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Cryoablation combination therapy with blockade of the T-cell inhibitory receptor CTL-associated antigen-4 (CTLA-4) 
may augment the anti-tumor immune response (ATIR). It is crucial to determine the duration of ATIR after cryoablation and
anti-CTLA-4 antibody therapy to determine the most appropriate treatment interval of therapy. To investigate the charac-
teristics of ATIR induced by cryoablation and anti-CTLA-4 antibody therapy, we developed a prostate cancer model system 
to test the capacity of cryoablation and anti -CTLA-4 antibody to generate ATIR. Mice were randomly assigned to receive 
no treatment (group A), cryoablation only (group B), cryoablation plus anti-CTLA-4 antibody (group C), or anti-CTLA-4 
antibody only (group D). We collected specimens on days 0, 7, 14 and 21 to study the ATIR through different techniques.
Our results indicated that cryoablation induced ATIR and further enhanced this effect and reduced the number of distant
metastases through combination with anti-CTLA-4 antibody. ATIR induced by cryoablation was achieved through decreasing 
regulatory T cell (Treg) number. The number of Tregs induced by cryoablation was lowest on day 14 but then returned to
preoperative levels on day 21, indicating that ATIR induced by cryoablation was time-dependent. However, ATIR induced 
by anti-CTLA-4 antibody might be mainly achieved through influencing Treg function, which was exactly not by decreas-
ing Treg number and still maintain its ATIR effect on day 21 after therapy. In conclusion, ATIR induced by cryoablation
was achieved through decreasing Treg number and is time-dependent, whereas ATIR caused by anti-CTLA-4 antibody was 
achieved exactly not by decreasing Treg number and not time-dependent in the first 21 days after therapy.
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Prostate cancer is currently one of the most common malig-
nant cancers in adult males [1]. Prostatectomy and radiotherapy 
are considered to be the most effective curative therapies for
early-stage prostate cancer. However, there is no curative 
treatment for locally advanced or metastatic prostate cancer. 
Cryoablation and immunotherapy have recently emerged as 
potential alternative therapeutic approaches [2]. Cryoablation 
has the advantages of being minimally invasive and being more 
repeatable, showing better repeatability, and providing improved 
immunity following treatment compared with traditional sur-
gical approaches. Cryoablation has been used to treat many 
types of inoperable tumors, including prostate cancer and liver 
cancer [3]. As early as the 1970s, Ablin showed that freezing the 
prostate in patients with metastatic cancer caused regression 
of metastases [4]. In addition, cryoablation has been shown to 
induce an anti-tumor immune response (ATIR) [5]. 

A recent study by us found that combination therapy of 
cryoablation and renal embolization in patients with advanced 
renal cell cancer increased helper T cells and decreased regu-
latory T cells (Tregs) in peripheral blood [6]. Other evidence 
has indicated that cryoablation induces both a tumor-specific
T-cell response in tumor-draining lymph nodes (TDLNs) and 
a systemic response in a mouse model of mammary adenocar-
cinoma [7, 8]. In most cases, however, tumor-specific T cells
ultimately fail to control tumor growth. These results suggest
that tumor-specific T cells may be suppressed by Tregs in the
tumor microenvironment and that the removal of Tregs may 
enhance the ATIR.

Tregs play an indispensable role in the immune system by 
suppressing effecter T cells and other immune cells [9]. Tregs
can also dampen immune responses against various types 
of cancer [10, 11]. Tregs are a CD4+CD25+ population that 
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expresses a high level of Foxp3 transcription factor, which is 
vital for the differentiation and function of Tregs [12]. Several
molecular mechanisms of suppression by Tregs have been 
described, especially the suppression of T cells [13]. The T-
cell inhibitory receptor CTL-associated antigen 4 (CTLA-4) 
is constitutively expressed in human and murine Tregs and 
is exposed on the cell surface upon activation [14, 15]. Tregs 
can modulate the function of antigen-presenting cells through 
CTLA-4 to express immunosuppressive effects [13]. Hence,
blockade of CTLA-4 with an antibody is a strategy for eliciting 
ATIR. However, CTLA-4 is involved in only some aspects of 
suppression of Tregs. The immunosuppressive effects of Tregs
could also be expressed through compensatory mechanisms 
involving transforming growth factor-β (TGF-β) or could be 
activated by T-cell receptors in the presence of interleukin 2 
(IL-2) [16,17]. Indeed, Tregs can suppress a variety of immune 
cells, including B cells, natural killer cells, natural killer T cells, 
CD4+ cells, CD8+ T cells, and CD4+CD25- conventional 
T cells.

