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ABSTRACT
The development of neurologic melioidosis was linked to the elicitation of Burkholderia pseudomallei-
infected L-selectinhiCD11bC BALB/c cells in our previous study. However, whether monocytic L-
selectin (CD62L, encoded by the sell gene) is a key factor remains uncertain. In the present study, after
establishing multi-organ foci via hematogenous routes, we demonstrated that B. pseudomallei GFP
steadily persisted in blood, splenic, hepatic and bone marrow (BM) Ly6C monocytes; however, the
circulating CD16/32CCD45hiGFPC brain-infiltrating leukocytes (BILs) derived from the blood Ly6C
monocytes were expanded in BALB/c but not in C57BL/6 bacteremic melioidosis. Consistent with
these results, 60% of BALB/c mice but only 10% of C57BL/6 mice exhibited neurologic melioidosis. In
a time-dependent manner, B. pseudomallei invaded C57BL/6 BM-derived phagocytes and monocytic
progenitors by 2 d. The number of Ly6CCCD62LCGFPC inflamed cells that had expanded in the BM
and that were ready for emigration peaked on d 21 post-infection. Hematogenous B. pseudomallei-
loaded sellC/CLy6C monocytes exacerbated the bacterial loads and the proportion of Ly6CCGFPC BILs
in the recipient brains compared to sell-/- infected Ly6C cells when adoptively transferred. Moreover, a
neutralizing anti-CD62L antibody significantly depleted the bacterial colonization of the brain
following adoptive transfer of B. pseudomallei-loaded C57BL/6 or BALB/c Ly6C cells. Our data thus
suggest that Ly6CCCD62LC infected monocytes served as a Trojan horse across the cerebral
endothelium to induce brain infection. Therefore, CD62L should be considered as not only a
temporally elicited antigen but also a disease-relevant leukocyte marker during the development of
neurologic melioidosis.
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Introduction

The life-threatening disease melioidosis is a result of Bur-
kholderia pseudomallei infection and is endemic in South-
east Asia and Northern Australia.1 Human melioidosis is
transmitted by inhalation, ingestion and subcutaneous
inoculation.2 Septic melioidosis is the most severe form,
although the clinical spectra vary, ranging from chronic
to acute, localized to systemic, and/or asymptomatic to
symptomatic infections.3 Once B. pseudomallei infection
is established at a localized site, the primary foci can per-
niciously progress to secondary microabscesses in multi-
ple organs via hematogenous dissemination.4,5 Rarely,
meningitis occurs during melioidosis in humans.6

The mechanism by which B. pseudomallei invades the
tightly protected central nervous system (CNS) is unclear.
The development of neurologic melioidosis has been sug-
gested to result from the destruction of the blood-brain
barrier (BBB) via inflammatory cytokine- or lipopolysac-
charide (LPS)-mediated mechanisms.7 Following intrana-
sal infection in an animal model, B. pseudomallei invades
the CNS through the olfactory nerves or the trigeminal
nerve root.8,9 However, B. pseudomallei is an intracellular
pathogen that systemically persists in a variety of phago-
cytic and non-phagocytic cells for months or years.10 Irre-
spective of the initial infection route, the proposed
mechanisms for the development of CNS infection after
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the establishment of primary foci include direct invasion
of the BBB by the free bacteria via circulatory dissemina-
tion or the migration of infected cells, known as a Trojan
horse, across endothelial layers.11

Susceptible BALB/c and resistant C57BL/6 mice are
typically used as models to study melioidosis progres-
sion.12-16 Several lines of evidence support the impor-
tance of leukocyte migration in contributing to the
dissemination of melioidosis in both models. B. pseudo-
mallei stimulates the maturation of BALB/c and C57BL/
6 bone marrow-derived dendritic cells (BMDCs) in vitro
and, in vivo, is internalized into dendritic cells (DCs)
and thus systemically disseminates to the lymph nodes,
lung, spleen and blood after footpad injection of C57BL/
6 DC cells carrying B. pseudomallei.17,18 However, the
maturation of BMDCs was significantly improved in
BALB/c mice compared to C57BL/6 mice after exposure
to B. pseudomallei.17 Neurologic signs are observed in
susceptible BALB/c and resistant C57BL/6 mouse mod-
els, whereas the B. pseudomallei loads in the brain usually
lag behind those in the spleen, liver, lung or lymph nodes
in BALB/c mice.19,20 We previously reported that the
intracellular persistence of B. pseudomallei in the BM
occurs prior to the development of neurologic melioido-
sis.20 After adoptive transfer, selectin-expressing CD11b
leukocytes harboring B. pseudomallei trigger the accu-
mulation of a number of meningeal neutrophils and
monocytes near the cerebral superior sagittal sinus and
increase bacterial loads in the brains of BALB/c mice.20

However, the origins of the CNS-infiltrating cells
involved in the delivery of intracellular B. pseudomallei
during melioidosis remain unclear. Additionally, direct
evidence supporting the migration of blood-circulating
infected cells to the CNS via selectin gene-mediated
transmigration is needed. In particular, studies in resis-
tant C57BL/6 mice may reveal potential mechanisms
against neurologic melioidosis.

CNS infection via a Trojan horse requires several
sequential events, including the bacterial invasion of leu-
kocytes, chemokine attraction, complementary cell adhe-
sion molecule (CAM) expression on leukocytes and
endothelial layers, and leukocyte transmigration.21,22 The
migration of inflamed cells across endothelial cells
decreases if mice are deficient in L-selectin, a leukocyte
adhesion molecule.23,24 Selectin (CD62) is a lectin family
of single-chain transmembrane CAMs that binds to
sugar moieties. This protein family contains 3 members,
namely, P-selectin (CD62P), E-selectin (CD62E) and L-
selectin (CD62L), which are primarily expressed by pla-
telets (CD62P and CD62E), endothelial cells (CD62E)
and leukocytes (CD62L).24 The cell surface expression of
L-selectin and P-selectin on leukocytes and endothelial
cells has been associated with inflammation.23,24 During

bacterial infection, following the attraction of the chemo-
kines monocyte chemoattractant protein-1 (MCP-1,
CCR2 ligand) and fractalkine (CX3CR1 ligand) and an
increase in L-selectin (CD62L) expression on the
inflamed cells, the CD11bCLy6CCCCR2CCD62LC and
CD11bCLy6CCCX3CR1

C subsets derived from the
CD34C (haematopoietic progenitor cell antigen) and
CD115C (colony-stimulating factor 1 receptor) progeni-
tor cells are expanded in the BM and eventually released
into circulation.25 We hypothesized that if a Trojan horse
exists, migration-mediated L-selectin expression in the
inflamed BM cells that carry intracellular B. pseudomallei
will play a key role in the development of neurologic
melioidosis via leukocyte migration.

