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RESEARCH PAPER

Induction of autophagy through CLEC4E in combination with TLR4: an innovative
strategy to restrict the survival of Mycobacterium tuberculosis
Susanta Paharia,b, Shikha Negia, Mohammad Aqdasa, Eusondia Arnettb, Larry S. Schlesingerb, and Javed N Agrewalaa,c

aImmunology Division, CSIR-Institute of Microbial Technology, Chandigarh, India; bHost-Pathogen Interactions Program, Texas Biomedical Research
Institute, San Antonio, TX, USA; cBiomedical Engineering Department, Indian Institute of Technology Ropar, Rupnagar, India

ABSTRACT
Host-directed therapies are gaining considerable impetus because of the emergence of drug-resistant
strains of pathogens due to antibiotic therapy. Therefore, there is an urgent need to exploit alternative
and novel strategies directed at host molecules to successfully restrict infections. The C-type lectin
receptor CLEC4E and Toll-like receptor TLR4 expressed by host cells are among the first line of defense in
encountering pathogens. Therefore, we exploited signaling of macrophages through CLEC4E in associa-
tion with TLR4 agonists (C4.T4) to control the growth of Mycobacterium tuberculosis (Mtb). We observed
significant improvement in host immunity and reduced bacterial load in the lungs of Mtb-infected mice
and guinea pigs treated with C4.T4 agonists. Further, intracellular killing of Mtb was achieved with a 10-
fold lower dose of isoniazid or rifampicin in conjunction with C4.T4 than the drugs alone. C4.T4 activated
MYD88, PtdIns3K, STAT1 and RELA/NFKB, increased lysosome biogenesis, decreased Il10 and Il4 gene
expression and enhanced macroautophagy/autophagy. Macrophages from autophagy-deficient (atg5
knockout or Becn1 knockdown) mice showed elevated survival of Mtb. The present findings also
unveiled the novel role of CLEC4E in inducing autophagy through MYD88, which is required for control
of Mtb growth. This study suggests a unique immunotherapeutic approach involving CLEC4E in
conjunction with TLR4 to restrict the survival of Mtb through autophagy.

Abbreviations: 3MA: 3 methyladenine; AO: acridine orange; Atg5: autophagy related 5; AVOs: acidic
vesicular organelles; BECN1: beclin 1, autophagy related; BMDMs: bone marrow derived macrophages;
bw: body weight; C4.T4: agonists of CLEC4E (C4/TDB) and TLR4 (T4/ultra-pure-LPS); CFU: colony forming
unit; CLEC4E/Mincle: C-type lectin domain family 4, member e; CLR: c-type lectin receptor; INH: isoniazid;
LAMP1: lysosomal-associated membrane protein 1; MφC4.T4: Mtb-infected C4.T4 stimulated macrophages;
MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MDC: monodansylcadaverine; MTOR:
mechanistic target of rapamycin kinase; MYD88: myeloid differentiation primary response 88; NFKB:
nuclear factor of kappa light polypeptide gene enhance in B cells; NLR: NOD (nucleotide-binding
oligomerization domain)-like receptors; PFA: paraformaldehyde; PPD: purified protein derivative;
PtdIns3K: class III phosphatidylinositol 3-kinase; RELA: v-rel reticuloendotheliosis viral oncogene homo-
log A (avian); RIF: rifampicin; RLR: retinoic acid-inducible gene-I-like receptors; TDB: trehalose-6,6´-dibe-
henate; TLR4: toll-like receptor 4; Ultra-pure-LPS: ultra-pure lipopolysaccharide-EK; V-ATPase: vacuolar-
type H+ ATPase.
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Introduction

Tuberculosis (TB) is one of the top ten leading causes of death
and responsible for the mortality of 1.6 million people in 2017
[1,2]. Nearly one third of the global populace is infected with
Mycobacterium tuberculosis (Mtb), and 5–10% of infected
individuals develop active TB [1,2]. Even though potent
anti-TB drugs are available to treat the disease, their use is
restricted owing to the emergence of drug resistant strains [3–
5]. In addition, the lengthy treatment is associated with ser-
ious side-effects. Consequently, there is an urgent need to
bring new approaches to the current regime and/or identify
alternative strategies to effectively manage TB. Innovative
therapies involving immunomodulators, humanized antibo-
dies, adoptive cell therapies, host-directed remedies, etc., are
being currently employed for treating cancer, autoimmunity,

and cardiac diseases [6–8]. Highlighting the importance of
certain immunomodulators, WHO recommends their use as
adjunct therapy, along with the current TB regimen [9].

Macrophages express an array of costimulatory molecules,
and different pattern recognition receptors (PRRs) [10]. During
infection, recognition of pathogen-associatedmolecular patterns
(PAMPs) through these molecules can activate macrophages
[10]. CLEC4E (c-type lectin domain family 4, member e) is a
PRR that contributes to the recognition of Mtb and enhances
adaptive immune responses [11].Mice deficient in clec4e−/- show
impaired cytokine release by Mtb-infected macrophages [11].
The first CLEC4E ligand identified was a nucleo-protein,
SAP130, which is involved in responses to stroke and traumatic
brain injury [12–14]. Furthermore, macrophages expressing
CLEC4E can recognize Candida albicans [15–17], Malassezia
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spp [18,19], and Fonsecaea monophora [20]. Consequently,
CLEC4E contributes to the release of pro-inflammatory cyto-
kines and protective immune responses.

The mycobacterial cord factor trehalose-6,6´-dimycolate
(TDM) is an important virulence factor of Mtb. In addition, it
has adjuvant properties and causes inflammatory response
[21,22]. The synthetic analogue of TDM is trehalose-6,6´-dibe-
henate (TDB), which is the active constituent of TB vaccine
CAF01 that has entered into phase I clinical trials [23,24]. TDB
is non-toxic, safe and induces strong cell mediated and
humoral immunity [25–27], and is an agonist for CLEC4E.

Further, toll-like receptors (TLRs) play a crucial function in
macrophage maturation and activation [28,29]. Even though
innate immune responses against Mtb can signal via TLR2, 4
and 9, their role appears to be limited and requires extensive
investigation to be fully elucidated [30]. Recently, the Food and
Drug Administration (FDA) approved a TLR4 agonist (mono
phosphoryl lipid A/LPS) for human therapy [31]. The optimum
dose of LPS does not induce adverse effects [32,33]. C-type lectin
receptors (CLRs) in conjunction with TLRs further bolster the
immune response [34,35].

The role of autophagy in protection againstMtb is well-known
[36–39]. Autophagy targets antigens for lysosomal degradation
and transports microbial peptides for MHC presentation [38,39].
At the same time, it increases cell survival by inhibiting inflamma-
tory responses [37]. TLR4 is a strong activator of autophagy
[40,41]. In the current study, we are reporting an interesting and
novel role for CLEC4E in inducing autophagy against Mtb infec-
tion. We activated Mtb infected macrophages by stimulating the
cellswithCLEC4E andTLR4 (denoted asC4.T4) agonists TDBand
ultra-pure-LPS, respectively, and noted significant augmentation
in the bactericidal activity of macrophages. Of key importance,
macrophages from Becn1/Beclin1 knockdown and atg5 knockout
(atg5fl/fl-Lyz2/LysM-Cre) mice exhibited increased survival ofMtb
even when treated with C4.T4. The mechanism uncovered in C4.
T4-induced killing ofMtb by macrophages was through MYD88-
mediated activation of the class III phosphatidylinositol 3-kinase
(PtdIns3K) pathway, which led to the induction of autophagy. In
the future, immunotherapy involving C4.T4 agonists may serve as
an alternative strategy to treat TB patients.

Results

Signaling through CLEC4E and TLR4 enhanced
macrophage activation

Macrophage activation is crucial in combating pathogens [42] and
can be assessed bymorphology, expression of costimulatorymole-
cules, cytokine release and antigen processing and presentation.
We monitored whether stimulation of macrophages using
CLEC4E and TLR4 agonists (C4.T4) could enhance their ability
to activate T cells. Interestingly, we observed that bone marrow
derived macrophages (BMDMs) triggered by C4.T4, exhibited an
activation phenotype, as evidenced by increased size and granu-
larity, as depicted by scanning electron microscopy (SEM), and
significantly (p < 0.001) improved secretion of nitric oxide (NO),
as compared to unstimulated control or controls stimulated with
either C4 or T4 (Figure 1A,B). Next, we were curious about the
specificity of the signals provided through CLEC4E and TLR4 in

the activation of macrophages. CLEC4E signaling regulates
through SYK (spleen tyrosine kinase) [43,44]. Therefore, the activ-
ities of CLEC4E and TLR4 were blocked using their inhibitors
piceatannol and CLI-095, respectively. A significant (p < 0.001)
reduction in the release of NO and IL6 was observed in cell
cultures with the inhibitors. Therefore, these data confirmed the
specificity of CLEC4E and TLR4 signaling (Figure 1B,C). Next,
titration was performed to identify the optimum dose of C4.T4

agonists. CLEC4E and TLR4 agonists led to the optimum release
of IL6 at 24 µg/ml and 10 ng/ml, respectively. Further, these
concentrations showed no effect on the viability of macrophages
(Figures S1 and S2). These concentrations were chosen for all
subsequent experiments. We observed homogeneous expression
of CLEC4E and TLR4 on themacrophages by fluorescencemicro-
scopy and flow cytometry (Figure S3A–C). We noticed that the
expression of CLEC4E and TLR4 was upregulated on Mtb-
infected macrophages (Figure S3D,E).

The release of pro-inflammatory cytokines contributes to pro-
tection againstMtb [45]. We observed a significant increase in the
release of IL6 (p < 0.0001), IL12B (p < 0.001), TNF (p < 0.001), and
IL1B (p < 0.01) upon stimulation of Mtb-infected macrophages
with C4.T4 combinatorial therapy (MφC4.T4) (Figure 1D–G). In
contrast, a decrease in the level of IL10 (p < 0.01)was noted (Figure
1H). The increased levels of Il6 (p < 0.001), Il12b (p < 0.05) and Il1b
(p < 0.01) was further verified by RT-qPCR (Figure S4A–C).

