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SUMMARY

Glanders and melioidosis are caused by two distinct Burkholderia species and
have generally been considered to have similar disease progression. While both of
these pathogens are HHS/CDC Tier 1 agents, natural infection with both these
pathogens is primarily through skin inoculation. The common marmoset (Calli-
thrix jacchus) was used to compare disease following experimental subcutaneous
challenge. Acute, lethal disease was observed in marmosets following challenge
with between 26 and 1.2 x 10® cfu Burkholderia pseudomallei within 22-85 h.
The reproducibility and progression of the disease were assessed following a chal-
lenge of 1 x 10* cfu of B. pseudomallei. Melioidosis was characterised by high
levels of bacteraemia, focal microgranuloma progressing to non-necrotic multifocal
solid lesions in the livers and spleens and multi-organ failure. Lethal disease was
observed in 93% of animals challenged with Burkholderia mallei, occurring
between 5 and 10.6 days. Following challenge with 1 x 10% cfu of B. mallei,
glanders was characterised with lymphatic spread of the bacteria and non-necro-
tic, multifocal solid lesions progressing to a multifocal lesion with severe necrosis
and pneumonia. The experimental results confirmed that the disease pathology
and presentation is strikingly different between the two pathogens. The marmoset
provides a model of the human syndrome for both diseases facilitating the devel-
opment of medical countermeasures.
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Burkholderia pseudomallei and Burkholderia mallei are the
aetiological agents for melioidosis and glanders respectively.
Both pathogens are Gram negative, intracellular bacteria
and are classified as HHS/CDC Tier 1 agents (7 CFR Part
331, 9 CFR Part 121 and 42 CFR Part 73). Melioidosis is
prevalent in SE Asia and northern Australia and presents
with diverse clinical manifestations varying from acute sep-
sis to chronic localised infection to latent infection. Disease
presentation is believed to be associated with a number of
parameters including bacterial strain, route of entry and
host factors (Cheng & Currie, 2005). Naturally occurring
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infection is primarily through bacterial entry via cuts or skin
abrasions or via inhalation of infected soil or water particles
(White et al. 1989). However, there is increasing speculation
that bacterial ingestion is a potential route of infection, par-
ticularly in cases of unexplained origin of the disease (Lim-
mathurotsakul & Peacock 2011). This is supported by
reports of B. pseudomallei being isolated from drinking
water in both Thailand and Northern Australia (Lim-
mathurotsakul & Peacock 2011). Glanders is generally an
equine-associated disease prevalent in parts of the Middle
East, Asia, Eastern Europe, Northern Africa and South
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America. Human infection is primarily by contact with
infected animals resulting in acute or chronic forms of either
cutaneous (farcy) or nasal-pulmonary (glanders) infection;
however, laboratory-acquired infections are reported (Dvo-
rak & Spickler 2008). There are no licensed human vaccines
for either of these diseases, and antibiotic treatment is often
prolonged, complex and requires intravenous administra-
tion. Hence, there is a need to develop reliable, effective
medical countermeasures. However, due to the nature of
these diseases, it is unlikely that licensure of products will
be obtainable solely using traditional Phase 3 human effi-
cacy trials in those at risk of exposure. Therefore, the FDA’s
Animal Rule may be the most appropriate route for product
licensure and will rely on well-characterised animal models
of disease to assess the efficacy of medical countermeasures.

To date, mice and hamsters are the most commonly used
models to investigate pathogenesis and therapies for both
melioidosis and glanders (Fritz et al. 1999, 2000; Jeddeloh
et al. 2003; Lever et al. 2003, 2009). Little work has been
undertaken in non-human primates (NHP). In the 1940’s,
six Macaca mulatta were challenged subcutaneously with
B. mallei, with all animals surviving the challenge and one
animal exhibited a raised fever with an abscess at the site of
inoculation (Miller ez al. 1948). Studies reported in the
1990°s have involved both subcutaneous and intravenous
B. mallei challenge in NHP’s, specifically baboons, but
details of the disease presentation are sparse (Manzeniuk
et al. 1996; Khomiakov et al. 1998; Mukhopadhyay et al.
2004). Early studies investigating experimental melioidosis
in NHPs were performed in the 1920’s and 1940’s where
macaques were infected by either the oral or subcutaneous
route (Stanton & Fletcher 1925; Miller et al. 1948). All ani-
mals survived the challenge with minimal, if any, clinical
observations. More recently, experimental NHP infection
with B. pseudomallei has been described following inhala-
tional challenge in the marmoset (Callithrix jacchus) (Nel-
son et al. 2011a, Nelson et al. 2013) and in African green
monkeys (Chlorocebus aethiops) and rhesus macaques
(Macaca mulatta) (Yeager et al. 2012).

The common marmoset, a New World Monkey (NWM)
species, is an alternative NHP model to complement the
more traditionally used Old World Monkeys (OWM) such
as rhesus and cynomolgus macaques. Marmosets have been
used to model a number of public health pathogens includ-
ing Lassa virus (Carrion ef al. 2007), Hepatitis C virus
(Weatherford et al. 2009), Dengue virus (Omatsu et al.
2009), Herpesvirus (Leibovitch ez al. 2013), Junin virus
(Weissenbacher et al. 1979), Rift Valley Fever (Smith et al.
2012), SARS (Greenough et al. 2005) and MERS (Falzarano
et al. 2014). Marmosets have also been used to model a
number of biodefense pathogens including Eastern Equine
Encephalitis virus (Adams et al. 2008), Bacillus anthracis
(Lever et al. 2008), Francisella tularensis (Nelson et al.
2009, 2010a), B. pseudomallei (Nelson et al. 2011a), Mar-
burg haemorrhagic fever virus (Carrion et al. 2011; Smither
et al. 2013), Ebola haemorrhagic fever virus (Carrion et al.
2011) and Variola virus (Kramski et al. 2010).
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The aim of these studies was to develop, characterise and
compare B. pseudomallei and B. mallei infection by the sub-
cutaneous (s.c.) route of challenge, in a single NHP species,
to allow more relevant comparison with the limited human
data available.

