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Abstract
In this study, the therapeutic effect and the induced anti-tumor immunity through the alternating cooling and heating was
investigated using 4T1 murine mammary carcinoma, a common model of human metastatic breast cancer. While fifteen
of seventeen regular mice were cured, primary recurrence and metastasis caused death of all the nude mice within one month
after the same treatment. Histological analyses showed that viable cells existed in the tumor debris after the treatment,
indicating that the direct killing effect was not the only therapeutic mechanism. Further investigation found rejection of
tumor upon re-challenge, and anti-tumor immune response was studied. Stronger cytotoxicity T-lymphocyte (CTL) and
Th1 cytokines response as well as infiltration of immunocytes were observed in the treated mice in comparison to those after
the surgical resection. The results showed that the alternating cooling and heat could stimulate anti-tumor immunologic
response in vivo and the underlying mechanisms will be further investigated in the near future.

Keywords: Thermophysical treatment, alternating cooling and heating, 4T1 tumor, distant micro-metastasis, anti-tumor immune
response

Introduction

In 2007, over 175,000 cases of female breast cancer

were estimated in the United States, making it the

most dangerous malignant cancer in women [1].

General lumpectomy plus radiation was the common

treatment for breast cancer in clinic. But this

treatment led to poor prognosis, especially in young

women with positive nodes [2, 3]. It was shown that

metastatic recurrence was the major cause of the

death even after the primary tumor was successfully

removed [3]. More importantly, previous studies

also showed that surgery somewhat disturbed the

balance of tumor and host, inducing angiogenesis

and proliferation of distant dormant micrometas-

tases. Sharp decreases in levels of antiangiogenesis

factors and excessive release of tumor growth

factors after surgery were considered to be the main

cause [4, 5]. Moreover, surgical stress and decrease

in lymphocytes induced by radiation could cause

suppression of immunity, thus exacerbating tumor

metastasis [6, 7]. Systemic treatment of primary

tumor with distant micrometastases still remains as

a difficult problem to solve.

At present, minimally invasive cancer therapy such

as in situ thermophysical treatment which destroys

tumor tissue by either heating or freezing is gaining

more interest in breast cancer therapy. Hyperthermia,

one of the heating methods, destroys tumor cells as

well as tumor vessels based on the fact that tumor

cells and vessels are more susceptible to thermal

cytotoxic effect (40–44�C) in the tumor microenvir-

onment (hypoxic, acidic) [8]. Cryosurgery, on the

other hand, uses extremely low temperature to

directly injure tumor cells and vessels through ice

formation [9]. Not only do these techniques have

advantages such as cosmetic conservation, minimal

invasion, and low side effects, several reports have

even showed that thermophysical treatment had
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immunological merits as well [2, 10–12]. Previous

researches reported that heat could enhance immu-

nogenicity of tumor cells and expression of heat

shock proteins (HSP) [13–15]. Hsps served as

a vehicle to transfer tumor-specific antigen to

professional antigen presenting cells (APC), and

subsequently activate tumor-specific T cell response

[11, 14, 15]. On the other hand, cryosurgery caused

tumor necrosis could initiate an inflammatory

environment. The presence of tumor antigens in

such an environment could induce cryoimmunity

[12, 16, 17].

Nevertheless certain problems have impeded

further development of thermophysical treatment.

Precisely controlling the damage region especially at

the tumor edge is a difficult issue in cryosurgery,

while hyperthermia is always accompanied by an

increase of blood perfusion in the tumor peripheral

region and thermotolerance is another issue leading

to lower therapeutic effect [9, 18, 19]. The increase

in blood flow due to local hyperthermia might also

have the danger of stimulating metastasis from

the primary site [20, 21]. To enhance the effect of

thermophysical treatment, Hoffmann et al. once

described the idea of alternating treatment including

both cryosurgery and heating [22]. However, only

normal tissue was studied and no significant syner-

gistic effect was found. Since thermal sensitivity

of tumor and normal tissues are rather different [8],

the effect of the alternating treatment in tumor region

might not be the same as that in the normal region.

