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Burkholderia pseudomallei, the causative agent of melioidosis, is recognized as a serious health threat due to its involvement in
septic and pulmonary infections in areas of endemicity and is recognized by the Centers for Disease Control and Prevention as a
category B biothreat agent. An animal model is desirable to evaluate the pathogenesis of melioidosis and medical countermea-
sures. A model system that represents human melioidosis infections is essential in this process. A group of 10 rhesus macaques
(RMs) and 10 African green monkeys (AGMs) was exposed to aerosolized B. pseudomallei 1026b. The first clinical signs were
fever developing 24 to 40 h postexposure followed by leukocytosis resulting from a high percentage of neutrophils. Dyspnea
manifested 2 to 4 days postexposure. In the AGMs, an increase in interleukin 1� (IL-1�), IL-6, IL-8, gamma interferon (IFN-�),
and tumor necrosis factor alpha (TNF-�) was observed. In the RMs, IL-1�, IL-6, and TNF-� increased. All the RMs and AGMs
had various degrees of bronchopneumonia, with inflammation consisting of numerous neutrophils and a moderate number of
macrophages. Both the RMs and the AGMs appear to develop a melioidosis infection that closely resembles that seen in acute
human melioidosis. However, for an evaluation of medical countermeasures, AGMs appear to be a more appropriate model.

The bacterium Burkholderia pseudomallei is a Gram-negative
bacillus typically found in tropical soil, standing water, rice

paddies, and roots of plants (6, 22). In recent years, the traditional
regions of endemicity of Southeastern Asia and Northern Austra-
lia have become more clearly defined. New areas of interest, which
include India, China, areas of Africa, and South America, are aris-
ing (6, 11, 18). Melioidosis, which is the disease caused by B. pseu-
domallei, is becoming a more common occurrence in Thailand
(24), Northern Australia (31), India (34), and Indonesia (6), typ-
ically causing infections in people performing activities that ex-
pose them to environments in which B. pseudomallei is prevalent
(3). Especially at risk are persons with risk factors such as diabetes
and excessive alcohol consumption (3, 8). Melioidosis is not rec-
ognized to occur as epidemics but can occur in outbreaks after
abnormally intense monsoon rains and notably occurred as an
outbreak after the 2004 tsunami in Indonesia (4, 6).

The three major exposure routes for melioidosis are inhala-
tion, cutaneous inoculation, and ingestion (3, 7, 39). Inhalation is
suspected of being the route that results in the most-acute infec-
tions (7, 17). Acute infections of melioidosis are characterized by
fever, pneumonia, dyspnea, and sepsis (8, 26). The acute form of
melioidosis has a rapid onset, with first symptoms developing
within days to at most a few weeks after exposure (4, 26). Even
with intensive intervention with intravenous antibiotics, the mor-
tality rate of acute melioidosis can be 20 to 50% (2, 39). In chronic
melioidosis, the clinical manifestations vary and can include
chronic pneumonia, suppurative infections of skin, liver, kidney,
or spleen, or a subclinical infection (8, 26).

Several animal models have been used to study melioidosis,
including mice, hamsters, guinea pigs, and nonhuman primates
(NHPs) (38). The most widely used melioidosis model system is
the mouse. The murine model has been used to study many as-
pects of the host-pathogen interaction, which includes host im-
mune system response, cytokine expression, tissue tropism, dis-
ease pathology, and disease progression (5, 13, 16, 19, 21, 23, 30,

35, 37). There are few reports of NHP models being used to study
melioidosis, but one such study has suggested that rhesus ma-
caques (RMs) challenged by subcutaneous injection with B. pseu-
domallei were relatively resistant (28). However, a second study in
baboons suggests that NHPs are susceptible and develop an acute
disease that is similar to that seen in humans (27). A recent study
showed that the marmoset is susceptible to inhalational melioid-
osis and develops a lethal infection that closely resembles human
infections (29).

To satisfy the FDA animal rule for evaluating medical counter-
measures to melioidosis, a well-characterized animal model rep-
resentative of the human disease is needed. Murine models have
been shown to be effective; however, genetically, NHPs are more
closely related to humans and an NHP model would be more
desirable for evaluating medical countermeasures. We chose to
evaluate the RM and the African green monkey (AGM) to deter-
mine if one or both are appropriate models to use for evaluation of
medical countermeasures. Both the RM and the AGM have been
used for other infectious disease models, yet conflicting data ex-
isted relating to the susceptibility of NHPs to melioidosis. Here we
report the first steps in the development of the RM and the AGM
as melioidosis disease models for medical countermeasure testing.

MATERIALS AND METHODS
Animal use. An equal mix of experimentally naive male and female AGMs
(Chlorocebus aethiops, Saint Kitts) and RMs (Macaca mulatta, China)
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around 4 to 8 kg were exposed to aerosolized B. pseudomallei 1026b. All
RMs and AGMs assigned to this study had physicals and were determined
to be healthy. Preexposure complete blood counts (CBCs) and blood cul-
tures were performed. All blood was negative for bacteria, and CBCs were
within normal limits. Each NHP was implanted with a radio telemetry
implant for measuring body temperature (TA10TA-D70; DSI, St. Paul,
MN) or body temperature, blood pressure, and heart rate (TL11M2 D70-
PCT; DSI, St. Paul, MN). A 4-min data segment was recorded hourly for
the duration of the study (Dataquest ART; DSI, St. Paul, MN). All RMs
and AGMs had single-lumen central venous catheters (CVCs) (Groshong
7F signal lumen; Bard Access System Inc., Salt Lake City, UT) surgically
implanted to allow blood to be collected without anesthetizing the ani-
mals. All NHPs were monitored for disease symptoms daily. A humane
endpoint was achieved for moribund animals by using behavioral and
appearance assessments in addition to a drop in body temperature of
greater than 2°C in 24 h or respirations of greater than 100 breaths per min
(bpm). Research was conducted in compliance with the Animal Welfare
Act and other federal statutes and regulations relating to animals and
experiments involving animals and adheres to the principles stated in the
Guide for the Care and Use of Laboratory Animals (28a). The facility
where this research was conducted is fully accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Interna-
tional.

