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ABSTRACT 
During mycobacterial infection, macroautophagy/autophagy, a processmodulated by cytokines, is 

essential for mounting successful host responses. Autophagy collaborates with human immune 

responses againstMycobacterium tuberculosis (Mt)in association with specific IFNG secreted 

against the pathogen. However, IFNG alone is not sufficient to the complete bacterial eradication, 

and other cytokines might be required.Actually, induction of Th1 and Th17 immune responses are 

required for protection againstMt. Accordingly, we showed that IL17A and IFNG expression in 

lymphocytes from tuberculosis patients correlates with disease severity.Here we investigate the role 

of IFNG and IL17A during autophagy in monocytesinfected with MtH37Rv or the 

mutantMtΔRD1.Patients with active disease were classified as high responder (HR) or low 

responder (LR) according to their T cell responses against Mt. IL17A augmented autophagy in 

infected monocytes from HR patients through a mechanism that activated MAPK1/ERK2-

MAPK3/ERK1 but, during infection of monocytes from LR patients, IL17A had no effect on the 

autophagic response. In contrast, addition of IFNG to infected monocytes, increased autophagy by 

activating MAPK14/p38 alpha both in HR and LR patients.Interestingly, proteins codified in the RD1 

region did not interfere with IFNG and IL17A autophagy induction. Therefore,in severe tuberculosis 

patients’ monocytes, IL17A was unable to augment autophagy because of a defect in the MAPK1/3 

signaling pathway. In contrast, both IFNG and IL17A increased autophagy levels in patients with 

strong immunity toMt, promoting mycobacterial killing. Our findings might contribute to recognize 

new targets for the development of novel therapeutic tools to fight the pathogen. 

Key words 

autophagy, cytokines, IFNG, IL17A, immune response, Mycobacterium tuberculosis, patients, 

tuberculosis. 
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INTRODUCTION 

Tuberculosis is currently considered as the leading cause of death from an infectious 

microorganism. In fact, Mycobacterium tuberculosis causes nearly 10.4 million of new cases and 

1.8 million deaths per year.1 Nowadays the major objectives to fight this pathogen are to develop 

new diagnosis methods, novel treatments and more successful vaccines. The immune response 

elicited after M. tuberculosis infection is critically dependent on CD4+ T cells. In particular, Th1 cells 

play an important role in granuloma formation and clearance of M. tuberculosis infection.2-4 Indeed, 

reduced IFNG production is a marker of severe disease.5 In spite of that, IFNG alone is not 

sufficient to the complete eradication of the bacteria, indicating that other cytokines might be 

required for pathogen removal. It is proposed that CD4+ T cells producing IL17 and IL22 might 

contribute to adaptive immunity to M. tuberculosis.6 Certainly, IL17A is rapidly induced by δ T cells 

during infection7 and IL17A secretion by CD4+T lymphocytes is required to eliminate primary 

infections and for the establishment of an effective memory response.8-11 Furthermore, IL17A has a 

crucial role in granuloma formation12 and mediates the induction of CXCL13.13 Nevertheless, 

excessive IL17 levels could be detrimental, exacerbating inflammation and increasing neutrophil 

recruitment and tissue damage.14 In line with this, we have recently demonstrated that the ratio of 

antigen-expanded CD4+ IFNG+ IL17+ lymphocytes, in peripheral blood and pleural fluid from 

tuberculosis patients, is directly correlated with clinical parameters associated with disease 

severity.15 Despite the great strides made in the characterization of the acquired cellular response 

in tuberculosis patients, it remains to be elucidated what exactly constitutes a protective response.16 

Moreover, the fact of how M. tuberculosis is able to evade host immune surveillance and persist, 

particularly inside macrophages, remains to be understood. 

Autophagy, a fundamental homeostatic mechanism, plays a role in innate and adaptive immunity 

against intracellular pathogens, including M. tuberculosis.17 Moreover, enhanced autophagy 

mediates elimination of intracellular M. tuberculosis through lytic and antimicrobial properties 
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unique to autolysosomes.18 The role of autophagy as a defense mechanism makes it possible to 

speculate that vaccines that induce an autophagic response might be more successful in 

preventing the acquisition of tuberculosis or reactivation of latency. In addition, considering the 

ability of M. tuberculosis to modulate autophagy process, whole genome microarray analysis 

reveals regions like RD1, which encodes potential antigenic determinants that could increase the 

immunogenicity of a vaccine and could affect the autophagy process.19 Furthermore, the 

importance of host autophagy in orchestrating successful antimicrobial responses to mycobacteria 

during chemotherapy has been reported.20 

On the other hand, autophagy can be modulated by cytokines and other immunological 

signals.21, 22 Accordingly, TNF induces autophagy in Ewing sarcoma cells.21 Besides, in 

macrophages and other cells IFNG augments the autophagy process.17, 23 In contrast, Harris et al. 

report that Th2 cytokines (IL4 and IL13) abrogate autophagy and autophagy-mediated killing of 

intracellular mycobacteria in murine macrophages and human U937 or THP-1 cells.24 Furthermore, 

IL10 also inhibits autophagy induction in murine macrophages.25 Therefore, critical cytokines 

modulate both positively and negatively the autophagy response affecting survival of mycobacteria. 

Moreover, it has been demonstrated that activation of RAW cells with IFNG induces the autophagic 

process.17 Accordingly, we have recently reported that autophagy collaborates with human immune 

responses againstM. tuberculosisin close association with specific IFNG secreted against the 

pathogen.26 Additionally, it has been suggested that there is a mechanism through which CD4+ Th 

lymphocyte polarization might differentially affect the immune control of intracellular pathogens, like 

M. tuberculosis.24 However, the ability of IL17 produced in response to M. tuberculosis to modulate 

the autophagy process has not been studied. 

Given that IL17 plays a pivotal role in the immune response to mycobacteria, in this study we 

investigated the role of this important cytokine during the process of autophagy in human 

monocytes from patients with active disease infected with M. tuberculosis strains. Moreover, we 
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also analyzed the role of IFNG during infection of human monocytes with the M. tuberculosis 

H37Rv pathogenic strain and the nonpathogenic RD1-deleted- M. tuberculosis strain (MtΔRD1). 

