
Deletion of pknG Abates Reactivation of Latent Mycobacterium
tuberculosis in Mice

Mehak Zahoor Khan,a Vinay Kumar Nandicooria

aNational Institute of Immunology, New Delhi, India

ABSTRACT Eradication of tuberculosis (TB), caused by Mycobacterium tuberculosis
(Mtb), has been a challenge due to its uncanny ability to survive in a dormant state
inside host granulomas for decades. Mtb rewires its metabolic and redox regulatory
networks to survive in the hostile hypoxic and nutrient-limiting environment, facili-
tating the formation of drug-tolerant persisters. Previously, we showed that protein
kinase G (PknG), a virulence factor required for lysosomal escape, aids in metabolic
adaptation, thereby promoting the survival of nonreplicating mycobacteria. Here, we
sought to investigate the therapeutic potential of PknG against latent mycobacte-
rium. We show that inhibition of PknG by AX20017 reduces mycobacterial survival in
in vitro latency models such as hypoxia, persisters, and nutrient starvation. Targeting
PknG enhances the bactericidal activity of the frontline anti-TB drugs in peritoneal
macrophages. Deletion of pknG resulted in 5- to 15-fold-reduced survival of Mtb in
chronically infected mice treated with anti-TB drugs. Importantly, in the Cornell
mouse model of latent TB, the deletion of pknG drastically attenuated Mtb’s ability
to resuscitate after antibiotic treatment compared with wild-type and comple-
mented strains. This is the first study to investigate the sterilizing activity of pknG
deletion and inhibition for adjunct therapy against latent TB in a preclinical model.
Collectively, these results suggest that PknG may be a promising drug target for
adjunct therapy to shorten the treatment duration and reduce disease relapse.
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Despite being a curable and preventable disease, tuberculosis (TB) continues to be
among the leading causes of death due to infectious diseases. The broad-spec-

trum disease spans from active infection to dissemination to other organs, latency,
reactivation, and transmission to other individuals. TB treatment involves 6months of
long multidrug chemotherapy, which leads to noncompliance resulting in treatment fail-
ure, higher infection relapse rates (7 to 13%), and the emergence of multidrug- to totally
drug-resistant strains (1). Another major problem in the treatment of TB is the formation
of persisters, metabolically quiescent nonreplicating cells that are highly recalcitrant to
the current drug therapy. The vast majority of TB-infected individuals are able to contain
the infection and thus remain asymptomatic (1). However, these latently infected individ-
uals harbor a risk of reactivation of up to 5 to 15%, which increases upon immunodefi-
ciency such as during HIV-TB coinfection or treatment with immunosuppressive agents
(2, 3). In low-prevalence regions such as the United States, reactivation accounts for ;47
to 84% of cases of active TB disease (4). The reactivation of TB can be averted by preven-
tive therapy that includes either isoniazid (INH) monotherapy for 9months or a combina-
torial therapy with INH and rifampicin (RIF) for 12weeks (5). INH is primarily effective
against actively replicating bacteria, suggesting that Mycobacterium tuberculosis (Mtb)
replicates during latent tuberculosis infection (LTBI), at least sporadically (6). The
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prolonged drug regimen has thus been suggested to reflect intervals of the nonreplicat-
ing phase, further indicating that cotargeting nonreplicating bacilli could effectively
shorten therapy and reduce disease relapse. Thus, a priority for TB research is to identify
the drivers of persisters and dormant cell formation and drugs that can effectively kill
latent bacilli that are tolerant to the current regimen and, thus, shorten treatment.

Granulomas represent the pathological hallmark of TB. The low oxygen tension
found inside the granulomas is regarded as one of the major host determinants associ-
ated with latency (7, 8). This is based on the observations that Mtb grown in vitro under
hypoxic conditions switches to a nonreplicating lifestyle and is resistant to antibiotics
(9). Detailed molecular characterization of the dynamic interplay between the host and
bacterium factors that orchestrates the establishment of latent infection can help iden-
tify novel targets for chemotherapy. The two-component sensory kinases DosS and
DosT enable Mtb to sense latency-associated signals such as O2 and NO concentrations
and mediate adaptation through its cognate response regulator DosR (10–12).
Additionally, proteins such as HspX, MosR, and Icl, etc., also promote survival under
hypoxic conditions (13–15). In addition to the classical two-component signaling sys-
tem, Mtb encodes 11 eukaryote-like serine-threonine protein kinases (STPKs) that facili-
tate its adaptation to the dynamic microenvironment of the host. Protein kinase G
(PknG) is the sole cytosolic STPK present in Mtb, which harbors three domains: a rubre-
doxin domain at the N terminus, a central kinase domain, and tetratricopeptide do-
main at the C terminus (16, 17). PknG was shown to be secreted into the host cytosol
and inhibit phagolysosomal fusion (18). However, the presence of PknG in nonpatho-
genic Mycobacterium smegmatis (Msm), very low secretory levels of PknG, and the ab-
sence of direct substrates in the host led to the speculation that the primary function
of PknG is in the modulation of bacterial cellular metabolism (19). Consonantly, multi-
ple groups reported definitive functions of PknG in the modulation of cellular events
(20–25). In response to nutrient availability, PknG regulates central carbon and nitro-
gen metabolism through phosphorylation-dependent inhibition of GarA (Fig. 1a)
(20–22, 26). The only other substrate of PknG characterized thus far is a ribosomal pro-
tein, L13 (24). PknG regulates NADH levels through the phosphorylation of L13 and is
thus also involved in redox sensing and maintenance (24).

