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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.1 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.2 3 Immunotherapy is an attrac-
tive treatment strategy especially for highly 
immunogenic cancers.4 5 Immune checkpoint 
antagonists specific for CTLA-4, PD-1 and 
PD- L1 have been tested in advanced breast 
cancer.3 5 6 However, the objective response 
rate is relatively low in several subtypes of 
relatively ‘cold’ tumors,2 6 which may be 
partially explained by the low antigenicity 
of these subtypes of breast cancer.7 8 Innova-
tive approaches which can induce immune 
responses against tumor- associated antigens 
may be a promising research direction.8–11

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.12–14 
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.9 15 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.9 10 17–20 Importantly, 
increased peripheral T- cell population and 
T- cell infiltration after thermal ablation have 
been observed mainly in liver tumors.21 22 
Moreover, NK cell response has only been 
reported after radiofrequency ablation of 
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liver tumors in one study.23 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.8 Based on several advantages, microwave ablation 
(MWA) has been attempted in the treatment of breast 
cancer in limited feasibility studies24 25 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 Th1- 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 1 week after ablation, so the peripheral blood 
was examined before and 1 week 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 enrollment for MWA
The patients diagnosed with invasive breast cancer by core 
needle biopsy, with a maximal diameter of ≤3 cm 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 

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 
1 week 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.24 25 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,25 26 MWA for at least 2 min was 
recommended to achieve complete ablation for tumors 
larger than 1 cm, and at least 1 min for tumors smaller 
than 1 cm. 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 contrast- enhanced imagines.27 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.25

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 
1 week 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 1 week 
(detailed complications in online supplemental table 3).

Phenotypical characterization of T cells in peripheral blood
The peripheral blood was obtained before and 1 week 
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 1 week 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 1 week 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). Th1 cytokine inter-
feron gamma (IFN-γ) 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 

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-γ and proinflammatory cytokine IL-6 between the two groups. Data are presented as mean±SD. 
IFN-γ, interferon gamma; IL, interleukin; MWA, microwave ablation; TNF-α, tumor necrosis factor alpha.
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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.28–30 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 1 week 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- L2, 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, naïve 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.31 32 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 CCR7,33 
including naïve (CD45RA+CCR7+), central memory 

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.
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T cell (TCM, CD45RA−CCR7+), effector memory T cell 
(TEM, CD45RA−CCR7−), and terminal effector T cell 
(CD45RA+CCR7−) cell subsets. The percentage of naïve 
CD4+ T cells decreased after MWA and increased after 

surgery, with significant differences (−9.37%±23.00% vs 
33.55%±82.21, p=0.010; figure 4A,C). CD4+ TEM signifi-
cantly increased after MWA (online supplemental figure 
2, p = 0.035), and the increased level of CD4 +TEM in 

