F? Autophagy ' Taylor & Francis

Autophagy

way

TP "‘......"‘u!

ISSN: 1554-8627 (Print) 1554-8635 (Online) Journal homepage: http://www.tandfonline.com/loi/kaup20

IFNG-mediated immune responses enhance
autophagy against Mycobacterium tuberculosis
antigens in patients with active tuberculosis

Ana | Rovetta, Delfina Pefa, Rodrigo E Hernandez Del Pino, Gabriela M
Recalde, Joaquin Pellegrini, Fabiana Bigi, Rosa M Musella, Domingo ]
Palmero, Marisa Gutierrez, Maria | Colombo & Verdnica E Garcia

To cite this article: Ana | Rovetta, Delfina Pefia, Rodrigo E Hernandez Del Pino, Gabriela M
Recalde, Joaquin Pellegrini, Fabiana Bigi, Rosa M Musella, Domingo J Palmero, Marisa Gutierrez,
Maria | Colombo & Veronica E Garcia (2014) IFNG-mediated immune responses enhance
autophagy against Mycobacterium tuberculosis antigens in patients with active tuberculosis,
Autophagy, 10:12, 2109-2121, DOI: 10.4161/15548627.2014.981791

To link to this article: https://doi.org/10.4161/15548627.2014.981791

A
h View supplementary material &' @ Accepted author version posted online: 26
Nov 2014.
Published online: 26 Nov 2014.
\]
CA/ Submit your article to this journal &' il Article views: 977
(!) View Crossmark data (' @ Citing articles: 16 View citing articles

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=kaup20


http://www.tandfonline.com/action/journalInformation?journalCode=kaup20
http://www.tandfonline.com/loi/kaup20
http://www.tandfonline.com/action/showCitFormats?doi=10.4161/15548627.2014.981791
https://doi.org/10.4161/15548627.2014.981791
http://www.tandfonline.com/doi/suppl/10.4161/15548627.2014.981791
http://www.tandfonline.com/doi/suppl/10.4161/15548627.2014.981791
http://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.4161/15548627.2014.981791&domain=pdf&date_stamp=2014-11-26
http://crossmark.crossref.org/dialog/?doi=10.4161/15548627.2014.981791&domain=pdf&date_stamp=2014-11-26
http://www.tandfonline.com/doi/citedby/10.4161/15548627.2014.981791#tabModule
http://www.tandfonline.com/doi/citedby/10.4161/15548627.2014.981791#tabModule

BRIEF REPORT

Autophagy 10:12, 2109-2121; December 2014; © 2014 Taylor & Francis Group, LLC
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Protective immunity against Mycobacterium tuberculosis (Mtb) requires IFNG. Besides, IFNG-mediated induction of
autophagy suppresses survival of virulent Mtb in macrophage cell lines. We investigated the contribution of autophagy
to the defense against Mtb antigen (Mtb-Ag) in cells from tuberculosis patients and healthy donors (HD). Patients were
classified as high responders (HR) if their T cells produced significant IFNG against Mtb-Ag; and low responders (LR)
when patients showed weak or no T cell responses to Mtb-Ag. The highest autophagy levels were detected in HD cells
whereas the lowest quantities were observed in LR patients. Interestingly, upon Mtb-Ag stimulation, we detected a
positive correlation between IFNG and MAP1LC3B-II/LC3-Il levels. Actually, blockage of Mtb-Ag-induced IFNG markedly
reduced autophagy in HR patients whereas addition of limited amounts of IFNG significantly increased autophagy in LR
patients. Therefore, autophagy collaborates with human immune responses against Mtb in close association with

specific IFNG secreted against the pathogen.

Introduction

The immune response elicited after M. tuberculosis infection is
critically dependent on CD4" T cells. In particular, T helper
(Th) 1 cells play an important role in granuloma formation and
clearance of M. muberculosis.' In fact, deficiencies in the IL12
(interleukin 12)-IFNG (interferon gamma)-STAT1 (signal trans-
ducer and activator of transcription 1, 91kDa) signaling pathway
lead to the dissemination of mycobacterial infections.*” The
degree of reduction in IFNG production by peripheral blood
mononuclear cells (PBMC) is a marker of disease severity in
patients with tuberculosis;® therefore IENG secretion is lower in
patients with the most severe manifestation of tuberculosis.®
Thus, elucidation of the cellular mechanisms affected by reduced
IFNG production in individuals that develop the disease will
enhance our knowledge of the pathogenesis of tuberculosis,

contributing to a better understanding of the immune response
to this intracellular pathogen.

IFNG, a cytokine produced primarily by T cells and natu-
ral killer cells, is an important mediator of macrophage acti-
vation in controlling several intracellular pathogens, including
mycobacteria.” Injection of recombinant IFNG into lesions
of lepromatous leprosy patients results in the migration of
large numbers of Th cells and monocytes to the site of injec-
tion”® and a decrease in acid-fast bacilli load.” IFNG has
many effects, including induction of autophagy.” In fact,
IFNG increases proteolysis of long-lived proteins and process-
ing of MAP1LC3/LC3 (microtubule-associated protein 1A/
1B-light chain 3) (i.e., punctate distribution), both hallmarks
of autophagy induction.'®"" Upon induction of autophagy,
LC3-1 is converted to LC3-II through lipidation by a system
involving ATG7 (autophagy-related 7) and ATG3, which
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then allows LC3 to associate with autophagic vesicles.'* Thus,
both LC3 presence in autophagosomes and its conversion to
the lower migrating form, LC3-1I, are commonly used indi-
cators of autophagy.'” Interestingly, a polymorphism on
IRGM]1 (immunity-related GTPase family M member 1), an
autophagy-related gene downstream of the Ifng'* gene, has
been associated with protection against M. tuberculosis." >
In a more recent work, another gene family of the IFNG
inducible GTPases has been described, which comprises the
guanylate-binding proteins.'” Tt has been shown that mem-
bers of this family interact with autophagy-related (ATG)
proteins, establishing a link between this family of GTPases
and autophagy-mediated defense mechanisms against invading
pathogens.

