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Abstract

Mouse models have been essential to generate supporting data for the research of infec-

tious diseases. Burkholderia pseudomallei, the etiological agent of melioidosis, has been

studied using mouse models to investigate pathogenesis and efficacy of novel medical

countermeasures to include both vaccines and therapeutics. Previous characterization of

mouse models of melioidosis have demonstrated that BALB/c mice present with an acute

infection, whereas C57BL/6 mice have shown a tendency to be more resistant to infection

and may model chronic disease. In this study, either BALB/c or C57BL/6 mice were exposed

to aerosolized human clinical isolates of B. pseudomallei. The bacterial strains included

HBPUB10134a (virulent isolate from Thailand), MSHR5855 (virulent isolate from Australia),

and 1106a (relatively attenuated isolate from Thailand). The LD50 values were calculated

and serial sample collections were performed in order to examine the bacterial burdens in

tissues, histopathological features of disease, and the immune response mounted by the

mice after exposure to aerosolized B. pseudomallei. These data will be important when uti-

lizing these models for testing novel medical countermeasures. Additionally, by comparing

highly virulent strains with attenuated isolates, we hope to better understand the complex

disease pathogenesis associated with this bacterium.

Introduction

Burkholderia pseudomallei is the gram negative bacterium that causes melioidosis. It exists in

soil and water and is endemic in Southeast Asia and northern Australia [1]. More recently,

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 1 / 32

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Trevino SR, Klimko CP, Reed MC,

Aponte-Cuadrado MJ, Hunter M, Shoe JL, et al.

(2018) Disease progression in mice exposed to

low-doses of aerosolized clinical isolates of

Burkholderia pseudomallei. PLoS ONE 13(11):

e0208277. https://doi.org/10.1371/journal.

pone.0208277

Editor: Lisa A. Morici, Tulane University School of

Medicine, UNITED STATES

Received: September 4, 2018

Accepted: November 14, 2018

Published: November 30, 2018

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information file.

Funding: Funding was provided by the Defense

Threat Reduction Agency to PLW. The funders had

no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

http://orcid.org/0000-0001-8741-3550
http://orcid.org/0000-0002-1615-5432
https://doi.org/10.1371/journal.pone.0208277
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208277&domain=pdf&date_stamp=2018-11-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208277&domain=pdf&date_stamp=2018-11-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208277&domain=pdf&date_stamp=2018-11-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208277&domain=pdf&date_stamp=2018-11-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208277&domain=pdf&date_stamp=2018-11-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208277&domain=pdf&date_stamp=2018-11-30
https://doi.org/10.1371/journal.pone.0208277
https://doi.org/10.1371/journal.pone.0208277
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


cases of the disease have been seen in other tropical regions including those found in the west-

ern hemisphere [2–7]. Melioidosis occurs primarily in humans who have been in contact with

contaminated water or soil [8], however inhalation of aerosolized bacteria is also known to be

a route of exposure in areas where monsoonal rains, flooding, and high winds occur [9–11].

The incubation period of melioidosis in exposed individuals can range from days to years

after primary exposure to the bacterium, and it can persist for decades without clinical signs or

symptoms [8, 12, 13]. The long incubation period may be due to the intracellular life cycle of

the pathogen, allowing it to avoid detection by the host immune system [14]. There are no

truly distinctive features of melioidosis. Acute cases of melioidosis are characterized by gener-

alized signs and symptoms, including fever, malaise, pneumonia, and sepsis. Abscess forma-

tion can be widespread, but commonly occurs in the liver, spleen, skeletal muscle, prostate,

and kidney [8]. Melioidosis may also present as a chronic disease characterized by signs and

symptoms that may persist for years, as reviewed by Brett, DeShazer, and Vietri [8]. The symp-

toms of the chronic form are usually milder than those of the acute form, further challenging

diagnoses. Persons exposed to B. pseudomallei with high risk factors such as diabetes, renal

failure, and alcoholism are more likely to develop melioidosis [8, 10, 15].

The mechanisms of pathogenicity for B. pseudomallei are not well characterized particularly

when the disease is acquired by aerosol exposure. B. pseudomallei is designated as a Tier 1

agent due to its potential use as a biological threat agent [8]. Exposure to aerosolized bacteria is

a primary concern when developing novel medical countermeasures and therefore is an

important route for evaluating our panel of 11 strains of B. pseudomallei in context of biode-

fense. This panel includes clinical isolates and commonly used laboratory strains of B. pseudo-
mallei [16]. We have previously examined this collection of isolates using the intraperitoneal

model of infection and other in vitro analyses [17]. In this report we measure virulence by

median lethal dose (LD50) determinations using the inhalational murine models of infection.

Furthermore, we selected three B. pseudomallei strains that represented the most virulent and

least virulent strain(s) to carry out a comparative serial sample study to obtain further informa-

tion on the pathogenicity of these widely divergent strains. We report the bacterial burden in

blood and tissues, histopathology observed during the disease course, and immune responses

mounted during the infection in these models. These data will further contribute to existing

knowledge of the aerosol murine model of melioidosis helping to understand and characterize

animal models of disease.

Materials and methods

Animal challenges

Groups of BALB/c or C57BL/6 mice (Charles River-Frederick, MD; female 7–10 weeks of age

at time of exposure to bacteria) were exposed to aerosolized bacteria from low passage and

well-defined stocks of B. pseudomallei [16, 17]. The bacteria used were grown in 4% glycerol

(Sigma Aldrich, St. Louis, MO)-1% tryptone (Difco, Becton Dickinson, Sparks, MD) and 5%

NaCl (Sigma Aldrich, St. Louis, MO) broth (GTB) at 37˚C with shaking at 200 rpm and were

harvested from a late log phase culture. The bacteria were resuspended in GTB and quantified

via OD620 estimations. The actual delivered doses of bacteria were then verified by plate counts

on sheep’s blood agar (Trypticase soy agar with sheep blood-SBA) plates (RemelTM, Thermo-

Fisher Scientific, Waltham, MA). Exposure to aerosolized bacteria was accomplished as previ-

ously described [18–20]. Mice were transferred to wire mesh cages and wire mesh cages were

placed in a whole-body aerosol chamber within a class three biological safety cabinet located

inside the BSL-3 laboratory. Mice were exposed to aerosolized B. pseudomallei isolates on sepa-

rate days. Aerosols created by a three-jet collision nebulizer for 10 min at a constant flow rate

Mice exposed to aerosolized B. pseudomallei
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of 19 L/min followed by a five minute wash cycle. Following the wash cycle, mice were re-

moved from the aerosol chamber and transported back to their housing room. The aerosoliza-

tion was performed at ambient temperature and humidity. The generated aerosol was sampled

with an all-glass impinger (AGI) sampling at a rate of 6 L/min. AGI samples were analyzed by

plating on SBA plates. CFU calculations were done to determine the inhaled dose of B. pseudo-
mallei. The dose was calculated using the following formula: Dose = [Aerosol] (μg/mL) × min-

ute volume (mL) × exposure time (min). Minute volume of mice was estimated using the

mean weight of all mice on the day of exposure and Guyton’s Formula [21].

For dissemination studies following aerosol challenge, mice were euthanized by exsangui-

nation under deep anesthesia (intraperitoneal injection of approximately 200 μl of a solution

containing 6.7 mg/ml ketamine, 0.1 mg/ml acepromazine, and 0.7 mg/ml xylazine) on days 1,

2, 3, 7, 9/10, 14, 21, 28 and 59/60 post-infection and lungs and spleen samples were examined

for both bacterial burden and immune response to the ensuing infection. Tissues were har-

vested, weighed, homogenized, and then CFU were enumerated on SBA plates. The limit of

detection for spleen and lungs was approximately 5 CFU/ml. Due to blood volume constraints,

the limit of detection for blood was approximately 50 CFU/ml. Confirmatory bacterial identifi-

cation was also performed using Burkholderia cepacia selective agar plates (RemelTM, Thermo-

Fisher Scientific, Waltham, MA).

Ethics statement

Animal research at the United States Army Medical Research Institute of Infectious Diseases

(USAMRIID) was conducted under an animal use protocol approved by the USAMRIID Insti-

tutional Animal Care and Use Committee (IACUC) in compliance with the Animal Welfare

Act, PHS Policy, and other Federal statutes and regulations relating to animals and experi-

ments involving animals. The facility where this research was conducted is accredited by the

Association for Assessment and Accreditation of Laboratory Animal Care International

(AAALACi) and adheres to principles stated in the Guide for the Care and Use of Laboratory

Animals (National Research Council, 2011). Challenged mice were observed at least daily for

up to 60 days for clinical signs of illness. Early interventions endpoints were used during all

studies and mice were humanely euthanized when moribund, according to an endpoint score

sheet. Animals were scored on a scale of 0–11: 0–2 = no significant clinical signs (e.g., slightly

ruffled fur); 3–7 = significant clinical symptoms such as subdued behavior, hunched appear-

ance, absence of grooming, hind limb issues of varying severity and/or pyogranulomatous

swelling of varying severity (increased monitoring was warranted); 8–11 = distress. Those ani-

mals receiving a score of 8–11 were euthanized. However, even with multiple observations per

day, some animals succumbed to the infection prior to meeting early endpoint euthanasia

criteria.

Spleen cell preparation

Splenocytes were prepared essentially as previously described [18]. Briefly, spleens were

excised from mice (N = 5 mice for most time points), weighed, and disaggregated in RPMI

1640 medium (Life Technology, Grand Island, NY) containing 25 mM HEPES, 2 mM gluta-

mine (wash medium) to make the spleen extract. Aliquots of the spleen homogenate were

saved for cytokine/chemokine determination and stored at -70˚ C. Samples were irradiated

with approximately 2.1 kGy of gamma-radiation and confirmed sterile by testing 10% of the

sample before use. CFU in non-irradiated aliquots of the homogenate were determined on

SBA with undiluted extract or 10-fold dilutions in sterile GTB. Plates were incubated at 37˚ C

for two-three days before counting CFU. Red cells in the spleen homogenate were lysed with

Mice exposed to aerosolized B. pseudomallei
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ACK (Ammonium-Chloride-Potassium) Lysing Buffer (BioWhittaker, Walkersville, MD)

after the extract was diluted with wash medium and cells pelleted by centrifugation at 1,200

rpm for 10 min. Splenocytes were then washed once and suspended in complete medium

[wash medium containing 10% heat-inactivated fetal calf serum (Life Technology), 1 mM

sodium pyruvate, 0.1 mM non-essential amino acids, 100 U/ml of penicillin, 100 μg/ml strep-

tomycin, and 50 μM 2-mercaptoethanol] and cells counted.

Lung homogenate preparation

Lungs were removed and homogenized in RPMI medium using disposable precision homoge-

nizers (Covidien, Dublin, Republic of Ireland). Aliquots of the lung homogenate were saved

for cytokine/chemokine determination and stored at -70˚ C. Samples were irradiated with

approximately 2.1 kGy of gamma-radiation and confirmed sterile by testing 10% of the sample

before use. CFU in non-irradiated aliquots of the homogenate were determined on SBA with

undiluted extract or 10-fold dilutions in sterile GTB. Plates were incubated at 37˚ C for two-

three days before counting CFU.

Splenocyte composition

Splenocyte cell composition was determined essentially as previously described [18]. Approxi-

mately 1x107 splenocytes from each mouse were washed in FACS staining buffer (FSB)

(1XPBS, 3% fetal calf serum, Life Technologies), and fixed in FSB containing 4% formaldehyde

(Pierce, Rockford, IL) at 4˚C. The cells were washed in FSB and then distributed into a micro-

titer plate (5x105 cells/well), and nonspecific binding was inhibited by the addition of Fc Block

(BD Biosciences, San Jose, CA). Cells were labeled with the following specific antibodies (BD

Biosciences): CD4 T cells, CD4-PE/CD44-FITC; CD8+ T cells, CD8-PE/CD44-FITC; B cells,

B220-PE/CD86-FITC; monocytes/macrophages, CD11b-PE/CD44-FITC; NK cells, CD49b-

PE/CD44-FITC; and granulocytes, Ly6G-PE/CD44-FITC. Corresponding isotype controls

were used and all were incubated for 60 min on ice. All samples were fixed in FSB with 4%

formaldehyde and stored at 4˚C until analysis. Cells were identified with a BD FACSCalibur

using CellQuestPro software (BD Biosciences). Splenocytes from uninfected BALB/c mice

were prepared as described above and used as normal, uninfected controls.

Antibody ELISAs

Immunoglobulin (Ig) class IgG titers in challenged mice were determined by an ELISA per-

formed in 96-well, Immulon 2 HB, round-bottom plates (ThermoFisher). Irradiated B. pseudo-
mallei K96243 cells used as standard antigens for comparison, were diluted in 0.1 M carbonate

buffer, pH 9.5, to a concentration of 10 μg/ml, and 50 μl of diluted cells were placed into wells.

Plates were stored overnight at 4˚C. The plates were washed with washing solution (1× PBS,

0.05% Tween 20), and incubated with 100 μl of blocking solution (1× PBS, 1% Casein) for 30

min at 37˚C. Twofold dilutions of mouse sera were made with antibody assay diluent (1X PBS,

0.25% Casein) in triplicate, and plates were incubated for 1 h at 37˚C. After the plates were

washed, 50 μl of 1/5,000-diluted anti-IgG-horseradish peroxidase conjugate (Southern Bio-

technology Associates, Inc., Birmingham, Ala.) was added to each well, and plates were incu-

bated for 30 min at 37˚C. After the plates were washed, 50 μl of a buffered hydrogen peroxide

and 3,30,5,50-tetramethylbenzidine solution (Pierce, ThermoFisher) was added to each well,

and plates were incubated for 20 min at 37˚C. The reaction was stopped with 25 μl of 2 N sul-

furic acid, and the amount of bound antibody was determined colorimetrically by reading at

450 nm with a reference filter (570 nm). The antibody titer results are reported as the

Mice exposed to aerosolized B. pseudomallei
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reciprocal of the highest dilution giving a mean OD of at least 0.1 (which was at least twice the

background) ± 1 SD.

