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Abstract

Purpose: To test the hypothesis that antitumoral immunity can be induced after cryoablation
(cryo) of hepatocellular carcinoma (HCC) through coadministration of the immunostimulant CpG
and an immune checkpoint (programmed cell death 1 [PD-1]) inhibitor.

Materials and Methods: Sixty-three immunocompetent C57BL/6J mice were generated with 2
orthotopic HCC tumor foci: 1 for treatment and 1 to observe for antitumoral immunity. Tumors
were treated with incomplete cryo alone or intratumoral CpG and/or a PD-1 inhibitor. The
primary endpoint was death or when the following criteria for sacrifice were met: tumor > 1

cm (determined using ultrasound) or moribund state. Antitumoral immunity was assessed using
flow cytometry and histology (tumor and liver) as well as enzyme-linked immunosorbent assay
(serum). Analysis of variance was used for statistical comparisons.

Results: At 1 week, the nonablated satellite tumor growth was reduced by 1.9-fold (P=.047)

in the cryo + CpG group and by 2.8-fold (P=.007) in the cryo + CpG + PD-1 group compared
with that in the cryo group. Compared with cryo alone, the time to tumor progression to endpoints
was also prolonged for cryo + CpG + PD-1 and cryo + CpG mice, with log-rank hazard ratios

of 0.42 (P=.031) and 0.27 (P< .001), respectively. Flow cytometry and histology showed
increased cytotoxic T-cell infiltration (P=.002) and serum levels of the proinflammatory cytokine
interferon-y (P =.015) in tumors and serum of cryo + CpG mice compared with those in tumors
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CA 92161; inewton@health.ucsd.edu; Twitter handle: @thelIMD.

Figures E1-E3, Tables E1-E4, and Appendix A can be found by accessing the online version of this article on www.jvir.org and
selecting the Supplemental Material tab.
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and serum of mice treated with cryo alone. High serum levels of the anti-inflammatory cytokine
tumor growth factor-p and the proangiogenesis chemokine C-X-C motif chemokine ligand 1 were
correlated with a shorter time to endpoints and faster tumor growth.

Conclusions: Cryo combined with the immunostimulant CpG promoted cytotoxic T-cell
infiltration into tumors, slowed tumor growth, and prolonged the time to progression to endpoints
in an aggressive murine HCC model.

The incidence of hepatocellular carcinoma (HCC) and its resulting mortality are rising

(1). Most patients are ineligible for curative resection or liver transplantation. Thermal
ablation can offer a cure; however, recurrence after incomplete ablation can lead to

greater proliferation and resistance to treatment (2—4). HCC evades the immune system

by expressing the immune checkpoint protein programmed death ligand 1 and recruiting
immunosuppressive M2 macrophages, mature daughter cells of myeloid-derived suppressor
cells (5). Tumor cells can avoid immune detection by inactivating T cells. T-cell anergy
occurs when programmed death ligand 1 on tumor cells binds to programmed cell death 1
(PD-1) on T cells. PD-1 inhibitors can reverse this T-cell tolerance; however, they produce a
clinical response in only 27%-33% of patients with HCC (6).

Thermal ablation alone can rarely induce the “abscopal effect,” a systemic antitumoral
immune response culminating in regression of distant metastatic disease (7). Among

all forms of thermal ablation, cryoablation (cryo) is thought to induce the most potent
tumor-specific inflammatory response, causing increased levels of inflammatory mediators
(interleukin [IL]-1, IL-6, nuclear factor-xB, and tumor necrosis factor-a.) and increased
tumor antigen loading into dendritic cells (DCs) (8). Tumor antigen uptake by plasmacytoid
dendritic cells (pDCs) is thought to link the innate and adaptive antitumoral immune
responses, which is important for the abscopal effect. pDCs are a subset of DCs enriched
in blood and peripheral lymphoid tissue, including in the liver (9). Immunostimulants,
such as unmethylated cytosine-phosphate-guanine oligodeoxynucleotides (CpGs), can
promote recognition and presentation of tumor antigens, which may help overcome the
immunosuppressive microenvironment of the liver. CpGs are a class of toll-like-receptor
(TLR) 9 agonists that induce pDC antigen presentation and proinflammatory cytokine
production (10,11). Early clinical trials of CpG established an excellent safety profile but
underwhelming clinical outcomes compared with those in animal studies (12). Induction
of a durable response may depend on the availability of tumor antigens at the time of
CpG-induced pDC activation (13). There may also be a role of coadministration of CpG
with immune checkpoint inhibitors in HCC because this combination had a synergistic
effect against metastatic melanoma (10,14). However, there are no studies evaluating the
combination of thermal ablation with an immunostimulant (CpG or other TLR agonist)
and a checkpoint inhibitor for HCC (15). Using an aggressive murine model of HCC, this
study tested the hypothesis that cryo plus CpG and a PD-1 inhibitor can induce antitumoral
immunity.