Bacterial metabolism between actively replicating and dormant cells differs dramat-
ically (14). A previous study from our group showed that while the PknG-GarA signal-
ing pathway is dispensable for the in vitro growth of mycobacteria, it is crucial for sur-
vival during in vitro latency models such as hypoxia, persisters, and nutrient starvation
(25). Infection of guinea pigs with the RvDG (deletion mutant of pknG) strain resulted
in drastically reduced formation of granulomas, repositories of dormant mycobacteria
(25). We speculated that these mycobacteria that are not “walled off” would be more
susceptible to anti-TB drugs. Since PknG kinase activity is involved in antibiotic toler-
ance (25, 27), adjunct therapy with a PknG inhibitor would target difficult-to-eradicate
nonreplicating persisters. However, the role of PknG in abetting the survival of latent
mycobacteria in vivo is not yet established.

Here, we tested our hypothesis that a combinatorial therapy of PknG inhibitors in con-
junction with frontline anti-TB drugs would effectively kill both replicating and nonreplicat-
ing subpopulations. In line with this, we show that inhibition of PknG by its well-known in-
hibitor, AX20017 (AX), ameliorated the potency of first- and second-line TB drugs in both
in vitro and ex vivomodels. The deletion of pknG effectively reduced the drug-tolerant sub-
population and enhanced the efficacy of conventional anti-TB drugs in a murine model of
TB infection. Importantly, we showed that the deletion of pknG leads to drastically lower
disease relapse rates in the Cornell mouse model of latent TB. Collectively, our results
showcase PknG as an attractive drug target for the treatment of latent TB.

RESULTS
AX inhibitsMtb survival in in vitromodels of latency. AX, a tetrahydrobenzothio-

phene compound, is an ATP competitive inhibitor that specifically inhibits PknG
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FIG 1 AX inhibits Mtb survival in the in vitro models of latency. (a) Model illustrating the role of PknG during latency. GarA, a central
metabolic regulator, inhibits a-ketoglutarate (a-KG) decarboxylase (KGD) and glutamate dehydrogenase (GDH) and activates glutamate
synthase (GS). The phosphorylation of GarA by PknG alleviates the inhibition of KGD and GDH and the activation of GS. The PknG-GarA
signaling axis is necessary for fine-tuning the tricarboxylic acid (TCA) cycle and glutamate metabolism, thus maintaining cellular redox
homeostasis and abetting the survival of Mtb under latency-like conditions. (b to f) In the case of Rv plus AX (Rv1AX), 1mM AX was added
to Rv at the start of the experiment. (b) Rv, RvDG, Rv1AX, and RvDG::G were inoculated at an A600 of ;0.1 in Sauton’s medium, and bacillary
survival was enumerated at day 6. (c) Early-log-phase cultures were resuspended in PBS, and CFU were enumerated on day 7. (d) Pictorial
representation of the growth of the indicated strains in acidified 7H9-ADC medium at day 7. (e) Single-cell suspensions of Rv, RvDG, Rv1AX,
and RvDG::G were inoculated at an A600 of ;0.1 in acidified 7H9-ADC medium, and CFU were enumerated on day 7. (f) Bacterial strains were
inoculated at an A600 of ;0.1 in 7H9-ADC medium containing methylene blue in tightly sealed tubes. CFU were enumerated on days 0, 20,
and 40. (g) Schematic representation of the hypoxia experiment. Twenty days after the start of the experiment, 1mM AX was injected using
a fine needle, and tubes were resealed. A parallel group was left untreated (Rv). CFU were enumerated on day 40. Bars depict means 6 SD
(n= 3), representative of data from two biologically independent experiments. *, P, 0.05; **, P, 0.005; ***, P, 0.0005.
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activity (16, 18). Treatment of macrophages with this inhibitor results in mycobacterial
transfer to lysosomes, attenuating its intracellular survival. Even though multiple AX
derivates and other compounds that inhibit PknG have been developed (28–34), we
chose AX because it is highly specific and widely available, and its potency has been
established by multiple groups (16, 18, 24). Since PknG is a nonessential protein, the
addition of AX does not alter the growth of Mtb in vitro in 7H9-ADC medium (see Fig.
S1 in the supplemental material). To examine the therapeutic potential of PknG, we
first sought to test whether AX is able to inhibit PknG-mediated mycobacterial survival
under in vitro latency-like conditions. Toward this, we assessed the growth profiles of
the Mtb strains Rv, RvDG, and RvDG::G in nutrient-limited Sauton’s medium. While Rv
and RvDG::G were able to actively replicate, the deletion of PknG (RvDG) resulted in the
abrogation of growth. This is in congruence with a previous study that reported
reduced growth of the pknG mutant under nutrient-limited conditions (35). The addi-
tion of AX reduced the survival of Rv and RvDG::G by a log fold, nearly equivalent to
the survival of RvDG (Fig. 1b and Fig. S2a and b). Importantly, the addition of AX to
RvDG did not result in an additional decrease in survival, suggesting that AX specifically
targets PknG inside the mycobacterial cells (Fig. S2a and b). Similarly, either deletion or
inhibition of PknG compromised growth during starvation stress (Fig. 1c).

