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Mycobacterium tuberculosis (Mtb) killed more people in 2017 than
any other single infectious agent. This dangerous pathogen is able
to withstand stresses imposed by the immune system and tolerate
exposure to antibiotics, resulting in persistent infection. The global
tuberculosis (TB) epidemic has been exacerbated by the emer-
gence of mutant strains of Mtb that are resistant to frontline an-
tibiotics. Thus, both phenotypic drug tolerance and genetic drug
resistance are major obstacles to successful TB therapy. Using a
chemical approach to identify compounds that block stress and
drug tolerance, as opposed to traditional screens for compounds
that kill Mtb, we identified a small molecule, C10, that blocks tol-
erance to oxidative stress, acid stress, and the frontline antibiotic
isoniazid (INH). In addition, we found that C10 prevents the selection
for INH-resistant mutants and restores INH sensitivity in otherwise
INH-resistant Mtb strains harboring mutations in the katG gene,
which encodes the enzyme that converts the prodrug INH to its active
form. Through mechanistic studies, we discovered that C10 inhibits
Mtb respiration, revealing a link between respiration homeostasis and
INH sensitivity. Therefore, by using C10 to dissect Mtb persistence, we
discovered that INH resistance is not absolute and can be reversed.
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s the deadliest pathogen in the world, Mycobacterium tu-
berculosis (Mtb) causes infections responsible for 1.6 million
deaths in 2017 (1). During infection, Mtb is exposed to an arsenal
of host-derived stresses; however, it responds to stress with
physiological changes that allow it to tolerate these immune
stresses and persist (2). These same physiological changes result
in antibiotic tolerance, in which Mtb is genetically susceptible to
antibiotics but exists in a physiological state rendering it recalci-
trant to therapy (3-6). As a result, long courses of antibiotic
therapy are required to treat tuberculosis (TB) (7), leading to the
emergence of drug-resistant mutant strains of Mtb. In 2017, out of
the 10 million cases of TB, an estimated 19% of newly treated
cases and 43% of previously treated cases exhibited resistance to
at least one of the frontline antibiotics (1). Resistance to the
frontline antibiotic isoniazid (INH) is the most common form of
Mtb monoresistance and is associated with treatment failure, re-
lapse, and progression to multidrug-resistant TB (1). Together,
the problems of phenotypic tolerance and genetic resistance to
antibiotics undermine current TB treatment options. There is an
urgent need for new strategies that shorten the duration of
treatment and target both drug-tolerant and genetically drug-
resistant Mtb, which requires a better understanding of how Mtb
survives exposure to immune defenses and antibiotic therapy.
Previous work has demonstrated that a number of stresses are
capable of inducing the formation of drug-tolerant Mtb (8-10).
The most thoroughly studied inducer of drug tolerance is hyp-
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oxia. Exposure to hypoxic conditions has pleiotropic effects on the
bacteria, including replication arrest (8), induced expression of
dormancy-associated genes (11, 12), shifts in Mb lipid composition
(5, 13), and global shifts in Mb metabolism and respiration (8, 14,
15). However, it remains unclear mechanistically how these changes
in physiology confer tolerance to stress and antibiotics.

To address this gap in understanding, we developed a chem-
ical screen to identify compounds that inhibit the development of
hypoxia-induced stress and drug tolerance. Through this chem-
ical approach, we identified a compound, C10, that inhibits the
development of hypoxia-induced tolerance to oxidative stress
and INH. In addition to blocking tolerance, C10 was found to
prevent the selection for INH-resistant mutants and to resensi-
tize an INH-resistant mutant to INH, providing evidence that
INH resistance can be reversed in Mtb.