Figure 4 Changes in peripheral memory T- cell subsets for 31 patients in the MWA group and 12 patients in the surgery group. 
The changes in CD4+ (A) and CD8+ (B) Tnaïve, TCM, TEM, and TEMRA are shown. (C) Representative flow cytometric plots showing 
CD4+ Tnaïve, TCM, TEM, and TEMRA before and after MWA or surgery. Data are presented as mean±SD. MWA, microwave ablation; 
NS, not significant; TCM, central memory T cell; TEM, effector memory T cell; TEMRA, terminal effector T cell; Tnaïve, naïve T cell.
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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+ TCM and TEMRA 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.16 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 
β (TCRβ) chain and then investigated the sequence of 
TCRβ chain using ultradeep sequencing on pre- MWA 
and post- MWA. Paired peripheral blood mononuclear 
cell (PBMC) samples were obtained from five patients 
(online supplemental methods and table 1). Through 
cDNA sequencing of the TCRβ chain, we detected TCRβ 
sequence reads of 7 095 139±2 768 841 (range from 
3 052 282 to 10 475 722 (online supplemental table 4), 
distributed 503 814±1 32 260 TCRβ 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 TCRβ CDR3 clonotypes 
enriched after MWA, the top 20 abundant TCRβ CDR3 
clonotypes in pretreatment and post- treatment speci-
mens were compared, and most of the enriched TCRβ 
CDR3 clonotypes in post- MWA 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 two cell 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 
T- cell activation34 and plays an important role in T- cell 
memory regulation, especially for CD4+ T cells.35 36 We 
found that CD4+ T cells were activated (ICOS+), and 
CD4+ TEM 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-γ 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,3 37 with more tumor- infiltrating 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 Th1 cytokines were examined after 
MWA treatment. We found that the levels of IFN-γ 
(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+ TEM 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 1 week later, the blood 
samples 4 weeks after MWA were available in 6 patients 
with enhanced CD4+ T cells 1 week 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 1 week 
after MWA. Moreover, the percentage of CD4+ TEM 4 
weeks after MWA was still significantly higher than that 
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Figure 5 Expansion of TCRβ repertoire activated by MWA.(A–E) The distribution of the abundant TCRβ CDR3 clonotypes 
with a frequency of 0.1% or higher is presented in pie charts (top panel) (purple: pre- MWA, blue: post- MWA, gray: portion of 
CDR3 clonotypes below the frequency of 0.1%). The top 20 abundant TCRβ CDR3 clonotypes newly appeared or increased 
after MWA (bottom panel) (purple bars: clonotypes that were rarely observed in pre- MWA samples, blue bars: top 20 abundant 
clonotypes observed in post- MWA samples; red: clonotypes that were completely absent in pre- MWA samples). Representative 
of five patients. (F) The total proportion of the abundant TCRβ CDR3 clonotypes with the frequency of 0.1% or higher was 
significantly increased after MWA (n=5). MWA, microwave ablation; TCRβ, T- cell receptor β
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before MWA (figure 7E), with a lower level of naïve CD4+ 
T cells (figure 7F).

DISCUSSION
Despite great advances in breast cancer therapies, innova-
tive approaches to breast cancer therapy are still needed 
to reduce relapse. As the standard local treatment, surgery 
can induce systemic inflammation and immunosuppres-
sion postoperatively.13 14 As a minimally invasive thermal 
therapy, MWA has been attempted in the treatment of 
breast cancer,24 25 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 Th1- type immune response was reported in 
women with early- stage breast cancer. Importantly, CD4+ 
TEM 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,15 24 38 but the long- term outcomes 
of these therapies in the treatment of breast cancer have 
seldom been reported.27 39 Although surgery completely 
removes the tumors from the body, MWA destroys tumors 
in situ and creates an antigen source for antitumor immu-
nity.16 Immune response induced by minimally invasive 
thermal therapies in breast cancer has only been reported 
in one clinical study with 12 patients.8 Th1- associated 
cytokine levels are stable over time without >1 fold 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-γ level was significantly 
increased about 50% in MWA group with >1 fold change 
in six cases, and the IL-2 level was increased about 1.5- fold 
after MWA, without significant difference from that in the 
surgery group. Moreover, ICOS+ activated CD4+ T- cell 
response was observed after MWA. Th1- 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.13 The variable immune 

Figure 6 ICOS pathway of peripheral T cells activated by MWA of breast cancer. (A) Unsupervised clustering of T cells in 
patients with early- stage breast cancer pre- MWA and post- MWA. Large cell populations are highlighted. (B) The relative 
mRNA expressions of the ICOS pathway in peripheral T cells before and after MWA (n=6). (C) MWA- induced Th1- type immune 
response via ICOS pathway. IFN-γ, interferon gamma; ICOS, inducible co- stimulator; IL, interleukin; MWA, microwave ablation; 
NS, not significant.
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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.9 Necrosis 
results in an expulsion of intracellular contents, including 
DNA, RNA, HSPs and HMGB1, 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.40 Different from other mini-
mally invasive therapies, MWA- induced immune response 
may mainly rely on the coagulative necrosis. MWA may be 

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 studies9 20 41 have suggested weak Th1- 
type immune response is induced by minimally invasive 
thermal therapies, and combined therapy can enhance 
Th1- type response and cytotoxic T- cell response.20 42 43 
However, the tumor cells used in preclinical studies have 
relatively high antigenicity,20 41–43 such as 4T1 breast 
cancer cell, BL6-10 melanoma cell, EG7 thymoma cell, 
and MB49 urothelial carcinoma cell. In this study with 

