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mechanical disruption of tumor with
immune checkpoint blockade modifies
tumor microenvironment and augments
systemic antitumor immunity
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ABSTRACT

Background Despite multimodal adjuvant management
with radiotherapy, chemotherapy and hormonal therapies,
most surgically resected primary breast cancers relapse
or metastasize. A potential solution to late and distant
recurrence is to augment systemic antitumor immunity,
in part by appropriately presenting tumor antigens,

but also by modulating the immunosuppressive tumor
microenvironment (TME). We previously validated this
concept in models of murine carcinoma treated with a
novel predominately microcavitating version of high-
intensity focused ultrasound (HIFU), mechanical high-
intensity focused ultrasound (M-HIFU). Here we elucidated
the mechanisms of enhanced antitumor immunity by
M-HIFU over conventional thermal high-intensity focused
ultrasound (T-HIFU) and investigated the potential of

the combinatorial strategy with an immune checkpoint
inhibitor, anti-PD-L1 antibody.

Methods The antitumor efficacy of treatments was
investigated in syngeneic murine breast cancer models
using triple-negative (E0771) or human ErbB-2 (HER2)
expressing (MM3MG-HER2) tumors in C57BL/6 or
BALB/c mice, respectively. Induction of systemic
antitumor immunity by the treatments was tested using
bilateral tumor implantation models. Flow cytometry,
immunohistochemistry, and single-cell RNA sequencing
were performed to elucidate detailed effects of HIFU
treatments or combination treatment on TME, including the
activation status of CD8 T cells and polarization of tumor-
associated macrophages (TAMSs).

Results More potent systemic antitumor immunity

and tumor growth suppression were induced by M-

HIFU compared with T-HIFU. Molecular characterization
of the TME after M-HIFU by single-cell RNA

sequencing demonstrated repolarization of TAM to the
immunostimulatory M1 subtype compared with TME post-
T-HIFU. Concurrent anti-PD-L1 antibody administration
or depletion of CD4" T cells containing a population of
regulatory T cells markedly increased T cell-mediated
antitumor immunity and tumor growth suppression at
distant, untreated tumor sites in M-HIFU treated mice

,' Pankaj Agarwal,’ Joshua Snyder," William Gwin,*

,! Takuya Osada @

compared with M-HIFU monotherapy. CD8 T and natural
killer cells played major roles as effector cells in the
combination treatment.

Conclusions Physical disruption of the TME by M-HIFU
repolarizes TAM, enhances T-cell infiltration, and, when
combined with anti-PD-L1 antibody, mediates superior
systemic antitumor immune responses and distant tumor
growth suppression. These findings suggest M-HIFU
combined with anti-PD-L1 may be useful in reducing late
recurrence or metastasis when applied to primary tumors.

BACKGROUND

Triple-negative and human ErbB-2 (HER2)-
positive breast cancers (BCs) have a high
rate of metastatic spread despite initial
localized presentations and multimodality
therapy.'™ Cancer immunotherapy in the
form of immune checkpoint blockade
(ICB) has had modest activity limited
to small percentages of triple-negative
BCs.'® The reasons for the limited efficacy
of ICB therapy in BC include a relatively
low somatic mutation rate, the failure of
the tumor to attract an immune infiltrate,
particularly tumor-infiltrating lymphocytes,
expression of additional immune check-
point molecules in the tumor microenvi-
ronment (TME) suppressing the adaptive
immune response,’ and suppression of
intratumoral innate immunity by inhibitory
cell type, such as regulatory T cells (Tregs),
tumor-associated macrophages (TAMs), and
myeloid derived suppressor cells. In fact,
aggressive BC growth and invasion have
been associated with TAM in both preclin-
ical and clinical studies.” Consequently,
modifying the polarization of TAM in the
TME has become a focus of attempts to
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increase the efficacy of BC immunotherapy.® Unfortu-
nately, pharmacological strategies to specifically modu-
late TAMs, without systemic alteration in non-TAM,
have not been successful to date,9 and alternatives such
as local delivery or ablation are being pursued.'*"?

Locally ablating tumor cells in the TME by image-
guided delivery of various energies, including high-
intensity focused ultrasound (HIFU), radiofrequency,
microwaves, and cryoprobes has been clinically used as a
minimally invasive therapy for localized prostate, breast,
liver, kidney, bone and brain tumors."* '° Such ablative
therapies produce tumor cell destruction using different
sources of energy but also elicit antitumor immune
response against antigens within the tumor debris in
sit.'® 7 Conventional HIFU (thermal high-intensity
focused ultrasound (T-HIFU)) induces rapid coagula-
tive necrosis of the tissue at the targeted foci of applied
energy."” Tissue proximal to the targeted foci, while not
coagulated, undergoes thermal stress sufficient enough
to cause apoptosis. As T-HIFU-treated cells release endog-
enous danger signals, resulting in secretion of interferon
gamma (IFN-y) and/or tumor necrosis factor alpha
(TNF-00) from immune cells,'® ' an increase in accumu-
lation of CD4" and CD8" cells in T-HIFU-treated tumors
has been observed.?’? Nonetheless, limitations to the
efficacy of THIFU in larger tumors* have led to the study
of alternative forms of HIFU to destroy tumors, such as
high-pressure bursts that cause acoustic cavitation that
we term mechanical high-intensity focused ultrasound
(M-HIFU).* We have previously reported that, compared
with T-HIFU, M-HIFU increased the accumulation of
dendritic cells in treated tumors, demonstrated stronger
antitumor efficacy, generated enhanced antitumor immu-
nity, and reduced the risk of metastasis.”” ** We noted that
M-HIFU also increased the infiltration of T cells in the
treated tumors.

To better delineate the mechanism for the greater anti-
tumor immunity induced by M-HIFU, we used single-cell
RNA sequencing of the tumor and TME following either
no treatment or conventional T-HIFU and M-HIFU. We
evaluated changes in the local and distant TMEs of murine
BCs and observed a switch in macrophage subtype within
M-HIFU-treated tumors that was absent following T-HIFU
treatment. Further, we noted upregulation of immune
checkpoint molecules, such as programmed cell death-1
(PD-1) /programmed cell death ligand 1 (PD-L1),lympho-
cyte activation gene 3 or TIM-3, which could exhaust acti-
vated T cells in the TME, resulting in the suppression of
antitumor immunity.”' Therefore, we studied the combi-
nation of M-HIFU and anti-PD-L1 therapy, which demon-
strated upregulated gene expression by CD8" T cells
in type I interferon-mediated signaling pathway, T-cell
proliferation, and chemokine/cytokine secretion, and
was associated with dramatic increases in the local and
distant antitumor effects, including complete responses
in the majority of treated animals.

METHODS

Cell lines

MM3MG, a murine premalignant mammary epithelial
cell line, was transduced with the human HER2 onco-
gene by retroviral vectors and polybrene to express HER2
(referred to as MM3MG-HER2 cells) in our laboratory.27
JC cells, a murine BC cell line, were transduced with
human HERS3 gene (referred to as JC-HER3) in our labo-
ratory.28 4T1-HER2 cells were obtained from Dr Michael
Kershaw (Peter MacCallum Cancer Center, Victoria,
Australia).?

