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Abstract

Efforts to develop more effective and shorter-course therapies for tuberculosis have included a
focus on host-directed therapy (HDT). The goal of HDT is to modulate the host response to
infection, thereby improving immune defenses to reduce the duration of antibacterial therapy
and/or the amount of lung damage. As a mediator of innate and adaptive immune responses
involved in eliminating intracellular pathogens, autophagy is a potential target for HDT in
tuberculosis. Because Mycobacterium tuberculosis modulates mammalian target of rapamycin
(mTOR) signaling to impede autophagy, pharmacologic mTOR inhibition could provide
effective HDT. mTOR exists within two distinct multiprotein complexes, mTOR complex-1
(mTORC1) and mTOR complex-2 (mTORC2). Rapamycin and its analogs only partially inhibit
mTORC1. We hypothesized that novel mTOR kinase inhibitors blocking both complexes would
have expanded therapeutic potential. We compared the effects of two mTOR inhibitors:
rapamycin and the orally available mTOR kinase domain inhibitor CC214-2, which blocks both
MTORC1 and mTORC?2, as adjunctive therapies against murine TB, when added to the first-line
regimen (RHZE) or the novel bedaquiline-pretomanid-linezolid (BPaL) regimen. Neither mTOR
inhibitor affected lung CFU counts after 4-8 weeks of treatment when combined with BPaL or
RHZE. However, addition of CC214-2 to BPaL and RHZE was associated with significantly
fewer relapses in C3HeB/FeJ compared to addition of rapamycin and, in RHZE-treated mice,
resulted in fewer relapses compared to RHZE alone. Therefore, CC214-2 and related mTOR
kinase inhibitors may be more effective candidates for HDT than rapamycin analogs and may

have the potential to shorten the duration of TB treatment.
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Introduction

Despite recent advances in drug development for tuberculosis (TB), first-line treatment for drug-
susceptible TB still consists of an extended regimen comprising four drugs: isoniazid, rifampin,
pyrazinamide and ethambutol for 2 months, followed by isoniazid and rifampin for another 4
months (RHZE). Treatments for multidrug- and extensively drug-resistant (MDR/XDR) TB are
longer and more complex, although the novel short-course regimen of bedaquiline, pretomanid
and linezolid (BPaL) recently was approved to treat XDR-TB and MDR-TB patients who lack
other options for treatment (1). Efforts to develop more effective and shorter-course therapies for
TB have included a focus on host-directed therapy (HDT) (2). The goal of HDT is to modulate
the endogenous host response to infection, thereby improving the host’s immune defenses
against the pathogen, reducing the duration of antibacterial therapy and/or limiting the amount of
lung damage sustained. Given the delicate balance between Mycobacterium tuberculosis and the
immune response of its host, HDT poses an attractive strategy and has already shown promise by
demonstrating reduced lung pathology in mouse and rabbit models of pulmonary TB (3, 4). As
an added benefit, HDT approaches should not be adversely affected by antimicrobial drug

resistance in the infecting Mycobacterium tuberculosis strain.

Autophagy and its degradation pathway has been exploited for therapeutic modulation in various
disease states such as metabolic conditions, neurodegenerative diseases, cancers, and infectious
diseases (5). Autophagy is an intracellular homeostatic process that removes damaged cellular
components and organelles during cellular stress via lysosomal degradation. It is part of the

innate immune response involved in eliminating intracellular pathogens (i.e., xenophagy),
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including M. tuberculosis (6, 7). Additionally, it is involved in adaptive immunity by facilitating
antigen presentation, which eventually leads to granuloma formation (8). As such, induction of

autophagy has become a target of choice for adjunctive HDT in TB (9, 10).