Figure 7 MWA- induced T- cell response after surgical resection. The percentages of peripheral T cells (A), CD4+ (B), 
ICOS+CD4+ (C), CD8+ (D) and CD4+ effector memory (TEM) (E), and CD4+ naïve (F) T cells 4 weeks after MWA treatment 
(followed by surgical resection 1 week later), 1 week after MWA and before MWA (n=6). Data are presented as mean±SD. ICOS, 
inducible co- stimulator; MWA, microwave ablation; NS, not significant; TEM, effector memory T cell; Tnaïve, naïve T cell.
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cold breast cancers, weak Th1- 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,3 37 MWA- induced immune response 
between luminal and non- luminal breast cancers may 
be different. Interestingly, we found that the Th1- 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.34 ICOS+CD4+ T cells produce greater levels of 
IFN-γ 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-γ increased 
by MWA but not surgery treatment of breast cancer. 
Previous studies44 45 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 1 week after therapy, and the elevation 
from baseline subsequently declined. Furthermore, most 
patients underwent systemic therapy within 1 month 
postsurgery, by which the immune response may be 
influenced. Although significant immune response 
was observed 1 week 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 1 week 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 study46 
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 Th1- type 
immune response and CD4+ TEM 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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Supplementary Methods 

Isolation and flow cytometry of Peripheral blood mononuclear cells 

The main exploratory objective of this study was to determined MWA-induced immune response 1 

week after ablation, so a volume of 6 mL peripheral blood was withdrawn from the patients on the 

day before MWA or surgery and 1 week after the treatments. The peripheral blood was also examined 

4 weeks after MWA to determine whether immune responses still exist after surgical resection of the 

ablated tumor in patients with enhanced CD4+ T cells 1 week after MWA. Then, PBMCs were 

isolated by Ficoll discontinuous density gradient centrifugation and cryopreservation. PBMC were 

thawed and stained using a Zombie Aqua™ Fixable Viability Kit (BioLegend, San Diego, USA). 

Cells were incubated with Human TruStain FcX™ (Fc Receptor Blocking Solution, BioLegend) to 

block the Fc receptors. Then, PBMCs were stained with a cocktail of antibodies (BioLegend) against 

the following surface markers: Alexa Fluor® 700 anti-human CD3 (clone OKT3), FITC anti-human 

CD4 (clone PRA-T4), APC/Cyanine7 anti-human CD8a (clone RPA-T8), PE/Cy7 anti-

human/mouse/rat CD278 (ICOS) (clone C398.4A), PE anti-human CD152 (CTLA-4) (clone L3D10), 

APC anti-human CD279 (PD-1) (clone EH), Brilliant Violet 421™ anti-human TIGIT (VSTM3) 

(clone A15153G), Brilliant Violet 785™ anti-human CD366 (Tim-3) (clone F38-2E2), PE anti-

human CD223 (LAG-3) (clone 11C3C65), Brilliant Violet 421™ anti-human CD45RA (clone HI100), 

and PE anti-human CD197 (CCR7) (clone G043H7). Flow cytometric analysis was performed using 

the BD FACS Aria II cytometer (BD Biosciences), and data were analyzed using FlowJo 10.4 

software.  

Analysis of cytokines and soluble immune checkpoint molecules 

A volume of 4 mL peripheral blood was withdrawn from patients on the day before and 1 week after 
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the treatments. The serum was stored at -80 °C until further analysis. The plasma fraction was isolated 

from the whole blood by centrifugation at 10,000 ×g for 10 min. The concentrations of Tumor 

necrosis factor-α (TNF-α), Interferon-γ (IFN-γ), Interleukin-2(IL-2), Interleukin-4(IL-4), Interleukin-

6 (IL-6), Interleukin-8 (IL-8), Interleukin-10 (IL-10), Interleukin-12p70 (IL-12p70), and Interleukin-

18 (IL-18) in the plasma were measured using Human ELISA Kit (eBiosciences) according to the 

manufacturer’s instructions. The concentrations of 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) in the plasma were 

detected using LEGENDplex™ HU Immune Checkpoint Panel 1-TC (12-plex) w/VbP (BioLegend), 

according to the manufacturer’s instructions. 

