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Highlights:

e Partial cryoablation increases CD8* T-cell infiltration of an
immunogenic tumor microenvironment compared to control
(p <0.0001).

e Partial cryoablation significantly increased CD8* T-cell infil-
tration in Hepa1-6 tumors (p = 0.0415).

e CD4* and CD11b* cell responses were also dependent on
tumor type, with immunogenic Hepal-6 tumors showing a
more pronounced effect.

e MRI with "®9Gd-labeled CD8* antibodies enabled selective
imaging of T cells in immunogenic HCC tumors.
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Impact and implications:

This study successfully established reliable MR-based molec-
ular imaging tools to visualize CD8" anti-tumor specific T-cell
infiltration following partial cryoablation (pCryo) in murine tumor
models. The study’s significance lies in advancing our under-
standing of immune responses within induced cirrhosis and
distinguishing between "hot" and "cold" tumor phenotypes.
The findings not only build upon previous proof-of-principle
data but also extend this technology to include different im-
mune cell types in hepatocellular carcinoma. The study reveals
that pCryo may exert specific effects on the tumor microenvi-
ronment, augmenting the anti-tumor immune response in
immunogenic tumors while displaying a weaker local effect in
non-immunogenic tumors.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). JHEP Reports, 2025, 7, 1-10
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Background & Aims: Increasing enthusiasm around integrating locoregional therapy with systemic immunotherapy in primary
liver cancer underscores the need for non-invasive imaging biomarkers. In this study, we aimed to establish advanced molecular
MRI tools for monitoring T-cell responses to cryoablation in murine models, distinguishing between immunologically "hot" and
"cold" hepatocellular carcinoma (HCC).

Methods: Immunocompetent 7-10-week-old C57BL/6J and BALB/cJ mice (n = 18 each) received carbon tetrachloride for 12
weeks to induce cirrhosis. Intrinsically immunogenic Hepal-6 (“hot”) and non-immunogenic TiB75 (“cold”) cells were ortho-
topically implanted into C57BL/6 or BALB/c mice, respectively, to generate focal HCC lesions. After one week, animals were
randomly assigned to (A) partial cryoablation (pCryo) (1.2 mm cryoprobe, -40 °C) or (B) no treatment (n = 8 per group and tumor
type). Gadolinium 160 (*°°Gd)-labeled CD8" antibody was administered intravenously either 1 week after tumor induction (control)
or 1-week post (pCryo) (treatment). T1-weighted MRI scans were performed using a 9.4 T MRI scanner. Radiological-pathological
correlation included imaging mass cytometry and immunohistochemistry.

Results: pCryo-treated Hepal-6 tumors displayed peritumoral ring enhancement on T1-weighted MRI with '®°Gd-CD8, corre-
lating with imaging mass cytometry signal patterns. Untreated Hepal-6 tumors lacked such enhancement. Radiological-
pathological correlation confirmed significantly increased tumor-infiltrating CD8* T lymphocytes in pCryo Hepal-6 tumors
compared with untreated tumors (p <0.001), and a stronger local response compared with systemic lymph nodes (o = 0.0415).
Increased T-lymphocyte infiltration was not observed in TiB75 tumors, as indicated by MRI and histopathology.

Conclusion: pCryo induced increased T-cell infiltration in Hepal1-6 tumors compared to TiB75 tumors. T1-weighted MRI,
following '®°Gd-CD8 antibody administration, reproducibly detected the ablation-induced changes. These findings encourage
further investigation of MRI-based molecular imaging biomarkers to assess immune responses to local tumor therapies.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction not exceed 15-30%.%" Thus, a pressing question in HCC
management revolves around overcoming immunotherapy
resistance to extend its benefits to a larger patient population.
Currently, patient selection for immunotherapy relies solely on
ex vivo tissue-based biomarkers, which fail to consider tumor
heterogeneity across lesions or predict treatment outcomes.®
This results in HCC immunotherapy being applied clinically
without understanding whether the tumor phenotype is suitable
for immunotherapy. While the promise of immunotherapy may
materialize, it requires a paradigm shift away from “one size-fits-
all” indications to succeed in liver cancer. Consequently, patient
management requires the application of refined imaging bio-
markers for better clinical decision support and patient selection
before and during therapy.

