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Impaired Early Cytokine Responses at the Site of Infection in a
Murine Model of Type 2 Diabetes and Melioidosis Comorbidity
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Bacterial infections are a common and serious complication of type 2 diabetes (T2D). The prevalence of melioidosis, an emerg-
ing tropical infection caused by the Gram-negative bacterium Burkholderia pseudomallei, is increased in people with T2D. This
is the first study to compare murine models of T2D and melioidosis. Susceptibility and disease progression following infection
with B. pseudomallei were compared in our diet-induced polygenic mouse model and a leptin receptor-deficient monogenic
model of T2D. The metabolic profile of mice with diet-induced diabetes, including body weight, blood glucose, cholesterol, trig-
lycerides, insulin resistance, and baseline levels of inflammation, closely resembled that of clinical T2D. Following subcutaneous
infection with B. pseudomallei, bacterial loads at 24 and 72 h postinfection in the blood, spleen, liver, lungs, and subcutaneous
adipose tissue (SAT) at the site of infection were compared in parallel with the expression of inflammatory cytokines and tissue
histology. As early as 24 h postinfection, the expression of inflammatory (interleukin-1f3 [IL-1f3], tumor necrosis factor alpha
[TNF-a], and IL-6) and Ty;1 (IL-12 and gamma interferon [IFN-y]) cytokines was impaired in diabetic mice compared to nondi-
abetic littermates. Early differences in cytokine expression were associated with excessive infiltration of polymorphonuclear
neutrophils (PMN) in diabetic mice compared to nondiabetic littermates. This was accompanied by bacteremia, hematogenous
dissemination of bacteria to the lungs, and uncontrolled bacterial growth in the spleens of diabetic mice by 72 h postinfection.
The findings from our novel model of T2D and melioidosis comorbidity support the role of impaired early immune pathways in

the increased susceptibility of individuals with T2D to bacterial infections.

ype 2 diabetes (T2D) continues to be a global health priority,

driven by the aging population, obesity, dietary changes, and
sedentary lifestyles (1). A significant yet underappreciated com-
plication of T2D is the increased susceptibility to bacterial infec-
tions, which accounts for a considerable proportion of morbidity
and mortality (2). T2D is the most common risk factor for me-
lioidosis, an emerging bacterial infection in the tropics and sub-
tropical regions (3—5). Caused by the intracellular Gram-negative
bacterium Burkholderia pseudomallei, melioidosis typically pres-
ents as a febrile illness with concomitant pneumonia (6). The dis-
ease is difficult to diagnose, is inherently resistant to antibiotic
therapy, and frequently results in septic shock with an unaccept-
ably high mortality rate regardless of treatment (7).

The incidence of melioidosis is continuing to increase with the
rising prevalence of T2D in regions of hyperendemicity. Currently
up to 42% of patients with melioidosis in Australia (8, 9), 60% of
patients in Thailand (10), and 76% of patients in India (11) have
preexisting T2D. Melioidosis patients with comorbid T2D fre-
quently develop acute pneumonia and bacteremia, which are as-
sociated with high mortality rates compared to those from other
forms of the disease (9, 12). This significant association between
T2D and severe bacterial infections such as melioidosis under-
scores the need for novel therapeutic strategies targeted to popu-
lations at risk. This will be facilitated by understanding the patho-
genic mechanisms governing disease progression in susceptible
hosts, providing impetus for the development of suitable models
of comorbidity.

Cellular immune defects associated with T2D undoubtedly
contribute to the increased susceptibility of patients with comor-
bid melioidosis. Impairments in phagocytosis and migration of
polymorphonuclear neutrophils (PMN) from individuals with
T2D in response to B. pseudomallei have previously been docu-

470 iai.asm.org

Infection and Immunity p. 470-477

mented in vitro (13). Recently, using a human whole-blood model
of melioidosis and comorbid T2D, we demonstrated that altered
early cellular interactions of PMN and monocytes with B. pseu-
domallei underpin the increased susceptibility of individuals with
T2D to melioidosis, particularly those with poorly controlled gly-
cemia (14). An animal model of melioidosis and comorbid T2D is
essential for in vivo characterization of host-pathogen interactions
in the initial stages of infection, since the early immune pathways
triggered are critical in determining disease progression.