Cytokine/Chemokine expression

Cytokines/chemokines expression levels in mouse sera, spleen homogenates, and lung homog-

enates (N� 5 for all time points) were measured by Luminex Mag Pix (Life Technology,

Grand Island, NY) as per manufacturer directions. Spleen homogenates and sera from unin-

fected mice were used as normal, uninfected controls (N� 4 BALB/c; N = 5 C57BL/6). The

levels (pg/ml) of the following 20 cytokines/chemokines were measured: FGF-β, GM-CSF,

IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p40/p70), IL-13, IL-17, IP-10, KC,

MCP-1, MIG, MIP-1α, TNF-α, and VEGF. Heat maps were generated to report the fold-

increase [test results (pg/ml)/ naïve results (pg/ml)] in cytokine or chemokine levels after expo-

sure (in days) of mice to HBPUB10134a, MSHR5855, or 1106a.

Histological pathology

Postmortem tissues were collected from representative euthanized mice and fixed in 10% neutral

buffered formalin for� 21 days. Samples were embedded in paraffin and sectioned for hematoxy-

lin and eosin (HE) staining, as previously described [18, 22]. In order to identify bacterial antigen,

immunohistochemistry was performed on selected formalin fixed tissues as previously described

using a rabbit polyclonal antibody for Burkholderia spp. exopolysaccharide [23].

Statistical analyses

The LD50 estimates represent the concentration for which experimenters may expect survival

rates of 50% when repeating these assays under the methods and conditions described in this

report, even though such a dose may not be achievable in practice, i.e. there may be no experi-

mentally feasible dose (< 1 CFU) that would be expected to produce 50% lethality.

Estimation of the LD50 is made by Probit analysis with Bayesian estimation. The following

probit model was fit:F-1(pi) = αi + βi �Dose; where i indexes the strain or preparation, and α and

β are the intercept and slope, respectively, for each combination of preparation and mouse strain.

The priors for this model are αi ~Cauchy (0; 10) and βi ~ Cauchy (0; 10). Samples were drawn

from the posteriors using Hamiltonian Monte Carlo as implemented in Stan using four chains

each with a warmup of 2,500 draws followed by 12,500 samples for a total of 50,000 posterior

points. All Bayesian estimates are presented with 95% highest posterior density (HPD) intervals.

Dosing is presented in the log10 transformation. This model allows for the direct comparisons

of relative challenge potencies by comparing the posterior distributions of the range of lethal

doses for each pair of strains compared. All Bayesian analyses were performed using Stan 2.1.0.

All other statistics were performed using R 3.1.1. When comparing dose curves between strains

of mice, all dose response curves were assumed to have common slope on the Log dose scale.

Analysis is implemented in SAS proc Probit and SAS Proc Genmod, SAS version 9.4. No adjust-

ment is applied for multiple comparisons. Immunological data were compared by t-test, with

results summarized as the geometric mean, or the ratio of geometric means to naïve control.

Results

LD50 determinations in mice after exposure to aerosolized B. pseudomallei
clinical isolates

As described previously a panel of B. pseudomallei clinical isolates was assembled in conjunc-

tion with the U.S. Department of Health and Human Services Biomedical Advanced Research

Mice exposed to aerosolized B. pseudomallei
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and Development Authority (BARDA) and the U.S. Department of Defense Threat reduction

Agency (DTRA) [16, 17]. Importantly, these strains were considered low passage and well

characterized human clinical isolates. Groups of 10 mice were exposed to escalating doses of

each isolate of B. pseudomallei in order to determine LD50 values in both BALB/c and C57BL/6

mice. As shown in Table 1, LD50 values were determined for each aerosolized B. pseudomallei
strain in the panel for both BALB/c and C57BL/6 mice and the 95% credible intervals are also

included. As depicted in Fig 1, isolate 1106a was the most apparent outlier regardless of mouse

strain evaluated. The same observations were reported when mice were infected via intraperi-

toneal injection [17]. These data were then used to down select a subset of B. pseudomallei
strains that included the most virulent and least virulent B. pseudomallei strains for further

studies. We previously reported on K96243 using a low passage isolate of this common labora-

tory strain [18]. We determined that we would continue to characterize and assess

HBPUB10134a and MSHR5855, the most virulent clinical isolates from Thailand and Austra-

lia, respectively, in this strain panel. Additionally, we continued to characterize strain 1106a

because of the apparent attenuation of virulence in this clinical isolate could be of value for

future pathogenesis studies or subsequent development of novel medical countermeasures.

The LD50 of HBPUB10134a was approximately 43 times lower in BALB/c as compared to

C57BL/6 mice. Similarly, the LD50 of MSHR5855 was approximately 113 times lower in

BALB/c as compared to C57BL/6 mice. The 1106a isolate, however, was calculated to have an

LD50 approximately two times lower in BALB/c mice as compared to that calculated for

C57BL/6 mice. This disparity between bacterial isolates was unexpected. When these observa-

tions were analyzed, it was determined that the differences between LD50 estimation for

BALB/c mice and those for C57BL/6 mice were all statistically significant (P< 0.0001 for all

strains except 1106a; P = 0.02) (Table 2). However, when we compared the order of magnitude

of the difference between the LD50 values calculated between the mouse strains, 1106a was sig-

nificantly different from all strains (P< 0.008) with the exception being HBPUB10303a as the

order of magnitude change was determined to not be statistically distinct from that of 1106a

(P = 0.052). When taken together, these data further support that 1106a is an unusual clinical

isolate with potentially unique attributes associated with virulence in mice.

Table 1. LD50 estimates and 95% HPD credible intervals of lethal doses for aerosolized B. pseudomallei clinical

isolates.

BALB/c C57BL/6

95% HPD Credible Interval 95% HPD Credible

Interval

Isolate Dose Lower Upper Dose Lower Upper

K96243 2.51E+01 1.00E+01 5.99E+01 3.59E+02 1.73E+02 8.24E+02

MSHR305 5.98E+00 3.00E+00 1.23E+01 8.59E+02 6.06E+02 1.48E+03

MSHR668 4.42E+00 1.48E+00 1.06E+01 3.59E+02 2.17E+02 5.94E+02

406e 2.79E+00 1.10E+00 7.07E+00 1.89E+02 1.09E+02 3.23E+02

1026b 4.10E+00 1.65E+00 9.76E+00 1.29E+02 6.74E+01 2.52E+02

1106a 4.27E+03 2.97E+03 6.38E+03 1.00E+04 6.74E+03 1.70E+04

MSHR5855 3.50E-01 9.00E-02 9.90E-01 3.94E+01 1.15E+01 1.47E+02

MSHR5948 4.66E+00 2.01E+00 1.00E+01 2.97E+02 1.30E+02 7.08E+02

MSHR5858 4.97E+00 2.04E+00 1.24E+01 9.11E+02 5.11E+02 1.45E+03

HBPUB10134a 9.90E-01 1.00E-01 3.71E+00 4.32E+01 2.12E+01 8.62E+01

HBPUB10303a 7.40E+00 3.40E+00 1.40E+01 5.29E+01 2.40E+01 1.20E+02

https://doi.org/10.1371/journal.pone.0208277.t001
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Bacterial burden determined after exposure to aerosolized bacteria

Both BALB/c and C57BL/6 mice were exposed to low doses of aerosolized bacteria (Table 3)

and then were euthanized and serially sampled. Due to the disparity between LD50 values of

our most virulent strains and 1106a, the goal was to deliver bacteria based upon LD50 equiva-

lents. Under these conditions, BALB/c mice succumbed to the infection by HBPUB10134a

Fig 1. Plot of dose response curves for each B. pseudomallei clinical isolate in (A) BALB/c mice and (B) C57BL/6 mice.

https://doi.org/10.1371/journal.pone.0208277.g001

Table 2. Statistical comparisons of susceptibilities of mouse strains to each B. pseudomallei clinical isolate.

Isolate of B.

pseudomallei
Ratio of C57BL/6 LD50:BALB/c

LD50

Comparing LD50 in BALB/c with

C57BL/6

Comparing difference of LD50 in other strains with

difference of 1106a

K96243 14 P < 0.0001 P = 0.0077

MSHR305 144 P < 0.0001 P< 0.0001

MSHR668 81 P < 0.0001 P< 0.0001

406e 68 P < 0.0001 P< 0.0001

1026b 31 P < 0.0001 P = 0.0001

1106a 2 P = 0.0224 N/A

MSHR5855 113 P < 0.0001 P< 0.0001

MSHR5948 64 P < 0.0001 P< 0.0001

MSHR5858 183 P < 0.0001 P< 0.0001

HBPUB10134a 44 P < 0.0001 P = 0.0004

HBPUB10303a 7 P < 0.0001 P = 0.0520

https://doi.org/10.1371/journal.pone.0208277.t002

Mice exposed to aerosolized B. pseudomallei
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and MSHR5855 after 14 to 21 days, while after aerosol exposure to 1106a they survived until at

least day 28. In contrast, C57BL/6 mice after exposure to the same strains, survived until the

end of the study. The bacterial burden data demonstrated patterns that were similar when

comparing HBPUB10134a and MSHR5855 (Figs 2 and 3). In general, BALB/c mice were

observed to have larger bacterial burdens in the spleens and lungs than in these organs in

C57BL/6 mice. BALB/c mice exhibited low levels of bacteremia while C57BL/6 mice were not

determined to be bacteremic (or at least were below the assay limit of detection of 50 CFU/

ml). The dissemination patterns observed for 1106a were to some extent different (Fig 4). This

isolate was delivered at a substantially higher CFU dose as compared to that of HBPUB10134a

or MSHR5855 to account for LD50 differences (Table 3). 1106a was the only isolate that caused

bacteremia in both BALB/c and C57BL/6 mice. BALB/c and C57BL/6 mice also had an appre-

ciably higher spleen burden after exposure to 1106a after 21–28 days than after exposure after

the same period to the more virulent strains. The lung burden however remained fairly similar

between the BALB/c and C57BL/6 mice exposed to 1106a (Fig 4).

Histopathological observations after exposure to aerosolized bacteria

Mice were euthanized at described time points and processed for histopathological analyses.

Fig 5 depicts common lung pathology associated with each bacterial isolate and each strain of

mouse. As shown in Fig 5 and described below, the lung was the most commonly impacted

organ after exposure to aerosolized bacteria. Additionally, the histopathological scores of dif-

ferent organ systems were averaged and are depicted in Fig 6.

B. pseudomallei HBPUB10134a: Comparative pathology in C57BL/6 and

BALB/c mice

The group of C57BL/6 female mice exposed to aerosolized B. pseudomallei isolate

HBPUB1034a exhibited a mild immunologic response in the airways. While observed as early

as day 2 post-exposure to aerosolized bacteria, the lesions were relatively slow to develop,

more consistently minimal to mild, and generally developed discrete pyogranulomas as

chronic infections. Some form of lung pathology was noted in 21/34 C57BL/6 mice but only 8

of these examples exhibited moderate or greater severity. Lesions of the nasal cavity, trachea,

middle ear, and olfactory lobe of the brain were rare to nonexistent among these mice, but

these findings may be dependent upon the delivered dose of bacteria. Interstitial pneumonia

occurred by day 10 in 13/34 mice. The liver was the only other consistently affected organ

besides the lung and lesions also occurred by the second or third day in most (19/34) C57BL/6

mice. The liver pathology did not progress in severity in general; rather it was consistently low

grade multifocal chronic-active inflammation. The random nature of other affected organs

made establishing general conclusions more challenging. Of the animals evaluated, only two

had widespread organ involvement to include the lungs, liver, spleen, and bone; and the

lesions in these two cases were overall more severe. There was little evidence of lymphoid

depletion, none of lymphocytolysis, and a reduced frequency of regenerative bone marrow in

Table 3. Delivered dose and LD50 equivalent of each B. pseudomallei isolate.

BALB/c C57BL/6

Isolate CFU LD50 CFU LD50

HBPUB10134a 6.0 +/- 1.4 6.1 10.9 +/- 1.3 0.2

MSHR5855 1.2 +/- 0.6 3.4 13.0 +/- 3.9 0.3

1106a 1,496.3 +/- 163.7 0.4 1,496.3 +/- 163.7 0.2

https://doi.org/10.1371/journal.pone.0208277.t003
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the C57BL/6 mice examined. The necrosuppurative bone marrow lesions which regionally

spread to affect the surround soft tissue and/or spinal cord were unique to the chronic cases, as

this was not observed among mice receiving a higher dose of bacteria resulting in a more acute

disease course.

Overall, the lesions in the BALB/c reflected a more acute and severe disease progression.

Lesions occurred more consistently, earlier on, and with greater intensity than compared to

the C57BL/6 mice. Within all studies, the lung was the most commonly affected organ, with

early lesions progressing from bronchiocentric suppurative pneumonia to florid broncho-

pneumonia, often with areas of interstitial inflammation and vascular fibrin thrombi. Well-

Fig 2. Bacterial burden observed during a serial sampling study of mice exposed to aerosolized B. pseudomallei
HBPUB10134a. BALB/c mice are depicted in the top row (blue) and C57BL/6 mice are depicted in the bottom row (orange).

The CFU determinations for blood, Spleen, and lung are shown and the geometric mean is depicted with a horizontal bar.

https://doi.org/10.1371/journal.pone.0208277.g002
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formed pyogranulomas were a frequent finding in the more chronic cases of C57BL/6, but

were overall less common in the BALB/c. Pyogranulomas were rare in the lung, but more com-

mon in the spleen in the BALB/c mice. Upper airway lesions, otitis, and encephalitis were

more common in the BALB/c than C57BL/6 mice, but this may be dose dependent. The sup-

purative to pyogranulomatous airway inflammation was similar between the studies, but

occurred with greater severity in BALB/c mice.

Both the liver and spleen were equally affected in frequency in the BALB/c mice, with the

earliest lesions observed on day 2. The splenic lesions were more severe than C57BL/6 mice,

Fig 3. Bacterial burden observed during a serial sampling study of mice exposed to aerosolized B. pseudomallei MSHR5855.