Cryoablation is an emerging and promising therapeutic
approach for modulating the tumor microenvironment (TME) in
various types of solid tumors.®'® While its use in the liver has

Hepatocellular carcinoma (HCC), frequently associated with
cirrhosis, ranks third in global cancer-related mortality, often
attributed to factors such as viral hepatitis, alcohol-related and
non-alcoholic  steatohepatitis."™  Cirrhosis-induced  chronic
inflammation impairs liver immune function, affecting both the
local immune microenvironment and the global immune sys-
tem.* Minimally invasive locoregional therapies play a significant
role in managing early-to intermediate-stage disease. Ongoing
clinical trials are investigating the combinations of locoregional
therapies with systemic immunotherapy, hoping to improve
long-term outcomes and response rates of both modalities.”
Targeted immunotherapies (IMT) have emerged as a powerful
strategy for cancer treatment as they can modulate the patient’s
own immune system to boost an effective anti-tumor immune
response. While successful in melanoma and lung cancers,
objective response rates in IMT clinical trials for liver cancer do
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been limited, exploring its potential role in combination therapies
could spark a resurgence of this technology in liver-related ap-
plications. The tissue necrosis induced by tissue freezing causes
the release of tumor-associated antigens that can activate a
cytotoxic T cell-mediated specific immune response. In contrast
to hyperthermal ablation therapies, cryoablation involves the
rapid reperfusion of cryo-injured tumors upon thawing of the
frozen tissue ice ball."" This unique characteristic facilitates
increased infiltration of immune cells into the tumor site following
therapy, thereby garnering increasing attention towards investi-
gating the immune response after cryoablation.'? Although
cryoablation is associated with the release of tumor antigens,
the induced anti-tumor immune response is insufficient to
eradicate advanced tumors with systemic spread alone.'®'*
Preclinical studies combining cryoablation with immunotherapy
have shown promising results, demonstrating improved survival
compared to individual therapies in murine models of prostate
cancer and melanoma.'®'® Additionally, pilot studies in patients
with melanoma and breast cancer treated with cryoablation and
checkpoint inhibitors have reported good tolerability and favor-
able immunologic effects.'”"'®

Nevertheless, the intricate TME poses a challenge to the
long-term success of these therapies in HCC."® Consequently,
there is a significant clinically unmet need for non-invasive
imaging techniques that can characterize the TME as either
immuno-suppressive or immuno-permissive before initiating
therapy, especially in advanced tumors that cannot be
completely ablated. To address this need, our study investi-
gated previously established '®°Gd-based probes for in vivo
imaging of CD8* T lymphocytes in residual tumors after partial
cryoablation (pCryo).?° This approach utilizes both non-
immunogenic and immunogenic orthotopic syngeneic mouse
models of HCC in the context of toxin-induced cirrhosis.

Materials and methods

Animal model and cell lines

This study, approved by the Institutional Animal Care and Use
Committee, followed U.S. Animal Welfare Regulations and
adhered to ARRIVE guidelines. C57BL/6J and BALB/cJ mice
(n = 18 each), aged 7-10 weeks (Charles River Laboratories,
Boston, MA) were housed in pathogen-free conditions. Sample
size calculation for the experiments considered eight mice
randomly assigned per group, a potential 5% dropout rate
during cirrhosis induction, and a 90% tumor growth rate (8 mice
x 2 groups x 1.05 x 1.10 = 18). Mouse-derived HCC cell lines
Hepal-6 and TiB75 (ATCC, Manassas, VA) were maintained
according to manufacturer’s instructions (supplementary ma-
terials and methods). Cell line selection was based on immu-
nogenic characteristics assessed using The Cancer Genome
Atlas. Hepal-6, classified as a "hot" tumor, exhibited the
highest T-cell infiltration and a significant presence of M1-
skewed tumor-associated macrophages. In contrast, TiB75
displayed an immune-resistant tumor profile with a low per-
centage of CD8" T cells and a high abundance of anti-
inflammatory M2-like tumor-associated macrophages.?’

Cirrhosis induction and tumor implantation

Cirrhosis induction involved repetitive oral administration of
carbon tetrachloride (CCly) (CCly, 50% (vol/vol) in olive oil, three
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times per week for 12 weeks)** before orthotopic implantation
(Fig. 1) (supplementary materials and methods). A total of 1.5
x 10° Hepa1-6 (immunogenic) and TiB75 (non-immunogenic)
cell lines suspended 1:1 (vol/vol) in Matrigel were directly
implanted into the laparoscopically exposed subcapsular region
of the liver parenchyma in the left lobe in their respective syn-
geneic mouse strains, C57BL/6J and BALB/cJ. Briefly, the cell
suspension was prepared in PBS pH 7.4 (Quality Biological,
no.114-058-101) and resuspended in Matrigel immediately
before injection using 1-ml insulin syringes with 26-gauge nee-
dles (BD, n0.309597), limiting the volume to 20-30 pl to prevent
leakage or backflow. Needle retraction was followed by saline
drops and gauze to minimize bleeding and potential backflow.