Murine models have contributed significantly to our under-
standing of the immunopathogenesis of melioidosis and host pro-
tective responses toward B. pseudomallei (15—17). Defective func-
tion of bone-marrow derived dendritic cells (BMDC) and
peritoneal elicited macrophages (PEC) in response to B. pseu-
domallei has previously been described using a streptozotocin-
induced rodent model of type 1 diabetes (T1D) (18, 19). However,
this model received criticism because the majority of patients with
melioidosis have T2D (5), which has an etiology and pathogenesis
distinct from those of T1D. One of the most widely used models of
T2D is the leptin signaling-deficient Dock7™ Lepr™ mice (20). We
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have previously used BKS.Cg-Dock7™ +/+ Lepr®/] mice as a mu-
rine model of T2D and comorbid melioidosis (21); however, the
model is still limited by inconsistencies with clinical disease (20).
Diet-induced models of T2D closely resemble clinical etiology;
however, there are large discrepancies in reported phenotypes,
complicated by differences in diet composition and period of
feeding, together with the rodent strain and gender (22).

The aim of the current study was to develop a murine model
reflective of T2D to enable in vivo characterization of early im-
mune responses and disease progression following infection with
B. pseudomallei. We compared monogenic and polygenic models
of T2D using leptin signaling-deficient and high-fat-diet-fed
(HFD) mice, respectively. While both models developed hyperin-
sulinemia and impaired glucose tolerance, we selected the poly-
genic model for all subsequent experiments since it closely reflects
the etiology of T2D and is consistent with the World Health Or-
ganization (WHO) criteria for clinical T2D (23). Increased sus-
ceptibility of diabetic mice to B. pseudomallei infection was asso-
ciated with defects in the inflammatory immune response after 24
h. The current study describes the first model of diet-induced T2D
and melioidosis comorbidity and will serve as a valuable tool for
further analysis of defects in early immune response pathways
underlying contrasting disease progression in diabetic and nondi-
abetic hosts following infection with B. pseudomallei.

MATERIALS AND METHODS

Mice. A monogenic model and a polygenic model of T2D were compared
to determine the most suitable model based on clinical criteria of T2D,
which center on the development of hyperglycemia and insulin resistance
(23). C57BL/6 mice have been extensively characterized as a model for
chronic melioidosis. We therefore used C57BL/6J-Dock7™ Lepr®/++
mice as a monogenic model of T2D. A genetic mutation in the leptin
receptor causes homozygotes (db/db) to develop obesity, insulin resis-
tance, and hyperglycemia. Heterozygous (db/+) littermates are lean and
euglycemic and were used as littermate controls. Mice received standard
rodent chow and water ad libitum.

Male 6- to 8-week-old C57BL/6 mice were randomly allocated to 2
dietary groups for the polygenic model. One group received ad libitum
access to a high-fat (40% of energy) diet (SF00-219 Western diet; Specialty
Feeds, Australia). This diet resembles typical dietary intakes of fat (33% of
energy) in developed nations (24). Paired control mice received isometric
quantities of standard rodent chow (12% of energy from fat; Specialty
Feeds, Australia). HFD mice developed dyslipidemia, insulin resistance,
and hyperglycemia and, based on these key diagnostic criteria for T2D,
were subsequently selected for further characterization. Experiments were
carried out in accordance with National Health and Medical Research
Council guidelines and were approved by the institutional ethics commit-
tee (A1556).

Circulating metabolic, biochemical, and cytokine profiles. Blood
glucose, total cholesterol, and triglycerides from the lateral tail vein (n = 5
per group) were measured for the duration of the study (Accutrend Plus
Cobas; Roche Diagnostics, Germany). A glucose tolerance test was per-
formed on 6-h-fasted mice (n = 3 per group) at 0, 15, 30, 60, and 120 min
following intraperitoneal glucose challenge (2 g/kg body weight). Serum
(n = 5 per group) was collected to determine the circulating levels of
adipokines, including insulin, interleukin-6 (IL-6), and monocyte che-
motactic protein 1 (MCP-1) (Milliplex MAP; Millipore) according to the
manufacturer’s instructions.

