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ABSTRACT In view of emerging drug resistance among bacterial pathogens, in-
cluding Mycobacterium tuberculosis, the development of novel therapeutic strategies
is increasingly being sought. A recent paradigm in antituberculosis (anti-TB) drug de-
velopment is to target the host molecules that are crucial for intracellular survival of
the pathogen. We previously showed the importance of Src tyrosine kinases in my-
cobacterial pathogenesis. Here, we report that inhibition of Src significantly reduced
survival of H37Rv as well as multidrug-resistant (MDR) and extremely drug-resistant
(XDR) strains of M. tuberculosis in THP-1 macrophages. Src inhibition was also effec-
tive in controlling M. tuberculosis infection in guinea pigs. In guinea pigs, reduced M.
tuberculosis burden due to Src inhibition also led to a marked decline in the disease
pathology. In agreement with the theoretical framework of host-directed approaches
against the pathogen, Src inhibition was equally effective against an XDR strain in
controlling infection in guinea pigs. We propose that Src inhibitors could be devel-
oped into effective host-directed anti-TB drugs, which could be indiscriminately used
against both drug-sensitive and drug-resistant strains of M. tuberculosis.

IMPORTANCE The existing treatment regimen for tuberculosis (TB) suffers from
deficiencies like high doses of antibiotics, long treatment duration, and inability to
kill persistent populations in an efficient manner. Together, these contribute to the
emergence of drug-resistant tuberculosis. Recently, several host factors were identi-
fied which help intracellular survival of Mycobacterium tuberculosis within the macro-
phage. These factors serve as attractive targets for developing alternate therapeutic
strategies against M. tuberculosis. This strategy promises to be effective against drug-
resistant strains. The approach also has potential to considerably lower the risk of
emergence of new drug-resistant strains. We explored tyrosine kinase Src as a host
factor exploited by virulent M. tuberculosis for intracellular survival. We show that Src
inhibition can effectively control tuberculosis in infected guinea pigs. Moreover, Src
inhibition ameliorated TB-associated pathology in guinea pigs. Thus, Src inhibitors
have strong potential to be developed as possible anti-TB drugs.
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Mycobacterium tuberculosis is the causative agent of tuberculosis (TB), which is one
of the leading infectious diseases in the world. According to the World Health

Organization (WHO), the year 2013 saw 9 million new TB cases and 1.5 million TB deaths
worldwide. The current approach for TB treatment is to target vital enzymes or
processes of the pathogen through antibiotics that effectively kill them, like isoniazid,
ethambutol, rifampin, etc. The antibiotic treatment typically requires nearly 6 to
9 months in order to completely clear the infection. In the past decade, however, the
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emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains of
M. tuberculosis has compounded the problems with tuberculosis treatment (1). Globally,
3.5% of new TB cases and 20.5% of previously treated cases are estimated to have
MDR-TB. A significant drawback of antibiotics is that they exert tremendous selective
pressure on the bacteria, which could lead to spontaneous mutations and drug
resistance. Therefore, any new antibiotic developed through the classical approach risks
running into newer drug-resistant strains, which may evolve through the selective
constraint.

Host-directed approaches to target pathogens have evolved as an alternate ap-
proach for antimicrobial drug discovery. The underlying principle of such approaches is
that the pathogen coopts host factors to help its intracellular survival. Therefore, by
identifying and targeting these factors/processes, one can limit the ability of the
pathogen to evade killing by the host (2). Interestingly, a large body of research
implicates the coopting of host tyrosine kinases by intracellular pathogens. Bacterial
pathogens such as Pseudomonas aeruginosa, Salmonella enterica serovar Typhimurium,
Shigella flexneri, and Helicobacter pylori employ host tyrosine kinase Abl for entry and
infection (3–6). Some viruses, like poxviruses, require Src and Abl family kinases for actin
tail formation and subsequent virion release (7). Thus, in principle, host tyrosine kinases
represent attractive targets for the control of intracellular pathogens. Indeed, studies
have demonstrated the use of Gleevec, an inhibitor of Abl family tyrosine kinases, to
drastically compromise bacterial as well as viral pathogen survival within hosts (4, 7, 8).

Targeting of host tyrosine kinases has also gained momentum in the field of anti-TB
drug development (9, 10). The importance of Abl and related tyrosine kinases in
mycobacterial infection was successfully established in studies using imatinib, an
inhibitor of Abl tyrosine kinases (11). It was reported that inhibition of Abl tyrosine
kinase resulted in phagosomal acidification, thereby enhancing M. tuberculosis killing
(12). Earlier, we also reported that the tyrosine kinase Src regulated two vital antimy-
cobacterial processes of phagosomal maturation, acidification and autophagy (13).