Our results indicate that IL17A increases autophagy against live M. tuberculosis strains in 

monocytes from tuberculosis patients that display strong immunity against the bacteria through a 

mechanism that activates MAPK1/3. During infection of monocytes from patients with severe 

disease and weak immunity to the pathogen, IL17A did not modify the levels of autophagy and no 

MAPK1/3 phosphorylation was detected. In contrast, addition of IFNG to infected monocytes from 

tuberculosis patients with either strong or weak immunity to M. tuberculosis augmented autophagy 

through a mechanism that involves MAPK14 activation. 

Together, our present findings suggest that IL17A, a cytokine that would be required to 

eliminate primary infection and for the establishment of an effective memory response,8-11 

participates in the immune response of the human host against M. tuberculosis through the 

activation of the autophagy process in correlation with the severity of the disease. 

RESULTS 

Autophagy rate in human PBMC infected with M. tuberculosis strains. 

To compare the rate of autophagy of human monocytes infected by the 2 M. tuberculosis 

strains (MtH37Rv or MtΔRD1) employed in this study, we determined the autophagic flux in 

monocytes from TB patients in the absence or presence of BafA1 inhibits the vacuolar-type H+-

translocatingATPase and prevents fusion between autophagosomes and lysosomes, leading to 

inhibition of MAP1LC3A,B-II/LC3A,B-II degradation.27 We observed that, in adherent cells, infection 

with MtH37Rv in the presence of BafA1 did not modify LC3 puncta levels, indicating that LC3-II 

degradation due to lysosome fusion to the autophagosome is impaired during this strain infection, 

which blocks the autophagic pathway (Fig. 1A). In contrast, MtΔRD1 significantly increased LC3 

puncta levels in the presence of BafA1, strongly suggesting that this strain induced 
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autophagosome formation and that the autophagic pathway was functional (Fig.1B). Similar results 

were observed after stimulation with sonicated Mt-Ag26 (Fig. S1). 

Taken together, these findings demonstrate a differential impact of both strains on 

autophagy flux during infection of human monocytes, probably caused by the intracellular activity of 

the proteins encoded in the RD1 region of the Mt genome. 

IFNG upregulates autophagy in monocytes from TB patients infected with M. tuberculosis 

strains. 

In human and murine models it has been demonstrated that autophagy is a defense 

mechanism that inhibits mycobacterial survival.17 However, very limited information exists about the 

autophagic process in patients with active tuberculosis disease. Recently we investigated the 

potential role of autophagy during the human immune response against M. tuberculosis antigens. 

To this end, we studied M. tuberculosis-induced autophagy in 2 groups of patients with active 

tuberculosis classified on their T cell responses to the bacterium: High responder (HR) tuberculosis 

patients displayed significant T cell proliferation and IFNG production against sonicated M. 

tuberculosis antigen (Mt-Ag), while low responder (LR) tuberculosis patients displayed weak or no T 

cell responses to the antigen.28 Our previous data show that Mt-Ag induces the highest levels of 

autophagy in healthy donors (HD) and the lowest levels in LR tuberculosis patients, in direct 

association with the amounts of IFNG secreted by each individual.26 Besides, by addition of 

recombinant IFNG, the percentages of CD14+ LC3A,B-II+ cells detected were significantly increased 

in the 3 groups of individuals, even in LR patients26 (Fig. S2). In the present work, we further 

investigated the role of IFNG by studying autophagy in monocytes from HD, HR and LR 

tuberculosis patients upon infection with M. tuberculosis strains. Then, in contrast to those previous 

studies with Mt-Ag, similar levels of LC3 puncta were observed in adherent cells from HD and in 

both groups of TB patients infected with either the MtH37Rv or MtΔRD1 strains (Fig. 2A and B). 

However, and in line with our previous data with Mt-Ag, addition of exogenous IFNG significantly 
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augmented the levels of autophagy in the 3 groups of individuals under study (Fig. 2). Together, the 

present results indicate that, live M. tuberculosis augment LC3 puncta levels in TB patients 

independently of their pathogenicity and, as expected, addition of recombinant IFNG significantly 

increases the autophagy response. 

To analyze the molecular mechanism by which IFNG increased autophagy in monocytes 

from tuberculosis patients and considering that it has been demonstrated that IFNG activates 

autophagy via MAPK14/p38 alpha (mitogen-activated protein kinase14),29 we next investigated the 

phosphorylation of MAPK14 in monocytes from HR and LR tuberculosis patients in the presence or 

absence of IFNG. To this end, monocytes were obtained and stimulated with Mt-Ag  recombinant 

IFNG during 24 h. Afterwards, phosphorylated and total MAPK14 expression was determined. As 

shown in Figure 3, phosphorylation of MAPK14 was marked increased in extracts from adherent 

cells from HR tuberculosis patients while, in LR individuals, no differences in MAPK14 

phosphorylation were detected in Mt-Ag stimulated cells as compared to control cells (cultured with 

media). Interestingly, significant expression of activated MAPK14 was measured in extracts from 

HR and LR tuberculosis patients upon addition of exogenous IFNG (Fig. 3). These results indicate 

a direct association between the levels of autophagy induced in tuberculosis patients’ monocytes 

stimulated with Mt-Ag and the activation of MAPK14 by IFNG, suggesting that this cytokine 

activates autophagy via the MAPK14 signaling pathway, as previously reported.29 

Role of IL17A during autophagy of monocytes from TB patients infected with M. 

tuberculosis strains. 