For optimum T cell activation, two signals are essential;
occupancy of TCRs by peptide-MHC complexes and subsequent
activation of costimulatory molecules. Without the activation of
costimulatory molecules, T cells undergo anergy [45]. Here, we
observed up-regulated expression of costimulatory molecules
CD40, CD86, and H2/MHC-II (histocompatibility 2) on MφC4.
T4. These result suggested that MφC4.T4 attain augmented capa-
city to activate T cells (Figures 1I–K and S4D–F).

Triggering with C4.T4 enhanced antigen uptake potency
of macrophages

Macrophages are highly potent phagocytic cells [46–49]. MφC4.
T4 increased uptake of GFP-H37Ra, as demonstrated by confocal
microscopy and flow cytometry (Figures 1L,M and S5). Further,
these results were corroborated with CFU assays (p < 0.01) with
H37Rv (Figure 1N). These experiments indicated that combina-
torial signaling upon stimulationwith C4.T4 agonists boosted the
macrophage potential to phagocytose Mtb.

CLEC4E and TLR4 agonists enhanced macrophage
bactericidal activity

Based on the increased phagocytic activity, we subsequently
analyzed the bactericidal activity of the MφC4.T4. Mφ were
first infected with Mtb, followed by stimulation through C4.T4

for 48 h. Further, to establish the specificity of the CLEC4E
and TLR4 signaling, we used their inhibitors (piceatannol,
SYK inhibitor) and CLI-095, respectively, and enumerated
Mtb killing by CFU. As compared to unstimulated macro-
phages, MφC4.T4 showed enhanced bactericidal activity, as
evidenced by significant reduction (p < 0.0001) in CFUs
(Figure 2). Intriguingly, we noticed a significant (p < 0.01)
increase in the survival of Mtb in the MφC4.T4 when signaling
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through CLEC4E and TLR4 was blocked (Figure 2A). These
experiments confirmed the specificity of C4.T4 in signaling
through CLEC4E and TLR4 to regulate macrophage function.
Further, we validated our results with the attenuated Mtb-

H37Ra strain (p < 0.01) and M. smegmatis (p < 0.001) (Figure
S6A,B).

Next, we investigated whether activatingmacrophages with C4.
T4 could potentiate the efficacy of rifampicin (RIF) and isoniazid

Figure 1. CLEC4E and TLR4 signaling induced the activation andmaturation of macrophages. BMDMs were stimulated with the agonists of CLEC4E (C4 [24 µg/ml]) and TLR4 (T4
[10 ng/ml]) individually or in combination (C4.T4) for 48 h. (A) The cells were placed on glass coverslips and fixed with modified Karnoyses fixative and processed for scanning
electron microscopy (SEM). Scale bar: 2 µm; magnification: 15000X. Data are representative of 2 independent experiments. (B,C) BMDMs were treated with CLEC4E (SYK-
piceatannol) and TLR4 (CLI-095) signaling inhibitors for 1 h prior to C4.T4 stimulation, and then SNswere collected. The specificity of signalingwas established throughNO and IL6
release. (D–K) BMDMs were infected withMtb for 4 h, treated with C4.T4 for 48 h and SNs were collected for the estimation of (D) IL6; (E) IL12B; (F) TNF, (G) IL1B, and (H) IL10 by
ELISA. Data represent themean ± SEM of 4 wells and are from 3 independent experiments. Further, the cells were evaluated for the expression of (I) CD40; (J) CD86; and (K) H2/
MHC-II on ADGRE1/F4/80 gated cell populations by flow cytometry. All pooledMFI values from all replicates have been added to Figure S4D-F. Data represent themean± SEMof
2 wells and are from 2–3 independent experiments. (L–N) BMDMs were stimulated with the ligand of CLEC4E (C4 [24 µg/ml]) and TLR4 (T4 [10 ng/ml]) for 48 h. The cells were
infectedwith GFP-H37Ra andphagocytosis was analyzed by (L) confocalmicroscopy (DIC andGFP); (M) flow cytometry. Scale bar: 10 µm. Data in each histogramoverlay depicted
theMFI, which was shown as bar diagram in Figure S4. (N) BMDMswere stimulated with C4.T4 for 48 h, followed by infection with H37Rv and phagocytosis was validated by CFU
after 4 h. Data represents the mean ± SEM of 4 wells and are from 2–3 independent experiments. (A–N) IC, isotype control; US, unstimulated; UI, uninfected; UT, untreated and
infected; C4, CLEC4E agonist (TDB); T4, TLR4 agonist (ultra-pure LPS); ns, non-significant. Data were analyzed by one-way ANOVA repeated measure *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.
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(INH) to kill Mtb. We noted a significant enhancement in the
efficacy of RIF (p < 0.01) and INH (p< 0.01) to killMtb inMφC4.T4,

as compared to the drugs alone (Figure 2B,C). These results
suggested that adjunct therapy involving the agonists C4.T4

along with RIF and INH would improve the efficacy of anti-TB
drugs, at a substantially lower drug dose than that of the currently
used regimen.

Treatment with the agonists C4.T4 restricted the growth
of Mtb and improved the potency of drugs in the murine
and guinea pig models of TB

We next assessed in vivo efficacy of the agonists C4.T4.
Administration of C4.T4 to Mtb-challenged mice protected
them, as indicated by a statistically significant decline in
bacterial burden in the lungs (p < 0.0001), liver (p < 0.0001)
and spleen (p < 0.0001), as compared to the PBS (placebo)
group (Figure 3A). Further, C4.T4 treatment substantially

decreased the number (p < 0.001) of granulomas in the
lung, as evidenced by lung morphology and granulomatous
lesions, and perivascular and peribronchiolar cuffing in histo-
pathological samples. We noted that granulomas were less
consolidated with more normal alveolar structures in C4.T4-
immunized lungs. More infiltration and accumulation of lym-
phocytes were observed in the non-immunized placebo con-
trol mice (Figure 3B,C). Next, we investigated whether
treatment with C4.T4 agonists potentiate the efficacy of anti-
TB drugs even at a lower dose than the recommended con-
centration [50]. Interestingly, we observed that treatment of
mice with C4.T4 in combination with RIF considerably
(p < 0.001) boosted the killing efficacy of the drug, when
compared to the drug alone (Figure 3D). It is important to
note that 1 mg/kg body weight (bw) of RIF in combination
with C4.T4 decreased Mtb CFUs more than 10 mg/kg bw of
RIF alone. Furthermore, improved killing efficacy of Mtb was
achieved with only 2 oral doses (1 mg/kg bw) in combination

Figure 2. Adjunct therapywith C4.T4 in combinationwith anti-TB drugs restricted the survival ofMtb. (A) BMDMswere infectedwith H37Rv for 4 h and treatedwith CLEC4E (SYK-
piceatannol) and TLR4 (CLI-095) signaling inhibitors for 1 h, prior to C4.T4 stimulation for 48 h, then (B,C) infected cells were treated with (B) rifampicin (0.5 µg/ml) or (C) isoniazid
(2.5 µg/ml) along with C4.T4 for 48 h. The infected macrophages were lysed and CFUs were enumerated after 21 d. UT, untreated andMtb infected; C4, CLEC4E agonist (TDB); T4,
TLR4 agonist (ultra-pure LPS); ns, non-significant; RIF, rifampicin; INH, isoniazid. Data present as the mean ± SEM of 4 wells and are from 3 independent experiments. Data were
analyzed by one-way ANOVA repeated measure *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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with C4.T4, as compared to the recommended daily drug
regime (Figure 3D).

The guinea pig model of TB is a gold standard for validat-
ing the efficacy of murine results. We observed that treatment

with C4.T4 significantly (p < 0.001) decreased Mtb burden in
guinea pig lungs (Figure 3E), and substantially increased the
killing efficacy of RIF (p < 0.001) and INH (p < 0.01), as
illustrated by decreased lung CFUs. Gross pathology of the

Figure 3. C4.T4 improved the efficacy and reduced the dose of anti-TB drugs in mice and guinea pigs. (A–D) Mtb-infected mice were treated with C4.T4. After 45 d,
mycobacterial load in the (A) lungs, liver and spleen were enumerated by CFU plating. (B) Photomicrographs (10X) of H & E stained lung sections; (C) the number of
granulomas/field. Scale bar: 50 µm. (D) Mtb-infected mice were administered C4.T4 in combination with anti-TB drugs (RIF: 0.5 mg, 1 mg and 10 mg/kg bw). After 45
d, mycobacterial load in the lungs was enumerated by CFU plating. Data represent CFU/gm wt of lungs. Control group was injected with only PBS (placebo). Data are
mean ± SEM from 3 independent experiments (n = 4 mice/group). Data were analyzed by one-way ANOVA repeated measure *p ≤ 0.05, ***p ≤ 0.001,
****p ≤ 0.0001. (E–H) Guinea pigs infected with Mtb were treated with the C4.T4 along with anti-TB drugs (RIF: 6 mg/kg bw; INH: 5 mg/kg bw). After 45 d, (E)
Mtb load in the lungs was enumerated by CFU plating. Data represent CFU/gm wt of lungs. Gross pathology photomicrograph showed granulomas in the (F) lungs
and (G) spleen (n = 4 animals/group). Size of the spleen is indicated by the scale bar. (H) Photomicrographs (10X) of H & E stained lung sections. Scale bar: 50 µm.
Control group of guinea pigs was administered only PBS (placebo). Red arrows indicated the granulomas. Normal, animals not exposed with Mtb; Placebo, animals
exposed to Mtb; C4.T4, Mtb-exposed animals treated with C4.T4; RIF, rifampicin; INH, isoniazid. Data (mean ± SEM) are from 2 independent experiments (n = 3 guinea
pigs/group unless otherwise indicated). Data were analyzed by one-way ANOVA repeated measure **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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lungs and spleen suggested nearly normal morphology of
animals injected with C4.T4, as compared to placebo control.
Improved lung and spleen architecture were also observed
(Figure 3F,G). The lungs were less consolidated with more
normal alveolar structures in C4.T4-immunized animals,
which was further improved in the groups that received C4.
T4 with RIF or INH (Figure 3H). These results indicated the
in vivo efficacy of C4.T4 in confining the growth of Mtb in
both murine and guinea pig models.

