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Objective: To explore the effectiveness of cryoablation combined with arterial
perfusion with programmed cell death protein 1 inhibitors in overcoming
immune resistance in advanced solid cancers.

Methods: In this pilot retrospective study, nine patients with solid cancers were
treated with tumour cryoablation and arterial perfusion with programmed cell
death protein 1 inhibitors, which had previously proven ineffective. The
CIBERSORT software was used to estimate the levels of tumour-infiltrating
immune cells in the challenged tumour. Changes in the levels of circulating T
cells were assessed using flow cytometry. The primary endpoints were disease
control and objective response rates, and the secondary endpoint was safety.

Results: The nine patients with advanced solid tumours received cryoablation
combined with arterial perfusion with programmed cell death protein 1 inhibitors
between June and December 2021. The median follow-up time was 5.8 months.
We recorded an objective response rate in two patients (22.22%). The best overall
responses were partial responses in two patients (22.22%) and one case (11.11%) of
stable disease, while six patients (66.67%) presented progressive disease. However,
the median overall survival time was not reached. The median progression-free
survival was 2.4 months. Treatment-related severe adverse events included one
case of abdominal infection and one case of upper gastrointestinal bleeding, which
were cured after the intervention. The CIBERSORT software confirmed the
importance of cryoablation in regulating tumour-infiltrating immune cells. Thus,
macrophage polarisation from the M2 to the M1 phenotype in the challenged
tumour and a gradual increase in the levels of circulating CD4" T cells were
observed after administration of the combination therapy.

Conclusion: Cryoablation combined with arterial perfusion with programmed
cell death protein 1 inhibitors has the potential efficacy and safety to overcome
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immune resistance in patients with advanced solid cancers. The combination
therapy leads to macrophage polarisation from the M2 to the M1 phenotype in
the challenged tumour to enhance antitumour immunity.
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Introduction

Immune checkpoint inhibitors (ICIs) have revolutionised the
field of cancer treatment, and a variety of ICI-based therapies,
such as combination chemotherapy and combination local
therapy, have brought new strategies to treat solid tumours.
While classical chemotherapy and radiotherapy remain the
mainstay of treatment for most solid cancers, several well-
designed clinical trials have shown the potential of ICIs as a
first-line treatment for a wide range of solid tumours (1-5). ICIs
activate the immune system and generate antitumour immune
responses predominantly by releasing suppressive brakes of T
cells. However, studies have shown that although T cells are a
cornerstone of ICI therapy, they also activate other innate and
adaptive immune cells, all of which are involved in and coordinate
the control of tumours, as well as possible tumour responses.

To date, various ICI agents, which target cytotoxic T-
lymphocyte-associated protein 4, programmed cell death
protein 1 (PD-1), and programmed death-ligand 1 (PD-L1),
have been approved by the U.S. Food and Drug Administration
to treat a variety of solid tumours, such as urothelial carcinoma,
non-small cell lung cancer, hepatocellular carcinoma, and
Merkel cell carcinoma. However, current evidence shows that
the response rates to ICI therapy vary considerably across
different cancers, with primary resistance to immunotherapy
ranging from more than 80% of patients with refractory
Hodgkin’s lymphoma to a much larger proportion of patients
with colorectal cancer (6, 7). Furthermore, patients who initially
respond to ICIs may experience tumour progression during
subsequent treatment, known as acquired resistance (8). These
complex resistance mechanisms limit the duration of ICI
effectiveness; thus, it is critical to develop combination
therapies that may allow more patients to benefit from
immunotherapy after developing resistance.

Spontaneous regression of metastases from primary prostate
tumours after cryoablation was reported in the 1970s, and the
results suggested that this regression could be immune-mediated
(9, 10). Cryoablation induces tumour cell death via osmotic
shock or physical damage from ice crystals, resulting in the
release of cellular contents into the extracellular space and in the
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activation of immune responses. Preclinical animal experiments
have shown that cryoablation therapy significantly inhibits
tumour recurrence and increases tumour sensitivity to ICIs
(11-13). Cryoablation therapy has shown promise in the
treatment of advanced breast, lung, liver, glioma, melanoma,
and pancreatic cancers (14-17). However, there have been
no definitive investigations to determine whether cryoablation
can overcome immune resistance in solid tumours. This study
aimed to investigate the safety and efficacy of a combined
therapeutic strategy including cryoablation and arterial
perfusion with PD-1 inhibitors in patients with solid tumours
after immunotherapy failure.