HIFU procedure

The VIFU 2000 system (Alpinion Medical Systems,
Bothell, Washington, USA) was used for HIFU treat-
ment. Cells or tumors were treated using a 1.5 MHz HIFU
transducer under two different protocols (50% duty
cycle, 1Hz pulse repetition frequency, 20 W, 10s or 2%
duty cycle, 5Hz pulse repetition frequency, 200W, 20s)
to produce either thermal necrosis or mechanical lysis
of the tumor cells. The former was defined as T-HIFU,
and the latter was defined as M-HIFU.* T-HIFU increased
the temperature inside tumor tissues to >60°C in a few
seconds, while the temperature inside tumor tissue
was <42°C during M-HIFU. M-HIFU is similar to boiling
histotripsy,” which produces cavitation activities in vivo
that may damage tumor tissue and cells through shear
stresses generated by the complex bubble oscillation
and bubble-bubble-tissue—cell interactions.”* The ~6dB
focal dimension of the HIFU transducer was measured
at a low-power level of 10 W to be 0.72 mmx7.22mm in
the lateral and axial directions, respectively. At the high-
power levels used for T-HIFU (20 W) and M-HIFU (200
W), the corresponding focal dimensions based on numer-
ical simulations were estimated to be 0.74 mmx6.50 mm
and 0.60 mmx5.69 mm, respectively (see online supple-
mental methods). Concerning focus for the treatment,
both X and Y axis intervals were 2mm, and a total of 9
points were selected in both in vitro and in vivo studies.
A shorter interval of I mm was used only when tumors
did not have enough size to put 2mm for all intervals.
The same spacing strategy was used for both M-HIFU
and T-HIFU. To avoid skin or bone damage by HIFU
treatment, tumor tissue just beneath the skin or close to
thighbone was spared from exposure of focused ultra-
sound; thus, approximately 20%-40% of tumor tissues
were ablated by HIFU treatments based on macroscopic
assessment.

Mice

Female BALB/c mice or SCID-beige mice 5-8weeks
old (Jackson Labs, Bar Harbor, Maine, USA) were bred
and maintained in the Duke Cancer Center Isolation
Facilityy, Human HER2-transgenic mice were a kind
gifted by Dr Wei-Zen Wei (Wayne State University,
Detroit, Michigan, USA).” F1 hybrid HER2 trans-
genic mice were established by crossing with BALB/c
mice. Human HER3-transgenic mice (MMTV-neu/
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MMTV-hHER3) with FVB background were a kind gift
from Dr Stan Gerson at Case Western Reserve Univer-
sity.6 FVB mice homozygous for the hHER3 gene were
established at Duke University and then crossed with
BALB/c mice for establishment of BALB/c homozy-
gous for the hHER3 gene.

Animal studies

All animal studies were performed in accordance with
Duke Institutional Animal Care and Use Committee-
approved protocols. Mice were euthanized when the
local tumor volume reached 2000 mm”’. To test the immu-
nogenicity of HIFU-treated tumor cells, BALB/c mice
received intradermal injections of in vitro T-HIFU-treated
or M-HIFU-treated MM3MG-HER? cells (1x10° cells) into
the back on days —14 and -7. On day 0, some mice were
euthanized and spleen, draining lymph nodes, and blood
were collected for in vitro assays: IFN-y ELISpot, flow
cytometry, and cell-based ELISA. Other mice (10 mice/
group) were inoculated with 1x10° MM3MG-HER? cells
into the left leg. Tumor size was measured serially and
tumor volumes were calculated using the formula long
axisx (short axis)?x0.5.

For the therapeutic models using MM3MG-HER2
tumors, MM3MG-HER?2 cells were subcutaneously inoc-
ulated into the left leg (1x10° cells) of the mice on day
0. In the bilateral tumor model, 1x10%0r 5x10° cells
were also inoculated into the right flank on day 0. Estab-
lished leg tumors were treated with T-HIFU or M-HIFU
on day 7. For the rechallenge experiment, mice cured by
M-HIFU treatment received a subcutaneous injection of
MMS3MG-HER? cells (1x10° cells) into the flank on day
35 (28 days after M-HIFU) and tumor size and mouse
survival were monitored. For the combination treatment
with anti-PD-L1 antibody, mice received peritoneal injec-
tion of 100 pg anti-PD-L1 antibody (clone 10F.9G2, Bio X
Cell, West Lebanon, NH) or Isotype control IgG (clone
LTF-22, Bio X Cell) on days 12, 15 and 18 in unilateral
tumor models, or on days 10, 13 and 16 in bilateral
tumor models. For JC-HER3 tumor model, cells were
inoculated into the left leg (1x10° cells)inoculation
into the right flank (5x10° cells) on day 0. Leg tumors
were treated with M-HIFU on day 8 (for combination
treatment experiments) or 11 (for single M-HIFU treat-
ment experiments). For the combination treatment, mice
received intraperitoneal injection of anti-PD-L1 antibody
or Isotype control IgG (200 pg/injection) on days 8, 11,
15 in unilateral tumor models, or on days 8, 11, 15 and 18
in bilateral tumor models. For depletion of immune cells,
mice received peritoneal injection of 250pg antibody
against CD4 (clone GKI1.5, Bio X Cell), against CD8a
(clone 53-6.72, Bio X Cell) or 10pL antibody against
natural killer (NK) cells (anti-Asialo GM1 antibody; Wako
Pure Chemical Corporation, Osaka, Japan) 1day before
the first HIFU treatment and 2 days after the first HIFU
treatment, followed by injection of the same amount
every b days throughout experiments.

IFN-y ELISpot assay

Mouse IFNy- ELISpot assays (Mabtech, Cincinnati, Ohio,
USA) were performed according to the manufacturer’s
instructions. Cells were stimulated with HER2 intracel-
lular domain (ICD) peptide, HER2 extracellular domain
(ECD) peptide (25pg/mL; JPT Peptide Technologies,
Berlin, Germany) or irrelevant HIV-gag peptide mix
(2.6pg/mL, JPT Peptide Technologies). The number of
IFN-yspots was counted with a high-resolution automated
ELISpot reader system (Carl Zeiss, White Plains, New
York, USA) using the KS ELISpot V.4.2 software.

Cell-based ELISA

Plates were coated with 3x10* 4T1 parental cells or 6x10*
4T1-HER2 cells per well overnight. A serial dilution of
serum (final titrations 1:50-1:6400) was added, incu-
bated for 1 hour on ice. The plates were washed and fixed
with 1% formalin, followed by incubation with IRDye
800CW Donkey anti-mouse (1:2000; LI-COR Biosciences,
Lincoln, Nebraska, USA) for 60 min. Fluorescence inten-
sity was determined using an Odyssey CLx LI-COR reader
(LI-COR) using the 800 nm channel.

