell response was observed in
several cases 1 week after MWA. Moreover, the percentage
of cytotoxic CD8+ T cells significantly increased 4 weeks
after MWA in selected cases. Therefore, it is important to
investigate the group of patients who will present strong
immune response induced by MWA. Since HER2+ breast
cancer and TNBC are more immunogenic than luminal
breast cancers,” * MWA-induced immune response
between luminal and non-luminal breast cancers may
be different. Interestingly, we found that the Thl-type
immune response was mainly observed after MWA in
non-luminal breast cancers. Our results also indicate that
luminal-HER2-negative breast cancer is a really cold type
of breast cancer, very different from non-luminal breast
cancers. For relative ‘hot’ non-luminal breast cancer, not
only immediately immune response was induced by MWA,
but also effective secondary immunologic responses may
arise. For luminal breast cancers, no significant immune
response and systemic inflammation/immunosup-
pression were induced by MWA. Future studies are still
needed to identify patients who will show strong MWA-
induced immune responses.

ICOS, a member of the CD28 costimulatory family,
is upregulated on the surface of T cells following T-cell
activation.” ICOS+CD4+ T cells produce greater levels of
IFN-y compared with ICOS-CD4+ T cells, and ICOS+CD4+
T cells in the peripheral blood are related to increased
survival after CTLA-4 blockade. In this study, we found
that the ICOS pathway was activated and IFN-y increased
by MWA but not surgery treatment of breast cancer.
Previous studies* * have reported CTLA-4 blockade
leads to a higher frequency of ICOS+CD4+ T cells, and
providing additional signal to the ICOS pathway in the
setting of CTLA-4 blockade markedly enhances the anti-
tumor efficacy. MWA, which can provide additional signal
to the ICOS pathway, combined with CTLA-4 blockade
may be a promising strategy for the treatment of breast
cancer. Moreover, we found that PD-1+exhausted CD8+
T-cell population was a major T-cell population in patients
with breast cancer, which was not significantly influenced
by MWA or surgery. PD-1 blockade may enhance the adap-
tive immune response induced by MWA in these patients.

Several potential limitations of our study should be
considered. First, the previous study has found that
peripheral T-cell response was induced by cryotherapy
and ipilimumab 1week after therapy, and the elevation
from baseline subsequently declined. Furthermore, most
patients underwent systemic therapy within 1month
postsurgery, by which the immune response may be
influenced. Although significant immune response
was observed l1week after MWA in our present study,
the long-term immune response and the effect of this
response on clinical outcome are still unknown. Second,

tumor infiltrated lymphocytes were not analyzed in this
study because of too few viable cells obtained 1week after
MWA, and this local response may be determined for a
long time interval after ablation in the future. Third, we
cannot exclude the relationship between the immune
response and the ablation of normal breast tissue abso-
lutely, although little normal breast tissue surrounding
the tumor was ablated. Moreover, the previous study®’
has found that MWA of normal tissue has no effect on
immune response in model mice. Fourth, since MWA is
still not the standard local therapy for early-stage breast
cancer and the MWA-induced immune response is weak,
a certain combination strategy is urgently needed to test
the local and systemic effects for the treatment of breast
cancer.

CONCLUSIONS

As a minimally invasive therapy, MWA is an effective local
treatment for breast cancer. MWA-induced Thl-type
immune response and CD4+ T, response were found.
Considering surgery-induced systemic inflammation and
immunosuppression microenvironments, MWA might be
a trigger of antitumor immunity in breast cancer, espe-
cially for non-luminal breast cancer. Taken together,
MWA may be a promising alternative to surgery for the
local therapy of breast cancer, and combinatorial strategy
using additional agents (eg, CTLA-4 inhibitor) which
boost MWA-induced immune response could be consid-
ered as potential treatment for clinical study for early
breast cancer therapy.
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