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A B S T R A C T

Diabetes is one of the major co-morbidities contributing to the high global burden of tuberculosis (TB). The
increased susceptibility of individuals with type 2 diabetes (T2D) to TB is multifactorial and may influence the
efficacy of vaccines. This study was undertaken to determine the early immune responses that occur following
infection with Mycobacterium bovis Bacille Calmette-Guérin (BCG) in a diet-induced murine model of T2D. The
phagocytic capabilities of alveolar (AM) and resident peritoneal macrophages (RPM) were assessed using ex vivo
assays. Compared to macrophages from non-diabetic mice, macrophages from diabetic animals showed de-
creased BCG uptake and killing and inflammatory cytokine production (TNF-α, MCP-1, IL-6, IL-1β). In vivo
susceptibility to BCG was determined following intravenous infection and diabetic mice showed a trend towards
increased mortality, higher bacterial burden in the lung, liver and spleen and increased inflammatory lesions
compared to controls. Differences between tissue cytokines were observed as early as one day post-infection and
by days 14 and 35, lung and liver TNF-α and IFN-γ levels were decreased in diabetic mice compared to controls.
These results suggest that early dysregulated immune responses may influence the susceptibility of T2D mice to
BCG infection.

1. Introduction

The global burden of Type 2 diabetes (T2D) has increased sig-
nificantly over the past 50 years [1]. T2D results in a three to four-fold
increased risk of developing tuberculosis (TB) [2], other mycobacterial
infections [3,4] and reactivation of latent TB (LTBI) [5]. Mycobacterium
bovis Bacillus Calmette–Guérin (BCG) is the only TB vaccine. BCG
prevents childhood TB, but the level of protection in adults varies from
0 to 80% [6,7]. Intravenous BCG vaccination has shown improved
protection against TB in non-human primates [8–10]. The impact of
T2D in BCG vaccination efficacy is unknown.

To explore the potential defects resulting in increased susceptibility
of diabetics to mycobacterial infections and to investigate the impact of
diabetes on intravenous BCG vaccination, appropriate animal models
that reflect the pathophysiological mechanisms observed in T2D are
crucial. The animal models that have been previously used to study

mycobacterial infection-diabetes co-morbidity were based on genetic
modifications or chemical alteration of pancreatic β-cell function,
which more closely model type 1 diabetes [11–18]. Furthermore, some
of previously used diet-induced animal models have not been very re-
presentative of T2D due to the use of less appropriate dietary compo-
sition [19] and short dietary intervention period [20]. These are not
conducive to the development of overt clinical signs of diabetes and its
associated macro- and microvascular complications. To overcome some
of these shortcomings we previously characterized a more robust diet-
induced murine model of T2D using an energy-dense diet [3,21]. In the
current study, we used BCG to investigate the antimycobacterial func-
tions of murine diabetic versus non-diabetic macrophages, and whether
diabetes influences survival and tissue bacterial burden, inflammation
and cytokine level following intravenous BCG infection. We show that
dysregulated tissue cytokines may render the T2D host to a greater
susceptibility to mycobacterial infection.
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2. Materials and methods

2.1. Induction of diet-induced murine model of type 2 diabetes

Six-week-old male C57BL/6 mice were used for the induction of
type 2 diabetes as previously described [3,21]. One group of mice re-
ceived ad libitum access to an energy dense-diet (EDD), while the con-
trol group received a standard rodent diet (SRD) [21]. After 30 weeks of
respective diets, glucose tolerance tests (GTT) were used to assess in-
sulin resistance (Supplementary Fig. 1) [21,22].

2.2. Bacterial isolate and culture

Mycobacterium bovis BCG was kindly provided by Dr Nick West,
School of Chemistry and Molecular Biosciences, The University of
Queensland, Australia. The bacterial stock was grown on 7H9 medium
containing 0.05% Tween 80 and supplemented with 10% OADC (Oleic
Albumin Dextrose Catalase) to mid-log phase and stored at −80 °C until
use.

