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Trichosanthin enhances anti-tumor immune response in a
murine Lewis lung cancer model by boosting the
interaction between TSLC1 and CRTAM

Yuchan Cai1, Shudao Xiong1, Yijie Zheng, Feifei Luo, Pei Jiang and Yiwei Chu

Trichosanthin (TCS), extracted from the Chinese medicinal herb Trichosanthes kirilowi, has shown promise for the inhibition of tumor

growth. However, its immunomodulatory effect on tumor–host interaction remains unknown. In this study, we focused on the effect of

TCS on murine anti-tumor immune response in the 3LL Lewis lung carcinoma tumor model and explored the possible molecular

pathways involved. In addition to inhibiting cell proliferation and inducing apoptosis in the 3LL tumor, TCS retarded tumor growth and

prolonged mouse survival more significantly in C57BL/6 immunocompetent mice than in nude mice. This reflected the fact that the

host immune system was involved in tumor eradication. Using FACS analysis, we found that TCS increased the percentage of effector T

cells, particularly Interferon-gamma (IFN-c) producing CD41 and CD81 T cells from tumor-bearing mice. TCS also promoted the

vigorous proliferation of antigen-specific effector T cells, markedly increased Th1 cytokine secretion and elicited more memory T cells

in tumor-bearing mice, consequently enhancing the anti-tumor response and inducing immune protection. Furthermore, we found that

TCS upregulated the expression of tumor suppressor in lung cancer 1 (TSLC1) in 3LL tumor cells and the expression of its ligand, class

I-restricted T cell-associated molecule (CRTAM), in effector T cells. Blocking TSLC1 expression with small interfering RNA (siRNA)

significantly eliminated the effects of TCS on the proliferation and cytokine secretion of effector T cells, suggesting that TCS enhances

anti-tumor immune response at least partially by boosting the interaction between TSLC1 and CRTAM. Collectively, our data

demonstrate that TCS not only affects tumor cells directly, but also enhances anti-tumor immunity via the interaction between TSLC1

and CRTAM. These findings may lead to the development of a novel approach for tumor regression.
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INTRODUCTION

Several dietary components found in plant-derived foods have been

recognized for their anti-carcinogenic properties in recent years.1, 2

Notably, these natural agents have fewer side effects than do many

synthetic agents.3

Trichosanthin (TCS), isolated from the root tubes of Trichosanthes

kirilowii Max,4,5 is a single-chain peptide with 247 amino acid resi-

dues.6,7 It has a broad spectrum of biological and pharmacological

activities, including the stimulation of abortion,8 suppression of

tumor growth9 and inhibition of HIV activity.10 TCS can inhibit

tumor cell proliferation via suppression of the PKC/MAPK signaling

pathway11 and induce apoptosis through downregulation of Bcl-2 and

upregulation of Bax.12 Additionally, TCS can induce apoptosis of JAR

cells via stimulating the production of reactive oxygen species.13

In addition to its direct effect on tumor cells, TCS shows immuno-

modulatory effects in naive mice. TCS has been found to be a T helper

2 (Th2)-type adjuvant that modulates the switching of immune res-

ponses to a Th2 pathway in a model of airway inflammation.14 It can

also induce the expression of Th2 cytokines, such as IL-4, IL-10 and

tumor-growth factor-b (TGF-b).15 In this way, TCS may induce Th2-

type, rather than Th1-type, immunity in normal or inflammation

conditions. However, the influence of TCS on immune response in

tumors remains unknown.

Recent studies have reported that TCS has a demethylation function

and can restore the activity of the tumor suppressor in lung cancer 1

(TSLC1), Syk and RASSF1A genes, indicating a possible mechanism

for TCS inhibition of tumor growth.3,16 TSLC1 is a tumor suppressor

gene that is widely expressed on stromal cells, but it is always lost

because of promoter hypermethylation in tumor tissue. Its ligand,

class I-restricted T cell-associated molecule (CRTAM), is only

expressed on activated T cells, and the interaction between TSLC1

and CRTAM may promote the proliferation of activated T cells and

their secretion of interferon (IFN)-c secretion, thereby enhancing the

anti-tumor effectiveness of T cells.17,18

In this study, we established an animal tumor model with the Lewis

lung cancer cell line (3LL) in C57BL/6 mice in order to determine

1These authors contributed equally to this work and should be considered as co-first authors.
Department of Immunology, Shanghai Medical College, Key Laboratory of Molecular Medicine of Ministry of Education, Fudan University, Shanghai, China