IFNG plays a crucial role in immunity to tuberculosis but although it is necessary, it is not 

sufficient for protection against tuberculosis.30 Our present and previous data demonstrate that 

autophagy against M. tuberculosis can be increased by IFNG.26 We next investigated the role of 

IL17A, another cytokine that participates in the immune response of the host against tuberculosis 

infection. Besides, it has been reported that during the chronic phase of tuberculosis, a balance 
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between Th1 and Th17 responses is required to control bacterial growth and limit 

immunopathology.31 Some reports have analyzed the role of IL17A on the autophagy process, with 

diverse results in different cell types.32-35 However, to our knowledge, there are no reports showing 

the role of IL17A on autophagy during human active tuberculosis. Therefore, we analyzed whether 

IL17A might influence the autophagy process in monocytes from patients with active tuberculosis 

infected with M. tuberculosis strains. Figure 4A shows that addition of exogenous IL17A positively 

regulates the percentages of CD14+ LC3A,B-II+ cells in HD and HR tuberculosis patients upon Mt-

Ag stimulation, but we observed no effect on the levels of autophagy in cells from LR tuberculosis 

patients. When adherent cells from the 3 groups of individuals were infected either with the 

pathogenic MtH37Rv or nonpathogenic MtΔRD1 strains, similar levels of autophagy were detected 

in HD and tuberculosis patients (Fig. 4B, C and D). However, and in sharp contrast to our findings 

with IFNG (Fig. 2), exogenous IL17A did not increase either LC3 puncta or percentages of CD14+ 

LC3A,B-II+ cells in LR tuberculosis patients (Fig. 4). Importantly, treatment of adherent cells with 

IFNG or IL17A alone had no effect on the levels of autophagy in tuberculosis patients as detected 

by confocal microscopy (Fig. S3). Notably, we observed that both cytokines analyzed, IFNG and 

IL17A, induced autophagosome formation and that autophagy flux was functional (Fig. S4). Thus, 

these data indicate that both IFNG and IL17A positively modulate the autophagy process in M. 

tuberculosis infected cells from HD and HR tuberculosis patients, but only IFNG augmented 

autophagy in LR patients with the weakest response to the pathogen (Fig. 2 and Fig. S5). 

Monocyte bactericidal activity is modulated by IFNG and IL17A in patients with active 

tuberculosis. 

It has been demonstrated that macrophage bactericidal activity is potentiated by IFNG 

stimulation36 and that IL17F significantly decreases the intracellular counts of Mycobacterium terrae 

in RAW macrophages.33 Thus, we next treated adherent cells from HR patients with the MtH37Rv 

pathogenic strain or the MtΔRD1 mutant strain in the presence or absence of IFNG or IL17A, and 
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bacterial survival in the monocytes was calculated on the basis of colony-forming units (CFU). As 

shown in Figure 5A, an increase in bactericidal activity against the pathogen was observed in 

infected cells that had been treated with IFNG or IL17A. To confirm that the effect of both cytokines 

was related to autophagy induction, we blocked the autophagy process with the inhibitor 3-

methyladenine (3-MA), which blocks autophagosome formation via the inhibition of class III 

phosphatidylinositol 3-kinase. As expected, we observed no differences between the CFU in cells 

infected with MtHR37v and monocytes infected with the pathogen in the presence of the blocking 

reagent (Fig. 5B). However, the increase in the bactericidal effect of IFNG and IL17A on adherent 

cells of HR patients was only detected in the absence of the autophagy inhibitor, confirming our 

findings on the role of IFNG and IL17A on the modulation of autophagy in monocytes infected with 

live M. tuberculosis strains and its potential as a mycobactericidial mechanism. 

Signaling through IL17A regulates the modulation of autophagy in monocytes from 

tuberculosis patients. 

It has been reported that il17ra/- mice are defective in exerting long-term control of M. tuberculosis 

infection.37 Moreover, it is known that intracellular signaling induced by IL17A strongly correlates 

with the surface expression of IL17RA (interleukin 17 receptor A) and, in contrast to most cytokine 

receptors; high levels of IL17RA are required for effective responses38. Then, considering our 

present findings showing that IFNG upregulates the levels of autophagy in infected monocytes from 

tuberculosis patients, even in LR patients, and that IL17A augmented the percentage of CD14+ 

LC3A,B-II+ cells in HR patients but had no effect in the autophagy process on patients with weak 

response to M. tuberculosis, we wondered if there were differences in the levels of the expression 

of IL17RA in LR tuberculosis patients as compared to HR patients. As shown in Figure 6 A and B, 

analysis by flow cytometry of CD14+ monocytes, indicated that no differences were detected 

between HR and LR tuberculosis patients neither in the surface expression nor in the percentages 
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of CD14+ IL17RA+ monocytesrespectively. In addition, these results demonstrate for the first time 

that monocytes from patients with active tuberculosis express IL17RA. 

Therefore, we next analyzed whether IL17 signaling would be impaired in LR tuberculosis 

patients. Treatment of MKN28 cells with IL17A activates MAPK1/3.39 Moreover IL17A activates the 

phosphorylation of MAPK1/3 triggered by BCG (Bacillus Calmette-Guerin).40 Furthermore, 

autophagy against Listeria monocytogenes is dependent selectively on the MAPK1/3 pathway.41 

Thus, we evaluated the phosphorylation of MAPK1/3 after Mt-Ag stimulation of HR and LR 

adherent cells. For this purpose, PBMC from tuberculosis patients were stimulated with Mt-Ag in 

the presence or absence of recombinant IL17A for 24 h. Afterwards, phosphorylated and total 

extracellular MAPK1/3 expression was measured by Western blot. Figure 6 C and D showed a 

clear increase in the levels of activated MAPK1/3 in HR tuberculosis patients. Moreover, these 

levels were significantly augmented by IL17A. In contrast, in LR tuberculosis patients, no 

differences in the phosphorylation of MAPK1/3 were detected upon stimulation of monocytes with 

Mt-Ag in the presence of IL17A (Fig. 6C and D), indicating an impaired IL17 signaling in patients 

with weak response to M. tuberculosis. 

Finally, we treated PBMC from HR tuberculosis patients with or without PD98059, the 

specific inhibitor of activation of MAPK1/3, for 1 h. Then the cells were stimulated with Mt-Ag in the 

presence or absence of IL17A and autophagy levels were determined. Figure 6E clearly showed 

that inhibition of MAPK1/3 significantly diminished the percentage of CD14+ LC3A,B-II+ cells from 

HR tuberculosis patients, suggesting that MAPK1/3 participates in the signaling pathway of IL17A 

on the autophagy process against M. tuberculosis. 