Materials and methods
Patient selection

The medical records of nine consecutive patients whose
advanced solid tumours had progressed and who received
combined cryoablation and arterial perfusion therapy with PD-1
inhibitors at the First Affiliated Hospital of Fujian Medical
University between June and December 2021 were reviewed.
Treatment was determined based on the patient’s wishes and
the advice of a multidisciplinary team consisting of oncologists,
interventional radiologists, radiologists, and surgeons. The
inclusion criteria were as follows: (a) a histological diagnosis of
a malignant tumour; (b) unresectable or distant metastasis; (c)
failure of previous PD-1 inhibitor therapy; (d) a score of 0 or 1 on
the Eastern Cooperative Oncology Organization Performance
Scale (ECOG-PS); (e) at least one measurable lesion as defined
by the Response Evaluation Criteria in Solid Tumours (RECIST)
version 1.1; (f) no active or documented history of autoimmune
diseases; and (g) at least one course of treatment completed in the
combination phase. The exclusion criteria were as follows: (a)
additional treatment prior to disease progression and (b) an
ECOG-PS score of > 2. This study was conducted in accordance
with the ethical guidelines of the 1975 Declaration of Helsinki and
was approved by the Ethics Committee of the Hospital (No.:
MRCTA, ECFAH of EMU (2022) 246).
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Intervention

Each patient received one cycle of combination therapy as
follows: on day 1, one or two lesions were completely cryoablated or
incompletely cryoablated if they were larger than 5 cm, and the
remaining lesions were left untreated; on day 3 (within 48 h), local
arterial perfusion with a PD-1 inhibitor was performed in the
ablation target organ. Local arterial perfusion with PD-1 inhibitors
was subsequently recommended every 3 weeks until the occurrence
of disease progression, unacceptable toxicity, or failure to follow up.
Patients who were evaluated for progression for the first time could
be administered a second combination therapy, if desired. Previous
combination treatments, including chemotherapy and tyrosine
kinase inhibitors, remained unchanged.

Cryoablation was performed using a HYG KB-II system
(HYGEA Medical, Hong Kong, China). The target lesions were
selected by interventional radiologists with more than 10 years of
experience in percutaneous cryoablation, based on technical
factors, such as the distance from major intrahepatic vessels,
proximity to adjacent organs, ease of needle insertion, and
patient’s symptoms, such as pain. All surgeries were performed
under local anaesthesia with 2% lidocaine. A cryoprobe was
inserted into the target lesion under computerised tomography
(CT) guidance. The liquid-nitrogen cryogenic system was then
activated, and the temperature of the tip was rapidly reduced to
between —180 and —196°C to form a iceball, which was frozen for
10-15 min. A CT scan was further performed intraoperatively to
confirm that the iceball covered the tumour area. An anhydrous
ethanol active thawing system was then turned on to reach a
temperature of 50-80°C, and active thawing was carried out for 5-
15 min. The cryoablation and active thawing cycles were repeated
twice. After cryoablation, a CT scan was performed again to
determine whether bleeding, pneumothorax, or other
complications had occurred.

Transarterial infusion of PD-1 inhibitors was performed
with a 2.8-F microcatheter (Boston Scientific Corporation,
Natick, MA, USA), which was superselectively placed into the
feeding artery of the organ corresponding to the ablated tumour,
and the artery was uniformly infused with a PD-1 inhibitor and
100 mL of normal saline for approximately 2 h (50 mL/h).

Patient follow-up

The antitumour response was evaluated according to the
RECIST 1.1 guidelines (18). The first on-study radiographic
examination (contrast enhanced CT or MRI, PET-CT if
necessary) was conducted at week 8, and subsequent
examinations were conducted every 3 weeks during the
treatment course, until the occurrence of disease progression
or treatment discontinuation. Complete or partial responses
were further confirmed at least 4 weeks after the first response.
Objective response was defined as the proportion of patients
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who achieved a complete response plus partial response as their
best overall response, and disease control was defined as the
proportion of patients who achieved a complete response plus
partial response plus stable disease as their best overall
response. Patients were monitored for overall survival every
30 days after disease progression or treatment discontinuation
until the occurrence of death or loss to follow-up. Safety was
assessed by vital signs, laboratory measurements, adverse
events, serious adverse events, and adverse events of special
interest. Adverse events were assessed according to the
Common Terminology Criteria for Adverse Events (CTCAE),
version 5.0 (19).

Evaluation of systemic immune
responses in peripheral blood

During treatment, it was recommended that the blood be
collected one day before cryoablation and one day after each
arterial perfusion. One patient (11.1%) received continuous
blood transfusions during treatment. After serum starvation
for 24 h, cells were divided into two groups. One was treated
with H,0, (400 M) for 12 h to induce cell apoptosis;
afterwards, 0.5-1.9 x 10° cells were collected by
centrifugation and incubated with annexin V/propidium
iodide using an Annexin V-FITC/PI cell apoptosis detection
kit (TransGen Biotech, Beijing, China) according to the
manufacturer’s instructions. After incubation for 15 min in
the dark, the cells were analysed using flow cytometry. Early
apoptotic cells were stained with annexin V alone, whereas
necrotic and late apoptotic cells were stained with both annexin
V and propidium iodide.

