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BCG and BCGABCG1419c¢ protect type 2 diabetic mice
against tuberculosis via different participation of T and B
lymphocytes, dendritic cells and pro-inflammatory cytokines

Cristian Alfredo Segura-Cerda'*>, Brenda Marquina-Castillo®>, Vasti Lozano-Ordaz?, Dulce Mata-Espinosa®,
Jorge Alberto Barrios-Payan®, Manuel O. Lopez-Torres®, Michel de Jests Aceves-Sanchez?, Helle Bielefeldt-Ohmann®,
Rogelio Hernandez-Pando®®™ and Mario Alberto Flores-Valdez @7

Comorbidity between Tuberculosis (TB) and type 2 diabetes (T2D) is one of the greatest contributors to the spread of Mycobacterium
tuberculosis (M. tuberculosis) in low- and middle-income countries. T2D compromises key steps of immune responses against M.
tuberculosis and it might affect the protection afforded by vaccine candidates against TB. We compared the protection and immune
response afforded by the BCGABCG1419c¢ vaccine candidate versus that of wild-type BCG in mice with T2D. Vaccination with both
BCGABCG1419¢, BCG or infection with M. tuberculosis reduced weight loss, hyperglycemia, and insulin resistance during T2D
progression, suggesting that metabolic changes affecting these parameters were affected by mycobacteria. For control of acute TB,
and compared with non-vaccinated controls, BCG showed a dominant T CD4" response whereas BCGABCG1419c¢ showed a
dominant T CD8"/B lymphocyte response. Moreover, BCG maintained an increased response in lung cells via IFN-y, TNF-q, and IL-4,
while BCGABCG1419c increased IFN-y but reduced IL-4 production. As for chronic TB, and compared with non-vaccinated controls,
both BCG strains had a predominant presence of T CD4" lymphocytes. In counterpart, BCGABCG1419c led to increased presence of
dendritic cells and an increased production of IL-1 . Overall, while BCG effectively reduced pneumonia in acute infection, it failed to
reduce it in chronic infection, whereas we hypothesize that increased production of IL-1  induced by BCGABCG1419c contributed to
reduced pneumonia and alveolitis in chronic TB. Our results show that BCG and BCGABCG1419c protect T2D mice against TB via

different participation of T and B lymphocytes, dendritic cells, and pro-inflammatory cytokines.
npj Vaccines (2020)5:21 ; https://doi.org/10.1038/s41541-020-0169-6

INTRODUCTION

Tuberculosis (TB) remains as the first cause of death by a single
infectious agent worldwide, as in 2018, TB caused 1.6 millions deaths
and 10 million new cases'. Recent meta-analysis reported that T2D
patients have a twofold to fivefold higher risk to develop TB
compared with patients without T2D*3. T2D coexist in 16% of the
newly diagnosed TB cases, and it is estimated that 4.1% of T2D
patients will eventually develop TB®. Current T2D prevalence rounds
425 million cases, and may increase to 629 million people in 2045°,

T2D generates a series of changes that compromises the host
response against M. tuberculosis, as recently reviewed by some
authors®’, including altered capacity to present antigens by
macrophages®, activation of monocytes®, and chemoattraction of
immune cells to lung during infection'®. Furthermore, T2D favors
more severe manifestations of TB as compared with those occurring
in patients without T2D'', including extended lung damage
especially at chronic stages of the comorbidity'*'3. Despite this,
the evaluation of new treatments or preventive measures against TB
in the context of T2D constitutes a poorly explored area'®, with no
report available as of today about the efficacy of protection of any
vaccine candidate against TB in the context of T2D.

The BCGABCG1419¢ mutant strain, a BCG Pasteur derivative, has
been shown to reduce lung pathology at the chronic stage in two

murine models of TB'>'>, and also reduced reactivation after
immusuppression induced by corticosterone administration in a
mouse model of latent TB infection (LTBI)'% Furthermore,
BCGABCG1419c reduced lung damage at 6 months post reactiva-
tion from latent lymphatic TB'®.

We hypothesized that given the capacity of BCGABCG1419c to
reduce lung pathology in nondiabetic mice, it could be more
effective than BCG to afford protection against M. tuberculosis in
T2D conditions, and evaluated its efficacy at acute (2 months), and
chronic (4 months) infection with Mycobacterium tuberculosis
H37Rv in mice with T2D. We went further on to characterize the
contribution of immune cells and key cytokines involved in TB
protection and pathology.

RESULTS

Vaccination with BCGABCG1419c reduces insulin resistance and
body weight loss post infection as compared with BCG in T2D
mice

T2D is characterized by the progressive development of insulin
resistance and a reduced B-cell function'”. To evaluate whether
we established a T2D model in high-fat diet (HFD) plus
streptozotocin (STZ)-treated mice (Fig. 1a), we monitored body
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weight weekly, blood glucose concentration, insulin, and deter-
mined the homeostasis model assessment of insulin-resistance
(HOMA-IR) index at 2 and 4 months post challenge.

Prior to infection, T2D mice gained more weight than control
mice (Fig. 1b, ¢), similar to what is observed in obese patients, who
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have a higher risk to progress to T2D'. In T2D mice, BCG- and
BCGABCG1419c-vaccinated mice gained less weight than mock-
vaccinated mice (Fig. 1c), with no difference between either BCG
strain tested. Food intake between vaccinated- and mock-
vaccinated mice groups was similar (Supplementary Table 1).

Published in partnership with the Sealy Center for Vaccine Development



C.A. Segura-Cerda et al.

npj

Fig. 1 Progression of mice to T2D, vaccination and challenge. a T2D mice were fed with a HFD during the whole experiment, and control
mice were feed with a balanced diet to control and determine metabolic parameters to confirm T2D. After 2 months of the beginning of HFD,
mice progressing to T2D were injected intraperitoneally with 100 mg/kg of STZ to establish the T2D model. Prior to challenge with M.
tuberculosis H37Rv, blood samples were taken for metabolic evaluation. Two and four months after infection, efficacy of protection of both
BCG strains was assessed. b Mice were weighted weekly to monitor their weight gain before infection, or their weight loss after infection. Data
are presented as mean and standard derivation of n =25 mice per group. ¢ Weight gain in mice of the groups prior to infection. Data are
presented as median and range of all mice per time. d, e Weight loss in mice of the groups 2 and 4 months after infection. f Glucose
concentration of mice was measured at 0, 2, 4, 6, and 8 months to confirm hyperglycemia and the later effect of vaccination and/or infection.
Data are presented as median and range of 5 mice per time evaluated. g Hemoglobin A1C (A1C) in mice at 2 and 4 months after infection.
Data are presented as median and range of 4 mice per time evaluated. h As an indicator of insulin resistance, HOMA-IR index was calculated
for mice. Median and standard derivation of three calculations of HOMA-IR index is shown. Group comparisons where p <0.05 were
considered different. Data correspond to a representative replicate of two independent experiments. ***p < 0.0001 in the comparison
between groups determined by ANOVA with Bonferroni correction for multiple comparisons; *p < 0.05 in the comparison of the same group at
2 and 4 months after infection determined by a two-tailed Student’s t test.