Correspondence: Dr YW Chu, Department of Immunology, Shanghai Medical College, Key Laboratory of Molecular Medicine of Ministry of Education, Fudan University, 138
Yixueyuan Road, Shanghai 200032, China.
E-mail: yiwei_chu@126.com

Received 25 January 2011; revised 2 April 2011; accepted 7 April 2011

Cellular & Molecular Immunology (2011) 8, 359–367
� 2011 CSI and USTC. All rights reserved 1672-7681/11 $32.00

www.nature.com/cmi

www.nature.com&sol;cmi


whether TCS is involved in the induction of anti-tumor immune

response in tumor-bearing hosts.

MATERIALS AND METHODS

Mice

Female C57BL/6 (H-2b) mice and nude mice aged at 4–6 weeks

were purchased from Shanghai Experimental Center, Chinese

Academy of Science, and housed in a pathogen-free environment

in center of Laboratory Animal, Fudan University. All animal

experiments were performed according to the Guide for the Care

and Use of Medical Laboratory Animals (Ministry of Health, China,

1998) and with the ethical approval of the Shanghai Medical

Laboratory Animal Care and Use Committee as well as the

Ethical Committee of Fudan University.

Cell culture

The 3LL cell line (mouse Lewis lung cancer cell line) and FBL3 cell

line (erythroleukemia cells) were purchased from Chinese Academy

of Science. Tumor cell lines were cultured at 37 uC under 5% CO2

in a RPMI 1640 (Gibco, Grand Island, NY, USA) medium contain-

ing 10% heat-inactivated fetal bovine serum and supplemented

with 2 mM glutamine, 100 IU/ml penicillin and 100 mg/ml strep-

tomycin sulfate.

Cell growth inhibitory activities

Cell growth-inhibitory activities of TCS on 3LL cells were evaluated by

CCK-8 assay (Cell Counting Kit-8; Dojindo, Kumamoto, Japan). 3LL

was seeded in 96-well plates (Corning, New York, USA) at a plating

density of 13104/well, 24 h later, cells were exposed to TCS (Shanghai

Jinshan Pharmaceutical Factory, Shanghai, China) at various doses (0,

25, 50 and 100 mg/ml) in fresh RPMI 1640 medium. TCS was diluted

by phosphate-buffered saline (PBS). Four replicate wells for each treat-

ment dose were performed. The plate was placed at 37 uC in 5% CO2

for various time points (24, 48 and 72 h), and then the wells were

added into 10 ml CCK-8 reagent for appropriate time at 37 uC, and

measured at 450 nm by the Bio-Rad Microplate Reader 680.

Absorbance of untreated cells was considered as 100%. Results are

expressed as a calculated ratio of (A450 of cells cultured in the presence

of TCS2A450 of blank)/(A450 of cells cultured in the absence of

TCS2A450 of blank).

Generation and treatment of tumor-bearing mice

Tumor-bearing mice were constructed as previously described.19

Briefly, immunocompetent C57BL/6 (H-2b) mice or nude mice were

injected with 53104 3LL tumor cells subcutaneously in the right

anterior mammary region (day 0) and 4 days later, mice were ran-

domly divided into two groups (n56/group) and treated with (0.4

mg/kg/qod 35 days, s.c.) or with equal volume of PBS on day 4, and

continued to inject once every other day for total five times. Mice were

monitored for evidence of tumor growth by palpation and inspection,

and tumor size was measured with a digital caliper every 2 or 3 days.

Tumor size was estimated according to the following formula: the

maximal diameter3the perpendicular diameter. When tumor area

was assessed to be o144 mm2, the mouse was regarded as dead. The

survival of the tumor-bearing mice was also observed by daily assess-

ment for over 100 days and rechallenged by 13106 FBL3 and observed

as above. All animals used in the experiments were treated humanely

in accordance with Institutional Animal Care and Use Committee

guidelines.