Infection with B. pseudomallei. Burkholderia pseudomallei
(NCTC13178) was cultured and brought to logarithmic phase as previ-
ously described (25). After 20 weeks of diet intervention, mice (n = 25 per
group) were inoculated subcutaneously with B. pseudomallei (4.9 X 10°
CFU). The concentration was determined spectrophotometrically prior
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to administration and the dose confirmed retrospectively by plating on
Ashdown agar. Uninfected control mice (n = 5 per group) received injec-
tions of phosphate-buffered saline (PBS) only. At 24 and 72 h postinfec-
tion, mice (n = 10 per group) were sacrificed to collect liver, lungs, spleen,
blood, and subcutaneous adipose tissue (SAT) at the site of infection. The
organs were bisected to enable determination of bacterial loads in parallel
with cytokine expression or were frozen in liquid nitrogen for histological
processing.

Organ cytokine expression. Immediately after removal, bisected or-
gans were frozen in liquid nitrogen and stored at —70°C until processing
in TRIzol (Invitrogen) according to the manufacturer’s instructions. To-
tal RNA was purified using innuPREP RNA columns (Analytik Jena, Ger-
many), and RNA yield and purity were determined using a NanoDrop
spectrophotometer (NanoDrop Technologies). RNA samples (1 pug) were
incubated with DNase I (Invitrogen, Australia) to remove potential DNA
contaminants and reverse transcribed with Moloney murine leukemia
virus (MMLYV) high-performance reverse transcriptase (AllianceBio) and
oligo(dT) primers (Sigma-Aldrich, USA). Real-time quantitative PCR
(qPCR) mixtures (20 pl) with 1X Immomix (Bioline, Australia), 1 pl
template cDNA, and 0.4 wM primers (Sigma-Aldrich) were assayed in
duplicate together with nontemplate controls using Rotor-Gene 6000
(Corbett Research, Australia) with Syto 9 (Molecular Probes) for detec-
tion of double-stranded DNA (dsDNA). Cycling conditions comprised
polymerase activation at 95°C for 10 min followed by 40 cycles of 95°C for
10's,60°C for 15 s, and 72°C for 20 s. Product specificity was confirmed by
melting curve analysis from 65°C to 99°C.

Primer pairs were designed with Primer3 software (26) to span exon
boundaries, and the specificity was confirmed by BLAST analysis (see
Table S1 in the supplemental material) (27). Standard curves with 5 serial
dilutions were produced for each gene using purified DNA template to
determine PCR efficiency for each primer set with real-time qPCR anal-
ysis software, version 6.0 (Corbett Life Science). Fold changes in cyto-
kine expression were determined by the efficiency-corrected quantifi-
cation model described previously (28) and normalized to the
geometric mean after validation of the most stable reference genes (the
peptidylprolyl isomerase B [PPIB] and B-actin genes) as described
previously (29).

Histology. Tissues were frozen in OCT medium (Tissue Tek, The
Netherlands) in liquid nitrogen. Cryosections (5 pm) were fixed in 10%
buffered formalin for 10 min, followed by hematoxylin and eosin staining
for histopathological examination or oil red O and hematoxylin counter-
staining for determination of ectopic lipid accumulation. To visualize
bacteria, sections were fixed in acetone for 10 min and permeabilized with
0.1% saponin before staining with anti-B. pseudomallei outer membrane
protein (OMP) antibody followed by secondary horseradish peroxidase—
anti-rabbit IgG and tyramide-Alexa Fluor 594 (TSA detection kit; Invit-
rogen, Australia). Sections were counterstained with DAPI (4',6'-di-
amidino-2-phenylindole) (Vectashield mounting medium with DAPI;
Vector Laboratories) and images acquired with a Zeiss laser scanning
confocal microscope (LSM 700).