Materials and methods

Animals

Healthy, sexually mature common marmosets (C. jacchus)
were obtained from the Dstl Porton Down breeding colony
and housed in vasectomised male and female pairs. For these
studies, animals were aged between 1.8 and 4.2 years old and
weighed between 319 and 532 g at the time of challenge. All
animals were allowed free access to food and water as well as
environmental enrichment. All animals were surgically
implanted intraperitoneally with a Remo 200 device (Remo
Technologies Ltd, Salisbury, UK) under general anaesthesia
(Ketamine/Domitor/Isofluorane) to record core body tempera-
ture (T.). Data were transmitted from the devices at 30 s
intervals to locally placed antennas and relayed to receivers.
Data were analysed using the eDacq software to provide real
time and recordable T. (EMMS; Bordon, Hampshire, UK).
The animal studies were carried out in accordance with the
UK Animals (Scientific Procedures) Act of 1986 and the Codes
of Practice for the Housing and Care of Animals used in Sci-
entific Procedures 1989. Following challenge with B. pseudo-
mallei or B. mallei, all animals were handled under animal
containment level 3 (CL3) conditions, within a half-suit isola-
tor compliant with British Standard BS5726. Marmosets were
challenged subcutaneously in the inner right thigh.

Bacterial strain and culture

Glycerol stocks of B. pseudomallei strain NCTC 13392 and
B. mallei NCTC 12938 (also known as ATCC 23344) were
provided by the Public Health England (PHE), UK. The
B. mallei strain is the type strain of the pathogen and is
commonly used in laboratory studies. B. pseudomallei strain
NCTC 13392 is closely related to strain K96243 (Sahl er al.
2013). This strain was previously used to develop an inhala-
tional model of melioidosis in the marmoset and for compa-
rability was used for the subcutaneous model. The frozen
stock of B. pseudomallei was recovered into Luria-Bertani
(LB) broth and incubated at 37°C with shaking at 180 rpm
for 24 h, prior to recovery into phosphate buffered saline
(PBS), pH 7.3. The frozen stock of B. mallei was recovered
on to LB-agar plates with 5% glycerol (LBG) and incubated
at 37°C for 48 h prior to inoculation into nutrient broth
and then further incubated at 37°C with shaking at
180 rpm for 24 h, prior to recovery into phosphate buffered
saline (PBS), pH 7.3. The optical density reading (ODgg) of
the appropriate bacterial suspension was adjusted to 0.35,
equivalent to approximately 1 x 10% cfu/ml. The suspension
was serially diluted to the appropriate concentration for
challenge. Viable counts were performed on LB-agar plates
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for B. pseudomallei or LBG for B. mallei, retrospectively, to
determine the actual value. All procedures were carried out
at CL3, in Class 3 microbiological safety cabinets.

Post-mortem analysis

Post-mortem examinations were performed on all animals in
all studies; organs removed were assessed for bacteriology,
macroscopic and microscopic features and immunohisto-
chemical analysis. Blood was removed from terminally an-
aesthetised marmosets by cardiac puncture for assessment of
bacteraemia clinical chemistry and haematological parame-
ters.

Bacteriology

Bacterial loads were determined in blood, liver, spleen, kid-
neys, lungs and brain. Organs were removed aseptically and
processed as previously described (Nelson ef al. 2009).
Appropriate dilutions were subcultured onto LB-agar plates
for B. pseudomallei or LBG for B. mallei and incubated at
37°C for 24 or 48 h respectively. Counts are expressed as
cfu/g of tissue or cfu/ml of blood.

Histopathology

Tissues were fixed in 10% neutral buffered formalin and
processed for paraffin wax embedding using standard tech-
niques. Thin sections (4 um) were cut and stained with hae-
matoxylin and eosin (H&E) for histopathological analysis.
A scoring system based on the type of lesions and organ dis-
tribution was established to allow semi-quantitative compar-

ison (Table 1).

Immunobhistochemistry

Immunohistochemical staining (IHC) was performed on
selected tissues (liver, spleen, lungs and the inoculation site)
for the detection of bacterial antigen, T cells (CD3"), Plasma
B cells (CD79%), macrophages and neutrophils (MAC387*)
and inducible Nitric oxide synthase (iNOS*) once a lesion
had been identified by H&E. A semi-quantitative scoring
system was established to allow comparison (Table 1).

The avidin biotin complex (ABC, Vector Elite; Vector lab-
oratories, Southgate, Peterborough, UK) method was used
for immunolabelling. Four micrometer sections of formalin-

Table 1 The Scoring System used for pathological interpretation

fixed wax-embedded tissues were prepared and dried onto
polylysine slides (VWR Ltd, East Grimstead, West Sussex,
UK). The sections were dewaxed, rehydrated and then trea-
ted in hydrogen peroxide 3% (v/v), in methanol for 15 min
to eliminate endogenous peroxidase activity. The tissue sec-
tions were then pretreated for antigen retrieval by either
enzymatic digestion with pronase XIV (0.05% w/v pronase
XIV 5.2 U/mg; Sigma 9.c) and trypsin/alpha-chymotrypsin
(0.5% trypsin and 0.5% alpha-chymotrypsin; Sigma-
Aldrich, Gillingham, Dorset, UK) at 37°C for 10 min. The
sections were then microwaved in citric acid buffer (2.1 g
citric acid; Fisher Scientific, Loughborough, Leicestershire,
UK, in 1000 ml distilled water pH 6.0) for 18 min at
100°C, 90% effect (780 W) or microwaved in Dako high
pH 9.0 buffer for 10 min. The sections were then mounted
in a Sequenza Immunostaining Centre (Shandon Scientific,
Runcorn, UK) and rinsed with Tris buffered saline (TBS) pH
7.6, 0.005 M (Sigma-Aldrich, Gillingham, Dorset, UK). Pri-
mary antibody cross-reactivity with tissue constituents was
prevented using 1.5% normal serum block applied to the
sections for 20 min. The serum block matched the host spe-
cies in which the link antibody was raised. Details of pri-
antibodies used, specificity, concentration and
incubation time are summarised in Table 2. All primary
antibodies had been previously screened to determine the
optimum dilution and incubation temperature. The sections
were washed in TBS and then incubated for 30 min with
the appropriate biotinylated secondary link antibody (Vector
Laboratories) before being washed twice in TBS again. The
sections were incubated for 30 min at room temperature
with ABC (Vector Elite Kit; Vector Laboratories), and the
signal was detected using 3,30-diaminobenzidine tetrahydro-
chloride (DAB). Finally the sections were lightly counter-
stained  with ~ Mayer’s  haematoxylin  (Surgipath,
Peterborough, UK) for 5 min, dehydrated in absolute alco-
hol and cleared in xylene before being coverslipped.