MATERIALS AND METHODS

The Institutional Animal Care and Use Committee approved all procedures (protocol
S06319).
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Study Design and Intrahepatic HCC Implantation

This study included 63 male wild-type C57BL/6J mice (Jackson Laboratories, Bar Habor,
Maine), based on a power analysis performed using G*Power 3.1 (Heinrich Heine
University Dusseldorf), with an effect size of 0.80 derived from pilot data, error probability
of 0.05, and power of 0.85, yielding a calculated total sample size of 7 per group plus 3 mice
to account for anticipated death due to disease progression and another 3 mice for histologic/
flow cytometric analysis for a sample size of 13 per group. The nointervention observation
arm included 11 mice because there was no need to account for procedural mortality. The
mice were transitioned from an ad libitum normal chow diet to a nonalcoholic steatohepatitis
(NASH)—-inducing diet (D12079, Western Diet; Research Diets, New Brunswick, New
Jersey) at 6 weeks of age, at least 4 weeks before injection of RIL-175 cells, an HCC

cell line established in C57BL/6 mice via transfer of HRasV12-transducedp53 /- fetal
hepatoblasts (16). Further details can be found in Appendix A (available online on the
article’s Supplemental Material page at www.jvir.org.). Male mice were studied due to better
engraftment rates than those of females, possibly due to greater immunotolerance because
the RIL-175 cell line originated in a male mouse. Livers with NASH demonstrated better
engraftment rates than normal livers (data not shown).

A 70-MHz ultrasound (US) transducer (Mevo MD Ultra High Frequency US System;
VisualSonics, Fujifilm, Ontario, Canada) was used to guide RIL-175 cell injections into
the right and left lateral hepatic lobes: 1 for observation as a “satellite” lesion and the other
for treatment. A 22-gauge needle preloaded with RIL-175 cells suspended in extracellular
matrix (detailed in Appendix A, available online at www.jvir.org) was advanced through a
19-gauge introducer needle (CT2011 Temno Merit Medical, South Jordan, Utah) to limit
tract seeding. The animals were monitored during the periprocedural period. The Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and Figure 1 contain
additional details of study design, including subject experimental group allocation and
exclusion.

Tumor Volume Characterization and Endpoints

Tumors were imaged using US at least weekly by an assessor (T.C.M.) who was blinded
to the intervention. A research team, consisting of an interventional radiology resident and
2 research scientists, was trained and overseen by an attending interventional radiologist
scientist (1.G.N.). Tumors were measured along their greatest dimensions in the axial and
sagittal planes, and only viable tumors were measured. Tumor volumes were calculated

using the following equation: Volume = %(x *y*z), where xis the left-to-right diameter, yis

the craniocaudal diameter, and zis the anteroposterior diameter. The threshold tumor size
was =5 mm for treatment. At the time of ablation, there were no statistical differences in
tumor size among the groups (Tables E1 and E2) available online at www.jvir.org).

To normalize heterogeneity in tumor volumes at the start of treatment, fold changes in tumor
volumes were calculated at 1 week after treatment compared with volumes at the time of
treatment. Descriptive statistics are featured in Table E3 (available online at www.jvir.org).
The sacrifice criteria for mice included in the time-to-endpoint analysis were tumors >1