2.3. Internalization and killing assay

The capacities of murine diabetic and control alveolar macrophages
(AM) and resident (non-elicited) peritoneal macrophages (RPM) to
engulf and kill M. bovis BCG were evaluated using standard methods
[3]. Broncho-alveolar lavage fluid (BALF) and peritoneal exudates were
pooled from each group of animals (n= 30/group) prior to isolation of
macrophages. CD11c+ cells (AM) were isolated from BALF by positive
selection using the EasySep™ Mouse CD11c positive selection kit
(STEMCELL™ technologies) according to the manufacturer's instruc-
tions. CD11b+ cells (RPM) were prepared from peritoneal exudate fluid
using anti-CD11b Magnetic Particles-DM (BD Biosciences, Australia)
according to the manufacturer's instructions. The purity of both
CD11c+ and CD11b+ cells was assessed using the BD FACSCalibur™
flow cytometer and found to be> 90% (data not shown). The magne-
tically sorted cell suspensions were resuspended in RPMI 1640 (In-
vitrogen, Australia) culture media at a concentration of 1× 105 cells/
well in 1mL in 48 well cell culture plates. Internalization, killing and
cytokine production were measured at 4 h and 24 and/or 48 h, ac-
cording to previously described methods [3]. Briefly, three to five re-
plicate wells were used for each group at each timepoint. M. bovis BCG
was added to wells at an MOI 1:10 and incubated at 37 °C with 5% CO2.
After 4 h of co-culture, supernatants were collected for cytokine de-
termination. The wells were treated with Amikacin (200 μg/mL) for 2 h
to kill extracellular bacteria followed by washing with phosphate buf-
fered saline (PBS, pH 7.2). To determine the killing after 24 and/or
48 h, other plates were treated and incubated as described above. All
the wells were treated with Trition X-100® (0.1%, Sigma, Australia) for
10min and washed by centrifugation. For enumeration of colony
forming unit (CFU), serial 10-fold dilutions were prepared with the cell
lysates and plated on 7H11 agar plates. Mycobacterial uptake by
macrophages was calculated based on the number of bacteria inter-
nalized after 4 h in comparison to bacteria added per well. Macrophage
killing capability was determined by normalizing CFU at 24 and 48 h
based on uptake at 4 h.

=h uptake No of internalized bacteria after h
No of bacteria added

X4 ( . 4 )
( . )

100

=or h survival No of survived bacteria after h
No of bacteria internalized after h

X24 48 ( . 24/48 )
( . 4 )

100

2.4. Bacterial infections

For in vivo infections, frozen aliquots of M. bovis BCG were prepared
for injection as previously described [3,23]. Briefly, frozen bacterial

stocks of known concentration (CFU/mL) were thawed and washed
twice with PBS by centrifugation at 4000×g for 10min. Pellets were
resuspended in PBS, vortexed and clumps were disaggregated by pas-
sing the bacterial suspension through 29-gauge needles 10–15 times
followed by water-bath sonication for 10 s. Serial dilutions of the re-
sulting suspension were plated on 7H11 agar plates to retrospectively
enumerate the precise CFU/mL of the inoculum. Diabetic and control
mice were infected intravenously via the tail vain [3,24]. For 60 day
survival experiments mice (n=9–12/group) were infected with
2×106 CFU and mice were observed daily. Moribund mice were eu-
thanized by CO2 asphyxiation and survival was recorded. The kinetics
of infection were assessed at days 1, 14 and 35 following infection with
1×106 CFU (n= 4–5/group/timepoint).

2.5. Preparation of organ homogenates

At days 1, 14, and 35, 4–5 mice from each experimental group were
euthanized by CO2 asphyxiation for the collection of lung, liver and
spleen. All samples were processed according to published protocols
[3,12,25]. Briefly, lung (left lobe), liver (1 g) and spleen (half of total
organ weight) were homogenized separately in stomacher bags con-
taining 1mL of PBS with 0.05% Tween 80. The homogenates were
centrifuged, and the supernatants were collected and stored at −80 °C
for cytokine assays. The cell pellets were then lysed using 0.1% Triton
X-100® for 10min. Serial 10-fold dilutions were prepared from lysates
and plated on 7H11 agar plates. Colonies were counted after 2–3 weeks
of incubation at 37 °C with 5% CO2.