Materials and methods

Strains and plasmids

B. pseudomallei vgh07 was isolated from the blood of a
melioidosis patient in Taiwan.26 The Personal Informa-
tion Protection Act (Taiwan) legally prohibits the linking
of B. pseudomallei data to the private information of
melioidosis patients. B. pseudomallei GFP (green fluores-
cence protein) derived from vgh07 was constructed using
a previously described protocol.20 Briefly, the plasmid
pKNOCK (norB-pfliC-gfp-cat) was constructed using
specific PCR products, including the norB gene
(UQ47_12230) and fliC promoter (517 bp upstream of
the coding region of UQ47_17285), which were ampli-
fied from the chromosome of B. pseudomallei vgh07.27

The gfp gene was derived from the pUT-miniTn5-gfp-tet
(AY364166) plasmid. For a tri-parental mating system,
E. coli DH5a pir pKNOCK (norB-pfliC-gfp-cat, Cmr,
Aps; 109 CFU), E. coli pRK2013 (109 CFU; Cms, Aps)
and B. pseudomallei vgh07 (109 CFU; Cms, Apr) were
mixed and filtered onto a cellulose membrane (<0
.45 mm). After conjugation, B. pseudomallei GFP was
observed by fluorescent microscopy (Eclipse 50i; Nikon,
Shinjuku, Tokyo, Japan). The appropriate insertion in
the GFP-expressing strains was confirmed by PCR,
sequencing and Southern hybridization (data not
shown). The final scheme used to construct B. pseudo-
mallei GFP is shown in Fig. 1.

All experiments using viable B. pseudomallei were
performed in an air flow-controlled lab (BSL III level),
and the procedures were approved by the Institutional
Biosafety Committee (NKNU, Taiwan).

Induction of mouse melioidosis

Wild-type BALB/c and C57BL/6 mice were purchased
from the Animal Laboratory Center (Taipei, Taiwan).
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Both sell-/- (B6;129S2-Selltm1Hyn/J)28 and selp-/-

(B6;129S2-Selptm1Hyn/J)29 knockout (KO) C57BL/6
mice were obtained from The Jackson Laboratory, kindly
provided by the Animal Center in Tzu Chi University
through a material transfer agreement. Both the sell-/- and
the selp-/- KO mice were backcrossed to the parental
C57BL/6 strain for more than 6 generations. The KO
mice were routinely checked for the specific amplicons
for the sell-/- (609 bp; forward primer, CAC GAC ACT
AGT GAG ACG TC; reversed primer, GCA GTC CAT
GGT ACC CAA CT), sellC/C (1029 bp; forward primer,
GGG AGC CCA ACA ACA AGA AG; reversed primer,
GCA GTC CT GGT ACC CAA CT), selp-/- (172 bp; for-
ward primer, CTG AAT GAA CTG CAG GAC GA;
revised primer, ATA CTT TCT CGG CAG GAG CA)
and selpC/C (forward primer, TTG TAA ATC AGA AGG
AAG TGG; revised primer, AGA GTT ACT CTT GAT
GTA GAT CTC C) genes from tail chromosomes.29,30 All
animal experiments were conducted according to the
Guide for the Care and Use of Laboratory Animals
(National Animal Laboratory Center, Taiwan) and were
approved by the Institutional Animal Care and Use Com-
mittee at the National Kaohsiung Normal University, Tai-
wan. To induce melioidosis, the mice (females, 8 weeks
old) were intravenously infected with the indicated con-
centrations of B. pseudomalleiGFP (100mL; 50 CFU [col-
ony-forming units] for the BALB/c mice, 5£ 105 CFU for
the C57BL/6 mice). The survival rates were recorded
daily. The mice with melioidosis were sacrificed at the
indicated times after infection to perform cytokine assays,
cellular isolation, and histological examinations and
determine bacterial loads in organs.

Histological examination

The mice with melioidosis were perfused with 100 mL of
phosphate-buffered saline (PBS) via the heart. After per-
fusion, the skull was excised, fixed in 4% formaldehyde,
de-calcified with 10% trichloroacetic acid, and processed
for paraffin wax embedding using standard techniques.20

The meningeal neutrophil infiltration and cerebral
abscesses were observed using hematoxylin and eosin
(H&E) stain. For the immunohistochemistry (IHC)
assay, the primary antibodies were diluted in PBS
according to the manufacturer’s instructions and incu-
bated with the sections (Table 1). Colorimetric detection
of attached antibodies was performed using the UltraVi-
sion Quanto Detection System HRP Kit (Thermo Fisher
Scientific Inc., Fremont, CA, USA) after adding Quanto
Substrate. The antibody/polymer conjugate was visual-
ized by applying DAB Quanto Chromogen (Thermo
Fisher Scientific) dissolved in PBS to the tissue sections
for 20 min. The intracellular B. pseudomallei GFP in a
single-cell suspension were estimated using flow cytome-
try (see below) or imaged using confocal microscopy
(FV500 Upright, BX60; Olympus Co., Shinjuku-ku,
Tokyo, Japan).

Single-cell suspension

Single-cell suspensions were prepared from the spleen,
BM, liver, and brain and peripheral blood cells of the
mice with melioidosis at the indicated times after
infection. Splenic mononuclear cell layers were sepa-
rated by Ficoll-Hypaque (GE Healthcare Life Science

Figure 1. Construction of the integrated plasmid. The plasmid (pKNOCK norB-pfliC-gfp-cat) was designed as an integrated plasmid. After
recombination, the integrated genes are inserted in chromosome 2 of B. pseudomallei vgh07.

VIRULENCE 753



Co., Chicago, IL, USA) density gradient centrifugation
(800 xg, 30 min). Red blood cell contamination was
removed by treating the cells with 0.83% NH4Cl for
3 min, followed by rapid neutralization using 2% fetal
calf serum (FCS)-PBS. BM suspensions were prepared
from the liquid obtained from flushing the BM and
filtered using nylon membranes (30 mm; Millipore,
Billerica, MA, USA). Hepatic cell suspensions were
sequentially prepared by scraping and digesting tissue
using a solution (1 mg/mL collagenase and 5 mM
CaCl2 in PBS) followed by filtering using a nylon
membrane (70 mm; Millipore), gradient centrifugation
(30–70% Percoll in PBS), and harvesting of the
mononuclear layers. The BILs were retrieved from the
brains of the mice with melioidosis after perfusion.
After homogenization, the leukocyte layers were har-
vested via centrifugation in 30% Percoll in PBS at
500 xg for 30 min. The myelin debris was removed
using a mesh cell strainer filter (40 mm; Miltenyi Bio-
tech., Bergisch Gladbach, Germany). After washing
with RPMI (Roswell Park Memorial Institute) 1640
medium (Sigma, St. Louis, MO, USA), the cells were
suspended in 1 mL of FACS (2% bovine serum albu-
min and 0.02% sodium azide in calcium and magne-
sium-free PBS) and transferred to 1 mL of Ficoll-
Paque Plus solution (GE Healthcare Life Science Co.).
After centrifugation at 1,400 xg for 25 min, the layer
containing the BILs was collected, washed with FACS,
and maintained in a 2% FCS-PBS solution. Peripheral
blood (ca. 100 mL) was collected from the tail vein
and rapidly diluted with 100 mL PBS. The diluted
blood was subjected to density gradient centrifugation
with an equal volume of Ficoll-Paque (400 xg,
20 min). After centrifugation, the mononuclear cell

layers were collected, neutralized with PBS and main-
tained in a 2% FCS-PBS solution.

