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Burkholderia pseudomallei and the closely related species, Burkholderiamallei,

produce similar multifaceted diseases which range from rapidly fatal to

protracted and chronic, and are a major cause of mortality in endemic

regions. Besides causing natural infections, both microbes are Tier 1 potential

biothreat agents. Antibiotic treatment is prolonged with variable results, hence

e�ective vaccines are urgently needed. The purpose of our studies was

to compare candidate vaccines that target both melioidosis and glanders

to identify the most e�cacious one(s) and define residual requirements

for their transition to the non-human primate aerosol model. Studies were

conducted in the C57BL/6 mouse model to evaluate the humoral and cell-

mediated immune response and protective e�cacy of three Burkholderia

vaccine candidates against lethal aerosol challenges with B. pseudomallei

K96243, B. pseudomallei MSHR5855, and B. mallei FMH. The recombinant

vaccines generated significant immune responses to the vaccine antigens,

and the live attenuated vaccine generated a greater immune response to OPS

and the whole bacterial cells. Regardless of the candidate vaccine evaluated,

the protection of mice was associated with a dampened cytokine response

within the lungs after exposure to aerosolized bacteria. Despite being delivered

by two di�erent platforms and generating distinct immune responses, two

experimental vaccines, a capsule conjugate + Hcp1 subunit vaccine and the

live B. pseudomallei 668 1ilvI strain, provided significant protection and were

down-selected for further investigation and advanced development.
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Burkholderia pseudomallei, Burkholderia mallei, vaccine, mice, immune response,
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Introduction

Burkholderia pseudomallei (Bp) is a gram-negative pathogen

and agent of melioidosis, a disease with forms ranging from

acute and rapidly fatal to protracted and chronic. It is a

major cause of sepsis and mortality in endemic tropical

regions. The closely related species, Burkholderia mallei (Bm),

is an obligate pathogen of mammals, including solipeds,

and humans and causes the disease glanders (Galyov et al.,

2010; Wiersinga et al., 2012; Currie, 2015; Titball et al.,

2017; Dance and Limmathurotsakul, 2018). Besides causing

natural infections, both organisms are potential biothreat

agents; thus, they are both military and public health concerns

(Cheng et al., 2005). Bp is especially worrisome due to

its widespread distribution, its high infectivity (notably via

inhalation), the complicated and prolonged treatment required,

and its inherent resistance to antimicrobials (Galyov et al.,

2010; Wiersinga et al., 2012; Dance and Limmathurotsakul,

2018). No approved vaccines currently exist for melioidosis

or glanders.

The expanded understanding of the global distribution

of Bp and its biothreat potential heighten the urgency

to develop a vaccine that can blunt the public health

impact of disease and prevent deliberate adversarial use of

the pathogen (Cheng et al., 2005; Wiersinga et al., 2012;

Limmathurotsakul et al., 2015, 2016; Titball et al., 2017;

Dance and Limmathurotsakul, 2018). In addition to the factors

described above, the major hurdles in developing an optimal

prophylactic are the genetic and phenotypic plasticity of Bp

strains and their ability to survive within host cells and evade

host immune responses (Stevens et al., 2002; Galyov et al.,

2010; Burtnick et al., 2011; Hayden et al., 2012; Dance and

Limmathurotsakul, 2018). Furthermore, these attributes have

likely contributed to the inability of vaccines to consistently

confer sterilizing immunity after infection (Peacock et al., 2012;

Limmathurotsakul et al., 2015; Titball et al., 2017; Burtnick et al.,

2018).

Vaccine candidates have spanned a wide range of forms,

including purified antigens (protein, carbohydrates) alone

or combined with nanoparticles, inactivated whole cells,

isolated outer membrane vesicles (OMV), live attenuated

vaccine strains (LAV), and nucleic acids. Furthermore,

their preparation has involved different formulations

and supplemental immune-potentiators (Silva and Dow,

2013; Baker et al., 2017, 2021; Johnson and Ainslie, 2017;

Khakhum et al., 2020, 2021; Wang et al., 2020). These are

exemplified by OMVs prepared from a purine-deficient strain

of Bp (Nieves et al., 2011; Baker et al., 2017), gold-linked

nanoparticle-protein-LPS vaccine constructs (Tapia et al.,

2021), LAVs deficient in essential amino acids and/or iron

acquisition (Hatcher et al., 2016; Amemiya et al., 2019;

Khakhum et al., 2021), and defined subunit vaccines that

include OmpW (Casey et al., 2016) and the Burkholderia

6-deoxyheptan capsular polysaccharide (CPS) combined with

various recombinant Burkholderia proteins (Burtnick et al.,

2018).

Two experimental vaccine candidates, a LAV and a multi-

component subunit vaccine, were evaluated in this investigation.

Previous work characterized attenuated auxotrophic mutants of

Bp (strain MSHR668) with deletions in genes required for the

synthesis of the amino acid histidine or the branched chain

amino acids (isoleucine, leucine, and valine). These strains

were safe, even in immune-compromised NOD/SCID mice, yet

still highly protective in the sensitive BALB/c mouse model of

melioidosis (Atkins et al., 2002; Amemiya et al., 2019). They

conferred complete protection against high-dose parenteral

(intraperitoneal) challenge in the acute phase (3 weeks) and

significant long-term survival in the chronic phase (60 days),

as well as sterilizing immunity in most animals. Burtnick et.

al. developed a defined vaccine consisting of Burkholderia

CPS conjugated to the protein carrier Cross-Reacting Material

197 (CRM197) plus hemolysin co-regulated protein 1 (Hcp1)

(Burtnick et al., 2012a, 2018; Titball et al., 2017). Hcp1, a

virulence-associated type VI secretion system protein, is highly

immunogenic and is serodiagnostic for melioidosis in human

patients (Burtnick et al., 2011; Lim et al., 2015; Pumpuang et al.,

2017; Phokrai et al., 2018). The CPS is a surface polysaccharide

and essential virulence factor of Bm and Bp that has been used in

diagnosis and vaccine-mediated protection (Parthasarathy et al.,

2006; Burtnick et al., 2012a; Houghton et al., 2014; Marchetti

et al., 2015). Immunization with the Conjugate + Hcp1 subunit

vaccine was shown to elicit high antibody titers to the two

antigens, strong T cell responses, and 100% survival for at

least 35 days against an inhalational challenge with virulent Bp;

significant though incomplete clearance of the bacterial burden

was also achieved (Burtnick et al., 2018). In the current study, we

also assessed the ability of AhpC (alkyl hydroperoxide reductase

C) to augment the protection associated with Conjugate+Hcp1

immunization. AhpC detoxifies peroxides and is important in

defending against peroxide-induced oxidative stress (O’Riordan

et al., 2012; Reynolds et al., 2015; Guo et al., 2017). Enhanced T-

cell immunity to AhpC correlates with survival in melioidosis

patients (Dunachie et al., 2017) and it also functions as a

protective immunogen against infection with various pathogens

(Felgner et al., 2009; O’Riordan et al., 2012; Reynolds et al.,

2015; Yi et al., 2016; Guo et al., 2017; Testamenti et al.,

2020).

The objectives of the study described herein were

to perform a direct comparison of two thoroughly

developed and characterized vaccine prototypes, the

LAV Bp strain MSHR668 harboring a deletion of an

enzyme that is necessary for branched chain amino acid

biosynthesis (668 1ilvI) and the defined Conjugate + Hcp1

subunit vaccine.

Frontiers inMicrobiology 02 frontiersin.org

https://doi.org/10.3389/fmicb.2022.965518
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Biryukov et al. 10.3389/fmicb.2022.965518

Materials and methods

Vaccine candidates and bacteria

The subunit vaccines were prepared by investigators at the

University of Nevada, Reno. The candidates evaluated included

CPS-CRM197 (Conjugate) plus recombinant Hcp1 lacking a

His-tag, with adjuvants Alhydrogel and immunostimulatory

CpG 2006 (ODN 7909) oligonucleotide (Conjugate + Hcp1)

(Burtnick et al., 2018). This subunit vaccine was also tested in

combination with an enzymatically inactive Burkholderia AhpC

in which the Cys at position 57 was changed to a Gly (Conjugate

+Hcp1+AhpC), as described below (Schmidt et al., 2022). The

LAV 668 1ilvI was constructed at the USAMRIID and derived

from Bp strain MSHR668. The LAV was cultivated and prepared

as described previously (Amemiya et al., 2019).

Bp strain K96243 is a commonly used virulent laboratory

strain from Thailand and MSHR5855 is a virulent human

clinical isolate from Australia (Van Zandt et al., 2012; Lim et al.,

2015; Welkos et al., 2015; Bearss et al., 2017; Amemiya et al.,

2019). For preparation of the challenge inoculum, a frozen stock

aliquot of Bp K96243 was grown in 4% glycerol (Sigma Aldrich,

St. Louis, MO) with 1% tryptone (Difco, Becton Dickinson,

Sparks, MD) and 5%NaCl (Sigma Aldrich) broth (GTB) at 37◦C

with shaking at 200 rpm until late log phase, approximately

18 h (Trevino et al., 2018; Amemiya et al., 2019). The bacteria

were harvested via centrifugation, resuspended in GTB, and

quantified by OD620 estimation (Amemiya et al., 2019). The

actual delivered dose of bacteria, as the number of colony

forming units (CFU), was then verified by plate counts on sheep

blood agar plates (RemelTM, Thermo-Fisher Scientific,Waltham,

MA). Bm strain FMH is a human clinical isolate derived from

strain Bm ATCC 23344/China 7 (Srinivasan et al., 2001). Bm

was grown on sheep blood agar plates or GTB; suspensions

were prepared from broth cultures of GTB and quantitated

for aerosol exposures as described for Bp (Bozue et al., 2016).

M9 minimal medium as used to characterize maintenance of

auxotrophic phenotypes.

Animals and vaccination conditions

The animal research was conducted under an animal use

protocol approved by the USAMRIID Institutional 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 experiments involving

animals. The facility where this research was conducted is

accredited by the AAALAC International and adheres to

principles stated in the Guide for the Care and Use of Laboratory

Animals (National Research Council, 2011).

Immune-deficient NOD/SCID mice immune-deficient

(Jackson Laboratories, Bar Harbor, ME) were used to

demonstrate the extent of attenuation of the live vaccine

strain (Bp 668 1ilvI) and were not used to evaluate adaptive

immunity induced by the vaccine. C57BL/6 strain female

mice were from Charles River (Frederick, MD) and were

7–10 weeks of age at time of vaccination (Figure 1). The

vaccines were injected subcutaneously (SC) in a total volume

of 200 µl, with the subunit vaccine given as 100 µl in

each hind flank, as described below (Bearss et al., 2017;

Burtnick et al., 2018; Amemiya et al., 2019). Control mice

were inoculated with PBS alone or PBS with Alhydrogel and

CpG (Adjuvant).

Mice given one of the subunit vaccine candidates, or

adjuvant only, were vaccinated three times; the second and third

doses of the subunit vaccines were administered 21 and 35–38

days after the first dose, respectively. The remaining groups of

mice, given a LAV or PBS alone, were injected SC, in a total

volume of 200µl; the second dose was given 21–24 days after the

first dose. Blood, spleen, and lung samples were collected from

each vaccine and control group at various times before and after

aerosol challenge.