BALB/c mice are depicted in the top row (blue) and C57BL/6 mice are depicted in the bottom row (orange). The CFU

determinations for blood, Spleen, and lung are shown and the geometric mean is depicted with a horizontal bar.

https://doi.org/10.1371/journal.pone.0208277.g003
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while the liver lesions were fairly consistent throughout, composed of multifocal mild to mod-

erate chronic-active inflammation and sometimes hepatocellular necrosis. Splenic lesions

more readily form pyogranulomas, which were multifocal but often coalesced to encompass

large areas of the spleen. There was often marked splenic hematopoiesis in the BALB/c mice,

which was noted only infrequently outside of the bone marrow in the C57BL/6 mice. The

extramedullary hematopoiesis maybe due to bacteremia. LPS-TLR4 interaction induces

hematopoietic stem cell proliferation in the short term, while sustained LPS stimulation

reduces long term proliferation [24].

Fig 4. Bacterial burden observed during a serial sampling study of mice exposed to aerosolized B. pseudomallei 1106a.

BALB/c mice are depicted in the top row (blue) and C57BL/6 mice are depicted in the bottom row (orange). The CFU

determinations for blood, Spleen, and lung are shown and the geometric mean is depicted with a horizontal bar.

https://doi.org/10.1371/journal.pone.0208277.g004
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Lymphoid depletion was common in the thymus of BALB/c mice (8/17); a finding rarely

observed in the C57BL/6 study (3/33) but one that occurred more frequently if the mice are

exposed to a higher dose of bacteria. Necrosuppurative bone lesions which affected the sur-

rounding soft tissue and were often apparent as gross swellings of the limbs or tail were present

in the more chronic C57BL/6 cases. This finding was not readily observed in any BALB/c

mice; however, the limbs were not collected for histopathologic examination for that study, as

no gross lesions were reported. Pulmonary hemorrhage was another feature commonly seen

in the BALB/c mice (and C57BL/6 mice if exposed to a higher dose of bacteria) but was not

readily observed in the C57BL/6 mice receiving approximately 6 CFU. Multinucleated giant

cells (MNGCs) were not a major feature in any of the HBPUB10134a groups. MNGCs become

more prevalent as lesions increase in duration and severity; however, they are considered rare

in comparison to other inflammatory cell types.

B. pseudomallei MSHR5855: Comparative pathology in C57BL/6 and

BALB/c mice

In general, the histological findings associated with the MSHR5855 isolate were similar to

those described above for HBPUB10134a. BALB/c mice overall exhibited higher incidence and

Fig 5. Representative Lung Pathology in mice after exposure to aerosolized B. pseudomallei. (A) BALB/c mouse exposed to 1106a (Day 9). The

bronchus, bronchioles and surrounding alveoli are distended by suppurative inflammation and macrophages (arrow), with variable amount of edema

fluid. (B) BALB/c mouse exposed to HBPUB10134a (Day 10). The bronchus, bronchioles and surrounding alveoli are severely distended or replaced by

abundant suppurative inflammation with fewer macrophages (arrow). Edema fluid and hemorrhage also variably expand the alveoli and to a lesser extent

conducting airways. Pulmonary architecture is replaced by necrotic debris in some areas (asterisk). (C) BALB/c mouse exposed to MSHR5855 (Day 10).

The bronchus, bronchioles and surrounding alveoli are distended by suppurative inflammation and macrophages (arrow). There is marked edema fluid

within the alveoli. A pyogranuloma is present with adjacent areas of necrosis and hemorrhage (asterisk). Several vessels are occluded by fibrin thrombi

(double arrow). There is moderate BALT hyperplasia. The less affected area has expanded interstitium by neutrophils and macrophages. (D) C57BL/6

mouse exposed to 1106a (Day 9). There is minimal to mild interstitial expansion by neutrophils and macrophages (arrow); and mild BALT hyperplasia.

(E) C57BL/6 mouse exposed to HBPUB10134a (Day 10). The interstitium is moderately expanded by neutrophils and macrophages. A focal area of

necrosis replaces pulmonary architecture and resembles a poorly formed pyogranuloma (arrow). There is moderate BALT hyperplasia. (F) C57BL/6

mouse exposed to MSHR5855 (Day 10). There is mild expansion of the interstitium by neutrophils and macrophages. There are extensive areas of

hemorrhage expanding alveoli (arrow). There are small foci (not pictured) of aggregated macrophages with few MNGCs.

https://doi.org/10.1371/journal.pone.0208277.g005
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greater severity of inflammatory lesions than C57BL/6 mice, although there was a disparity in

the lung. The lung is more often affected in C57BL/6 (30/34) versus BALB/c (14/33); however,

the BALB/c mice developed inflammation in greater severity with higher incidence of vasculi-

tis and fibrin thrombi. Also, eight BALB/c mice developed well-formed pyogranulomas while

none were found in C57BL/6 mice. Liver lesions were more common in BALB/c mice (29/33)

versus C57BL/6 mice (10/34). Abscesses, vasculitis, and fibrin thrombi occurred in BALB/c

but were not detected in C57BL/6 mice. Overall the severity of inflammation was similar

between strains of mice and was generally mild. The spleen was commonly affected in BALB/c

mice and pyogranulomas were prominent (14/33) while the spleen was rarely affected in

C57BL/6 mice. Other lesions recorded were similar between the two strains. There were 11

recorded inflamed lymph nodes in BALB/c mice, with no similar finding identified in the

C57BL/6 lymph nodes. MNGCs were not a major feature in any of the MSHR5855 groups, but

occurred in greater prevalence than with HBPUB10134a infections. MNGCs became more

prevalent as lesions increase in duration and severity; however, they were overall considered

rare in comparison to other inflammatory cell types.

B. pseudomallei 1106a: Comparative pathology in C57BL/6 and BALB/c

mice

At the 1,500 CFU dose of 1106a, 27/29 BALB/c mice had inflammation within the nasal cavity

compared to 16/31 C57BL/6 mice. The character and severity of inflammation in the nasal cav-

ity was similar in both mouse strains; typically neutrophilic and evenly distributed between

minimal to moderate severity. Only one mouse of each strain demonstrated severe inflamma-

tion. Epithelial necrosis of the nasal cavity was present in 12/29 BALB/c versus only 2/21

C57BL/6 mice. Inflammation was also the main finding in the lung for both mouse strains.

Fig 6. Heat map depicting the average severity observed in BALB/c and C57BL/6 mice after exposure to

aerosolized B. pseudomallei.

https://doi.org/10.1371/journal.pone.0208277.g006

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 13 / 32

https://doi.org/10.1371/journal.pone.0208277.g006
https://doi.org/10.1371/journal.pone.0208277


The character of inflammation was variable but predominantly neutrophilic. Nearly all mice

examined had at least some degree of lung pathology (29/29 BALB/c and 29/31 C57BL/6

mice). Severity of lung inflammation was almost identical between the two strains of mice,

with BALB/c mice exhibiting slightly higher incidence of mild lesions (19/29 in BALB/c com-

pared to 16/31 in C57BL/6) and 2/29 BALB/c mice with severe lesions which are not present in

the C57BL/6. Other lung lesions identified rarely in both groups were necrosis, thrombus for-

mation, edema and lymphoid hyperplasia. The inflammation affected both the alveolar lumen

and interstitium in both strains, with alveolar inflammation predominating in animals eutha-

nized early versus interstitial inflammation predominating in more chronic stages of infection.

Hepatic inflammation was the predominant liver lesion in both mouse strains, affecting 14/31

C57BL/6 and 19/29 BALB/c mice. Inflammatory lesions were predominantly minimal to mild

and neutrophilic in character. Mononuclear infiltrates were minimally present in both strains

and considered a background finding. Hepatic necrosis was present and associated with

inflammation in similar numbers of either strain of mouse (11/31 C57BL/6 and 9/29 BALB/c

mice). One of the most appreciable differences in pathology observed with 1106a was the

impact on the spleen. Splenic lesions were uncommon in C57BL/6 mice (1/31), but 12/29

BALB/c mice exhibited inflammation, necrosis or both.

Brain lesions were uncommon in both strains of mice with just one C57BL/6 mouse exhib-

iting inflammation and necrosis versus 5/29 BALB/c mice. Ear lesions were similarly common

in both strains at the delivered dose (13/31 C57BL/6 and 11/29 BALB/c) and always included

neutrophilic inflammation of the middle and/or inner ear. Other lesions variably present were

epithelial hyperplasia, epithelial necrosis, and serocellular crusts on the tympanic membrane.

Of the examined lymph nodes, only the mandibular lymph node in BALB/c mice consis-

tently had lesions (15/29). Most commonly this consisted of draining inflammatory cells, likely

from upper airway inflammation; however, necrosis was present in 3/29 mice and lymphoid

hyperplasia in 6/29. Lymphoid depletion/thymic atrophy was present in 6/29 C57BL/6 and 9/

23 BALB/c mice. Lymphocytolysis was present in 5/29 C57BL/6 mice but not identified in any

BALB/c mice. While a notable regenerative myeloid response in the bone marrow was present

in 10/31 C57BL/6 mice and 19/29 BALB/c mice.

Immune response after exposure to aerosolized B. pseudomallei
Antibody response. Sera were collected to evaluate the antibody response generated

against killed bacteria as the antigen. As illustrated in Fig 7, the antibody response against

killed B. pseudomallei K96243 was distinguishable between the three strains of bacteria after

exposure.

B. pseudomallei HBPUB10134a. When we compared the antibody response in BALB/c

and C57BL/6 mice to HBPUB10134a (Fig 7A), we first detected an IgG response at 7 days

post-infection that occurred in C57BL/6 mice but not in BALB/c for the same period (differ-

ence P< 0.050). Similarly, at 10 post-infection the antibody response to HBPUB10134a in

C57BL/6 mice continued to rise but not in BALB/c mice (P< 0.050). It was not until 14 days

post-infection there was a noticeable IgG response in BALB/c mice while the IgG titer slowly

increased in C57BL/6 mice at the same time. Twenty-one days after exposure to

HBPUB10134a there were no BALB/c survivors, while in the C57BL/6 mice survivors the anti-

body titer slowly increased and generally remained the same until the end of the study at 60

days.

B. pseudomallei MSHR5855. When we examined the IgG antibody response after exposure

to MSHR5855, unlike in mice exposed to HBPUB10134a, we observed a slight increase in the

IgG titer in both BALB/c and C57BL/6 mice at 7 days (Fig 7B). The IgG response in BALB/c

Mice exposed to aerosolized B. pseudomallei
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mice increased from 10 days to 21 days post-infection, after which time no BALB/c mice sur-

vived. In contrast, the IgG response in C57BL/6 mice slowly increased from day 10 to 28 days

after infection and decreased in survivors at 60 days. There was only a significant difference in

the IgG response in C57BL/6 mice exposed to MSHR5855 or HBPUB10134a at 7 days

(P = 0.0268) but not in BALB/c mice in the same studies.

B. pseudomallei 1106a. The antibody response to the least virulent B. pseudomallei strain

examined was different in both mouse strains than the IgG response to the two previous highly

Fig 7. The IgG antibody response in BALB/c or C57BL/6 mice after aerosol exposure to B. pseudomallei (A)

HBPUB10134a, (B) MSHR5855, or (C) 1106a. Blood was drawn from mice (N = 5 for each time point) after exposure

to B. pseudomallei strains when possible after 1, 2, 3, 7, 10, 14, 21, 28, and 60 days. ELISA was performed on the sera at

least once in triplicate for each group of BALB/c (blue bars) and C57BL/6 (orange bars) mice and IgG titer reported as

the geometric means with the standard error of the mean depicted. Due to their susceptibility not enough BALB/c

mice survived to end of study, to determine the antibody levels, whereas C57BL/6 exposed mice survived until the end

of the study (60 days). Significant differences in the IgG levels between BALB/c and C57BL/6 mice at specific time

points after exposure is shown above the results.

https://doi.org/10.1371/journal.pone.0208277.g007
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virulent B. pseudomallei strains examined (Fig 7C). In infected BALB/c mice we first noted an

increase in the IgG titer at 10 days post-infection, and it continued to increase up to 21 days

and decreased at 28 days post-infection. There was a modest but significant difference in the

IgG titer at 21 days after infection between BALB/c mice exposed to MSHR5855 or 1106a

(P = 0.0452). In exposed C57BL/6 mice we saw the IgG titer increased at 7 days compared to

that in BALB/c mice for the same period. Thereafter, we identified a moderate increase in the

IgG titer in C57BL/6 mice to 60 days. Over the course of this study there were significant dif-

ferences in the antibody titer between BALB/c and C57BL/6 mice at 10 days post-infection

(P = 0.0120), 21 days (P = 0.0005), and 28 days (P = 0.0010). We also noted differences between

the IgG response in C57BL/6 mice exposed to MSHR5855 and 1106a after 10 days (P =

0.0464), 14 days (P = 0.0048), 28 days (P = 0.0405), and 60 days (P = 0.0088). There were also

some differences in the antibody response between C57BL/6 exposed to HBPUB10134a and

1106a 14 days (P = 0.0390) and 60 days post-infection (P = 0.0277). Likewise, we only noted

significant differences in the IgG titer in BALB/c mice exposed to MSHR5855 or 1106a after

21 days (P = 0.0452). Overall, we observed higher IgG titers in both BALB/c mice and C57BL/

6 mice exposed to 1106a than in mice exposed to the other two highly virulent B. pseudomallei
strains.

Cytokine/Chemokine expression. Cytokine/chemokine analyses were performed on all

samples collected with a goal of comparing the changes in expression between the three strains

of B. pseudomallei in three different tissues/sera in two strains of mice. Figs 8–10 illustrate the

fold- increase calculated for each of these cytokines/chemokines at different times after expo-

sure. S1 Table reports individual cytokine/chemokine concentrations, and statistical analyses

of changes compared to naïve mice in BALB/c and C57BL/6 mice.

B. pseudomallei HBPUB10134a. This isolate was the most virulent strain from Thailand in

our B. pseudomallei strain panel and initiated overall the greatest expression of cytokines/che-

mokines after infection. In sera, the BALB/c mice exhibited a notable increase in expression of

IFN-γ, IP10, and MIG starting at day 2–3 post-infection (Fig 8A). In sera of C57BL/6 mice

(despite no culture evidence of bacteremia) we saw upregulated expression levels of the same

cytokines on day 2 although not as high as seen in BALB/c mice, but these quickly tapered off

by day 3 (Fig 8B). However, sera collected from C57BL/6 mice revealed sustained modest

increases of both TNF-αand IL-2 that were not seen in sera from exposed BALB/c mice. Spleen

samples collected from BALB/c mice exposed to HBPUB10134a showed the largest number of

cytokines/chemokines expressed beginning on day 2 through day 14 after exposure (Fig 9A),

that generally corresponded with the bacterial burden observed in these samples (Fig 2A).