ELISA

Tumors were weighed and homogenized in Cell Lysis
Buffer (Cat#9803, Cell Signaling, 9 times volume of
tumor weight) with added PMSF (1 mM) using Qiagen
TissueRupter (Qiagen, Germantown, Maryland, USA) for
up to 20s on ice. Tumor homogenates were then soni-
cated using Branson Ultrasonic SLPe Digital Sonifier Cell
Disruptor (Branson Ultrasonics, Danbury, Connecticut,
USA) for 10s on ice. Sonicated samples were centrifuged
at 13000rpm at 4°C for 20min, and collected superna-
tants were used as tumor lysates for ELISAs.

Tumor lysates were assessed for the level of IFN-y,
TNF-00 and transforming growth factor beta 1 (TGF-
B1) using commercially available ELISA kits for IFN-y
(Cat#ab46081; Abcam, Cambridge, Massachusetts, USA),
TNF-oo (BMS607-3; Invitrogen, Waltham, Massachu-
setts, USA) and TGF-1 (BMS608-4, Invitrogen), and
assays were performed according to the manufacturers’
instructions.

Flow cytometry

Single-cell suspensions of tumor tissue were obtained
by manually disrupting tumor using a razor followed by
enzymatic digestion. Single-cell suspensions of spleen
and lymph nodes were obtained by manual mashing
and filtration through a 70 pm cell strainer (BD Biosci-
ences, San Jose, California, USA). Cell were stained using
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo
Fisher Scientific, Rockford, Illinois, USA), then stained
with surface marker antibody (online supplemental table
1) for 30 min, at room temperature. Isotype IgG or fluo-
rescence minus one (FMO) controls were used as nega-
tive staining controls. Anti-CD16-32 antibody (Thermo
Fisher) was used to block FcyIll/II receptor. Intracellular
staining was carried out using Fixation/Permeabilization
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and Permeabilization Buffer (Thermo Fisher) following
the manufacturer’s instructions. Stained cells were
acquired on an LSRII flow cytometer (BD Biosciences)
and analyzed using FlowJo software IX (BD Biosciences).

Single-cell RNA sequencing and analysis

Single-cell suspensions dissociated from untreated or
HIFU treated tumor (8days after HIFU treatment) were
obtained as described above . For combination therapy
experiments, mice received intraperitoneal injections of
100 pg anti-PD-L1 antibody orisotype control IgG antibody
both 3 and 6 days after HIFU treatment. CD45" leukocytes
were sorted from the tumor digest by flow cytometry, and
a cDNA library was prepared using Bio-Rad single-cell
isolator (ddSEQ) and SureCell WTA 3’Library Prep kits
from Illumina. Raw sequencing data was generated in the
form of FastQ) files which were uploaded to a BaseSpace
sequencing Hub (Illumina, San Diego, California, USA)
for expression quantification using an automated pipe-
line. The resulting gene expression matrix files for each
treatment condition were analyzed using Partek Flow
software (Partek, St. Louis, Missouri, USA). Unsuper-
vised clustering was done to separate the cell types and
markers for the cell types were identified using differ-
ential gene expression. These markers were then used
for identifying the cell subpopulations within the CD45"
sorted immune cells.” ® The preprocessed gene counts
were used to generate Uniform Manifold Approximation
and Projection (UMAPs) for visualization of the cell types
in different treatment conditions. Gene Ontology (GO)
enrichment analysis, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis, and differential gene
expression analysis were done using Partek Flow software.

Immunohistochemistry staining

Staining of formalin-fixed paraffin-embedded tumor
tissue sections was performed using rabbit-anti-mouse
CD3e antibody (1:150, D4VS8L; Cell Signaling Tech-
nology, Danvers, Massachusetts, USA), CD4 antibody
(1:100, D7D2Z; Cell Signaling) or CD8a antibody (1:400,
D4W2Z; Cell Signaling) by the horseradish peroxidase
(HRP) method. Antigen retrieval was performed with
Citrate Unmasking Solution (Cell Signaling). Before
incubation with HRP (Histofine Simple Stain Mouse
MAX PO (R), Nichirei Biosciences, Tokyo, Japan), DAB
Substrate Kit (Vector Labs, Burlingame, California, USA)
was used for visualization of signal. Isotype-matched
rabbit IgG was used as a negative staining control. Stained
slides were scanned on a DP80 microscope (OLYMPUS,
Tokyo, Japan) and digital images were viewed using cell-
Sens (OLYMPUS).

Statistical analysis

Data are presented as mean+SEM in tumor growth graphs,
or as mean=SD for in vitro assays and flow cytometry data.
Tumor volumes, flow cytometry, ELISA, and ELISPOT
data from experiments with three or more treatment
groups were analyzed by one-way analysis of variance with

Tukey’s multiple comparisons test. A two-tailed, unpaired
Student’s t-test was used for experiments with only two
groups. Tumor volumes were analyzed at the terminal
endpoint only, unless otherwise indicated. Statistical
analyses were performed using Prism (GraphPad, San
Diego, California, USA). Kaplan-Meier survival curves for
tumor-bearing mice were generated and log-rank tests
were performed using JMP Pro V.11.0 software (SAS Insti-
tute, Cary, North Carolina, USA). P values of 0.05 or less
were considered statistically significant. Not all significant
differences are shown in every graph (¥p<0.05, ¥*p<0.01,
*#%p<0.001).

RESULTS

M-HIFU elicits stronger systemic cellular antitumor immunity
than T-HIFU

We treated implanted MM3MG-HER2 BCs in BALB/c
mice with either M-HIFU or T-HIFU and assessed the
antitumor effect on both the local (treated) and distant
tumor mass. There was greater control of the treated
tumors as well as untreated distant tumors with M-HIFU
compared with T-HIFU (figure 1A-C). Tumor growth
suppression of both the treated and untreated disease
sites by M-HIFU was confirmed in two other murine BC
models, E0771-OVA and JC-HER3 (online supplemental
figure 1). M-HIFU could induce significantly stronger
cellular immune responses for HER2 ECD, HER2 ICD
and mixed peptide antigens when compared with
untreated control, while T-HIFU could induce only mildly
stronger response for HER2 ECD antigen (figure 1D).
There was a clear trend for stronger cellular immune
responses induced by M-HIFU compared with T-HIFU.
However, M-HIFU and T-HIFU induced similar levels of
humoral immunity against HER2 expressing tumor cells
(figure 1E). Also in JC-HER3 tumor model, we could
confirm the induction of HER3 antigen-specific cellular
immune response in HER3 transgenic mice after M-HIFU
treatment, suggesting the strong capacity of M-HIFU for
the induction of antitumor immunity by breaking toler-
ance (online supplemental figure 2). Importantly, there
was a long-lived immune memory response induced in
mice that had previously rejected their tumor following
M-HIFU treatment (figure 1F). This memory response
could not be measured in T-HIFU-treated mice as none
of the treated tumors fully regressed (figure 1B).