Statistical analysis. Statistical analysis was performed using IBM SPSS
Statistics version 19. Kaplan-Meier survival curves were used to compare
susceptibility to subcutaneous infection with B. pseudomallei between di-
abetic and nondiabetic mice. Body weight gain and glucose tolerance tests
were compared by two-way repeated-measures analysis of variance
(ANOVA). All other data were compared by unpaired Student ¢ tests.
Comparisons were considered to be significant at a P value of =0.05. Data
were expressed as mean * standard error (SE).

RESULTS

Characterization of a monogenic and polygenic model of T2D.
Compared to heterozygous db/+ mice, homozygous db/db mice
had greater total body mass and adipose tissue (P < 0.0001) (Ta-
ble 1). This was attributed to the increased daily energy intake,
which was 40% higher in db/db mice than in db/+ mice (P =
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TABLE 1 Comparison of monogenic and polygenic murine models of type 2 diabetes

C57BL/6]-Dock7™ Lepr‘”’/+ + model

Diet-induced C57BL/6 model

Parameter (unit)” db/db db/+ Significance” HFD* Control Significance
Metabolic profile
Body wt (g) 33.4 * 0.64 21.3 £ 1.31 P < 0.0001* 28.4 = 1.54 21.7 = 1.04 P =0.007*
Visceral AT (g) 2.107 = 0.089 0.235 = 0.009 P < 0.0001* 0.818 £ 0.155 0.161 £ 0.017 P =10.013*
Subcutaneous AT (g) 0.368 £ 0.039 0.094 + 0.009 P < 0.0001* 0.267 £ 0.044 0.095 £ 0.013 P =0.006*
Liver (g) 2.536 = 0.201 1.030 = 0.027 P =0.002* 1.317 = 0.108 0.929 = 0.068 P=0.016%
Daily energy consumption (kJ/mouse) 79.1 £ 4.0 454 €27 P =0.002* 53.0 = 3.3 37.8 £ 2.1 P =0.018*
Blood biochemical profile
Cholesterol (mmol/liter) 3.00 = 0.50 1.80 = 0.21 P = 0.056 (NS) 4.14 = 0.41 2.09 £ 0.10 P = 0.006*
Triglycerides (mmol/liter) 1.18 £ 0.16 0.85 * 0.08 P =0.102 (NS) 0.89 * 0.09 0.60 * 0.09 P =0.030*
Glucose (mmol/liter) 12.4 = 1.31 8.2 = 0.85 P = 0.054 (NS) 9.7 = 0.87 6.60 = 0.25 P =0.026%
Insulin (pg/ml) 12266 * 1635 4117 = 983 P = 0.003* 903 * 240 212 =48 P=0.016*
Insulin resistance (AUCY) 2642 + 492 1065 * 177 P =0.039* 1685 = 117 880 * 32 P = 0.003*
Inflammatory profile
MCP-1 (pg/ml) 68.53 = 17.30 16.09 = 6.18 P=0.021* 33.53 = 8.26 19.04 = 4.11 P =0.137 (NS)
IL-6 (pg/ml) 79.36 * 16.63 21.19 * 4.69 P = 0.022* 23.15 * 1.77 10.44 £ 0.56 P =0.003*
TNF-a (relative mRNA expression in AT) 1.56 = 0.504 0.340 = 0.070 P =0.098 (NS) 2.19 = 0.500 1.01 = 0.070 P =0.033*

“ Values are means * standard errors.

b significant; NS, not significant.

¢ HFD, high-fat-diet-fed mice.

4 AUC, area under glucose concentration-time curve.

0.003) (Table 1), due to hyperphagia. Weight gain was accompa-
nied by severe insulin resistance (P = 0.039) (see Fig. S1 in the
supplemental material) and subsequent hyperinsulinemia (P =
0.003) (Table 1). However, the increase in blood glucose was vari-
able in db/db mice compared to db/+ mice, and the difference was
not statistically significant (P = 0.054) (Table 1). Circulating cho-
lesterol and triglyceride levels were comparable between litter-
mates (P = 0.056 and P = 0.102, respectively) (Table 1), while
circulating MCP-1 and IL-6 levels were higher in db/db mice (P =
0.021 and P = 0.022, respectively) (Table 1). The expression of
tumor necrosis factor alpha (TNF-a) in adipose tissue tended to
be higher in db/db mice, although this did not reach statistical
significance (P = 0.098) (Table 1).