Vaccination reduced total body weight loss post infection as
compared with non-vaccinated mice (Fig. 1d). Of note, at acute
infection, mice vaccinated with BCG lost more weight than mice
vaccinated with BCGABCG1419c (p =0.0364, Fig. 1d), whereas at
chronic infection, mice vaccinated with BCGABCG1419c¢ lost more
weight than BCG-vaccinated mice (p < 0.0001, Fig. 1e). These results
suggest that vaccination with BCG strains differentially modulate
weight loss or gain in acute and chronic TB in infected T2D mice.

A key feature of T2D is hyperglycemia'’. Before administration
of STZ, mice progressing to T2D were overweight, but their blood
glucose levels were equivalent to those in control mice (Fig. 1f).
After administration of STZ to the HFD mice, glucose concentra-
tion was considerably higher in control mice (p < 0.0001) than in
vaccinated mice (Fig. 1f). Even though both BCG- and
BCGABCG1419c-vaccinated mice had a reduced blood glucose
concentration, there were not significant differences in this
parameter between these groups (p=0.6261). After infection
with M. tuberculosis, mice vaccinated with both BCG and
BCGABCG1419¢ had lower blood glucose concentrations than
before infection, without significant differences between vacci-
nated groups (Fig. 1f).

Glycated hemoglobin (A1C) levels in blood allows for long-term
follow-up of diabetic condition in T2D'®. A1C levels did not differ
between vaccinated and non-vaccinated mice at 2 and 4 months;
Conversely, mock-vaccinated T2D mice were increased A1C during
acute and chronic infection, with vaccination with either BCG
tended to reduce it (Fig. 19).

To determine whether insulin resistance was maintained or not
after M. tuberculosis challenge, we estimated the HOMA-IR index in
mice at 2 and 4 months after infection. HOMA-IR is a an indirect
measure of the insulin resistance and function of B-cells'®. In the
absence of vaccination, T2D resulted in higher HOMA-IR index
than control mice at both time points, while vaccination reduced
the index as compared with mock-vaccinated T2D mice, being
lower in BCGABCG1419c-vaccinated mice. Of note, during TB,
BCGABCG1419c¢ reduced more the HOMA index than BCG at both
acute (p =0.0001) and chronic TB (p < 0.0001) (Fig. 1h).

In humans, T2D often derives in dysregulation of lipids
metabolism, with high level of triglycerides in sera without changes
in total cholesterol°. In our model, T2D mice showed no difference
in triglycerides or total cholesterol in blood as compared with
control mice, with no influence of vaccination on these parameters
either (Supplementary Fig. 1). Then, our murine T2D model
recapitulates weight gain, hyperglycemia, elevated levels of A1C,
and insulin resistance but not the dysregulation of lipids observed in
human patients with this disease.

Vaccination with BCGABCG1419c¢ reduces immunopathology in
T2D mice as compared with BCG during chronic TB

Patients with TB-T2D often present extended lung damage
especially at chronic stage of this comorbidity'"'”2". We found
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that T2D mock-vaccinated mice had a higher percentage of
pneumonic area as compared with vaccinated mice, which
reduced inflammation by twofold to fourfold (Fig. 2a, b). During
acute TB, BCGABCG1419c-vaccinated T2D mice had a higher
percentage of pneumonic area than BCG-vaccinated T2D mice
(32.66 + 6.22% vs. 17.86 + 2.78%; p = 0.0377). When mice reached
chronic TB, all groups of T2D showed a reduction of pneumonic
area compared with the acute TB stage (indicated as # in Fig. 2a).
Notably, BCGABCG1419c-T2D-vaccinated mice had a significant
twofold lower percentage of pneumonic area than BCG- T2D-
vaccinated mice (18.64+3.18% vs. 35.50 £ 5.062%, respectively,
p <0.0119). Furthermore, only mice vaccinated with BCGABCG1419c
had significantly reduced lung involvement (Fig. 2¢c, p = 0.013) with
alveolitis approaching statistical significance (Fig. 2d, p = 0.069) but
with no other difference detected for peribronchiolitis, perivasculitis,
necrosis, or total lung score (Fig. 2e-h).

Regarding M. tuberculosis replication, at both acute and chronic
infection, vaccination with either BCG or BCGABCG1419c resulted in
a reduction in bacillary burden in lungs as compared with non-
vaccinated mice, with no significant difference between BCG strains
tested here (Fig. 2i), then showing that both BCG strains were equally
effective in controlling M. tuberculosis H37Rv replication in lungs.

Vaccination with BCG or BCGABCG1419c differently modifies the
populations of immune cells in lungs of T2D mice with acute or
chronic TB

Next, we evaluated whether T2D results in modifications of the
recruitment of immune cells during acute and/or chronic M.
tuberculosis infection and how vaccination with BCG strains would
modify these changes (Fig. 3a). During acute infection, lungs from
infected, mock-vaccinated T2D mice, had a 65.05+ 12.45% of
immune cells and vaccination with either BCG or BCGABCG1419c
resulted in a reduction in the proportion of immune cells in lung
(41.11 £1.44% and 43.43 +8.42%; p =0.0088 and p = 0.0282 for
the BCG or BCGABCG1419c vs. non-vaccinated controls, respec-
tively). In T2D mice, we observed that vaccination with BCG strains
had a different effect on the average composition of immune cells
within lungs as compared with non-vaccinated mice, as follows:
while BCG led to a 2.4-fold decrease of B lymphocytes (Fig. 3b,
p =0.0275), BCGABCG1419c avoided this reduction during acute
infection (p = 1.000). On the other hand, BCG resulted ina T CD4"-
biased response (CD41/CD8" ratio: 2.431+0.108) while
BCGABCG1419c resulted in a T CD8"-biased response (CD4*/
CD8" ratio: 0.268 + 0.101, p < 0.0001, Fig. 3c). Both BCG strains
induced increased migration of macrophages and neutrophils
(Fig. 3d, e). We observed a trend for an increased proportion of
IFN-y* CD4" T and reduction of IL-47 CD8™ T cells during acute TB
for the BCGABCG1419c-vaccinated group (Fig. 3f, g), although this
did not reach statistical significance. No differences in the
proportions of these populations were observed in chronic
infection (Supplementary Fig. 2).
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During chronic TB, we found that while BCG maintained similar
levels of dendritic cells (DCs) as non-vaccinated mice (around 7%,
p = 0.8669), BCGABCG1419c slightly increased the percentage of
these cells to around 10% (p =0.0282, Fig. 3b-d). Finally, there
was a trend for an increased proportion of IFN-y™ CD4" T cells
during acute TB for the BCGABCG1419c-vaccinated group (Fig. 3e).

