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TLR9 agonist enhances radiofrequency ablation-induced CTL
responses, leading to the potent inhibition of primary tumor

growth and lung metastasis

Aizhang Xu'?, Lifeng Zhang?, Jingying Yuan'?, Fatma Babikr', Andrew Freywald*, Rajni Chibbar*, Michael Moser®, Wenjun Zhang®,

Bing Zhang’, Zhaoying Fu® and Jim Xiang'?

Radiofrequency ablation (RFA) is the most common approach to thermal ablation for cancer therapy. Unfortunately, its efficacy is
limited by incomplete ablation, and further optimization of RFA is required. Here, we demonstrate that incubation at 65 °C triggers
more EG7 tumor cell death by necrosis than treatment at 45 °C, and the 65 °C-treated cells are more effective at inducing antigen-
specific CD8™ cytotoxic T lymphocyte (CTL) responses after injection in mice than the 45 °C-treated ones. Dendritic cells (DCs) that
phagocytose 65 °C-treated EG7 cells become mature with upregulated MHCIl and CD80 expression and are capable of efficiently
inducing effector CTLs in mouse tumor models. RFA (65 °C) therapy of EG7 tumors induces large areas of tumor necrosis and
stimulates CTL responses. This leads to complete regression of small (~100 mm?) tumors but fails to suppress the growth of larger
(~350 mm?) tumors. The administration of the Toll-like receptor-9 (TLR9) agonist unmethylated cytosine-phosphorothioate-guanine
oligonucleotide (CpG) to DCs phagocytosing 65 °C-treated EG7 cells enhances the expression of MHCII and CD40 on DCs as well as
DC-induced stimulation of CTL responses. Importantly, the intratumoral administration of CpG following RFA also increases the
frequencies of tumor-associated immunogenic CD11b~CD11¢"CD103" DC2 and CD11b*F4/80"MHCII*™ M1 macrophages and
increases CD4 " and CD8™ T-cell tumor infiltration, leading to enhanced CD4™ T cell-dependent CTL responses and potent inhibition
of primary RFA-treated or distant untreated tumor growth as well as tumor lung metastasis in mice bearing larger tumors. Overall,
our data indicate that CpG administration, which enhances RFA-induced CTL responses and ultimately potentiates the inhibition of
primary tumor growth and lung metastasis, is a promising strategy for improving RFA treatment, which may assist in optimizing this

important cancer therapy.
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INTRODUCTION

Radiofrequency ablation (RFA) is the most common approach to
thermal ablation for cancer therapy.' In specific cancer cases, such
as small liver tumor metastasis, RFA therapy produces clinical
outcomes comparable to surgical resection.™* Overall, RFA offers
some significant advantages compared to surgical procedures,
including lower morbidity, lower costs and better preservation of
surrounding tissues.” However, its most common drawback is
incomplete tumor ablation, leading to cancer recurrence.

CD8* cytotoxic T lymphocytes (CTLs) play an important role in
host defense against tumors.® RFA-induced CD8" CTL responses
were mostly observed in a nonspecific manner by assessing
interferon-y (IFN-y)-positive staining of CD8" T cells by flow
cytometry,” and antigen-specific responses were assessed by
semiquantitative ELISPOT (Enzyme Linked Immuno Spot Assay)
analysis in animal models® or in clinical trials>"" The

development of highly specific immune detection reagents using
fluorescently labeled tetramer-major histocompatibility complex
(MHQ)-peptide complexes, such as phycoerythrin (PE)-labeled H-
2KP/OVA,s, 264 tetramer (PE-Tetramer), has made it possible to
quantitatively and qualitatively characterize ovalbumin antigen
(OVA)-specific T cells by flow cytometry.'?

In conjunction with some other reports, we previously
demonstrated that dendritic cells (DCs) that phagocytose apopto-
tic EG7 and BL6-10pya tumor cells, which were both engineered
to express OVA as a model tumor antigen, induced potent OVA-
specific CTL responses detected by flow cytometry.'®'” In
addition, we have recently constructed and validated a custom-
made RFA device capable of generating RFA-induced cell death in
hepatoma tissue.'®'® With minor modifications, this device is
suitable for studying RFA-induced CTL responses in tumor models
in vivo.
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In this study, we performed in vitro heat (45°C and 65°C)
treatment of mouse EG7 thymoma cells expressing OVA on the
cell surface, followed by assessment of the heat shock-induced
effect on cell death. A temperature of 65 °C was selected because
protein denaturation and cell death have been shown to occur
above 55°C.*° We generated DCs that phagocytosed the heat-
treated EG7 tumor cells and assessed their immunogenicity in
C57BL/6 mice. We also assessed OVA-specific CTL responses and
monitored tumor growth in mice bearing subcutaneous (s.c.) EG7
tumor post RFA. We showed that DCs that phagocytosed 65 °C-
treated EG7 cells became mature DCs with upregulated MHCIl and
CD80 expression. These cells stimulated stronger CTL responses
compared to DCs that phagocytosed 45 °C-treated EG7 cells. In
vivo RFA (65 °C) therapy of EG7 tumors induced tumor necrosis
and stimulated CTL responses, leading to complete regression of
small EG7 tumors, but failed to inhibit larger EG7 tumor growth in
C57BL/6 mice. To improve the therapeutic effect, we administered
immune adjuvants, such as the Toll-like receptor-9 (TLR9) agonist
CpG.2'"*2 We found that the administration of CpG to DCs
actively phagocytosing 65 °C-treated EG7 cells significantly
enhanced DC expression of MHCI, CD40 and CD80 and
strengthened the stimulation of CTL responses. Our investigation
also revealed that the intratumoral administration of CpG post
RFA increased the frequencies of tumor-associated immunogenic
CD11b'CD11c*CD103" type 2 DCs (DC2) and CD11b*F4/
80"MHCII™ type 1 (M1) macrophages and enhanced T-cell tumor
infiltration, leading to enhanced CD4" T cell-dependent CTL
responses and potent inhibition of primary RFA-treated or distant
untreated tumor growth and lung metastasis in mice bearing
larger (~350 mm?®) EG7 tumors. Therefore, our data unambigu-
ously suggest that the TLR9 agonist enhances RFA-induced CTL
responses, leading to potent inhibition of primary tumor growth
and distant metastasis.