IHC techniques for cell markers applied in this study have
been successfully used in multiple species tissue samples
(CD3*, CD79*, MAC387* and iNOS*). Bacterial capsular
antigen was detected using a B. pseudomallei antibody
(3VIES) that has shown cross-reactivity with B. mallei (Jones
et al. 2002). Controls were included in each IHC run. These
included sequential sections with an isotype control for each
primary antibody and the omission of the primary antibody.
All the techniques were performed in a GLP, 1SO9001:2008
and ISO 17025 compliant laboratory facility.

mary

Numerical value Symbol Histopathological description IHC description

1 + Small focal microgranuloma composed mainly by Very few
macrophages, lymphocytes and plasma cells

2 ++ Non-necrotic multifocal solid lesions Small number

3 +H+ Focal or multifocal suppurative lesions with the Moderate number
presence of abundant neutrophils and small areas of necrosis

4 -+ Multifocal lesion with severe necrosis Abundant

International Journal of Experimental Pathology, 2014, 95, 378-391
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Primary antibody
concentration

Target Specificity Source Epitope demasking (incubation time)
Human CD3 Pan T cell marker (Rabbit pc) DAKO Trypsin/a-chymotrypsin 1 pg/ml (O/N at 4°C)
Human CD79 Pan B cell marker (clone HMS57) DAKO Microwave-mediated AR 2.1 pg/ml (1 h at RT)
Human MAC387  Macrophages/monocytes (clone MAC387) Serotec Trypsin/a-chymotrypsin 2 pg/ml (1 h at RT)
iNOS Inducible Nitric Oxyde synthase (Rabbit pc) ~ Chemicon  Dako high pH microwave buffer 1 pg/ml (1 h at RT)
Bacterial antigen Burkholderia pseudomallei (3VIES) DSTL Trypsin/a-chymotrypsin 2 pg/ml (O/N at 4°C)

O/N, over night; RT, room temperature; iNOS, inducible Nitric oxide synthase.

Table 3 Summary of challenge doses for lethality studies

Burkholderia pseudomallei

Burkholderia mallei

Challenge dose

Time to cull [hours (days]

Time to cull (days)

Study (cfu) Female Male Challenge dose (cfu) Female Male
Susceptibility 12 x 10° 22 (0.9) 27 (1.1) 5.3 x 107 6.8 5.0
1 1.7 x 10° 64 (2.7) 59 (2.5) 1.2 x 10* 7.9 5.9
2 1.2 x 10% 85 (3.5) 76 (3.2) 1.0 x 10% 10 9.9
3 4.8 x 10! 78 (3.3) 74 (3.1) 7 N/A 8.9
4 2.6 x 10! 75 (3.1) 66 (2.7) 82 71 9.8
S 3.8 x 10? 56 (2.3) 67 (2.8) 2.6 x 107 10.6 7.3
6 3.9 x 10? 57 (2.4) 66 (2.7) 5.7 x 10? 7.3 8.1
Haematology, clinical chemistry and electrolytes (a) 1001
Blood was collected from all animals at post-mortem into = .
blood tubes, anti-coagulated with either EDTA or Lithium o 80 $ee
heparin. Key haematological parameters were measured g 604 “ b
from EDTA anti-coagulated blood by use of a laser-flow 8 ¢
cytometry-based haematological analyser (ProCyte; IDEXX ‘é 40 -
Laboratories Ltd, Bucks, UK). Heparinised blood was used e .
to assess the clinical chemistry, and electrolyte parameters © 904 .
were analysed using a ‘dry-slide’ technology biochemistry E
analyser (Catalyst Dx; IDEXX). Postchallenge data were 0 . r . . .
compared to mean prechallenge results. 0 2 4 6 8 10
Log dose (cfu)

Statistics (b) 300 -
A general linear model with covariate was used for survival £ ¢ "
comparison. Pearson’s correlation analysis was used to deter- -g .
mine the relationship of gender, body weight, time to death Py 200 ’: .
and inhaled dose. Comparative analysis of bacteriology and g ¢ . ¢
blood chemistry data was performed using two-way ANOVA. 2 .

fe) 100

o
Results E

-

. . 0 T T T T 1

Dose ranging studies 0 2 4 6 8 10

Initially, to determine the susceptibility of marmosets to sub-
cutaneous administration of B. pseudomallei or B. mallei, a
mixed-sex pair of animals was challenged with either
1.2 x 10% cfu of B. pseudomallei or 5.3 x 107 cfu of
B. mallei (Table 3). Following challenge with B. pseudomal-
lei, a gradual increase in temperature was observed between
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Log dose (cfu)

Figure 1 Comparative virulence of different doses of bacteria

administered by the subcutaneous route

to marmosets. (a)

Burkholderia pseudomallei (P < 0.001, general linear model

with covariate), (b) Burkholderia mallei
linear model with covariate).

(P = 0.01, general
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Figure 2 Core body temperature of marmosets postchallenge
with either 2.97 x 10 + 56 cfu of B pseudomallei or

3.65 x 10> + 105 cfu of Burkholderia mallei by the
subcutaneous route.

