RESEARCH

Virulence of Burkholderia
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Zachary P. Weiner, Ju Qiu, Joel A. Bozue, Nancy A. Twenhafel, David DeShazer

In the United States in 2021, an outbreak of 4 cases
of Burkholderia pseudomallei, the etiologic agent of
melioidosis and a Tier One Select Agent (potential
for deliberate misuse and subsequent harm), result-
ed in 2 deaths. The causative strain, B. pseudomallei
ATS2021, was unintentionally imported into the United
States in an aromatherapy spray manufactured in In-
dia. We established that ATS2021 represents a viru-
lent strain of B. pseudomallei capable of robust for-
mation of biofilm at physiologic temperatures that may

In the United States, melioidosis is an emerging
infectious disease caused by Burkholderia pseudo-
mallei (1,2). In melioidosis-endemic areas, the bacte-
rium causes pneumonia and fatal bacteremia with
diverse mortality rates that depend on the standard
of care provided, patient risk factors (e.g., diabe-
tes), and extent and location of the infection (3,4).
Melioidosis clinical manifestation ranges from as-
ymptomatic to acute pulmonary severe illness or
chronic infection (1). In a subset of patients (1.5%-
5%), B. pseudomallei infection leads to serious neu-
rologic melioidosis (5,6). Clinical signs/symptoms
are fever, headache, seizures, unilateral weakness,
paralysis, encephalomyelitis, and brain abscesses.

contribute to virulence. By using mouse melioidosis
models, we determined median lethal dose estimates
and analyzed the bacteriologic and histopathologic
characteristics of the organism, particularly the poten-
tial neurologic pathogenesis that is probably associated
with the bimA_ allele identified in B. pseudomallei strain
ATS2021. Our data, combined with previous case re-
ports and the identification of endemic B. pseudomallei
strains in Mississippi, support the concept that melioido-
sis is emerging in the United States.

Treatment duration is typically >6 months and in-
cludes an intravenous intensive phase and an oral
eradication phase (7). Most cases of neurologic mel-
ioidosis are reported in the melioidosis-endemic ar-
eas of Australia and India (8-10).

In 2021, melioidosis was confirmed in 4 patients in
the United States who had not traveled international-
ly (11). Whole-genome sequencing and epidemiologic
investigations linked the clonal isolates of B. pseudom-
allei ATS2021 from all 4 patients to an aromatherapy
spray imported from India. Neurologic melioidosis
affected 2 of the patients; 1 died and 1 experienced
long-term sequelae (11). Of the 2 cases of melioidosis
that were not shown to have substantial neurologic
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involvement, 1 was fatal and the other patient recov
ered. In addition, a pet raccoon that had direct con-
tact with the contaminated spray exhibited neuro-
logic signs approximately 2 weeks after contact with
the contaminated spray and 3 days before death. Al-
though viable bacteria were not recovered from the
carcass, tissue samples were positive by PCR for B.
pseudomallei DNA and provide support that the likely
cause of death was neurologic melioidosis (12).

Inhaled B. pseudomallei can enter the central ner-
vous system (CNS) through several portals (13-15).
Previous studies in mice demonstrated colonization
at the nasal mucosa-associated lymphoid tissue and
the olfactory epithelium (16). Tracking B. pseudomallei
after intranasal exposure demonstrates that the bacte-
rium crosses the respiratory epithelium, but invasion
likely requires that the olfactory epithelium be pre-
viously damaged (16). Neurologic disease is associ-
ated with the Burkholderia intracellular motility factor
A (BimA) (17,18), a protein that is essential for actin-
based motility, enabling intracellular movement and
evasion of the immune system (18). Although all B.
pseudomallei strains possess bimA, a subset encodes a
variant gene (bimA, ) that is 95% homologous to the
gene in the closely related Burkholderia mallei, which
correlates with neurologic involvement (8,18). In our
study, we characterized B. pseudomallei ATS2021 and
laid the groundwork for using that strain to test medi-
cal countermeasures against melioidosis.

Materials and Methods

Growth Curve Determinations

B. pseudomallei strains were grown in either Luria
broth with 4% glycerol (LBG), 4% glycerol, 1% tryp-
tone, 5% NaCl broth (GTB), M9 (minimal medium) +
2 % glucose, (M9G), or M9G + 0.5% casamino acids
(M9GC). We resuspended strains from an overnight
broth culture to a 600 nm optical density (OD,,) of
0.5 in brain-heart infusion broth. We diluted suspen-
sions 1:10 into a 96-well microtiter plate, grew them
in a Spark (Tecan Group, https://www.tecan.com)
microplate reader shaken at 37°C for ~36 hours, and
measured OD,, hourly. We obtained data by sub-
tracting the value of the respective medium-only con-
trol from the measured OD, .