npj Vaccines (2020) 21

Vaccination with BCG strains in T2D mice followed by M.
tuberculosis challenge results in differential production of
cytokines from lung cells

After observing changes in immune cells recruitment to lungs, we
determined how T2D affect the production of cytokines by lung
cells, and found that T2D mice vaccinated with BCG strains
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Fig. 2 Vaccination with BCG or BCGABCG1419c reduces lung damage in T2D mice. Two months after the induction of T2D, mice were
challenged with M. tuberculosis H37Rv and then evaluated at 2 and 4 months after infection. a Representative images of lung sections stained with
hematoxylin and eosin, 2.5x at 4 months post infection. b BCG reduces lung pathology (percentage of pneumonic area in lung) 2 months after
infection (acute TB) and also at 4 months after infection to a lesser degree, while BCGABCG1419c¢ reduces the percentage of pneumonic area in
lung at 4 months after infection (chronic TB) better than BCG. Pathological evaluation of () lung involvement (extent of change), (d) alveolitis, (e)
peribronchiolitis, (f) perivasculitis, (g) necrosis, (h) total lung score, and (i) bacillary load in lung was evaluated at 2 and 4 months after infection.
Graphs ¢-i show median value and rank. Group comparisons were p < 0.05 were considered different. Data correspond to a representative replicate
of two independent in vivo experiments. ***p < 0.0001 in the comparison between groups determined by ANOVA with Bonferroni correction for
multiple comparisons, and *p < 0.05 in the comparison of the same group at 2 and 4 months after infection determined by a two-tailed Student's
t test. For histological evaluation, data were compared using an H Kruskal-Wallis test with p values adjusted by Bonferroni correction.
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Fig. 3 Lungs of T2D mice vaccinated with BCG or BCGABCG1419c¢ strains show different proportion of T and B lymphocytes, and
dendritic cells during active or chronic TB. Two and four months after challenge, lungs of mice were obtained and cell surface markers were
used to identify populations of macrophages, dendritic cells, neutrophils, CD3* CD4", and CD3* CD8" T cells that produced cytokines by flow
cytometry. a A representative gating strategy used to identify cells in lungs of vaccinated and non-vaccinated mice, T2D or control, at 2 or
4 months after challenge. b Percentages of dendritic cells found in non-vaccinated or BCG strains-vaccinated, T2D mice at 2 and 4 months
after infection with M. tuberculosis. Dots represent individual values and the central line the mean. ¢ Percentages of B cells found in non-
vaccinated or BCG strains-vaccinated, T2D mice at 2 and 4 months after infection with M. tuberculosis. Dots represent individual values and the
central line the mean. d T CD4"/T CD8" cells ratio in non-vaccinated or BCG strains-vaccinated, T2D mice at 2 and 4 months after infection
with M. tuberculosis. Bars represent mean values and standard derivation from eight samples per group. e Percentages of macrophages in lung
of non-vaccinated or BCG-strains vaccinated, T2D mice at 2 and 4 months after infection with M. tuberculosis. Dots represent individual values
and the central line the mean. f Percentages of neutrophils in lung of non-vaccinated or BCG-strains vaccinated, T2D mice at 2 and 4 months
after infection with M. tuberculosis. Dots represent individual values and the central line the mean. g Percentages of CD4" IFN-y™ T cells in lung
of non-vaccinated or BCG-strains vaccinated, T2D mice at 2 months after infection with M. tuberculosis. Dots represent individual values and
the central line the mean. h Percentages of CD8" IL-4" T cells in lung of non-vaccinated or BCG-strains vaccinated, T2D mice at 2 months after
infection with M. tuberculosis. Dots represent individual values and the central line the mean. Group comparisons were p < 0.05 were
considered different. Data correspond to a representative replicate of two independent in vivo experiments. ***p < 0.0001 in the comparison
between groups determined by ANOVA with Bonferroni correction for multiple comparisons; *p < 0.05 in the comparison of the same group
at 2 and 4 months after infection determined by a two-tailed Student’s t test.

responded differently to infection with M. tuberculosis. Although who also require longer times of antibiotic treatment to result in
during acute TB, both BCG strains induced more IFN-y (p = 0.0032 negative culture from sputa®’. Some reports have shown the
and p=0.0057 for BCG and BCGABCG1419c, respectively), only response of diabetic animal models to infection with mycobac-
BCG induced more TNF-a (p = 0.0008), and only BCGABCG1419c  teria in mice using M. fortuitum and BCG**?* as infecting
reduced the production of IL-4 (p =0.0178) (Fig. 4). microorganisms, or guinea pigs infected with M. tuberculosis**.
During chronic TB in T2D mice, TNF-a was the most abundantly Nevertheless, there is no information reported thus far about
produced cytokine regardless of mice being vaccinated or not how T2D can modify the efficacy of BCG or any other vaccine
(Fig. 4b). Both BCG strains induced lower production of IL-4 (p = candidate against TB. Owing to the epidemiological importance
0.0006) but only vaccination with BCGABCG1419c produced a of TB-T2D prevalence, the preclinical evaluation of new vaccines
higher induction of IL-1B in lungs compared with BCG-vaccinated against TB conditions, which mimic the TB-T2D comorbidity,
mice (Fig. 4d, p = 0.0325). may improve our understanding about the efficacy of new
vaccine candidates in future clinical studies. Therefore, we

contend that efficacy studies of vaccine candidates against TB

DISCUSSION should consider how does T2D impact protection against this
T2D affects several immune mechanisms involved in response disease. Hence, in this work we endeavored to determine the
to TB, and leads to extended lung pathology in human patients, effect of T2D in the efficacy of protection conferred by BCG and
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Fig. 4 T2D mice vaccinated with BCG strains and infected with M. tuberculosis show different production of IFN-y, TNF-q, IL-1B, and IL-4
during acute or chronic TB. Cells obtained from lungs of all groups were stimulated with PPD during 24 h and the production of cytokines
was measured by ELISA (a) IL-4, (b) TNF-a, (c) IFN-y, (d) IL-1p. Data are presented as mean plus standard derivation from four mice per group
per time. Group comparisons were p < 0.05 were considered different. Data correspond to a representative replicate of two independent
in vivo experiments. ***p <0.0001 in the comparison between groups determined by ANOVA with Bonferroni correction for multiple
comparisons; *p < 0.05 in the comparison of the same group at 2 and 4 months after infection determined by a two-tailed Student’s t test.

BCGABCG1419c against TB, in both acute and chronic stages of
this disease.