Transcriptome analysis

Tumour biopsy specimens were obtained from one patient
(11.1%) before and after cryoablation. Biopsy specimens of the
burden tumour and matched peripheral blood were collected
from the patient before the start of cryoablation and after three
cycles of arterial perfusion, and RNA was extracted from the
biopsy tissue according to the manufacturer’s instructions
(TTANGEN, Beijing, China). The RNA library for sequencing
was prepared as follows: mRNA was purified from total RNA
using a poly(T) oligonucleotide and then fragmented into 300-
350-bp fragments; the first cDNA strand was reverse-transcribed
using the fragmented RNA as a template in the presence of
dNTPs (dATP, dTTP, dCTP, and dGTP), and the synthesis of
the second ¢cDNA strand was subsequently performed. The
remaining overhangs of the double-stranded cDNA were
converted into blunt ends using exonuclease/polymerase
activity. After adenylation of the 3’ ends of the DNA
fragments, sequencing adaptors were ligated to the cDNA, and
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the library fragments were purified. The template was amplified
by polymerase chain reaction, and the products were purified to
obtain the final library. The libraries were sequenced using an
Mlumina NovaSeq 6000 platform (paired-end, 150 bp), and the
sequencing data were subjected to standard data analysis.
Finally, tumour-infiltrating immune cells were quantified using
the CIBERSORT software.

Statistical analysis

Overall survival was calculated from the commencement of
cryotherapy to the date of the patient’s death or last follow-up.
Progression-free survival was measured from the initiation of
cryotherapy to the patient’s first confirmed radiological
progression or death, whichever occurred first, or their last
follow-up visit. Adverse events during treatment and follow-up
were recorded and graded according to the CTCAE version 5.0
guidelines. Statistical analyses and graphing were performed
using R version 3.6.1 (http://www.r-project.org/).

Results
Baseline characteristics of the patients

The baseline characteristics of the enrolled patients are
shown in Table 1. The median age of the study population was
58 years (range: 38-75 years). Six patients had primary
hepatocellular carcinoma, and the remaining three had
adrenal leiomyosarcoma, gallbladder carcinoma, and
pancreatic carcinoma, respectively. Eight patients (88.89%)
had stage IV tumours with distant metastases. Four patients
(44.44%) were subjected to complete and five (55.56%) to
incomplete tumour ablation. Five patients (55.56%) had
responded to prior immunotherapy, while four (44.44%) had
no response.

Efficacy and safety of combined
cryoablation and arterial perfusion

The best antitumour responses were a partial response in
two patients, stable disease in one, and progressive disease in six
(Supplementary Table). The objective response and disease
control rates of the entire cohort were 22.2% and 33.3%,
respectively (Table 2). The median progression-free survival
time in the cohort was 3.17 (95% confidence interval, 1.25
-5.09), and one patient has not progressed to date (Figure 1).
The median overall survival was not reached, and the 6-month
survival rate was 55.5%. The most common adverse event was
pain associated with the tumour and with the ablation.
Treatment-related severe adverse events included one case of
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TABLE 1 Baseline characteristics.

Characteristic N=9
Age, median 58 (38 - 75)
Gender (male/female) 8/1
ECOG-PS

0 7

1 2
Tumor type

Hepatocellular carcinoma 6

Gallbladder carcinoma 1

Pancreatic cancer 1

Adrenal carcinoma 1
TNM stage

IIIA 1

v 8
Distant metastases

No 1

Yes 8
Cryoablation location of the tumor

Liver 4

Lung 1

pelvic 1

Chest wall 2

Abdominal 1
Cryoablation method

Complete 4

Incomplete 5
Type of immune resistant

acquired resistance 5

primary resistance 4

ECOG-PS, Eastern Cooperative Oncology Group performance status.

abdominal infection and one case of upper gastrointestinal
bleeding, which were cured after the intervention (Table 3).
Rash and liver function impairment may be associated with ICI.
Other side effects are mainly associated with ablation, the
tumour itself, and other combined therapy.

TABLE 2 Best response to treatment according to RECIST 1.1.

Overall response, % All treated participants (n = 9)

CR 0 (0%)

PR 2 (22.22%)
SD 1(11.11%)
PD 6 (66.67%)

Objective Response Rate 22.22%
Disease Control Rate 33.33%
PFS (mean + SD) 3.17 m (95%CI 1.25~5.09)
6-months OS, % 55.55%

RECIST, Response Evaluation Criteria in Solid Tumors; CR, complete response; PR,
partial response; SD, stable disease; PD, progressive disease.

frontiersin.org


http://www.r-project.org/
https://doi.org/10.3389/fimmu.2022.990224
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