Taken together our current results suggest the participation of IFNG and IL17A in the 

activation of the autophagy process in patients with active disease as a mechanism to fight M. 

tuberculosis infection. 
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DISCUSION 

Autophagy has been shown to be involved in host defense, cell survival or death and innate 

and adaptive immunity.42 Moreover, recent studies have revealed a potential role for autophagy in 

vaccine development for preventing acquisition or reactivation of latent tuberculosis, through 

enhanced immune activation.43, 44 Furthermore, antituberculosis antibiotics positively activate 

autophagy,45 indicating a probable way to improve chemotherapy against M. tuberculosis. Thus, 

either as a potential successful vaccine or a complementary immunotherapy, efforts are needed to 

further elucidate the basic mechanisms of autophagy in immunity against mycobacteria, which will 

allow to achieve protective and therapeutic benefits in human tuberculosis.46 Therefore, considering 

that different studies have demonstrated the function of some cytokines in the activation and 

inhibition of autophagy 24, 47, 48, 49 and that certain cytokines are crucial in the defense of the host 

against M. tuberculosis, here we investigated the effect of IFNG and IL17A on the modulation of 

autophagy in infected monocytes from patients with active tuberculosis. 

We have previously demonstrated that autophagy in Mt-Ag-stimulated monocytes is regulated by 

Th1 responses against the pathogen.19 In the present report, we further analyzed the role of IFNG 

on autophagy during infection of human monocytes with M. tuberculosis strains. Thus, in HR and 

LR patients, we observed that IFNG increased the levels of autophagy in monocytes infected with 

the pathogenic strain M. tuberculosis H37Rv and with the nonpathogenic strain MtΔRD1 (Fig. 2). 

Apart from the well-established activity of IFNG on autophagy in animal models17, 24, 50, 51, it has 

been previously demonstrated that addition of recombinant IFNG alone increases the LC3-II levels 

in human monocytes.47 However, it is important to mention that those studies employed 10 ng/ml of 

recombinant IFNG, whereas a considerable lower concentration of the cytokine was used in our 

study (1.8 ng/ml). Thus, this critical cytokine modulates positively the autophagic response affecting 

mycobacterial survival in tuberculosis patients regardless of their immune status. 
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Previously we have demonstrated that Mt-induced IFNG production by human T cells correlates 

with phosphorylation of the MAPKs, MAPK1/3 and MAPK14.52 Given that upon Mt-Ag stimulation 

we have detected a positive correlation between IFNG and LC3-II levels,26 we next investigated the 

phosphorylation of MAPK14 in monocytes from tuberculosis patients. IFNG increased 

phosphorylation of MAPK14 in both groups of tuberculosis patients, although marked higher levels 

of MAPK14 phosphorylation were observed in HR patients. These data are in close relationship 

with the levels of autophagy detected in patients with active disease upon stimulation with Mt-Ag 

(Fig. S2 and ref. 26). It has been reported that both phosphatidylinositol 3-kinase (PIK3C3) and 

MAPK/p38 are required for IFNG induced activation of autophagy in macrophages in an IRGM 

independent manner.29, 36 Moreover, IFNG mediated autophagy via MAPK14, contributes to the 

ability of macrophages to kill intracellular bacteria.36 Therefore, given that autophagy participates in 

the defense against M. tuberculosis in association with specific IFNG secreted to the pathogen,26 

the present findings extend those results on the participation of MAPK14 signaling pathway in this 

mechanism. 

The role of IL17 on the autophagy process against M. tuberculosis had not been yet investigated in 

monocytes from patients with active tuberculosis. Here, we observed that addition of exogenous 

IL17A significantly increased CD14+ LC3A,B-II+ cells infected with mycobacteria in HD and HR 

patients. Interestingly, in contrast to our results with IFNG, IL17A was unable to modulate the 

autophagy process in tuberculosis patients with weak immune response to the pathogen (LR). The 

fact that IL17A did not regulate autophagy in severe LR tuberculosis patients highlights the 

important role of IL17 during the disease, participating in the increase of autophagy in individuals 

with strong immunity to M. tuberculosis. It is important to note that the antibody used for flow 

cytometry detects the LC3A isoform besides the LC3B isoform. Therefore, we cannot rule out the 

contribution of LC3A isoform to the autophagy process in our experiments. However, the results of 
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both techniques (flow cytometry and confocal microscopy) tested are conclusive as to the induction 

of autophagy by IL17A. 

Our data are consistent with previous observations that IL17A stimulates autophagy in B 

lymphocytes32 and that IL17A and IL17F promote autophagy in RAW 264.7 murine macrophages.33 

Other studies have found that IL17 inhibits autophagy in lung epithelial cells 34 and in hepatocellular 

carcinoma,35 reinforcing the notion that the role of IL17 on autophagy is cell-type- and cell-context-

dependent. Our present work has extended the knowledge about the effect of IL17A on the immune 

response of patients with tuberculosis, emphasizing the induction of autophagy activity by IL17A in 

human monocytes infected with M. tuberculosis. We focused this work on the role of IL17A since 

we previously found that IL17A and IFNG expression in lymphocytes from tuberculosis patients 

correlates with the severity of the disease15 and that there is an association of the IL17A rs2275913 

single nucleotide polymorphism with tuberculosis severity in Argentina.53 Nevertheless, it would be 

interesting to analyze the effect of other IL17 family members, especially IL17F, given that this 

cytokine is also a Th17 cytokine, shares a 55% of sequence homology with IL17A and the same 

receptor. The sequences of IL17B, IL17C, and IL17E differ substantially from those of IL17A and 

IL17F and bind distinct receptors, suggesting that these other IL17 family members may form a 

distinct subclass.54, 55 

Induction of autophagy overcomes the inhibition of phagosome-lysosome fusion by M. 