Results

C10 Blocks Hypoxia-Induced Tolerance to Oxidative Stress and INH.
To dissect mechanisms of persistence, we used a modified ver-
sion of the culture-based hypoxia model that is routinely used to
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study Mtb drug tolerance (8). We incubated Mtb in liquid media
for 3 wk in airtight containers. During this incubation, oxygen
levels dropped, and drug-tolerant bacteria developed (16). We
then reaerated the cultures for an additional 2 wk, during which
time Mtb formed a pellicle biofilm at the air-liquid interface.
Using this model, we performed a screen for chemical inhibitors
of pellicle formation. We chose a library of 91 compounds that
shared a peptidomimetic bicyclic central fragment (a thiazolo
ring-fused 2-pyridone; Fig. 14). Previous work has shown that,
depending on the substituents introduced to the 2-pyridone
scaffold (17-20), compounds within this library exhibit diverse
but highly specific biological activities, including some com-
pounds that inhibit pellicle formation in Escherichia coli (21, 22).
From this screen, we identified 12 compounds that inhibited Mtb
pellicle formation at 10 pM, the most potent of which was C10
(Fig. 1B) (23). C10 inhibited Mtb pellicle formation (Fig. 1C)
with a minimum inhibitory concentration of 6.25 pM (SI Ap-
pendix, Fig. S1). Despite the absence of a pellicle, wells treated
with C10 contained >1 x 107 cfu/mL (Fig. 1D). Therefore, the
absence of a pellicle was not due to a lack of viable bacteria;
C10 specifically inhibits a physiological process required for
pellicle formation.
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Fig. 1. C10 blocks hypoxia-induced tolerance to H,O, and INH. (A) The bi-
cyclic 2-pyridone scaffold shared by all compounds in the screening library in
which compounds contained different substituents at each of the “R”
groups. (B) The chemical structure of C10. (C) Mtb was incubated in low
oxygen in Sauton’s medium in the presence of DMSO or 50 uM C10 for 3 wk,
then reaerated and incubated for an additional 2 wk. Representative pic-
tures from three independent experiments are shown. (D) Mtb + 50 uM
C10 was treated the same as the cultures in C, and viable cfu/mL were
enumerated at 5 wk. n = 3. ns, not significant by unpaired t test. (E) Sche-
matic of stress assays. (F and G) Mtb was cultured in low oxygen conditions +
50 uM C10 for 3 wk, then reaerated and treated with H,0, (F) or INH (G) for
an additional 2 wk before cfu/mL were enumerated. Mean + SEM between
biological triplicates is graphed for each sample. ND, not detected; limit of
detection, 67 cfu/mL. Complete statistical comparisons for all data are pro-
vided in S/ Appendix, Table S1.
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Because hypoxia promotes drug tolerance as well as pellicle
formation (8, 16), we reasoned that small-molecule pellicle inhibi-
tors may target physiological processes linked to stress and drug
tolerance. Therefore, we first examined the effect of C10 on the
sensitivity to reactive oxygen species (ROS), since mycobacteria up-
regulate transcripts to cope with ROS in pellicles (24). We cultured
Mtb in hypoxic conditions for 3 wk + C10, then reaerated the
cultures and added hydrogen peroxide (H,O,) to induce oxidative
stress for 2 wk (Fig. 1 E and F). In the absence of C10, Mtb survived
exposure to up to 100 mM H,O, (Fig. 1F; DMSO). In contrast,
exposure of Cl0-treated cultures to 100 mM H,O, resulted in a cfu
reduction to below the limit of detection, demonstrating that
C10 blocks hypoxia-induced tolerance to H,O, (Fig. 1F).

We then tested whether C10 affects hypoxia-induced antibiotic
tolerance, starting with the frontline antibiotic INH, which targets
mycolic acid biosynthesis (25). During infection, Mtb becomes
phenotypically tolerant to INH, which can be reproduced in vitro
by culturing Mtb in low oxygen (3, 4, 8). We incubated Mtb in
hypoxic conditions for 3 wk + C10, then reaerated the cultures
and added INH for an additional 2 wk (Fig. 1 E and G). The
survival of DMSO-treated control cultures decreased with in-
creasing INH concentrations (Fig. 1G; DMSO); however, even at
the highest INH concentration (1,000 pg/mL), a population of Mtb
remained viable, similar to previous reports (16). The presence of
C10 led to a dramatic decrease in survival following INH treat-
ment (Fig. 1G). Exposure to 200 pg/mL INH killed only ~1.5 logs
of DMSO-treated Mtb, whereas no culturable bacteria were de-
tected in C10-treated samples exposed to 200 pg/mL INH. Thus,
C10 blocks the ability of Mb to develop hypoxia-induced INH
tolerance. In contrast, C10 did not significantly affect Mtb sensi-
tivity to rifampicin, streptomycin, or ethambutol, which inhibit
RNA polymerase, the ribosome, and arabinogalactan synthesis,
respectively (26-28) (SI Appendix, Fig. S2). Therefore, C10 does
not affect pan-drug tolerance induced by hypoxia and instead
specifically sensitizes Mtb to INH.

C10 Potentiates Killing by INH and Prevents the Selection for INH-
Resistant Mutants. The striking and specific effects of C10 on
INH tolerance indicated that C10 uniquely potentiates INH. To
test whether C10 has a general effect on INH sensitivity or whether
it specifically blocks hypoxia-induced INH tolerance, we cultured
Mtb in planktonic, aerated conditions in media containing C10 and/
or INH, and monitored growth by changes in optical density
(ODAggo) (Fig. 24). In these conditions, treatment with 5 pM
C10 alone resulted in no difference in growth compared with the
DMSO-treated control, and treatment with 25 pM C10 resulted in
a 1.53-fold increase in Mtb doubling time (Fig. 2.4 and B). Since we
used an INH concentration above the minimum inhibitory con-
centration (0.02-0.04 pg/mL) (29), INH treatment inhibited Mrb
growth with or without C10. We enumerated the surviving cfu after
10 d of treatment by plating the viable bacteria on agar media
without drugs and found that the addition of C10 in combination
with INH resulted in a significant and dose-dependent decrease in
viable bacteria compared with INH alone. Therefore, C10 poten-
tiates the bactericidal activity of INH against aerobically grown Mtb
over a 10-d treatment period (Fig. 2C).