Flow cytometry analysis

Single-cell preparations in 2% FCS-PBS were incubated
with specific monoclonal PE (phycoerythrin)- or PE-Cy
(cyanine) 7-conjugated anti-mouse antibodies for
30 min on ice in the dark according to the manufac-
turer’s protocol. The clones, isotype controls, origins and
concentrations of the antibodies are shown in Table 1.
After incubation, the numbers of stained cells were esti-
mated by flow cytometry using appropriate gating (Cell
Lab Quanta SC; Beckman Coulter, Inc., Brea, CA, USA).
To determine the proportions (%) of each cellular sub-
population (106 cells in the BM, splenic and hepatic sub-
populations, 105 cells in the blood and 4 £ 104 in the
BILs), the flow cytometry data were analyzed using CXP
software (Beckman Coulter, Inc.).

Bacterial loads in organs

The melioidosis mice were sacrificed at the indicated
times after infection. The solid organs (spleen, 0.02 g;
liver, 0.5 g; lung, 0.01 g; and brain, 0.4 g) were excised and
homogenized in 500 mL of 2% FCS-PBS. The melioidosis
mice were assigned into bacteremic and non-bacteremic
groups according to blood cultures from tail veins. The
BM cells were aseptically flushed from the femur using
1 mL of 2% FCS-PBS. The total numbers of bacteria in the
BM (CFU/mL) or the organs (g/mL) were determined
using serial dilutions and the plate count method. The
limits of detection were 20, 50, 50 and 3 CFU/g for the
liver, spleen, lung and brain and 10 CFU/mL for BM.

Table 1. Primary antibodies used for flow cytometry or immunohistochemistry in this study.

Target Representative to Conjugateda Isotype control Clone Species Concentration Company

CD11b, Leukocytes PE-Cy7, PE or none IgG2b k M1/70 Rat 2 mg/mL BD Pharmingen
Ly6C, Monocytes PE0Cy7, PE or none IgM k AL-21 Rat 2 mg/mL BD Pharmingen
Ly6G, Neutrophils PE or none IgG2a k 1A8 Rat 2 mg/mL BD Pharmingen
F4/80, Macrophages/Kupffer cells PE or none IgG2a k BM8 Rat 2 mg/mL BioLegend
CD3e, T cells none IgG1 k 145-2C11 Hamster 20 mg/mL BD Pharmingen
CD19 B cells none IgG2a k 1D3 Rat 2 mg/mL BD Pharmingen
Bpb none IgG1 polyc Rat 30 mg/mL Ref. (52)
CD45, Leukocyte common antigens PE IgG2a k MEC13.3 Rat 2 mg/mL BD Pharmingen
CD16/32 Phagocytic cells PE-Cy IgG2b k 2.4G2 Rat 2 mg/mL BD Pharmingen
CD34 Stem cells PE IgG2a k RAM34 Rat 2 mg/mL BD Pharmingen
CD115 Phagocytic precursor PE IgG1 k T38-320 Rat 5 mg/mL BD Pharmingen
CD14 Monocytes/macrophages PE IgG1 k rmC5-3 Rat 2 mg/mL BD Pharmingen
CD150 Lymphoid cells PE IgG2a k Q38-480 Rat 2 mg/mL BD Pharmingen
CD62L BM inflamed cells PE-Cy IgG2a k MEL-14 Rat 4 mg/mL BD Pharmingen
CD31 BM inflamed cells PE IgG2a k MEC 13.3 Rat 2 mg/mL BD Pharmingen
CCR2 BM inflamed cells PE IgG2b 475301 Rat 2 mg/mL R&D systems
CX3CR1 Resident cells in BM PE IgG2a k SA011F11 Mouse 5 mg/mL BioLegend

Notes.
a: PE: phycoerythrin; PE-Cy7: phycoerythrin-Cyanine 7
b: Bp: Burkholderia pseudomallei
c: poly: polyclonal antibodies
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Adoptive transfer

Donor cells were prepared from BM Ly6C cells harvested
from wild-type or KO mice. On d 14 post-infection, the
mice were confirmed to have bacteremia using blood cul-
tures from the tail vein. A single-cell suspension of BM
Ly6CC cells was isolated using an EasySep Mouse Positive
Selection Kit (STEMCELL Tech. Inc., Vancouver, Canada).
Prior to adoptive transfer, the donor cells were confirmed
to contain 18–22% Ly6CCGFPC cells. The donor cells were
treated with 400 mg/mL kanamycin in 2% FCS-PBS to
remove extracellular bacteria. After treatment, the numbers
of intracellular B. pseudomallei were determined. Under
this condition, approximately 105 CFU of B. pseudomallei
GFP were present in 1.4 £ 106 sell-/-selpC/C, 4.6 £ 105

sellC/Cselp-/- and 3.3 £ 105 sellC/CselpC/C Ly6C cells. If the
bacterial numbers were >§10 % of 105 CFU on the next
day, the data for adoptive transfer were omitted.

Ly6C cells harboring 105 CFU of B. pseudomallei were
used as donor cells. As controls, the same number of wild-
type Ly6C cells were admixed with free B. pseudomallei
(105 CFU) and used for adoptive transfer. The recipient
mice (uninfected C57BL/6 female mice, 8–10 weeks old)
were adoptively transferred via intravenous injection. After
4 d, the bacterial loads in the brain were determined by
serial dilution and the plate count method. The percentage
(%) of Ly6CCGFPC cells in the BILs (4 £ 104 cells) was
determined using flow cytometry analysis (see above).

Antibody treatment of donor cells

The BM Ly6C cells were respectively purified from
BALB/c, C57BL/6 and KO mice with bacteremic melioi-
dosis in accordance with the above protocols. The num-
bers (105 CFU) of intracellular B. pseudomallei in Ly6C
cells were confirmed by flow cytometry analysis and the
plate count method (see above and reference 20). The
neutralizing antibody used was sodium azide-free rat
anti-CD62L monoclonal antibody (clone number, MEL-
14; isotype, IgG2a; Abcam Co., Cambridge, UK). Control
IgGs were prepared from rabbit total IgGs.31 Following
repeated pre-absorptions using C57BL/6 and BALB/c

BM (107) cells, the IgG fractions were purified using
a protein A purification kit (GenScript USA Inc.,
Piscataway, NJ, USA). For adoptive transfer, the donor
cells were pre-incubated with antibody (5 mg/105 cells)
for 15 min on ice. Donor cells pre-incubated with bovine
serum albumin (BSA; 5 mg/105 cells) for 15 min on ice
were used as another protein control. The protocols for
adoptive transfer were followed as above.