A potential explanation for this difference in anti-
tumor response is a baseline difference in the immuno-
genicity of tumor cells following treatment with M-HIFU
compared with T-HIFU. To test this hypothesis, we vacci-
nated mice with in vitro HIFU-treated MM3MG-HER2
cells and assessed their immunogenicity. Despite a differ-
ence in the type of cell death induced by M-HIFU versus
T-HIFU (apoptosis vs necrosis; online supplemental
figure S3A,B), there was no significant difference in the
systemic T-cell activation (online supplemental figure
3C,D), generation of tumor antigen-specific antibodies
(online supplemental figure S3E), or tumor control
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Figure 1 Superior growth suppression of local and distant tumors and enhanced tumor antigen-specific cellular immune

responses by M-HIFU compared with T-HIFU. (A) 1x10® MM3MG-HER?2 cells were injected into the legs of BALB/c mice.
Established leg tumors were treated with M-HIFU or T-HIFU on day 7 after tumor inoculation. Comparison of tumor growth
curves is shown. (B) Survival curves are shown. Mice were euthanized when tumor volume reached 2000 mm?® or on day 50.
n=9 mice (no treatment), 10 (M-HIFU) or 13 (T-HIFU) (A,B), 32 mice in total. Log-rank test was performed. (C) MM3MG-HER2
cells were injected into the left leg (1x10° cells) and the right flank (1x10° cells) of the HER2 transgenic mice on day 0. Leg
tumors were treated with M-HIFU or T-HIFU on day 7. Comparison of flank tumor growth curves is shown. n=13 mice (no
treatment) or 14 (M-HIFU and T-HIFU), 41 mice in total. (D) Lymphocytes were isolated from the spleen on day 18 after tumor
inoculation (11 days after HIFU treatment), and IFN-y secretion was detected by an ELISpot assay. Average values of spot
numbers for HER2 peptide of ECD, ICD and mix (ECD+ICD) are shown. n=4 per group. (E) Serum was collected from mice on
day 11 after HIFU treatment. The levels of anti-HER2 antibody in the serum of mice were evaluated with cell-based ELISA. n=3
mice (no treatment) or 8 (M-HIFU and T-HIFU), 19 mice in total. (F) Mice cured from MM3MG-HER2 tumor by M-HIFU treatment
were rechallenged with subcutaneous injection of MM3MG-HER2 cells (1x10° cells/mouse) 28 days after M-HIFU treatment.
Age-matched naive female BALB/c mice were used as a control group. The survival rate of mice is shown and log-rank test
was performed. n=5 mice per group, 10 mice in total. (A—-C) Error bars represent SE. (D,E) Error bars represent SD. *P<0.05,
**P<0.01, **P<0.001, ***P<0.0001. ECD, extracellular domain; HER2, human ErbB-2; ICD, intracellular domain, IFN-y, interferon
gamma; M-HIFU, mechanical high-intensity focused ultrasound; T-HIFU, thermal high-intensity focused ultrasound.

(online supplemental figure S3F) elicited by inoculation
with M-HIFU or T-HIFU killed tumor cells.

Different modification of TME by M-HIFU compared with
T-HIFU

Because tumor cells treated in vitro with M-HIFU or
T-HIFU were similarly immunogenic, we hypothesized
that differential modification of the TME by the two
HIFU treatments was the cause of differences in the
induction of systemic antitumor immunity, and thus effi-
cacy, in our BC models. We observed greater CD4 and
CD8 T-cell infiltration in M-HIFU-treated tumors and
slightly increased T-cell infiltration in T-HIFU-treated
tumors compared with no treatment controls by immu-
nohistochemistry (figure 2A). This was confirmed by flow
cytometry of digested tumors which demonstrated an
increase in both CD4 and CD8 T cells as well as NK cells
following M-HIFU treatment (figure 2). To confirm the
modification of immune cell profile, absolute numbers
of tumor-infiltrating immune cells were determined for
each treatment group and shown in online supplemental
figure 4. Increased numbers of CD4 T cells, CD8 T cells,

and NK cells were confirmed in M-HIFU-treated tumors,
while the differences in granulocytes and macrophage
populations were not observed. Enhanced proliferation
of T cells was seen in M-HIFU-treated tumors compared
with control tumors by Ki67 staining (figure 2C). In
addition to an increase in infiltration and active prolif-
eration, the CD8 T cells present in M-HIFU-treated
tumors had increased expression of T-cell activation
markers and granzyme (figure 2D). In M-HIFU-treated
tumors, dendritic cell (DC) maturation was increased as
evidenced by upregulation of Major Histocompatibility
Complex (MHC) class II and CD80 (figure 2E). Impor-
tantly, M-HIFU affected the polarization status of tumor-
infiltrating macrophages as shown in figure 2F. Positivity
of CD206 expression was significantly lower and expres-
sion level of MHC class II was significantly higher in
macrophages in M-HIFU-treated tumors compared with
those in control tumors, suggesting that M-HIFU can
induce repolarization of macrophages and make more
antitumor-TME. To support this finding, significantly
lower TGF-B1 levels and higher IFN-ylevels were observed
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Figure 2 Enhanced intratumoral infiltration of activated CD4* and CD8" cellsand M1 polarized macrophages by M-HIFU.
1x10® MM3MG-HER2 cells were injected into legs of BALB/c mice. Established leg tumors were treated with M-HIFU or T-HIFU
on day 7 after tumor inoculation. (A) Immunohistochemical staining of T cells in tumor sections. Tumors on day 13 after HIFU
treatment were collected, fixed with formalin and stained with anti-mouse CD4 and CD8 monoclonal antibodies. Representative
images are shown (left: no treatment, middle: T-HIFU, right: M-HIFU). Scale bar is 50 ym. Quantification of positive cells in high-
power field (HPF) is shown in the right panel. Error bars represent SD, n=3 per group. (B) Seven days after HIFU treatments

of MM3MG-HER2 tumors in mice, tumors were collected and digested for flow cytometry analysis. The percentages of CD4",
CD8", CD3*, CD49b*, Ly6G*, CD11c", and F4/80" cells in alive CD45" cells were analyzed for each HIFU treatment group.

n=4 per group. (C) The expression of proliferation marker Ki67 was analyzed for each cell type in tumor-infiltrating immune

cells by flow cytometry, and percentages of Ki67 positive for each cell type are shown. n=4 per group. (D) The expression of
CD69*, Inducible T-cell costimulator (ICOS)*, and granzyme B* by CD8" cells were analyzed by flow cytometry and shown

for each HIFU treatment group. n=4 per group. (E) MFI of MHC class Il (left) and CD80 (right) expression on CD11c* dendritic
cells are shown for each HIFU treatment group. (F) Expression of CD206 and MHC class |l by CD11b*F4/80" macrophage
population was analyzed for each treatment group. Representative dot plots of CD206 and MHC class Il staining are shown in
the left panel. Percentages of CD206-positive macrophages and mean fluorescence intensity of MHC class Il expression are
shown. n=4 per group. (G) ELISAs for IFN-y, TNF-a,, and TGF-B1 were performed with tumor lysates made from MM3MG-HER2
tumors treated with no treatment, T-HIFU or M-HIFU. n=5 per group. Error bars represent SD. *P<0.05, **P<0.01, ***P<0.0001.
IFN-y, interferon gamma; MFI, mean fluorescent intensity; M-HIFU, mechanical high-intensity focused ultrasound; TGF-1,
transforming growth factor beta 1; T-HIFU, thermal high-intensity focused ultrasound; TNF-o, tumor necrosis factor alpha.

in M-HIFU-treated tumors compared with control tumors
(figure 2G).

