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Burkholderia pseudomallei is the causative agent of melioidosis. While adaptive immunity has been shown to
be important for host resistance to B. pseudomallei, the direct interaction of the bacteria with adaptive immune
cells such as T and B cells is not well known. To address this question, we infected Jurkat T cells, as well as
human primary CD4™ and CD8* T cells, with live B. pseudomallei. We found that live bacterial infection could
costimulate T cells to produce interleukin-2 (IL-2) and gamma interferon (IFN-v) in the presence of anti-CD3
cross-linking antibodies. Bacterial supernatant could also costimulate T cells, and this was due to the presence
of flagellin in the supernatant. However, T cells infected with bacterial mutants lacking flagellin showed strong
impairment in IL-2 but only a slight impairment in IFN-y production. When cross-linking of CD3 is replaced
by IL-2, live bacterial infection was still able to costimulate human primary T cells to produce IFN-y and
flagellin is only a minor ligand contributing to this costimulation. Thus, live B. pseudomallei could potentially
costimulate T cells not only in an antigen-specific manner but also in a nonspecific manner through bystander

activation via IL-2.

Burkholderia pseudomallei is a gram-negative bacterium re-
sponsible for causing melioidosis, an infectious disease en-
demic in Southeast Asia and Northern Australia. The bacte-
rium can invade and replicate in both cultured phagocytic (18,
28) and nonphagocytic cells (19). The type III secretion system
3 (TTSS3), also known as the Burkholderia secretion appara-
tus, enables B. pseudomallei to escape from the endosome into
the cytoplasm of infected cells (29). Furthermore, the BimA
protein found on one pole of the bacteria helps to facilitate
intracellular spread by the formation of actin comet tails (30).
These characteristics of the bacterium could help it to survive
intracellularly. Upon phagocytosis by macrophages, B.
pseudomallei is able to activate the suppressor of cytokine
signaling 3 (SOCS3) and cytokine-inducible Src homology
2-containing protein, resulting in a decrease in the gamma
interferon (IFN-v) signaling response (9). We had previously
shown that B. pseudomallei infection of monocytes, macro-
phages, and dendritic cells induced caspase-1-dependent cell
death (32). The interference with host innate immune cells
such as macrophages could have a profound impact on the
innate immune response to bacteria, as well as on the devel-
opment of the adaptive immune response.

The interaction of B. pseudomallei with other immune cells,
particularly those from the adaptive immune response such as
T and B cells, is not well known. It has been shown that
patients surviving melioidosis developed a cell-mediated im-
mune response (20) and, in mice, B. pseudomallei-specific CD4
T cells are important for host resistance in adaptive immunity
(16). This means that the ability of the host to develop a robust
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T-cell response is likely critical in controlling the infection, and
there is a possibility that bacteria could interfere with this
process through their subversive actions on antigen-presenting
cells or directly on T cells. An example would be Yersinia,
which has the ability to directly suppress T-cell activation
through the virulence factor YopH, a tyrosine phosphatase,
which binds to and inhibits signaling intermediates crucial for
T-cell antigen receptor (TCR) signaling such as the linker for
activation of T cells (LAT) and the 76-kDa SH2-domain-con-
taining leukocyte protein (SLP-76) (2, 13). When we examined
the interaction of B. pseudomallei with T cells, not only did we
not see a suppression of T-cell responses but we also observed
a costimulation effect provided by the bacteria. This could
perhaps explain the bystander activation of T cells during the
innate immune response to B. pseudomallei described previ-
ously (22). In addition, this costimulation effect on T cells is
TTSS3 independent but partially attributed to flagellin. To-
gether, our findings could have implications regarding the
pathogenesis of B. pseudomallei.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The virulent B. pseudomallei strain
KHW (24) was cultured on tryptic soy agar (TSA) or Luria-Bertani (LB) broth
at 37°C. To prepare mid-log-phase bacteria, 2 ml of LB broth was inoculated with
100 pl of overnight culture and allowed to grow for 3 h with shaking at 100 rpm
in a 37°C incubator. The fliC gene frame-deleted Escherichia coli strain NK9375
(AfliC) was kindly provided by Nancy Kleckner (Harvard University).

