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Interleukin-6, a cytokine produced particularly by triple-negative breast cancers, strongly inhibits T cell responses in
the tumor microenvironment. Here we tested cryoablation combined with Meriva (a lecithin delivery system of
curcumin with improved bioavailability) in mice with metastatic breast cancer (4T1). Cryoablation involves killing of
tumor cells through freezing and thawing, resulting in recruitment of tumor-specific T cells, while curcumin stimulates T
cells through the reduction of IL-6 in the TME. Cryoablation plus Meriva accumulated and activated CD8C T cells to
multiple tumor-associated antigens such as Mage-b and Survivin (both expressed by 4T1 tumors). This correlated with a
nearly complete reduction of 4T1 primary tumors and lung metastases while little effect was observed from saline or
Meriva alone (28 d after tumor cell injection). The survival rate in the group of cryoablation plus Meriva was significantly
improved compared to all control groups. Using a less aggressive 4T1 model expressing luciferase (4T1.2luc3), we
demonstrated that all mice receiving saline or Meriva developed metastases in the lungs and a primary tumor (38 d
after tumor cell injection; and died soon after that), but not the mice receiving cryoablation or cryoablation plus Meriva.
However, on day 58 the mice receiving cryoablation developed 4T1.2luc3 metastases in the lungs, while mice receiving
cryoablation plus Meriva were free of metastases. These results strongly suggest that cryoablation delayed the
development of lung metastases on the short-term, but Meriva administered after cryoablation was significantly better
in delaying the development of lung metastases and survival on the long-term.

Introduction

Success of cancer vaccination is strongly hampered by
immune suppression in the tumor microenvironment (TME).
Interleukin (IL)-6 is produced by many types of cancers such as
ovarian, lung, and colon cancer, and particularly by metastatic
breast cancer.1-3 In a study of patients with metastatic breast can-
cer it has been shown that 57% (52/90) of the human samples
showed IL-6 cytoplasmic immunostaining.4 In another study
with 45 breast cancer cases 68.9% of the tumors were positive for
IL-6, IL-6 receptor a, and gp130.5 Triple-negative breast cancers
(TNBCs) are enriched for stem-like breast cancer cells (CD44C/
CD24¡/low), which are typically aggressive and highly resistant to
current therapies.6-9 These stem-like breast cancer cells produce
high levels of IL-6, and have the capacity to metastasize.10 More-
over, IL-6 is capable of converting dormant breast cancer cells
into an actively growing tumor.

IL-6 is also a potent regulator of dendritic cell (DC) differen-
tiation in vivo, and is able to turn on the expression of signal
transducer and activator of transcription (STAT)3 in DC.11

However, high levels of STAT3 can prevent DC from

maturation and subsequent presentation of antigens.12 This in
turn may lead to T cell unresponsiveness. In a previous study we
found high levels of IL-6 produced by breast cancer cells in an
aggressive TNBC mouse model 4T1. This IL-6 strongly reduced
T cell responses to Mage-b, but elimination of IL-6 using anti-
IL-6 antibodies restored T cell responses to Mage-b in vitro.13

Agents that are able to inhibit IL-6 are of great value for
immunotherapies against TNBC and other IL-6-producing can-
cers. One such agent could be curcumin. Curcumin (diferulolyl-
methane), a polyphenol derived from the plant Curcuma longa,
commonly called turmeric, has a broad anticancer effect through
downregulating transcription of nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB) thereby affecting
downstream genes such as c-myc, B-cell lymphoma (Bcl)-2,
cyclooxygenase (COX)-2, nitric oxide synthase (NOS), Cyclin
D1, tumor necrosis factor (TNF)a and matrix metalloproteinase
(MMP)-9.14 Curcumin is also known for reducing immune sup-
pressive cytokines such as IL-6 through the NFkB pathway.15 It
has been shown that curcumin improves therapeutic efficacy of
doxorubicin or of B16-R lysate against B16-R melanoma in
mice, and that curcumin prevents tumor-induced T cell
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apoptosis in mice.16 We demonstrated that curcumin improved
therapeutic efficacy of a Listeria-based vaccine expressing tumor-
associated antigen (TAA) Mage-b by reducing the production of
IL-6 and increasing the production of IL-12, in correlation with
improved T cell responses in blood of the TNBC model 4T1.17

While a strong effect was observed on the lung metastases, little
effect was observed on the primary tumors. A disadvantage of
this Listeria-Mage-b vaccine is the presence of one TAA in the
vaccine. Since most cancers are genetically unstable, more than
one TAA in a cancer vaccine is highly recommendable. Cryoabla-
tion of tumors is a new approach to create multi-TAA vaccines
from patient’s own tumors, which can overcome the heterogene-
ity of the genetically unstable tumors.

