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Summary

Streptococcus suis serotype 2 sequence type 7 strains emerged in 1996 and
caused a streptococcal toxic shock-like syndrome in 1998 and 2005 in China.
Evidence indicated that the virulence of S. suis sequence type 7 had increased,
but the mechanism was unknown. The sequence type 7 strain SC84, isolated
from a patient with streptococcal toxic shock-like syndrome during the
Sichuan outbreak, and the sequence type 1 strain 31533, a typical highly
pathogenic strain isolated from a diseased pig, were used in comparative
studies. In this study we show the mechanisms underlying cytokine produc-
tion differed between the two types of strains. The S. suis sequence type 7
strain SC84 possesses a stronger capacity to stimulate T cells, naive T cells
and peripheral blood mononuclear cell proliferation than does S. suis
sequence type 1 strain 31533. The T cell response to both strains was depen-
dent upon the presence of antigen-presenting cells. Histo-incompatible
antigen-presenting cells were sufficient to provide the accessory signals to
naive T cell stimulated by the two strains, indicating that both sequence type
7 and 1 strains possess mitogens; however, the mitogenic effect was different.
Therefore, we propose that the difference in the mitogenic effect of sequence
type 7 strain SC84 compared with the sequence type 1 strain 31533 of S. suis
may be associated with the clinical, epidemiological and microbiological
difference, where the ST 7 strains have a larger mitogenic effect.
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Introduction

Streptococcus suis serotype 2 is an important swine pathogen
that primarily causes meningitis in humans and occasionally
causes other infections such as endocarditis, arthritis and
pneumonia [1]. The majority of human infections are
associated with occupational exposure to pigs and result in
meningitis, often associated with hearing loss. However, a
large outbreak of 215 human cases emerged in the sum-
mer of 2005 in Sichuan Province, China, with 61 cases of
streptococcal toxic shock-like syndrome that was not
observed previously [2–4].

Of the 35 serotypes described, serotype 2 is the serotype
associated most frequently with the disease. Using multi-
locus sequence typing (MLST), the causative pathogen of the
Sichuan outbreak was identified as serotype 2 sequence type
7 (ST7), a member of the ST1 complex, that is associated
strongly with most human infection septicaemias and men-
ingitis worldwide [4,5]. S. suis ST7 appeared for the first time

infecting a patient with sepsis in Hong Kong in 1996, then
emerged to cause a small outbreak in Jiangsu in 1998 and
spread to cause the largest-ever outbreak in 2005. This strain
has so far been isolated exclusively in China.

Streptococcus suis ST7 was assumed to have acquired puta-
tive virulence factors responsible for the so-called streptococ-
cal toxic shock-like syndrome. Streptococcal toxic shock
syndrome is associated predominantly with Group A strep-
tococcal infections that are toxin-mediated, associated with
superantigens. However, when the genomes of the S. suis
isolates associated with the outbreaks were sequenced, no
putative superantigen or homologous genes were identified,
indicating that a unique mechanism was used for the patho-
genesis of this strain [6].

Here, we demonstrate that S. suis ST7 strain SC84 isolated
from a patient with streptococcal toxic shock-like syndrome
during the 2005 outbreak has a higher capacity to induce the
production of cytokines than S. suis ST1 strain 31533. The
mechanisms contributing to this difference were investigated.
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Materials and methods

Bacterial strains and growth conditions

The strains used in this study included S. suis 31533 and
SC84, which were typed as ST1 and ST7 respectively [4].
Strain 31533 is a typical European strain isolated from a
diseased pig. It was used previously for cytokine induction
studies with murine and human cells [7–11]. SC84 was
isolated from a patient with streptococcal toxic shock-like
syndrome during the Sichuan outbreak in 2005.

The S. suis strains were grown overnight on Columbia
blood base agar plates (Guangzhou Detgerm Microbiologi-
cal Science, PR China) at 37°C and the isolated colonies were
used as the inocula into 10 ml of Todd–Hewitt broth (THB,
Oxoid Ltd, London, UK). This culture was incubated for 8 h
at 37°C with agitation (100 rpm). Working cultures were
prepared by transferring 300 ml of 8-h cultures into 30 ml of
THB and incubated stationary for 15 h at 37°C with 5% CO2.
The bacteria were washed twice in phosphate-buffered saline
(PBS; pH 7·4, Gibco, Invitrogen, Carlsbad, CA, USA). The
pellet was then resuspended in PBS. Serial dilutions of
the suspension were plated onto blood agar to determine the
colony-forming units (CFU)/ml before use.