2.6. Histopathological examinations

Lung, liver and spleen of M. bovis BCG-infected mice were weighed
at 1, 14, 35 days post-infection (dpi). For histopathological examina-
tion, the right lung lobes and liver (after removing 1 g for bacterial
counts) were collected in 10% neutral buffered formalin. Tissue sec-
tions of lung and liver were prepared from formalin fixed tissue and
stained with Haematoxylin and Eosin (H&E). The relative percentage of
inflamed area within the lung was evaluated on representative lung
sections according to previously published methods [26]. The inflamed
area was calculated on the same lung sections by capturing images
using 100x magnification. The inflamed areas within the liver were
quantified according to previously described methods [3,27,28]. The
CellSens® Image Analysis software (Olympus) was used for digital
photography and quantitative analysis of the tissue sections.

2.7. Tissue Ziehl-Neelsen staining for localization of bacteria

Ziehl-Neelsen (ZN) staining of liver sections was performed at 14
and 35 dpi. Counting of acid-fast bacilli was done using previously
published protocols [28]. In short, a representative liver section from
each mouse was stained and visualized at 1000x magnification and the
number of ZN positive magenta bacilli within each of the inflammatory
focus/granuloma was counted. Inflammatory lesions showing at least
one ZN positive bacillus were identified and the total number of in-
dividual bacilli within 10 such lesions were enumerated.

2.8. Measurement of cytokines

Inflammatory cytokine concentrations in organ homogenates and
cell culture supernatants were determined using the BD Cytometric
Bead Array Mouse Inflammation Kit® (TNF-α, IL-6, MCP-1, IL-10, IL-
12p70, IFN-γ), Mouse Th1/Th2/Th17 Cytokine Kit® (IL-2, IL-4, IL-17A)
and Mouse IL-1β Flex Set® (BD Bioscience, Australia). Manufacturer's
instructions were followed to assess the cytokine levels. Data were ac-
quired on a BD FACSCalibur™ flow cytometer using BD CellQuest®

software and analysed by BD FCAP Array ™ software (version 3.0).
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2.9. Statistical analysis

Statistical analysis was performed using SPSS version 24.0 and
GraphPad Prism 7.03 software. Normally distributed data were com-
pared between groups using the unpaired t-test with Welch's correction.
Normally distributed data of multiple groups were compared using the
ordinary one-way ANOVA with Holm-Sidak's multiple comparisons test.
Non-normally distributed data were compared between the groups
using the non-parametric Mann-Whitney U test. The Kruskal-Wallis test
with Dunn's multiple comparisons was performed for non-normally
distributed data of multiple groups. A two-way ANOVA with Sidak's
multiple comparisons test was performed for data from repetitive
measures (e.g. glucose tolerance test). Kaplan Meier survival curves
with log-rank (Mantel-Cox) tests were used to compare diabetic and
control mouse survival. All data were presented as mean ± SEM
(Standard Error of the Mean). The level of significance was indicated as
*P≤0.05, **P≤0.01, ***P≤ 0.001 and ****P≤0.0001.

3. Results

3.1. Phagocytosis and ex vivo cytokine production by macrophages are
impaired in Mycobacterium bovis BCG-infected T2D mice

We first investigated whether the phagocytic and killing capacities
of murine diabetic and non-diabetic control macrophages differed.
After 4 h of co-culture, the internalization of M. bovis BCG by alveolar
macrophages (AM) from diabetic mice was 26% lower compared to
controls (Fig. 1A). Killing of M. bovis BCG by AM from diabetic mice
after 24 h of co-culture was 4% lower compared to controls (Fig. 1B).
Similarly, the bacterial uptake by resident peritoneal macrophages
(RPM) from diabetic mice was 34% lower compared to control mac-
rophages (Fig. 1D). Although the killing capacity of RPM increased over
time, the killing efficiency after 24 h (Fig. 1E) and 48 h (Fig. 1G) of co-
culture remained 3.9 and 2.5% lower, respectively in RPM from dia-
betic mice compared to controls.