Cryoablation has emerged a successful alternative to surgical
resection to treat many types of inoperable tumors including kid-
ney, liver, adrenal, lung, and prostate and is therefore clinically
feasible.18-21 Cryoablation involves the insertion of a probe into
a tumor nodule in order to administer tissue ablative freezing
temperatures, which will lead to immediate disruption of the tis-
sue structure and cellular damage.22 The necrosis observed in the
ablated lesion is mediated by mechanical disruption from crystal-
lization, osmotic changes, and vascular stasis.23 The necrotic
tumor lesion remains within the body, and TAA-specific T cells
are recruited through the release of multiple TAAs by the cryo-
killed tumor cells and the release of high mobility group box
(HMGB)-1 protein [that binds to the receptor for advanced gly-
cation endproducts (RAGE) and toll-like receptors (TLRs) on
DCs], resulting in increased TAA presentation by the DCs.24

However, these TAA-specific T cells need help because of the
strong immune suppression in the TME. Based on our discussion
above, curcumin could be an excellent adjuvant to reduce
immune suppression induced by IL-6 and to stimulate TAA-spe-
cific T cells in the TME.

In the study presented here we tested the combination of cry-
oablation and Meriva (the lecithin delivery form of curcumin
with improved bioavailability)25 and demonstrated a nearly

complete elimination of the lung metastases and tumor in breast
cancer model 4T1. This correlated with significant reduction in
the production of IL-6 in the primary tumors and a significant
improvement of CD8C T cell responses to multiple TAAs of
host’s own tumor and lung metastases. Most importantly,
we found that cryoablation and Meriva significantly improved
the survival rate compared to all control groups, with minimal
side effects. In summary, our results suggest that cryoablation
and Meriva could be a safe and successful alternative for surgery
followed by radiation and/or chemotherapy in patients with met-
astatic breast cancer.

Results

The effect of Meriva on IL-6, tumor and lung metastases in
4T1 model

In a previous study we have shown that curcumin reduced IL-
6 in primary tumors and that this correlated with improved T
cell responses to TAA in mice with TNBC (4T1 model).17 One
of the disadvantages of curcumin is the poor bioavailability
in vivo. In the current study we used Meriva, which is a lecithin
delivery system of curcumin, endowed with enhanced bioavail-
ability.25 Various doses of Meriva (5, 10, and 25 mg per mouse)
were tested [starting when tumors were 1–1.5 cm (largest diame-
ter)] for its ability to reduce IL-6 production, and as shown in
Figure 1A, 10 mg per mouse was the most successful dose
(25 mg per mouse was less effective than 10 mg; data not
shown). While Meriva alone had little effect on the primary
tumors (Fig. 1B), a significant decrease in the number of lung
metastases (Fig. 1C) was observed at a dose of 10 mg/mouse.

Effect of cryoablation and Meriva on MDSC in 4T1 model
Since cryoablation eliminates primary tumors we hypothe-

sized that it may reduce the number of myeloid-derived suppres-
sor cells (MDSC) because tumors attract MDSC. Here, we

Figure 1.Meriva reduced IL-6 production in 4T1 breast tumors. BALB/c mice were injected with 105 4T1 tumor cells in the mammary fat pad, and treated
with various doses of Meriva (0, 5, 10, and 25 mg/mouse) orally (every 3 d for 14 d starting when tumors are 1–1.5 cm in diameter), and 2 d after the last
treatment mice were euthanized and their tumors were homogenized and analyzed for the presence of IL-6 by ELISA (A). In addition the effect of Meriva
was measured on tumor weight (B) and lung metastases (C). Representative of two experiments, n D 3 mice per group. The error bars represent the
SEM. All groups were compared to the Saline group. Mann-Whitney test. *P < 0.05. Values P < 0.05 were considered statistically significant.
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analyzed the effect of cryoablation and Meriva on MDSC. Mice
were injected with 4T1 tumor cells in the mammary fat pad, and
on day 14 (when tumors were 1–1.5 cm) treated with cryoabla-
tion. Three days after cryoablation, mice were orally fed with
Meriva for 14 d at 10 mg per dose per mouse once every 3 d. All
mice were euthanized at the end of the Meriva treatment (day 30
after tumor cell injection) and showed a significant reduction in
the percentage of MDSC by cryoablation compared to the saline
group (81.2% § 6.1% to 41.7% § 18.4%) (Fig. 2A, B). A simi-
lar decrease was observed in the percentage of MDSC in the
group of cryoablation plus Meriva compared to the saline group
(81.2% § 6.1% to 37.8% § 18.5%), while Meriva did not affect
the percentage of MDSC.