Preparation of killed bacteria

Bacterial cells were prepared as indicated above, resuspended
in PBS and heat-killed by incubating the organisms at 56°C
for 60 min, as described previously [9,12]. In selected experi-
ments, bacteria were treated at 121°C for 20 min. The killed
cultures were subcultured onto Columbia blood base agar
plates at 37°C for 24 h to determine if viable organisms
remained. The killed bacterial preparations were stored at
4°C for no longer than 1 week before use.

In vivo cytokine production

C57BL/6 mice (6 weeks old, female) were injected intraperi-
toneally (i.p.) with 1 ¥ 109 CFU of the heat-killed strains or
1 ¥ 106 CFU of the live strains in 1 ml PBS. Each group
contained five mice. At 8 h (live strains) or 6 h (heat-killed
strains) post-infection the mice were killed and peripheral
blood was collected. These experiments were repeated twice
on different days. All serum samples were diluted at least
four times before testing using a Luminex kit (R&D Systems,
Inc., Minneapolis, MN, USA), as recommended by the
manufacturer.

Determination of viable bacteria in organs

At 8 h post-infection, the peripheral blood, liver and spleen of
three infected mice from each strain were obtained asepti-
cally. The organs were rubbed in 1 ml PBS after accurate
weighing. The homogenates of organ and blood were diluted
with PBS. One hundred ml of dilutions was plated onto blood

agar plates. Colonies were counted and expressed as CFU/
0·1 g for organ samples or CFU/ml for blood samples.

Isolation of mononuclear cells

Peripheral blood was obtained from the Red Cross of China,
Beijing Branch. Peripheral blood mononuclear cells (PBMC)
were isolated by centrifugation (400 g for 25 min) using
Ficoll-Paque (GE Healthcare Biosciences, Uppsala, Sweden).
PBMC were harvested, washed three times and then resus-
pended in white blood cells complete medium (GenMed
Scientifics, Shanghai, China). Viable cells were counted using
trypan blue exclusion as visualized with light microscopy.

To isolate T lymphocytes, the PBMC were processed using
a MagCellect* human CD3+ T cell isolation kit (R&D
Systems, Inc.), according to the protocol provided in the kit.
To obtain either naive T cells or memory T cells, the total T
cells suspension was processed with anti-human CD45RA
particles (BD Biosciences, Minneapolis, MN, USA) or anti-
human CD45RO particles (BD Biosciences), according to
the protocol provided in the kit.

Preparation of antigen-presenting cells and
determination of major histocompatibility complex
restriction

Mitomycin C-treated PBMC preparations were used as the
source of antigen-presenting cells (APCs) [12]. The total
PBMCs (at 1 ¥ 106/ml), purified as described above, were
treated with mitomycin C (Calbiochem, Gibbstown, NJ,
USA) at 25 mg/ml for 30 min at 37°C. These APCs were then
co-cultured with T cells at a ratio of 1:1 for the T cell pro-
liferation studies. The procedure for proliferation is
described below.

HLA typing was performed to ensure that the donors were
allogeneic. The HLA-ABDR SSP typing kit (ROSE Europe
GmbH, Frankfurt/main, Germany) was used. Three different
donor combinations were used. The first combination of
donors was A* 02 A* 30, B*13 B*40, DRB* 07 DRB* 09; the
second combination was A* 01 A* 26, B*40 B*49, DRB* 13
DRB* 14; and the third combination was A* 11 A* 30, B*13
B*81, DRB* 07 DRB* 12.

Lymphocyte proliferation assays

Peripheral blood mononuclear cell and T cell proliferation
was measured using an enzyme-linked immunosorbent assay
(ELISA) based on bromo-2′-deoxyuridine (BrdU) incorpo-
ration (Chemicon International, Inc., Billerca, MA, USA). We
have demonstrated previously that both strains are toxic for
PBMC at incubation times as short as 4 h [4].Thus, these high
levels of cytotoxicity render long incubation times impossible
to be performed with live bacteria (such as those required for
proliferation studies). Thus, heat-killed (56°C for 60 min)
S. suis (5 ¥ 106 organisms/well) was added to the different
APC : T cell combinations or total PBMC (1 ¥ 105 cells/well)
prepared as described above and incubated for 66 h in 96-well
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flat-bottomed plates (Falcon, Becton Dickinson, Franklin
Lakes, NJ, USA). At 18 h before the end of the incubation,
20 ml BrdU (dilute 500 times) was added. Concanavalin A
(ConA), a T cell mitogen, was used as positive control at a
concentration of 20 mg/ml. The plates were then centrifuged
for 10 min at 200 g. The supernatant was removed and the cell
proliferation [optical density (OD) values] was determined
following the protocol provided in the kit.