Treatment of mice with C4.T4 expanded the pool of Th1
cells and Th17 cells against Mtb

Next, we administered C4.T4 to the Mtb-challenged mice. The
animals were sacrificed, and splenocytes were cultured in vitro
with PPD to assessMtb-specific T cell responses. In splenocytes
from C4.T4 treated mice, Mtb-reactive CD4 T cells (p < 0.0001)
and CD8A T cells (p < 0.01) proliferated significantly more than
those isolated from the placebo (PBS) control (Figure 4A–D).
Likewise, significantly (p < 0.001) greater proliferation of T cells
was noticed in the case of splenocytes isolated from C4.T4-
treated guinea pigs (Figure 4E,F). These results demonstrated
that signaling of macrophages through C4.T4 improved the
activation ofMtb-specific T cells.

Besides Th1 cells, Th17 cells are also crucial for protection
against Mtb [51,52]. We noted Th1 cells and Th17 cells
expansion in the animals that were given C4.T4, as indicated
by significantly higher production of IFNG (p < 0.01) and
IL17A (p < 0.001) by CD4-positive T cells that had been
isolated from the lungs and in vitro stimulated with PPD
(Figures 4G–J and S7). Similarly, significantly increased
expression of IFNG (p < 0.05) and IL17A (p < 0.001) was
observed in CD8A-positive T cells (Figure S8A–D).
Furthermore, we observed notable proliferation of T cells
gated on either CD4-IFNG (p < 0.001) or CD4-IL17A
(p < 0.001) (Figure 4K–N).

Polyfunctional T cells produce multiple cytokines and are
thought to function better at protection against Mtb than
their counterparts that secrete only single cytokines [53–55].
The cells isolated from the mice injected with C4.T4 showed
a higher frequency of IFNG+-TNF+ (p < 0.01) and IL17A+-
TNF+ (p < 0.01) polyfunctional CD4 T cells, as compared to
placebo control (Figure 4O–R). Secretion of IFNG in com-
bination with TNF by T cells has direct correlation with
protection against Mtb by promoting the induction of autop-
hagy [56]. Further, IL17A imparts protection by chemokine-
mediated recruitment of Th1 cells at the site of infec-
tion [57].

We also demonstrated the role of MφC4.T4 in stimulating
T cells in vitro. CD4-positive T cells were isolated from Mtb-
challenged mice and the macrophages were derived from
BMDMs. CD4-positive T cells were carboxyfluorescein dia-
cetate N-succinimidyl ester (CFSE)-labeled and co-cultured
with Mtb-infected MφC4.T4. We observed increased T cell
proliferation with MφC4.T4, compared to control Mφ
(Figure S9A). Our data suggested the immunomodulatory
potential of C4.T4 bolstered both in vivo and in vitro immu-
nity against Mtb.

Treatment of mice with C4.T4 generated memory CD4 T
cells

Mice were challenged with Mtb and then administered C4.T4.
The animals were sacrificed, and lung cells were isolated to
monitor memory CD4-positive T cells. As expected, Mtb
infection increased the percentage of central memory
(CD44hi-SELL/CD62Lhi) (p < 0.0001) and effector memory
(CD44hi-SELL/CD62Llo) (p < 0.01) CD4 T cells, and these
populations were further increased in the group treated with
C4.T4 (Figures 5A–C and S10). Further, we observed a sig-
nificant (p < 0.001) increase in the frequency of memory cells
(CD4+-IL7R/CD127hi); thereby confirming the above data
(Figure 5D). We further confirmed our results by observing
an enhanced level of memory CD4 T cells (CD4+-CD44hi-
SELL/CD62Lhi) in vitro by co-culturing CD4-positive T cells
isolated from Mtb-challenged mice with Mtb-infected MφC4.T4

(Figure S9B). Activated APCs capture antigen from the infec-
tion site and then migrate towards the draining lymph nodes
to activate naive T cells. CCR7 is responsible for the migration
of APCs [58,59]. We observed a significantly larger
(p < 0.0001) population of CD44+-CCR7hi expressing T cells
in Mtb-infected animals that received C4.T4 (Figure 5E).
Overall, these data suggest that C4.T4 therapy enhanced the
immunological memory and migratory potential of CD4 T
cells.

Treatment of mice with C4.T4 enhanced autophagy gene
expression

Autophagy has been suggested to play an important role in
protection against Mtb [47,60,61]. Consequently, we next
wanted to monitor autophagy in the Mtb-challenged mice
that were treated with C4.T4. Interestingly, the lung cells of
these animals showed a substantial reduction in Mtb bur-
den (Figure 3D) and a significant increase in the expression
of the autophagy genes Atg5 (p < 0.0001), Atg7
(p < 0.0001), Lc3 (p < 0.01), Becn1 (p < 0.0001), Atg12
(p < 0.001), Lamp1 (p < 0.0001), and Eea1 (p < 0.01)
(Figure 6A–G). Further, reduced Il4 (p < 0.0001) and Il10
(p < 0.01) gene expression was noted (Figure 6H–I). Il4 and
Il10 genes are known to inhibit autophagy [56,62,63]. These
results indicated a correlation between increased autophagy
gene expression and reduced Mtb growth after C4.T4 treat-
ment of mice.

C4.T4 enhanced autophagy flux through MYD88-
mediated, MTOR-independent activation of PtdIns3K

We next determined if the in vivo findings of C4.T4 induced
autophagy gene expression correlates with autophagy activation
in macrophages. The conversion of LC3-I to LC3-II is one of the
fundamental indicators of autophagy [47,61,64,65]. We observed
conversion of LC3-I to LC3-II in C4.T4-stimulated, Mtb-infected
macrophages (Figure 7A). This finding demonstrated the novel
role forCLEC4E in inducing autophagy.Wemeasured autophagic
flux by probing for SQSTM1/p62 degradation and inhibited this
with bafilomycin A1. Bafilomycin A1 prevents activation and
maturation of autophagic vacuoles by impeding vacuolar-type
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H+ATPase (V-ATPase), thus avoiding degradation of autophago-
somes [66,67]. Interestingly, we observed a substantial decrease in
SQSTM1 expression in C4.T4-stimulated macrophages (Figure
7B) and expression of SQSTM1 was induced by bafilomycin A1

treatment in Mtb-infected macrophages. This observation

suggested that the augmented conversion to LC3-II by C4.T4 was
due to increased autophagic flux. In addition, C4.T4 induced
autophagy in macrophages infected with either virulent (H37Rv)
or avirulent (H37Ra) strains of Mtb (Figure S11A,B). We also
observed increased LC3 puncta formation, as visualized using

Figure 4. Treatment with C4.T4 augmented the proliferation of T cells and evoked Th1 and Th17 immune responses in Mtb-infected mice and guinea pigs. Mtb-
challenged animals were treated with C4.T4. After 45 d, splenocytes were isolated and CFSE labeled. Proliferation of (A,B) CD4 T cells and (C,D) CD8A T cells was
examined. (E,F) T cell proliferation of cells isolated from the spleen of guinea pigs. Data in the inset of flow cytometer histograms depicted percentage of CFSElo cells
and were correspondingly shown as bar diagrams (B,D,F). Intracellular staining of (G,H) IFNG+ and (I,J) IL17A+ was measured by flow cytometry in CD4 T cells isolated
from the lung. The CD4 gated T cells showed intracellular expression of (K,L) IFNG and (M,N) IL17A were examined for proliferation through CFSE-dye dilution assay.
The number in the inset of the flow cytometry plots depicted percentage of cells (G,I,K,M). Bar diagrams show pooled data from 2–3 independent experiments (H,J,L,
N). (O–R) The cells isolated from lungs were stimulated with C4.T4 for 72 h and intracellular staining was done for (O,Q) IFNG-TNF, (P,R) and IL17A-TNF in CD4 gated
polyfunctional T cells. Numbers in the inset of the flow cytometry plots depicted the percentage of cells. The flow cytometry data are also shown as bar diagrams and
are pooled data from 2–3 independent experiments (Q,R). Normal, animals not exposed to Mtb; Placebo, animals exposed to Mtb; C4.T4, Mtb-exposed animals treated
with C4.T4. Data are mean ± SEM from 2–3 independent experiments (n = 4 mice/group), each performed in triplicate. Data were analyzed by one-way ANOVA
repeated measure **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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confocal microscopy (Figure 7C). As expected, C4.T4 induced
autophagy was inhibited by PtdIns3K and autophagy inhibitors
(Ly294002 and 3MA, respectively) (Figure 7D). Rapamycin was
used as a positive control (Figure 7D). We also determined that
CLEC4E and TLR4 pathways were MTOR-independent (Figure
7E). Taken together, these results provided evidence that the
induction of autophagy in macrophages through C4.T4 signaling
was linked with the MTOR-independent PtdIns3K pathway.

Previous reports suggested that a MYD88-dependent path-
way is involved in both CLEC4E and TLR4 signaling [68–70].
We found thatMYD88 expressionwas induced by bothCLEC4E
and TLR4 signaling (Figure 7F) and that MYD88 signaling was
important for the induction of autophagy. Western blot results
depicted abrogation of the conversion of LC3-I to LC3-II when

MφC4.T4 were cultured with a MYD88 inhibitor (Figure 7G).
These results indicated that C4.T4 activated macrophages
through MYD88-mediated, MTOR-independent activation of
the PtdIns3K pathway, which led to the induction of autophagy
and inhibition ofMtb growth.

