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Burkholderia pseudomallei, a facultative intracellular bacterium, is the causative agent of a broad spectrum
of diseases collectively known as melioidosis. Its ability to survive inside phagocytic and nonphagocytic cells
and to induce multinucleated giant cell (MNGC) formation has been demonstrated. This study was designed
to assess a possible mechanism(s) leading to this cellular change, using virulent and nonvirulent strains of B.
pseudomallei to infect both phagocytic and nonphagocytic cell lines. We demonstrated that when the cells were
labeled with two different cell markers (CMFDA or CMTMR), mixed, and then infected with B. pseudomallei,
direct cell-to-cell fusion could be observed, leading to MNGC formation. Staining of the infected cells with
rhodamine-conjugated phalloidin indicated that immediately after the infection, actin rearrangement into a
comet tail appearance occurred, similar to that described earlier for other bacteria. The latter rearrangement
led to the formation of bacterium-containing, actin-associated membrane protrusions which could lead to a
direct cell-to-cell spreading of B. pseudomallei in the infected hosts. Results from 4',6'-diamidine-2-phenylin-
dole dihydrochloride (DAPI) nuclear staining, poly-ADP ribose polymerase cleavage, staining of infected cells
for phosphatidylserine exposure with annexin V, and electrophoresis of the DNA extracted from these infected
cells showed that B. pseudomallei could kill the host cells by inducing apoptosis in both phagocytic and

nonphagocytic cells.

Burkholderia pseudomallei is the causative agent of a broad
spectrum of clinical manifestations collectively known as me-
lioidosis (3, 11). Melioidosis affects humans and animals in
tropical and subtropical areas and is particularly prevalent in
Southeast Asian countries and northern Australia. It is a po-
tentially fatal disease which may account for up to 40% of
deaths from community-acquired septicemia in Thailand (4).
One striking characteristic of the infection caused by B.
pseudomallei is its dormancy state following initial subclinical
infection or relapse after recovery from clinical disease (3).
Infective organisms that are in the dormant state in hosts can
be triggered, leading to acute and fatal disease, particularly
when the immune response is depressed (3).

Different lines of evidence currently available suggest that B.
pseudomallei behaves as a facultative intracellular organism.
The bacilli can readily attach and multiply in the cells from
infected humans and a number of naturally and experimentally
infected animals, as well as (in vitro) in different phagocytic
and nonphagocytic cell lines (1, 8, 9, 15, 16, 20). Several groups
of investigators have reported that, after internalization, the
organisms can escape from a membrane-bound phagosome
into the cytoplasm (8, 9, 15). The presence of multinucleated
giant cells (MNGCs) has been observed in the tissues of pa-
tients with melioidosis (25). We first demonstrated the pres-
ence of foci of MNGCs in different cultured cell lines including
macrophage, epithelial, and fibroblast cell lines (W. Kes-
pichayawattana, T. Wanun, and S. Sirisinha, Int. Congr. Me-
lioidosis, abstr. P412, 1998). This phenomenon was subse-
quently confirmed and extended recently by Harley and
associates (8). These investigators presented indirect evidence
suggesting that the MNGC formation might be associated with
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cell fusion. In the present study, we provide direct evidence
showing that B. pseudomallei can in fact induce cell fusion
leading to MNGC formation and actin-associated membrane
protrusion in both phagocytic and nonphagocytic cell lines,
both of which could contribute to cell-to-cell spreading in in-
fected hosts.

MATERIALS AND METHODS

Bacterial strains. B. pseudomallei strains 844, UE12, UE16, UE30, and 824a
were originally isolated from melioidosis patients and were of an arabinose-
negative (Ara~) biotype (17, 18). Strains UE16, UE30, and 824a, however,
exhibited atypical lipopolysaccharide patterns in sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis analysis (2). Another strain of the Ara~
biotype used (UE3) was originally isolated from a soil sample in Thailand. B.
pseudomallei strains UES, UES, and UE11 were also isolated from soil samples
in Thailand, but all were classified as a nonvirulent Ara™ biotype (18). Salmo-
nella enterica serovar Typhi, a prototype of intracellular bacteria used for com-
parison, was isolated from a patient admitted at Ramathibodi Hospital (Mahidol
University, Bangkok, Thailand). Escherichia coli HB101, representing noninva-
sive extracellular bacteria, was also used for comparative study in some experi-
ments. All bacterial strains were routinely subcultured from stocks kept at —70°C
in 20% glycerol. For use in the experiments, they were cultured in Trypticase soy
broth at 37°C with shaking at 120 rpm. The overnight cultures were washed twice
in phosphate-buffered saline (PBS) and adjusted to a desired concentration by
measurement of the optical density at 650 nm.