Our previous work showed that the alternating

treatment induced great damage to tumor vessels

and might have stronger direct killing effect [23, 24].

No previous work has been reported on the immune

response after such an alternating treatment.

If anti-tumor immune response could be enhanced

as well, then it has a great potential in treating breast

cancers, and possibly those with distant dormant

micrometastases.

In this paper, the synergistic effect and the induced

anti-tumor immunity through the alternating cooling

and heating was studied using 4T1 murine

mammary carcinoma, a common model of human

metastatic breast cancer [25]. Due to its highly

invasive and poorly immunogenic characters, the

4T1 tumor could have caused death even after

the primary tumor was surgically removed [26]. The

treatment was carried out when micrometastases

were well established. The therapeutic effect of the

alternating cooling and heating therapy was studied.

To investigate the immune factor in the whole

process, we also performed the alternating treatment

in nude mice with 4T1 tumors at the same stage.

Further anti-tumor immune response in normal mice

after the treatment was compared with that after the

surgical resection. Since the 4T1 tumor could induce

leukemoid reaction through releasing growth factors

to suppress the immune system [25], the splenic

changes after the treatment were recorded as well.

Materials and methods

Animal model

Six- to eight-week-old female BALB/c mice (Animal

Laboratory of Shanghai Medical College, China) and

nude mice (Animal Centre, CAS, Shanghai, China)

were housed in isolated cages and a 12-h light/dark

cycle environment. They were fed sterile food and

acidified water with the pH value kept at 2.5–2.8.

The murine mammary carcinoma 4T1 cells were

kindly provided by Shanghai First People’s Hospital,

China. Cells were grown in RPMI 1640 medium

(Hyclone, USA) supplemented with 10% fetal

bovine serum, plus 100 U/mL penicillin, and

100 g/mL streptomycin (Shanghai Sangon, China).

To prepare the tumor-bearing mouse, approximately

1� 105 cells were injected subcutaneously into

the right femoral region of each mouse. Tumor

sizes were measured every 3 days and its volume was

estimated using the following formula:

V ðmm3Þ ¼ L ðmajor axisÞ �W2ðminor axisÞ=2:

Treatment procedures

Four weeks after tumor inoculation, when the tumor

volume reached about 0.4 cm3, the mice were

anesthetized with intraperitoneal injection of 4%

chloral hydrate (1 ml/100 g). The tumor site was

sanitized with alcohol and underwent different

treatments respectively. A total of 41 tumor-bearing

mice were used. No treatment was performed on

six mice of the control group. In the surgical

resection group, wide excision surgical resections

were performed on six mice. After controlling of

hemorrhage, the wound was closed with interrupted

nylon sutures. All of the procedures were performed

aseptically.

In order to investigate the direct therapeutic effect,

seventeen mice were treated with the alternating

cooling and heating. Nine mice were initially used

and another eight were treated to repeat the

experiment several months later. During the treat-

ment, the tumor overlaying skin was forced into

contact with the BCS 196 cryostage by tweezers

(Linkam Scientific Instruments, UK). Thermal paste

with thermal conductivity of 1.4 W/(m K) was used

to ensure good contact. A thermocouple was inserted

into the bottom of the tumor to monitor the local

temperature at the distal end. The temperature of

the cryostage was maintained at �64�C during the

freezing process. Then the cryostage was turned off

26 J. Dong et al.



completely and achieved equilibrium with the

environment. Finally the cryostage was set to be

52�C as the boundary in the heating process.

Heat transfer between the body and the tumor was

described using the Pennes bioheat transfer equation

with blood perfusion. In the recovery process, the

natural convection boundary condition with the air

temperature at 25�C was applied. At 20 mm deep

inside the body, the constant core temperature at

35�C was used. At the outer surface of the tumor,

the freezing and heating temperatures were set to be

of �64�C and 52�C respectively. The blood perfu-

sion rates in Pennes bioheat equation were chosen

to be at 0.00233 ml/s/ml and 0.00126 ml/s/ml, for

tumor and tissue respectively [19].