2.5 and 5 h postchallenge (p.c.) remaining high until the
animals were humanely euthanised at 22 and 27 h p.c. Fol-
lowing challenge with B. mallei, the animals exhibited a
fever within 2 h p.c., which was maintained until the ani-
mals were humanely euthanised due to severe clinical signs
and a rapid drop in temperature at 120 or 164 h p.c. Fur-
ther mixed-sex pairs of animals were challenged with
between 26 and 1.7 x 10° cfu of B. pseudomallei or 7 and
1.2 x 10* cfu of B. mallei by the subcutaneous route in a
stepwise approach (Table 3). Following challenge with
B. pseudomallei, the febrile response began between 18 and
30 h p.c. Animals remained febrile until the temperature
declined prior to the animals reaching the humane endpoint,
at between 56 and 85 h p.c. Following challenge with
B. mallei, animals became febrile between 2 and 4.5 days
p-c. depending on the dose received and were humanely eu-
thanised between 5.9 and 10.6 days p.c. One animal that
received 7 cfu of B. mallei survived for the duration of the
study and exhibited no overt clinical signs. For both B. mal-
lei and B. pseudomallei, there was a statistically significant
relationship between the challenge dose and the survival of
the animals using a general linear model that includes a co-
variate (P < 0.001 for B. pseudomallei and P = 0.01 for
B. mallei) with the two pathogens being statistically differ-
ent from each other (P < 0.0001) (Figure 1).

To characterise the reproducibility of each disease in
NHP’s, six animals for each pathogen were challenged with
2.97 x 10> + 56 cfu of B. pseudomallei or 3.13 x
10> + 138 cfu of B. mallei. B. pseudomallei-infected ani-
mals reached the humane endpoint at 68 + 5 h. At this
challenge dose, the time to onset of fever was 34.4 + 1.3 h,
with a subsequent duration of 35.2 + 2.6 h, prior to a rapid
decline indicative of the animal reaching the humane
endpoint (Figure 2). In all cases, bacteraemia was observed
(range of 2.4 x 10* to 4.9 x 10° cfu/ml, median of
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Figure 3 Bacterial load in various marmoset tissues at specific
times postchallenge by the subcutaneous route. (a) Burkholderia
pseudomallei, mean challenge dose 1.85 x 10* + 15 cfu.
Statistically significant changes in the liver (P = 0.004), spleen
(P = 0.003), kidney (P = 0.002), lung (P = 0.003), brain

(P =0.002) and blood (P = 0.001) were observed with time,
with most of the significance occurring between t = 12 and

t = 48 or for terminal animals (Independent sample Kruskal—-
Wallis Test). (b) Burkholderia mallei, mean challenge dose
1.79 x 10% & 14 cfu. Statistically significant changes in the
liver (P = 0.004), spleen (P = 0.003), kidney (P = 0.002), lung
(P = 0.002), brain (P = 0.002) and blood (P = 0.001) were
observed with time, with most of the significance occurring
between t = 24 and ¢ = 144 or for terminal animals
(Independent sample Kruskal-Wallis Test).

1.5 x 10° cfu/ml), and high concentrations of bacteria were
recovered from all organs assessed (6.8 x 10° to
1.4 x 107 cfu/g in the liver, median of 1.7 x 10° cfu/ml;
5.1 x 10° to 7.4 x 107 cfu/g in the spleen, median of
2.6 x 107 cfu/ml; 1.6 x 10° to 1.8 x 10° cfu/g in the kid-
ney, median of 3.5 x 10° cfu/ml; 3.2 x 10* to
6.2 x 107 cfu/g in the lungs, median of 2.3 x 10° cfu/ml
and 1.8 x 10° to 1.6 x 10° cfu/g in the brain median, of
8.4 x 10° cfu/ml). Clinical signs were evident from 48 h
p.c. for all animals and were typically lethargy and piloerec-
tion with a hunched posture.

Burkholderia mallei-infected animals reached the humane
endpoint at 8.9 4+ 0.6 days. At a challenge dose of
3.13 x 10% + 138 cfu of B. mallei, the time to onset of
fever was 46 + 4 h, with a subsequent duration of

International Journal of Experimental Pathology, 2014, 95, 378-391
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Table 4 Lesion characterisation including associated bacterial antigen and cell types identified in various organs of marmosets
challenged with Burkholderia pseudomallei by the subcutaneous route

Lung Spleen Liver Inoculation Site

Time

(y H Bp M T B i H Bp M T B i H B M T B i H Bp M T B i

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 15 1.5 225 2 0.5 075 1.5 075 25 225 075 075 1 1 05 025 0 0.25
48 0 0 0 0 0 0 3.5 3.75 3.5 1.75 0.5 125 225 175 4 2.5 0.5 1 1 1 075 025 0 0.25
T 0 ND ND ND ND ND 375 ND ND ND ND ND 3.0 ND ND ND ND ND 13 ND ND ND ND ND

T, terminal; H, average score of lesion severity; Bp, average score of the presence of bacteria in the lesion detected by IHC; M, average score of the presence of macrophages
in the lesion detected by IHC; T, average score of the presence of T cells in the lesion detected by IHC; B, average score of the presence of B cells in the lesion detected by
IHG; i, average score of the presence of inducible Nitric oxide synthase (iNOS) in the lesion detected by IHC; ND, not determined.

165 + 13 h prior to a rapid decline indicative of the animal
reaching the humane endpoint (Figure 2). In all cases, bac-
teraemia was observed (range of 3.4 x 10° to
4.9 x 10* cfu/ml, median of 8.7 x 10° cfu/ml), and high
concentrations of bacteria were recovered from all organs
assessed (5.4 x 10* to 1.4 x 107 cfu/g in the liver, median
of 1.7 x 10° cfu/ml; 1.5 x 10° to 2.1 x 107 cfu/g in the
spleen, median of 5.7 x 10° cfu/ml; 1.6 x 10* to
6.1 x 10° cfu/g in the kidney, median of 5.3 x 10* cfu/ml;
4.6 x 10° to 8.5 x 107 cfu/g in the lungs, median of
6.2 x 10° cfu/ml and 2.9 x 10° to 6.5 x 10* cfu/g in the
brain, median of 9.3 x 10° cfu/ml). Clinical signs were evi-
dent from 4 days postchallenge for all animals and typically
were lethargy and piloerection with a hunched posture. In
the latter stages of infection, most animals presented with a
flushed face, with occasional swollen eyes, with or without
the presence of nasal or facial lesions and dyspnoea.