Cell lines. Murine macrophage (J774A.1 [ATCC TIB-67]), human epithelium
(HeLa [ATCC CCL-2]), and mouse fibroblast (1.929) cell lines were used in this
study. Unless indicated otherwise, the cells were cultured and maintained in
appropriate cell culture media supplemented with 10% heat-inactivated fetal
bovine serum (HyClone, Logan, Utah) and 2 mM L-glutamine (Sigma Chemical
Co., St. Louis, Mo.). Dulbecco’s modified Eagle medium (DMEM; Gibco BRL,
Grand Island, N.Y.) was used for the J774A.1 and HeLa cell lines, while RPMI
1640 (Gibco BRL) was used for the 1.929 cell line. Throughout the study, the cells
were incubated at 37°C in a humidified incubator in the presence of 5% CO..

Internalization of B. pseudomallei by cultured cell lines. Infection of the cells
by B. pseudomallei, E. coli, and S. enterica serovar Typhi was performed essen-
tially as described previously (9). In brief, cells of the J774A.1 and HeLa lines
(seeded at 5 X 10° cells per well) in 24-well plates were incubated overnight at
37°C with 5% CO,. On the day of infection, the cultured medium was removed
and replaced with fresh medium, and the bacteria were added to each well to give
a multiplicity of infection (MOI) of approximately two bacteria per cell. After 2 h
at 37°C, the cells were washed with prewarmed PBS, the cultured medium
containing 250 pg of kanamycin (Gibco BRL) per ml was added, and the cell
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culture was incubated for another 2 h to completely eliminate residual extracel-
lular bacteria. Thereafter, the cell monolayer was washed and lysed with 0.1%
Triton X-100 (Sigma Chemical Co.). Intracellular bacteria that were liberated
were quantitated by dilution and plating on Trypticase soy agar. The numbers of
bacterial colonies were counted after 36 to 48 h of incubation.

Intracellular survival and multiplication of B. pseudomallei in cultured cell
lines. The J774A.1 and HeLa cells were infected and treated as described above
for the internalization experiment. After killing of the extracellular bacteria with
kanamycin (250 wg/ml), the cells were washed and incubated in the culture
medium containing 20 pg of kanamycin per ml to inhibit the growth of residual
extracellular bacteria. The incubation periods were 6 and 8 h for J774A.1 cells
and 12 and 24 h for HeLa cells before the numbers of intracellular bacteria were
determined as described above.

Giemsa staining of B. pseudomallei-infected cell lines. Cells were seeded and
grown overnight on glass coverslips. At different intervals after infection with B.
pseudomallei, the coverslips were washed with PBS, fixed for 15 min with 1%
paraformaldehyde, and then washed with 50 and 90% ethanol for 5 min each.
The coverslips were air dried before staining with the Giemsa stain. For evalu-
ation of MNGC formation, at least 1,000 nuclei per coverslip were counted, and
the percent MNGC formation was calculated as follows: (number of nuclei
within multinucleated cells/total number of nuclei counted) X 100.

Plaque assay. Burkholderia-induced plaque formation and assay were per-
formed essentially as described earlier for Shigella (14) with the exception that
the process was carried out in the presence of kanamycin instead of gentamicin.
Briefly, the HeLa cell monolayers were infected with either B. pseudomallei
strain 844 or UES at an MOI of 1:10 for 2 h in the absence of any antibiotics. The
infected cell monolayers were washed 3 times with PBS before a 0.5% agarose
overlay consisting of DMEM, 250 pg of kanamycin per ml, and 4.5 mg of
D-glucose per ml was added. The plates were incubated at 37°C in a humidified
5% CO, atmosphere for 24 h. To enhance visualization of the plaques, another
similar agarose overlay containing in addition 0.01% neutral red was added, and
the plaques were observed 4 h later.

Cell fusion assay. Confluent cell monolayers were harvested, washed with
PBS, and separated into two tubes for staining with CellTracker Green CMFDA
(Molecular Probes, Eugene, Oreg.) or CellTracker Orange CMTMR (Molecular
Probes). Labeling of the cells was performed as described by the manufacturer.
Briefly, the cell suspensions were incubated with the dyes at a concentration of
5 uM for J774A.1 cells or 25 pM for HeLa and 1.929 cells. After 15 min of
incubation at 37°C in a water bath, the cells were pelleted, and the remaining
dyes were discarded. The culture medium, supplemented with 10% fetal bovine
serum and 2 mM L-glutamine, was added to the cells, and the mixture was
incubated at 37°C for an additional 30 min to complete the labeling process. The
labeled cells were washed twice with large volumes of PBS, counted, and ad-
justed to the desired concentration. Equal numbers of CMFDA-labeled and
CMTMR-labeled cells were mixed and plated in a six-well plate containing a 22-
by 22-mm glass coverslip. After an overnight incubation, the mixed-cell cocul-
tures were infected with B. pseudomallei at an MOI of approximately 50:1 as
described above. After different intervals of incubation, the cells were washed
and fixed with 3.7% formaldehyde in PBS and observed with a fluorescence
microscope equipped with a dual-wavelength filter.