Clinical observations. Clinical observations were performed a mini-
mum of twice daily for the first 14 days postexposure and then a minimum
of once daily thereafter. During observations, respiratory rates were re-
corded for each animal was and were used to evaluate dyspnea. Severe
dyspnea was categorized as over 70 breaths per minute (bpm) (normal
range, 26 to 38 bpm for RMs and 24 to 32 bpm for AGMs). Physical and
behavior assessments were also performed to aid in determining mori-
bund animals; this included observing food intake of enrichment foods
(fruit and vegetables) and monkey biscuits to evaluate anorexia. Anorexia
was defined as an observed decrease in food intake by at least half of the
normal amount.

Bacterial strain. B. pseudomallei 1026b (obtained from D. Waag,
USAMRIID) is a clinical isolate from Thailand which has been previously
described (12).

Bacterial preparation. B. pseudomallei 1026b at a concentration of
about 5.0 � 109 was stored in 500-�l aliquots in a �70°C freezer. The day
before use, the vials were thawed and the contents were placed into 200 ml
of glycerol tryptone broth (GTB; 10 g/liter tryptone [DB, Franklin Lakes,
NJ], 5 g/liter NaCl, and 4% glycerol) in a 2-liter flask and incubated on a
shaker platform at 37°C for 22 to 26 h to allow the bacteria to enter
stationary phase. Immediately before the aerosol exposure, the freshly
grown stock of B. pseudomallei was diluted to the appropriate concentra-
tion in GTB.

Aerosol exposure. The NHPs were exposed to a small-particle aerosol
of B. pseudomallei 1026b in a well-characterized, dynamic, head-only ex-
posure chamber that was controlled by an automated bioaerosol exposure
system (10, 15). Before aerosol exposure, each NHP was anesthetized by
intramuscular injection with 0.1 mg/kg of body weight of a ketamine-
acepromazine mixture for AGMs and 3 mg/kg of tiletamine-zolazepam
(Telazol) for RMs. Each animal was placed into a head-out plethysmog-
raphy chamber and the minute volume (MV) was measured for 3 min
(BioSystem XA; Buxco, Wilmington, NC). The average MV was used to
adjust the exposure time to achieve the same target dose for all animals.
The aerosol was generated using a 3-Jet Collison nebulizer (BGI Inc.,
Waltham, MA), and particle size was measured using an aerodynamic
particle sizer with a 100:1 air dilution (APS Model 3321; TSI, Shoreview,
MN). Samples of the aerosol atmosphere were collected using 25-mm
gelatin filters (SKC, Eighty Four, PA) and all-glass impingers (Model
7541; Ace Glass Inc., Vineland, NJ) with a collection medium of GTB.
Samples were titrated to determine the average concentration of the aero-
sol atmosphere. Individual aerosol exposure doses were calculated as the
product of the average aerosol concentration within the chamber and the

total volume of air breathed by the subject (product of MV and exposure
duration).

Blood collection. Blood was collected by the CVC into EDTA (�1 ml)
or serum separation tubes (�1 ml). Blood was collected for baseline val-
ues, once daily for the first 7 days postexposure, and then once weekly
until the end of the study. For 5 RMs and 5 AGMs, an additional �0.5 ml
of blood was collected at 8-h intervals from 24 to 72 h postexposure into
EDTA only.

Hematology. Samples were collected in EDTA-treated tubes. CBCs
were performed using a CellDyne 3700 (Abbott Diagnostics, Abbott Park,
IL). Leukopenia or leukocytosis was determined using reference ranges
for RMs and AGMs. The normal reference range was 1.8 � 103 to 12.7 �
103 cells/�l for the RM and 2.1 � 103 to 8.9 � 103 cells/�l for the AGM.
Similarly, neutrophilia or neutropenia was determined using the refer-
ence ranges of 0.5 � 103 to 9.2 � 103 cells/�l for the RM and 0.5 � 103 to
4.3 � 103 cells/�l for the AGM.

Bacterial dissemination. Two 100-�l samples of whole blood were
plated at days 1 to 7, 14, 21, 28, 35, and 42 postexposure on glycerol
tryptone agar (GTA; prepared the same way as GTB with 15 g/liter agar
[BD, Franklin Lakes, NJ]) to detect bacteremia. Each plate was incubated
at 37°C for 72 h. Tissue samples from the lung, liver, spleen, pancreas, and
gonads were sterilely collected at necropsy and cultured for bacteria. Each
tissue sample of approximately 0.25 to 1.0 g was homogenized in 2 ml
GTB, and two 100-�l samples were plated on GTA to evaluate positive or
negative growth.

Cytokines and chemokines. Serum was collected in serum separation
tubes, and samples were distributed to aliquots and frozen at �80°C until
analysis was performed using a human proinflammatory 9-plex kit on a
Sector Imager 2400 (MesoScale Diagnostics, Gaithersburg, MD).

Gross pathology and histopathology. A full necropsy was performed
on all animals by a board-certified veterinary pathologist. Tissues were
collected and immediately immersed in 10% neutral buffered formalin
(NBF). Tongue, tonsil, salivary gland, nares, lip, larynx, trachea, esopha-
gus, thyroid gland, parathyroid gland, lung, heart, aorta, thymus, liver,
gallbladder, spleen, kidneys, urinary bladder, reproductive organs, pitu-
itary gland, adrenal gland, mandibular lymph node, mediastinal lymph
node, tracheobronchial lymph node, mesenteric lymph node, axillary
lymph node, inguinal lymph node, stomach, pylorus, duodenum, pan-
creas, jejunum, ileum, ileocecal junction, colon, haired skin, mammary
gland, skeletal muscle, sciatic nerve, brachial plexus, brain, and eyes were
submitted from all NHPs for histopathology. The nasal cavity was sub-
mitted from some but not all NHPs. Tissues were fixed for a minimum of
21 days in NBF. Tissue sections were trimmed at 5- to 6-�m thickness and
stained with hematoxylin and eosin.