One of the cellular signaling pathways that controls autophagy is regulated by mammalian target
of rapamycin (mTOR) (7). While it has been shown that the hypoxic environment in some
granulomas inhibits mTOR, inducing autophagy (11), M. tuberculosis impedes the host cells’
ability to complete autophagy via modulation of mTOR (12). Therefore, utilizing an mTOR
inhibitor could counteract the effect of M. tuberculosis infection on mTOR and provide a novel
HDT for TB. Although rapamycin, a well-known immunosuppressive drug and commonly used
anti-cancer treatment, inhibits mTOR and is an inducer of autophagy, it would have limited
utility in TB due to its variable oral absorption and metabolism by CYP3A4, which is induced by
the anti-TB drug rifampin (13). The rapamycin analog everolimus has improved bioavailability
and recently was evaluated as an adjunct to the standard-of-care chemotherapy regimen in a
clinical trial (#NCT02968927). Preliminary interim analyses suggested reduced inflammation
and trends toward improved lung function and accelerated culture conversion with addition of
everolimus (14). These results suggest that chemical modulation of mTOR and autophagy has

potential as a novel HDT approach for TB treatment.

MTOR is a serine/threonine kinase and exists within two distinct multiprotein complexes, mTOR
complex-1 (MTORC1) and mTOR complex-2 (MTORC2) (15). Rapamycin and analogs such as
everolimus are allosteric inhibitors that target only the mTORC1 complex (16). Based on the

modest efficacy seen with rapamycin monotherapy, it has been hypothesized that mTOR kinase
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88 inhibitors capable of blocking both mTORC1 and mTORC2 signaling could have expanded

89  therapeutic potential (13) (17). CC214-2, represents a novel series of 4,6-disubstituted-3,4-

90 dihydropyrazino[2,3-b]pyrazin-2(1H)-one selective mTOR kinase inhibitors (18, 19). It is potent,

91  orally bioavailable, directly inhibits both mTORC1 (pS6) and mTORC2 (pAktS473) signaling in

92  vitro and in mice and has demonstrated induction of autophagy in US7EGFRvIII xenografts in

93  vivo (16, 20). In a mouse model, CC214-2 significantly inhibited PC3 prostate xenograft tumor

94  growth in a dose and schedule-dependent manner at doses up to 100 mg/kg (21). With

95  established pharmacokinetics and pharmacodynamics (PK/PD) parameters, CC214-2 was a

96 viable mTOR inhibitor candidate for TB HDT evaluation.

97

98  We hypothesized that the addition of CC214-2 would increase the bactericidal and sterilizing

99  activity of combination chemotherapy for TB in a manner superior to rapamycin. In the present
100  study, we compared the effects of rapamycin and CC214-2, as monotherapies or when added to
101  RHZE or BPaL in chronic low-dose aerosol infection models of TB in BALB/c and C3HeB/FeJ
102  mice. Rapamycin alone promoted more M. tuberculosis multiplication (in both mouse strains)
103  and death (in C3HeB/FeJ mice) compared to no treatment, whereas CC214-2 tended to reduce
104  lung bacterial burden. Most importantly, addition of CC214-2 to RHZE significantly reduced the
105  proportion of relapses among C3HeB/FeJ mice, a model recently shown to recapitulate host
106  transcriptional signatures observed in human TB. On the other hand, addition of rapamycin did
107  not improve the efficacy of RHZE in C3HeB/FeJ mice and reduced its efficacy in BALB/c mice.
108  Rapamycin also reduced the efficacy of BPaL in both mouse strains. These results suggest that
109  the mTOR kinase inhibitor CC214-2 may be a more effective and safer mTOR inhibitor

110  candidate for HDT than rapamycin and its analogs and that CC214-2 may have the potential to
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111 improve treatment outcomes and perhaps shorten the duration of TB treatment when combined
112 with RHZE.

113

114  Results

115

116  Invitro activity of mTOR inhibitors against M. tuberculosis: To rule out direct antimicrobial
117  activity of CC214-2, minimum inhibitory concentrations (MICs) of CC214-2 were determined
118  against M. tuberculosis HN878 using the broth macrodilution method. The MIC of CC214-2 was
119  >40 pg/mL. Rapamycin was also tested and, consistent with previous observations (22), it

120 inhibited growth of M. tuberculosis, but only at a high concentration (MIC = 40 pg/mL).