Ablation protocol

Seven days post-tumor injection, mice with a single targetable
lesion were randomly assigned to either pCryo (n=8) or no
treatment (n=8) groups (Fig. 2). pCryo was performed using a
clinical Visual-ICE™ Cryoablation System (Boston Scientific,
Boston, MA). A 1.2 mm surface cryoprobe (Galil Medical ICEx
Cryoablation System, Boston Scientific, Boston, MA) was
carefully placed on the laparoscopically exposed targeted
lesion, undergoing two freezing cycles at the targeted tem-
perature of -40 °C for 50 s-active freezing each, with a 1-minute
break between cycles. The probe, positioned at an angle of 80-
90° with its tip reaching the middle of the tumor’s long axis,
ensured pCryo. After the freeze-thaw cycle, warmed saline
solution was instilled into the abdominal cavity, and the fascia
and skin were closed in layers.

Labeling of CD8 antibody with '*°Gd

The purified anti-mouse CD8* antibody (4SM15, ThermoFisher,
14-0808-37) was labeled with gadolinium 160 ('°°Gd) lantha-
nide using MAXPAR® X8 Antibody Labeling Kit (Fluidigm, CA)
according to the manufacturer’s instructions (supplementary
materials and methods). Imaging mass cytometry (IMC) of
formalin-fixed paraffin-embedded (FFPE) samples stained with
189Gd-CD8 antibody confirmed labeling efficacy. Constant
unchanged binding sensitivity and specificity were confirmed
by comparing the spatial signal distribution from ®°Gd on IMC
and fluorescein isothiocyanate (FITC) on immunofluorescence
(IF) of stained samples with an anti-rat FITC-conju-
gated antibody.

Imaging mass cytometry

Automated ablation of FFPE samples was performed with a
Hyperion imaging system coupled with a Helios mass cytom-
eter (Fluidigm, CA). Analysis of distribution and intensity was
performed for each pixel using the MCD Viewer (Fluidigm, CA)
(supplementary materials and methods). To distinguish the
180Gd-tagged metal signal from the background, untagged
CD8 served as a negative control (Fig. S2B).

Ex vivo cross-validation of metal-labeled anti-
CD8* antibody

To confirm antibody binding specificity after metal labeling,
FFPE samples previously validated for a CD8* signal by IHC
were stained with the '®°Gd-CD8 antibody. IMC analysis was
performed to validate successful antibody labeling and assess
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Fig. 1. Schematic view of establishing orthotopic HCC model in cirrhotic background. C57BL/6J and BALB/cJ mice (n = 18 each) were subjected to escalating
doses of oral CCl, three times per week for a total of 12 weeks. The dosing schedule consisted of 0.875 ml/kg (1st dose, week 1), 1.75 ml/kg (2nd to 9th dose, week 1 -
4), 2.5 mi/kg (10th to 23rd dose, week 4 — 8), and 3.25 ml/kg (after week 8). Upon completion of the CCl, regimen, 1.5 x 10° Hepa1-6 or TiB75 cells were orthotopically
implanted in their respective syngeneic mouse strains, C57BL/6J and BALB/cJ. Animals were sacrificed and tumor tissues were histopathologically evaluated 7 days
post-tumor implantation. CCl,, carbon tetrachloride; HCC, hepatocellular carcinoma.

spatial signal distribution in three regions: the ablated zone,
liver parenchyma, and spleen (which served as a posi-
tive control).

Systemic delivery of '®°Gd-labeled anti-CD8* antibody

For in vivo MRI of CD8" T cells, retro-orbital injection of '®°Gd-
CD8" was used at a concentration of 2.4 mg/kg body weight,
based on previous studies using '®°Gd-labeled antibodies.*°
Local accumulation of CD8" T cells was visualized with T1-
weighted MRI and cross-validated histologically with IMC
and IHC.

