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Abstract. The present study aimed to investigate the 
therapeutic effect of interleukin-2 (IL-2) treatment combined 
with magnetic fluid hyperthermia (MFH) on Lewis lung 
cancer‑bearing mice. Magnetic fluids were prepared in vitro 
and directly injected into the tumors in the mice, which were 
subjected to an alternating magnetic field. The temperature 
in the tumor reached 43˚C and was maintained by control-
ling the strength of magnetic field for 30 min. Twenty‑four 
hours later, IL-2 was injected directly into the tumors. Mice 
were divided into four groups: Group I (control), II (MFH), 
III (IL-2) and IV (IL-2+MFH). The tumor grew gradually in 
groups II and IV (both P<0.05) compared to the control group. 
Histological analysis showed that the tumor cells underwent 
apoptosis and necrosis. Immunohistochemistry results demon-
strated that heat-shock protein 70 and cluster of differentia-
tion (CD) 8-positive and CD4-positive T cells were strongly 
expressed following hypothermia. Therefore, the present study 
provided evidence that IL-2 treatment combined with MFH 
improves the therapeutic effect on lung cancer-bearing mice.

Introduction

Lung cancer is one of the most common malignant tumors 
in the world. Current therapeutic options remain unsatisfac-
tory for the majority of patients. Surgical resection has been 
recognized as the most effective method for the treatment of 
lung cancer; however, it is available only for a small number of 
patients (1). Therefore, it is crucial to identify a new method to 
treat lung cancer (2).

Magnetic fluid hyperthermia (MFH) is a thermal therapy 
using nanotechnology and hyperthermia (3). Dispersions of 
biocompatible iron oxide nanoparticles in water (magnetic 
fluids) can be injected into tumors and heated in an externally 

applied alternating magnetic field (AMF) by Brownian and 
Neel relaxation mechanism (4). As the magnetic particles 
were directly injected into tumors, there was no distribution of 
magnetic particles in the periphery of normal tissues and the 
temperature of these normal tissues did not increase signifi-
cantly. Therefore, the hyperthermia was specifically targeted 
to the tumors. The efficacy of hyperthermia was demonstrated 
using MFH in animals with several types of tumor, such as 
B16 mouse melanoma, T-9 rat glioma, SMMC-7721 mouse 
hepatocarcinoma and BT-474 mouse breast cancer (5-8). 
This method was effective in inducing regression of tumors 
and increasing the life span of the animals. As a result, MFH 
appears to be a promising method for targeting lung cancer.

Immunotherapy is an accepted therapeutic modality. 
Interleukin‑2 (IL‑2) is a significant stimulator of lymphocyte 
proliferation and enhances cytotoxic T lymphocytes (CTLs) 
activity. IL-2 has a wide range of immunological effects, 
including induction of specific T helper cells, natural killer 
(NK) cells and lymphokine-activated killer cells (9). Due to 
these effects, IL-2 is broadly used in cancer therapy to improve 
cellular immunity and the cytotoxic activity of effector cells (10).

Based on these results, the present study examined the feasi-
bility of combining IL-2 and MFH for lung cancer treatment. 
To the best of our knowledge, for the first time the combination 
of a local injection of IL-2 and MFH has been shown to exhibit 
an evident antitumor effect against lung cancer.

Materials and methods

Cell line and animal model. Lewis lung cancer cells were 
purchased from the Institute of Biochemistry and Cell Biology 
(Shanghai Institute of Biological Sciences, Institute of Materia 
Medica, Chinese Academy of Medical Sciences, Shanghai, 
China) and supplemented with 10% fetal bovine serum.

A total of 60 C57/BL6 mice (male, 8 weeks old) were 
purchased from the Shanghai Institute of Biological Sciences 
(Chinese Academy of Medical Sciences). The mice were fed with 
sterile food and water, housed in sterile cages on sterile bedding, 
and placed in rooms with a constant temperature and humidity. 
To prepare the tumor model, the cell density was adjusted to 
~1.0x107/ml. To induce tumors, 0.2 ml of Lewis lung cancer cell 
suspension (~2x106 cells) was injected into the right flank of each 
mouse through hypodermic inoculation. The noticeable tumors 
were observed 4 days after inoculation. The size of the tumors 
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was measured by vernier calipers every day, and the tumor 
volume was calculated using the following formula:

V = 1/2ab2cm3

Where ‘a’ is the major diameter of the tumor and ‘b’ is the 
minor diameter perpendicular to the major diameter (in cm).

The treatment started when the major diameter was 
~0.8±0.1 cm.

All the animal experiments were performed according to 
the principles described in the Guide for the Care and Use of 
Laboratory Animals as promulgated by the Zhejiang Standing 
Committee (Zheijiang, China).

