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Diabetes is a significant risk factor for the development of active tuberculosis. In this study, we
used a mouse model of type 2 diabetes mellitus (T2DM) to determine the effect of prior Bacillus
Calmette-Guérin (BCG) vaccination on immune responses to Mycobacterium tuberculosis (Mtb)
infection. We found that, at 6-7 months after Mtb infection, 90% of the Mtb-infected T2DM mice
died, whereas only 50% of BCG-vaccinated T2DM-Mtb-infected mice died. Moreover, 40% of the
PBS-treated uninfected T2DM mice and 30% of the uninfected BCG-vaccinated T2DM mice died,
whereas all uninfected and infected nondiabetic mice survived. BCG vaccination was less effective
in reducing the lung bacterial burden of Mtb-infected T2DM mice compared with Mtb-infected
nondiabetic mice. BCG vaccination significantly reduced lung inflammation in Mtb-infected

T2DM mice compared with that of unvaccinated T2DM mice infected with Mtb. Furthermore,
reduced mortality of BCG-vaccinated Mtb-infected T2DM mice is associated with expansion of
IL-13-producing CXCR3* Tregs in the lungs of Mtb-infected T2DM mice. Recombinant IL-13 and
Tregs from BCG-vaccinated Mtb-infected T2DM mice converted proinflammatory M1 macrophages
to antiinflammatory M2 macrophages. Our findings suggest a potentially novel role for BCG in
preventing excess inflammation and mortality in T2DM mice infected with Mtb.

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is a leading cause of death worldwide (1, 2).
In 2017, 10 million people globally developed active TB disease, and 1.3 million deaths occurred as a result
of TB disease (2, 3). It is estimated that one-third of the world’s population has latent TB infection (LTBI),
and 90% of these individuals remain healthy (4). However, approximately 10% of LTBI* individuals devel-
op active disease during their lifetime (5, 6). Immunocompromised conditions such as malnutrition, aging,
diabetes, smoking, and alcohol abuse, as well as coinfections with HIV and helminths, can enhance the risk
of developing active TB in LTBI* individuals (2, 7-9).

Diabetes is one of the risk factors for active TB development. In 2017, it was estimated that 425 mil-
lion of people worldwide were confirmed as diabetic or prediabetic (10), suggesting that it is important
to understand the immune responses to Mtb in patients with diabetes. Type 2 diabetes mellitus (T2DM)
patients with LTBI have a three-fold higher risk of developing active TB (2, 11, 12), and poor glycemic
control is a major risk factor for developing active TB (13). Hyperglycemia negatively regulates the innate
and adaptive immune systems and subsequently leads to impaired defense against active TB (7, 14). Excess
Thl- and Th17-mediated inflammatory responses were noted in TB patients with T2DM (15), and patho-
logical immune responses in Mtb-infected T2DM mice lead to enhanced mortality (8, 16). There is limited
information available about the immune responses to Mtb in T2DM hosts (11, 15).

Bacillus Calmette-Guérin (BCG) is a live-attenuated strain of Mycobacterium bovis and has been used
as a vaccine against the TB for almost a century (17-23). BCG immunization also has protective effects
against viral infections (22); noninfectious diseases (24-27), such as hypertension-induced myocardial
hypertrophy and cardiac fibrosis (28); and bladder and urothelial cancers (27, 29). Furthermore, BCG is
known to reverse the advanced type 1 diabetes (23, 30). However, there is no information available about
vaccine-induced protective immune responses against infections, including TB, in T2DM hosts.
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In the current study, we investigated the effects of prior BCG vaccination on the immune responses and
survival of T2DM mice infected with Mtb. We also determined BCG-induced immunoregulatory mecha-
nisms that enhance the survival of Mtb-infected T2DM mice.

Results

BCG vaccination enhances the survival of Mtb-infected T2DM mice. We determined the effect of prior BCG vacci-
nation on the mortality of T2DM mice infected with Mtb. A schematic representation of BCG vaccination,
development of T2DM, and Mb infection is shown in Figure 1A. At the 6- to 7-month after infection (p.i.)
time point, 90% of the Mrb-infected T2DM mice died, whereas only 50% of BCG-vaccinated T2DM-Mzh—
infected mice died (P <0.01). Moreover, 40% of PBS-treated uninfected T2DM mice and 30% of uninfected
BCG-vaccinated T2DM mice died (P <0.05), whereas all uninfected and infected nondiabetic mice survived
(Figure 1B). Our findings demonstrate that BCG vaccination prevents the deaths of not only Mrb-infected
T2DM mice, but also uninfected T2DM mice.

We measured the body weights and levels of blood glucose, serum insulin, triglyceride, free fatty acid,
and cholesterol levels of all groups of mice at regular intervals until 330 days. As shown in Figure 1C, all
nondiabetic (control and Mtb-infected) mice gained significant weight compared with that of T2DM (con-
trol and Mtb-infected) mice. Blood glucose levels of T2DM mice (control and infected) were = 250 mg/dL
during the entire study period and were 80-125 mg/dL in all nondiabetic mice (Figure 1D). The serum insu-
lin, triglyceride, and free fatty acid levels of all groups of T2DM mice increased and maintained significantly
higher levels during the entire study period compared with those of all groups of nondiabetic mice (Figure 1,
E—G). One month after infection, there was no significant difference in the serum cholesterol levels in all the
PBS-treated T2DM and BCG-vaccinated T2DM mice (control and infected), but cholesterol levels were sig-
nificantly decreased at 4 and 6 months in infected T2DM mice (unvaccinated and vaccinated) as compared
with the levels in uninfected mice (P < 0.001) (Figure 1H).

BCG vaccination reduces bacterial burden less efficiently in T2DM mice during chronic Mtb infection. We asked
whether the enhanced survival of BCG-vaccinated Mtb-infected T2DM mice was due to a reduced lung
bacterial burden in Mtb-infected mice. One month after infection, BCG vaccination reduced lung bacterial
burden by close to 2 logs in Mrb-challenged nondiabetic mice compared with that of PBS-treated mice
(4.024 + 0.08 versus 5.992 + 0.09; P <0.001) and 1.48 logs in the lungs of BCG-vaccinated T2DM mice
compared with that of PBS-treated T2DM mice (4.668 * 0.16 versus 6.146 + 0.08; P <0.001). Four months
p.i., BCG vaccination reduced the lung bacterial burden of nondiabetic mice by 1.2 logs (4.968 + 0.15 ver-
sus 6.2 + 0.08; P <0.001, Figure 2A) and 0.3 logs in T2DM mice compared with that of PBS-treated con-
trol mice (5.892 + 0.14 versus 6.2 + 0.08). A similar reduction in bacterial burden was noted in the spleen
and liver (Figure 2, B and C). Our findings demonstrate that, in addition to marginally reducing bacterial
burden, BCG vaccination protects Mrb-infected T2DM mice through other mechanisms.