Tissue harvesting and processing

Harvested tumor tissues were fixed in 10% formalin at 4 °C,
paraffin-embedded, and sectioned into 5 um-thick slices. H&E
staining was used to assess gross histopathology, while im-
mune infiltrates were assessed with IHC staining of T lympho-
cytes (CD3" and CD8*), macrophages (CD68*). Masson’s
trichome staining evaluated cirrhosis. Samples were digitized at
20X magnification and quantified with ImageScope v12.3 soft-
ware (Leica Biosystems Imaging, Inc., Vista, CA) using a positive
pixel count algorithm®® (supplementary materials and methods).

Flow cytometry

A total of 14 additional mice per tumor type (6 mice per group,
with a 5% drop out rate and 10% adjustment for cirrhosis in-
duction loss, resulting in approximately 14 mice) were used for
flow cytometry analysis of immune infiltration in intrahepatic
and draining lymph node tissues, either under control condi-
tions or following pCryo (Niotas = 28). Tumor, tumor-adjacent
tissues, and draining lymph node tissues (inguinal and
mesenteric) were prepared and stained with antibodies specific
for surface markers Thy1.2 (clone 30-H12; ThermoFisher), CD3
(clone 17A2; eBioscience), CD4 (clone RM4-5; Invitrogen), CD8
(clone 53-6.7; BioLegend) and CD11b (M1/70; BiolLegend).
Spleen samples were collected and served as positive controls.
Flow cytometric analysis was conducted using a CytoFlex flow
cytometer (BD Biosciences), and cell percentages were
analyzed using FlowJo software (version 10.9, BD Life Sci-
ences). The gating strategy is illustrated in Fig. S3, with further
details provided in the supplementary materials and methods.

MRI protocol

MRI data were acquired using a horizontal-bore 9.4 T Bruker
scanner (Billerica, MA, USA) with ParaVision 6 software. The
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Fig. 2. lllustrative representation of experimental design for MR-based imaging of T lymphocytes in immunophenotypically diverse HCC mouse models. (A)
Establishment of immunologically “hot” and “cold” syngeneic murine HCC models in toxin-induced underlying cirrhosis. (B) Animals were randomly assigned to receive
pCryo on day 7 post- HCC tumors in both syngeneic models. Systemic administration of 2.4 mg/kg '*°Gd-CD8 (n = 8/each) was given 7 days post-pCryo. (C) 24 h after
systemic administration of '®°Gd-CD8, animals were subjected to T1-weighted MRI, revealing hyperintensity in the peritumoral rim and successful in vivo labeling of
tumor-infiltrating CD8* T cells. Radiological-pathological correlation was confirmed with immunohistochemistry and imaging mass cytometry. '°Gd, gadolinium 160;
CCly, carbon tetrachloride; HCC, hepatocellular carcinoma; NK, natural killer; pCryo, partial cryoablation; Treg, regulatory T.

protocol included respiratory-gated T1-weighted sequences,
using FLASH (Fast Low Angle Shot) and RARE (Rapid Acqui-
sition with Relaxation Enhancement) for radiofrequency coil
positioning on the liver. T1-weighted MSME (multi-slice/multi-
echo) imaging used the following parameters: TR = 1,500 ms,
TE = 5.46 ms, resolution = 256 x 128, FOV=28 x 50 mm?, slice
thickness = 0.5 mm, 20 slices. The same protocol was applied
for both pre-contrast and post-contrast MR sessions.

MRI data analysis

MRI data were quantitatively analyzed using a DICOM-based
software (Radiant DICOM-Viewer 2020.2). Changes in signal
intensity (Sl) before and after contrast administration were
determined by measuring the mean SI of three distinct regions
of interest (ROI) along the periablational rim. For both the
ablation zone and normal liver parenchyma, the mean intensity
was calculated for an ROI of 1-3 mm? at each timepoint. To
assess the relative signal intensity (rSl), the mean SI of the
peritumoral rim ROI was divided by the mean SI of the normal
liver ROI (rSI = [SI of TZ]/[SI of normal liver tissue]). Additionally,
the signal-to-noise ratio was calculated as the ratio between
the mean ROI signal and its standard deviation.

Statistical analysis

Descriptive statistics are reported as mean + standard devia-
tion for replicate measurements. Normality was assessed using
appropriate tests. For non-normally distributed data, the inde-
pendent non-parametric Mann-Whitney U test or Kruskal-
Wallis test was used for comparisons among multiple groups.
When data met the assumption of normality, an unpaired Stu-
dent’s t test with Welch’s correction was applied to compare
two variables. Additionally, a two-way ANOVA followed by
Sidak’s multiple comparisons test was performed to account
for interaction effects. Statistical analyses were conducted
using GraphPad Prism (Version 10.0, GraphPad Software, San
Diego, California, USA).