In this study, we report the targeting of host Src tyrosine kinases using the inhibitor
AZD0530 to achieve M. tuberculosis killing. AZD0530 is a potent dual Src/Abl inhibitor,
which was originally tested as an anticancer drug. It blocks the ATP binding site of Src
kinases, thereby inhibiting subsequent activation (14, 15). Upon treatment with
AZD0530 at doses which selectively inhibited only Src, we observed a significant
reduction in the bacterial survival in THP-1 macrophages infected with H37Rv as well
as drug-resistant clinical isolates of M. tuberculosis. Furthermore, testing the drug in
infected guinea pigs revealed that animals on chemotherapy not only had reduced
pathogen load but also had dramatically reduced necrotic granulomas. Thus, Src
inhibitors are attractive candidates for inclusion in anti-TB treatment regimens.

RESULTS
Src inhibition affects intracellular growth of drug-sensitive and drug-resistant
strains of Mycobacterium tuberculosis in THP-1 macrophages. To determine the
ideal drug concentration for Src inhibition in THP-1 macrophages, we monitored
phospho-Src (Y416) levels in the host upon treatment with a range of AZD0530
doses. Western blotting showed that Src inhibition was best achieved at 20 �M and
40 �M concentrations (see Fig. S1A at http://www.icgeb.res.in/dksup/Supplemen-
tal_Information_Revised.pdf). Since AZD0530 is an Src/Abl dual kinase inhibitor, we
also probed for the levels of phospho-c-Abl (Y245) to check the effect of AZD0530
treatment on the activity of this kinase (see Fig. S1A). Western blots did not show any
inhibition in c-Abl activity; rather, there was a marginal increase in c-Abl phosphory-
lation at higher doses (see Fig. S1A). We confirmed by one-dimensional (1D) 1H nuclear
magnetic resonance (NMR) spectroscopy that the compound AZD0530 used in this
study showed �98% purity, as also claimed by the supplier (see Fig. S1B).

To assess the effect of AZD0530 treatment on intracellular survival of M. tuberculosis,
phorbol myristate acetate (PMA)-differentiated THP-1 macrophages were infected with
H37Rv at a multiplicity of infection (MOI) of 1:10. The culture medium was supple-
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mented with AZD0530 at 0 h postinfection (see Materials and Methods) at three
different doses of 10, 20, and 40 �M (see Fig. S2A at http://www.icgeb.res.in/dksup/
Supplemental_Information_Revised.pdf). Intracellular H37Rv killing was assessed by
comparing bacterial CFU counts in drug-treated samples to counts in untreated sam-
ples at 48, 72, and 96 h postinfection. In parallel, THP-1 macrophage viability was
assessed for the samples by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] assay (see Fig. S2B). At a 10 �M dose, H37Rv killing was observed
after 72 h of treatment, while at both 20 and 40 �M, we observed significant decline
in H37Rv intracellular survival at 48 h (see Fig. S2A). Notably, at the 40 �M dose, we also
observed significantly higher rates of death of THP-1 macrophages (see Fig. S2B). Based
on these results, we selected a 20 �M concentration of AZD0530 for the in vitro
experiments. We also checked, at any of these concentrations, that there was no decline
in H37Rv survival in the broth culture, thus confirming that AZD0530 has no direct
antibacterial effect (see Fig. S3A at http://www.icgeb.res.in/dksup/Supplemental_Infor-
mation_Revised.pdf).

Having established the dose, we extended our study to monitor the effect of Src
inhibition on drug-resistant clinical isolates of M. tuberculosis, namely, JAL2261 and
1934 (multidrug-resistant isolates) and MYC431 (extremely drug-resistant isolate) (Ta-
ble 1) in addition to the laboratory strain H37Rv (Fig. 1A). All three drug-resistant M.
tuberculosis strains were not found to be susceptible to AZD0530 in the broth culture
(see Fig. S3B, C, and D). PMA-differentiated THP-1 macrophages were infected with the
above M. tuberculosis strains at an MOI of 1:10, and drug treatment was performed at
a 20 �M concentration for 48, 72, and 96 h. In all these cases, AZD0530 was able to
significantly reduce bacterial load in the infected cells. The intracellular bacillary load of
H37Rv showed 60 to 90% reduction across all the time points (Fig. 1A). The intracellular
bacillary load of MDR strains JAL2261 and 1934 was reduced by 50 to 80% with
AZD0530 treatment (Fig. 1A). In the case of XDR strain MYC431, the bacillary load was
reduced by 75 to 80% with treatment (Fig. 1A). There was no adverse effect on cellular
survival upon treatment of MDR or XDR strain-infected macrophages with AZD0530
(Fig. 1B).

Src inhibition promotes phagosomal acidification and xenophagy flux in
macrophages. Classically, phagosomal acidification has been described as a major
mechanism employed by host macrophages for M. tuberculosis killing (16). We had
previously shown that upon treatment with PP2, a peptide inhibitor of Src, more M.
tuberculosis bacilli localized to the acidified lysosomes (13). We infected THP-1 macro-
phages with PKH67-labeled bacteria and visualized acidified lysosomes in the cells
using LysoTracker dye. Microscopy analysis revealed intense LysoTracker staining in the
cells, both uninfected and infected, that were treated with AZD0530 (Fig. 2A to C).
Furthermore, we observed a significant increase, about 2-fold, in the percentage of
H37Rv colocalizing with the acidified lysosomes upon AZD0530 treatment (Fig. 2D).