Exposure to aerosolized virulent
challenge strains

Approximately 1 month after the last vaccine dose, the

mice were exposed to aerosolized suspensions of Bp K96243, Bp

MSHR5855, or Bm FMH, prepared as detailed above. For the

exposures, mice were transferred to wire mesh cages and placed

in a whole-body aerosol chamber within a class three biological

safety cabinet located inside a BSL-3 laboratory. Mice were then

exposed to aerosols of Burkholderia suspension created by a

three-jet Collison nebulizer (Trevino et al., 2018). Samples were

collected from the all-glass impinger (AGI) vessel and plated for

CFU determinations to calculate the inhaled dose of Bp or Bm.

Clinical observations and sample collections

Mice were observed at least daily for 60–70 days for clinical

signs of illness. Early intervention endpoints were used during

all studies and mice were euthanized when moribund, according

to an endpoint score sheet. Animals were scored on a scale

of 0–5: 0–2 = no significant clinical signs (e.g., slightly ruffled

fur); 3–4 = significant clinical symptoms such as subdued

behavior, hunched appearance, absence of grooming, hind limb

issues of varying severity and/or pyogranulomatous swelling

of varying severity (increased monitoring was warranted); 5 =

distress. Those animals receiving a score of >5 were euthanized.

Surviving animals were euthanized at the study endpoint and

necropsied for tissue collection.
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FIGURE 1

Overview of the immunization and challenge strategy for direct comparison of Burkholderia vaccine candidates that were challenged with Bp

K96243. The numbers with the degree sign (◦) denote vaccine prime and consecutive boost(s). The experiments that included mice challenged

with Bm FMH or Bp MSHR5855 followed a similar timeline.

Bacteriology

The tissues collected from necropsied mice included lung,

spleen, and blood or liver. They were weighed andhomogenized

with disposable PRECISIONTM homogenizers (Covidien,

Dublin, Republic of Ireland); the CFU of the homogenate were

determined on sheep blood agar plates. Undiluted homogenate

and 10-fold dilutions in PBS (Dulbecco’s phosphate buffered

saline, without Ca++ or Mg++) were plated in duplicate

to determine sterility. The limit of detection was ∼10–

100 CFU/ml blood (depending upon the experiment) or 5

CFU/organ. After CFU determinations, samples were radiation-

inactivated, sterility checked, and stored at −80◦C while

awaiting immunological analyses.

Immune response assays

ELISAs

Immunoglobulin G (IgG) titers in vaccinated mice were

determined by ELISA as described previously (Trevino et al.,

2018). The capture reagents included purified antigens [Hcp1,

CPS, AhpC, and type A O-polysaccharide (OPS)] and whole-

cell-derived antigens to include radiation-inactivated BpK96243

cells (BpK) or Bm FMH cells (Bm FMH). The purified and

whole-cell-derived antigens were plated at 2 and 10µg/ml,

respectively. The Hcp1, CPS, AhpC, and OPS antigens were

purified essentially as described previously (Burtnick et al.,

2012a,b, 2018; Reynolds et al., 2015; Dunachie et al., 2017;

Schmidt et al., 2022). The antibody titer results are reported as

the geometric mean (GM) and geometric standard error (GSE)

of the reciprocal of the highest dilution resulting in a mean

OD of at least 0.100 ± 1 SD at 450 nm with a reference filter

(570 nm). The limit of detection was a reciprocal titer of 50

and samples with an antibody titer of <50 were considered

negative. In some ELISAs, subclass IgG1 and IgG2c titers were

also determined in addition to complete IgG, as described

before (Martin et al., 1998). All of the labeled secondary

antibodies used in the ELISAs were goat anti-mouse IgG (or IgG

subclass) obtained from Southern Biotechnology Associates, Inc.

(Birmingham, AL).

Cellular immunity

Splenocyte collection

Spleens were collected from necropsied C57BL/6 mice, and

the splenocytes were isolated and prepared for in vitro analysis as

described previously (Trevino et al., 2018; Amemiya et al., 2019;

Cote et al., 2021). Splenocytes were diluted to a concentration
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of 107/ml in RPMI complete medium (ThermoFisher, Grand

Islands, NY) and 4 × 106/ml in CTL-Medium (Cellular

Technology Limited, Cleveland, OH) with 1% L-Glutamine

for the Luminex and ELISpot in vitro stimulation assays,

respectively. Antigens used in the re-stimulation assays included

Hcp1 and AhpC; all were tested at 5 µg/ml.

ELISpot assays

The assay was performed as described by the manufacturer

(ImmunoSpot, Cleveland, OH). Splenocytes were incubated

with Hcp1 or AhpC (5 µg/well) to stimulate the cells.

Specifically, cells from each mouse were tested in duplicate in

each of four independent stimulation conditions. A solution

of phorbol 12-myristate 13-acetate (PMA; 100 ng/mL) and

ionomycin (0.5µg/mL) was used as the positive control

stimulant and resulted in uniformly strong signals, while

medium only wells were used as a negative control. Spots were

scanned and analyzed using an automated ELISpot reader (CTL-

Immunospot S6 Analyzer, CTL,). The T-cell responses were

assessed as spot-forming cells (SFC), adjusted to 106 cells per

well, which was automatically calculated by the ImmunoSpot
R©

software for each stimulation condition and the medium-

only control.

Cytokines/chemokine analysis

Cytokine and chemokine levels were assayed in spleen

and lung homogenates and in restimulated splenocytes,

as previously described (Trevino et al., 2018). Prior to

analysis, the samples were thawed, centrifuged at 1,000 ×

g for 10min, and the supernatant was then examined for

cytokine expression by Luminex Mag Pix 36-plex mouse panel

(Thermo Fisher Scientific, Grand Island, NY, USA) as per

manufacturer directions.

Statistical analyses

Survival

Survival curves of the vaccinated and control mice were

estimated with the Kaplan-Meier method and were compared

statistically using the log-rank test with Graph Pad Prism 9.0

(San Diego, CA) and SAS version 9.4 (Cary, NC). Significant

differences in survival rates at days 7, 21 and 60 or 70 after

virulent challenge were determined using the Fisher Exact test.

The time-to-morbidity (TTM) values were expressed as the

median and interquartile range, and were compared with the

log-rank test using SAS version 9.4.

Mouse tissue bacterial viable counts

The viable counts of Bp or Bm from organ and blood samples

were compared using the Exact rank-sum test (two-sample

Wilcoxon test). The data used were log-transformed CFU values,

adjusting the log10 to 0 when no CFU were detected, and the

results summarized as GM and geometric standard deviation

(GSD) values.

Comparisons of antibody levels

The ELISA antibody titers, determined as described above,

were log transformed and the GM and GSE data analyzed by

Welch’s t-test or the two-sample exact Wilcoxon test.

Comparisons of cytokine levels

Cytokine concentrations determined in Luminex assays

were log transformed and the GM values compared by the

Welch’s t-test or an Exact rank-sum test (two-sample Wilcoxon

test). The GM and GSE were reported. The Welch’s t-test was

also applied to log-transformed ELISpot values.

Results

Characterization of the Bp 668 1ilvI

vaccine candidate

Attenuation of Bp strain 668 1ilvI as evaluated
in the immune-deficient NOD/SCID mice

The mutant strain 668 1ilvI is highly attenuated in the

sensitive BALB/c mice as shown previously; doses of 106 CFU

given by the SC route were non-lethal but protected against high

dose IP challenge with Bp strain K96243 (Amemiya et al., 2019).

To more stringently evaluate the extent of attenuation, 6681ilvI

was examined in mice with a non-obese diabetic (NOD)/severe

combined immunodeficiency (SCID) background. NOD/SCID

mice are impaired in the development of T and B cells and have

defective natural killer (NK) cells. We inoculated NOD/SCID

mice (n = 10) IP with ∼1.4 × 104 CFU of 668 1ilvI, which

was equivalent to 106 LD50 of the wild-type MSHR668 in

BALB/c mice (Welkos et al., 2015; Amemiya et al., 2019). As a

control, we inoculated another group of NOD/SCID mice with

8.6 × 103 CFU (equivalent to 65 LD50) of wild-type MSHR668,

and observed the mice for 21 days. All mice challenged with

MSHR668 succumbed by day 10 post-infection. In contrast, all

NOD/SCID mice inoculated with 668 1ilvI survived for the

duration of the experiment, 21 days post-challenge (p< 0.0001).

At the end of the study, the ten survivors were euthanized and

their spleens, livers and blood were examined. The samples from

9 of 10 mice inoculated with 668 1ilvI were sterile. One of

the infected mice harbored six CFU in the spleen on day 21,

but otherwise appeared healthy at the time of euthanasia. The

isolates were tested for growth onM9medium and they retained

the 668 1ilvI phenotype. These results demonstrate that 668

1ilvI is highly attenuated in immune defective mice.
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FIGURE 2

Survival curves of vaccinated C57BL/6 mice challenged with Bp K96243. Mice (n = 10/group) were exposed to 3.4 LD50 (1.35 × 103 CFU) by the

aerosol route and monitored for 60 days post challenge. The PBS control represented truly naïve mice and the adjuvant control confirmed that

protection was not a�orded to the mice due to non-specific immune stimulation associated with alhydrogel and CpG injections.

FIGURE 3

The recovery of bacteria as determined by CFU from blood, spleens and lungs of C57BL/6 mice 3 days post-challenge with Bp K96243. The

samples were from six mice/group. The left axis represents CFU/ml (blood) or CFU/g (lung and spleen). The individual points represent one

animal, and the baseline points indicate the remaining survivors with no detectable CFU. The diamond-shaped symbol and vertical line are the

geometric mean and standard deviation, respectively. The limits of detection were 100 CFU/ml blood and 5 CFU/g spleen or lung homogenate.
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Survival and dissemination of Bp 668 1ilvI in
C57BL/6 mice

The in vivo survival and dissemination of 668 1ilvI was

also evaluated in C57BL/6 mice. Mice were vaccinated SC with

approximately 1.06 × 107 CFU of 668 1ilvI and on days 1, 2, 3,

4, 7, 10, and 15 post-vaccination, five mice per time point were

euthanized. Spleens were homogenized and serial dilutions were

spread onto sheep blood agar plates to determine strain viability.

Bp strain 6681ilvI persisted in the spleens of vaccinated animals

for 4 days, but was cleared by day 7 (Supplementary Figure 1).

In addition, 100 µl of blood from each vaccinated animal was

spread onto agar plates to assess bacteremia. No bacteria were

isolated from the blood of any of the animals on days 1, 2, 3, 4,

7, 10, and 15 post-vaccination. Twenty of the mice were given a

booster dose (1.4× 107 CFU) of the 668 1ilvI vaccine strain on

day 21 and the same procedure was followed on days 1, 2, 3 and

4 post-vaccination. The blood and spleens from five animals per

day were examined and no CFUwere found. This result suggests

that 6681ilvI persists for<7 days in the spleens of animals after

the first vaccine dose and is rapidly cleared after the second dose

of vaccine.

