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Abstract Recent studies suggested that the histidine

residues at 118 and 122 play an important role for the

toxicity of staphylococcal enterotoxin C subtype 2 (SEC2),

and the substitutions of both histidines with alanine can

severely impair the fever activity of SEC2. We hypothe-

sized that promising SEC2 antitumor agent with low tox-

icity and enhanced superantigen activity can be constructed

by introducing related mutations at protein functional sites

of SEC2. We showed that the SEC2 mutants H122A and

H118A/H122A exhibited improved superantigen activity

after introducing the point mutations at Thr20 and Gly22.

A resultant mutant, named as SAM-3, has considerable

abilities to inhibit the growth of H22 and Hepa1-6 tumor

cells in vitro and colon 26 solid tumor in vivo. Further-

more, SAM-3 also exhibits significantly reduced toxicity

compared with native SEC2. The study provides a novel

strategy for designing promising superantigen immuno-

therapeutic agent. The constructed SEC2 mutant SAM-3

can be used as a powerful candidate for cancer immuno-

therapy and could compensate the deficiency caused by

toxicity of native SEC2 in clinic.

Keywords Staphylococcal enterotoxin C2 � Site-directed

mutagenesis � Superantigen � Immunotherapy

Introduction

As a family of toxin secreted by Staphylococcus aureus,

staphylococcal enterotoxins (SEs) have been extensively

studied based on their superantigen activity [1]. Unlike

conventional antigen, it is notable that SEs can directly

bind to the outside of the antigenic groove of major his-

tocompatibility complex class II (MHC II) molecules

without being processed by antigen-presenting cells (APC),

then stimulate vigorous proliferation of T cell bearing

certain T-cell receptor (TCR) beta-chain variable regions

(Vb) [1, 2]. As a result, the activated polyclonal T cells

release large amounts of various cytokines such as IL-2,

IFN-c, and TNF-a [1]. Moreover, SEs also direct strong

cell-mediated cytotoxicity preferentially against MHC II-

positive target cells [3]. Therefore, the immunomodulatory

activity induced by SEs has been extensively studied for

antitumor immunotherapy [4–6].

SEC2, a subtype of staphylococcal enterotoxin type C

(SEC) [7], has been used in clinics as a supplementary

therapeutic agent for malignant tumor treatment in China,

and some encouraging results have been reported [8].

Moreover, studies focused on targeted delivery [9] or dose

administration [10] of this toxin have been performed

recently. However, as a bacterial toxin, SEC2 can also

cause fever, emesis, and some other side effects because of

its nonspecific binding to MHC II-positive tissues, which

seriously limit its clinical application for antitumor

immunotherapy. Although some efforts have been per-

formed to reduce the side effects by altering the binding

ability of SE to MHC II molecules [11, 12], the antitumor
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activities of those modified proteins were also severely

reduced compared with the native SE.

Our previous study has showed that the histidine resi-

dues at positions 118 and 122 play important roles for

SEC2-induced toxic activities [13]. The substitution of

His118 and His122 with Ala can significantly reduce the

toxicities of SEC2, although the antitumor activity of SEC2

has a modest decrease, suggesting the possibility of

developing novel SEC2 immunotherapeutic agent with low

toxicity.

Moreover, earlier studies suggested that the residues at

positions 20 and 22 reside in a putative TCR binding

domain of SEC2, and the mutation of these residues might

affect SEC2 superantigen activity [14–16]. It had been

shown that the substitutions of Leu and Glu for Thr and

Gly separately at positions 20 and 22 can significantly

enhance the superantigen activity and antitumor activity of

SEC2 [17]. Therefore, our hypothesis is that the introduc-

tion of point mutations at positions 118 and 122 into the

SEC2(T20L/G22E) mutant can potentially reduce its tox-

icity without affecting the antitumor activity. Here, we

reported that SAM-3, one of the constructed SEC2 mutants,

exhibits the improved antitumor activity. And more

importantly, which retains low level of toxicity compared

with wild type SEC2. The findings described here provided

a novel strategy for developing superantigen antitumor

agent, and the constructed mutant SAM-3 can be poten-

tially used for immunotherapeutic agent.