A key mechanism of host defense in addition to phagosomal acidification is au-
tophagy. The role of autophagy in the regulation of intracellular survival of M. tuber-
culosis has been well described (17). In a recent study, we showed that H37Rv
selectively blocks maturation of those autophagosomes where it resides, i.e., xenopha-
gosomes (18). We therefore checked whether AZD0530 treatment could result in the

TABLE 1 Isolates used in this studya

Isolate

Resistance to drug:

CladeS I R E

H37Rv � � � � T
JAL2261 � � � � Manu
1934 � � � � Manu
MYC431 � � � � Beijing
aAbbreviations and symbols: �, resistance; �, susceptibility; S, streptomycin; I, isoniazid; R, rifampin; E,
ethambutol.
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maturation of xenophagosomes (Fig. 2E). Colocalization of H37Rv with LC3 increased in
cells that were treated with AZD0530 in the presence of BafA1 with respect to the
control cells (Fig. 2F). This reflected an increase in the rate of maturation of H37Rv-
containing autophagosomes in AZD0530-treated cells. No such effect of BafA1 treat-
ment could be observed in cells that were not treated with AZD0530 (Fig. 2F). We also
monitored the effect of AZD0530 treatment on phosphorylation of Akt, which regulates
autophagy through mToR (19, 20). AZD0530 treatment resulted in decreased phos-
phorylation of Src and AKT in H37Rv-infected THP-1 macrophages (Fig. 2G and H). The
effect of AZD0530 on AKT phosphorylation was not infection specific, as even in the
uninfected cells, AZD0530 treatment resulted in a decrease in AKT phosphorylation (see
Fig. S4 at http://www.icgeb.res.in/dksup/Supplemental_Information_Revised.pdf).

AZD0530 treatment reduces infection in guinea pigs infected with Myco-
bacterium tuberculosis. After we had checked the potential of AZD0530 in vitro, the
drug was then tested in the guinea pig model of TB. Outbred Dunkin-Hartley guinea
pigs were infected with H37Rv via the pulmonary route in a Wisconsin-Madison aerosol
chamber. Nearly 150 bacilli were lodged in the guinea pig lungs as monitored by
plating the lung homogenates 1 day after the aerosol challenge. Pathogen colonization
was confirmed 15 days later by plating lung and spleen tissue homogenates from four
infected animals. AZD0530 was administered to the animals by oral gavage 15 days
post-aerosol challenge, at a dose of 10 mg/kg of body weight every alternate day. We
started the treatment at day 15 because it was reported that at a similar load of

FIG 1 Effect of Src inhibition on intracellular survival of drug-sensitive and drug-resistant strains of
Mycobacterium tuberculosis in THP-1 macrophages. (A) PMA-differentiated THP-1 macrophages in-
fected with M. tuberculosis strains as described in the text were treated with AZD0530 at a 20 �M
concentration. Cell lysates were plated on 7H11 agar plates at 48, 72, and 96 h postinfection. (B) Host
cell viability under each of these conditions was assessed using MTT assay. (Values are averages �
standard deviations; *, P < 0.01; **, P < 0.001.)
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FIG 2 Src inhibition promotes phagosome acidification and autophagy in Mycobacterium tuberculosis-infected
macrophages. (A) Uninfected THP-1 cells were treated with 20 �M AZD0530 for 48 h. The number of acidified
lysosomes (LysoTracker, red) drastically increased upon treatment. DIC, differential interference contrast. (B)
Average LysoTracker intensity per cell was calculated in uninfected untreated or AZD0530-treated THP-1
macrophages. The plot represents data from more than 100 cells across three different fields from two
different experiments (values � standard errors of the means; *, P value < 0.05). (C) H37Rv-infected THP-1 cells
were treated with 20 �M AZD0530 for 48 h. Confocal images clearly show an increase in colocalization (merge,
yellow regions) of M. tuberculosis (green) and acidified lysosomes (red) upon treatment. (D) Percentage of
H37Rv colocalizing with acidified lysosomes upon AZD0530 treatment (20 �M, 48 h) is depicted as bar plots
(average � standard deviation; *, P value < 0.001). (E) PKH67-labeled H37Rv-infected THP-1 cells were left
untreated or treated with 20 �M AZD0530 for 48 h. For the final 3 h, cells from both sets were either treated
with BafA1 or left untreated to assess autophagy flux. Cells were fixed and stained using anti-LC3 antibody. (F)
Colocalization coefficient (M1) of H37Rv with LC3 in AZD0530-treated and untreated sets in the presence or