cm in any dimension or difficulty with ambulating, poor grooming, weight loss, or external
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signs of injury. Due to rapid tumor growth, 3 observation, 3 cryo-alone, and 4 cryo + PD-1
mice met the >1-cm sacrifice criterion at 1 week after treatment, so tissues were collected
for flow cytometry/histology. For comparison, 3 mice from the cryo + PD-1 and 3 mice
from the cryo + PD-1 + CpG groups were also sacrificed at 1 week after treatment for flow
cytometry/histology. Two mice from each of these groups did not meet the sacrifice criteria
and were, thus, excluded from the time-to-endpoint analysis. As depicted in Figure 1 and
described in the ARRIVE guidelines, 1 subject from the cryo and 1 subject from the cryo +
CpG groups were excluded from the time-to-endpoint and tumor growth analyses because of
1 or both tumor volumes exceeding the total mean tumor volume by 2 standard deviations
across all treatment arms, a predetermined criterion for outlier exclusion. One mouse each
from the cryo + PD-1, cryo + CpG, and cryo + CpG + PD-1 groups did not have a satellite
tumor for the tumor growth analysis 7 days after the procedure. Normal liver tissue, spleen
tissue, ablated tumor tissue, and nonablated tumor tissue were harvested, and portions of
these tissues were submitted for flow cytometry and histology/immunohistochemistry.

US-Guided Percutaneous cryo and US-Guided CpG and PD-1 Inhibitor Injection

One week after tumor injections, on the day of ablation, the mice were randomized into
the following experimental groups using the “randbetween” function in Excel (Microsoft,
Redmond, Washington): cryo alone, Cryo + PD-1, cryo + CpG, cryo + CpG + PD-1, and
observation. Randomization occurred prior to the preprocedural measurements; therefore,
mice in some groups did not have tumor engraftment and were, thus, excluded from the
analysis (further detailed in the ARRIVE guidelines and Fig 1). A custom-made 17-gauge,
3-cm cryo probe (Galil IceSeed; Boston Scientific, Marlborough, Massachusetts) was used
for cryos with 3 cycles of 1-minute freezes at 50% power (Fig E1, available online at
www.jvir.org). Approximately 75% of the tumor was targeted for ablation to simulate
incomplete ablation.

CpG and/or a PD-1 inhibitor were administered percutaneously under US guidance
immediately after ablation. One exception was a cohort of mice that received CpG 3 days
prior to and at the time of cryo (3 mice receiving cryo + CpG and 3 mice receiving cryo +
CpG + PD-1) to potentially prime the immune system. Data from these mice contributed to
the time-to-endpoint analysis, tumor growth analysis, and serum cytokine analyses but not
the flow cytometry or histology data. For CpG treatment, 100 pg of CpG ODN 2395, a type
C CpG (IAX-200-007-M001; Adipogen, San Diego, California), diluted in endotoxin-free
saline, was injected in 3 fractions along the tumor ablation margins. For PD-1 inhibitor
treatment, 10 mg/kg of anti-PD-1 antibody (BE0146, InVivoMAb anti-mouse PD-1; Bio

X Cell, Deer Park, Illinois) was injected percutaneously into the spleen or portal vein

to maximize hepatic uptake. Animals from a single cage were normally subjected to a
randomized intervention before moving onto the next cage.

Flow Cytometry

Flow cytometry of lymphocytes from ablated and non-ablated tumors was performed at 1
week after treatment.
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Enzyme-Linked Immunosorbent Assay

Histology

Baseline tail vein blood (25 pL) was drawn prior to tumor injection. After treatment, blood
was drawn at 24, 48, and 72 hours and then weekly until the endpoint was reached. Blood
processing is detailed in Appendix A (available online at www.jvir.org).

Tissue samples were sliced at 1-mm thickness prior to fixation. The technical details
regarding tissue processing are shown in Appendix A (available online at www.jvir.org).
Slides were scanned, and positive pixels were quantitated using the ImageScope software
package (Leica 2021, Deer Park, Illinois) and divided by the total quantitated area to
determine the relative pixel positivity. Only viable tissue was quantitated. For each mouse,

1 slide containing 1-2 slices of ablated tumor and 1-2 slices of nonablated tumor (the

slice number depended on the amount of tissue) were analyzed. Because no statistically
significant differences were demonstrated, the ablated and nonablated tumor tissue data were
pooled to maximize the amount of viable tissue analyzed.