Materials and methods

Plasmids, bacterial strains, and cell lines

Expression vector pET-28a(?) was purchased from

Novagen (USA). The recombinant expression vector pET-

28a-SEC2(T20L/G22E) was constructed in our laboratory,

which contains full length SEC2(T20L/G22E) cDNA

sequence. The expression strains for histidine mutants were

constructed in our laboratory and were preserved at -70�C

by containing 50% glycerin. E. coli BL21(DE3) (Novagen)

was used as expression host for the vectors carrying target

DNA fragments. The E. coli strains in this study were

grown aerobically at 37�C in Luria broth (LB) medium

containing the following antibiotics: kanamycin (50 lg/

ml), according to the requirement for maintaining the

plasmids.

Murine hepatoma cell lines Hepa1-6, H22, and murine

colon tumor cells line colon 26 were obtained from the

American Type Culture Collection (ATCC) and main-

tained in RPMI 1640 supplemented with 10% fetal bovine

serum (FBS).

Animals

Female BALB/c mice (6–8 weeks old, 20–25 g) and adult

New Zealand white rabbits weighing from 2.0 to 2.5 kg

were supplied by the experimental animal center, China

Medical University (Shenyang, China). The animals were

maintained under specific pathogen-free conditions on a

12 h light–dark cycle.

The animals were allowed to acclimate to the facility for

at least 1 week before use. All experiments were carried

out under the guiding principles for the care and use of

laboratory animals approved by Animal Care Committee of

China Medical University.

Chemicals and enzymes

Isopropyl-D-thiogalactopyranoside (IPTG) and methylthi-

azol tetrazolium (MTT) were purchased from Sigma

Chemical Co (St. Louis, Mo.); restriction enzymes and Pfu

DNA polymerase were from Takara Biotechnology Co

(Dalian, China); prestained protein molecular weight

marker was purchased from Fermentas (Vilnius, Lithua-

nia). Ni–NTA agarose was from Qiagen Gmbh (Hilden,

Germany); DNA gel extract kit and Mini-preparation of

plasmid kit were from BioDev-Tech Co (Beijing, China).

Site-directed mutagenesis

The recombinant expression vector pET-28a-SEC2(T20L/

G22E) was used as the template for constructing the

mutated SEC2 gene. Single amino acid substitutions of

SEC2(T20L/G22E) gene were introduced using sequence

overlap extension [18]. Mutants with multiple mutations

were constructed by sequential mutagenesis. All primers

used for sited-directed mutagenesis were listed in Table 1.

All PCR-generated fragments were digested with EcoRI

and XhoI, and ligated into plasmid pET28a(?) digested

with the same enzymes. Each constructed plasmid was then

transformed into E. coli BL21(DE3) separately and iden-

tified by DNA sequence analysis.

Expression and purification of SEC2 mutants in E. coli

For expressing mutated proteins, overnight cultures of

transformed E. coli BL21(DE3) were inoculated at a ratio of

1:100 into LB medium supplemented with 50 lg/ml kana-

mycin. Cells were incubated at 37�C with vigorous shaking

until the OD600 reached 0.5, then generation of the mutant

protein was induced by the addition of 1.0 mM IPTG, and

then the cells were grown at 30�C for 4 h with vigorous

shaking. The cells were then harvested by centrifugation at

3,000g for 10 min and stored at -70�C for use.
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The cell pellet was resuspended in ice-cold lysis buffer

(50 mM NaH2PO4, 500 mM NaCl, 10 mM imidazole, pH

7.9) and disrupted by sonication on ice. The cell lysate was

clarified by centrifugation at 12,000g for 30 min. The

supernatants were collected and loaded onto the Ni-satu-

rated chelating sepharose column preequilibrated with lysis

buffer. After nonspecifically bound host proteins were

washed off with wash buffer (50 mM NaH2PO4, 500 mM

NaCl, 40 mM imidazole, pH 7.9), the mutant SEC2 protein

bound to the resin specifically was eluted with wash buffer

containing 250 mM imidazole and dialyzed against PBS

(137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM

KH2PO4, pH 7.4) at 4�C for 48 h.