TCRβ amplification and sequencing 

Total RNA was extracted from PBMCs using the RNeasy Mini kit (Qiagen, Hilden, Germany) and 

cDNA was synthesized using a PrimeScript RT Master Mix (TaKaRa Shuzo Co, Shiga, Japan) 

according to the manufacturer’s instructions. RNA concentration and integrity were measured by 

Agilent 2100 Bioanalyzer. The cDNA sample was used to construct a library for TCRβ chain 

sequencing using Multiplex PCR. Survey sequencing of TCR was performed by BGI Tech 

(Shenzhen, China) using the Illumina HiSeq4000 platform. Raw sequencing data were analyzed using 

IMonitor. Clean sequences were aligned to V, D and J germline alleles (IMGT database, 

www.imgt.org) by the BLAST, and V, D and J gene segments were assigned for each clone. 

Meanwhile, sequences with poor‐quality control and those including stop codons or frameshift 

mutations were filtered out. Productive TCRβ CDR3 sequences are the object of this study. Of these 

35 MWA cases, 5 paired pre- and post-ablation blood samples were available after quality control and 

the experiments of T cell response by flow cytometry. 
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CD3+ T cells sorting 

CD3+ T cells were sorted from PBMCs with Alexa Fluor® 700 anti-human CD3 antibody by FACS 

Aria II flow cytometer, and the purity of the CD3+ T cells was ≥ 95%. These cells were then processed 

for RNA extraction and resuspended in RPMI-1640 medium supplemented with 10% fetal bovine 

serum (FBS), 1% streptomycin, and 1% penicillin.  

RNA isolation and real-time quantitative PCR  

Total RNA was extracted from purified CD3+ T cells using the RNeasy Mini kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. Absorbance was measured at 260/280 nm to 

assess the purity of mRNA at a ratio > 1.86. cDNA was synthesized using a PrimeScript RT Master 

Mix (TaKaRa Shuzo Co., Shiga, Japan). Specific primers from Invitrogen (Shanghai, China) were 

used for the quantitation of the transcripts. All quantitative real-time PCR reactions were performed 

using SYBR Premix Ex Taq II (TaKaRa) on StepOne Plus Real-Time PCR system (Applied 

Biosystems, USA) in 96-well plates. The expression of the target genes was analyzed by the 2−ΔCT 

method. The primer sequences of mouse genes were as follows: GAPDH: forward 5’-

AGAAGGCTGGGGCTCATTTG-3’, reverse 5’-AGGGGCCATCCACAGTCTTC-3’; ICOS: 

forward 5’- CAGGAGAAATCAATGGTTCTGCC-3’, reverse 5’- 

CCTTTTGTCTTAGTGAGATCGCA-3’; IFN-γ: forward 5’-TCGGTAACTGACTTGAATGTCCA-

3’, reverse 5’- TCGCTTCCCTGTTTTAGCTGC-3’; CD4: forward 5’- 

TGCCTCAGTATGCTGGCTCT-3’, reverse 5’- GAGACCTTTGCCTCCTTGTTC-3’; CD8: forward 

5’- ATGGCCTTACCAGTGACCG-3’, reverse 5’- AGGTTCCAGGTCCGATCCAG-3’; PIK3R1: 

forward 5’-ACCACTACCGGAATGAATCTCT-3’, reverse 5’- GGGATGTGCGGGTATATTCTTC-

3’; ERK: forward 5’- TCACACAGGGTTCCTGACAGA-3’, reverse 5’- 
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ATGCAGCCTACAGACCAAATATC-3’; JNK: forward 5’- TGTGTGGAATCAAGCACCTTC-3’, 

reverse 5’- AGGCGTCATCATAAAACTCGTTC-3’; T-bet: forward 5’- 

GTCCAACAATGTGACCCAGAT-3’, reverse 5’- ACCTCAACGATATGCAGCCG-3’. All the 

experiments were performed in triplicate, and the expression of the target genes was estimated and 

normalized to that of the endogenous control GAPDH gene. 
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Supplementary Figures and Tables 

 

Supplementary Fig. 1. The frequency of peripheral T cell subsets before and 1 week after MWA 