Cryoablation is minimally invasive. After the procedure,
the necrotic tumor lesion remains within the body and the 
dying cells may release tumor antigens that activate a tumor-
specific immune response. Zhou et al. reported that in patients
with hepatocellular carcinoma, the number of Tregs and the 
number of Foxp3+ cells infiltrating the tumors decreased
significantly following cryoablation [18]. These results may
correlate with the ATIR induced by cryoablation. Waitz et al. 
reported that the combination of cryoablation and CTLA-4 
blockade augmented ATIR and the rejection of tumor metas-
tases in their setting [19]. Thus, it may be possible to develop
effective immunotherapy for prostate cancer if the number
or suppressive function of Tregs can be controlled. However, 
so little is known about this topic that much further study is 
needed before this goal can be achieved.

Still less is known about the function of Tregs in prostate 
cancer after cryoablation. There have been very few human or
mouse studies on changes in Treg levels after cryoablation in
prostate cancer. In addition, we know of no study that has ad-
dressed the characteristics of the ATIR after cryoablation. Our
current study was designed to investigate the characteristics of 
the ATIR induced by cryoablation and anti-CTLA-4 antibody 
therapy in a mouse model of prostate cancer, with the ultimate 
goal of determining the most appropriate treatment interval 
for cryoablation therapy.

Materials and methods

Mice and cell lines. Six- to eight-week-old male C57BL/6 
mice were purchased from the experimental animal center 
of Tianjin Medical University. Mice were bred, housed, and 
treated according to approved institutional animal protocols 
and were used for experiments no earlier than 5 days after their
arrival. Hormone-independent RM-1 prostate cancer cells 
were purchased from the Cell Bank of the Shanghai Institutes 
for Biological Sciences. These cells were cultured in RPMI

1640 (SH30809.01B; HyClone) with 10% fetal bovine serum 
(SH30084.03; HyClone), maintained in an incubator at 37°C 
in a 5% CO2 atmosphere, grown to about 90% confluency in
25-cm2 culture bottles, and harvested with trypsin. After being
washed three times with phosphate-buffered saline (PBS), cells
in suspension were counted and then resuspended at 1×107/ml 
in PBS. RM-1 cells (1×107) were intradermally injected into 
the left flank of each mouse. For the tumor challenge, mice (25
per group) were randomly assigned to receive no treatment 
(group A), cryoablation only (group B), cryoablation plus anti-
CTLA-4 antibody (group C), or anti-CTLA-4 antibody only 
(group D). In total, about 370 mice were used in this study 
including two times repeating experiment.

Cryoablation and CTLA-4 antibody injection. Cryoabla-
tion and CTLA-4 antibody injection were both administered 
on day 1, when the primary tumors reached about 8–10 mm 
in the longest diameter, about 21 days after tumor inoculation.
The mice were anesthetized by an intraperitoneal injection of
a ketamine/xylazine mixture (23.75 mg/ml ketamine + 1.25 
mg/ml xylazine; 100 μl/25 g). Mice from groups B and C were 
prepped by shaving the targeted area and cleansing it with al-
ternating 70% alcohol rinse and povidone-iodine scrub before 
surgery. A 1.7-mm cryoablation probe (Endocare Per Cryo) 
was inserted into the tumor, and freezing was administered 
for 60–90 seconds under a working pressure of 17,225 kPa 
(2500 psi) and a temperature of -110°C ~ -125°C at the needle 
hub. After the ablation, the site was monitored for bleeding
and other postprocedural complications. Standard recovery 
procedures were implemented. Mice in groups C and D were 
intraperitoneally injected with 100 μg of anti-CTLA-4 antibody 
(UC10-4B9; BioLegend) in 0.2 ml of PBS on the same day. 
Two mice from group B and four from group C died before 
the last day of measurements (21) and were omitted from 
further analysis. 

Specimen collection. On day 0 (the day before treatment) 
and on days 7, 14, and 21, five mice in each of the four treat-
ment groups were killed, which means that there was one 
set of 20 mice killed at day 7, another set of 20 mice killed 
at day 14, and a final set of 20 mice killed at day 21. Mice
were sacrificed by high-concentration carbon dioxide (CO2). 
Peripheral blood was collected from the right femoral artery 
of each mouse before it was killed. These blood samples were
spun at 3000 rpm for 15 minutes, and then serum samples 
were collected and stored at -80°C. Primary tumors, TDLNs, 
spleens, and lungs were also collected. The diameter of the
tumor was measured with vernier calipers (Fisher Scientific).
Parts of the TDLNs and spleens were prepared for single-cell 
suspensions. Lymphocytes from spleens were separated with 
mouse lymphocyte separation medium (DKW33-R0100; EZ-
Sep). Primary tumors, lungs, and leftover parts of the TDLNs
and spleens were fixed in 4% formalin for 6 hours and then
embedded in paraffin wax.