To further study the impact of C10 on INH efficacy, we spread
~8 x 107 cfu of Mtb on agar media containing C10 and/or INH so
that the bacteria were continually exposed to the drugs, as op-
posed to the transient 10-d exposure in liquid culture. Mib
formed a lawn of bacterial growth on agar containing DMSO or
25 pM C10 (Fig. 2D). Growth of Mtb on agar containing 0.5 pg/mL
INH was inhibited, with the exception of spontaneous INH-
resistant colonies that emerged at an approximate frequency
of 1 in 10°, similar to previous reports (30). In contrast, when
C10 was present in combination with INH, no resistant colonies
grew, demonstrating that C10 blocked the selection for INH-
resistant mutants (Fig. 2D).
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Fig. 2. C10 potentiates killing by INH and prevents the selection of INH-
resistant mutants. (A) WT Mtb was grown in aerated planktonic conditions
in Sauton’s medium with 5 uM or 25 pM C10 + 0.25 pg/mL INH, and ODAggo
was measured over 10 d. Mean + SEM is graphed; n = 3. (B) The doubling
time + SD of cultures in A was calculated between day 0 and day 4. This time
frame was chosen because the DMSO cultures were in the exponential
growth phase. N/A indicates that growth was inhibited, and the calculation
of doubling time did not accurately represent the data, as determined by R?
value (R? <0.98). (C) After 10 d of treatment, cfu/mL were enumerated from
cultures in A. Mean + SEM values are graphed. n = 3. (D) WT Mtb was plated
onto Sauton’s agar containing 0.5 pg/mL INH + 25 pM C10. Representative
pictures from three independent experiments are shown. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001 by one-way ANOVA with Tukey's test.
Complete statistical comparisons for all data are provided in SI Appendix,
Table S1.

C10 Resensitizes katG Mutant Mtb to Inhibition by INH. The majority
of INH-resistant clinical isolates harbor mutations in katG (31),
which encodes the sole catalase-peroxidase in Mtb and the en-
zyme that converts INH into its active form (32). We sequenced
the katG gene from seven of the colonies that grew on agar
containing INH (Fig. 2D) and identified katG mutations in all
seven isolates; four harbored frameshift mutations, and three
had missense mutations (SI Appendix, Table S2). Since no INH-
resistant katG mutants grew when C10 was combined with INH
(Fig. 2D), the growth of the katG mutants must be inhibited by
either C10 alone or the C10-INH combination.

To distinguish between these possibilities, we monitored the
growth of an Mtb isolate with a frameshift mutation at amino
acid 6 in katG (katG*S) in aerated, planktonic cultures in the
presence of C10 and/or INH (Fig. 34). As expected, the INH-
resistant katG™ mutant was able to grow in media containing
INH (doubling time 3.28 + 0.20 d), albeit at a 1.23-fold slower
rate than the DMSO-treated cultures (doubling time 2.66 +
0.20 d) (Fig. 3B). The use of 5 uM C10 did not significantly affect
the growth rate of the katG'S strain, and the use of 25 pM
C10 increased the doubling time of the katG*® strain by 1.47-fold
(Fig. 3B), which is comparable to the 1.53-fold increase in dou-
bling time caused by 25 pM C10 in WT Mtb (Fig. 2B). Therefore,
the katG"™ strain was not significantly more sensitive than WT
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Mitb to treatment with C10 alone. However, the combination of
C10 and INH significantly inhibited growth of the katG™ strain
compared with INH or C10 alone (Fig. 34).

We enumerated viable bacteria from these cultures after 10 d
of treatment by plating the surviving bacteria on agar media
without drugs and found that although INH or C10 alone did not
significantly decrease the number of surviving katG™ Mitb, the
combination of C10 and INH resulted in a significant reduction
in cfu (Fig. 3C), further demonstrating that the C10-INH combi-
nation inhibits the katG™ mutant. Similarly, the katG™ mutant
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Fig. 3. C10 resensitizes katG mutants to inhibition by INH. (A) katG™ Mtb
was grown in Sauton’s medium with 5 pM or 25 pM C10 + 0.25 pg/mL INH,
and ODAggp Was measured over 10 d. Mean + SEM is graphed. n = 3. (B) The
doubling time of cultures in A was calculated between day 0 and day 4. This
time frame was chosen to be consistent with that used in Fig. 2; however,
the doubling time was similar when calculated over days 0-8. N/A indicates
that growth was inhibited, and the calculation of doubling time did not
accurately represent the data, as determined by R? value (R? <0.98). (C) After
10 d of treatment, cfu/mL were enumerated. Mean + SEM values are
graphed. n = 3. (D) katG™ Mtb was plated onto Sauton’s agar containing 0.5
pg/mL INH and/or 25 uM C10. Representative pictures from three in-
dependent experiments are shown. (E and F) Either katG"'’?" (E) or
katG*3%8- (F) mutant Mtb was grown in Sauton’s medium with 5 uM C10 +
0.25 pg/mL INH, and ODAggp Was measured over 10 d. n = 2. *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001; ns, not significant by two-way ANOVA
(A, E, and F) or one-way ANOVA (B and C) with Tukey’s test. Complete
statistical comparisons for all data are provided in S/ Appendix, Table S1.
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grew on agar containing either C10 or INH alone, but not on agar
containing the combination of both Cl10 and INH (Fig. 3D).
Therefore, C10 restored the sensitivity of the katG™ mutant to INH.