Biofilm Assay

We used crystal violet staining to measure biofilm. We
resuspended B. pseudomallei overnight broth cultures to
an OD_, of ~0.2 in phosphate-buffered saline (PBS) and

diluted the bacterial suspensions 1:10 into LBG, GTB,
M9IG, or M9GC in CoStar polystyrene 96-well plates,
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incubated at room temperature or 37°C for 24 or 48
hours. Before staining, we measured the OD_, after
which we aspirated plates, washed 3 times with PBS to
remove planktonic cells, and fixed with 100% ethanol
for 30 minutes at room temperature. After fixing the
samples in ethanol, we added 0.1% (wt/vol) crystal vio-
let to each well for 15 minutes, and washed 3 times with
PBS, after which we solubilized the remaining stain in
33% acetic acid. To quantify staining as an indicator of
biofilm formation, we measured the OD,,,. When nec-
essary, we diluted samples in 33% acetic acid to ensure
that readings were within linear range. We averaged >3
technical replicates in each experiment. Data reported
are the result of >4 individual experiments.

Mouse Exposure to Aerosolized Bacteria

We started cultures by inoculating GTB with frozen
bacterial stocks and growing them at 37°C while
shaken at 200 rpm. We estimated bacterial concentra-
tions by 620 nm OD (OD,, ) and then determined CFU
by growing B. pseudomallei on sheep blood agar plates
(Remel; Thermo Fisher Scientific, https:/ /www.ther-
mofisher.com). We exposed mice to aerosolized B.
pseudomallei ATS2021 at increasing concentrations in
a whole-body aerosol exposure chamber equipped
with the automated Biaera particle generator (19). The
small-particle aerosol size diameter is ~1-3 pm. To
estimate inhaled doses, we serially diluted samples
collected by using an all-glass impinger onto sheep
blood agar plates (20).

Mouse 50% Lethal Dose Determinations

and Bacterial Burden

At the time of exposure to aerosolized B. pseudomal-
lei, female C57BL/6 and BALB/c mice (Charles River
Laboratory) were 7-9 weeks of age. We exposed 48
C57BL/6 mice to 5 aerosolized doses of B. pseudomal-
lei (Table). To calculate the 50% lethal dose (LD, ), we
observed a subset of those mice for clinical signs for
60 days after exposure. We serially euthanized other
mice for histopathologic and bacteriologic analyses.
We also determined LD, for BALB/c mice.

Capsule Detection

We detected B. pseudomallei capsular polysaccharide
(CPS) in brain homogenates by using an antigen cap-
ture immunoassay developed on the Magpix platform
(Thermo Fisher Scientific). We coupled Burkholderia
CPS antibody, 4C4 (21), to magnetic beads by using
a Luminex xMap kit and biotinylated by using an
EZ-link Sulfo-NHS-LC-Biotin kit (Thermo Fisher Sci-
entific). We added 4C4-coupled beads (2,500 beads/
well), and 50 pL of study samples diluted 1:20 in 5%
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skim milk in PBS with 0.5% Tween-20 (mixture called
SM) to white, round-bottom 96-well plates and incu-
bated for 1 hour with shaking. We washed the wells
3 times with 100 pL of PBS-T (PBS with Tween 20) be-
fore adding 50 pL of 4 pg/mL of biotinylated 4C4 in
SM. After incubating the wells for 1 hour, we washed
them before adding 50 pL of 10 pg/mL streptavidin
phycoerythrin in SM. After the wells were incubated
for 30 minutes, we washed the beads, resuspended
then in 100 pL of PBS-T, and read them by using the
Magpix instrument. We considered samples with a
median fluorescent intensity 2-fold over naive brain
homogenate to be positive.

Histopathologic Analyses

We examined a subset of mice histopathologically
(Appendix 1 Table 1, https:/ /wwwnc.cdc.gov/EID/
article/30/10/24-0084-Appl.pdf). We performed
necropsies and processed the tissues after they had
been in 10% buffered formalin for 21 days. We pro-
duced tissue blocks and slides and stained them with
hematoxylin and eosin. We performed immunohisto-
chemistry (IHC) on select animals by using the BOND
RX Automated Stainer (Leica Biosystems, https://
www leicabiosystems.com). We used a rabbit poly-
clonal Burkholderia antibody (antibody no. 351; US
Army Medical Research Institute of Infectious Dis-
eases) at a dilution of 1:5,000. We counterstained the
sections with hematoxylin and applied coverslips.