Previously it has been shown that induction of autophagy
promotes maturation of Mycobacterium-containing phago-
somes and concomitantly suppresses mycobacterial survival.'’
Besides, it has been demonstrated that activation of RAW
264.7 cells with TFNG induces autophagic activation.'’
Moreover, Harris et al. have demonstrated that Th2 cytokines
(IL4 and IL13) abrogate autophagy and autophagy-mediated
killing of intracellular mycobacteria in human U937 or
THP-1 cells.” Thus, critical cytokines modulate both posi-
tively and negatively the autophagic response affecting myco-
bacterial survival.

Most of the studies about the role of autophagy as a defense
mechanism against Mycobacterium have been performed using
cell lines infected with the pathogen or primary culture cells.
However, very limited information exists about the autophagic
response in patients with active tuberculosis disease. Therefore,
in this work we investigated the potential role of autophagy
during the human immune response against M. ruberculosis
antigens. To this end, we studied M. ruberculosis-induced
autophagy in 2 populations of patients with active disease pre-
viously identified by our laboratory.'® These 2 groups of indi-
viduals were classified based on their T-cell responses to the
bacterium: High-responder (HR) tuberculosis patients dis-
played significant M. tuberculosis-dependent T- cell prolifera-
(LR)
tuberculosis patients displayed weak or no T-cell responses to
M. tuberculosis."® On the basis of the magnitude of the
immune response of these 2 groups of patients against the
pathogen, we hypothesized that IFNG produced by T cells
might increase the autophagic response in human monocytes.
In fact, we showed that sonicated M. tuberculosis (Mth-Ag)
induced the highest levels of autophagy in healthy donors and

tion and IFNG production, while low-responder

the lowest levels in LR tuberculosis patients, in direct associa-
tion with the amounts of IFNG secreted by each individual.
Interestingly, addition of IFNG augmented autophagy in
patients with the weakest production of IFNG against the bac-
teria. Together, our present data indicate that autophagy is
being modulated by the innate and adaptive immune response
of the human host against M. tuberculosis. To our knowledge,
this is the first study that establishes a link between autophagy
and IFNG production in cells obtained from tuberculosis
patients.
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Results

M. tuberculosis induces lower
autophagy levels in tuberculosis patients with the poorest
immune response against the pathogen

Studies in human cell lines and in mice have shown that

antigen significantly

autophagy is a defense mechanism that inhibits mycobacterial
survival.'®"? Furthermore, it has been recently demonstrated
that the virulent M. tuberculosis strain H37Rv is able to inhibit
basal autophagy in human macrophages and dendritic cells.*” In
order to analyze the role of autophagy in the defense of the
human host against M. tuberculosis, we investigated this process
in healthy donors and patients with active disease. To do this,
peripheral blood mononuclear cells (PBMC) were cultured dur-
ing 16 h without stimulus. The cells were then incubated with
sonicated M. tuberculosis antigen (Mtb-Ag) for 24 h and the levels
of the autophagic marker LC3, were assessed by western blotting,.
As shown in Figure 1A, endogenous levels of LC3-II accumu-
lated upon Mtb-Ag stimulation of adherent cells from a high-
responder tuberculosis patient. In contrast, no detectable levels of
LC3-II were observed in the nonadherent fraction of the PBMC.
These data suggested that Mrb-Ag-induced autophagic response
was occurring in monocytic cells. Densitometry of the blots
showed that the amount of LC3-II was significantly increased in
Mtb-Ag-treated cells obtained from healthy donors (HD) and
tuberculosis patients, as compared to nonstimulated cells
(Fig. 1B). However, both HD and HR patients showed signifi-
cantly higher amounts of LC3-II as compared to LR patients
(Fig. 1B). Furthermore, we detected marked differences between
the basal levels of LC3-II in cells from HD as compared to LR
tuberculosis patients (Fig. 1B).

To assess the rate of autophagy we determined the autophagic
flux in the absence or presence of bafilomycin A; (BafAl), which
inhibits vacuolar-type H*-ATPases and prevents fusion between
autophagosomes and lysosomes, leading to inhibition of LC3-II
degradation.21 Thus, the LC3-II levels upon exposure of the cells
to the Mtb-Ag preparation in the presence or absence of BafAl
were analyzed. We observed that, in adherent cells, Mrb-Ag
increased LC3-II puncta levels significantly in the presence of
BafA1l, strongly suggesting that this antigen induced autophago-
some formation and that the autophagic pathway was functional
(Fig. S1). Similar results were observed by protein gel blot and
flow cytometry (data not shown).