Mtb is an intracellular pathogen that resides mostly in the phagosome of macro-
phages. PknG-mediated cellular redox homeostasis helps Mtb combat multiple
stresses, including acidic stress found inside phagosomes (25). To assess whether AX
can efficiently inhibit survival under acidic conditions, we inoculated Rv, RvDG, and
RvDG::G in acidified medium. In agreement with our previous report (25), RvDG showed
diminished survival compared with Rv and RvDG::G. In a similar vein, treatment with
AX also abrogated growth under acidic stress conditions (Fig. 1d and e). Next, we sub-
jected mycobacterial strains to hypoxic stress according to a modification of Wayne’s
model. Either the deletion or inhibition of PknG reduced the survival of Mtb by .2-log-
fold (Fig. 1f and Fig. S2c). Importantly, the addition of AX to RvDG had no additional
effect, suggesting that AX specifically targets PknG even under hypoxic conditions (Fig.
S2c). When a similar experiment was performed in the presence of various concentra-
tions of AX, we observed that a similar impact could be achieved at 0.3mM AX (Fig.
S3a). Interestingly, the addition of even 0.03 and 0.1mM AX also compromised the sur-
vival of Mtb under hypoxic conditions albeit not to a similar extent as the higher con-
centrations (Fig. S3a). However, we continued to use 1mM AX for the subsequent in
vitro experiments because (i) 1mM AX does not impact mycobacterial survival under
standard in vitro growth conditions (Fig. S1) and (ii) a similar concentration of AX has
previously been used in other reports (24, 36). Mtb adapts to hypoxia in a biphasic
manner. When the dissolved oxygen concentration drops below 1%, the bacilli enter
microaerobic nonreplicating persistence (NRP) stage 1. When dissolved oxygen goes
below 0.06% saturation, the organism enters NRP stage 2 and exhibits increased toler-
ance to INH (9). Thus, we next tested the ability of AX to inhibit mycobacterial survival
in a preestablished hypoxia setup. Toward this, we injected the inhibitor 20 days after
hypoxia and enumerated mycobacterial survival at 40 days. Interestingly, we found
that the addition of AX attributed to an;2-log-fold reduction in mycobacterial survival
(Fig. 1g). Together, these results suggest that PknG abets mycobacterial adaptation
during NRP stage 2, and the addition of AX, unlike INH (37), can reduce the survival of
dormant mycobacteria.

Inhibition of PknG suppresses the emergence of drug-resistant and -tolerant
cells. While nearly all frontline anti-TB antibiotics are active against actively replicating
bacilli, they show limited efficacy against slowly replicating bacteria. Multiple reports
link drug tolerance to inactive or slow metabolism, which in the case of Mtb echoes
nonreplicating latent infection. Since PknG is necessary for the metabolic adaptation of
Mtb in response to latency-like conditions (25), we speculated that deletion or inhibi-
tion of pknG would diminish bacillary survival in the presence of antibiotics. MICs of
INH for parental and mutant strains were found to be similar in both Msm and Mtb
(Fig. 2a and b). Subsequently, we quantified the mutation rate by enumerating the
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proportion of resistant mutants in the presence of INH. The deletion of pknG in either
Msm or Mtb resulted in an ;40 to 60% smaller resistor population (Fig. 2c to e).
Importantly, the addition of 1mM AX significantly reduced the mutation frequency to
a similar extent (Fig. 2f). Analogous to RvDG, the addition of 1mM AX abated the per-
sisters’ survival by ;85% and ;90% in the presence of INH and RIF, respectively (Fig.
2g and h). Moreover, a dose-response experiment wherein different concentrations of
AX were used for the persister assay indicated that the addition of as little as 0.033mM
(30 times lower) also resulted in a significantly reduced survival of Mtb (Fig. S3b).