Cell lines. Jurkat cell clone E6-1 (ATCC, TIB-152) was cultured in RPMI 1640
(Gibco, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco), 2 mM L-glutamine (Sigma), 100 U of penicillin (Sigma)/ml, and
0.1 mg of streptomycin (Sigma)/ml. Cells were maintained at 37°C in a humid-
ified 5% CO, incubator.

Construction of KHWAfliCKm, KHWfliCpro, and KHWbsaQ mutants. The
KHWAfiCKm mutant was constructed as described previously (6) and cultured
on TSA containing 200 g of kanamycin/ml. The KHWbsaQ mutant was previ-
ously generated by Sun et al. (32). The KHWfliCpro mutant was screened from
transposon mutagenesis. Briefly, pOT182 (GI 3282100) maintained in E. coli
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SM10 was introduced into KHW via filter conjugation (11). Positive clones were
selected on TSA containing 100 pg of streptomycin/ml and 50 pg of tetracycline/
ml. The genomic DNA of the mutants was digested with BamHI, EcoRI,
HindIII, and Notl; self-ligated; and subsequently sequenced with the primer
OTF1 (5'-CTG GAA AAC GGG AAA GGT TC). The sequences obtained were
subjected to the BLAST against the B. pseudomallei K96243 genome. The site of
transposon insertion in KHWfliCpro mutant was identified to be the promoter
region of fliC gene.

Isolation of CD4™ and CD8* T cells from human peripheral blood. Peripheral
blood mononuclear cells were prepared from healthy blood donors by using
Histopaque-1077 (Sigma-Aldrich). CD4* or CD8" T cells were isolated from
peripheral blood mononuclear cells by magnetic cell sorting using human CD4*
or CD8" microbeads (Miltenyi Biotec, Germany) according to the manufactur-
er’s instructions. The purity of CD4™ or CD8™ T cells was >95%, as determined
via flow cytometry by staining with CD4-PE or CDS8-PE (BD Pharmingen).

Infection of Jurkat cells with B. pseudomallei and intracellular bacterial rep-
lication. Jurkat cells seeded in 12-well plates at a density of 10° per ml were
infected with mid-log-phase KHW at a multiplicity of infection (MOI) of 30:1 at
37°C with 5% CO,. At 2 h after infection, cells were centrifuged at 300 X g for
5 min, and the supernatant was discarded. Cells were washed with phosphate-
buffered saline and resuspended in fresh RPMI medium containing 250 ug of
kanamycin/ml. At 4 or 24 h after infection, cells were lysed with 0.1% Triton
X-100. Serial dilutions of the lysate were plated on TSA plates containing 5 pg
of gentamicin/ml. Bacterial CFU was counted after 24 h of incubation at 37°C.

Costimulation and determination of IL-2 and IFN-y concentration. Jurkat
cells seeded in 12-well plates at a density of 2 X 10° per ml were inoculated with
mid-log-phase KHW, KHWbsaQ, KHWAfliCKm, KHWfliCpro, DH5a, or
NKO9375A11iC at the indicated MOIs. The plates were centrifuged at 1,000 X g for
5 min prior to incubation at 37°C with 5% CO,. At 2 h after infection, cells were
collected, washed with phosphate-buffered saline, and resuspended in fresh
RPMI medium containing 250 pg of kanamycin/ml or 40 pg of tetracycline/ml.
A total of 0.2 X 10° cells were transferred to 96-well MaxiSorp plate (Nunc,
Denmark), which was coated overnight with 100 pl of 2.5 pg of purified mouse
anti-human CD3 monoclonal antibody (BD Pharmingen)/ml. After 22 h, the
supernatant was collected and assayed for interleukin-2 (IL-2) production by
using an OptEIA human IL-2 enzyme-linked immunosorbent assay (BD Bio-
sciences, San Diego, CA) according to the manufacturer’s instructions. In some
experiments, 0.2 X 10° Jurkat cells were incubated with various concentrations of
recombinant B. pseudomallei flagellin, which was prepared as previously de-
scribed (37), or with various volumes of filter-sterilized (0.22-pm pore size)
culture supernatant from mid-log-phase bacteria. In other experiments, 0.25 X
10° human primary T cells were inoculated with wild-type B. pseudomallei, the
KHW/fliCpro mutant, 1 g of flagellin protein (Flg)/ml, or lipopolysaccharide
(LPS) from E. coli O55:B5 (Sigma) and Pam;CSK, (Sigma), in the presence of
recombinant human IL-2 (R&D Systems, Inc.) or in anti-CD3-coated MaxiSorp
plates for 2 h, followed by the addition of 250 pg of kanamycin/ml and an
additional 22 h of incubation. In some cases, the supernatant was assayed for
IFN-y production by using a Max human IFN-y ELISA set (Biolegend, San
Diego, CA) according to the manufacturer’s instructions.