The absence of growth of any katG mutants on plates con-
taining INH and C10 (Fig. 2D) suggests that C10 restores the
sensitivity of all katG mutants that normally would be selected
for in the presence of INH alone. To directly test whether the
effect of C10 can be generalized to additional INH-resistant
katG mutants, we measured the impact of C10 on INH sensi-
tivity in two additional strains harboring mutations in katG at
residues that were identified as mutated in INH-resistant clinical
isolates: katG™'"*T and katG™>**" (31, 33). When we treated the
katG™"*" and katG™***“ Mtb mutants with 5 uM C10 and/or
0.25 pg/mL INH, we found that the combination of both C10 and
INH resulted in significantly decreased growth compared with
either treatment alone, similar to the katG™ mutant (Fig. 3 E
and F). These studies provide evidence that INH resistance can
be reversed in katG mutant strains of Mtb.

C10 Perturbs Mth Metabolism and Respiration. To decipher the
mechanism by which C10 sensitizes Mtb to INH, we compared
gene expression profiles of WT Mib treated with 5 uM or 25 pM
C10 for 48 h in aerated conditions to DMSO-treated control Mtb
using RNA-sequencing (RNA-seq) (SI Appendix, Table S3).
Treatment with 5 pM C10 resulted in significant (P,q; < 0.05) up-
regulation of only 12 genes by >1.5-fold, whereas treatment with
25 uM C10 caused significant up-regulation of 194 genes by >1.5-
fold, including nine of the genes up-regulated in 5 pM C10 (SI
Appendix, Table S4).

When we classified the genes induced by C10 into functional
categories based on their annotation in Mycobrowser (34), we
found that the functional category with the most genes up-
regulated by 25 pM C10 treatment in aerobic conditions was in-
termediary metabolism and respiration (55 genes, Fig. 44 and S/
Appendix, Table S3). In addition, the gene Rv0560c, which en-
codes a putative benzoquinone methyltransferase that may be
involved in synthesis or modification of the electron transport
chain (ETC) carrier benzoquinone, was one of the two most highly
up-regulated genes in both the 5 pM and 25 pM C10 treatments.
We also found that all of the genes encoding the cytochrome bd
complex (cydABDC) were significantly up-regulated by >1.5-fold
in Mtb treated with 25 uM C10, which is a hallmark of respiration
inhibition (35). Multiple other ETC genes were also significantly
induced by 25 pM C10 but did not meet the 1.5-fold cutoff (SI
Appendix, Table S5).

We performed a similar gene expression analysis of Mtb cul-
tured for 2 wk in low oxygen + 50 pM C10 (SI Appendix, Table
S6) and found that C10 caused significant (P,g < 0.05) up-
regulation of 716 genes by >1.5-fold (SI Appendix, Table S7).
Our finding that C10 caused up-regulation of more genes in
hypoxic conditions compared with aerobic conditions may reflect
the different concentrations and timing of C10 treatment in
these two conditions. Alternatively, Mtb may be more sensitive to
C10 treatment in hypoxic conditions, although 50 pM C10 had
no effect on Mtb survival in hypoxia (Fig. 1D). Similar to the
finding in aerated cultures treated with 25 pM C10, the func-
tional category with the most up-regulated genes (148 genes) was
intermediary metabolism and respiration (SI Appendix, Fig. S3).