MATERIALS AND METHODS

Reagents, cell lines and mice

Chicken OVA and a mouse monoclonal anti-OVA antibody (OVA-
14) were obtained from Sigma-Aldrich Canada Ltd. (Oakville,
Ontario, Canada). EG7 cells, an OVA transgene-transfected mouse
thymoma cell line obtained from American Type Culture Collec-
tion (ATCC, Rockville, MD), was maintained in Dulbecco’s-modified
Eagle’s medium (DMEM) (Life Technologies, Carlsbad, CA)
supplemented with 10% fetal calf serum (FCS) and G418 (0.5
mg/mL; Life Technologies). BL6-10pya cells are an OVA transgene-
transfected BL6-10 melanoma cell line with a high potential for
lung metastasis.'® EG7 and BL6-10oya cells were maintained in
complete minimum essential medium-alpha containing 10% FCS
and G418 (0.5 mg/mL). A PE-labeled H-2K°/OVA,s,_5¢s tetramer
(PE-Tetramer) and fluorescein isothiocyanate (FITC)-labeled anti-
CD8 antibody were obtained from Beckman Coulter (San Diego,
CA). Anti-CD45-PE, anti-CD11c-PECy5, anti-CD11b-APC, anti-I-A/I-E-
APC-Cy7 (MHCIIl), anti-CD1037BV421, anti-F4/80-PECy5, anti-
CD206-BV421, anti-CD8-PE and anti-CD45.1-APC antibodies;
biotin-labeled antibodies specific for CD11¢, CD11b, CD40, CD8O,
CD103 and MHCI; FITC- or PE-labeled secondary antibodies;
appropriate isotype-matched control antibodies; and a Zombie
Aqua Fixable Viability Kit were obtained from Biolegend (San
Diego, CA). A Tumor Dissociation Kit was purchased from Miltenyi
(San Diego, CA). Anti-CD4, anti-CD8 and anti-NK1.1 antibodies
were obtained from Biolegend. CpG (ODN 1826) was purchased
from InvivoGen Inc. (San Diego, CA). A FITC-Annexin V Apoptosis
Detection Kit was purchased from BD Pharmingen Canada Inc.
(Mississauga, Ontario, Canada). All cytokines were purchased from
Peprotech (Rocky Hill, NJ). Female C57BL/6 (B6, CD45.2), B6.1
(CD45.1) and OVA-specific TCR transgenic OT-l mice were
purchased from Jackson Laboratory (Bar Harbor, MA). CD45.1-
OT-l mice were obtained by cross-breeding B6.1 mice with OT-I
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mice. All animal experiments were performed according to
protocols and guidelines approved by the Animal Research Ethics
Board, University of Saskatchewan.

Dendritic cell preparation

C57BL/6 mouse bone marrow-derived DCs were prepared as
described previously.?® Briefly, bone marrow cells from the tibia
and femur of naive C57BL/6 mice were depleted of red blood cells
with 0.84% Tris-ammonium chloride and cultured in DC culture
medium (DMEM plus 10% FCS, granulocyte macrophage colony
stimulation factor (GM-CSF) (20 ng/mL), and interleukin (IL)—4 (20
ng/mL)). On day 3, the nonadherent granulocytes and B and
T cells were gently removed, and fresh medium was added. On
day 6, released, mature and nonadherent cells with the typical
morphologic features of DCs were harvested. DCs were analyzed
for the expression of a DC marker (CD11¢) and DC maturation
markers (MHCII, CD40 and CD80) using a flow cytometer. Sample
data were acquired on a Cytoflex (Beckman Coulter, Brea, CA) and
analyzed with FlowJo software (TreeStar, San Diego, CA). To boost
OVA-specific memory T-cell responses, DCs were incubated with
OVA (1 mg/mL) in culture medium overnight and termed DCoya. 2

Preparation and characterization of heat-treated EG7 cells

EG7 cells were resuspended in complete medium at 10 x 10° cells/
mL. Culture tubes were submerged in a water bath and incubated
at 45 °C or 65 °C for 5 min, which was the optimal exposure time
for maximal heat-induced cell death at 45°C or 65 °C (data not
shown). Control and heat-treated cells were characterized
immediately after heating by staining the cells with FITC-labeled
anti-Annexin V antibody and propidium (Pl) or FITC-labeled anti-
HSP70 antibody and assessing the cells with flow cytometry and
confocal microscopy analyses. Tumor cells stained only by
Annexin V (early apoptosis marker) and those costained by
Annexin V and PI (late apoptosis or necrosis marker) represent the
early apoptotic and late apoptotic cells, respectively. To assess
immunogenicity, heat-treated EG7 cells (1 x 10° cells/mouse) were
intravenously (i.v.) injected into mice. Mouse tail blood samples
were harvested 7 days post cell injection, stained with a FITC-
labeled anti-CD8 antibody and PE-tetramer and analyzed by flow
cytometry.

Generation and characterization of DCs that phagocytose heat-
treated tumor cells

Heat-treated tumor cells were resuspended in posphate-buffered
saline (PBS) at 1x 107 cells/ml and incubated with carboxyfluor-
escein succinimidyl ester (CFSE) (4 uM) at 37 °C for 10 min. The
labeled cells were washed 3 times with PBS. DCs were cultured
with CFSE-labeled tumor cells at a ratio of 1:2 in culture medium
containing GM-CSF (10 ng/mL) at 37 °C overnight. The overnight
culture mixtures were harvested. Live cells were purified with
Ficoll-Paque gradient centrifugation, stained with a PE-labeled
anti-CD11c antibody (red) for cell surface CD11c molecules and
4/ 6-diamidino-2-phenylindole (DAPI; blue) for nuclei and then
analyzed by flow cytometry and confocal microscopy according to
a protocol we previously described.'” Alternatively, DCs were fixed
with 4% paraformaldehyde for electron microscopy to visualize DC
phagocytosis according to a protocol we previously reported.'® To
assess the immunogenicity of the DCs, we prepared DCs that
phagocytosed heat-treated tumor cells during the overnight
incubation of the DCs with the 45 °C-treated and 65 °C-treated
tumor cells at a ratio of 1:2 in the absence or presence of CpG (10
pg/mL). These cells were termed DCgg7asc) and DCegresc) OF
DCec7(650)/cpc according to the incubation conditions.

RFA treatment

EG7 cells (4 x 10° cells/mouse) were s.c. injected into the right
flank of C57BL/6 mice. Tumor growth was monitored. Tumors
gradually grew and often reached ~100mm® (~6mm in
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diameter, small size tumor) and ~350 mm? (~9 mm in diameter,
large size tumor) 8-10 and 14-16 days, respectively, after tumor
cell challenge. When tumors reached ~100 mm? or ~350 mm? in
size, the mice (6-8 mice per group) were anesthetized with
inhaled isoflurane gas (5% isoflurane for anesthesia induction;
2% for maintenance) and positioned on an electricity-
conducting grounding pad wetted with distilled water prior to
RFA. RFA (65 °C) was then performed using a custom-built 17-
gauge single ablation electrode with a 0.5cm active tip**
inserted into the center of the tumor. The apparatus allowed the
tumor tissue to reach the goal temperature (65 °C) in less than a
minute in each case and maintained a constant temperature for
the entire length of the treatment via a feedback loop. RFA (65 °
Q) treatment was administered for 5 min at the goal temperature
for each mouse. The mice recovered on a warming blanket and
were given a s.c. injection of an analgesic (buprenorphine 0.05
mg/kg body weight) for pain control. For CpG adjuvant
administration, mice were intratumorally injected with 10 g
of CpG in 30 uL PBS (three injections of 10 uL each to tumor
peripheral areas) after RFA treatment. To assess the involvement
of CD4" or CD8™ T cells or natural killer (NK) cells in RFA- or RFA/
CpG-induced antitumor immunity, tumor-bearing mice were
intraperitoneally injected with anti-CD4, anti-CD8, anti-NK1.1 or
control antibodies (300 pg/mouse, 1 day prior to RFA and then
once every 3 days for a total of 4 injections) for CD4" T cell,
CD8" T cell, NK cell and control depletions, respectively.® To
examine whether local RFA treatment could decrease the
growth of distant tumors, C57BL/6 mice were injected sub-
cutaneously with EG7 cells (4 x 10° and 2 x 10°) on the right and
left sides of the lower back, respectively. When the right and left
tumors reached ~350 mm? and ~200 mm?, respectively, RFA
+CpG or RFA treatment was performed only on the right tumor.
The mice were monitored for tumor growth at both the RFA-
treated (right) and distant untreated (left) sites. Tumor volumes
were calculated using the formula: tumor volume = width? x
length/2.2° For ethical reasons, mice bearing ~2500 mm?® tumors
(with a diameter of ~20 mm) were killed and recorded as mouse
death. To assess whether RFA-induced CTL responses could
protect mice from tumor lung metastasis, C57BL/6 mice bearing
larger tumors (5 mice per group) were iv. injected with
BL6-100ya (0.5 10° cells/mouse), and RFA or RFA+CpG was
performed 1 day later. Subcutaneous EG7 tumors were surgically
removed 7 days post RFA. Mouse lungs were collected 20 days
after BL6-100ya injection. Black tumor colonies in the lungs
were counted and confirmed by histological examination. To
assess the OVA-specific CD8' T cell memory response derived
from RFA-induced OVA-specific CTL responses, RFA-treated
tumors were surgically removed 7 days post RFA, and the mice
were given an iv. boost with DCoya (1x10° cells/mouse)
25 days post RFA. Memory CD8" T-cell recall responses were
analyzed in tail blood samples from boosted mice by flow
cytometry 4 days after the boost.?®