Left bronchial artery

yroablation tumor

t

10.3389/fimmu.2022.990224

N
0 N 6 9 12 1 18 21 24 7
Pre-ablation| |Cyroablati Lstia. 2nd.ia. 3rd.a. Ath.ia. Sth.ia. Gth.ia.
re-ablation Cyroablation) pyy 1 innibitor PD-1 inhibitor PD-1 inhibitor PD-1 inhibitor PD-1 inhibitor| PD-1 inhibitor

FIGURE 1

Example of partial patient response. A 45-year-old man with ruptured hepatocellular carcinoma underwent surgical resection. Lung metastasis
occurred during the follow-up, and lung metastatic cancer increased and enlarged after more than one year of treatment with tyrosine kinase
inhibitor drugs combined with PD-1 inhibitors. The patient agreed to undergo cryoablation (1 cycle) combined with arterial infusion of the PD-1
inhibitor (1 cycle/3 weeks). Before the fourth cycle of arterial perfusion therapy, a partial response emerged and has remained so far.

TABLE 3 Treatment-related adverse events.

Event All grade

Weight loss 3 (33.3%)

Decreased appetite 2 (22.22%)

Nausea 1(11.11%)
Weakness 1(11.11%)
Rash 2 (22.22%)
Infection 1(11.11%)
Hemorrhage 2 (22.22%)
Pain 5 (50.50%)
Hypothyroidism 0 (0%)

Renal insufficiency 0 (0%)

Abnormal hepatic function 2 (22.22%)
Abnormal cardiac function 0 (0%)

Immune correlatives and transcriptome
analysis results

Based on the results presented in Figure 1, changes in T-
lymphocyte subsets during treatment were analysed using flow
cytometry (Figure 2). The levels of CD4™ T cells increased to a
peak on the second day after the combination therapy but
significantly decreased before the second cycle of arterial
perfusion, subsequently increasing in further cycles of
treatment. To explore the relationship between tumour-
infiltrating immune cells and the efficacy of combination
therapy, biopsy specimens of the challenged tumour and
matched peripheral blood samples collected from the patients
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Gradel/2 Grade3/4
3 (33.3%) 0(0%)

2 (22.22%) 0(0%)
1(11.11%) 0(0%)

1 (11.11%) 0(0%)

2 (22.22%) 0(0%)

0 (0%)
1(11.11%)

1(11.11%)
1(11.11%)

5 (50.50%) 0(0%)
0 (0%) 0(0%)
0 (0%) 0(0%)

2 (22.22%) 0(0%)
0 (0%) 0(0%)

before and after cryoablation were subjected to RNA-sequencing
analysis, and tumour-infiltrating immune cells were further
analysed using the CIBERSORT software. The levels of
follicular T cells and antigen-presenting cells (macrophages
and dendritic cells) increased after cryoablation and three
cycles of arterial perfusion immunotherapy compared with
those in the challenged tumour before treatment. The
macrophage scores also showed an upward trend, with the
levels of M2-type macrophages decreased and those of M1-
type macrophages increased in the subcomponent classification,
while regulatory T-cell levels decreased (Figure 3A). Peripheral
blood analysis showed that the levels of regulatory T cells and
M2 macrophages also decreased (Figure 3B).
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FIGURE 2

Immune correlative study of the combination therapy. Dynamic change of CD4+ T cells and CD8+ T cells.
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Discussion

Advanced solid cancers can use multiple adaptive immune
resistance mechanisms to escape the attack of the immune
system (20). Several studies have explored methods to improve
the efficacy of immunotherapy to overcome tumour immune
resistance (21-24); however, no clinical studies have
demonstrated that cryoablation can overcome immune
resistance. Given the disappointing prognostic outcome and
limited treatment options in this cohort, how to choose the
appropriate modalities after multiple lines of standard
treatment, especially immunotherapy, needs to be studied
urgently. Although the cohort size is small, however, some
interesting and surprising efficacy which two out of nine
(22.22%) patients achieved the best response (partial response)
has also been found in the present study, and we believe that the
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CIBERSORT software, are shown in a bar plot.

disclosure, discussion, and sharing of the inspiring result
through this paper are meaningful to some extent.

Sreya et al. (8) divided immune resistance into primary,
acquired, and target-missing resistance. Primary resistance is
intrinsic to tumour cells, and the most used biomarker to predict
their response to ICIs is the expression level of PD-L1. Patients
with melanoma and non-small cell lung cancer with low levels of
PD-L1 expression had a response rate of only 10% when treated
with PD-1 inhibitors, while patients with high PD-L1 expression
had a response rate of 40-50% (25, 26). Another well-known
biomarker for predicting an ICI response is the tumour
mutation burden, which is strongly associated with the anti-
PD-1 response in multiple cancer indications (27-29). The
mechanism of acquired drug resistance is still unclear, and
mutations in JAK1 and JAK2 in the interferon-y response
pathway may be the key to unveiling it. In a small cohort of
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patients with melanoma who exhibited acquired pembrolizumab
resistance, the tumour outgrowth occurred in two patients
harbouring loss-of-function mutations in these two
proteins (30).