In addition, as seen in aerobic cultures treated with 25 pM
C10, we found that Rv0560c was the most highly up-regulated
gene, and that multiple other ETC genes were up-regulated
by >1.5-fold, including cydABDC (SI Appendix, Table S5).
These data indicate that C10 affects similar pathways in both
hypoxic and aerated conditions. Notably, we found that C10 did
not inhibit induction of the DosR “dormancy regulon” that is up-
regulated in hypoxia (12), demonstrating that C10 does not in-
hibit the ability of Mtb to sense or respond to hypoxia (SI Ap-
pendix, Fig. S4 and Table S8).
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Fig. 4. C10 inhibits respiration in Mtb. (A) RNA-seq was performed on Mtb
treated with 25 pM C10 for 48 h in aerobic conditions. The functional cat-
egories based on gene annotations in Mycobrowser for the genes signifi-
cantly (P.gj < 0.05) up-regulated by >1.5-fold are presented in a pie chart. (B)
Mtb was pretreated for 4 h with DMSO, 2.5 pg/mL INH, 1 pg/mL CFZ, or 50 pM
C10, followed by the addition of methylene blue for an additional 16 h. n = 3.
(C) The viable bacteria from B were enumerated. (D) Mtb was treated with
increasing concentrations of C10 and monitored for respiration in the MABA,
and the 1C5o + SD was calculated with GraphPad Prism. n = 3. (E and F)
WT Mtb was incubated with 5 or 25 pM C10 + 0.25 pg/mL INH for 24 h, and
either ATP levels were measured in relative luminescence units (RLU) using
BacTiter Glo (E), or ROS levels were quantified by CellROX Green fluorescence
in arbitrary units (AU) (F). In F, 1 pg/mL CFZ was included as a positive control.
In C-F, values are mean + SEM. *P < 0.05; ****P < 0.0001; ns, not significant by
one-way ANOVA with Tukey’s test. Relevant comparisons are indicated.
Complete statistics are provided in S/ Appendix, Table S1.

Since treatment with C10 in both normoxic and hypoxic con-
ditions led to up-regulation of genes encoding components of the
ETC, we examined whether C10 affects respiration by monitor-
ing oxygen consumption by Mb using methylene blue dye. In the
presence of oxygen, this dye is blue, but when incubated with Mtb
for 16 h in an airtight tube, oxygen is consumed, and the dye
becomes reduced and turns colorless (36). The addition of 2.5
pg/mL INH, an antibiotic that does not target respiration, did
not affect methylene blue decolorization by Mtb. In contrast,
treatment with 50 pM C10 blocked methylene blue decoloriza-
tion, similar to clofazimine (CFZ), which inhibits type Il NADH
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dehydrogenases in the ETC (37) (Fig. 4B). Bacterial viability was
similar in all conditions (Fig. 4C), demonstrating that inhibition
of methylene blue decolorization was not a secondary effect of
killing the bacteria and that C10 blocked oxygen consumption.

To quantify the minimum concentration of C10 required to
perturb metabolism or respiration, we examined the activity of
C10 in the microplate alamar blue assay (MABA) (38). The
MABA uses the dye resazurin, which is blue in its oxidized form
but is reduced to the pink fluorescent compound resorufin as a
result of cellular metabolism. The MABA is commonly used to
evaluate the efficacy of antimycobacterial compounds, but also
serves as a measure of metabolism and respiration. C10 inhibited
the reduction of resazurin with an ICs, of 8.2 + 1.3 pM (Fig. 4D).

A limitation of the methylene blue and resazurin-based assays is
that they both rely on redox-sensitive dyes as an indirect readout
of metabolism and/or respiration. To confirm that C10 affects
energy metabolism, we examined the effect of C10 treatment on
ATP levels in the bacteria by treating Mtb with 5 uM or 25 uM
C10 for 24 h and then measuring ATP levels using the luciferase-
based BacTiter Glo assay (Promega). Indeed, C10 treatment
caused a significant dose-responsive decrease in ATP compared
with the DMSO-treated cultures (Fig. 4E). Notably, treatment
with C10 in combination with INH yielded very similar results to
those with C10 alone, demonstrating that INH does not enhance
the ability of C10 to deplete Mtb ATP levels (Fig. 4E). As
expected given the dose-responsive effects of C10 on ATP levels,
increasing the concentration of C10 to 100 uM or 250 pM resulted
in complete inhibition of growth (SI Appendix, Fig. S5), likely due,
at least in part, to depletion of ATP.

Perturbations in respiration can result in the production of ROS
(37, 39), and ROS have been shown to sensitize bacteria to INH
(40-42). Therefore, if C10 treatment leads to the generation of
ROS, this could contribute to increased sensitivity of Mtb to INH.
To test the effect of C10 treatment on the production of ROS, we
used the ROS-sensitive dye CellROX Green (Thermo Fisher Sci-
entific), which becomes oxidized on exposure to ROS, resulting in a
fluorescent product. We treated Mtb with 5 pM or 25 pM C10 for
24 h, followed by staining with CellROX Green and measuring
fluorescence as a read-out for ROS. Treatment of Mtb with 1 pg/mL
CFZ, a known inducer of ROS (43), increased CellROX fluores-
cence. In contrast, treatment with C10 did not increase CellROX
fluorescence (Fig. 4F), demonstrating that C10 does not cause ac-
cumulation of ROS in WT Mrb. Adding INH to the C10-treated
cultures also did not result in a change in CellROX fluorescence,
indicating that the effects of C10 on INH sensitivity in WT Mtb are
not mediated through ROS accumulation.