Immunodetection of Flg by Western blotting. A bacterial pellet from 5 ml of
mid-log-phase culture was lysed with bacterial lysis buffer (8 M urea, 0.1 M
NaH,PO,, 0.01 M Tris-Cl [pH 8]). Culture supernatant was filtered through a
syringe filter (0.22-pum pore size). Proteins in the supernatant were precipitated
with 25% trichloroacetic acid. Cell lysate and supernatant precipitates were
separated on a 10% sodium dodecyl sulfate-polyacrylamide gel, followed by
transfer onto nitrocellulose membrane. The membrane was probed with mouse
polyclonal antiserum to B. pseudomallei flagellin (1:100) and detected with horse-
radish peroxidase-conjugated goat anti-mouse immunoglobulin G (1:5,000;
Sigma).

Real-time PCR determination of IL-2 mRNA transcription and stability.
Jurkat cells were seeded at a cell density of 2 X 10%ml into 12-well plates
pretreated with 2.5 pg of anti-CD3 antibody/ml with or without 1 ng of B.
pseudomallei flagellin/ml or 1 pg of mouse anti-human CD28 monoclonal anti-
body (anti-CD28; Biolegend)/ml. After 5 h of stimulation, 0.5 ug of cyclosporine
(Cs; Calbiochem, San Diego, CA)/ml was added. At various time points after the
addition of Cs, total RNA was isolated from the cells by using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. cDNA was reverse
transcribed by using a TagMan reverse transcriptase kit (Applied Biosystems).
Real-time PCR was performed with an Applied Biosystems 7500 real-time PCR
system using a Power Sybr green master mix containing AmpliTaq Gold poly-
merase (Applied Biosystems). The cycling parameters for amplification were as
follows: 1 cycle of polymerase activation at 95°C for 10 min and 40 cycles at 95°C
for 15 s and 60°C for 1 min. The specific primers used for IL-2 were the forward
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FIG. 1. Invasion and replication of B. pseudomallei in Jurkat cells.
A total of 10° Jurkat cells were infected with B. pseudomallei strain
KHW at an MOI of 30:1. At 4 and 24 h after infection, the intracellular
bacterial CFU was determined. The results from one representative
experiment out of three are shown, and error bars represent the stan-
dard deviation of three values.

primer 5'-CTG GAG CAT TTA CTG CTG GAT TT and the reverse primer
5'-TGG TGA GTT TGG GAT TCT TGT AAT T; the primers used for GAPDH
were the forward primer 5'-ATG GAA ATC CCA TCA CCA TCT T and the
reverse primer 5'-CGC CCC ACT TGA TTT TGG.

Statistical analysis. A Student ¢ test was performed pairwise to determine
whether there was a statistically significant difference (P < 0.05) between KHW
and the various mutants.

RESULTS

Live bacterial infection and bacterial supernatant costimu-
late Jurkat cells. To investigate the interaction of B.
pseudomallei with T cells, we first determined whether B.
pseudomallei can invade and survive in human T cells. We
examined intracellular bacteria 4 or 24 h postinfection. We
found that B. pseudomallei could enter Jurkat cells and repli-
cate intracellularly with a 100-fold increase after 20 h (Fig. 1).
In contrast to macrophages and dendritic cells, B. pseudomallei
infection of Jurkat cells does not result in rapid cell death, and
the Jurkat cells in our assay remained viable throughout the
duration of our assays (data not shown). Several studies have
shown that PAMPs from bacteria such as flagellin (5, 7) and
lipoprotein BLP (25, 33) could provide costimulation to T cells
through the stimulation of the Toll-like receptors (TLRs). We
found that live bacterial infection of anti-CD3 antibody stim-
ulated Jurkat cells at various MOIs could also costimulate
Jurkat cells to make significant levels of IL-2 (Fig. 2A). B.
pseudomallei infection alone did not induce any IL-2 secretion
(data not shown), whereas anti-CD3 treatment alone induced
only a low level of IL-2 secretion. To determine whether the
factor providing the costimulation is secreted, Jurkat cells were
stimulated with plate-coated anti-CD3 antibody and bacterial
supernatant. We found that bacterial supernatant could also
costimulate T cells to make IL-2 (Fig. 2B).