To study the effect of HIFU on the TME in a more
detailed fashion, we conducted single-cell RNA
sequencing (scRNA-seq) analysis on tumor-infiltrating
leukocytes from untreated tumors to compare with the
gene expression from tumors treated with M-HIFU and
T-HIFU (online supplemental figure 5). We performed
GO enrichment analysis and KEGG pathway analysis of
differentially expressed genes (DEGs) within the identi-
fied macrophage populations from the two HIFU strat-
egies compared with macrophages in the untreated
tumors. Ten of the significantly upregulated GO terms
of the biological process category in M-HIFU-treated

macrophages are shown in figure 3A. Upregulated genes
were mainly involved in immune response, inflammatory
response, leukocyte activation, immune system process,
cell chemotaxis, endocytosis and regulation of apop-
totic signaling pathway. A similar analysis of the top 10
differently expressed GO terms in T-HIFU-treated tumors
did not contain any immune-related terms but rather
centered around biosynthetic processes (online supple-
mental figure 6A).

The top 10 GO terms of the cellular components and
molecular function categories for both M-HIFU-treated
and T-HIFU-treated tumors compared with untreated
tumors are shown in figure 3B,C, and online supple-
mental figure 6B,C, respectively. There is no overlap in the
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Figure 3 GO enrichment analysis and KEGG pathway analysis of DEGs in macrophages after M-HIFU treatment. (A-C) GO
enrichment analysis of DEGs that are upregulated in macrophages derived from M-HIFU-treated tumors compared with
macrophages from untreated tumors. Enrichment scores of GO terms are shown for the categories of (A) biological process,
(B) cellular components, and (C) molecular function. (D) KEGG pathway analysis of DEGs that are upregulated in macrophages
derived from M-HIFU-treated tumors compared with macrophages from untreated tumors. Top 10 KEGG pathways in terms

of enrichment scores are demonstrated. (E) Differential gene expression analysis in tumor-infiltrating macrophages from M-
HIFU-treated tumors compared to those from untreated tumors. Representative genes that were significantly upregulated in
macrophages from the M-HIFU-treated group (log,(fold Change)>1, FDR<0.05) are shown in red. DEG, differentially expressed
gene; FDR, false discovery rate; GO, Gene Ontology; M-HIFU, mechanical high-intensity focused ultrasound.

top terms that are upregulated following these different
forms of HIFU, again demonstrating fundamental differ-
ences in the molecular consequences of each therapy.
KEGG pathway analysis of M-HIFU-treated tumors
shows that the top 10 upregulated pathways are enriched
for antigen processing/presentation, cytokine—cytokine
receptor interaction, chemokine signaling pathways,
and phagosome/lysosome pathways, consistent with an
inflammatory, antitumor phenotype of macrophages
after M-HIFU (figure 3D). Tumors treated with T-HIFU
only had seven KEGG pathways that were significantly
upregulated compared with untreated tumors. These
pathways were all involved in metabolic processes (online
supplemental figure 3D). The differences in signifi-
cantly upregulated pathways between M-HIFU-treated
and T-HIFU-treated tumors highlight the immunogenic
nature of our M-HIFU therapy at this timepoint.
Differential gene expression analysis of tumor-
infiltrating macrophages identified 298 genes that were
expressed at statistically higher levels (FDR adjusted
p value <0.05) than untreated tumors (figure 3E). A
number of genes (Irgl, Ccl2, Maff, ler3, Lep2, Ptpn2, Cdl4,
Cxcll6, ler3, Nfkbia, Cerl2, and TIr2) are signature genes
for M1/classically activated macrophages,” and other
genes (Tnfsfl10Ctsc, Gzme, Cd8a, and Pdedl) are commonly

associated with M1 macrophages.” ** These findings
confirm a highly activated M1-biased macrophage popu-
lation within the TME of M-HIFU-treated tumors. Thus,
scRNA-seq analysis demonstrated that M-HIFU induced
an inflammatory, MI-biased macrophage population,
which might be contributing to the enhanced antitumor
immunity in M-HIFU-treated tumors.

Increased expression of immune checkpoint molecules on
tumor-infiltrating immune cells following M-HIFU

Despite productive antitumor immune responses in nearly
half of M-HIFU-treated mice, many eventually developed
progressive disease (figure 1A,B). We therefore investi-
gated the etiology for this tumor escape, beginning by
evaluating the expression of immune checkpoint mole-
cules in M-HIFU-treated versus T-HIFU-treated tumors.
At 7days post-treatment, PD-L1 expression was increased
on neutrophils (Ly6G"), DCs (CD11c¢"), and macrophages
(F4/80") only in M-HIFU-treated tumors (figure 4A,B).
Analysis at just 3days after HIFU treatment, however,
revealed that neither mode of HIFU treatment increased
the PD-L1 expression in these tumor-associated cell popu-
lations (online supplemental figure 7). This suggests that
HIFU itself does not cause immediate upregulation of
PD-L1, but is instead the result of the ongoing immune
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Figure 4 Enhanced expression of immune checkpoint molecules by tumor-infiltrating immune cells after M-HIFU treatment.
(A) Representative flow cytometry histograms showing PD-L1 expression on Ly6G* cells, CD11c* cells and F4/80" cells are
shown. Blue: M-HIFU, red: T-HIFU, black: no treatment, gray filled: isotype control. (B) Percentages of PD-L1* cells in Ly6G*
cells, CD11c* cells, and F4/80* cells among alive CD45" tumor-infiltrating immune cells are shown for each HIFU treatment
group. n=4 per group. (C, D) Expression of immune checkpoint molecules, PD-1, TIM-3 and LAG-3, on tumor-infiltrating CD4*
(C) and CD8* (D) cells are shown. n=4 per group. Error bars represent SD. *P<0.05, **P<0.01, **P<0.001. LAG-3, lymphocyte
activation gene 3; M-HIFU, mechanical high-intensity focused ultrasound; PD-1, programmed death-1; PD-L1, programmed cell

death ligand 1; T-HIFU, thermal high-intensity focused ultrasound.

response caused by M-HIFU treatment. IFN-y, which was
increased in tumor tissues on day 5 after M-HIFU treat-
ment (figure 2G), might be playing an important role in
this upregulation of PD-L1. Other immune checkpoint
molecules including PD-1 and TIM3 were not significantly
altered following M-HIFU, but lymphocyte activation
gene 3 (LAG-3) expression on CD8" cells was significantly
higher after M-HIFU than T-HIFU (figure 4C,D). Taken
together, these data demonstrate enhanced antitumor
immunity within the TME caused by M-HIFU that is not
seen with T-HIFU but may be stifled by a concomitant
increase in immune checkpoint molecules.