Fluorescence staining of actin and bacteria. Cells were cultured on 22- by
22-mm glass coverslips seeded in the six-well plates. After an overnight incuba-
tion, the cells were infected with B. pseudomallei at an MOI of approximately
50:1. After 2 h of incubation, the extracellular bacteria were washed away, and
fresh culture medium containing kanamycin (250 wg/ml) was added. This mixture
was incubated further until the experiment was performed. At that time, the cells
were washed with PBS, fixed with 3.7% formaldehyde in PBS for 15 min, and
then permeabilized by a 5-min treatment with 0.1 or 1% Triton X-100 in PBS. To
minimize nonspecific binding, the cells were blocked for 30 min with 1% bovine
serum albumin (Sigma Chemical Co.) before proceeding further. To stain intra-
cellular bacteria, the permeabilized infected cells were allowed to react with a
precalibrated dilution of either mouse monoclonal antibodies (17) (for staining
the Ara™ biotype) or rabbit polyclonal antibodies raised against B. pseudomallei
(for staining both biotypes). Rhodamine-conjugated phalloidin (Molecular
Probes) was simultaneously added to these cells to stain actin fibers (1 U per
microscopic slide as recommended by the manufacturer). The slides were washed
with PBS (containing 1% bovine serum albumin) before adding fluorescein
isothiocyanate-conjugated goat anti-mouse immunoglobulin (Ig) (DAKO,
Glostrup, Denmark) or fluorescein isothiocyanate-conjugated goat anti-rabbit
1gG (Zymed Laboratories, Inc., San Francisco, Calif.) at the dilutions recom-
mended by the manufacturers. The coverslips were finally washed three times
before they were examined for the presence of actin-associated bacteria under a
fluorescence microscope equipped with a dual-wavelength filter.

Assessment of apoptosis. Cells were seeded at 1 X 10° cells per well for HeLa
and 1929 cells or 2 X 10° for J774A.1 cells in six-well plates and incubated for
18 to 20 h prior to infection. After 2 h of infection with B. pseudomallei at an
MOI of approximately 50:1, the cells were washed and further incubated in the
presence of 250 ug of kanamycin per ml. At different time intervals, the cells
were removed and lysed in buffer (10 mM Tris-HCI, pH 8.0-100 mM NaCl-0.5%
SDS-35 mM EDTA) and then treated with proteinase K (0.1 mg/ml) at 50°C
overnight. Protein was removed by extraction with phenol-chloroform-isoamyl
alcohol (25:24:1). Nucleic acids were then precipitated by the addition of ethanol

INFECT. IMMUN.

and centrifuged at 9,500 X g for 30 min. The pellets were air dried and resus-
pended in TE buffer (10 mM Tris-HCI, pH 8.0-1 mM EDTA). The DNA
solution was incubated at 37°C for 1 h in the presence of RNase (0.1 mg/ml)
before it was subjected to electrophoresis in 1.8% agarose gel (10). The gel was
then stained with ethidium bromide, and the DNA ladders were viewed under a
UV light.

In some experiments, the cells were seeded and infected as described earlier,
on glass coverslips in a six-well plate, and at different intervals, the cells were
washed, fixed with 3.7% formaldehyde, and stained with 4’,6'-diamidine-2'-
phenylindole dihydrochloride (DAPI) at 1 wg/ml, for the observation of nuclear
morphology. The proportions of condensed and fragmented apoptotic nuclei
were calculated from counting a total of 1,000 nuclei. In other experiments, the
translocation of phosphatidylserine (PS) from the inner side to the external
surface of B. pseudomallei-infected cells was detected by staining the cells with
fluorescein-labeled annexin V and analyzing FITC-positive viable cells by flow
cytometry (22). Viability of the cells was determined by the exclusion of pro-
pidium iodide (i.e., only PI"™ cells were counted).

In order to elucidate the possible mechanism of apoptotic cell death induced
by B. pseudomallei, a cleavage of poly-ADP ribose polymerase (PARP) was
determined as described previously (21). Briefly, the J774A.1 cell monolayers
were infected with B. pseudomallei at an MOI of 100:1. After 30 min, extracel-
lular bacteria were removed by washing 3 times with PBS. The infected cells were
then reincubated in DMEM containing 250 pg of kanamycin per ml and then
harvested 1, 2, and 3 h later by lysing in lysis buffer (containing 62.5 mM Tris [pH
6.8], 6 M urea, 10% glycerol, 2% SDS, 0.003% bromphenol blue, and 5%
2-mercaptoethanol). Twenty microliters of the lysates was electrophoresed on a
0.1% SDS-10% polyacrylamide gel and electrotransferred to a polyvinylidene
difluoride membrane. The membrane was blocked in 5% skimmed milk for 1 h
before reacting with antibody to PARP (anti-cII-10; Centre Hospitalier De
I’Universite, Laval, Quebec, Canada). The reaction was detected with horserad-
ish peroxidase-conjugated rabbit anti-mouse IgG using the enhanced chemilu-
minescence method as recommended by the manufacturer (Pierce, Rockford,
IIL).