Results

Establishment of syngeneic “hot” and “cold” HCC tumors
on a cirrhotic background

Repetitive CCl, exposure resulted in cirrhosis in all animals.
Histopathological evaluation showed the presence of a single
intrahepatic tumor growing in a cirrhotic liver in all animals
(Fig. 3A). Masson’s trichrome staining demonstrated the
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Fig. 3. Syngeneic murine HCC tumor in cirrhotic background. (A) Gross pathology of CCl,-treated mice showing anterior images of orthotopic HCC tumor in a
cirrhotic liver (from Hepa1-6-tumor-bearing mouse). (B) Histopathological evaluation of cirrhosis assessed with Masson’s trichome. (C) Quantification as the ratio of the
fibrosis area to the total sample area, expressed in pixels in Masson’s trichome staining. Comparison of two variables was performed with an unpaired Student’s t test
with Welch’s correction. *p <0.01, **p <0.0001. Statistical analyses were performed using GraphPad Prism version 10.0.0.

presence of cirrhosis throughout the liver tissue (Fig. 3B).
Fibrosis index corresponding to Masson’s trichrome staining in
ImageScope shows more fibrosis in CCl,-treated animals
(46.63 = 4.1) compared to controls (14.25 + 2.9) (p <0.00001, by
Student’s t test) (Fig. 3C). Further histopathological analysis of
both tumors with IHC staining of CD3* and CD68* markers
revealed less infiltration of pro-inflammatory cells in Tib75 tu-
mors due to their immunosuppressive TME (Fig. S1).

Partial cryoablation enhances effector T-cell responses in
the immunogenic tumor microenvironment

The impact of pCryo on T-cell recruitment in different tumor
types was assessed ex vivo using IHC and analysis. CD8*
expression in histological samples of residual tumors was
significantly higher in treated tumors (0.62 + 0.3) compared to
the control group (0.40 + 0.1) (p <0.005), indicating the immu-
nomodulatory effects of pCryo on the TME (Fig. 4). The pres-
ence of CD8" T lymphocytes was more prominent in Hepal-6
tumor-bearing mice than TiB75 tumor-bearing mice either
before (0.52 + 0.05, Hepai-6; 0.30 + 0.02, TiB75) or after pCryo
(0.86 + 0.03, Hepa1-6; 0.37 + 0.07, TiB75) (p <0.00001), con-
firming the immunogenic nature of those cell lines. Due to
relatively higher baseline T-cell infiltration and presence of a
distinct rim of T cells in the peri-ablational zone, Hepa1-6 was
designated as an immunogenic or “hot” tumor. Notably, cry-
oablation further augmented T-cell infiltration within the TME of
“hot” Hepal-6 tumors (0.86 = 0.03) (p <0.0001). Meanwhile,
due to low baseline T-cell infiltration, TiB75 was designated as
a non-immunogenic or “cold” tumor. pCryo failed to induce
further T-cell infiltration within TiB75 tumors (0.37 + 0.07) (p =

0.1). Thus, immunogenic Hepal-6 tumor-bearing mice were
used to test and validate '®°Gd-labeled antibody MRI, owing to
the formation of a solid rim of infiltrating cytotoxic T cells in the
peri-ablational zone. Conversely, TiB75 tumor-bearing mice
served as a negative control due to the scarcity of infiltrating
CD8* T cells before and after pCryo treatment.

Local and systemic immunomodulatory effects of partial
cryoablation are tumor type-dependent