The effect of cryoablation plus Meriva on T cell responses to
TAA in 4T1 model

After showing that curcumin reduces the production of IL-6
in the primary tumors and cryoablation reduced the MDSC
population, which are both strongly involved in T cell inhibi-
tion, we tested whether cryoablation plus Meriva could generate
and stimulate CD8C T cell responses to various TAA expressed
by the 4T1 tumors and lung metastases. Mice were injected
with 4T1 tumor cells in the mammary fat pad, and fed orally
fed with Meriva as described above. All mice were euthanized at
the end of the Meriva treatment and analyzed for CD8C T cell
responses to various TAAs such as Mage-b and Survivin in the
spleen. Both TAAs are highly expressed in the lung metastases
and tumor of the 4T1 model.26 As shown in Figure 3A, B, the
production of IFNg by spleen cells restimulated with both
TAAs Mage-b and Survivin of mice receiving cryoablation and
Meriva, was significantly higher compared to all control groups.
In addition, depletion of CD8C T cells in the spleen cultures of
mice receiving cryoablation and Meriva resulted in a significant
reduction in the number of IFNg-producing spleen cells com-
pared to non-CD8C-depleted spleen cells of the same mice,
indicating strong CD8C T cell responses to TAA Mage-b and
Survivin. To confirm that the CD8C T cell responses were
directed to TAA the experiment was repeated but now in the
presence and absence of major histocompatibility complex
(MHC) class I antibodies. The significant inhibition of the
CD8C T cell responses to Mage-b and Survivin confirmed that
the CD8C T cell responses were directed to both TAA
(Fig. 3C, D). No significant immune responses (production of
IFNg) were observed in cultures with CD8C-depleted and non-
depleted spleen cells without any re-stimulation (Fig. 3E), con-
firming the specificity of the re-stimulation with Mage-b and
Survivin.

The effect of cryoablation plus Meriva on tumor and lung
metastases in 4T1 model

After showing the strong CD8C T cell responses to Mage-b
and Survivin, we analyzed the effect of cryoablation and Meriva
on lung metastases and tumor. Mice were injected with 4T1
tumor cells in the mammary fat pad, and orally fed with Meriva
as described above. All mice were euthanized at the end of the
Meriva treatment and analyzed for tumor weight and number
of metastases in the lungs. We expected based on earlier studies
that at this time point lung metastases already have spread. A
significant decrease in the number of lung metastases (90%)
and tumor growth (85%) was observed in the group of mice
that received cryoablation plus Meriva compared to the groups
that received Meriva or Saline alone, but not compared to the
group that received cryoablation alone (28 d after tumor cell
injection) (Fig. 4A–C). We also analyzed tumor size (in mm2)
during treatment and found (28 d after tumor cell injection)
that the average tumor size in the mice that received cryoabla-
tion plus Meriva was significantly smaller compared to the
group of saline or Meriva alone but not compared to cryoabla-
tion alone (Fig. S1).

Figure 2. Cryoablation but not Meriva reduced the MDSC population in
blood of 4T1 mice. BALB/c mice were injected with 105 4T1 tumor cells
in the mammary fat pad and treated with cryoablation (20%) 14 d later.
Meriva was administered (10 mg/300 mL Saline; orally), every 3 d for
14 d, starting on day 3 after cryoablation and then euthanized for analy-
sis 2 d after the last treatment (day 30 after tumor cell injection). Mye-
loid-derived suppressor cells (MDSC)(CD11bCGr1C) were analyzed in
blood by flow cytometry and shown in flow cytometry profile (A) or aver-
aged (B). The percentage of MDSC was determined in the total leucocyte
population in blood. Representative of two experiments with n D 5 mice
per group. The error bars represent the SEM. All groups were compared
to cryoablation plus Meriva group. Mann-Whitney test. *P < 0.05. Values
P < 0.05 were considered statistically significant.
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Effect of cryoablation and Meriva on
survival