RNA Extraction and Nanostring Data Collection
We inactivated all brain homogenates with a 3:1
ratio of TRIzol LS (Thermo Fisher Scientific) and

extracted total RNA as previously reported (22).
We collected host gene expression data by using the
nCounter mouse Neuroinflammation Panel on the
SPRINT Profiler platform (NanoString Inc, https://
nanostring.com). The panel consists of 770 genes
spanning 23 neuroinflammation pathways and pro-
cesses. In brief, we added 70 pL of hybridization buf-
fer to the reporter code set to make a master mixture.
We added 8 pL of the master mixture to 50 ng of
extracted host RNA and 2 pL of the capture code set,
incubated it at 65°C for 17 hours, and then incubated
at 4°C until the samples were placed on a NanoString
SPRINT Profiler and total fluorescent counts corre-
sponding to target binding were collected. We ex-
tracted gene expression analysis and cell profiling
data from Nanostring RCC files and analyzed by
using the ROSALIND Bioinformatics suite (https://
rosalind.bio). We generated normalized counts by
using criteria provided by NanoString. ROSALIND
follows the nCounter Advanced Analysis protocol
(NanoString) of dividing counts within a lane by the
geometric mean of the normalizer probes from the
same lane. Housekeeping probes to be used for nor-
malization are selected based on the geNorm algo-
rithm as implemented in the NormqPCR R libraryl
(23). Unless otherwise noted, we based significance
of differentially expressed genes on them passing a
filter greater than +1.5-fold linear threshold and an
adjusted p<0.05 relative to brain homogenates from
an unchallenged mouse group. We based cell profil-
ing data for oligodendrocytes on abundance scores
provided by the ROSALIND NanoString Cell Type
Profiling Module. We performed statistical analyses

Table. Median lethal dose of aerosolized Burkholderia pseudomallei ATS2021 in C57BL/6 and BALB/c mice*

Micet Day Inhaled dose LDso (95% CI) TTD median (95% CI) TTD mean (SE)
C57BL/6 21 9.9 x 10" 56.4 CFU (21.3-150.2) >21 >21
1.32 x 10! >21 16.5 (0.7)
1.07 x 10? 18.0 (11.0-NC) 15.9 (0.9)
1.15 x 10° 4.0 (3.0-5.0) 4.4 (0.3)
4.49 x 10° 3.0 (NC) 3.1(0.1)
60 9.9 x 107" 5.8 CFU (2.0-15.1) >60 51.0 (NC)
1.32 x 10! 41.5 (12.0- NC) 39.3 (5.6)
1.07 x 102 18.0 (11.0-26.0) 20.9 (3.2)
1.15 x 10° 4.0 (3.0-5.0) 4.4 (0.3)
4.49 x 10° 3.0 (NC) 3.1(0.1)
BALB/c 21 4.00 x 10~ 4.1 CFU (1.8-11.3) >21 4.0 (NC)
2 >21 4.9 (0.1)
2.05 x 10' 4.0 (3.04.0) 4.3(0.3)
1.86 x 102 3.0 (NC) 3.1(0.1)
9.60 x 102 3.0 (2.0-3.0) 2.9 (0.1)
60 4.00 x 10~ 4.1 CFU (1.8-11.3) >60 4.0 (NC)
2 >60 4.9 (0.1)
2.05 x 10° 4.0 (3.04.0) 4.3(0.3)
1.86E x 102 3.0 (NC) 3.1(0.1)
9.60 x 102 3.0 (2.0-3.0) 2.9 (0.1)

*LDso, 50% lethal dose; NC, noncalculable; TTD, time to death or euthanasia in accordance with early intervention criteria.

tFemale; 7-9 weeks of age at time of exposure to aerosolized bacteria.
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Figure 1. Phylogenetic tree based on bimABp and bimA,

alleles from strains of Burkholderia pseudomallei, B. mallei,

and B. humptydooensis, showing location of B. mallei ATS2021
(arrow), the causative strain in an outbreak of 4 cases, 2 of them
fatal, in the United States in 2021. NGPhylogeny.fr was used

to build the tree in “Ala Carte” mode, and it used MUSCLE for
multiple alignment, Gblocks for automatic alignment curation
(https://NGphylogeny.fr for both), PhyML-SMS (https://www.
atgc-montpellier.fr) for tree inference, and exported to the
Interactive Tree Of Life (iTOL; https://itol.embl.de) for display and
manipulation. B. pseudomallei strains were isolated in Thailand
(T), Australia (A), India (l), and Papua New Guinea (P). Scale bar
indicates number of substitutions per site. bimA, Burkholderia
intracellular motility factor A.
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and graphing for host gene expression on Graphpad
Prism 9.4.0 (https:/ /www.graphpad.com).

Statistical Analyses

We analyzed biofilm data analyzed by using a lin-
ear mixed effects model implemented in the GLIM-
MIX procedure of SAS version 9.4 (SAS Institute
Inc., https://www.sas.com). We did not apply
multiplicity adjustment. We estimated LD, under a
probit model with log,, transformation of the dose
variable and obtained LD,; pairwise comparisons
by using nonlinear mixed model on the log, dose
scale. We estimated median time to death or eutha-
nasia in accordance with early endpoint euthanasia
criteria and accompanying confidence limits, mean
time to death, and SE by using Kaplan-Meier sur-
vival methods. We determined correlation between
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in vitro biofilm production and in vivo virulence by
using Spearman rank order analyses. We performed
analysis in SAS version 9.4.