Comparison of subunit and live vaccines
for e�cacy against Bp in a C57BL/6
mouse aerosol model of infection

We compared the efficacy of the live 668 1ilvI strain

with two candidate subunit vaccines for melioidosis. The

three experimental vaccines (and doses administered) were

as follows: (1) the two component subunit vaccine candidate

(Conjugate + Hcp1), with each dose having ∼0.25 µg CPS

as a conjugate, 0.5 µg Hcp1, 250 µg Alhydrogel, and 10 µg

CpG 2006; (2) the two component subunit vaccine candidate

plus 0.5 µg of AhpC (Conjugate + Hcp1 + AhpC); or (3)

the live vaccine candidate Bp strain 668 1ilvI (∼1.0 × 107

CFU/mouse target dose); control groups received either PBS

alone or Alhydrogel with CpG adjuvant (Adjuvant). Three

doses of the experimental subunit vaccines and two doses

of 668 1ilvI vaccine were given (Figure 1). The C57BL/6

mice were exposed to a challenge with aerosolized Bp K96243

approximately a month (38 days) after the last vaccination.

The final inhaled challenge dose was approximately 1.35 × 103

CFU, equivalent to 3.4 LD50. Tissue and blood were collected

for immunoassays at several time points throughout the study

(Figure 1).

E�cacy

The mouse survival curves for the Bp K96243 challenge are

shown in Figure 2. The Adjuvant control mice all succumbed or

were euthanized by day ten post-challenge, and the PBS control

mice all succumbed or were euthanized by day 24 post-challenge.

At the end of the study, 50% of the Conjugate + Hcp1 + AhpC

mice, 60% of the 668 1ilvI mice, and 80% of the Conjugate +

Hcp1 mice had survived. The day 21 and 60 day survivorship of

the Conjugate + Hcp1 mice was significantly greater than that

of both control groups (p = 0.0007) but not of the Conjugate

+ Hcp1 + AhpC or 668 1ilvI mice. The mean TTM of the

Conjugate + Hcp1 group non-survivors was also significantly

greater (38.0 days) than that of both control groups (p< 0.0001)

but not the Conjugate + Hcp1 + AhpC or 668 1ilvI groups

(Figure 2, Supplementary Figure 2). Thus, the efficacies of the

vaccinated mice groups could not be distinguished statistically.

The majority of the control mice (Adjuvant or PBS) had

succumbed to infection or were euthanized by day 5. These

mice exhibited signs of acute disease (i.e., labored breathing

and significant ruffling of fur). The vaccinated mice began to

succumb or reach euthanasia criteria on day 9, with these few

early deaths in the vaccinated mice showing similar but milder

signs of acute disease compared to the control mice. The final

phase of disease in this C57BL/6 mouse model began ∼30 days

after infection. These mice showed a different disease course

which often included externally visible pyogranuloma formation

and early signs of diminished mobility (i.e., altered gait or

rear-leg issues generally leading to single and then double rear

leg paralysis which triggered euthanasia intervention). These

TABLE 1 Detection of bacteria in mice surviving challenge with B. pseudomallei.

Group # Survivorsa # Positive samples Organ (# mice)b CFU/gram

GMc GSDc

Conjugate+Hcp1 8 3 Lungs (3) 1.34× 107 1.48

Conjugate+Hcp1+ AhpC 5 3 Lungs (2) 2.51× 102 4.76

Spleen (1) 6.30× 102 NAd

668 1ilvI 6 2 Lungs (2) 1.14× 102 1.39

an= 10 mice/group before challenge. The data were from survivors on day 60 after challenge.
bThe organ and number of mice from which had bacteria were detected.
cThe geometric mean (GM) and geometric standard deviation (GSD).
dNA, not applicable.
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TABLE 2 Total IgG response 6 days post-vaccination (day 44) in

C57BL/6 mice.

Antigena Groupsb IgGc

BpK PBS 79 (1.29)

Adjuvant 57 (1.27)

Conjugate+Hcp1 2,016 (2.25)

Conjugate+Hcp1+ AhpC 3,850 (2.36)

668 1ilvI 17,549 (1.64)

Hcp1 PBS 174 (1.34)

Adjuvant 83 (1.24)

Conjugate+Hcp1 145,645 (1.60)

Conjugate+Hcp1+ AhpC 55,452 (2.17)

668 1ilvI 126 (1.21)

CPS PBS 50 (1.00)

Adjuvant 50 (1.00)

Conjugate+Hcp1 70,086 (2.18)

Conjugate+Hcp1+ AhpC 64,101 (1.79)

668 1ilvI 60 (1.20)

AhpC PBS 55 (1.12)

Adjuvant 50 (1.00)

Conjugate+Hcp1 66 (1.17)

Conjugate+Hcp1+ AhpC 200,316 (1.49)

668 1ilvI 60 (1.15)

OPS PBS 55 (1.12)

Adjuvant 50 (1.00)

Conjugate+Hcp1 174 (1.43)

Conjugate+Hcp1+ AhpC 276 (1.44)

668 1ilvI 2,660 (1.54)

Bm FMH PBS 57 (1.14)

Adjuvant 50 (1.00)

Conjugate+Hcp1 8,063 (1.89)

Conjugate+Hcp1+ AhpC 53,283 (2.78)

668 1ilvI 764 (1.83)

aWells were coated with the indicated antigen.
bn= 5 animal sera per group.
cValues represent the GM and GSE IgG titers.

differences in clinical presentations underscore the complexity

of melioidosis and the challenges with vaccine protection.

Bacteriology

The number of viable bacteria present in the blood, lungs,

and spleens of six animals per group were determined on day

3 post-challenge. The only mice with detectable bacteria in the

bloodstream were two Adjuvant control mice (1.00 and 4.00

× 102 CFU/ml) as shown in Figure 3. The geometric mean

(GM) concentration of bacteria in the lungs of the PBS and

Adjuvant controls was of 2.00 × 107 and 1.90 × 107 CFU/g,

respectively; and the concentrations were 100–1,000-fold lower

(1.30–5.40 × 104 CFU/g of lung tissue) in the vaccine groups

(Figure 3), p = 0.015–0.002. The results suggest that by 3 days

after challenge the vaccinated animals are able to clear or

reduce the Bp infection quicker than the unvaccinated control

animals. The spleens of the PBS and Adjuvant control animals

had GMs of 1.64 × 104 and 1.00 × 104 CFU/g, respectively,

there were at least three logs fewer bacteria in spleens of the

three vaccine groups (GMs of 0.23–1.00 × 101 CFU/g), all of

which were significantly lower than the controls (p = 0.009–

0.002), as shown in Figure 3. Splenic clearance was best in

the 668 1ilvI and Conjugate + Hcp1 + AhpC vaccinated

groups in which only one and two mice, respectively, had

detectable bacteria. Thus, an increased rate of bacterial clearance

in the blood, lungs and spleens at day 3 post-challenge was

associated with the increased survival rate of the vaccinated

animals as compared to the controls (Figure 2). The number

of viable bacteria present in the blood, lungs and spleens of all

surviving mice were also determined on day 60 post-challenge

(Table 1). Three Conjugate + Hcp1 survivors had a high GM

concentration (1.34× 107 CFU/g of lung) whereas lung samples

from two Conjugate + Hcp1 + AhpC or 668 1ilvI vaccinated

mice had approximately four logs less, i.e., GM concentrations

of 1.14–2.51× 102/g.

Serum antibody responses

Antibody titers to six antigens were assessed by ELISA

on sera collected at two time points before aerosol challenge.

Table 2 shows the total IgG responses 6 days after the last

vaccine dose (day 44). The mean anti-BpK titer induced by the

LAV 668 1ilvI vaccine was significantly greater than those of

the control groups (p = 0.0079); the 668 1ilvI anti-BpK titer

was also 4.6× and 8.7× higher than the subunit (+/– AhpC,

respectively)-vaccinated mice, but these were not significant. In

contrast, the anti-Bm FMH titers of the two subunit groups

were substantially higher than that of the 668 1ilvI mice, with

p = 0.016 and 0.055, respectively for each subunit titer vs.

668 1ilvI titer. As expected, sera from the 668 1ilvI mice

were more responsive to the OPS antigen. The two subunit

vaccines induced the highest titers to the Hcp1 and CPS antigens

compared to the two controls and 668 1ilvI (p = 0.0079);

the differences in GM titers between these three latter groups

were negligible and not significant. Also, the anti-Hcp1 titers of

the Conjugate + Hcp1 group were more than 2.6-fold higher

than those of the Conjugate + Hcp1 + AhpC vaccinated mice,

although they were not significantly different. As expected, the

only mice exhibiting a substantial antibody response to AhpC

were those vaccinated with Conjugate + Hcp1 + AhpC, with

a mean reciprocal dilution titer of 200,316 (p = 0.0079 for all

comparisons) (Table 2).

The total IgG responses of the mice 4 weeks after the last

vaccine dose (day 65) are presented in Table 3. For most of the

antigens, the titers were similar to those determined 6 days after

vaccination. The mean day 65 anti-BpK titer of the 668 1ilvI-

vaccinated mice were 2-fold higher than that of day 44, though
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TABLE 3 Total IgG and subclass responses 28 days post-vaccination (day 65) in C57BL/6 mice.

Antigena Groupsb IgGc IgG1 IgG2c IgG2c/IgG1 ratio

BpK PBS 52 (1.08) 50 (1.00) 50 (1.00) 1.00

Adjuvant 50 (1.00) 50 (1.00) 50 (1.00) 1.00

Conjugate+Hcp1 3,055 (2.49) 9,670 (3.34) 553 (2.36) 0.06

Conjugate+Hcp1+ AhpC 3,510 (2.57) 17,521 (3.30) 1,106 (1.77) 0.06

668 1ilvI 33,513 (1.76) 16,783 (2.06) 7,699 (2.41) 0.46

Hcp1 PBS 100 (1.26) NDd – ND – –

Adjuvant 79 (1.21) ND – ND – –

Conjugate+Hcp1 844,485 (1.36) 53,031 (1.96) 559,801 (1.79) 10.56

Conjugate+Hcp1+ AhpC 92,625 (1.64) 22,146 (3.37) 88,442 (1.22) 4.00

668 1ilvI 83 (1.20) ND – ND – –

CPS PBS 50 (1.00) ND – ND – –

Adjuvant 52 (1.08) ND – ND – –

Conjugate+Hcp1 84,049 (2.55) 193,399 (2.80) 23,193 (2.16) 0.12

Conjugate+Hcp1+ AhpC 66,499 (1.81) 153,501 (2.38) 13,300 (1.68) 0.09

668 1ilvI 50 (1.00) ND – ND – –

AhpC PBS 50 (1.00) ND – ND – –

Adjuvant 50 (1.00) ND – ND – –

Conjugate+Hcp1 63 (1.21) ND – ND – –

Conjugate+Hcp1+ AhpC 306,033 (1.49) 769,936 (0.43) 5,554 (1.73) 0.01

668 1ilvI 50 (1.00) ND – ND – –

OPS PBS 66 (1.22) ND – ND – –

Adjuvant 50 (1.00) ND – ND – –

Conjugate+Hcp1 166 (1.35) ND – ND – –

Conjugate+Hcp1+ AhpC 159 (1.47) ND – ND – –

668 1ilvI 26,642 (1.61) 9,204 (2.68) 4,422 (2.36) 0.48

Bm FMH PBS 76 (1.29) ND – ND – –

Adjuvant 50 (1.00) ND ND – –

Conjugate+Hcp1 5,303 (1.70) 5,807 (3.86) 1,106 (2.29) 0.19

Conjugate+Hcp1+ AhpC 8,418 (2.09) 9,233 (3.66) 665 (1.32) 0.07

668 1ilvI 4,222 (1.57) 419 (1.79) 579 (2.40) 1.38

aWells were coated with the indicated antigen.
bn= 5 animal sera per group.
cValues represent GM and GSE IgG titers.
dnd= not determined since total IgG titer was ≤ limit of detection (∼50).

not significantly different. Similar to the day 44 findings, the 668

1ilvI day 65 mean titer to inactivated Bm FMHwas 8-fold lower

than that to BpK (4,222 vs. 33,513 reciprocal titer, respectively).