Statistical analysis

All data regarding the proportion of each cellular sub-
population and bacterial loads in organs or BM are
expressed as the means § SD from independent mice (n
D 6) in 2 experiments. Differences between the 2 experi-
mental groups were analyzed using a Mann-Whitney U
test. Comparisons between multiple groups were ana-
lyzed using ANOVA and the Tukey HSD test. Signifi-
cance was set at p < 0.05.

Results

Persistence of B. pseudomallei in multiple organs

Neurologic melioidosis has been established in BALB/c
mice via intravenous injection (50 CFU of B. pseudomal-
lei GFP).20 In this study, we characterized the persistence
of B. pseudomallei GFP in a variety of phagocytes, such
as CD11bC leukocytes, Ly6CC monocytes, Ly6GC neu-
trophils and F4/80C macrophages, in the organs (BM,
spleen and liver), BILs and peripheral blood cells of
melioidosis mice. After 14 d of infection, the
CD11bCGFPC and Ly6CCGFPC cells among the BM,
splenic or hepatic cells as well as the CD11bCGFPC and
F4/80CGFPC cells in the BILs or blood cells were the pre-
dominant populations (Table 2).

After infection of B. pseudomallei, a total of 10 BALB/c
mice were sacrificed and histologically examined at d 14
post-infection. Sixty percent (6/10) of the mice exhibited
meningeal neutrophil infiltration (Fig. 2A) and/or multi-
ple abscesses in the brain (Fig. 2B). Both CD11b (Fig. 2C)
and Ly6C cells (Fig. 2D) infiltrated the meninges. Many

Table 2. Distribution of B. pseudomallei GFP in cellular subpopulations in multiple organs on d 14 post-infection.

Distribution of GFP-positive cells in cellular subpopulations (%)a

CD11bCGFPC Ly6CCGFPC Ly6GCGFPC F4/80CGFPC

Bone marrow cells 21.7 § 1.8 22.0 § 1.4 9.7 § 0.5 8.5 § 5.2
Splenic mononuclear cells 20.3 § 1.8 16.3§ 0.9 8.1 § 2.3 4.5 § 0.6
Hepatic mononuclear cells 43.6 § 2.1 43.4§ 5.5 12.4 § 2.7 36.7 § 0.9
Brain-infiltrating leukocytes 53.4 § 5.4 7.8§ 2.9 2.7 § 0.8 38.4 § 2.9
Blood cells 15.5 § 0.8 10.9§ 1.5 1.5 § 0.6 14.0 § 1.3

Notes. a, The data from d 0 post-infection are not shown because <0.5% of the GFP signals were detected in all of the subpopulations. The proportions (%) of
each cellular subpopulation (106 cells in the BM, splenic and hepatic subpopulation, 105 cells in blood and 4 £ 104 in BILs) are shown.
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Figure 2. Histological examination. Melioidosis was induced in BALB/c mice by intravenous infection. On d 14 post-infection, meningeal
neutrophil (indicated by arrows) infiltration (A, 400X; magnification of the lower left square, 40X) and cerebral microabscesses (B, 40X,
indicated by arrows) were assessed using H&E staining. Anti-CD11b (C, 400X; indicated by arrows) and anti-Ly6C (D, 400X; indicated by
arrows) antibodies were used to label cells in the meninges (representative localization in the square of Fig. 1A), and anti-Ly6G (E, 400X;
fragments indicated by arrows on left; stained with isotype control on right) and anti-F4/80 (F, fragments indicated by arrows on left
[600X]; stained with isotype control on right [400X]) antibodies were used to label their respective antigens in the fragments of the cere-
bral abscesses (representative localization in the square of Fig. 1B). A number of intracellular B. pseudomallei-specific antigens (positive
indicated by gray arrows; negative indicated by white arrows) in brain-infiltrating leukocytes (BILs) are shown (G, 400X). The GFP and
Ly6C signals observed in BILs via confocal microscopy are shown (H, 1,000X).
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Ly6G (Fig. 2E) and F4/80 (Fig. 2F) antigens were present
in the fragments of the cerebral abscesses. CD3e lympho-
cytes or CD19 B cells were rarely observed in the inflamed
sites (data not shown). Numerous intracellular B. pseudo-
mallei-specific antigens were observed in the meningeal-
infiltrating cells (Fig. 2G). Confocal microscopy revealed
intracellular B. pseudomallei GFP present in the BILs
(Fig. 2H, representative of Ly6C cells).

Kinetic study of circulating and resident phagocytes
in BILs

The BILs originate from the blood circulating CD16/
32CCD45hi phagocytes and brain resident CD16/

32CCD45lo microglia.32 The kinetics of both subpopula-
tions showed that the circulating CD16/32CCD45hi cells
increased from 0.8 § 0 .1% (d 0) to 5.5 § 0 .4% (d 4).
No increase was observed from d 4 to d 7; however, those
circulating cells increased again after 7 d of infection. For
the resident CD16/32CCD45lo microglia, the number
was not significantly increased by d 4 post-infection but
reached a plateau after 7 d of infection (Fig. 3A).

Less than 0.2% each of the CD16/32CCD45hi and
CD16/32CCD45lo subpopulations in the BILs were B.
pseudomallei GFP-positive by d 2 post-infection, whereas
7.9 § 1 .4% of the CD16/32CCD45hi cells and 22.5 § 5
.4% of the CD16/32CCD45lo cells were positive at d 4
post-infection. After this time point, the GFP-positive cells

Figure 3. Expansion of the CD16/32CCD45hi and CD16/32CCD45lo subpopulations and persistence of B. pseudomallei in cells and brain
tissues. BILs were isolated from BALB/c melioidosis mice at the indicated time points. The expansion of the CD16/32CCD45hi and CD16/
32CCD45lo subpopulations (A) and the changes in the B. pseudomallei GFP signals in both subpopulations (B) are shown. The numbers
of B. pseudomallei in the brain homogenates (CFU/g) at the indicated times were determined using the plate count method. The CD16/
32CCD45hiGFPC cells were estimated using flow cytometry analysis (C).
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were restricted to 2.2§ 1.8% in the CD16/32CCD45hi and
19.6§ 5 .2% in the CD16/32CCD45lo BIL subpopulations.
At d 14 post-infection, the B. pseudomallei-loaded BILs
had again expanded (30.0 § 8 .5% GFP-positive cells in
the CD16/32CCD45hi subpopulation; 33.3 § 13 .2% GFP-
positive cells in the CD16/32CCD45lo subpopulation)
(Fig. 3B). Based on plate counts of B. pseudomallei in brain
homogenates, we found that the cultivated B. pseudomallei
were not found by d 7 post-infection but that they reached
>104 CFU/g on d 14 post-infection. Accordingly, the pro-
portion of the CD16/32CCD45hiGFPC cells in the BILs
was increased from <0.2% on d 7 to 3.9 § 1 .1% on d 14
post-infection (Fig. 3C).