Immunohistopathology. Unstained tissue sections were deparaf-
finized, rehydrated, subjected to a methanol hydrogen peroxide block for
30 min, and then rinsed in phosphate-buffered saline (PBS). A serum-free
protein block plus 5% normal goat serum was applied for 30 min. A
monoclonal mouse antibody (3B3-5) to lipopolysaccharide (LPS) of B.
pseudomallei (D. Waag, USAMRIID; prepared as previously described for
B. mallei [36]) was diluted 1:1,200 and incubated at room temperature for
60 min. A polymer-labeled horseradish peroxidase anti-rabbit secondary
antibody (EnVision Plus System; Dako Corp., Carpinteria, CA) was ap-
plied for 30 min at room temperature. All sections were exposed to 3,3=-
diaminobenzidine (DAB) for about 5 min, rinsed, counterstained with
hematoxylin, dehydrated, and coverslipped with Permount. To evaluate
cross-reactivity and background staining, control samples of tissue in-
fected with Yersinia pestis, Francisella tularensis, Bacillus anthracis, or pox-
virus and normal tissue (uninfected) were tested, and no 3B3-5 immuno-
reactivity was observed. Tissue infected with B. mallei had minimal
immunoreactivity. Additionally, no background staining was observed
when an isotype control mouse IgG antibody was used to evaluate non-
specific binding of 3B3-5. Six NHPs (three RMs and three AGMs) were
selected by three different time points comprised of two acute cases (3 to
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4 days), two subacute to chronic cases (14 days), and two study survivors
(45 days).

Ultrastructural pathology. Samples of lung, spleen, and tracheobron-
chial lymph node were collected at necropsy, trimmed to �1 mm3, and
immersed in a mixed aldehyde fixative in a 0.1 M phosphate buffer. Sam-
ples were fixed for a minimum of 24 h, buffer washed, and immersed in
1% osmium tetroxide in the same buffer for 1 h. Before further contrast-
ing, samples were buffer washed, rinsed in 50% ethanol, contrasted in
ethanolic uranyl acetate, and dehydrated in an ascending series of ethanol.
Propylene oxide (PO) was utilized as a transition solvent, and samples
were infiltrated in 100% PO, a 50:50 mix of PO and EMbed-812 epoxy
resin, or pure EMbed-812. Samples in pure resin were polymerized by
incubation at 60°C for no less than 24 h. Embedded samples were sec-
tioned at �70 nm on a Leica ultramicrotome, mounted on copper mesh
grids, and contrasted with uranyl and lead salts. Sections were examined
on a JEOL 1011 transmission electron microscope at 80 kV. Digital images
were acquired using a Hamamatsu ORCA-HR digital camera controlled
by AMT image acquisition software. Micrographs were cropped and glob-
ally adjusted for contrast in Adobe Photoshop.

Statistical analysis. Statistical analysis was performed using Sigma-
Plot 11 (Systat Software Inc., San Jose, CA). Kaplan-Meier log-rank sur-
vival analysis was used to construct survival curves, calculate the median
survival time and 95% confidence intervals (CI), and compare signifi-
cance between groups. Analyses of complete blood counts and log10-
transformed cytokine and chemokine data were performed using a two-
way repeated-measures analysis of variance (ANOVA). Correlations
between increased survival time and increased neutrophil, lymphocyte,
and monocyte levels and between survival time and cytokine levels were
done using the Spearman rank order test.

RESULTS
Exposure to aerosolized B. pseudomallei. For future replication
of these inhalation models, it is critical to document the aerosol
atmosphere that was presented to the animals. To characterize the
aerosol atmosphere, the particle size, temperature, and humidity
were measured for each exposure. The aerosol had a mass median
aerodynamic diameter of 1.86 � 0.05 �m (geometric standard
deviation, 1.88 � 0.02) and was at a temperature of 24.9°C �
0.5°C and relative humidity of 46.7% � 4.1%.

A total of 20 NHPs, 10 RMs and 10 AGMs, were exposed to
aerosolized B. pseudomallei 1026b. The 10 RMs were exposed to
3,796 � 1,883 CFU, and the 10 AGMs were exposed to 3,239 �
803 CFU. A total of 8/10 RMs and 10/10 AGMs became moribund
(Fig. 1). Two RMs survived the 45-day observation period, one
with minimal clinical signs of infection after 14 days (1,763 CFU)
and a second surviving with symptoms of chronic pneumonia

(6,239 CFU). There was no significant difference in survival time
between the RMs and AGMs (P � 0.43) or between males and
females (P � 0.72).

Clinical signs of acute inhalation melioidosis. Melioidosis
commonly presents with fever. To monitor the progression of the
febrile response, body temperature was monitored hourly by ra-
dio telemetry. The febrile response was found to be one of the
primary indications of disease (Table 1). Fever was characterized
by abrupt onset and loss of diurnal rhythm in both RMs and
AGMs. A sustained fever of more than 1.5°C above individual
baseline temperatures (about 38.5°C) developed in 10/10 RMs at
32.4 � 6.0 h postexposure and 10/10 AGMs at 34.1 � 3.7 h post-
exposure (Fig. 2A and B). The two RMs that survived 45 days
postexposure had a fever early in their infection that resembled
that of moribund animals, but the fever gradually subsided for one
RM (Fig. 2C). The second RM maintained an elevated diurnal
temperature for the duration of the study.

To track the progression of symptoms of acute melioidosis,
daily clinical evaluations were performed. One of the most pro-
nounced clinical signs of acute melioidosis was dyspnea. Dyspnea
was categorized as severe in 8/10 RMs and 9/10 AGMs (Table 1),
which includes one RM that survived for 45 days postexposure.
One RM and one AGM had mild dyspnea, and the other RM that
survived for 45 days postexposure had mild dyspnea that subsided
by day 14. A cough was observed in 3/10 RMs (Table 1). Addition-
ally, mild anorexia was noted to occur 24 h before the animals
became moribund in both the RMs and AGMs.