Abrogation of autophagy negated C4.T4-mediated
restriction of Mtb growth in macrophages

BECN1 is a master regulator of autophagy [64]. To con-
firm that C4.T4 mediated killing of Mtb through autop-
hagy, we knocked down Becn1 expression in macrophages
(Figure 7H), or inhibited autophagy with 3MA. C4.T4-
induced clearance (p < 0.0001) of Mtb was abolished

Figure 5. Signaling through CLEC4E and TLR4 generated sustained memory CD4 T cells. Mice were challenged with Mtb and treated with C4.T4. The control group
was administered PBS (placebo). After 45 d, cells were isolated from the lungs, in vitro cultured with PPD for 48 h and analyzed for the expression of (A,B) central
memory (CD4+-CD44hi-SELL/CD62Lhi); (A,C) effector memory (CD4+-CD44hi-SELL/CD62Llo); (D) CD4+-IL7R/CD127hi; (E) CD4+-CD44+-CCR7hi markers by flow cytometry.
The number in the inset of the flow cytometry dot plots depicted the percentage of cells. Normal, animals not exposed to Mtb; Placebo, animals exposed to Mtb; C4.
T4, Mtb-exposed animals treated with C4.T4. Data are mean ± SEM and are from 3 independent experiments (n = 4 mice/group). Data were analyzed by one-way
ANOVA repeated measure **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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upon Becn1 knockdown (Figure 7I). Similar results were
obtained if macrophages were treated with 3MA (Figure
7I) or if macrophages from atg5 knockout (atg5fl/fl-Lyz2/
LysM-Cre) mice were used, confirming that C4.T4-
mediated elimination of Mtb was through autophagy
(Figure 7J).

Importantly, we found significantly (p < 0.0001) reduced
Mtb burden in C4.T4-stimulated human THP-1 macro-
phages as well (Figure S11C). C4.T4-mediated Mtb growth
was inhibited after treatment with an autophagy inhibitor.
These data confirmed that C4.T4 induced autophagy
decreased Mtb burden in both murine and human macro-
phages (Figure 7I,J and S11C).

Stimulation of macrophages with C4.T4 augmented the
clearance of Mtb in macrophages through the
autophagic flux

We next studied the induction of autophagy in Mtb-infected
macrophages by microscopy. We noted increased co-localiza-
tion of GFP-Mtb with LC3 (GFP/green; LC3/red fluorescence)
and increased LC3 puncta in the C4.T4 treated macrophages
(Figure 8A). There was also an increased number of lyso-
somes and Mtb co-localization with lysosomes by immunos-
taining of LAMP1 (lysosomal-associated membrane protein 1)
(Figure 8B). Furthermore, to confirm the presence of Mtb in
lysosomes, we performed LysoTracker Red staining and

Figure 6. Signaling through C4.T4 agonists induced autophagy in vivo. Mtb-challenged animals were treated with C4.T4 and RNA was isolated from lung cells.
Quantitative RT-PCR was performed to monitor the expression of (A) Atg5; (B) Atg7; (C) Lc3; (D) Becn1; (E) Atg12; (F) Lamp1; (G) Eea1; (H) Il10; (I) Il4. Placebo, animals
exposed to Mtb; C4.T4, Mtb-exposed animals treated with C4.T4. Data are the mean ± SEM from 3 independent experiments, performed in triplicate wells. Data were
analyzed by unpaired Student’s “t” test ** p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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observed co-localization of GFP-Mtb with acidic vacuoles in
MφC4.T4 (Figure 8C). These data provided further evidence
that the improved clearance of Mtb in C4.T4-treated macro-
phages was through a xenophagy process (the autophagy-
mediated clearance of pathogens).

One hallmark of autophagy is an increase in acidic vesicu-
lar organelles (AVOs) in the cytosol [71]. Our data show an
increased number of AVOs in Mtb-infected MφC4.T4 that is
specific to autophagy since there is a decrease in the frequency
of AVOs with 3MA inhibitor treatment (Figure 9A,B). The

Figure 7. Signaling of Mtb-infected macrophages through C4.T4 induced autophagy flux through the PtdIns3K pathway. BMDMs were infected with H37Rv for 4 h,
then stimulated with CLEC4E (C4 [24 µg/ml]) and TLR4 (T4 [10 ng/ml]) individually or in combination (C4.T4) for 4 h and checked for the (A) conversion of LC3-I to LC3-
II and (B) expression of SQSTM1/P62 by western blot. Bafilomycin A1 was used as a lysosomal enzymatic activity inhibitor, which prevents the degradation of
autophagosomes. (C) Uninfected BMDMs stimulated with C4.T4 for 4 h were stained for the expression of LC3 puncta formation with anti-LC3 Abs (green). The
nucleus was stained with DAPI (blue). Scale bar: 20 µm. (D) The specificity of the induction of autophagy was determined by blocking PtdIns3K to inhibit autophagy
(Ly294002 and 3MA). Rapamycin was used as a positive control for autophagy and ACTB was a loading control. (E) Phosphorylation of MTOR was measured by
western blot. Fold change was calculated relative to UT controls. (F,G) Infected BMDMs were treated with a MYD88 inhibitor (pepinh-MYD) for 1 h and then
stimulated with C4.T4 for 4 h. (F) Expression of MYD88 and (G) conversion of LC3-I to LC3-II was observed by western blot. Data are representative of 3 independent
experiments. (H,I) BMDMs were treated with Becn1 specific siRNA for 72 h, and then cells were infected with Mtb for 4 h. Becn1 expression was determined by (H) RT-
qPCR. (I) Becn1 specific siRNA treated BMDMs were infected with H37Rv for 4 h and treated with the autophagy inhibitor 3MA for 1 h. Then the cells were stimulated
with C4.T4 for 48 h. Infected macrophages were lysed and CFUs were enumerated after 21 d. CFU assay showed the blocking of autophagy by siRNA or its inhibitor
3MA, increased the survival of Mtb. Data are presented as the mean ± SEM and are from 3 independent experiments. (J) BMDMs were collected from wild type (WT),
atg5 knockout (atg5fl/fl-Lyz2/LysM-Cre), control flox (Atg5fl/fl) mice and infected with H37Rv. The cells were then stimulated with C4.T4 for 48 h. Infected macrophages
were lysed and CFUs were enumerated after 21 d. Data are presented as the mean ± SEM and are from 2 independent experiments. ns, non-significant; UI,
uninfected; UT, untreated and Mtb-infected; C4, CLEC4E agonist (TDB); T4, TLR4 agonist (ultra-pure LPS). Data were analyzed by one-way ANOVA repeated measure **
p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

1030 S. PAHARI ET AL.



data were substantiated using monodansylcadaverine (MDC)
staining, which is a specific dye for locating acidic compart-
ments (Figure 9C). Therefore, these data suggested that
CLEC4E and TLR4 signaling in macrophages enhanced acidic
vacuole formation. We also performed intracellular staining

of LAMP1 in the macrophages treated with C4.T4 by flow
cytometry. A significantly (p < 0.01) higher accumulation of
LAMP1 in MφC4.T4 was seen (Figures 9D,E and S12), which
was further validated by staining MφC4.T4 with LysoTracker
Red dye (Figure 9F).

Figure 8. Stimulation of Mtb-infected macrophages by C4.T4 induced autophagy flux and enhanced the number of autolysosomes and transported Mtb to the
lysosomes of macrophages. BMDMs were infected with GFP-Mtb for 4 h then stimulated with C4.T4 for 4 h and 10 h. The cells were immunostained with anti-LC3 and
anti-LAMP1 Abs along with DAPI or Hoechst to visualize nucleus (blue) and examined for the formation of (A) autophagosomes (red) and (B) lysosomes/
autolysosomes (red). (C) BMDMs were infected with GFP-Mtbfor 4 h and stimulated with C4.T4 for 10 h. LysoTracker Red staining was performed to monitor acidic
vacuoles and LysoTracker co-localization with GFP-Mtb by confocal microscopy. The histogram data (green and red) showed the co-localization of GFP-Mtb (green)
with LC3 (red) or LAMP1 (red) or LysoTracker (red) in C4.T4-treated macrophages indicated by white arrows. Scale bar: 10 µm and 100X magnification. (A) The bar
diagram showed the number of LC3 puncta/cell. The LC3-II puncta in each cell were counted in 10 different fields. Quantification of the LC3 puncta per cell are
presented as the mean ± SD. UT, untreated and GFP-Mtb-infected; C4.T4, C4.T4 treated and GFP-Mtb-infected. The data are representative of 4 independent
experiments. Data were analyzed by unpaired Student’s “t” test *** p ≤ 0.001.
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Figure 9. Activation of macrophages through C4.T4 induced autophagosome and lysosome formation. BMDMs were treated with 3MA (10 mM) for 1 h.
Next, they were stimulated with C4.T4 for 4 h and the cells were stained with (A,B) acridine orange or (C) MDC to monitor the acidic compartments by
fluorescence microscopy. Scale bar: 50 µm and 20X magnification. (B) The number of acidic vacuoles in each cell was counted in 4 individual fields for
each group. White arrows indicated lysosomal acidification (orange). LPS was used as a positive control for acidic vacuoles formation and 3MA was a
negative control for autophagosomes formation. Data were analyzed by one-way ANOVA repeated measure *p ≤ 0.05, ** p ≤ 0.01. Late endosomal-
lysosomal acidification was assessed through (D,E) LAMP1 staining by flow cytometry; data were expressed as a bar diagram (E). Numbers in the inset of
contour plots depicted the percentage of cells. The integrated MFI (iMFI) is calculated by multiplying the relative frequency (% positive population) of
cells expressing LAMP1 with the mean fluorescence intensity (MFI) of that population. (F) BMDMs were infected with GFP-Mtbfor 4 h. Next, the cells were
treated with 3MA (10 mM) for 1 h and then stimulated with C4.T4 for 10–12 h. Control cultures were kept without 3MA. The cells were stained with
LysoTracker Red dye and monitored by flow cytometry. US, unstimulated; UI, uninfected cells; UT, untreated and Mtb-infected cells. Scale bar: 10 μm.
100X magnification. Data are expressed as mean ± SEM and are from 3 independent experiments. Data were analyzed by unpaired Student’s “t” test **
p ≤ 0.01.
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CLEC4E and TLR4 signaling induced phosphorylation of
PtdIns3K and STAT1 and nuclear translocation of RELA/
NFKB

Activating macrophages with C4.T4 augmented NOS2 (nitric
oxide synthase 2, inducible), IL6, TNF, and IL1B production.
These molecules play important roles in the activation of
different transcription factors like RELA/NFKB. We observed

increased STAT1 and PtdIns3K phosphorylation in Mtb-
infected MφC4.T4 (Figure 10A,B). The PtdIns3K inhibitor
LY294002 was used as a control (Figure 10B). Interestingly,
we observed decreased STAT6 phosphorylation in MφC4.T4

(Figure S13A). CLEC4E and TLR4 may enhance the survival
of macrophages. We noticed increased levels of the anti-
apoptotic molecule BCL2L1/Bcl-xL in MφC4.T4 (Figure 10C).