With the exception of IL-4, the level of expression of all the other cytokines/chemokines

detected were significantly (P = 0.0317-< 0.0001) increased at one point during the course of

the study, for example IFN-γ, IL-1α, IL-1β, IL-6, IP10, and MIG. Spleens collected from

C57BL/6 mice infected with this strain showed fewer cytokines/chemokines expressed early

and showed a sustained increased expression of IL-6, IP10, and MIG with an early (2 days

post-infection) transient increase of IFN-γ (Fig 9B) When cytokines/chemokines expressed in

lungs of C57BL/6 mice exposed to HBPUB10134a were examined (Fig 10B), there was clearly

an earlier and more intense immune response than in lungs of BALB/c mice exposed to

HBPUB10134a (Fig 10A). We observed significant increased expression in lungs of C57BL/6

of IFN-γ, IL-1α, IL-12, IL-17, IP-10, MIG, and MIP-1α but with variable magnitudes (Fig

10B). At the same time, there were fewer and generally lower amounts of expression of cyto-

kines/chemokines in lungs of BALB/c mice than in lungs of C57BL/6 mice, such as IFN-γ, IL-

1α, IL-1β, IL-17, IP-10, MIG, and MIP-1α.

B. pseudomallei MSHR5855. The MSHR5855 clinical isolate was the most virulent Austra-

lian isolate in our strain panel in both BALB/c and C57BL/6 mice, and it was for the most part
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similar in virulence as the HBPUB10134a isolate. We found significant levels of a few cyto-

kines/chemokines in sera of BALB/c mice exposed to MSHR5855, although a very low dose of

bacteria was delivered (approximately 1 CFU) (Fig 8C). The type of cytokines/chemokines

found in sera from BALB/c mice was similar to that found in sera from HBPUB10134a

infected BALB/c mice (Fig 8A and 8C). Three to seven days after exposure, we detected the

highest levels of IFN-γ, IL-1β, IL-6, IP-10, and MIG in sera from exposed BALB/c mice. In

contrast, in sera from C57BL/6 mice exposed to MSHR5855, which did not exhibit appreciable

bacteremia, we saw only a modest but significant increase in TNF-α, IL-2 and IP-10 but not

until day 59 post-exposure. We noted, however, there were several important differences in

the immune response in mice exposed to HBPUB10134a or MSHR5855 in spleen and lung

Fig 8. Changes in cytokine/chemokine levels in sera from BALB/c and C57BL/6 mice after aerosol exposure to B. pseudomallei. Sera were

examined for cytokine/chemokine expression at different times after exposure of BALB/c or C57BL/6 mice to HBPUB10134a, or MSHR5855, or

1106a. For each time point after exposure N = 5, and geometric means were determined. Fold changes in cytokines/chemokines in sera were

determined by dividing the amount in geometric means (pg/ml) determined after exposure at a specific time by the amount found in sera from

naïve, normal BALB/c or C57BL/6 mice (pg/ml). For cytokines/chemokines in sera from naïve BALB/c mice, N = 6, and from C57BL/6 mice, N = 5.

The number on the left of each panel shows the days after exposure. The bar on the right of each heat map shows the fold-change in expression of

each cytokine/chemokine after time of exposure.

https://doi.org/10.1371/journal.pone.0208277.g008
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samples (Figs 9 and 10). In spleens from MSHR5855 infected C57BL/6 mice, the number and

amount of cytokines/chemokines detected in spleen homogenate from C57BL/6 mice were sig-

nificantly elevated over that found in spleens from MSHR5855 infected from BALB/c mice

(Fig 9C and 9D). Those amounts of cytokines/chemokines found significantly elevated

(P<0.0001) in spleens of C57BL/6 mice were IL-1β, IL-4, IL-5, FGF-β, IP-10, MIG, and VEGF.

These findings were unexpected, given the disparity of the bacterial burden observed in the

spleens in the different strains of mice. It was also interesting that virtually all of the increased

expression of cytokine/chemokines in C57BL/6 spleen homogenates occurred primarily up to

day 14 post-exposure.

When lung homogenates from BALB/c mice were examined, MSHR5855 induced highest

levels of IFN-γ, TNF-α, IL-1α, IL-1β, IL-17, and MCP-1 between 3–10 days post-exposure (Fig

Fig 9. Changes in cytokine/chemokine levels in spleen homogenates from BALB/c and C57BL/6 mice after aerosol exposure to B. pseudomallei.
Spleen homogenates were examined for cytokine/chemokine expression at different times after exposure of BALB/c or C57BL/6 mice to

HBPUB10134a, or MSHR5855, or 1106a. For each time point after exposure N = 5, and geometric means were determined. Fold changes in

cytokines/chemokines in spleen homogenates were determined by dividing the amount in geometric means (pg/ml) determined after exposure at a

specific time by the amount found in lung homogenates from naïve, normal BALB/c or C57BL/6 mice (pg/ml). For cytokines/chemokines in spleens

from naïve BALB/c mice, N = 4 and for C57BL/6 mice, N = 5. The numbers on the left of each panel shows the days after exposure. The bar on the

right of each heat map shows the fold-change in expression of each cytokine/chemokine after time of exposure.

https://doi.org/10.1371/journal.pone.0208277.g009
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10C). A modest but significant and sustained levels of IL-10 expression was seen, as well as a

more robust expression of MIP-1α response in BALB/c mice was observed (Fig 10C). The

lungs collected from C57BL/6 mice exposed to MSHR5855 showed similar cytokines/chemo-

kines expressed in lungs from HBPUB10134a infected lungs (Fig 10B and 10D). Over the

course of the study, expression of significant levels (P< 0.0001) of IFN-γ, IL-1α, IL-1β, IL-6,

IL-12, IL-17, IP-10, and MIG were observed (Fig 10D).

B. pseudomallei 1106a. The 1106a isolate offered a unique opportunity to characterize

melioidosis in the two strains of mice with similar calculated LD50 values. We challenged each

cohort of mice with the same number of CFU. However, it was important to note that because

of the attenuation of 1106a, our challenge target was much larger (i.e. approximately 1,500

Fig 10. Changes in cytokine/chemokine levels in lung homogenates from BALB/c and C57BL/6 mice after aerosol exposure to B. pseudomallei.
Lung homogenates were examined for cytokine/chemokine expression at different times after exposure of BALB/c or C57BL/6 mice to

HBPUB10134a, or MSHR5855, or 1106a. For each time point after exposure N = 5, and geometric means were determined. Fold changes in

cytokines/chemokines in sera were determined by dividing the amount in geometric means (pg/ml) determined after exposure at a specific time by

the amount found in spleen extracts from naïve, normal BALB/c or C57BL/6 mice (pg/ml). For cytokines/chemokines in lungs from naïve BALB/c

mice, N = 5, and for C57BL/6 mice, N = 5. The numbers on the left of each panel shows the days after exposure. The bar on the right of each heat

map shows the fold-change in expression of each cytokine/chemokine after time of exposure.

https://doi.org/10.1371/journal.pone.0208277.g010
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CFU for 1106a and� 13 CFU for the other bacterial isolates). Thus, it was impossible to

completely rule out that some of these observations noted were due to increased CFU being

introduced into the lungs and not just solely based on differences in bacterial isolates. Not sur-

prisingly, the cytokine expression profiles were similar in either BALB/c or C57BL/6 mice after

exposure in sera (Fig 8E and 8F). We detected significant levels of IFN-γ, IP-10, and MIG

after 1–2 days after exposure, with higher levels seen in sera from BALB/c mice, except for

MIG which was higher in sera from C57BL/6 mice. When we examined cytokines/chemokines

present in spleen homogenates prepared from 1106a infected mice, the total number and level

of cytokines/chemokines were intermediate between HBPUB10134 and MSHR5855 (Fig 9A,

9C and 9D). We found in spleens from BALB/c mice 2 days after infection significant amounts

of IFN-γ, IL-1α, IL-1β, IL-10, IP-10, and MIG (Fig 9E). At the same time, these same cyto-

kines/chemokines were expressed either at lower levels in spleens from 1106a infected C57BL/

6 mice or were absent (Fig 9F). Seven to 28 days after infection, significant amounts of IL-1α,

IL-1β, MIG, and VEGF were expressed in spleens from BALB/c mice. Over this same period,

we found only significant amounts of IL-6 expressed in spleens from infected C57BL/6 mice.

When we examined cytokines/chemokine expressed in lungs of 1106a infected mice, generally

the cytokines/chemokines expressed in lungs of 1106a infected BALB/c mice were similar to

that seen in lungs of BALB/c mice infected with HBPUB10134a or MSHR5855, although we

observed a few differences. For example, in BALB/c exposed to 1106a we noted a sustained

expression of IL-10 in lungs of mice exposed to both MSHR5855 and 1106a, but it was barely

detected in BALB/c lungs after exposure to HBPUB10134a. Also, there was generally a higher

expression of IL-17 in lungs of BALB/c mice exposed to HBPUB10134a than was seen in lungs

of MSHR5855 or 1106a exposed mice. When we compared the expression of cytokines/che-

mokines in BALB/c or C57BL/6 1106a exposed mice, we detected little to no IL-6, IL-12, FGF-

β or GM-CSF in lungs of BALB/c mice, but we found sometimes significant amounts

(P< 0.0001) in 1106a infected lungs of C57BL/6 mice. Furthermore, we noted the early (2–3

days post-exposure) expression of significantly higher amounts (P< 0.0001) of IL-1α, IP-10,

and MIG in lungs of C57BL/6 mice compared to the expression levels recorded in lungs from

BALB/c mice. On the other hand, we observed overall more MIP-1α expressed in lungs of

BALB/c than in lungs of C57BL/6 mice.

Cellular changes during infection with B. pseudomallei MSHR5855

BALB/c mice. In splenocytes from BALB/c mice infected with B. pseudomallei MSHR5855

there was an early (3–7 days post-infection) increase in both CD4+ and CD8+ T cells

(P< 0.001-P< 0.0001) as well as in monocyte/macrophages, NK cells, and granulocytes (Fig

11). Ten days after infection, there was a decrease in the CD4+ and CD8+ T cells population,

while the inflammatory cell population remained high (P< 0.001–0.0001) up to 14 to 21 days

post-infection (Fig 11A). At day 21, the number of NK cells were back to normal, but at the

same time the number of monocyte/macrophages and granulocytes remained high. All BALB/

c mice had succumbed to infection or were euthanized by day 28.

C57BL/6 mice. In contrast, in the splenocyte population from C57BL/6 mice there was an

early influx of CD4+ and CD8+ T cells 3 days post-infection, and their levels remained high

(P< 0.0001) through 28 days of the study (Fig 11B). There was a moderate increase in the

number of monocyte/macrophages and granulocytes starting at day 3 (P< 0.010-P< 0.0001)

throughout the study (28 days post-infection), but they started to decrease after 14 days after

exposure. Overall, the amount of inflammatory cells was not as high as seen in BALB/c mice

for the same period. Hence, we noted a pronounced early T cell response in BALB/c mice that

was temporary, but in C57BL/6 mice this increase was sustained throughout the study. In
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contrast, the trends observed with inflammatory cells was reversed in BALB/c versus C57BL/6

mice.

Cellular changes during infection with B. pseudomallei 1106a

BALB/c mice. We examined the changes in the cellular composition of the splenocyte popula-

tion after infection with B. pseudomallei 1106a (Fig 12). There was a slight increase in the

CD4+ and CD8+ T cell population early (3 days post-infection) after infection but essentially

normal amounts up to 28 days post-infection in BALB/c mice (Fig 12A). However, there was a

gradual but significant increase in inflammatory cells, such as monocyte/macrophages, and

granulocytes after 3 days post-infection (P< 0.01-< 0.0001). The increase in these inflamma-

tory cells reached a maximum between 14 to 21 days before we observed a decrease in the

monocyte/macrophage and granulocyte population 28 days post-infection.

C57BL/6 mice. We noted an increase in CD8+ T cells (P< 0.0001) early (3–7 days, post-

infection) after infection with B. pseudomallei 1106a, and we saw a significant increase in CD4+ T

cells (P< 0.0001) later (21 to 28 days post-infection) after infection (Fig 12B). At the same time,

we detected a moderate increase in monocyte/macrophage and granulocyte cells that started 3

days post-infection (P< 0.01) which peaked after 9 days (P< 0.0001) and slowly decreased after

28 days post-infection. Thus, there was a significant increase in inflammatory cells (monocyte/

macrophages and granulocytes) in BALB/c mice early after infection with B. pseudomallei 1106a,

but a significant CD4+ T cell response to the pathogen later in C57BL/6 mice.

Fig 11. Cellular changes in spleens collected from serially sampled mice. BALB/c (A) and C57BL/6 mice (B) were

exposed to B. pseudomallei 1106a. In most cases N = 5.

https://doi.org/10.1371/journal.pone.0208277.g011
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Discussion

The work reported here focused on characterizing the mouse model of inhalational melioido-

sis using the BARDA/DTRA strain panel. Importantly, we have down-selected to four strains

for further work. As we have previously reported, we have chosen to continue to use K96243

(a low passage and defined sample) in order to bridge data in the literature [18]. Additionally,

we will continue to use HBPUB10134a and MSHR5855 because these represent the most viru-

lent clinical isolates from Thailand and Australia, respectively. Lastly we will continue to study

1106a because it is the least virulent clinical isolate in the panel and is unique as measured by

several parameters.