The concentrations of mutated proteins were determined

by Bradford assay using bovine serum albumin (BSA) as

the standard [19]. The purified proteins were analyzed with

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS–PAGE) and confirmed by Western blot with mouse

anti-His tag antibody (cell signaling).

Murine T-cell proliferation assay

Splenocytes from 6- to 8-week-old BALB/c female mice

were used in T-cell proliferation assay [20]. Splenocytes

were seeded into the wells of 96-well microtiter plates at a

density of 8 9 105 cells per well in RPMI 1640 medium

containing 10% FBS, 15 mM HEPES, 100 U/ml penicillin

G, and 100 lg/ml streptomycin. Serial tenfold dilutions of

native SEC2 and SEC2 mutants made in RPMI 1640 were

added to each well, starting with 10,000 ng/ml and with

dilution to 10 ng/ml. RPMI 1640 medium served as the

negative control. The splenocytes were grown at 37�C with

5% CO2 for 72 h.

The proliferation of splenocytes was determined by

MTT assay as previously described [21]. Briefly, after

incubation for 72 h, 25 ll of 5 mg/ml MTT dissolved in

PBS was added to each well, and the plate was incubated at

37�C for 4 h. The cells were collected by centrifugation for

10 min at 1,000g. The pellet was redissolved in 120 ll

DMSO at room temperature for 10 min, and the absor-

bance was measured with a microplate reader at 570 nm

wavelength and a reference wavelength of 630 nm, and the

final absorbance value is the difference between the

absorbance read at 570 nm and the absorbance read at

630 nm. The proliferation effect was reported as prolifer-

ation index (PI), PI = Abs value in experimental groups/

Abs value in negative control groups.

Antitumor activity assays in vitro

Splenocytes were used as effector cells, and tumor cells

Hepa1-6 and H22 were separately used as target cell.

Diluted mutants and SEC2 were separately added to

96-well plate at 10, 100, 1,000, or 10,000 ng/ml in tripli-

cate. Target cells (2 9 104 cell/well) were mixed with

splenocytes at effector : target (E:T) ratio of 30:1 in each

Table 1 Summary of SEC2 mutants used in this study

Protein

designation

Amino acid substitutiona Template Primersb Source or

reference

H118A His118 ? Ala; Sec2 P1: 50GGAATAACAAAAGCTGAAGGAAACCAC 30 13

P2: 50 GGTTTCCTTCAGCTTTTGTTATTCC 30

SAM-1 His118 ? Ala; Sec2(T20L/G22E) P1, P2 This work

Thr20 ? Leu;

Gly22 ? Glu

H122A His122 ? Ala Sec2 P3: 50GGAAACGCCTTTGATAATGGGAAC 30 13

P4: 50 CCATTATCAAAGGCGTTTCCTTC 30

SAM-2 His122 ? Ala; Sec2(T20L/G22E) P3, P4 This work

Thr20 ? Leu;

Gly22 ? Glu

H118A/H122A His118 ? Ala; Sec2 P1, P2; P3, P4 13

His122 ? Ala

SAM-3 His118 ? Ala;

His122 ? Ala;

Sec2(T20L/G22E) P1, P2; P3, P4 This work

Thr20 ? Leu;

Gly22 ? Glu

a Specific amino acid substitution
b The primers were designed for amino acid substitution. The sequences of mutant residues are indicated in boldface
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well and incubated for 48 h in humidified incubator at

37�C, 5% CO2. The blank wells (RPMI 1640 medium

only), unsettled Hepa1-6 cells or H22 cells control wells

(tumor cells only), and murine lymphocytes-releasing wells

(lymphocytes and proteins) were used as control. PBS was

used as negative control.