To further analyze the ability of human monocytes to undergo
autophagy in response to Mtb-Ag, cells from tuberculosis patients
and HD were cultured in the presence of the antigen for 24 h to
induce the autophagic process. After fixation, cells were labeled
with antibodies recognizing endogenous LC3 and the samples
were analyzed by confocal microscopy. LC3 is a useful marker of
autophagy by immunofluorescence, as it gets conjugated to auto-
phagic membranes when autophagy is induced, thus forming
puncta in the cytosol. As shown in Figure 1C, in LR tuberculosis
patients, only a few LC3 puncta could be detected in Ag-stimu-
lated cells (Fig. 1C). In contrast, in HD and HR tuberculosis
patients, LC3 puncta accumulated strongly when Mtb-Ag was
added to the culture medium (Fig. 1C). Moreover, quantification
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Figure 1. Levels of autophagy induced in response to Mtb-Ag in tuberculosis patients and healthy donors. (A and B) PBMC from HD, HR TB and LR
TB were cultured at 3 x 10° cells/ml in RPMI with 10% FBS. Cells were then cultivated for 16 h without stimulus to allow the adherence of monocytes.
Afterwards, PBMC were stimulated with sonicated M. tuberculosis (Mtb-Ag) for 24 h, protein extracts were obtained and western blot was performed.
Densitometry of the blots was performed and the means of the ratios of LC3-Il to GAPDH were expressed as arbitrary units (AU). (A) A representative
example of a HR TB patient is shown. (B) Bars represent the mean values + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Wilcoxon matched-pairs signed
rank test; #P < 0.05, ##P < 0.01 Mann-Whitney Test. (C) PBMC from HD and HR TB and LR TB patients were incubated at 2 x 106 cells/ml in RPMI with
10% FBS. PBMC were then stimulated with or without Mtb-Ag for 24 h and immunofluorescence for LC3 was performed. Samples were then analyzed in
a confocal microscope. Representative images of a HD, a HR TB, and a LR TB patient are shown. Bars represent the mean values of the number of LC3
puncta/cell & SEM. *P < 0.05, **P < 0.01, Wilcoxon matched-pairs signed rank test; ##P < 0.01 Mann-Whitney Test.
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of the dots confirmed that Mrb-Ag induced significantly higher
levels of autophagy in HD and HR patients as compared to LR
individuals (Fig. 1C). Taken together, our results indicate that
LR TB patients showed diminished autophagy in response to
Mrb-Ag as compared to HR patients and HD.

M. tuberculosis antigen induces autophagy in CD14™" cells
from patients with active disease

As shown above, Mrb-Ag induced autophagy in the adherent
cell fraction of PBMC (Fig. 1). Thus, in order to confirm that
the autophagic response specifically occurred in monocytes (i.e.,
CD14™ cells) from tuberculosis patients and HD, we next mea-
sured intracellular saponin-resistant LC3-1I by FACS, as previ-
ously described.”> As shown in Figure 2, few LC3-II-positive
(LC3%) monocytes were detected among cells cultured with
media (controls). However, incubation with Mrb-Ag significantly
augmented the percentage of CD147LC3™ cells in tuberculosis
patients and HD (Fig. 2), in agreement with our findings shown
by western blot (Fig. 1A). Nevertheless, we detected significantly
lower numbers of CD14" LC3™" cells in LR tuberculosis patients
as compared to HR patients and HD (Fig. 2). To further charac-
terize the autophagic response to Mib-Ag in PBMC obtained
from tuberculosis patients, we analyzed intracellular LC3-II not
only in CD14% monocytes, but also in CD3" lymphocyrtes.
Figure 2C shows that the autophagic response to Mrb-Ag is not a
general response in all cell types, since it clearly affects CD147"
monocyte cells but not CD3" T lymphocytes. Together, these
findings demonstrate that M#b-Ag induced autophagy in mono-
cytes from patients with active tuberculosis, but the process is
markedly reduced in CD14™ cells from LR tuberculosis patients,
individuals with weak immune responses against the pathogen.

Autophagy levels correlate with endogenous Mrb-induced
IFNG production

In view of our results (Figs. 1 and 2), we hypothesized
that the immune response of the human host against M.
tuberculosis might be related to the induction of autophagy.
As mentioned before, HR and LR tuberculosis patients were
classified according to their T cell responses against the anti-
gen (Mth-Ag). In particular, a pattern of considerable severity
is detected in LR patients:>> HR patients displayed significant
IFNG production whereas LR tuberculosis patients exhibited
low IFNG secretion. In fact, we have previously demon-
strated that immunological features parallel common clinical
parameters analyzed in patients with tuberculosis in Argen-
tina: HR patients have significant higher percentages of total
lymphocytes compared with LR patients; HR patients exhibit
higher tuberculin skin test diameters than LR patients. In
addition, LR individuals have severe pulmonary lesions, a
striking loss of weight, and have been ill longer than HR
individuals.'® Recently, we have further expanded those stud-
ies by finding that the leukocyte count in tuberculosis
patients correlates directly with the proportion of CD4™"
IFNG™ lymphocytes and that elevated ratios of CD4™"
IFNG™ are associated with shorter length of disease progres-
sion.”” Therefore, we wondered whether the production of
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IFNG in response to Mtb-Ag might influence the antigen-
induced autophagic response.”*"*® Figure 3A shows the secre-
tion of IFNG upon 24 h of Mth-Ag-stimulation of PBMC
from HD and tuberculosis patients. As expected, HR patients
produced higher levels of antigen-induced IFNG in compari-
son to LR patients (mean Mrb-Ag-induced IFNG £ SEM:
3,933 £ 905.3 pg/ml HR group; 1,346 £ 613.4 pg/ml LR
group, P < 0.05, Mann Whitney Test) (Fig. 3A). Moreover,
HD secreted the highest levels of IFNG in response to the
antigen (mean Mrb-induced IFNG + SEM: 8,897 £ 1,465
pg/ml) (Fig. 3A). In order to confirm that the levels of
IFNG detected by ELISA (Fig. 3A) were secreted by T cells,
we performed intracellular cytokine staining. Therefore,
PBMC from HR and LR tuberculosis patients and HD were
stimulated with Mrb-Ag and CD4" IFNG™' lymphocytes
were analyzed. As shown in Figure 3B, in LR tuberculosis
patients, very low percentages of IFNG-secreting T lymphocytes
were expanded by Mrb-Ag. In contrast, higher numbers of CD4™
IFNG" T cells were observed in HR tuberculosis patients and
HD as compared to LR patents (Fig. 3B). Furthermore, the per-
centages of specific Mrb-Ag induced IFNG producing cells in HR
patients and HD were higher at 48 h as compared to 24 h,
whereas no modification in the number of CD4" IFNG™ lym-
phocytes was detected in LR patients at 48 h (Fig. 3B). We ana-
lyzed the percentage of CD4" IFNG™ cells induced by Mzbh-Ag at
24 h (as measured by ELISA, Fig. 3A) and at a later time (i.c.,
48 h) to show the increase in IFNG producing lymphocytes over
time. In fact, we previously demonstrated that in HR patients and
HD, the highest numbers of CD4" IFNG" lymphocytes
expanded by Mtb-Ag were detected after 4 d of Ag stimula-
tion.””*® These findings demonstrate that at least one of the sour-
ces of IFNG generated in response to Mrb-Ag were CD4™ T cells.