(Continued)
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infection in guinea pigs, M. tuberculosis grows exponentially until the first 2 weeks
before stagnating (21). The dose of 10 mg/kg was calculated as a human-equivalent
dose of 125 mg, i.e., ~2 mg/kg, used in other clinical studies (22). We are aware that the
calculation of human-equivalent doses is mostly in the context of toxicity and may not
be applicable for biological effects; nonetheless, in the absence of any other reference
we thought it could be the best strategy to calculate equivalent doses for the guinea
pigs. The effect of treatment in the infected animals (n � 5) was estimated by plating
the lung and spleen homogenates after 8 weeks of treatment. Plots in Fig. 3 compare
numbers of viable bacilli in whole lung of treated guinea pigs to those in the untreated
ones. AZD0530 treatment significantly reduced M. tuberculosis infection in the lungs at
8 weeks postinfection (Fig. 3A). Furthermore, analysis of bacterial CFU obtained from
spleen homogenates revealed a significant reduction in the hematogenous spread of
infection. The plot in Fig. 3B clearly shows that the treatment reduced the bacterial load
of the infected animals in the spleen by 8-fold at 8 weeks. Thus, AZD0530 drug therapy
not only controlled infection at the primary site, i.e., lungs, but also minimized its
systemic spread.

In addition, the efficacy of Src inhibition in reducing pathogen loads of MYC431
(XDR-TB) was tested in guinea pigs. Guinea pigs infected with MYC431 (n � 5) were
administered AZD0530 at 10 mg/kg for a period of 8 weeks. Here, too, AZD0530
treatment resulted in a significant decrease in bacterial CFU in the lung and spleen
homogenates compared to the untreated animals (Fig. 3C and D). One noticeable
observation in this experiment was that in the H37Rv-infected guinea pigs, at week 8,
CFU from the spleen were almost comparable with the lung CFU (Fig. 3). However, in
MYC431-infected animals, lung CFU were significantly higher than the CFU from spleen
(Fig. 3).

AZD0530 reduces gross pathological damage in guinea pigs infected with
Mycobacterium tuberculosis. Lung and spleen tissues harvested from the euthanized
animals were subjected to histopathological analyses. We observed several granulo-
matous lesions in the lung sections from untreated animals (Fig. 4A). At low magnifi-
cation, �40, the presence of multiple granulomas in the lung parenchyma can be easily
visualized (Fig. 4B). Many of the granuloma lesions from untreated animals, when
visualized at higher magnification (�100), showed central necrotic core, a sign of
excessive inflammation and active disease (Fig. 4C). Interestingly, lung sections from
AZD0530-treated animals showed very few granuloma lesions and none of those
lesions had necrotic core (Fig. 4D to F). Numbers of granulomas (necrotizing or
nonnecrotizing) scored in the lungs of treated or untreated animals are summarized in
Fig. 4G. We also calculated total granuloma scores, which assume different weights for
necrotizing (5 each) and nonnecrotizing (2.5 each) granulomas as well as percent organ
area occupied by the granuloma in each case. The data showing this calculation for
lung sections from treated and untreated animals are presented in Table 2, clearly
suggesting effective control of disease pathology in the treated animals. A better
prognosis for TB infection in the drug-treated animals was further confirmed from the
histopathological analysis of spleen tissues. Spleens from the infected animals that
were not administered the drug showed massive inflammation and were full of
granulomatous lesions, which were necrotic at the core (Fig. 4H and I). Necrotic
granulomas were missing from the spleens of AZD0530-treated infected animals in the
sections analyzed in this study (Fig. 4J and K). Numbers of granulomas (necrotizing or
nonnecrotizing) scored in the spleen of treated or untreated animals are summarized

Figure Legend Continued
absence of BafA1 was calculated. The plot represents data from more than 100 cells across three fields from
two different experiments (values � standard errors of the means; *, P value < 0.01). (G) Western blots showing
levels of indicated proteins in H37Rv-infected THP-1 cells, with or without AZD0530 treatment (20 �M), after
48 h of infection. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (H) Western blot intensities were
estimated using Odyssey software. Values were normalized to the loading control and plotted as relative
intensity of uninfected and untreated control set (values � standard errors of the means; *, P value < 0.05).
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in Fig. 4L. As can be inferred from Fig. 4L, the spleen of all of the animals, except one,
that received chemotherapy showed no granulomatous lesions in the sections analyzed
in this study. We also calculated the granuloma score and percent organ area occupied
by the granuloma for spleens as was done for the lungs, clearly showing control of
pathology by AZD0530 treatment (Table 3). In addition to the above, we also measured
the size of spleens isolated from the test animals. As shown in Fig. 4M, splenomegaly
was significant in the untreated animals (median size, 4.5 cm; minimum, 3.5 cm;
maximum, 6.5 cm) while the treated animals showed normal spleen size (median size,
3 cm; minimum, 2 cm; maximum, 3 cm [Fig. 4M]). Therefore, inhibition of Src tyrosine
kinase, by AZD0530, not only resulted in M. tuberculosis killing but also led to alleviation
of the classical pathological symptoms of TB infection. Incidentally, in THP-1 macro-
phages, treatment with AZD0530 resulted in decreased phosphorylation of I�B� (Ser32)
(Fig. 4N). Phosphorylation of I�B� signals its subsequent proteosomal degradation,
resulting in translocation of NF-�B to the nucleus, where it regulates the expression of
genes belonging to the inflammatory pathways (23), suggesting inhibition of NF-�B
activation as a possible mechanism for the control of inflammation by this drug.