We also assessed cytokine levels after co-culture of isolated AM and
RPM with M. bovis BCG. TNF-α production by AM increased between 4
and 24 h of co-culture (Fig. 1C). Compared to control mice, AM from
diabetic mice produced less TNF-α at both the 4 h (control,
69.76 ± 0.57 vs diabetic, 44.41 ± 6.14, pg/mL, P=0.1062) and 24 h
timepoints (Fig. 1C). The opposite trend was observed for IL-6 pro-
duction. AM from diabetic mice released more IL-6 in response to BCG
at 4 h (control, 4.00 ± 3.15 vs diabetic, 17.64 ± 2.29, pg/mL,
P=0.0096) and 24 h (Fig. 1C). The production of IL-10 by AM from
diabetic and control mice was similar at both 4 h and 24 h of co-culture
(data not shown). MCP-1 (Fig. 1C), IL-1β (Fig. 1C), IL-12p70 and IFN-γ
production was undetectable in AM from both diabetic and control
mice at both timepoints. When RPM were co-cultured with M. bovis
BCG for 4, 24 and 48 h, increasing TNF-α production was observed.
TNF-α levels were significantly lower in RPM from diabetic mice at 4 h
(control, 129.36 ± 16.54 vs diabetic, 47.50 ± 5.54, pg/mL,
P=0.0005) and 48 h (Fig. 1H), although concentrations were similar
for both groups of mice at 24 h (Fig. 1F). MCP-1 production by RPM
from diabetic mice was significantly lower than controls at 24 and 48 h
(Fig. 1F and H) and was not detectable at 4 h. In contrast to our results
for AM, RPM from diabetic mice produced less IL-6 than control mice at
4 h (control, 601.26 ± 58.55 vs diabetic, 168.77 ± 31.78, pg/mL,
P=0.0001), 24 h (Fig. 1F) and 48 h (Fig. 1H) of co-culture. There was a
reduced amount of IL-1β produced at 24 h and 48 h (Fig. 1F and H)
although it was undetectable at 4 h. A higher level of IL-10 was ob-
served in the RPM from control mice than diabetic at 48 h (control,
56.82 ± 4.51 vs diabetic, 18.89 ± 1.32, pg/mL, P≤ 0.0001) of co-
culture although the level was similar at both 4 and 24 h (data not
shown). The production of IL-12p70 and IFN-γ by the RPM from both
diabetic and control mice was undetectable at all three timepoints.

3.2. Increased trend in mortality of Mycobacterium bovis BCG-infected T2D
mice

Next, we investigated if diabetic mice were more susceptible to
death following high-dose (2×106 CFU/mouse) infection withM. bovis
BCG. Sixty days after infection 30% of the diabetic mice had succumbed
to infection compared to 7.69% of non-diabetic controls
(Supplementary Fig. 2). Although this difference did not reach statis-
tical significance (P= 0.1698), these data suggest that diabetic mice
have a reduced ability to control BCG infection in vivo.

3.3. Gross pathology and increased Mycobacterium bovis BCG burden in
T2D mice

To assess the immune response and histopathological changes to
BCG in more detail, mice were infected with 1×106 CFU and were
sacrificed at 1, 14 and 35 dpi. Both diabetic and control mice developed
spleno- and hepatomegaly (data not shown). Bacterial loads gradually
increased in lung and liver of both diabetic and control mice followed
by a decline at later timepoints (Fig. 2A and E). Diabetic mice har-
boured significantly more bacteria at 14 and 35 dpi compared to con-
trols. In the lung, BCG counts peaked at 14 dpi with diabetic mice
showing 2.2-fold more bacteria compared to controls and 2.9-fold more
bacteria at 35 dpi (Fig. 2A). Increased bacterial burden was also ob-
served in the liver of diabetic mice with 3.4 and 6.1-fold higher BCG
counts at 14 and 35 dpi, respectively (Fig. 2E). Similarly, bacillary
burden was 2.5 and 1.8-fold higher in the spleen of diabetic mice
compared to controls at 14 and 35 dpi, respectively (data not shown).

3.4. Increased inflammatory responses in Mycobacterium bovis BCG-
infected T2D mice

Examination of H&E stained lung sections of BCG-infected mice
revealed increased numbers of inflammatory lesions in diabetic mice
compared to controls (Fig. 2B, C & D). A diffuse accumulation of in-
flammatory cells was observed in both diabetic and control groups at 1
dpi (data not shown). At 14 dpi, diabetic mice had 1.6-fold increase of
inflamed area across the lung sections compared to controls (Fig. 2B). A
similar trend was observed at 35 dpi (Fig. 2B, C & D).