We were able to reproduce in BALB/c mice several metabolic
parameters found in T2D patients, such as increased weight gain,
blood glucose, A1C levels, and HOMA insulin-resistance index as
compared with control-fed mice (Fig. 1), although we acknowl-
edge that our murine model lacks of fully resembling the
physiopathology of human T2D, as we did not find hypertrigly-
ceridemia®>~®. Nevertheless, we consider this an easily tractable
model in which vaccine candidates can be tested, allowing us for
the direct comparison of our previously published works
conducted in the absence of T2D regarding vaccine efficacy
and M. tuberculosis pathogenesis, and amenable to evaluate other
vaccine candidates.

Interestingly, we found that vaccination with either BCG or
BCGABCG1419c¢, or infection with M. tuberculosis, decreased the
progression of T2D by ameliorating insulin resistance and
hyperglycemia. Our findings may correlate, at least to some
extent, with reports from other groups showing that BCG reduced
insulin resistance in non-T2D mice, coincident with a reduced
accumulation of fat?’, or by increasing their glycolytic flux and
downregulation of oxidative phosphorylation, which should
reduce glycemia and insulin resistance®®. In support for a role of
mycobacteria-driven increase in glycolytic flux, it was recently
reported that BCG vaccine applied to humans with established
T1D results in stable and long-term reductions in blood sugar and
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epigenetic changes in T regulatory cells signature genes for
restored tolerance, with both beneficial effects appearing to be
driven by a systemic metabolic shift from oxidative phosphoryla-
tion towards accelerated and early aerobic glycolysis®®. Alterna-
tively, it was shown that adipose tissue macrophages are a source
of insulin in obese mice®®, suggesting another possible mechan-
ism that contributes to normalization of blood glucose concentra-
tions in our T2D mice, both vaccinated and/or infected mice.
Whether BCG and M. tuberculosis have the same effect on
glycolysis reported for T1D, now in our T2D model, remains to be
determined, as evaluating the role of mycobacteria in T2D was
beyond the scope of this work. In addition to differences in
glycemic control in T2D mice observed after vaccination with BCG
or BCGABCG1419¢, they produced differences in weight loss at
both early and chronic infection, which may result from a complex
effect on metabolic changes produced during T2D. The effect of
BCG on weight gain or loss in human children is not
conclusive®'*2, therefore the observed effect in T2D mice deserves
exploration in future studies using this or similar models to
confirm or reject whether this is a T2D-particular phenomenon.
Regarding TB pathology in T2D mice, we observed an increased
pneumonia in non-vaccinated mice as compared with both BCG-
vaccinated groups (Fig. 2a), with BCGABCG1419c significantly
reducing it by 50% during chronic TB (Fig. 2b, c), outperforming
BCG. Specifically, vaccination with BCG was able to reduce lung
immunopathology during acute infection, with a decaying efficacy
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during chronic infection (as the mean percentage of pneumonia in
acute and chronic TB going from ca. 20% to ca. 40%, respectively),
while vaccination with BCGABCG1419c was effective in reducing
lung damage during chronic TB (as the mean percentage of
pneumonia in acute and chronic TB going from ca. 35% to ca.
20%, respectively) (Fig. 2b). We also found that both BCG strains
were able to reduce M. tuberculosis bacillary load in lungs without
a significant difference between them (Fig. 2i), despite either BCG
or BCGABCG1419c inducing different recruitment of immune cells
to lungs (Fig. 3) and cytokine production from lung cells (Fig. 4),
therefore suggesting that in this particular model, bactericidal
mechanisms elicited in response to vaccination with these BCG
strains are different, yet in the end, they achieved the same level
of control of M. tuberculosis burden in lungs. In agreement with
these results, it was found that recombinant human lactoferrin
reduced lung pathology when used in combination with BCG, and
that the sole BCG showed no difference in reducing M. tuberculosis
load in lungs regardless of lactoferrin supplementation or not*>, Of
note, the authors, experts in TB pathology, recognized that it is the
spreading alveolitis, and not the numbers of M. tuberculosis bacilli,
the event that eventually kills infected models, as it occurs in
many humans®. In fact, in the early 2000s, it was shown that
in vivo lethality following M. tuberculosis challenge sometimes
dissociated from its replication in organs for strains devoid of
some genes, such as whiB3**, sigh*>, and sigC>®, to mention some
examples. We hypothesize that the protection conferred by
vaccination with BCGABCG1419c against lung pathology in mouse
models of TB, already observed in non-diabetic mice'*'®, might
potentially contribute to a more prolonged median survival time
of T2D mice with TB as compared with those receiving BCG, which
remains a matter of future investigation. Moreover, as sterilization
is not achieved in murine models of TB, it could well be that
reduction of lung pathology translates into a clinically meaningful
phenotype for vaccine efficacy in mice.

Vaccination with BCG or BCGABCG1419c strains had a different
effect on the average composition of immune cells within lungs of
T2D mice. During acute TB, BCG increased the recruitment of T
CD4" cells, while BCGABCG1419c increased the recruitment of T
CD8" and B lymphocytes (Fig. 3c). CD4" T lymphocytes
constitutes one of the principal sources of interferon gamma
(IFN-y), a cytokine highly relevant for TB control, and essential for
maintaining the structural integrity of the granulomas®. In fact,
given the important role of IFN-y-secreting CD4" T cells in animal
studies, the main strategy behind the development of many new
TB vaccines has been the capacity to promote this type of
response>®, Despite this, how exactly CD4" T cells participate in
immunity to TB remains a matter of debate®>*°. This further
suggests that CD4" T lymphocytes are not the single most
important component of cell-mediated immunity, which, at least
in the context of acute TB and T2D, comes from the fact that
BCGABCG1419c promoted an increased ratio of T CD8"/CD4™
lymphocytes (Fig. 3); yet, lung pathology and M. tuberculosis load
in lungs were close when compared with levels reached after BCG
immunization (Fig. 2). Further adding to the role of cells other than
T CD4" lymphocytes in control of TB, B cells are known to
participate in the formation of granulomas and regulation of the
immune response during TB*'**?, Considering that BCGABCG1419c¢
induced the recruitment of B lymphocytes during acute TB in T2D
mice, this highlights the need to ascertain whether humoral
immunity, per se or in combination with T CD8" cells, plays any
role in reduction of TB pathology upon vaccination with this
particular vaccine candidate, as opposed to the T CD4"-driven
response elicited by BCG.

During acute TB in T2D mice, the production of cytokines
relevant for TB pathogenesis also responded differently to the
BCG strains tested here. On the one hand, BCG led to an increased
pro-inflammatory response (TNF-a and IFN-y) as well as increased
anti-inflammatory response (IL-4) (Fig. 4). Conversely, the pro-
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inflammatory response elicited by BCGABCG1419c occurred only
via IFN-y, while a lower anti-inflammatory response was observed
(IL-4) (Fig. 4). Considering that TB in diabetic guinea pigs also
resulted in an increased pro- and anti-inflammatory response in
lungs, mediated by IFN-y, IL-17A, IL-8, and IL-10 *, this unbalance
in pro- and anti-inflammatory response detected in both models
of TB-T2D may contribute to both a higher susceptibility to TB and
a more severe disease®. It has been suggested that effective
vaccination against TB should lead to a reduction in the
production of IL-4 to confer improved protection against TB*,
and our results reinforce this notion, particularly in the context
of T2D.