BCG vaccination reduces immunopathology in the lungs of T2DM mice during chronic infection. Histopatho-
logical analysis of lung sections among the 8 groups of mice (control, T2DM, BCG-vaccinated control,
BCG-vaccinated T2DM, infected control, infected T2DM, infected BCG-vaccinated control, and infected
BCG-vaccinated T2DM) showed significantly more inflammation in T2DM mice infected with Mrb when
compared with that of PBS-treated mice infected with Mztb (P < 0.001). BCG-vaccinated Mtb-infected
nondiabetic mice and BCG-vaccinated T2DM mice infected with Mtb displayed significantly reduced
inflammation when compared with those of Mtb-infected nondiabetic mice or Mrb-infected T2DM mice
at 4 months p.i. (P <0.01) (Figure 2, D-G).

BCG vaccination alters cytokine and chemokine levels in T2DM mice infected with Mtb. In lung homogenates
of mice in the 8 groups, we measured various cytokine and chemokine levels using multiplex (36-plex)
ELISA kits. As previously published (8), the levels of pro- and antiinflammatory cytokines and chemokines
were significantly elevated in Mtb-infected T2DM mice at 1 and 4 months p.i. when compared with the
levels in uninfected T2DM and infected nondiabetic mice (Figure 3 and Supplemental Figures 1 and 2;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.133788DS1).
BCG vaccination of T2DM mice infected with Mzb significantly reduced some of the pro- and antiinflam-
matory cytokines (IFN-a, IL-1a, IL-1B, IFN-y, TNF-q, IL-6, IL-3, IL-18, IL-23, IL-27, IL-9, and IL-31) and
chemokines (GM-CSF, ENA-78, M-CSF, MCP-1, and MIP-1p) but enhanced the levels of IL-13, IL-15,
IP-10, and MIP-2 compared with the levels in nonvaccinated T2DM mice infected with Mzb (Figure 3 and
Supplemental Figures 1 and 2).
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Figure 1. BCG vaccination enhances the survival of Mtb-infected T2DM mice. (A) A schematic representation of BCG vaccination, T2DM induction, and
Mthb H37Rv infection is shown. Six- to 8-week-old C57BL/6 mice (15 mice per group) were given 100 pL of phosphate-buffered saline (PBS; unvaccinated)
or vaccinated s.c. with 1 x 10° CFU of BCG in 100 puL of PBS. Three months after vaccination, T2DM was induced in some of the mice by the i.p. injection
of streptozotocin (180 mg/kg body weight) and nicotinamide (60 mg/kg body weight), as described in Methods. PBS control, BCG-vaccinated, T2DM, or
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BCG-vaccinated T2DM mice were infected with ~100 CFU of aerosolized Mtb. (B) The P value for percent survival was calculated using the log rank test.
The Kaplan-Meier survival curves of mice are shown. Data were pooled from 2 independent experiments (n = 10 mice in 1 experiment; n = 5 mice in another
experiment). (C) Mouse body weight changes were determined every 15 days. (D) Random blood glucose levels were determined at monthly intervals for
up to 10 months. (E-H) One, 4, and 6 months after Mtb infection, the serum insulin (E), triglyceride (F), free fatty acid (G), and cholesterol (H) levels were
estimated. Experiments were performed 2 times, and each time, 2-3 mice per group were used (C-H). The data are shown as mean + SDs of n = 5 mice per
group. The statistical analysis was performed by 1-way ANOVA, followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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BCG-vaccinated Mtb-infected T2DM mouse lungs have reduced Thl, Th2, and Thi7 cytokine—producing CD4*
cells and increased Tregs and M2 macrophages. We characterized various immune cell populations in the
lungs of control and infected mice in the 8 groups by flow cytometry. As shown in Figure 4 and Sup-
plemental Table 1, one month after infection, there was a significant increase in Th1, Th2, Th17, and
CD4*CD25*Foxp3* cell populations in the lungs of BCG-vaccinated T2DM mice infected with Mtb
compared with those of all other groups (Figure 4, A-D). Four months after infection, there was a sig-
nificant decrease in the total number of Thl, Th2, and Th17 cytokine—producing CD4* cell populations
in the lungs of BCG-vaccinated T2DM mice infected with Mtb compared with that of unvaccinated
(PBS-treated) Mtb-infected T2DM mice (Figure 4, A-C, and Supplemental Figures 3-8). In contrast,
there was a significant increase in Tregs in Mtb-infected BCG-vaccinated T2DM mice when compared
with other groups of mice (Figure 4D and Supplemental Figures 6 and 10). As shown in Figure 4, G and
H, and Supplemental Figure 9, A and B, 4 months after infection, there were significantly higher num-
bers of M1 (F4/80*CD80%) macrophages in BCG-vaccinated nondiabetic mice and M2 (F4/80*CD206")
macrophages in BCG-vaccinated diabetic mouse lungs. We found that Tregs in BCG-vaccinated T2DM
mice infected with Mrb were found in proximity to the M2 macrophage phenotype (Supplemental Figure
9C). As shown in Supplemental Figure 9D, we found significantly higher expression of M2 macrophage
gene markers (4rgl, CD163, and CD206) in BCG-vaccinated T2DM mouse lungs infected with Mtb com-
pared with that of vaccinated nondiabetic mice infected with Mzb.

BCG vaccination expands CXCR3" Tregs in Mtb-infected T2DM mice. We isolated CD4*CD25*Foxp3* cells
from the above 8 groups of mice 4 months after Mtb infection and performed quantitative PCR (qPCR)
analysis for various molecules expressed by Tregs. As shown in Figure 5A, Tregs from BCG-vaccinated
Mrb-infected T2DM mice expressed significantly higher levels of CXCR3 compared with Tregs from other
groups of mice. We also found significantly higher IL-13 mRNA expression by Tregs from BCG-vaccinated
T2DM mice infected with Mrb compared with that of Tregs from other groups of mice (Figure 5A). We
further phenotypically characterized the lung Treg population of the above-mentioned groups of mice and
found significantly increased CXCR3 expression in Tregs from BCG-vaccinated T2DM mice infected with
M:tb by flow cytometry (Figure 5B and Supplemental Figure 11) and confocal microscopy (Figure 5C).

T2DM had no effect on the immunosuppressive capacity of Tregs from BCG-vaccinated T2DM mice infected with
Mtb. We compared the immunosuppressive potential of Tregs from various groups of mice. Tregs were
isolated from the 8 groups of mice 4 months after infection, as described in the Methods section. Spleno-
cytes from T2DM mice were isolated, and Tregs were subsequently depleted. Treg-depleted splenocytes
were labeled with CFSE and cocultured with Tregs from different groups (8 groups) of mice, as mentioned
in the Methods section and as shown in Figure 6A. T2DM significantly inhibited the immunosuppressive
capacity of Tregs (control and Mrb-infected mice) compared with that of Tregs from the remaining groups
of mice (Figure 6B). BCG vaccination restored the immunosuppressive capacity of Tregs from uninfected
(P <0.05) and Mtb-infected T2DM mice (P < 0.001) when compared with that of unvaccinated (uninfected)
T2DM and Mrb-infected T2DM mice (Figure 6B). In the above-mentioned cultured cells, we also measured
various cytokine and chemokine levels using multiplex (36-plex) ELISA kits. As shown in Figure 6, C-E,
and Supplemental Figure 12, Tregs from Mtb-infected and uninfected T2DM mice were unable to inhibit
IFN-y, TNF-a, and IL-6 production by T2DM mouse splenocytes. These results demonstrate that BCG
vaccination preserves the immunosuppressive function of Tregs in T2DM mice.