Change in blood parameters after exposure to B. pseudomal-
lei. Melioidosis is known to be accompanied by large increases in
neutrophils postexposure. To evaluate the neutrophil response, in
addition to other blood parameters postexposure, blood was col-
lected at various times pre- and postexposure. Leukocytosis re-
sulting from a high percentage of neutrophils was commonly ob-
served (Table 1 and Fig. 3A and B). The observed trend of
leukocytes was an increase until 2 days postexposure and then a
gradual decrease in animals that survived the longest and a more
rapid decrease in animals that became moribund within 5 days
postexposure (Fig. 3A and B). In 3/10 RMs and 2/10 AGMs, leu-
kopenia was observed within 24 h of becoming moribund (Table
1). The percentage of neutrophils increased starting 24 h postex-

TABLE 1 Clinical manifestations of inhalation melioidosis

Manifestation

Prevalence (no. with
manifestation/
total no.)

Range of onset (no. of
days postexposure)RMs AGMs

Fevera 10/10 10/10 1–2
Leukocytosisb 10/10 10/10 1–2
Neutrophiliac 10/10 10/10 1–2
Bacteremia 9/10 7/10 1–4
Severe dyspnead 8/10 9/10 2–4
Leukopeniae 3/10 2/10 3–5
Cough 3/10 0/10 3–7
Anorexia f 10/10 10/10 3–7
a Greater than 1.5°C above baseline (around 38.5°C).
b Greater than 12.7 � 103 cells/�l (RMs) and 8.9 � 103 cells/�l (AGMs).
c Greater than 9.2 � 103 cells/�l (RMs) and 4.3 � 103 cells/�l (AGMs).
d Greater than 70 bpm.
e Less than 1.8 � 103 cells/�l (RMs) and 2.1 � 103 cells/�l (AGMs).
f Less than half of normal food intake.

FIG 1 Survival curves for RMs and AGMs. Ten RMs (solid line) and AGMs
(dashed line) were exposed to 3,796 � 1,883 CFU and 3,239 � 803 CFU,
respectively. The median time to death for both the RMs and the AGMs was 4
days (95% CI, 3 to 5 days). There was no significant difference in survival times
between RMs and AGMs (P � 0.43) or between males and females (P � 0.72).
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posure (Fig. 3C and D), corresponding with a decrease in the
percentage of lymphocytes in all RMs and AGMs (Fig. 3E and F).
The percentage of monocytes was variable; however, an increase
was noted 4 days postexposure in the RMs (Fig. 3G) and AGMs
(Fig. 3H). It was observed that the two surviving RMs had elevated
monocyte levels. To determine if monocyte levels correlate to in-
creased survival, pooled monocyte, lymphocyte, and neutrophil
levels of RMs and AGMs for day 3 postexposure were evaluated
using the Spearman rank order test. It was found that survival time
increased when levels of monocytes (P � 0.005) and lymphocytes
(P � 0.002) increased but not when levels of neutrophils increased
(P � 0.12). A significant decrease in platelets was noted in both the
RMs (Fig. 3I) and the AGMs (Fig. 3J). A decrease in red blood cells
(RBC) was significant in the AGMs (P � 0.001); this was not noted
in the RMs. Additionally, hematocrit (P � 0.001) and hemoglobin
(P � 0.001) levels decreased in AGMs, but the changes were again
not significant in the RMs. There was no significant difference
between RMs and AGMs for leukocytes, neutrophils, lympho-
cytes, monocytes, or platelets. There was a significant difference
between RMs and AGMs in levels of RBC (P � 0.001), hematocrit
(P � 0.001), and hemoglobin (P � 0.05).

Septicemia in melioidosis results in high mortality and rapid
dissemination of bacteria. To evaluate septicemia following in-
fection, samples of blood were periodically collected to detect bac-
teremia. Bacteremia was detected in 9/10 RMs and 7/10 AGMs
(Tables 1 and 2). The median times to detection of first bacteremia
in animals that became moribund were 56 h (range, 24 to 96 h)
and 96 h (range, 32 to 120 h) for the RMs and AGMs, respectively.
Bacteremia was detected in only one of the RMs surviving for 45

days postexposure. Out of the 16 RMs and AGMs that had bacte-
remia, five RMs and four AGMs had bacteremia detected once;
four RMs and three AGMs had bacteremia detected on two sepa-
rate days, with only one RM and one AGM having consecutive
days of bacteremia.

In animal models and human melioidosis, rapid bacterial dis-

FIG 2 Representative temperature profiles of RMs and AGMs with melioid-
osis. Acute melioidosis was characterized by the abrupt increase in tempera-
ture and loss of the normal diurnal rhythm. By day 1 (24 to 40 h) postexposure,
the temperature had reached the fever threshold (dotted line, 1.5°C above
baseline); by 2 days postexposure, all RMs and AGMs exposed to B. pseudomal-
lei developed a fever of 1.5°C to 2.5°C above the mean baseline temperature
(dashed line). Representative body temperature profiles of an RM that was
exposed to 1,824 CFU (A) and an AGM exposed to 2,186 CFU (B) show the
characteristic rapid increase and the loss of normal diurnal rhythm. Both of
those temperature profiles (A and B) are representative of all RMs and AGMs
within the first 3 days postexposure. (C) One RM that was exposed to 1,763
CFU survived for 45 days postexposure, developing a sustained fever for about
10 days which then, over the next week, gradually subsided, returning to nor-
mal around 18 days postexposure. *, aerosol exposure.