Liver inflammation was also higher in BCG-infected diabetic mice
compared to controls (Fig. 2F, G & H). At 1 dpi, a diffuse infiltration of
inflammatory cells was observed in the livers of both diabetic and
control mice (data not shown) followed by the formation of in-
flammatory foci/granulomas at later timepoints. The number of in-
flammatory foci/granulomas in the liver was higher in diabetic mice
compared to controls at both 14 (control, 4.40 ± 0.43 vs diabetic,
6.68 ± 0.44/section/mouse, P= 0.0059) and 35 dpi (control,
6.82 ± 0.46 vs diabetic, 8.08 ± 0.78/section/mouse, P= 0.2010).
The mean area of each inflammatory focus/granuloma was 1.2 and 1.4-
fold higher in diabetic mice compared to controls at 14 and 35 dpi,
respectively, although this was not statistically significant (data not
shown). The overall area of liver inflammation was 1.8 and 1.3-fold
higher in diabetic mice compared to controls at both 14 and 35 dpi,
respectively (Fig. 2F, G & H). Furthermore, ZN staining of these liver
sections demonstrated higher numbers of bacilli per inflammatory
focus/granuloma in diabetic mice compared to controls at both 14
(control, 13.00 ± 1.08 vs diabetic, 17.56 ± 3.96, P= 0.2985) and 35
dpi (control, 17.59 ± 2.09 vs diabetic, 23.25 ± 5.01, P= 0.2940)
(Fig. 2I and J). Inflammatory foci/granulomas of diabetic mice ap-
peared to be more diffuse and less compact than those of control mice
(Fig. 2I and J). Moreover, compared to controls, bacilli in the liver of
diabetic mice were not only localized within the inflammatory foci/
granulomas, but were also found dispersed throughout the liver par-
enchyma.
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3.5. Dysregulated cytokines in Mycobacterium bovis BCG-infected T2D
mice

We next assessed the levels of inflammatory cytokines in lung and
liver following M. bovis BCG infection. At 14 dpi, TNF-α levels were
lower in diabetic lungs compared to controls (Fig. 3A). Whereas at 14
dpi MCP-1 production was significantly higher in diabetic lungs com-
pared to controls (Fig. 3B). No significant changes in IL-1β and IL-6
production were observed between the two groups (Fig. 3C and D). IFN-
γ was undetectable at 1 dpi but was significantly reduced in diabetic

lungs compared to controls at both 14 and 35 dpi (Fig. 3E). In the liver
similar trends were observed with TNF-α (Fig. 3F), and IFN-γ (Fig. 3J)
being significantly lower in diabetic mice compared to controls at both
14 and 35 dpi and IL-6 (Fig. 3I) significantly lower in the same group at
35 dpi. IL-1β production was significantly higher in liver of diabetic
mice although it was not significant for 14 and 35 dpi in the same group
(Fig. 3H). IL-4 levels in diabetic livers were significantly higher com-
pared to controls at 1 (control, 2.28 ± 1.53 vs diabetic, 7.85 ± 0.89,
pg/mL, P= 0.0198) and 14 dpi (control, 2.29 ± 1.82 vs diabetic,
14.96 ± 4.45, pg/mL, P= 0.0300). The production of splenic MCP-1