Flow cytometry

Nonspecific staining was blocked with fetal bovine serum (FBS) and

stained with 1 ml /13106 cells of FITC-CD3, PerCP-CD4, PE-CD8,

FITC-CD44 and PE-CD62L (eBioscience, San Diego, CA, USA)

and Annexin-V-FLUOS kit (Roche, Basel, Switzerland). Staining

was performed at 4 uC for 30 min. Intracellular immuneofluores-

cent staining of FITC-IFN-c and FITC-IL-4 and FITC-Foxp3

(eBioscience) were performed using Fixation/Permeabilization Kit

(eBioscience) as instructed by the manufacturer. Cell-bound fluor-

escence was measured on a FACS FC500 and analyzed with CXP

analysis software (Beckman, Miami, FL, USA).

Sorting of T cells

Splenocytes from naive or 3LL tumor-bearing C57BL/6 mice were

obtained to isolate CD41 cells and CD81 cells by a Magnetic

Activated Cell Sorting (MACS) system (Miltenyi Biotec, Aubum,

CA, USA) according to the manufacturer’s protocol. CD41 and

CD81 lymphocytes were routinely 98% pure as determined by flow

cytometry and were mixed as total T cells. Purified T cells were cul-

tured at a density of 43106 cells/ml in 24-well plates with RPMI 1640

medium supplemented with 10% FCS and CD3e/28-Biotin

MACSiBead Particles for 24 h (bead-to-cell ratio 1 : 1), which was

considered to be activated effector T cells.

Silencing of TSLC1 gene in 3LL cells

3LL cells were individually plated subconfluently onto each well of

six-well tissue culture plates 24 h before transfection. Transient

transfection of small interfering RNA (siRNA) pool of TSLC1 gene

or non-targeting siRNA pool (Santa Cruz Biotechnology, Santa

Cruz, CA, USA) at a final concentration of 50 nM was accomp-

lished with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s protocol. Culture medium was

replaced with complete RPMI 1640 medium after overnight incuba-

tion and continued to culture for 24 h. The transfected or non-

transfected cells were exposed to TCS (50 mg/ml) or PBS for

another 24 h and were harvested for independent western blot

analysis, RNA extraction and real-time RT-PCR or flow-based pro-

liferation assay of T-cells in vitro.

Cell proliferation assay in vitro

T cell proliferation was assessed by BrdU incorporation using a BrdU

ELISA colorimetric assay (Roche).20 Briefly, magnetic bead-purified

mouse T cells were cultured at a 1 : 10 ratio with inactivated 3LL cells in

96-well plates. T-cell proliferation was then measured after a 4-day

culture period by analysis of BrdU incorporation according to the

manufacturer’s protocol. Results are expressed as the percentage of

proliferation of responder T cells alone.

ELISA

MACS-sorted T cells from tumor-bearing mice were adjusted to

13107 cells/ml with complete RPMI 1640 medium and added to each

well of 24-well tissue culture plates coated with CD3 antibody. The

transfected or non-transfected 3LL cells were treated with or without

TCS (50 mg/ml) and were then inactivated by MMC, added

(53105 cells/ml) to each well of the appropriate plate. The cells were

co-incubated at 37 uC in 5% CO2 for 4 days. Supernatants were col-

lected for the cytokine level analysis of IL-2 and IFN-c by the ELISA Kit

(eBioscience) according to the manufacturer’s protocol. In addition,

the pelleted cells were harvested to extract total cellular RNA for real-

time RT-PCR.
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RNA extraction and real-time RT-PCR

The co-incubated T cells and sorted T cells from splenocytes were

collected at indicated time points and total cellular RNA was pre-

pared using Trizol reagent (Invitrogen) according to the manufac-

turer’s protocol. One microgram RNA was reverse transcribed into

single-stranded cDNA using PrimeScript RT reagent Kit (Perfect

Real Time) (TaKaRa, Kyoto, Japan) according to the manufac-

turer’s instructions. The real-time RT-PCR assays were performed

using the 7500 Real-Time PCR System for quantitative mRNA

detection and with FastStart Universal SYBR Green Master Kit

(Roche, Basel, Switzerland). The primers for real-time PCR were:

mouse CRTAM: 59-GCCAAACGCTCACTCTAACG-39 (forward)

and 59-GAAAGGAGTCACTAACACGGTCA-39 (reverse); GAPDH:

59-TGCACCACCAACTGCTTAGC-39 and 59-GCATGGACTGT-

GGTCATGAG-39 (reverse). The relative level of the gene expression

was obtained by calculating the ratio of threshold cycle numbers of

the initial exponential amplification phase as determined by the

Real-Time PCR System for the specific target gene and GAPDH.

All experiments were performed in duplicate.