FIG 3 Hematology of RMs and AGMs after exposure to B. pseudomallei. A
significant increase in leukocytes was observed 2 days postexposure in both the
RMs (A) and AGMs (B), with a decreasing trend 3 and 4 days postexposure. An
increase in the percentage of neutrophils was observed (RMs, panel C; AGMs,
panel D), with a corresponding decrease in lymphocytes at day 2 through day
4 postexposure (RMs, panel E; AGMs, panel F). (G) In the RMs, a general
increase in the percentage of monocytes was observed. (H) In the AGMs, the
percentages of monocytes were highly variable, with most decreasing by day
four and other increasing. Platelet levels decreased in the RMs (I) and AGMs
(J) starting 2 days postexposure and continuing through 4 days postexposure.
There was no significant difference between RMs and AGMs. Horizontal
dashed lines represent the normal expected range, bars represent the 25th and
75th percentiles (the solid line is the median), and error bars represent the 5th
and 95th percentiles. Baseline (BL), day 1, day 2, and day 3, n � 10; day 4, n �
8 and n � 9 for RMs and AGMs, respectively. §, P � 0.05; *, P � 0.001.
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semination is commonly noted following acute infections. To
evaluate the bacterial dissemination, samples of lung, liver, spleen,
pancreas, and gonads were collected from each animal at necropsy
and plated to evaluate positive or negative growth of B. pseu-
domallei. From lung tissue, a total of 9/10 RMs and 10/10 AGMs
were culture positive for B. pseudomallei. The only RM that was
not culture positive was exposed to 1,763 CFU and survived for 45
days. The spleen was also consistently culture positive, with a total
of 7/10 RMs and 10/10 AGMs culturing positive. The 3 RMs not
culture positive included both RMs that survived for 45 days post-
exposure. From the liver tissue, a total of 8/10 RMs and 10/10
AGMs were culture positive. The two RMs not culture positive
survived for 45 days postexposure. The pancreas was culture pos-
itive in 5/10 RMs and 10/10 AGMs. The gonads were culture pos-
itive in 7/10 RMs and 6/10 AGMs.

Cytokine and chemokine responses after exposure to B.
pseudomallei. The magnitudes of the cytokine and chemokine
responses were compared between baseline levels and the first 4
days postexposure for interleukin 1� (IL-1�), IL-2, IL-6, IL-8,
IL-10, IL-12p70, granulocyte-macrophage colony-stimulating
factor (GM-CSF), gamma interferon (IFN-	), and tumor necrosis
factor alpha (TNF-
). In the AGMs, IL-1� (Fig. 4B), IL-6 (Fig.
4D), IL-8 (Fig. 4F), and IFN-	 (Fig. 4H) were observed to increase
on day 4 postexposure. In the RMs, IL-1� (Fig. 4A) and IL-6 (Fig.
4C) were the only cytokines observed to significantly increase. It
was observed that IL-8 tended to decrease on day 2 postexposure
in the RMs (Fig. 4E). IFN-	 showed little overall change in the
RMs, but a significant decrease was noted on day 2 postexposure
(Fig. 4G). TNF-
 generally increased postexposure in both the
RMs and AGMs, but the increase was not significant (Fig. 4I and
J). No significant changes in IL-2, IL-10, IL-12p70, and GM-CSF
were noted in the RMs or AGMs. Differences were noted between
the RMs and AGMs for IL-1� (P � 0.05), IL-2 (P � 0.05), and
IFN-	 (P � 0.05). In the AGMs, on day 3 and day 4 postexposure,
IL-1� was a good predictor of outcome, showing a good correla-
tion between decreased survival time and increased levels (day 3,
P � 0.029; day 4, P � 0.001). Additionally, on day 4 postexposure
in the AGMs, IL-6 (P � 0.001) and IL-10 (P � 0.011) were found
to correlate to outcome. No other cytokines were good predictors
of outcome, and no cytokines measured in the RMs were predic-
tive of outcome.

Lung pathology. Pulmonary lesions were found to be the most
common gross pathology finding in both the RMs and AGMs
(Table 3). Abscesses, red mottled noncollapsing lungs, and pleural
adhesions were consistent findings (Fig. 5A and B). Foci of necro-

sis or abscesses were commonly suppurative to caseous nodules,
often rimmed by congestion/hemorrhage, beginning to appear in
animals that became moribund 3 to 5 days postexposure. The
pulmonary lesions ranged from 0.5 to 1.0 cm in diameter in ani-
mals that were moribund within 7 days postexposure and from 2.0
to 3.0 cm in two animals on day 14 postexposure. Histologically,
necrotic foci affected pulmonary architecture and consisted of
extensive necrotic debris admixed with fibrin edema, hemor-
rhage, numerous degenerate neutrophils, necrotic leukocytes
(composed of neutrophils and macrophages), fewer macro-
phages, lymphocytes, and plasma cells. Lung tissue immediately
adjacent to the foci ranged from minimally affected to unaffected
(Fig. 5C). Both RMs that survived for 45 days postexposure were
noted as having pneumonia, the RM exposed to 6,239 CFU was
noted as having a 0.5-cm chronic suppurative abscess on the left
inferior lobe, and the RM exposed to 1,763 CFU had pyogranulo-
matous foci of inflammation in the lungs.

An immunohistopathology assessment was performed to con-
firm the presence of bacteria within inflammatory sites. A total of
six NHPs (three RMs and three AGMs) had lung tissue stained
with 3B3-5, a monoclonal mouse antibody for B. pseudomallei
LPS, and all had positive immunoreactivity. Most of the immuno-
reactivity was located in the necrotizing foci intracytoplasmically
in macrophages and neutrophils, as well as in necrotic debris to
include bronchiolar/bronchial exudates (Fig. 5D). Immunoreac-
tivity was minimal in areas with minimal histopathologic lesions.

Ultrastructural analysis of lung was performed to assess intra-
or extracellular localization of bacteria. Evaluation of lung tissue
from an AGM confirmed the presence of intra- and extracellular
bacteria in alveolar macrophages and necrotic debris, respectively.
Fibrin was also intermixed with the necrotic debris and extracel-
lular bacteria (Fig. 5E and F).

Lymph node pathology. Lymph node enlargement was the
second most common gross finding, often accompanied by con-
gestion (Table 3). The tracheobronchial and mediastinal lymph
nodes were the most significantly and consistently enlarged, af-
fecting 6/10 RMs and 7/10 AGMs. Inflammation in the tracheo-
bronchial/mediastinal lymph nodes ranged from minimally neu-
trophilic to necrotizing foci initially in the subcapsular sinus
region to diffuse suppurative inflammation effacing large sections
of the lymph nodes. The severity of the affected thoracic lymph
nodes was random throughout the study. The inguinal, axillary,
and mandibular lymph node inflammation was minimal to mild
and predominantly associated with AGMs.