Bedaquiline (BDQ) is among the recent anti-TB drugs used to treat multidrug-resist-
ant bacteria. It binds to and induces large conformational changes in Mtb ATP syn-
thase, resulting in a bactericidal effect (38–40). Importantly, BDQ has been shown to

FIG 2 Inhibition of PknG suppresses the emergence of drug-resistant and -tolerant cells. (a and b) The sensitivities of
wild-type and pknG mutant Msm (a) and Mtb (b) strains to INH were determined with the help of an alamarBlue assay.
ND and NC indicate no-drug and no-cell controls, respectively. (c) A total of 108 cells of Msm, MsmDG, and MsmDG::G
were plated on 7H11-OADC plates containing 10mg/ml isoniazid. (d and e) The antibiotic resistance frequency was
determined by spotting 108 cells of Msm (d) and Mtb (e) strains on 7H11-OADC plates containing 100mg/ml (d) and
10mg/ml (e) INH, respectively. (f) Experiment performed as described above for panel e, with 1mM AX added to Rv,
where indicated. For panels d to f, the mutation rate is calculated as the number of colonies obtained on antibiotic-
containing plates/number of colonies obtained on plain plates. The bar diagram represents means 6 standard errors
of the means (SEM) and is representative of results from a minimum of two independent biological replicates (n= 7).
(g and h) Mtb strains were inoculated in 7H9-ADS medium containing 5mg/ml INH (g) or 1mg/ml RIF (h). Survival was
monitored on days 0 and 7, and the survival obtained at day 0 was normalized to 100%. Percent survival at day 7 was
calculated with respect to survival at day 0 for each strain. Data are represented as mean percent survival 6 SD from
one of three biologically independent experiments, each performed in triplicates (n= 3). *, P, 0.05; **, P, 0.005; ***,
P, 0.0005.
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eradicate even the persistent bacterial population in mice (41, 42). Since both AX and
BDQ target enzymes involved in energy metabolism, we sought to determine the
effect of combinatorial therapy on both drug-resistant and -tolerant Mtb. Both the de-
letion and inhibition of PknG reduced the mutation rate of Mtb toward BDQ albeit not
significantly (Fig. S4a). Importantly, the addition of AX or the deletion of pknG resulted
in ;93% and 95% decreases in persister survival in the presence of BDQ (Fig. S4b).
Collectively, these data demonstrate the ability of AX to suppress the formation of
drug-resistant and -tolerant cells with different antibiotic treatments, highlighting its
potential utility in eliminating latent mycobacterial reservoirs.

Adjunct therapy with AX20017 reduces drug tolerance insidemurinemacrophages.
Intrigued by the AX potency to reduce drug tolerance in vitro, we sought to evaluate
its efficacy within the host. Toward this, we infected peritoneal macrophages with the
Rv, RvDG, and RvDG::G strains. After 4 h of infection, we added antibiotics and exam-
ined bacillary survival at 48 h postinfection (p.i.) (Fig. 3a). As depicted in Fig. 3b and c,
compared with Rv and RvDG::G, RvDG showed an additional 30 to 40% reduction in
survival in the presence of INH and RIF, indicating that PknG assists Mtb’s ability to tol-
erate anti-TB antibiotics even in the host (Fig. 3b and c). Next, we added AX in conjunc-
tion with INH and RIF to test its ability to inhibit PknG-mediated drug tolerance in the
infected host. In agreement with previous reports (18, 24), the addition of AX in the ab-
sence of any additional antibiotic was able to reduce the intracellular survival of Mtb
(Fig. 3d). Importantly, in the presence of INH, RIF, and BDQ, Mtb survival was further
reduced by an additional ;30%, 40%, and 80%, respectively, upon treatment with AX
(Fig. 3e to g). Taken together, these results suggest that the addition of AX can reduce
the drug-tolerant Mtb population within the infected macrophages.

PknG abets drug tolerance in an infected murine model of tuberculosis. To fur-
ther validate these findings, we infected mice with the Rv, RvDG, and RvDG::G strains,
and CFU were enumerated at day 1 and weeks 4 and 8 p.i. in the lungs and spleen of
infected animals (Fig. 4a). Bacillary survival in the lungs of infected animals at day 1
indicated equal deposition. After 4 weeks postinfection, RvDG showed attenuated sur-
vival compared with Rv and RvDG::G (Fig. 4b). In line with our previous guinea pig
infection data (25), the magnitude of the difference between Rv and RvDG decreased
at 8weeks postinfection (Fig. 4b). These results further corroborate an earlier report
wherein the RvDG mutant showed compromised survival in infected mice, more so at
an earlier time point (35). Mice infected with RvDG::G had CFU similar to those of mice
infected with Rv, indicating that the complemented strain was able to restore the phe-
notype of the parental strain. Dissemination of RvDG to the spleen was also attenuated
in comparison with Rv and RvDG::G at 8weeks (Fig. 4c). Importantly, the survival of
RvDG was more compromised in the presence of INH and RIF in both the lungs and
spleen. The relative survival of RvDG with respect to Rv in the lungs of infected mice
was 28.94%6 6.18% (mean 6 standard deviation [SD]) in the untreated control.
Importantly, upon INH treatment, the relative survival of RvDG with respect to Rv was
5.93%6 1.39%. Similarly, upon RIF treatment, the relative survival of the mutant was
found to be 2.16%6 1.02% compared with Rv. Complementation of the mutant with
pknG (RvDG::G) restored the survival defects observed in the mutant in both the ab-
sence and presence of antibiotics. These results demonstrate that in the absence of
pknG, the pathogen displays an additional ;5- and 13-fold hypersensitivity to INH and
RIF treatment, respectively.