In agreement with our present and previous findings,'®?”
it has been reported that in most M. tuberculosis-infected per-
sons who are healthy tuberculin reactors, their PBMC pro-
duce high concentrations of IFNG in response to the bacteria
and they do not develop active disease. This clearly indicates
that cell-mediated immunity controls the infection in most
individuals.”” In contrast, reduced IFNG production by
PBMC is a marker of severe disease,”” confirming the role of
cell mediated immunity in protection against tuberculosis. As
the levels of Mrb-Ag-induced IFNG represent a criterion for
patient classification,'® in the present work the probable cor-
relation between the amount of secreted IFNG and the levels
of autophagy was investigated. Our data indicated that there
was a positive correlation between the levels of IFNG and
the levels of LC3-II accumulated upon Mrb-Ag stimulation
(Fig. 3B). Therefore, the present results indicate that endoge-
nous Mrb-Ag-induced IFNG produced by the individual sig-
nificantly influences the autophagic process in response to the
antigen.

Regulation of autophagy by Mtb-induced IFNG

The results described above (Figs. 1 to 3) demonstrate that: i)
Mtb-Ag-induced autophagy in cells from tuberculosis patients
directly correlates with IFNG secretion upon antigen simulation;
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Figure 2. Mtb-Ag induces autophagy in CD14™" cells from tuberculosis patients and healthy donors. PBMC from healthy donors (HD) and tuberculo-
sis patients (TB) (High responders [HR TB] and low responders [LR TB]) were incubated at 3 x 10° cells/ml in RPMI with 10% FBS. PBMC were stimulated
with or without sonicated M. tuberculosis antigen (Mtb-Ag) for 24 h and intracellular saponin-resistant LC3 determination was performed on CD14™ and/

Representative dot plots from a HD and a LR TB are shown. (B) Bars represent the mean values of the percentage of CD147LC3™ cells = SEM. *P < 0.05,
Wilcoxon matched-pairs signed rank test; #P < 0.05, ##P < 0.01, Mann-Whitney Test. (C) Intracellular LC3-Il was determined by flow cytometry first gating
on lymphocytes by light scatter and then gating on CD3™ T cells (upper panel); or first gating on monocytes by light scatter and then on CD14™ cells
(lower panel). A representative dot plot from a HR tuberculosis patient is shown.

monocytes by light scatter, then on CD14" cells and finally on LC3™ cells.

and ii) the autophagic response is lower in cells from the group of
tuberculosis patients with weak cellular mediated immunity
against the pathogen. To further define the relationship between
IFNG production and autophagy, we studied the effect of a
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neutralizing anti-IFNG monoclonal antibody (mAb) on Mzb-
Ag-induced autophagy in subjects that display strong immunity
against the pathogen. Therefore, PBMC from HR patients and
HD were stimulated with M#b-Ag in the presence or absence of
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Figure 3. The levels of autophagy are directly correlated with the amount of IFNG secreted in response to Mtb-Ag. PBMC from healthy donors
(HD) and tuberculosis patients (TB) (High responders [HR TB] and low responders [LR TB]) were incubated at 3 x 10° cells/ml in RPMI with 10% FBS. Cells
were cultured for 16 h without stimulus to allow the adherence of monocytes. Then, PBMC were stimulated with sonicated M. tuberculosis (Mtb-Ag) for
24 and/or 48 h. (A) IFNG levels in Mtb-Ag-stimulated cell culture supernatant fractions assayed by ELISA after 24 h of incubation with Mtb-Ag. Bars repre-
sent the mean values + SEM. #P < 0.05, ##P < 0.01, Mann-Whitney Test. (B) PBMC from HR and LR TB patients and HD were stimulated with Mtb-Ag for
24 and 48 h, and then, IFNG production was determined by flow cytometry, first, gating on lymphocytes by light scatter and then, gating on CD4™ T cells.
A representative dot plot for each group is shown. Cells cultured with media (inset) are also shown. (C) After 24 h of Mtb-Ag stimulation, protein gel blot
detection of LC3-ll and GAPDH was performed from the proteins extracts by standard methods. Densitometry of the blots was then determined and the
means of the ratio of LC3-Il to GAPDH in each experimental condition were expressed as arbitrary units (AU). The results are represented as LC3-II/GAPDH
in Mtb-Ag-stimulated cultures vs IFNG levels in Mtb-Ag-stimulated cell culture supernatant fractions. Correlation was analyzed by the Spearman r test.