C10 Sensitizes Mth to Acid Stress. Since respiration plays an im-
portant role in maintaining intrabacterial pH homeostasis (44—
46), we hypothesized that inhibition of respiration by C10 could
compromise the ability of Mtb to survive exposure to acid stress.
We tested whether C10 sensitizes Mtb to low pH by culturing Mtb
aerobically in media at pH 7.0 or 5.5 and monitoring bacterial
survival. In the absence of C10, Mtb cultured at pH 5.5 for 8 d
showed no loss of viability. In contrast, in the presence of C10,
the viability of Mrb cultured at pH 5.5 decreased by more than
three orders of magnitude over 8 d (Fig. 54), demonstrating that
C10 sensitizes Mtb to low pH. In addition, C10 inhibited growth
of Mtb on low-pH agar media (Fig. 5B), further demonstrating
that C10 sensitizes Mtb to acid stress, consistent with our findings
that C10 perturbs respiration.

C10 Potentiates Killing by the Clinical Candidate Q203 Without
Targeting the Cytochrome Complexes. A hallmark of respiration
inhibitors is their ability to synergize with genetic or chemical
inhibition of parallel complexes in the ETC (43, 47). Therefore,
we inquired whether C10 would enhance the activity of the ETC
inhibitor Q203, which targets cytochrome bc; and is currently in
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Fig. 5. C10 sensitizes Mtb to acid stress. (A) WT Mtb was cultured in
Sauton’s media at pH 7.0 or 5.5 in the presence of DMSO or 50 pM C10, and
viable bacteria were enumerated over time. n = 3. Mean + SEM values are
graphed. ****P < 0.0001; ns, not significant by two-way ANOVA with
Tukey'’s test. Relevant comparisons are indicated. Complete statistics are
provided in S/ Appendix, Table S1. (B) WT Mtb was cultured on Sauton’s
agar, pH 5.5, with 25 uM C10 or DMSO, and pictures were taken at 43 d.
Growth on pH 7.0 agar is shown in Fig. 2D.

clinical trials for TB treatment (48). We incubated Mtbh with
25 pM C10, 400 nM Q203, or both in liquid cultures and enu-
merated viable bacteria after 15 d of treatment by plating the
surviving bacteria on agar media without drugs (Fig. 6 4 and B).
We did not observe any reduction in viable bacteria in cultures
treated with C10 or Q203 alone; however, the combination of
C10 and Q203 resulted in a significant decrease in Mtb viability
after 15 d of treatment. These findings show that the combina-
tion of C10 with Q203 results in bactericidal activity within 15 d
of treatment and support our hypothesis that C10 inhibits res-
piration. Mtb encodes two cytochromes, bc; and bd, that display
some redundancy in function. As such, genetic inactivation of
cytochrome bd results in hypersensitivity to inhibition of cyto-
chrome bc; with Q203 (43, 47).

Since C10 induced expression of cydABDC (SI Appendix, Ta-
ble S5) and also potentiated killing by Q203, we inquired
whether C10 directly targeted cytochrome bd by treating a
AcydA Mtb strain with C10 and monitoring the effects on me-
tabolism and respiration in the MABA. We found that C10
inhibited AcydA Mtb to a similar extent as WT Mtb (SI Appendix,
Fig. S6), demonstrating that C10 does not directly target cyto-
chrome bd and potentiates Q203 activity via a different mecha-
nism. These data also demonstrate that C10 does not directly
target cytochrome bc,, because inhibitors of this cytochrome
have increased activity in cyd4B mutants (43, 47).

Discussion

The studies presented herein uniquely exploit the link between
the development of drug tolerance and pellicle biofilm formation
to identify compounds that inhibit pathways that contribute to
drug and stress tolerance. Instead of screening for compounds
that kill Mtb, we looked for inhibitors of biofilm formation and
found C10, a compound that sensitizes Mtb to the antibiotics
INH and Q203 as well as the physiologically relevant stresses
ROS and low pH. It has also been recently shown that inhibitors
of the hypoxia-responsive two-component signaling system
DosRST can block hypoxia-induced INH tolerance by pre-
cluding the ability of Mtb to sense and respond to hypoxia (49).
In contrast to this mechanism, C10-treated bacteria are able to
sense decreases in oxygen tension and still up-regulate the DosR
regulon in hypoxic conditions, indicating that C10 sensitizes Mtb
to INH through a unique mechanism (SI Appendix, Fig. S4 and
Table S8). Importantly, it is unlikely that the DosRST inhibitors
(49) and C10 would have been identified in traditional screens
for compounds that inhibit Mtb growth in traditional aerobic
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Fig. 6. C10 potentiates killing by Q203. WT Mtb was cultured with 25 pM
C10 + 400 nM Q203 for 15 d, followed by enumeration of surviving cfu. (A) A
representative image of the culture dilutions plated to enumerate cfu is
shown. (B) Bacterial survival was quantified relative to DMSO-treated sam-
ples. n = 6. Values are mean + SEM. **P < 0.01, one-way ANOVA with
Tukey’s test. Relevant comparisons are indicated. Complete statistics are
provided in S/ Appendix, Table S1.

laboratory growth conditions. These two approaches to identify
tolerance inhibitors expand on our possible TB treatment
strategies.