Flow cytometry. Lymphocytes from TDLNs and spleens 
were resuspended in staining buffer (PBS containing 3%
fetal bovine serum) and stained for 30 minutes at 4°C with 
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PerCP-conjugated anti-CD4 antibody, phycoerythrin-con-
jugated anti-CD25 antibody, phycoerythrin/Cy7-conjugated 
anti-CD8 antibody, and antigen-presenting cell-conjugated 
anti-CTLA-4 antibody (clones GK1.5, 3C7, 53-6.7, and 
UC10-4B9, respectively; BioLegend) as well as their isotype 
control antibody (BioLegend) as a negative control. Foxp3 
intracellular staining was performed on the cells stained with 
these antibodies. Cells were fixed and permeabilized using
a fix/perm kit (eBioscience) according to the manufacturer’s
instructions and then labeled with Alexa Fluor 488-conjugated 
anti-Foxp3 antibody (clone MF-14; BioLegend) and its isotype 
control antibody (BioLegend) as a negative control. Flow cy-
tometry was performed using a Becton Dickinson LSRII flow
cytometer (BD Biosciences); 1×105 cells were acquired and 
data were analyzed using FlowJo software (BD Biosciences).
To determine the percentage of CD4+CD25+Foxp3+ that were 
Tregs, lymphocytes were gated by plotting forward versus side 
scatter, followed by gating of the CD4+ population, the CD25+ 
population, and the Foxp3+ population. 

Immunohistochemical analysis and hematoxylin and 
eosin (H&E) staining. Tissues were cut into 40-μm sections, 
de-paraffinized in xylene, and rehydrated with graded ethanol.
For antigen retrieval, the slides were steamed for 2.5 minutes in 
citrate buffer at pH 6.0. Immunohistochemistry was performed
in one batch. Primary antibodies were obtained against CD4 
(ab51312; Abcam, USA) at 1:50 dilution, CD8 (sc-7970; Santa 
Cruz Biotechnology, USA) at 1:250 dilution, Foxp3 (ab54501; 
Abcam, USA) at 1:100 dilution, and CTLA- 4 (bs-1179R; 
Bioss Inc, USA) at 1:250 dilution. The slides were incubated
with primary antibodies overnight at 4°C and proteins were 
detected using an EnVision+ kit (DakoCytomation, USA). Tis-
sues were stained with Mayer’s H&E using an automatic linear 
slide stainer (Shandon Varistain, Gemini, England). Stained 
microscopic specimens were evaluated for lung metastases 
and TDLN metastases by a pathologist who was blinded to 
the treatment groups. CD4+, CD8+, and CTLA- 4+ cells were 
stained for brown membrane, and Foxp3+ Tregs were stained 
for brown nucleus. To count lymphocytes, the richest areas 
of lymphocytes identified at low magnification (×100) were
selected, and then positive CD4+ , CD8+ , CTLA-4+ or Foxp3+ 
lymphocytes were evaluated quantitatively by two independ-
ent observers who analyzed five 0.0625-mm2 fields from these
areas under a high-power (×400) field using an Olympus
confocal microscope (Center Valley, PA, USA). The results of
these counts were then averaged.

Cytotoxicity assay in vitro. Lymphocytes from spleens and 
TDLNs (effector cells) were incubated with RM-1 prostate can-
cer cells (target cells). Cytotoxicity was tested with a standard 
4-hour CytoTox 96 non-radioactive cytotoxicity assay (G1780; 
Promega, USA) with a 40:1 effector cell-to-target cell ratio
according to the manufacturer’s instructions. 

Measurement of serum IL-2 and TGF-β levels. Serum 
samples were collected from the peripheral blood of mice as 
described above. Serum IL-2 and TGF-β levels were measured 
using mouse IL-2 (DKW12-2020-048; Dakewe Biotech Co., 

Ltd, China) and TGF-β (DKW12-2710-096; Dakewe Biotech 
Co., Ltd, China) enzyme-linked immunosorbent assay (ELISA) 
kits to determine the concentration of these cytokines. These
kits provide a reliable estimate of actual IL-2 and TGF-β levels 
in serum samples.