Fig. 1. Internalization and killing of Mycobacterium bovis BCG by alveolar and resident peritoneal macrophages are impaired in T2D. Macrophages from
both diabetic and non-diabetic (control) mice were co-cultured withMycobacterium bovis BCG at an MOI 1:10 for 4 and 24/48 h.M. bovis BCG uptake after 4 h (A) and
killing of internalized bacteria after 24 h (B) were reduced significantly in alveolar macrophages (AM) from diabetic mice compared to controls. After 24 h of co-
culture with the bacterium, there was a significant reduction of tumour necrosis factor-α (TNF-α) production by AM from diabetic mice compared to controls
although an opposite trend was observed with interleukin-6 (IL-6) production (C). There was no or little production of monocyte chemoattractant protein-1 (MCP-1)
and IL-1β by AM from both diabetic and controls at the same timepoint of co-culture (C). Similar to AM, there was a significant reduction of M. bovis BCG uptake (D)
and 24 h killing (E) by resident peritoneal macrophages (RPM) from diabetic mice compared to controls. The 48 h killing of internalized mycobacteria were also
lower in RPM from diabetic mice compared to controls albeit it was not statistically significant (G). After 24 h of co-culture, there was a significant reduction of MCP-
1 production by the RPM from diabetic mice compared to controls although no differences were found in TNF-α secretion by RPM from both groups of mice (F). The
production of IL-6 and IL-1β was lower in RPM from diabetic mice compared to controls at the same timepoint although these were not statistically significant (F).
After 48 h of co-culture, the production of TNF-α, MCP-1, IL-6 and IL-1β were reduced significantly in RPM from diabetic mice compared to controls (H). The
experiment was repeated twice with similar results. Result of a representative experiment was presented above. Data presented as mean ± SEM; n= 3–5 replicates
at each timepoint. Level of significance: *P ≤ 0.05, **P ≤ 0.01 and ****P ≤ 0.0001.
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Fig. 2. Type 2 diabetes increases sus-
ceptibility to Mycobacterium bovis BCG
infection. Diabetic and non-diabetic (con-
trol) mice were infected intravenously with
Mycobacterium bovis BCG (1× 106 CFU/
mouse) and observed for a period of 35
days. Mice were sacrificed at 1, 14 and 35
days post-infection (dpi) and organ myco-
bacterial load and histopathological lesions
were assessed. A significantly higher bac-
terial burden was observed in lung of dia-
betic mice compared to controls at 14 and
35 dpi (A). Histological examination and
quantification of the inflammatory lesions
indicated a higher inflamed area in lung of
diabetic mice compared to controls (B, C
and D). Similar to lung, significantly higher
bacterial load (E) and inflammatory lesions
(F, G and H) were observed in liver of dia-
betic mice compared to controls at 14 and
35 dpi. Ziehl-Neelsen staining of the same
liver sections demonstrated higher numbers
ofM. bovis BCG in each inflammatory focus/
granuloma of liver of diabetic mice com-
pared to controls (I and J). Data presented
as mean ± SEM; n= 4–5 mice/group at
each timepoint. Figure C, D, G and J were
the representative figures of 35 dpi time-
point. Magnification: C-D 40x (scale bar
500 μm), G-H 200x (scale bar 100 μm) and
I-J 1000x (scale bar 20 μm). Level of sig-
nificance: *P ≤ 0.05, **P ≤ 0.01 and
***P ≤ 0.001.
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at 35 dpi and IL-1β at 1 and 35 dpi were significantly higher in diabetics
compared to controls (Supplementary Fig. 3). Whereas the production
of IL-6 at 1 dpi, IFN-γ at 35 dpi and IL-2 at 14 and 35 dpi were sig-
nificantly lower in the spleens of diabetic mice compared to controls
(Supplementary Fig. 3).

4. Discussion

Identifying the immune mechanisms underlying TB-T2D co-
morbidity is important for the development of effective therapeutic and
preventive measures. Using a diet-induced animal model which reflects

Fig. 3. Cytokine production is dysregulated in Mycobacterium bovis BCG infection in T2D. Mice were infected intravenously with Mycobacterium bovis BCG
(1× 106 CFU/mouse) and sacrificed at 1, 14 and 35 days post-infection (dpi) to determine cytokine production in the lung and liver. There was a significant
reduction in the production of tumour necrosis factor-α (TNF-α) at 14 dpi in lungs of diabetic mice compared to non-diabetic controls (A). The production of
monocyte chemoattractant protein-1 (MCP-1) was significantly higher in the lungs of diabetic mice compared to controls at 14 dpi (B). The production of interleukin
(IL)-1β (C) and IL-6 (D) was not significantly different between the two groups. There were significantly lower levels of interferon-γ (IFN-γ) in the lungs of diabetic
mice compared to controls at 14 and 35 dpi (E). Similar trends to the lungs in TNF-α (F), MCP-1 (G), IL-1β (H), IL-6 (I) and IFN-γ (J) production were observed in the
liver of diabetic and controls. Data presented as mean ± SEM; n= 4–5 mice/group at each timepoint. Level of significance: *P ≤ 0.05, **P ≤ 0.01 and
***P ≤ 0.001.
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the characteristics of T2D [3,21], this study investigated the anti-my-
cobacterial functions of mouse diabetic versus non-diabetic macro-
phages, and showed that diabetes influences animal survival and tissue
bacterial burden, inflammation and cytokine levels following BCG in-
fection.