DISCUSSION

Host-directed approaches to target tuberculosis have gained momentum in the recent
past owing to several studies that identified crucial roles played by select host mole-
cules in the intramacrophage survival of M. tuberculosis (11, 17, 24, 25). We reported
earlier that Src tyrosine kinase activity was required for survival of virulent M. tubercu-
losis through regulating phagosome maturation and autophagy induction in macro-
phages (13). In this report, we show that by inhibiting Src kinases using AZD0530, we
achieved a considerable reduction in the intracellular pathogen load in H37Rv-infected
THP-1 macrophages. The concentration of AZD0530 used in the study was much higher
than the known 50% inhibitory concentration (IC50) of this molecule against purified Src
kinases (~3 nM). However, in THP-1 macrophages, we could achieve significant Src
inhibition only at concentrations higher than 10 �M. In a few cell-based assays in the
past, higher doses of AZD0530 were used (14). It was shown that AZD0530 could inhibit

FIG 3 AZD0530 reduces infection in guinea pigs infected with M. tuberculosis. Outbred Dunkin-
Hartley guinea pigs (n � 5) were infected with M. tuberculosis and were administered AZD0530 at a
dose of 10 mg/kg. The bacillary load was determined by plating lung and spleen homogenates of
treated and untreated animals. Bacterial CFU in whole lung and spleen tissues are shown here as box
plots. (A and B) H37Rv CFU obtained at 8 weeks posttreatment in whole lung and whole spleen,
respectively. (C and D) CFU from whole lung and whole spleen, respectively, in MYC431-infected
guinea pigs at 8 weeks posttreatment. Each point represents data obtained from a single animal
(P value < 0.05); P values were determined using the Mann-Whitney U rank sum test.
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FIG 4 Reduced pathological damage in lungs and spleens of guinea pigs infected with H37Rv upon AZD0530
treatment. After 8 weeks of treatment, the lung and spleen tissues of the test animals were harvested and
subjected to histopathological analyses. (A) Lung tissue from an untreated animal with granulomatous lesions
(black arrows) is shown here. (B) Low-power photomicrograph (�40) of this lung tissue shows multiple
granulomas in the lung parenchyma. (C) High-power photomicrograph (�100) showing the cellular compo-
sition in one of the granulomas. A central zone of necrosis surrounded by epithelioid cells can be observed.
(D) The lung tissue from a treated animal showing lesser granulomatous lesions (black arrows). (E and F) No
necrotic zones were observed in the granulomas at �40 (E) and �100 (F) magnifications. (G) Plot representing
number of granulomas (necrotizing and nonnecrotizing) counted in lung sections from treated and untreated
animals. The blue lines represent the average value for the untreated or treated sets of animals. (H) A section
of spleen from an untreated animal at �100 magnification is shown here. A large granuloma with central
necrosis in the white pulp of the spleen can be observed (N). (I) High-power photomicrograph (�400) from the
granuloma shows necrosis (N) in the upper half of the image with epithelioid cells in the lower half. (J) Spleens
from the treated animals had no granulomatous lesions. A section of spleen from a treated animal showing
normal splenic parenchyma is presented here at �100 magnification. (K) High-power photomicrograph (�400)
of the same section shows a portion of a lymphoid follicle in the white pulp. (L) Plot representing number of
granulomas (necrotizing and nonnecrotizing) counted in the spleen sections from treated and untreated
animals. The blue lines represent the average values for the untreated or treated sets of animals. (M)
Splenomegaly was observed in infected guinea pigs that did not receive AZD0530 treatment (bar, 1 cm). G,
granuloma; N, necrosis; E, epithelioid cells; AS, alveolar space; RP, red pulp; WP, white pulp; FC, follicular center.
The images depicted here are stained with hematoxylin and eosin. (N) Phosphorylation of I�B� in H37Rv-
infected THP-1 macrophages that were either untreated or treated with AZD0530 (20 �M) at 48 h
postinfection.
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cellular migration speed by about 50% and ~80% at 1 �M and 10 �M, respectively (14).
Interestingly, they show about 80 and 90% reduction in the phosphorylation of paxillin
(Y118) at 10 and 25 �M AZD0530, respectively (14). The dose response of paxillin
phosphorylation in that study was similar to the dose response of Src phosphorylation
in our study. Paxillin, as is known, gets phosphorylated by focal adhesion kinase (FAK),
which in turn is regulated through phosphorylation by Src (26, 27). Together, there
seems a possibility that in in vitro studies, the required concentration of AZD0530 to
effectively inhibit Src is much higher. To note, interference in drug activity due to the
presence of serum in cell culture studies is well known (28). This could, in principle,
explain the higher concentration of AZD0530 required for getting the desired effects in
this study. Our results revealed that even drug-resistant clinical isolates of M. tubercu-
losis, namely, JAL2261, 1934, and MYC431, were sensitive to AZD0530 treatment. The
drug AZD0530 is a dual Src/Abl inhibitor and is known to inhibit Abl kinase, albeit at
much lower efficiency. Our Western blot data showed no significant inhibition in Abl
phosphorylation upon AZD0530 treatment at the tested doses, suggesting that the
effects studied were mostly Src mediated. However, in vivo we could not establish if Abl
activity was also inhibited and therefore cannot rule out that some of the effects of
AZD0530 treatment on bacterial survival in the guinea pigs may also be due to Abl
inhibition. It is especially important since inhibition of Abl kinase independently has
been shown to control mycobacterial survival (11).