Deletion of PknG suppresses reactivation and lowers disease relapse rates in
antibiotic-treated mice. To deduce the importance of PknG in latent Mtb survival, we
employed the modified Cornell model of infection (43). This model attempts to mimic
a human-like latent infection by eliminating actively replicating bacilli with antibiotic
treatment. Toward this, mice were infected with the Rv, RvDG, and RvDG::G strains, and
after 4 weeks, mice were treated with INH and RIF for 12weeks to establish latency.
Four weeks after the establishment of latency, dexamethasone was administered for 4
weeks to suppress mouse immunity, which would allow the reactivation of latent

Khan and Nandicoori Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e02095-20 aac.asm.org 6

https://aac.asm.org


viable bacilli. Eight and 12 weeks after the completion of dexamethasone treatment,
CFU were enumerated (at the 30th and 34th weeks postinfection) (Fig. 5a).

CFU counts were indistinguishable at day 1 postinfection, indicating equal deposi-
tion. At 4 weeks postinfection, the survival of RvDG was compromised compared to Rv
and RvDG::G in both the lungs and spleen of infected mice (Fig. 5b and c). After
12weeks of combinatorial therapy with INH and RIF, no viable CFU were found in the
lungs and spleen of mice infected with either of the strains, indicating that all the
actively replicating bacilli were eliminated. Eight weeks after immunosuppression, dis-
ease relapse rates were determined by the percentage of mice that showed the pres-
ence of mycobacterial colonies in the entire homogenates of lungs, spleen, or both.
Examination of bacillary survival after immunosuppression clearly demonstrated the
resurgence of both the Rv and RvDG::G strains in almost all infected animal lungs (Fig.

FIG 3 Adjunct therapy with AX20017 lowers drug tolerance inside murine macrophages. (a) Schematic representation of the
peritoneal macrophage infection experiment. (b and c) Peritoneal macrophages were infected with Rv, RvDG, and RvDG::G at a
multiplicity of infection (MOI) of 1:10. After 4 h, 0.5mg/ml INH (b) or RIF (c) was added to the infected macrophages. At 48 h
postinfection, macrophage cells were lysed, and bacillary survival was examined. CFU obtained for untreated infected
macrophages at 48 h postinfection were normalized to 100%. The mean percent intracellular survival (6SD) (n= 3) of the
bacterial strain in the treated macrophages was calculated with respect to (w.r.t) the corresponding untreated cells for that strain.
(d to g) The same experiment as in panels b and c except with an additional Rv-infected sample, wherein 25mM AX was added
at 4 h postinfection (Rv1AX). Infected macrophages were either left untreated (d) or treated with 0.5mg/ml INH (e), 0.5mg/ml RIF
(f), or 1mg/ml BDQ (g). The mean percent intracellular survival (6SD) (n= 3) of the bacterial strain in the treated macrophages
was calculated with respect to the corresponding untreated cells for that strain. Data are representative of results from two
biologically independent experiments, each performed in triplicates. *, P, 0.05; **, P, 0.005; ***, P, 0.0005.
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FIG 4 PknG abets drug tolerance in a murine model of tuberculosis infection. (a) Schematic representation of the murine infection
experiment. Mice (n=6 per group at each time point) were infected with Rv, RvDG, and RvDG::G. After the establishment of infection for
4weeks, antibiotics (INH or RIF) were added to drinking water for the next 4weeks. A parallel group was left untreated (control). Bacillary
survival was assessed at day 1 and weeks 4 and 8. (b and c) Bacillary loads in lungs (b) and spleen (c) of infected mice at 4 and 8 weeks
postinfection (n=6). Each data point represents the log10 CFU of an infected animal in individual organs, and the error bar depicts the SD
for each group. *, P, 0.05; **, P, 0.005; ***, P, 0.0005. (d) Table depicting mean log10 CFU 6 SD in the lungs and spleen of infected
animals at the indicated time points.
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FIG 5 PknG is required for the resuscitation of Mtb in the modified Cornell mouse model of infection. (a) Schematic
representation of the modified Cornell mouse model of tuberculosis infection experiment. Mice (n = 6 to 10 per group for each
time point/strain) were infected with Rv, RvDG, and RvDG::G. After the establishment of infection for 4weeks, antibiotics (INH and
RIF) were added to drinking water for 12weeks to eliminate actively replicating bacilli. Following 4weeks of rest, dexamethasone
(Dx) was injected for 4weeks for immune suppression. Bacillary survival was examined at day 1 and weeks 4, 16, 30, and 34. (b
and c) Bacillary loads in lungs (b) and spleen (c) of infected mice at the indicated time points postinfection (n= 6 to 10). Each
data point represents log10 CFU of an infected animal in individual organs, and the error bar depicts the SD for each group.
*, P , 0.05; **, P, 0.005; ***, P, 0.0005. N.D., not determined. (d) Table depicting mean log10 CFU 6 SD in the lungs and
spleen of infected animals at the indicated time points.
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5b) (30th and 34th weeks). The splenic bacillary loads of Rv- and RvDG::G-infected mice
observed at the 30th and 34th weeks also indicate the revival of these strains (Fig. 5c).
In contrast, only 1 out of 6 and 10 RvDG-infected mice at the 30th and 34th weeks,
respectively, showed the presence of viable bacteria in the lungs (Fig. 5b). A similar
trend was observed when bacillary survival in the spleen was evaluated (Fig. 5c). As
indicated, the relapse noted for RvDG-infected mice was 10% compared with 80% and
90% observed for Rv- and RvDG::G-infected mice, respectively (Table 1). The resusci-
tated bacteria were found to be drug susceptible, as previously suggested (44), indicat-
ing that PknG is crucial for drug tolerance in vivo. Importantly, the data reinforce the
above-described in vitro, ex vivo, and in vivo findings (Fig. 1 to 4) showing that PknG is
essential for the survival of latent mycobacteria.