Incidence of neurologic melioidosis in resistant
C57BL/6 mice

As is known, C57BL/6 mice are more resistant to B. pseu-
domallei than BALB/c mice.12 The survival rates of the
C57BL/6 melioidosis mice were 100% (20/20) at 5 £ 104

CFU, 80% (16/20) at 5 £ 105 CFU and 35% (7/20) at
5 £ 106 CFU of infective doses on d 14 post-infection
(Fig. 4A). At 5 £ 105 CFU of the infective dose, the B.
pseudomallei loads in the organs varied. Once bacteremic
melioidosis was established, all of the tested organs
except the brains reproducibly presented bacterial colo-
nization (Fig. 4B). As we assumed, through the blood cir-
culation, the B. pseudomallei-loaded cells crossed the
BBB to induce neurologic melioidosis. In the resistant
C57BL/6 mice with bacteremic melioidosis, the circulat-
ing CD16/32CCD45hiGFPC cells did not increase by d 14
post-infection, even though the resident CD16/
32CCD45loGFPC cells had expanded to 2.8 § 0 .9% at
this point (Fig. 4C). The changes of proportions of both
CD16/32CCD45hi and CD16/32CCD45lo subpopulations
in BILs were shown in Table 3. On d 14 post-infection,
there were no cultivated B. pseudomallei from the
C57BL/6 brains with melioidosis (Fig. 4B). Only 10%
meningeal neutrophil infiltration was estimated for the
C57BL/6 mice with melioidosis (Fig. 4A). Given that the
CD16/32CCD45hi cells were derived from Ly6C mono-
cytes in the BM, the question of whether B. pseudomallei
persisted in the C57BL/6 BM cells was raised.

Maturation and expansion of cellular
subpopulations in BM

In a previous study, we demonstrated that all BALB/c mice
can be induced to develop bacteremic melioidosis after 4 d
of intravenous infection. The CD11bCLy6CC monocytes in
the BM accounted for 18% of all BM cells on d 0, but this
percentage increased to 71.1% by d 10 post-infection. The
colonization of B. pseudomallei in BALB/c BM can reach

104 CFU/mL.20 In the present study, during bacteremic
melioidosis for C57BL/6 mice, the proportions of each sub-
population in BM fluctuated (Table 3). We found that the
CD11bCCD34CGFPC haematopoietic stem cells and the
CD11bCCD115CGFPC phagocytic precursors (Fig. 5A),
the CD11bCCD14CGFPC LPS-responding activated

Figure 4. Manifestation of melioidosis in C57BL/6 mice. C57BL/6
mice were intravenously infected with 5 £ 104, 5 £ 105 and 5 £
106 CFU of B. pseudomallei GFP. During a 30-d infection, the daily
survival rates were recorded, and the percentages of mice with
neurologic melioidosis at the end of the experiment were con-
firmed by histological brain examination (A). In the infective
doses of 5 £ 105 CFU of B. pseudomallei GFP, the bacterial loads
in the organs (n D 6; spleen, liver, lung, BM and brain) for melioi-
dosis with bacteremia or non-bacteremia on d 14 post-infection
are shown (B). The changes in the numbers of circulating CD16/
32CCD45hiGFPC cells and resident CD16/32CCD45loGFPC cells in
the brain-infiltrating leukocytes during melioidosis are shown (C).
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macrophages, the CD11bCLy6CCGFPC monocytes, the
CD11bCLy6GCGFPC neutrophils and the CD11bCF4/
80CGFPC macrophages (Fig. 5B), as well as the
CD11bCCD150CGFPC lymphoid cells (T, B and natural
killer cells) (Fig. 5C) were increased on d 2 and d 14 post-
infection. The major reservoirs of B. pseudomallei were dis-
tributed in CD11bCLy6CC and CD11bCLy6GC BM cells
on d 14 post-infection.

The B. pseudomallei-loaded BM cells provided a risk of
systemic dissemination via blood circulation. Thus, we
examined surface markers (the chemokine receptors CCR2
and CX3CR1, L-selectin [CD62L] and the platelet endothe-
lial cell adhesion molecule CD31) that indicated that the
inflammatory cells in the BM were ready for migration
into the blood. The proportions of Ly6CCCCR2CGFPC,
Ly6CCCX3CR1

CGFPC, Ly6CCCD62LCGFPC and
Ly6CCCD31CGFPC cells fluctuated during melioidosis.
Although the numbers of Ly6CCCX3CR1

CGFPC,
Ly6CCCD62LCGFPC and Ly6CCCD31CGFPC cells had
increased by d 2 post-infection, the Ly6CCCX3CR1

CGFPC

cells on d 14 and Ly6CCCD62LCGFPC cells on d 21 were
the predominant B. pseudomallei-loaded subpopulations
(Fig. 6A).

The growth of B. pseudomallei in C57BL/6 BM was
restricted at the initial infection. There were few viable B.
pseudomallei (<2000 CFU/mL) in the BM by d 14
post-infection; the bacterial loads in the BM reached
>4.5£ 105 CFU/mL after 14 d of infection in bacteremic
mice (Fig. 6B). Ly6CCCD62LC cells represent mature
inflamed cells that are ready to migrate from BM,
whereas Ly6CCCX3CR1

C cells represent the resident
monocytes in the BM.25 In a previous study, we demon-
strated that the incidence of neurologic melioidosis was
associated with the appearance of L-selectin-expressing

BALB/c CD11b leukocytes infected with B. pseudomallei.
Thus, according to the Trojan horse hypothesis, the
appearance of Ly6CCCD62LCGFPC inflamed cells after
14 d of infection indicates a risk for the induction of neu-
rologic melioidosis.

Induction of melioidosis meningitis via Ly6C cell
migration

To demonstrate that the B. pseudomallei-loaded BM
Ly6CCCD62LC cells contributed to the development of
neurologic melioidosis, the C57BL/6 BM Ly6C donor
cells were isolated from the sell-/-selpC/C, sellC/Cselp-/-

and sellC/CselpC/C melioidosis mice and adjusted to an
equal number of B. pseudomallei GFP for each group
(105 CFU; ca. 1.4 § 6 of sell-/-selpC/C Ly6C cells, 4.6 §
105 of sellC/Cselp-/-Ly6C cells, 3.3 § 105 of sellC/CselpC/C

Ly6C cells; see Materials and Methods). After adoptive
transfer of the B. pseudomallei-loaded sellC/CselpC/C or
sellC/Cselp-/- Ly6C cells, the bacterial loads in the wild-
type recipient brains were increased to >5 £ 104 CFU/g.
In contrast, only <110 CFU/g of bacteria were present in
the recipient brain after adoptive transfer of the B. pseu-
domallei-loaded sell-/-selpC/C Ly6C cells (Fig. 7A). To
exclude the possibility that B. pseudomallei directly
invaded the brain tissue, 105 CFU of free bacteria mixed
with wild-type non-infected Ly6C cells was immediately
injected into the mice, and bacterial colonization due to
this control treatment was not observed in the recipient
brains (Fig. 7A). We observed that the proportions of
Ly6CCGFPC BILs in the recipient mice were increased to
1.6 § 0 .6% after adoptive transfer of the B. pseudomal-
lei-loaded sellC/Cselp-/- Ly6C cells and 1.7 § 0 .7% for
B. pseudomallei-loaded sellC/CselpC/C Ly6C cells;

Table 3. Distribution of the subpopulations in BILs or BM for the C57BL/6 mice with melioidosis.

