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Abstract—The new concept of keeping primary tumor under 

control in situ to suppress distant foci sheds light on the novel 

treatment of metastatic tumor. Hyperthermia is considered as 

one of the means for controlling tumor growth.  In this study, a 

novel thermal modality was built to introduce hyperthermia 

effect on tumor to suppress its growth and progression using 4T1 

murine mammary carcinoma, a common animal model of 

metastatic breast cancer. A mildly raised temperature (i.e.39℃) 

was imposed on the skin surface of the implanted tumor using a 

thermal heating pad. Periodic heating (12 hours per day) was 

carried out for 3 days, 7 days, 14 days, and 21 days, respectively. 

The tumor growth rate was found significantly decreased in 

comparison to the control without hyperthermia. Biological 

evidences associated with tumor angiogenesis and metastasis 

were examined using histological analyses. Accordingly, the 

effect of mild hyperthermia on immune cell infiltration into 

tumors was also investigated. It was demonstrated that a delayed 

tumor growth and malignancy progression was achieved by 

mediating tumor cell apoptosis, vascular injury, degrading 

metastasis potential and as well as inhibiting the 

immunosuppressive cell myeloid derived suppressor cells 

(MDSCs) recruitment. Further mechanistic studies will be 

performed to explore the quantitative relationship between 

tumor progression and thermal dose in the near future.  

I. INTRODUCTION 

Breast cancer was known to affect more than 200,000 
women in the United States alone in 2010[1]. It is the leading 
cause of cancer death in women.  

Treatments include surgery, radiotherapy, chemotherapy, 
gene therapy etc.  But recurrent rate of malignant tumor is still 
high[2], and the efficacy of the existing therapeutic means is 
yet to be improved. A new concept has been proposed recently 
that primary tumor has suppressive effect on distant foci [3, 4]. 
This sheds light on tumor treatment.  Keeping the primary 
tumor in situ but restricting its size may enable the host to 
impede the development of distant foci. Thermal therapy has 
been attempted to locally destroy tumor cells and enhance the 
body defense against tumor cells. 
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Thermal treatment utilizes energy intervention through 
freezing or heating the malignant tissues for tumor therapy. 
Intervening the tumor growth and progression via thermal 
energy infusion is worthy attempting. Hyperthermia, mildly 

heating cells up to about 40-45℃ changes cell membrane 

fluidity, cytoskeletal protein structures, and impedes 
trans-membrane protein functions. A series of physical and 
biochemical changes caused inside the cells during 
hyperthermia may lead to cell necrosis or apoptosis[5]. As a 
promising cancer therapy other than chemotherapy and 
radiotherapy, hyperthermia becomes more important than 
ever. Early studies focused upon the cytotoxic effects of high 

temperatures and the direct killing of tumor cells (＞42℃), 

but the application, measurement and consistency of the 
temperature range within cancer clinical trials had 
encountered some problems, i.e. accurate thermal dose for 
effective tumor therapy [6]. Accordingly, effects of mild 

temperature hyperthermia (defined as 39-41℃, within the 

fever range) on tissues were ignored. Although the imposed 
thermal dose through this mild hyperthermia was not enough 
to directly kill most of tumor cells, mild temperature is readily 
achievable and tolerated, and several randomized clinical 
trials demonstrated that mild effectively enhanced the 
response of tumor to radiotherapy, and improved local tumor 
control and patient survival[7-10], and both preclinical and 
clinical data results have demonstrated improved antitumor 
immune responses within the mild hyperthermia[11]. Many 
researchers designed experiments to determine thermal dose 
in hyperthermia[12], but few focused on the relationship 
between tumor and energy, especially for a long-term local 
hyperthermia treatment. One clinical trial indicated the 
usefulness of long-term hyperthermia therapy for maintaining 
performance status, symptomatic improvement, and 
prolongation of survival time in patients with peritoneal 
dissemination[13]. In another clinical case, it was reported 
that treatment including radiotherapy and neoadjuvant 
chemotherapy plus local hyperthermia was performed over 12 
months. The result showed long-term hyperthermia might be 
useful in the treatment of local breast cancer[14]. 