RESULTS

Bacterial internalization and intracellular multiplication.
In this experiment, one phagocytic cell line (J774A.1) and one
nonphagocytic cell line (HeLa) were exposed to several strains
of virulent Ara~ and nonvirulent Ara™ B. pseudomallei at an
MOI of 2:1, and the number of intracellular bacteria was de-
termined 4 h after exposure. Similar tests were conducted with
S. enterica Typhi serving as a virulent, invasive control and E.
coli as a noninvasive control. The results presented in Table 1
show that all six isolates of B. pseudomallei tested could be
readily phagocytosed by the macrophage cells (J774A.1). At
4 h, the percent internalization of B. pseudomallei in J774A.1
cells infected with different isolates was slightly below that of
the S. enterica serovar Typhi (Table 1), both of which were,
however, noticeably higher than that of E. coli. Similar to S.
enterica serovar Typhi, B. pseudomallei could also invade cells
of the nonphagocytic HeLa line. However, on average, the
number of intracellular B. pseudomallei recovered after 4 h was
3 to 4 orders of magnitude lower than that of S. enterica serovar
Typhi. At the same time, the number of E. coli organisms
found inside the HeLa cells was 1 to 2 orders of magnitude
below that of B. pseudomallei. Data in Table 2 show that these
B. pseudomallei isolates could not only survive but also multiply
inside phagocytic and nonphagocytic cells, at a rate roughly
comparable to that in the broth culture (unpublished observa-
tions). It should also be mentioned that B. pseudomallei could
also invade and multiply in the L.929 cells at a rate similar to
that of the HeLa cells.

B. pseudomallei-induced plaque formation. To determine if
B. pseudomallei could spread directly from cell to cell, a bac-
terial plaque assay was performed using cells of the nonphago-
cytic HeLa line. The results, presented in Fig. 1, included B.
pseudomallei plaques with an average diameter of about 1.0
mm at 24 h after the infection. At a higher magnification, cells
at the periphery were found to harbor large numbers of bac-
teria. There was no visible plaque formation when the plates
were shifted from 37 to 4°C after the initial absorption period.
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TABLE 1. Internalization of bacteria into cultured cell lines®

Bacterium Host cell line

Inoculum size (CFU)

No. of intracellular bacteria (CFU)? % Internalization

B. pseudomallei

844 J774A.1 0.78 x 10°
HeLa 0.49 X 10°

UE3 J774A.1 1.27 X 10°
HeLa 2.12 X 10°

UES J774A.1 1.11 X 10°
HeLa 1.02 X 10°

UES J774A.1 1.02 X 10°
HeLa 1.62 x 10°

UE16 J774A.1 0.82 x 10°
HeLa 1.28 X 10°

UE30 J774A.1 1.01 X 10°
HeLa 1.53 x 10°

S. enterica serovar Typhi J774A.1 1.23 X 10°
HeLa 2.22 X 10°

E. coli HB101 J774A.1 2.03 x 10°
HeLa 2.60 X 10°

(3.85 £ 0.26) X 10° 49.36
(0.23 = 0.04) x 10? 0.0047
(4.57 = 0.40) X 10° 35.98
(3.95 = 0.77) x 10? 0.0186
(232 £ 0.14) X 10° 20.92
(0.28 = 0.09) x 10? 0.0027
(3.73 £ 0.27) X 10° 36.57
(1.83 = 0.46) x 10° 0.0113
(1.68 = 0.47) X 10° 20.49
(1.73 = 0.38) x 10? 0.0135
(425 £ 0.23) X 10° 42.08
(1.35 £ 0.17) x 10? 0.0088
(6.45 = 0.96) X 10° 52.44
(1.79 = 0.06) X 10° 8.06
(0.12 = 0.01) x 10° 0.59
(0.20 = 0.20) x 10" 0.0001

“Inocula were added, and the mixtures were incubated for 4 h.

® No. of CFU of liberated intracellular bacteria = standard error of the mean from triplicate wells.

From a limited number of isolates tested, it appeared that the
virulent B. pseudomallei were more efficient than the nonviru-
lent strains in plaque induction.