Assessment of OVA-specific CTL responses

To monitor OVA-specific CTL responses, mouse tail blood samples
from DC (with phagocytosis of heat-treated tumor cells)-immu-
nized or RFA-treated C57BL/6 mice were stained with PE-Tetramer
and a FITC-labeled anti-CD8 antibody and analyzed by flow
cytometry. The in vivo CTL cytotoxicity assay was performed in
RFA (65 °C)-treated mice by transferring both OVA,s7_564 peptide-
pulsed CFSE (3.0 uM)-labeled (CFSEM9M) and control irrelevant
Mutl peptide-pulsed CFSE (0.6 uM)-labeled (CFSE™") target
splenocytes at a ratio of 1:1 (each 10x 10° cells). The CFSEM9"
(H) and CFSE'™" (L) target cells remaining in the recipients’ spleens
were analyzed by flow cytometry 16h later as previously
described.?” Sample data were acquired on a FACSCalibur (BD
Bioscience) and analyzed with FlowJo software (TreeStar, San
Diego, CA).

SPRINGERNATURE

Assessment and characterization of tumor-associated DCs and
macrophages and tumor-infiltrating T cells

EG7 cells were originally derived from the C57BL/6 mouse
lymphoma cell line EL4, which expresses leukocyte common
antigen CD45.2 (data not shown). To assess the tumor-infiltrating
immune cells, B6.1 mice (CD45.1) were challenged with EG7 cells.
Tumor tissue samples derived from EG7 tumors were used to
prepare single cell suspensions (SCSs) by cutting the tissue
samples into 1 mm? fragments in 5 mL of PBS containing 100 U/
mL of collagenase IV and 1 mg/mL of DNase-l and incubating the
mixture at 37 °C for 30 min, followed by the homogenization of
the mixture with a syringe plunger. Tumor SCSs were filtered
through a 40 um filter. Erythrocytes were lysed by incubation of
the SCSs for 5 min with red blood cell lysis buffer (PBS containing
0.15M NH,4Cl, 10 mM KHCO; and 0.1 mM EDTA). Cells in tumor
SCSs were stained with various antibodies to assess the amounts
of intratumoral tolerogenic CD11b*CD11c¢"CD103™ type 1 DCs
(DC1), immunogenic CD11b~CD11¢"CD103™ type 2 DCs (DC2)%®
and inflammatory CD11b*F4/80"MHCII* type 1 macrophages
(macrophage-1 or M1) or tolerogenic CD11b"F4/80"MHCII~ type
2 macrophages (macrophage-2 or M2)?° as well as intratumoral
CD4" and CD8' T cells. Dead cells were excluded using the
Zombie Aqua Fixable Viability dye (Biolegend). Data were
collected on a CytoFLEX (Beckman Coulter) cytometer and
analyzed using FlowJo software (TreeStar).

T-cell proliferation assays

For the in vitro T-cell proliferation assay, EG7 tumor-bearing mice
were first treated with RFA or RFA+CpG as indicated above. After
2 days, DCs were purified from tumor-draining lymph nodes using
a biotin-labeled anti-CD11c antibody and anti-biotin microbeads.
Naive CD8™ T cells purified from B6.1/0T-I mice using a CD8 T Cell
Isolation kit (Stem cells Inc.) were labeled with CFSE (4 uM) and
incubated with lymph node-derived DCs that had been irradiated
with 2000 rad at a ratio of 1:1 in the presence of IL-2 (40 U/mL) and
beta-mercaptoethanol (50 uM). After 3 days of incubation,
activated CD8" T cells were stained with a PE-labeled anti-CD8
antibody and analyzed to show T-cell divisions by flow cytometry.
For the in vivo T-cell proliferation assay, naive CD8™ T cells purified
from B6.1/0T- mice were labeled with CFSE (4 uM) and i.v.
transferred (5x 10° cells/mouse) into EG7 tumor-bearing mice.
RFA treatment was performed 16 h later. At 4 days after RFA
(65 °C) treatment, the mouse tail blood samples were stained with
anti-CD45.1-APC and anti-CD8-PE antibodies and analyzed by flow
cytometry. CD45.1- and CD8 double-positive cells were gated for
the analysis of T-cell divisions. Sample data were acquired on a
cytometer and analyzed using FlowJo software.

Statistical analysis

Data represent the mean + standard derivation. Student’s t-test
was applied to compare the variables from different groups.'” A
value of p <0.05 was considered statistically significant.

RESULTS

Tumor cells undergoing hyperthermia-induced necrosis are
immunogenic

A temperature of 65 °C was selected for our experiments due to
the knowledge that protein denaturation and cell death have
been shown to occur at temperatures above 55 °C.2° To assess the
effect of different temperatures on tumor cell death, we treated
OVA-expressing EG7 tumor cells (Fig. 1a) in vitro at 45 °C and 65 °C
for 5 min, followed by staining these cells with an anti-Annexin V
antibody (early apoptosis marker) and Pl (Annexin V/PI double
staining indicates necrosis) or with an anti-HSP70 (necrosis
marker) antibody. The stained cells were analyzed by flow
cytometry. This experiment demonstrated that significant propor-
tions of the heat-treated tumor cells stained positive for both

Cellular & Molecular Immunology (2019) 16:820 - 832



TLR9 agonist enhances RFA-induced antitumor immunity

A Xu et al.
823
A B
37°C 45°C 65°C
" 0.3 37| 3,5 14.7
" \l > Y 2
P c |
P <
! 1 q.)
,' \ { =
/ ‘y C 1
I/ '\ <
OVA-FITC
C D 37°C 45°C 65°C
. 14 0. 6.8 9238
P 979" | oslrzs.__ | 04101 0.3
[ HSP70-APC—
HSP70-FITC E PI HSP70 Merge
MFI
= 65°C 87.6
— 45°C 425
w— 37°C 37.7
isotype 2.5
F
Control 45°C 65°C 0.8
L 1 o)
o 0.06 1020 0.74 S > 06 1
o ST 04 -
Gé 1 ] + 2
®© ] o 02
T 1 : ] 25
P - £gq 0
d |—Q (\o 63’0 6;0
CDS8-FITC > S ¥ o