Also, the 668 1ilvI anti-Bm FMH level was similar to, and not

significantly different from, the anti-Bm FMH responses of the

two subunit vaccines. As expected, the two subunit vaccines

exhibited increases in titers to Hcp1 at day 65. Notably, the day

65 anti-Hcp1 titer of the Conjugate+Hcp1 group was nearly 6-

fold greater than that at day 44 (p = 0.0079), although relative

to day 44, the increase in anti-CPS titers for the two subunit

vaccines on day 65 was negligible. Sera from the LAV group

again exhibited a deficiency in humoral immunity to Hcp1 and

CPS antigens. The elevated anti-OPS IgG levels of the 668 1ilvI

group observed with the day 44 sera were accentuated for the day

65 sera.Whereas, the subunit vaccine groups had anti-OPS titers

that were only slightly higher than the controls (p = 0.024 and

0.119, for subunit vaccines without/with AhpC, respectively)

(Table 3). Lastly, the Conjugate + Hcp1 + AhpC group was

again uniquely reactive to AhpC antigen and produced very high

anti-AhpC titers.

In addition to total IgG, subclass IgG1 and IgG2c antibody

responses were assessed with the sera obtained before challenge

(day 65). Both of the conjugate subunit vaccines induced IgG1

titers to inactivated BpK and Bm FMH antigens that were

much higher than the corresponding IgG2c antibody levels

(Table 3). In contrast, the 668 1ilvI-induced IgG1 and IgG2c
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subclass antibody titers to these whole cells were not significantly

different (Table 3); and not surprisingly, the LAV-vaccinated

mice exhibited a higher IgG2c/IgG1 ratio to BpK than did

subunit-vaccinated mice. The 668 1ilvI IgG titers to Hcp1 and

CPS were too low for evaluation, but the anti-CPS antibody

subclass ratios of the subunit vaccines were highly Th2 skewed

(as were the anti-AhpC IgG2c responses from the Conjugate +

Hcp1 + AhpC vaccine). Conversely, the anti-Hcp1 IgG2c/IgG1

ratios of the subunit vaccines exhibited Th1 polarity, with IgG2c

levels that were four-fold (Conjugate + Hcp1 + AhpC) and

ten-fold (Conjugate + Hcp1) higher than the IgG1 titers. This

response had been observed previously in vaccinated C57BL/6

mice, i.e., Conjugate + Hcp1 vaccine induced a moderately

Th1 polar subclass response, with an IgG2c/IgG1 ratio of 2.2.

Finally, the titers of the subunit vaccines to the OPS antigen

were too low to be evaluated in the subunit vaccines as the

mice were not vaccinated with the OPS antigen and the low

titers could be a consequence of cross-reactivity between O-

acetyl groups on CPS and OPS. However, the antibody subclass

ratio of 668 1ilvI suggested a balanced Th1/Th2 response to

OPS (IgG1 and IgG2c titers not significantly different). Thus,

significant differences were observed in the relative IgG1 and

IgG2c antibody responses, depending on the vaccine group and

the antigen examined.

Cell-mediated immune responses: Cytokines
produced by splenocytes

Samples from vaccinated animals were collected at various

time-points pre- and post-challenge for ELISpot and Luminex

restimulation assays (spleen cells) and for cytokine profiling

(spleen and lung homogenates). Six days after the last vaccine

dose (day 44), spleens were removed from mice in each

group and the splenocytes stimulated with Hcp1 or AhpC.

ELISpot was used to assess the number of IFN-γ secreting

cells. Table 4A shows the highest number of IFN-γ secreting

splenocytes after Hcp1 stimulation were produced by the

Conjugate + Hcp1 vaccine group (49 SFC), followed by the

Conjugate + Hcp1 + AhpC vaccine group (39 SFC); both

were significantly greater than the PBS control SFCs; the

number of SFCs after Hcp1 stimulation of the 668 1ilvI group

did not differ from those of the controls (Table 4A). The

addition of AhpC to the Conjugate+Hcp1 vaccine formulation

appeared to diminish the response to Hcp1; however, the

difference was not statistically significant (Table 4A). The low

levels of IFN-γ secreting splenocytes after Hcp1 stimulation

in the 668 1ilvI group suggests that this vaccine produced

relatively low levels of Hcp1. Table 4B shows the highest

number of IFN-γ secreting splenocytes after AhpC stimulation

were exhibited by the Conjugate + Hcp1 + AhpC vaccine

group (1,010 SFC). There was some residual activation in

the Conjugate + Hcp1 vaccinated group (93 SFC) after

stimulation with AhpC, and it was greater than that of the

Adjuvant controls (p = 0.0084). The small number of IFN-γ

secreting splenocytes after AhpC stimulation in the 668 1ilvI

group was not significantly different from that of the PBS

control, and suggests that these vaccines produced relatively low

levels of AhpC. The relative differences in numbers of IFN-

γ -producing splenocytes after Hcp1 and AhpC stimulation

were congruent to the differences in IFN-γ concentrations

in splenocyte culture supernatants as determined in luminex

assays, as described below.

Multiplex cytokine analysis was performed with splenocytes

obtained 6 days post-vaccination (day 44) and restimulated.

After Hcp1 stimulation, cytokine production was enhanced the

greatest overall for the Conjugate + Hcp1 group, followed in

descending order by responses of the Conjugate + Hcp1 +

AhpC, and 6681ilvI groups, as shown by the profiles of cytokine

concentration and fold-increase relative to PBS; the color scale

indicates the extent of increase (green) or decrease (red) relative

to the control value (Table 5A). In the subunit vaccinated mice,

four cytokines were stimulated to the greatest extent compared

to the controls: MCP-3/CCL7, MCP-1/CCL2, IP-10/CCX-10,

and IFN-γ (p < 0.0001–0.0497). These four cytokines were

not significantly increased compared to the PBS group in 668

1ilvI, and MCP-3 was produced at significantly reduced levels,

p < 0.0001. IL-13 levels were highly elevated in all three

vaccine groups compared to the PBS control, however it was

also stimulated in the Adjuvant control. IL-23 was upregulated

uniquely in the 668 1ilvI splenocytes (p < 0.0001), while

Eotaxin/CCL11 was down regulated in all three vaccine groups.

AhpC stimulated a higher overall cytokine response relative

to Hcp1 stimulation, and the levels were greatest for the

Conjugate+Hcp1+AhpC group, followed in descending order

by responses of the Conjugate + Hcp1, and 668 1ilvI groups,

as shown by comparison of cytokine levels (pg/ml) and the

fold-increase relative to PBS (Table 5B). Cytokine levels were

downregulated most often and to the greatest extent in the 668

1ilvI group; however, IL-13 was again upregulated, much like

after Hcp1 stimulation, in the 668 1ilvI group. The level of IFN-

γ expressed by the AhpC-stimulated Conjugate+Hcp1+AhpC

group was notably much greater than that of the other 36

cytokines assayed (p < 0.0001). Thus, results from the multiplex

analyses support the inferences from the ELISpot results,

described above. Unlike the subunit vaccine responses, the levels

of many cytokines produced by the 668 1ilvI group were

reduced relative to the PBS control.

Splenocytes were also collected from the mice on day

65 and cytokine profiles determined. After Hcp1 stimulation,

the relative findings for the vaccine groups were similar to

those assayed post-vaccination (day 44), however there was

a decrease in the overall cytokine response from day 44 (6

days post boost) to day 65 (Supplementary Table 1A). For

instance, analogous to the day 44 findings, IFN-γ levels were

significantly enhanced over the controls in the two subunit

vaccines (p ≤ 0.0022), although differences were not as great
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TABLE 4 IFNγ-secreting splenocytes detected after stimulation 6 days post-vaccination (day 44) with Hcp1 or AhpC.

Parameter PBS Adjuvant Conjugate + Hcp1 Conjugate + Hcp1 + AhpC 668 1ilvI

A—Stimulation with 5 µg Hcp1

Spot forming cells (SFC)a 4 (1.25) 7 (1.29) 49 (2.00) 39 (1.50) 2 (1.38)

vs. Adjuvantb 0.2732

vs. Conjugate+Hcp1b 0.0231 0.0426

vs. Conjugate+Hcp1+ AhpCb 0.003 0.008 0.7989

vs. 668 1ilvIb 0.1082 0.027 0.0075 0.0006

B—Stimulation with 5 µg AhpC

Spot forming cells (SFC)a 11 (1.18) 12 (1.46) 93 (1.57) 1,010 (1.33) 8 (1.46)

vs. Adjuvantb 0.8609

vs. Conjugate+Hcp1b 0.0064 0.0084

vs. Conjugate+Hcp1+ AhpCb
<0.0001 <0.0001 0.0032

vs. 668 1ilvIb 0.4079 0.4266 0.003 <0.0001

aThe splenocyte response was assessed as spot forming cells (SFC), adjusted to 106 cells per well. Values represent GM and GSE.
bThe groups (n= 5) were compared using the Welch’s t-test on log-transformed data; p values are shown for the five sets of comparisons.

as compared to day 44. This was again not elevated in the

668 1ilvI group. Also, the MCP-3/CCL7 levels were again

notably elevated in only the subunit groups compared to both

control groups (Supplementary Tables 1A, 2). As before, the

cytokine stimulation induced by Hcp1 of the 668 1ilvI group

splenocytes was reduced for other cytokines such as IFN-γ, IL-

3, IL-2, TNF-α, and IL-10. Of interest, IL-31, a Th2-associated

cytokine, was upregulated to a significant extent (4.4–11.2-fold)

compared to the controls in all vaccine groups (p = 0.02–

0.0003). The response after AhpC stimulation was once more

greater in magnitude overall than that after Hcp1 stimulation

(Supplementary Table 1B); however only the AhpC-stimulated

cytokines expressed by the Conjugate + Hcp1+AhpC group

were elevated significantly compared to the PBS control, and

IFN-γ was the most notably upregulated (>1,200-fold greater

than PBS, p = 0.0001). Also, IL-13, IL-17A, IL-5, IP-10, IL-4,

and numerous other Th1- and Th2-associated cytokines were

markedly increased relative to PBS in Conjugate + Hcp1 +

AhpC vaccinated mice, p < 0.0001 (Supplementary Tables 1, 2).