Statistical analysis. Statistical analyses were performed 
using the Statistical Package for Social Sciences (SPSS 16.0 for 
Windows; SPSS Inc., Chicago, IL). Differences in the number
of cells at each time point and for each treatment group were 
compared using pairwise comparisons from the mixed effects
analysis of variance (ANOVA) model. The log-rank test was
used for overall survival analysis. Pearson’s product-moment 
correlation coefficient (R), which ranges from -1.00 to +1.00, 
was used to calculate the correlation between Treg count and 
variables. P < 0.05 was considered statistically significant. Data
are representative of at least three independent experiments 
and are presented as means ± standard deviation (SD).

Results

Cryoablation decreases intratumoral and TLDN 
Tregs and increases intratumoral and TLDN cytotoxic 
T lymphocytes (CTLs). Previous studies have shown that 
the primary role of Tregs is active suppression of several 
pathological and physiological immune responses in the host 
thus indicating that these cells contribute to the maintenance 
of immune homeostasis [9, 20, 21]. In the current study, we 
developed a prostate cancer mouse model to test the ability of 
cryoablation and anti-CTLA-4 antibody to generate sufficient
ATIR to inhibit the tumor growth and system response. A main 
function of Tregs is suppression of the activation and expan-
sion of naïve T cells, but they can also inhibit activated effector
T cells and memory CD4+ and CD8+ T cells [22, 23]. To assess 
changes in the number of Tregs and CTLs in primary tumors, 
spleens, and TDLNs after cryoablation therapy, we evaluated
these tissues for counts of Foxp3+ Tregs, CTLA-4+ cells, CD4+ 

T cells, and CD8+ T cells by immunohistochemistry on days 
0, 7, 14, and 21 after treatment.

On day 14, the number of intratumoral Foxp3+ Tregs was 
significantly lower in groups B and C than in group A (9.02 ±
1.73 and 9.01 ± 1.73 cells vs. 14.57 ± 1.09 cells; P = 0.008 for 
each comparison) (Fig. 1Aa, Ab, and Ae). Intratumoral CTLA-
4+ cells exhibited the same pattern (Fig. 1Ac, Ad, and Af). In 
contrast, for intratumoral CD4+ T cells and CD8+ T cells, on 
day 14 the number of cells in group B was significantly higher
than that in group A (CD4+ T cells: 36.12 ± 0.95 vs. 28.47 ± 
0.74 cells; P = 0.003 and CD8+ T cells: 32.82 ± 1.54 vs. 26.47 
± 0.74 cells; P = 0.002). Group C had even greater cell counts 
(52.08 ± 2.79 and 49.80±1.69 cells; P < 0.001 for both) (Fig. 
1B). Also for CD4+ T cells and CD8+ T cells, the number of 
cells was significantly higher in group D than in group A on
days 14 and 21, in group D than in group B on day 21, and 
in group C than in group A on days 7, 14, and 21 (Fig. 1B). 
Similar changes were observed in TDLNs (Fig. 1C and 1D) 
and spleens (data not shown). Also, similar changes were 
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observed in TDLNs (Fig. 4) and spleens (data not shown) 
detected by flow cytometry. These results suggested that an
immune response is induced by cryoablation (with or without 
anti-CTLA-4 antibody), indicating that a new balance of im-
mune homeostasis was induced.

ATIR induced by cryoablation is enhanced by combina-
tion with anti-CTLA-4 therapy. To evaluate the inhibition 
of tumor growth after both cryoablation and anti-CTLA-4
antibody intervention therapy, we measured the primary tu-
mor in each mouse at the largest diameter for up to 21 days. 

Primary tumors of mice treated with only cryoablation (group 
B) or only anti-CTLA- 4 antibody (group D) were significantly
smaller on days 14 and 21 compared with group A (P < 0.05 
for all comparisons) (Fig. 2A). Combination therapy (group C) 
resulted in the smallest of primary tumors on days 7, 14, and 
21; the differences between groups C and A were significant for
these days (P < 0.05 for all comparisons). The only significant
difference between groups B and D was observed on day 21.

We then evaluated the effects of cryoablation and anti-
CTLA-4 antibody intervention therapy on distant metastasis. 