Proportions (%) of subpopulations at infection of

0 d 2 d 4 d 7 d 14 d 21 d 30 d

in BILa

CD16/32CCD45hi (circulating phagocytes) <0.1 1.55 § 0.3 1.05§ 0.2 0.2 § 0.1 0.3 § 0.1 0.2 § 0.1 <0.1
CD16/32CCD45lo (resident microglia) <0.2 10.4 § 2.5 8.8 § 0.9 4.0 § 0.4 7.4 § 0.8 2.9 § 0.3 0.6 § 0.4
in BMb

CD11bCCD34C (stem cells) 1.8 § 0.3 7.3 § 3.2 7.9 § 6.1 2.9 § 1.2 9.7 § 1.2 4.6 § 4.5 11.2 § 7.5
CD11bCCD115C (phagocytic progenitors) 12.0 § 1.4 19.7 § 6.9 7.9 § 4.9 7.9 § 5.3 8.0 § 5.5 4.0 § 4.0 7.1 § 1.5
CD11bCLy6CC (monocytes) 58.6 § 9.7 82.0 § 9.2 80.3§ 6.8 85.6 § 0.5 84.4 § 0.9 88.7§ 12.4 69.1 § 1.4
CD11bCLy6GC (neutrophils) 33.3 § 0.8 36.1 § 1.6 65.4§ 20.0 73.6 § 16.0 55.6 § 25.0 53.9§ 23.0 46.6 § 19.0
CD11bCF4/80C (macrophages) 9.4 § 0.9 34.1 § 23.0 21.9§ 3.3 13.0 § 1.8 11.4 § 7.0 6.4 § 3.2 10.7 § 0.2
CD11bCCD14C (activated macrophages) 0.8 § 0.3 25.2 § 3.8 16.4§ 7.4 6.7 § 5.0 10.4 § 2.6 3.5 § 3.3 2.0 § 0.4
CD11bCCD150C (lymphoid cells) 1.3 § 0.1 6.4 § 2.9 4.9 § 3.6 1.5 § 0.1 13.1 § 4.0 4.2 § 4.0 11.2 § 7.5
Ly6CCCD62LC (inflamed cells) 12.6 § 3.4 37.9 § 14.2 55.0§ 13.7 34.0 § 29.0 22.3 § 19.2 71.6§ 7.8 26.1 § 5.2
Ly6CCCCR2C (inflamed cells) 6.6 § 2.0 6.8 § 2.3 11.9§ 5.4 44.5 § 36.7 14.5 § 10.9 9.3 § 6.5 11.2 § 7.5
Ly6CCCD31C (inflamed cells) 6.5 § 1.4 58.2 § 17.2 55.3§ 14.0 26.6 § 8.8 15.1 § 10.8 17.7§ 5.0 23.6 § 9.9
Ly6CCCX3CR1 (resident cells) 7.4 § 3.7 51.8 § 9.9 55.3§ 38.3 56.4 § 43.2 44.1 § 22.0 16.1§ 1.6 11.2 § 7.5

Notes.
a, brain-infiltrating leukocytes (4 £ 104 cells)
b, bone marrow cells (106 cells)
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however, only 0.25 § 0 .04% of Ly6CCGFPC BILs were
present in recipient mice after adoptive transfer of B.
pseudomallei-loaded sell-/-selpC/C Ly6C cells (Fig. 7B).

To determine whether CD62L is one of the key factors
in inducing neurologic melioidosis, the donor cells iso-
lated from both the C57BL/6 and the BALB/c mouse
models were pretreated with a neutralizing anti-CD62L
antibody. After adoptive transfer of anti-CD62 antibody-

treated Ly6C cells infected with B. pseudomallei, bacterial
colonization of recipient BALB/c and C57BL/6 brains
was significantly depleted compared to that in the con-
trol mouse groups in which the donor cells were pre-
treated with control IgG or BSA (Fig. 7C). We suggest
that the BM Ly6CCCD62LC monocytes harboring B.
pseudomallei migrated to the brain via the circulation
and subsequently triggered the incidence of neurologic
melioidosis in both mouse models.

Discussion

Previously, we found that B. pseudomallei-loaded selec-
tin-expressing splenic CD11b cells elicit bacterial coloni-
zation of BALB/c brains following adoptively transfer.20

In the present study, we further demonstrated the exis-
tence of a selectin (CD62L)-dependent leukocyte-medi-
ated Trojan horse mechanism during mouse melioidosis.

Figure 5. Changes in the number of GFP-positive cells in the BM
CD11b subpopulation. A single-cell suspension was prepared
from the BM of C57BL/6 mice during melioidosis. The changes in
the numbers of phagocytic precursor CD11bCCD34CGFPC and
CD11bCCD115CGFPC cells (A), phagocyte CD11bCCD14CGFPC,
CD11bCLy6CCGFPC, CD11bCLy6GCGFPC and CD11bCF4/
80CGFPC cells (B), and lymphoid lineage CD11bCCD150CGFPC

cells (C) were analyzed.

Figure 6. Expansion of GFP-positive cells in the BM Ly6C subpopu-
lation and persistence of B. pseudomallei in the bone marrow. At
the indicated times after infection, the changes in the numbers of
Ly6CCCD62LCGFPC, Ly6CCCD31CGFPC, Ly6CCCCR2CGFPC and
Ly6CCCX3 CR1CGFPC cells (A) and cultivated B. pseudomallei (B) in
the BM of bacteremic (circles) and non-bacteremic (triangles) mice
were determined. No bacteremic mouse was found on d 30 post-
infection. The (�) symbol indicates p< 0.05 (ANOVA and Tukey HSD
test).

760 Y.-S. CHEN ET AL.



Firstly, the bacterial colonization of the brain was
enhanced in recipient C57BL/6 mice via adoptive trans-
fer of B. pseudomallei-loaded sellC/C Ly6C cells com-
pared to the results of adoptive transfer of free B.
pseudomallei or infected sell-/- Ly6C cells. Secondly, anti-
CD62L antibody interrupted B. pseudomallei-loaded
C57BL/6 and BALB/c cells’ invasion of the CNS.