tuberculosis,56, 57 promoting the maturation and acidification of mycobacteria containing 

compartments17, 24 and the incorporation of different components with enhanced antimycobacterial 

properties.18, 58, 59 We observed that IFNG and IL17A significantly increased the bactericidal activity 

of monocytes from infected HR tuberculosis patients, and that this effect was mostly related to 

autophagy. In RAW 264.7 macrophages, autophagy contributes to bactericidal activity at an early 

stage of IFNG stimulation against Listeria monocytogenes and intravacuolar Salmonella 

typhimurium.36 Moreover, our data are in agreement with the growing evidence that shows that 
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IFNG-induced autophagy plays a protective role during M. tuberculosis infection.10,33 Besides, 

Orosz et al., have recently demonstrated that IL17A and IL17F induce autophagy in murine 

macrophages, contributing to the elimination of Mycobacterium terrae.30 Nevertheless, the effects of 

IL17 family members on autophagy had not been yet investigated in human monocytes and 

macrophages. Importantly, we observed an antibacterial activity triggered by IL17A that is 

autophagy-dependent, in contrast with the slight decrease in M. terrae survival detected in murine 

macrophages.30 Altogether, important cytokines that participate in the defense against M. 

tuberculosis activate the autophagic response affecting mycobacterial survival. 

Recently, Kimmey et al have used a genetic approach to elucidate the role for multiple ATG genes 

and the requirement for autophagy in resistance to M. tuberculosis infection in vivo60, concluding 

that autophagic capacity in myeloid cells does not correlate with the outcome of M. tuberculosis 

infection. Nevertheless other authors have demonstrated that excessive IL1 activation by 

autophagy-deficient macrophages leads to Th17 polarization as a likely contributor to neutrophil-

associated effects in vivo.61 Besides, the studies by Kimmey and coworkers cover only the early 

stages of M. tuberculosis infection in a mouse model, whereas observations beyond the early 80 d 

are required in this model that inherently controls mycobacteria better than humans. It is important 

to point out that our experiments were performed entirely in human cells from patients with 

tuberculosis, and are in agreement with other reports, which demonstrate that activation of 

autophagy promotes mycobacteria elimination.17,24,61 

The role of MAPK1/3 on the autophagy process has been described before.36 Furthermore, it has 

been previously reported that IL17 induced by BCG triggers the MAPK1/3 signaling cascade 

involving the phosphorylation of MAPK1/3.35 Here we investigated for the first time the influence of 

this signaling pathway induced by IL17A on the autophagy process of monocytes from tuberculosis 

patients. In HR tuberculosis patients, phosphorylation of MAPK1/3 was increased by IL17A, 

whereas no differences in the phosphorylation of these MAPK’s were detected in LR tuberculosis 
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patients. Moreover, our results clearly indicated that IL17A-induced autophagy was impaired in the 

presence of a MAPK1/3 inhibitor, confirming that MAPK1/3 participate in the role of IL17A on the 

positive modulation of autophagy in HR tuberculosis patients. 

The so-called genomic region of difference (RD1) of M. tuberculosis is required for the full virulence 

of the bacteria and the loss of RD1 contributes to the attenuation of Mycobacterium bovis BCG.36, 62 

Then, considering the importance of the RD1 region in the immunopathology of tuberculosis, we 

performed our studies infecting cells from tuberculosis patients with the M. tuberculosis H37Rv 

strain and the nonpathogenic MtΔRD1 strain. Similar to our results after stimulation with Mt-Ag,19 

MtΔRD1 significantly increased LC3 levels in the presence of BafA1. However, infection of cells 

with the MtH37Rv strain in the presence of BafA1 did not modify LC3B-II levels, indicating that this 

strain blocks the autophagic pathway. These findings are in line with previous reports from 

Romagnoli et al. where the authors demonstrate in human primary DC that M. tuberculosis H37Rv 

impairs autophagy at the step of autophagosome-lysosome fusion, whereas neither the M. 

tuberculosis H37Ra nor BCG strains obstructed autophagosome maturation.63
 Previously, 

Petruccioli et al have demonstrated that M. tuberculosisinhibits autophagy in human primary 

macrophages, and that specific T cells can restore functional autophagic flux through cell-cell 

contact.64 Maintaining the whole cell populations together, we have used monocytes instead of 

macrophages to preserve the most physiological way to investigate the role of cytokines on 

autophagy. This model allows us to study the differences that already carry the cellular populations 

of HD and both groups of patients with tuberculosis. In line with our results, Yang et al show that 

Mycobacterium leprae upregulates IRGM expression in both monocytes and monocyte-derived 

macrophages.65 

Recent investigations have shown that LC3, previously considered as an exclusively autophagic 

marker, is also implicated in LC3-associated phagocytosis (LAP), although the LAP result differs 

depending on its cellular context. Importantly, most studies that describe LAP use murine cell lines 
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or mouse models.66-69 Accordingly, Romao et al describe that the frequency of LC3-positive 

phagosomes seems to differ between species, with 40% and 80% of the total phagosomes in 

mouse but only 5% to 10% in human cells being LC3-associated.70 Because the present work was 

performed with human cells, it would be unlikely that LAP would be altering our results. 

Th1-Th17 lymphocytes are the main source of IL17A produced by PBMC from tuberculosis 

patients, in direct correlation with disease severity.15 Although previous findings point out that, when 

IL17A levels are elevated and sustained in time, this cytokine might be harmful for the host, 

generating tissue damage and reducing IFNG levels, our present data on the role of IL17A in active 

tuberculosis let us to hypothesize a dual role for this cytokine, where moderate levels of IL17A 

would be required at early stages of M. tuberculosis infection to induce autophagy and recruit 

neutrophils and IFNG-secreting cells to activate macrophages and eliminate the pathogen.8-10 This 

could explain partially why in patients with weak immune response to M. tuberculosis, and poor 

immunological and clinical conditions, IL17A is elevated15 but unable to activate autophagy. 