During chronic TB, the most significant change in terms of
immune cell composition was that BCGABCG1419c¢ significantly
increased the percentage of DCs compared with BCG-vaccinated
and non-vaccinated mice (Fig. 3b-d). DCs infected with M.
tuberculosis are activated and produce TNF-q, IL-6, IL-1B, and IL-
12", DCs infected with BCG maturate and produce IL-1, IL-6, IL-12,
IL-10, and when administered intratracheally in mice, they induced
the production of IFN-y, leading to a significant protection against
aerosol M. tuberculosis infection®. Moreover, y§ T cells that
produce IFN-y increase production of IL-12 by lung DCs, priming
a T CD8" cell response against M. tuberculosis*’. In light of these
evidences, it could be hypothesized that DCs might improve the
anti-M. tuberculosis response induced upon vaccination with
BCGABCG1419c via pro-inflammatory cytokines, such as IL-1(3,
and/or other cytokines or chemokines not evaluated in this work.

A reduction of IL-1B, TNF-q, and IL-6 and increased pulmonary
inflammation was found when BCG was used to intravenously
infect C57BL/6 diabetic mice®®. Conversely, in our experimental
model, lungs from BCGABCG1419c-vaccinated mice maintained a
higher production of IL-1f in lungs, suggesting that this response
could contribute to protection even with low production IFN-y
(Fig. 4).

Compared with parental BCG, the BCGABCG1419c vaccine
candidate has been shown to have reduced transcription of
groEL1, kasA, kasB, fas, fabD, and acpM, genes involved in mycolic
acid biosynthesis, as well as reduced transcription of genes
encoding for antigenic proteins such as hspX'>. This BCG mutant
also produced slighlty less of the antigenic proteins PstS2, HbhA,
DnaK, and 35KDa antigen, among other proteins, than wild-type
BCG*8. Taken together, these changes might contribute to explain
the differences observed in response elicited to immunization
with these BCG strains, yet it would be worth defining which
particular components from this vaccine candidates are directly
responsible for the differential response in order to better
understand immunity triggered by this BCG strain. Also, future
studies need to include wider determinations of the response
from cells, cytokines, chemokines, and antibodies, to further
improve our knowledge of how to achieve control of TB in the
context of T2D comorbidity, including changes that occur in the
function of immune cells during progression from prediabetic
stages to T2D, as well as in reactivation from LTBI likely induced by
T2D. Studies of the effect of T2D on macrophage polarization and
function of recruited cells to lung will contribute to this aim. Taken
together, our results demonstrate that even though T2D involves
reduction of some components of a Th1 response and increase of
IL-4, vaccination with BCG reduced TB pathology via T CD4*
lymphocytes, production of IFN-y, and TNF-q, being more effective
than BCGABCG1419c against pneumonia during acute TB. On the
other hand, BCGABCG1419c¢ was able to confer protection against
TB via the maintenance of B and T CD8" lymphocytes during
acute TB, favoring the latter as opposed to T CD4" lymphocytes
being more attracted to lungs in response to BCG, and by
increasing IL-1P production during chronic TB, outperforming BCG
in reducing pneumonia in advanced TB-T2D. In summary, more
studies of this vaccine candidate are needed to better understand
the basis of protection against TB, particularly its chronic phase.
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Table 1. Composition of the high-fat diet (HFD) for T2D mice.
Ingredients Composition per 5kg (g) Cat. number
Cistine 9.00 SIGMA 1002645379
Choline 11.50 SIGMA C2004
Vitamins 145.00 MP 960402
Minerals 285.00 MP 960400
Cellulose 86.00

Soy oil 285.00 Nutrioli™
Dextrin 1500.00

Saccharose 586.00 Soriana™
Casein 1207.50

Lard 885.00

Considering that T2D affect antigen presentation by macro-
phages, activation of monocytes, and chemoattraction of immune
cells to lung during infection, BCGABCG1419¢ provides an
opportunity to ascertain the role of cells other than macrophages
and T CD4" lymphocytes in protection conferred by this vaccine
candidate, despite T2D.

METHODS

Bacterial strains and culture conditions

The BCGABCG1419¢ was previously reported'®. Mycobacterial strains were
cultured in Middlebrook 7H9 broth supplemented with 0.2% glycerol, 10%
OADC, and 0.05% Tween 80, at 37 °C, 5% CO,, 100 rpm to produce bacteria
for vaccination and infection. For lung bacterial counts, serial dilutions
were plated onto Middlebrook 7H10 agar supplemented with 0.5%
glycerol, 10% OADC, and incubated at 37 °C for 3-4 weeks, colonies were
determined by counting colony forming units (CFU).

Animals

Pathogen-free, male, 3-week-old BALB/c mice were obtained from Instituto
Nacional de Ciencias Médicas y Nutricion Salvador Zubiran (N = 75). Mice
were maintained in a Biosafety Level 3 Animal facility, within vented cages
with high-efficiency air-filters, a cycle of light/dark of 12 h, and controlled
temperature (21 °C). Food and water were provided ad libitum. The local
Animal Ethics Committee of the Instituto Nacional de Ciencias Médicas y
Nutricion Salvador Zubirdn approved all experiments, which were
performed following Mexican guidelines regarding ethical and safe
handling of experimental animals: NOM-07-SEMARNAT-SSA1-2002, NOM-
033-Z00-1995, and NOM-062-ZO0-1999.

Establishment of the T2D mouse model

From its reception, mice were separated into two groups: one fed with an
HFD, and the other fed with a balanced, control chow diet (C). HFD was
constituted by 45% kilocalories from fat, 34% kilocalories from carbohy-
drates, and the remaining 21% kilocalories proteins, fiber, vitamins and
minerals (Table 1). This diet was prepared weekly in our laboratory and
maintained at 4 °C to preserve its components. Control diet was obtained
from Pico-Lab laboratories (Rodent Diet 5053).

To induce T2D in mice feed with the HFD regime, a single dose of
100 mg/kg of STZ (Sigma, 18883-66-44) diluted in citrate buffer was
applied intraperitoneally, at the fourth month after receiving mice (Fig. 1a).