The chemical library used in our screen included compounds
that target chaperone-usher pilus biogenesis in Escherichia coli
(23). However, Mtb does not encode chaperone-usher pili, in-
dicating that this family of compounds exhibits a different
mechanism of action in Mtb. In addition, C10 has been shown to
inhibit the CRP transcription factor in Listeria (50, 51). Mtb
encodes two CRP homologs, CRP and Cmr (52, 53). The CRP
regulon (52) and the originally defined Cmr-regulated genes (53)
were not universally up- or down-regulated during C10 treat-
ment. Cmr has also been recently reported to regulate the DosR
regulon (54), however, we found that the DosR regulon was
appropriately down-regulated in aerated conditions and up-
regulated in hypoxic conditions (SI Appendix, Tables S3, S6,
and S9). Instead, our data strongly support that C10 inhibits
respiration and/or metabolism in Mtb. The assays that we used
cannot distinguish between the direct inhibition of respiration
through inhibition of ETC enzymes and the indirect inhibition of
respiration through the disruption of central carbon metabolism,
which can impact respiration by affecting NADH homeostasis
(55). Indeed, in addition to the up-regulation of enzymes in-
volved in respiration, we also found up-regulation of enzymes
involved in several central carbon metabolism pathways, in-
cluding pyrimidine biosynthesis, propionate metabolism, and
amino acid metabolism, suggesting that these pathways may be
affected by C10 treatment as well (SI Appendix, Table S3).

Notably, some previous data link energy metabolism to INH
sensitivity. Compounds containing free thiols that stimulate Mtb
respiration enhance the bactericidal activity of INH (39); how-
ever, inhibiting respiration by interfering with menaquinone
biosynthesis also enhances INH activity (35). These data indicate
that perturbing respiration through either stimulation or in-
hibition of the ETC can result in increased INH sensitivity;
however, the mechanism by which perturbations in respiration
affect sensitivity to INH remains unclear. Further investigations
of C10 will shed light on these phenomena.

Unlike previous studies, our present experiments with C10
demonstrate that it is possible to reverse INH resistance in an
Mtb katG mutant. These findings indicate that INH resistance is
not absolute and there are vulnerabilities that can be exploited to

Flentie et al.

extend the clinical relevance of this antibiotic. In WT Mtb, KatG
converts INH to its active form by coupling INH with NAD (32).
This INH-NAD complex binds to InhA and inhibits mycolic acid
synthesis, resulting in inhibition of Mtb growth (56). INH-NAD
has also been shown to bind other proteins in Mtb that could be
additional targets of INH (57). Our findings suggest that either
(i) C10 directly or indirectly mediates the formation of the INH-
NAD adduct in katG mutant strains of Mtb or (ii) C10 licenses
INH to inhibit another target that does not require coupling with
NAD. Distinguishing between these possibilities will be the focus
of future studies and will shed light on the diversity of INH ac-
tivation mechanisms and INH targets in Mth.

In addition to our finding that resistance to a frontline TB
antibiotic can be reversed, Blondiaux et al. (58) recently reported
that the small molecule SMARt-420 reverses resistance to the
second-line TB antibiotic ethionamide (ETH). Both INH and
ETH are prodrugs that require activation in the bacteria. While
the only known activator of INH is the enzyme KatG (32), ETH
can be activated by multiple enzymes, including EthA and
MymA, and mutations in either ethA or mymA confer a degree of
resistance to ETH (59). In addition to these monooxygenases,
Blondiaux et al. found that SMARt-420 led to up-regulation of
another ETH-activating enzyme, EthA2. Therefore, SMARt-
420 sensitizes an Mtb ethA mutant to ETH by inducing expres-
sion of this alternative ETH activation enzyme.

In addition to this example of reversing drug resistance in a
genetic mutant, multiple efforts have focused on strategies to
block intrinsic resistance mechanisms in Mtb. These include in-
hibition of p-lactamases to block the intrinsic resistance of Mtb to
B-lactam antibiotics (60) and inhibition of drug efflux pump ac-
tivity or cell envelope integrity to improve drug permeability and
retention (61-63).