A challenge dose of approximately 1 x 10> cfu was there-
fore selected as a reproducible dose for both pathogens, giv-
ing a predicable clinical including lethality,
temperature profile, bacteriology and clinical signs. This
challenge dose was then used as a target dose for subsequent
pathogenesis studies.

outcome

Pathogenesis studies

To investigate pathogenesis of Burkholderia pseudomallei
induced disease pathogenesis marmosets were challenged by
the subcutaneous route in two cohorts for logistically rea-
sons. One cohort received a challenge dose of
1.44 x 10* cfu of B. pseudomallei, and the second cohort
received a challenge dose of 2.25 x 10* cfu of B. pseudo-
mallei. Two pairs of animals (one pair from each cohort)
were humanely euthanised at 12, 24, 36 and 48 h p.c. These
time points were based on the previous temperature data
(Figure 2) to represent prefever (12 h), early temperature
rise (24 h), late temperature rise (36 h) and fever plateau
phase (48 h). Data from unchallenged animals (‘naive’) and
animals used in the dose ranging studies at a challenge dose
of 2.97 x 10* + 56 cfu (‘terminal’) are included in the dis-
cussion and as additional time points, where appropriate.
Bacterial cells spread from the injection site (inner right
thigh) to the liver and spleen within the first 12 h p.c.
(Figure 3). The number of bacterial cells in these organs
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continued to increase exponentially over 48 h p.c. By 24 h
p.c., bacterial cells were recovered from the lung and brain
of marmosets. Bacteraemia was evident by 36 h p.c., and
bacterial cells were recovered from the kidneys by 48 h p.c.
Significantly higher concentrations of bacteria were observed
in the liver (P = 0.004), spleen (P = 0.003), kidney
(P =0.002), lung (P = 0.003), brain (P = 0.002) and blood
(P =0.002) at 48 h compared to 12 h p.c.

Gross pathological observations were present from 36 h
p.c. with 50% animals exhibiting splenomegaly, 100%
lymphadenopathy (75% of animals had enlarged inguinal
lymph node and the other an enlarged axillary lymph node)
and 50% had lung consolidation. By 48 h p.c., 50% of the
animals exhibited discolouration of the liver, 75% spleno-
megaly, 25% lymphadenopathy, 50% mild signs in the
lungs including a pale or slightly mottled appearance and
25% exhibited a swelling or lesion at the site of injection.
For terminal animals, the following gross features were pre-
valent: liver discoloration (67%), splenomegaly (50%),
small, splenic lesions (100%), a pale discolouration in the
lungs (83%), and potential cardiac puncture-associated
haemorrhages in the lungs (50%), swollen injection site
(17%), injection site-associated abscesses (50%) and lymph-
adenopathy in the inguinal lymph node (33%). The first evi-
dence of microscopic lesions was observed in the liver and
spleens of 75% of animals, and the inoculation site of one
of these animals at 36 h p.c. The liver and spleen lesions
consisted of small focal microgranulomas to non-necrotic
multifocal solid lesions (Table 4). The lesions were associ-
ated with the presence of bacterial antigen, macrophages, T
cells, B cells and iNOS expressing cells. The lesions in these
organs increased in frequency and severity as the disease
progressed leading to multifocal lesions with severe necrosis
observed by 48 h p.c. (Figure 4). The multifocal lesion with
severe necrosis observed at the inoculation site at 36 h post-
challenge (Figure 5a) was associated with the presence of
bacterial antigen (Figure 5b), macrophages and neutrophils
(Figure 5c¢), few numbers of T cells (Figure 5d) and iNOS
producing cells (Figure 5f) and the absence of B cells
(Figure Se). For terminal animals, variable pathological fea-
tures were observed in the lungs; 83% of lungs exhibited no
pathological features; however, the remaining 17% exhib-
ited multifocal necrotising pneumonia. Small pyogranuloma-
tous lesions were observed in all livers examined, with mid-
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sized necrotic lesions also present in 33% of these animals.
Multifocal necrotic splenitis was observed in all animals.
Severe granulomatous and necrotic dermatitis with abundant
associated bacteria was observed in all cases where the inoc-
ulation site was clearly identified at post-mortem. Focal to
severe necrotising lymphadenitis was observed in 33% of
inguinal lymph nodes and in the mediastinal lymph node of
the animal with multifocal necrotising pneumonia. No dis-
ease-related pathological features were observed in the kid-
neys, brains or mediastinal lymph nodes.

Key changes in the blood parameters were observed (Fig-
ure 6). A peak of aspartate aminotransferase (AST) and ala-
nine transaminase (ALT) was observed at 12 h p.c., rising
again from 48 h p.c. (Figure 6a). A gradual rise in the
levels of alkaline phosphatase (ALKP) was also observed
from 36 h p.c. Both of which are indicative of liver dysfunc-
tion and hepatitis. Other general indicators of an acute,
inflammatory response include an increase in levels of glu-
cose as the disease progressed, followed by a decline in the
levels by 48 h p.c. and undulating high concentrations of
creatine kinase (CK) (data not shown). High levels of lactate
dehydrogenase (LDH) were observed from 36 h p.c. (Fig-

Figure 4 Representative H&E and THC
stained tissue sections from the spleen
of a marmoset humanely euthanised at
48 h p.c. challenged with

1.85 x 10* & 57 cfu of Burkholderia
pseudomallei by the subcutaneous
route. (a) H & E showing multifocal
lesion with severe necrosis (++++), (b)
Burkholderia pseudomallei antigen THC
showing abundant bacteria associated
with the lesion (++++), (¢) IHC staining
showing a moderate number of
macrophages associated with the lesion
(+++), (d) IHC staining showing very
few T cells associated with the lesion
(+), (e) IHC staining showing very few
B cells associated with the lesion (+), (f)
THC staining showing very few
inducible Nitric oxide synthase (iNOS)
producing cells associated with the
lesion (+).

ure 6b). Decreasing levels of amylase (AMYL) (Figure 6b)
and hypokalemia (data not shown) are suggestive of pancre-
atitis. An increase in the number of white blood cells (WBC)
was observed with time, decreasing in terminal animals
(Figure 6¢). A similar trend was observed with the monocyte
levels. Lymphopenia was observed at 24 h p.c. and was
associated with neutrophilia, followed by a decrease in the
numbers of neutrophils, potentially associated with migra-
tion of neutrophils to the sites of infection.