Since TTSS3 of B. pseudomallei is an important virulence
factor (32, 35), we investigated the role of TTSS3 in the co-
stimulation using the bsaQ mutant, which does not have a
functional TTSS3. bsaQ mutant was able to costimulate Jurkat
cells to an extent similar to that of wild-type bacteria at the
various MOIs tested (Fig. 2A), and its culture supernatant at
various concentrations tested was able to costimulate T cells
(Fig. 2B).
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FIG. 2. IL-2 secretion by Jurkat cells infected with wild-type B. pseudomallei, bsaQ and fliC B. pseudomallei mutants, E. coli DH5«, or E. coli
AfliC mutant or incubated with bacterial culture supernatant. A total of 2 X 10° Jurkat cells were uninfected or infected with KHW or KHWbsaQ
mutant at MOIs of 1, 10, and 30 (A) or with KHW, KHWfliCKm, or KHWfliCpro at MOlIs of 5, 30, and 100 (C) or with DHS5« or AfliC mutant
(E) for 2 h, followed by 22 h of exposure to 2.5 p.g of plate-bound anti-CD3 antibody/ml. In some experiments, 0.2 X 10° Jurkat cells were incubated
in anti-CD3 coated plate for 22 h, together with LB medium or log-phase bacterial culture supernatants of KHW, KHWbsaQ (B), KHWfliCKm
and KHWfliCpro (D), or E. coli DH5« or AfliC mutant (F), which were filter sterilized. The results from one representative experiment out of three
are shown, and error bars represent the standard deviation of three values.
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FIG. 3. Detection of flagellin in KHW cell lysate and supernatant
but not in fliC mutants. (A) Western blot analysis of flagellin protein
in protein precipitates prepared from filter-sterilized bacterial culture
supernatant of KHW (lane 1) and KHWfliCKm (lane 2). Lane 3
contained 1 pg of recombinant B. pseudomallei flagellin protein.
(B) Western blot analysis of flagellin protein in KHW (lane 1) and
KHWfiiCpro (lane 2) lysate.
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fliC mutants lose the ability to costimulate Jurkat cells.
Since Jurkat cells only express TLRS and not TLR2 or TLR4
(37), we tested the contribution of flagellin to the costimula-
tion seen in both live bacterial infection and from bacterial
supernatants by using two fliC mutants—KHWAfliCKm and
KHWfliCpro (see Materials and Methods). In live bacterial
infection, we centrifuged the plate at 1,000 X g for 5 min to
minimize possible differences in the interaction with host cells
between the wild type and the fiC mutants due to mobility. At
a low MOI of 5:1, both mutants lost their ability to costimulate
Jurkat cells (Fig. 2C). At higher MOIs of 30:1 and 100:1,
costimulation was increased, although it was still lower than
that occurring with wild-type bacteria. This suggests that at
higher MOlIs, bacterial components other than flagellin accu-
mulating at a higher concentration could also provide T-cell
costimulation. On the contrary, costimulation provided by bac-
terial supernatant from the mutants was completely abolished
at various concentrations of supernatant tested (Fig. 2D). The
poorer costimulation by fiC mutants was not due to their
defective replication in Jurkat T cells since they could replicate
to numbers similar to those for wild-type bacteria (data not
shown). We further investigated whether other bacteria could
costimulate T cells through TLRS during infection. We found
that E. coli DHS5a could stimulate Jurkat cells to secrete IL-2
in the presence of anti-CD3 antibody. However, unlike B.
pseudomallei, the costimulation by E. coli was abrogated by
using the fliC mutant strain at the MOI tested (Fig. 2E). The
bacterial supernatant from DH5a was also able to costimulate
Jurkat cells but not the supernatant from the flagellin mutant
(Fig. 2F). In addition, B. pseudomallei was found to be more
potent in the costimulation of Jurkat cells than E. coli when the
same MOI was used. To ascertain that our B. pseudomallei fliC
mutants do not express the flagellin protein, we examined the
bacterial lysate and supernatant for the presence of the flagel-
lin protein. Flagellin was only detected in the bacterial lysate
and culture supernatant of wild-type B. pseudomallei but not in
either of the fliC mutants (Fig. 3).