Using C10 as a chemical tool, we have uncovered a strategy to
alter the physiology of Mtb so that the bacterium becomes sus-
ceptible to the stresses that it will encounter in the host as well as
the frontline antibiotic INH. In particular, the unique ability of
C10 to reverse INH resistance reveals that it may be possible to
disarm INH resistance in the clinic, which would be of great utility
to combat the global epidemic of drug-resistant TB. Future
studies to identify the target of C10 and elucidate the mechanism
by which C10 elicits these effects will uncover novel therapeutic
targets that can be exploited for future drug development.

Materials and Methods

More detailed information is provided in S/ Appendix, Materials and
Methods.

Bacterial Strains and Growth Conditions. Mtb Erdman was inoculated from a
freezer stock into Middlebrook 7H9 liquid medium supplemented with
60 pL/L oleic acid, 5 g/L BSA, 2 g/L dextrose, 0.003 g/L catalase (OADC),
0.5% glycerol, and 0.05% Tween 80. Actively growing Mtb was then in-
oculated into Sauton’s liquid medium [0.5 g/L KH,POy,4, 0.5 g/L MgSQOy,, 4.0 g/L
L-asparagine, 6% glycerol, 0.05 g/L ferric ammonium citrate, 2.0 g/L citric
acid, and 0.01% (wt/vol) ZnSO4] and used for experiments. Viable cfu were
enumerated on Middlebrook 7H10 or 7H11 agar medium supplemented
with OADC and 0.5% glycerol. AcydA Mtb was generated using specialized
transduction as described in S/ Appendix, Materials and Methods.

Hypoxia-Induced Pellicle Formation and Tolerance Assays. Sauton’s medium
was inoculated with stationary phase Mtb at a 1:100 dilution with and
without C10. Culture vessels were closed tightly to restrict oxygen for 3 wk,
at which point seals on the vessels were opened, and for biofilm assays, the
cultures were incubated for another 2 wk, after which pictures were taken
and/or cfu were enumerated. For tolerance assays, when hypoxic culture
vessels were reaerated, H,O, or antibiotic was pipetted into the media at
the indicated concentrations. After 2 wk of exposure to the indicated stress,
bacteria were harvested from each well, and cfu were enumerated.

Aerobic Liquid Media Growth Assays. Mtb was inoculated into Sauton’s liquid
medium supplemented with 0.05% Tween 80 at an ODAgoo of 0.1. Unless
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specified otherwise, the pH of the medium was adjusted to 7.0. Compounds
were added at the indicated concentrations, and when noted, OD\goo Was
monitored over time. Viable cfu were enumerated at the indicated time
points by plating serial dilutions of the cultures on 7H11 agar medium plus
OADC containing no antibiotics.

Agar Media Growth Assays. For the experiments shown in Figs. 2D and 3D,
~8 x 107 cfu were spread on the surface of plates containing agar medium
and incubated at 37 °C with 5% CO, for 3 wk before pictures were taken. For
the experiment in Fig. 58, ~2.5 x 10% cfu was spread over the surface of
plates containing Sauton’s agar medium adjusted to pH 5.5.

Preparation of RNA and RNA-Sequencing. In aerobic conditions, RNA se-
quencing was performed on RNA extracted from Mtb cultured aerobically in
the presence of 5 uM or 25 pM C10 or DMSO for 48 h. For hypoxic cultures,
Mtb was cultured in tightly sealed containers for 2 wk in the presence of
50 pM C10 or DMSO, followed by RNA extraction and sequencing.

Methylene Blue Assays. Mtb was inoculated into Sauton’s medium containing
0.05% Tween 80 at an OD)goo of 0.25 and incubated with the indicated
concentration of INH, CFZ, or C10 for 4 h in 2-mL screwcap tubes at 37 °C in
shaking conditions. Methylene blue was added to a final concentration of
0.003%, and cultures were incubated under shaking for another 16 h before
photos were taken and cfu were enumerated.

MABA. Logarithmically growing Mtb was inoculated into Sauton’s medium in
96 well plates with wells containing increasing concentrations of C10. Plates
were incubated at 37 °C with 5% CO, for 1 wk, at which point resazurin was
added and the plate was incubated at 37 °C with 5% CO0, overnight. The
production of fluorescent resorufin was measured by removing samples
from the plate, mixing with formalin to kill the Mtb, and measuring the
fluorescence on a Tecan M200 Pro plate reader with excitation Aex = 530 nm
and emission Aey, = 590 nm.
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ATP Quantification. Mtb was inoculated into Sauton’s medium with and
without compounds at an ODggo of 0.1, followed by incubation in a roller
apparatus for 24 h. An aliquot of the culture was then heat-inactivated at 95 °C
for 20 min, and BacTiter Glo (Promega) was used to quantify ATP levels.

CellROX Assay to Measure ROS. Mtb was inoculated into Sauton’s medium
with and without compounds at an ODJggo of 0.1 and incubated in a roller
apparatus for 24 h. CellROX Green was then used to quantify ROS.
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