neutralizing ant-IFNG mAb. LC3 puncta formation was ana-
lyzed by immunofluorescence and LC3-1II levels were measured
by flow cytometry. As shown in Figure 4A, autophagy induction
in response to the antigen was markedly inhibited by anti-IFNG,
as denoted by the few LC3 puncta detected in antigen-stimulated
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cells treated with the blocking mAb. Moreover, in agreement
with these results, incubation of PBMC with Mzb-Ag in the pres-
ence of ant-IFNG significantly decreased the percentage of
CD14" LC3" monocyte cells in HR tuberculosis patients and
HD (Fig. 4A). Thus, these findings suggest that Mzb-Ag-induced
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IFNG participates in the upregulation of the autophagic response
against the antigen.

In view of the effect of the blockage of IFNG in HR tuberculo-
sis patients, we next examined whether the levels of autophagy
could be enhanced in cells from unresponsive tuberculosis patients
(LR) through the addition of recombinant IFNG (tIFNG). To do
this, PBMC from HD, HR, and LR patients were stimulated with
Mtb-Ag in the presence or absence of rIFNG and, after 24 h, LC3
puncta formation was assayed. When added alone, rIFNG did not
alter the distribution pattern of LC3 (Fig. 4B). In a previous pub-
lication it was demonstrated that addition of rIFNG alone
increased the percentage of LC3-II" human monocytes.”’ How-
ever, it is important to mention that those studies employed
10 ng/ml of rIFNG, whereas a considerable lower concentration
of the cytokine was used in our study (1.8 ng/ml). Interestingly,
when cells from LR patients were stimulated with Mzb-Ag, rIFNG
significantly increased LC3 puncta formation when compared
with cells stimulated with M#b-Ag alone (Fig. 4B). As expected,
IFNG treatment also increased the accumulation of LC3 puncta
on Mth-Ag-stimulated cells from HR patients and HD (Fig. 4B).
Furthermore, we have also observed that infection of PBMC with
M. tuberculosis H37Rv strain induced notable levels of autophagy
in HD and HR TB patients as compared to uninfected cells,
which was further increased by the addition of rIFNG during
infection (data not shown, manuscript in preparation). Therefore,
our present results, together with the observation that and-IFNG
mADb blocked the ability of M#b-Ag to upregulate the formation of
LC3 puncta, indicate that the increase of the autophagy process in
tuberculosis patients in response to Mrb-Ag is mediated by IFNG.

Discussion

In the present report, we investigated the levels of autophagy,
a process recognized to be regulated by cytokines,”* in the con-
text of tuberculosis, an infectious disease in which a Thl-like
response is correlated with protection against M. muberculosis.”
Indeed, it has been demonstrated that T cells from patients with
tuberculosis produce less IFNG than those from persons with
latent M. tuberculosis infection.>® Moreover, IFNG production is
lower in patients with the most severe manifestation of tuberculo-
sis.®'® In the present study, we found that M. tuberculosis antigen
(Mrh-Ag) increased the conversion of the protein LC3 to the
autophagosome-associated form LC3-II in healthy donors and
tuberculosis patients. However, low-responder tuberculosis
patients displayed the lowest levels of LC3-I1, in direct associa-
tion with the amounts of IFNG secreted by each group of

individuals. Moreover, our findings demonstrated that autophagy
was specifically induced in CD 147 cells. Besides, we showed that
blockage of endogenous Mrbh-Ag-induced IFNG decreased the
autophagic response in HD and HR tuberculosis patients. Inter-
estingly, when Mrb-Ag was added in the presence of limited
amounts of exogenous rIFNG to cells from LR patients, the levels
of endogenous LC3-1I increased up to the levels detected in Ag-
stimulated cells from HR patients. Together, our data indicate
that autophagy in Mzb-Ag-stimulated monocytes is influenced
and regulated by Thl responses against the pathogen, denoting
the importance of host cell mediated immunity in tuberculosis.

Studies by other authors have suggested that IFNG levels do
not correlate with protection. For example, Hoft et al. report a
lack of correlation between IFNG production and intracellular
killing of mycobacteria.35 Moreover, Elias et al. state that the
magnitude of in vitro purified protein derivative-specific IFNG
production assessed during the course of tuberculosis infection
does not correlate with protection.’® However, the authors
clearly indicate that the fact that IFNG is required for protection
against M. tuberculosis is not debated, but it is questionable if
measuring levels of purified protein derivative-induced IFNG
could be used as a surrogate marker of protection, pointing out
the need of finding reliable markers of protection.®® In line with
that suggestion, we have recently demonstrated that the ratio of
Mtb-Ag-expanded CD4TIFNGFIL17* lymphocytes in periph-
eral blood and pleural fluid from TB patients is correlated
directly with clinical parameters associated with disease severity,
indicating that the determination of that lymphocyte population
might be an indicator of the clinical outcome of active
tuberculosis.*

Several recent studies have demonstrated that autophagy is a
crucial weapon in the host cells fight against bacterial and viral
invasion.”””® Thus, accumulating evidence indicates that the
outcome of the pathogen interaction with the autophagic path-
way is a matter of life or death for the invading microbe.”
Accordingly, it has been previously demonstrated that induction
of autophagy suppresses intracellular survival of mycobacteria.'’
Besides, autophagy is induced by most of the cytokines produced
during Th1-polarized response.40 In fact, activation with IFNG,
a physiological stimulus, activates autophagy in phagocytic cells
of the immune system.'® By inducing autophagy, IFNG leads to
increased maturation of mycobacteria-containing phagosomes
and suppresses survival of virulent M. tuberculosis H37Rv in
human and murine macrophage cell lines.”” In the present study,
we demonstrated the existence of a tight connection between
autophagy and IFNG production in cells obtained from patients
with active tuberculosis. To our knowledge, this work shows for

rank test; #P < 0.05,##P < 0.01 Mann-Whitney Test.