As shown in Figure 4, cryoablation
plus Meriva strongly reduced tumor
growth and the number of lung metasta-
ses. Here, we analyzed the effect of cryoa-
blation and Meriva on the survival time
of the tumor-bearing mice in the differ-
ent treatment and control groups. Of
note is that after cryoablation we contin-
ued to give Meriva throughout the exper-
iment (day 58). The survival rate of the
mice that received cryoablation plus
Meriva was not only significantly better
compared to the mice that received saline
but also compared to the mice that
received cryoablation or Meriva alone
(Fig. 5A). In a separate pilot study, we
injected 4T1.2 tumor cells expressing
luciferase (4T1.2Luc3) to monitor the
effect of treatment on tumor and lung
metastases live in vivo. The 4T1.2Luc3
tumors and metastases grew slower than
the 4T1 tumors and lung metastases. As
shown in Figure 5B, on day 38, the mice
that received saline or Meriva had big
tumors and multiple metastases in the
lungs, while the mice that received cryoa-
blation alone or cryoablation plus Meriva
were free of tumor and lung metastases.
Noteworthy, on day 58 when all mice in
the saline or Meriva group were already
dead, was that metastases started appear-
ing in the mice that received cryoablation
alone but not in the mice that received
cryoablation plus Meriva (Fig. 5C). This
correlated with the significantly longer
survival of the mice that received cryoa-
blation plus Meriva compared to the
mice that received saline, cryoablation or
Meriva (Fig. 5A).

Interestingly, the luciferase signal in
the metastases was stronger than in the
primary tumor. The primary tumors in
the 4T1 model are often necrotic. This
may have caused reduced blood flow and
thus less luciferase signal in the tumors
compared to the lung metastases.

Discussion

This study demonstrates that the
combination of cryoablation and Meriva
nearly completely eliminated metastatic
breast cancer in the highly aggressive

Figure 3. TAA-specific T cell responses generated through cryoablation were significantly improved
by Meriva in 4T1 model. BALB/c mice were challenged with 4T1 tumor cells and treated with cryoa-
blation plus Meriva as described in Figure 2. Two days after the last treatment all mice were eutha-
nized and analyzed for CD8C T cell responses to TAA in vitro in the spleen by ELISPOT. CD8C T cell
responses to Mage-b (transfection of spleens of treated and control mice with pcDNA3.1-Mage plus
pCMV-GM-CSF) (A), or to Survivin (transfection of spleens of treated and control mice with
pcDNA3.1-Survivin plus pCMV-GM-CSF) (B) were analyzed, and a similar experiment was performed
with or without anti-MHC Class I antibodies added to the wells as indicated in the figure and restimu-
lated with pc-DNA3.1-Mage-b (C) or Survivin peptides (D). No restimulation was used as negative
control (E). CD8C T cells were depleted using magnetic beads technique. The results of two experi-
ments were averaged with n D 5 mice per group. The error bars represent the SEM. All groups were
compared to the cryoablation plus Meriva group. Mann-Whitney test. *P < 0.05, ** P < 0.01,
****P < 0.0001. Values P < 0.05 were considered statistically significant.
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TNBC model 4T1, significantly
extended the survival rate, and signifi-
cantly improved CD8C T cell responses
to TAA expressed by the 4T1 lung
metastases and tumors. Our results
strongly suggest that Meriva improved
CD8C T cell responses through the
reduction of IL-6 in the primary
tumors. Most importantly, we demon-
strated that Meriva improved CD8C T
cell responses (significant increase in the
production of IFNg), generated by cry-
oablation (through immunogenic
tumor cell death) to multiple TAA
expressed by the 4T1 tumors and
metastases. The CD8C T cell responses
to the TAA were inhibited with anti-
MHC class I antibodies, supporting our
conclusion that the CD8C T cell
responses were directed to TAA.

Cryoablation induces or reduces
cytokines that may alter immune
responses to the tumor and metastases.
In our study, cryoablation induced the
production of IFNg in the spleen cells.
This may have delayed the development
of lung metastases on the short term but
not on the long term. More detailed
analysis of the production of IFNg at
various time points after cryoablation
(3 h, days 1, 5, and 9) by ELISA
showed that level of IFNg in the spleen
cells was highest on day 9 after cryoabla-
tion (Fig. S2), while IL-6 was not
affected by cryoablation, and IL-10 and
IL-12 were not detected (data not
shown). None of these cytokines were
detected in the serum after cryoablation.
However, in another breast cancer model MT-901 (murine cell
line derived from dimethylbenzantracen), IFNg and IL-12 sig-
nificantly increased in the serum, while IL-10 was not
affected by cryoablation.27 So far, cytokine levels in serum of
patients with breast cancer after cryoablation has not been
reported, but in patients with prostate cancer it was found
that IFNg and TNFa significantly increased after cryoabla-
tion in the serum,28 while in patients with hepatic cancer
TNFa and IL-10 increased significantly in the serum after
cryoablation.29 In summary, these results indicate that the
production of cytokines for each cancer may be different and
should be analyzed for each individual patient to develop a
personalized combination therapy. Based on patient’s cyto-
kine profile, an optimal adjuvant could be selected for com-
bining with cryoablation. For instance, patients with high
IL-6 levels may benefit from cryoablation plus Meriva, while
patients with low levels of IL-12 may benefit from cryoabla-
tion with cyclic di-guanylate (c-di-GMP)30 or CpG.31