Results

Genetic Analyses and Molecular Virulence
Determinants of ATS2021

The ATS2021 whole-genome shotgun sequencing
project was available in GenBank (accession no.
JASCQT000000000.1). We examined the genetic se-
quence of known B. pseudomallei surface-associated
virulence determinants, including the 6-deoxyhep-
tan CPS (24), the lipopolysaccharide O-antigen (25),
and the cluster 1 type 6 secretion system (26). Those
gene clusters exhibited =99% identity with the cor-
responding gene clusters in the prototypic strain
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B. pseudomallei K96243 (27). In addition, immunob-
lot analysis with specific antibodies demonstrated
the production of CPS and type A lipopolysaccha-
ride O-antigen when ATS2021 was grown in vitro
(data not shown). Petras et al. recently revealed that
ATS2021 harbors a bimA gene that closely resembles
the bimA gene found in B. mallei, the etiologic agent

1 day

37°C

ATS2021
K96243

HBPUB10134a
406e

1026b
HBPUB10303a
1106a

576a

p<0.001
p<0.001
p<0.001

p<0.001

MSHR5848
MSHR5855
MSHR668
MSHR305
MSHR5858

of glanders (12). The bimA gene encodes a trimeric
autotransported protein that mediates actin-based
motility in infected host cells (28). Most B. pseudom-
allei strains from environmental or clinical sources
contain the bimA, allele, but a relatively small num-
ber of strains possess the bimA, allele and are often
isolated from patients with neurologic melioidosis

Figure 3. Biofilm production

for Burkholderia pseudomallei
strain ATS2021, the causative
strain in an outbreak of 4 cases,
2 of them fatal, in the United
States in 2021, in relation to
other previously characterized
B. pseudomallei clinical isolates.
Biofilm formation of bacterial
strains was assessed by crystal
violet staining as measured by
OD,,,- Biofilm was allowed to
form after static growth in LB+4%
glycerol for 1 day at 37°C. Clinical
isolates used in this assay
originated from Thailand (red
bars) or Australia (green bars).
Error bars represent the SEs from
mean values determined from 4
independent assays. ATS2021
formed significantly more biofilm
under these conditions compared
to all isolates except MSHR5848

10
crystal violet stain)

oD

600 (

2060

as determined by a linear mixed
effects model. OD,,, optical
density at 600 nm.
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Figure 4. Kaplan-Meier survival
plots calculated for C57BL/6
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in an outbreak of 4 cases, 2 of
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inhaled dose of B. pseudomallei ATS2021 as depicted in panel B are 0/10, 0/10, 0/10, 3/10, and 9/10.

(17,18,29,30). The presence of the bimA, allele is
thought to exacerbate neurologic melioidosis by in-
creasing rapidity of bacterial dissemination to vari-
ous tissues and persistence in phagocytic cells (29).
The phylogenetic tree is based on the unique bimA,

alleles deposited in publicly available draft and
complete genome sequence databases (Figure 1).
The B. pseudomallei bimA, sequences are all derived
from strains originating in Australia, Papua New
Guinea, and India, differing from each primarily in
the region encoding the proline-rich domain (28,30).
The ATS2021 bimA (Figure 1, arrow) groups within
the bimA, branch of the tree. B. pseudomallei strains
with the bimA, allele have also been described in
Sri Lanka (31), but the sequences of those isolates
have not been made publicly available. Of note, 2
environmental isolates of Burkholderia humptydooen-
sis, MSMB 43 and MSMB121, harbor genes that are
closely related to the bimA, alleles in B. mallei and
B. pseudomallei (32) (Figure 1). To demonstrate the
sequence differences between the bimA, and bimA,

ATS2021 Robust Biofilm

We compared growth of K96243 and ATS2021 in
several types of rich or defined media to assess
differences with nutritional requirements and
observed no differences in growth between the 2
strains (Appendix 2 Figure, https://wwwnc.cdc.
gov/EID/article/30/10/24-0084-App2.pdf). We
measured the ability of K96243 and ATS2021 to
produce biofilm by using different growth media,
incubation times, and temperatures. Low-level
biofilm was detected for both strains after 1 day
at room temperature (Figure 2). However, after 2
days at room temperature, levels of biofilm were
higher for K96243 and ATS2021, especially in the
rich media (LBG and GTB). The difference in bio-
film formation was greater after incubation at 37°C;
ATS2021 produced more biofilm than K96243. To
determine if the increased formation at 37°C was
specific to ATS2021, we tested biofilm formation in
B. pseudomallei strains that accounted for the previ-
ously described strain panel (33). The clinical iso-

alleles, we included 3 representative bimA, alleles lates formed variable biofilms, but ATS2021 pro-
from K96243, 1026b, and 576 (Figure 1). duced substantially more biofilm at 37°C than the
Figure 5. Kaplan-Meier survival
plots calculated for BALB/c A B
) . 1.0 — 1.09
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2 CFU, 0.4 CFU) as depicted in panel A are 0/10, 0/10, 1/10, 8/10, and 9/10. The day 60 survival rates as depicted in panel B are 0/10,