Figure 10. C4.T4 induced phosphorylation of STAT1, PtdIns3K and enhanced nuclear translocation of RELA/NFKB. Macrophages were infected with H37Rv for 4 h and
cultured with C4.T4 for 15–30 min and 24 h. The cell lysate was prepared, and western blot was performed to monitor the expression of (A) p-STAT1; (B) p-PtdIns3K;
(C) BCL2L1. The densitometry data represent fold change. The ratio for untreated cells was considered to be 1. LPS was used as a positive control. UI, uninfected; UT,
untreated and Mtb-infected; C4, CLEC4E agonist (TDB); T4, TLR4 agonist (ultra-pure LPS). The data are representative of 2–3 independent experiments. (D–G) BMDMs
were stimulated with C4 (24 µg/ml) and T4 (10 ng/ml) individually or in combination (C4.T4) for 30 min. (D) Nuclear translocation of RELA/NFKB was monitored by
EMSA. The data were graphed as fold change in the form of a bar diagram. Unstimulated cells were considered as 1. FP, free probe; US, unstimulated. The data are
shown as the mean ± SEM and are from 2 independent experiments. Data were analyzed by one-way ANOVA repeated measure. ***p ≤ 0.001, ****p ≤ 0.0001. (E)
Translocation of RELA/NFKB p65 into the nucleus was further monitored by confocal microscopy and (F,G) the generation of ROS was observed by flow cytometry
after labeling with dihydrorhodamine 123 dye. (F) The histogram depicted ROS generation (percentage). (G) The bar diagram represented integrated MFI of ROS
generation. The data represented in each histogram or contour plot depicted the percentage of cells from the ADGRE1/F4/80 gated population. US, unstimulated; UT,
untreated and Mtb-infected; C4, CLEC4E agonist (TDB); T4, TLR4 agonist (ultra-pure LPS). The integrated MFI (iMFI) is calculated by multiplying the relative frequency
(% positive population) of cells generating ROS with the mean fluorescence intensity (MFI) of that population. Data are shown as the mean ± SD and are
representative of 2–3 independent experiments. Data were analyzed by one-way ANOVA repeated measure. *p ≤ 0.05.
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Furthermore, there was downregulation in the expression of
negative regulators of immunity like FAS, HAVCR2/TIM-3,
and CD274/PD-L1 (Figure S13B–D). This phenotype denoted
a possibility of better survival of MφC4.T4.

Signaling through CLEC4E via SYK induces reactive oxygen
species (ROS) generation [72], which can directly activate
RELA/NFKB [72–74]. RELA/NFKB is responsible for cellular
growth and inflammatory responses. Considering all these
facts, we monitored RELA/NFKB activation in MφC4.T4.
Interestingly, we observed increased (p < 0.0001) RELA/
NFKB activation and translocation into the nucleus, by
EMSA (Figure 10D). We confirmed these results by confocal
microscopy (Figure 10E). In addition, we noted increased
(p < 0.05) ROS generation by flow cytometry (Figure 10F,G).
Therefore, it can be concluded that C4.T4 signaling involved
ROS and RELA/NFKB pathway, which may be responsible for
the activation of macrophages. We also monitored NOS2
expression and NO release by MφC4.T4, since NO mediates
killing of intracellular Mtb in murine macrophages [75,76].
Our western blot results indicated that C4.T4 enhanced the
expression of NOS2, as compared to controls (Figure S14A).
We confirmed that this change correlated with increased NO
release and validated the specificity of the results by blocking
the production of NO by its inhibitor N-mono-methyl L-argi-
nine (NM). Decreased (p < 0.001) C4.T4-stimulated NO release
was observed with NM treatment (Figure S14B). Notably, we
observed significantly (p < 0.05) enhanced NO secretion from
the cells isolated from the lungs of C4.T4 injected Mtb-chal-
lenged mice (Figure S14C). RT-qPCR performed on the same
lung tissues revealed a significant (p < 0.01) augmentation in
Nos2 gene expression in the mice administered C4.T4 (Figure
S14D). Therefore, the results indicated that C4.T4-mediated
killing of Mtb could occur through autophagy, as well as ROS
and NO production.

Overall, the study provided evidence that combinatorial
signaling through CLEC4E and TLR4 activated macrophages
via the MYD88-PtdIns3K-STAT1-RELA/NFKB pathway that
ultimately leads to the induction of autophagy to control the
growth of Mtb (Figure 11A,B).

Discussion

Modulation of host immunity can be an efficacious approach
to successfully eliminate pathogens. Several innate immune
receptors such as TLRs, CLRs, NLRs and RLRs can effectively
bolster immunity against an array of pathogens [48,49,77–80].
Among the molecules that stimulate innate immunity, a TLR4
agonist has been considered a potential immunotherapeutic
due to its ability to stimulate the immune system against
several pathogens [32,33]. Additionally, CLEC4E is a promis-
ing vaccine adjuvant in modulating immunity against chronic
Mtb infection [77,78]. There are no studies demonstrating the
mechanistic role of CLEC4E and TLR4 agonist-mediated
combinatorial signaling in imparting immunity against Mtb.
The role of CLEC4E in inducing autophagy is totally unex-
plored. Therefore, we studied both in vitro and in vivo efficacy
of CLEC4E and TLR4 on the activation of Mtb-infected
macrophages. The macrophages exhibited the following
major changes: i) enhanced release of cytokines, up-regulated

expression of the costimulatory molecules such as CD40,
CD86 and H2/MHC-II, and down-regulated inhibitory mole-
cules such as FAS, HAVCR2/TIM-3, and CD274/PD-L1; ii)
the phenotype of MφC4.T4 (IL6hi, IL12Bhi, TNFhi, IL1Bhi,
IFNGhi, IL17Ahi, NOhi, IL10lo) suggested their enhanced cap-
ability to kill Mtb; iii) reduced dose and increased potency of
anti-TB drugs to kill Mtb; iv) improved ability to activate
Mtb-specific T cells and generate Th1 cells and Th17 cells;
v) expanded pool of memory T cells; vi) induced MYD88,
PtdIns3K, STAT1, and RELA/NFKB pathways; vii) restricted
survival of Mtb through autophagy. These data provide suffi-
cient evidence for a novel role of CLEC4E and TLR4 in
boosting the function of macrophages to kill Mtb.

The currently available regime to treat TB patients is highly
effective but the major drawbacks are its adverse side-effects,
immune-suppression, long-duration of treatment and emer-
gence of drug resistance in Mtb [81–84]. Our study showed
that adjunct therapy of anti-TB drugs (RIF and INH) with C4.
T4 agonists dramatically improved their potency to kill Mtb.
Notably, we achieved better killing of the bacterium with 10-
fold lower dose of rifampicin along with C4.T4, as compared
to the drug alone. This observation suggested an immunomo-
dulatory role of C4.T4 in reducing the dose as well as duration
of anti-TB drugs. C4.T4 will bolster host immunity against the
pathogen and thereby provide an added advantage for the
drug to act more efficiently in killing the bacterium, and
consequently, may minimize the opportunity for the bacter-
ium to develop drug resistance.

Both CD4- and CD8A-positive T cells protect against Mtb
[85]. We observed that C4.T4 therapy enhanced CD4-positive
T cells and CD8A-positive T cells proliferation. Furthermore,
Th1 cells and Th17 cells played an important role in protec-
tion against Mtb. In contrast, Th2 cells support the propaga-
tion of Mtb [86]. Excitingly, an expanded pool of Th1 cells
and Th17 cells but not Th2 cells was noted in the animals that
were treated with C4.T4. The same group of animals showed
significant clearance of Mtb from the lungs and reduced its
dissemination to the spleen and liver. The presence of poly-
functional Th1 and Th17 cells, which provide better protec-
tion against pathogens when compared to their counterparts
secreting a single cytokine [53–55], further supports the role
of C4.T4 therapy against Mtb. Memory T cells induce long-
lasting protection [87,88]. C4.T4 significantly enhanced the
pool of memory T cells in the same animals that exhibited
decreased Mtb burden, signifying the generation of immuno-
logical memory to protect from subsequent Mtb infection.

There are growing evidences that autophagy helps to pro-
tect against many diseases [47,60,61,89]. The contribution of
autophagy during Mtb infection has been well-defined as
autophagy induction or inhibition controls and enhances
Mtb growth, respectively, and Mtb co-localizes with autop-
hagy factors ATG5, ATG12, SQSTM1, BECN1 and LC3 [90–
93]. In contrast, a previous report shows autophagy-indepen-
dent functions of ATG5 in different experimental settings in
vivo [94–96]. Autophagy can control Mtb through multiple
mechanisms: it targets the antigen for lysosomal degradation
and improves antigen processing and presentation to T cells
[97]. Concurrently, it inhibits the excessive inflammatory
response [37,60]. Notably, C4.T4-treated mice showed
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enhanced autophagy and autophagic flux. Additionally,
expression of autophagy-related genes was increased, which
correlated with a decreased number of Mtb. Blocking of
autophagy (through reduced BECN1 or ATG5 expression)
rescued Mtb growth. These results provided strong support
for the involvement of autophagy in combating Mtb in mice
that were administered C4.T4.

Following ligand binding, CLEC4E interacts with
FCER1G/FcRγ chain, then phosphorylates and activates SYK
[72]. This activation induces ROS generation and CARD9-

mediated RELA/NFKB activation; which leads to IL6, TNF
and IL1B secretion [72–74]. TLR4 signaling activates the
conventional MYD88-mediated pathway, leading to RELA/
NFKB activation and cytokine production, which may con-
tribute to a positive feedback loop. Consequently, PtdIns3K
becomes activated, which induces a survival signal and autop-
hagy. We observed involvement of the MYD88 pathway and
induction of autophagy in CLEC4E signaling. Activation of
PtdIns3K delivered a signal through RELA/NFKB and
BCL2L1. Interestingly, we noticed that signaling through C4.