Thus, in the present work we demonstrated that 2 important cytokines that participate in the host 

immune defense during tuberculosis,31,9 IFNG and IL17A, activate autophagy in infected monocytes 

from patients with active disease, contributing to the elimination of the pathogen and promoting 

antimycobacterial immune defenses despite the ability of the bacteria to evade immune responses. 

Additionally, we extended our studies on T cells from HR and LR tuberculosis patients to infected 

monocytes from these individuals. We observed that monocytes from LR individuals were unable to 

activate autophagy through IL17A at least in part because of a defect in the MAPK1/3 signaling 

pathway. In contrast, both IFNG and IL17A increased the levels of autophagy in patients with strong 

immunity to M. tuberculosis. Therefore, our findings provide new insights about the role of 

autophagy in pathogen-host interactions during active tuberculosis, contributing to identify new 

targets and design novel therapeutic tools to fight this pathogen. 

MATERIALS AND METHODS 
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Subjects. 

HIV-uninfected patients with tuberculosis were diagnosed at the “Dr. F Muniz” Hospital (Buenos 

Aires, Argentina), based on clinical and radiological data, together with the identification of acid-fast 

bacilli in sputum. All patients had received less than one week of antituberculosis therapy, and were 

classified as high-responder (HR) or low responder patients (LR) as previously reported,28 based on 

in vitro lymphocyte responses to M. tuberculosis antigen. Briefly, HR patients are individuals 

displaying significant proliferative responses, IFNG production and an increased signaling 

lymphocyte activation molecule (SLAMF1) expression against the antigen; whereas LR patients 

exhibit low proliferative responses, IFNG production and SLAM expression. LR patients had more 

severe pulmonary 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 

frequency of extra pulmonary forms of TB were found between HR and LR tuberculosis patients. 

However, significant differences were detected regarding X-ray radiography severity, leukocyte 

count, and time of disease evolution (days previous to hospital admission, during which, the patient 

displays clinical symptoms) (Table S1)15. As controls, we enrolled Bacillus Calmette-Guerin (BCG)-

vaccinated healthy adults lacking a history of tuberculosis (Table S2). Individuals with latent 

infection were excluded following assessment using the QuantiFERON TB Gold In-tube test 

(Cellestis Ltd., T0590-0301 and 0594-0201). All participants provided a written, informed consent 

for the collection of samples and subsequent analysis. The protocols conducted in this work were 

approved by the Ethics Committee of the Muñiz Hospital. 

Antigen. 

In vitro stimulation of cells was performed with a cell lysate from the virulent Mycobacterium 

tuberculosis strain H37Rv, prepared by probe sonication (Mt-Ag) (BEI Resources, NIAID, NIH: 

Mycobacterium tuberculosis, Strain H37Rv, Whole Cell Lysate, NR-14822). 

Bacterial growth conditions. 
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M. tuberculosis H37Rv (MtH37Rv) and M. tuberculosis mc²6230 (delta RD1 delta panCD) 

(MtΔRD1) were grown in Middlebrook 7H9 broth (BD, 271310) or on 7H10 agar (BD, 283810) with 

0.5% Tween 20 (Biopack, 2003.08), 0.2% glycerol, and albumin-dextrose-catalase-oleic acid 

supplement (BD BBL™, 212351), and pantothenic acid for MtΔRD1. Cultures were harvested at 

exponential growing phase at 37ºC. To disaggregate clumps, mycobacteria were sonicated at 2.5 

W output for 4 min (Elma d-7700 Singentrans sonic), then centrifuged for 10 min at 300 x g and the 

supernatant diluted in phosphate-buffered saline (PBS; 1.37 mM NaCl, 27 mM KCl, 2 mM KH2PO4, 

80 mM Na2H2PO4 anhydrous in water). In some cases, mycobacteria were incubated with 

Rhodamine (Sigma, R6626) for 30 min and then washed 2 times with PBS for 10 min at 300 x g. 

Finally, the OD at 600 nm was determined. Bacterial growth of MtH37Rv in any experiment 

involving the pathogenic strain was performed in BSL3 security cabinets at the Malbran Institute, 

Buenos Aires, Argentina. 

Human Cell Culture and Infection. 

Peripheral blood mononuclear cells (PBMC) were isolated by centrifugation over Ficoll-Hypaque 

(GE Healthcare, 17-1440-03) and cultured (2  106 cells/mL) in flat-bottom 24- or 48-well plates with 

RPMI 1640 (Gibco, 22400-071) supplemented with L-glutamine (2 mM; Sigma, G5792), penicillin-

streptomycin, and 10% fetal bovine serum (Gibco, 10437028) for 16 h without stimulus to allow 

monocyte adherence. Cells were then either stimulated with sonicated Mt (Mt-Ag, BEI Resources, 

NIH, NR-14822; 10 μg/ml) or infected with a RD1 deleted-Mt-strain (MtΔRD1) or with the MtH37Rv 

(MtH37Rv) pathogenic strain (MOI 20) for 2 h. Then, cells were washed twice with warm RPMI and 

cultured in complete media ± IFNG (1.8 ng/ml, eBioscience 14--8319) or IL17A (10 ng/ml, 

eBioscience, 14--8179) for 24 h. In order to determine the effect of different treatments on the 

autophagic flux, the vacuolar-type HC-ATPase inhibitor BafA1 (100 nM; Fermentek, 88899-55-2) 

was added for the last 2 h of culture before LC3 determination by immunofluorescence. In some 

experiments, cells were cultured with or without the MAPK1/3 inhibitor (PD98059, 50 μM; 
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Calbiochem, 513000) for 1 h and stimulated with Mt-Ag for 24 h, after which autophagy levels were 

determined. PD98059 specifically inhibits activation of MAPK1/3 but does not affect activation of 

other related dual-specificity protein kinases or that of 18 other serine/threonine protein kinases. 

Colony-Forming Unit assay. 