Statistics

The cytokine values are expressed as the median pg/ml
values and the BrdU OD values are expressed as the mean �

standard error of the means. Each proliferation experiment
was performed with different donors on different days. Sta-
tistical analysis of bacterial CFU counts and proliferation
data were performed using Student’s unpaired t test and
analysis of variance test. Statistical analysis of the cytokine
data was performed using Wilcoxon’s two-sample test. For
these tests, a P-value < 0·05 was considered significant.

Results

Production of cytokines varies with the S. suis
ST phenotype

Cytokine production in mice after 8 h of infection with
live S. suis using the i.p. route varied among the dif-
ferent cytokines. Production of proinflammatory cytokines
tumour necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6,
chemoattractant (KC) and monocyte chemoattractant
protein 1 (MCP-1), as well as IL-10 in the group of mice
infected with live S. suis SC84, was statistically higher than
that observed in mice infected with live 31533 strain. There
was no statistical difference in the serum level of interferon
(IFN)-g between mice infected with SC84 and 31533 (Fig. 1).

Bacterial counts in organs of infected mice do not differ

In order to rule out the possibility that the differences in
induction of cytokines after i.p. injection of mice between the
two strains could be due to differences in bacterial replication,
we counted the bacterial in the blood, liver and spleen of
infected mice at 8 h post-infection. Bacterial counts in the
blood exceeded 1 ¥ 107 CFU/ml in all tested samples. Bacte-
rial counts in the organs exceeded 1 ¥ 106 CFU/ml in all tested

samples. The bacterial counts in blood, liver and spleen were
not statistically different between SC84 and 31533 (Fig. 2).

Mechanism for inducing cytokine production in vivo is
different between SC84 and 31533

In order to investigate whether some possible superantigen-
mediated effects contribute to the increasing capacity of
SC84 to induce cytokine production, we used two tempera-
ture ranges to killed S. suis. Treatment at 56°C for 60 min did
not affect the cytokine-inducing capacity, as described pre-
viously [7], whereas treatment at 121°C for 20 min was used
to kill strains and, at the same time, denatured potential
superantigen [13]. Our previous result showed that TNF-a,
one of the most important host mediators in the pathogen-
esis of septic shock, could not be induced unless the heat-
killed S. suis strains exceeded 1 ¥ 109 CFU. The production
of cytokine in mice after infection with heat-killed S. suis
showed a high but transitory peak at 6 h post-infection (p.i.)
and a drastic return to basal levels after 9 h (data not shown).
Hence, 6 h and 1 ¥ 109 CFU were used to analyse the pro-
duction of cytokine in mice infected with heat-killed S. suis.

The serum levels of cytokine in the group of mice injected
i.p. with S. suis ST7 strain SC84 heat-killed at 56°C
for 60 min was significantly higher than the same strain
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heat-killed at 121°C for 20 min. However, there were no
significant differences between the group of mice injected
i.p. with S. suis ST1strain 31533 heat-killed at 56°C for
60 min and the group injected with 31533 heat-killed at
121°C for 20 min, even though cytokine levels of mice
injected with 31533 heat-killed at 56°C for 60 min was
slightly higher than those injected with heat-killed at 121°C
for 20 min (Fig. 3).

Peripheral blood mononuclear cell proliferate in
response to S. suis ST7

Proliferation studies with total PBMC showed that S. suis
strain SC84 (heat-killed 56°C for 60 min) had more capacity
to stimulate PBMC proliferation than strain 31533 (heat-
killed 56°C for 60 min) (Fig. 4). As a control, ConA was used
to confirm that the PBMC were able to proliferate.

Requirement of APC

It is possible that S. suis contains superantigens. If this were
the case, T cell proliferation would be independent of APC.
By contrast, both mitogens and recall antigens required APC
signals to stimulate T lymphocytes to proliferate [14,15]. To
determine whether the CD3+ T cell response to heat-killed
(56°C for 60 min) S. suis required APC, purified CD3+ T cells
were treated with heat-killed S. suis ST7 strain SC84 and S.
suis ST1 strain 31533 in the presence and absence of autolo-
gous APC. The data showed that both strains failed to stimu-
late significant proliferation of purified CD3+ T cells without
autologous APC. Nevertheless, S. suis ST7 strain SC84 had a
higher capacity to stimulate purified CD3+ T cells in the
presence of autologous APC than did strain 31533 (Fig. 5).
Thus, CD3+ T cells required APC when stimulated by both
strains of S. suis where the ST7 representative strain SC84

showed higher proliferative-inducing capacity, as observed
with the total PBMC (Fig. 4).