Figure 2. Cryoablation induced ATIR and anti-CTLA-4 antibody enhanced the effect. A. Tumor diameters of mice treated with cryoablation, anti-
CTLA-4 antibody, or both. Data are presented as mean±SD. Primary tumors of mice treated in group B or group D grew at a significantly lower rate
compared with group A on days 14 and 21. Differences between groups C and A were significant on days 7, 14, and 21. Specimens were obtained from
five mice for each time point in each experimental group, and data were pooled from three independent experiments. Data were analyzed using the
mixed effects ANOVA model and log-rank test and are presented as mean±SD. The following notations for P value: *, P = 0.01 – 0.05; ***, P < 0.001. B. 
Kaplan –Meier overall survival curves of mice. Group A versus group B, P = 0.045; versus group C, P < 0.001; versus group D, P = 0.348. Group B versus 
group C, P = 0.025; versus group D, P = 0.828. Group C versus group D, P = 0.002. Dotted line, group A. Dashed line, group B. Solid line, group C. 
Dash-dot line, group D. X, censored data. C. Representative example of TDLN metastasis (H&E, ×400). D. Representative example of lung metastasis 
(H&E, ×400). Group A = no treatment, group B = cryoablation only, group C= cryoablation plus anti-CTLA-4 antibody, group D= anti-CTLA-4 anti-
body only; TDLN, tumor-draining lymph nodes.
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Combination therapy consistently resulted in the fewest cases 
of TDLN metastasis (Fig. 2C) and lung metastasis (Fig. 2D) 
(Table 1). Groups B and D each had fewer cases than group 
A did. 

To assess the effect of the four interventions on overall
survival, we observed another set of 20 mice until 45 days 
after therapy began. The survival rate was significantly higher
in group B than in group A (P = 0.045), in group C than in 
group A (P < 0.001), in group C than in group B (P = 0.025), 
and in group C than in group D (P = 0.02) (Fig. 2B). 

System response following cryoablation and CTLA-4 
blockade. To our knowledge, one efficient way that Tregs
can repress immune responses is by consuming IL-2, thereby 
killing effector cells [24, 25], although the role of IL-2 con-
sumption by Tregs is controversial. Tregs can also produce 
high amounts of membrane-bound and soluble TGF-β, and 
blocking TGF-β partially abrogates the suppression of T-cell 
proliferation in vitro with murine or human T cells [26, 27]. 
Therefore, in the current study, we examined the system
response by measuring serum levels of the cytokines IL-2 
and TGF-β. We detected a significant increase of serum IL-2
level on day 14 in group B compared with group A (Fig. 3Aa 
and Ab) (28.75 ± 4.99 and 14.73 ± 2.71 pg/ml, respectively; 
P = 0.019). Also, cryoablation plus anti-CTLA-4 antibody 
enhanced this effect (46.40 ± 4.45 pg/ml, P < 0.001), which 
was also found in group D on days 14 and 21 compared with 
group A. A Significant difference between group B and group
D was found only on day 21, whereas significant differences
were found between groups C and A on days 7, 14 and 21 

(Fig.3Ab). This result was consistent with the relative decrease
of infiltrated Tregs in tumor and lymph node compared with
the control group. 

We also found that the serum level of TGF-β was signifi-
cantly lower on day 14 in group B mice compared with group 
A mice (Fig. 3Ba) (16.56 ± 2.70 and 48.47 ± 4.84 pg/ml, 
respectively; P < 0.001), and cryoablation plus anti-CTLA-
4 antibody treatment also enhanced this effect (8.40 ± 1.54
pg/ml, P < 0.001). Curiously enough, there was an obviously 
higher serum TGF-β level in group B than in both group C and 

Table 1. Number of mice with prostate cancer metastases in TDLNs and 
lungs in four treatment groups (n=5 mice per group per day) 

Metastasis site 
and sampling day

Group A Group B Group C Group D

TDLN 
Day 0 1 1 1 1
Day 7 3 2 1 2
Day 14 4 3 2 3
Day 21 5 4 3 4
Lung 
Day 0 0 0 0 0
Day 7 2 1 0 1
Day 14 3 2 1 2
Day 21 5 4 3 4

Group A = no treatment, group B = cryoablation only, group C= cryoablation 
plus anti-CTLA-4 antibody, group D= anti-CTLA-4 antibody only; TDLN, 
tumor-draining lymph nodes.