Cryoablation, known for its ability to destroy tumours by
freezing them to lethal temperatures, has a potential secondary
advantage in generating an antitumour immune response
triggered by natural absorption of the malignant tissue. T-cell
activation occurs when the unique T-cell receptor binds to the
antigen produced upon cryoablation and is presented by
antigen-presenting cells, such as macrophages and dendritic
cells (31-33). In this study, the levels of CD4" T cells
increased while those of regulatory T cells decreased,
compared with their pretreatment levels, when antigen-
presenting cells (macrophages and dendritic cells) in the
challenged tumour microenvironment were activated, which
may have facilitated the process by increasing the levels of
follicular T cells. Tumour-associated macrophages play an
important role in the development of solid tumours (34).
These macrophages can polarise into classically activated M1
or alternatively activated M2 states in response to different
stimuli. M1 macrophages play an important role in tumour
suppression by upregulating the expression of proinflammatory
mediators and inducing an inflammatory response (35). In this
study, the polarisation of macrophages to the M1 phenotype
after cryoablation may have been related to the overcoming of
immune resistance. These changes were also observed in
circulating immune cells. However, the specific mechanisms
involved require further study.

Circulating CD4" T-cell levels showed a peak and subsequent
decline during the combination therapy but continued to increase
in subsequent therapy cycles; this may be associated with tumour
remission, which is consistent with the challenged tumour
shrinkage 10 weeks after cryotherapy, as described in another
article (36), and may also be a PD-1 trailing effect (37).

Although cryoablation was effective in three patients with
immune drug resistance in this study, there are still limitations
worth discussing. First, the study had a small sample size, and
further randomised multicentre studies are needed. Second,
arterial infusion was used to deliver PD-1 in this study, but its
effect has previously been mentioned only in the Shen’s study
(38). It is worth evaluating whether changing the drug
administration mode would be more beneficial for the efficacy
of PD-1. Third, there is a question whether complete ablation of
the tumour has an impact on overcoming immune resistance. It
is well known that incomplete thermal ablation often promotes
tumour progression (39-41). In terms of treatment choice, we
preferred the lesions that could achieve complete ablation, but
unfortunately, there are some that advocate not to destroy the
tumour completely, to leave intact the TIL (Tumour Infiltrating
Lymphocytes.) but unfortunately, some patients could not
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achieve complete ablation technically. limited by the sample
size, our study could not confirm this correlation. Progressive
disease found in all patients with incomplete cryoablation in this
study requires further animal experiments for confirmation.
Fourth, owing to the different types of cancer in the patients,
the combination therapies were different in this study, including
chemotherapy and tyrosine kinase inhibitors. Different
combination therapies may have also affected the patient
outcomes in this study. Prospective trials are needed to
confirm whether cryoablation can overcome immune resistance.

Conclusion

Cryoablation combined with arterial perfusion with
programmed cell death protein 1 inhibitors has the potential
to effectively and safely overcome immune resistance in patients
with advanced solid cancers. The combination therapy leads to
macrophage polarisation from the M2 to the M1 phenotype in
the challenged tumour to enhance antitumour immunity.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://ngdc.cncb.ac.cn/gsa-
human/s/5h1Es2P5.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Committee of First Affiliated Hospital of
Fujian Medical University. The patients/participants provided
their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

Author contributions

ZL contributed to the study concept and design. FW, RG,
YY, RL and JC contributed to the acquisition of clinical data. FW
wrote the first draft of the manuscript. RG, YY, RL and JC
supervised and oversaw the study. RL contributed to the
statistical analysis. All authors contributed to the article and
approved the submitted version.

frontiersin.org


https://ngdc.cncb.ac.cn/gsa-human/s/5h1Es2P5
https://ngdc.cncb.ac.cn/gsa-human/s/5h1Es2P5
https://doi.org/10.3389/fimmu.2022.990224
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

Conflict of interest

The research was conducted in the absence of any
commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Finn RS, Qin S, Ikeda M, Galle PR, Ducreux M, Kim TY, et al. Atezolizumab
plus bevacizumab in unresectable hepatocellular carcinoma. N Engl J Med (2020)
382:1894-905. doi: 10.1056/NEJMoal915745

2. Ganguly S, Gogia A. Pembrolizumab in early triple-negative breast cancer. N
Engl ] Med (2022) 386:1771. doi: 10.1056/NEJMc2203316

3. Italiano A, Bessede A, Pulido M, Bompas E, Piperno-Neumann S, Chevreau
C, et al. Pembrolizumab in soft-tissue sarcomas with tertiary lymphoid structures:
A phase 2 PEMBROSARC trial cohort. Nat Med (2022) 28:1199-206. doi: 10.1038/
$41591-022-01821-3