To assess the impact of tumor type and pCryo on immune cell
infiltration, we measured the percentages of CD8*, CD4*, and
CD11b* cells in both tumor (local) and lymph node (systemic)
samples (Fig. 5). In tumors, pCryo significantly increased CD8*
T-cell infiltration compared to controls (20.56% vs. 17.73%; p =
0.0415), with a more pronounced effect in immunogenic
Hepal-6 tumors, suggesting that pCryo enhances CD8*
recruitment in pro-immunogenic tumor types, as further
confirmed by histology. Additionally, a significant interaction
between tumor type and treatment (p = 0.0087) indicates that
the effect of pCryo on CD8* T-cell infiltration depends on tumor
type. Notably, CD8* T-cell infiltration was significantly higher in
lymph nodes compared to tumors (32.00% vs. 24.62%; 95% CI
-11.49 to -3.274; p = 0.0013), but pCryo had minimal impact on
systemic CD8* recruitment (Fig. 5C). For CD4* T cells, pCryo
did not significantly affect infiltration in tumors (p = 0.9312), and
no interaction between tumor type and treatment was observed
(0 = 0.4070). However, baseline CD4* levels differed signifi-
cantly between Hepal-6 and TiB75 tumors both locally
(22.58% vs. 13.67%, p <0.0001) and systemically (33.57% vs.
58.88%, p <0.0001), with a marked difference between the two
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Fig. 4. Partial cryoablation enhances cytotoxic CD8* T-cell response in immunogenic tumor microenvironment. (A) IHC staining of CD8* marker at 7 days post-
tumor implantation (control, left column) and at 7 days post-pCryo (treated, right column) in both immunogenic (top row) and non-immunogenic (bottom row) HCC cell
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were performed using GraphPad Prism version 10.0.0. IHC, immunohistochemistry; HCC, hepatocellular carcinoma; NL, normal liver; pCryo, partial cryoablation; T,

residual tumor.

tissues (46.23% in lymph nodes vs. 24.23% in tumors; 95% CI
-24.69 to -19.30). This demonstrates inherent immunological
differences between the tumor types.

CD11b* myeloid cell analysis revealed that pCryo’s effect
was tumor type dependent (p = 0.0217), with a stronger
response in immunogenic Hepal-6 tumors. The response to
pCryo was significantly stronger in tumors (22.39%) than in
lymph nodes (1.06%), with a marked difference between these
tissues (95% CI 17.97-24.70) (Fig. 5C). pCryo induced a robust
recruitment of CD11b* cells in tumors, particularly in immuno-
genic tumors, suggesting a potential immune-priming effect
that may be more pronounced locally. Both tumor type and
treatment also had significant effects systemically (p <0.0001
for both), though the recruitment of CD11b* cells in lymph
nodes remained much lower.

In vivo MR of effector T cells in “hot” and “cold” HCC
tumors with dedicated '°°Gd-labeled CD8 antibodies

T1-weighted multi-slice/multi-echo MRI was performed at
baseline and 24 h after systemic injection of 2.4 mg/kg '%°Gd-
CD8 antibody. The immunogenic tumor-bearing group exhibi-
ted a selective rim enhancement in the peritumoral zone,
measuring an average of 176 + 0.3 pum in the coronal plane.
Conversely, no enhancement was observed in the non-
immunogenic tumor-bearing mice. The liver-to-muscle ratios
before and after contrast administration were determined as
0.97 + 0.02 and 0.65 + 0.04, respectively (p = 0.001). Upon
systemic administration of '®°Gd-CD8 antibody, the peritu-
moral rim-to-muscle ratio was 0.92 + 0.07, and the mean rSI
was 1.24 + 0.01. A radiological-pathological comparison of MRI
with ex vivo IMC showed that the observed signal distribution
of '%°Gd on MRI was consistent with the deposition of '%°Gd
within the peritumoral rim on IMC (Fig. 6). Ex vivo IMC also
correlated well with CD8* T-cell peritumoral infiltration on IHC
(0.62 + p <0.001) (Fig. 7). Ex vivo IF using FITC-conjugated anti-

rat secondary antibodies further validated the unchanged
binding sensitivity and specificity of '®°Gd-labeled CD8 anti-
bodies to their specific target. By comparing the distribution of
the "®°Gd signal on IMC with that of the FITC signal on IF, metal
labeling did not affect binding specificity of the anti-CD8 anti-
body (Fig. S2A). IMC analysis of FFPE spleen samples, ob-
tained 24 h after the systemic administration of '®°Gd-CDS8,
further confirmed binding specificity, as the '®°Gd signal was
primarily detected in the splenic red pulp. Paraffin wax
without embedded tissue (negative control) showed non-
specific background signals without a cellular distribution
pattern (Fig. S2B).