PD-1/PD-L1 blockade enhances the treatment efficacy of
M-HIFU

Based on the upregulation of immune checkpoint
molecules after M-HIFU, we hypothesized that PD-1/
PD-L1 blockade could enhance the antitumor efficacy of
M-HIFU treatment. To test this, M-HIFU treatment was
combined with anti-PD-L1 antibody administration. This
combined treatment cured 72.2% of mice implanted
with MM3MG-HER2 tumors compared with 26.3% and
52.6% when anti-PD-L1 or M-HIFU, respectively, were
given alone (figure 5A,B). The combination also resulted
in tumor eradication and long-term survival in 37.5% of
mice using another BC model, JC-HER3 (online supple-
mental figure 8). Analysis of IFN-y ELISpot assay of sple-
nocytes demonstrate a significant increase in the number
of HER2-specific IFN-y-secreting cells in mice treated with

M-HIFU+anti-PD-L1 compared with those treated with
M-HIFU or anti-PD-L1 alone (figure 5C). Flow cytometric
analysis of digested tumors revealed that the proportion
of CD4" T cells, CD8" T cells, and NK cells increased in
tumors treated with combination therapy (figure 5D),
and enhanced activation of both CD4" and CD8' T cells
in combination therapy (online supplemental figure
9A,B). Stronger cytolytic activity of tumor-infiltrating
CD8" T cells was suggested in M-HIFU monotherapy and
combination therapy based on enhanced granzyme B
expression (online supplemental figure 9B). Additionally,
CD4'Foxp3’ Treg cells were increased in tumors treated
with combination therapy compared with control tumors
or tumors treated with M-HIFU monotherapy, although
the difference was not statistically significant (online
supplemental figure 9C).

In order to demonstrate which infiltrating cells
were responsible for the observed antitumor efficacy,
MM3MG-HER2 tumors were treated with combination
therapy in the presence of depleting antibodies against
CD4', CD8’, or NK cells. Depletion of CD8" or NK cells
abrogated the antitumor efficacy of the combination
therapy, but depletion of CD4" cells did not result in
appreciable change in antitumor effect (figure 5E,F).

Combination of M-HIFU and anti-PD-L1 treatment further
activated CD8 T cells in the TME

In order to explain the enhanced antitumor efficacy
of the addition of anti-PD-LL1 treatment, we further
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Figure 5 M-HIFU and PD-L1 blockade synergize to reject local tumor. (A) Established MM3MG-HER2 tumors in the legs of
BALB/c mice were treated with M-HIFU on day 7. Anti-PD-L1 antibody (100 pug /100 L) or isotype control IgG (100 ug/100 pL)
was injected intraperitoneally 5, 8, and 11 days after M-HIFU treatment. Survival curves are shown and log-rank test was
performed. n=13 mice (isotype control), 19 (monotherapy groups) or 18 (combination group), 50 mice in total. (B) Individual
tumor growth curves are shown for each treatment group. The numbers in each plot show mice with tumor eradication/mice in
the group. (C) Nine days after the initiation of M-HIFU treatment with/without anti-PD-L1 antibody, spleens were collected for
immune assays. Induction of HER2 antigen-specific cellular response was analyzed by IFN-y ELISpot assay using harvested
splenocytes and HER2 peptide mix as a stimulating antigen. n=4 per each group. (D) The percentages of CD4*, CD8", and
CD49b* cells in tumor-infiltrating CD45* cells were analyzed by flow cytometry analysis. n=4 (treatment groups) or 3 (control
group). (E,F) Mice were treated with the combination of M-HIFU and anti-PD-L1 antibody as in figure 4A, with or without
administration of depleting antibody for CD4*, CD8a* and NK cells on days 6, 9, 14, and every 5days until the end of the
experiment. n=5 mice (isotype control) or 6 (other groups), 29 mice in total. (E) Survival curves are shown and log-rank test was
performed. (F) Individual tumor growth curves are shown for each cell depletion group. (C,D) Error bars represent SD. “P<0.05,
**P<0.01, **P<0.001, ***P<0.0001. HER2, human ErbB-2; IFN-y, interferon gamma; M-HIFU, mechanical high-intensity focused

ultrasound; PD-L1, programmed cell death ligand 1.

characterized leukocyte populations by conducting
scRNAseq analysis on the tumor-infiltrating CD45"
immune cells derived from mice treated with no treat-
ment, M-HIFU, a-PD-L1 alone or combination treatment
(figure 6). DEGs that were significantly upregulated in
treatment groups compared with no treatment control
were identified in CD8 T cells or macrophages, and the
number of DEGs is shown in figure 6. In CD8 T cells, 1690
DEGs were identified in the three treated groups, and
333 genes among them were unique to the combination

treatment, while 231 genes and 365 genes were unique to
M-HIFU and anti-PD-L1 monotherapy, respectively, indi-
cating that the combination treatment exerts not a mere
additive effect of monotherapies (figure 6A).

The most significantly enriched GO terms of the
upregulated DEGs in the combination treatment were
shown as enrichment scores in the heatmap with other
two treatments (figure 6B). In CD8 T cells, the DEGs
mainly enriched in type I interferon-mediated signaling
pathway, activated T-cell proliferation, chemokine
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Figure 6 Combination of M-HIFU and anti-PD-L1 antibody induces upregulation of unique DEGs in tumor-infiltrating CD8 T
cells and macrophages. Established MM3MG-HER2 tumors in the legs of BALB/c mice were treated with M-HIFU, followed by
intraperitoneal injections of 100 ug anti-PD-L1 antibody or isotype control IgG antibody both 3 and 6 days after HIFU treatment.
Alive CD45" leukocytes were isolated from enzymatically digested tumors by flow-based sorting and used for scRNA-seq. Data
analysis was performed using Partek Flow software. (A) The numbers of DEGs of CD8 T cells that were upregulated in treatment
groups compared with no treatment control are shown in the Venn diagram. (B) GO enrichment analysis was performed

for the upregulated DEGs in CD8 T cells in each treatment group and summarized in the heatmap. Top 17 GO terms in
combination treatment are shown together with enrichment data in M-HIFU and anti-PD-L1 monotherapy group. (C) Differential
gene expression analysis was performed for upregulated DEGs in CD8 T cells between combination treatment and M-HIFU
monotherapy. Representative DEGs that are significantly upregulated (log,(fold change)>1, FDR<0.05) in the combination group
are shown in red letters. (D) The numbers of DEGs of macrophages that were upregulated in the treatment groups compared
with no treatment control are shown in the Venn diagram. (E) GO enrichment analysis was performed for the upregulated DEGs
in macrophages in each treatment group and summarized in the heatmap. Top 11 GO terms in the combination treatment

are shown together with enrichment data in the M-HIFU and anti-PD-L1 monotherapy group. (F) Differential gene expression
analysis was performed for upregulated DEGs in macrophages between combination treatment and M-HIFU monotherapy.
Representative DEGs that are significantly upregulated (log,(fold change)>1, FDR<0.05) in the combination group and
contributed to the activated KEGG pathways (online supplemental figure 7) or are known as M1 or M2 signature genes are
shown in red letters. DEG, differentially expressed gene; GO, Gene Ontology; M-HIFU, mechanical high-intensity focused
ultrasound; PD-L1, programmed cell death ligand 1.

secretion, cellular response to interferon gamma, inter-
leukin (IL)-12 production, and cytokine secretion. KEGG
pathway analysis indicates that upregulated DEGs were
significantly enriched in pathways such as complement
and coagulation cascades, cytokine—cytokine receptor
interaction, and NF-kappa B signaling pathway (online
supplemental figure 10A). Thus, the combination treat-
ment appears to activate CD8 T cells through regulation
of multiple pathways and enhance antitumor immunity.