4. Diaz LA, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al.
Pembrolizumab versus chemotherapy for microsatellite instability-high or
mismatch repair-deficient metastatic colorectal cancer (KEYNOTE-177): Final
analysis of a randomised, open-label, phase 3 study. Lancet Oncol (2022) 23:659—
70. doi: 10.1016/S1470-2045(22)00197-8

5. Vano YA, Elaidi R, Bennamoun M, Chevreau C, Borchiellini D, Pannier D,
et al. Nivolumab, nivolumab-ipilimumab, and VEGFR-tyrosine kinase inhibitors as
first-line treatment for metastatic clear-cell renal cell carcinoma (BIONIKK): A
biomarker-driven, open-label, non-comparative, randomised, phase 2 trial. Lancet
Oncol (2022) 23:612-24. doi: 10.1016/S1470-2045(22)00128-0

6. Nayak L, Iwamoto FM, LaCasce A, Mukundan S, Roemer MGM, Chapuy B,
et al. PD-1 blockade with nivolumab in relapsed/refractory primary central nervous
system and testicular lymphoma. Blood (2017) 129:3071-3. doi: 10.1182/blood-
2017-01-764209

7. Le DT, Uram N, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1
blockade in tumors with mismatch-repair deficiency. N Engl ] Med (2015)
372:2509-20. doi: 10.1056/NEJMoal500596

8. Bagchi S, Yuan R, Engleman EG. Immune checkpoint inhibitors for the
treatment of cancer: Clinical impact and mechanisms of response and resistance.
Annu Rev Pathol (2021) 16:223-49. doi: 10.1146/annurev-pathol-042020-042741

9. Soanes WA, Gonder MJ, Ablin R]. A possible immuno-cryothermic response
in prostatic cancer. Clin Radiol (1970) 21:253-5. doi: 10.1016/s0009-9260(70)
80036-8

10. Soanes WA, Ablin RJ, Gonder MJ. Remission of metastatic lesions following
cryosurgery in prostatic cancer: Immunologic considerations. J Urol (1970)
104:154-9. doi: 10.1016/s0022-5347(17)61690-2

11. Ravindranath MH, Wood TF, Soh D, Gonzales A, Muthugounder S, Perez
C, et al. Cryosurgical ablation of liver tumors in colon cancer patients increases the
serum total ganglioside level and then selectively augments antiganglioside IgM.
Cryobiology (2002) 45:10-21. doi: 10.1016/s0011-2240(02)00102-5

12. den Brok MHMGM, Sutmuller RPM, Nierkens S, Bennink EJ, Frielink C,
Toonen LW, et al. Efficient loading of dendritic cells following cryo and
radiofrequency ablation in combination with immune modulation induces
antitumour immunity. Br J Cancer (2006) 95:896-905. doi: 10.1038/
5j.bjc.6603341

13. He X-Z, Wang QF, Han S, Wang HQ, Ye YY, Zhu ZY, et al. Cryo-ablation
improves antitumor immunity through recovering tumor educated dendritic cells
in tumor-draining lymph nodes. Drug Des Dev Ther (2015) 9:1449-58.
doi: 10.2147/DDDT.S76592

14. McArthur HL, Diab A, Page DB, Yuan J, Solomon SB, Sacchini V, et al. A
pilot study of preoperative single-dose ipilimumab and/or cryoablation in women
with early-stage breast cancer with comprehensive immune profiling. Clin Cancer
Res (2016) 22:5729-37. doi: 10.1158/1078-0432.CCR-16-0190

Frontiers in Immunology

08

10.3389/fimmu.2022.990224

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.990224/full#supplementary-material

15. Katzman D, Wu S, Sterman DH. Immunological aspects of cryoablation of
non-small cell lung cancer: A comprehensive review. J Thorac Oncol (2018)
13:624-35. doi: 10.1016/j.jth0.2018.01.017

16. NiuLZ, Li JL, Zeng JY, Mu F, Liao MT, Yao F, et al. Combination treatment
with comprehensive cryoablation and immunotherapy in metastatic hepatocellular
cancer. World ] Gastroenterol (2013) 19:3473-80. doi: 10.3748/wjg.v19.i22.3473

17. Cebula H, Noel G, Garnon J, Todeschi J, Burckel H, de Mathelin M, et al.
The cryo-immunologic effect: A therapeutic advance in the treatment of
glioblastomas? Neuro-Chirurgie (2020) 66:455-60. doi: 10.1016/
j.neuchi.2020.06.135

18. Nishino M, Jagannathan JP, Ramaiya NH, Van den Abbeele AD. Revised
RECIST guideline version 1.1: What oncologists want to know and what
radiologists need to know. AJR Am ] Roentgenol (2010) 195:281-9. doi: 10.2214/
AJR.09.4110

