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Inhibiting tumor-cell growth by novel truncated
staphylococcal enterotoxin C2 mutant
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Abstract: Clinical application of staphylococcal enterotoxin C2 (SEC2) was restricted during the cure of malignant tumor due
to its side-effects. The aim of this study was to obtain SEC2 mutant, preserving the important functional sites responsible for the
T-cell stimulatory activities but removing the sites responsible for emetic activity, through truncation of SEC2. It would efficiently
solve the question of SEC2 side-effect. According to the results of methyl thiazol tetrazolium (MTT) assay in vitro, novel
truncated SEC2 mutant (NSM) efficiently stimulated T-cell proliferation and inhibited the growth of such tumor cells as human
colorectal cancer cells (Cx-1) and human breast cancer cells (MCF-7) in vitro. Activities of T cell stimulating and anti-tumor of
NSM were similar to those of SEC2. According to results of animal experiments, the mutant no longer induced emetic response
even if the dose was a 10-fold excess of the amount of SEC2 required. And also, NSM obviously inhibited the tumor growth in
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tumor-bearing mice. Therefore, we obtained novel truncated staphylococcal enterotoxin C2 mutant, which could efficiently inhibit

the growth of tumor cells. It will become novel anti-tumor agents with the lowest side-effects and best treatment effects in clinic.

Keywords:

Introduction

Bacterial superantigens (SAgs) are a class of highly
potent  immuno-stimulatory = molecules  mainly
produced by Staphylococcus aureus and Streptococcus
pyogenes'™. Staphylococcal enterotoxins (SEs) are
typical SAg. Until now, a large number of genetically
distinct SAgs are presented in these bacterial
pathogens, with more than 40 distinct SAg
serotypes''). Sequence identities between the various
SAgs can range from below 5% for distantly related
members to >95% for closely related SAgs. In
contrast to conventional antigens, SAgs bind to major
histocompatibility complex (MHC) class II molecules
on antigen-presenting cells outside the antigen
binding cleft and are presented as unprocessed
proteins to T-cell receptors (TCR) carrying particular
VP chains. Very low concentrations of SAgs are able
to activate a large amount of resting T cells, thereby
releasing massive cytokines, including interleukin
(IL)-2, interferon (IFN)-y and tumor necrosis factor
(TNF), which producing significant tumor inhibition in
vivo and (23] Therefore, SE has been
extensively employed for the studies of anti-tumor
immunotherapy*®. However, the high molecular
weight of SEC2 has restricted its clinical applications
as agent of anti-tumor immunotherapy due to its poor
permeability through the biological barrier!'"),

Up to now, although the precise crystal structure of
SEC2 has been obtained[”'”], the functions and roles
of specific regions and residues of SEC2 have not been
completely understood. It was reported that a 6.5 kDa
N-terminal fragment of SEC1 possessed a low level of
T-cell stimulatory activity and the 22 kDa C-terminal
fragment was inactive!'". A SEA fragment containing
residues 107 to 233 had no T-cell stimulatory
activity!’™. The fragment containing 180 C-terminal
residues retained all activities of the intact SECI

in vitro

molecule, and the N-terminus was not required for the
superantigen activity of SECI!®. The recombinant
N-terminal fragment of TSST1 did not stimulate T-cell
proliferation whereas the C-terminal domain did""),
SEC2 mutants lacking 18 or more N-terminal residues
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severely impaired the superantigen activity
addition, functional regions responsible for T-cell
stimulatory activities did not correlate with those of
emetic activity of SEs!'”?". T cell proliferation
efficiency directly correlated with affinity for MHC
class II. The disulphide bond and cystine loop are not
only an absolute requirement for lymphocyte
proliferation but are related to emetic activity of
SEs*2%1 According to these results, it helps to make
low molecular weight of derivatives possessing
significantly biological effects and lacking side-effects.