DISCUSSION

Treatment of TB involves two stages: (i) an initial intensive 2-month multidrug
course aimed at eliminating actively replicating bacilli and (ii) a 4-month continuation
phase involving INH and RIF to eradicate latent/persistent bacilli. Even though fre-
quently used antimycobacterial drugs show profound bactericidal activity in vitro, the
chemotherapeutic regimen spans over months. Inside host macrophages, Mtb faces a
diverse array of stresses such as oxygen deprivation, low pH, and nutrient limitation (8,
45–47). In response to these stresses in vitro, the bacilli enter a nonreplicating, meta-
bolically quiescent state (48). During the chronic phase of infection in mice, the aver-
age population doubling time of Mtb increases to 1,676 h (;70 days) (49). Since most
anti-TB antibiotics act on actively replicating cells (50), the compromised potency of
antibiotics in vivo has been attributed to a nonreplication state and the concomitantly
reduced metabolic activity of the bacilli resulting in drug tolerance (50). This further
indicates that directly targeting these nonreplicating bacilli might be key to shortening
anti-TB regimens.

Wayne’s model of hypoxia exposes the bacilli to progressively decreasing oxygen
concentrations in vitro (37), which can be used to recapitulate the microaerobic condi-
tions found within necrotic host granulomas (9). Metronidazole, a drug that is active
only under anoxic conditions (51, 52), was found to prevent reactivation of latent Mtb
infection in macaques (6). Furthermore, the deletion mutant of hspX, a dormancy-asso-
ciated antigen, has also been shown to shorten antibiotic treatment and decrease dis-
ease relapse rates in mice (53). Our results show that inhibition of PknG by AX also
reduces bacillary survival in in vitro latency models such as starvation and hypoxia (Fig.
1). Importantly, PknG aids the survival of Mtb even during NRP stage 2 (Fig. 1). This is in
congruence with previous reports from multiple groups, including ours, that demon-
strated increased expression of PknG specifically during later stages of hypoxia (25, 54).
This suggests that the potential usage of AX in clinical settings wherein bacilli persist
in preestablished hypoxic lesions would enhance Mtb clearance (Fig. 6).

TABLE 1 Number of infected mice per group in which viable CFU were found in either the
lungs or spleen, both the lungs and spleen, or neither of them at the 30th and 34th weeks
postinfectiona

Wk Strain

No. of mice with viable CFU/total no. of mice % relapse

Lungs only Spleen only Both organs Neither organ Lungs Spleen
30 Rv 6/6 4/6 4/6 0/6 100 66.6

RvDG 1/6 1/6 1/6 5/6 16.6 16.6
RvDG 6/6 4/6 4/6 0/6 100 66.6

34 Rv 8/10 8/10 8/10 2/10 80 80
RvDG 1/10 0/10 0/10 9/10 10 0
RvDG 9/10 6/10 6/10 1/10 90 60

aPercent relapse depicts the percentage of animals in which viable CFU were found in the lungs or spleen.
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RvDG fails to persist in the presence of antibiotics due to its inability to phosphoryl-
ate GarA and L13, necessary for maintaining cellular redox poise (24, 25, 55). AX binds
to the ATP binding pocket and inhibits the kinase activity of PknG (16). Even though
PknG was reported to contribute to intrinsic antibiotic resistance of mycobacteria in a
previous report (27), we did not observe any significant difference in the MIC of INH
upon the deletion of pknG. We found that the deletion or inhibition of PknG reduces
the survival of the drug-tolerant population both in vitro and within the host cells (Fig.
2 and 3). Hence, the addition of a PknG inhibitor to the therapeutic regimen would aid
in the clearance of nonreplicating persisters. Since treatment with AX results in lower
resistance to other antibiotics, its addition to anti-TB therapy is likely to suppress the
formation of antibiotic-resistant cells (Fig. 2). Treatment with AX in this study serves as
a proof of principle to demonstrate the therapeutic potential of PknG inhibitors in
eliminating latent TB. We believe that potent inhibitors of PknG that directly target the
substrate binding cleft or ATP binding pocket (such as AX and its derivates) would
result in lower survival rates of dormant mycobacterium.