Figure 4 (See previous page). IFNG induced in response to Mtb-Ag participate in the process of autophagy. PBMC from healthy donors (HD), high-
responder TB patients (HR TB) and low-responder TB patients (LR TB) were incubated at 2 x 10° cells/ml in RPMI with 10% FBS. Cells were stimulated
with or without sonicated M. tuberculosis (Mtb-Ag) £ anti-IFNG (A) or recombinant IFNG (rIFNG) (B) for 24 h. Immunofluorescence and intracellular flow
staining for LC3 was then performed and samples were analyzed using a confocal microscope or a FACSAria Il flow cytometer, respectively. (A) Bars rep-
resent the mean values of the number of LC3 puncta/cell £ SEM. *P < 0.05, Wilcoxon matched-pairs signed rank test. Representative images and repre-
sentative dot plots of cells obtained from a HD and a HR TB patient are depicted. (B) Representative images of cells obtained from a HD, and HR TB and
LR TB patients are shown. Bars represent the mean values of the number of LC3 puncta/cell £ SEM. *P < 0.05, **P < 0.01, Wilcoxon matched-pairs signed
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the first time that the levels of IFNG induced by Mzb-Ag regulate
the process of autophagy in cells from tuberculosis patients.

Control of tuberculosis worldwide depends on our understand-
ing of human immune mechanisms to combat the infection. Macro-
phages, granulocytes, and dendritic cells in the lungs represent the
first line of defense against pathogens entering the lungs.*! Then,
the collaboration between antigen-presenting cells and T cells culmi-
nating in their mutual activation and participation in the granulo-
matous response is mediated in large part by the release of cytokines,
chemokines, and other effector molecules by both phagocytes and T
cells. Cytokines important in host defense against M. ruberculosis in
both experimental animals and humans include TNF (tumor necro-
sis factor), IFNG, IL8, IL12, IL17, IL18, and IL23. By contrast,
overexpression of Th2 or Th2-like cytokines, such as IL.4, IL10, and
TGFBI1 (transforming growth factor, § 1), is generally considered
to predispose the host to M. tuberculosis, although controversies
exist.*? Therefore, acquired T-cell responses are critical for host
defense against microbial pathogens, although the precise mecha-
nisms by which they act in humans remain unclear. In particular, a
key role for IFNG in the immune response to M. tuberculosis infec-
tion is corroborated by studies indicating that humans with genetic
disorders leading to the decreased production of, or response to,
IFNG are highly susceptible to tuberculosis and other mycobacterial
diseases.*> Nevertheless, it has been difficult to demonstrate that
IFNG can activate human monocytes or macrophages to kill intra-
cellular M. tuberculosis. Recently, it has been shown that the acquired
T cell response can activate antimicrobial activity in human cells of
the monocyte and macrophage lineage.” The authors demonstrate
that T cells, through the release of IFNG, induce autophagy against
M. tuberculosis in human macrophages via a vitamin D-dependent
pathway.”" In the present study we extended those results to cells
from patients with active tuberculosis to further show that Mzb-Ag
induced autophagy is in direct correlation with the IFNG levels
secreted by the subject against the antigen. Indeed, in the present
report we have shown that HR tuberculosis patients displayed signif-
icant higher levels of LC3-II than LR patients.

Our findings demonstrated that sonicated M6 induced the
processing of LC3 in tuberculosis patients and HD without alter-
ing the autophagic flux (Fig. S1). It is interesting to mention that
we have previously demonstrated that M. marinum induces an
autophagic response in RAW 264.7-green fluorescent protein-
LC3 macrophages although autophagic flux is hampered.** A sim-
ilar impairment of autophagic flux is observed when human den-
dritic cells are infected with M. tuberculosis.® Thus, this apparent
discrepancy might be explained by the fact that in those previous
publications cells are infected with live microorganisms, whereas
in our present work PBMC are incubated with sonicated Mzb.
Thus, it is likely that upon invasion, besides autophagy induction
the live pathogen also alters the autophagic machinery in order to
prevent a functional autophagic response to eliminate the intruder.

Studies in mice suggest the presence of bacteria in a compart-
ment that cannot be mobilized from the lungs to the lymph
node.® In order to explain the differences in the immune
response of HR and LR patients, we hypothesized that variations
in the transport of bacteria from the lungs to the local lymph
node might impair the complete activation of T cells from LR
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patients.”® However, additional studies need to be performed to
unequivocally explain the weak T cell responses of LR patients
by an immunological mechanism. In any case, and even at the
site of infection, LR tuberculosis patients produced lower levels
of IENG, the crucial mediator of the protection against M. tuber-
culosis. We have previously demonstrated that immunological
parameters in tuberculosis patients correlate with disease sever-
ity'® and that IFNG production from LR tuberculosis patients
can be enhanced up to the levels produced by HR individuals
after modulation of PDCD1 (programmed cell death 1) and sig-
naling lymphocytic activation molecule (SLAMF1/SLAM) costi-
mulatory pathways.”® Taking into account those previous
observations and considering our present findings demonstrating
an impaired autophagic response in monocytes from LR patients,
we investigated whether the levels of autophagy in LR patients
could be increased up to the levels of HR patients. Indeed, when
rIENG was added in combination with Mzrb-Ag, we observed a
significant augment of autophagy. Interestingly, we used lower
concentrations of rIFNG than those previously reported to
induce autophagy.”" In fact, we added the cytokine at a concen-
tration that, in combination with the low levels of IFNG secreted
by LR tuberculosis patients, would be close to the amounts of
IFNG secreted by HR patients in response to the antigen. Under
those conditions, IFNG alone did not modify the levels of LC3-
IT detected. However, in the presence of the Ag, the autophagy
process was augmented to levels close to those found in HR
patients. Therefore, autophagy in cells from tuberculosis patients
would be influenced by the IFNG secreted upon exposure to
Mtb-Ag.