Figure 11. Proposed mechanism of signaling pathways initiated by C4.T4 in macrophages. (A) C4.T4 signaling activated RELA/NFKB through MYD88 pathway and
enhanced cytokine secretion, which received positive feedback through phosphorylated PtdIns3K, STAT1 and activated BCL2L1. Consequently, these macrophages
induced autophagy, activated cells, and increased cell survival. This mechanism played a key role in controlling the growth of Mtb. (B) Schematic representation of C4.
T4-mediated clearance of Mtb through modulation of autophagy and lysosomal biogenesis.
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T4 activates RELA/NFKB and augments production of IL6,
IL12B, TNF, and IL1B, consequently delivering a feedback
mechanism through STAT1 phosphorylation that supported
the activation and survival of MφC4.T4.

Overall, we have elucidated a novel signaling network
operating through C4.T4 (Figure 11). Signaling via C4.T4 acti-
vated RELA/NFKB through MYD88-mediated phosphoryla-
tion of PtdIns3K, STAT1 and release of NO. Signaling
through C4.T4 activated macrophages and induced autophagy
to effectively control Mtb infection. In the future, treatment
with C4.T4 agonists alone or as an adjunct therapy with anti-
TB drugs may be an important new host-directed strategy to
treat TB patients.

Materials and methods

Animals

C57BL/6 mice, 6–8 weeks were obtained from the institute’s
animal facility. Guinea pigs (6–8 weeks) were purchased from
the CCS Haryana Agricultural University, Hisar, India. Atg5fl/
fl and atg5fl/fl-Lyz2/LysM-Cre mice bones were kindly provided
by Dr. Christina L. Stallings, Department of Molecular
Microbiology, Washington University School of Medicine, St
Louis, MO.

Ethics statement

All the experiments were approved by the Institutional Animal
Ethics Committees (IAEC) of the Institute of Microbial
Technology (IMTECH), Chandigarh and International Center
for Genetic Engineering and Biotechnology (ICGEB), New
Delhi. The experiments were accomplished according to the
National Regulatory Guideline issued by Committee for the
Purpose of Control and Supervision of Experiments on
Animals (No. 55/1999/CPCSEA), Ministry of Environment
and Forest, Government of India. Mice experiments were per-
formed at IMTECH and guinea pigs at the ICGEB. The atg5
knockout experiments were performed at Texas Biomedical
Research Institute, San Antonio, TX, USA. The experiments
were approved by the Texas Biomedical Research Institute,
Institutional Animal Care and Use Committee (IACUC).

Antibodies and reagents

Agonist of CLEC4E (TDB, tlrl-tdb), TLR4 (LPS EK ultrapure,
tlrl-peklps), SYK inhibitor (Piceatannol, tlrl-pct), TLR4 signal-
ing inhibitor (CLI-095, tlrl-cli95) and MYD88 inhibitor
(Pepinh-MYD, tlrl-pimyd) were purchased from InvivoGen.

Antibodies (Abs) and reagents used in western blotting:
phospho-PI3 kinase p85 (Cell Signaling Technology, 4228S),
PI3 kinase p85 (Cell Signaling Technology, 4257S), BCL2L1/
Bcl-xL (Cell Signaling Technology, 2762S), pMTOR (Ser2448;
Cell Signaling Technology, 5536S), MTOR (Cell Signaling
Technology, 2983S), p-STAT6 (Cell Signaling Technology,
56554S), STAT6 (Cell Signaling Technology, 5397S), RELA/
NFKB-p65 (Cell Signaling Technology, 8242S) and MYD88
(Cell Signaling Technology, 4283S), SQSTM1/p62 (Santa Cruz
Biotechnology, sc-48402), NOS2/iNOS (Abcam, ab3523). Other

reagents were procured from the specified companies: inhibitors
against PtdIns3K (Ly294002; Sigma Aldrich, 440202) and NOS2
[NM] (Calbiochem, 475886), FlexiTube siRNA-specific for
mouse Becn1 (Qiagen, GS56208), acridine orange (Sigma
Aldrich, A6014), monodansylcadaverine (Sigma Aldrich,
D4008), rabbit polyclonal Ab against LC3 (Sigma Aldrich,
L8918), anti-ACTB antibody (Sigma Aldrich, A1978), p-
STAT1 (BD Pharmingen, 612232), STAT1 (BD Pharmingen,
610115), LysoTracker Red (Life Technologies, L-7528), anti-
fade reagent (Life Technologies, P36934), dihydrorhodamine
123 (Sigma Aldrich, D1054), 4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI; Sigma Aldrich, D8417), 3-methylade-
nine (3MA; Sigma Aldrich, M9281), rapamycin (Sigma Aldrich,
B1793), 5(6)-carboxyfluorescein diacetate N-succinimidyl ester
(CFSE; Sigma Aldrich, 21888F), phorbol 12-myristate 13-acetate
(PMA; Calbiochem, 524400), DMSO (Sigma Aldrich, D8418),
RELA/NFKB consensus oligonucleotide (Promega, E3292), par-
aformaldehyde (Sigma Aldrich, P6148), Griess reagent (Sigma
Aldrich, G4410), poly-L-lysine solution (Sigma Aldrich, P8920),
HBSS (GIBCO, 14185052), isoniazid (Sigma Aldrich, 13377),
rifampicin (Sigma Aldrich, R3501), bovine serum albumin
(BSA) (Sigma Aldrich, A0281), Triton™ X-100 solution (Sigma
Aldrich, 93443), glycerol (Sigma Aldrich, G5516), TWEEN 20
(Sigma Aldrich, P9416), TWEEN 80 (Sigma Aldrich, P4780),
avidin–peroxidase (Sigma Aldrich, A7419), o-
Phenylenediamine (Sigma Aldrich, P9029), Middlebrook 7H9
broth (Difco-Becton Dickinson, 271310), Middlebrook 7H11
agar (Difco-Becton Dickinson, 283810), Middlebrook OADC
growth supplement (Sigma Aldrich, M0678), saponin (Sigma
Aldrich, 84510), PVDF western blotting membranes (Sigma
Aldrich, 3010040001), amikacin hydrate (Sigma Aldrich,
A3650), sodium nitrite (Sigma Aldrich, 237213), phenylmetha-
nesulfonyl fluoride (PMSF; Sigma Aldrich, 78830), protease and
phosphatase inhibitor cocktail (Sigma Aldrich, PPC1010).

All other reagents and chemicals were procured from the
following companies. Free or fluorochrome-conjugated Abs:
Purified anti-mouse FCGR3/FCGR2B Ab (eBioscience, 14-
0161-86), CD80-FITC (BD Pharmingen, 553768), ADGRE1/
F4/80-APC (eBioscience, 14-4801-82), F4/80-PerCP-
Cyanine5.5 (eBioscience, 45-4801-82), CD40-PE-Cyanine5
(eBioscience, 15-0401-82), CD86-PE (eBioscience, 12-0862-
85), H2/MHC-II-PerCPefluor710 (eBioscience, 46-5321-82),
FAS/CD95-FITC (BD Pharmingen, 561979), CD274/PD-L1-
PE (eBioscience, 12-5982-83), HAVCR2/CD366/TIM3-APC
(eBioscience, 17-5871-82), LAMP1/CD107a-Alexa Fluor 647
(BioLegend, 121610), ANXA5 (annexin A5)-FITC
(BioLegend, 640906), propidium iodide (Sigma Aldrich,
P4170), CD4-Pacific Blue (BD Pharmingen, 558107),
CD8A-APC-Cy7 (BD Pharmingen, 557654), IFNG-PE-
Cyanine7 (eBioscience, 25-7311-82), IL17A-PE (BioLegend,
506904), SELL/CD62L-FITC (BD Pharmingen, 553150),
IL7R/CD127-PE-Cyanine5 (eBioscience, 15-1271-83),
CD44-PerCP/Cyanine5.5 (eBioscience, 45-0441-82), CCR7-
PE-Cyanine7 (eBioscience, 25-1971-82), TNF-PerCP-
Cyanine5.5 (BioLegend, 506322), Alexa fluor 633-anti-rab-
bit secondary Ab (Invitrogen, A-21071), Alexa fluor 488-
anti-rabbit secondary Ab (Invitrogen, A-11034). Other
reagents: Dulbecco’s phosphate-buffered saline (DPBS/
PBS) (GIBCO, 14190-144), Roswell Park Memorial
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Institute (RPMI)-1640 (GIBCO, 11875-093) and Fetal
bovine serum (FBS; GIBCO, 10082-147), L-pyruvate
(SERVA, 15220), L-glutamine (SERVA, 22942), streptomy-
cin (SERVA, 35500), penicillin (SERVA, 31749). ELISA
Abs: purified anti-mouse IL6 (BD Pharmingen, 554400),
biotin anti-mouse IL6 (BD Pharmingen, 554402), recombi-
nant mouse IL6 (BD Pharmingen, 554582), purified anti-
mouse IL12B (BD Pharmingen, 551219), biotin anti-mouse
IL12B (BD Pharmingen, 554476), recombinant mouse
IL12B (BD Pharmingen, 554592), purified anti-mouse
TNF (BD Pharmingen, 551225), biotin anti-mouse TNF
(BD Pharmingen, 554415), recombinant mouse TNF (BD
Pharmingen, 554589), purified anti-mouse/rat IL1B
(BioLegend, 503502), biotin anti-mouse TNF (BioLegend,
515801), recombinant mouse IL1B (BioLegend, 575109),
purified rat anti-mouse IL10 (BD Pharmingen, 551215),
biotin rat anti-mouse IL10 (BD Pharmingen, 554465),
recombinant mouse IL10 (BD Pharmingen, 550070). The
primer sequences for RT-qPCR were purchased from Sigma
Aldrich. All tissue culture grade plasticware was procured
from BD Biosciences, Thermo Fisher Scientific, Corning™
Costar™ or Sigma Aldrich.