The leukocyte-mediated Trojan horse mechanism is
summarized in Fig 8. During melioidosis, microab-
scesses develop secondary to primary foci via hematog-
enous routes, and B. pseudomallei steadily persists in
CD11bCLy6CC monocytes, CD11bCLy6GC neutrophils
and CD11bCF4/80C macrophages in the inflamed liver
and spleen during early infection (by d 4 post-infec-
tion) (Fig. 8A, step 1).20,33 Intracellular survival is an
important step in the bacterial dissemination via the
hematogenous route, as mice infected with a B. pseudo-
mallei bas mutant that had lost the ability to survive
intracellularly experienced prolonged survival during
melioidosis.34,35 In some cases, bacteremia temporally
disappears after 4 d of infection.20 However, both the
liver and the spleen become B. pseudomallei reser-
voirs.20,33 B. pseudomallei-loaded splenic CD11b cells
were demonstrated to improve B. pseudomallei inva-
sion of the brain (Fig. 8A, step 2)20 although the mech-
anisms of B. pseudomallei reloading into the blood via
infected monocyte-derived kupffer cells (CD11bCF4/
80C) or splenic follicular DCs (CD11bCCD11cC)
remain unknown. Once bacteremia recurs or persists
(Fig. 8A, step 3), B. pseudomallei invades
CD11bCCD34C and CD11bCCD115C phagocytic pro-
genitors (Fig. 5A), differentiated CD11bCLy6CC mono-
cytes, CD11bCLy6GC neutrophils, CD11bCF4/80C

macrophages and activated CD11bCCD14C LPS-
responding macrophages (Fig. 5B), as well as lym-
phoid-lineage CD11bCCD150C cells (Fig. 5C) in the
BM (Fig. 8A, step 4). The inflamed CD11bCCCR2C,
CD11bCCD62LC and CD11bCCD31C BM cells
infected with B. pseudomallei are matured and ready
for emigration (Fig. 6A; Fig. 8A, step 5). During late
infection (on d 21 post-infection), the inflamed
Ly6CCCD62LCGFPC cells become a predominant B.
pseudomallei-loaded subpopulation (Fig. 6A), and con-
sequently, the circulating monocyte-derived Ly6C and
F4/80 cells harboring B. pseudomallei are expanded
(Table 2; Fig. 8A, step 6). Acting as a Trojan horse, the
infected Ly6CCCD62LC cells cross the cerebral endo-
thelium via selectin-mediated leukocyte migration,
resulting in expansion of the circulating CD16/
32CCD45hi phagocytes in the BILs (Fig. 3, Fig. 4C;
Fig. 8A, step 7) and, eventually, B. pseudomallei coloni-
zation of the brain (Fig. 2; Fig. 8A, step 8).

Figure 7. Adoptive transfer. The C57BL/6 BM sellC/CselpC/C,
sell¡/¡selpC/C and sellC/Cselp¡/¡Ly6C cells or BALB/c BM har-
boring 105 CFU of B. pseudomallei were used as donors (blue).
As controls, the Ly6C cells were immediately mixed with 105

CFU of free B. pseudomallei (red). After adoptive transfer of
sellC/CselpC/C, sell¡/¡selpC/C and sellC/Cselp¡/¡cells, the bac-
terial colonization of brains (A) and proportions of Ly6CCGFPC

cells (B) were determined for C57BL/6 recipients. For antibody
blocking, the B. pseudomallei-loaded C57BL/6 or BALB/c BM
Ly6C cells were pretreated with anti-CD62L antibody (CD62L),
rabbit control IgGs (IgG) or bovine serum albumin (BSA) or
were without treatment (W/O). After adoptive transfer, the
bacterial colonization of brains in C57BL/6 and BALB/c recipi-
ents was respectively shown. The (�) symbol indicates p <

0.05 between lined groups (Mann-Whitney U test for Fig. 7A
and 7B) or multiple groups (ANOVA and Tukey HSD test for
Fig. 7C).
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In our models, the C57BL/6 mice were more resistant
to B. pseudomallei infection than the BALB/c mice
were.12-16 The lethal doses of B. pseudomallei infection
are 10- to 100-fold higher for C57BL/6 mice with melioi-
dosis,36-38 even reaching 104-fold in the present study
(Fig. 4A). During early infection (by d 4 post-infection),
the circulating CD16/32CCD45hiGFPC phagocytes rap-
idly infiltrated the brains of the C57BL/6 and BALB/c
mice; however, B. pseudomallei were not cultivated from
these brains (Fig. 3, Fig 4; Fig. 8B, part 1). We believe
that the growth of B. pseudomallei was strictly restricted
during initial infection because a down-regulation of a
cell division-related gene (ftsABH) and cytokinesis-
related genes (minD, minE) in B. pseudomallei at the
infection site in hamsters with melioidosis has been

previously demonstrated.39 Moreover, B. pseudomallei
can intracellularly replicate in the phagocytic cytoplasm
after escaping the phagosome.40

However, intracellular B. pseudomallei are much more
easily eradicated by C57BL/6 macrophages than by
BALB/c macrophages.41-43 Previous studies reported that
after exposure to IFN-g, C57BL/6 BM-derived macro-
phages express higher levels of proteins (such as respira-
tory chain ATPase, lysosomal enzymes and cathepsins)
that are involved in oxidative killing and phagosomal
function compared to BALB/c BM-derived macro-
phages.44 Additionally, in in vitro assays, C57BL/6 mac-
rophages kill B. pseudomallei more efficiently than
BALB/c macrophages do, particularly following IFN-g
treatment.41-43 In the current study, we found that

Figure 8. Summary of Trojan horse mechanism (A). During melioidosis, microabscesses develop secondary to primary foci via hematog-
enous routes (step 1), and B. pseudomallei steadily persists in CD11bCLy6CC monocytes, CD11bCLy6GC neutrophils and CD11bCF4/80C