Data Analysis and Statistical Methods

RESULTS

Flow cytometry data were analyzed using FlowJo (FlowJo, Ashland, Oregon) and imported
into Prism 9 (GraphPad, San Diego, California). Prism was used for plot generation, and
1-way analysis of variance, Fisher least significant difference test, and log-rank hazard ratio
were used for Kaplan-Meier curves. A Pvalue of <.05 defined statistical significance. A
2-tailed t-test was used for correlation matrixes. Correlations with £ <.05 were plotted. Data
analysis was not blinded.

HCC Foci Grew in the Mouse NASH Livers and Were Safely Treated with Percutaneous

Cryo

Untreated, engrafted RIL-175 cell tumors reached 1 cm by 2 weeks after implantation. The
tumors appeared spheroidal and hypoechoic on US relative to hepatic parenchyma (Fig 2).
Sixty-four percent of tumors in the observation group and 55% and 57% of tumors in the
cryo and cryo + PD-1 groups, respectively, were >1 cm in any dimension 2 weeks after
treatment (or 3 weeks after injection) (Table E4, available online at www.jvir.org). One had
just 1 tumor engraft.

Treatment with Cryo + CpG + PD-1 or Cryo + CpG Retarded Tumor Growth

Treatment with CpG at the time of cryo slowed the growth of both ablated and nonablated
satellite tumors. The nonablated satellite tumor growth was reduced by 1.9-fold (P=.0472)
in the cryo + CpG group and by 2.8-fold (P=.007) in the cryo + CpG + PD-1 group
compared with that in the cryo group (Fig 3a). The addition of the PD-1 inhibitor did not
change tumor growth compared with cryo alone in satellite or ablated tumors. The satellite
tumor growth rate varied the most in the cryo and cryo + PD-1 groups and least in the cryo
+ CpG + PD-1 group (Table E5, available online at www.jvir.org). The ablated tumor growth
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rate decreased in the cryo + CpG group compared with that in cryo (£ =.045) and cryo +
PD-1 (P=.029) groups (Fig 3b).

Prolonged Time to Endpoints in Mice Treated with CpG

Antitumoral

Animals treated with CpG, regardless of PD-1, had a longer time to endpoints than mice
receiving no treatment, cryo alone, or cryo + PD-1. Figure 2c shows the duration until
euthanasia after treatment. Compared with cryo alone, CpG treatment was associated with a
significantly prolonged time to endpoints independent of the PD-1 inhibitor, with log-rank
hazard ratios of 0.42 (P=.031) and 0.27 (P <.001) for the cryo + CpG and cryo +

CpG + PD-1 groups, respectively. At 18 days after treatment, 12 of 16 (75%) mice in the
CpG-treated groups lived beyond 2 weeks after treatment, whereas 3 of 30 (10%) mice in
the remaining groups had not yet met the sacrifice criteria. One mouse treated with cryo +
CpG + PD-1 survived over 100 days after treatment and had no detectable tumor by US.

Immune Cells Increased in Tumors of Mice Treated with Cryo + CpG

Histology and flow cytometry showed increased antitumoral immune cells in tumors from
mice treated with cryo + CpG. Using hematoxylin and eosin staining, the tumor tissue was
found to be composed of small cells with large nuclear-to-cytoplasmic ratios, disorganized
architecture with interspersed fibrosis, and lobulated morphology (Fig 4a). Ablated tissue
was necrotic and acellular. Large satellite tumors showed a rim of viable tumor cells with
central necrosis (Fig 4b). Cytotoxic T cells, which are positive for CD8, accumulated

at the tumor periphery of cryo + CpG + PD-1 ablated tumors, suggesting infiltration of
these antitumor T cells from adjacent liver. FOXP3 is a lymphocyte marker specific to

an immunosuppressive subtype of T cells, T-regulatory (Treg) cells (17). Cytotoxic CD8+
T cells and immunosuppressive FOXP3+ cells from pooled satellite and ablated tumors
(nonnecrotic regions) and the liver were quantitated from each treatment group (Fig 4c).
CD8+ staining was significantly increased in pooled ablated and nonablated tumor samples
from cryo + CpG mice compared with that in samples from observation (P=.028) and
cryo + PD-1 (P=.046) mice but not significantly increased compared with that in samples
from cryo only (P=.121) and cryo + CpG + PD-1 (P=.118) mice. An apparent increase
in FOXP3+ staining in the cryo group compared with that in the observation group did not
meet statistical significance (P =.092).