Flagellin costimulation increases IL-2 mRNA transcription
but not stability. We next used the recombinant flagellin pro-
tein from B. pseudomallei to costimulate Jurkat cells. Purified
B. pseudomallei flagellin was able to costimulate anti-CD3
stimulated Jurkat cells in a dose-dependent manner (Fig. 4A).
IL-2 secretion by Jurkat cells peaked at around 2.5 ng of
flagellin/ml. To determine whether the enhanced IL-2 secre-
tion was due to increased expression or stability of the IL-2
mRNA, we examined the mRNA level by real-time PCR.
Jurkat cells stimulated with anti-CD3 antibody alone, anti-
CD3 plus 1 pg of anti-CD28 antibody/ml, or anti-CD3 plus 1
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ng of flagellin/ml for 5 h exhibited 2.5-, 12.3-, or 33.1-fold-
higher expression levels, respectively, of IL-2 gene than did the
untreated cells (Fig. 4B). However, the IL-2 mRNA level from
both anti-CD28- and flagellin-costimulated cells underwent
rapid and continuous decline throughout the 4 h after the
addition of Cs, which inhibits IL-2 transcription (Fig. 4B and
C). This shows that flagellin costimulation enhances IL-2 se-
cretion by Jurkat cells primarily through significant augmenta-
tion of mRNA transcription and not through increased stabi-
lization of transcripts over the period of time investigated.

Bacterial infection costimulates human primary CD4* and
CD8™ T cells. The T-cell costimulatory effect of B. pseudoma-
llei observed in Jurkat cells was further validated in human
primary CD4" and CD8" T cells. Infection with live B.
pseudomallei alone did not induce human primary T cells to
secrete detectable amounts of IL-2 or IFN-y (data not shown).
In the presence of plate-bound anti-CD3 antibody, infection
with live bacteria costimulated human CD4™ T cells to pro-
duce much more IL-2 (Fig. 5A) and IFN-y (Fig. 5B) than
uninfected cells. Similar to the observation in Jurkat cells, the
KHWf/liCpro mutant was significantly less capable of costimu-
lating CD4™ T cells to secrete IL-2 than was wild-type B.
pseudomallei KHW in all of the donors tested (Fig. 5A). In
contrast, the difference between KHW and the KHWfliCpro
mutant in costimulating CD4™" cells to produce IFN-y was not
as obvious as for IL-2 (Fig. 5B). Among the donors, CD4" T
cells from donors 2 and 4 made significantly more IFN-y in
response to KHW than the KHWfliCpro mutant, whereas
CD4" T cells from donors 1 and 3 did not show a significant
difference. Despite the variation in individual donors, the over-
all trend shows that flagellin is less prominent as a costimula-
tory factor involved in optimal production of IFN-y by CD4™*
T cells but is more important in enhancing IL-2 production.

When exposed to anti-CD3 antibody alone or together with
live bacteria, human CD8™ T cells did not produce any detect-
able IL-2 (data not shown). However, live bacterium-infected
CD8" T cells in the presence of anti-CD3 antibody signifi-
cantly increased the secretion of IFN-vy versus uninfected cells
(Fig. 6A). Except for the infected CD8" T cells from donor 4,
CDS8™ cells infected with the KHWfliCpro mutant were co-
stimulated to produce significantly less IFN-y than the KHW-
infected cells. This again reflects a donor-to-donor difference
in response to the flagellin mutant and shows that flagellin is
dispensable in some donors to costimulate IFN-y production
during live bacterial infection, suggesting that bacterial com-
ponents other than flagellin are involved.