Tregs convert proinflammatory M1 macrophages to antiinflammatory M2 macrophages through IL-13R signaling.
In Figure 5A, we found that Tregs from BCG-vaccinated T2DM mice infected with Mtb express higher lev-
els of IL-13 mRNA when compared with the levels in all other groups of mice. We confirmed this by confo-
cal microscopy (Figure 7A). We also cultured spleen cells or Treg-depleted spleen cells from BCG-vaccinat-
ed T2DM mice with y-irradiated Mtb H37Rv (yMrb) and determined the M2 macrophage phenotype and
IL-13 levels in culture supernatants. Treg-depleted spleen cells stimulated with yMrb were unable to expand
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Figure 2. BCG vaccination reduces bacterial burden less efficiently in T2DM mice during chronic infection. PBS control, BCG-vaccinated, T2DM, or
BCG-vaccinated T2DM mice were infected with the Mtb as described in Figure 1. (A-C) One and 4 months after Mtb infection, the bacterial burden in
the lungs (A), spleen (B), and liver (C) was measured. Experiments were performed 2 times, and each time, 2-3 mice per group were used. The data
are shown as mean + SDs of n = 5 mice per group. The statistical analysis was performed by 1-way ANOVA, followed by Tukey’s multiple comparisons
test. *P < 0.05, **P < 0.01, and ***P < 0.001. At 1 and 4 months after infection (p.i.), lungs from uninfected or Mtb-infected mice were isolated and
formalin fixed. Paraffin-embedded tissue sections were prepared, and H&E staining was performed. Inflamed lung areas were compared between the
groups. (D and E) Representative bright-field microscopic histology images were taken from multiple fields at 20x objective lens. (F and G). The lung
inflammation score was assessed at 1and 4 months p.i. Experiments were performed 2 times, and each time, 2-3 mice per group were used. The data

are shown as mean + SDs of n = 5 mice per group. The statistical analysis was performed by 1-way ANOVA, followed by Tukey’s multiple comparisons
test. *P < 0.05, **P < 0.01, and ***P < 0.001.

the M2 macrophages (CD45*F4/80*Argl* cells) (Figure 7B and Supplemental Figure 13, A—C). As shown
in Figure 7B, depletion of Tregs significantly reduced IL-13 levels in the culture supernatants, suggesting
that Tregs are the major source of IL-13 in BCG-vaccinated T2DM mice.

IL-13 is primarily produced by Th2 cells, but other cell types — including Tregs — also produce
IL-13 during activation (31-33). IL-13 inhibits proinflammatory cytokines and chemokines and acts as an
important antiinflammatory molecule (31, 33). The antiinflammatory Salmonella vaccine CFA/I protects
mice from experimental autoimmune encephalomyelitis (EAE) by IL-13—producing Tregs (32). We next
asked whether the expansion of M2 macrophages in BCG-vaccinated T2DM mice depends on IL-13 and
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Figure 3. BCG vaccination alters cyto-
kine and chemokine levels in T2DM
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were measured in a multiplex ELISA.
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(B), IL-17 (C), IL-6 (D), IL-13 (E), IL-15 (F),
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Figure 4. BCG vaccination induces increased infiltration of Tregs and M2 macrophages in the lungs of Mtb-infected T2DM mice. PBS control, BCG-vaccinated,
T2DM, or BCG-vaccinated T2DM mice were infected with ~100 CFU of aerosolized Mtb H37Rv. (A) At one and 4 months p.i., the lungs from PBS control, BCG-vac-
cinated control, T2DM, BCG-vaccinated T2DM, infected control, infected T2DM, infected BCG-vaccinated control, and infected BCG-vaccinated T2DM mice were
isolated. (A-H) The absolute numbers per 1 x 10° total lung cells of the following leukocyte populations were determined by flow cytometry: CD4* (A), CD4*IFN-y*
(B), CD4*IL-17+(C), CD4*CD25*Foxp3* (D), CD4*CD44*CD62L* (E), CD3-Nkp46*CD27* (F), CD45'F4/80*CD80* (G), and CD45F4/80+CD206" cells (H). Experiments
were performed 2 times, and each time, 2-3 mice per group were used. The data are shown as mean + SDs of n = 5 mice per group. The statistical analysis was
performed by 2-way ANOVA, followed by Tukey's multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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BCG-vaccinated control, T2DM, BCG-vaccinated T2DM, infected control, infected T2DM, infected BCG-vaccinated control, and infected BCG-vaccinated
T2DM mice was isolated. Heatmap data show guantitative PCR analysis (mean value [n = 5 mice per group] of log fold change is shown) for various
molecules expressed by Tregs. (B) Tregs were isolated from the lungs of uninfected and infected mice from all the above groups of mice as described
in Methods, and the percentage of CXCR3* Tregs was determined by flow cytometry. Experiments were performed 2 times, and each time, 2-3 mice
per group were used. The data are shown as mean + SDs of n = 5 mice per group. The statistical analysis was performed by 1-way ANOVA, followed by
Tukey's multiple comparisons test. *P < 0.05 and **P < 0.01. (C) At 4 months p.i., the lungs from Mtb-infected PBS control, BCG-vaccinated control,
T2DM, and BCG-vaccinated T2DM mice were isolated and formalin fixed. Paraffin-embedded tissue sections were prepared and analyzed by confocal
microscopy for CD4*Foxp3*CXCR3* cells. Representative images of staining patterns were taken from multiple fields at 40x with oil immersion. Expres-
sion of CD4 (green), Foxp3 (red), and CXCR3 (magenta) are shown. Scale bar: 20 um.

IL-13 receptor (IL-13R) signaling. Splenocytes from BCG-vaccinated nondiabetic mice and BCG-vacci-
nated T2DM mice were stimulated with or without yMzb. Some of the yMtb-stimulated cells were cultured
with isotype-matched or anti-IL-13R mAbs. After 72 hours, M1 and M2 macrophage phenotypes were
determined by flow cytometry. BCG-vaccinated T2DM macrophages expressed a significantly higher
M2-like phenotype (Argl* cells) when compared with nondiabetic macrophages after stimulation with
yMtb (6.04 £ 0.94 versus 2.52 + 0.35%, P <0.001). In contrast, anti-IL-13R mAb treatment inhibited the
M2-like macrophage phenotype expansion in BCG-vaccinated T2DM mice (Figure 7C). We further found
that IL-13R is highly expressed by M2 phenotype macrophages (CD45"F4/80*Argl*cells) in BCG-vacci-
nated T2DM mice compared with BCG-vaccinated nondiabetic mice (Figure 7D).