Fig. 1 Hyperthermia-treated apoptotic tumor cells are immunogenic. a EG7 cells were stained with an anti-OVA (dark line) or isotype control
antibody (dotted line) and assessed by flow cytometry. b Heat (45 °C and 65 °C)-treated and control EG7 cells were stained with FITC-labeled
anti-Annexin V antibody and Pl and analyzed by flow cytometry. The gating for necrotic cells (45 °C and 65 °C) expressing Annexin V and PI
was based upon the assessment of the live cells (37 °C). ¢ Heat-treated EG7 cells were stained with an anti-HSP70 antibody (color lines) or
isotype control antibody (dotted line) and analyzed by flow cytometry. Mean fluorescence intensity (MFI) numbers are indicated. d Heat-
treated EG7 cells were stained with Pl and an anti-HSP70 Ab and analyzed by flow cytometry. The gating for necrotic cells (45 °C and 65 °C)
expressing both intracellular Pl and intracellular HSP70 was based upon the assessment of the live cells (37 °C). The value in the right upper
quadrant represents the percentage of apoptotic cells expressing HSP70. e Representative fluorescence images of heat-treated EG7 cells that
were stained with Pl and an anti-HSP70 Ab are shown. f Heat-treated EG7 tumor cells (1 x 10° cells/mouse) were i.v. injected into mice (6 per
group). At 7 days after the cell injection, blood samples from immunized mice were stained with OVA-specific PE-Tetramer and a FITC-labeled
anti-CD8 antibody and analyzed by flow cytometry. The gating for OVA-specific CTLs stained with both FITC-labeled anti-CD8 antibody and
PE-tetramer in mice immunized with heat (45 °C and 65 °C)-treated EG7 tumor cells was based upon the assessment of CTLs in the control
PBS-treated mice. A total of 20,000 CD8" T cells were counted. The value in each panel represents the percentage of OVA-specific CD8" T cells
among the total CD8" T-cell population. *P < 0.05 versus the cohort of CD8" T cells activated by 45 °C-treated EG7 (Student’s t test). One
representative experiment out of two total experiments is shown

Annexin V and P, indicating that the tumor cells become necrotic
(Fig. 1b). Heat treatment at a higher temperature (65 °C) induced a
stronger apoptotic response (85%) than (14%) heat treatment at a
lower temperature (45 °C) (Fig. 1b). In addition, we also found that
65 °C-treated tumor cells expressed higher levels of heat shock
protein-70 (HSP70) than 45 °C-treated cells (Fig. 1¢) and that
HSP70 expression was correlated with cell death by flow
cytometry (Fig. 1d), and enhanced HSP70 expression was
intracellularly detected by confocal microscopy (Fig. 1e). To assess
the immunogenicity of the necrotic tumor cells, we i.v. immunized
C57BL/6 mice with the heat-treated tumor cells. At 7 days post
immunization, mouse blood samples were collected, and cells
were stained with a FITC-labeled anti-CD8 antibody and PE-
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Tetramer and analyzed by flow cytometry. The analysis demon-
strated that the 65 °C-treated EG7 cells stimulated stronger OVA-
specific CD8" T-cell responses (0.74%) than the 45 °C-treated cells
(0.20%) (Fig. 1f), indicating that in vitro 65 °C-treated tumor cells
are more immunogenic.

DCs that phagocytose 65 °C-treated tumor cells develop a mature
DC phenotype

We allowed DCs to phagocytose necrotic tumor cells by
coculturing DCs with heat-treated tumor cells overnight. To
visualize phagocytosis, we performed electron microscopy. We
demonstrated that necrotic EG7 cells with collapsed nuclei were
phagocytosed by DCs (Fig. 2a). Alternatively, EG7 tumor cells
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Fig.2 DCs that phagocytose hyperthermia-treated tumor cells stimulate CD8" CTL responses. a Electron microscopy images of an untreated
DC and a DC with a phagocytosed necrotic EG7 tumor cell (arrow) within its cytoplasm. Scale bar =10 pm. b Flow cytometry histogram
showing the fluorescence intensity of control DCs (dotted line) and DCs containing phagocytosed CFSE-labeled 45 °C-treated (gray line) or 65
°C-treated EG?7 cells (dark line). ¢ Representative confocal images showing CFSE (green)-labeled 65 °C-treated EG7 cells (arrow) phagocytosed
into the cytoplasm of PE (red)-labeled CD11c-positive DCs. Scale bar =20 um. d Purified DCs were stained with anti-CD80, anti-la® (solid lines)
and isotype control Abs (dotted line) and analyzed by flow cytometry. Mean fluorescence intensity (MFI) numbers are indicated. e Cells in
blood samples from mice (4 each group) immunized with DCs that phagocytosed heat-treated EG7 cells were stained with OVA-specific PE-
Tetramer and a FITC-labeled anti-CD8 antibody and analyzed by flow cytometry. The gating for OVA-specific CTLs stained with both the FITC-
labeled anti-CD8 antibody and PE-tetramer from mice immunized with DCeg7 (45°c) and DCeg7 (65 °c) Was based on the assessment of CTLs in
the control PBS-treated mice. A total of 20,000 CD8" T cells were counted. The value in each panel represents the percentage of OVA-specific
CD8" T cells among the total CD8" T-cell population. *P < 0.05 versus cohort of DCgg745 «cj-activated CD8" T cells (Student’s t-test). f In vivo
cytotoxicity assay. The OVA-specific CFSEM" (H) and control CFSE'Y (L) target cells remaining in the spleen of mice (4 each group)1 immunized
with DCeg7us °c) and DCeg74s -c) were analyzed by flow cytometry. The value in each panel represents the percentage of CFSEMS" target cells
remaining in the recipient’s spleen. *P <0.05 versus the cohort of DCeggyus-c-immunized mice (Student’s t-test). One representative

experiment out of two experiments is shown

initially labeled with the fluorescent dye CFSE (green) were treated
with heat, and these heat-treated CFSE-labeled EG7 tumor cells
were cocultured with DCs. In this approach, DC phagocytosis of
CFSE-labeled necrotic EG7 cells was confirmed by flow cytometry
(Fig. 2b) and confocal microscopy analyses (Fig. 2c). CFSE™ DCs
were found to be more frequent in DCggysc) cultures (51.2%)
than in DCeg74sc) cultures (13.6%) ((Fig. 2b). To assess phenotypic
changes in DCs, we also performed a flow cytometry analysis. We
observed that DCs that phagocytosed 65 °C-treated EG7 tumor
cells displayed higher expression of MHCII and CD80 than DCs that
phagocytosed 45 °C-treated EG7 tumor cells (Fig. 2d), indicating
that the DCs that phagocytosed 65 °C-treated EG7 tumor cells
have a more mature phenotype.