Mechanistic insights into the mode of AZD0530 action revealed that drug treatment
enhanced the host antimycobacterial processes of phagosomal acidification and au-
tophagy. We observed higher lysosomal acidification and localization of M. tuberculosis
to acidified lysosomes in cells treated with Src inhibitor, which was expected, as shown

TABLE 2 Granuloma score for lung samples

Lung
sample

No. of granulomas (score) Total granuloma
% of organ
area occupied
by granulomaWith necrosis (5)

With no
necrosis (2.5) With fibrosis (1) Score Count

Treated
1 0 3.0 0 7.5 3 �5
2 0 4.0 0 10 4 �5
3 0 10.0 0 25 10 20
4 0 11.0 0 27.5 11 30
5 0 18.0 0 45 18 25

Control
1 3 14.0 0 50 17 40
2 6 24.0 0 90 30 50
3 0 12.0 0 30 12 30
4 3 15.0 0 52.5 18 30
5 0 20.0 0 50 20 40

TABLE 3 Granuloma score for spleen samples

Spleen
sample

No. of granulomas (score) Total granuloma
% of organ
area occupied
by granulomaWith necrosis (5)

With no
necrosis (2.5) With fibrosis (1) Score Count

Treated
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 0
4 0 11.0 0 7.5 11 5
5 0 0 0 0 0 0

Control
1 0 4.0 0 10 4 5
2 3 7.0 0 32.5 10 50
3 6 24.0 0 90 30 60
4 10 24.0 0 110 34 75
5 0 �30 0 �75 �30 45
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previously (13). The exact mechanism through which Src influences phagosomal acid-
ification remains unclear. Interestingly, another host tyrosine kinase, Abl, has also been
shown to modulate phagosomal acidification by influencing transcription of a proton-
pumping enzyme, vacuolar-type H�-ATPase (12). It has been reported that inhibition of
Abl activity leads to enhanced phagosomal acidification (11). In addition, AZD0530
treatment blocked signaling through the Src/phosphatidylinositol 3-kinase (PI3K)/AKT
axis, which influences many downstream signaling pathways (29, 30). One of the key
molecules downstream of AKT is mToR, which is a negative regulator of autophagy (19,
20). Our results show that in AZD0530-treated infected macrophages, xenophagy flux
of M. tuberculosis-containing autophagosomes increases, which could potentially ex-
plain the reduced M. tuberculosis survival upon treatment. The role of selective xe-
nophagy flux in regulating intracellular survival of M. tuberculosis has been shown
recently (18).

In animal models, use of host factor inhibitors to successfully check M. tuberculosis
survival has been reported in very few studies (11, 24). Therefore, it was encouraging
to observe high efficacy of AZD0530 against H37Rv as well as the XDR strain MYC431.
The chemotherapy with AZD0530 also inhibited hematogenous dissemination of the
pathogen in guinea pigs, leading to a significantly decreased (up to ~10-fold) bacillary
load in the spleen. Since the host-directed approaches are expected to provide
opportunity to target both drug-sensitive and -resistant strains using the same drug,
results here with the XDR strain provide proof of concept for feasibility of such
approaches in the future.