Diabetic mice challenged with a high-dose ofM. bovis BCG displayed
a trend towards increased mortality. These results are consistent with
other studies using Streptozotocin (STZ) induced diabetes followed by
M. tuberculosis (Mtb) [13–15] and M. fortuitum infection [3]. In the
current study, increased mortality was accompanied by a higher bac-
terial burden in the lung (Fig. 2A), liver (Fig. 2E) and spleen following a
low-dose infection. A similar pattern of increased bacterial burden has
been observed in STZ induced diabetic animals infected with Mtb
[12,14–17,29,30]. The higher mycobacterial burden suggests that dia-
betic mice were unable to control infection efficiently. The increased
bacterial burden in diabetic mouse tissue was further associated with
increased inflammatory lesions in the lung (Fig. 2B, C and D) and liver
(Fig. 2F, G and H). Previous studies have also reported an increased
inflammation in lung [14–16] and liver [29,30] of STZ-induced diabetic
animals infected with Mtb. The observed increase in bacterial burden in
diabetic mice coupled with increased numbers and size of inflammatory
lesions suggest a significant failure to control and confine the bacilli
within the inflammatory lesions.

The increased bacterial burden and number and size of in-
flammatory lesions in diabetic mice, may be explained by impaired
phagocytosis and/or dysregulated macrophage cytokine responses
[3,17]. Macrophages are one of the first cell types to encounter my-
cobacteria within the lung [31,32]. Our study revealed significantly
decreased uptake of M. bovis BCG by AM and RPM from diabetic mice
(Fig. 1A and D). Defective uptake of Mtb by AM and M. fortuitum by
both AM and RPM of diabetic mice has been described by others and us
previously [3,18]. Reasons for the impaired diabetic phagocyte func-
tion may relate to reduced interactions between bacteria and phago-
cytes caused by altered complement protein (C3b) binding and/or re-
ceptor (CR1 and CR3) expression [33,34]. Furthermore, recent studies
have demonstrated that diabetic macrophages have reduced expression
of the scavenger receptor; macrophage receptors with collagenous
structure (MARCO) [18] suggesting that both opsonin-dependent and
-independent phagocytic process may be impaired in diabetics. The
significantly reduced bacterial killing we observed for both diabetic AM
(Fig. 1B) and RPM (Fig. 1E and G) may also be due to reduced secretion
of antimycobacterial compounds, a delayed acidification of the pha-
gosome and phagosome-lysosome fusion and altered cytokine secretion
[31,32]. We observed reduced production of TNF-α by AM and RPM
from diabetic mice (Fig. 1C and H). Our findings are consistent with
previous studies in diabetic animals [3,29,30]. Decreased production of
TNF-α by macrophages from diabetic animals was associated with
lower uptake and killing of the bacilli. It is tempting to speculate that
this could be due to the prominent role of TNF-α in the secretion of
antimycobacterial compounds [35].

MCP-1 (CCL2) is a potent chemoattractant protein involved in re-
cruiting various immune cells (including phagocytes) into infected
tissue. Diabetic RPM produced less MCP-1 (Fig. 1F and H) suggesting an
inability to recruit other immune cells. Vallerskog and colleagues [17]
suggested a reduced level of MCP-1 as a cause of delayed recruitment of
myeloid cells followed by delayed antigen presentation in Mtb infected
diabetic mice. We observed higher levels of IL-6 produced by M. bovis
BCG-infected diabetic AM (Fig. 1C) but lower levels in RPM (Fig. 1 F
and H) compared to controls. Although there are conflicting reports on
the role of IL-6 [36,37], the reduced IL-6 lead to higher bacterial sur-
vival. A higher level of Mtb growth in macrophages of IL-6 knockout
mice has been observed previously [38]. Despite the lower production
of IL-6 by AM, the increased production of TNF-α might compensate to
limit bacterial growth. We also observed a reduced production of IL-1β
by RPM from diabetic mice (Fig. 1F and H), which suggests that this
cytokine is positively correlated with the secretion of TNF-α and IL-6

[39]. We detected a higher amount of IL-10 in RPM of control mice,
although the survival of BCG inside the macrophages was low. The anti-
inflammatory environment and increased killing of internalized bac-
teria by macrophages from non-diabetic mice may be compensated by
elevated secretion of other pro-inflammatory cytokines (e.g. TNF-α,
MCP-1, IL-6, IL-1β).