0/10, 1/10, 8/10, and 9/10.
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Figure 6. Serial sampling experiment to investigate bacterial dissemination in blood, spleens, and lungs of C57BL/6 mice at different
challenge doses of aerosolized Burkholderia pseudomallei strain ATS2021, the causative strain in an outbreak of 4 cases, 2 of them
fatal, in the United States in 2021. C57BL/6 mice were estimated to have inhaled various doses on day 0. A subset of mice was then
deeply anesthetized for a terminal blood collection, euthanized, and then the spleens and lungs were removed to determine the
bacteriologic burden in each organ at each time point indicated. Bacterial counts are shown for whole blood (A-C), spleen homogenate
(D—F), and lung homogenate (G-I). N = 4 for each time point. The CFU burden is shown for each mouse; the geometric mean is
depicted with the horizontal bar. Limit of detection is =100 CFU/mL of blood and 5 CFU/organ.

other strains, except MSHR5848 (Figure 3). Those
differences were not observed when the bacte-
ria were grown at room temperature (Figure 2;
data not shown for all bacteria). Retrospective
analyses demonstrated a negative correlation be-
tween in vitro biofilm formation and in vivo vir-
ulence in mice after exposure to aerosolized B.
pseudomallei (Spearman correlation —0.70 and p =
0.017 for BALB/c mice; Spearman correlation —0.63
and p = 0.038 for C57BL/6 mice). Those analyses
did not reveal statistically significant correlations
between in vitro biofilm formation and in vivo
virulence in mice after intraperitoneal injection of
B. pseudomallei.

LD,, Determinations in Mice

We used C57BL/6 mice because they are an accept-
ed model for vaccine development (34,35). The LD,
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estimate after exposure to aerosolized ATS2021
was ~56 CFU after 21 days and 6 CFU after 60 days
(Table; Figure 4). We also determined the LD,; in
BALB/c mice because they are used for pathogen-
esis and therapeutic studies (19,33,36). The LD,
estimate for 21 and 60 days after exposure to aero-
solized ATS2021 was =4 CFU for both time frames
(Table; Figure 5). Those LD, values categorize the
isolate to be among the most virulent we have char-
acterized. Retrospective statistical analyses sup-
ported this observation and demonstrated similar
(p>0.1) virulence to B. pseudomallei strains 1026b,
MSHR5855, HBPUB10303a, and HBPBUB10134a in
C57BL/6 mice exposed to aerosolized bacteria (19).
Clinical signs assumed to be associated with neuro-
logic melioidosis were observed in some mice (e.g.,
uncoordinated and impaired movement, tremors,
and hypersensitivity to touch).
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Figure 7. Serial sampling experiment to investigate bacterial dissemination in brains of C57BL/6 mice at different challenge doses of
aerosolized Burkholderia pseudomallei strain ATS2021, the causative strain in an outbreak of 4 cases, 2 of them fatal, in the United States in
2021. C57BL/6 mice were estimated to have inhaled various doses of aerosolized Burkholderia pseudomallei ATS2021 on day 0: A) 107 CFU,
B) 1,150 CFU, and C) 4,490 CFU. A subset of mice was then deeply anesthetized for a terminal blood collection, euthanized, and then brains
were removed to determine the bacteriologic burden in each brain at each time point indicated. N = 4 for each time point. The CFU burden is
shown for each mouse, depicted as a black circle; geometric mean is depicted with the horizontal bar. The brain homogenates were exposed
to =21 kGy of gamma radiation, proven sterile, and then subjected to the B. pseudomallei capsule-specific immunodiagnostic assay. The MFI
of each mouse is depicted by a red circle, and the geometric mean is depicted with the horizontal bar. Limit of detection is =5 CFU/organ. The
detection of capsule in the irradiated brain homogenate is depicted in red and is displayed as MFI. MFI, mean fluorescent intensity.

Bacterial Burden in C57BL/6 Mice after Exposure
to Aerosolized ATS2021

We performed a serial sampling experiment to inves-
tigate bacterial dissemination in C57BL/6 mice at dif-
ferent challenge doses (107 CFU, 1,150 CFU, and 4,490
CFU). Bacterial dissemination patterns depend on the
dose of inhaled bacteria after aerosolization (Figure 6).
The 2 highest inhaled doses resulted in early bacteremia
(Figure 6, panels B, C). B. pseudomallei was detected in
the spleens (Figure 6, panels D-F) of nearly all animals