Inhibition of tumor cells growth by SEC2 or mutants

induction was determined by MTT assay described previ-

ously. Tumor growth inhibition (%) was calculated with

the equation: 100 - [(Abs value in protein-treated cells

well - Abs value in lymphocytes-releasing well)/(Abs

value in unsettled tumor cells control wells - Abs value in

blank control wells)] 9 100.

In vivo tumor model

Murine colon 26 tumor cells were implanted subcutane-

ously into the right axilla of BALB/c female mice. Ten

days later, tumor nodules were cut off and grinded with

PBS. The suspensions of tumor cells were inoculated

subcutaneously at the right axilla with 1 9 106 cells per

mouse on day 0. The implanted mice were randomly sep-

arated into groups of ten animals. Treatment with SEC2,

SAM-3, or PBS (control) i.v. was initiated 0 day after

tumor inoculation with the dosage of 15 lg/mouse and

subsequently administrated with the same amount of pro-

tein every 2 days. Ten days later, the mice were killed and

the tumors were isolated for the antitumor activity analysis.

Tumor growth inhibition (%) was calculated with the

equation: (Tumor weight of negative control - Tumor

weight of tested mouse)/(Tumor weight of negative

control) 9 100.

Toxicity assay in mice

In order to further evaluate the toxicity of SAM-3, we

establish the mice model to investigate the toxin-induced

weight loss and food consumption. Briefly, homogeneous

healthy BALB/c female mice were weighed and random-

ized into five groups of eight animals each. Then the dif-

ferent doses of SEC2 or SAM-3(15 and 45 lg/mouse

separately) were injected via tail vein every 2 days for

14 days. Mice were weighed daily, and the food con-

sumption of each group was also determined by subtraction

of the weight of food remaining from the weight of food

placed in the holding cage. After the experimental period,

mice were killed, the spleen and thymus were immediately

dissected and weighed to evaluate the spleen index (SI) and

thymus index (TI) with the following equation: (Weight of

spleen or thymus)/(Weight of mouse). Body weight variety

index (BWVI) was calculated with the equation: (Body

weight on the tested day - Body weight on day 0)/(Body

weight on day 0). Mean food consumption (MFC) was

calculated with the equation: (Food consumption of each

group on the tested day)/(The number of mice in the cage).

The febrile toxicity in rabbit model

The rabbit model was used to compare toxicity in vivo

induced by SEC2 and its mutants. The colonic temperature

of each animal was allowed to stabilize for at least 90 min

before any injections. Only rabbits whose body tempera-

tures were stable and in the range of 38.6 to 39.5�C were

used to determine the effect of protein application. Each

animal was given an initial intravenous injection contain-

ing SEC2 or mutants (10 lg/kg of body weight) dissolved

in PBS solution. Three rabbits were injected with each

protein. Positive and negative control animal groups were

given injections of either SEC2 or PBS, respectively.

Rectal temperatures of rabbits were measured with

indwelling rectal thermometers and recorded for 4 h after

pyrogen administration. The rectal temperature changes

(DT) of rabbits were calculated by subtracting the tem-

perature immediately before injection from the temperature

at each time point after the pyrogen injection.

Statistical analysis

Results were presented as the Mean ± S.D. Statistical

analysis was performed using Student’s t-test. P-value less

than 0.05 was considered statistically significant.

Results

Construction and expression of SEC2 mutants

In this study, we introduced the point mutations into

SEC2(T20L/G22E) with the substitutions of histidine res-

idues by alanine at positions 118 and 122 (Fig. 1).