macrophages in the liver and spleen (step 2). After 4 d of infection, the bacteremia could disappear, but the liver and spleen become B.
pseudomallei reservoirs. Once bacteremia recurs or persists (step 3), B. pseudomallei invades CD11bCCD34C stem cells and
CD11bCCD115C phagocytic progenitors and differentiated CD11bCLy6CC monocytes, CD11bCLy6GC neutrophils, CD11bCF4/80C mac-
rophages and activated CD11bCCD14C LPS-responding cells, as well as lymphoid–lineage CD11bCCD150C cells in the BM (step 4). Prior
to emigration, the inflamed CD11bCCCR2C, CD11bCCD62LC and CD11bCCD31C BM cells harboring B. pseudomallei mature (step 5). On
d 21 post-infection, the inflamed Ly6CCCD62LCGFPC cells become a predominant B. pseudomallei-loaded subpopulation, and the circu-
lating monocyte-derived CD11bCLy6CC and CD11bCF4/80C cells harboring B. pseudomallei are expanded (step 6). Acting as a Trojan
horse, the infected Ly6CCCD62LC cells cross the cerebral endothelium via selectin-mediated leukocyte migration, resulting in expansion
of the circulating CD16/32CCD45hi phagocytes in the BILs (step 7) and eventual B. pseudomallei colonization of the brain (step 8). Com-
parison of BALB/c and C57BL/6 mice with melioidosis (B). During early infection (by d 4 post-infection), the circulating CD16/
32CCD45hiGFPC phagocytes rapidly infiltrate the brains of C57BL/6 and BALB/c mice; however, the growth of intracellular B. pseudomal-
lei is restricted (Part 1). On d 14 post-infection (during late infection), CD16/32CCD45loGFPC microglia are expanded in the BILs in both
BALB/c and C57BL/6 mice with melioidosis. However, in BALB/c mice with melioidosis, the CD16/32CCD45hiGFPC phagocytes are rapidly
expanded in the BILs, eventually resulting in the growth of B. pseudomallei in the brain. However, CD16/32CCD45hiGFPC phagocytes are
rarely found in C57BL/6 mice, and consequently, B. pseudomallei has difficultly colonizing C57BL/6 brains (Part 2). After adoptive transfer
of B. pseudomallei-loaded splenic CD11b cells (see reference 20) or BM Ly6C cells, the bacterial loads in the recipient BALB/c brains
increase. In contrast, the bacterial loads in the C57BL/6 recipient brains are decreased after adoptive transfer of sell-/- Ly6C cells com-
pared to adoptive transfer of sellC/C Ly6C cells. When anti-CD62 antibody-treated Ly6C cells infected with B. pseudomallei act as donors,
bacterial colonization of recipient BALB/c and C57BL/6 brains is also depleted. Besides, bacterial colonization of both BALB/c and
C57BL/6 brains is not induced by intravenous injection of free B. pseudomallei (Part 3).
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approximately 60% of BALB/c mice with melioidosis
developed neurologic disorders that exhibited the BILs
of CD11b leukocytes, Ly6G neutrophils, Ly6C mono-
cytes and F4/80 macrophages harboring B. pseudomallei
in combination with the appearance of a large amount of
Ly6G and F4/80 cell debris in the brain (Fig. 2; Fig. 8B,
part 2). By contrast, only 10% of infected C57BL/6 mice
manifested neurologic histopathology (Fig. 3A). If the
Trojan horse exists, C57BL/6 phagocytic activity cer-
tainly contributes to the intracellular persistence of B.
pseudomallei in these cells during melioidosis. Although
resident CD16/32CCD45loGFPC cells were increased
during C57BL/6 melioidosis, the C57BL/6 microglia
appeared to completely restrict the growth of B. pseudo-
mallei at the end of the infection period (30 d) (Fig. 4C;
Fig. 8B, part 2).

The brain is an immunologically privileged organ,
and the BBB is composed of highly specialized endo-
thelial cells and astrocytes.45,46 When circulating free
B. pseudomallei or B. pseudomallei-loaded cells move
into the cerebral veins, it is believed that the innate
immune cells (resident microglia, perivascular macro-
phages and patrolling macrophages) and intact BBB
structures contribute to obstructing bacterial inva-
sion.45,46 During early infection, the growth of B. pseu-
domallei in brain CD16/32CCD45hi phagocytes and
resident CD16/32CCD45lo microglia was restricted
(Fig. 3B, 3C, 4C); however, the spleen, liver or BM
served as a reservoir to sustainably support the growth,
eventually leading to dissemination of B. pseudomallei
across the entire body, including the brain, via circu-
lating free bacteria or infected cells. Moreover, B. pseu-
domallei LPS potently stimulates the production of
TNF-a and NO by macrophages in vivo.47 Elevated
serum levels of the chemokine MCP-1 and inflamma-
tory cytokines (TNF-a, IFN-g, IL-6 and IL-12) have
also been demonstrated during murine melioidosis.20

Those cytokines and chemokines generated by sys-
temic responding cells or by the glial cells in the brain
contribute to leukocyte recruitment and the disruption
of BBB integrity.48,49 Thus, on d 14 post-infection
(during late infection) in BALB/c mice with melioido-
sis, the CD16/32CCD45hiGFPC phagocytes were rap-
idly expanded after leukocyte recruitment was
increased and the BBB was attacked by inflammatory
cytokines and chemokines, eventually resulting in the
growth of B. pseudomallei in the brain during late
infection (Fig. 8B, part 2). Given that phagocytic activ-
ity was higher in C57BL/6 mice than in BALB/c mice,
the numbers of B. pseudomallei-loaded phagocytes
(CD16/32CCD45hiGFPC) appeared to be lower among
C57BL/6 BILs than among BALB/c BILs (Fig. 3, for
BALB/c; Fig. 4, for C57BL/6). Consequently, B.

pseudomallei had difficultly colonizing the C57BL/6
mouse brains compared to the BALB/c mouse brains
(Fig. 4B; Fig. 8B, part 2).

The CD16/32CCD45hi BILs originated from BM mono-
cytes. The high L-selectin (CD62L)-expressing monocyte
subpopulation (CD11bCLy6CC CD62LhiCCR2CCX3CR1

lo)
represents classic BM monocytes that readily migrate from
BM to the inflamed site, whereas the high fractalkine
(CX3CR1)-expressing subpopulation (CD11bCLy6-
CloCD62LCCCR2loCX3CR1

hi) migrated to the tissue in the
absence of inflammation.25,50,51 On d 21 post-infection, the
Ly6CCCD62LCGFPC inflamed cells were the predominant
B. pseudomallei-loaded subpopulation in the BM. At this
time, blood CD11bCLy6CCGFPC monocytes also became a
predominant population. After adoptive transfer, we dem-
onstrated that neurologic melioidosis was induced by both
B. pseudomallei-loaded BALB/c and C57BL/6 cells but
interrupted if the donor cells were pretreated with anti-
CD62L antibody (Fig. 7; Fig. 8B, part 3). We suggest that
the L-selectin-dependent leukocyte-mediated Trojan horse
commonly appears in both mouse strains and that the
Ly6CCCD62LCGFPC inflamed cells are the best candidate
for the Trojan horse.

However, several lines of research indicated that the
infected CD62LCLy6CC cells were not the only likely
Trojan horse. For example, a low but significant propor-
tion (5.5%; 2/36) of sell-/- KO mice still developed neuro-
logic melioidosis after intravenous infection with B.
pseudomallei (5 £ 105 CFU) (data not shown). B. pseu-
domallei can also persist in non-phagocytic cells that
readily migrate in the BM, such as lymphoid lineage
CD11bCCD150C cells (Fig. 5C), and CD19 (B cell) anti-
gens are expressed in BILs (data not shown). Moreover,
a low level of bacteria colonizing the brain was induced
in the recipient mice after adoptive transfer of B. pseudo-
mallei-loaded sell-/- Ly6C cells.

In summary, our results suggest that the Ly6CC

CD62LC leukocytes are an important Trojan horse in the
development of neurologic melioidosis. The leukocytic
L-selectin should not simply be considered as a tempo-
rally elicited antigen but rather as a lineage differentia-
tion marker during spreading and infection of
melioidosis in animal and/or human brains.
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