B. pseudomallei-induced cell fusion and MNGC formation.
We demonstrate here for the first time (Fig. 2 A through C)
that the MNGCs were formed as a result of direct cell-to-cell
fusion. As shown in Fig. 2, when the J774A.1 cells were labeled
separately with CMTMR (red) and CMFDA (green), mixed
together, and then cocultured before the addition of B.
pseudomallei, the orange MNGC (Fig. 2B) could be readily
observed within 4 to 6 h after the infection. This indicated that
a fusion between CMTMR-labeled cells and CMFDA-labeled
cells had occurred. In the same field, MNGCs (Fig. 2A and B)
resulting from fusion of the like labeling cells could be readily
observed. As is to be expected, no MNGC formation could be
found in the labeled cell coculture in the absence of B.
pseudomallei (Fig. 2C). Similar results were obtained when the
experiment was carried out with HeLa and 1929 cells. The
difference between the phagocytic and nonphagocytic cells was
the rate of MNGC formation, which was considerably lower in
the HeLa and L1929 cells (data not presented). The latter
finding is consistent with the presence of the lower number of
intracellular bacteria in these two cell types compared with the
J774A.1 cells.

Both virulent (Ara~) and nonvirulent (Ara™) biotypes could
induce cell fusion and MNGC formation in all three cell lines.

However, the data presented in Table 3 show that the MNGC
formation in cells of the J774A.1 line could be induced at a
faster rate by the virulent strain (strain 844). Four hours after
infection with the virulent Ara™ isolate, the MNGCs could be
readily observed, and the number gradually increased to reach
a peak at around 7 to 8 h, when the experiment was termi-
nated. With the nonvirulent strain (strain UES), a negligible
number of the infected cells participated in the MNGC for-
mation at 4 h. The results shown by phase-contrast photomi-
crographs (Fig. 3) also gave the impression that the cellular
damage caused by the virulent strain was more extensive 6 h
after the infection was initiated. The quantitative data on the
number of MNGC (Table 4) and on plaque formation are
consistent with this conclusion. However, at the end of the
experiment, both biotypes gave essentially similar degrees of
MNGC formation.

B. pseudomallei-induced cellular actin rearrangement and
membrane protrusion. Photomicrographs presented in Fig. 2E
through H clearly demonstrate that B. pseudomallei could in-
duce the formation of peripheral membrane protrusions in
both phagocytic (J774A.1) and nonphagocytic (HeLa) cells.
Many of these bacterium-containing protrusions extended to
and some of them eventually touched the neighboring cells
(Fig. 2G) and, at times, appeared to be pushing the latter, like
the protrusions described previously for other bacteria, e.g.,
Listeria monocytogenes and Shigella flexneri (5-7, 19, 26, 27).

TABLE 2. Intracellular survival and multiplication of B. pseudomallei strains

Survival in cell line”

Time

(h)b J774A.1 HeLla
844 UE16 UES 844 UEIl6 UE5S
4 (582+176)x 10"  (3.82=0.18)x 10° (130 = 030) X 10*  (0.02+0.02) X 102 (0.08 = 0.02) X 10> (0.02 = 0.02) x 10?
6 (728+222)x10° (562 *0.52) X 10°  (2.86 = 1.20) X 10° ND ND ND
8 (468 1.08)x10° (124 =0.12) x 10°  (1.86 + 0.02) X 10° ND ND ND
12 ND ND ND (120 = 0.95) X 10> (1.70 = 1.00) X 10>  (0.85 = 0.20) X 10?
24 ND ND ND (511 = 239) x 10* (251 +234) x 10°  (3.97 + 1.92) x 10*

“ Results are mean CFU of intracellular bacteria = SEM from duplicate wells. ND, not done.
® Hours after inoculation of bacteria into host cells.
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FIG. 1. Plaque formation in HeLa cells by B. pseudomallei. Burkholderia
plaques occurred in the presence of kanamycin at 24 h after infection. The cell
monolayer was stained with neutral red to enhance visibility. Lysis of cells in the
center of the plaque could be readily observed (B [magnification, X40]), leaving
at times a considerable amount of visible debris. Cells in the periphery contained
a large number of intracellular bacteria.

When these B. pseudomallei-infected cells were stained with
rhodamine-conjugated phalloidin for actin fibers, actin rear-
rangement in a “comet” tail formation (12) could be readily
observed (Fig. 2F and H). Actin rearrangement occurring at
only one polar end of the bacilli could be noted at 4 h of
infection when the observation was made. Because our labo-
ratory is not equipped to take video pictures to observe intra-
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cellular motility of B. pseudomallei, we could not state with
certainty whether such an association existed. However, with
careful observation at different time points, a movement of
bacterium-containing protrusions could be noted occasionally.