Figure 3. System response by measuring serum levels of the cytokines IL-2 and TGF-β and cytolytic activity against RM-1 prostate cancer cells in spleens 
and TDLNs. Serum IL-2 level variation between time points (Aa) and variation between groups (Ab), Serum TGF-β level variation between time points 
(Ba) and variation between groups (Bb), cytotoxicity of lymphocytes from spleens (Ca, Cb) and TDLN (Da, Db) by incubating with RM-1 prostate 
cancer cells with an effecter cell to target cell ratio of 40:1. Specimens were obtained from five mice for each time point in each experimental group, and
data were pooled from three independent experiments. Data were analyzed using the mixed effects ANOVA model and log-rank test and are presented
as mean±SD. The following notations for P value: *, P =0.01 – 0.05; ***, P < 0.001. Group A = no treatment, group B = cryoablation only, group C= 
cryoablation plus anti-CTLA-4 antibody, group D= anti-CTLA-4 antibody only; TDLN, tumor-draining lymph nodes.
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group D (Fig. 3Ba and Bb). We presumed that cryoablation 
could induce the release of TGF-β by leading to cell necrosis 
or releasing some special cytokines. Thus, the serum TGF-β in
group B comes from Treg production (influenced by cryoabla-
tion) as well as frozen stimulation, the serum TGF-β in group 
C comes from Treg production (influenced by cryoablation
and CTLA-4 blockade) as well as frozen stimulation, whereas 
the serum TGF-β in group D comes only from Treg production 
(influenced by CTLA-4 blockade).

Also, in spleens and TDLNs of cryoablation-treated mice, 
we found strong cytolytic activity against RM-1 prostate cancer 
cells in vitro on day 14, as measured by cytotoxicity (Fig. 3Ca 
and Da). Cryoablation plus anti-CTLA-4 antibody treatment 
also enhanced this cytolytic activity, seen on days 14 and 21 
in group D compared with group A, whereas significant dif-
ferences between groups B and D were found only on day 21. 
Findings for days 7, 14 and 21 all significantly differed between
groups C and A (Fig. 3Ca, Cb, Da and Db). This result paral-
leled an increase of CTLs infiltrating primary tumors, spleens,
and TDLNs. Therefore, these findings further verified the
antitumor effects of cryoablation and anti-CTLA-4 antibody
intervention therapy.

Characteristics of ATIR induced by cryoablation and 
anti-CTLA-4 antibody. At this point, we had found that the 
only significant difference in the antitumor effect between
groups B and A was on day 14 after therapy had begun, yet
group C had significant differences compared with groups
A and B on days 7, 14 and 21. Moreover, group D showed obvi-
ous effects on days 14 and 21 compared with group A (Fig. 1,
2 and 3). The reasons of these discrepancies between different
groups were unclear. Also, in the immunohistochemical analy-
sis of TDLNs and intratumoral infiltration Foxp3+ Tregs, we
did not find that the combination therapy in group C enhanced
the effect of decreasing Treg number compared with group
B instead of playing the same role as group B (Fig. 1Ae, Ce). 
This result was not consistent with the antitumor effect and
the relative increase of CTL number in group C as described 
above. These unexpected findings prompted us to verify the
nature of the antitumor effects induced by cryoablation and
anti-CTLA-4 antibody intervention therapy. 

To further investigate this characteristic of ATIR, parts of 
spleens and TDLNs were processed for single cells and were 
then separated and analyzed by flow cytometry. Populations
of CD8+ and CD4+ T cells were found after gating on viable
lymphocytes. Gating on CD4+ cells and analyzing for the ex-
pression of CD25 and Foxp3, we found that CD4+CD25+Foxp3+ 
cells were enriched in group A. There were also significant dif-
ferences in the Foxp3+ Treg numbers between both in group 
B, group C compared with group A only on day 14, but the 
combination therapy (group C) did not enhance the change 
in numbers of infiltration Foxp3+Tregs in primary tumors and 
TDLNs compared with group A, and there was no significant
difference between group D and group A at any time point
(Fig.4A). Additionally, CTLA-4+ cells had different changes
compared with Foxp3+ Tregs (Fig. 4C). Differently, the group