To confirm the above findings, we isolated macrophages (F4/80" cells) from the spleens of
BCG-vaccinated nondiabetic mice and cocultured them with either autologous Tregs or Tregs from
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Figure 6. Tregs from T2DM mice are less immunosuppressive. PBS control, BCG-vaccinated, T2DM, or BCG-vaccinated T2DM mice were infected with ~100 CFU
of aerosolized Mtb H37Rv. Tregs were isolated from the lungs of PBS control, BCG-vaccinated control, T2DM, BCG-vaccinated T2DM, infected control, infected
T2DM, infected BCG-vaccinated control, and infected BCG-vaccinated T2DM mice. (A and B) Treg-depleted splenocytes were isolated from T2DM mice and
labeled with CFSE (2 mM) and cultured with y-irradiated Mtb H37Rv (10 ug/mL) in the presence of Tregs from all the above groups of mice at a 1:1 ratio. After 72
hours, supernatants were collected, and flow cytometry was performed on cells to determine the CFSE*CD4* T cell proliferation. Histogram plots showing the T
cell proliferation and bar graph depicting percentage of CD4+ T cell proliferation. (C-E) IFN-y, TNF-o, and IL-6 levels in culture supernatants were determined by
multiplex ELISA. Experiments were performed 2 times, and each time, 2-3 mice per group were used. The data are shown as mean + SDs of n = 5 mice per group.
The statistical analysis was performed by 1-way ANOVA, followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001.

BCG-vaccinated T2DM mice in the presence of yMrb. Tregs from BCG-vaccinated T2DM mice signifi-
cantly expanded macrophages to the M2 phenotype (CD45'F4/80*Argl* cells) when compared with
autologous Tregs (P < 0.01) (Figure 7E and Supplemental Figure 14, A and B).

Furthermore, we determined whether the above expansion depends on IL-13R signaling. Macro-
phages from BCG-vaccinated T2DM mice were isolated and cultured with yMtb in the presence or
absence of autologous Tregs and with isotype control or anti—IL-13R antibodies. After 72 hours, the
M1 and M2 phenotypes were measured by flow cytometry, and proinflammatory cytokine levels were
measured in culture supernatants. As shown in Figure 7F and Supplemental Figure 14C, in the presence
of Tregs and yMtb, the anti—IL-13R mADb significantly reduced the expansion of the M2 phenotype and
increased TNF-a and IL-6 production.

Finally, we cultured macrophages from BCG-vaccinated T2DM mice with yMtb in the presence or
absence of recombinant IL-13 (rIL-13). As shown in Figure 7G and Supplemental Figure 14D, in the

insight.jci.org  https://doi.org/10.1172/jci.insight.133788 9


https://doi.org/10.1172/jci.insight.133788
https://insight.jci.org/articles/view/133788#sd
https://insight.jci.org/articles/view/133788#sd
https://insight.jci.org/articles/view/133788#sd

RESEARCH ARTICLE

A BCG + Mtb B
1501 ok
<
- = EEBCG + T2DM
100
= £ EEIBCG + T2DM + yMtb
% o BCG + T2DM
o - E(Tregs Depleted)
Z - ] BCG + T2DM
- = 80 (Tregs Depleted) + yMtb
=
c D Gated on CD45+F4/80+Arg1+cells
& 100
©
S e
w3 80 Isotype Control
58 z g ‘
v 2 s 60 - BCG
0o h =
o X =3 3
s T 40 % BCG + yMtb
= = *
20 \ BCG +T2DM
{ BCG + T2DM
0 + yMtb
o o
‘bO
2000 7
—_— 1500 -
=
21500 -~
s N BE& m¢ (BCG)
U,) =1000+ Bl My (BCG) + yMtb
o 10001 - B Mo (BCG) + Tregs (BCG)
z o B M (BCG) + Tregs (BCG) + yMtb
g < 5004 Bl VMg (BCG) + Tregs (BCG+T2DM)
; 5004 o 3 Mg (BCG) + Tregs (BCG+T2DM) + yMtb
=
0- o
— kkk Ak
25001 P P S— 15007 5001 B —
L 20001 *% a‘
—_ (] [}
S 2000 N _ 4001 g
= ) & 1500 E 10004 —
"\ 15001 s k. > Eg00{ (AEx Ekk
» . e 2
o - .
10004 3
Z 1000 2 < € 200
= < =z 5001 =
w T [
= 5001 s 5007 100
0 0 0 0
O3 m¢ (BCG + T2DM) CJ Mg (BCG + T2DM) +Tregs
[CJ M¢ (BCG + T2DM) + 1gG + yMtb C3J Mo (BCG + T2DM) +Tregs + IgG + yMtb
CJ M¢ (BCG + T2DM) + anti-IL-13R + yMtb CJ M¢ (BCG + T2DM) + Tregs + anti-IL-13R + yMtb
2500 1 17504 *%k
*kk *kk
== XXk 1500 ==
= 20004 o =
- N 1250
s L4 s
© 1500 ' 1000
2 °
o 2
Z 10004 < 750
I L 500
s 5004 [® = 250+
0 0
3 My (BCG + T2DM)
3 Mo (BCG + T2DM) + yMtb
3 Mo (BCG + T2DM) + riL-13
3 My (BCG + T2DM) + rIL-13 + yMtb

Figure 7. IL-13 produced by Tregs is involved in the expansion of antiinflammatory M2 macrophages. (A) At four months p.i., the formalin fixed and par-
affin embedded lungs sections from Mtb-infected BCG-vaccinated and BCG-vaccinated T2DM were analyzed by confocal microscopy for Foxp3+IL13* cells.
Foxp3 (red), IL-13 (green), and DAPI (blue) expression is shown. Scale bar: 20 pm. BCG-vaccinated T2DM mouse splenocytes were isolated and cultured at

1x 106 cells/well in RPMI-1640 containing penicillin (Invitrogen) and 10% heat-inactivated FCS, with or without y-irradiated Mtb H37Rv (10 pg/mL) at 37°C
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and 5% CO,. In some wells, Treg-depleted splenocytes were stimulated with y-irradiated Mtb (10 pg/mL). After 72 hours, the cells were collected and phe-
notypically characterized for M1/M2 macrophages, and the supernatants were used to measure levels of the cytokine IL-13. (B) Mean fluorescence intensity
(MFI) values showing the CD45'F4/80*iNos* and CD45*F4/80*Arg1* cells, and IL-13 levels in culture supernatants, were measured by ELISA. (€) BCG-vacci-
nated nondiabetic and BCG-vaccinated T2DM mouse splenocytes were stimulated with y-irradiated Mtb H37Rv (10 pg/mL) and treated with anti-IL-13R (10
pg/mL) for 72 hours. After 72 hours, flow cytometry was performed to determine the M2 macrophage phenotype (CD45*F4/80*Arg1* cells). (D) MFI values
and histogram plot showing IL-13R expression gated on CD45*F4/80*Arg1* cells. (E) Macrophages isolated from BCG-vaccinated mice were cocultured

with autologous Tregs or Tregs isolated from BCG-vaccinated T2DM mice and stimulated with y-irradiated Mtb (10 pg/mL). After 72-hour incubation, the
macrophages were analyzed for M1 and M2 phenotype by flow cytometry. MFI values showing the CD45*F4/80*iNos* cells and CD45*F4/80*Arg1* cells.