Expression vectors constructed for those mutants were

confirmed by DNA sequencing. All of the mutant proteins

were induced by IPTG for 4 h at 30�C. The soluble

recombinant expression of SEC2 mutants was detected in

supernatants by SDS–PAGE. After purification with Ni-

saturated chelating sepharose, all of the mutant shown as a

single band on SDS–PAGE were of purity of more than

95% (data not shown), and the purified mutants were fur-

ther confirmed by Western blot (Fig. 2).

Superantigen activity assays in vitro

SEC2 and mutants were tested for the ability to stimulate

murine T-cell proliferation. Dilutions of each protein were
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tested in triplicate wells. The result showed that the

mutants H118A/H122A and H122A exhibited significantly

improved superantigen activity when introduced double

mutations (T20L/G22E) into the amino acid sites at posi-

tions 20 and 22, and the constructed mutant SAM-3

exhibited significantly increased T-cell proliferative activ-

ity compared with other proteins from 10 to 10,000 ng/ml

(Fig. 3). However, the introduction of double mutations

(T20L/G22E) did not increase the T-cell stimulatory

activity of H118A mutant.

In vitro growth inhibition assay

The effects of growth inhibition of Hepa1-6 and H22 cells

induced by SEC2 and mutants with splenic lymphocyte

were examined by MTT assay as well. Compared with the

negative control PBS, all the mutants and SEC2 can induce

a significant antitumor effect in vitro (P \ 0.01). The

mutants H118A/H122A, H118A, and H122A exhibited

almost slightly reduced antitumor effect compared with

native SEC2, which is consistent with the previous report

[13]. In addition, the mutant SAM-3 exhibited a signifi-

cantly increased antitumor activity at concentrations

Fig. 1 Schematic diagram of

constructed SEC2 mutants.

Shown are the names of SEC2

mutants (left) and the

substitutions of amino acid

residues at different positions

using site-directed mutagenesis.

Distinct shading was used to

indicate the expressed domains

of proteins

Fig. 2 The purified SEC2 and its mutants were confirmed by

Western blot. Lane 1 rSEC2; Lane 2 H118A; Lane 3 H122A; Lane
4 H118A/H122A; Lane 5 SAM-1; Lane 6 SAM-2; Lane 7 SAM-3

Fig. 3 Induction of murine lymphocyte proliferation by SEC2 and

mutants. SEC2 or mutants had been incubated with murine spleno-

cytes for 72 h before, and the proliferation of splenocytes was

determined by MTT assay. Value on the y-axis represents the average

proliferation index (PI) ± SD of triplicate values. Each sample was

tested in at least three separate assays
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ranging from 10 to 10,000 ng/ml. And the mutant SAM-2

exhibited slightly, but significantly increased antitumor

effect compared with H122A mutant, whereas SAM-1 did

not exhibit improved antitumor activity to Hepa1-6 after

the introduction of T20L/G22E (Fig. 4a, b).

The febrile activity induced by SEC2 and constructed

mutants

The rabbit model was used to compare the febrile response in

vivo by SEC2 and constructed mutants. The results showed

that the mutants SAM-2 and SAM-3 were depressed in their

ability to induce fever effect in rabbits from 1 to 4 h compared

with SEC2 (P \ 0.01) (Fig. 5), suggesting that the toxic

activity of SEC2(T20L/G22E) can be significantly reduced

after introducing H122A and H118A/H122A mutations.

However, the mutant SAM-1 was comparable to native SEC2

in their ability to induce fever response (Fig. 5).

Antitumor activity in vivo

Protein SAM-3 with potent antitumor activity in vitro was

further evaluated in the colon 26 murine tumor model.

Consistently, the mutant SAM-3 exhibited more potent

antitumor activity in vivo than native SEC2 against colon

26 (P \ 0.01) (Table 2). Our result showed that the inhi-

bition rate of SAM-3 was about 30% (Table 2), which

Fig. 4 Effects of SEC2 and

mutants on inhibition of the

growth of Hepa1-6 tumor cells

(a) and H22 tumor cells (b) by

activating lymphocytes in vitro.