Based on these previous clinical studies, we proposed that 
long-term hyperthermia was used as an energy infusion to 
perturb tumor growth and progression. In this study, tumor 
growth and progression were studied using 4T1 murine 
mammary carcinoma, a common animal model of metastatic 
breast cancer.  The temperature 39°C was chosen in a range 
which was endurable for mice and could potentially affect 
tumor growth as well. A heating device was designed and 
attached to the mouse to achieve local hyperthermia on tumor 
every 12 hours during night time without affecting the normal 
mouse activities. After different periods of heating, 
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histological examination was performed to observe the 
therapeutic effect, mild hyperthermia mediating tumor cell 
apoptosis, tumor vasculature, metastasis potential and the 
anti-tumor immune response were also evaluated. 

II. MATERIALS & METHODS 

A. Animal models 

6-8 week old female BALB/c mice were purchased from 
the Animal Laboratory of Shanghai Medical College, China. 
They were housed in isolated cages with a 12h light/dark cycle 
environment and fed with sterile food. The murine breast 
carcinoma cell line 4T1 was obtained from Shanghai First 

People’s Hospital, China. Cells were maintained at 37℃ in a 

mixture of 5% CO2 and 95% air in RPMI 1640 medium 
(Hyclone, USA) supplemented with 10% fetal bovine serum. 
To prepare the tumor-bearing mouse, mice were anesthetized 
using sodium pentobarbital intraperitoneally, approximately 
1×10

6
 cells were injected subcutaneously into the back region 

of each mouse. Mice were randomly assigned into two groups: 
tumor bearing control and mild hyperthermia treatment. Local 
hyperthermia treatment was started on the 7th day after tumor 
implantation. Tumors were then measured with a vernier 
caliper to determine the length, width and height, the tumor 
volume was calculated by using the formula:  

3( )
6

V mm length width height


     

The volumes of tumors in both treated mice and control mice 
were measured on daily basis.  

B. Long-term mild hyperthermia treatment 

The body temperature of mouse is normally about 35-36℃, 

which is much lower than other animals. A mild temperature 

of 39℃ was imposed on the skin surface of the implanted 

tumor. Periodic heating (12 hours per day) was carried out for 
3 days, 7 days, 14 days or 21 days, respectively. Tumors were 
removed from the mice immediately after the treatment. 
Tumor tissues were snap frozen in cold isopentane and stored 

at -80℃. 

The hyperthermia system consisted of: resistor heating 
chip, temperature collection and control part. 

1) Heating part 
Electro resistor heating chips were designed with an outer 

diameter of 15 mm. The effective heating area was around 10 
mm, with the average heating power of 0.5 W/cm

2
. The 

heating chip was then wrapped in a cloth-make pocket and tied 
around the mouse body against to the tumor. An adjustable 
DC power supply was used to elevate the temperature. 

2) Data monitoring, collection and control 
One T-type thermocouple was inserted between the 

heating chip and the tumor to detect temperature. The signals 
from the thermocouple were collected and input to Agilent 
34970A. The control modality was composed by the 34907A 
module of Agilent and an electromagnetic relay, performing 
on-off actions according to the temperature control algorithms. 
Labview was used to control the whole system. 

C. Preparation of tumor tissue samples 

The frozen tumor tissues were cut along the sagittal 

direction of skin using a LEICA CM1900 at -20℃, 20µm in 

thickness, then was placed on a microscope glass. Slides were 
stored frozen until use. 

D. Detection of apoptosis 

Apoptosis was detected using the ApopTag Plus 
Peroxidase In Situ Apoptosis Detection Kit (Millipore). 
Terminal deoxynucleotidyl transferase mediated dUTP nick 
end labeling (TUNEL) is a method of choice for rapid 
identification and quantification of the apoptotic cell fraction 
in tissues. Cryo-sections were fixed in 4% paraformaldehyde. 

TdT enzyme was then added for 1 hour at 37℃ to label 

fragmented DNA ends with digoxigenin nucleotides. 
Anti-digoxigenin antibody that conjugated to a peroxidase 
reporter molecule was then added. Methyl green was for 
counterstain. The slides were observed using light 
microscopy. 