Hyperthermia. The mice were randomly selected and anes-
thetized with 2% pentobarbital sodium (Beijing Reagent Co., 
Beijing, China) by intraperitoneal injection (50 mg/kg). The 
mice were divided into four groups (n=15): Group I (control), 
II (MFH), III (IL-2) and IV (MFH+IL-2). In groups II and IV, 
15 mg of magnetic fluid was slowly injected into the tumors with 
a 1‑ml syringe. Following the magnetic fluid injection (24 h 
later), the tumors of mice in groups II and IV were subjected 
to AMF for 30 min. MFH was induced using a separated 
high-frequency induction heating machine (Type SP-04AC 4 
KW150 kHz; Shenzhen Power Supply Technology, Guandong, 
China). Tumor and rectum temperature during AMF irradia-
tion were measured by an optical fiber probe (YF‑200). The 
temperature was maintained at 43˚C for 30 min by controlling 
the strength of the magnetic field. Mice in groups III (IL‑2) 
and IV (MFH+IL-2) were injected with recombinant IL-2 
(5x104 units; Beijing Four Rings Biological Pharmaceutical 
Co., Ltd., Beijing, China), after 24 h of hyperthermia, and 
IL-2 was injected directly into the nodules. Administration of 
cytokines was carried out every day for 2 days.

After 14 days, all the mice were sacrificed by neck dislo-
cation. The weight and volume inhibitory rates (IW and IV, 
respectively) of the tumor were calculated as follows:

IW = (1 - experimental group tumor weight/control group 
tumor weight) x 100%; and IV = (1 - experimental group tumor 
volume/control group tumor volume) x 100%.

Pathological observation. The day after hyperthermia, 3 mice 
were randomly chosen from each group and sacrificed by 
neck dislocation. The tumors were taken out immediately and 
dissected. The resected tumors were fixed in 10% formalin, 
embedded in paraffin, sectioned and stained with hematox-
ylin-eosin, which was subsequently followed by histological 
observation on the tumors.

Preparation of specimens for immunohistochemical (IHC) 
staining. After 24 h of hyperthermic treatment, tumors were 
removed and specimens for IHC staining were prepared. For 
immunostaining of heat-shock protein 70 (HSP70), cluster of 
differentiation 4 (CD4) and CD8, the resected tumors were fixed 
in 10% formalin solution and embedded in paraffin. Sections 
(4-µm) of paraffin‑embedded specimens were deparaffinized 
in xylene and rehydrated with a series of ethanol washes. 
Autoclave treatment was performed at 120˚C for 10 min in 
10 mM sodium citrate buffer (pH 6.0) for antigen retrieval. 
The paraffin‑embedded sections were incubated at 37˚C for 

60 min with mouse monoclonal antibody preparations (MAbs) 
and with rat MAbs against HSP70, CD4 and CD8 (1:1,000; 
BD PharMingen, San Jose, CA, USA) antigens, respectively. 
These sections were subsequently incubated at 37˚C for 
60 min with biotinylated goat anti-mouse immunoglobulin G 
(IgG) or biotinylated mouse anti-rat IgG (Boster Co., Wuhan, 
China). Specimens were incubated at 37˚C for 30 min with 
alkaline phosphatase. Each step was followed by washing with 
phosphate-buffered saline (PBS). Alkaline phosphatase and 
peroxidase activities were visualized using the New Fuchsin 
Substrate System (Shanghai Xin Yu, Biotechnology Co., Ltd., 
Shanghai, China) and diaminobenzidine tetrahydrochloride 
solution containing 0.005% hydrogen peroxide, respectively. 
All slides were counterstained with hematoxylin. For the nega-
tive controls, primary antibodies were replaced with either 
unrelated monoclonal antibodies or PBS.

Statistical analysis. To evaluate the significance of overall 
differences in tumor volumes and weights among all the 
in vivo groups, statistical analysis was performed by analysis 
of variance. P<0.05 was considered to indicate a statistically 
significant difference. The tumor volumes and weight data are 
represented as mean ± standard error.

Results

Hyperthermia by means of magnetic fluid in vivo. During 
hyperthermia, the tumor temperature increased to >43˚C in 
5 min and fluctuated ~43˚C with controlled strength of AMF. 
The rectum temperature remained ~30˚C (Fig. 1).

Histological analysis. Following hyperthermia, in groups II 
and IV, the surface of the majority of tumors scabbed and local 
necrosis occurred after 2-3 days. A large number of apop-
totic tumor cells were discovered with the characteristics of 
karyopyknosis and condensation. In addition, there was coagu-
lation necrosis in certain areas. The acidophilia increased and 
normal cell structure disappeared. Hemorrhagic lesions were 
detected in certain apoptotic and necrotic areas. There were 
numerous red blood cells around the necrotic tumor cells and 
angiorrhexis had occurred. The magnetic fluid was distributed 
between the apoptotic and necrotic areas (Fig. 2).

Figure 1. Induction of hyperthermia using an alternating magnetic field 24 h 
after magnetic fluid was injected. The tumor temperature was increased to 
>43˚C within 5 min, and was maintained at ~43˚C by controlling the strength 
of the alternating magnetic field. The rectum temperature was maintained 
at ~30˚C.
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In groups I and III, the sizes of tumors were increased with 
time and were regular with a smooth surface. The nucleoli were 
stained and karyokinesis was occasionally detected. There 
were a few ischemic necrotic tissues observed in the center.