7 -

Figure 8. Hematoxylin and e

osin staining of head sections of C57BL/6 mic

within 24 hours. Regardless of the exposure dose, all
mice had substantial bacterial replication in the lungs
within 24 hours, as expected, given that the lungs were
the main portal of entry for the bacteria (Figure 6, pan-
els G-I). We examined the brains and identified sub-
stantial bacterial burden within 24 hours after inhala-
tion in the 3 doses (Figure 7, black data points). We also
performed a capsule-specific immune-diagnostic assay
on gamma-irradiated brain homogenates. Detection
of capsule in those samples (Figure 7, red data points)

p

exposed to aerosolized Burkholderia pseudomallei strain

ATS2021, the causative strain in an outbreak of 4 cases, 2 of them fatal, in the United States in 2021. Shown are the nasal cavity
(including nasal turbinates, nasal septum, respiratory and olfactory epithelium, lamina propria with supporting tissues and glands, nerve
bundles, and nasal air passages); cribriform plate (bone and olfactory/trigeminal nerves); and cranial vault with olfactory bulb. A) Day

1 after exposure, dose 107 CFU, showing nasal turbinates (arrowhead), cribriform plate (asterisks), and olfactory bulb (arrow) that

are essentially normal. Original magnification x2. B) Day 2 after exposure, dose 4,490 CFU, showing mild necrosuppurative rhinitis
(arrowheads) with edema, cellular debris and suppurative inflammation in few nasal air passages (arrows). Original magnification x2.
C) Day 3 after exposure, dose 4,490 CFU, showing multifocal moderate necrosuppurative rhinitis (arrowheads) and necrotizing and
hemorrhagic meningoencephalitis of the olfactory bulb (arrows). Original magnification x e times 2. D) Day 4 after exposure, dose 1,150
CFU. There is diffuse necrosuppurative rhinitis of the nasal turbinates (arrowheads), showing extensive necrosis and hemorrhage of the
olfactory bulb with a small portion of recognizable neural tissue evident (arrow). Original magnification x2.
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Figure 9. Histopathologic analyses of the neurologic system of C57BL/6 mice after inhalation of Burkholderia pseudomallei strain

ATS2021, the causative strain in an outbreak of 4 cases, 2 of them fatal, in the United States in 2021. A) Day 5 after exposure, dose
1,150 CFU. Cerebrum showing focally extensive necrotizing and hemorrhagic meningoencephalitis (arrowhead). Hematoxylin and eosin
(HE) stain; original magnification x2. B) Day 9 after exposure, dose 107 CFU. Pons and cerebellum. There is multifocal necrotizing
meningoencephalitis (arrows). HE stain; original magnification x2. C) Day 10 after exposure, dose 1,150 CFU. Cerebrum with

olfactory peduncle filled with viable and degenerate neutrophils with no recognizable peduncular tissue (arrowhead). HE stain; original
magnification x20. D) Day 9 after exposure, 107 CFU. Spinal cord, thoracic, shows multifocal meningomyelitis (arrowheads). HE stain;
original magnification x4. E) Day 5 after exposure, 1,150 CFU. Spinal cord and vertebrae, lumbar at cauda equina, show is multifocal
suppurative perineuritis of spinal nerves (arrows). Note the necrotizing lesion within the vertebral bone marrow (arrowhead) HE stain;
original magnification x10. F) Day 4 after exposure, dose 1,150 CFU. Spinal cord and vertebra, thoracic, show necrotizing osteomyelitis
(arrowhead). Note the loss of distinction of bone marrow cells compared to normal cells of the bone marrow (arrow). HE stain; original

magnification x40.

was reflective of the bacterial burden, but quantifica-
tion of viable bacteria via culture was more sensitive.

Representative Histopathology in C57BL/6

Mice after Inhalation of ATS2021

We performed histopathologic analyses on a subset of
animals. Animals that died 1-3 days after aerosol ex-
posure probably did not have time for substantial tis-
sue lesions to develop (despite high exposure doses)
and may have received lower severity scores because
of rapid time to death or euthanasia, which accounts
for the lowest animal scores at days 1, 2, and 3 in all
3 groups (Appendix 1 Table 1). Pathologic lesions in
mice were consistent with lesions produced by other
strains of B. pseudomallei (19,37). In general, the focal-
to-coalescing necrotizing lesions were accompanied
by many degenerate neutrophils and accumulating
necrotic debris to form variably sized necrosuppura-
tive lesions, which expand to form more organized
abscesses with time.

We prioritized the central nervous system to char-
acterize the ATS2021 isolate after inhalation of small-
particle aerosols (Figures 8, 9). Lesions consistent with
B. pseudomallei were seen by day 1 in the lung and nasal
turbinates, the sites of initial colonization. Subsequent-
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ly, lesions were noted by day 2 in the brain, specifi-
cally the olfactory bulb, and in the olfactory nerves of
many mice from 1,150 and 4,490 CFU doses. In addi-
tion, by day 2, lesions were present in the spleen and
liver, as noted by increased pathology scores (Appen-
dix 1 Table 1). Lesions of the vertebral bone marrow
were noted after 1,150 and 4,490 CFU doses within 3
days. Bone marrow lesions were primarily noted in the
groups that received higher doses. Lesions of the cere-
brum, cerebellum, and brainstem were noted by day
4 and spinal cord lesions by day 5 (Figure 9). Lesions
were noted in the olfactory bulb in mice that received
doses of 1,150 CFU and in the olfactory nerves of mice
that received 1,150 CFU and 4,490 CFU within 48 hours
after exposure and an increased number of mice with
lesions in the olfactory bulb by 36 hours.