Cell-mediated immune responses: Cytokines
produced in tissue homogenate supernatants

Homogenates of lungs and spleens collected on day 44

and 65 were prepared and supernatants assessed directly for

cytokine responses. For lung and spleen homogenates at both

time-points, the extent and relative amounts of cytokines

expressed were generally similar between the vaccine and

control groups (data not shown). For the samples collected 6

days post-vaccination (day 44), there were small but significant

differences in levels relative to PBS (p < 0.05) for some of

the cytokines. However, none of the differences were greater

or lesser by at least 2-fold (i.e., >2.0x or <0.5x) relative to

the PBS and Adjuvant controls. The day 65 lung and spleen

samples from the 668 1ilvI vaccinated group had the largest

number of cytokines that were moderately upregulated relative

to PBS (Supplementary Tables 2A,B). This situation was possibly

related to prolonged antigen retention associated with live

vaccine growth and persistence relative to its subunit vaccine

counterparts or differences in antigen trafficking based on the

type of antigen and site of administration (O’Callaghan et al.,

1988; Fuller et al., 2000; Johansen et al., 2008).

Cytokine profiles of lung and spleen homogenates from

all groups of mice were also assessed at 3 days post-challenge

with Bp K96243. All the differences in cytokines levels relative

to the control groups cited below were significant, p<0.05, as

detailed in Table 6, and illustrated in Figure 4. The Luminex

results indicate that, relative to the PBS and Adjuvant controls,

13 cytokines (IL-6, IL-1α and 1β, G-CSF, GM-CSF, M-CSF,

IL-10, Gro-alpha, MIP-1α and 2α, TNF-α, LIF, and IL-

31) were significantly suppressed in all vaccinated groups

(Figure 4, Table 6). However, IFN-γ and IL-22 were substantially

upregulated in all three vaccine groups, especially 668 1ilvI.

IFN-γ was increased 3.0- to 3.4-fold in the Conjugate + Hcp1

subunit groups and 14.8-fold in 668 1ilvI homogenates; and

IL-22 was significantly elevated compared to PBS in 668 1ilvI

(3.2-fold), as shown in Figure 4 and Table 6. Overall, a more

controlled cytokine response stimulated by infection appeared

to mirror the better protection (compared to the controls)

afforded by the subunit and 668 1ilvI vaccine groups against

inhalational melioidosis.

The cytokine profiles of spleen homogenates from mice 3

days after challenge were also examined. In all three vaccine

groups, cytokine G-CSF/CSF-3 was highly suppressed (p ≤

0.011); and IL-10 was significantly down-regulated in the

Conjugate + Hcp1 + AhpC and 668 1ilvI groups (p =

0.02–0.04) and reduced but not significantly in Conjugate

+ Hcp1 mice. In contrast to the lung homogenate profile,
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TABLE 5 The fold change relative to PBS group in cytokine responses in splenocytes obtained 6 days after vaccination (Day 44) and stimulated with Hcp1 or AhpC antigen.
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TABLE 6 Fold change relative to PBS in cytokine responses in lung homogenates frommice three days post-challenge with Bp K96243.
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FIGURE 4

Cytokine analysis of lung homogenates from vaccinated mice collected 3 days after challenge with a 3.4 LD50 dose of Bp K96243. Cytokine

levels are depicted as pg/ml homogenate supernatant.

IFN-γ was significantly suppressed in both subunit groups,

Conjugate + Hcp1 (p = 0.03) and Conjugate + Hcp1 +

AhpC, p = 0.007, but not significantly reduced in the 668

1ilvI group (Supplementary Figure 3, Supplementary Table 3).

Thus, the spleen post-challenge cytokine data again appeared

to be associated with the substantial protection afforded by the

vaccines as evidenced by better control of the infection-induced

cytokine release than was observed in the control mice.

The relative changes in cytokine levels for pre-challenge

(day 65) compared to day 3 post-challenge lung and spleen

samples were determined, as illustrated in Table 7 (lung) and

spleen (Supplementary Table 4). The changes in lung cytokines

revealed increased levels of IFN-γ for post-challenge relative to

pre-challenge in all five mice groups but was most pronounced

in the three vaccine groups. The increases ranged from 20-

to 26-fold for the Adjuvant and PBS groups (not significant),

86- to 87-fold for the two subunit vaccine groups (p = 0.0496

for Conjugate + Hcp1 + AhpC), and nearly 200-fold for

668 1ilvI (p = 0.004). Although cytokines IL-18 and IL-22

were uniformly more elevated in all five groups on day 3

post-challenge compared to pre-challenge, the increases were

not statistically different (Table 7). However, for many of the

cytokines examined, the cytokine levels in the control group

were highly increased in the post-compared to pre-challenge

homogenates, in contrast to the lesser, more controlled increases

(or decreases) in the subunit- and LAV-vaccinated group post-

challenge samples. These findings were observed especially

for Gro-α/CXCL1, MIP-1α, IL-1β, IL-1α, TNFα, IL-6, M-

CSF, IL-10, GM-CSF, and IL-31. The pattern of changes in

cytokines detected in the spleen homogenates of the vaccinated

and control mouse groups was similar; and the fold-changes

in the before-exposure relative to after-exposure levels were

generally much greater for the PBS and Adjuvant control

groups than for the subunit and 668 1ilvI vaccine groups.

The results suggest that the unvaccinated mice responded to

virulent challenge with an uncontrolled cytokine response,

which was better modulated in all three vaccine groups;

exceptions included enhanced production by the latter groups of

a few potentially protective cytokines, especially IFN-γ and IL-

22.

Comparison of melioidosis vaccines
against B. mallei FMH and B.

pseudomallei strain MSHR5855 in a
C57BL/6 mouse aerosol model of
infection

In further studies, we compared the protection afforded by

two of the candidates, 668 1ilvI and Conjugate+Hcp1, against
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TABLE 7 Fold change in cytokine levels post-challenge with Bp K96243 in lung homogenates relative to day 65 (pre-challenge) samples.

infection by Bm strain FMH and the highly virulent Bp stain

MSHR5855. The vaccines were prepared and administered to

C57BL/6 mice in accordance with the scheme described for the

preceding study. We chose to use the MSHR5855 strain in these

studies so that we could evaluate the vaccine efficacy in a clinical

isolate from Northern Australia with documented neurological

involvement in non-human primates (Trevino et al., 2021). This

is in contrast with the K96243 isolate, a common laboratory stain

that was originally a clinical isolate from Thailand.

E�cacy

Two aerosol exposures were done for both challenge strains,

and the survival data of the two exposures combined (n =

20). The inhaled doses of Bm FMH were 4 LD50 and 11

LD50 (mean 7.5 LD50); and for Bp MSHR5855 challenges,

the inhaled doses were 11 LD50 and 12 LD50. The subunit

and LAV both afforded significant protection compared to the

Adjuvant controls against lethal aerosol exposure to Bm FMH

as determined by the survival rates and mean TTMs (Figure 5A,

Supplementary Figure 4A). By the study endpoint (day 60 post-

challenge), 85 and 80% of the 668 1ilvI- and Conjugate +

Hcp1-vaccinated mice, respectively, survived the mean exposure

dose whereas 25% of the controls survived [Figure 5A (p =

0.0012 and 0.0038, respectively)]. The survival rates diverged

early post-exposure. The survival rate of the 668 1ilvI mice

was greater than that of the Adjuvant controls by day 7 (p

= 0.0108), and at day 21 post-challenge, the 668 1ilvI and

Conjugate + Hcp1 group rates were both increased compared

to that of the controls (p < 0.0001 and 0.0012). The TTMs
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FIGURE 5

(A) Survival curves of vaccinated and control C57BL/6 mice (n =

20/group) challenged with Bm FMH by the aerosol route. Mice

were exposed to 4 LD50 or 11 LD50 in two separate aerosol

exposures of ten mice per group. (B) Survival curves of

vaccinated and control C57BL/6 mice (n = 20/group)

challenged with Bp MSHR5855 by the aerosol route. Mice were

exposed to inhaled doses of 11 LD50 or 12 LD50 in two separate

aerosol exposures of ten mice per group.

were also increased for the vaccinated mice, i.e., 26.5 days for

668 1ilvI, 17.2 days for Conjugate + Hcp1, and 6.1 days for

the control group (p < 0.0001, LAV, and p = 0.0003, subunit

vaccine) as shown in Supplementary Figure 4A. The mean TTM

of the 668 1ilvI -vaccinated mice was greater than that of the

subunit-vaccinated mice, but the difference was not significant.

The vaccines appeared to be partially protective against the

virulent Bp MSHR5855 strain at the 60 day endpoint. The

survival rates were 40% (668 1ilvI) and 35% (Conjugate +

Hcp1) compared to the control survival rate of 15%, but were

not significantly different (Figure 5B). Nonetheless, the survival

rate at an earlier time post-exposure (day 21) for the Conjugate

+ Hcp1-vaccinated mice was greater than that of the Adjuvant

controls (p = 0.056). Also, the TTMs at the study endpoint

of the vaccinated mice were longer than that of the controls

(Supplementary Figure 4B), i.e., 24.1 days for 668 1ilvI, 27.5

days for Conjugate+Hcp1, and 15.1 days for the control group,

with p=0.018 for both vaccine groups.

Bacteriology

B. mallei FMH-challenged mice

The number of viable bacteria present in the blood, spleens,

and lungs of animals per vaccine group were determined on

day 3 post-challenge. For the Bm FMH-challenged groups, the

only mice with detectable bacteria in the bloodstream were

two Adjuvant control mice (10 and 30 CFU/ml) as shown in

Figure 6A. The lung samples were the most heavily colonized in

all groups, i.e., the controls had a mean of 8.8x105 CFU/g and

the vaccinated mice had a >2 log lower burden of bacteria, 8.8

× 103 (Conjugate + Hcp1) and 1.1 × 103 CFU/g (668 1ilvI), p

= 0.0008 and p < 0.0001, respectively. The lung counts of the

two vaccine groups were not significantly different. Similarly,

whereas the controls harbored a mean of 3.5 × 103 CFU/g

spleen, only 6.5 and 39 CFU/g spleen were recovered from the

spleens of the Conjugate + Hcp1- and 668 1ilvI- vaccinated

mice (p < 0.0001 and p = 0.0002, respectively); mean spleen

counts for the two vaccine groups were again not significantly

different, as shown in Figure 6A. The number of viable Bm

FMH present in these tissues of mice that survived 60 days after

aerosol exposure was also determined and most survivors had

no recoverable CFU in lungs; however, spleens were still positive

in some mice of all groups (Supplementary Table 5).