Induction of apoptosis. Although at the early stage of infec-
tion, when a majority of the infected cells including the
MNGC:s were still viable as shown by exclusion in the trypan
blue dye test, evidence suggesting that these cells were under-
going apoptotic death could already be noted. For example, 4 h
after the infection of J774A.1 cells with B. pseudomallei, DAPI
nuclear staining showed the presence of many cells with con-
densed and fragmented nuclei typical of apoptotic cells (Fig.
4). Depending on the experimental conditions, the proportion
of cells with apoptotic nuclei gradually increased from an av-
erage of 3% at 2 h to 43% at 6 h when the experiment was
carried out with the virulent strain. For the nonvirulent strain,
these proportions were 1 and 23%, respectively. These nuclear
changes could be readily observed in both single and unfused
nucleated cells (Fig. 4A) and MNGCs (Fig. 4B). At times, both
normal and abnormal appearing nuclei could also be seen in
the same MNGCs. As is to be expected from the previous
experiments, this phenomenon could also be observed in
nonphagocytic cells, although at a rate lower than in the
phagocytic cells. Consistent with these nuclear changes, the
plasma membrane of these B. pseudomallei-infected cells was
also altered after the infection. The limited data presented in
Table 5 show that the percentage of J774A.1 cells that stained
positively with annexin V, a marker for PS, gradually increased
with the time of infection. The data presented again showed
that virulent strain 844 induced a more drastic change than
nonvirulent strain UES.

Results presented in Fig. 5 clearly demonstrate that B.
pseudomallei could readily induce DNA breakage, as shown by
a DNA ladder formation from 18 h of infection onward. All
nine strains of B. pseudomallei tested (six virulent and three
nonvirulent) could readily induce this change. However, one of
the six virulent strains (strain 824a) and two of the three non-
virulent strains (UE5 and UES) appeared to cause less exten-
sive damage. The difference could not be explained based on
the lower number of B. pseudomallei used, as the experiment
was carried out using the same number of bacteria.

In order to determine the possible mechanism leading to the
apoptotic cell death caused by B. pseudomallei, biochemical
changes occurring at earlier stages of infection were analyzed.
This was carried out by determining the degree of PARP
cleavage in J774A.1 cells heavily infected with B. pseudomallei
(MOI of 100 bacteria per cell). It is clearly demonstrated in
Fig. 6 that the PARP cleavage could be detected within 2 h of
infection, judging from the appearance of a faster-moving pro-
tein band as early as 2 h after the infection. This is indicative
of caspase pathway involvement.

DISCUSSION

The results presented in this study demonstrate that, after
exposure to B. pseudomallei in vitro, both phagocytic and
nonphagocytic cells exhibited certain morphological changes
including (i) cell fusion leading to MNGC formation, (ii) cel-
lular actin rearrangement initiated at one pole of the bacte-

FIG. 2. Morphological changes of cells J774A.1 (A through G) and HeLa (H) cells infected with B. pseudomallei. The J774A.1 cells were separately labeled with
CMTMR (red) and CMFDA (green) cell markers, mixed, and then cocultured in the presence (A and B) or absence (C) of B. pseudomallei. Cell fusion was observed
6 h later under phase-contrast (A) or fluorescence (B and C) microscopes. Fusion of the differently labeled cells, appearing as orange-staining cells (arrow), could be
readily observed (B) in the presence of B. pseudomallei. In the same field (A and B), fusion of the same colored labeling cells can also be seen (arrowhead). In the
absence of B. pseudomallei (C), no fusion occurred. An MNGC loaded with numerous bacilli (as indicated by Giemsa stain) could be readily observed at 6 h (D).
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Phase-contrast (E) and fluorescence (F) photomicrographs demonstrate the presence of actin-based peripheral membrane protrusions (arrow) that occurred 4 h after
the infection. The actin tail (red) attached to one pole of the bacterium (green) can be readily observed (F). Contact of the bacterium located at the tip of each
protrusion with adjacent cells (as shown by Giemsa stain) is shown in panel G. Similar membrane protrusions with typical actin tails were also noted in nonphagocytic
cells (H). Bars = 50 um (A through C) and 10 pm (D through H).
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TABLE 3. MNGC formation in J774A.1 cells infected with
B. pseudomallei

% MNGC formation® with

Time (h) after B. pseudomallei strains

infection
844 UE5
4 1.79 0.66
5 8.86 2.95
6 32.23 9.19
7 74.58 27.07
8 73.61 68.61

“ Calculated as follows (number of nuclei within multinucleated giant cells/
total number counted) X 100.

rium, typical of actin-based motility noted for some other
bacteria (12), (iii) finger-like actin-associated peripheral mem-
brane protrusion, and (iv) morphological and biochemical
changes typical of apoptotic cell death. Although some of these
characteristics have previously been reported to occur in sev-
eral other bacterial infections (5-7, 26, 27), none of these
infections have been reported to cause cell fusion. Thus, this
phenomenon appears to be unique for B. pseudomallei infec-
tion. It is most likely that the cell fusion noted here is directly
responsible for an MNGC formation previously noted by us
(Int. Congr. Melioidosis) and subsequently by Harley and as-
sociates (8). Both the cell fusion and MNGC formation are not
uncommon in, for example, viral infections. B. pseudomallei
must in some way alter the external surfaces of the infected
cells, which causes the surfaces to fuse with the membranes of
neighboring cells. In the present study, we noted a transloca-
tion of membrane PS from the cytosol side to the external
surface of the infected cells, but whether this change is asso-
ciated with cell fusion remains to be investigated.