Western blot

Total proteins were extracted for western blot analyses in order to

determine the expression levels of TSLC1. Western blot were done

as described previously.2 Briefly, total cell protein was extracted using

RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen,

China) including Complete Protease Inhibitor Cocktail (Roche,

Basel, Switzerland) and the concentration was determined using the

BCA Kit (Wuxi, China). Then, 20 mg of protein was loaded and elec-

trophoresed on a 12% sodium dodecyl sulfate–polyacrylamide gel

electrophoresis gel, transferred to polyvinylidine fluoride (PVDF)

Figure 1 TCS inhibited 3LL tumor growth both in vitro and in vivo. (a) 3LL tumor cells were treated for 24, 48 and 72 h in a 96-well plate in the presence of different

doses of TCS (0, 25, 50 and 100 mg/ml). CCK-8 was added to the wells at the appropriate time and then detected at an optical density of 450 nm. (b) 3LL tumor cells

were cultured in the absence or presence of 50 mg/ml TCS (IC50 was about 50 mg/ml). After 48 h, cells were harvested, stained with PI/Annexin V and then analyzed by

flow cytometry. Nude mice (c) and C57BL/6 mice (d) were injected subcutaneously in the right inguinal region with 53104 3LL tumor cells per mouse. TCS was injected

subcutaneously on day 4 and then once every other day for a total of five injections. PBS was injected subcutaneously as a control. Mice with a tumor area reaching

144 mm2 were put to death. Data represent the mean value6s.e.m. from three independent experiments. *P,0.05, **P,0.01 and ***P,0.001. PBS, phosphate-

buffered saline; PI, propidine iodide; TCS, trichosanthin.
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membrane. Membranes were blocked for 1 h in 5% dried milk in

TBST at room temperature and probed with first antibody TSLC1

(Santa Cruz Biotechnology; 1 : 1000 dilution) and GAPDH (Cell

Signal, Danvers, MA, USA; 1 : 5000 dilution) overnight at 4 uC with

gently rotation. After extensive washing with TBST, the membranes

were incubated with a horseradish peroxidase-conjugated species-

specific secondary antibody (Cell Signal; 1 : 50 000 dilution) for 1 h

at 37 uC with gently rotation. After four additional washes, the

immunoreactive bands were visualized by enhanced chemilumin-

escence (Thermo Scientific, Rockford, IL, USA) detection and

quantitated by densitometry scanning.

Statistical analysis

Statistical analyses of the data were done using a one-way analysis of

variance or Kruskal–Wallis test with PRISM 5.0 (GraphPad Software

Inc., San Diego, CA, USA). P values less than 0.05 were considered

statistically significant.

RESULTS

TCS inhibited tumor proliferation in vitro

To investigate the direct effect of TCS on tumor cells in vitro, 3LL cells

were treated with different doses of TCS (25, 50 and 100 mg/ml). Cell

viability was then detected with a CCK-8 assay which is a redox

assay similar to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide. Our data showed that TCS inhibited the proliferation of 3LL

cells in a time- and dose-dependent manner (Figure 1a). In addition,

PI/Annexin V analysis revealed that a high percentage of 3LL cells

underwent apoptosis after treatment with TCS for 48 h. The percent-

age of apoptotic 3LL cells increased from 9.01% to 48.00% (Figure 1b).

TCS inhibited tumor growth and prolonged survival more

significantly in immunocompetent mice than in nude mice

To further investigate the effect of TCS on tumor cells in vivo, both

C57BL/6 immunocompetent mice and nude mice were injected sub-

cutaneously into the right flank with 53104 3LL tumor cells in 100 mL

PBS. Beginning 4 days later, TCS (0.4 mg/kg) was injected next to the

tumor site every 2 days, for a total of five injections. The mice were

killed when the tumor area reached 144 mm2, and the survival times

(in days) were recorded. Interestingly, we found that TCS inhibited

tumor growth and prolonged survival more significantly in C57BL/6

immunocompetent mice than in nude mice. Tumor growth in the

TCS-treated C57BL/6 mice was completely inhibited after day 13,

and the mouse survival rate reached 100% (Figure 1d). However,

tumor growth in the TCS-treated nude mice slowed temporarily dur-

ing the first 12 days but then quickened in the following days

(Figure 1c). These results suggested that the anti-tumor effect of

TCS was mediated not only through a direct effect on tumor cells

but also by the host immune system.