Flow cytometry showed cytotoxic CD8+ T-cell enrichment in ablated cryo + CpG (P=
.002) and cryo + CpG + PD-1 (P =.046) tumors compared with that in cryo-alone tumors
(Fig 5). PD-1 inhibition did not affect ablated or satellite intratumoral cytotoxic CD8+
T-cell concentrations. Although not statistically significant, activated natural Killer cells
(CD137+NK1.1+) trended higher in ablated and nonablated tumors of subjects treated with
cryo + CpG and cryo + CpG + PD-1 than in tumors of the observation group and cryo-alone
controls. Cytotoxic T cells expressing markers of antigen exposure (CD8+ CD44+) (18)
demonstrated increased PD-1 expression (CD8+ CD44+ PD+) in ablated tumors of the
CpG-treated groups compared with that in the cryo (£=.005) and cryo + PD-1 (P < .001)
groups in both ablated and satellite tumors. Figure E2 (available online at www.jvir.org)
shows the results of additional lymphocyte markers that were tested.
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Proinflammatory Cytokines Increased after Cryo + CpG Cotreatment

Injection of CpG around the ablation zone at the time of cryo was associated

with increased serum levels of proinflammatory cytokines and mixed changes in anti-
inflammatory cytokines. The serum levels of proinflammatory (interferon-ry [IFN-y]) and
anti-inflammatory cytokines (IL-10 and transforming growth factor-p1 [TGF-p1]) were
quantitated using enzyme-linked immunosorbent assay at multiple time points (Fig 6a).
Additional cytokines were tested and are presented in Figure E3 (available online at
www.jvir.org). The level of the proinflammatory cytokine IFN-y was elevated in the CpG-
treated groups, peaking at 48 hours and tapering to baseline by 2 weeks. The level of the
anti-inflammatory cytokine 1L-10 was elevated in the CpG-treated groups, peaking at 24
hours and tapering at 1 week. The level of the anti-inflammatory cytokine TGF-p1 was
elevated in the cryo + CpG + PD-1 group, peaking at 24-48 hours and tapering by 1-2
weeks.

A linear (Pearson) correlation was modeled on serum cytokine data against time to
endpoints as well as ablated and satellite tumor growth rates (Fig 6b). Statistically
significant results were demonstrated, with only ablated tumor growth changes reaching
statistical significance. C-X-C motif chemokine ligand 1 (CXCL1) is a proangiogenic
chemokine that recruits immunosuppressive cells to tumors (19). High serum CXCL1 levels
at 1 week after treatment were associated with a shorter time to endpoints (P=.017).

The CpG-treated groups clustered at low CXCL1 levels and a longer time to endpoints. In
contrast, both the cryo + PD-1 and observation groups had a shortened time to endpoints,
clustering into high and moderate CXCL1 concentrations, respectively. Increased levels

of immunosuppressive IL-10 at 1 week after treatment were associated with improved

time to endpoints (P=.028). The CpG-treated groups had a longer time to endpoints

and higher IL-10 concentrations, possibly reflecting a negative feedback mechanism. High
serum levels of immunosuppressive TGF-B3 at 72 hours after treatment were associated
with a shortened time to endpoints (P=.033). Cryo + CpG + PD-1 mice grouped at low
TGF-B3 concentrations and a prolonged time to endpoints. At 48 hours, increased levels of
the immunostimulatory cytokines IL-1p (P =.031) and tumor necrosis factor-a. (= .028)
were correlated with decreased ablated tumor growth. At 1 week after treatment, increased
concentrations of immunosuppressive TGF-p2 were correlated with increased ablated tumor
growth (P=.001). The cryo + CpG + PD-1 group clustered at low TGF-B2 concentrations
and decreased ablated tumor growth.