In the polygenic diet-induced model, daily energy intake was
higher in HFD mice (P = 0.018) (Table 1), resulting in greater
body mass gain after 20 weeks than in control mice (P = 0.007)
(Table 1; Fig. 1A). Both subcutaneous (P = 0.006) (Table 1) and
visceral (P = 0.013) (Table 1) adipose tissue depots were larger in
HFD mice (Fig. 1C and F), with marked adipocyte hypertrophy
(Fig. 1D and G). This was accompanied by ectopic triglyceride
accumulation in hepatocytes (Fig. 1E and H) and subsequent en-
largement of the liver (P = 0.016) (Table 1). HFD mice also had
significantly higher circulating levels of cholesterol (P = 0.006)
and triglycerides (P = 0.030) than control littermates (Table 1).
Although circulating levels of MCP-1 were comparable between
mice (P = 0.137) (Table 1), circulating levels of IL-6 (P = 0.003)
(Table 1) and the expression of TNF-« in SAT were 2-fold higher
in HFD mice than in control littermates (P = 0.033) (Table 1).
Consistent with the development of severe insulin resistance (P =
0.003) (Table 1; Fig. 1B), HFD mice developed hyperinsulinemia
and hyperglycemia, which are characteristic of clinical T2D (these
mice are here referred to as diabetic mice), while control litter-
mates (here referred to as nondiabetic mice) maintained normal
glucose homeostasis (P = 0.016 and P = 0.026, respectively) (Ta-
ble 1).
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Susceptibility to B. pseudomallei. The mortality rate for dia-
betic mice was 40% following subcutaneous infection with B.
pseudomallei (Fig. 2A). In contrast, all nondiabetic mice survived
the 10-day experimental period. At the end of the experimental
period, surviving mice were euthanized and necropsied to con-
firm the establishment of infection, revealing gross abcessation in
the livers and spleens of diabetic and nondiabetic mice. Bactere-
mia was evident in diabetic mice as early as 24 h postinfection (P =
0.032) (Fig. 2B), coinciding with increased bacterial loads in the
lungs (P = 0.048) (Fig. 2B). This was followed by uncontrolled
bacterial growth in the spleens of diabetic mice compared to non-
diabetic mice by 72 h postinfection (P = 0.029) (Fig. 2B). Bacterial
loads in the lung also tended to be higher in diabetic mice at 72 h
postinfection, though this did not reach statistical significance
(P = 0.069) (Fig. 2B).

Impaired cytokine expression in diabetic mice. Earlier dis-
semination of B. pseudomallei within 24 h in diabetic mice coin-
cided with reduced expression of proinflammatory cytokines
IL-1B (P = 0.008), IL-6 (P = 0.030) and TNF-a (P = 0.059) in
SAT compared to that in nondiabetic mice (Fig. 2C). Despite
comparable bacterial loads (P = 0.336), the expression of Ty;1-
type cytokines gamma interferon (IFN-vy) (P = 0.021) and IL-12
(P = 0.030) and subsequent expression of inducible nitric oxide
synthase (iNOS) (P = 0.030) were similarly reduced in SAT of
diabetic mice compared to nondiabetic mice by 24 h postinfection
(Fig. 2C).