PBMC were infected with MtΔRD1 or MtH37Rv for 2 h, washed with RPMI1640 (Gibco, 22400-

071), and incubated for 24 h in the presence or absence of cytokines. Afterwards cells were 

washed 2 times with warm PBS and lysed with 0.05% Triton X-100 (Sigma, X100) in PBS. Serial 

dilution of adherent cells lysates was made, and 40-µl aliquots were inoculated (in duplicate) on 

Middlebrook 7H10 agar plates supplemented with oleic acid-albumin-dextrose-catalase or 

pantothenic acid in the case of MtΔRD1. Plates were incubated for 3 weeks, and colonies were 

counted from dilutions yielding 10 to 100 visible colonies. 

Flow Cytometry. 

PBMC from tuberculosis patients and healthy donors were stimulated with Mt-Ag or infected with 

MtΔRD1 or MtH37Rv as described above. Cells were then stained with specific fluorophore-marked 

antibodies against CD14 (Biolegend, 325608) and IL17RA (Alexa Fluor® 647, BG/hIL17RA; 

Biolegend, 340903) Intracellular staining of endogenous saponin-resistant LC3 was done as 

described by Eng KE et al.71 Briefly, PBMC were washed with PBS and then permeabilized with 

PBS containing 0.05% saponin (Sigma, 47036). In this protocol, the cells are not fixed, therefore 

LC3-I is washed out of the cell because, unlike LC3-II, it is not anchored to the autophagosome.9 

Cells were then incubated with mouse anti-human LC3A,B-II antibody (MBL International, M152-3) 

for 20 min, rinsed with PBS, incubated with anti-mouse secondary antibody conjugated to 

phycoerythrin (eBioscience, 12--4012) for 20 min and rinsed twice more with PBS. Afterwards, cells 

were stained with an anti-CD14 antibody (Biolegend, 325608) to detect the monocyte population. 

Negative control samples were incubated with irrelevant isotype matched monoclonal antibody 
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(eBioscience, 12--4717). Samples were analyzed on a FACSAria II flow cytometer (BD 

Biosciences, San José, CA, USA). 

Western blot. 

Total cell protein extracts were prepared from adherent cells from PBMCs stimulated with Mt-Ag in 

presence or absence of IL17A or IFNG for 24 h. Western blotting was performed by standard 

methods. Each nitrocellulose membrane was blotted, stripped, and reblotted with rabbit monoclonal 

antibodies to phospho-MAPK1/3 (p-MAPK1/3 Tyr-204, Santa Cruz Biotechnology, sc-7383), total 

MAPK1/3 (Santa Cruz Biotechnology, sc-154), phospho-MAPK14 (p-MAPK14 Thr-180/Tyr-182, 

R&D Systems, MAB8691), and total MAPK14 (Santa Cruz Biotechnology, sc-535g). Bound 

antibodies were revealed with horseradish peroxidase-conjugated anti-rabbit antibody (Bio-Rad, 

170--6515) or anti-mouse antibody (BioRad, 170--6516) using ECL PLUS (Amersham 

Biosciences). Images were obtained with an Intelligent Dark Box (Fujifilm LAS1000, Tokio, Japan) 

and analyzed with ImageJ Analysis software. The intensity of each band was expressed in arbitrary 

units. 

Confocal microscopy. 

Cells were cultured and stimulated or infected on coverslips for 24 h. After incubation under the 

different experimental conditions, cells were washed in order to remove nonadherent cells. 

Adherent cells were then fixed with cold methanol for 20 sec, 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 anti-LC3B primary antibody (Cell Signaling 

Technology, 2775) was added. Anti-LC3B detects endogenous levels of total LC3B protein. 

Because it only appears to weakly cross-react with LC3A and LC3C at transfected levels, it is very 

doubtful that it cross-reacts with LC3A or LC3C to any appreciable extent at endogenous levels 

(unpublished data provided by the manufacturer).Cells were then incubated for 16 h at 4ºC. 
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Afterwards, cells were washed with blocking buffer and incubated with the secondary antibody 

(Alexa Fluor® 488 goat anti-rabbit IgG [HCL]; Invitrogen, A11008) for 2 h at room temperature. 

Finally, nuclei were stained with DAPI. 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 quantified using ImageJ image analysis software. 

Image processing. 

All the images were processed using ImageJ software (Wayne Rasband, National Institutes of 

Health). After the image binarization using a defined threshold, the puncta number was quantified 

using the Particle Analyzer plugin. Brightness and contrast was adjusted in all images belonging to 

the same individual, when needed. 

Statistical Analysis. 

Analysis of variance (ANOVA) and the post hoc Tukey multiple comparisons test were used as 

indicated in the figure legends. Wilcoxon rank sum test was used to analyze differences between 

unpaired samples.P values of < 0.05 were considered statistically significant. 

Abbreviations 

3-MA 3-methyladenine 

Ag antigen 

BCG Bacillus Calmette-Guerin 

CFU colony-forming units 

HD healthy donors 

HR high responder (tuberculosis patient) 

IFNG interferon gamma 

IL interleukin 

IL17RA interleukin 17 receptor A 
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LR low responder (tuberculosis patient) 

MAPK mitogen-activated protein kinase 

MAPK1/ERK2 mitogen-activated protein kinase 1 

MAPK3/ERK1 mitogen-activated protein kinase 3 

MAPK14/p38 alpha mitogen-activated protein kinase 14 

MAP1LC3/LC3 microtubule associated protein 1 light chain 3 

Mt Mycobacterium tuberculosis 

MtΔRD1 RD1-deleted M. tuberculosis strain 

PBMC peripheral blood mononuclear cells 

TB tuberculosis 

Th T helper 
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Figure 1. Modulation of autophagy of monocytes infected with MtH37Rv or MtΔRD1. PBMC from 

TB patients were incubated at 2  106 cells/ml for 16 h without stimulus to allow monocyte 

adherence. Cells were then infected with (A) MtH37Rv or (B) MtΔRD1 (MOI: 20). After 2 h of 

infection, the culture medium was replaced and cells were cultured for 24 h. BafA1 (1 µg/ml) was 

added for the last 2 h of culture and then LC3 was determined by immunofluorescence. Bars 

represent the mean values of LC3 puncta per cell ± SEM. *P<0.05, **P<0.01. P values were 

calculated using one-way ANOVA with the post hoc Tukey multiple comparisons test. 
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Figure 2. Modulation of autophagy by IFNG in monocytes infected with MtH37Rv or MtΔRD1. 