(F) For neutralization studies, BCG-vaccinated T2DM mouse macrophages were stimulated with y-irradiated Mtb (10 pg/mL) with or without autologous
Tregs, and in some wells, 1gG control or anti-IL-13R (10 pg/mL) antibodies were added. After 72 hours of incubation, the M1and M2 phenotypes of cultured
macrophages were determined by flow cytometry, and TNF-a and IL-6 levels were measured by ELISA in the culture supernatants. rlL-13 (10 ng/mL) was
added to the macrophages from BCG-vaccinated T2DM mice and stimulated with y-irradiated Mtb (10 pg/mL). (G) After 72 hours of incubation, the M1and
M2 phenotypes of cultured macrophages were determined by flow cytometry, and MFI values for CD45*F4/80+iNos* cells and CD45*F4/80*Arg1* cells are
shown. Experiments were performed 2 times, and each time, 2-3 mice per group were used. The data are shown as mean + SDs of n = 5 mice per group.
The statistical analysis was performed by 1-way ANOVA, followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001.

presence of rIL-13 and yMtb, macrophages significantly expanded to the M2 phenotype. These results
suggest that Tregs from BCG-vaccinated T2DM mice induce the antiinflammatory macrophage pheno-
type and reduce excessive inflammation.

Discussion

In the current study, we investigated whether BCG vaccination has any effect on immune responses to Mtb
infection in T2DM mice. We found that BCG vaccination enhanced the survival of Mtb-infected T2DM
mice compared with that of unvaccinated Mzb-infected T2DM mice. The enhanced survival of BCG-vacci-
nated Mzb-infected T2DM mice was due to reduced inflammation. BCG vaccination significantly expand-
ed the IL-13—producing CXCR3* Tregs in the lungs of Mtb-infected T2DM mice. Furthermore, we found
that rIL-13 converted proinflammatory M1 macrophages to antiinflammatory M2 macrophage phenotype.
In contrast, anti-IL-13R antibody inhibited this conversion and enhanced the IL-6 and TNF-a production.
For the first time to our knowledge, our current findings demonstrate that BCG vaccination can prevent
excess inflammation and early death of T2DM mice infected with Mtb.

T2DM alters the innate and adaptive immune responses against TB and makes the host more suscepti-
ble to developing active TB disease and less responsive to antimycobacterial treatments (8, 12, 15, 34-37).
TB patients with T2DM have hyperinflammatory responses (11, 15). Previously, we developed an experi-
mentally induced nonobese T2DM model in WT C57BL/6 mice and found that Mzb infection in T2DM
mice drives pathological immune responses and mortality (8). We also demonstrate that our findings with
this current mouse model are applicable to human T2DM (8, 16). However, no information is available
about the immune mechanisms that regulate inflammation in T2DM hosts infected with Mtb.

BCG is given to all children born in countries where TB is endemic, as it protects against the most
severe manifestations of disease. The efficacy of BCG vaccination varies from 0%-80% (21, 38-41), and
the reasons for this variability remain unclear (38—40). Neonatal BCG vaccination induces a complex pat-
tern of cytokine expression by T cells (41, 42). One study showed that delaying BCG vaccination from birth
to 10 weeks of age enhances the quantitative and qualitative BCG-specific T cell response (43). Another
study found that BCG vaccination at birth induced a broad range of Th1/Th2/Th17/Tregs against myco-
bacteria, but the Th1/Th17 response was reduced when vaccine administration was delayed (44). BCG vac-
cination in infants induces IL-4, IL-5, and IL-13 production (42, 44-46). Infants have significantly higher
numbers of Tregs, and CD4" Tregs are induced upon BCG vaccination in newborns and adults (19, 47-49).
The current findings further demonstrate that BCG vaccination reduces the inflammation and mortality of
Mitb-infected T2DM mice. The reduced inflammation and mortality is associated with the expansion of a
subset of IL-13—producing CXCR3* Tregs.

Tregs are crucial for the maintenance of peripheral tolerance and homeostasis (50, 51). During Mtb
infection, Tregs inhibit effective immune responses (19, 52, 53). Tregs express various homing chemok-
ine receptors such as CCR4, CCR8, and CXCR3 and are recruited to the site of infection to downreg-
ulate Th1 cell function to counterbalance undesirable tissue destruction and prevent immunopathology
(54-57). Transcription factor T-bet—deficient mice do not have CXCR3* Tregs, and the IFN-y receptor
(IFN-yR) plays an important role in T-bet expression in Tregs (55). IFN-y induces the production of the
CXCR3 ligand CXCL10 to recruit CXCR3* cells to the site of inflammation. In our study, we found
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that BCG-vaccinated Mtb-infected T2DM mouse lungs had significantly higher CXCL10 (Figure 3I)
and CXCR3"* Tregs compared with those of all other groups of control and Mtb-infected mice. Our
results suggest that excessive inflammatory conditions in Mrb-infected T2DM mice enhance the expan-
sion of CXCR3* Tregs that are recruited to the lungs to inhibit inflammation and enhance the survival
of BCG-vaccinated mice. A similar type of amelioration of graft versus host disease (GVHD) was seen
when CXCR3" Tregs were adoptively transferred to mice (54).

The inflammatory environment can hamper the suppressive ability of Tregs (58). Accordingly, we
found that the immunosuppressive capacity of Tregs of Mtb-infected T2DM mice was significantly less
compared with Mrb-infected non-T2DM mice. In contrast, prior BCG vaccination restored the immu-
nosuppressive capacity of T2DM mice infected with Mtb similar to Mtb-infected non-T2DM mice
(Figure 6B). Prior BCG-vaccinated Mtb-infected T2DM and non-T2DM mice Tregs expressed similar
levels of IL-10. In contrast, BCG-vaccinated T2DM mice infected with Mtb expressed significantly
higher amounts of IL-13 protein and mRNA compared with all other groups of mice (Figure 5A). Our
current findings demonstrate that prior BCG vaccination inhibits excess inflammatory responses and
preserves the immunosuppressive function of Tregs of Mtb-infected T2DM mice. In addition to restor-
ing the immunosuppressive capacity of Tregs, BCG vaccination significantly enhanced the capacity
of Tregs to produce IL-13 in T2DM mice infected with Mtb compared with that of all other groups of
control and Mtb-infected mice (Figure 5A and Figure 7B).