Exaggerated inflammatory infiltrate in diabetic mice. De-
spite reduced cytokine expression, inflammatory cell infiltration
in SAT was more extensive in diabetic mice at 24 h postinfection
(Fig. 3A and D). Cellular infiltration was characterized predomi-
nantly by PMN (Fig. 3B and E) and coincided with increased
localization of B. pseudomallei (Fig. 3C and F). Similarly, the in-
filtration of PMN was more marked in the spleens of diabetic mice
than in those of nondiabetic littermates (Fig. 3G and H).
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FIG 1 Weight gain and insulin resistance in mice with diet-induced diabetes. (A) Diabetic mice gained significantly more body mass than nondiabetic littermates
consuming standard rodent chow. (B) After 20 weeks of diet intervention, diabetic mice were severely insulin resistant following a glucose challenge compared
to nondiabetic mice, as evidenced by significantly higher blood glucose levels and delayed glucose clearance. (C to H) Compared to nondiabetic mice (C), visceral
adipose tissue depots (arrows) were larger in diabetic mice (F). This was associated with marked adipocyte hypertrophy (G) and hepatic steatosis indicated by oil
red O staining (H) in diabetic mice compared to nondiabetic mice (D and E, respectively). Magnifications, X400 (D and G) and X100 (E and H). Scale bars, 50

pwm (D and G) and 200 pm (E and H). *, P < 0.05.

DISCUSSION

The purpose of the current study was to develop and validate a
suitable murine model of T2D and melioidosis comorbidity. Lep-
tin signaling-deficient Dock7™ Lepr™ mice are a widely used
monogenic model of T2D (30). BKS.Cg-Dock7™ +/+ Lepr™/]
mice have been used previously as a model for diabetes and co-
morbid melioidosis (21). However, due to the extensive use
of C57BL/6 mice as a model for chronic melioidosis (31), we se-
lected C57BL/6]-Dock7™ Lepr"l b/ + + mice, which were raised on a
C57BL/6 background. Homozygous db/db mice became severely
obese compared to heterozygous db/+ littermates due to hy-
perphagia. Consistent with previous findings, heterozygous db/db
mice developed insulin resistance as evidenced by impaired
glucose clearance and baseline hyperinsulinemia, but the develop-
ment of hyperglycemia was variable and not statistically signifi-
cant.

The major caveat for the monogenic model investigated in the
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current study is the genetic mutation in leptin signaling, which is
not the predominant cause of T2D in humans. This could have
important implications, since T2D is a polygenic disease with a
multifactorial etiology incorporating both genetic and environ-
mental risk factors. Furthermore, leptin is a pleiotropic molecule
with extensive metabolic and endocrine functions that are critical
to the regulation of both metabolic and immune pathways (32).
The effects of leptin signaling deficiency in db/db mice extend
further than obesity and include abnormal reproductive function,
hormonal imbalances, and dysregulation of the hematopoietic
and immune systems (32). The use of this model in the study of
immune complications related to T2D is therefore limited due to
the immune dysregulation afforded by impaired leptin signaling.

We compared this monogenic model to a polygenic model of
diet-induced T2D using wild-type C57BL/6 mice. An added ad-
vantage of a polygenic model using wild-type C57BL/6 mice, as
opposed to the monogenic model discussed above, is the availabil-
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FIG 2 Disease progression following B. pseudomallei infection. (A) Following
subcutaneous infection with B. pseudomallei, the mortality rate in mice with
diet-induced diabetes was 40%, compared to 100% survival of nondiabetic
mice. (B) Increased mortality of diabetic mice was accompanied by earlier
dissemination of B. pseudomallei to the blood and lungs within 24 h postinfec-
tion compared to that in nondiabetic mice. Between 24 and 72 h postinfection,
the bacterial burden significantly increased in diabetic mice at the site of in-
fection and the spleen, leading to a greater bacterial load in the spleen at 72 h
postinfection than in nondiabetic mice. The bacterial burden in the lung at 72
h postinfection also tended to be higher in diabetic mice than in nondiabetic
mice, although this did not reach statistical significance (P = 0.069). (C) In-
creased dissemination of bacteria in diabetic mice was associated with im-
paired cytokine expression at the site of infection in subcutaneous adipose
tissue (SAT) after 24 h compared to that in nondiabetic mice. *, P < 0.05.

ity of a wide variety of knockout genes in the C57BL/6 murine
strain, thereby increasing the utility of such a model for future
functional studies. Previously, diets with 60% of energy from fat
have been used to induce T2D in C57BL/6 mice (33). However,
this level markedly exceeds the dietary intake in developed nations
(24). Instead, we selected a diet with 40% energy from fat, based
on the typical “Western” diet, to more closely reflect dietary in-
takes in developed nations (24). In this polygenic model, HFD
mice gained more body mass than control littermates, which was
accompanied by excessive circulating triglyceride and cholesterol
levels and marked steatosis due to ectopic fat storage in hepato-
cytes. This coincided with the development of systemic insulin
resistance, followed by elevated blood glucose and delayed glucose
clearance in HFD mice.