At the beginning of the treatment, freezing was

performed until the distal temperature in the tumor

was below 0�C and the freezing was held for an

additional 1 min. Numerical heat transfer analysis

showed that an ice ball had formed through the

whole tumor region during this procedure. The

temperature within the tumor ranged from �12�C to

�64�C when the freezing process ended. The cooling

system was then shut off and the tumor was allowed

to passively thaw for 10 min followed by contact

heating at 52�C through the thermal stage for 20 min.

According to the numerical simulation results,

the tumor tissue temperatures ranged from 52�C to

43�C monitored by the thermocouple placed at the

distal end during the heating process. The alternating

cooling and heating was repeated for three times

in 24-h intervals. Six mice were used in either the

above mentioned cooling or heating treatment

alone respectively. The treatments were also repeated

once a day for three days. The same alternating

treatment was also performed on six nude mice for

comparison.

Re-challenge with the 4T1 tumors cells in mice

cured by combination therapy

Another six mice undergoing the alternating treat-

ment were challenged with the 4T1 cells two weeks

after the treatment. Approximately 1� 105 cells were

transplanted subcutaneously into the left femoral

region. In the control group the tumor cells were

injected into six normal mice of the same age without

treatment. The growth of tumor was observed with

respect to time.

In vitro cytotoxicity T-lymphocyte (CTL)

response assay

In vitro CTL assay was carried out three days after

the alternating treatment and five days after the

surgical resection. The normal mice of the same age

were used in the control group, four mice in each

group. The mice were sacrificed and the spleens

were taken. The maximum length of the spleens

was measured. Then the splenic lymphocytes were

isolated and erythrocytes were depleted with 0.75%

ammonium chloride. Cytotoxicity activity was deter-

mined using lactate dehydrogenase (LDH) releasing

assay according to the manufacturer’s instructions

(Jiancheng Technology, Nanjing, China). Briefly,

target cells (1� 105 4T1 tumor cells) were mixed

with different ratios of effector cells and co-cultured

for 4 h at 37�C in an atmosphere containing

5% CO2. Release of LDH was then evaluated using

a commercially available kit. Spontaneous and

total LDH release was calculated from media plus

targets only and targets plus 1% Trition-X-100,

respectively. Cytotoxicity was calculated as follows.

The variables were optical density (OD) of the

solutions at 450 nm.

Cytotoxicity

¼
ðExperimental release� Spontaneous releaseÞ

ðTotal release� Spontaneous releaseÞ

� �

�100%

Serum cytokine levels

One Millilitre of blood were obtained from mice one

day after the alternating treatment and four days after

the surgery by orbital sinus. The specimens were

centrifuged and the serum was collected. Then the

serum was analyzed for IFN-gamma, interleukin

(IL)-12 using commercial ELISA kits from Jingmei

Biotech, China. A standard curve was established

according to the manufacture’s instruction.

Experimental values were computed with the use

of regression analysis. Normal mice were used as

control, four mice in each group.

Immunohistochemical and histological staining

of tumor debris

Tumor debris was immediately removed from

another three mice while the alternating treatment

was completed. Blood was flushed out with phos-

phate buffer and the samples were cut into two parts.

One part was fixed with OCT (optimum cutting

temperature) compound at �70�C for immunohis-

tochemical staining. The frozen tumor tissues

were cut along the sagittal direction of skin using

a LEICA CM1900 at �20�C. Correlative histological

sections of 10 mm thickness were prepared, air-dried

for 30 min and fixed with cold acetone for 15 min.

These sections were incubated with 5% skim milk

for 30 min to block background staining. They were

then incubated at 4�C overnight with murine FITC

anti-mouse CD4 (clone GK1.5), PE/Cy5 anti-mouse

CD8a (clone 53–6.7). All of the antibodies con-

jugated to fluorescent residues were purchased from
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BioLegend, San Diego, CA. Fluorescence images

were collected at 500–530 nm (FITC) and 650 nm

(PE/Cy5) by laser confocal microscopy LSM510

Meta (Zeiss, Germany). All of the sections were also

stained with hematoxylin. To observe changes in the

tumor region after the treatment, the tumor tissue

was fixed with 10% formaldehyde for H&E stain.