To investigate Burkholderia mallei induced disease patho-
genesis the study was performed as described above, with
marmosets challenged by the subcutaneous route in two
cohorts, one cohort received a challenge dose of 1.65 x 10%
and the second cohort received a challenge dose of
1.93 x 107 cfu of B. mallei. Two pairs of animals (one pair
from each cohort) were humanely euthanised at 24, 48, 72
and 144 h p.c. Naive and terminal data were included as
described above.

Bacteria spread from the injection site (inside right leg) to
the liver, spleen and lung by 24 h p.c. (Figure 3). Numbers
of bacterial cells were constant within these organs at 48 h
p-c. By 72 h p.c., the number of bacterial cells in the liver
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(b)

Figure 5 Representative H&E and IHC
stained tissue sections from the
inoculation site of a marmoset
humanely euthanised at 36 h p.c.
challenged with 1.85 x 10* & 57 cfu
of Burkholderia pseudomallei by the
subcutaneous route. (a) H & E showing
multifocal lesion with severe necrosis
(++++), (b) B. pseudomallei antigen
THC showing abundant bacteria
associated with the lesion (++++), (c)
THC staining showing a small number
of macrophages associated with the
lesion (++), (d) ITHC staining showing
very few T cells associated with the
lesion (+), (e) IHC staining showing no
B cells associated with the lesion, (f)
THC staining showing very few
inducible Nitric oxide synthase (iNOS)
producing cells associated with the
lesion (+).
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Table 5 Lesion characterisation including associated bacterial antigen and

cell types identified in various organs of marmosets

challenged with Burkholderia mallei mallei by the subcutaneous route

Lung Spleen Liver Inoculation Site
Time (h) H Bm M T B i H Bm M T B i H Bm M T B i H Bm M T B i
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
48 0 0 0 0 0 0 0.5 0.5 075 075 0 025 0.5 0.5 1 125 0 025 0 0 0 0 0 0
72 0 0 0 0 0 0 0.5 0.5 0.5 0.5 025 025 0.5 0.5 2 1.5 0.5 025 0 0 0 0 0 0
144 1.5 125 1.5 075 075 1 225 075 1.5 1 025 075 225 1.5 3 1.5 0 125 025 025 0.5 025 0 0.25
T 4 ND ND ND ND ND 275 ND ND ND ND ND 275 ND ND ND ND ND 25§ ND ND ND ND ND

T, terminal; H, average score of lesion severity; Bm, average score of the presence of bacteria in the lesion detected by IHC; M, average score of the presence of macrophages in the lesion
detected by THC; T, average score of the presence of T cells in the lesion detected by IHC; B, average score of the presence of B cells in the lesion detected by IHC; i, average score of the
presence of inducible Nitric oxide synthase (INOS) in the lesion detected by IHC; ND, not determined.

had increased from 5.9 x 10% cfu to 6 x 10% cfu per gram,
with a slight decrease in the numbers recovered from the
lungs. At this time, low numbers of bacterial cells were
recovered from the kidney and brain. Significantly higher
concentration of bacteria were observed in the liver
(P =0.01), spleen (P =0.001), kidney (P = 0.002), lung
(P =0.01), brain (P =0.002) and blood (P =0.001) at
144 h p.c. compared to time 24 h p.c.

Gross pathological features were observed from 72 h p.c.
when liver discolouration and lung consolidation were
observed in 25% of the animals. By 144 h p.c., liver discol-
ouration was also observed in 50% of animals, as well as
splenomegaly (100%), swelling at the injection site (25%)
and haemorrhaging and visible lesions in the lung (100%).
For terminal animals, the following gross features were
observed; liver discoloration (67%), splenomegaly (83%), a
pale discolouration in the lungs (50%), raised lesions in the
lung (50%), swelling and/or pus-association with injection
site (83%) and lymphadenopathy in the inguinal lymph node
(67%). The presence of splenomegaly was also indicated by
an increase in the organ weight with time (Figure 9a). Addi-
tionally, 43% of animals used in the dose ranging studies
exhibited swelling and redness of the eyes and one animals
exhibited spontaneous pustular eruptions of the face.

The first evidence of microscopic lesions was observed in
the liver and spleens of two animals at 48 h p.c. and con-
sisted of small focal microgranuloma to non-necrotic, multi-
focal solid lesions (Table 5). The lesions in these organs
increased in frequency and severity as the disease progressed
leading to the multifocal lesion with suppurative lesions
observed by 144 h p.c. (Figure 7). In all cases, the lesions
were associated with the presence of bacterial antigen (Fig-
ure 7b), macrophages (Figure 7c), T cells (Figure 7d) and
iNOS expressing cells (Figure 7f). The presence of B cells
was detected in one of four splenic lesions at both 72 and
144 h p.c and in one of four liver lesions at 72 h p.c.
Lesions were apparent in two of four lungs and one of four
inoculation sites at 144 h p.c. Lesions in the lungs ranged
from non-necrotic, multifocal solid lesions in one animal to
a multifocal lesion with severe necrosis in the other animal
(Figure 8). Similarly to the spleen and liver, the lesions were
associated with the presence of bacterial antigen (Figure 8b),
macrophages (Figure 8c), T cells (Figure 8d) and iNOS
expressing cells (Figure 8e). However, less B cells were pres-

ent in the lungs at this time (Figure 8e). The small focal mi-
crogranulomas observed in the inoculation site of one
animal were associated with the presence of bacterial anti-
gen, macrophages, T cells and iNOS expressing cells, with-
out the presence of B cells. No pathological features were
observed in any other organs except in the axillary lymph
node and adrenal gland of one animal at 144 h p.c. and the
inguinal lymph nodes of two animals at 144 h p.c. For all
terminal animals, multifocal necrotising pneumonia was
observed with small pyogranulomas in the liver and spleen.
Severe granulomatous and necrotic dermatitis that infiltrated
the underlying muscle was observed in all animals where the
inoculation site was visible (83%). The animal that pre-
sented with facial lesions had necrotising dermatitis and
myositis, with the lesion affecting all the layers of the epi-
dermis and dermis with a high number of bacteria and an
associated ulcerative zone. Splenomegaly was also deter-
mined in these animals by an increase in the relative organ
weight with time (Figure 9).