Secondary changes associated with the lymph nodes include

TABLE 2 Bacteremia in RMs and AGMs following exposure to B. pseudomallei

Species Bacteremia parameter

Prevalence and magnitude of bacteremia on each day postexposurea

1b 2c 3 4 5 6 7 14 21 28 35 42

RM Prevalence (no. with
bacteremia/total no.)

4/10 1/10 1/10 2/8 1/4 0/3 0/3 0/3 0/2 0/2 0/2 0/2

Magnitude (median CFU/ml) 10 10 40 1480 10 NA NA NA NA NA NA NA

AGM Prevalence (no. with
bacteremia/total no.)

1/10 1/10 1/10 5/9 2/4 0/2 0/1 0/1 NA NA NA NA

Magnitude (median CFU/ml) 20 10 100 20 20 NA NA NA NA NA NA NA
a All bacteremia before day 3 was detected when blood was collected every 8 h. NA, not applicable.
b Bacteremia was detected at 24 h (two RMs), 32 h (one RM and one AGM), and 40 h (one RM) postexposure.
c Bacteremia was detected at 56 h postexposure.
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congestion, histiocytosis, edema, draining hemorrhage, lympho-
cytic hyperplasia, and lymphocyte depletion. Congestion and his-
tiocytosis were most common but were not associated exclusively
with the tracheobronchial/mediastinal lymph nodes. Lymphoid
depletion was commonly identified in acute (3 to 6 days postex-
posure) cases and associated with necrotizing to suppurative tra-
cheobronchial/mediastinal lymph nodes.

FIG 4 Cytokine and chemokine responses following exposure to B. pseu-
domallei. A significant increase in IL-1� was noted 4 days postexposure for
both the RMs (A) and AGMs (B). Similarly, IL-6 had a noticeable increasing
trend, with a significant increase above baseline levels (BL) 4 days postexpo-
sure in both the RMs (C) and AGMs (D). (E) IL-8 generally did not change for
RMs; however, on day 2, there was a noticeable decrease. (F) In the AGMs, IL-8
showed little change until 4 days postexposure, when there was a significant
increase. (G and H) IFN-	 was highly variable with little change for RMs, but
a significant decrease 2 days postexposure in RMs was noted (G), and a signif-
icant increase was noted 4 days postexposure in the AGMs (H). TNF-
 was
also variable for both the RMs (I) and the AGMs (J), with a general increase for
AGMs postexposure. Bars represent the 25th and 75th percentiles (the solid
line is the median), and error bars represent the 5th and 95th percentiles.
Baseline (BL), day 1, day 2, and day 3, n � 10; day 4, n � 8 and n � 9 for RMs
and AGMs, respectively. *, P � 0.05.

TABLE 3 Major pathology findings of inhalation melioidosis

Manifestation

Prevalence (no. with
manifestation/total no.)

RM AGM

Pneumonia 10/10 10/10
Lymphadenitis 10/10 10/10
Myelitis 6/10 8/10
Splenitis 3/10 6/10
Hepatitis 2/10 4/10
Tonsillitis 2/10 1/10
Nephritis 0/10 1/10
Encephalitis 0/10 1/10
Mild meningeal congestion 5/10 4/10

FIG 5 Pulmonary lesions identified 4 days after aerosolization with B. pseu-
domallei. (A and B) The lungs contained several 0.8- to 1.5-cm pale foci that
were often elevated from the surface and surrounded by a hyperemic rim of
congestion. (C) Low-power magnification (HE; �4) of pulmonary lesions
composed of necrotic debris and inflammatory cells, predominantly degener-
ate neutrophils (inset, �40). (D) Immunohistochemistry of the pulmonary
lesions, consisting of intracytoplasmic positive immunoreactivity in neutro-
phils and macrophages and scattered necrotic debris at low power (�4)
(inset, �40). (E) A single bacterium resides within a macrophage in the
lung of an AGM. Bar � 500 nm. (F) A small colony of bacteria has been
released into the extracellular milieu and is surrounded by necrotic debris
and fibrin. Bar � 500 nm.
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Lymph nodes rarely had positive immunoreactivity to bacteria;
when observed, this was limited to the necrotizing inflammation
in the tracheobronchial and mediastinal lymph nodes found in
two of the six NHPs reviewed. Corresponding intracytoplasmic
positive immunoreactivity occurred rarely in macrophages and
neutrophils, predominantly in the subcapsular sinuses.

Ultrastructural examination of the tracheobronchial lymph
node from a RM showed large amounts of necrotic debris and
fibrin aggregates present within the tissue as well as blood and
lymphatic vessels. The structured organization of the lymph node
was largely lost; however, bacteria were not observed despite the
rare, albeit positive, immunoreactivity.

Spleen and bone marrow pathology. The hematopoietic sys-
tem consisting of the spleen and bone marrow is known to be
involved in melioidosis infections; however, the bone marrow has
yet to be extensively evaluated after exposure to B. pseudomallei.
The spleen and bone marrow were noted as being affected as con-
sistently as the lymph nodes, with the spleen most commonly
affected. The spleen was enlarged in 3/10 RMs and 6/10 AGMs
(Table 3). Histologically, the splenic lesions consisted of necrotiz-
ing inflammation, degenerate neutrophils with low numbers of
macrophages, fewer lymphocytes, and plasma cells ranging from
small, individual microfoci to larger coalescing lesions. Addition-
ally, four AGMs exhibited mild lymphocytic depletion of the
white pulp. The two RMs that survived for 45 days postexposure
had a mild splenic lymphocytic hyperplasia. Lesions were more
common in AGMs than RMs.