The samples were dehydrated and embedded

in paraffin, and then 7mm sections were cut using

a LEICA RM2126 and stained with hematoxylin and

eosin.

Statistical analysis

Data are given as means, standard deviations, and

analyzed using the Student’s t-tests. P values of 0.05

or less were considered significant.

Results

Alternating treatment induced great necrosis in tumor

When the alternating treatment was completed,

tumor debris was immediately taken for histological

analysis (Figure 1). Most of the tumor cells in the

region were found to be necrotic. However, many

viable tumor cells still existed especially in the

peripheral area. Numerical analysis using the

Dewey’s equivalent heating time for the tumor

volume has also indicated similar results.

Of a given heating protocol, the Dewey’s equiva-

lent heating time 43�C was calculated by the

following equations: [27]

t43 ¼

Z t

0
Mð43�T ðtÞÞdt

where the empirical constant M was given by: [27]

M ¼

0 for T � 39�C

0:25 for 415T � 43�C

0:5 for T443�C

8><
>:

The cell survival rate after a given heating treatment

was then obtained from the cellular survival rate

curve in relation to the thermal dose. For quantifica-

tion, the fitted curve is given as: [28]

Sheat ¼ 1:093� e�t43=2172:47 � 0:093

where Sheat is the total cell survival rate during

heating.

Since the temperature within the tumor ranged

from the distal end at about 43�C to the heating

plate at 52�C, the equivalent heating time increases

exponentially from 19 min to about 15,078 min. At

the end of the treatment, the predicted cell survival

rate was about 0.56 at the distal end although the

cells were almost completely killed near the plate.

To further investigate the therapeutic effect,

several mice were traced for a period time after the

treatment to see whether recurrence happened.

Table 1 shows the therapeutic effects of different

treatments. All of the treatments were carried out

at the time when metastasis was well established and

surgical resection of the 4T1 primary tumor could

not cure any mice at all. Our results were consistent

with the report of Pulaski et al. [29]. Concerning

thermophysical treatment, freezing alone could

hardly inhibit the primary tumor growth. Although

the primary tumor growth was somewhat inhibited

by local hyperthermia treatment, five of six mice

died from metastasis within one month after the

treatment. The only one cured did not gain weight

Figure 1. (A) Histological analysis of tumor tissue after the alternating treatment. Immediately after the alternating cooling
and heating treatment, the tumor debris was taken for H&E stain; (B) Histological analysis of tumor tissue without any
treatment. The sections were viewed with 100� oil objective. (Scale bar, 10 mm) It showed that although the thermophysical
treatment induced necrosis, there were still viable tumor cells remaining.
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and died three months after the treatment. On the

other hand, tumor regression was achieved comple-

tely in 15 of 17 mice after the alternating treatment.

Only one mouse died from metastasis and another

died during the treatment, possibly due to inter-

individual variability. One month later, the mice

successfully treated began to gain weight as normal.

No recurrence was observed over a period of five

months. However, none of the six nude mice was

cured by the same alternating treatment. Most of

them died from primary recurrence and metastasis.

Stimulation of anti-tumor immune response by the

alternating treatment

To examine whether anti-tumor immune response

was induced by the alternating cooling and heating,

another six mice were re-challenged with the

4T1 tumor cells two weeks after the treatment.

Approximately 1� 105 cells were injected subcuta-

neously into the left femoral (untreated side). The

4T1 tumor growth in all treated mice was regressed,

while progressive tumor growth was found in the

six untreated mice, suggesting that the mice after

the alternating treatment might have gained immu-

nologic protection against tumor re-challenge.

The 4T1 tumor could induce leukemoid reaction,

which was characterized by bone marrow hyperplasia

and splenomegaly. Immature myeloid cells (ImC)

were accumulated in the spleen and peripheral blood

and induced immune suppression in vivo [30].