PBMC from HD, HR tuberculosis (TB) and LR TB were incubated at 2  106 cells/ml for 16 h without 

stimulus to allow monocyte adherence. Cells were then incubated uninfected in media or infected 

with (A) MtH37Rv or (B) MtΔRD1 (MOI: 20). After 2 h of infection, the culture medium was replaced 

and cells were cultured with or without recombinant IFNG (1.8 ng/ml) for 24 h. Autophagy levels 

were evaluated by immunofluorescence against LC3 on monocytes. Bars represent the mean 

values of LC3 puncta per cell ± SEM. (C) Representative images of a HD, HR and LR TB patient 
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are shown. Scale bars: 5 μm. *P<0.05, **P<0.01. P values were calculated using one-way ANOVA 

with the post hoc Tukey multiple comparisons test. 
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Figure 3. IFNG promotes MAPK14 phosphorylation in monocytes from HR and LR TB patients. 

Adherent cells from HR TB and LR TB were stimulated with sonicated M. tuberculosis (Mt-Ag, 10 

µg/ml) with or without recombinant IFNG (1.8 ng/ml) for 24 h. Phosphorylated and total MAPK14 (p-

MAPK14 and t-MAPK14, respectively) expressions were then measured by Western blot. (A) 

Densitometry of the blots was performed, and the ratios of p-MAPK14 to t-MAPK14 protein 

expression were expressed as arbitrary units ± SEM. (B) Results from a representative HR and a 

LR TB patient are shown. *P<0.05. P values were calculated using one-way ANOVA with the post 

hoc Tukey multiple comparisons test. 
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Figure 4. Modulation of autophagy by IL17A in monocytes infected with MtH37Rv or MtΔRD1 from 

healthy donors and TB patients. PBMC from HD, HR TB and LR TB were incubated at 2  106 

cells/ml for 16 h without stimulus to allow monocyte adherence. (A) Cells were then stimulated with 

or without sonicated M. tuberculosis antigen (Mt-Ag, 10 µg/ml) with or without recombinant IL17A 

(10 ng/ml) for 24 h. Autophagy levels were evaluated by flow cytometry against intracellular 

saponin-resistant LC3A,B-II on CD14+ cells. Bars represent the mean values of the percentage of 

CD14+ LC3A,B-II+ cells ± SEM. (B and C) Cells were incubated uninfected in media or infected with 
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(B) MtH37Rv or (C) MtΔRD1 (MOI: 20). After 2 h of infection, the culture medium was replaced and 

cells were cultured ± recombinant IL17A (10 ng/ml) for 24 h. Autophagy levels were evaluated by 

immunofluorescence against LC3 on monocytes. Bars represent the mean values of LC3 puncta 

per cell ± SEM. (D) Representative images of a HD, HR and LR TB patients are shown. Scale bars: 

5 μm. *P<0.05, **P<0.01, ***P<0.001. P values were calculated using one-way ANOVA with the 

post hoc Tukey multiple comparisons test. 
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Figure 5. Intracellular survival of MtH37Rv and MtΔRD1 in cytokine-treated monocytes from TB 

patients. PBMC from HR TB patients were incubated at 2  106 cells/ml for 16 h without stimulus to 

allow monocyte adherence. Cells were infected with MtΔRD1 or MtH37Rv (MOI: 20). (A) After 2 h 

of infection, the culture medium was replaced and cells were cultured ± IFNG (1.8 ng/ml) or IL17A 

(10 ng/ml) for 24 h. In a separate set of experiments (B) cells were incubated with or without IFNG 

(1.8 ng/ml) or IL17A (10 ng/ml) for 24 h and 10 mM 3-methyladenine (3-MA) was added where 

indicated. Cells were washed and lysed for mycobacterial colony-forming units (CFU) 
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determination. Data are presented as means of bacterial viability (CFU expressed as percentage of 

the control) ± SEM.*P<0.05, **P<0.01 and ***P<0.001. P values were calculated using one-way 

ANOVA with the post hoc Tukey multiple comparisons test. 
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Figure 6. IL17 receptor signaling promotes autophagy through MAPK1/3 in high-responder TB 

patients. (A and B) IL17RA levels were evaluated by flow cytometry in CD14+ monocytes from HR 

TB and LR TB patients. (A) Bars represent the MFI (mean fluorescence intensity) ± SEM and a 

representative histogram of flow cytometry is shown. (B) Bars represents the percentage of CD14+ 

IL17RA+ cells ± SEM (C and D) Adherent cells from HR TB and LR TB were stimulated with 

sonicated M. tuberculosis antigen (Mt-Ag, 10 µg/ml) ± recombinant IL17A (10 ng/ml) for 24 h. 

Phosphorylated and total MAPK1/3 expressions were then measured by Western blot. (C) 
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Densitometry of the images was performed, and the ratios of p-MAPK1/3 to t-MAPK1/3 protein 

expression were expressed as arbitrary units. (D) Results from a representative HR and a LR TB 

patient are shown. (E) PBMC from HR TB were incubated with or without an inhibitor of activation 

of MAPK1/3 (PD98059 [PD], 50 μM) for 1 h and then stimulated with sonicated M. tuberculosis (Mt-

Ag, 10 µg/ml) ± recombinant IL17A (10 ng/ml) for 24 h. Autophagy levels were evaluated by flow 

cytometry against intracellular saponin-resistant LC3A,B-II on CD14+ cells. Bars represent the 

mean values of the percentage of CD14+ LC3A,B-II+ cells ± SEM. *P<0.05 and **P<0.01. P values 

were calculated by the Mann–Whitney test for unpaired samples (A,B) and one-way ANOVA with 

the post hoc Tukey multiple comparisons test (D,E). 

 