C combination therapy further enhanced these changes in 
CTL number, which had significant differences compared
with both group A and group B on days 7, 14 and 21. Group 
D showed obvious effects on days 14 and 21 compared with
group A, which was consistent with the antitumor effect we
showed above (Fig. 4B). This phenomenon indicated that
cryoablation induced ATIR through decreasing Treg numbers 
while the anti-CTLA-4 antibody did not. The decrease of Treg
number induced by cryoablation reached its lowest level on 
day 14 but then returned to the preoperative levels on day 21, 
which indicated that the ATIR induced by cryoablation was 
time-dependent. Considering that the anti-CTLA-4 antibody 
did not cause a change in Treg number but still showed an an-
titumor effect in group D, we presumed that the ATIR induced
by anti-CTLA-4 antibody might be achieved mainly through 
influencing Treg function. Therefore, we analyzed the ratios
of Foxp3+Treg/ CD8+ T cells in TDLNs, primary tumors and 
spleens of the 4 groups. As shown in Fig. 5 (A, B, C and D), 
we found that the ratios of Foxp3+Treg/ CD8+ T cells in both 
group C and group D had significant differences compared
with both group A and group B on day 14 and day 21 (P<0.05), 
and there is no significant difference between group A and
group B (P>0.05). These results were consistent with our hy-
pothesis above. Previous studies demonstrated the importance 
of CTLA-4 in the Treg-mediated T-cell suppression process 
[14, 16, 28-30]. This role of CTLA-4 in the suppression func-
tion of Tregs may also explain the effect of influencing Tregs
function by CTLA-4 blockade in our study. In addition, we 
did not find that the ATIR induced by anti-CTLA-4 antibody
is time dependent (Fig.1, 3 and 4) as there still was obvious 
ATIR on day 21 in group D. 

Correlation analysis between intratumoral Tregs and 
changes in CTL counts, CTL tumor-specific cytotoxicity,
and serum IL-2 and TGF-β levels. Finally, we determined the 

Table 2. Pearson’s product-moment correlation coefficient analysis be-
tween intratumoral infiltration Treg count of 9.13±2.82 and CTL count
or percentage

CTL type and site Mean±SD (No. or %) R value 

CD4+ 
Tumor (count) 38.46±6.96 -0.844 
Spleen (count) 73.69±8.04 -0.854 
Spleen (%) 36.09±4.95 -0.814 
TDLN (count) 107.65±7.28 -0.767 
TDLN (%) 42.12±7.66 -0.837 
CD8+ 
Tumor (count) 34.28±6.88 -0.806 
Spleen (count) 57.75±8.56 -0.833 
Spleen (%) 28.97±5.65 -0.827 
TDLN (count) 89.38±9.21 -0.854 
TDLN (%) 35.44±8.00 -0.891 

P<0.001 for intratumoral infiltration Treg count 9.13±2.82 and each CTL
type and site. 
Data are presented as mean±standard deviation (SD).
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Figure 5. Ratios of Treg/CD8+ T cells in 4 groups and Correlation analysis between intratumoral Tregs and changes in CTL counts, CTL tumor-specific
cytotoxicity, and serum IL-2 and TGF-β levels. A and B. Foxp3+Treg/CD8+ T cells of four groups in TDLNs (A) and primary tumors (B) detected by 
immunohistochemical analysis. C and D. Foxp3+Treg/CD8+ T cells of four groups in TDLNs (C) and spleens (D) detected by flow cytometry. E. Nega-
tive correlation between intratumoral Tregs number and serum IL-2 levels (R= - 0.654, P= 0.001). F. Negative correlation between intratumoral Tregs 
number and CTLs special cytotoxicity of draining lymph nodes (R= - 0.851, P < 0.001). G. Negative correlation between intratumoral Tregs number 
and CTLs special cytotoxicity of spleens (R= - 0.819, P < 0.001). H. Positive correlation between intratumoral Tregs number and serum TGF-β level. (R= 
0.811, P < 0.001). Specimens were obtained from five mice for each time point in each experimental group, and data were pooled from three independ-
ent experiments. Pearson’s product-moment correlation coefficient (R), which ranges between -1.00 and +1.00, was used to calculate the correlation 
between two variables. The following notations for P value: *, P =0.01 – 0.05; ***, P < 0.001. Group A = no treatment, group B = cryoablation only, group 
C= cryoablation plus anti-CTLA-4 antibody, group D= anti-CTLA-4 antibody only; TDLN, tumor-draining lymph nodes.
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correlation between Treg count and variables using Pearson’s 
product-moment correlation coefficient (R). The intratumoral
Treg number was significantly negatively correlated with both
CD4+ and CD8+ T cells number or percentage at all sites 
(primary tumors, spleens, and TDLNs) (P < 0.001 for each 
correlation) (Table 2). The intratumoral Treg number was
also significantly negatively correlated with serum IL-2 level
(Fig. 5E) and with CTL cytotoxicity in TDLNs (Fig. 5F) and in 
spleens (Fig. 5G) (P < 0.001 for each correlation). Thus, these
variables increased as the Treg number decreased. In addition, 
a significant positive correlation between intratumoral Treg
number and serum TGF-β level was found (Fig. 5H, P<0.001); 
this result indicates that Tregs can produce high amounts of 
TGF-β [26-27]. These correlation analyses confirmed our
earlier results.