In this paper, novel SEC2 mutant (NSM), preserving
the important functional sites responsible for the T-cell
stimulatory activities  but removing the sites
responsible for emetic activity according to the results
of biological activity assay in vitro, was obtained
through truncation of SEC2. NSM efficiently inhibited
the growth of tumor cell in vitro. It is valuable for the
further research and investigation of in vivo testing so
as to provide novel anti-tumor agents with the no

side-effects and best treatment effects for clinic.
1 Materials and methods

1.1 Cell lines, bacterial strains, vectors and
culture conditions

Human colorectal cancer cells Cx-1 from China
Medical DMEM
supplemented with 10% fetal bovine serum (FBS)
(TBD). Human breast cancer cells MCF-7 from China
Medical University were in RPMI 1640 supplemented
with 10% FBS, penicillin G (100 U/mL) and
streptomycin (100 pg/mL).

Bacterial strains and plasmids used in this study
were listed in Table 1, while the primers were listed in
Table 2. S. aureus 0l165Z-1 and Escherichia coli
strains were cultivated at 37 °C on Luria-Bertani (LB)
medium. Kanamycin (40 pg/mL) and/or Isopropyl-B-
D-thiogalactopyranoside (IPTG) (0.2 mmol/L) was
added to the medium when needed. In all cases, the
cultures were incubated in conical flask at 200 rpm
(NBS, Series 25D, New Brunswick, USA).

University were cultured in
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Table 1 Bacterial strains and plasmids used in this study

Strains and plasmids

Important features

Sources or references

Strains

S. aureus 0165Z-1 Wild type source of sec2 Shenyang Xiehe Company

E. coli IM109 General strain for plasmid maintenance TaKaRa

E. coli BL21 (DE3) For expression of protein TaKaRa

Plasmids

pET-28a (+) Gene expression vector. His tag Kan(r) Novagen

pSA pET-28a (+) derivative, containing S. aureus 0165Z-1 sec?2 This study

pSAl pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of V91-G239

pSA2 pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of T109-G239

pSA3 pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of I115-G239

pSA4 pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of Q129-G239

pSA5S pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of R164-G239

pSA6 pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of S87-G239

pSAG pET-28a (+) derivative, containing mutated S. aureus 0165Z-1 sec2 with deletion  This study
of E1-F17 and T109-G239

pNSM PSAG derivative, C93A This study

1.2 DNA manipulation

All molecular manipulations were

[26]

performed

according to standard procedures or those
recommended by the manufacturers. All restriction
endonucleases and Ex 7ag DNA polymerase were
purchased from TaKaRa (Dalian, China) and T4 DNA
ligase from Promega (USA).

The full length SEC2-encoding gene was amplified
from genomic DNA of S. aureus 0165 through PCR
using primers S1 and S2 (Table 2). A series of
plasmids were constructed to express the translational
products of the wild type and the mutated sec? gene.
Various C-terminus deletion SEC2 mutants were also
obtained with a similar approach employing the
primers P1, P2, P3, P4, and P5 and P7, respectively,
serving as the 3’ end PCR primers instead of primer
S2. N- and C-terminus deletion SEC2 mutants were
also obtained with a similar approach employing the
primers P2 and P6. Site-directed mutagenesis was
performed using MutanBEST kit (TaKaRa, China).
The DNA sequences were confirmed by TaKaRa
(Dalian, China).

Table 2 Primers used in this study

Primers Sequences (5'-3")*

For expression vector construction
S1 GAATTCGAGAGTCAACCAGACCCTA
S2 CTCGAGTTATCCATTCTTTGTTGTA

For deletion

P1 GCTCTCGAGTTAATAGTAATTTGATCC
P2 ATTCTCGAGTTAACCACCTGTAACT
P3 GATCTCGAGTTATCCTCCATACATAC
P4 GCGCTCGAGTTATAAGTTCCCATTATC
PS5 GCGCTCGAGTTAAGCTTTTATGTCTAG
P6 CTAGAATTCACTGGTACGATGGGTA
P7 AGTCTCGAGTTATCCATACACATCAAC

For site-directed mutagenesis
D TCCATACACATCAACTACTTCATC
E TCAAATTACTATGTAAACGCCTATTT

*Restriction enzyme sequences are underlined. Mutational site

sequence was in italic.