DCs that phagocytose 65 °C-treated tumor cells stimulate more
efficient CTL responses

We i.v. immunized mice with OVA-presenting DCoya and DCs that
phagocytosed heat (65 °C or 45 °C)-treated EG7 tumor cells (DCgg;
©5c) OF DCegrusc) and assessed OVA-specific CD8" T-cell
responses 6 days post immunization. We demonstrated that
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vaccination of mice with the positive control DCoyp efficiently
induced OVA-specific CD8" T-cell responses (2.5%) (Fig. 2e). We
found that DCegyesc) (0.77%) stimulated stronger OVA-specific
CD8™ T-cell responses than DCegyusc) (0.17%) (Fig. 2e), indicating
that the DCeg7(65c) cells are more immunogenic in vivo. To assess
the effector functions of stimulated OVA-specific CD8" T cells, we
performed an in vivo cytotoxicity assay by adoptively transferring
OVA,57_564 peptide-pulsed splenocytes that had been labeled
with higher concentrations of CFSE (CFSEM9M) and control peptide-
pulsed splenocytes that had been labeled with lower concentra-
tions of CFSE (CFSE™") into the immunized mice. We then
assessed the loss of the OVA-specific CFSE"" target cells from the
mouse splenocyte population by flow cytometric analysis. We
found that 82% of CFSEM" target cells disappeared in the 16 h
after target cell transfer in the DCoya-immunized mice and that
55% of CFSEMI" target cells disappeared in the 16 h after target
cell transfer in the DCgg76sc)-immunized mice, which is signifi-
cantly more than that in the DCgg7usc-immunized mice (22%)
(Fig. 2f). This indicates that DCgg7(e5c) induces a large number of
OVA-specific effector CTLs with cytolytic activity. Therefore, we
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selected RFA at a treatment temperature of 65 °C to further assess
RFA-induced antitumor immunity.

RFA induces tumor necrosis, CTL responses and antitumor
immunity

We first s.c. injected C57BL/6 mice with EG7 tumor cells and
performed in vivo RFA (65 °C) when tumors reached small (~100
mm?3) or larger (~350mm?3) sizes (Fig. 3a) using a previously
constructed custom-made RFA device set to maintain a constant
treatment temperature'®'® for the administration of RFA in small
animal models. To assess RFA-induced tumor cell death in larger
tumors, we removed tumors 2 days after RFA for histopathologic
examination. We demonstrated that compared with the control
treatment, RFA (65 °C) induced a larger area of tumor necrosis
2 days post RFA (Fig. 3b) and significant tumor shrinkage at the
center of the tumor 7 days post RFA (Fig. 3c). To assess RFA-
induced CD8" T-cell responses, mouse blood samples were
collected 7 days post RFA, and the cells were stained with a
FITC-labeled anti-CD8 antibody and PE-Tetramer and analyzed by
flow cytometry. This experiment showed that RFA (65 °C)
treatment induced OVA-specific CD8" T-cell responses (0.63%)
(Fig. 3d). To analyze RFA-induced antitumor immunity, we
monitored tumor growth daily post RFA (65 °C) in animals with
small tumors. We found that a single RFA (65°C) treatment
resulted in the complete eradication of small tumors in all 5 mice
(Fig. 3e). This observation was confirmed by histological examina-
tion of tumor tissue sections, which showed that the small tumors
(Fig. 3f) were replaced with scar tissue post RFA (Fig. 3g).

Intratumoral TLR9 agonist treatment increases tumor-associated
immunogenic CD11c"CD103™ DC2 and enhances the stimulatory
effect of CD11c* DCs on T-cell proliferation

Intratumoral tumor-associated DCs have recently been divided
into two subsets: tolerogenic CD11b*CD11c*CD103~ DC1 and
immunogenic CD11b~CD11c¢"CD103" DC2.3° The TLR9 agonist
CpG is an immune adjuvant that increases vaccine immunogeni-
city by enhancing DC maturation and cytokine secretion.?’?? To
assess the effect of CpG on tumor-associated DCs in vivo, we
intratumorally administered CpG and examined tumor-associated
DCs by flow cytometry at day 2 post RFA, a time point when skin
DCs are highly mobilized after protein immunization.' To dissect
the tumor-associated DC populations, we devised a seven-color
flow cytometry panel and progressive gating strategy using the
EG7 (CD45.2) model established in B6.1 mice (CD45.1). Tumor-
infiltrating leukocyte populations gated as CD45.1" were profiled.
Neutrophils and monocytes were removed by subgating all the
CD45.1" cells.®® DCs identified as CD11c"MHC™ were found to
separate into two populations based on the differential expression
of CD11b and CD103. We showed an increased amount of
immunogenic CD11b~CD11c*CD103%" DC2 in the RFA4CpG-
treated tumors compared to the RFA-treated or untreated tumors
(Fig. 4a, b). To measure the stimulatory capacity of DCs derived
from the RFA+4CpG-treated or RFA-treated EG7 tumors, we
cocultured the purified CFSE-labeled OT-1 CD8" T cells with
CD11c* DCs (DCreacpe: DCrra @and DCeontron) purified from the
total splenocytes of the RFA+CpG-treated, RFA-treated and
untreated EG7 tumor-bearing mice 1 day post RFA and analyzed
the cultures by flow cytometry analysis after 3 days of in vitro
culture. We demonstrated that the in vitro stimulatory effect of
DCrea+cpa (containing more DC2 than the DCgea sample) on T-cell
proliferation is much stronger than that of DCgra (Fig. 4¢). To
assess intratumoral DC in vivo stimulatory effect, we i.v. injected
CFSE-labeled OT-1 CD8* T cells into EG7 tumor-bearing mice and
assessed the proliferation of CFSE-labeled T cells derived from EG7
tumors with or without CpG injection 4 days post RFA (65 °C)
treatment. We demonstrated that 32.9% of CFSE-labeled OT-I
CD8"' T cells injected into the RFA/CpG-treated tumors divided
more than 3 times, while only 6.6% of CFSE-labeled OT-I CD8"
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T cells divided more than 3 times in the RFA-treated tumors
(Fig. 4d).

Intratumoral TLR9 agonist administration increases the frequency
of tumor-associated immunogenic CD11b*F4/80"MHCIIT M1 and
enhances CD4™" and CD8" T-cell tumor infiltration

Intratumoral tumor-associated macrophages have been divided
into two subsets: inflammatory CD11b"F4/80"MHCII™ type 1
macrophages (M1) and tolerogenic CD11b"F4/80"MHCII~ type 2
macrophages (M2).2° To assess the effect of CpG on intratumoral
macrophages in vivo, we intratumorally administered CpG and
examined intratumoral macrophages by flow cytometry 2 days
post RFA. To dissect the tumor-associated macrophage popula-
tions, we employed a seven-color flow cytometry panel and a
progressive gating strategy using the EG7 model established in
B6.1 mice. Macrophages gated as CD11b*F4/80" within the
CD45.1" cell population were found to separate into two
populations based on the differential expression of MHCII, as
observed in a colon adenoma model>® We demonstrated an
increased amount of macrophages in the RFA+CpG-treated
tumors compared to the RFA-treated or untreated tumors (Fig. 4e,
f). We further showed an increased amount of inflammatory
CD11b"F4/80"MHCII™ M1 and reduced amount of tolerogenic
CD11b*F4/80"MHCII~— M2 in the RFA+CpG-treated tumors
compared to the RFA-treated or untreated tumors (Fig. 4e, f). In
addition, the RFA+CpG treatment also significantly enhanced
CD4"% T-cell tumor infiltration (2 days post treatment) and
increased CD4" and CD8" T-cell tumor infiltration (6 days post
treatment) compared with the RFA treatment (Fig. 4g).