To clarify the genes involved in enhanced antitumor effi-
cacy of combination treatment over M-HIFU monotherapy,
gene expression levels by CD8 T cells in the combination
treatment and M-HIFU monotherapy were compared
(figure 6C). Genes related to CD8 T-cell activation, such as
Cd33, Cx3crl, Cxel3, Cxclll, and Cxcll 6were expressed more
than twofold stronger following the combination treatment
compared with M-HIFU monotherapy, confirming the
enhanced activation of CD8 T cells by combining anti-PD-L1
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to M-HIFU treatment, which corresponded to the superior
antitumor efficacy against remote tumors observed in our
bilateral tumor models.

In macrophages, among 822 DEGs significantly upreg-
ulated in the treated samples, 335 genes were unique to
the combination treatment (figure 6D), mainly enriched
in lymphocyte migration and defense response to tumor
cells, as well as in the multiple pathways related to extra-
cellular matrix/fibroblasts (figure 6E). KEGG pathway
analysis revealed gene enrichment in protein digestion
and absorption, extracellular matrix-receptor interac-
tion, cell adhesion molecules, PI3K-Akt signaling pathway
and T-cell receptor signaling pathway in the combina-
tion treatment (online supplemental figure 10B). These
results may suggest more active involvement of combina-
tion therapy-treated macrophages in the enhanced anti-
tumor activity and remodeling of tissues after disruption
of tumors by ultrasound.

Interestingly, as shown in figure 6F, tumor infiltrating
macrophages of the combination treatment group, when
compared with those in M-HIFU treated tumors, showed
relatively upregulated expression of genes signatures for
both M1/classically activated macrophages (Dcn, Acpp,
Csfl, Adgrl2, and Col4a2) and M2/alternatively activated
macrophages ([lIrll, Mmp9, Mfsd6, Angptl2, Spint2, and
Sft2d2).**

Systemic PD-1/PD-L1 blockade enhances CD8 and NK
cell-mediated antitumor immunity against distant tumors
following local M-HIFU
Based on the enhancement of systemic tumor antigen-
specific immune responses by the addition of anti-PD-L1
(figure 5C), we hypothesized PD-1/PD-L1 blockade would
also improve the abscopal effect of M-HIFU. When we
treated MM3MG-HER2 tumors with M-HIFU and admin-
istered intraperitoneal anti-PD-L1 antibody (figure 7A),
we observed greater growth suppression against distant
untreated tumors than with either treatment alone in a
more stringent bilateral tumor model, where mice were
implanted with a larger number of tumor cells (five times
larger compared with figure 1C) to the flank (figure 7B).
To elucidate the change of TME in distant HIFU-
untreated tumors induced by the combination treat-
ment, distant tumors were analyzed by flow cytometry.
As shown in figure 7C, M-HIFU monotherapy could not
increase CD4 T/CD8 T/NK-cell infiltration in rapidly
growing distant tumors, which might be the main
reason for weaker antitumor effect on distant tumors.
However, combination treatment as well as anti-PD-L.1
monotherapy increased the proportion of CD4", CDS§",
and NK-cell populations in distant tumors, compared
with the untreated control and M-HIFU monotherapy
(figure 7C). Likewise, CD4 T cells again expressed
higher levels of activation markers in these groups and
granzyme B expression in CD8 T cells was significantly
higher in distant tumors in the combination treatment
group (figure 7D), suggesting the most enhanced cyto-
toxic function of CD8 T cells in combination group

which lead to the strongest abscopal effect (figure 7B).
Finally, to confirm which immune cells were responsible
for the efficacy against the distant tumor in the bilateral
tumor model, the mice were treated with M-HIFU-+anti-
PD-L1 therapy in the presence of depleting antibody
for CD4", CD8’, or NK cells (figure 7E). In both leg and
flank tumors, depletion of CD8" or NK cells significantly
abrogated the antitumor efficacy (figure 7F). Greater effi-
cacy of the combination therapy against distant tumors
in CD8" cell-dependent fashion was confirmed also in
the JC-HER3 tumor model (online supplemental figure
11). To clarify how depletion of immune cells affect TME
of the distant tumors in mice treated with the combina-
tion therapy, we analyzed the profile of tumor-infiltrating
immune cells in distant tumors by flow cytometry (online
supplemental figure 12). Interestingly, systemic depletion
of CD8" or NK cells resulted in an intratumoral immune
cell profile following M-HIFU+anti-PD-L1 that was similar
to the profile of untreated control tumors (online supple-
mental figure 12A) and reduced ICOS expression and
granzyme B production by CD8 T cells (online supple-
mental figure 12B), suggesting that these twocell types
not only are the key effectors but may also influence the
immune composition of the TME. On the other hand,
depletion of CD4" cells induced significant increase and
activation of CD8 T cells, and the decrease of macro-
phages and Treg in distant tumors (online supplemental
figure 12A-C), that may explain the stronger abscopal
effect observed in the CD4" depleted group. These results
indicate that both CD8" cells and NK cells play significant
roles in the immune-based attack of distant tumors as
well as HIFU-treated tumors in this M-HIFU+anti-PD-L1
combination therapy.

DISCUSSION
Many approaches seeking to modify the TME to induce
systemic antitumor immunity are under development,”’
including intratumoral delivery of cytokines and onco-
lytic viruses, and physical tumor destruction using, among
others, focused ultrasound.'? '® The traditional focused
ultrasound approach creates coagulation necrosis by
heating tissue (T-HIFU); however, it may not optimally
induce systemic antitumor immunity due to denaturation
of tumor proteins. Indeed, we previously reported that
conventional T-HIFU modifies the TME, yet does not
induce a memory systemic immune response.”’ There-
fore, we studied M-HIFU, which causes cell death and
extracellular matrix disruption by acoustic microcavita-
tion rather than heating the tissue, and which we previ-
ously observed to improve antigen presentation, resulting
in more favorable immune responses.™