Histological examination of the lung and spleen showed that animals that received
chemotherapy had significantly decreased granulomatous lesions as well as necrotic
granulomas in the lung and spleen tissues. Moreover, splenomegaly was dramatically
reduced in the treated animals. Infection of macrophages with M. tuberculosis induces
the production of proinflammatory cytokines such as tumor necrosis factor (TNF),
gamma interferon (IFN-�), etc. (31). Although important to control M. tuberculosis
infection, an excessive inflammatory response can lead to tissue damage and lung
injury. The dual effect of TNF in mediating resistance as well as susceptibility in
mycobacterial infections has been elucidated recently (32). Therefore, in addition to
killing the pathogen, managing inflammation is an important part of TB treatment.
NF-�B is a transcription factor that regulates vital processes such as inflammation.
TNF-� is a major proinflammatory cytokine that relays its downstream effects via
activation of NF-�B. In a latent form, NF-�B resides in the cytoplasm as a complex with
its inhibitory protein I�B. Upon stimulation, I�B is phosphorylated and targeted for
degradation, thereby releasing NF-�B. Once free, NF-�B translocates to the nucleus,
where it regulates transcription of various genes from the inflammatory pathways (23).
Src family kinases (SFKs) are reported to influence cytokine signaling and inflammatory
responses (33). Several studies have demonstrated the role of SFKs in LPS-induced
production of TNF-� and other inflammatory cytokines (34, 35). The use of PP2, a
selective inhibitor of SFKs, in mouse models has indeed proved effective in reducing
lipopolysaccharide (LPS)-induced lung injury (36). NF-�B activation is regulated by Src
in macrophages and epithelial cells stimulated with TNF-�, LPS, or hypoxia (37). We
observed a reduction in phosphorylation of I�B� upon AZD0530 treatment in H37Rv-
infected THP-1 macrophages. This suggests that AZD0530 treatment could control the
NF-�B-mediated proinflammatory signaling in M. tuberculosis-infected animals. Inter-
estingly, animals lacking ATG5, a key autophagy regulatory molecule, show massive
inflammation and lung pathology upon infection with M. tuberculosis (38). In agree-
ment with this, recently we have also shown that autophagy inhibition was correlated
with increased inflammatory phenotype in the activated macrophages (39). Here, we
show that Src inhibition by AZD0530 leads to higher flux of M. tuberculosis-containing
autophagosomes. Thus, controlled inflammation in AZD0530-treated animals could
also be due to heightened autophagy response in these animals.

In conclusion, inhibition of the Src tyrosine kinases proved to be effective against
both drug-sensitive and -resistant strains of M. tuberculosis. AZD0530 successfully
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reduced pathogen loads both in vitro and in vivo. Additionally, drug treatment allevi-
ated disease-associated pathology in guinea pigs. While this study provides proof of
concept for the use of Src kinase inhibitors as drugs against tuberculosis, further
examination is warranted to determine the optimal dosages and treatment regimens,
including drug combinations.

MATERIALS AND METHODS
Ethics statement. All the experiments on animals were approved by the Institutional Animal Ethics
Committee (IAEC), approval no. ICGEB/AH/2012/02/IMM-31.

Cell culture. The human promonocytic cell line THP-1 (American Type Culture Collection) was
cultured in RPMI 1640 (Gibco Laboratories) medium supplemented with 10% fetal calf serum (FCS)
(HyClone) and was maintained at 37°C in a humidified, 5% CO2 atmosphere. THP-1 cells were differen-
tiated using 20 ng/ml of phorbol myristate acetate (PMA; Sigma) for a minimum of 20 h.

Bacterial culture. Mycobacteria were cultured in Middlebrook 7H9 broth (Difco) supplemented with
10% albumin-dextrose-catalase (ADC) (Becton, Dickinson), 0.4% glycerol, and 0.05% Tween 80 until the
mid-log phase. Bacterial strains used in this study were available in the Tuberculosis Aerosol Challenge
Facility (TACF) at the International Centre for Genetic Engineering and Biotechnology (ICGEB).

In vitro Mycobacterium tuberculosis infections. Single-cell bacterial suspensions were prepared by
aspiration five times each with a 23- and then a 26-gauge needle, followed by an additional dispersion
for 3 times through a 30-gauge needle. Quantitation of bacteria was done by measuring absorbance at
a 600-nm wavelength (0.6 optical density [OD] value corresponds to ~100 � 106 bacteria). Complete
medium containing the required number of bacteria was added to the PMA-differentiated THP-1 cells at
an MOI of 10. After 4 h of infection, the cells were washed twice with warm RPMI medium and treated
with amikacin (200 �g/ml) to remove and kill any extracellular bacteria. After 2 h of amikacin treatment,
complete medium was added to the cells. This was referred to as the 0-h time point in the experiments,
i.e., 4 � 2 h post-M. tuberculosis addition.

CFU assay. The infected cells were lysed in 7H9 medium containing 0.06% SDS. Serial dilutions of this
lysate were plated on 7H11 agar (Difco) containing square petri plates supplemented with 10% oleic
acid-albumin-dextrose-catalase (OADC) (Becton, Dickinson) and 0.5% glycerol. On one side of the square
plate, 10 �l of the cell lysate was spotted and the plate was tilted to allow the sample to gently flow
along the surface in parallel tracks. The plates were incubated at 37°C to allow bacterial growth, and
counts were performed after 14 and 21 days.

MTT cell viability assay. Cell viability was assessed by the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide] assay. MTT (Sigma) was added to THP-1 macrophages at a final
working concentration of 1 mg/ml. The cells were incubated for 1 h at 37°C and a 5% CO2 atmosphere.
This was followed by addition of 100 �l dimethyl sulfoxide (DMSO) to the samples to dissolve the
formazan crystals. Quantitation was done by measuring sample absorbance at a 560-nm wavelength.

alamarBlue cell viability assay. The alamarBlue microplate assay was performed with 5 � 105 bacilli
per ml seeded in 7H9 medium supplemented with the indicated inhibitors. The bacterial cultures were
incubated for 7 days. At the end of the treatment period, addition of alamarBlue was done at 10% of the
total culture volume. Fluorescence measurements were made after a 24-h incubation at 530-nm/590-nm
(excitation/emission) wavelengths.