IHC of Lewis lung cancer following MFH. Expression of 
HSP70, CD4-positive and CD8-positive T cells in Lewis lung 
cancer was investigated and the results are shown in Fig. 3. 
Without hyperthermia, staining for HSP70, CD4 and CD8 
had negative outcomes (Fig. 3A). However, following hyper-
thermia, HSP70, CD4 and CD8 were strongly expressed in the 
viable cells around the necrotic area, as shown in Fig. 3B-D.

Antitumor effects of hyperthermia. In groups I and III, the 
tumors grew progressively. In groups II and IV, the tumors 

grew slowly. On day 14 after treatment, the mass and volume 
inhibitory ratios of groups III and IV were IM=45.8 and 68.1%, 
and IV=37.8 and 71.4%, respectively. Therefore, the ratio 
of group IV was much higher than that of the other groups 
(Table I).

Discussion

MFH represents an innovative technique to heat deep-seated 
tumors, such as lung cancer. It may have several merits 
over conventional techniques employed for regional 
hyperthermia, including radiofrequency, microwave and 
ultrasound methods, which are often limited by their 
inability to selectively target the tumor tissue. The method 
of MFH is able to heat the specific tumor. Furthermore, 
the temperature during hyperthermia can be controlled by 
AMF, which allows the operator to induce the tumor cell 
apoptosis and necrosis without damaging the surrounding 
normal tissue.

Hyperthermia induces the expression of HSPs (11), such as 
HSP70, HSP90 and glucose-regulated protein 96. HSPs have 
a chaperone function for tumor antigens. The mechanism of 
antitumor immunity induced by MFH is possibly a proposed 
mechanism regarding antigen presentation by HSP70 expres-
sion during hyperthermia (12). One such mechanism is 
heat-induced enhancement of antigenic peptide presentation 
through major histocompatibility complex class I antigens of 
tumor cells, and therefore, enhanced tumor immunogenicity 
and subsequently augmented T-cell cross-priming (13). These 
results have suggested that HSP70 is an important modulator 
of tumor-cell immunogenicity during hyperthermia and CTLs 
are the effector cells.

Figure 2. Magnetic fluid is distributed between the apoptotic and necrotic 
areas, with a significant number of apoptotic and coagulation necrosis tumor 
cells in certain areas following hyperthermia (magnification, x400).

Table I. Volume and mass inhibitory rates of Lewis lung cancer in nude mice following treatment.

 Tumor volume, Volume Tumor mass, Mass inhibitory
Groups mean mm3 ± SE inhibitory rate, % mean g ± SE rate, %

Control 4,459.8±2,044.1 - 8.31±4.11 -
MFH 2,775.1±90.4 37.8a 4.51±0.25 45.8a

IL-2 3,875.8±1,284.1 13.1b 7.13±2.40 14.2b

MFH+IL-2 1,277.8±645.9 71.4a 2.65±1.21 68.1a

aP<0.01 and bP>0.05 vs. control group. SE, standard error; MFH, magnetic fluid hyperthermia; IL‑2, interleukin‑2.

Figure 3. Expression of HSP70, CD4-positive and CD8-positive T cells in Lewis lung cancer. (A) Without hyperthermia, staining for HSP70, CD4 and CD8 
was negative. (B‑D) However, following hyperthermia, HSP70, CD4, and CD8 were strongly expressed in the viable cells around the necrotic area (magnifica-
tion, x200). HSP, heat-shock protein; CD, cluster of differentiation.

  A   B   C   D
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The most noteworthy finding of the present study was that 
MFH combined with IL-2 improves the therapeutic effect 
on Lewis lung cancer in mice. IL-2 is a cytokine from the 
cytokine-receptor chain family with numerous functions, 
including stimulating the proliferation of T cells, inducing the 
production of NK cells and CTL generation, and facilitating 
the synthesis of immunoglobulins produced by B cells (14,15). 
IL-2 has been used in antigen-presenting cell-based tumor 
vaccines (16). This has already been approved for clinical use 
in patients with metastatic renal cell carcinoma and malignant 
melanoma (17,18). The study demonstrated that there was no 
substantial expression of CD4 or CD8 in the tumors injected 
with IL-2 and essentially the growth of the tumors was not 
inhibited, which suggests that IL-2 alone has a poor antitumor 
effect on lung cancer. This may be associated with the corre-
lation between the implication of IL-2 in the immunological 
regulation and the self-regulation of T lymphocytes, although 
the exact mechanism remains to be elucidated. In contrast to 
group III, the growth of the tumors in groups II (MFH) and IV 
(IL-2+MFH) was significantly inhibited, with the inhibition 
being more robust in group IV, suggesting that IL-2 could 
enhance the antitumor effect of MFH against lung cancer.

In conclusion, the present study has provided evidence that 
IL-2 treatment combined with MFH improved the therapeutic 
effect on lung cancer.
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