Discussion

This study offers valuable insights into the potential of pCryo as
an immunomodulatory therapy in HCC. It also establishes a
reliable MR-based molecular imaging method to visualize CD8*
anti-tumor T-cell infiltration following pCryo in both "cold" and
"hot" murine tumors within the context of induced cirrhosis. By
using CCl, to induce cirrhosis, the study creates a more clini-
cally relevant environment for modeling HCC, closely
mimicking the conditions leading to HCC development. This
allows for an accurate assessment of pCryo’s impact on im-
mune infiltration on a cirrhotic background. Utilizing immune
cell-specific '®°Gd-labeled antibodies, the study detected
peritumoral infiltrating T cells, correlating curvilinear distribution
patterns observed on MRI with histopathological confirmation
after pCryo. These findings not only build upon proof-of-
principle data using '®°Gd-based MRI for macrophage visuali-
zation in hepatic radiofrequency ablation (RFA) settings,”® but
also extend this technology to encompass various immune cell
types in different HCC immune phenotypes.

In this study, “partial cryoablation” was designed to freeze a
targeted portion of the tumor, as opposed to full tumor ablation.
This approach aimed to induce a local immune response by
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Fig. 5. Local and systemic immunomodulatory effects of partial cryoablation are tumor type dependent. Immune cell populations in draining lymph nodes and in
the tumor microenvironment. (A) Representative flow cytometry staining for CD3*/CD4*, CD3*/CD8* co-expression in CD90 gate, and CD11b* cells (spleen sample).
(B) Percentages of CD3*/CD4*, CD3*/CD8*, and CD11b* cells in tumor and lymph node samples from Hepa1-6 and TiB75 tumor-bearing mice, without (control, blue
color) and with cryoablation (treated, red color). (C-D) Comparison of immune cell population per group in both tumor and lymph node tissues. p values represent
significance of interaction between treatment and tissue type. Data are represented as mean + SEM, with differences assessed using two-way ANOVA followed by
Sidak’s multiple comparisons test. Statistical significance: *p <0.01, **p <0.001, ***p <0.0001.

preserving part of the tumor (residual tumor), which serves as
an antigen reservoir to stimulate T-cell recruitment and acti-
vation. In general, tumors that provoke an immune response,
often known as "hot tumors," are believed to display greater
responsiveness to immunomodulatory therapies when
compared to "cold" tumors lacking substantial immune cell
infiltration.?* Cryoablation is considered the most effective
method for triggering an anti-tumor immune response due to its
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ability to preserve antigen integrity, cellular structure, and in-
crease membrane permeability.?® This stands in contrast to the
protein denaturation caused by hyperthermia.”® Nevertheless,
the presented data suggest that the immunomodulatory effects
of pCryo may be linked to specific TMEs, as it augmented the
anti-tumor immune response in already immune-primed tu-
mors, while demonstrating a relatively weak and transient effect
in non-immunogenic tumors.
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cell infiltrate in immunogenic HCC tumors, as observed histologically. Bright field image from ex vivo IMC from animals (fifth column) after ablation of specific in vivo
labeling of infiltrating T cells by "®°Gd-CD8*. "®°Gd, gadolinium 160; HCC, hepatocellular carcinoma; IMC, imaging mass cytometry; LRT, locoregional treatment
(pCryo); pCryo, partial cryoablation; T, tumor.

The immunogenic Hepal-6 tumors showed higher baseline anti-tumor immune response and impede immuno-

infiltration of CD8* and CD4* T cells, distinguishing them from
the non-immunogenic TiB75 tumors, which exhibited lower T-
cell infiltration. Given that TiB75 is recognized for its well-
established immunosuppressive TME,?" it is plausible that the
influence of its stroma could still impact an ablation-induced
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surveillance. Indeed, pCryo significantly enhanced CD8* T-cell
infiltration in Hepal-6 tumors, reinforcing the concept that
pCryo can modulate the TME of immunogenic tumors by
augmenting local effector T-cell recruitment. This is critical
because effective T-cell infiltration is often associated with
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Fig. 7. '°°Gd metal concentration in the peritumoral rim by imaging mass cytometry. (A) Correlation of CD8" positive signal on IHC and spatial localization of
189Gd metal distribution using IMC. (B) Histopathological analysis of ex vivo IMC and IHC from 7 days pCryo animals following 24 h post-'®°Gd-CD8" antibody
intravenous injection. Bright field image from IMC (left column) and IHC staining of CD8* marker (right column). The boxes in upper row of B indicates the area of
magnification for the bottom row. '®°Gd, gadolinium 160; IHC, immunohistochemistry; IMC, imaging mass cytometry; pCryo, partial cryoablation.
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better anti-tumor immunity and improved treatment outcomes.
In contrast, the limited impact of pCryo on TiB75 tumors, which
remained largely devoid of CD8* cells post-treatment, un-
derscores the resistance of non-immunogenic tumors to local
immunomodulatory strategies like cryoablation. This differential
response suggests that pCryo alone may not be sufficient to
stimulate local anti-tumor immunity in "cold" tumors, where
additional systemic interventions, such as immune checkpoint
inhibitors or adoptive T-cell therapies, might be necessary to
overcome the immunosuppressive TMEs.