1.3 Expression and purification of SEC2 mutants
Expression of SEC2 mutants were respectively

induced with 0.2 mmol/L IPTG after growth for 4 h

at 30 °C. Cells were harvested by centrifugation for
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10 min at 4 °C and 8 000 r/min, and the cell pellets
were resuspended in ice-cold buffer A (20 mmol/L
Tris-HCI, pH 7.9, 0.5 mol/L NaCl). Cells were
disrupted by sonication at 0 °C and centrifuged for
30 min at 4 °C and 15 000 r/min. The supernatants
were collected and loaded onto the Ni'-NTA His-Bind
Superflow column (Qiagen, Germany) equilibrated
with buffer A. After nonspecifically bound proteins
were washed off with buffer A containing 20 mmol/L
imidazole, the specifically bound protein was
eluted with buffer A containing imidazole from 50
to 250 mmol/L. The purity of the eluted protein was
determined by SDS-PAGE!*"!,
1.4 Biological activity assay in vitro

Peripheral blood mononuclear cell (PBMC)
proliferation and anti-tumor activities of NSM were
determined by methyl thiazol tetrazolium (MTT) assay
in vitro according to the method described
previously®. PBMC from the blood of healthy donors
was isolated by lymphocytes separation medium
(TBD) and aliquoted to 1x10° cells/ well in 96-well
plate in RPMI 1640 (Hyclone) supplemented with 10%
characterized FBS (TBD). Tumor cells were seeded in
96-well plate at a density of 1x10* cells/ well in
DMEM or RPMI 1640 supplemented with 10% FBS,
respectively. Tumor growth inhibition (%) =100—[(the
ODs;y of protein-treated cells well-the ODs; of
PBMC-releasing wells)/(the ODs7 of unsettled tumor
cells control wells—the ODs;, of blank control
wells)]x100. These data were presented as X £s from
three independent experiments and
analyzed by Student’s #-test.

The standard ferret feeding assay for SEs
used for comparing emetic capability of SEC2 and

statistically

(28] was

NSM. Experiments were performed with adult female
ferret with a mean body weight of 700 g.

Four to 6-week old healthy Kunming mice were
purchased from China Medical University. Tumor
cells (Cx-1 or MCF-7) were cultured to log phase,
and diluted to concentration of 1x10° cells/mL.
Tumor cells (0.2 mL) were respectively injected into
the right upper flank region of each mouse. After 24 h,
they were weighted and randomized into 5 groups
(n=6), including a normal control group without tumor
injection, a group A with Cx-1 injection, a group B
with MCF-7 injection, a group C that was injected
with Cx-1 plus NSM at various dosages (20, 200,
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500 ng/kg), a group D that was injected with MCF-7
plus NSM at various dosages (20, 200, 500 ng/kg).
NSM was administrated daily by gavage for 7 days.
On day 8, all mice were weighted and killed, and then
the tumor was removed and weighted.
1.5 Sequence analysis

DNA sequence was analyzed using the software
Vector NTI suite 8.0 (Informax, Invitrogen, USA). The
binding of peptides to MCH 1II alleles were analyzed in
the website of Center for biological sequence analysis
of Technical University of Denmark DTU (http://www.
cbs.dtu.dk/services).
1.6 Statistical analysis

Data were presented as means+standard errors of
the mean (SEM). Statistical comparisons were
performed using the one-way ANOVA and Student’s ¢
test with SPSS software (SPSS, Germany), P<0.01were
considered statistically significant.