We performed IHC to support histopathologic
findings and provide additional evidence that the le-
sions resulted from infection with B. pseudomallei (Ap-
pendix 1 Table 2). IHC clearly identified bone marrow
lesions that are difficult to appreciate with hematoxy-
lin and eosin staining. Nasal turbinates showed Burk-
holderia positivity by IHC within 24 hours after expo-
sure, and IHC positivity was found within 48 hours
in the mice receiving the highest inhaled dose in the
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Figure 10. Immunohistochemical analyses of head sections of C57BL/6 mice exposed to aerosolized Burkholderia pseudomallei strain

B. pseudomallei ATS2021 in Aromatherapy Spray

%

ATS2021, the causative strain in an outbreak of 4 cases, 2 of them fatal, in the United States in 2021. Shown are the nasal cavity
(including nasal turbinates, nasal septum, respiratory and olfactory epithelium, lamina propria with supporting tissues and glands, nerve
bundles, and nasal air passages); cribriform plate (bone and olfactory/trigeminal nerves); and cranial vault with olfactory bulb. A) Day

1 after exposure, dose 1,150 CFU, shows multifocal minimal positivity of the nasal cavity epithelium (arrowheads), which is most likely
olfactory epithelium of the ethmoid turbinate. Original magnification x2. B) Day 3 after exposure, dose 4,490 CFU, showing diffuse
marked positivity of the nasal cavity epithelium (arrowhead) and multifocal moderate positivity of the olfactory bulb (arrows). Original
magnification x2. C) Day 6 after exposure, dose 107 CFU, showing diffuse severe positivity of the nasal cavity epithelium (arrowhead)
and multifocal marked positivity of the olfactory bulb (arrow). Original magnification x2. D) Day 4 after exposure, 1,150 CFU, showing
diffuse severe positivity of the nasal cavity (arrowhead) and olfactory bulb (arrow). Original magnification x2.

brain olfactory bulb, olfactory nerves, and nasal tur-
binates (Figures 10, 11).

Effects on Oligodendrocytes

We applied a transcriptomic approach targeted against
a range of neuroinflammatory genes in brain homoge-
nates from mice. According to targeted expression lev-
els, we used a cell profiling module to identify changes
in neuronal cell types based on relative abundance of
marker genes associated with oligodendrocytes. In the
2 highest dose groups, we observed statistically signifi-
cant drops in oligodendrocyte signatures, particularly
on days 3 and 5 (Figure 12, panel A). A total of 27 genes
constitute the oligodendrocyte cell profile, of which 23
had significant expression differences for >1 time point
(Figure 12, panel B). Total numbers of significant genes

were dependent on infectious dose with no differen-
tial gene expression observed in the 107 CFU group.
We observed early and pronounced down-regulation
of many of these genes, as early as day 1 in the 4,490
CFU group. Of the 27 genes, 6 are known to predomi-
nately constitute the oligodendrocyte cell profile and
all encode proteins involved in myelination or lipid
metabolism (Appendix 2 Table). All 6 of the signatures
were significantly down-regulated, further suggesting
dysregulation in oligodendrocytes in infected hosts
(Figure 12, panel C).

Discussion

Knowledge of the diversity of virulence associated
with distinct geographic isolates of B. pseudomallei
is crucial to the further development, testing, and

N -

Figure 11. Immunohistochemical analyses of the neurologic system of C57BL/6 mice exposed to aerosolized Burkholderia pseudomallei
strain ATS2021, the causative strain in an outbreak of 4 cases, 2 of them fatal, in the United States in 2021. A) Day 6 after exposure,
dose 107 CFU. Cerebrum shows multifocal moderate positivity (arrows). Original magnification x2. B) Day 6 after exposure, dose 107
CFU. Cerebellum shows multifocal moderate positivity (arrow). Original magnification x10. C) Day 5 after exposure, dose 1,150 CFU.
Lumbar spinal cord at cauda equina and vertebra shows multifocal mild perineural positivity (arrows) of spinal nerves at cauda equina
and marked vertebral bone marrow positivity (arrowheads). Original magnification x10. D) Day 9 after exposure, dose 107 CFU. Spinal
cord, cervical, shows focal moderate positivity (arrowheads). Original magnification x20.
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Figure 12. Profiling of differentially expressed genes revealing downregulation of markers associated with oligodendrocytes after
exposure to aerosolized Burkholderia pseudomallei strain ATS2021, the causative strain in an outbreak of 4 cases, 2 of them fatal, in
the United States in 2021. A) Significant downregulation or decreased expression of genes involved in oligodendrocyte function was
observed in select challenge groups of mice on days 1,3, and 5 after challenge. Values are normalized to unchallenged control mice
and represent 4 mice per group. Significance based on a 2-way analysis of variance. Error bars indicate 95% Cls. B) Heat map of
differentially expressed genes associated with NanoString oligodendrocyte cell profiler panel (https://nanostring.com). Fold change is
linear, and dots indicate gene changes that were above the significance threshold. C) Expression changes over time in select genes
associated with oligodendrocyte function for the 1,150 CFU challenge group. In panels A and C, error bars represent standard deviation.