During the early stage of cancer development (day 28 after
tumor development), we did not find a significant difference
between cryoablation plus Meriva or cryoablation alone in our
efficacy studies. This may not be surprising because cryoablation
itself induced high levels of IFNg, although less compared to cry-
oablation plus Meriva. However, in the survival study mice that
received cryoablation plus Meriva lived significantly longer than
the mice in all other groups. It is of note that in the survival study
Meriva (in both groups, cryoablation plus Meriva or Meriva
alone) was administered until death, while in the efficacy studies
Meriva was administered for 14 d only. In parallel with this sur-
vival study, a pilot experiment was performed with less aggressive
4T1.2luc3 tumor cells that express luciferase in order to monitor
the effect of treatment on the development of lung metastases
and tumor live using the in vivo imaging system (IVIS) for small
animals. In the early stage (day 38 after tumor cell injection), all
mice in the saline group or Meriva groups exhibited a primary
tumor and metastases in the lungs, while no tumors or metastases

Figure 4. Cryoablation and Meriva significantly reduced metastatic breast cancer in 4T1 model. BALB/
c mice were injected with 105 4T1 tumor cells in the mammary fat pad and treated with cryoablation
(20% protocol) and Meriva as described in Figure 2. All mice were euthanized 2 d after the last treat-
ment and analyzed for tumor weight (A) and the number of metastases in the lung was counted using
a preparation microscope (B). A representative example of a primary tumor and metastases in the
lungs (perfused with Indian Ink) is depicted in C. The error bars represent the SEM. All groups were
compared to the cryoablation plus Meriva group. Mann-Whitney test. *P < 0.05, *** P < 0.001. Values
P < 0.05 were considered statistically significant.
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were detected yet in the mice that received cryoablation plus
Meriva or cryoablation alone. However, in a later stage (day 58
after tumor cell injection), when all mice in the saline and Meriva

group were dead, two out of the three
mice that received cryoablation alone
showed metastases in the lung but no
tumors, while the mice that received cry-
oablation and Meriva were free of metas-
tases and tumors. These results suggest
that cryoablation has delayed the devel-
opment of lung metastases in the early
stage of cancer, while cryoablation and
Meriva delayed the development of lung
metastases also in a more advanced stage
of cancer. Post-mortem analysis of the
4T1.2luc3 mice that received cryoabla-
tion plus Meriva showed that all the
mice eventually died of metastases in
the lungs, because the primary tumors
were barely detectable or absent while
their lungs were filled with metastases.

However, Meriva delayed the development of metastases in the
mice that received cryoablation, compared to all other control
groups. Post-mortem analysis was also performed on 4T1 mice

Figure 5. Cryoablation followed by Meriva
significantly improved the survival rate and
reduced the number of lung metastases.
BALB/c mice were injected with 105 4T1
tumor cells in the mammary fat pad and
treated with cryoablation (20% protocol) and
Meriva as described in Figure 2, but now
maintained until they succumbed spontane-
ously (A). The only difference with Figure 2
is that in this survival and IVIS study Meriva
was administered until the mice succumbed,
instead of for 14 d only. Four groups were
included – I: Saline; II: cryoablation; III: cryoa-
blation and Meriva; and IV: Meriva. In this
experiment n D 9 mice per group. Results
were analyzed by Log-rank Mantel-Cox test.
P < 0.05 is significant. All groups were com-
pared to the cryoablation plus Meriva group.
M D Meriva; Cryo D cryoablation. Median
survival times: saline 37 d, cryoablation 41 d,
cryoablation plus Meriva 51 d, and Meriva
41 d. In parallel, mice were injected with 105

4T1.2luc3 cells (same groups as in A), to ana-
lyze the effect of treatment live by the IVIS
system (B). 4T1.2luc3 tumor cells grew more
slowly then 4T1 cells. Therefore, Cryoablation
was given on day 21 after tumor cell injec-
tion instead of day 14, and Meriva was
administered 3 d after cryoablation. On day
38 all mice were monitored by IVIS. n D 3
mice per group. On day 58, when all mice in
the saline group and Meriva group were
dead the mice in the cryoablation group and
in the cyroablation and Meriva group were
still alive and monitored by in vivo imaging
system (IVIS) (C). The total luciferase signal
(tumor plus metastases) for each mouse was
quantified on days 38 and 58 as shown in
Supplemental Table 1.
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in the survival study. At the time of death, their lungs were filled
with metastases, even in the mice that received cryoablation plus
Meriva, but development of the metastases (small tumors were
visible at time of death) in the mice that received cryoablation
plus Meriva also here seems delayed compared to all control
groups. Of note is that no toxicities were visible in any of these
mice. The discrepancy between the results in Figures 4B and 5A
(post-mortem mice), i.e. significant differences in the number of
metastases in 5A between the groups that received cryoablation
plus Meriva compared to all control groups which was not
observed in 4B, is most likely due to time differences of analyses
in correlation with a more aggressive 4T1 model compared to
the 4T1.2.luc3.