DISCUSSION

This combination of cryo and immunotherapy inhibited disease progression in an aggressive
model of HCC in the setting of NASH compared with cryo alone. It slowed tumor growth

in not only treated tumors but also untreated satellite tumors. In contrast, cryo alone
accelerated tumor growth in a subset of mice, possibly reflecting thermal stress—mediated
stimulation of HCC proliferation, as observed in vitro (20). These findings have clinical
implications for patients with HCC at all stages because few patients with HCC are eligible
for curative therapy and metastatic HCC carries a grim prognosis (4,6).
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Tumor growth inhibition in the immunotherapy groups was immune mediated. Flow
cytometry and histology demonstrated infiltration of cytotoxic T-cells and activated natural
killer cells into treated primary and untreated satellite, or “metastatic,” tumors. Also elevated
were the levels of IFN-y, which stimulates antigen presentation and antitumor immune

cells, inhibits immunosuppressive M2 macrophages, and counteracts the immunosuppressive
cytokines TGF-p and 1L-10 (21). In the cryo + CpG + PD-1 group on day O, elevation of

the levels of IFN-y and IL-12, a stimulator of proinflammatory IFN-vy secretion (22), was
observed in the subset of mice that received CpG 3 days before and at the time of cryo

(Fig E2, available online at www.jvir.org). Conversely, the subset of cryo + CpG mice that
received early CpG did not demonstrate a similar elevation of the levels of these cytokines.
CpG-induced inflammation likely accounts for the transient increase in the serum levels of
immunosuppressive IL-10 and TGF-B1 (23).

FOXP3 is a lymphocyte marker of Treg cells, which quell antitumoral immunity (17).
TGF-p2 and -p3 induce differentiation of naive T cells to Treg cells and inhibit cytotoxic
CD8+ T-cell activation (17,24). Low serum levels of TGF-p family cytokines are associated
with survival in advanced HCC (25), which is congruent with this study. CXCL1 is a
proangiogenic chemokine that recruits myeloid-derived suppressor cells, which suppress
antitumoral immunity (19). These inhibitory cells are countered by the immune response
stimulated by PD-1 inhibition and CpG (26,27); as expected, the CXCL1 levels were

lower after PD-1 inhibitor and CpG treatment, and tumor progression was delayed. IL-1p
stimulates DCs and other antigen-presenting cells and activates natural killer cells and
cytotoxic CD8+ T cells (28); IL-1p levels were inversely correlated with tumor growth.

Increased PD-1 expression in activated (CD44+) cytotoxic CD8+ T cells of the CpG-treated
groups likely reflects exhaustion from prolonged exposure to tumor antigens shed by rapidly
proliferating tumors (29). However, the addition of the PD-1 inhibitor did not elicit any
further reduction in tumor growth. A clinical trial meta-analysis by Pfister et al (30) showed
decreased efficacy of PD-1 inhibitor treatment in a murine model of NASH-driven HCC.
The same study showed intrahepatic accumulation of PD-1-expressing cytotoxic CD8+ T
cells, in which PD-1 inhibition increased and CD8+ T-cell depletion decreased the incidence
of NASH-driven HCC. Thus, cytotoxic CD8+ T-cell exhaustion could account for the poor
efficacy of PD-1 inhibition in the present study.

Except for a 2013 study (15) that evaluated autologous T-cell therapy with cryo, there are

no prior HCC studies evaluating immunotherapy with cryo or combining TLR agonists,
such as CpG, with any form of thermal ablation. The combination of CpG therapy and

PD-1 inhibition has been tested in melanoma, a tumor with greater neoantigenic variation
than HCC; even so, the clinical efficacy was limited (12,31). Because tumor antigen uptake
by DCs is a vital step in linking the innate and adaptive antitumoral immune responses,
induction of an abscopal effect may have been precluded by insufficient tumor antigens at
the time of CpG administration. Cryo can solve this predicament. Nierkens et al (13) showed
that intratumoral CpG administration at the time of cryo of murine melanoma led to 100%
survival following tumor rechallenge but <50% survival if administered 1 day before or after
cryo. These findings are congruent with this study, in which coadministration of CpG or
CpG + PD-1 with cryo halted HCC tumor growth and prolonged survival. The proposed
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mechanism by which this combination inhibits tumor growth is through cryo-induced
release of abundant tumor antigens with concomitant CpG-mediated pDC stimulation,
resulting in increased antigen cross-presentation and circulating proinflammatory IFN-v,
ultimately leading to activated effector lymphocyte infiltration into primary and metastatic
tumors (Fig 7).