As demonstrated in this report and previous work, the HBPUB10134a and MSHR5855 iso-

lates are reasonably similar in many respects. This is generally true for LD50 analyses, bacterial

burden observed, and histopathological analyses. B. pseudomallei 1106a; however, is distin-

guishable in several aspects. This clinical isolate has the highest LD50 in the intraperitoneal

model of infection [17]. It was also observed that the day 21 and Day 60 LD50 calculation in

the intraperitoneal model for 1106a did not change significantly. At day 21 the calculated

intraperitoneal LD50 was 40,000 CFU and at day 60 the LD50 was 41,000 CFU. Most of the

other strains had substantially lower LD50s when calculated at day 60 as compared to day 21,

demonstrating that even seemingly attenuated strains could still produce lethal infections with

an extended observation period. This was not the case with 1106a. Again, in this current

report, 1106a had the highest LD50 value (regardless of mouse strain used) of any of the strains

Fig 12. Cellular changes in spleens collected from serially sampled mice. BALB/c (A) and C57BL/6 mice (B) were

exposed to B. pseudomallei MSHR5855. In most cases N = 5.

https://doi.org/10.1371/journal.pone.0208277.g012
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tested. 1106a was the only strain that was observed to cause bacteremia in C57BL/6 mice (Fig

4) and based upon histopathological analyses demonstrated appreciably altered pathogenesis

(i.e. lack of pyogranuloma formation compared to the more virulent isolates). Lastly, it is

worth noting that the difference in LD50 values calculated for BALB/c and C57BL/6 mice for

1106a were significantly different, but the order of magnitude of this variation was markedly

different than nearly all of the other strains examined (Table 3). In our hands, 1106a appears

to act similarly regardless of whether we used BALB/c or C57BL/6 mice. One hypothesis is that

this strain could be less impacted by the differential immune response generated in C57BL/6

compared to that in BALB/c mice. We have previously reported that 1106a is one of the most

cytotoxic strains in vitro and it does elicit distinct immune responses in vivo [17, 25]. Thus,

this strain could have a higher propensity to bypass an acute infection-state and result in a

more “chronic” scenario.

The overall conclusion of the histopathology presented in this report supports these asser-

tions. Not surprisingly, the lung (as the portal of entry for the bacteria in this model) was the

most commonly affected organ across all bacterial strains, dosing, and mouse strains.

HBPUB10134a caused the most severe lung lesions, followed by MSHR5855 and then 1106a.

Pyogranulomas were consistently present in MSHR5855 infected BALB/c mice, but also

occurred commonly in C57BL/6 mice exposed to HBPUB10134a. Pyogranuloma formation

was rare in all 1106a-infected mice. In 1106a-infected mice, lung inflammation was common

in both strains but overall less severe; and the later-stage mice tended to develop strictly inter-

stitial inflammation versus outright alveolar inflammation and pyogranuloma formation in

the other bacterial strains.

Spleen and liver pathology were both common, with the exception of the spleen in 1106a

exposed C57BL/6 mice. Severity of liver inflammation and necrosis was generally mild across

all strains; however, inflammatory cell infiltrates and/or hepatocyte necrosis occurred in high

frequency as a background finding which may confound results in these studies. Severity of

splenic inflammation was more variable, with BALB/c mice generally exhibiting moderate to

severe lesions after the first few days post-infection and C57BL/6 mice exhibiting minimal to

mild lesions from HBPUB10134a and MSHR5855 while rarely developing any lesions from

1106a infection. The higher the dose and more virulent the bacterial strain, the more likely the

accumulation of inflammatory cells and necrosis of the nasal cavity spreads to the inner ear

and brain. BALB/c mice were more susceptible to this and it was a rare finding in C57BL/6

mice. The presence of MNGCs has been described as the hallmark of melioidosis [26]; how-

ever, is considered overall rare in relation to other inflammatory cell types, but appears to be

most prevalent in BALB/c mice infected with strain MSHR5855.

There are several important differences associated with these B. pseudomallei isolates. The

two most virulent isolates HBPUB10134a and MSHR5855 are both isolates from tracheal spu-

tum samples, whereas 1106a was collected from the pus of a liver abscess [16]. Additionally,

we have previously reported differences in the LPS of these isolates [17]. The Australian isolate

MSHR5855 has a LPS banding pattern with a higher range of molecular weights compared to

either HBPB10134a or 1106a clinical isolates. We must also reiterate that due to the disparate

LD50 values, the mice exposed to 1106a are challenged with a significantly higher number of

CFU (i.e. 1,500 CFU for 1106a compared to 6 CFU for HBPUB10134a). While this scenario

affords the unique opportunity to challenge BALB/c and C57BL/6 mice at comparable doses,

the number of bacteria used to achieve LD50 equivalents may account for some of the differ-

ences observed in vivo (i.e. bacteremia associated with 1106a).

Overall, the cytokine and chemokine trends reflect higher levels of inflammation in BALB/c

mice than in C57BL/6 mice during infection with 1106a, particularly at later time points. The

enhanced tolerance of C57BL/6 mice to B. pseudomallei infection when compared with
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infection in BALB/c mice is consistent with other published studies [27–29]. These observa-

tions suggest that specific host pathways are determining factors in host mortality.

The C57BL/6 and BALB/c mouse strains have historically been polarized towards a Th1-

and Th2-dominant immune responses, respectively. Our cytokine profiles resulting from the

B. pseudomallei infections have thus illustrated how the chronic C57BL/6 model compares to

the acute BALB/c, uncovering critical cytokine secretion patterns that support the Th1/Th2

paradigm. Monokine induced by IFN-γ (MIG) and IFN-γ-inducible protein 10 (IP-10) are

Th1 cell–recruiting chemokines that promote the migration of activated T-cells to affected tis-

sues [30–34]. We observed large increases in MIG and IP-10 in the lungs and spleens of

C57BL/6 and BALB/c mice infected with HBPUB10134a or MSHR5855 that remained high

throughout the course of infection. However, in C57BL/6 mice, IP-10 induction was faster,

starting on day 1 post-infection in the lungs, and both, MIG and IP-10, persisted longer,

beyond 28 days. In contrast to C57BL/6 mice, the levels for both chemokines in the lungs of

BALB/c mice decreased after 10 days post-infection. Mice infected with 1106a exhibited a sim-

ilar pattern of MIG and IP-10 production with rapid and more intense levels in the lungs of

C57BL/6 relative to BALB/c mice. The presence of bacteremia correlated with higher levels of

IFN-γ, MIG and IP-10 in serum in both strains of mice.

Both MIG and IP-10 are thought to be primarily induced by IFN-γ [31]. The production of

IFN-γ in the lungs, the site of entry, was greater in C57BL/6 mice than BALB/c mice within the

first 3 days post-challenge with HBPUB10134a or MSHR5855. In BALB/c mice, IFN-γ produc-

tion appeared in the lungs 7 days post-challenge and became more pronounced at later time

points. This IFN-γ spike was consistent with infections with other B. pseudomallei strains in

both mice and humans [35–38]. The earlier and more potent IFN-γ response in the lungs of

C57BL/6 mice may have potentiated the earlier, more prolonged and robust MIG and IP-10

expression relative to BALB/c mice [39]. Given the established involvement of MIG and IP-10

in mononuclear cell and T-cell migration, it is likely that the differences in MIG and IP-10

expression in BALB/c and C57BL/6 mice affected recruitment of activated mononuclear and

T-cells to affected organs in the host [31, 40, 41]. Since MIG and IP-10 were among the most

highly upregulated chemokines in the lungs of C57BL/6 mice, which were able to more effec-

tively control B. pseudomallei infection, it is possible that both chemokines were important in

promoting early clearance of bacteria in addition to any roles they may have later during infec-

tion in the spleens of BALB/c mice. It is also feasible that differences in MIG, MIP-1α, and IP-

10 expression, between the two strains of mice, may reflect or cause detrimental dysregulation

of the T-cell mediated response during later time points of B. pseudomallei infection.

MIP-1α is a proinflammatory chemokine that acts as a lymphocyte attractant, primarily

recruiting CD8+ T lymphocytes and B cells, and mitigates hematopoietic stem cell prolifera-

tion [42, 43]. Of note, in the absence of earlier IFN-γ induction there was a prolonged increase

in MIP-1α in the lunges of BALB/c mice [39]. Unlike, MIG and IP-10, which have limited

chemo-attractive activity to neutrophils, MIP-1α serves as their potent recruiter [44–46]. In

C57BL/6 mice, 2 to 3 days post-infection, there is an increase in MIP-1α which rapidly recruits

neutrophils to the site of infection, and once the initial control of B. pseudomallei is achieved,

the levels of MIP-1α recede. In BALB/c mice, MIP-1α secretion is prolonged due to the inabil-

ity to control the infection, resulting in increased neutrophil recruitment, subsequently exacer-

bates tissue damage. Similar to the effects of MIG, the differences in MIP-1α likely imitate the

involvement of a T-cell-mediated response that differs in the infections between the BALB/c

and C57BL/6 mice. The differences in MIG in these mouse models have been previously

observed by our group and others during infection by multiple routes with different strains of

B. pseudomallei [18, 25]. Re-stimulation of lung derived C57BL/6 leukocytes by the gram-neg-

ative bacillus resulted in increased production of IL-12, which promotes naïve T cell
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differentiation into Th1 cells while suppressing Th2 development [47–49]. Furthermore, there

was no detectable IL-10 production, a potent Th2 stimulating and Th1 inhibiting cytokine, in

the lungs of C57BL/6 while a strong response was detected in BALB/c mice infected with

MSHR5855 or 1106a. Previously, it was described that increased IL-12 production by C57BL/6

macrophages resulted in increased IFN-γ and the synthesis of effector molecules for bacterial

killing, such as lysosomal enzymes (β-glucuronidase) and nitric oxide, while similar responses

in BALB/c macrophages were absent leading to failed bacterial clearance [50]. This earlier

containment of the B. pseudomallei infection at the site of primary infection may partially

explain the lack of observed bacteremia in C57BL/6 relative to BALB/c mice challenged with

MSHR5855 or HBPUB10134a. Furthermore, the bacterial burden in the lungs of C57BL/6 mice

starts to drop or at least stabilizes by day 3 post-infection with MSHR5855 or HBPUB10134a

while a reduction in BALB/c mice is only observed 7 days post-infection. The continuous

increase in macrophage and granulocyte populations in spleen extracts of BALB/c mice infected

with MSHR5855, may have been due to more B. pseudomallei dissemination from the lungs

resulting in greater splenic bacterial burden and the inflammatory cells functioning more like

“Trojan horses” rather than bactericidal effector cells. A similar pattern was also observed in

BALB/c mice infected with 1106a; however, by day 28 post-infection the percent of the inflam-

matory cells was receding with the mice transitioning from an acute to a more chronic state of

infection. In contrast, C57BL/6 mice were able to control the infection in the lungs and signifi-

cantly reduced the bacterial dissemination to the spleen. Also, the zenith of the macrophage and

granulocyte population in the spleens of C57BL/6 mice was much lower than in BALB/c mice,

peaking at 7 days post-infection, even though there were no detectable CFUs by that time point.

A strong IL-6 response was present in the lungs and spleens of C57BL/6 mice challenged

with all three isolates, but absent in all BALB/c counterparts aside from mice challenged with

HBPUB10134a. IL-6 is known to induce the differentiation of CD8+ T cells into cytotoxic T

cells, enhance immunoglobulin synthesis by activated B cells, as well as promote naïve CD4

+ T cells transition into Th17 cells, while inhibiting Treg differentiation [51]. One may postu-

late that elevated levels of IL-6 in the lungs of mice challenged with MSHR5855 or

HBPUB10134a would promote Th17 cell differentiation and production of IL-17 in C57BL/6

while increased IL-10 levels in BALB/c mice would inhibit IL-17 levels [52–54]. Surprisingly,

higher levels of IL-17 are observed in BALB/c mice infected with MSHR5855 or

HBPUB10134a than in C57BL/6. Alternatively, a majority of the IL-17 production during the

early stages of infection in the lungs may be driven by the IL-17+ γδ T cells while Th17 cells

appear at later stages of infection, specifically in BALB/c mice [55]. Since Th17 cells play a crit-

ical role in bacterial clearance and require TGF-β in concert with IL-6 for differentiation, it is

possible that B. pseudomallei is able to alter TGF-β or other critical factors necessary for opti-

mal Th17 response in BALB/c mice [56–59]. Elevated levels of IL-4, IL-5, and IL-6 in the lungs

and spleen of C57BL/6 relative to BALB/c mice challenged with MSHR5855 or 1106a may

have contributed to increased proliferation and differentiation of B cells resulting in a higher

percentage of the total splenocytes, although, total antibody titers were higher in BALB/c mice

[60–62]. Antibody titers were higher in both strains of mice challenged with 1106a relative to

MSHR5855 or HBPUB10134a, which may partially explain the 1106a attenuated virulence.

A protective role of activated neutrophils that are rapidly recruited to the lungs after intra-

nasal B. pseudomallei infection in C57BL/6 mice was previously described [63]. Prolonged and

elevated levels of IL-6 in the lungs of C57BL/6 mice may initially serve to recruit and protect

neutrophils and minimize their depletion from the site of infection [64], after which apoptosis

induced shedding of IL-6R from neutrophil surface and the formation of IL-6/sIL-6R complex

leads to IL-6 trans-signaling. This results in the recruitment of mononuclear phagocytes and

the phagocytosis of the neutrophil infiltrate, which in turn favors the resolution of
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inflammation [65]. Although, excessive recruitment of mononuclear-cells may transition from

an acute to a chronic inflammatory state [66].

Another pro-inflammatory cytokine, IL-12, which induces the production of IFN-γ and

favors the differentiation of T helper 1 cells was highly elevated in the lungs of C57BL/6

infected mice but absent in BALB/c [67]. Increased survival after lethal challenge was observed

in BALB/c mice vaccinated with non-viable Burkholderia mallei that was fortified with IL-12

relative to the formulation deficient in the cytokine [68]. Similarly, we observed higher levels

of IL-1β in spleens of infected BALB/c mice throughout the course of infection. IL-1β expres-

sion is required for control of B. pseudomallei infection in the lungs. One mechanism that trig-

gers IL-1β expression is inflammasome activation. B. pseudomallei activates the NLRP3 and

NLRC4 inflammasomes, which causes expression and secretion of IL-1β and IL-18 and leads

to restriction of B. pseudomallei infection in the lungs [69]. The augmented expression of IL-

1β in spleens of BALB/c mice may reflect an effort by the host to control disseminated bacteria

in the spleen. Given that both C57BL/6 and BALB/c mice express functional NLRP3 and

NLRC4 inflammasomes, it is unlikely that a host genetic defect is responsible for difference in

IL-1β expression in the spleens of these animals during B. pseudomallei infection. An emerging

paradigm suggests that other mechanisms for IL-1β cleavage and activation exist outside of the

inflammasomes. Alternative proteases to caspase-1 that may be involved in such mechanisms

have not yet been identified, but it is possible that some of the IL-1β detected in the spleens of

B. pseudomallei infected animals may also be cleaved by such an alternative mechanism.

IL-1α was also differentially expressed between the BALB/c and C57BL/6 mice, with higher

fold-change in the spleens of BALB/c mice, but higher fold-change on days one and two in the

lungs of C57BL/6 mice. IL-1α is a proinflammatory cytokine that is either surface-expressed or

secreted. Activation of NF-kB signaling pathways is associated with surface display of IL-1α,

and secretion of IL-1α occurs upon inflammasome activation and cleavage by caspase-1 [70].