Unlike in vitro models of dormancy, in vivo models involve a vast array of host
immune components, which are crucial for LTBI establishment. Granulomas are
thought to restrict mycobacterial growth by limiting the oxygen supply, nutrients, and
localized acidic pH (8). Previously, using a guinea pig model, we found that the ab-
sence of pknG results in reduced granuloma formation (25), which could be due to its
failure to provide persistent chronic stimuli required for stable granuloma formation.
Here, we sought to investigate the bactericidal activity of a PknG inhibitor given in
combination with the frontline regimen in chronically infected mice. However, as the
pharmacokinetics of AX is not established in the murine TB infection model, we used
RvDG as the alternate model for in vivo experiments. We show that the deletion of

FIG 6 Model depicting the therapeutic potential of AX20017. In response to Mtb infection, the host immune system contains the bacilli inside a
granuloma. A granuloma is an organized and compact bunch of immune cells such as macrophages, multinucleated giant cells, dendritic cells, T cells, and
B cells. Depending on the severity of the infection, granulomas can be of various kinds. The bacterium exploits this niche as its “safe haven” to survive and
disseminate, leading to disease progression. The microaerophilic conditions found inside the granulomas drive cells of Mtb toward its nonreplicating
antibiotic-tolerant persister phase. PknG helps Mtb adapt to hypoxic conditions by waning its metabolism. Deletion of pknG or its inhibition reduces Mtb’s
ability to survive under in vivo latency-like conditions and attenuates its ability to thrive upon antibiotic stress. Hence, adjunct therapy with a PknG
inhibitor could potentially suppress reactivation and lower the disease relapse rate and, hence, the transmission of the disease. The proof of principle for
the interventions depicted in the schematic has been established with the help of various in vitro, ex vivo, and in vivo models of latency in this study.
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pknG enhances the bactericidal activity of INH and RIF in a murine model of chronic TB
infection (Fig. 4). Importantly, in the Cornell mouse model of latent TB, the deletion of
pknG drastically attenuated Mtb’s ability to resuscitate after antibiotic treatment. The
absence of pknG reduced bacterial CFU to near sterility and significantly reduced dis-
ease relapse rates (10%) compared with those of mice infected with the wild-type
(80%) and complemented (90%) strains (Fig. 5). Notably, this is the first study demon-
strating the therapeutic potential of PknG in the 38-week mouse model of TB
chemotherapy.

The major caveat of our proof-of-concept study is the use of a murine model, which,
unlike guinea pigs, rabbits, and nonhuman primates, does not form human-like granu-
lomas with caseous necrotic centers that contain a hypoxic environment (8). However,
the absence of a similar Cornell in vivo latency TB model in guinea pigs restricted our
choice. Since PknG is important for the virulence but not the survival of Mtb, we specu-
late that there would be a lower evolutionary burden on the bacilli to develop resist-
ance. Importantly, this study lends additional support to the notion that a drug target-
ing nonreplicating bacteria can be effective in the treatment of the disease. However,
preclinical studies that focus on the pharmacokinetics, standardization of the dosage,
and optimization of the route of PknG inhibitors would be required. Collectively, we
propose that PknG is a promising drug target that can be exploited in combination
with conventional chemotherapeutic regimens to shorten the treatment duration and
reduce disease relapse.

MATERIALS ANDMETHODS
Growth conditions and in vitro stresses. Mtb wild-type (Rv), knockout (RvDG), and complemented

(RvDG::G) strains were used in this study, as described previously (25, 35). The strains were grown at
37°C with shaking at 100 rpm in Middlebrook 7H9 broth supplemented with 10% ADC (albumin, dex-
trose, NaCl, and catalase), 0.2% glycerol (Sigma), and 0.05% Tween 80 (Sigma) or 7H11 agar supple-
mented with 10% oleic acid-albumin-dextrose-catalase (OADC) and 0.2% glycerol. Kanamycin (Sigma),
hygromycin (Sigma), and AX20017 (AX) (Calbiochem) were used at 25mg/ml, 100mg/ml, and 264.34mg/
ml (24), respectively. To evaluate the effect of AX on the in vitro growth of Mtb, mid-log-phase cultures
(A600 of ;0.6 to 0.8) were inoculated at an A600 of ;0.1 in Sauton’s medium and at an A600 of ;0.05 in
7H9-ADC medium. At the indicated time points, aliquots were withdrawn to measure the A600, and serial
dilutions were plated to enumerate CFU.

To test susceptibility to acidic and starvation stress, mid-log-phase mycobacterial strains were
washed with phosphate-buffered saline (PBS) containing 0.05% Tween 80 (PBST), and a single-cell sus-
pension was inoculated at an A600 of ;0.05 into 7H9 medium acidified to pH 4.5 or in PBST, respectively.
CFU were enumerated on days 0 and 7. To assess viability after hypoxic stress, bacterial strains were ino-
culated with a headspace of 15% at an A600 of ;0.1 in 7H9-ADC medium containing 1.5mg/ml methyl-
ene blue (colorimetric redox indicator of dissolved oxygen) in 1-ml glass high-performance liquid chro-
matography (HPLC) vials. The caps of the tubes were sealed with multiple layers of parafilm, and the
culture was left at 37°C with intermittent manual mixing to allow uniform hypoxia establishment.
AX20017 was either added to the culture at the start of the experiment or injected on day 20 with a fine
27.5-gauge needle. CFU were enumerated on days 0, 20, and 40.