Blood samples were obtained from mice at 0, 2, 4, 8, and 10 months of
intervention, and used to determine glucose concentration using a
glucometer (Accu check GC 05088810001). The concentration of triglycer-
ides and total cholesterol was determined in sera samples (Unicell DX600,
Beckman coulter) and insulin concentration determined by ELISA (Thermo
Fisher, EMINS). From total blood, A1C was measured by HPLC (Variant Il of
BIO-RAD). To measure insulin resistance, the HOMA-IR index was calculated
as follows: [insulin concentration (uUI/mL)] x [blood glucose concentration
(mmol/L))/22.6*".
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Vaccination and protection against TB in the presence of T2D
Two months after the beginning of HFD feeding, mice that received STZ
(T2D) were divided into three groups for vaccination: BCG Pasteur,
BCGABCG1419c or mock-vaccinated (control) mice (n = 25/group) (Fig. 1a).
Mice received a single subcutaneous dose of the corresponding BCG strain
diluted in sterile saline solution or single sterile saline solution (control).
Doses were confirmed to contain (1.4+0.1)x 10* CFU by plating onto
7H10 plates.

Pulmonary bacillary burdens and tissue damage (pneumonia) were
determined at 2 and 4 months post challenge with M. tuberculosis H37Rv in
vaccinated and control, non-vaccinated mice. The right lung was frozen up
to be used for the determination of bacillary burdens by CFU counting.
After defrosting, lungs were mechanically disaggregated in 1 mL of 0.05%
Tween 80 (Sigma 9005-65-6) in phosphate-buffered saline (PBS) solution.
Serial dilutions were plated in duplicate onto 7H10 agar plates and
incubated for 14-21 days for colony counting. Overall, 6-7 lungs per
group/time post infection were used for CFU enumeration.

To evaluate lung damage, the left lung was perfused with absolute
ethanol after euthanasia and fixed in the same solution for at least 48 h.
Lungs were included in paraffin blocks. Then, 4 um lung sections were
obtained, stained with hematoxylin and eosin and evaluated. The
determination of the percentage of pneumonic area was performed using
the automated histology software Leica Application Suite X. Three lungs
per group of different mice were evaluated and determination was made
in duplicate.

Evaluation of cellular immune response after infection in the
presence of T2D

The left lung of each mouse was used to separate cells by using type Il
Collagenase (Gibco 9001-20-1) and mechanical disaggregation, to then
culture them in 24-well plates with PPD 1 ug/mL and antibiotic solution at
37°C, 5% CO, for 24 h. Supernatant was used to determine by ELISA TNF-a
(BD OprEIA, 558534), IL-1(3 (BD OprEIA, 559603), IL-4 (BD OprEIA, 555232)
and IFN-y (BD OprEIA, 555138) according to the manufacturer’s protocols.
Four supernatants per group were processed in duplicate to determine the
concentration of cytokines secreted to the medium. In addition, after
stimulation with PPD, 1 x 10° cells per lung were separated and used for
extracellular staining of surface markers including a viability staining, as
indicated in supplementary methods. After permeabilization and fixation
of cells (Invitrogen, 00-5523-00), we performed intracellular staining with
anti-IFN-y-BV786, anti-TNF-a-AF488, anti-IL-12-PE, and anti-IL-4-BV421.
Finally, labeled cells were washed with PERM and resuspended in 500 pL
of 4% paraformaldehyde. Cells were maintained at 4 °C in dark up to data
obtaining before acquisition by flow cytometry. Flow cytometry data
acquisition was performed in a BD Fortessa cytometer using FACS-DIVA
software in the next 24 h after labeling. Data obtained from 100,000 total
cells per lung were analyzed with FlowJo v.10 software to determine the
percentages of B cells (CD19" cells), macrophages (CD14" CD11b™ F4/80™
cells), CD11b" DCs (CD14" CD11b* F4/80° cells), neutrophils (CD14""
CD11b™, Ly6G™), CD3* CD4*, and CD3* CD8™ T cells that produced IFN-y,
TNF-q, IL-12, and IL-4 in response to stimulation with PPD. Identification of
cell populations is shown in Fig. 3a. Four lungs per group/time post
infection were processed. Detailed protocols for lung cell separation and
flow cytometry are provided in Supporting information as supplementary
methods for FACS (Supplementary Fig. 3).

Postinfection histological analysis

A qualified pathologist analyzed images of the hematoxylin and eosin-
stained sections from lungs without prior knowledge of the groupings. A
scoring system (0 =no apparent changes to 5=severe changes) that
involved the examination of lungs for peribronchiolitis, perivasculitis,
alveolitis, “Granuloma” formation, and degree of necrosis was used to give
a total lung score for lungs from each mouse. Lesions were assessed as
reported before'>*?; Briefly, the number of lesions apparent in a section
was counted and the percentage of involved parenchyma estimated. The
following features were assessed individually: peribronchiolitis, perivascu-
lar leukocyte infiltration, perivasculitis, alveolitis, “granuloma” formation
(i.e., granulomatous inflammation), and necrosis on a scale of 0-5 [0=
within normal limits (no change); 1 = minimal changes; 2 = mild changes;
3 = moderate changes; 4 = marked changes; 5 = very severe changes].
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Statistical analysis

Data are presented as means with standard deviations, median and ranges,
or median with standard deviation. Comparison among groups were
performed in Prism v.7 using a one way-ANOVA analysis with a Tukey's
analysis pos hoc analysis for multiple comparisons between groups at the
same time, and with a double-tailed Student’s t test to compare data from
the same group at different times. Group comparisons where p < 0.05 were
considered different. Categorized data (histological analyses) were
analyzed with a H Krustal-Wallis test using SPSS version 25 (a =0.05). In
all cases, p value were adjusted for multiple comparisons with Bonferroni
correction. Data presented here correspond to a representative replicate
out of two independently performed experiments.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

The authors declare that data supporting the findings of this study are available
within the article and its Supplementary Information files.

Received: 19 November 2019; Accepted: 20 February 2020;
Published online: 12 March 2020

REFERENCES

1. WHO. Global tuberculosis report 2019. (World Health Organization, 2019).

2. Liu, Q. et al. Diabetes mellitus and the risk of multidrug resistant tuberculosis: a
meta-analysis. Sci. Rep. 7, 1090 (2017).

3. Al-Rifai, R. H., Pearson, F., Critchley, J. A. & Abu-Raddad, L. J. Association between
diabetes mellitus and active tuberculosis: A systematic review and meta-analysis.
PLoS ONE 12, 0187967 (2017).

4. Wilkinson, K. A, Workneh, M. H., Bjune, G. A. & Yimer, S. A. Prevalence and
associated factors of tuberculosis and diabetes mellitus comorbidity: a sycste-
matic review. PLoS ONE 12. https://doi.org/10.1371/journal.pone.0175925 (2017).

5. IDF. IDF diabetes atlas, Eighth edition (International Diabetes Federation, 2017).

6. Nathella, P. K. & Babu, S. Influence of diabetes mellitus on immunity to human
tuberculosis. Immunology 152, 13-24 (2017).