B. pseudomallei MSHR5855-challenged mice

The bacterial burden in the blood, lungs, and spleens of

mice sampled at day 3 post-challenge with Bp MSHR5855 was

also examined (Figure 6B). None of the mice had detectable

bacteria in the blood. As observed for Bm, the lung samples

were again the most heavily colonized; however, whereas the

Adjuvant controls and Conjugate + Hcp1 vaccinated mice had

means of 1.4 × 104 and 3.2 × 104 CFU/g lung respectively,

the 668 1ilvI vaccinated mice had a nearly two log lower

mean count, 7.2 × 102 CFU/g lung, p = 0.043 and p =

0.0011, respectively. The spleen burden was less than that

of the lungs, probably reflecting the time lag for systemic

dissemination of the bacteria from the lungs. There were no

detectable organisms in all twelve 668 1ilvI-vaccinated mice

and all except one Conjugate + Hcp1-vaccinated mouse (21

CFU/g); five of the controls had low CFU levels with a mean

of 8.3 CFU/g, significantly greater than that for both groups

of vaccinated animals (p = 0.0373). As observed for the Bm

challenge, these early post-challenge CFU data appeared to

parallel the greater early phase survival after Bp MSHR5855

challenge of the vaccinated mice (especially those receiving 668

1ilvI) compared to controls.

The number of viable Bp MSHR5855 present in the tissues

of survivors at the end of the 60-day post-challenge period was

assessed. There were no viable bacteria detected in the blood and

spleen of any survivor of the three groups. The lungs revealed

low levels in a few mice, but CFU were not recovered from most

of the mice. Due to the low overall recovery of Bp MSHR5855

from tissues, there were no statistical differences. However, we

approached achieving sterile immunity at 60 days in MSHR5855

challenged mice, with no CFU recovered from blood and spleen

of any vaccinated mice. CFU were only detected in lungs of 2

of 7 Conjugate + Hcp1 survivors and in 1 of 8 remaining 668

1ilvI mice.
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FIGURE 6

(A) The recovery of bacteria as determined by CFU counts from blood, spleens and lungs of C57BL/6 mice 3 days post-challenge with Bm FMH.

The combined results for both challenges are shown (n = 10–11 mice/vaccine group). (B) The recovery of bacteria as determined by CFU

counts from blood, spleens and lungs of C57BL/6 mice 3 days post-challenge with Bp MSHR5855. The combined results for both challenges are

shown (n = 12 mice/group). The left axis represents CFU/ml (Blood) or CFU/g (Lung and Spleen). The individual points represent one animal,

and the baseline points indicate the remaining survivors with no detectable CFU. The diamond-shaped symbol and vertical line are the GM and

GSD, respectively. The limits of detection were ∼10 CFU/ml (blood) and 5 CFU/g (organs).

Cell-mediated immune responses

Cytokine profiles of lung and spleen homogenates from

the mice were determined by Luminex analysis on day 3

post-challenge with Bm FMH and Bp MSHR5855, as shown

in Tables 8, 9. The Luminex-based cytokine profiles of lung

and spleen homogenates from all three groups of mice were

assessed at 3 days post-challenge with 11 LD50 (431 CFU)

of Bp MSHR5855 and 11 LD50 (1.12 × 104 CFU) of Bm

FMH. For the animals challenged with Bm FMH, there was

a noticeable increase in IL-17A, IFN-γ, IL-22, IL-4, IL-3, and

IL-5 in the lungs in both vaccine groups. The response was

greater in the Conjugate + Hcp1-vaccinated mice than the

668 1ilvI-vaccinated mice (Table 8 and data not shown); the

color scale indicates the extent of increase (green) or decrease

(red) relative to the control value. IL-1β, G-CSF, MIP-2, MIP-

1α, and MIP-1β were down-regulated in both vaccine groups,

but these cytokines were even more down-regulated in the 668

1ilvI relative to Conjugate + Hcp1 vaccinated group. There
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TABLE 8 Fold change on day 3 post-challenge relative to Adjuvant

group of lung homogenates from vaccinated mice challenged with

Bm FMH.

TABLE 9 Fold change on day 3 post-challenge relative to adjuvant

group of lung homogenates from vaccinated mice challenged with Bp

MSHR5855.
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was very limited upregulation of the cytokines detected in the

spleen homogenates at 3 days post-challenge with Bm FMH,

with no cytokines transcending a two-fold increase, but G-CSF,

IFN-γ, IL-5, and GM-CSF were downregulated in both vaccine

groups based on at minimum a two-fold reduction (p ≤ 0.5;

Supplementary Table 6).

The cytokine profiles of lung and spleen homogenates at

three days post-challenge with Bp MSHR5855 were similar

to the profiles generated following the Bm FMH challenge.

Interestingly, contrary to the Bm FMH challenge, the IFN-

γ, IL-4, IL-18, and IL-22 cytokine responses were greater

in the 668 1ilvI vaccine group relative to the Conjugate +

Hcp1 vaccine group after the Bp MSHR5855 challenge (Table 9,

Supplementary Table 7); the presence of IL-22 in vaccinated

mice may feasibly promote recovery post-challenge (Alcorn,

2020).

Discussion

Vaccine candidates for the pathogenic
Burkholderia

A variety of defined proteins and polysaccharides, alone or

as conjugates, that elicit varying degrees of protection have been

previously assessed as potential vaccine components. These are

exemplified by T3SS proteins (such as Bip), T6SS proteins (such

as Hcp1), proteases, outer membrane proteins (OMPs, LolC),

CPS, and LPS or purified OPS (Harland et al., 2007; Chin et al.,

2012; Scott et al., 2014a,b, 2016; Gregory et al., 2015; Casey et al.,

2016; Burtnick et al., 2018; Tomas-Cortazar et al., 2021). Hcp1

is required for assembly of the secretion apparatus and for the

export of the T6SS virulence proteins (Mougous et al., 2006;

Pukatzki et al., 2007; Brunet et al., 2014; Lim et al., 2015). Hcp1

is immunogenic and serodiagnostic for infection; the protein

and anti-Hcp1 antibodies are present in melioidosis patient sera

(Burtnick et al., 2011; Lim et al., 2015; Pumpuang et al., 2017;

Phokrai et al., 2018); and Hcp1 is a putative protective antigen.

The surface-associated polysaccharide antigens, CPS and

LPS, have been shown to be effective vaccine antigens (Nelson

et al., 2004; Silva and Dow, 2013; Titball et al., 2017; Wang

et al., 2020). They were shown to provide partial protection

against lethal infection by parenteral routes (but not inhalational

route) of exposure. However, although both antigens decreased

the bacterial burden of infected animals, they failed to produce

sterilizing immunity and failed to prevent chronic infection

(Silva and Dow, 2013; Wang et al., 2020). Polysaccharides

are known to be poor immunogens due to a lack of T cell

involvement and an inability to stimulate a memory response

and antibody class switching (Ishioka et al., 1992; Snapper,

2016). It has been shown that CPS and OPS immunogenicity

can be increased by conjugation to carrier proteins such as

tetanus toxoid protein fragment, flagellin proteins, BSA, Hcp1,

or the CRM197 protein, as described above (Burtnick et al.,

2012a,b, 2018; Scott et al., 2014a,b, 2016; Gregory et al., 2015;

Titball et al., 2017). The conjugation of CPS to the highly

immunogenic CRM197 protein carrier was protective in mice;

complete protection was achieved (35 days post-challenge) by

the inclusion of Hcp1; and remarkably, organs from the majority

of the vaccinated mice lacked culturable bacteria (Burtnick et al.,

2018). To potentially enhance efficacy of the capsule and Hcp1

combination, AhpC was added to the subunit combination in

the current investigation (Burtnick et al., 2018). AhpC was

strongly immunogenic for T cells from Bp-seropositive humans

across diverse HLA types, and it stimulated strong T cell

immunity in humanized HLA transgenic mice and humans

(Reynolds et al., 2015; Dunachie et al., 2017). Patients with acute

melioidosis who survived infection exhibited stronger T cell

responses to AhpC compared to non-survivors (Reynolds et al.,

2015; Dunachie et al., 2017). Although its effects on augmenting

the Conjugate + Hcp1 vaccine immune response in the current

effort were minor, Schmidt et al. have further characterized

AhpC as a novel vaccine candidate for melioidosis (Schmidt

et al., 2022).

Numerous LAV strains have been shown to be safe and

protective against melioidosis and glanders; however, sterile

immunity was not achieved reproducibly. The attenuation of

virulence was achieved by mutating genes encoding factors

required for virulence (e.g., hcp1 and the wcb operon) or for

biosynthesis of compounds essential for growth (e.g., amino

acids) and unavailable in the host, i.e., aroC, purM, asd, hisF, ilvI,

and tonB (Srilunchang et al., 2009; Warawa et al., 2009; Norris

et al., 2011; Silva et al., 2013; Hatcher et al., 2016; Amemiya et al.,

2019; Khakhum et al., 2019).

Several findings supported the selection of 668 1ilvI as a

prototype live vaccine for melioidosis. Atkins et al. characterized

Bp strain 2D2, which was also deficient in branched chain

amino acid syntheses (ilvI) and highly attenuated in mice

(Atkins et al., 2002). That strain was produced by transposon

insertion mutagenesis of wild type Bp strain 576, which has a

type B LPS. Alternately, the 668 1ilvI mutant has a complete

deletion mutation of ilvI in strain MSHR668, which has a type

A LPS. Type A LPS strains are far more prevalent than type B

LPS strains.

Comparison of protective e�cacy and
immune responses of the vaccine
candidates

Protective e�cacy

Our current and previous studies showed that the

experimental Conjugate + Hcp1 (+/–AhpC) vaccines or

the strain MSHR668-derived 668 1ilvI vaccine candidate

afforded significant protection against aerosol challenge with
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the challenge strain Bp K96243. The vaccines were somewhat

less protective against challenge with Bp MSHR5855 despite

exposure to similar inhaled LD50 equivalents. In contrast, both

vaccines produced strong protection against glanders. The 668

1ilvI -vaccinated mice had a more extended TTM in the early

phase of the glanders infection compared to the Conjugate +

Hcp1 vaccinees. However, despite the chronic and extended

course often observed for glanders and melioidosis, most

Burkholderia vaccine studies only monitor for protection for up

to 1 month after challenge. The unusually long post-challenge

monitoring period of the current studies emphasized the

durability of the vaccine protection, especially against Bm.

We routinely perform inhalational challenges using a whole

body-aerosol system, whereas some other studies have been

performed using nose-only exposure systems. While the whole-

body aerosol exposure system offers several logistical advantages

compared to nose-only systems (e.g., causing less stress on

the animals during exposure and allowing for the exposure of

more animals simultaneously in order to minimize variability),

it is important to note this difference between our study and

other published data (Stephenson et al., 1988; Yeh et al., 1990;

Oyabu et al., 2016). Differences in bacterial delivery strategies

are also potential topics of future work, particularly in context

of aerosolized B. pseudomallei and the diversity of clinical

presentations that appear several months after exposure and

cessation of the acute phase of disease.

Humoral immune responses

Using sera collected 28 days post-final vaccination, all

vaccines elicited differing but significantly elevated titers to

complex whole-cell killed antigens (BpK and Bm FMH), but

only the Conjugate + Hcp1 vaccines produced a significant

antibody response to the Hcp1 and CPS antigens (and to

the AhpC antigen in mice vaccinated with it). Protection of

the subunit-vaccinated mice was associated with the greatly

increased levels of anti-Hcp1 and anti-CPS antibodies compared

to the other groups, whereas protection of 668 1ilvI-vaccinated

mice was associated with elevated titers to BpK and OPS and

not to the three defined antigens (Hcp1, AhpC, and CPS). The

reduced responses by the 668 1ilvI group to inactivated Bm

FMH compared to that of BpK suggest that there are differences

in the surface antigen profiles of Bp and Bm. The humoral

responses assessed at an earlier time-point, i.e., 6 days after the

last vaccination, largely reiterated those observed pre-challenge.