IL-13 is a 13-kDa protein with structural homology with IL-4. Various cell populations, such as CD4,
NK, and mast cells, produce IL-13 (59). In the current study, we found that Tregs are the major source of
IL-13 in BCG-vaccinated T2DM mice infected with Mzb. A previous report indicated that IL-13 skews mac-
rophage polarization toward the M2 phenotype (60, 61). We also found that rIL.-13 can convert Mzb-cul-
tured macrophages from BCG-vaccinated T2DM mice to the M2 phenotype (Figure 7G and Supplemental
Figure 14C). Lung macrophages from BCG-vaccinated T2DM mice expressed higher levels of IL-13R,
which could indicate a propensity of response toward IL-13 (Figure 7C). Furthermore, anti-IL-13R anti-
body inhibited the conversion of macrophages from the BCG-vaccinated T2DM mice from M1 to the M2
phenotype, and rIL-13 expanded M2 macrophage phenotype. The IL-13Ral chain is functionally essential
for the induction of alternatively activated macrophages (M2) through the IL-13 pathway in peritonitis and
lung injury (62, 63). Treg-mediated production of IL-13 is required to prevent mortality after acute lung
injury by controlling local levels of G-CSF, IL-6, and MCP-1 and inhibiting accumulation of Ly6C" mono-
cytes (64). Our current study further demonstrates that BCG vaccination and Mtb infection in T2DM mice
induce Tregs to produce IL-13. IL-13R signaling is associated with the expansion of the M2 macrophage
phenotype to inhibit excess inflammation in BCG-vaccinated T2DM mice. These findings suggest a role for
IL-13R signaling during Mtb infection in vaccinated T2DM mice. Signaling pathways like JAK-STAT path-
way classically activate M2 macrophage polarization through IL-4 and IL-13R signaling and upregulate the
M2 macrophage genes, including Ym1, Argl, Fizz1, IL-10, and MGL1 (65). Further studies are needed
to determine the exact in vivo role of IL-13R signaling pathway in the induction of the M2 macrophage
phenotype. It also remains to be determined the mechanisms of BCG-induced IL-13 secretion by Tregs.

M1/M2 macrophage balance modulates cancer and metabolic, infectious, and inflammatory diseases (66—
68). M1 macrophages have potent cytotoxic functions and mediate resistance against infection (69-71). In
contrast, alternatively activated M2 phenotype polarization resolves hyperinflammation (72-74). Mtb infection
suppresses macrophages to avoid cytotoxic functions and evade the cellular immune response or repolarize M1
macrophages toward an M2 phenotype (69, 75-78). T2DM-associated inflammation is characterized by an
increased number of M1 macrophages (79, 80). In the current study, we found that uncontrolled infiltration of
M1 macrophages in the lungs of T2DM mice after Mzb infection was associated with lung pathology. However,
vaccination of T2DM mice with BCG expanded M2 macrophages in an IL-13—dependent manner (Figure 7).
Our current study suggests a role for IL-13/1L-13R signaling in reducing excess inflammation and mortality of
Mtb-infected T2DM hosts through the expansion of the M2 macrophage phenotype.

In conclusion, using the BCG-vaccinated T2DM mouse model, we found that BCG vaccination
of Mitb-infected T2DM mice enhanced survival and reduced inflammation. The enhanced surviv-
al of BCG-vaccinated T2DM mice infected with Mrb was associated with the expansion of a subset of
CXCR3-expressing and IL-13—producing Tregs. Further understanding of this BCG-mediated immuno-
suppressive mechanisms will help to develop an adequate prophylactic or therapeutic agent to prevent
inflammation and mortality of the T2DM host infected with Mzb.
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Methods

Animals. Specific pathogen-free 4- to 6-week-old female C57BL/6 mice were purchased from the Jack-
son Laboratory and housed at the animal facility at the University Texas Health Science Center at
Tyler. Sample sizes were chosen based on previous published studies (8, 16). For survival studies, 15
mice/group were used, while for immunophenotyping and histological analysis, 5 mice/group were
used. All mice were maintained on a standard rodent chow diet (LabDiet, catalog 5053, 4.07 kcal/gm)
during the entire experiment. After Mtb infection, all mice were housed randomly at 5 animals per cage
in high-efficiency particulate air (HEPA) filtered racks in certified animal biosafety level 3 (ABSL-3)
laboratories. The weights were measured at 15-day intervals, and blood glucose levels of the mice were
recorded monthly after induction of T2DM.

Antibodies and other reagents. For flow cytometry, we used anti-CD3 (catalog 100306), anti-CD8 (catalog
100712), anti-CD4 (catalog 100422), anti—IL-4 (catalog 504103), anti—IL-17A (catalog 506927), anti-CD44
(catalog 103006), anti-CD62L (catalog 104406), anti-CD25 (catalog 102036), anti-Foxp3 (catalog 320014),
anti-B220 (catalog 103206), anti-IgM (catalog 406509), anti-Nkp46 (catalog 137618), anti-CD27 (catalog
124209), anti-NK1.1 (catalog 108728), anti-CD11b (catalog 101226), anti-Ly6G (catalog 108443), anti-
CD11c (catalog 117334), anti-F4/80 (catalog 123132), anti-CXCR3 (catalog 126521), anti-CD45 (catalog
103116), anti-CD80 (catalog 104733), and anti-CD206 (catalog 141703) antibodies (all from BioLegend).
Anti-Argl (catalog 56-369-782) and anti-iINOS (catalog 50-112-2349) were obtained from Thermo Fisher
Scientific. Anti-IFN-y (catalog 17-7311-82) and anti—IL-21 (catalog 12-7211-80) were obtained from eBio-
science. For confocal microscopy, anti-CD4 (Novus, catalog NBP225191SS), anti-Foxp3 (Novus, catalog
NB10039002T), anti-CXCR3 (Novus, catalog NBP2-12239), anti-iNOS (Santa Cruz Biotechnology Inc.,
catalog sc-7271), anti-Argl (Santa Cruz Biotechnology Inc., catalog sc-271430), anti-F4/80 (Cell Signal-
ing Technology, catalog 71299), anti—IL-13 (Abcam, catalog ab106732), and anti-IL-13R (R&D Systems;
catalog AF539) and secondary antibodies (goat anti-rat IgG [H+L], Alexa 647 [catalog A21247]; goat
anti-rabbit IgG [H+L], Alexa Fluor 488 [catalog A11008]; and goat anti-mouse IgG [H+L], Alexa Fluor
594 [catalog A11032]) were obtained from Invitrogen, and Fluoroshield mounting medium with DAPI
(Abcam, catalog ab104139) was used for the staining nuclei. For neutralization studies, an anti—IL-13 anti-
body was obtained from Thermo Fisher Scientific (catalog 16-7135-81). rIL-13 (carrier free) was obtained
from BioLegend (catalog 575902). yMrb was obtained from BEI resources for in vitro stimulation assays.
Streptozotocin (STZ) and nicotinamide (NA) were obtained from MilliporeSigma.