MIC analysis by an alamarBlue assay. A 96-well plate was filled with 100ml 7H9-ADS (albumin, dex-
trose, NaCl) medium without Tween 80. One hundred microliters of twice the maximum concentration
of the test drug was added to the first well of three consecutive rows (for technical replicates) of the 96-
well plate. The drug was serially diluted across the column by adding 100ml of the drug from the first
well to a consecutive one. One hundred microliters of Rv or RvDG in 7H9-ADS medium at an A600 of
;0.01 was added to each well. For controls, in one row, the drug was not added (no drug [ND]), and in
the other, bacterial cells were replaced with medium only (no cells [NC]). The plate was sealed with par-
afilm and incubated at 37°C for 5 days, without shaking. After incubation, 20ml of 0.25% filtered resaz-
urin (prepared in MilliQ water) was added to each well, and the plate was further incubated until color
development.

Persisters and antibiotic resistance. To enumerate persisters, log-phase cultures of bacterial strains
were diluted to an A600 of ;0.05 in 7H9-ADS medium containing 5mg/ml isoniazid (INH), 1mg/ml rifam-
picin (RIF), or 1.75mg/ml bedaquiline (BDQ) and incubated at 37°C for 7 days. The antibiotic resistance
frequency was determined by plating 108 cells on 7H11 plates containing 10mg/ml INH, 1mg/ml RIF, or
1.75mg/ml BDQ. The initial bacillary load was calculated by plating dilutions of the culture on 7H11
plates. The mutation rate was calculated as the number of resistant colonies obtained on antibiotic-con-
taining plates divided by the CFU obtained in the absence of antibiotics.

Isolation and infection of peritoneal macrophages. A 4% thioglycolate solution (Hi-Media) was
injected into the peritoneal cavity of BALB/c mice. At 96 h postinjection, cells were isolated and seeded
in 48-well plates in RPMI 1640 (Life Technologies, Inc.) containing 10% heat-inactivated fetal bovine se-
rum (Gibco). Cells were maintained at 37°C in a humidified (5% CO2) incubator. The next day, cells were
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washed with RPMI 1640 medium and infected with a single-cell suspension of mycobacterial strains. At
4 h postinfection, medium was aspirated to remove extracellular bacteria, and fresh medium containing
0.5mg/ml INH, 0.5mg/ml RIF, 1mg/ml BDQ, or 6.6mg/ml AX was added. CFU were enumerated at 48 h
postinfection.

Infection experiment in mice. BALB/c mice (4 to 6 weeks old of either sex) were housed in individu-
ally ventilated cages at the Tuberculosis Aerosol Challenge Facility (TACF) at the International Centre for
Genetic Engineering and Biotechnology (New Delhi, India) and cared for according to established animal
ethics and guidelines. Mice (n= 6 at a minimum, per time point) were infected by the aerosol route using
the Madison aerosol chamber (University of Wisconsin, Madison, WI), which was precalibrated to deliver
;80 to 150 bacilli/mouse. Two mice for each strain were sacrificed at 24 h postexposure to assess bacte-
rial deposition. To enumerate bacterial loads in the lungs and spleens at various time points as indicated,
organs were removed aseptically and homogenized in 1ml sterile normal saline. The homogenates were
thereafter serially diluted and plated on 7H11 agar (containing polymyxin B, amphotericin B, nalidixic
acid, trimethoprim, and azlocillin [PANTA] to prevent contamination) in triplicates to assess the bacillary
load. For the antibiotic resistance model, after 4 weeks of infection, the mice were treated with either
100mg/liter INH or 80mg/liter RIF in drinking water (every 2 to 3 days) for 4 weeks. One of the parallel
groups was left untreated as a control. Bacillary survival was assessed at 4 and 8weeks p.i.

For the modified Cornell model, following 4 weeks of infection, mice were treated with 100mg/liter
INH and 60mg/liter RIF administered in drinking water for 12weeks in order to eliminate actively repli-
cating bacilli and establish latency (56). Four weeks after the cessation of antibacterial treatment, dexa-
methasone was administered intraperitoneally (10mg/kg of body weight in PBS) every alternate day for
4 weeks. Bacillary survival was assessed at day 1 to examine equal deposition, at week 4 to evaluate the
establishment of infection, at week 16 to determine the establishment of latency, and at weeks 30 and
34 to assess reactivation.

Statistical analysis. Student’s t test was used to determine statistical significance. Results were plot-
ted with GraphPad Prism and modified with Adobe Illustrator. P values of .0.05 were considered statis-
tically significant (*, P, 0.05; **, P, 0.005; ***, P, 0.0005).

Ethics statement. The animal experimental protocol was approved by the Animal Ethics Committee
of the National Institute of Immunology, New Delhi, India (IAEC numbers 409/16 and 462/18), according
to the guidelines issued by the Committee for the Purpose of Control and Supervision of Experiments
on Animals (CPCSEA), Government of India.
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