Intratumoral TLR9 agonist enhances RFA-induced CD4™ T cell-
dependent CTL responses

To assess whether CpG improves RFA therapy, we intratumorally
administered CpG after RFA (65 °C) treatment. CTL responses and
effector functions were measured in these treated mice by flow
cytometry analysis (Fig. 5a). We found that the intratumoral
administration of CpG with RFA treatment significantly enhanced
RFA-induced OVA-specific CTL responses (2.28%) compared to
RFA treatment alone (0.82%) or CpG treatment alone (0.21%)
(Fig. 5b). We also demonstrated that 75% of OVA-specific CFSENion
target cells disappeared in the 16 h after target cell transfer in the
RFA+CpG-treated mice, which is significantly more than that
observed in the RFA-treated mice (28%) (Fig. 5¢c). This indicates
that the RFA+CpG treatment induces potent OVA-specific effector
CTLs with cytolytic activity. To assess the involvement of CD4™
T cells in RFA+CpG-induced CTL responses, we depleted CD4"
T cells using an anti-CD4 antibody one day before the RFA+CpG
therapy and assessed CTL responses 7 days post RFA+CpG
therapy. We demonstrated that the RFA+CpG therapy efficiently
induced OVA-specific CTL responses (2.99%) and that CD4* T-cell
depletion resulted in a nearly two-third reduction in the
magnitude of the RFA+CpG therapy-induced CTL responses
(Fig. 5d), indicating that RFA-+CpG-induced CTL responses are
CD4" T-cell dependent.

Intratumoral TLR9 agonist enhances the RFA-induced inhibition of
primary RFA-treated and distant untreated tumor growth and lung
metastases and increases RFA-induced memory T-cell recall
responses

To assess whether CpG improves RFA therapy, we intratumorally
administered CpG after RFA, monitored tumor growth and found
that the RFA+CpG treatment significantly inhibited tumor growth,
whereas the RFA or CpG alone treatment did not show any
beneficial effect on large tumors (Fig. 6a). To assess the
involvement of CD4" and CD8" T cells and NK cells in the RFA
+CpG-induced inhibition of tumor growth, we depleted CD4* and
CD8" T cells and NK cells with anti-CD4, anti-CD8 and anti-NK1.1
antibodies, respectively, in the RFA+CpG-treated mouse group
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Fig.3 RFA induces OVA-specific CD8" CTL responses and eliminates small tumors. a Experimental setup for RFA treatment. b Representative
hematoxylin and eosin staining of tissue sections from a tumor collected 2 days post RFA treatment. Magnification, X100. ¢ Representative
image showing the shrinkage of RFA-treated EG7 tumors in the center area where RFA was performed 7 days post RFA treatment. d Cells in
blood samples from RFA-treated mice (4 each group) were stained with OVA-specific PE-Tetramer and a FITC-labeled anti-CD8 antibody and
analyzed by flow cytometry. The gating for OVA-specific CTLs stained with both the FITC-labeled anti-CD8 antibody and PE-tetramer from
tumor-bearing mice treated with RFA was based upon the assessment of CTLs in the control PBS-treated mice. A total of 20,000 CD8" T cells
were counted. The value in each panel represents the percentage of OVA-specific CD8" T cells among the total CD8" T-cell population. The
value in each parenthesis represents the standard deviation. *P < 0.05 versus the cohort of control mice (Student’s t-test). e Tumor growth or
regression was monitored post RFA treatment in RFA-treated and control mice (5 each group) bearing small EG7 tumors. f Representative
hematoxylin and eosin staining of sections of a small tumor (~6 mm in diameter). Magnification, x40 (a), 100 (b), and insert shows tumor tissue
(x400). g Representative hematoxylin and eosin staining of sections of normal skin (a) and scar tissue (b) post RFA. Magnification, x100. The
insert shows scar tissue (x400). One representative experiment out of two total experiments is shown
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Fig. 4 Administration of adjuvant CpG increases the frequency of tumor-associated immunogenic DC2 and M1 and enhances T-cell tumor
infiltration. a, b Flow cytometry analysis of tumor-associated DCs in tumor single cell suspensions derived from EG7 tumors in B6.1 mice was
performed with a progressive gating strategy. The frequency of tumor-associated CD11b"CD11c* DC1 and CD11c*CD103* DC2 in the total
CD11c* DC population at 2 days post treatment is shown; n = 3 mice per group. *P < 0.05 versus the cohort of control mice (Student’s t-test). ¢
In vitro T-cell proliferation assay. Irradiated (2000 rad) DCs that had been initially purified from the tumor-draining lymph node cells of RFA-
and RFA+ CpG-treated tumor-bearing mice were cultured with CFSE-labeled OT-1 CD8" T cells for 3 days and analyzed for T-cell proliferation
by flow cytometry. The value represents the percentage of cells that divided at least once. d In vivo T-cell proliferation assay. Cells from the tail
blood samples of RFA- and RFA/CpG-treated EG7 tumor-bearing mice (4 each group) with transferred CFSE-labeled OT-I CD8" T cells were
stained with anti-CD45.1-APC and anti-CD8-PE antibodies and analyzed by flow cytometry. CD45.1/CD8 double-positive T cells were gated for
the analysis of T-cell proliferation. The value represents the percentage of cells that divided more than three times. e, f Flow cytometry analysis
of tumor-associated macrophages from the tumor single cell suspensions derived from EG7 tumors in B6.1 mice by a progressive gating
strategy. The frequency of tumor-associated CD11b"F4/80" macrophages (M) in the total CD45.1" cell population as well as the frequency of
tumor-associated inflammatory CD11b*F4/80*1a°" M1 and tolerogenic CD11b"F4/80"1a® M2 in the total CD11b"F4/80" M population at day
2 post treatment; n = 3 mice per group. *P < 0.05 versus the cohort of control mice (Student’s t-test). g The frequency of CD4" and CD8"
T cells in the total cell population at day 2 and day 6 post treatment; n =5 mice per group. Tumor-infiltrating T cells were gated from
CD45.1*CD3" cells and analyzed for the expression of CD4 and CD8 by flow cytometry. *P < 0.05 versus the cohort of control RFA mice
(Student’s t-test). One representative experiment out of two experiments is shown

Cellular & Molecular Immunology (2019) 16:820 - 832 SPRINGER NATURE

827



TLR9 agonist enhances RFA-induced antitumor immunity

A Xu et al.
828
A CpG, RFA or
RFA+CpG
EG7 R
14 days 7days  FACS (Fig. 5B)
( N — 3
H/L assay (Fig. 5C)
B6
B Control
ontro CpG RFA RFA+CpG 3 *
W o004 021 228 2225
14 o
D Ed 2
£ 1 W B 05
S £ 1
@ 2 £&05
= - e R - E 8 0
CDS8-FITC e S
&
g .
2 Control CpG RFA RFA+CpG
E. 81| - 72 |- 2% | 22 100
B . oy o4 ) s 80
= ]r\ A /' | w =9
8- I L / o3 60
o - AWANE /\ j 8 E o
X ASA\DIVAWAN EFAWIN S |
o) L H L H L H L H g =8 0
22 CFSE > g3
D 4
RFA+CpG RFA+CpG
RFA+CpG +anti-CD4 +Control Ab 2o 3
L ’ o
o g% 2 *
s 1
o) £e
: o
= =2 () > 0
2 : o & '\\'Oo <~°\v
- v O O
CD8-FITC & 2
R &
& <&