Mouse CD8" T cells had been shown to produce IFN-y in a
bystander activation manner upon B. pseudomallei infection
(22). Since the anti-CD3 cross-linking we used is nonphysi-
ological, we sought to determine whether it could be replaced
by IL-2. We found that in the presence of recombinant human
IL-2 (rhIL-2), human T cells could be costimulated with B.
pseudomallei infection to make IFN-vy. IL-2 alone did not stim-
ulate human primary CD4" or CD8" T cells to produce de-
tectable IFN-y (Fig. 6B). Both CD4" and CD8™" T cells stim-
ulated with B. pseudomallei infection secreted significant
amounts of IFN-vy in the presence of IL-2, indicating that B.
pseudomallei-infected human T cells could produce IFN-y in a
bystander activation manner if IL-2 is present. Costimulation
with B. pseudomallei infection induced much more IFN-y pro-
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FIG. 4. IL-2 secretion, mRNA expression, and stability upon costimulation with recombinant B. pseudomallei flagellin. (A) A total of
0.2 X 10° Jurkat cells were stimulated on 2.5-wg/ml anti-CD3 antibody-coated plates alone (CD3) or with the indicated concentrations of B.
pseudomallei Flg. A total of 2.0 X 10° Jurkat cells were incubated in the absence of stimulus (untreated), in the presence of 2.5 ug of
anti-CD3 antibody/ml alone (CD3), in the presence of anti-CD3 antibody with 1 g of anti-CD28 antibody/ml (CD3+CD28), or with 1 ng
of flagellin/ml (CD3+Flg). After 5 h of stimulation, 0.5 pg of Cs/ml was added to inhibit IL-2 transcription. Total RNA was isolated
immediately from cells after 5 h of stimulation (0 h) or 0.5, 1, 2, 3, or 4 h after the addition of Cs. (B) IL-2 mRNA levels in treated samples
(CD3, CD3+CD28, and CD3+Flg) at different time points are expressed as the fold increase relative to that of the untreated samples.
(C) Within each treatment, the IL-2 mRNA levels in the samples at 0 h are normalized to be 100%; the IL-2 mRNA levels in the samples
at 0.5, 1, 2, 3, and 4 h are expressed relative to that at 0 h. The results from one representative experiment out of three are shown.

duction than that seen with flagellin, supporting the results in
Fig. 5B and 6A that costimulation in CD4™ and CD8™ T cells
for IFN-y production are only slightly dependent on flagellin.
However, costimulation with LPS could restore IFN-y produc-
tion to the same extent as that induced by live bacteria.

DISCUSSION

In this study, we show that B. pseudomallei costimulates
Jurkat T cells. Furthermore, this costimulation to T cells is
partially provided by flagellin since the fliC mutants were
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greatly impaired but not totally deficient in costimulating T
cells to produce IL-2. B. pseudomallei is not unique since E. coli
could also costimulate Jurkat T cells, although the costimula-
tion is entirely provided by flagellin. This shows that different
bacteria could use various pathogen-associated molecular pat-
terns to costimulate T cells. Although bacterial lipoprotein is
also able to costimulate T cells (25, 33), Jurkat T cells do not
express TLR2 (37). Murine T cells have been reported to be
costimulated with CpG DNA (12), but this has not been shown
for human T cells yet. Thus, it is likely that B. pseudomallei
provides flagellin and other costimulatory signals to Jurkat T
cells.

Unlike the costimulation provided by live bacterial infec-
tion, flagellin is the sole factor contributing to the costimu-
lation by bacterial culture supernatant. Culture supernatant
from wild-type B. pseudomallei costimulated Jurkat cells,
and this was abrogated in supernatants from fiC mutants.
The same is observed for E. coli. The flagellin present in
culture supernatant is possibly shed from the degradation of
flagella. It is also possible that in live bacterial infection,
flagellin could be synthesized de novo and secreted by bac-
teria interacting with host cells (31). Using purified recom-
binant B. pseudomallei flagellin, we found that the costimu-
latory effect of flagellin could be detected at as low as 30
pg/ml and was optimal at 2.5 ng/ml. The potency of flagellin
could explain why the amount in the bacterial culture su-
pernatant would be sufficient for stimulation, and it also
means that this amount of flagellin is likely present during
an in vivo infection. In addition, flagellin substantially en-
hanced IL-2 mRNA expression by costimulating Jurkat
cells. Blocking IL-2 transcription by Cs caused a consider-
able and continuous fall in IL-2 mRNA in both flagellin- and
CD28-costimulated cells. Thus, sustaining IL-2 mRNA level
requires the presence of continuous stimulatory signals on
transcription. The potent costimulatory effect of flagellin on
IL-2 production is largely mediated through upregulating
IL-2 expression and not through IL-2 mRNA stabilization.