In our current study, we demonstrate that M-HIFU
induces local and systemic immunity against BC, that
in our models is more potent than T-HIFU. This was
evidenced by greater antigen presentation, induction of
antigen specific T cells within splenocytes, and increased
T cell infiltration at the site of M-HIFU-ablated as well as
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Figure 7 The combination of M-HIFU and PD-1/PD-L1 blockades synergistically inhibited the distant tumor growth, depending
on CD8* aswell as NK cells. (A) MM3MG-HER2 cells were injected into both the left leg (1x10° cells) and the right flank (5x10°
cells) of BALB/c mice on day 0. We chose to implant a larger number of cells in the flank, compared with figure 1C, to create

a more stringent model. Established leg tumors were treated with M-HIFU on day 7. Anti-PD-L1 antibody (100 ug /100 L)

or isotype control IgG (100pug /100 pL) was injected intraperitoneally on days 10, 13 and 16. (B) The tumor growth curves of

the distant flank tumor are shown. n=10 mice per each group, 40 mice in total. (C,D) On day 18, distant flank tumors (HIFU
untreated side) were collected and infiltrating immune cells were analyzed by flow cytometry. n=3 (combination group) or 4
(other groups). (C) The percentages of CD4*, CD8" and CD49b* cells in CD45" cells are shown. (D) The expression of ICOS and
Foxp3 on CD4* cells and the expression of ICOS and granzyme B by CD8" cells. (E) Mice were treated with the combination

of M-HIFU and anti-PD-L1 antibody in the same treatment schedule as figure 4A with or without administration of depleting
antibody for CD4*, CD8a", and NK cells on days 6, 9, 14, and every 5days until the end of the experiment. (F) The tumor growth
curves of the leg tumor (left) and the flank tumor (right) are shown. n=5 mice per each group, 25 mice in total. (B,F) Error bars
represent SE. (C,D) Error bars represent SD. *P<0.05, **P<0.01, **P<0.001, ****P<0.0001. HER2, human ErbB-2; M-HIFU,
mechanical high-intensity focused ultrasound; NK, natural killer; PD-1, programmed death-1; PD-L1, programmed cell death

ligand 1.

contralateral tumors. A potential criticism is that there
are a wide variety of T-HIFU protocols which might
induce quite different antitumor effects or antitumor
immune responses compared with our T-HIFU tech-
nique. Sheybani et al’® recently reported data using a
form of T-HIFU (thermal ablative focused ultrasound)
to treat poorly immunogenic 4T1 tumors. Although
thermal ablation alone had limited impact on the intra-
tumoral accumulation of activated T cells (attributed
to the immunosuppressive TME), combination with
gemcitabine resulted in enhanced tumor control and
improved survival of mice in a CD8 and CD4 T cell-
dependent fashion. T-HIFU of BCs in patients was
reported to enhance infiltration of immune cells.”

Recent studies have demonstrated enhanced immuno-
genicity of BC treated by T-HIFU in combination with
systemic ICB or local application of toll-like receptor
9 agonist CpG.”* *" It is also possible that the timing of
immune assays might have affected the outcome of the
comparative analysis between the different treatments.
For example, T-HIFU-treated tumors could be within
the adaptive resistance/wound healing phase at the
time of tissue collection in our study. Even taking these
into account, we believe that the data of our immune
assays, which corresponded well to in vivo antitumor
efficacy, indicate the overall capacities of these 2 HIFU
modes in the induction of antitumor immunity. More
preclinical and clinical studies are necessary to assess

12

Abe S, et al. J Immunother Cancer 2022;10:¢003717. doi:10.1136/jitc-2021-003717



and optimize the antitumor efficacy of HIFU for BC
treatment.

Although M-HIFU could significantly inhibit the growth
of treated tumors and lengthen the survival of single
tumor-bearing mice, the antitumor activity generated
against the untreated remote tumors was modest. One
explanation we observed was the upregulation of PD-L1
by myeloid cell populations including macrophages in
M-HIFU-treated tumors, which may have resulted in the
induction of insufficient systemic antitumor immunity.
PD-L1 has been shown to exert constitutive negative
signals in macrophages and induce an immunosuppres-
sive phenotype.*’ Anti-PD-L1 treatment by itself remod-
eled the macrophage compartment in tumors toward
a more proinflammatory phenotype, mainly through
increased IFN-y levels in TME, resulting in enhanced
Tecell activity.*” In our current study, administration of
anti-PD-L1 antibody with M-HIFU enhanced the anti-
tumor efficacy against remote tumors. Importantly, our
data suggest that the net effect of combination treatment
is a more favorable pattern of T and NK cell attraction and
activation not only at the site of the HIFU-treated tumor,
but also at distant untreated tumors. Qu and colleagues
using a similar mechanical ablative strategy combined
with anti-CTLA-4 antibody, reported enhanced systemic
antitumor efficacy in murine melanoma and hepatoma
models.*® As described earlier, others have combined
HIFU with pathogen-associated molecular patterns, such
as CpG, to generate an abscopal effect.”” ** These data, in
conjunction with our demonstration that tumor control
is CD8+ Tcell dependent, support the contention that
HIFU induces antigen-specific CD8+ T-cell responses that
can be enhanced by nonspecific immune stimulators.

Despite the substantial antitumor effect of the combi-
nation therapy, some distant tumors grew after an initial
period of control. We hypothesize that there are two poten-
tial explanations for the lack of complete control. First,
following tumor apoptosis in response to M-HIFU plus
anti-PD-L1, tissue repair within the altered TME might
involve macrophage repolarization to M2 as previously
observed.”*" In the models combining M-HIFU and anti-
PD-L1, macrophage genes involved in cell matrix adhe-
sion and extracellular matrix organization, important for
wound healing, were upregulated in addition to genes
typically associated with the M1 phenotype. However, we
have previously observed this phenomenon of increased
intratumoral phagocytic macrophages with upregulated
gene signatures for wound healing, ECM remodeling,
and anti-inflammation in anti-CD47 antibody-treated
murine BCs experiencing ongoing tumor reglression.48
Therefore, the tendency to upregulate gene expression
consistent with a reparative phenotype may not be detri-
mental once the initial antitumor immune response is
activated by M1 macrophages. Second, intratumoral Treg
derived from infiltrating CD4" T cells* might counteract
effector T-cell function. Our flow cytometric analysis of
M-HIFU-treated tumor demonstrates that the combi-
nation strategy increased infiltration of CD4" T cells

including a population with enhanced Foxp3 expression,
consistent with Treg cells. The depletion of CD4" Tregs
enhanced the antitumor efficacy of the combination
treatment locally and in HIFU-untreated distant tumors.

A final criticism of our observations is that human BC
is not traditionally considered an inflamed immuno-
genic tumor and is less responsive to immunotherapies,
such as ICB, compared with other immunogenic solid
tumors as melanoma and lung cancer.”’ In this study, to
monitor induction of tumor-antigen specific immune
response by HIFU treatment, we used the tumor models
that were engineered to express OVA, HER2 or HER3
antigen. Forced expression of these foreign antigens
would make the tumor cells more immunogenic, unlike
human BC cases, and thus we need to carefully interpret
the induced antigen-specific immune responses in these
models. Importantly, however, in one of our BC models,
JC-HER3 tumors were implanted into HER3 transgenic
mice that are immune tolerant for HER3 antigen,28 and
we could confirm the induction of anti-HER3 cellular
immune responses with significant antitumor efficacy
and abscopal effect by M-HIFU treatment. These data
suggest that M-HIFU is able to break immune tolerance
to self-antigens.

In summary, we demonstrated a beneficial modification
of the TME by M-HIFU and enhanced systemic antitumor
efficacy by the combination of M-HIFU and anti-PD-L1
antibody, which resulted in significantly stronger growth
suppression of distant tumors compared with M-HIFU or
anti-PD-L1 monotherapy. To further enhance the anti-
tumor efficacy and eradicate distant tumors by induced
antitumor immunity, we are testing clinically applicable
strategies to combine with M-HIFU plus anti-PD-L1,
such as depletion of Tregs by targeting antibodies and
enhancing the Ml-biased TME by intratumoral IL-12
gene therapy.'
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