We observed significantly lower TNF-α production in the lung of
BCG-infected diabetic mice at 14 dpi (Fig. 3A) which is consistent with
our in vitro studies. In the liver, TNF-α was significantly reduced in
diabetic mice at 14 and 35 dpi, and a similar trend was observed for IL-
6 at 35 dpi (Fig. 3F and I). Similar findings have been reported in
diabetic animal models following acute Mtb infections [15,29]. Lower
production of these cytokines at the early stages of infection in diabetic
mice failed to activate and recruit macrophages. Previous studies sug-
gested that decreased production of cytokines in diabetic mice during
mycobacterial infections leads to elevated bacterial burdens and in-
creased inflammatory lesions [12,17]. Although MCP-1 production is
crucial in mycobacterial defence, an increased production of this cy-
tokine in diabetic mice at later timepoints failed to control bacillary
loads, resulting in greater tissue inflammation [14,15,17]. We also
observed low amounts of IFN-γ from the lung, liver (Fig. 3E and J) and
spleen (Supplementary Fig. 3E) of diabetic mice compared to controls.
The central role of Th1 cells in the defence against Mtb has been at-
tributed to the ability of Th1 cell-derived IFN-γ to activate macrophages
and stimulate phagocytosis, phagosome maturation, production of pro-
inflammatory cytokines (e.g. TNF-γ, IL-1β, IL-6) and antigen presenta-
tion [31,32]. A decreased level of IFN-γ in response to BCG infection
observed in this study (Fig. 3E and J) suggests impaired/delayed Th1
cell responses and leucocyte recruitment in diabetic mice. Previous
research in hyperglycaemic mice have demonstrated that Mtb-specific
IFN-γ producing T cell recruited later in the regional lymph nodes with
a proportionate delay in recruitment of those cells to the lung leading to
delayed T cell priming [17]. Reduced production of this cytokine may
be further explained by the decreased production of IL-2
(Supplementary Fig. 3F) that could further reduce, or at least, delay
Th1 cell differentiation and recruitment as seen in TB defence [31,32].
We also observed minor increases in IL-4 in the liver of diabetic mice
early in infection suggesting the possibility that the immune response
may be skewed towards a more Th2 cell type. IL-4 may induce mac-
rophages to take on a M2 (alternatively activated) phenotype [31,32].
This may down-regulate Th1 responses by inhibiting Th1 cell differ-
entiation via influencing the transcription of IFN-γ in Th1 effector cells
[40]. Future studies are required to evaluate the role of this cytokine in
diabetes-mycobacterial co-morbid infections.

Our work also suggests that delays or defects in the formation of
inflammatory/granulomatous foci in the diabetic mice may be due to
impaired macrophage activity. The observation of loosely associated
cells in such foci and the diffusely spread bacilli in the liver parenchyma
(Fig. 2J) suggests a possible impairment in leucocyte recruitment in
response to higher numbers of bacilli. In contrast, inflammatory foci/
granulomas of non-diabetic mice were more compact containing lower
numbers of bacteria (Fig. 2I). In patients with TB who are im-
munodeficient, granulomas are larger in size, rich in activated macro-
phages with fewer surrounding lymphocytes in contrast to im-
munocompetent patients with TB who have small, compact granulomas
with more IFN-γ producing CD4+ T cells [41]. Future studies using
relevant murine models should be aimed at characterizing the compo-
sition of the inflammatory foci/granulomas in the diabetic and non-
diabetic mice.

In conclusion, impaired macrophage function is one of the key
factors responsible for increased susceptibility to mycobacteria in dia-
betes, which ultimately leads to delayed Th1 cell mediated responses.
In this investigation, we demonstrated that uptake, killing and cytokine
production of macrophages from diabetic mice are impaired in early M.
bovis BCG infection. These impairments lead to increased organ myco-
bacterial loads with defective or poor inflammatory or granulomatous
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foci formation in diabetes due to impaired or defective Th1 cell re-
sponses. We consider the model we have developed and characterized
in terms of early responses in T2D to mycobacterial infection is robust,
and therefore appropriate to further investigate the impairment in de-
velopment of protection in T2D-mycobacterial co-morbidity.
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