PBS was used as negative

control. Data shown are the

representative of at least three

separate experiments, and the

values represent the

Mean ± SD

Fig. 5 Pyrogenicity of SEC2 and mutants in rabbit model. SEC2 and

mutants were separately injected intravenously at dose of 10 lg kg-1

in PBS. The mean rectal temperature rise of the rabbits (3/group) was

monitored for 4 h. PBS was used as negative control. The values
presented represent the Mean ± SD
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suggested that SAM-3 can induce powerful antitumor

response in vivo.

Mice toxicity experiment in vivo

All the treated mice showed the increased spleen index (SI)

and thymus index (TI) in dose-dependent manners com-

pared with PBS negative control (P \ 0.01) (Table 3). At

the dosage of 15 and 45 lg/mouse, SAM-3 can induce

significantly increased SI and TI compared with native

SEC2 (Table 3), suggesting that SAM-3 has a greater

potency of immune stimulation compared with native

SEC2, which is consistent with the superantigen activity

result in vitro. To further verify that SAM-3 has a reduced

toxicity observed in rabbit model, we determined the toxin-

induced MFCs and BWVI in vivo. As expected, the SAM-3

treatment group exhibited normal BWVI after treatment

with different protein dosage. The native SEC2, however,

induced significantly decreased BWVI at all time point

(P \ 0.01) (Fig. 6b). In addition, it was shown that high

dosage (45 lg/mouse) of native SEC2 can significantly

affect the food consumption at first 5 days compared with

SAM-3 (Fig. 6a). These data suggested that SAM-3 has

increased superantigen activity and reduced toxicity in vivo

compared with native SEC2.

Discussion

Although the powerful superantigen activity of SEs pro-

vides possibilities in cancer immunotherapy, the presence

of toxicity also can limit its clinical application [1, 11]. In

this study, we extended our previous results with the

reduced toxicity by introducing the alanine mutations at

His118 and His122 to construct a potential superantigen

antitumor agent with low toxicity.

Our present in vitro studies showed that the mutants

H122A and H118A/H122A had a significantly increased

superantigen activity after introducing the point mutations

at positions 20 and 22 (P \ 0.01). The structural studies

showed that the amino acids at positions 20 and 22 in SEC2

reside in putative TCR b-chain binding domain, and these

residues play important role for SEC2 to interact with TCR

Table 2 Antitumor activity of native SEC2 and mutants in mice

Tested sample Tumor weight (g) (Mean ± SD) Inhibition rate (%)

PBS 2.42 ± 0.39

SEC2 1.98 ± 0.72 18.18

SAM-3 1.69 ± 0.37 30.17

Table 3 Spleen index (SI) and thymus index (TI) in mice toxicity experiment

Tested sample Dose (lg/mouse) Spleen index (SI) (Mean ± SD) Thymus index (TI) (Mean ± SD)

PBS 0.004366 ± 0.000132 0.002467 ± 0.000630

SEC2 15 0.005235 ± 0.000354 0.002549 ± 0.000423

SEC2 45 0.005562 ± 0.000304 0.002661 ± 0.000212

SAM-3 15 0.005585 ± 0.000337 0.002642 ± 0.000435

SAM-3 45 0.005952 ± 0.000178 0.002687 ± 0.000213

Fig. 6 Mean food consumption (MFC) (a) and body weight variety

index (BWVI) (b) of mice treated with SEC2 and SAM-3 were

investigated. Mice were randomized into five groups: 15 lg/mouse

native SEC2 (SEC2 15), 45 lg/mouse native SEC2 (SEC2 45),

15 lg/mouse SAM-3 (SAM-3 15), 45 lg/mouse SAM-3 (SAM-3 45),

and PBS negative control (PBS)
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[14, 15]. The results of our previous study had indicated