2  Results
2.1 Truncation of SEC2 through PCR

To truncate SEC2
possessing such merits as low molecular weight and

so as to obtain mutants
anti-tumor activity but lacking of emetic activity, a
series of plasmids harboring the mutated SEC2 gene
were constructed through PCR and confirmed by
DNA sequencing (Table 1). The mutant proteins
produced in recombinant E. coli under IPTG
induction were respectively purified through the
Ni"-NTA His-Bind Superflow column and termed as
SA1l, SA2, SA3, SA4, SAS5 and SA6 (Fig. 1). The
purified proteins were analyzed by SDS-PAGE. The
results showed that the purity of all mutants were
greater than 95%.
2.2 PBMC proliferation activity of the truncated
SEC2 mutants

The native SEC2 and truncated mutants were tested
for their ability of stimulating PBMC proliferation.
Dilutions of each protein were tested in triplicate
wells. Results showed that nearly all mutated proteins
exhibited PBMC proliferation activity similar to that
of SEC2 other than SA6 (Fig. 2). In particular, SA2
possessed nearly the same PBMC proliferation activity
as that of SEC2. It was interesting that SA2 with a
deletion of C-terminal 131 amino acid residues still
presented PBMC proliferation activity, suggesting that
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Fig. 1 Truncation of SEC2 through PCR and the obtained mutants.
09 r B2ng proliferactivity!'™. However, the deletions of the first
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0.3 . . . .
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. active group, it may result in structural instability.
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BSA SEC2 SA1 SA2 SA3 SA4 SAS SA6PHA-P

Fig. 2 PBMC proliferation assay of the SEC2 mutants by
MTT assay. All values are averaged from five independent
experiments, n=5, X +s. Compared with negative control group:
P<0.01.

these 131 amino acids residues were not important for

the T-cell stimulatory activity of SEC2. It was nearly
the same with the published results''®).
The deletions of the 18 or 28 amino acids at N

terminus of SEC2 significantly repressed the

mutagenesis. The obtained plasmid pNSM was
confirmed by DNA sequencing. The mutant protein
produced in recombinant E. coli harboring pNSM
under IPTG induction was purified through the
Ni"-NTA His-Bind Superflow column and termed as
NSM. Production of NSM was checked through
SDS-PAGE analysis by using whole-cell extracts.
After purification, there was a single band on
SDS-PAGE, showing that purity of NSM was more
than 95% (Fig. 3).
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Fig. 3 Expression and purification of protein. (A) The expression
of the novel SEC2 mutant (NSM) induced with 0.2 mmol/L
IPTG at 30 °C for 4 h. SDS-PAGE showed that the target
protein with about 14 kDa could be detected in the lysate of E.
coli BL 21 (DE3) harboring the plasmid pNSM. M: protein
molecular marker (TaKaRa, China); 1: uninduced SEC2; 2:
soluble expression of SEC2; 3: uninduced NSM. 4: induced
NSM. (B) The purification of SEC2 and NSM through the
Ni’-NTA His-Bind Superflow column (Qiagen, Germany) and
Sephadex G-75. M: protein molecular marker (TaKaRa, China).
1: the purified SEC2; 2: the purified NSM.

2.3 Biological activity assay of the truncated
SEC2 mutants in vitro

Biological activities of the native SEC2 and NSM
were evaluated by MTT assay in vitro. Dilutions of
each protein were tested in triplicate wells. Firstly,
PBMC proliferation activity of NSM was examined,
and BSA and PHA-P were respectively used as
negative and positive control. Results showed that the
stimulation of PBMC proliferation by NSM was very
efficient even at the concentration of 2 ng/mL, which
was equivalent to that of SEC2 (Fig. 4), indicating that
the deletions of the 17 amino acids at SA2 N-terminus
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and site-directed mutagenesis of Cys93 did not affect
PBMC proliferation activity. The effects of inhibition
on the growth of tumor cells Cx-1 and MCF-7
induced by SEC2 and NSM were also determined.
Results (Fig. 5) showed that inhibitory effects of SEC2
and NSM on tumor cells Cx-1 and MCF-7 were all in a
dose-dependent manner, producing a significant
anti-tumor activity at the concentration of 2 ng/well
and a maximum effect at 500 ng/well. The results also
showed that the mutant with the deletion of E1-F17
and T109-G239 as well as C93A exhibited nearly the
same growth inhibition activity against tumor cells as
SEC2. The further deletion of 17 amino acids from
SA2 N-terminus and mutation of Cys93 did not affect

anti-tumor activity in vitro compared with SEC2.