Key changes in blood parameters following challenge with
B. mallei were observed (Figure 9). Levels of ALKP and AST
generally increased with time while levels of ALT peaked
around 24-48 h p.c. indicating liver dysfunction (Figure 9b).
Numbers of platelets (PLT) decreased with time, while there
was a general increase in the clotting time (prothrombin time,
PT and activated partial thromboplastin time, aPPT) towards
the end of disease progression indicative of coagulopathy
(Figure 9¢). A general increase in the number of white blood
cells was observed until 72 h p.c. which was specifically asso-
ciated with neutrophilia and lymphopenia (Figure 9d). At
144 h p.c., there was a decline in white blood cells, although
the levels of neutrophils and lymphocytes remained relatively
constant.

Discussion

The strikingly different pathological features observed in
these studies reflect the major difference between experimen-
tal melioidosis and glanders in the marmoset, apart from the
disease duration. The most severe pathological features in
marmosets following subcutaneous challenge with B. pseudo-
mallei were present in the spleen and liver. These ranged from
multifocal suppurative lesions with small areas of necrosis to
multifocal lesions with severe necrosis. Whereas the lesions
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Figure 7 Representative H&E and IHC
stained tissue sections from the liver of
a marmoset humanely euthanised at
144 h p.c. challenged with

1.79 x 10* + 20 cfu of Burkholderia
mallei by the subcutaneous route. (a) H
& E showing non-necrotic multifocal
solid lesions (++), (b) Burkholderia
mallei antigen IHC showing a small
number of bacteria associated with the
lesion (++), (c) IHC staining showing a
small number macrophages associated
with the lesion (++), (d) IHC staining
showing very few T cells associated
with the lesion (+), (e) IHC staining
showing no B cells associated with the
lesion, (f) IHC staining showing a small
number inducible Nitric oxide synthase
(iNOS) producing cells associated with
the lesion (++).

typically observed in marmosets following subcutaneous chal-
lenge with B. mallei were non-necrotic multifocal lesions,
conversely, the severity of lesions in the lungs was more pro-
nounced in marmoset glanders than melioidosis, despite the
subcutaneous inoculation. Typically, only a third of marmo-
sets had pneumonia following challenge with B. pseudomal-
lei, but multifocal necrotising pneumonia was observed in all
animals following challenge with B. mallei. This is highly sug-
gestive of a completely different disease pathogenesis of these
two closely related bacteria. The histopathological changes
observed with melioidosis in the marmoset are comparable
with human reports, where typically pyogranulomatous
inflammation was evident in the liver, spleen and lymph nodes
(Piggot & Hochholzwe 1970; Wong 1995).

Glanders in the marmoset exhibited many features of
human disease (Pilcher 1907; Freeman 1985; Parker 1997;
Van Zandt et al. 2013). Human glanders is dependent on
the route of infection but typically results in pneumonia,
septicaemia and chronic suppurative infection of the skin.
Incubation periods in humans are generally between 1 and
14 days prior to onset of symptoms, with signs apparent in
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marmosets typically at 3 days p.c. with the onset of fever.
Bacterial spread in humans, as was observed in the marmo-
sets, occurs from the site of infection, through the lymphatic
vessels to the lymph nodes. Swelling is commonly observed
at the site of infection, which for the marmosets was associ-
ated with purulent material. In the marmosets, lymphade-
nopathy was observed in the nearest draining lymph node to
the inner thigh site of infection, the inguinal lymph node. In
the marmoset, although low levels of bacteria were recov-
ered in the liver and spleen at 24 h p.c., a higher concentra-
tion of bacteria was recovered from the lungs, suggesting a
tropism for this tissue. Presence of bacterial antigen was not
assessed in these tissues by IHC until lesions were observed
(48 h p.c. for liver and spleen and 144 h p.c. for the lung).
In humans, rapid onset of pneumonia is typical and associ-
ated with lethal disease, with a mortality of between 90 and
95% if untreated. Chest pain and lung abnormalities were
the first symptoms noted in an early case of lethal human
glanders following a horse bite (Pilcher 1907). This person,
as well as second person also bitten by a horse, went on to
present with pneumonia and had lesions in the mucous
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Figure 8 Representative H&E and THC
stained tissue sections from the lungs of
a marmoset humanely euthanised at
144 h p.c. challenged with

1.79 x 10* + 20 cfu of Burkhbolderia
mallei by the subcutaneous route. (a) H
& E showing multifocal lesion with
severe necrosis (++++), (b) B. mallei
antigen IHC showing abundant bacteria
associated with the lesion (++++), (c)
THC staining showing abundant
macrophages associated with the lesion
(++++), (d) THC staining showing a
small number of T cells associated with
the lesion (++), (e) IHC staining
showing very few B cells associated
with the lesion (+), (f) IHC staining
showing a small number inducible
Nitric oxide synthase (iNOS) producing
cells associated with the lesion (++).