Figure 2 TCS reduced the percentage of CD81 T cells and their IFN-c production in naive mice. T cells in (a) the LNs and (b) spleen from naive C57BL/6 mice following

treatment with TCS or PBS were stained with fluorescent antibodies and detected by FACS. Foxp3 levels and cytokine production of CD41 and CD81 T cells derived

from LN and spleen tissue were also analyzed by detecting intercellular cytokine and Foxp3 expression. *P,0.05. IFN, interferon; LN, lymph node; PBS, phosphate-

buffered saline; TCS, trichosanthin.
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TCS decreased the percentage of CD81 T cells and their IFN-c
production in naive mice

In order to investigate the immunomodulatory effect of TCS, we

focused on its influence in a normal host and analyzed the changes

of lymphocyte subsets by FACS. As shown in Figure 2a and b, TCS

decreased the percentage of CD31/CD81 T cells in both the lymph

nodes and the spleen, but the percentage of CD31/CD41 T cells, as

well as that of regulatory T cells, was not significantly changed. In

addition, the percentages of other immune cells, such as B cells, nat-

ural killer (NK) cells and dendritic cells (DCs), showed no significant

change (data not shown). Next, we detected the cytokine production

of T cells from naive mice treated with TCS. The percentage of CD81/

IFN-c1 cells was markedly decreased in both the lymph node and the

spleen. These data indicated that the therapeutic dose of TCS slightly

inhibited the naive immune response, a result similar to those of other

studies.21,22

TCS increased the percentage of CD81 T cells and their IFN-c

production in tumor-bearing mice

In naive mice, TCS slightly decreased the percentage of CD81 T cells

and their cytokine production. However, immunocompetent mice

were more resistant to tumor growth following treatment with TCS

than nude mice, indicating that the immune response was involved in

the tumor regression (Figure 1d). Therefore, we analyzed the changes

in the immune pattern in the 3LL Lewis tumor model following TCS

treatment. Lymphocytes from lymph nodes (Figure 3a) and spleen

(Figure 3b) were analyzed by FACS. Compared with the control group,

the TCS-treated tumor-bearing mice had significantly elevated per-

centages of CD31 T cells, CD41 T cells and CD81 T cells. The per-

centage of regulatory T cells was also downregulated slightly, but not

to a statistically significant extent. However, the percentages of other

immune cells—such as B cells, natural killer cells and dendritic cells—

showed no significant change (data not shown).

Unlike the naive mice, the tumor-bearing mice showed both a

marked increase in the percentage of CD41/IFN-c1 cells and a sig-

nificant decrease in IL-4-producing CD41 T cells, in both the lymph

nodes (Figure 3a) and the spleen (Figure 3b). The percentage of IFN-c-

producing CD81 T cells was also elevated significantly. These data

suggested that TCS induced a Th1-type pattern of cell-mediated

immune response in the tumor-bearing mice that benefited the

anti-tumor activity.

TCS induced tumor-specific immune protection in tumor-bearing

mice

To assess whether TCS can induce a long-term anti-tumor immunity

against parent tumor re-challenge, 3LL cells were injected into the left

inguinal region of TCS-treated mice that had survived over 100 days.

As a control, FBL3 tumor cells were inoculated into the right inguinal

region. Naive mice treated in the same manner were used as another

control. The TCS-treated mice were able to completely reject the

second attack of 3LL tumor cells, whereas 3LL tumors grew persis-

tently in the normal mice (Figure 4a). Meanwhile, the FBL3 tumors

Figure 3 TCS increased the percentage of T cells and the cytokine production in tumor-bearing mice. T cells derived from (a) the LNs and (b) spleen of TCS-treated

tumor-bearing mice were stained with fluorescent antibodies. Foxp3 and cytokine production of CD41 and CD81 T cells were also analyzed by detecting intercellular

expression. *P,0.05. LN, lymph node; TCS, trichosanthin.
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grew rapidly in both groups of mice without any significant

difference—an indication that a specific anti-tumor effect had been

elicited. Furthermore, the proportion of memory T cells (CD441

CD62L2) in the TCS-treated group was markedly elevated in both

CD41 (Figure 4b and c) and CD81 (Figure 4d and e) T cells in both

the lymph nodes (Figure 4b and d) and the spleen (Figure 4c and e).

These results indicated that TCS-treated tumor-bearing mice bore a

specific immune protection against 3LL tumors.