Meriva clearly could not prevent the development of metastases
completely in the mice with cryoablation. This might be partly
due to the fact thatMeriva reduced about 50% of the IL-6 produc-
tion and that the remaining IL-6 may have been sufficient to allow
the metastases to grow but delayed compared to cryoablation
without Meriva. However, it is also possible that the metastases
became non-responsive to Meriva in the long term. If so, more
detailed analysis to potential mechanisms would be interesting.

The results obtained in this study strongly suggest that the
combination therapy with cryoablation and Meriva involves sev-
eral mechanisms that ultimately lead to improved T cell
responses. We have shown that cryoablation reduces the MDSC
population (Fig. 2A, B) and that MDSC isolated from the 4T1
model in this study strongly inhibits T cell activation (Fig. S3).
We also have shown that eliminating MDSC results in improved
T cell responses in the 4T1 model,32,33 which support the
improved T cell responses in correlation with reduced MDSC
population in the current study (Figs. 2 and 3). In addition,
Meriva reduces IL-6 (Fig. 1). We have shown earlier that curcu-
min improves T cell responses through reduction of IL-6 in the
4T1 model.34 We have also shown that high levels of IL-6 inhib-
its T cell responses to TAA Mage-b, and that these T cell
responses could be restored using anti-IL-6 antibodies.35 Finally,
cryoablation strongly reduces tumor size, which will reduce
tumor-induced immune suppression, and cryoablation also leads
to the production of IFNg. In summary, it is most likely that
improved T cell responses generated by Meriva have played a
role in the dramatic effect on tumor and metastases and on the
survival of the 4T1-treated mice but as discussed here other
mechanisms were involved as well. A mechanistic overview of the
potential mechanisms involved in T cell activation by cryoabla-
tion and Meriva is shown in Fig. S4. To directly link survival
data with improved CD8C T cell responses, new studies will be
required, i.e., analyzing the effect of CD8C T cell depletions in
vivo on the survival of 4T1 mice treated with cryoablation in the
presence and absence of Meriva, as well as analyzing cytokine
profiles and T cell responses in metastases and tumors at different
time points before, during and after treatment.

Cryoablation is also effective against other cancers. Waitz
et al. showed that cryoablation combined with anti-CTLA4 anti-
bodies, induced potent CD8C T cell responses to TAA SPAS-1
in correlation with a significant reduction in the growth of the
primary tumor and improved survival of a prostate cancer model

TRAMP C2.36 Machlenkin et al. showed that cryoablation with
immature DC injected intratumorally before cryoablation pro-
longed survival, induced tumor-specific CD8C T cell responses,
and strongly reduced the number of metastases in the Lewis
Lung model and prevented growth of B16 melanoma tumors
upon rechallenge.37 In summary, cryoablation combined with
adjuvants is a new highly promising treatment strategy for vari-
ous types of cancer.

Cryoablation has also been tested in early-stage breast cancer
patients and showed to be highly effective on the primary
tumor.18,38,39 Their results indicate that cryoablation may pre-
vent surgery, and is less invasive with lower side effects than sur-
gery, chemotherapy or radiation. Our preclinical results strongly
suggest that cryoablation combined with Meriva might be also
effective in a later stage when lung metastases have already been
spread, and deserves further analysis in humans. If successful, this
would be a real breakthrough in the management of metastatic
breast cancer. It is important to note that Meriva is affordable to
everybody, and that cryoablation could be improved at practi-
cally no cost.

Materials and Methods

Mice
Normal female BALB/c mice aged 3 months were obtained

from Charles River Laboratories and maintained in the animal
facility of Albert Einstein College of Medicine according to the
guidelines of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC), and according to the guide-
lines of the Albert Einstein Institute for Animal Studies.

Cells, cell culture, plasmids, and peptides, Meriva
The TNBC 4T1 cell line, derived from a spontaneous mam-

mary carcinoma in a BALB/c mouse40 was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 1 mM mixed non-essential
amino acids, 2 mM L-glutamine, insulin (0.5 USP units/mL),
penicillin (100 units/mL) and streptomycin (100 mg/mL). The
4T1.2luc3 tumor cell line was developed in the laboratory of
Dr. Cheryl Jorcyk,41 and was cultured in the same medium as
the 4T1 cell line.