There is strong evidence that adipose tissue stress due to exces-
sive fat deposition is responsible for the chronic low-grade inflam-
mation that contributes to the pathogenesis of T2D (34, 35). In the
current study, the mRNA expression of TNF-a was elevated in the
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SAT of HFD mice and was accompanied by increased circulating
levels of IL-6 compared to those in control littermates. The direct
actions of TNF-a and IL-6 on insulin signaling (36, 37) play a
critical role in the pathophysiology of T2D (38, 39). We found that
the metabolic and biochemical profiles of HFD mice were consis-
tent with the WHO guidelines for diagnostic criteria of T2D (23).
Since this model closely reflects the clinical etiopathology of T2D
and its associated metabolic complications, it was selected for sub-
sequent experiments to compare disease progression and cytokine
expression following infection with B. pseudomallei.

Despite an increased incidence of bacterial infections in indi-
viduals with T2D, the mechanisms by which T2D can alter the
host immune response to a subsequent infection remain poorly
characterized. The appropriate timing and regulation of inflam-
matory cytokines in the early phase of B. pseudomallei infection
are crucial in determining host resistance (14, 31). Previous stud-
ies have established that dissemination of B. pseudomallei to the
spleen and liver precedes highly elevated levels of IL-1B, IL-6,
TNF-a, and IFN-y at 48 to 72 h, coinciding with overwhelming
sepsis and mortality in BALB/c mice (16, 40). This is supported by
clinical evidence correlating high serum concentrations of IL-1f3,
IL-6, TNF-a, IFN-v, and IL-10 with poor outcome in patients
with septic melioidosis (41). Since the hyperinflammatory cyto-
kine response during melioidosis sepsis has been extensively char-
acterized (16, 40, 41), we investigated very early cytokine expres-
sion at 24 h postinfection, prior to overt clinical disease and sepsis,
to elucidate the mechanisms underlying susceptibility and resis-
tance at the primary site of infection that contribute to increased
bacterial dissemination in diabetic mice.

This was the first study comparing inflammatory responses in
the first 24 h postinfection at the primary site of infection with B.
pseudomallei in a diet-induced model of T2D. Interestingly, the
increased expression of proinflammatory cytokines in the SAT of
diabetic mice prior to infection did not lead to a cumulative in-
crease in the 24 h following B. pseudomallei infection. The expres-
sion of TNF-a, IL-6, IL-1B, IL-12, IFN-vy, and iNOS in the SAT of
diabetic mice was reduced compared to that in nondiabetic mice,
despite comparable bacterial loads. This coincided with exagger-
ated infiltration of inflammatory cells, predominantly PMN, and
increased bacterial dissemination to the blood and lungs in dia-
betic mice, followed by a higher bacterial burden in the spleen.

Our findings suggest that diabetic mice have an inherent in-
ability to contain B. pseudomallei at the infection site and a re-
duced capacity to control the infection once disseminated, com-
pared to nondiabetic mice. The increased susceptibility of diabetic
mice to B. pseudomallei is consistent with the clinical comorbidity
of melioidosis and T2D and highlights the value of this animal
model for use in future studies to unravel the mechanisms behind
this comorbidity. The use of an in vivo animal model has distinct
advantages over in vitro and ex vivo studies, by facilitating inves-
tigation of disease progression and local cellular responses within
the host in the early stages of infection, prior to the development
of overt clinical signs and symptoms.