The higher IgG2c/IgG1 ratios to the killed BpK and Bm

FMH antigens of the LAV group compared to the subunit

group suggested that 668 1ilvI elicited a stronger Th1 response,

possibly indicative of a greater role for cell-mediated immunity

(Philipovskiy and Smiley, 2007). The exceedingly high anti-

CPS IgG titers of the subunit vaccinated mice, and their lower

IgG2c/IgG1 ratio of anti-CPS antibodies compared to that of

the LAV, again implied that the subunit vaccines stimulated a

more Th2 polarized humoral response as opposed to the more

balanced or Th1 skewed responses elicited by LAV. However, the

anti-Hcp1 response in the Conjugate + Hcp1 vaccinated mice

appeared to be exceptionally Th1-polarized (high IgG2c/IgG1

ratio). Hence, the establishment and maintenance of discrete T

cell responses is antigen dependent.

The vaccine literature supports an association with

protection against lethal infection and the humoral antibody

responses to certain defined and whole-cell antigens, and this

association is dependent on vaccine type. The expression of

Hcp1 during infection and its preferential antigen presenting

cell binding activity reinforce both the role of Hcp1 alone in

adaptive immunity against melioidosis, as shown here and

previously, as well as its ability to significantly potentiate

protection when given in combination with the CPS antigen

(Burtnick et al., 2018). The protective capacity of anti-CPS

antibodies alone has also been associated with protection. For

example, vaccination of mice or hamsters with CPS or LPS

induced antibody-dependent protection (Nelson et al., 2004;

Silva and Dow, 2013; Scott et al., 2014a,b). Furthermore, passive

transfer of immune sera, or monoclonal antibodies against

these polysaccharides was also efficacious (Nelson et al., 2004;

AuCoin et al., 2012; Silva and Dow, 2013). In our studies, the

antibody titers to Hcp1 and CPS were associated with protection

afforded by only the defined subunit vaccines, whereas 668

1ilvI elicited high IgG titers to the OPS. These data suggest

that the CPS and LPS polysaccharides were not significantly

cross-reactive. Whereas, the LAV generated a robust response

against OPS, it did not induce a significant immune response to

CPS (or Hcp1). The lack of anti-CPS antibodies raised against

the LAV is not surprising and does not necessarily reflect the

level of CPS expressed by the strain. Our interpretation of these

data is that CPS is poorly immunogenic unless conjugated to a

carrier protein. This is in contrast to the LPS which stimulates

very robust responses against the O-antigen. The AhpC protein

is a proven immunostimulant (O’Riordan et al., 2012; Guo

et al., 2017). Moreover, the high IgG anti-AhpC titers detected

previously in patients with acute melioidosis suggested that

AhpC is immunogenic and expressed by Bp in vivo (Sengyee

et al., 2021). However, when incorporated with Conjugate +

Hcp1, the resulting anti-AhpC titers did not differ significantly

between survivors and non-survivors, and the humoral and cell-

mediated responses to this antigen were not clearly associated

with enhanced protection, as detailed below.

In the Bp K96423 challenge study, humoral responses to

whole-cell antigen BpK were more strongly associated with

protection by the LAV than by the subunit vaccines (this

association was not evident by the antibody responses to

inactivated whole Bm FMH, as described above). Earlier studies

also demonstrated that protection can be afforded by live or

inactivated whole-cell Burkholderia vaccines (Whitlock et al.,

2008; Sarkar-Tyson et al., 2009; Puangpetch et al., 2014; Wang

et al., 2020). The studies showed that inactivated whole cells
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induced high antibody titers but these did not correlate directly

with protection; it was hypothesized that other responses

involving CD4+ T cells may also play a role in protection

(Healey et al., 2005). Partial protection was elicited by heat-

and formaldehyde-inactivated Bp and both induced high IgG

titers to the vaccines (Puangpetch et al., 2014), but protection

correlated most closely with pre-challenge levels of IFN-γ. In

studies with a heat-killed Bm vaccine and mice depleted of B

cells, TNF-α or IFN-γ, Whitlock showed that protection against

lethal intraperitoneal infection by Bm required antibody and

cell-mediated immune responses (Whitlock et al., 2008).

Khakhum et al. demonstrated a major role of the humoral

immune responses in protection afforded by the 1tonB 1hcp1

LAVs against lethal infections of C57BL/6 mice with Bm and

Bp (Khakhum et al., 2019, 2020). These LAVs stimulated strong

production of Th1 and Th17 cytokines, i.e., IFN-γ and IL-

17A; however, T cell depletion studies showed that CD4+

and CD8+ T cells did not contribute significantly to vaccine-

associated protection. Furthermore, in previous studies with

a live attenuated purM mutant strain of Bp, survival was

dependent on humoral immunity. It was shown that sera with

high Ig titers passively transferred protection; mice lacking B

cells were not protected by the live vaccine; and depletion of

CD4+ or CD8+ T cells did not impact protection (Silva et al.,

2013). Alternate findings were reported by others in studies

conducted with live mutant auxotrophs of strain Bp MSHR668

in work performed in the sensitive BALB/c mouse model of

melioidosis. As observed in the present report, among several

mutants tested, the 668 1ilvI strains was among the most

efficacious after high dose intraperitoneal infection. In contrast

to the above studies, IgG class and subclass antibody responses

to these mutants did not correlate with the amount of protection

they provided. Splenocytes from mice vaccinated with 668 1ilvI

expressed higher amounts of IFN-γ after stimulation with Bp

antigens than cells from mice vaccinated with less protective

candidates (Amemiya et al., 2019).

Cellular immune responses

Infection with the pathogenic Burkholderia and prophylactic

vaccination are both known to stimulate cellular immune

responses (Silva and Dow, 2013), and in the current study,

these responses were evaluated using isolated splenocytes

and organ homogenates. Splenocytes collected pre-challenge

with Bp K96243 were stimulated with the Hcp1 and AhpC

antigens to assess changes in cytokine responses. Compared

to the Adjuvant controls, Hcp1 stimulation of the day 44

and 65 splenocytes upregulated numerous cytokines, most

prominently in the Conjugate + Hcp1 group, whereas cytokine

production was generally less stimulated or suppressed with

668 1ilvI splenocytes. There was a notable decrease overall in

the extent of cytokine production in the day 65 splenocytes

compared to day 44, yet the levels of a majority of the

cytokines tested in day 65 samples were upregulated by Hcp1

in the Conjugate + Hcp1 group relative to the other groups

(especially 6681ilvI), e.g., MCP-3, IL-17A, and IFN-γ andmany

others (Supplementary Table 1). These and others were down-

regulated in the 668 1ilvI group, with the exception of the

pronounced increase in IL-17A and IL-31. IFN-γ is the major

Th1 cytokine and is considered to be a correlate of immunity

to infection with Bp (Santanirand et al., 1999; Ketheesan et al.,

2002; Tippayawat et al., 2009; Silva and Dow, 2013; Jenjaroen

et al., 2015; Dunachie et al., 2017; Burtnick et al., 2018; Sengyee

et al., 2021). After infection, IFN-γ, mainly produced by NK

cells and CD4+ T cells, stimulates macrophage activation,

inducing high level of Th1 proinflammatory cytokines (e.g.,

IL-12, IL-2, IL-18, IL-27) and low levels of anti-inflammatory

molecules (Spellberg and Edwards, 2001; Varma et al., 2002;

Souza-Fonseca-Guimaraes et al., 2012; Kanevskiy et al., 2013).

This promotes immune responses that enhance macrophage

phagocytic ability to eliminate intracellular pathogens (Spellberg

and Edwards, 2001; Mosser and Edwards, 2008; Murray and

Wynn, 2011).

The low levels of IFN-γ secreting splenocytes after Hcp1

stimulation in the LAV group suggests that 668 1ilvI produced

lower levels of surface/excreted Hcp1 compared to the subunit

vaccine. A similar explanation may account for the markedly

elevated level of MCP-3 from the Hcp1-stimulated cells of the

Conjugate + Hcp1+/–AhpC mice, in contrast to the lack of

MCP-3 stimulation in those of the 6681ilvI group. However, IL-

17A was highly expressed in both the Conjugate+Hcp1 subunit

(days 44 and 65) and LAV groups (day 65). MCP-3 plays a role in

enhancing monocyte and neutrophil recruitment (Mercer et al.,

2014; Inaba et al., 2020). IL-17A and IL-22 are proinflammatory

Th17 cell cytokines that synergize to promote neutrophil

recruitment early after infection, and increase neutrophil

bactericidal activity via enhanced production of defensins

and calcium binding proteins, resulting in pathogen clearance

(Valeri and Raffatellu, 2016). Finally, an exception to the reduced

cytokine pattern of the 668 1ilvI group was observed for IL-31,

which was significantly more highly expressed in pre-challenge

cells after Hcp1-stimulation. IL-31 is a Th2-associated cytokine

with many activities, such as inducing MCP-3 secretion and

enhancing IL-17A effects on IL-6 and IL-8 regulation (Castellani

et al., 2010). The functions of the upregulated cytokines, as

well as the Th17 cell-associated antibacterial defenses, could be

associated with the more restrained overall cytokine response

after BpK96243 challenge of the vaccinated compared to control

mice, and the concomitantly increased subsequent protection

against infection.

Cytokine expression in unstimulated spleen and lung

homogenates before and after challenge was also evaluated in the

Bp K96243 study. For those obtained 6 days post-vaccination,

there was little or no enhanced expression of cytokines of

the vaccine groups relative to the PBS controls. The levels of

expression in the day 65 samples from the vaccinated mice were
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generally reduced compared to the Adjuvant control. However,

the day 65 collections from the 668 1ilvI group revealed the

uniquely increased expression of several cytokines. The IL-

3 and IL-13 levels of the lung homogenates were especially

enhanced in the 1ilvI mice (Supplementary Table 2A). IL-3,

a multifunctional T cell cytokine, is known to synergize with

the Th-2 associated cytokines IL-4 and IL-13 to promote the

alternative activation of mouse and humanmonocytes (Borriello

et al., 2015). Excessive levels of IL-13, and the functionally

related IL-4, are associated with increased allergic responses

(Th2 inflammation and asthma) and resistance to parasites;

the inclusion of inhibitory receptors of these Th2 molecules

in vaccines has augmented immunity to infections such as

HIV (Wijesundara et al., 2013; Ranasinghe et al., 2014; Bao

and Reinhardt, 2015). However, IL-13 has also been associated

with protection against murine bacterial sepsis and infections

such as listeriosis (Flesch et al., 1997; Cao et al., 2012).

The Conjugate + Hcp1 vaccine induces responses that more

specifically target Hcp1 and CPS, and which are Th1 and Th2

polarized, respectively, as suggested also by the anti-Hcp1 and

CPS antibody titers determined at the two time points. As

expected, vaccination with 668 1ilvI generated a more diverse

humoral response against BpK and OPS, and one that is more

Th1/Th2-balanced. The cytokine response of the day 65 668

1ilvI lung homogenates revealed a pattern of expression that

was more upregulated compared to that of the subunit groups,

which may be attributed to prolonged inflammation and antigen

persistence of the LAV relative to subunit vaccines.