Fig.5 CpG administration enhances RFA-induced CTL responses in vivo. a A diagram summarizing the design of RFA treatment experiments.
b The cells in mouse blood samples derived from RFA/CpG-, RFA- or CpG-treated EG7 tumor-bearing mice (4 each group) were stained with
OVA-specific PE-Tetramer and a FITC-labeled anti-CD8 antibody and analyzed by flow cytometry. The gating for OVA-specific CTLs stained with
both the FITC-labeled anti-CD8 antibody and PE-tetramer from tumor-bearing mice treated with RFA, CpG or RFA+CpG was based on the
assessment of CTLs in the control PBS-treated mice. A total of 20,000 CD8" T cells were counted. The value in each panel represents the
percentage of OVA-specific CD8" T cells among the total CD8" T cell population. *P < 0.05 versus the cohort of RFA-activated CD8" T cells
(Student’s t-test). ¢ In vivo cytotoxicity assay. The OVA-specific CFSE"9" (H) and control CFSE'" (L) target cells remaining in the spleen of RFA/
CpG- or RFA-treated tumor-bearing mice (4 each group) were analyzed by flow cytometry. The value in each panel represents the percentage
of CFSEM9M target cells remaining in the recipient’s spleen. *P < 0.05 versus the cohort of RFA-treated mice (Student’s t-test). d The cells in
mouse blood samples derived from RFA/CpG-treated EG7 tumor-bearing mice (4 each group) that underwent CD4" T-cell depletion were
stained with OVA-specific PE-Tetramer and a FITC-labeled anti-CD8 antibody and analyzed by flow cytometry. The gating for OVA-specific CTLs
stained with both the FITC-labeled anti-CD8 antibody and PE-tetramer from tumor-bearing mice immunized and treated with RFA and RFA
+CpG was based upon the assessment of CTLs in the control PBS-treated mice. A total of 20,000 CD8" T cells were counted. The value in each
panel represents the percentage of OVA-specific CD8" T cells among the total CD8" T-cell population. *P < 0.05 versus the cohort of the
control antibody-treated mice (Student’s t-test). One representative experiment out of two experiments is shown

and found that CD8" T-cell depletion and CD4" T-cell depletion
abolished the RFA-+CpG-induced inhibition of tumor growth,
while NK cell depletion or control antibody treatment did not
affect the RFA+CpG-induced inhibition of tumor growth (Fig. 6b).
To further confirm the OVA-specific antitumor immune responses
induced by the RFA+CpG treatment, we injected mice with EG7
tumor cells (4 x 10° and 2 x 10° cells) at two different sites (right
and left sides of the lower back, respectively). When a right tumor
reached ~350 mm?>, the corresponding left tumor was ~200 mm>.
We then performed the RFA+CpG treatment on the right tumor,
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and the mice were then monitored for tumor growth at both the
RFA-treated right and the untreated left tumors (Fig. 6¢). We
demonstrated that the RFA+CpG treatment, but not RFA alone,
resulted in significantly decreased growth of the left (distant)
untreated tumors (Fig. 6¢). To assess the ability of RFA-induced
OVA-specific CTL responses to protect the mice from distant
metastases, we i.v. challenged mice before RFA with BL6-100ya
melanoma cells, which efficiently form metastases in the lungs.
The remaining RFA-treated EG7 tumors were surgically removed,
and 20 days post BL6-100ya tumor cell injection, the animals were
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killed, and the lungs were collected (Fig. 6d). Remarkably, the RFA
+CpG treatment significantly reduced lung tumor metastases
compared to the RFA treatment alone (Fig. 6e, f). To assess the T-
cell memory derived from the RFA-induced OVA-specific CTL
responses, the RFA-treated tumors were surgically removed 7 days
post RFA, and the mice received a DCoya boost 25 days post RFA.
Memory CD8" T-cell recall responses were analyzed in the tail
blood samples of boosted mice by flow cytometry. We demon-
strated that OVA-specific CD8" T-cell recall responses in the RFA
+CpG-treated mouse group (3.0%) were much higher than those
in the RFA-treated mouse group (0.8%) (Fig. 6g). Therefore, our
data indicate that the TLR9 agonist CpG enhances RFA-induced
CTL responses, leading to: (i) potent inhibition of both primary
RFA-treated tumor growth and distant untreated tumor growth,
(i) suppression of tumor metastases and (iii) enhancement of
memory CD8" T-cell recall responses.

DISCUSSION

Apoptosis is a programmed cell death process that can be
induced by many environmental stimuli, including irradiation and
hyperthermia.®* During early apoptosis responses, cell integrity
remains relatively intact, and intracellular components are not
released.®® However, in the late apoptosis (necrosis) stage,>® the
cellular membrane becomes more permeable, leading to intra-
cellular components being released into the surrounding tissue.>*
The intracellular components released from dying cells include
some immunogenic molecules, such as RNA, DNA and HSPs.3*3¢
Dying cells are removed by tissue-resident DCs in two stages.
Dying tumor cells can attract DCs through the release of
soluble “find-me” signals, such as nucleotides, and can also
stimulate DCs to engulf apoptotic cells through their
surface exposed “eat-me” signals, such as calreticulin and
phosphatidylserine.?” After performing phagocytosis, DCs differ-
entiate into either immunogenic DCs, which express a large
amount of MHCII and costimulatory CD40 and CD80 molecules, or
tolerogenic DCs, which lack the expression of the above molecules
but produce suppressive cytokines, such as IL-10, depending upon
the sgeciﬁc immune components released from the dying tumor
cells.

Damage-associated molecular patterns released from dying
cells, such as HSPs, can act on multiple pattern recognition
receptors, inducing the activation and maturation of DCs.3>363839
The exposure time for the induction of tumor cell death by in vitro
hyperthermia varied from tumor cell line to tumor cell line.***" In
this study, we selected 5 min for the exposure time because we
found that 5min was an optimal exposure time for maximal
hyperthermia-induced EG7 tumor cell death at 45 °C and 65 °C. We
demonstrate that, consistent with previous reports,*>*' hyperther-
mia at 45 °C and 65 °C for 5 min induces tumor cell necrosis. Our
experiments show that 65 °C hyperthermia not only induces more
cell death but also upregulates intracellular HSP70 expression to a
higher level compared to 45 °C hyperthermia. Furthermore, 65 °C-
induced necrotic tumor cells were more immunogenic than 45 °C-
induced cells, possibly due to the higher expression of HSP70,
which is capable of activating both CD4* T cells and DCs and thus
enhancing cross-priming CD8" T-cell responses.®>>53839 DCs
loaded with the protein lysate derived from in vivo RFA-ablated
tumor tissues were previously reported to stimulate cytokine-
induced killer cell responses.*” We also reported that DCs that
phagocytose irradiation-treated tumor cells induce potent anti-
tumor CTL responses and immunity in animal models.'” In this
study, we showed that 65°C-treated tumor cells trigger DC
maturation and that DCs that phagocytose 65 °C-treated tumor
cells stimulate more efficient OVA-specific CTL responses than DCs
that phagocytose 45 °C-treated tumor cells.