The plasmids pcDNA3.1-Mage-b and pcDNA3.1-Survivin
were developed in our laboratory as described previously,42

pCMV-GM-CSF was kindly provided by Steve Johnson, Univer-
sity of Texas-Southwestern Medical center Dallas,43 TX. Survivin
peptides were purchased from the Proteomics Resource Center,
Rockefeller University, NY.

Meriva was purchased from Thorne Research (Dover, ID).
The Meriva contained more than 20% curcuminoids complexed
with soy lecithin (Phytosome�) in a 1:2 ratio.44

Tumor challenge, cryoablation and immunotherapy
regimens

Mice were injected with 105 4T1 cells in 50 mL of DMEM
into the mammary fat pad, resulting in a primary tumor in the
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mammary fat pad palpable after 7 d and metastases in lungs only
within 2–4 weeks after injection.

Various cryoablation protocols have been tested, i.e. 10%,
20%, 50%, 100%. Cryoablation involves the insertion of a probe
into a tumor nodule in order to administer tissue ablative freez-
ing temperatures, which will lead to immediate disruption of the
tissue structure and cellular damage. The necrosis observed in the
ablated lesion is mediated by mechanical disruption from crystal-
lization, osmotic changes, and vascular stasis. The best effect
(strongest effect on tumors and lowest side effects) was observed
with the 20% protocol (freezing for 30 sec at ¡50�C). In the
20% cryoablation experiments the freezing rate was set at 20% of
the maximum (the maximum is 100%). There are two reasons
for using this setting. The first reason is that mice tumors are
smaller than human tumors, and therefore freeze more rapidly
than tumors in humans. Consequently, at 100% rate there would
not be sufficient time for interstitial ice to form and the resulting
tumor cell kill would be due to other mechanisms then described
above. The lower freeze settings provide enough time for the full
cryotherapy-mediated tumor cell killing to occur. Also, at higher
freezing rates there is potential for the ice ball to become large
and injure underlying healthy tissue, which is largely avoided at
lower freezing rates. The 20% protocol has been used for all
experiment in this manuscript. Fourteen days after injection of
the tumor cells, when tumors reached 1–1.5 cm (largest diame-
ter), mice were randomized for experiments. Cryoablation was
applied under a light anesthesia (mixture of isoflurane and oxy-
gen), and by inserting a probe (PERC-17R: 15 mm; Health-
Tronics; Austin, TX) using the 20% protocol of freezing and
thawing of the tumor cells with argon and helium gas at the nee-
dle hub, respectively (stick program)(EndoCare; Cryo-28–298,
Irvine, CA). After the treatment, mice were monitored for bleed-
ing or any other complication.

Three days after the cryoablation, oral administration of Mer-
iva 10 mg/300 mL saline per mouse (Thorne Research; Dover,
ID) was started every 3 d and continued for 14 d. In the survival
study, Meriva administration was continued until death.
[Human Equivalent Dose (HED in mg/kg) D Animal Dose
(mg/kg) £ Animal Km � Human Km D (500 mg/kgx3)/37 D
40 mg/kg].45 Control groups included mice receiving saline,
Meriva, or cryoablation only. All mice were euthanized 28 d after
tumor cell injection and analyzed for tumor weight and number
of metastases in the lungs. The number of metastases was deter-
mined by perfusion of the lungs with Indian Black Ink (American
MastersTech Scientific Inc., Lodi, CA). Metastases were counted
as white nodules per mouse using a preparation microscope
(Accu-Scoop 3075-LED-GEM, Hicksville, NY).

Detection of 4T1.2luc3 tumor and metastases by IVIS
Mice were injected with 105 4T1.2lu3 cells (in 50 mL

DMEM) into the mammary fat pad as described above for 4T1,
resulting in a primary tumor in the mammary fat pad and metas-
tases in the lung. The growth of the 4T1.2luc3 was slower than
4T1 tumor cells, i.e., tumors were palpable on day 14 instead of
day 7. Therefore, cryoablation was applied on day 21 after tumor
cell injection and Meriva treatment 3 d later. The luciferase

activity was measured using an intensified charged-coupled
device video camera of the in vivo imaging system (IVIS 100;
Xenogen). The 4T1.2luc3 tumor-bearing mice were injected
through retro-orbital injections with 200 mL of D-luciferin
sodium salt (Synchem OHG; catalog number BC218) dissolved
in phosphate-buffered saline (100 mg/kg of body weight). Luci-
ferine distributed systemically for 3 min while the animals were
anesthetized (mixture of isoflurane and oxygen). Anesthetized
animals were placed in the camera chamber, and a biolumines-
cent signal was acquired for 5 min. Bioluminescence measure-
ments produced by the IVIS 100 system are expressed as a
pseudo-color on a gray background, with red denoting the high-
est intensity and blue the lowest. To quantify the luminescence,
we outlined a region of interest and analyzed it by use of the Liv-
ing Image (version 2.11; Xenogen) and Igor Pro (version 4.02A;
WaveMetrics) software.