Thus, the early expression of IL-1α, particularly in the lungs of C57BL/6 mice on day 2 after

infection, likely represents secreted IL-1α as a result of inflammasome activation. IL-1α, in

turn, stimulated precursor IL-1β production by macrophages [71]. Furthermore, IL-1α expres-

sion in combination with increased IL-12, another inflammatory cytokine, likely promotes

early clearance and marshalling of the adaptive immune response in C57BL/6 mice. This is in

contrast to the increased IL-1α in the lungs of BALB/c mice that is accompanied by increased

IL-10 expression. As an anti-inflammatory cytokine, it is possible that IL-10 mitigates some of

the Th1 mediated inflammation that is required to control B. pseudomallei infection in the

lungs of BALB/c mice. The increases in IL-1α observed later during infection in the spleens of

BALB/c mice could indicate activation and secretion of IL-1α by inflammasome activation,

though further data, such as caspase-1 activation and IL-18 expression would be required to

validate this hypothesis. This may be part of an effort by the host to control bacterial loads in

the spleen since inflammasome activation controls replication of B. pseudomallei [69, 72–75].

Ultimately, IL-1α expression often corresponds with neutrophil influx, which is likely involved

in controlling infections with a range of B. pseudomallei strains [18, 76].

In conclusion, BALB/c mice were observed to be in a greater inflammatory state compared

to C57BL/6 mice after the first few days of infection. This corresponds with previous studies

using other B. pseudomallei strains in these mouse models. These studies also documented dif-

ferences in the expression of inflammatory cytokines and chemokines such as MIG, IP-10,

KC, and IL-1 in BALB/c and C57BL/6 mice [18, 25, 77]. Future investigations could employ

knockout mice to assess the requirement for key cytokines and chemokines and their direct

effects on B. pseudomallei infection. Aside from the Th1- and Th2-biased immune responses

in C57BL/6 and BALB/c, respectively, other factors to consider involve differences in antibody

compositions and complement opsonizing activity between the two inbred strains [78]. In the
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BALB/c mice the more diverse innate IgA repertoire might bind to B. pseudomallei without

neutralizing the pathogen while a more potent T regulatory cell response would enable for

greater suppression of cell mediated bactericidal effector responses [78–80]. Prior work dem-

onstrated the kinetics of deposition of C3b in C57BL/6 is faster than in BALB/c mice [81]. This

would impact both arms of the immune response and partially influence the efficacy of anti-

body responses, phagocytosis efficiency, and immune cell recruitment and activation in these

two mouse strains [82–84]. Furthermore, gender dimorphism, in relation to terminal comple-

ment pathway, is evidenced by reduced complement activity in female relative to male mice in

both inbred strains [85]. Future work can circumvent these limitations with the addition of

outbred strains, such as CD-1, for comparison of immunological responses and identification

of correlates of protection.

This study adds to the growing body of literature describing inhalational melioidosis in

mouse models of disease. The analyses described here are meant to discern and characterize

similarities and differences in bacterial isolates of varying disease potentials and geographic

locations of origin. As has been described previously and is understood by the B. pseudomallei
research community, this bacterium results in an extremely heterogeneous infection and can

be challenging to characterize. However, our data presented here will help to further under-

stand this disease process and allow for better standardization of animal models and more

robust testing of novel medical countermeasures.

Supporting information

S1 Table. Numeric data and statistical analyses for all cytokines measured in the serial

sample experiment.

(XLSX)

Acknowledgments

Disclaimer: Opinions, interpretations, conclusions and recommendations are those of the

authors and are not necessarily endorsed by the U.S. Army.

Author Contributions

Conceptualization: Carl Soffler, Patricia L. Worsham, David M. Waag, Kei Amemiya, Chris-

topher K. Cote.

Data curation: Sylvia R. Trevino, Christopher P. Klimko, Matthew C. Reed, Michael J.

Aponte-Cuadrado, Melissa Hunter, Jennifer L. Shoe, Joshua R. Meyer, Jennifer L. Dank-

meyer, Christopher K. Cote.

Formal analysis: Matthew C. Reed, Jennifer L. Dankmeyer, Sergei S. Biryukov, Steven J. Kern,

David P. Fetterer, Lara J. Kohler, Christopher W. Schellhase, Norman Kreiselmeier, Sharon

P. Daye, Kei Amemiya, Christopher K. Cote.

Funding acquisition: Patricia L. Worsham.

Investigation: Sylvia R. Trevino, Christopher P. Klimko, Matthew C. Reed, Michael J. Aponte-

Cuadrado, Melissa Hunter, Jennifer L. Shoe, Joshua R. Meyer, Jennifer L. Dankmeyer,

Avery V. Quirk, Kristen A. Fritts, Christopher W. Schellhase, Norman Kreiselmeier, Sharon

P. Daye, Susan L. Welkos, David M. Waag, Kei Amemiya, Christopher K. Cote.

Methodology: Sylvia R. Trevino, Christopher P. Klimko, Michael J. Aponte-Cuadrado,

Melissa Hunter, Jennifer L. Shoe, Joshua R. Meyer, Jennifer L. Dankmeyer, Avery V. Quirk,

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 27 / 32

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208277.s001
https://doi.org/10.1371/journal.pone.0208277


Kristen A. Fritts, Ronald G. Toothman, Joel A. Bozue, Susan L. Welkos, David M. Waag,

Kei Amemiya, Christopher K. Cote.

Project administration: Carl Soffler, Patricia L. Worsham, Christopher K. Cote.

Writing – original draft: Sylvia R. Trevino, Matthew C. Reed, Sergei S. Biryukov, Lara J. Koh-

ler, Kei Amemiya, Christopher K. Cote.

Writing – review & editing: Sylvia R. Trevino, Joel A. Bozue, Susan L. Welkos, Christopher K.

Cote.

References
1. Inglis TJ, Sagripanti JL. Environmental factors that affect the survival and persistence of Burkholderia

pseudomallei. Appl Environ Microbiol. 2006; 72(11):6865–75. https://doi.org/10.1128/AEM.01036-06

PMID: 16980433; PubMed Central PMCID: PMCPMC1636198.

2. Cheng AC, Currie BJ. Melioidosis: epidemiology, pathophysiology, and management. Clin Microbiol

Rev. 2005; 18(2):383–416. https://doi.org/10.1128/CMR.18.2.383-416.2005 PMID: 15831829; PubMed

Central PMCID: PMC1082802.

3. Dance DA. Melioidosis: the tip of the iceberg? Clin Microbiol Rev. 1991; 4(1):52–60. PMID: 2004347;

PubMed Central PMCID: PMC358178.

4. Dance DA. Melioidosis as an emerging global problem. Acta Trop. 2000; 74(2–3):115–9. PMID:

10674638.

5. Lo TJ, Ang LW, James L, Goh KT. Melioidosis in a tropical city state, Singapore. Emerg Infect Dis.

2009; 15(10):1645–7. https://doi.org/10.3201/eid1510.090246 PMID: 19861063; PubMed Central

PMCID: PMC2866399.

6. Rammaert B, Beaute J, Borand L, Hem S, Buchy P, Goyet S, et al. Pulmonary melioidosis in Cambodia:

a prospective study. BMC Infect Dis. 2011; 11:126. https://doi.org/10.1186/1471-2334-11-126 PMID:

21569563; PubMed Central PMCID: PMC3117704.

7. Yabuuchi E, Arakawa M. Burkholderia pseudomallei and melioidosis: be aware in temperate area.

Microbiol Immunol. 1993; 37(11):823–36. PMID: 7507550.

8. Brett PJ, DeShazer D, Vietri NJ. Melioidosis. In: Bozue J, Cote CK, Glass PJ, editors. Textbook of Mili-

tary Medicine: Medical Aspects of Biological Warfare. Washington, D.C.: Borden Institute Walter Reed

Army Medical Center; 2018. p. 223–46.

9. Currie BJ, Jacups SP. Intensity of rainfall and severity of melioidosis, Australia. Emerg Infect Dis. 2003;

9(12):1538–42. https://doi.org/10.3201/eid0912.020750 PMID: 14720392; PubMed Central PMCID:

PMC3034332.

10. Hassan MR, Pani SP, Peng NP, Voralu K, Vijayalakshmi N, Mehanderkar R, et al. Incidence, risk fac-

tors and clinical epidemiology of melioidosis: a complex socio-ecological emerging infectious disease in

the Alor Setar region of Kedah, Malaysia. BMC Infect Dis. 2010; 10:302. https://doi.org/10.1186/1471-

2334-10-302 PMID: 20964837; PubMed Central PMCID: PMC2975659.

11. Liu X, Pang L, Sim SH, Goh KT, Ravikumar S, Win MS, et al. Association of melioidosis incidence with

rainfall and humidity, singapore, 2003–2012. Emerg Infect Dis. 2015; 21(1):159–62. https://doi.org/10.

3201/eid2101.140042 PMID: 25531547; PubMed Central PMCID: PMC4285244.

12. Currie BJ, Fisher DA, Anstey NM, Jacups SP. Melioidosis: acute and chronic disease, relapse and re-

activation. Trans R Soc Trop Med Hyg. 2000; 94(3):301–4. PMID: 10975006.

13. Mays EE, Ricketts EA. Melioidosis: recrudescence associated with bronchogenic carcinoma twenty-six

years following initial geographic exposure. Chest. 1975; 68(2):261–3. PMID: 1149556.

14. Bondi SK, Goldberg JB. Strategies toward vaccines against Burkholderia mallei and Burkholderia pseu-

domallei. Expert Rev Vaccines. 2008; 7(9):1357–65. https://doi.org/10.1586/14760584.7.9.1357 PMID:

18980539; PubMed Central PMCID: PMCPMC2680498.

15. Suputtamongkol Y, Chaowagul W, Chetchotisakd P, Lertpatanasuwun N, Intaranongpai S, Ruchutra-

kool T, et al. Risk factors for melioidosis and bacteremic melioidosis. Clin Infect Dis. 1999; 29(2):408–

13. https://doi.org/10.1086/520223 PMID: 10476750.

16. Van Zandt KE, Tuanyok A, Keim PS, Warren RL, Gelhaus HC. An objective approach for Burkholderia

pseudomallei strain selection as challenge material for medical countermeasures efficacy testing. Front

Cell Infect Microbiol. 2012; 2:120. https://doi.org/10.3389/fcimb.2012.00120 PMID: 23057010; PubMed

Central PMCID: PMC3458228.

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 28 / 32

https://doi.org/10.1128/AEM.01036-06
http://www.ncbi.nlm.nih.gov/pubmed/16980433
https://doi.org/10.1128/CMR.18.2.383-416.2005
http://www.ncbi.nlm.nih.gov/pubmed/15831829
http://www.ncbi.nlm.nih.gov/pubmed/2004347
http://www.ncbi.nlm.nih.gov/pubmed/10674638
https://doi.org/10.3201/eid1510.090246
http://www.ncbi.nlm.nih.gov/pubmed/19861063
https://doi.org/10.1186/1471-2334-11-126
http://www.ncbi.nlm.nih.gov/pubmed/21569563
http://www.ncbi.nlm.nih.gov/pubmed/7507550
https://doi.org/10.3201/eid0912.020750
http://www.ncbi.nlm.nih.gov/pubmed/14720392
https://doi.org/10.1186/1471-2334-10-302
https://doi.org/10.1186/1471-2334-10-302
http://www.ncbi.nlm.nih.gov/pubmed/20964837
https://doi.org/10.3201/eid2101.140042
https://doi.org/10.3201/eid2101.140042
http://www.ncbi.nlm.nih.gov/pubmed/25531547
http://www.ncbi.nlm.nih.gov/pubmed/10975006
http://www.ncbi.nlm.nih.gov/pubmed/1149556
https://doi.org/10.1586/14760584.7.9.1357
http://www.ncbi.nlm.nih.gov/pubmed/18980539
https://doi.org/10.1086/520223
http://www.ncbi.nlm.nih.gov/pubmed/10476750
https://doi.org/10.3389/fcimb.2012.00120
http://www.ncbi.nlm.nih.gov/pubmed/23057010
https://doi.org/10.1371/journal.pone.0208277


17. Welkos SL, Klimko CP, Kern SJ, Bearss JJ, Bozue J, Bernhards RC, et al. Characterization of Burkhol-

deria pseudomallei strains using a murine intraperitoneal infection model and in vitro macrophage

assays. PLoS One. 2015;pii: S0882-4010(15)00104-7. https://doi.org/10.1016/j.micpath.2015.07.004

[Epub ahead of print] PMID: 26162294

18. Bearss JJ, Hunter M, Dankmeyer JL, Fritts KA, Klimko CP, Weaver CH, et al. Characterization of patho-

genesis of and immune response to Burkholderia pseudomallei K96243 using both inhalational and

intraperitoneal infection models in BALB/c and C57BL/6 mice. PLoS One. 2017; 12(2):e0172627.

https://doi.org/10.1371/journal.pone.0172627 PMID: 28235018; PubMed Central PMCID:

PMC5325312.

19. Hartings JM, Roy CJ. The automated bioaerosol exposure system: preclinical platform development

and a respiratory dosimetry application with nonhuman primates. J Pharmacol Toxicol Methods. 2004;

49(1):39–55. https://doi.org/10.1016/j.vascn.2003.07.001 PMID: 14670693.