This study has its limitations. It was designed to test whether combined therapy can improve
treatment response after incomplete tumor ablation and not to assess CpG or PD-1 inhibitor
as monotherapy. As such, the possibility that CpG alone is sufficient to induce the observed
therapeutic effect cannot be excluded but is less likely given the poor efficacy of CpG
monotherapy in the literature. Another limitation is the tumor model. Unlike HCC in
humans or animal models with spontaneous HCC formation, this orthotopic model involved
implantation of tumor cells that should be genetically identical to the recipient mouse.
Although tumors engrafted at a high rate, suggesting immunotolerance, and NASH livers
were used to recapitulate a clinically relevant tumor microenvironment, it possible that the
act of tumor implantation, neoantigen formation through cell line propagation, or small
genetic differences between the mice in this study and the tumor cell progenitor mouse
could result in a less immunotolerant phenotype compared with that in a spontaneous tumor
model, leading to spuriously more effective immunotherapy. Conversely, the high tumor
proliferative rate of this tumor model, exceeding that of most human HCCs, may have led
to T-cell exhaustion and limited the time window for immune memory formation, potentially
compromising the efficacy of the therapy. Another potential limitation was the delivery of
the PD-1 inhibitor via an intrasplenic or portal venous approach because PD-1 inhibitors are
dosed systemically in clinical practice. The administration method employed in this study
maximized the dose to the liver and would, thus, be expected to maximize any potential
response to the PD-1 inhibitor. Another limitation of this study is that TLR 9, the receptor
for CpG, is expressed in a broader range of immune cells in mice than in humans (primarily
B cells and pDCs). Therefore, mice may have a more potent immune response (26).

The results of this preclinical study merit clinical translation. The compounds and
techniques have been tested in clinical trials or used in clinical practice and are well
tolerated. Initially, the combination of cryo and CpG may be best suited for patients with
unresectable or metastatic disease given the induction of a systemic antitumoral response
and paucity of therapeutic options for these patients. Given the high rate of HCC recurrence,
this approach could also be an adjuvant to curative therapy. Finally, this combination therapy
could be effective for malignancies other than HCC, particularly those with high rates of
somatic mutation, such as lung, stomach, and colorectal cancers (31).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CXCL1 C-X-C motif chemokine ligand 1
cryo cryoablation
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IFN-y interferon-y

HCC hepatocellular carcinoma

IL interleukin
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pDC plasmacytoid dendritic cell
PD-1 programmed cell death 1
TGF-B1 transforming growth factor-p1
TLR toll-like-receptor
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RESEARCH HIGHLIGHTS

Cotreatment with a programmed cell death 1 inhibitor and CpG or CpG
alone at the time of incomplete cryoablation prolonged the time to endpoints
compared with cryoablation alone (log-rank hazard ratio, 0.27; £< .001 and
log-rank hazard ratio, 0.42; P=.031 respectively).

A programmed cell death 1 inhibitor with CpG or CpG alone at the time

of incomplete cryoablation also decreased the growth rate of simulated
metastatic liver tumors compared with cryoablation alone (2.8-fold, = .007
and 1.9-fold, P=.047, respectively).

Flow cytometry and histology demonstrated CD8+ and NK+ cell infiltration
of treated and metastatic tumors among CpG-treated mice, and serum
cytokine changes were consistent with antitumoral immunity.
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Figure 1.
Flow diagram of subject exclusion for time-to-endpoint analysis. *A cryoablation +

programmed cell death 1 (n = 1) mouse died before the 6-week time point and was included
in the time-to-endpoint data (n = 11 subjects) but not the relative tumor volume data (n = 10
subjects). Cryo = cryoablation; NASH = nonalcoholic steatohepatitis; PD-1 = programmed

cell death 1.

( Time-to-Endpoint Analysis )
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Figure 2.
Tumor injection and engraftment. Tumors were injected using a coaxial technique into

the left and right hepatic lobes. Arrows denote the outer introducer needle. Arrowheads
denote the inner injection needle. The tumors grew rapidly (*), at times demonstrating cystic
necrosis (O).
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Figure 3.