It is logical to postulate that cell fusion is one of the mech-
anisms that B. pseudomallei uses for direct cell-to-cell spread-
ing, thus allowing them to survive any detrimental effect of
extracellular environment and serum and to evade host de-
fense. The ability of B. pseudomallei to induce plaque forma-
tion in the presence of kanamycin indicates direct cell-to-cell
spreading. This, together with its ability to invade and to mul-
tiply in a number of nonphagocytic cells, may be partly respon-
sible for the dormant state of B. pseudomallei in vivo in in-
fected hosts. A possible molecular mechanism of cell-to-cell
spreading in melioidosis is the ability of B. pseudomallei to
initially induce actin-associated peripheral membrane protru-
sions like the ones most commonly reported for L. monocyto-
genes and S. flexneri (5-7). For these organisms, the bacterium-
containing protrusions have been shown to reach nearby cells
and to be phagocytosed by these cells. However, neither cell
fusion nor MNGC formation has been observed in these bac-
terial infections. In the case of B. pseudomallei, the morpho-
logical changes did not stop at the stage of cytoplasmic pro-
trusions, but our data indicated that following this stage, there
was an intermediate process of cell fusion which eventually led
to the formation of MNGC. The remnant of bacterium-con-
taining cytoplasmic protrusions on the MNGC could thereafter
infect neighboring cells, resulting in additional cell fusion and
followed by a new cycle of infection and multiplication. The
continuous process, initiated by the ability of Burkholderia to
induce actin rearrangement, could give rise to a giant cell
containing as many as 50 to 60 nuclei (unpublished observa-
tions). However, with the data available, we could not be cer-
tain if this process also depends on the microtubule function as
has been shown for Actinobacillus actinomycetemcomitans (13).

Under laboratory conditions of these experiments, both bio-
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FIG. 3. Destruction of J774A.1 cells infected with Ara~ and Ara®™ B.
pseudomallei. The cell monolayers (A) were infected with virulent Ara™ (B) or
nonvirulent Ara™ (C) B. pseudomallei for 6 h and then observed under a phase-
contrast microscope for MNGC formation and cell destruction. A more exten-
sive morphological change can be readily observed with the virulent organisms
(compare panel B with panel C). Bar = 10 pm.

types of B. pseudomallei could infect and kill both phagocytic
and nonphagocytic cells within 12 to 48 h of infection. Vorachit
and associates (23) suggested that, in the presence of biofilms
reported to be produced by some B. pseudomallei isolates,
these bacteria could remain quiescent for quite some time. It is
possible that disease-producing B. pseudomallei may have the
ability to synthesize biofilms, thus allowing it to survive inside
these and some other types of cells (which are yet to be deter-
mined) without killing them, and this occurrence might explain
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TABLE 4. MNGC formation*

B. pseudomallei group (strain)

% MNGC formation”

Virulent (844)... s 43 = 6.15
Virulent with atypical LPS¢ ( . 62x507
Nonvirulent (UES) 11.69 = 2.06

Nonvirulent (UES)
Nonvirulent (UE11)

“ Percentages were determined 6 h after infection of cells of the J774A.1 line
with indicated strains of B. pseudomallei.

® Data are means = SEMs from at least two independent experiments.

¢ LPS, lipopolysaccharide.

the dormancy state and relapse which are so common in me-
lioidosis (3). Different lines of evidence presented in this study
showed that both the extent and rate of cellular damages ob-
served with the nonvirulent Ara™ biotype were less than those
of the virulent Ara™ biotype.

Very recently, a type III secretion-associated gene cluster
has been identified in B. pseudomallei (24). 1t is logical there-
fore to speculate that B. pseudomallei also possesses the type
III secretion system similar to systems described earlier for
some other gram-negative bacilli, e.g., Shigella, Salmonella, and
Yersinia (5, 7, 26, 27). However, these three genera of gram-
negative bacilli are not known to induce cell fusion and MNGC
formation, and, among the three, only Shigella can induce
actin-associated peripheral membrane protrusions. In general,
this secretion system is known to involve the host cell protein

FIG. 4. Apoptosis of J774A.1 cells infected with B. pseudomallei. The cell
monolayer was fixed, and the nuclei were stained with DAPI 4 h (A) and 6 h (B)
after the infection. Condensed and fragmented nuclei typical of apoptotic cell
death could be readily observed as early as 4 h, when most of the cells were still
viable and only a small number of MNGCs had formed. Six hours after the
infection, a large number of MNGCs could be readily observed; normal and
apoptotic nuclei can appear together within the same MNGC (B). Bar = 50 pm.