Despite being extensively used in other cancer types, the
application of cryoablation in HCC has been poorly studied and
clinically underutilized.?” In comparison to RFA, cryoablation
offers distinct benefits such as larger ablative zones, well-
defined treatment margins, reduced pain, and better suppres-
sion of ectopic tumors.?® Additionally, extensive analysis
shows cryoablation’s efficacy and safety for advanced HCC,
with lower residual tumor rates and recurrence after partial
treatment compared to RFA.>° While cryoablation is less
commonly used in HCC treatment compared to other ablative
therapies, the findings from this syngeneic mouse model sug-
gest that it could be an effective strategy for enhancing anti-
tumor immune responses, particularly in immunogenic tu-
mors. Given cryoablation’s ability to modulate the TME in pre-
existing immunogenic tumors, leveraging this local therapy to
transform the TME of residual tumors into a more receptive
immunological state and integrating it with systemic immuno-
therapy emerges as an appealing strategy for metastatic HCC
treatment. Thus, the proposed MR-based probe for monitoring
T-cell infiltration in patients holds significant predictive value as
it represents a biomarker for selecting interventions and
monitoring treatment success. Furthermore, these tools can
help differentiate real tumor growth from unusual post-
treatment responses, such as pseudo-progression, induced
by immune cells infiltrating the TME.*°

Most current preclinical checkpoint imaging studies pri-
marily visualize PD-L1 expression in tumor cells or the TME.*"
For instance, Keskamp et al. demonstrated intra-tumoral het-
erogeneity in xenograft tumor models using specific radio-
labeled anti-PD-L1.%2 However, these experiments were
restricted to xenograft immunodeficient mice, precluding
assessment of PD-L1 expression on immune cells.
Moreover, the use of radioactive tracers in these studies may
pose long-term risks for clinical translation due to repetitive

Research article

exposure. Additionally, the spatial resolution of CT/PET-based
imaging may be insufficient for precise localization in small or
deep-seated structures, potentially impacting diagnostic
accuracy,® and leading to inappropriate treatment decisions or
delayed interventions. The proposed MR-based imaging tech-
nique in this study aims to address these issues associated
with PET/CT technologies. With high spatial resolution, MRI
can detect small lesions and subtle changes in immune-related
structures,®* offering a safer option for patients due to non-
ionizing radiation, particularly in repeated or longitudinal
imaging studies.>®> These advantages position MR-based
molecular imaging as a promising, comprehensive, and safer
approach to assess immune responses in various diseases and
treatment settings.

While this study shows the potential of molecular imaging
with MRI, there are some weaknesses that could be addressed
in the future. The study utilized a single time point (24 h) for
imaging CD8" T-cell accumulation post-pCryo. Longitudinal
imaging at multiple time points would provide insights into the
dynamics of T-cell infiltration and assess the persistence of the
immune response over time. Additionally, investigating the
correlation between CD8" T-cell infiltration and treatment out-
comes, such as tumor regression or overall survival, would
further establish the clinical relevance of the imaging technique.
Future studies could explore the use of multiplex imaging
techniques to visualize and quantify multiple immune cell
subsets simultaneously, providing a more comprehensive un-
derstanding of the immune landscape in HCC tumors and
possibly discerning the degree of immune responses between
effective and ineffective immunotherapies.

In summary, this study introduces a novel non-invasive
imaging approach for CD8* T lymphocytes in HCC tumors
pre- and post-pCryo using '®°Gd-based contrast agents. The
findings hold significance for molecular imaging and HCC
management, particularly in the context of immunotherapy,
suggesting potential advances in patient selection, treatment
monitoring, and combining pCryo with immunotherapy. How-
ever, further research is required to validate these findings in
patients, explore other immune cell subsets, incorporate lon-
gitudinal imaging, and establish the clinical relevance of the
technique. Addressing these limitations will facilitate the
translation of this imaging approach into clinical practice,
enhancing patient stratification and personalized treat-
ment decisions.
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