Relative tumor volume change at 1 week after treatment. (a) Nonablated satellite and (b)
ablated tumor volumes from untreated mice and mice that underwent cryoablation (cryo),
cryo + intratumoral CpG injection, cryo + programmed cell death 1 (PD-1) injection, or

cryo + CpG + PD-1 treatment were calculated at 1 week after treatment, and fold change in
the pretreatment tumor volume was determined. Treatment with cryo + CpG was associated
with a statistically significant tumor growth retarding effect in both ablated and nonablated
tumors compared with cryo alone (*£< .05, **P < .01). (c) Single tumor treatment with
cryo CpG or cryo + CpG + PD-1 delayed the time to endpoint, with log-rank hazard ratios of
0.42 (P=.031) and 0.27 (P < .001), respectively, compared with cryo (C).
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Figure 4.

Histology. (a) Hematoxylin and eosin staining of an incompletely ablated intrahepatic tumor
from a mouse treated with cryoablation (cryo) + CpG + programmed cell death 1 (PD-1).
At 2x (left) and 8x (right) magnifications of normal hepatic parenchyma, tumor tissue
characterized by small cells with large nuclei and a large nuclear-to-cytoplasmic ratio, and
the highly eosinophilic and acellular ablation zone. A few small infiltrating cells are seen,
many of which are lymphocytes. The liver-tumor interface (arrows), ablation-tumor (black
arrowheads), and ablation-liver (gray arrowheads) interfaces are well demarcated at 8x
magnification. (b) Qualitatively, cytotoxic CD8+ T cells accumulated at the tumor periphery
in CpG-treated mice at 1 week after treatment. The liver-tumor interface is delineated by
arrows in the hematoxylin and eosin staining image. Arrowheads show cytotoxic CD8+ T
cells accumulated at the liver-tumor interface of the cryo + CpG + PD-1-treated subject.

(c) Immunohistochemistry directed at CD8 and FOXP3 of normal liver and pooled viable
ablated and nonablated tumor tissue from animals sacrificed at 1 week after treatment.
Positive pixels were detected by software and normalized to the area of analyzed tissue to
create positive pixel density (*P < .05). A = ablation zone; HE = hematoxylin and eosin; L =
normal hepatic parenchyma; T = tumor tissue.
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Figure 5.

Multiparametric flow cytometric analysis of ablated and nonablated (satellite) tumor tissue
collected at 1 week after treatment. CD4+ and CD8+ were expressed as the percentage

of CD3+ cells, NK+ CD137+ as the percentage of NK+ cells, and CD44+ PD-1+ as
the percentage of CD8+ cells. CpG treatment was associated with cytotoxic CD8+ T-cell
enrichment in ablated tumor tissue. CpG injection was strongly associated with increased
programmed cell death 1 expression by activated cytotoxic T cells (CD44+ CD8+) in all

tested tissue types (*P< .05, **P< .01, ***P < .001). Cryo = cryoablation; PD-1 =
programmed cell death 1.
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Proinflammatory and anti-inflammatory serum cytokines at 1 week after treatment. (a) The
serum levels of the proinflammatory cytokine interferon-y and anti-inflammatory cytokines
tumor growth factor-p1 and interleukin-10 were quantitated at baseline, 24 hours, 48 hours,
and 1 week following treatment. (b) A linear correlation model (Pearson) was applied to
cytokine concentrations at baseline; 24, 48, and 72 hours; and 1 and 2 weeks after treatment
and compared with overall survival (top) and fold change of ablated tumor volume (bottom)
at 1 week compared with that at the baseline. Statistically significant (P < .05) results
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are shown. Cryo = cryoablation; IFN-y = interferon-ry; PD-1 = programmed cell death 1;
TGF-B1 = transforming growth factor-g1.
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Figure 7.
Proposed mechanism for cytotoxic T-cell (CTL) antitumoral immunity. (&) Tumors were

cryoablated and coinjected with CpG, thereby releasing tumor antigens and stimulating
proinflammatory cytokines (eg, interferon-y). (b) Tumor antigens are taken up by
circulating plasmacytoid dendritic cells, which are stimulated by CpG and proinflammatory
cytokines to crosspresent the tumor antigens and activate CTLs. (c) Programmed cell death
1 inhibition at the time of tumor antigen cross-presentation prevents programmed death
ligand 1-mediated CTL anergy and clonal deletion. (d) Tumor antigen crosspresentation
and activation leads to CTL-mediated antitumoral immunity. APC = antigen-presenting
cell; IFN-y = interferon-y; Inh. = inhibitor; PD-1 = programmed cell death 1; PD-L1 =
programmed death ligand 1
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