TCS upregulated the expression of TSLC1 on 3LL cells and CRTAM

on T cells

To further elucidate the underlying mechanisms for the effects of TCS,

we wished to test whether the tumor suppressor protein TSLC1 and its

ligand, CRTAM, were involved in the enhancement of the immune

response by TCS. We first used siRNA of the TSLC1 gene to block the

expression of TSLC1. Western blot analysis indicated that TCS signifi-

cantly upregulated the expression of TSLC1. However, this effect was

eliminated when it was silenced with siRNA (Figure 5a). Moreover, the

expression of CRTAM by T cells was augmented when T cells were

cocultured with TCS-treated and MMC-inactivated 3LL cells and was

downregulated when T cells were cocultured with TSLC1-silenced and

MMC-inactivated 3LL cells (Figure 5b). Furthermore, in vivo experi-

ments showed that TCS prolonged the expression of CRTAM on T

cells acquired from tumor-bearing mice (Figure 5c). These results

indicated that TCS could upregulate the expression of TSLC1 and

CRTAM and may boost the interaction between these molecules.

TCS enhanced the proliferation and cytokine secretion of T cells

To confirm the possibility that enhancing the interaction between

TSLC1 and CRTAM could augment the activity of T cells purified

from tumor-bearing mice, we used BrdU ELISA colorimetric assay

to assess T-cell proliferation under the conditions indicated in

Figure 5. The specific cell proliferation capacity was markedly

increased compared with the control group and was decreased when

Figure 4 Tumor-bearing mice treated with TCS were resistant to rechallenge with 3LL tumor cells. (a) Mice bearing 3LL tumors that had been treated with TCS and

remained tumor-free for 100 days were rechallenged with 3LL tumor cells (13105) implanted subcutaneously in the left inguinal region and FBL3 tumor cells (13106)

implanted subcutaneously in the right inguinal region. T cells from the (b, d) lymph node and (c, e) spleen were collected and stained with (b, c) anti-CD4 or (d, e) anti-

CD8 antibody combined with anti-CD44 and anti-CD62L antibody. CD441CD62L– cells are known to be memory cells.35 **P,0.01 and ***P,0.001. TCS,

trichosanthin.
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Figure 5 TCS upregulated TSLC1 expression on 3LL tumor cells and CRTAM expression on T cells. (a) 3LL tumor cells were transfected with TSLC1 siRNA pool or

siRNA-NC pool. After 48 h, the medium was refreshed, and cells were treated with TCS (50 mg/ml) or PBS. After a further 24-h culture, a group of 3LL cells was

harvested, and the total cell protein was extracted for an independent western blot analysis of TSLC1. (b) Another group of 3LL cells was inactivated with MMC and

cocultured with T cells isolated from the spleens of tumor-bearing mice. After 12 h, we collected the cocultured T cells and extracted the total RNA for analysis of the

expression of CRTAM by real-time RT-PCR. (c) T cells from tumor-bearing mice treated with TCS or PBS were collected and cocultured with or without MMC-treated

3LL tumor cells for 6 h. The mRNA level of CRTAM was also detected by real-time RT-PCR. *P,0.05. CTRAM, class I-restricted T cell-associated molecule; MMC,

mitomycin C; PBS, phosphate-buffered saline; TCS, trichosanthin; TSLC1; tumor suppressor in lung cancer 1.

Figure 6 The proliferation of T cells and related cytokine secretion after coculture with TCS- or PBS-treated 3LL cells. MMC-inactivated 3LL cells were cocultured for 4

days with T cells acquired from tumor-bearing mice. (a) The specific proliferation of T cells was measured by BrdU incorporation. (b) The secretions of IFN-c and IL-2

were detected by ELISA. *P,0.05. IFN, interferon; MMC, mitomycin C; PBS, phosphate-buffered saline; siRNA, small interfering RNA; TCS, trichosanthin; TSLC1;

tumor suppressor in lung cancer 1.
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TSLC1 was silenced with TSLC1 siRNA (Figure 6a). In addition, the

secretion of Th1-type cytokines, such as IFN-c and IL-2, was signifi-

cantly elevated, and this effect was eliminated when TSLC1 was

silenced (Figure 6b). Therefore, TCS may enhance the anti-tumor

immune response in this model at least partly by strengthening the

interaction between TSLC1 on 3LL cells and CRTAM on T cells.