BCG vaccination and aerosol infection with Mtb H37Rv. Six- to 8-week-old C57BL/6 mice were immu-
nized s.c. with 1 x 10° CFU of BCG in 100 uL PBS or with PBS alone. Three months of after vaccination,
some of the mice were induced with T2DM. For infection studies, some of the BCG-vaccinated T2DM
mice were infected with Mtb H37Rv using an aerosol exposure chamber as described previously (81, 82).
Briefly, Mtb H37Rv was grown to the mid-log phase in liquid culture medium and then frozen in aliquots
at —70°C. Bacterial counts were determined by plating on 7H10 agar supplemented with oleic albumin dex-
trose catalase (OADC). For infection, the bacterial stocks were diluted in 10 mL of normal saline (0.5 x 10°
CFU/mL, 1x10° CFU/mL, 2x10° CFU/mL, and 4x 10° CFU/mL) and placed in a nebulizer within an
aerosol exposure chamber custom made by the University of Wisconsin (Madison, Wisconsin, USA). In
the preliminary studies, groups of 3 mice were exposed to the aerosol at each concentration for 15 minutes.
After 24 hours, the mice were euthanized, and homogenized lung samples were plated on 7H10 agar plates
supplemented with OADC. CFUs were counted after 21 days of incubation at 37°C. The aerosol concen-
tration that resulted in ~100 bacteria in the lungs was used for further studies.

Induction of T2DM. T2DM was induced by combined administration of STZ and NA as described pre-
viously (8). STZ was dissolved in 50 mM citric acid buffer and administered (180 mg/kg of body weight)
i.p. 3 times, with an interval of 10 days between doses. NA was dissolved in saline and administered i.p.
(60 mg/kg of body weight) 15 minutes before the STZ injections. Blood glucose levels were monitored
using a glucometer at monthly intervals for up to 10 months. Mice were considered as T2DM if their
blood glucose level was = 250 mg/dL, and control mouse blood glucose levels were regularly measured
between 80 and 125 mg/dL.

Measurement of serum insulin and lipid profiles. Serum insulin levels in fasting (6 hour) mice were mea-
sured using a Mercodia ultrasensitive insulin ELISA kit (Mercodia AB Uppsala). Serum free fatty acids,
cholesterol, and triglycerides were measured using either a fluorometric or colorimetric assay according to
the manufacturer’s instructions (Cayman Chemicals).
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Preparation of lung and spleen cells. Lungs and spleens were harvested from the PBS control, BCG-vac-
cinated, T2DM, and BCG-vaccinated T2DM mice that were uninfected and Mth H37Rv infected at the
indicated time points and were placed into 60-mm dishes containing 2 mL of HBSS (Thermo Fisher
Scientific). The tissues were minced with scissors into pieces no larger than 2-3 mm, and the fluid was
discharged onto a 70-pm filter (BD Biosciences) that had been prewetted with 1 mL of PBS containing
0.5% BSA (MilliporeSigma), suspended over a 50-mL conical tube (Thermo Fisher Scientific, 06-443-
18). The syringe plunger was then used to gently disrupt the lung and spleen tissues before washing the
filter with 2 mL of cold PBS/0.5% BSA. The total number of viable cells in the lungs was determined
with the trypan blue exclusion method. For flow cytometry experiments, we gated on the total leukocytes
and measured various cell populations (83).

Multiplex ELISA to measure cytokines and chemokines. In the lung homogenates, 36 cytokines and chemo-
kines were measured using a multiplex ELISA kit (EPX360-26092-901, ProcartaPlex, Thermo Fisher Sci-
entific). The cytokines and chemokines analyzed by multiplex ELISA were IFN-y, IL-1a, IL-1p, IL-3, IL-2,
IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 [p70], IL-13, IL-15, IL-17, IL-18, TNF-a, IFN-q, IL-22, TL-23, IL-27,
IL-28, IL-31, GM-CSF, ENA-78, G-CSF, M-CSF, LIF, Eotaxin, Gro-a, IP-10, MCP-1, MCP-3, MIP-1a,
MIP-1B, MIP-2, and RANTES, and the IFN-B, IL-7, IL-13, and TGF-B (Thermo Fisher Scientific) were
analyzed using simplex ELISA kits.

Flow cytometry and intracellular staining. For surface staining, 1 X 10° cells were resuspended in 100 uL
of staining buffer (PBS containing 2% heat-inactivated FBS) and antibodies. The cells were then incubated
at 4°C for 30 minutes with appropriate surface staining markers, washed twice, and fixed in 1% parafor-
maldehyde (MilliporeSigma) before acquisition using an Attune NxT acoustic flow cytometer (Invitrogen).
In some experiments, cells were permeabilized with 0.1% saponin (MilliporeSigma) and intracellularly
stained for IFN-y, IL-17A, IL-4, Foxp3, IL-21, IL-10, TGF-B, iNOS, and Argl. The cells were washed and
resuspended in FACS buffer and fixed in 1% paraformaldehyde before acquisition using an Attune NxT
acoustic flow cytometer (Invitrogen).

Isolation of mouse lung and spleen Tregs. Single-cell suspensions of mouse lungs and spleen cells were
prepared from all the groups of mice. CD4*CD25" Tregs were isolated by magnetic beads according to
the manufacturer’s instructions (Miltenyi Biotec) and as described previously (84). Isolated cells contained
> 97% CD4*CD25*Foxp3* cells, as measured by flow cytometry. The isolated Tregs were either stored
in Trizol for RNA isolation or used for in vitro—stimulation studies. Based on the above method, in some
experiments, we depleted the CD4*CD25* cells from Mtb-infected T2DM mouse splenocytes to determine
the T cell proliferation efficiency.

CFSE labeling and in vitro stimulation. Treg-depleted mouse splenocytes were resuspended (1 x 10° cells/
mL) in 0.1% BSA in PBS. CFSE (Invitrogen) was added to a final concentration of 2 mM, and cells were
incubated at 37°C for 15 minutes. Cells were washed once with 10% FCS (MilliporeSigma) in PBS and
twice with 0.1% BSA in PBS, and they were resuspended in RPMI 1640 for subsequent stimulation. Isolat-
ed Tregs from all groups of mice were cultured at a 1:1 ratio with CFSE-labeled splenocytes and stimulated
with y-irradiated Mtb (10 pg/mL). After 72 hours of incubation, we measured CFSE*CD4* T cell prolif-
eration by flow cytometry. Culture supernatants were collected to determine the levels of cytokines and
chemokines using a multiplex ELISA kit (EPX360-26092-901, ProcartaPlex, Thermo Fisher Scientific).
Detection of ESAT-6, ,, —specific T cells and Tregs. PE-labeled MHC II tetramers (I-A®) containing the stim-
ulatory residues 4-17 (QQWNFAGIEAAASA) of the early secreted antigenic target 6 kDa (ESAT-6) of Mtb
were obtained from the NIH Tetramer Core Facility (Emory University Vaccine Center). For Ag-specific
responses and intracellular cytokine staining, cells were incubated with ESAT-6, .,  MHC II multimers (1:50
dilution) at 37°C in 5% CO, for 60 minutes in media, washed 3 times, and cultured with ESAT-6, . peptide
in the presence of monensin. After 5 hours, cells were surface-stained for CD3, CD4, CD8, and CD25 at
room temperature for 15 minutes in PBS with 0.5% BSA and 20% mouse serum, washed, and then fixed with
2% paraformaldehyde (Sigma-Aldrich) for 1 hour. After fixation, cells were permeabilized and then washed in
PBS with 0.5% BSA and 0.2% saponin (MilliporeSigma). Cells were intracellularly stained with anti—IFN-y,
anti-IL-17A, and anti-Foxp3 Abs by incubating in staining medium for 15 minutes at room temperature.
Cells were washed and resuspended in 1% paraformaldehyde. Acquisition was performed in an Attune NxT
acoustic flow cytometer (Invitrogen) and analyzed using FlowJo software v8.6.3 (Tree Star Inc.).