(n=33). a. Scatter plots showing the changes of the activated (ICOS) and exhausted (LAG-3, TIGIT, 

TIM-3 and PD-1) CD8+ T cells. b. Peripheral T cells, CD4+ T, and CD8+ T cells did not 

significantly increase after MWA. c. The activated ICOS+CD4+ T cells increased with a frequency 

of 2.29% without significant differences and the frequency of activated CD8+ T cells significantly 

increased after MWA. NS, not significant. Data are presented as mean ± SD. Source data are 

provided as a Source Data File. 
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Supplementary Fig. 2. The frequencies of peripheral naïve CD4+ T cells (a) and CD4+ effector 

memory T cells (b) before and 1 week after MWA (n=31). Data are presented as mean ± SD. Source 

data are provided as a Source Data File. 
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Supplementary Fig. 3. ICOS pathway of T cells wasn’t activated by surgery of breast cancers. a. 

Unsupervised clustering of T cells in early stage breast cancer patients pre- and post-surgery. Large 

cell populations are highlighted. b. The relative mRNA expressions of ICOS pathway in peripheral T 

cells before and after surgery(n=6). NS, not significant. Data are presented as mean ± SD. Source 

data are provided as a Source Data File. 
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Supplementary Fig. 4 MWA-induced Th1-type immune response in non-luminal and luminal breast 
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cancers. a. The changes of peripheral T cells, CD4+ T cells, CD8+ T cells and ICOS+CD4+T cells 

after MWA treatment in non-luminal (n=14) and luminal (n=19) breast cancers. b. Serum IFN-γ and 

IL-2 significantly increased after MWA treatment in non-luminal (n=13 IFN-γ, n=14 IL-2) breast 

cancers, but not in luminal (n=17 IFN-γ, n=18 IL-2) breast cancers. c. The percentage of peripheral 

naïve CD4+ T cells decreased after MWA in luminal (n=18) and non-luminal (n=13) breast cancers 

with borderline significant differences. The percentage of peripheral CD4+ effector memory T cells 

increased mainly in non-luminal breast cancers not luminal breast cancers. NS, not significant. Data 

are presented as mean ± SD. Source data are provided as a Source Data File. 
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Supplementary Fig. 5. Gating strategy for T cell phenotyping. a. Human lymphocytes were 

identified within single cells. T cells were identified as CD3+ lymphocytes. CD4+T cells and CD8+T 

cells were identified as CD3+CD4+ lymphocytes or CD3+CD4+ lymphocytes, respectively. b. Each 

subset was assessed for expression of ICOS, PD-1, TIGIT, Tim-3, CTLA-4 and LAG-3. c. CD45RA 

and CCR7 were used to identify the functional subpopulation of CD4+T cells and CD8+T cells. 
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Supplementary Table 1. Baseline clinical characteristics of the study 

Gender Age

（years） 

Tumor 

size 

(mm) 

Ablation 

time 

(minute) 