The bone marrow lesions consisted of similar necrotizing in-
flammation, predominantly of degenerate neutrophils, fewer
macrophages, few lymphocytes, and plasma cells (Table 3). This
inflammation was found in small and variously sized coalescing
foci effacing up to 40% of the reviewed sections, often with normal
myeloid and erythroid components adjacent to them. Two AGMs
developed concurrent mild myeloid hyperplasia. Additionally,
three AGMs exhibited a mild increase in hemosiderosis. Again,
lesions were more common in AGMs than RMs. Positive immu-
noreactivity to bacteria was usually limited to the foci of necrotiz-
ing inflammation in both the spleen and the bone marrow. Cor-
responding intracytoplasmic positive immunoreactivity occurred
in low numbers of macrophages and neutrophils in the spleen and
bone marrow.

Ultrastructural examination of the spleen from an RM showed
a loss of tissue organization, necrotic cells, and sparse intracellular
bacteria.

Additional pathology. One AGM had a noteworthy lesion af-
fecting the brain and adrenal gland. The cerebral lesion was a
single small focus of perivascular inflammation that was com-
posed of low numbers of lymphocytes, plasma cells, fewer neutro-
phils, and macrophages (Table 3). The same AGM had a few
microfoci of neutrophilic inflammation of adjacent adrenal epi-
thelial cells. There was no identifiable positive immunoreactivity
in the adrenal gland. Immunohistochemistry was not used on the
cerebral perivascular inflammation. Liver lesions varied greatly
among all NHPs. Hepatitis occurred as variably sized foci in 2/10
RMs and 4/10 AGMs (Table 3). Positive immunoreactivity was
rarely observed. One AGM had significant lesions in the kidney,
although minimal immunoreactivity was noted (Table 3). Tonsil-
litis was present in 2/10 RMs and one AGM (Table 3). Both RMs
with tonsillitis survived for 45 days postexposure. Minimal posi-
tive immunoreactivity occurred. Other notable gross abnormali-

ties recorded consisted of mild meningeal congestion, adrenal
congestion, hepatomegaly, increased serosanguineous peritoneal
fluid, and testicular hemorrhage (Table 3).

DISCUSSION

The objective of this study was to determine if the RM and AGM
are appropriate animal models for use as inhalation melioidosis
models for evaluation of medical countermeasures. The data pre-
sented here indicate that AGMs are highly susceptible to aerosol-
ized B. pseudomallei and develop a rapidly lethal pneumonic in-
fection whereas RMs generally develop a lethal infection but can
develop subacute pneumonia. Collectively, these data indicate
that both RMs and AGMs are reasonable models, with the AGMs
being a more appropriate model for medical countermeasure
evaluation.

There are limited reports of melioidosis having been studied in
an NHP model, with even fewer reports of inhalational melioido-
sis. One study by Miller et al. (28) challenged RMs by subcutane-
ous injection and determined that they were relatively resistant to
infection (28). It was reported that a localized abscess formed but
healed, with no noticeable disease developing. The difference be-
tween the study reported here and that performed by Miller et al.
(28) is possibly a result of the route of infection, but it is also
possibly a result of the strain of B. pseudomallei. However, reports
of natural outbreaks in NHPs imported from areas of endemicity
and recent studies in NHPs by Manzenuik et al. (27) and Nelson et
al. (29) support the notion that NHPs are susceptible to infection
with B. pseudomallei (1, 14, 20, 27, 29). Although historically con-
flicting data on the susceptibility of NHPs to melioidosis existed, it
has become evident with the recent NHP studies and the models
presented here that the NHP is a reasonable and valuable model
system for studying melioidosis pathogenesis and for medical
countermeasure evaluation.

The models described here had consistent disease progression
and onset similar to those of acute infection in humans, which is
generally described as a quickly progressing disease with onset 1 to
21 days postexposure (3, 8). Both species developed a fulminant
pulmonary infection (or bronchopneumonia) and sepsis, with
many becoming moribund 3 to 5 days postexposure. This rapid
disease onset and progression is typically observed in humans that
are suspected of respiratory exposures by aspiration or inhalation
(3, 8). Inhalation as a diagnosed route of exposure is difficult to
confirm but has been suspected in severe disease in U.S. helicopter
crews during the Vietnam War and after extreme-weather events
in Northern Australia (7, 8, 17). Aspiration is more easily diag-
nosed as being the route of exposure and is typically associated
with severe melioidosis (4). By a comparison of data from acute
human melioidosis cases, many from known aspiration cases, it
was evident that the RMs and AGMs develop symptoms resem-
bling those observed in humans. In severe human cases, it is re-
ported that fever presents in 50 to 90% of melioidosis cases, with
dyspnea being reported 60 to 80% of the time, accompanied by
cough and pneumonia (3, 4, 33). Bacteremia is typically variable
but is common in acute melioidosis infections. It is reported that
30 to 90% of cases are positive when admitted to the hospital (8,
25, 33). Similar to what is reported in these cases, the RMs and
AGMs presented with fever (100% of the NHPs), dyspnea (85%),
pneumonia (100%), neutrophilia (100%), and bacteremia (80%)
(Tables 1, 2, and 3).

The characteristic rapid increase in neutrophils is primarily a
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result of the high inflammatory response, resulting from an in-
crease in IL-1�, IL-6, IFN-	, TNF-
, and IL-8 (13, 16). A study by
Easton et al. (13) has shown that in C57BL/6 mice, neutrophil
recruitment into the lungs reaches a maximum at around day 3
postexposure. In both the RM and AGM models, animals that
became moribund 3 to 5 days postexposure showed high numbers
of degenerate neutrophils with necrotic debris in the lungs (Fig.
5C and D) and bone marrow. This rapid recruitment to sites of
inflammation, such as the lungs, and corresponding destruction
of the bone marrow is a likely explanation for the dramatic de-
crease in neutrophils/leukocytes (Fig. 3) and occasional neutrope-
nia/leukopenia observed in both the RMs and AGMs (Table 1).
Similarly, Nelson et al. (29) have recently described a similar oc-
currence in marmosets.