09 1 msec2
0.8 r @ENSM
07 f

0.6
051
04
03
02

01 ﬂ
0 1 1 1 1 1

BSA 2ng  20ng 200ng 2000 ng PHA-P

PBMC Proliferation A,

Fig. 4 PBMC proliferation assay of SEC2 and NSM by MTT
assay. All values are averaged from five independent experiments,
n=5, X xs. Compared with negative control group: P<0.01.
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Fig. 5 Anti-tumor activities of SEC2 and NSM by activating
PBMC proliferation in vitro. All values are averaged from five
independent experiments, n=5, X +s. Compared with negative
control group: P<0.01.
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Secondly, the ability of NSM to inducing an emetic
response was assessed in a Ferret model. The minimal
emetic dose of SEC2 for ferret was 1 mg. In initial
experiments, the emetic ability of NSM was assessed
and administered at 10 mg to ensure an excess over the
minimal emetic dose. Results showed that it no longer
induced emetic response even if the dose represented a
10-fold excess of the amount of SEC2 required (Table
3). Indeed, the gold standard to assess emetic activity
of SEs is oral administration to primates. Further
experiment using primate model is needed to confirm
loss of emetic activity of NSM.

Thirdly, the ability of NSM to inhibiting the tumor
growth was assessed in tumor-bearing mice model.
Results (Table 4) showed that NSM obviously
inhibited the tumor growth in tumor-bearing mice. It
was consistent with anti-tumor activities of NSM
activating PBMC proliferation in vitro.

Table 3 Emetic response induced by NSM

No. of animals® exhibiting emesis/Total No.

Dose (mg) animals following administration of
SEC2 NSM
1 5/5 0/5
10 ND° 0/5

* Prior to dosing with samples, animals were deprived of food for 24 h
but were allowed free access to water. Following dosing with protein
sample, the incidence of vomiting was monitored over a period of 3 h
by trained observers. ° ND: not determined at that dose.

Table 4 Effects of NSM on the tumor growth in tumor-
bearing mice (n=6)

Gow (e W@ gty innbivon ()
Control 0 22.36+2.18 - -
A 0 23.84+£2.96 2.36+0.33 -
B 0 24.17£3.42  2.06+0.43 -
20 23.72+1.38  2.05+0.14 13.14+3.63
C 200 22.72+2.65 1.45+0.83 38.56+1.28
500 22.06+£3.58  1.26+0.47 46.61£6.46
20 23.65+3.08 1.84+0.16 10.68+4.83
D 200 23.31+2.79  1.36+0.38 33.98+3.52
500 23.42+3.19  1.14+0.09 44.66+2.13

3 Discussion

SAg SEs deserved growing attention as ideal drugs
for cancer therapy due to their ability to stimulate T

cells at a high frequency, thereby giving rise to potent
cell-mediated immunological responses and producing
a large variety of cytokines inducing the final result of
apoptotic death of tumor cells!®”. The SEC2 drug,
termed as Gaojusheng in China, has been used to cure
colorectal cancer, lung cancer, esophageal cancer, liver
cancer, ovarian cancer, liver cancer, cancer of colon,
leukemia, carcinoma of urinary bladder, et al, in clinic
since 1994 and some encouraging results have been
reported’>". It proved that SEC2 was safe and
effective. However, such side-effects as high
molecular weight and emetic activity have restricted
its clinical applications as agent of anti-tumor
immunotherapy. In this paper, PCR and site-directed
mutagenesis technology were utilized to truncate
SEC2 so as to get the novel agent of anti-tumor.