evaluation of medical countermeasures. We char-
acterized several factors that may contribute to the
virulence associated with ATS2021. We examined
several key genetic virulence attributes of that strain
and demonstrated considerable virulence in 2 mouse
models of inhalational melioidosis. Because ATS2021
was shown to carry the bimA, allele and neurologic
involvement of this strain played a role in human
infections, we focused on analyzing the histopathol-
ogy associated with the rapid neurologic invasion.
The nasal turbinates were heavily colonized within
the first day after exposure to aerosolized bacteria,
leading to infection of the olfactory bulb by day 2; the
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cerebrum, cerebellum, and brain stem by day 4; and
the spinal column by day 5 (with evidence of infec-
tion in vertebral bone marrow within 3 days for mice
inhaling the highest dose of aerosolized bacteria).
RNA analyses indicated that the oligodendrocyte
populations in the infected mouse brains were signif-
icantly affected by the infection in a dose- and time-
dependent manner. The robust decreases in oligoden-
drocyte abundance, function, or both that we observed
in the highest bacterial challenge groups (Figure 12,
panels A, B) suggest pronounced impairment of a glial
cell population that is critical for brain homeostasis
and function. Oligodendrocytes are responsible for
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myelination of the CNS, encapsulating neuronal ax-
ons in lipid-rich membranes that serve as insulators
enabling rapid neuronal conduction (38,39). Given the
role of oligodendrocytes in brain function, a variety of
neurodegenerative disorders affecting the brain and
spinal cord are associated with demyelination (e.g.,
multiple sclerosis) (40,41). There are known microbial-
associated causes of oligodendrocyte dysfunction and
associated demyelination; progressive multifocal leu-
koencephalopathy is caused by infection of oligoden-
drocytes by the JC virus (42), and Borrelia burgdorferi
can induce oligodendrocyte apoptosis (43). Although
more study is needed, the down-regulation of genes
associated with myelination could account for some
of the clinical signs observed in mice and nonhuman
primates when infected with neurotropic strains of B.
pseudomallei, including muscle weakness, tremors, and
extreme sensitivity to touch (37,44).

Last, we are intrigued by the robust biofilm pro-
duction at 37°C compared with other strains of B.
pseudomallei. Although virulence (assayed by an intra-
peritoneal BALB/c infection model) did not correlate
with biofilm production of B. pseudomallei isolates from
Thailand (45), biofilm formation is associated with
virulence of other bacteria (46,47). That this biofilm
phenotype is exaggerated at 37°C suggests a potential
role in pathogenesis that may be relevant to inhaled
B. pseudomallei in the context of colonization of upper
respiratory areas (e.g., nasal turbinates as the result of
inhaling the bacteria) and may contribute to the intrin-
sic difficulty in successfully treating melioidosis with
antimicrobial drugs (48). Our retrospective analyses
support the data published by Taweechaisupapong et
al., which demonstrate no correlation between biofilm
formation and virulence associated with intraperitone-
al injection (45), but we did identify a statistically sig-
nificant negative correlation between in vitro biofilm
formation and virulence as measured by mouse mod-
els of inhalational melioidosis. Future work focused on
identifying correlations between biofilm formation and
neurologic melioidosis should help clarify the effect of
host-bacterial interactions on CNS demyelination.

Combined, our data, previous case-reports
(11,12), and the identification of endemic strains in
Mississippi (49) support the idea that melioidosis is
an emerging infectious disease in the United States.
Thus, it is imperative that we understand the new
isolates in the context of inhalational and neurologic
melioidosis to accurately predict the hazards associ-
ated with this emerging pathogen for the biodefense
and public health communities. Clinical laboratories
must continue to be on the alert for melioidosis with-
in the United States, and new isolates should be used
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to develop and test novel medical countermeasures
and diagnostic strategies.

Opinions, interpretations, conclusions, and
recommendations are those of the authors and are not
necessarily endorsed by the US Army, the US Defense
Health Agency, or the Centers for Disease Control and
Prevention. Research was conducted under an animal
care and use protocol approved by the US Army
Medical Research Institute of Infectious Diseases
Institutional Animal Care and Use Committee in
compliance with the Animal Welfare Act and other
federal statutes and regulations relating to animals
and experiments involving animals and adheres to
principles stated in the Guide for the Care and Use of
Laboratory Animals, National Research Council, 2011.
The facility where this research was conducted is fully
accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International.
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