In parallel with the decreased expression of IFN-y and IL-12,
the expression of iNOS was also significantly reduced in SAT of
diabetic mice compared to that of nondiabetic mice at 24 h postin-
fection. The reduced expression of IL-12, IFN-vy, and iNOS ob-
served in the current study suggests that more severe disease pro-
gression in diabetic mice may be due to an impaired activation of
phagocytes in the early stages of B. pseudomallei infection. This is

Infection and Immunity


http://iai.asm.org

Non-diabetic

Diabetic

Non-Diabetic

Diabetes and Melioidosis Comorbidity

(@}

Diabetic

Spleen at 24 hours post-infection

FIG 3 Increased inflammatory infiltrate in mice with diet-induced diabetes. Compared to those in nondiabetic mice (A and B), increased inflammation and
recruitment of polymorphonuclear neutrophils (PMN) (arrows) were observed by hematoxylin and eosin staining in SAT of diabetic mice (D and E) at 24 h
postinfection. This coincided with increased localization of B. pseudomallei (red) in SAT of diabetic mice (F) compared to that in nondiabetic mice (C). Increased
inflammation in the spleens of diabetic mice (H) compared to that in nondiabetic mice (G) was also characterized by marked PMN infiltration (arrows).
Magnifications, X100 (A and D), X400 (B and E), X200 (C and F), and X400 (G and H). Scale bars, 200 pm (A and D), 50 um (B and E), 100 pm (C and F),

and 50 pm (G and H).

consistent with the recently described defects in IFN-y and IL-12
production by peripheral blood mononuclear cells from individ-
uals with T2D after in vitro stimulation with B. pseudomallei (42).
We also observed similar defects in the previously described
BKS.Cg-Dock7™ +/+ Leprdh/] diabetic mice, in which reduced
levels of nitric oxide (NO) facilitated increased intracellular sur-
vival of B. pseudomallei in PEC after in vitro stimulation (21).
Impaired cytokine responses to B. pseudomallei in diabetic
mice could be attributed to the reduced activation, recruitment, or
functional capacity of macrophages in addition to other phago-
cytes. In particular, oxidative stress, a significant complication of
T2D, interferes with glutathione levels and cellular redox homeo-
stasis, causing damage to macromolecules, signaling, and cell via-
bility (43). Glutathione, an abundant cellular antioxidant, is also
critical for regulating many immunological functions (44, 45). A
link between reduced glutathione in peripheral blood mononu-
clear cells from diabetics and impaired IL-12 and IFN-y produc-
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tion after stimulation with B. pseudomallei has been suggested
(42). Our ensuing investigations are focused on elucidating the
mechanisms underlying the reduced IFN-vy and IL-12 expression
observed in diabetic mice in the current study.

Macrophages are an essential component of the protective im-
mune response to intracellular bacteria such as B. pseudomallei
(31). The depletion of macrophages is associated with increased
PMN infiltration and necrosis by 72 h postinfection, and this is
similar to the PMN-dominant infiltrate we have described in sus-
ceptible BALB/c mice previously (15) and in diabetic mice in the
current study. PMN alone are inadequate for an effective immune
response against B. pseudomallei (31). We hypothesize that im-
paired macrophage responses lead to a compensatory recruitment
of PMN and that this response contributes to focal tissue damage,
dissemination, and more severe disease progression in diabetic
mice.

In summary, we describe for the first time a polygenic diet-
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induced model of T2D and comorbid melioidosis. Compared to
the monogenic C57BL/6]-Dock7™ Lepr®/++ mouse model of
T2D, the polygenic model described in the current study more
closely resembles the etiology and clinical criteria of T2D based on
the development of insulin resistance, concomitant dyslipidemia,
and overt hyperglycemia. In the current study, we have identified
novel differences in early cytokine and cellular responses between
diabetic and nondiabetic hosts at the site of infection with B. pseu-
domallei, which could account for the increased bacterial dissem-
ination in individuals with T2D and their greater susceptibility to
this tropical disease. Further studies utilizing our model of comor-
bidity will provide a greater understanding of the mechanisms
underlying contrasting immunopathology in hosts with and with-
out T2D.
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