20. Zumbrun EE, Abdeltawab NF, Bloomfield HA, Chance TB, Nichols DK, Harrison PE, et al. Development

of a murine model for aerosolized ebolavirus infection using a panel of recombinant inbred mice.

Viruses. 2012; 4(12):3468–93. https://doi.org/10.3390/v4123468 PMID: 23207275; PubMed Central

PMCID: PMC3528275.

21. Guyton AC. Measurement of the respiratory volumes of laboratory animals. Am J Physiol. 1947; 150

(1):70–7. https://doi.org/10.1152/ajplegacy.1947.150.1.70 PMID: 20252828.

22. Davis KJ, Vogel P, Fritz DL, Steele KE, Pitt ML, Welkos SL, et al. Bacterial filamentation of Yersinia pes-

tis by beta-lactam antibiotics in experimentally infected mice. Arch Pathol Lab Med. 1997; 121(8):865–

8. PMID: 9278616.

23. Fritz DL, Vogel P, Brown DR, Deshazer D, Waag DM. Mouse model of sublethal and lethal intraperito-

neal glanders (Burkholderia mallei). Vet Pathol. 2000; 37(6):626–36. https://doi.org/10.1354/vp.37-6-

626 PMID: 11105952.

24. Takizawa H, Fritsch K, Kovtonyuk LV, Saito Y, Yakkala C, Jacobs K, et al. Pathogen-Induced TLR4-

TRIF Innate Immune Signaling in Hematopoietic Stem Cells Promotes Proliferation but Reduces Com-

petitive Fitness. Cell Stem Cell. 2017; 21(2):225–40 e5. https://doi.org/10.1016/j.stem.2017.06.013

PMID: 28736216.

25. Amemiya K, Dankmeyer JL, Fetterer DP, Worsham PL, Welkos SL, Cote CK. Comparison of the early

host immune response to two widely diverse virulent strains of Burkholderia pseudomallei that cause

acute and chronic infections in BALB/c mice. Microb Pathog. 2015. https://doi.org/10.1016/j.micpath.

2015.07.004 PMID: 26162294.

26. Wong KT, Puthucheary SD, Vadivelu J. The histopathology of human melioidosis. Histopathology.

1995; 26(1):51–5. PMID: 7713483.

27. Massey S, Yeager LA, Blumentritt CA, Vijayakumar S, Sbrana E, Peterson JW, et al. Comparative Bur-

kholderia pseudomallei natural history virulence studies using an aerosol murine model of infection. Sci

Rep. 2014; 4:4305. https://doi.org/10.1038/srep04305 PMID: 24603493; PubMed Central PMCID:

PMC3945929.

28. Tamrakar SB, Haas CN. Dose-response model for Burkholderia pseudomallei (melioidosis). J Appl

Microbiol. 2008; 105(5):1361–71. https://doi.org/10.1111/j.1365-2672.2008.03880.x PMID: 18778292.

29. Tan GY, Liu Y, Sivalingam SP, Sim SH, Wang D, Paucod JC, et al. Burkholderia pseudomallei aerosol

infection results in differential inflammatory responses in BALB/c and C57BL/6 mice. J Med Microbiol.

2008; 57(Pt 4):508–15. https://doi.org/10.1099/jmm.0.47596-0 PMID: 18349373.

30. Dufour JH, Dziejman M, Liu MT, Leung JH, Lane TE, Luster AD. IFN-gamma-inducible protein 10 (IP-

10; CXCL10)-deficient mice reveal a role for IP-10 in effector T cell generation and trafficking. J Immu-

nol. 2002; 168(7):3195–204. PMID: 11907072.

31. Farber JM. Mig and IP-10: CXC chemokines that target lymphocytes. J Leukoc Biol. 1997; 61(3):246–

57. PMID: 9060447.

32. Li Z, Levast B, Madrenas J. Staphylococcus aureus Downregulates IP-10 Production and Prevents Th1

Cell Recruitment. J Immunol. 2017; 198(5):1865–74. https://doi.org/10.4049/jimmunol.1601336 PMID:

28122962.

33. Liao F, Rabin RL, Yannelli JR, Koniaris LG, Vanguri P, Farber JM. Human Mig chemokine: biochemical

and functional characterization. J Exp Med. 1995; 182(5):1301–14. PMID: 7595201; PubMed Central

PMCID: PMCPMC2192190.

34. Liu MT, Armstrong D, Hamilton TA, Lane TE. Expression of Mig (monokine induced by interferon-

gamma) is important in T lymphocyte recruitment and host defense following viral infection of the central

nervous system. J Immunol. 2001; 166(3):1790–5. PMID: 11160225.

35. Ulett GC, Ketheesan N, Clair TW, McElnea CL, Barnes JL, Hirst RG. Analogous cytokine responses to

Burkholderia pseudomallei strains contrasting in virulence correlate with partial cross-protection in

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 29 / 32

https://doi.org/10.1016/j.micpath.2015.07.004
https://doi.org/10.1371/journal.pone.0172627
http://www.ncbi.nlm.nih.gov/pubmed/28235018
https://doi.org/10.1016/j.vascn.2003.07.001
http://www.ncbi.nlm.nih.gov/pubmed/14670693
https://doi.org/10.3390/v4123468
http://www.ncbi.nlm.nih.gov/pubmed/23207275
https://doi.org/10.1152/ajplegacy.1947.150.1.70
http://www.ncbi.nlm.nih.gov/pubmed/20252828
http://www.ncbi.nlm.nih.gov/pubmed/9278616
https://doi.org/10.1354/vp.37-6-626
https://doi.org/10.1354/vp.37-6-626
http://www.ncbi.nlm.nih.gov/pubmed/11105952
https://doi.org/10.1016/j.stem.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28736216
https://doi.org/10.1016/j.micpath.2015.07.004
https://doi.org/10.1016/j.micpath.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26162294
http://www.ncbi.nlm.nih.gov/pubmed/7713483
https://doi.org/10.1038/srep04305
http://www.ncbi.nlm.nih.gov/pubmed/24603493
https://doi.org/10.1111/j.1365-2672.2008.03880.x
http://www.ncbi.nlm.nih.gov/pubmed/18778292
https://doi.org/10.1099/jmm.0.47596-0
http://www.ncbi.nlm.nih.gov/pubmed/18349373
http://www.ncbi.nlm.nih.gov/pubmed/11907072
http://www.ncbi.nlm.nih.gov/pubmed/9060447
https://doi.org/10.4049/jimmunol.1601336
http://www.ncbi.nlm.nih.gov/pubmed/28122962
http://www.ncbi.nlm.nih.gov/pubmed/7595201
http://www.ncbi.nlm.nih.gov/pubmed/11160225
https://doi.org/10.1371/journal.pone.0208277


immunized mice. Infect Immun. 2002; 70(7):3953–8. https://doi.org/10.1128/IAI.70.7.3953-3958.2002

PMID: 12065542; PubMed Central PMCID: PMCPMC128107.

36. Ulett GC, Ketheesan N, Hirst RG. Cytokine gene expression in innately susceptible BALB/c mice and

relatively resistant C57BL/6 mice during infection with virulent Burkholderia pseudomallei. Infect

Immun. 2000; 68(4):2034–42. PMID: 10722599; PubMed Central PMCID: PMC97383.

37. Ulett GC, Ketheesan N, Hirst RG. Proinflammatory cytokine mRNA responses in experimental Burkhol-

deria pseudomallei infection in mice. Acta Trop. 2000; 74(2–3):229–34. PMID: 10674654.

38. Wiersinga WJ, Dessing MC, Kager PA, Cheng AC, Limmathurotsakul D, Day NP, et al. High-throughput

mRNA profiling characterizes the expression of inflammatory molecules in sepsis caused by Burkhol-

deria pseudomallei. Infect Immun. 2007; 75(6):3074–9. https://doi.org/10.1128/IAI.01733-06 PMID:

17371859; PubMed Central PMCID: PMC1932877.

39. Souto JT, Aliberti JC, Campanelli AP, Livonesi MC, Maffei CM, Ferreira BR, et al. Chemokine produc-

tion and leukocyte recruitment to the lungs of Paracoccidioides brasiliensis-infected mice is modulated

by interferon-gamma. Am J Pathol. 2003; 163(2):583–90. PMID: 12875978; PubMed Central PMCID:

PMCPMC1868217.

40. Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, Clark-Lewis I, et al. Chemokine receptor specific

for IP10 and Mig: structure, function, and expression in activated T-lymphocytes. J Exp Med. 1996; 184

(3):963–9. PMID: 9064356; PubMed Central PMCID: PMC2192763.

41. Sauty A, Dziejman M, Taha RA, Iarossi AS, Neote K, Garcia-Zepeda EA, et al. The T cell-specific CXC

chemokines IP-10, Mig, and I-TAC are expressed by activated human bronchial epithelial cells. J Immu-

nol. 1999; 162(6):3549–58. PMID: 10092813.

42. Schall TJ, Bacon K, Camp RD, Kaspari JW, Goeddel DV. Human macrophage inflammatory protein

alpha (MIP-1 alpha) and MIP-1 beta chemokines attract distinct populations of lymphocytes. J Exp

Med. 1993; 177(6):1821–6. PMID: 7684437; PubMed Central PMCID: PMCPMC2191042.

43. Taub DD, Conlon K, Lloyd AR, Oppenheim JJ, Kelvin DJ. Preferential migration of activated CD4+ and

CD8+ T cells in response to MIP-1 alpha and MIP-1 beta. Science. 1993; 260(5106):355–8. PMID:

7682337.

44. Clark-Lewis I, Schumacher C, Baggiolini M, Moser B. Structure-activity relationships of interleukin-8

determined using chemically synthesized analogs. Critical role of NH2-terminal residues and evidence

for uncoupling of neutrophil chemotaxis, exocytosis, and receptor binding activities. J Biol Chem. 1991;

266(34):23128–34. PMID: 1744111.

45. Laws TR, Smither SJ, Lukaszewski RA, Atkins HS. Neutrophils are the predominant cell-type to associ-

ate with Burkholderia pseudomallei in a BALB/c mouse model of respiratory melioidosis. Microb Pathog.

2011; 51(6):471–5. https://doi.org/10.1016/j.micpath.2011.07.002 PMID: 21798336.

46. Ramos CD, Canetti C, Souto JT, Silva JS, Hogaboam CM, Ferreira SH, et al. MIP-1alpha[CCL3] acting

on the CCR1 receptor mediates neutrophil migration in immune inflammation via sequential release of

TNF-alpha and LTB4. J Leukoc Biol. 2005; 78(1):167–77. https://doi.org/10.1189/jlb.0404237 PMID:

15831559.

47. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O’Garra A, Murphy KM. Development of TH1 CD4+ T

cells through IL-12 produced by Listeria-induced macrophages. Science. 1993; 260(5107):547–9.

PMID: 8097338.

48. Macatonia SE, Hosken NA, Litton M, Vieira P, Hsieh CS, Culpepper JA, et al. Dendritic cells produce IL-

12 and direct the development of Th1 cells from naive CD4+ T cells. J Immunol. 1995; 154(10):5071–9.

PMID: 7730613.

49. Oswald IP, Caspar P, Jankovic D, Wynn TA, Pearce EJ, Sher A. IL-12 inhibits Th2 cytokine responses

induced by eggs of Schistosoma mansoni. J Immunol. 1994; 153(4):1707–13. PMID: 7913944.

50. Watanabe H, Numata K, Ito T, Takagi K, Matsukawa A. Innate immune response in Th1- and Th2-domi-

nant mouse strains. Shock. 2004; 22(5):460–6. PMID: 15489639.

51. Okada M, Kitahara M, Kishimoto S, Matsuda T, Hirano T, Kishimoto T. IL-6/BSF-2 functions as a killer

helper factor in the in vitro induction of cytotoxic T cells. J Immunol. 1988; 141(5):1543–9. PMID: 3261754.

52. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal developmental pathways for

the generation of pathogenic effector TH17 and regulatory T cells. Nature. 2006; 441(7090):235–8.

https://doi.org/10.1038/nature04753 PMID: 16648838.

53. Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich JM, et al. Interleukin-10 signaling in

regulatory T cells is required for suppression of Th17 cell-mediated inflammation. Immunity. 2011; 34

(4):566–78. https://doi.org/10.1016/j.immuni.2011.03.018 PMID: 21511185; PubMed Central PMCID:

PMCPMC3088485.

54. Korn T, Mitsdoerffer M, Croxford AL, Awasthi A, Dardalhon VA, Galileos G, et al. IL-6 controls Th17

immunity in vivo by inhibiting the conversion of conventional T cells into Foxp3+ regulatory T cells. Proc

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 30 / 32

https://doi.org/10.1128/IAI.70.7.3953-3958.2002
http://www.ncbi.nlm.nih.gov/pubmed/12065542
http://www.ncbi.nlm.nih.gov/pubmed/10722599
http://www.ncbi.nlm.nih.gov/pubmed/10674654
https://doi.org/10.1128/IAI.01733-06
http://www.ncbi.nlm.nih.gov/pubmed/17371859
http://www.ncbi.nlm.nih.gov/pubmed/12875978
http://www.ncbi.nlm.nih.gov/pubmed/9064356
http://www.ncbi.nlm.nih.gov/pubmed/10092813
http://www.ncbi.nlm.nih.gov/pubmed/7684437
http://www.ncbi.nlm.nih.gov/pubmed/7682337
http://www.ncbi.nlm.nih.gov/pubmed/1744111
https://doi.org/10.1016/j.micpath.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21798336
https://doi.org/10.1189/jlb.0404237
http://www.ncbi.nlm.nih.gov/pubmed/15831559
http://www.ncbi.nlm.nih.gov/pubmed/8097338
http://www.ncbi.nlm.nih.gov/pubmed/7730613
http://www.ncbi.nlm.nih.gov/pubmed/7913944
http://www.ncbi.nlm.nih.gov/pubmed/15489639
http://www.ncbi.nlm.nih.gov/pubmed/3261754
https://doi.org/10.1038/nature04753
http://www.ncbi.nlm.nih.gov/pubmed/16648838
https://doi.org/10.1016/j.immuni.2011.03.018
http://www.ncbi.nlm.nih.gov/pubmed/21511185
https://doi.org/10.1371/journal.pone.0208277


Natl Acad Sci U S A. 2008; 105(47):18460–5. https://doi.org/10.1073/pnas.0809850105 PMID:

19015529; PubMed Central PMCID: PMCPMC2587589.