Figure 9 Key disease features from
marmosets challenged with 1.79 x 10?
=+ 20 cfu of Burkholderia mallei by the
subcutaneous route at specific times
postchallenge. (a) Splenic weight with
time, (b) Liver function enzymes, ALT
(Alanine transaminase), AST (Aspartate
aminotransferase), ALKP (Alkaline
phosphatase), (c) Platelet and clotting
factors, PLT (Platelet, K/ul), PT
(Prothrombin Times, s), aPPT
(activated partial thromboplastin time,
s), (d) White blood cell distribution,
WBC (white blood cell count x 10%/1),
%NEU (per cent neutrophils), %LYM
(per cent lymphocytes). Each time point
represents data from four different
animals humanely euthanised at that
time, therefore connecting lines are only
included to demonstrate the trend of
the data sets. Error bars represent the
standard error of the mean (SEM).
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membranes, specifically around the eyes and nose. Further
reports of mucosal tissue involvement, as well as lymphatic
tissue involvement, are associated with human glanders
(Van Zandt et al. 2013). Facial swelling, swollen and par-
tially closed eyes with occasional lesions, spontaneous pustu-
lar eruptions specifically noted on the face and nasal
discharge, were commonly observed in the marmoset.

Clinical manifestations of melioidosis vary from acute sep-
sis with fever, bacteraemia and primary or secondary pneu-
monia to chronic localised
abscesses and ulcerations, to latent infection (Dance 1996).
The manifestation of disease presentation is dependent on
multiple factors; indeed, disease presentation is different in
the two main countries of prevalence, Thailand and Austra-
lia. In Thailand, there is a higher incidence of lesions in
the liver and spleen, 25% of cases compared to 6%
(Limmathurotsakul & Peacock 2011) and there is a higher
mortality rate, 50% compared to 19% (White 2003). The
exact reason for this is unclear but it is likely to be multifac-
torial and may reflect difference in infecting strains, treat-
ment regimens or route of infection.

The most prevalent natural route of exposure is believed
to be inoculation through cuts or skin abrasions (Cheng &
Currie 2005). Inoculation of B. pseudomallei can result in
three outcomes: subclinical or latent infection, primary
cutaneous melioidosis or systemic melioidosis, with only
severe cutaneous or systemic melioidosis cases presenting at
hospital (Dance 1996). The subcutaneous route of challenge
was used in the marmosets to mimic systemic disease. In
humans, primary cutaneous melioidosis results in a localised
infection causing single lesions ranging from ulcers, with or
without purulent exudates, to boils, pustules or even ery-
thematous lesions (Gibney et al. 2008). In the marmosets
swollen, purulent, erythematous lesions were observed in
many animals at the site of infection. Typically, in the Aus-
tralian population, this form of disease does not develop
any further. However, in Thailand, bacteraemia is a com-
mon complication of primary cutaneous melioidosis. Bacter-
aemia was observed in the marmoset model at 36 h p.c and
was associated with onset of fever suggesting the marmoset
model may be more representative of disease in Thailand. In
humans, if the disease develops into a septicaemic infection,
fever is often the first sign, this was observed in the marmo-
sets occurring between 24 and 30 h p.c. Following bacterial
dissemination in humans, hepatic and/or splenic abscesses,
with or without lung involvement, are typical (Lim-
mathurotsakul & Peacock 2011). In the marmoset, the
spleen and liver were the first organs colonised, spreading to
the lung by 24 h p.c. However, bacterial levels in the lung
were significantly lower than previously reported for mar-
mosets challenged by the inhalational route (Nelson et al.
2011a). Pneumonia is present in approximately 50% of
human cases in both Thailand and Australia. However, it is
often difficult to determine whether this is primary or
secondary pneumonia or identify the route of infection
(Gibney et al. 2008; Parameswaran et al. 2012). Indeed, in

infection associated with
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the Australian study of cutaneous infection, 50% of the
cases presented with pneumonia (Gibney et al. 2008).

Marmosets also exhibited other features of human melioi-
dosis including changes in haematological and clinical chem-
istry parameters. These included reduction in sodium levels
as well as increased white blood cell counts, liver function
enzymes, creatinine and urea levels (Dance 1996; Mukho-
padhyay et al. 2004). An indicator of poor prognosis in
humans, also observed in marmosets, was high activation of
the coagulation system (Wiersinga et al. 2008), including a
prolonged prothrombin time (PT) and activated partial
thromboplastin time (aPPT).

The data presented support the potential use of marmoset
models of glanders and melioidosis as alternative NHP
models used to assess medical countermeasures. For both
diseases, the marmoset model is reproducibly lethal at
selected challenge doses. Many key aspects of human dis-
ease are exhibited, specifically pathological and physiologi-
cal features. However, one limitation of the marmoset
model is the high mortality rate and low infectious dose,
specifically for melioidosis, that may not be directly compa-
rable to human disease. The time to the onset of clinical
disease in humans is variable, ranging from between 24 h
to 62 years (Ngauy et al. 2005). However, it is typically in
the region of 1-21 days, with a mean of 9 days (Currie
et al. 2000). For both melioidosis and glanders, the marmo-
set had a uniform, predictable febrile response. This may be
a useful biomarker of infection that could be exploited as a
trigger to initiate therapy, as well as an additional marker
of the success of the intervention. Due to the nature of the
diseases in the marmosets, particularly melioidosis, the mar-
moset models acute, lethal disease that would serve as a
stringent model for the medical countermeasure. The mar-
moset has been previously used to assess medical counter-
measures; a vaccine has been tested for Lassa fever
(Lukashevicha et al. 2008) and the efficacy of ciprofloxacin,
and levofloxacin has been determined as postexposure ther-
apies for anthrax and tularaemia (Nelson et al. 2010Db,
2011b). Therefore, the marmoset could be an important,
reproducible, lethal model that would complement work
with OWMs (e.g. macaques).

In conclusion, these studies are the first reported NHP
models of a naturally occurring cutaneous melioidosis and
glanders. Despite the causative agents of glanders and meli-
oidosis being genetically similar, the disease presentation is
strikingly different when compared directly in the common
marmoset. Cutaneous melioidosis presents as an acute, feb-
rile disease resulting in death by multi-organ failure with
minimal pulmonary involvement. Whereas, although glan-
ders is also lethal in many cases, the disease progression is
slower with the highest severity pathological features were
associated with pulmonary tissue. Both diseases in the mar-
moset, model key features of human disease suggesting mar-
mosets may be an appropriate stringent model to facilitate
the development of novel medical countermeasures for these
two difficult to treat human diseases.
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