that TCR-binding affinity of SEC2 can be increased by

substituting the amino acids at positions 20 and 22 with

Leu and Glu separately [17], thus the superantigen activity

of the mutants H122A and H118A/H122A could also be

improved by increasing the TCR-binding affinity of the

protein molecules. Notably, one of the mutants, SAM-3,

exhibited significantly enhanced lymphocytes proliferation

activity in vitro (Fig. 3) and immune organ stimulation

effects in vivo (Table 3), compared with native SEC2. We

had reported that SEC2 exhibited significantly enhanced

antitumor activity after introducing the amino acid substi-

tutions at positions 20 and 22 [17], whereas the antitumor

activity of SEC2 was slightly impaired after introducing

the Ala into the His118 and His122. Thus, it is possible that

the substitution of His at positions 118 and 122 with Ala

could impair the superantigen activity and antitumor effect

of SEC2 (T20L/G22E). In addition, the result showed that

the mutant H118A did not exhibit a significantly enhanced

superantigen activity after introducing point mutations at

positions 20 and 22. The previous study had demonstrated

that residues 108–118 form a b-sheet structure(b5) [14],

which may participate in the interaction with MHC II

molecules, thus the substitution of His118 with Ala might

impact the MHC II-binding affinity of SEC2 and affect its

superantigen activity. Therefore, the increased TCR-bind-

ing affinity of H118A by introducing point mutations at

positions 20 and 22 may not be enough to improve the

superantigen activity of the mutant H118A.

We also investigated the antitumor activities of the

constructed mutants. We found that the mutant H118A/

H122A elicited significantly enhanced antitumor activity

after introducing point mutations at positions 20 and 22,

and the result mutant SAM-3 exhibited the increased

ability of inhibiting the growth of tumor cells Hepa1-6 in

vitro compared with native SEC2. Consistently, compared

with native SEC2, SAM-3 also exhibited the enhanced

antitumor activity against colon 26 tumor in vivo, which

suggested that SAM-3 mutant can elicit powerful antitumor

immune response in vitro and in vivo.

Because superantigen SEs also cause toxic activities in

vivo, thus it is necessary to investigate whether the

increased superantigen activity of SAM-2 and SAM-3 also

can induce the increase of toxicity in vivo. The rabbit

model showed that SAM-2 and SAM-3 can induce a sig-

nificantly decreased fever activity compared with SEC2. In

addition, mice treated with 45 lg SEC2 consumed less

food in early stage compared with negative control

(Fig. 6a) and leaded to the weight lose throughout the

experiment (Fig. 6b), indicating that native SEC2 in this

dosage was toxic to the animals. In contrast, SAM-3

treatment group has little effect on body weight of tested

mice compared with SEC2 (Fig. 6b), which further

suggested that mutant SAM-3 retains low toxicities com-

pared with native SEC2. We had reported that the histi-

dines at 118 and 122 are very important for the toxicity of

SEC2 [13]. In this study, the increased superantigen

activities of the mutants H122A and H118A/H122A might

be generated by increasing TCR-binding affinity. Thus, the

constructed mutants SAM-2 and SAM-3 may not increase

the toxic activity induced by binding nonspecifically to

MHC II-positive normal cells compared with native SEC2.

In addition, SAM-3 with low toxicity still retained high

superantigen activity, suggesting that the superantigen and

toxic activity of SEC2 can be separated, which is consistent

with our previous finding [13].

In conclusion, this study constructed three novel SEC2

mutants by introducing the point mutations at positions 20

and 22 into the histidine mutants H118A, H122A, and

H118A/H122A. The constructed mutant SAM-3 exhibited

comparable superantigen activity in vitro and increased

antitumor effect in vivo. Furthermore, SAM-3 also induced

a lower level of toxicity compared with native SEC2,

which delivers valuable information of designing novel

SEC2 immunotherapeutic agents with low toxicity.
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