While Th1 cytokines play a positive role in autophagy induc-
tion, the classical Th2 cytokines IL4 and IL13 have the opposite
effect.”” In the context of infection with M. tuberculosis, both L4
and IL13 inhibit starvation- or IFNG-induced autophagosome
formation and lead to decreased phagosome maturation and
increased intracellular survival of the bacilli.*” This is dependent
on 2 distinct signaling pathways. The inhibition of starvation-
induced autophagy is dependent on the AKT1 (v-akt murine thy-
moma viral oncogene homolog 1) pathway, while inhibition of
IFNG-induced autophagy is dependent on signaling via STATG
(signal transducer and activator of transcription 6, interleukin-4
induced).*” Similarly, TL13 is a potent inhibitor of starvation-
induced autophagy and it is also dependent on activation of the
AKT1 pathway.?” Furthermore, it has been reported that IL10,
a cytokine that displays the unique property of suppressing
overall immunity, inhibits autophagy induction in murine
macrophages.48 Altogether, these data suggest, in the context
of infection with M. tuberculosis, that autophagy is an effector
of Th1/Th2 polarization.”® Our present findings showed that
LR tuberculosis patients, whose T cells produce low secretion
of IENG against the antigen, displayed low levels of autoph-
agy in CD14" monocytes. Considering: i) our present results
indicating that autophagy is regulated by Thl cytokines; and
i) that autophagy has an essential role during monocyte dif-
ferentiation and acquisition of macrophage functions,” we
conclude that the autophagy process might impact the resolu-
tion of M. tuberculosis infection.
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Given that Th2 cytokines are reported to lead to decreased
phagosome maturation and increased intracellular survival of M.
tuberculosis,'” we hypothesized that our findings showing an
impaired autophagic process in cells from LR patients might be
due to the secretion of Th2 cytokines by those individuals. How-
ever when we measured 114 in the supernatant fractions from
cells cultured with Mtb-Ag, no detectable levels of the cytokine
were found (data not shown). Nevertheless, we have previously
demonstrated that both HR and LR patients produce comparable
levels of IL10 against Mtb—Ag.27 Moreover, we have reported that
Mrb-Ag increases TBX21 (T-box 21) expression and strikingly
decreases GATA3 (GATA binding protein 3) levels in HR tuber-
culosis patients, whereas LR patients display a marked increase in
GATA3 expression and no detectable levels of TBX21 after Ag
stimulation.”” Then, we proposed that HR patients that secreted
IL10, but produced high levels of IFNG in response to Mrb-Ag,
might be creating a Th1-like microenvironment, whereas in LR
patients, the Mtb-Ag induced IL10 production but with very low
levels of IFNG, will generate a predominantly Th2-like environ-
ment.”” Together, our previous and present findings suggest that
the autophagic process in LR tuberculosis patients might be
impaired by effect of Th2 cytokines.

Considering that reduced IFNG production is a marker of
severe tuberculosis,” different amounts of IFNG would be
secreted, following Mrh-Ag recognition, by the cells of tuberculosis
patients, according to their immune response to the pathogen.
Effectively Ag-activated T cells would contribute with IFNG to the
cell microenvironment, and consequently, the autophagy process
would occur. In contrast, T cells weakly responsive to Mth-Ag
would fail to produce IFNG against the bacteria, but would secrete
IL10, generating a predominantly Th2-like environment,”” which
would impair the autophagic process. Moreover, whereas only a
few LC3 puncta were detected in Mrb-Ag-stimulated cells from LR
tuberculosis patients, LC3 puncta accumulated when LPS was
added to the culture media of PBMC from these patients (data not
shown), further suggesting that the different levels of autophagy
observed in tuberculosis patients are specific to Mrb-Ag. Given the
key role of autophagy as a defense mechanism, it is tempting to
speculate that vaccines that may induce an autophagic response
could be more successful in preventing either acquisition of tuber-
culosis or reactivation of latent tuberculosis. From ours and similar
studies by colleagues in the field, it is becoming evident that rigor-
ous analyses of the role of autophagy in pathogen-host interactions,
at the molecular and cellular level, are imperative to identify new
targets and design novel therapeutic tools to fight against microor-

ganisms such as mycobacteria.””