Discussion

Cryoablation destroys tumor tissue and releases tumor anti-
gens that may help activate tumor-specific T cells to induce an
ATIR. However, studies of animal models and human subjects 
have revealed either weak or absent immune responses after
cryoablation [31]. In addition, significant objective clinical
response rates have been low, although evidence exists for 
the induction of tumor-specific T-cell responses to immu-
notherapy [32]. Further experimental studies are needed to 
understand the effects of cryoablation and immunotherapy.
Here, we investigated the characteristics of the ATIR after
cryoablation and whether anti-CTLA-4 antibody can enhance 
the effect of tumor cryoablation.

Our results are not only consistent with a recent report 
showing that the combination of cryoablation and CTLA-4 
blockade augmented the ATIR and rejection of tumor me-
tastases in their setting [19], but also reveal characteristics 
of the ATIR induced by this combination therapy in prostate 
cancer. On the one hand, cryoablation induced the ATIR by 
decreasing the number of Tregs, as we confirmed by immuno-
histochemical staining of tumor tissues and analyzing spleens 
and TDLNs by flow cytometry. On the other hand, the ATIR
induced by anti-CTLA-4 antibody did not significantly alter
the number of Tregs and may instead influence Treg function
and activation, which is consistent with results from previous 
studies [30, 33]. 

An important finding of our study was that the number
of Tregs induced by cryoablation were lowest on day 14 and 
returned to preoperative levels on day 21, indicating that the 
ATIR induced by cryoablation is time dependent and the ATIR 
caused by cryoablation is also time dependent. This finding
suggests the appropriate clinical treatment interval between 
cryoablations. It also implies that cryoablation should be 
used repeatedly at these intervals to maintain the antitumor 
effects. Anti-CTLA-4 antibody therapy did not induce time-
dependent ATIR. 

Our study is the first to show that cryoablation can in-
duce the release of TGF-β. TGF-β release may occur due to 

necrotic cell stimulation or the release of cytokines indirectly. 
Further research is needed to determine the release mecha-
nism. To our knowledge, we are also the first group to use
cytotoxic assays to determine changes in lymphocyte popu-
lations after treatment with cryoablation and anti-CTLA-4
antibody and to demonstrate an augmented and specific
immune response with these treatment modalities against 
RM-1 prostate cancer cells.

Finally, we discovered that the intratumoral Treg count and 
CTL counts and percentages are negatively correlated. When 
the number of Tregs decreased, the number of CD4+ T cells and 
CD8+ T cells increased, which suggests that immune responses 
to prostate cancer after cryoablation occur in vivo. This obser-
vation is consistent with previous studies demonstrating that 
activated effector T cells and memory CD4+ cells and CD8+ 
T cells can be inhibited by Tregs [22-23]. Therefore, cryoabla-
tion might be used to manipulate Treg-suppressive functions 
as well as effector T cells, thereby establishing a new balance
between these cell types. 

Our findings raise the following question: What is the mech-
anism that allows cryoablation to alter Tregs in the prostate 
tumor microenvironment? The process may involve sequential
events. The tumor cells or some secreted chemokines inside the
tumor may attract Tregs to migrate into the tumor, but after
cryoablation, most tumor cells are dying and the secretion of 
chemokines decreases. It is likely that the release of cellular 
antigens and cytokines, such as TGF-β, by cell destruction 
leads to activation of antigen-presenting cells. Further stud-
ies are needed to better define the tumor immunosuppressive
mechanisms induced by cryoablation and to design more 
vigorous and effective combinatorial strategies for generating
productive immune responses.

In conclusion, our results imply that cryoablation induces 
an ATIR and that anti-CTLA-4 antibody injection therapy en-
hances the effect of cryoablation to reduce distant metastases.
ATIR induced by cryoablation was achieved by a time-de-
pendent reduction in the number of Tregs, whereas the ATIR 
induced by anti-CTLA-4 antibody might be achieved mainly 
through influencing Treg function or activation. Anti-CTLA-4
antibody treatment maintained its effect through day 21 after
therapy and was not time dependent. Hence, the use of repeat 
cryoablation plus anti-CTLA-4 antibody should maintain very 
high antitumor response effects. We also suggest that strate-
gies that combine Treg depletion with cryoablation may be an 
effective means of improving immunotherapeutic outcomes
for prostate cancer. 
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