B. PSEUDOMALLEI-INDUCED CELL FUSION AND PROTRUSION 5383

TABLE 5. Percentages of annexin V-positive J774A.1 cells infected
with B. pseudomallei

% of J774A.1

Time (h) after cells infected with

infection Uninfected B. pseudomallei strain®:
844 UES
2 ND 1.42 2.57
4 2.25 4.01 2.07
6 0.60 18.39 5.05

“ Percentage of FITC" PI™ cells by flow cytometric analysis. Only PI™ cells
(viable cells) were counted. ND, not done.

tyrosine kinase. Kanai and Kondo (11) presented evidence
suggesting the involvement of protein tyrosine kinase in patho-
genicity of B. pseudomallei. Their observation is consistent with
the recent report of Harley and associates (8) showing that in
some cell lines, the MNGC formation is partially inhibited by
genistein, a chemical known to also inhibit the activity of pro-
tein kinase. Our data taken together with data from other

FIG. 5. DNA fragmentation of HeLa cells infected with B. pseudomallei. (A)
The cells were infected with a virulent strain of B. pseudomallei (strain 844) and,
at the indicated intervals (lanes: 3, 12 h; 4, 14 h; 5, 16 h; 6, 18 h; 7, 20 h; and 8,
24 h), the cells were removed, and the DNA was extracted, subjected to elec-
trophoresis in 1.8% agarose, and stained with ethidium bromide. DNA ladders
typical for apoptotic cells could be observed from 18 h of infection onward. Lanes
1 and 2 represent the DNA of uninfected cells from the HeLa line taken at 12 h
and 24 h of incubation, respectively. The left lane is the base pair markers. (B)
The DNA ladders observed when the cells were infected for 24 h with different
strains of B. pseudomallei. Lanes: 2, 3, and 4, virulent strains 844, UE3 and UE12,
respectively; 5, 6, and 7, nonvirulent strains UES5, UES, and UE11, respectively;
and 8, 9, and 10, virulent strains, with atypical lipopolysaccharide pattern, UE16,
UE30, and 824a, respectively. Lane 1 represents uninfected HeLa cells at 24 h of
incubation.
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FIG. 6. PARP cleavage. J774A.1 cells were heavily infected with B.
pseudomallei at an MOI of 100:1 for 30 min. After a washing, the infected cells
were incubated further for different intervals in the presence of kanamycin, and
the cells were then harvested as described in Materials and Methods. Samples
removed at 1, 2, and 3 h (lanes T1, T2, and T3, respectively) were lysed and then
subjected to immunoblotting. Cleaved PARP (85 kDa) could be readily detected
from 2 h (T2) onward. Lane C, Uninfected cell control.

groups of investigators make it tempting to suggest that the
internalization of B. pseudomallei by phagocytosis in the case
of macrophages or induced phagocytosis in the case of nonph-
agocytic cells, peripheral membrane protrusions, and direct
cell-to-cell fusion induced by this bacterium can partially ex-
plain the involvement of B. pseudomallei in different tissues
and organs. Its ability to directly spread from cell to cell and to
produce biofilms (23) enables it to survive inside hosts with
high antibody levels, and such a situation may be associated
with the relapse which is frequently noted in areas of both
endemicity and nonendemicity of B. pseudomallei infection.

Finally, very little is currently known about the molecular
mechanism of host cell killing by B. pseudomallei. In the
present study, we have presented different lines of evidence
consistent with the induction of programmed cell death, in-
cluding (i) condensed and fragmented nuclei, (ii) DNA ladder
formation, (iii) cleavage of one of the DNA-repairing enzymes,
PARP, and (iv) translocation of membrane PS from the cyto-
plasmic side to the external surface, which is typical for cells
undergoing apoptotic change. Moreover, a typical peripheral
chromatin condensation of cells infected with B. pseudomallei
could be visualized by a transmission electron microscopic anal-
ysis (unpublished observations). Altogether, the data presented in
our study clearly demonstrate that once inside either phago-
cytic or nonphagocytic cells, B. pseudomallei induces membrane-
bound cytoplasmic protrusion and cell fusion, thus leading to
direct cell-to-cell spreading and multinucleated cell formation,
and that these changes are followed by apoptotic cell death.
However, these observations cannot readily explain the viru-
ence and pathogenicity of the disease-producing Ara™ biotype,
because the nonvirulent Ara™ biotype can also induce these
changes, although at a lower rate and to a much lesser extent. It
is clear therefore that this point needs further investigation.
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