19. Freites-Martinez A, Santana N, Arias-Santiago S, Viera A. Using the
common terminology criteria for adverse events (CTCAE - version 5.0) to
evaluate the severity of adverse events of anticancer therapies. Actas Dermo
Sifiliogr (2021) 112:90-2. doi: 10.1016/j.ad.2019.05.009

20. Kim TK, Vandsemb EN, Herbst RS, Chen L. Adaptive immune resistance at
the tumour site: Mechanisms and therapeutic opportunities. Nat Rev Drug Discov
(2022) 21(7). doi: 10.1038/541573-022-00493-5

21. Attili I, Tarantino P, Passaro A, Stati V, Curigliano G, de Marinis F.
Strategies to overcome resistance to immune checkpoint blockade in lung
cancer. Lung Cancer (2021) 154:151-60. doi: 10.1016/j.lungcan.2021.02.035

22. Hosseinkhani N, Shadbad MA, Asghari Jafarabadi M, Karim Ahangar N,
Asadzadeh Z, Mohammadi SM, et al. A systematic review and meta-analysis on the
significance of TIGIT in solid cancers: Dual TIGIT/PD-1 blockade to overcome
immune-resistance in solid cancers. Int ] Mol Sci (2021) 22(19). doi: 10.3390/
ijms221910389

23. Hou A, Hou K, Huang Q, Lei Y, Chen W. Targeting myeloid-derived
suppressor cell, a promising strategy to overcome resistance to immune checkpoint
inhibitors. Front Immunol (2020) 11:783. doi: 10.3389/fimmu.2020.00783

24. Huang J, Jiang Z, Wang Y, Fan X, Cai J, Yao X, et al. Modulation of gut
microbiota to overcome resistance to immune checkpoint blockade in cancer
immunotherapy. Curr Opin Pharmacol (2020) 54:1-10. doi: 10.1016/j.coph.2020.06.004

25. Daud AI, Wolchok JD, Robert C, Hwu W, Weber JS, Ribas A, et al.
Programmed death-ligand 1 expression and response to the anti-programmed
death 1 antibody pembrolizumab in melanoma. J Clin Oncol Off ] Am Soc Clin
Oncol (2016) 34:4102-9. doi: 10.1200/JC0O.2016.67.2477

26. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the treatment of non-small-cell lung cancer. N Engl ] Med
(2015) 372:2018-28. doi: 10.1056/NEJMoal501824

27. Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V,
et al. Tumor mutational burden as an independent predictor of response to
immunotherapy in diverse cancers. Mol Cancer Ther (2017) 16:2598-608.
doi: 10.1158/1535-7163.MCT-17-0386

28. Cristescu R, Mogg R, Ayers M, Albright A, Murphy E, Yearley J, et al. Pan-
tumor genomic biomarkers for PD-1 checkpoint blockade-based immunotherapy.
Science (2018) 362(6411). doi: 10.1126/science.aar3593

29. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Cancer immunology. mutational landscape determines sensitivity to PD-1
blockade in non-small cell lung cancer. Science (2015) 348:124-8. doi: 10.1126/
science.aaal348

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.990224/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.990224/full#supplementary-material
https://doi.org/10.1056/NEJMoa1915745
https://doi.org/10.1056/NEJMc2203316
https://doi.org/10.1038/s41591-022-01821-3
https://doi.org/10.1038/s41591-022-01821-3
https://doi.org/10.1016/S1470-2045(22)00197-8
https://doi.org/10.1016/S1470-2045(22)00128-0
https://doi.org/10.1182/blood-2017-01-764209
https://doi.org/10.1182/blood-2017-01-764209
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1146/annurev-pathol-042020-042741
https://doi.org/10.1016/s0009-9260(70)80036-8
https://doi.org/10.1016/s0009-9260(70)80036-8
https://doi.org/10.1016/s0022-5347(17)61690-2
https://doi.org/10.1016/s0011-2240(02)00102-5
https://doi.org/10.1038/sj.bjc.6603341
https://doi.org/10.1038/sj.bjc.6603341
https://doi.org/10.2147/DDDT.S76592
https://doi.org/10.1158/1078-0432.CCR-16-0190
https://doi.org/10.1016/j.jtho.2018.01.017
https://doi.org/10.3748/wjg.v19.i22.3473
https://doi.org/10.1016/j.neuchi.2020.06.135
https://doi.org/10.1016/j.neuchi.2020.06.135
https://doi.org/10.2214/AJR.09.4110
https://doi.org/10.2214/AJR.09.4110
https://doi.org/10.1016/j.ad.2019.05.009
https://doi.org/10.1038/s41573-022-00493-5
https://doi.org/10.1016/j.lungcan.2021.02.035
https://doi.org/10.3390/ijms221910389
https://doi.org/10.3390/ijms221910389
https://doi.org/10.3389/fimmu.2020.00783
https://doi.org/10.1016/j.coph.2020.06.004
https://doi.org/10.1200/JCO.2016.67.2477
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1158/1535-7163.MCT-17-0386
https://doi.org/10.1126/science.aar3593
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.3389/fimmu.2022.990224
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

30. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-
Lieskovan S, et al. Mutations associated with acquired resistance to PD-1 blockade
in melanoma. N Engl ] Med (2016) 375:819-29. doi: 10.1056/NEJMoal604958

31. Li X, Wang Y, Ye X, Ye LP. Locoregional combined with systemic therapies
for advanced hepatocellular carcinoma: An inevitable trend of rapid development.
Front Mol Biosci (2021) 8:635243. doi: 10.3389/fmolb.2021.635243

32. Yakkala C, Denys A, Kandalaft L, Duran R. Cryoablation and immunotherapy
of cancer. Curr Opin Biotechnol (2020) 65:60-4. doi: 10.1016/j.copbio.2020.01.006

33. Yakkala C, Chiang CL-L, Kandalaft L, Denys A, Duran R. Cryoablation and
immunotherapy: An enthralling synergy to confront the tumors. Front Immunol
(2019) 10:2283. doi: 10.3389/fimmu.2019.02283

34. Heusinkveld M, van der Burg SH. Identification and manipulation of tumor
associated macrophages in human cancers. J Transl Med (2011) 9:216.
doi: 10.1186/1479-5876-9-216

35. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage
subsets. Nat Rev Immunol (2011) 11:723-37. doi: 10.1038/nri3073

36. Misao A, Sakata K, Saji S, Kunieda T. Late appearance of resistance to tumor
rechallenge following cryosurgery. a study in an experimental mammary tumor of
the rat. Cryobiology (1981) 18:386-9. doi: 10.1016/0011-2240(81)90111-5

Frontiers in Immunology

09

10.3389/fimmu.2022.990224

37. Wu S, Li D, Chen J, Chen W, Ren F. Tailing effect of PD-1 antibody results
in the eradication of unresectable multiple primary lung cancer presenting as
ground-glass opacities: A case report. Ann Palliat Med (2021) 10:778-84.
doi: 10.21037/apm-20-2132

38. Shen L, Qi H, Shuanggang C, Cao F, Xie L, Wu Y, et al. Cryoablation
combined with transarterial infusion of pembrolizumab (CATAP) for liver
metastases of melanoma: An ambispective, proof-of-concept cohort study.
Cancer Immunol Immunother (2020) 69:1713-24. doi: 10.1007/s00262-020-
02566-z

39. Schneider T, Sevko A, Heussel CP, Umansky L, Beckhove P, Dienemann H,
et al. Serum inflammatory factors and circulating immunosuppressive cells are
predictive markers for efficacy of radiofrequency ablation in non-small-cell lung
cancer. Clin Exp Immunol (2015) 180:467-74. doi: 10.1111/cei.12596

40. Zhang N, Li H, Qin C, Ma D, Zhao Y, Zhu W, et al. Insufficient
radiofrequency ablation promotes the metastasis of residual hepatocellular
carcinoma cells via upregulating flotillin proteins. J Cancer Res Clin Oncol
(2019) 145:895-907. doi: 10.1007/s00432-019-02852-z

41. Wan J, Wu W, Huang Y, Ge W, Liu S. Incomplete radiofrequency ablation
accelerates proliferation and angiogenesis of residual lung carcinomas via HSP70/
HIF-10. Oncol Rep (2016) 36:659-68. doi: 10.3892/0r.2016.4858

frontiersin.org


https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.3389/fmolb.2021.635243
https://doi.org/10.1016/j.copbio.2020.01.006
https://doi.org/10.3389/fimmu.2019.02283
https://doi.org/10.1186/1479-5876-9-216
https://doi.org/10.1038/nri3073
https://doi.org/10.1016/0011-2240(81)90111-5
https://doi.org/10.21037/apm-20-2132
https://doi.org/10.1007/s00262-020-02566-z
https://doi.org/10.1007/s00262-020-02566-z
https://doi.org/10.1111/cei.12596
https://doi.org/10.1007/s00432-019-02852-z
https://doi.org/10.3892/or.2016.4858
https://doi.org/10.3389/fimmu.2022.990224
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Investigation of the efficacy and safety of cryoablation and intra-arterial PD-1 inhibitor in patients with advanced disease not responding to checkpoint inhibitors: An exploratory study
	Introduction
	Materials and methods
	Patient selection
	Intervention
	Patient follow-up
	Evaluation of systemic immune responses in peripheral blood
	Transcriptome analysis
	Statistical analysis

	Results
	Baseline characteristics of the patients
	Efficacy and safety of combined cryoablation and arterial perfusion
	Immune correlatives and transcriptome analysis results

	Discussion
	Conclusion
	Data availability statement
	Ethics statement 
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