Ex vivo splenocyte stimulation and other assays. In some experiments, BCG-vaccinated T2DM mouse
splenocytes were isolated and cultured in 12-well plates at 1 X 10° cells/well in RPMI 1640 containing
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penicillin (Invitrogen) and 10% heat-inactivated FCS, with or without y-irradiated Mtb (10 pg/mL) at
37°C and 5% CO,. In some wells, Treg-depleted splenocytes were stimulated with y-irradiated Mzb (10
ng/mL) or IgG control, or IL-13R antibodies (10 pg/mL) were added into the y-irradiated Mtb—stim-
ulated Treg containing splenocytes culture. After 72 hours, the cells were collected and phenotypically
characterized for M1/M2 macrophages, and the supernatants were used to measure the levels of various
cytokines by multiplex ELISA.

Macrophage and Treg coculture. In another experiment, macrophages (F4/80" cells) were isolated from the
spleens of BCG-vaccinated nondiabetic or BCG-vaccinated T2DM mice with magnetic beads according
to the manufacturer’s instructions (Miltenyi Biotec). In some wells, macrophages isolated from BCG-vac-
cinated mice were cocultured with 2:1 ratio of autologous Tregs or Tregs isolated from BCG-vaccinated
T2DM mice and stimulated with y-irradiated Mzb (10 pg/mL). After 72-hour incubation, the macrophages
were analyzed for M1 and M2 phenotype by flow cytometry. For neutralization studies, macrophages from
BCG-vaccinated T2DM mice macrophages were stimulated with y-irradiated Mzb (10 pg/mL) with or with-
out autologous Tregs, and — in some wells — IgG control or IL-13R (10 pg/mL) antibodies were added. In
some experiments, rIL-13 (10 ng/mL) was added to the macrophages from BCG-vaccinated T2DM mice
and stimulated with y-irradiated Mzb (10 pg/mL). After 72 hours of incubation, the M1 and M2 phenotype
of cultured macrophages was determined by flow cytometry, and TNF-a and IL-6 levels were measured by
the ELISA in the stored culture supernatants.

Real-time PCR. Total RNA was extracted from mouse whole lung tissues or isolated Tregs (CD4*CD25%)
using TRIzol (Invitrogen) according to the manufacturer’s instructions. RNA was reverse transcribed
(iScript Reverse Transcription SuperMix for gPCR), and real-time PCR was performed using the iTagTM
Universal SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instructions. Gene expression
analysis was performed in QuantStudio 7 Flex (Applied Biosystems). All gene expression levels were nor-
malized to B-actin/ GAPDH internal controls in each sample, and the fold changes were calculated using
the 22T method. The primers used in this study are listed in Supplemental Table 2.

Histology. At the specified time points, mice were euthanized, and the harvested lungs were inflated
and fixed in 10% neutral buffered formalin (StatLab) for 48 hours to inactivate the infectious agents. Paraf-
fin-embedded blocks were cut into 5 um-thick sections. For morphometric lesion and inflammation anal-
yses, the lung sections were stained with H&E and examined in a blinded manner to assess the necrotic
lesions as previously described (85). A semiquantitative analysis was performed using a score from 0 (no
inflammation) to 4 (severe inflammation) for each of the following criteria: alveolar wall inflammation,
alveoli destruction, leukocyte infiltration, and perivascular inflammation.

Confocal microscopy. Confocal microscopy was performed to determine the infiltrated CD4*Foxp3*CX-
CR3* cells and M1/M2 macrophages in lung sections. The lung tissues were stored in 10% neutral buffered
formalin; then, the samples were paraffin embedded and cut into 5 um-—thick sections that were deparaffin-
ized and rehydrated. The tissue sections were subjected to heat-induced antigen retrieval in 10 mM sodium
citrate buffer (pH 6.0). Then, the lung tissue sections were incubated in 0.025% Triton X-100 in PBST for
10 minutes and washed 3 times for 5 minutes each (3 X 5 minutes) using PBS. Nonspecific binding was
blocked with 5% goat serum or BSA in PBST for 1 hour, and the slides were washed 2 X 5 minutes with
PBS. The slides were then incubated at 4°C overnight in PBST with the appropriate dilutions of the fol-
lowing primary antibodies: anti-CD4 (1:200), anti-Foxp3 (1:100), anti-CXCR3 (1:100), anti-F4/80 (1:200),
anti-iNOS (1:100), anti-Argl (1: 100), anti—IL-13 (1:200) and anti—IL-13R (1:200); subsequently, the slides
were washed thoroughly 3 X 5 minutes with PBS. Then, the tissue sections were stained with the respective
secondary antibodies at 1:1000 dilutions (v/v), washed again with PBS for 3 X 5 minutes, and mounted
with fluoroshield mounting medium with DAPI. The slides were then examined and analyzed under a laser
scanning confocal microscope (Zeiss LSM 510 Meta). An IgG isotype secondary control was used for all
the confocal microscopy studies, and Zen 2009 software (Carl Zeiss) was used for image acquisition. The
images were processed/quantified uniformly for each experiment using ImageJ NIH software. Representa-
tive images from » = 5 mice/group are shown.

Statistics. Data analyses were performed using GraphPad Prism 8.0 (GraphPad Software Inc.). The
results are expressed as the mean + SDs or mean + SEM. For normally distributed data, comparisons
between groups were performed using a paired or unpaired ¢ test (2 tailed). For multiple comparisons, 1- or
2-way ANOVA followed by Tukey’s multiple comparisons test was performed. Mouse survival was com-
pared using the Kaplan-Meier log-rank test. P < 0.05 was considered significant.
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Study approval. All animal studies were approved by the IACUC of the University of Texas Health
Science Center at Tyler (protocol no. 587). The animal procedures involving the care and use of mice were
undertaken in accordance with the guidelines of the NIH/OLAW (Office of Laboratory Animal Welfare).
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