7. Segura-Cerda, C. A., Lopez-Romero, W. & Flores-Valdez, M. A. Changes in host
response to mycobacterium tuberculosis infection associated with type 2 dia-
betes: beyond hyperglycemia. Front. Cell Infect. Microbiol 9, 342 (2019).

8. Lopez-Lopez, N. et al. Type-2 diabetes alters the basal phenotype of human
macrophages and diminishes their capacity to respond, internalise, and control
Mycobacterium tuberculosis. Mem. Inst. Oswaldo Cruz 113, e170326 (2018).

9. Kumar, N. P. et al. Elevated circulating levels of monocyte activation markers among
tuberculosis patients with diabetes co-morbidity. Immunology 156, 249-258 (2019).

10. Blauenfeldt, T. et al. Interplay of DDP4 and IP-10 as a Potential Mechanism for Cell
Recruitment to Tuberculosis Lesions. Front. Immunol. 9, 1456 (2018).

11. Carreira, S., Costeira, J., Gomes, C., Andre, J. M. & Diogo, N. Impact of diabetes on
the presenting features of tuberculosis in hospitalized patients. Rev. Port. Pneu-
mol. 18, 239-243 (2012).

12. Pedroza-Roldan, C. et al. The BCG delta BCG1419c strain, which produces more
pellicle in vitro, improves control of chronic tuberculosis in vivo. Vaccine 34,
4763-4770 (2016).

13. Xia, L. L, Li, S. F, Shao, K, Zhang, X. & Huang, S. The correlation between CT
features and glycosylated hemoglobin level in patients with T2DM complicated
with primary pulmonary tuberculosis. Infect. Drug Resist. 11, 187-193 (2018).

14, Lutfiana, N. C, van Boven, J. F. M., Masoom Zubair, M. A,, Pena, M. J. & Alffenaar, J.
C. Diabetes mellitus comorbidity in patients enrolled in tuberculosis drug efficacy
trials around the world: a systematic review. Br. J. Clin. Pharmacol. https://doi.org/
10.1111/bcp.13935 (2019).

15. Flores-Valdez, M. A. et al. The BCGDeltaBCG1419c vaccine candidate reduces lung
pathology, IL-6, TNF-alpha, and IL-10 during chronic TB infection. Front. Microbiol.
9, 1281 (2018).

16. Sathkumara, H. D. et al. BCG vaccination prevents reactivation of latent lymphatic
murine tuberculosis independently of CD4(+) T cells. Front. Inmunol. 10, 532 (2019).

17. DeFronzo, R. A. et al. Type 2 diabetes mellitus. Nat. Rev. Dis. Prim. 1, 15019 (2015).

18. American Diabetes, A. 2. Classification and diagnosis of diabetes: standards of
medical care in diabetes-2018. Diabetes Care 41, S13-527 (2018).

19. Matthews, D. et al. Homeostasis model assessment: insulin resistance and beta-
cell function from fasting plasma glucose and insulin concentrations in man.
Diabetologia 28, 412-419 (1985).

Published in partnership with the Sealy Center for Vaccine Development

C.A. Segura-Cerda et al.

np)

20. Carmena, R. Riesgo elevado de disfuncion lipoproteica en la diabetes mellitus
tipo 2. Rev. Esp. Cardiol. Supl. 8, 19C-26C (2008). https://nticscholar.org/59ab/
202be75bcf6cf71b149bbaa63fa1d4040666.pdf.

21. Fraulob, J. C,, Ogg-Diamantino, R., Fernandes-Santos, C., Aguila, M. B. & Man-
darim-de-Lacerda, C. A. A mouse model of metabolic syndrome: insulin resis-
tance, fatty liver and non-alcoholic fatty pancreas disease (NAFPD) in C57BL/6
mice fed a high fat diet. J. Clin. Biochem. Nutr. 46, 212-223 (2010).

22. Alim, M. A. et al. Anti-mycobacterial function of macrophages is impaired in a diet
induced model of type 2 diabetes. Tuberculosis 102, 47-54 (2017).

23. Alim, M. A. et al. Dysregulation of key cytokines may contribute to increased
susceptibility of diabetic mice to Mycobacterium bovis BCG infection. Tubercu-
losis 115, 113-120 (2019).

24. Podell, B. K. et al. Increased severity of tuberculosis in Guinea pigs with type 2
diabetes: a model of diabetes-tuberculosis comorbidity. Am. J. Pathol. 184,
1104-1118 (2014).

25. Carrera Boada, C. A. & Martinez-Moreno, J. M. Pathophysiology of diabetes
mellitus type 2: beyond the duo “insulin resistance-secretion deficit”. Nutr. Hosp.
28, 78-87 (2013).

26. Olokoba, A. B., Obateru, O. A. & Olokoba, L. B. Type 2 diabetes mellitus: a review
of current trends. Oman. Med. J. 27, 269-273 (2012).

27. Inafuku, M., Matsuzaki, G. & Oku, H. Intravenous mycobacterium bovis bacillus
calmette-guerin ameliorates nonalcoholic fatty liver disease in obese, diabetic
ob/ob mice. PLoS ONE 10, e0128676 (2015).

28. Shi, L. et al. Biphasic dynamics of macrophage immunometabolism during
mycobacterium  tuberculosis infection. mBio 10. https://doi.org/10.1128/
mBio.02550-18 (2019).

29. Kuhtreiber, W. M. et al. Long-term reduction in hyperglycemia in advanced type 1
diabetes: the value of induced aerobic glycolysis with BCG vaccinations. Npj
Vaccines 3. https://doi.org/10.1038/541541-018-0062-8 (2018).

30. Buras, E. D. et al. Proinsulin-producing, hyperglycemia-induced adipose tissue
macrophages underlie insulin resistance in high fat-fed diabetic mice. FASEB J.
29, 3537-3548 (2015).

31. Kjaergaard, J. et al. Bacillus Calmette-Guerin vaccination at birth: effects on infant
growth. A randomized clinical trial. Early Hum. Dev. 100, 49-54 (2016).

32. Kielmann, A. A. Weight fluctuations after immunization in a rural preschool child
community. Am. J. Clin. Nutr. 30, 592-598 (1977).

33. Hwang, S. A, Wilk, K, Kruzel, M. L. & Actor, J. K. A novel recombinant human
lactoferrin augments the BCG vaccine and protects alveolar integrity upon infec-
tion with Mycobacterium tuberculosis in mice. Vaccine 27, 3026-3034 (2009).

34. Steyn, A. J. et al. Mycobacterium tuberculosis WhiB3 interacts with RpoV to affect
host survival but is dispensable for in vivo growth. Proc. Natl Acad. Sci. USA 99,
3147-3152 (2002).

35. Kaushal, D. et al. Reduced immunopathology and mortality despite tissue per-
sistence in a Mycobacterium tuberculosis mutant lacking alternative sigma factor,
SigH. Proc. Natl Acad. Sci. USA 99, 8330-8335 (2002).