E. Immunohistochemistry 

For immunohistochemistry, tumor slices from mouse 
biopsies were allowed to dry for 1 hour at room temperature, 
and fixed for 10 minutes in cold acetone, then permeabilized 
with 0.1% Triton X-100, slides were peroxidase quenched in 
0.3% H2O2 in methanol, washed 3 times for 2 minutes in PBS, 
and then blocked for 30 minutes in 5% Bovine Serum 
Albumin (BSA). Primary antibodies, anti-MMP9 (Abcam, 

1:1000), were applied overnight at 4℃ in PBS, followed by 

washes in PBS, and then biotinylated secondary antibody, 
streptavidin-HRP and diaminobenzidine (DAB) peroxidase 
substrate were added. Nuclei were counterstained with 
hematoxylin. 

F. Immunofluorescence staining 

For immunofluorescence staining, slides were first air dried 
for 1 hour at room temperature, and fixed 10 minutes in cold 
acetone, washed 3 times for 2 minutes in PBS, and then 
blocked for 1 hour in 10% Bovine Serum Albumin (BSA). 
Primary antibodies, FITC-conjugated anti-mouse CD11b 
antibody (BioLegend, 1:200) and PE-conjugated anti-mouse 
Gr-1 antibody (BioLegend, 1:400) or anti-mouse CD31 (R&D, 

1:200), were applied overnight at 4℃ . VECTASHIELD 

Mounting Medium with DAPI (Vector Laboratories) was used 
as a counterstain. Slides were viewed using a confocal 
microscope (Leica TCS SP5).  

III. RESULTS 

A.  Long-term mild hyperthermia treatment delays tumor 

growth in 4T1 breast tumor 

Mild hyperthermia was applied to tumors on day 7 after 
tumor cell injection and carried out for 3 days, 7 days, 14 days 
and 21days, respectively. The corresponding mean tumor 
volumes measured are given in Fig. 1. As illustrated, tumors in 
control group grew significantly faster than the treated tumors, 
which indicated that the inhibition effect of the elevated 
temperature on the 4T1 tumor growth. 
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Figure 1.  Treatment with mild hyperthermia was initiated in 4T1 murine 

breast carcinoma on day 7 post tumor cell injection and carried out for 3 days, 

7 days, 14days and 21days. Mean tumor volume after 3, 7, 14, 21 days 

(n=3/group) was displayed. 

B. Mild hyperthermia mediated apoptosis  

 
Figure 2.  Mild hyperthermia mediated apoptosis. Apoptotic cells were 

visualized in frozen sections from 3 days (a), 7 days (b), 14 days (c) and 21 

days (d) groups using the TUNEL method. Apoptotic cell manifests a brown 

TUNEL-positive nuclear signal. Slides were observed on a stereoscope. Scale 

bar: 0.5mm. 

Cryosections of tumor tissues taken in 3 days (Fig. 2a), 7 
days (Fig. 2b), 14 days (Fig. 2c) and 21 days (Fig. 2d) of the 
treatment were used for apoptosis analyses. Numbers of 
apoptotic cells were significantly increased in the treated 
tumor (3days and 7days) than that of the control. The results 
suggested that mild hyperthermia mediated apoptosis that is 
associated with the initial suppression of tumor growth in the 
treated groups as shown in Fig.1. 

C. Long-term mild hyperthermia reduces vascular area in 

the 4T1 breast tumor 

 

Figure 3.  Tumor sections from 3 days (a), 7 days (b), 14 days (c) and 21 

days (d) groups were analyzed by immunofluorescence using CD31, an 

endothelial cell marker, red; Nucleolus, blue. Total magnification, 400×. 

Scale bar: 50µm. 

To determine the effect of long-term mild hyperthermia on 

angiogenesis, vascular area (positive fluorescent area/400× 

field) was assessed on the treatment groups of different 

lengths.  Shown in Fig. 3, on the 3
rd

 day, no obvious difference 

was found between treatment group and control group. But, on 

other time points, control tumor tissues increased in vascular 

area, comparing to the treated tumor tissues (Fig.4). The most 

significant difference was observed on the 21
st
 day of the 

treatment. In conclusion, long-term mild hyperthermia was 

effective in decreasing vascular density in 4T1 breast tumor. 