We also validated the costimulation by B. pseudomallei in
human primary CD4* and CD8" T cells. Infection with B.
pseudomallei could costimulate CD3-cross-linked primary T
cells to produce IL-2 and IFN-y. Similar to what is seen in
Jurkat T cells, flagellin provides partial costimulation to CD4™
T cells to produce IL-2 and IFN-y. However, the situation in
primary T cells is more complex than in Jurkat T cells. The
flagellin mutant showed a stronger impairment in IL-2 than
IFN-y production in CD4™" T cells. This differential response
to the costimulatory signal provided by flagellin in IL-2 and
IFN-y expression could be due to the differences in transcrip-
tion regulation of these two genes. Although the optimal ex-
pression of IL-2 requires transcription factors, including
NFAT, NF-«kB, and AP-1, the expression of IFN-v is regulated
by NFAT, NF-«kB, and STATs (38). Since IFN-y can be in-
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duced through the STAT signaling pathway by cytokines such
as IL-12, IL-18, and IL-2, it is possible that IFN-y production
by T cells is partially ascribed to a secondary response to
autocrine IL-2. However, this could not explain why CD8" T
cells, which did not produce detectable IL-2, produced IFN-vy.
Furthermore, the fliC mutant produced significantly less IL-2,
and if IL-2 could compensate for the flagellin signal, there
should be less IFN-y compared to wild-type bacteria. Perhaps
signaling to STATSs by signals provided by B. pseudomallei
could constitute partially for the loss of costimulation provided
by flagellin. The weaker dependence on flagellin in IFN-y than
IL-2 production could also be explained by the stability of the
interactions between IL-2 promoters and its transcription fac-
tors. The sites in IL-2 promoters are individually of low affinity,
thus recruitment of multiple transcription factors is facilitated
and stabilized by cooperative binding of factors to adjacent
binding sites (1). This makes IL-2 expression more sensitive to
the integrity and adequateness of transcription factors. There-
fore, the lack of transcription factors in flagellin-induced sig-
naling pathway would strongly affect IL-2 but only slightly
affect IFN-y expression.

Previous studies in mice (16, 17) and in humans (3, 14, 20)
have shown the importance of adaptive immunity in protection
against B. pseudomallei. Our findings on the direct costimula-
tion by live B. pseudomallei could provide a mechanism for the
activation of B. pseudomallei-specific T cells. This mechanism
may be significant when antigen-presenting cells do not express
costimulatory molecules either because the presenting cells are
nonprofessionals, such as epithelial cells, or when antigen-
presenting cells could be killed by the bacteria (732). Although
human memory CD4" T cells have been described to be co-
stimulated with TLR2 (21) and TLRS5, TLR7, and TLRS li-
gands (5), we are the first to use a live bacterial infection to
demonstrate costimulation and show that human CD8 T cells
can be costimulated to make IFN-y as well. Costimulation of
naturally occurring CD4™ CD25™ regulatory T cells (Treg) by
TLR2, TLR4, TLRS, and TLRS8 agonists has also been re-
ported and, in some instances, costimulation led to enhanced
suppressive Treg activity, while in others it led to the inhibition
of suppressive activity (7, 8, 23, 25, 26, 33). Since the role of
Treg in melioidosis is completely unknown, it is difficult to
comment on the implication of the possible costimulation of
Treg by B. pseudomallei.