Naive and memory T cells proliferate in response to
S. suis

CD45RA is expressed by naive T cells, while CD45RO is
expressed by primed/memory T cells [16–18]. ConA, a T cell
mitogen, can induce proliferation of both CD45RA and
CD45RO populations. Our data show that both CD45RA+ T
cells and CD45RO+ T cells proliferated in response to S. suis
(Fig. 6). We did not observe significant differences between
strain SC84 and 31533 using CD45RO+ T cells.
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T lymphocyte proliferation in response to S. suis
is not major histocompatibility complex-restricted

We observed that purified T cells needed APC for prolifera-
tion in response to S. suis; however, it is important to deter-
mine whether the response was major histocompatibility
complex (MHC)-restricted. Mitogens can stimulate naive T
cell proliferation in the presence of allogeneic APC [19,20].
There was significant naive T lymphocyte cell proliferation
in the presence of allogeneic cells, indicating that the T lym-
phocyte cell response to heat-killed S. suis was not MHC-
restricted. Furthermore, the capacity of S. suis ST7 strain

SC84 to stimulate naive T cells to proliferate was higher than
observed with S. suis ST1 strain 31533 (Fig. 7).

Discussion

A striking feature of the Sichuan outbreak was the unusually
high rate of mortality with a streptococcal toxic shock-like
syndrome as the major clinical manifestation [2,3]. This
increased severity of S. suis infection in humans was repre-
sented by a shorter incubation period, rapid disease onset
and progression and higher mortality. Thus, our major goal
is to increase understanding of the factors associated with
the pathogenesis of S. suis ST7, the causative agent of the
Sichuan outbreak [4]. ST7 may be only derived very recently
from ST1, as they share six of seven housekeeping loci used
in the MLST typing and have one locus, thyA, differing only
in a single nucleotide [5]. Our previous study suggested that
the virulence of S. suis ST7 has increased. Indeed, live S. suis
ST7 strain SC84 was significantly more toxic to PBMC than
live S. suis ST1 strain 31533 [4].

Because streptococcal toxic shock-like syndrome was the
major clinical feature of the Sichuan outbreak, a possible
superantigen involvement was assumed a priori. However,
when the genome of S. suis responsible for the Sichuan out-
break was sequenced, it was demonstrated that superantigen-
coding genes were absent [6]. It has been suggested that S. suis
infections are associated with the overproduction of cytok-
ines such as TNF-a, IL-1b and IL-6. These cytokines are
believed to mediate reactions associated with clinical deterio-
ration, multi-organ system failure and death during toxic
shock [21]. Dominguez-Punaro et al. demonstrated recently
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that S. suis ST1 strain 31533 could stimulate experimental
mice to produce high levels of serum cytokines, i.e. TNF-a,
IL-6, IL-12, IFN-g, MCP-1, KC and regulated upon activation
normal T cell expressed and secreted (RANTES), that may be
responsible in part for the sudden death of 20% of the
infected animals [22]. Faulkner et al. found that early burst of
TNF-a is attributed crucially to lethality during toxic shock
[23]. In this regard, we demonstrated here that the live SC84
strain induced higher cytokine production in vivo than the
31533 strain. This higher cytokine burst may be responsible
for and resembles the so-called streptococcal toxic shock-like
syndrome observed in the Sichuan outbreak [2,4]. It should
be noted that the differences observed in serum cytokine
levels are not related to differences in bacterial replication, as
similar high levels of S. suis organisms were observed after
infection with either strain. Similarly, the susceptibility of
different inbred strains of mice to S. suis septic shock was
related to cytokine levels rather than to bacterial loads in
blood (our unpublished observations).

Thus, to determine the possible pathogenic mechanism(s)
used by S. suis ST7 to induce streptococcal toxic shock-like
syndrome, we investigated further the differences in cytokine
production in vivo and T cell-proliferation capacities of
representative ST7 and ST1 strains.

We found that heat treatment (56°C versus 121°C) signifi-
cantly decreased the levels of serum cytokines in experimental
mice injected with S. suis ST7 strain SC84, indicating a pos-
sible heat-sensitive component involved. In contrast, heat
treatments (121°C for 20 min) had no effect on the capacity of
S. suis ST1 strain 31533 to induce serum cytokine production
in experimental mice. Segura et al. found that the relatively
heat-stable cell-associated components of S. suis ST1 31533
are probably responsible for most of the cytokine stimulation
observed in murine macrophages in vitro [9]. They may
include the surface or cell wall-associated components,
i.e. capsular polysaccharide, peptidoglycan or lipoteichoic
acid, that are demonstrated to be potent cytokine inducers
which resist heat treatment in various Gram-positive cocci
[13,24,25]. It should be noted that previous studies showed
that heat-killed S. suis 31533 induced similar levels of cytok-
ine release by human monocytes to live bacteria in vitro [7].
Furthermore, experiments with cytochalasin-treated mac-
rophages showed that the stimulation of cytokine production
was phagocytosis-independent [9].