Figure 2 shows the size of spleen after different

treatments. Both surgical resection and the alternating

treatment could alleviate splenomegaly. However,

there was no significant difference between these two

groups in splenic morphology.

Since the activity of T-lymphocyte cells was

inhibited in the 4T1 tumor model [26], we measured

the CTL response against 4T1 cells to investigate

whether the suppression was relieved by the

alternating treatment. Mice were sacrificed on the

third day after the treatment, and the splenic

lymphocytes were harvested and CTL response was

measured using LDH releasing assay. The results are

shown in Figure 3. Significantly higher CTL activity

was observed in the mice as compared with those

in either surgical or normal groups ( p50.05). The

cytotoxicity of splenic lymphocytes against 4T1

tumor in the surgical group decreased drastically.

It demonstrated that the alternating cooling and

heating treatment enhanced T-lymphocytes activity

against the 4T1 tumor cells.

On the other hand, blood samples were collected

one day after the alternating treatment and serum
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Figure 2. Spleen size changes after different treatments.
Three days after the alternating treatment or five days after
the surgical resection, the spleens were taken and their
maximal length measured. Tumor bearing and normal
mice were used as the controls. The results showed that
both surgical resection and the alternating treatment could
alleviate splenomegaly ( p50.05, n¼ 4).
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Figure 3. Increased activity of CTL response in the mice
cured by the alternating cooling and heating treatment.
Three days after the alternating treatment or five days
after the surgical resection, the splenic cells were taken.
The CTL activity against 4T1 tumors (target cells) was
examined using releasing LDH release assay ( p50.05,
n¼ 4).

Table 1. Therapeutic results of the mice after
different treatments.

Group Cure rate

Hyperthermia treatment alone 1/6

Freezing alone 0/6

Surgical resection 0/6

Alternating treatment 15/17

Alternating treatment in nude mice 0/6

Notes: All of the thermophysical treatments were repeated
once a day for 3 days. Six nude mice underwent the
alternating treatment, whose protocol was same as that for
normal mice.
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levels of Th1 (IL-12, IFN-gamma) cytokines were

measured. The results are summarized in Figure 4.

Significant increase of serum IFN-gamma and IL-12

was found associated with the alternating treatment

as compared with those that had undergone surgical

resection.

Further investigation was performed on immuno-

cytes’ infiltration into the tumor region. Immuno-

histochemical staining was performed to investigate

T cell distribution in tumor debris. As shown in

Figure 5, more CD4þ, CD8þ T cells were detected

in the tumor tissues after the alternating treatment as

compared with that in the untreated tumor tissues.

It showed that the treatment attracted immunocytes

into the tumor region to clean up the tumor debris.

Discussion

Minimally invasive surgery has been widely used

to treat cancers in recent years. In this study, using

low-dose hyperthermia with pre-freezing, most of the

surrounding normal tissues were kept intact while

the thawing phase was extended to enhance vascular

damage and tumor necrosis. To investigate whether

cooling and heating had synergistic therapeutic

effect, mice bearing a 4T1 tumor were treated with

heating for 20 min after pre-freezing. Tumor growth

was found inhibited by the treatment while neither

freezing nor heating alone could achieve similar

effects. Hyperthermia only inhibited primary tumor

growth to certain degree, most of the mice died

from metastasis within one month afterward.

Low-dose freezing used in this study did not inhibit

primary tumor growth. However, after the alternat-

ing treatment, great vascular damage was achieved

and cryo-induced blood stagnation might prevent

tumor cells from metastasis.

But the same alternating treatment could hardly

cure nude mice with 4T1 tumor at the same stage.

On the other hand, histological analyses revealed that

some viable tumor cells still existed immediately after

the alternating treatment. Interestingly, in regular

mice, the viable tumor debris disappeared later while

primary recurrence and metastasis caused death of

nude mice within one month after the treatment.

These results suggested that direct killing effect was

not the only reason for the excellent prognosis

after the alternating treatment and T-cell dependent

immunologic factor was vital for the cure process.