Although our primary human T cells were not further frac-
tionated into memory or naive populations, it is highly likely
that the memory T-cell population was costimulated with
flagellin and with other costimulatory ligands described by
others (5, 21). The different proportions of memory T cells
and their level of TLR expression could contribute to the
slight donor to donor variation in our results. Due to the
ability of B. pseudomallei to costimulate T cells not only with
anti-CD3 cross-linking in the mimic of a specific immune

FIG. 5. Cytokine production by human primary CD4" T cells infected with wild-type B. pseudomallei or the fliC mutant. In the anti-CD3-coated
plate, 0.25 X 10° CD4* cells were left uninfected or were infected with KHW or KHWfliCpro at MOIs of 5 and 30 for 2 h before the addition
of kanamycin. At 22 h after antibiotic addition, the supernatant was collected and assayed for IL-2 (A) or IFN-y (B) concentration. Representative
results from four different healthy donors are shown. Each bar represents the mean of four values from duplicates, and the error bar indicates the
standard deviation. For donors 3 and 4 in panel A, each bar represents the mean of two values. *, P < 0.05; *%, P < 0.01.
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FIG. 6. (A) IFN-y secretion by human primary CD8" T cells infected with wild-type B. pseudomallei or the fliC mutant. In the
anti-CD3-coated plate, 0.25 X 10° CD8™ cells were uninfected or infected with KHW or KHWfliCpro at an MOI of 30 for 2 h before
the addition of kanamycin. At 22 h after antibiotic addition, the supernatant was collected and assayed for IFN-y concentration. The
representative results from four healthy donors are shown. Each bar represents the mean of four values from duplicates, and the error bar
indicates the standard deviation. (B) IFN-y secretion by human primary T cells incubated with recombinant human IL-2 (rhIL-2) alone,
together with KHW, with recombinant B. pseudomallei flagellin, with LPS, with Pam;CSK,, or with flagellin, LPS, and Pam;CSK,. A total
of 0.25 X 10° CD4" or CD8" cells were stimulated with 80 U of rhIL-2 alone/ml, with KHW at an MOI of 30 (rhIL-2+KHW), with 1 p.g
of flagellin/ml (rhIL-2+Flg), with LPS (rhIL-2+LPS), with Pam;CSK, (rhIL-2+Pam), or with all three ligands (rhIL-2+All) for 2 h, followed
by the addition of kanamycin. At 22 h after antibiotic addition, the supernatant was collected and assayed for IFN-y concentration. The
results of one representative experiment out of two from two different donors are shown. The results for rhIL-2+Flg and rhIL-2+KHW were

repeated at least in four donors. %, P < 0.05.

response but also in a nonspecific manner with IL-2, this
could also induce bystander activation of T cells. Lert-
memongkolchai et al. (22) found that murine memory CD8"
T cells were preferentially activated by bacterial infection to
produce IFN-vy in an antigen-nonspecific manner. We sug-
gest that the mechanism of bystander activation could be
due to bacterial costimulation of the CD8" memory T cells.

Since memory T cells have a lower threshold for activation,
the primary stimulus provided through the TCR could be
replaced by cytokines such as IL-2. In fact, IL-2 could re-
place TCR signals (anti-CD3 stimulation) in the costimula-
tion of CD4" memory T cells by bacterial lipoprotein (21)
and flagellin (5). We found that LPS could costimulate T
cells to make IFN-y in the presence of IL-2 to the same
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extent as bacterial infection in both CD4* and CD8" T
cells. TLR4 expression on memory T cells has been reported
(4) and, although stimulation via LPS alone does not result
in proliferation nor cytokine production, T cells are able
to respond to LPS via TLR4 by upregulating adherence to
fibronectin and SOCS3 (39). Thus, LPS may be able to
directly costimulate human T cells during B. pseudomallei
infection, although LPS from B. pseudomallei has been de-
scribed as less stimulatory (34). This non-antigen-specific
stimulation could serve to perpetuate and maintain long-
term T-cell memory. In the early bystander IFN-y produc-
tion by memory CD8" T cells (22), initial IL-2 may be
provided by innate immune cells such as dendritic cells
stimulated by bacteria (10, 15). In situations where low-
grade inflammation already exists such as in diabetic indi-
viduals (27, 36), infection with B. pseudomallei may lead to
non-antigen-specific costimulation of memory T cells, lead-
ing in turn to greater cytokine production and inflammation.
Thus, it remains to be seen whether bystander activation of
T cells via bacterial costimulation contributes to innate im-
mune response against the bacteria or whether it accentu-
ates inflammation in the host.
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