36. Sun, R. et al. Mycobacterium tuberculosis ECF sigma factor sigC is required for
lethality in mice and for the conditional expression of a defined gene set. Mol.
Microbiol. 52, 25-38 (2004).

37. Gengenbacher, M. & Kaufmann, S. H. Mycobacterium tuberculosis: success
through dormancy. FEMS Microbiol. Rev. 36, 514-532 (2012).

38. Kaufmann, S. H. Tuberculosis vaccines: time to think about the next generation.
Semin Immunol. 25, 172-181 (2013).

39. Dockrell, H. M. & Smith, S. G. What have we learnt about BCG vaccination in the
last 20 years? Front Immunol. 8, 1134 (2017).

40. Moliva, J. I, Turner, J. & Torrelles, J. B. Inmune responses to bacillus calmette-
guerin vaccination: why do they fail to protect against mycobacterium tuber-
culosis? Front. Immunol. 8, 407 (2017).

41. Achkar, J. M., Chan, J. & Casadevall, A. B cells and antibodies in the defense against
Mycobacterium tuberculosis infection. Immunol. Rev. 264, 167-181 (2015).

42. Benard, A. et al. B cells producing type | IFN modulate macrophage polarization
in tuberculosis. Am. J. Respir. Crit. Care Med. 197, 801-813 (2018).

43. Kumar, N. P. et al. Persistent inflammation during anti-tuberculosis treatment
with diabetes comorbidity. Elife 8. https://doi.org/10.7554/eLife.46477 (2019).

44. Rook, G. A, Hernandez-Pando, R, Dheda, K. & Teng Seah, G. IL-4 in tuberculosis:
implications for vaccine design. Trends Immunol. 25, 483-488 (2004).

45. Tascon, R. E. et al. Mycobacterium tuberculosis-activated dendritic cells induce
protective immunity in mice. Immunology 99, 473-480 (2000).

46. Demangel, C. et al. Protection against aerosol Mycobacterium tuberculosis
infection using Mycobacterium bovis Bacillus Calmette Guerin-infected dendritic
cells. Eur. J. Immunol. 29, 1972-1979 (1999).

47. Caccamo, N. et al. Gammadelta T cells condition dendritic cells in vivo for priming
pulmonary CD8 T cell responses against Mycobacterium tuberculosis. Eur. J.
Immunol. 36, 2681-2690 (2006).

48. Segura-Cerda, C. A. et al. Immune response elicited by two rBCG strains devoid
of genes involved in c-di-GMP metabolism affect protection versus challenge

npj Vaccines (2020) 21


https://doi.org/10.1371/journal.pone.0175925
https://doi.org/10.1111/bcp.13935
https://doi.org/10.1111/bcp.13935
https://nticscholar.org/59ab/202be75bcf6cf71b149bbaa63fa1d4040666.pdf
https://nticscholar.org/59ab/202be75bcf6cf71b149bbaa63fa1d4040666.pdf
https://doi.org/10.1128/mBio.02550-18
https://doi.org/10.1128/mBio.02550-18
https://doi.org/10.1038/s41541-018-0062-8
https://doi.org/10.7554/eLife.46477

np)

C.A. Segura-Cerda et al.

10

with M. tuberculosis strains of different virulence. Vaccine 36, 2069-2078
(2018).

49. Tchilian, E. Z. et al. Immunogenicity and protective efficacy of prime-boost
regimens with recombinant (delta)ureC hly+ mycobacterium bovis BCG and
modified vaccinia virus ankara expressing M. tuberculosis antigen 85A against
murine tuberculosis. Infect. Immun. 77, 622-631 (2009).

ACKNOWLEDGEMENTS

CONACYT grant 86396 to M.AF.V. allowed the construction of the BCGABCG1419¢
vaccine candidate described here. CONACYT grant IFC2015-1, project 115 to RH.P.
allowed mice experiments to be conducted. C.AS.C. and M.O.L.T. received financial
support from CONACYT, Ph.D. fellowships 433346 and 514846. V.L.O. received the
SNI-3 research assistant fellowship 8558. We thank to Red de Apoyo a la Investigacion
by its technical support with flow cytometry. The funding agency had no role in study
design or analyses of results.

AUTHOR CONTRIBUTIONS

Conceptualization: MAAFV. and RH.P,; Formal analyses: CAS.C, BM.C, DME, HB.O,
M.AFYV, and RH.P,; Funding acquisition: MAAFV. and RH.P,; Investigation: CAS.C,
B.M.C, BME, JBP, MJAS, VLO, and MO.LT, Methodology: RHP. and MAFV,
Project administration: M.AF.V,; Resources: M.AAFV. and RH.P; Supervision: MAF.V.;
Validation: MAAF.V, CAS.C, BMC, DME., HB.O, and RH.P, Visualization: CAS.C. and
M.AFV,; Writing initial draft: CAS.C, MAAF.V, and RH.P,; Writing-review & editing: all
authors reviewed drafts and approved submission of this work. Considering their
contributions, CA.S.C. and B.M.C. are to be considered co-first authors.

COMPETING INTERESTS

M.AFV., MJAS, and RH.P. have a patent issued (363576) related to the
BCGABCG1419c¢ strain reported in this work and would like to declare this as a

npj Vaccines (2020) 21

potential conflict of interest. The remaining authors have no relationship that might
be construed as a potential conflict of interest.

ADDITIONAL INFORMATION

Supplementary information is available for this paper at https://doi.org/10.1038/
s41541-020-0169-6.

Correspondence and requests for materials should be addressed to R.H.-P. or MAAFF.-V.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

Published in partnership with the Sealy Center for Vaccine Development


https://doi.org/10.1038/s41541-020-0169-6
https://doi.org/10.1038/s41541-020-0169-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	BCG and BCG&#x00394;BCG1419c protect type 2 diabetic mice against tuberculosis via different participation of T and B lymphocytes, dendritic cells and pro-inflammatory cytokines
	Introduction
	Results
	Vaccination with BCG&#x00394;BCG1419c reduces insulin resistance and body weight loss post infection as compared with BCG in T2D mice
	Vaccination with BCG&#x00394;BCG1419c reduces immunopathology in T2D mice as compared with BCG during chronic TB
	Vaccination with BCG or BCG&#x00394;BCG1419c differently modifies the populations of immune cells in lungs of T2D mice with acute or chronic TB
	Vaccination with BCG strains in T2D mice followed by M. tuberculosis challenge results in differential production of cytokines from lung cells

	Discussion
	Methods
	Bacterial strains and culture conditions
	Animals
	Establishment of the T2D mouse model
	Vaccination and protection against TB in the presence of T2D
	Evaluation of cellular immune response after infection in the presence of T2D
	Postinfection histological analysis
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