SAgs are able to crosslink MHC class II molecules
and TCR in a variety of subtly different ways through
the various structural regions within each toxin!'***-%!,
The anti-tumor capabilities of SAg SEs depend on
their MHC 11 binding ability?***!. T cell proliferation
efficiency directly correlated with affinity for MHC

class 1182

. Therefore, it is necessary to preserve the
functional sites responsible for MHC II binding and
T-cell stimulation. Until now, however, the regions
responsible for SAg activity of SEs have not been
completely confirmed. After A163-G239, G113-G239
and S87-G239 of SEC2 C-terminus were respectively
deleted, the obtained mutants did not affect their
superantigenic activity!'*!, Results showed that the
mutants, which were obtained after V91-G239 (SAl),
T109-G239 (SA2), 1115-G239 (SA3), QI129-G239
(SA4), R164-G239 (SA5) and S87-G239 (SA6) were
respectively deleted from SEC2 C-terminus, still
possessed T-cell stimulating activity. Particularly, SA2
exhibited nearly the same PBMC proliferation activity
with that of SEC2, indicating that it preserved the
specific regions and residues responsible for T-cell
stimulatory activities. It was not completely consistent
with the published results!'®, which thought that the
deletions of the last amino acids 113-239 affected
superantigenic  activity. Compared with crystal
structure of SEA[-® SEBPF” and SEC2!''"'"?! the
crucial functional sites responsible for binding MHC
class II and TCR have been primarily confirmed.
Residues of T109-G113 situated BS5 region, it was
important to insure crucial functional sites to form the

Journals.im.ac.cn
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particular three-dimensional structure, which was
necessary to bind MHC class II and TCR. NSM,
truncated 17 amino acids from SA2 N-terminus and
replaced Cys93 with Ala, efficiently stimulated T cell
proliferation, indicating that it preserved the affinity
for MHC class II and stable structure. It was consistent
with the sequence analysis of immunological features
of NSM done in the website of http://www.cbs.dtu.
dk/services. NSM possessed nearly the same MHC 11
binding alleles with SEC2. In addition, the deletion of
11 N-terminus residues of SEC2 had no effect on the
T-cell stimulatory activity, and further deletions of 18
severely impaired
superantigenic activity' °'. Compared with the result,
NSM still preserved T-cell stimulatory activity,
indicating that the region of amino acids 1-17 of SEC2
did not particulate in MHC class II and TCR binding.
However, T18 of SEC2 N-terminus was essential for

MHC class II and TCR binding. It was consistent with
[12-13]

residues
[18]

or more N-terminus

the result obtained from crystal structure of SEC2

One of the distinctive features of SAgs is their
ability to cause proliferation of T cells and release
massive cytokines, which produces significant tumor
inhibition in vivo and in vitro®**\. NSM also exhibited
nearly the same tumor-inhibition effects on Cx-1 and
MCF-7 as SEC2, indicating that it possessed the
distinctive feature of SAgs. It also proved that the
proper three-dimensional structure of SEC2 was not
required for its biological activity!'®. The fact that
NSM lacking of the disulphide bond and cystine loop
no longer induced emetic response strongly proved
that the disulphide bond and cystine loop is not just an
absolute requirement for lymphocyte but is related to
emetic activity of SEs.

The problems for application  of
superantigen protein drug are that proteins could not
successfully permeate the biological barrier due to
high molecular weight!"” and could result in emesis
due to emetic activity of SEC20*2° In this study,
novel and no side-effect SEC2 mutant was constructed
through deletion of the unnecessary residues which did
not affect the T-cell stimulating activity and anti-tumor
activity. The result presented in this study provided a
possible strategy to solve the questions of protein
drugs in clinic through deletion of unnecessary amino
acids.

In conclusion, a desirable NSM was obtained. It is

clinical
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valuable for the further research and investigation of in
vivo testing so as to provide novel agents with no
side-effects and best treatment effects for clinic.
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