DISCUSSION

Increasing evidence over the past 20 years has indicated that TCS is

cytotoxic in a variety of tumor cell lines both in vitro and in vivo.4 Thus,

TCS is considered to be a potential biological agent for cancer treat-

ment.23 It is capable of inhibiting protein synthesis and consequently

inducing necrosis or apoptosis. However, the molecular basis of this

effect has not yet been elucidated. TCS may stimulate the production of

reactive oxygen species and induce apoptosis of tumor cells.24,25

Mutation of the mistletoe lectin A chain (E166N and R169N) causes

a concomitant decrease in ribosome-inactivating activity and apoptosis,

suggesting that apoptosis may be a result of ribosome inactivation.26 In

addition, TCS-induced tumor cell apoptosis can be enhanced by dex-

amethasone through inhibition of the NF-kappaB signaling pathway.27

In the present study, we demonstrated that TCS inhibited 3LL Lewis

lung cancer growth both in vitro and in vivo. Moreover, TCS inhibited

tumor growth and prolonged mouse survival more significantly in

immunocompetent mice than in immunodeficient nude mice.

Dysfunction of the host’s immune system can result from T-cell

anergy, the existence of regulatory T cells, systemic defects of dendritic

cells, deficient expression of immunomodulatory molecules and secre-

tion of immunosuppressive cytokines by tumor cells.28 All of these can

lead to a failure to mount a proper and specific anti-tumor immune

response and are thus the key factors inhibiting the success of cancer

immunotherapy. Unfortunately, previous studies indicated that TCS

induced an immunosuppressive response. TCS augmented a Th2,

rather than Th1, immune response in an inflammatory condition.14

Also, TCS induced HLA-associated immune suppression by activating

IL-4/IL-10-secreting T cells, which might belong to the CD81 Th2

subset.29 Such a suppression effect of TCS was evoked only if bone

marrow-derived dendritic cells—instead of purified T cells—were

treated with TCS in an ovalbumin (OVA)-specific T–BDC inter-

action.14 In our study, we observed a TCS-induced decrease in the

percentage of CD31CD81 T cells in the lymph nodes and spleen of

naive mice. By contrast, TCS increased the percentage of CD31 and

CD81 T cells and the production of Th1-type cytokines in tumor-

bearing mice, resulting in an enhancement of the anti-tumor immune

response.

In addition, we looked at the changes in some important immune-

related molecules on 3LL tumor cells after TCS treatment and found

that levels of MHC class I and costimulatory molecules (such as CD86,

H-2K and H-2D) were obviously raised compared with the control

group (data not shown). These results suggested that alteration of

immunogenicity and antigenicity of tumor cells might be involved

in the enhancement of the anti-tumor immune response by TCS in

tumor-bearing mice.

Furthermore, the apoptosis of HeLa cells by TCS has been reported

to be closely related to the methylation of tumor suppressor genes,

such as TSLC1, Sky, p16 and RASSF1A.3,30 The universal demethyla-

tion role of TCS may be the mechanism behind its ability to induce

apoptosis and inhibit tumor growth. Our data showed that TCS upre-

gulated the expression of the tumor suppressor gene TSLC1 on tumor

cells, along with the expression of its ligand, CRTAM, on activated T

cells.31,32 Blocking TSLC1 expression with siRNA eliminated the effect

of TCS on T cells. The interaction between TSLC1 and CRTAM may

promote the proliferation of activated T cells and the secretion of IFN-

c thereby enhancing the anti-tumor effects of T cells.33,34 We speculate

that the increase of CRTAM on T cells was caused by the high express-

ion of TSLC1 on TCS-treated tumor cells. TCS boosted the interaction

between TSLC1 and CRTAM, thereby causing both an enhancement

of the anti-tumor immune response in tumor-bearing mice and a

Th2-like immune pattern in naive mice. It remains to be seen whether

the presentation of dendritic cells and the activation of natural killer

(NK) cells are involved in this process.

In summary, our data indicate that, in addition to having direct

toxic effects on tumor cells, TCS can enhance the anti-tumor immune

response. This is done, at least partially, by boosting the interaction

between TSLC1 and CRTAM. These findings provide a theoretical and

experimental basis for the potential application of TCS as an anti-

tumor drug and will also aid the development of new strategies using

immune-based therapeutic interventions or the combination of

chemotherapy and immunotherapy against cancers.
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