Culture of bone marrow derived macrophages (BMDMs)

Briefly, bone marrow cells (BMCs) from the femurs and tibia
of C57BL/6 wild type, Atg5fl/fl and atg5fl/fl-Lys2/LysM-Cre
mice were flushed aseptically. BMCs were cultured in RPMI-
1640 (GIBCO, Invitrogen Life Technologies, 11875-093) con-
taining FBS (10%) with L-glutamine (100 mM), penicillin
(100 U/ml), streptomycin (100 mg/ml) and replenished with
L929 cells culture supernatant (20%), as a source of macro-
phage colony-stimulating factor (M-CSF). The cultures were
kept in a humidified atmosphere at 37ºC (5% CO2). The
medium was replenished after 3 d. After 7 d, macrophages
(BMDMs) (2.5 × 105/well) were harvested and cultured in 48
well tissue culture grade plates with the agonists C4/TDB
(24 µg/ml), T4/ultra-pure LPS (10 ng/ml) or C4.T4 for 48 h
with or without Mtb infection. For western blot and RT-qPCR
experiments, BMDMs (2.5 × 106/well) were cultured in 6 well
tissue culture grade plates. The cells were then infected and
stimulated with C4 (24 µg/ml), T4 (10 ng/ml) or C4.T4 for
4–8 h.

THP-1 macrophage differentiation

THP-1 monocytes (3 × 105/well) were treated with PMA
(20 ng/ml) for 16 h in 48 well plates in RPMI containing
FBS (10%) at 37ºC (5% CO2). The adherent macrophages
were washed with RPMI twice and then rested for another
24 h prior to stimulation with C4 (24 µg/ml), T4 (10 ng/ml) or
C4.T4 for 48 h.

Phenotype of BMDMs

The phenotype of Mtb-infected BMDMs was assessed by flow
cytometry. Infected macrophages were triggered with
CLEC4E and TLR4 agonist (C4.T4) for 48 h. BMDMs har-
vested at 48 h were re-suspended in FACS buffer (2% FCS in

PBS). The cells were treated with anti-FCGR3/FCGR2B Ab
for 30 min at 4ºC to block non-specific binding of Abs to
FCGRs. Cells were then stained with fluorochrome-labeled
Abs specific for mouse CD40, CD86, H2/MHC-II, FAS,
CD274/PD-L1, and HAVCR3/TIM-3 or isotype-matched con-
trol Abs. Further, the cells were then fixed with paraformal-
dehyde (1%). Cells were washed between each step. The
samples were analyzed using a FACS Aria and data analyzed
with BD DIVA (BD Biosciences, San Jose, CA) and FlowJo
software (Williamson Way, Ashland, OR).

Propidium iodide (PI) and ANXA5 assays

Mtb-infected BMDMs were cultured with the agonists of
CLEC4E (C4/TDB) or TLR4 (T4/ultra-pure LPS) or
CLEC4E-TLR4 (C4.T4) at 37ºC (5% CO2) for 48 h. This was
followed by re-suspending cells in binding buffer (0.01 M
HEPES [pH 7.4], 0.14 M NaCl and 2.5 mM CaCl2). FITC-
labeled ANXA5 (5 μl/tube) and 2 μl of PI (50 μg/ml) were
added to the samples and then incubated in the dark at RT.
After 15 min, 1X binding buffer (400 μl) was added and cells
were analyzed immediately employing a BD FACS Aria flow
cytometer and data analysis was performed by DIVA
software.

Scanning electron microscopy (SEM)

BMDMs were stimulated with agonists of CLEC4E (24 µg/ml)
and TLR4 (10 ng/ml) for 48 h. The cells were fixed on Poly-L-
Lysine pre-coated coverslips with modified Karnovsky’s fixa-
tive (MKF) at 4ºC. After 3 h, cells were washed 3 x with PBS
at 4ºC. Dehydration of samples was done with 30%, 50% and
70% ethanol at the interval of 30 min at 4ºC. Samples were
treated with 90%, 100%-I, and 100%-II ethanol at intervals of
30 min at RT and dehydrated with tetra-butyl alcohol (TBA)
twice at intervals of 30 min at RT. TBA was removed and
freeze drying was performed at −120ºC for 3 h and cells
observed under SEM at 15 KX magnification.

Cytokine estimation

Cytokine release was measured in culture supernatants
(SNs) after 48 h of C4.T4 stimulation by standard ELISA
method, according to manufacturer’s instructions.
Macrophages (2.5 x 105/well) were incubated in 48 well
plates and stimulated with the agonists C4 (24 µg/ml), T4

(10 ng/ml) or C4.T4. The SNs were collected after 48 h to
measure IL6, IL12B, TNF, IL1B, and IL10. Briefly, 96 well
plates were coated with Abs to mouse IL6 (2 μg/ml), IL12B
(2 μg/ml), IL1B (2 μg/ml) and TNF (4 μg/ml), IL10 (4 μg/
ml) in phosphate buffer (0.01 M-pH 9.2 and pH 6 respec-
tively) overnight (O.N.) at 4°C. Blocking with BSA (1%) in
PBS was done for 3 h at RT. Afterward, the corresponding
recombinant cytokines were used as standard, and culture
SNs (50 µl volume) were added and then incubated O.N. at
4°C. Biotinylated anti-mouse IL6 (2 μg/ml), IL12B (2 μg/
ml), IL10 (2 μg/ml) and TNF (1 μg/ml), IL1B (1 μg/ml) Abs
in BSA (1%)-PBS-TWEEN 20 buffers were added into the
ELISA plates and incubated for 2 h at RT. Subsequently,
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avidin-HRP (1:10,000) was added and then incubated at 37°
C for 45 min. The regular procedures of incubation and
washing with PBST (1XPBS-0.05% TWEEN 20) were
achieved at each step. Later, the color was developed using
H2O2-OPD substrate-chromogen. The reaction was stopped
by 7% H2SO4 after color development. The plates were read
in an ELISA reader at 492 nm. The results are expressed as
pg/ml. The secreted cytokines were determined using serial
log2 dilutions of standard curve drawn using rIL6, rIL12B,
rTNF, rIL1B, and rIL10.

Culturing of mycobacteria

Mycobacterium strains (H37Rv, H37Ra) were a kind gift from
Dr. V.M. Katoch (National JALMA Institute for Leprosy and
other Mycobacterial Diseases, Agra, India) and GFP-H37Ra,
H37Rv were kindly provided by Dr. P. Gupta (IMTECH,
Chandigarh, India). Unless otherwise indicated, Mtb H37Rv
was used for all experiments. Mycobacterium strains were
cultivated in Middlebrook 7H9 broth with glycerol (0.2%)
and TWEEN-80 (0.05%), complemented with dextrose, cata-
lase and albumin. The viability of Mtb was confirmed by
colony-forming units (CFUs) on Middlebrook 7H11 medium
supplemented with albumin, oleic acid, dextrose as well as
catalase. CFUs were enumerated 20 d after plating.

In vitro infection with mycobacteria

BMDMs were infected with M. smegmatis (MOI 1:5) or Mtb-
H37Rv/H37Ra (MOI 1:5) and harvested after 3 h and 4 h,
respectively. The extracellular bacteria were removed by treating
cultures with amikacin (2 µg/ml) followed by extensive washing
with PBS.M. smegmatis andMtb-infected BMDMs were treated
with the agonists C4.T4 (C4/TDB: 24 µg/ml, T4/ultra-pure LPS:
10 ng/ml) for 16 h and 48 h, respectively, in 48 well plate. Where
indicated, INH (isoniazid) (2.5 µg/ml) and RIF (rifampicin)
(0.5 µg/ml) were incubated along with the C4.T4 agonists.

Determination of CFUs

Intracellular Mtb growth in BMDMs and THP-1 macrophages
were enumerated after 4 h of Mtb infection followed by 48 h
of stimulation with C4.T4. The cell SNs were collected for
ELISA and 0.1% saponin (in water) was added to lyse the
cells, followed by 10-fold serial dilutions and plating on 7H11
agar to enumerate CFUs. The colonies were counted 3 days
(M. smegmatis) and 3 wks (H37Rv and H37Ra) after incuba-
tion at 37ºC (5% CO2).

Nitric oxide (NO) production

Culture SNs of Mtb-infected BMDMs or lung cells from Mtb-
infected mice were harvested after 48 h and NO was measured
by the Griess method. In brief, SNs were added to an equal
volume (50 µl) of Griess reagent for 5 min at RT and absorbance
at 550 nm was assessed. The measurement of NO was performed
by comparing with sodium nitrite (NaNO2) as a standard (µM).

Antigen uptake

BMDMs (2.5 × 105/well) were stimulated in either the pre-
sence or the absence of CLEC4E/C4 (24 µg/ml) and TLR4/T4

(10 ng/ml) agonists for 48 h. The cells were then infected with
GFP-Mtb (H37Ra) at MOI 1:3 for 4 h. BMDMs were washed
vigorously (3 X) with ice cold PBS. The cells were then treated
with amikacin (2 µg/ml) and incubated for 1h to remove
extracellular Mtb and fixed with paraformaldehyde (1%).
The cells were washed and placed on poly-L-lysine coated
coverslips and imaged using confocal microscopy (Nikon
A1; Nikon, Tokyo, Japan). Z-stacks were taken to exclude
the interference of extracellular bacteria. Analysis was per-
formed using Nikon NIS-AR 4.1 image analysis software
(Nikon, Melville, NY). Further, the confocal results were
authenticated by flow cytometry. The analysis was done by
FACS Suite software (BD Biosciences, San Jose, CA).

The enumeration of bacterial uptake was done through
CFUs. BMDMs (2.5 × 105/well) were stimulated with
CLEC4E/C4 (24 µg/ml) and TLR4/T4 (10 ng/ml) agonists for
48 h. BMDMs were harvested and infected with H37Rv at
MOI (1:5) for 4 h. The cells were then treated with amikacin
(2 µg/ml) and incubated for 1 h to remove extracellular Mtb.
Later, the cells were lysed with saponin (0.1% in water) and
subsequent plating was performed with 10-fold serial dilu-
tions on 7H11 plates. The colonies were counted 3 weeks
after incubation at 37ºC (5% CO2).