Thus, our findings suggest that although both ST1 and
ST7 strains of S. suis could induce high levels of serum
cytokines in experimental mice, which may be responsible
for the shock syndrome; however, they do so by possibly
different components.

We next measured the T cell proliferation-stimulating
capacity of the two sequence types of S. suis using an ELISA
based on BrdU incorporation. Messele et al. reported BrdU
incorporation can be used as an alternative to [3H]-thymidine
([3H]-TdR) incorporation to measure in vitro T cell prolifera-
tion [26]. Using this test, we found that: (i) S. suis ST7 strain

SC84 possesses a stronger capacity to stimulate T cell and
PBMC proliferation than ST1 strain 31533; (ii) the T cell res-
ponse to both ST1 and ST7 strains of S. suis (SC84 and 31533)
requires APC; and (iii) naive T cells (CD45RA+ T cells) could
be stimulated to proliferate by both S. suis ST7 SC84 and ST1
31533 in the presence of allogenic APC. However, strain SC84
systematically induced a stronger proliferative response.

In vitro lymphocyte proliferation in response to recall anti-
gens can be detected only in T cells that have undergone prior
clonal expansion, thus only CD45RO+ cells proliferate
[19,20]. In contrast, mitogens stimulate a large percentage of
the T cells regardless of whether or not they have undergone
prior expansion, and thus both CD45RO+ and CD45RA+ cells
proliferate [19,20]. Our studies demonstrate that S.suis can
stimulate CD45RA+ T cells to proliferate in the presence of
APC.

As mentioned above, our data show that CD45RA+ T cells
can proliferate in response to heat-killed S. suis in the presence
of either allogenic APC or autologous APC. The APC require-
ment for mitogens and recall antigens are distinct. Recall
antigens are taken up by antigen-processing cells, processed
by lysosomal digestion and placed in the binding groove of an
MHC molecule. The MHC–peptide complex is then trans-
ported to the surface of the APC, where it is available for
recognition by T cells bearing histocompatible T cell recep-
tors. T cells recognize the combination of the epitope and
histotope, and therefore the response is MHC-restricted. By
contrast, mitogens bind to the surface of T cells and APC,
resulting in receptor ligation, signalling and entry of the T
cells into the cell cycle. The receptor ligation on the T cells
does not recognize the unique sequences of the epitope–
histotope combination and the response is not MHC-
restricted. Our data here show the histo-incompatible APC
are sufficient to provide accessory signals to CD45RA+ T cells;
and therefore, the response is not MHC-restricted. This
suggests that S. suis possesses mitogenic capacities.

Mody et al. found that Cryptococcus neoformans possesses
mitogens for human T lymphocytes in addition to potent
recall antigens. Because both mitogens and recall antigens can
have profound effects on host defence, it was proposed that
both mechanisms contribute to lymphocyte proliferation
in vitro. When naive lymphocytes and allogeneic APC are
present, then the only possible mechanism of lymphocyte
activation is a mitogenic response. When efficient antigen
presentation is present, then a recall antigen may predomi-
nate [19]. We believe that both mechanisms occurred during
the immune response to S. suis in vivo and in vitro. Although
S. suis ST1 strain 31533 possesses mitogens as shown here, the
ability to stimulate naive T cells to proliferate was much
weaker than for the ST7 S. suis SC84. This may suggest that the
mitogenic effect is predominant during the response to S. suis
ST7 SC84 and that the recall antigenic effect is predominant
during the immune response to S. suis ST1 31533.

Bacterial mitogens can induce the stimulation of large
populations of T cells. These stimulated T cells can produce

H. Zheng et al.
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toxic concentrations of cytokines that have major effects on
the host [27]. The difference in the mitogenic effects between
S. suis ST7 SC84 and ST1 31533 may be responsible for the
higher level of cytokines observed in vivo after inoculation
with SC84 strain.

In conclusion, our data suggest that mitogenic effects
might contribute to the increased virulence of and the toxic
shock-like syndrome induced by S. suis ST7 strain SC84.
However, further studies are needed to identify the possible
component(s) related to the differences in the mitogenic
effects observed between S.suis ST1 and ST7 strains.
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