55. Papotto PH, Ribot JC, Silva-Santos B. IL-17(+) gammadelta T cells as kick-starters of inflammation.

Nat Immunol. 2017; 18(6):604–11. https://doi.org/10.1038/ni.3726 PMID: 28518154.

56. Janke M, Peine M, Nass A, Morawietz L, Hamann A, Scheffold A. In-vitro-induced Th17 cells fail to

induce inflammation in vivo and show an impaired migration into inflamed sites. Eur J Immunol. 2010;

40(4):1089–98. https://doi.org/10.1002/eji.200939487 PMID: 20101617.

57. Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO, et al. Transforming growth

factor-beta induces development of the T(H)17 lineage. Nature. 2006; 441(7090):231–4. https://doi.org/

10.1038/nature04754 PMID: 16648837.

58. Settem RP, Honma K, Nakajima T, Phansopa C, Roy S, Stafford GP, et al. A bacterial glycan core

linked to surface (S)-layer proteins modulates host immunity through Th17 suppression. Mucosal Immu-

nol. 2013; 6(2):415–26. https://doi.org/10.1038/mi.2012.85 PMID: 22968422; PubMed Central PMCID:

PMCPMC4049606.

59. Walsh KP, Brady MT, Finlay CM, Boon L, Mills KH. Infection with a helminth parasite attenuates autoim-

munity through TGF-beta-mediated suppression of Th17 and Th1 responses. J Immunol. 2009; 183

(3):1577–86. https://doi.org/10.4049/jimmunol.0803803 PMID: 19587018.

60. Harris DP, Goodrich S, Mohrs K, Mohrs M, Lund FE. Cutting edge: the development of IL-4-producing

B cells (B effector 2 cells) is controlled by IL-4, IL-4 receptor alpha, and Th2 cells. J Immunol. 2005; 175

(11):7103–7. PMID: 16301612.

61. Takatsu K. Interleukin 5 and B cell differentiation. Cytokine Growth Factor Rev. 1998; 9(1):25–35.

PMID: 9720754.

62. Urashima M, Chauhan D, Hatziyanni M, Ogata A, Hollenbaugh D, Aruffo A, et al. CD40 ligand triggers

interleukin-6 mediated B cell differentiation. Leuk Res. 1996; 20(6):507–15. PMID: 8709623.

63. Easton A, Haque A, Chu K, Lukaszewski R, Bancroft GJ. A critical role for neutrophils in resistance to

experimental infection with Burkholderia pseudomallei. J Infect Dis. 2007; 195(1):99–107. https://doi.

org/10.1086/509810 PMID: 17152013.

64. Dienz O, Rud JG, Eaton SM, Lanthier PA, Burg E, Drew A, et al. Essential role of IL-6 in protection

against H1N1 influenza virus by promoting neutrophil survival in the lung. Mucosal Immunol. 2012; 5

(3):258–66. https://doi.org/10.1038/mi.2012.2 PMID: 22294047; PubMed Central PMCID:

PMCPMC3328598.

65. Chalaris A, Rabe B, Paliga K, Lange H, Laskay T, Fielding CA, et al. Apoptosis is a natural stimulus of

IL6R shedding and contributes to the proinflammatory trans-signaling function of neutrophils. Blood.

2007; 110(6):1748–55. https://doi.org/10.1182/blood-2007-01-067918 PMID: 17567983.

66. Kaplanski G, Marin V, Montero-Julian F, Mantovani A, Farnarier C. IL-6: a regulator of the transition

from neutrophil to monocyte recruitment during inflammation. Trends Immunol. 2003; 24(1):25–9.

PMID: 12495721.

67. Manetti R, Parronchi P, Giudizi MG, Piccinni MP, Maggi E, Trinchieri G, et al. Natural killer cell stimula-

tory factor (interleukin 12 [IL-12]) induces T helper type 1 (Th1)-specific immune responses and inhibits

the development of IL-4-producing Th cells. J Exp Med. 1993; 177(4):1199–204. PMID: 8096238;

PubMed Central PMCID: PMCPMC2190961.

68. Amemiya K, Meyers JL, Trevino SR, Chanh TC, Norris SL, Waag DM. Interleukin-12 induces a Th1-like

response to Burkholderia mallei and limited protection in BALB/c mice. Vaccine. 2006; 24(9):1413–20.

https://doi.org/10.1016/j.vaccine.2005.09.021 PMID: 16213631.

69. Ceballos-Olvera I, Sahoo M, Miller MA, Del Barrio L, Re F. Inflammasome-dependent pyroptosis and

IL-18 protect against Burkholderia pseudomallei lung infection while IL-1beta is deleterious. PLoS

Pathog. 2011; 7(12):e1002452. https://doi.org/10.1371/journal.ppat.1002452 PMID: 22241982;

PubMed Central PMCID: PMC3248555.

70. Fettelschoss A, Kistowska M, LeibundGut-Landmann S, Beer HD, Johansen P, Senti G, et al. Inflam-

masome activation and IL-1beta target IL-1alpha for secretion as opposed to surface expression. Proc

Natl Acad Sci U S A. 2011; 108(44):18055–60. https://doi.org/10.1073/pnas.1109176108 PMID:

22006336; PubMed Central PMCID: PMCPMC3207698.

71. Rabolli V, Badissi AA, Devosse R, Uwambayinema F, Yakoub Y, Palmai-Pallag M, et al. The alarmin IL-

1alpha is a master cytokine in acute lung inflammation induced by silica micro- and nanoparticles. Part

Fibre Toxicol. 2014; 11:69. https://doi.org/10.1186/s12989-014-0069-x PMID: 25497724; PubMed Cen-

tral PMCID: PMCPMC4279463.

72. Aachoui Y, Leaf IA, Hagar JA, Fontana MF, Campos CG, Zak DE, et al. Caspase-11 protects against

bacteria that escape the vacuole. Science. 2013; 339(6122):975–8. https://doi.org/10.1126/science.

1230751 PMID: 23348507; PubMed Central PMCID: PMCPMC3697099.

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 31 / 32

https://doi.org/10.1073/pnas.0809850105
http://www.ncbi.nlm.nih.gov/pubmed/19015529
https://doi.org/10.1038/ni.3726
http://www.ncbi.nlm.nih.gov/pubmed/28518154
https://doi.org/10.1002/eji.200939487
http://www.ncbi.nlm.nih.gov/pubmed/20101617
https://doi.org/10.1038/nature04754
https://doi.org/10.1038/nature04754
http://www.ncbi.nlm.nih.gov/pubmed/16648837
https://doi.org/10.1038/mi.2012.85
http://www.ncbi.nlm.nih.gov/pubmed/22968422
https://doi.org/10.4049/jimmunol.0803803
http://www.ncbi.nlm.nih.gov/pubmed/19587018
http://www.ncbi.nlm.nih.gov/pubmed/16301612
http://www.ncbi.nlm.nih.gov/pubmed/9720754
http://www.ncbi.nlm.nih.gov/pubmed/8709623
https://doi.org/10.1086/509810
https://doi.org/10.1086/509810
http://www.ncbi.nlm.nih.gov/pubmed/17152013
https://doi.org/10.1038/mi.2012.2
http://www.ncbi.nlm.nih.gov/pubmed/22294047
https://doi.org/10.1182/blood-2007-01-067918
http://www.ncbi.nlm.nih.gov/pubmed/17567983
http://www.ncbi.nlm.nih.gov/pubmed/12495721
http://www.ncbi.nlm.nih.gov/pubmed/8096238
https://doi.org/10.1016/j.vaccine.2005.09.021
http://www.ncbi.nlm.nih.gov/pubmed/16213631
https://doi.org/10.1371/journal.ppat.1002452
http://www.ncbi.nlm.nih.gov/pubmed/22241982
https://doi.org/10.1073/pnas.1109176108
http://www.ncbi.nlm.nih.gov/pubmed/22006336
https://doi.org/10.1186/s12989-014-0069-x
http://www.ncbi.nlm.nih.gov/pubmed/25497724
https://doi.org/10.1126/science.1230751
https://doi.org/10.1126/science.1230751
http://www.ncbi.nlm.nih.gov/pubmed/23348507
https://doi.org/10.1371/journal.pone.0208277


73. Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, et al. Caspase-1-induced pyroptosis is an

innate immune effector mechanism against intracellular bacteria. Nat Immunol. 2010; 11(12):1136–42.

https://doi.org/10.1038/ni.1960 PMID: 21057511; PubMed Central PMCID: PMCPMC3058225.

74. Miao EA, Mao DP, Yudkovsky N, Bonneau R, Lorang CG, Warren SE, et al. Innate immune detection of

the type III secretion apparatus through the NLRC4 inflammasome. Proc Natl Acad Sci U S A. 2010;

107(7):3076–80. https://doi.org/10.1073/pnas.0913087107 PMID: 20133635; PubMed Central PMCID:

PMCPMC2840275.

75. Sun GW, Lu J, Pervaiz S, Cao WP, Gan YH. Caspase-1 dependent macrophage death induced by Bur-

kholderia pseudomallei. Cell Microbiol. 2005; 7(10):1447–58. https://doi.org/10.1111/j.1462-5822.2005.

00569.x PMID: 16153244.

76. Rider P, Carmi Y, Guttman O, Braiman A, Cohen I, Voronov E, et al. IL-1alpha and IL-1beta recruit dif-

ferent myeloid cells and promote different stages of sterile inflammation. J Immunol. 2011; 187

(9):4835–43. https://doi.org/10.4049/jimmunol.1102048 PMID: 21930960.

77. Barnes JL, Ulett GC, Ketheesan N, Clair T, Summers PM, Hirst RG. Induction of multiple chemokine

and colony-stimulating factor genes in experimental Burkholderia pseudomallei infection. Immunol Cell

Biol. 2001; 79(5):490–501. https://doi.org/10.1046/j.1440-1711.2001.01038.x PMID: 11564157.

78. Fransen F, Zagato E, Mazzini E, Fosso B, Manzari C, El Aidy S, et al. BALB/c and C57BL/6 Mice Differ

in Polyreactive IgA Abundance, which Impacts the Generation of Antigen-Specific IgA and Microbiota

Diversity. Immunity. 2015; 43(3):527–40. https://doi.org/10.1016/j.immuni.2015.08.011 PMID:

26362264.

79. Chen X, Oppenheim JJ, Howard OM. BALB/c mice have more CD4+CD25+ T regulatory cells and

show greater susceptibility to suppression of their CD4+CD25- responder T cells than C57BL/6 mice. J

Leukoc Biol. 2005; 78(1):114–21. https://doi.org/10.1189/jlb.0604341 PMID: 15845645.

80. Palm NW, de Zoete MR, Cullen TW, Barry NA, Stefanowski J, Hao L, et al. Immunoglobulin A coating

identifies colitogenic bacteria in inflammatory bowel disease. Cell. 2014; 158(5):1000–10. https://doi.

org/10.1016/j.cell.2014.08.006 PMID: 25171403; PubMed Central PMCID: PMCPMC4174347.

81. Ogunremi O, Tabel H, Kremmer E, Wasiliu M. Differences in the activity of the alternative pathway of

complement in BALB/c and C57BL/6 mice. Exp Clin Immunogenet. 1993; 10(1):31–7. PMID: 8398200.

82. Kwan WH, van der Touw W, Heeger PS. Complement regulation of T cell immunity. Immunol Res.

2012; 54(1–3):247–53. https://doi.org/10.1007/s12026-012-8327-1 PMID: 22477527; PubMed Central

PMCID: PMCPMC4081859.

83. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for immune surveillance

and homeostasis. Nat Immunol. 2010; 11(9):785–97. https://doi.org/10.1038/ni.1923 PMID: 20720586;

PubMed Central PMCID: PMCPMC2924908.

84. Sorman A, Zhang L, Ding Z, Heyman B. How antibodies use complement to regulate antibody

responses. Mol Immunol. 2014; 61(2):79–88. https://doi.org/10.1016/j.molimm.2014.06.010 PMID:

25001046.

85. Kotimaa J, Klar-Mohammad N, Gueler F, Schilders G, Jansen A, Rutjes H, et al. Sex matters: Systemic

complement activity of female C57BL/6J and BALB/cJ mice is limited by serum terminal pathway com-

ponents. Mol Immunol. 2016; 76:13–21. https://doi.org/10.1016/j.molimm.2016.06.004 PMID:

27337595.

Mice exposed to aerosolized B. pseudomallei

PLOS ONE | https://doi.org/10.1371/journal.pone.0208277 November 30, 2018 32 / 32

https://doi.org/10.1038/ni.1960
http://www.ncbi.nlm.nih.gov/pubmed/21057511
https://doi.org/10.1073/pnas.0913087107
http://www.ncbi.nlm.nih.gov/pubmed/20133635
https://doi.org/10.1111/j.1462-5822.2005.00569.x
https://doi.org/10.1111/j.1462-5822.2005.00569.x
http://www.ncbi.nlm.nih.gov/pubmed/16153244
https://doi.org/10.4049/jimmunol.1102048
http://www.ncbi.nlm.nih.gov/pubmed/21930960
https://doi.org/10.1046/j.1440-1711.2001.01038.x
http://www.ncbi.nlm.nih.gov/pubmed/11564157
https://doi.org/10.1016/j.immuni.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26362264
https://doi.org/10.1189/jlb.0604341
http://www.ncbi.nlm.nih.gov/pubmed/15845645
https://doi.org/10.1016/j.cell.2014.08.006
https://doi.org/10.1016/j.cell.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25171403
http://www.ncbi.nlm.nih.gov/pubmed/8398200
https://doi.org/10.1007/s12026-012-8327-1
http://www.ncbi.nlm.nih.gov/pubmed/22477527
https://doi.org/10.1038/ni.1923
http://www.ncbi.nlm.nih.gov/pubmed/20720586
https://doi.org/10.1016/j.molimm.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25001046
https://doi.org/10.1016/j.molimm.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27337595
https://doi.org/10.1371/journal.pone.0208277