ER 

(%+)* 

PR 

(%+) * 

HER2 

status 

Ki-67 

(%+)* 

Treatments Nodal 

stage# 

TCR 

sequencing 

PCR 

Female 46 14 / 90 90 Negative 15 Surgery pN0   

Female 53 27 / 90 50 Negative 40 Surgery pN1   

Female 40 18 / 90 40 Negative 40 Surgery pN1   

Female 64 14 / 95 10 Negative 25 Surgery pN0   

Female 56 11 / 95 40 Negative 20 Surgery pN1   

Female 56 21 / 0 0 Positive 60 Surgery pN2   

Female 38 21 / 90 80 Negative 40 Surgery pN1   

Female 32 20 / 0 0 Negative 90 Surgery pN0   

Female 44 37 / 60 0 Negative 80 Surgery pN2   

Female 41 27 / 90 70 Negative 60 Surgery pN2   

Female 45 23 / 0 0 Negative 70 Surgery pN1   

Female 59 19.5 / 80 2 Positive 60 Surgery pN0   

Female 64 34 / 0 0 Negative 70 Surgery pN2   

Female 64 17 3 90  90  Negative 30  MWA cN0   

Female 74 15 2.5 90  70  Negative 5  MWA cN0   

Female 50 17 3 90  90  Negative 20  MWA cN0   

Female 51 12 2 0 0 Positive 50  MWA cN0   

Female 80 17 2.5 90  0 Negative 20  MWA cN0 Yes  

Female 86 23 2.25 90  90  Negative 10 MWA cN0   

Female 87 15 2 90  50 Negative 10 MWA cN0   

Female 86 23 3 90 5 Negative 15 MWA cN0 Yes  

Female 70 12 2.5 90 20 Negative 15 MWA cN0   

Female 53 15 2 90  90  Negative 15 MWA cN0  Yes 

Female 85 24 2 80 80 Negative 50 MWA cN0  Yes 
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Female 86 23 2 90  90  Negative 15 MWA cN0 Yes  

Female 50 23 2 90 90 Negative 30 MWA cN0   

Female 76 25 4.5 90  80 Positive 10 MWA cN0   

Female 80 21 3.5 90  30  Negative 15-20 MWA cN0   

Female 71 19 2.5 90  50 Negative 6 MWA followed by surgery pN0   

Female 38 30 2 40 10 Negative 80 MWA followed by surgery pN0   

Female 59 9.8 2 90 30 Negative 70 MWA followed by surgery pN0   

Female 47 22 2.5 10 0 Positive 50 MWA followed by surgery pN0   

Female 47 25 3.5 0 0 Negative 80 MWA followed by surgery pN1   

Female 73 25 3 90  50 Negative 15 MWA followed by surgery pN2   

Female 68 17 3 0 0 Negative 70-80 MWA followed by surgery pN0 Yes  

Female 57 18 4 0 0 Negative 90 MWA followed by surgery pN0 Yes  

Female 70 13 2 90  90  Negative 15 MWA followed by surgery pN0   

Female 62 16 2 90 5 Positive 30 MWA followed by surgery pN1   

Female 47 20 2 0 0 Positive 30 MWA followed by surgery pN1   

Female 40 6 2 0 0 Negative 40 MWA followed by surgery pN0   

Female 39 29 3 0 0 Negative 75 MWA followed by surgery pN1  Yes 

Female 49 23 2.5 90  90  Negative 40 MWA followed by surgery pN0  Yes 

Female 52 22 2 0 0 Positive 60 MWA followed by surgery pN0  Yes 

Female 55 20 2.5 0 0 Negative 50 MWA followed by surgery pN0  Yes 

Female 47 17 2 0 0 Negative 15 MWA followed by surgery pN2   

Female 41 19 2 95 50 Positive 80 MWA followed by surgery pN0   

Female 58 22 3.5 95 80 Negative 30 MWA followed by surgery pN0   

Female 62 19 2.25 0 0 Negative 25 MWA followed by surgery pN0   

*percentage of positive cells 

# cN, clinical nodal stage; pN, pathological nodal stage 
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Supplementary Table 2. Therapies for the 15 patients who underwent MWA without local 

surgery. 

Subtype (n) Chemotherapy Radiotherapy Endocrine therapy Anti-HER2 

HR+/HER2- (13) 0 0 13 0 

HR+/HER2+ (1) 0 0 1 0 

HR-/HER2+ (1) 0 0 0 1 

 

 

Supplementary Table 3. MWA-related complications of 35 patients after ablation# 

Complications N (%) 

Ecchymosis 0 

Hematomas  0 

Skin burns 0 

Swelling 35 (100%) 

Nipple retraction 0 

Infection  0 

# Two patients (5.7%) suffered moderate pain in the procedure of ablation, and the prescheduled 

ablation was completed after additional local anaesthesia.  

 

 

Supplementary Table 4.TCRβ CDR3 sequencing results 

No. 
Pre-MWA Post-MWA 

Reads Clonotypes Reads Clonotypes 

case 3 10475722 677841 9688005 434780 

case 4 3052282 325563 8433647 323504 

case 7 5595142 550215 9590101 618280 

case 17 9440539 639993 5583372 570627 

case 21 3231695 365748 5860889 531590 

 Total 

Reads Clonotypes 

mean 7095139 503814 

SD 

2768841 132260 
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