Western blot

Mtb-(H37Rv and H37Ra) infected BMDMs (2.5 X 106 cells/
well) were treated with CLEC4E/C4 (24 µg/ml) and TLR4/T4

(10 ng/ml) agonists for 15–30 min (STAT1, STAT6,
PtdIns3K), 1 h (MYD88, Phospho MTOR), 4 h (LC3B,
SQSTM1), 18 h (NOS2), and 24 h (BCL2L1) in 12 well plates.
The cells were then harvested, washed and lysed in cytosolic
extraction lysis buffer (with PMSF, protease and phosphatase
inhibitor cocktail). Cytosolic protein was then quantified and
subjected to SDS-PAGE electrophoresis. After transfer to
PVDF membranes and following blocking with BSA (2%),
the membranes were immunoblotted with phosphorylated
and non-phosphorylated Abs against STAT1, STAT6,
PtdIns3K, MYD88, MTOR, LC3B, NOS2, BCL2L1. ACTB
was used as a loading control. Regular washing was performed
in each step. Blots were developed using a chemiluminescence
kit (Amersham Pharmacia Biotech, Buckinghamshire, UK and
ECL; Pharmacia-Amersham, Freiburg, Germany). Scanning of
the blots was completed with ImageQuant LAS 4000 (GE
Healthcare, Pittsburgh, PA). The image analysis was achieved
with MultiGuage and ImageJ analysis software. Cells stimu-
lated with LPS (2 μg/ml) were used as a positive control.

Expression of LC3, LAMP1, RELA/NFKB p65 by confocal
microscopy

BMDMs were placed on poly-L-lysine pre-coated coverslips
for 3 h. The cells were stimulated with C4.T4 for 4 h (LC3), 8–
10 h (LAMP1) and 30 min (RELA/NFKB p65). The cells were
fixed with 2% PFA (paraformaldehyde) for 10 min. This was
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followed by treatment with Triton X-100 (0.1%) for 2 min. To
block non-specific binding, macrophages were incubated with
BSA (2%) for 2 h, followed by addition of primary Abs for 2 h.
Afterward, cells were incubated with secondary Ab for 1 h.
The cells were stained with DAPI for 10 min at RT. Cells were
washed in between each step. The cells on coverslips were
mounted onto slides with Fluoromount-G. The cells were
imaged using confocal (NIKON A1) microscopy (Nikon,
Tokyo, Japan). Analysis was achieved by Nikon-NIS-AR 4.1
image analysis software (Nikon, Melville, NY). Positive con-
trols for LC3 and RELA/NFKB p65 labeling involved starving
macrophages in HBSS medium and LPS, respectively. For co-
localization of Mtb with autophagosomes (LC3) and lyso-
somes (LAMP1), BMDMs were infected with GFP-Mtb for
4 h, followed by stimulation with C4.T4. Cells having 5 or
more LC3 puncta were recorded as LC3-positive cells. The
formation of LC3 puncta was manually counted in at least 50
cells for each group and plotted as number of puncta per cells
with fluorescent LC3 puncta.

Acridine orange, MDC and LysoTracker Red staining

BMDMs were treated with the autophagy inhibitor 3MA
(10 mM) for 1 h, prior to C4.T4 stimulation for 4 h (acridine
orange and MDC staining), followed by incubation at 37°C
with acridine orange (1 μg/ml) or 0.05 mM MDC for 20 min.
The cells were fixed with 2% PFA at RT and observed imme-
diately with an immunofluorescence microscope (Olympus
IX71/TH4 200, Hamburg, Germany). For LysoTracker Red
staining, BMDMs were infected with GFP-Mtb for 4 h and
treated with C4.T4 for 8–10 h. The cells were then fixed with
PFA (2%) for 10 min and treated with Triton X-100 (0.1%)
for 2 min. The cells were stained with 100 nM LysoTracker
Red for 30 min at 37°C and then observed either through
confocal microscope (Nikon A1R, Nikon, Yokohama, Japan)
or flow cytometer (BD FACS ARIA, BD Biosciences, CA). For
flow cytometry experiments, the BMDMs were treated with
3MA for 1 h prior C4.T4 stimulation.

Demonstration of RELA/NFKB by EMSA

BMDMs were washed and treated with CLEC4E/C4 (24 µg/
ml) and TLR4/T4 (10 ng/ml) for 30 min. The cells were then
harvested, and the nuclear extract was collected. EMSA was
performed after P32 probe labeling. In brief, an equal concen-
tration of nuclear protein (3 μg) from each sample was incu-
bated for 20 min at 37°C in a water bath with [P32] end
labeled duplex oligonucleotides that contain the binding site
for RELA/NFKB. The DNA–protein complexes were resolved
on a native PAGE-gel (7%) by electrophoresis. The gel was
dried at 80°C in a vacuum gel dryer for 2 h and exposed to
screen at RT for 6–12 h and scanned by phosphor-imager
scanning screen (Fujifilm, FLA-5000, Tokyo, Japan).

RELA/NFKB nuclear translocation by confocal microscopy

BMDMs were placed on poly-L-lysine pre-coated coverslips
for 2 h. The cells were then stimulated with C4.T4 for 30 min
at 37°C. Cells were then fixed with PFA (2%) for 5–10 min,

followed by treatment with Triton X-100 (0.1%) for 2 min.
The samples were incubated with BSA (2%) to block the non-
specific sites for 2 h. The cells were then incubated with anti-
mouse RELA/NFKB p65 Ab (1:400) for 2 h. Afterward, cells
were treated with Alexa fluor 633-anti-rabbit Ab for 1 h and
then stained with DAPI for 10 min. Regular washings with
1XPBS were conducted at each step. The samples were
mounted on slides with Fluoromount-G and cells were
imaged with a Nikon A1 confocal laser microscope (Nikon,
Tokyo, Japan). The data were analyzed using image analysis
software Nikon NIS-AR 4.1 (Nikon, Melville, NY).

The quantification of autophagy-related genes by real
time PCR

Total RNA was isolated from the lungs of mice immunized
with C4.T4 using trizol reagent, according to the manufac-
turer’s instruction (Invitrogen, Carlsbad, CA). RNA was
quantified through NanoDrop machine (BioTek, Winooski,
VT). Purity of all RNA samples was measured by A260/A280
ratio and was in the range of 1.9 to 2.0. All RNA samples
(3 μg) were treated with amplification grade DNase 1 (3 U)
(Sigma Aldrich, AMPD1-1KT) for 15 min in 1 X reaction
buffer to avoid DNA contamination. DNase activity was
stopped with stop solution (Sigma Aldrich, AMPD1-1KT)
and then incubating the samples at 70°C for 10 min. The
cDNA was then prepared by maxima first strand cDNA
synthesis kit for RT-qPCR (Thermo Fisher Scientific,
K1642). Real time PCR and data analysis was done by the
ABI 7500 Fast Real-time PCR system (Applied Biosystems,
Chromos, Singapore), with ACTB as a loading control.
Analysis was done by the comparative Ct method. Results
are presented as relative expression (fold change). The primer
sequences for RT-qPCR are in Figure S15.

siRNA transfection of Becn1 in BMDMs

BMDMs were cultured in 48 well plate and transient knock-
down of Becn1, 120 nM of FlexiTube siRNA GeneSolution
(Qiagen, GS56208), comprising of 4 different target sequences
or a scrambled siRNA control were taken to transfect
2.5 × 105 cells, as per manufacturer’s instructions. After
72 h, the cells were infected with Mtb-H37Rv (MOI 1:5) and
harvested after 4 h. The extracellular bacteria were removed
by treating cultures with amikacin (2 µg/ml) followed by
extensive washing with PBS. Then Mtb-infected BMDMs
were treated with the C4.T4 agonists (C4/TDB: 24 µg/ml, T4/
ultra-pure LPS: 10 ng/ml) for 8 h (RT-qPCR) and 48 h (CFU
assay).

Treatment of Mtb-infected mice with C4.T4

Mice (100 CFUs) and guinea pigs (30 CFUs) were aerosol
challenged with Mtb and then treated with C4.T4 in the
footpad for a total of 2 injections with an interval of 10 d.
The control groups were treated with either CLEC4E (50 µg/
100 µl/mouse; 200 μg/200 µl/guinea pig) or TLR4 (0.1 µg/
100 µl/mouse; 1 μg/200 µl/guinea pig) agonists or PBS. Anti-
TB drugs (rifampicin: 0.5, 1, 10 mg/kg bw of mice; 6 mg/kg
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bw guinea pig and isoniazid: 5 mg/kg bw of guinea pig) were
orally administrated twice with 0.1% CMC (carboxymethyl-
cellulose) (Sigma Aldrich, C5013). After 45 d of aerosol chal-
lenge, animals were sacrificed, and then bacterial burden was
enumerated in the lung, liver and spleen by CFUs. CFUs were
calculated taking into consideration weight of the organs.

Isolation of T lymphocytes, enumeration of cell surface
and intracellular expression

Mice were aerosol challenged with Mtb. After 21 d, experimen-
tal groups were administered C4.T4 and controls with PBS twice
at an interval of 10 d. Forty-five days later, animals were
sacrificed. The mice and guinea pigs were perfused with PBS-
heparin and spleen, lymph nodes (mediastinal) and lungs were
harvested, and then single cell suspensions were made. Briefly,
RBCs were removed with ACK (NH4Cl, 0.15 M, KHCO3

10 mM, EDTA 88 mM) lysis buffer, washed 3X with PBS and
lymphocytes isolated from spleen and lungs were re-suspended
in RPMI-1640-FBS-10%. Cell viability was measured by trypan
blue dye exclusion. In vitro experiments were conducted in the
presence of purified protein derivative (PPD) to detect intracel-
lular expression of cytokines and frequency of effector/central
memory populations in Mtb-specific T cells.

Histopathology

Mice and guinea pigs were sacrificed, and lung and spleen
tissues were fixed in buffered formalin (10%). Histological sec-
tions were stained using hematoxylin and eosin. The micro-
scopic photographs were taken using an Olympus IX71
microscope and displayed at 10X and 40X magnifications.

Statistical analysis

Analysis of all data was done by Student’s “t” test, non-para-
metric Mann-Whitney two tailed and repeated measure
ANOVA with post Student-Newman-Keuls multiple compar-
ison test using Graph Pad InStat 3 and Graph Pad Prism 6
software. The statistical differences were considered signifi-
cant at a level of p < 0.05.
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