 

Figure 4.  Vascular area was evaluated. Data are displayed as mean±SEM 

and represents 5 images (total magnification, 400×) per tumor and three 

tumors per group. *P<0.05. 

D. Effect of long-term mild hyperthermia on MDSC 

infiltration in the 4T1 breast tumor 

 
Figure 5.  Infiltration of MDSCs in the 4T1 tumor sections by 

immunofluorescence. MDSCs defined as co-localization of CD11b+ and 

Gr-1+ cells. (a) 3 days, (b) 7 days, (c) 14 days and (d) 21 days group. 

CD11b+, red; Gr-1+, green; Nucleolus, blue. Total magnification, 400×. 

Scale bar: 50µm. 

 

Figure 6.  Tumor sections were evaluated MDSCs defined as the number of 

cells that express CD11b and Gr1 per 400× field. Data are displayed as 

mean±SEM and represents 5 images (total magnification, 400×) per tumor 

and three tumors per group. **P<0.01. 

The effect of mild hyperthermia on immunosuppressive 
cells MDSCs (CD11b+Gr1+ cells) infiltration into tumors 
was investigated. There was a significant decrease in MDSC 
infiltration of treated tumors compared to control tumors (Fig. 
5). Tumor sections were evaluated for MDSCs defined as the 
number of cells which express CD11b and Gr1 per 400× field 
(Fig. 6), MDSCs increased in control tumor, however the 
treated tumor had a significant reduction in MDSC infiltration 
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compared to control, indicating that long-term mild 
hyperthermia was involved in inhibiting immunosuppressive 
cells recruitment. 

E. Immunohistochemical staining MMP-9 expression in 4T1 

tumor tissue at different treatment stages 

 

Figure 7.  Immunohistochemical analysis of MMP9 expression in 4T1 

tumor tissue at different treatment stages. Tumor sections were used from 3 

days (a), 7 days (b), 14 days (c) and 21 days (d) treatment. MMP9-positive, 

dark-brown; Nucleolus, blue. Slides were photographed on optical 

microscope (total magnification, 40X) and spliced. Scale bar: 1mm. 

MMP9 expression was analyzed by immunohistochemical 
in 4T1 tumor tissue at different treatment stages. There was a 
significantly increased MMP9 expression during the tumor 
growth in control tumor, however. Increased MMP9 
expression was found in the treated tumor on the 3

rd
, 7

th
 day, 

but on the 14
th

 day, there were significant reduction in MMP9 
expression (Fig. 7), indicating mechanistic change in tumor 
metastasis potential induced by hyperthermia, which is worthy 
to be further investigated. 

IV. DISCUSSION AND CONCLUSION 

In this study, a long-term hyperthermia at 39°C was 
imposed on the mice tumor to investigate the effect of the 
thermal energy on tumor growth and progression. Results 
indicated that long-term hyperthermia could have an 
accumulative effect on tumor cell proliferation via sustained 
thermal energy supply, delayed tumor growth and malignancy 
progression was found. This might be attributed to sustained 
thermally induced cell apoptosis, and reduction of tumor 
vasculature. Some research supported that mild hyperthermia 
could improve antitumor immune responses [15, 16]. MDSCs 
promote tumor progression through inhibiting both innate and 
adaptive antitumor immunity by a variety of pathways[17]. 
Histological analyses indicated that a significant decrease in 
MDSC infiltration of treated tumors as compared to tumors in 
control, which suggested the underlying mechanism 
associated to the hyperthermia enhanced antitumor immune 
response. Also, MMP9 plays a key role in tumor progression 
and metastasis, specifically in the degradation of the 
extracellular matrix and assists cancer cell invasion[18].Our 
results showed that decreased expression of MMP9 on the 14

th
 

and 21
st
 day of treatment, suggesting that sustained mild 

hyperthermia might reduce the metastasis potential of tumor 
cell. In light of this, a novel thermal treatment modality could 
be developed using fever-range hyperthermia for in situ tumor 
suppression and combined with other anti-cancer therapies, 
including immunotherapy and chemotherapy in future study. 
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