Guinea pig aerosol challenge. All animal experiments were carried out in the Tuberculosis Aerosol
Challenge Facility (TACF, ICGEB, New Delhi, India). Outbred Dunkin-Hartley guinea pigs (National Institute
of Nutrition, Hyderabad, India) were housed in cages contained within a biosafety level 3 laminar flow
enclosure and were weighed once every 2 weeks. Aerosol challenge was given to the animals in a
Wisconsin-Madison chamber according to the protocol standardized in-house to deliver a high dose of
~100 bacilli/lung. To check for infection establishment, four animals were selected randomly and
humanely euthanized 15 days post-aerosol challenge. The lungs and spleen tissues were aseptically
harvested. The weights of the whole organs and the portions used for homogenization were measured.
For the estimation of bacterial CFU, the right cranial lobe of lung and a portion of the spleen were
homogenized. Tissue lysates were serially diluted and plated on petri plates containing Middlebrook
7H11 agar (Difco) supplemented with 10% OADC (Becton, Dickinson) and 0.5% glycerol.

AZD0530 treatment. For in vitro experiments, AZD0530 (Reagents Direct) was added to the culture
medium at final working concentrations of 20 �M and 40 �M at the 0-h time point. For in vivo
experiments, drug dosing was initiated 15 days post-aerosol challenge and the animals were adminis-
tered the drug by oral gavage at a dose of 10 mg/kg of body weight every alternate day. Our study tested
AZD0530 inhibitor for the first time in a guinea pig TB model, and therefore, we had no references to
determine the doses to be administered. In order to address this, we converted the AZD0530 dose tested
previously in humans and calculated the human-equivalent dose in guinea pigs according to the FDA
guidelines. We also referenced the doses used in mouse studies (40).

Histological examination. Following euthanasia, portions of the lung and spleen tissues were
infused with 10% neutral buffered formalin and preserved until processed for histopathological assess-
ment. At the time of processing, the tissues were embedded in paraffin and stained with hematoxylin
and eosin (HE) for histologic evaluation and imaging. Granuloma scoring was performed by observing
and manually counting individual granulomas with the appropriate magnification. Granulomas with
necrosis were given a score of 5, granulomas with no necrosis were given a score of 2.5, and granulomas
with fibrosis were given a score of 1. These scores were summed up to give the total granuloma score
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for a particular sample. The percentage of organ area occupied was calculated as the ratio of total area
of the granuloma to the total area of the whole section.

Confocal microscopy. The required number of bacteria were stained with PKH67 (Sigma), a green
lipophilic dye, and were used for infecting PMA-differentiated THP-1 cells. To visualize acidified lyso-
somes, LysoTracker red dye (LysoTracker Red DND-99; Life Technologies) was added to the sample wells
at a concentration of 200 nM for 1 h. The cells were then fixed in 4% paraformaldehyde and mounted
using ProLong Gold antifade reagent (Life Technologies). Images were acquired by NIS-Elements
software using the Nikon A1R laser scanning confocal microscope equipped with a Nikon Plan Apo 60�
1.40-numerical-aperture (NA) oil immersion objective. Serial confocal sections, 0.5 �m thick, were
acquired within a z-stack spanning 10 to 15 �m. For a particular image, the z-sections were collapsed into
a single image. Percentage of M. tuberculosis bacteria (green) colocalizing with lysosomes (red) was
determined from the collapsed composite images. Immunostaining was performed according to the
protocol mentioned elsewhere (18). Anti-LC3 antibody was purchased from Cell Signaling Technologies.
Colocalization coefficient (M1) was calculated as discussed earlier (18). LysoTracker intensity was mea-
sured using ImageJ software with the following formula: [integrated density � (area of selected cell �
mean fluorescence intensity of background)].

NMR spectroscopy. NMR samples were prepared by dissolving 100 �g commercially obtained
AZD0530 in 180 �l CDCl3 (99.8% D) containing 1% (vol/vol) tetramethylsilane (TMS) from Aldrich (catalog
no. 151831) per the protocol described in the work of Beckonert et al. (41). One-dimensional (1D) 1H NMR
spectra using the Carr-Purcell-Meiboom-Gill (CPMG) pulse scheme (to enhance the signals from the small
molecule) were measured at 25°C on a Bruker Avance III spectrometer equipped with cryogenic
triple-resonance 5-mm TCI probe head, operating at the field strength of 500.13 MHz. Acquisition times
and spectral widths for 1H dimension were 4.09 s (tmax) and 8,012.82 Hz, respectively. The number of
scans used for AZD0530 was 32. Topspin 2.1 (Bruker AG) software was used for acquisition, Fourier
transformation, and processing of time-domain data. 1H chemical shifts referenced directly the TMS
methyl proton resonance at 0 ppm in all spectra.

Statistical analyses. Statistical significance of results obtained through experimentation was deter-
mined using Student’s two-tailed t test. For the animal experiments, P values were determined using the
Mann-Whitney U rank sum test.
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