RFA-induced CD8" CTL activity has primarily been measured by
flow cytometry to detect nonspecific by monitoring the

Cellular & Molecular Immunology (2019) 16:820 - 832

TLR9 agonist enhances RFA-induced antitumor immunity
A Xu et al.

production of IFN-y by CD8" T cells’*®* and assessed by
semiquantitative ELISPOT analysis to detect antigen-specific
responses.”” " Recently, however, a few studies have reported
accurate assessments of RFA-induced tumor-specific CTL
responses using tumor antigen-specific PE-tetramer reagents.***°
In this study, we performed RFA therapy in our mouse model of
OVA-expressing EG7 tumors, which allows a very accurate
measurement of RFA-induced OVA-specific CTL responses by flow
cytometry using PE-Tetramer and FITC-labeled anti-CD8 antibody
staining. We demonstrated that RFA (65°C) treatment can
stimulate OVA-specific CD8" T-cell responses capable of killing
OVA-specific target cells in vivo. By daily tumor monitoring, we
demonstrated that RFA (65°C) treatment completely abolishes
small EG7 tumors. Since RFA is often used in the clinical setting to
treat unresectable tumors, we also performed RFA (65 °C)
treatment on larger EG7 tumors. This therapeutic strategy of
RFA administration at only the central site of a larger tumor
produced no significant reduction in tumor growth, although RFA-
treated tumors showed slightly slower growth in the first 6 days
post RFA therapy compared to untreated tumors, which is
consistent with the results of a recent clinical RFA report on stage
IV melanoma,** which suggests that a strategy of multiple RFA
treatments at different areas in larger tumors may potentially
produce better outcomes.

TLR9 agonistic oligonucleotides containing CpG are well known
to promote CD4" T helper type 1 (Th1) cell and CTL responses
through binding to endosomal TLR9,>'** which leads to IL-12
induction via the activation of TLR9 signaling.*® Consistent with
this, CpG has been used to improve the efficacy of various cancer
immunotherapy strategies. These include use of CpG in vaccina-
tion,"” local low-dose radiation therapy®® and programmed cell
death protein-1 (PD-1) blockade.* In this study, we examined the
effect of intratumoral CpG on antitumor RFA therapy and assessed
whether CD4" and CD8™ T cells and NK cells are required for the
antitumor immunity derived from RFA+CpG therapy. We demon-
strated that CoG+RFA treatment results in potent CD4" T cell-
dependent CTL responses that lead to the significant inhibition of
tumor growth. However, NK cells are not involved in CpG+RFA-
induced inhibition of tumor growth. Intratumoral tumor-
associated DCs were previously found to exhibit defective tumor
antigen cross-presentation to T cells and defective T-cell
proliferation stimulation.>® Recently, two types of tumor-
associated DCs (tolerogenic CD11c¢"CD11b* DC1 and immuno-
genic CD11c¢"CD103" DC2) were defined.?® The latter represent
active antigen-presenting cells in the tumor microenvironment
that exhibit unique antigen processing and presentation capabil-
ities and are superior stimulators of CTL responses.”® Our data
reveal that intratumoral administration of CpG expands the
population of tumor-associated immunogenic CD11c"CD103%
DC2, leading to more efficient DC stimulation of intratumoral T-
cell proliferation. Two types of tumor-associated macrophages
(inflammatory  CD11b*F4/80"MHCII® M1 and tolerogenic
CD11b"F4/80"MHCII"M2) were previously defined.?®* Tumor-
associated M1 cells can significantly halt tumor growth,>'*?
secrete inflammatory cytokines (IFN-y and IL-12) that drive the
polarization of Th1 cells, produce chemokines (CXCL9 and
CXCL10) that recruit T cells into tumors and suppress tumor-
associated M2 cell development,>*** while M2 cells promote
tumor angiogenesis and growth and secrete the tolerogenic
cytokine IL-10 to induce immune suppression.> Our data revealed
that the intratumoral administration of CpG increases the
frequency of tumor-associated immunogenic CD11b"F4/
80 "MHCII™ M1 cells but reduces the frequency of tolerogenic
CD11b"F4/80"MHCII"M2 cells as well as enhances CD4" and
CD8" T-cell tumor infiltration, thus resulting in the potent
inhibition of primary RFA-treated or distant untreated tumor
growth and a significant reduction in lung metastasis. Metabolic
programming is crucial for immune cell development and
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functions.>® It has been demonstrated that (i) immunogenic and
tolerogenic immune cells have different metabolic profiles.
Immunogenic DCs and M1 mainly rely on glycolysis for energy,
whereas tolerogenic DCs and M2 are supported by mitochondrial
fatty-acid oxidation (FAO) for adenosine triphosphate production,
and (ii) TLR stimulation signals control metabolic programming
and glycolysis via the activation of the AKT-mTORC1-HIF-1a
pathway.>® Therefore, the conversion of tolerogenic DC1 and M2
into immunogenic DC2 and M1 by CpG through the activation of
the AKT-mTORC1 pathway,>” as observed in this study, is possibly
derived from the CpG-mediated metabolic switch from FAO to
glycolysis.

To improve the therapeutic effects of RFA for cancer treatment,
various combinational therapies have been reported 248 These
approaches include combinations with PD-1 blockade,® vaccina-
tion with heat-shocked tumor cell lysate-pulsed DCs*® and
intratumoral injection of DCs*® post RFA. Recently, Ferrara and
colleagues®** performed a combinational RFA therapy with CpG
administration and PD-1 blockade in animal tumor models and
demonstrated a critical role of CpG administration/PD-1 blockade-
induced priming prior to RFA therapy in the stimulation of highly
effective systemic immune responses leading to greatly improved
efficacy in RFA-mediated cancer therapy.

Various TLR agonists have also been found to act as effective
adjuvants for vaccines.>® For example, the intratumoral adminis-
tration of a TLR9 agonist alone induced tumor-specific CD8" T-cell
responses,®® and the injection of a TLR3 or TLR9 agonist
significantly enhanced adaptive T cell-based cancer therapy.®'
The intratumoral delivery of TLR7 or TLR9 agonists in combination
with cancer radiotherapy has been found to give rise to systemic
immune effects on nonirradiated tumor lesions.®>® In this study,
we demonstrated that a TLR9 agonist enhances RFA-induced
tumor-specific CTL responses, leading to the potent inhibition of
not only tumor growth but also lung metastasis. The establish-
ment of an optimal protocol for RFA cancer therapy in
combination with the TLR9 agonist CpG and other TLR agonists,
such as the TLR3 agonist polyinosinic:polycytidylic acid, TLR4
agonist lipopolysaccharide and TLR7 agonist U-rich ssRNA, is
being actively pursued in our laboratory by using our in vivo OVA-
specific tumor model.

Taken together, our data indicate that TLR9 activation enhances
radiofrequency ablation-induced CTL responses which, in turn,
leads to the potent inhibition of tumor growth and distant
metastasis. Therefore, the application of TLR agonists may
represent a promising treatment strategy to improve the out-
comes of RFA cancer therapy and support the survival of cancer
patients.
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