Materials and Methods

Subjects

HIV-uninfected patients with tuberculosis were diagnosed at
the “Dr. F Muniz” Hospital and at the “Dr. E. Tornt” Hospi-
tal (Buenos Aires, Argentina), based on clinical and radiological
data, together with the identification of acid-fast bacilli in spu-
tum. All patients had wk of

received less than one
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antituberculosis therapy, and were classified, as previously
reported,'® based on in vitro lymphocyte responses to M. ruber-
culosis antigen. Briefly, high-responder patients are individuals
displaying significant proliferative responses, IEFNG production
and an increased SLAM expression against the antigen; whereas
LR patients exhibit low proliferative responses, IFNG produc-
tion and SLAM expression. LR patients had more severe pulmo-
nary disease, lower leukocyte counts, and a more prolonged
illness, compared to HR individuals. In our patient population,
no differences regarding age distribution, sex, ethnicity, or fre-
quency of extra pulmonary forms of TB were found between
HR and LR tuberculosis patients. However, significant differen-
ces were detected regarding X-ray radiography severity, leuko-
cyte count, and time of disease evolution (days previous to
hospital admission, during which, the patient displays clinical
symptoms). As controls, we enrolled Bacillus Calmette-Guérin
(BCG) vaccinated healthy adults lacking a history of tuberculo-
sis. Individuals with latent infection were excluded following
assessment using the QuandFERON TB Gold In-tube test
(Cellestis Ltd., T0590-0301 and 0594-0201). All participants
provided a written, informed consent for the collection of sam-
ples and subsequent analysis. The protocols conducted in this
work were approved by the Ethical Committee of the Muniz
Hospital, the Dr. E. Tornt Hospital, and by the International
Review Board Fundacién Huésped.

Antigen

Cells were stimulated in vitro with a cell lysate from the viru-
lent M. tuberculosis H37Rv strain prepared by probe sonication
(Mtb-Ag) (BEI Resources, NIAID, NIH: Mycobacterium tubercu-
losis, Strain H37Rv, whole cell lysate, NR-14822).

Cell preparation and reagents

PBMC were isolated by centrifugation over Ficoll-Hypaque
(GE Healthcare, 17-1440-03) and cultured + Mrb-Ag with
RPMI 1640 (Invitrogen, 22400071) supplemented with 10%
fetal bovine serum (FBS; Gibco, 10437028). In different experi-
ments, cells were cultured at 2 x 10 cells/ml for the determina-
tion of LC3 puncta formation by confocal microscopy or at 3 x
10° cells/ml for LC3 protein gel blot or LC3 flow cytometry
detection. Cell-free supernatant fractions from cultures used for
assaying LC3-II levels by western blot were recovered to detect
IFNG production by ELISA (BioLegend, 430106). In order to
determine the effect of Mrb-Ag on the autophagic flux, the
vacuolar-type HC-ATPase inhibitor bafilomycin A; (100 nM;
Fermentek, 88899-55-2) was added for the last 2 h of culture
before LC3-II determination by protein gel blot. PBMC were
also stimulated with Mzb-Ag in the presence or absence of recom-
binant IFNG (rIFNG at 1.8 ng/ml) (eBioscience, 14-8319) or an
anti-IFNG blocking antibody at 10 pg/ml) (eBioscience, 16-
7318) for 24 h, before assaying for LC3 puncta formation by

confocal microscopy.
Western blot

Processing of LC3 protein into LC3-11, the phagophore- and
autophagosome-associated form was assayed. After 24 h of Mzb-
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Ag stimulation, nonadherent cells were separated by several
washes with phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4)
and protein extracts from both fractions were obtained. Western
blotting was performed by standard methods using 15% poly-
acrylamide gels. Each nitrocellulose membrane was blotted with
antibodies to LC3 (Cell Signaling Technology, 2775) and
GAPDH (Ambion, AM4300). Bound antibodies were detected
with HRP-conjugated antibody (Bio-Rad, anti-rabbit 170-6515,
anti-mouse 170-6516) using Amersham ECL PLUS reagent (GE
Healthcare, RPN2106). Images were obtained with an Intelligent
Dark Box (Fujifilm LAS1000, Tokyo, Japan) and analyzed with
Image] Analysis software. The intensity of each band was
expressed as arbitrary units (AU).

Confocal microscopy

For immunofluorescence, cells were cultured and stimulated
on coverslips for 24 h. After incubation under different experi-
mental conditions, cells were washed in order to remove nonad-
herent cells. Adherent cells were then fixed with 100% cold
methanol for 20 sec. Cells were then washed and subsequently
permeabilized and blocked with blocking buffer (PBS containing
0.5% saponin (Santa Cruz Biotechnology, sc-280079A) and 1%
bovine serum albumin (Santa Cruz Biotechnology, sc-2323A)
for 15 min. The buffer was then removed and the LC3 primary
antibody was added (Cell Signaling Technology, 2775) and incu-
bated for 16 h at 4°C. Afterwards, the cells were washed with
blocking buffer and incubated with the secondary antibody
(Alexa Fluor® 488 Goat Anti-Rabbit IgG (H'L); Invitrogen,
A11008) for 2 h at room temperature. Finally, nuclei were
stained with DAPI (Fig. S2). The coverslips were mounted with
PBS-glycerol (Sigma-Aldrich, G2025) and fixed cells were
imaged using a Zeiss Spectral LSM 510 confocal microscope
(Zeiss, Jena, Germany) using objective 63, numerical aperture
(NA) 1.42. The number of LC3 puncta per cell was then quanti-
fied using Image] image analysis software.

Image processing

All the images were processed using Image] software (Wayne
Rasband, National Institutes of Health). After the image binar-
ization using a defined threshold, the puncta number was quanti-
fied using the Particle Analyzer plugin. Brightness and contrast
was adjusted in all images belonging to the same individual,
when needed.

Flow cytometry

PBMC from tuberculosis patients and healthy donors were
stimulated with Mzb-Ag as described above. Cells were then
stained with specific fluorophore-marked antibodies against

CD3, CD4 or CD14 (Biolegend, 317336, 317428, 325608,
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Statistics
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