The increase in proinflammatory cytokines in melioidosis is
well documented. Murine models have shown that in BALB/c and
C57BL/6 mice, IL-1�, IL-6, IL-10, IFN-	, and TNF-
 are com-
monly elevated (37, 38). These sets of cytokines have also been
seen to be elevated in humans infected with melioidosis (41). This
is similar to the observations in the AGMs, in which IL-1�, IL-6,
IL-8, IFN-	, and TNF-
 were generally elevated by 4 days postex-
posure (Fig. 4). Interestingly, the RMs were noted to have a less
intense increase in proinflammatory cytokines, much like what
has been observed in the C57BL/6 mice, which are generally re-
garded as more resistant to infection then BALB/c mice (37). Gen-
erally, it appears that the AGMs develop a more universal and
intense proinflammatory response than the RMs’ generally sub-
dued response, a finding which is at least practically in agreement
with differences observed between BALB/c and C57BL/6 mice. We
also evaluated the relationship between increased cytokine levels
and survival time and found that the results in AGMs are in agree-
ment with findings in humans that have indicated that IL-1� is a
predictor of poor outcome (41). The levels of IL-1� on day 3 and
day 4 in the AGMs were the best predictors of decreased survival
time. We also found that on day 4 postexposure, IL-6 and IL-10
were predictive of decreased survival time.

A decrease in circulating platelet levels was observed starting 2
days postexposure (Fig. 3G and H), and ultrastructural analysis of
tissues revealed fibrin aggregates in the blood and lymphatic ves-
sels. The excessive aggregation of fibrin in the blood vessels and
decrease in circulating platelets indicated intravascular coagula-
tion, which has been associated with high mortality in melioidosis
(40). The scope of this study did not explore the coagulation path-
ways in detail, but previous reports have suggested that in humans
and marmosets, the coagulation pathways are significantly altered
after exposure to B. pseudomallei (29, 42).

The RMs and AGMs all showed extensive and consistent ne-
crotizing inflammation of the lungs, lymphatic system, spleen,
and bone marrow (Table 3), with occasional to rare inflammation
of the liver, kidney, and brain (Table 3). This pattern of involve-
ment in RMs and AGMs was found to be consistent with reports in
human acute melioidosis, which predominantly involves the
lungs, lymphatic system, spleen, and liver (32). Less consistently
affected are brain, kidney, skin, and skeletal muscle (32). Addi-
tionally, the histopathologic findings in the RMs and AGMs sup-
port previous findings in NHPs and murine models, which have
found that the lungs, lymphatic system, and spleen are commonly
affected (19, 23, 27, 29). Overall, the histopathology findings in the
RMs and AGMs are in good agreement with those of both human
and other NHP models (27, 29, 32). The most noticeable differ-

ence in the histopathologic findings between the AGMs and RMs
was that AGMs were more consistently noted to have a systemic
infection. Although systemic involvement was more frequently
noted in AGMs, differences in severity of lesions of the affected
areas were not noted between the RMs and AGMs.

The brain was only rarely seen to be involved; however, one
AGM had a cerebral lesion and 5/10 RMs and 4/10 AGMs had
meningeal congestion (Table 3). Recently, bacteria have been cul-
tured from the brains of AGMs with meningeal congestion (J. J.
Yeager, unpublished data). There have been reports of central
nervous system (CNS) infections caused by melioidosis, reported
primarily in Northern Australia (8, 9). Additionally, CNS involve-
ment has been noted in an RM that was affected by a natural
infection (14) Overall, these infections are rare, occurring in less
than 10% of all human melioidosis cases (9), but the severity of
CNS infections makes them a serious manifestation of melioido-
sis. There has been a recent study in BALB/c mice that has shown
that inhalation of B. pseudomallei may result in the bacteria enter-
ing the olfactory nerve and entering the brain via that route (30).
This has serious implications for natural inhalational exposures or
intentional bioterrorist threats. This is a serious manifestation of
melioidosis that needs further attention to be fully understood.

Overall, significant clinical or immunological differences be-
tween RMs and AGMs were limited. The hematologies of the RMs
and AGMs were similar, with no significant difference in neutro-
phils, lymphocytes, monocytes, or platelets (Fig. 3). Clinical signs
and survival postexposure were similar in RMs and AGMs (Table
1 and Fig. 1) except for the two RMs that survived. Histopatho-
logic analysis first indicated that the AGMs were more likely to
develop systemic infections than were the RMs. Additional sup-
port of this finding comes from the two RMs that survived for 45
days postexposure which were exposed to 6,239 CFU and 1,763
CFU. These two cases reinforced the complexity of melioidosis
infections. Both these cases represent two other manifestations of
melioidosis: first, a chronic suppurative infection, and second, a
latent asymptomatic pyogranulomatous infection. The RM ex-
posed to 1,763 CFU showed minimal clinical or immunological
signs of infection after 14 days postexposure; however, histo-
pathologic evaluation found lesions with bacteria within the
lungs. The second RM exposed to 6,239 CFU exhibited clear signs
of pneumonia at 45 days postexposure, and gross and histopatho-
logic examination indicated an active pneumonic infection with
limited systemic involvement. These findings help support the
observation that AGMs are more likely to develop acute fulminate
pneumonia with systemic involvement whereas RMs may be
slightly more resistant to a systemic infection, leading to a more
chronic suppurative infection. Although we believe that the RM
and the AGM both represent valuable disease models of inhalation
melioidosis, the AGM does appear to be the most appropriate
model for evaluation of medical countermeasures.

In summary, we investigated the RM and AGM to determine
their usefulness as model systems for studying inhalational me-
lioidosis and evaluating medical countermeasures against me-
lioidosis. We set out to determine if both or one of these models
closely resembles the disease reported in acute human melioido-
sis. The data presented here support that RMs and AGMs develop
a disease that resembles acute human melioidosis and that both
represent a valuable model for studying the pathogenesis of B.
pseudomallei. However, for the purpose of evaluating therapeutic
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treatments and future vaccines, the AGM does appear to be a more
valuable and appropriate model system.
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