Cytokine profiles of lung and spleen homogenates frommice

were also evaluated 3 days post-challenge with Bp K96243. The

three vaccine groups generally exhibited a significant reduction

in cytokine levels compared to the controls. Exceptions were

elevated IFN-γ and IL-22 cytokines in lung homogenates of

the vaccinated mice, most significantly for those receiving 668

1ilvI. The perturbations in cytokine concentrations were much

greater in the lung homogenates relative to spleen homogenates

partly due to limited dissemination of Bp K96243 to the spleen

at that time point. Aside from the anti-microbial effect of

IFN-γ the immunoregulatory functions may also play a role

since elevated IFN-γ levels in the vaccinated groups after

Bp K96243 challenge (day 79) may limit excessive neutrophil

infiltration into the lungs during the acute stages of infection,

with neutrophilia in the lungs being potentially indicative of

poor survival outcome due to suboptimal Th1mediated immune

response (Nandi and Behar, 2011; Bearss et al., 2017; Kanno

et al., 2019). IL-22 enhances lung tissue integrity and reduces

bacterial dissemination, specifically in the lungs; the increased

expression of IL-22 in vaccinated animals, together with elevated

IFN-γ, might serve as correlates of immunity. Upregulation of

IL-22 may be a compensatory mechanism to mitigate further

lung injury in 668 1ilvI vaccinated mice relative to subunit

vaccinated groups with lower levels of inflammation based on

day 65 lung cytokine levels (Pociask et al., 2013). These early

post-challenge increases in IL-22 and IFN-γ cytokines might

serve as correlates of immunity. They were associated with

the greater extent of protection (rate and duration of survival)

provided by both the Conjugate + Hcp1 vaccine and 668 1ilvI;

and with the lack of significant survival advantage associated

with AhpC (in these study conditions).

The cytokine responses post-challenge with Bp strain

MSHR5855 of the Conjugate+Hcp1- and 6681ilvI -vaccinated

mice largely reiterated those post-K96243 challenge, i.e., the

relative down-regulation of many cytokines compared to the

controls, in contrast to the enhanced IL-22 and IFN-γ levels.

Differences in responses afterMSHR5855 challenge compared to

those post-exposure to K96243 were observed, e.g., upregulated

IL-17A and greater overall production of several Th1 and Th2

cytokines by both 668 1ilvI and Conjugate + Hcp1 mice.

These differences were not clearly associated with differences in

vaccine-mediated protection and might instead be predictive of

reduced vaccine efficacy.

Lastly, the change in cytokine levels (spleen, lung) between

the pre-challenge and day 3 post-challenge levels of K96243-

infected mice was also significant. There was an overall

suppression (or reduced upregulation) of cytokine production

in vaccinated mice compared to control groups, suggesting that

the vaccines protected the mice against the destructive effects

of a cytokine storm (Tisoncik et al., 2012). This comparison

underscored the upregulated post-challenge expression of IFN-

γ and IL-22 in lung samples of vaccinated groups relative

to the levels in the control groups. With the exception of

IFN-γ, Conjugate + Hcp1 vaccine induced a higher overall

cytokine response and protection against K96243 relative to

the Conjugate + Hcp1 + AhpC and 668 1ilvI vaccine groups

(Table 7). In addition, greater induction of IL-18 in turn leads

to increased protective levels of IFN-γ while controlled IL-1β

upregulation mitigates excessive IL-1β dependent neutrophil

recruitment to the lungs and thereby limits lung injury

(Ceballos-Olvera et al., 2011).

Cytokine profiles of lung and spleen homogenates from

mice were also evaluated 3 days post-challenge with Bm. The

responses were comparable to those observed after Bp K96243

and MSHR5855 challenges, i.e., a pattern of upregulation of

a few cytokines such as IL-17A, IFN-γ, and IL-22, more so

for the Conjugate + Hcp1 than the 668 1ilvI group in Bm-

challenged mice, and with a larger number of cytokines being

down-regulated compared to controls.

The 668 1ilvI and Conjugate + Hcp1 vaccines are

intrinsically different prophylactics that appear to induce

humoral and cellular immune responses which are qualitatively

and quantitatively different, but similarly effective. Our findings

add to the growing evidence for immune correlates of

protection. In the current study, IFN-γ was highly induced

by Hcp1 in splenocytes of the subunit groups at both

the pre-challenge time points, as expected, and was highly

expressed in unstimulated lung homogenates collected after,
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but not before, challenge. In contrast, IFN-γ was not induced

in 668 1ilvI splenocytes by Hcp1, again suggesting a low

expression of this antigen by the LAV in vivo. However,

it was upregulated in the unstimulated pre-challenge (∼2-

fold), and especially post-challenge (∼15-fold), homogenates

from the 668 1ilvI vaccinees. These data confirm the role

of IFN-γ and IL-22 in immunity to melioidosis and appear

to suggest that the IFN-γ and IL-22 responses of lung

homogenates align most closely with protection afforded

with both the LAV and subunit vaccines. Much like with

Bp, IFN-γ, and IL-22 also appear to play a protective role

after Bm challenge in both the subunit and 668 1ilvI

vaccinated mice.

Vaccines and sterilizing immunity

We showed that by 3 days after challenge, the vaccinated

animals cleared or reduced the infection quicker than the

unvaccinated control animals. These data demonstrated an

inverse correlation between mouse survival and bacterial load

in the blood, spleens, and lungs on day 3 post-challenge.

The bacterial burden in the lungs and spleens also appeared

to correlate with the intensity of the cytokine response, as

discussed below. The bacteriological results of mice surviving

to day 60 were not as closely related to survival as were

the 3 day post-challenge data with the three strains, largely

due to the small number of positive cultures. Nevertheless,

a majority of mouse survivors vaccinated with Conjugate +

Hcp1 or 668 1ilvI had cleared infection with Bp K96243,

or greatly reduced the number of CFU of Bm FMH or Bp

MSHR5855, from all tissue types sampled. An important caveat

to these results is the fact that we sampled only blood, lungs,

and spleens. Due to the heterogeneous clinical presentation of

these organisms in the mouse model, it remains a possibility

that reservoirs of bacteria could be present in other tissues

(despite lack of gross evidence upon necropsy) or that the

bacteria may have entered a persistent or non-culturable state

(Pumpuang et al., 2011; Li et al., 2014; Lewis and Torres,

2016).

Conclusions

Past investigations suggested a compelling, though

not universal, role for humoral immunity in vaccine-

elicited protection in animal models of melioidosis (Nieves

et al., 2014; Titball et al., 2017; Khakhum et al., 2020).

Furthermore, Bp-specific antibody responses play a major

role in protection from lethal disease of infected people.

High titers of anti-Bp IgG2 in Thai patients with acute

melioidosis were associated with survival (Chaichana et al.,

2021). In other studies, Chenthamarakshan and coworkers

corroborated the predominance of IgG1 and IgG2 antibodies

specific for Bp in sera collected 1–3 weeks after onset of

illness from Malaysian patients (Chenthamarakshan et al.,

2001). High IgG3 titers to the Hcp1 and OPS antigens

correlated with survival in Thai patients. These and similar

human data will assist in guiding the selection of optimal

Burkholderia vaccines.

Our results of the Bp strain K96243 challenge trial

revealed an inverse association between excessive cytokine

production and vaccine-induced protection against lethal

infection; and the Bm FMH challenge study indirectly

supported this. The generally more controlled release in

mice of cytokines in vaccinated compared to controls

after K96243 aerosol challenge suggested that a cytokine

storm occurred in the PBS and Adjuvant control groups

with elevated levels of IL-6, Gro-α/CXCL1, IL-18, and

IL-1β. Increased IL-6 levels can lead to an acute phase

response (inducing expression of C-reactive protein and

fibrinogen, thereby enhancing localized infection) and is

correlated with the severity of sepsis (Damas et al., 1992;

Song et al., 2019). Gro-α/CXCL1 is a chemoattractant for

neutrophils, IL-18 is a Th1 pro-inflammatory cytokine and

IFN-γ inducer, and IL-1β is a pro-inflammatory cytokine

(Dinarello, 1996, 2000; Sawant et al., 2016). Thus, the

more controlled cytokine production in the 668 1ilvI- and

Conjugate + Hcp1-vaccinated groups, together with enhanced

production of cytokines suppressing bacterial dissemination

and promoting lung epithelial integrity such as IL-22 and

IL-17A (Valeri and Raffatellu, 2016; Alcorn, 2020), were

correlated with protection by the attenuated mutant and

subunit vaccines.

The cellular responses of patients with melioidosis have been

reported, and the findings may inform vaccine development. For

example, Krishnananthasivam et al. described differential gene

expression of key cytokines involved in human host responses

that can distinguish melioidosis cases from other infections

and from healthy individuals. They revealed that dysregulated

cytokine responses (upregulated Th2 and Th17 cytokine and

a downregulated Th1 cytokine response) compared to healthy

controls were predictive of disease severity, due to cytokine-

associated damage. Such changes in cytokine levels were

proposed to be potential diagnostic biomarkers for melioidosis

and for monitoring disease progression (Krishnananthasivam

et al., 2017). Others have characterized plasma levels and/or

mRNA expression of pro-and anti-inflammatory cytokines

in melioidosis patients for similar purposes. For instance,

levels of IFN-γ, IL-6, IL-8, IL-10, IL-23, and TNF-α were

reported to be higher in melioidosis cases compared with

healthy individuals (Kaewarpai et al., 2020; Sengyee et al.,

2021; Wright et al., 2021). All of them except IFN-γ were

associated with 28-day mortality. IL-8 provided the best

discrimination of mortality, and over time, non-survivors had

increasing IL-6, IL-8, and IL-17A levels, in contrast to survivors
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(Kaewarpai et al., 2020; Wright et al., 2021). Similarly, Sengygee

and coworkers correlated patient survival with high IFN-γ

responses (Sengyee et al., 2021). Of interest, the latter group

discovered that, although high IgG levels against Hcp1 and

AhpC were present in sera from patients with acute melioidosis,

there were no significant differences between survivors and

non-survivors. Determining the vaccine-associated changes in

cytokine responses (particularly in lungs) over time before and

after virulent challenge and their correlation with protection,

as initiated in the Bp K96243 study, will support vaccine

selection. Additional work will need to examine alternate

vaccine delivery mechanism to include mucosal delivery. It

was previously shown that mucosal delivery may enhance

protection in mouse models of melioidosis (Easton et al.,

2011; Henderson et al., 2011; Rhee, 2020). These novel

concepts will be critical for vaccine optimization and the

determination of immune-correlates in the future. When taken

together, our data support the development of both vaccine

platforms. While subunit vaccines have obvious safety and

stability advantages, live attenuated vaccines can be similarly

protective and may require less doses for immunity. Lastly,

heterologous vaccination protocols may be warranted to combat

a disease that is considered refractory to a single vaccine

approach and by combining the beneficial characteristics of

a subunit vaccine and a live attenuated vaccine a more

complete and potentially longer lasting immune response could

be achievable.
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