ELISPOT
Spleen cells were isolated from treated and control mice bear-

ing 4T1 tumors and lung metastases and analyzed for T cell
responses to Mage-b and Survivin by ELISPOT as described pre-
viously.46 Briefly, 4 £ 105 spleen cells of mice that received cry-
oablation and Meriva or of control mice were transfected with
plasmids pcDNA3.1-Mage-b or pcDNA3.1-Survivin and
pCMV-GM-CSF (1 mg of each plasmid per 5£ 106 spleen cells)
using Lipofectamine 2000. After 72 h, the frequency of IFNg-
producing cells was determined by ELISPOT according to stan-
dard protocols (BD Biosciences), using an ELISPOT reader
(CTL Immunospot S4 analyzer, Cellular Technology Ltd, Cleve-
land, OH). To determine the CD8C T cell component of the
responses, spleen cells were depleted of CD8C T cells using anti-
CD8Ca (Clone 53-6.7)-conjugated magnetic beads, according
to the manufacturer’s instructions (Miltenyi, Auburn, CA).

In a separate experiment, the same ELISPOT assay was per-
formed using Mage-b or Survivin for restimulation in the pres-
ence or absence of anti-MHC class I antibodies (final
concentration 1 mg/mL).

ELISA
To test the effect of Meriva on IL-6 production in vivo,

3 mm3 from each tumor tissue of mice that received 0, 5, 10 or
25 mg of Meriva in 300 mL of water orally, was homogenized in
an Eppendorf tube with glass beads and 1 mL of PBS containing
0.1% Triton-X100, 2 mM EDTA, and protease inhibitors by a
Wig-L-Bug for 30 sec as described previously,47 and serial dilu-
tions (undiluted, 10x, 100x) were made of the tumor cell lysate
after homogenization, and then analyzed for the concentration of
IL-6 by ELISA according to manufacturer’s instructions (BD
PharMingen). Briefly, the plates were incubated with capture
antibody (anti-IL-6), then incubated with the serial dilutions of
tumor cell lysate, followed by detection antibody (biotinylated
anti-mouse IL-6) plus avidin-horseredish peroxidase conjugate,
and then finally incubated with substrate (tetramethylbenzidine
and hydrogen peroxide). The reaction was stopped with 2 Nor-
mal sulfuric acid, and results were analyzed by an ELISA reader
at 450 nm. The IL-6 levels were normalized for protein
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concentrations. IL-6 levels were calculated from three points of
the linear portion of the standard curve, and subjected to statisti-
cal analysis, using ANOVA. For the quantitative ELISA, five
mice were used in each group.

Cytokine levels were also analyzed in the serum at various
time points after cryoablation (3 h, 1, 5, and 9 d). Briefly, serial
2-fold dilutions were made of the serum samples and analyzed
for the production of IL-6, IL-10, TNFa, IFNg, and IL-12 as
described above. Lower detection limits of the cytokines tested
are: IL-6: 15.6 pg/mL; IL-12: 15.6 pg/mL; TNFa: 15.5 pg/mL;
IFNg: 3.1 pg/mL; IL-10: 31.3 pg/mL; IL-1b: 15.6 pg/mL. All
ELISA kits were purchased from BD Biosciences.

Flow cytometry analysis
Immune cells from blood of treated and control mice were

isolated as described previously.13,46 To identify MDSC, anti-
CD11b-Alexa488/PerCP-cy5.5 and anti-Gr1-PerCP-cy5.5
(clone RB6-8C5) antibodies were used. Depending on the sam-
ple size, 100,000–300,000 cells were acquired by scanning using
a Fluorescence Activated Cell Sorter (flow cytometry) (Beckton
and Dickinson; FACScalibur), and analyzed using FlowJo 7.6
software. Cell debris and dead cells were excluded from the analy-
sis based on scatter signals and use of Fixable Blue or Green Live/
Dead Cell Stain Kit (Invitrogen). All antibodies were purchased
from BD PharMingen or eBiosciences.

Statistical analysis
To statistically analyze the effects of cryoablation and Meriva

on the growth of lung metastases and tumors and immune
responses in the mouse models, the unpaired t test and the
Mann-Whitney were used. For the survival data, the Log-rank
Mantel-Cox test was used. Values P < 0.05 were considered sta-
tistically significant.
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