The rejection of tumor upon re-challenge further

demonstrated that an immunologic protection was

strongly induced by the treatment.

In order to analyze the mechanisms for different

prognosis achieved by the alternating cooling and

heating treatment and surgical resection, the CTL

response against 4T1 cells was measured. Our results

showed that CTL response was still blocked after

surgical resection, but the splenic lymphocytes taken

from mice that underwent the alternating treatment

had strong activity against the 4T1 cells in vitro.

Further cytokine analysis showed that serum levels

of Th1 cyokines (IFN-gamma and IL-12) increased

after the treatment, suggesting that inflammatory

cytokines involved in cell-mediated immunity were

promoted. Apart from induction of CTL, release

of IFN-gamma and IL-12 could increase natural

killer (NK) cell activity and IL-12 induced anti-

angiogenesis effect might inhibit the recovery of

tumor vessels [31], thus enhancing the therapeutic

effect by repeating the alternating treatment.

In addition, to investigate whether immunocytes

migrated into the tumor region after the alternating

treatment, infiltration of immunocytes in the tumor

region was measured by immunohistochemical

staining. Increased infiltration of both CD4þ and
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Figure 4. Serum Th1 cytokines levels after the alternating treatment or surgical excision. Twenty-four h after the
alternating treatment, a significantly higher level of both IFN-gamma and IL-12 was recorded as compared with surgical
resection and normal control groups ( p50.05, n¼ 4).
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CD8þ T cells into the tumor site was observed.

T-lymphocytes could be activated when they inter-

acted with tumor specific antigen presented by APC

such as dendritic cells (DC) or macrophages with

co-stimulatory signal. Then T-lymphocytes could

turn CD8þ cells into CTL to eliminate the remaining

tumor cells [32].

This study shows that the alternating cooling and

heating treatment might induce an active T-cell

immune response and a strong protective effect.

According to some previous work, either heating or

freezing alone would also induce anti-tumor immune

response, but not strong enough to exert a protective

effect [33]. Our experiments were carried out when

metastasis was well established. While applying heat

treatment alone or using surgical resection, most

of the mice died from metastasis even when the

primary site was cured. However, low dose and local

hyperthermia with pre-freezing achieved excellent

prognosis. Moreover, the novel alternating treatment

has been suggested to induce some immune effect

and prevent the potential metastasis.

Concerning how anti-tumor immune response was

activated, heat shock proteins whose expression

might be dramatically increased after hyperthermia

and great inflammatory environment created by

freezing could play an important role during the

whole process. After the alternating treatment,

Figure 5. Immunohistochemical staining for immunocytes. Anti-CD4þ, CD8þ cells antibodies conjugated to different
fluorescent residues were used to observe the infiltration of T cells into the tumor debris. (A), (B): tumor debris after the
alternating cooling and heating treatment; (C), (D): tumor without any treatment (Scale bar, 5 mm).
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intracellular HSPs greatly increased and tumor cells

became necrotic, which favored formation of HSP-

antigen complex and its release into the surrounding

media [15, 17, 34]. On the other hand, freezing

initiated an inflammatory environment, in which

many different cytokines were released [16, 17].

In addition, both heat and cryosurgery could induce

maturation of dendritic cells (DC), enhancing their

antigen uptake, migration and T cell stimulatory

activity [14, 33, 35]. The alternating cooling and

heating treatment might cause maturation of the

circulating ImC into mature APC. Mature APC then

accepts the HSP-antigen complex in the medium

and presents the tumor specific antigen to T cells

with co-stimulatory effect. Subsequently, the sup-

pression of T cells is relieved and the number

of tumor-specific effect T-cells increased. More

effect T cells could be attracted to the tumor site

and CTL be formed to clean up tumor debris as well

as metastasis. Although our study showed that the

immune response after the alternating treatment

was strong and protective, further research on

the mechanisms of immune response is needed.

Application of this new treatment protocol may

provide an effective and systemic treatment

for cancer, possibly for those with distant micro-

metastasis in clinic.
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