121

122 CC214-2 pharmacokinetics and dose selection: CC214-2 has demonstrated exposures after
123 oral dosing suitable for evaluation of mTOR inhibition and efficacy in vivo. The single-dose
124  plasma PK parameters for CC214-2 doses bracketing the selected 30 mg/kg dose are shown in
125  Table S1. In previous studies, CC214-2 demonstrated significant inhibition of both mTORC1
126  (pS6) and mMTORC2 (pAktS473) for at least 8 and 24 h when dosed at 30 and 100 mg/kg,

127  respectively (21). Furthermore, dosing at 25 and 50 mg/kg once a day in a 21-day PC3 tumor
128  xenograft model resulted in tumor volume reductions of 63% and 84%, respectively, as

129  compared to vehicle control (20) (21). Based on these previous PK/PD and efficacy studies, a
130  dose of 30 mg/kg was selected to best balance predicted long-term tolerability and provide
131 sufficient exposure and target engagement to evaluate the potential of dual mMTORC1/mTORC2
132 inhibition as HDT in murine models of TB.

133
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134  Differential effects of mTOR inhibitors on the control of chronic M. tuberculosis infection:
135  Schemes for the efficacy experiments in BALB/c and C3HeB/FeJ mice are shown in Tables 3
136 and 4, respectively. Mean CFU count results for BALB/c and C3HeB/FeJ mice are shown in
137  Tables S5 and S6, respectively.

138

139  To determine the effects of the two different classes of mTOR inhibitor against active TB

140  infection, we assessed mouse survival and viable M. tuberculosis colony-forming unit (CFU)
141 counts in the lungs before and during monotherapy with rapamycin or CC214-2 in chronic

142 infection models using BALB/c and C3HeB/FeJ mice. As expected, untreated BALB/c mice
143  experienced stable lung infection for 15 weeks post-infection (i.e., up to Week 8 of the treatment
144  period) (Fig. 1A). Compared to these untreated controls, mice treated with rapamycin alone

145  experienced a loss of bacterial containment, resulting in a marked increase in M. tuberculosis
146 CFU at Week 8 (p<0.0001), whereas CC214-2 did not adversely affect control of the infection or
147  survival. Unlike BALB/c mice, C3HeB/FeJ mice may develop caseating lung lesions and fail to
148  control low-dose aerosol infections. As shown in Fig. 2, >50% of untreated C3HeB/FeJ mice
149  succumbed to the infection (median survival time, 51 days from Day 0 [99 days post-infection]).
150  Remarkably, all mice treated with rapamycin alone died within six weeks of treatment initiation
151 (median survival time, 24 days from Day 0), which was significantly worse than no treatment
152 (p=0.0195); and among rapamycin-treated mice surviving to Week 4, the lung CFU counts were
153  higher than those in untreated controls (Fig. 3A). In contrast, treatment with CC214-2 alone

154  resulted in only 25% mortality (p=0.0107 vs. rapamycin alone) that occurred only early in the
155  treatment period, but was not statistically significantly different from the survival of untreated

156  mice up to the end of the observation period. CC214-2 treatment reduced CFU counts compared
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157  to untreated C3HeB/FeJ controls surviving to Week 8, although the difference was not

158  statistically significant.

159

160  Differential effects of mTOR inhibitors on the response to combination chemotherapy: To
161  determine the contribution of adjunctive therapy with each mTOR inhibitor to the efficacy of the
162  RHZE and BPaL regimens, BALB/c and C3HeB/FeJ were treated with each regimen alone or in
163  combination with rapamycin or CC214-2. The bactericidal activity of the BPaL and RHZE

164  regimens over 4 and 8 weeks produced the expected reductions of Mtb CFU in both mouse

165  strains (Figs. 1A and 3A) and prevented mortality in C3HeB/FeJ mice (Fig. 2). Neither CC214-2
166  nor rapamycin altered the lung CFU counts when added to either regimen in either mouse strain.
167  However, in C3HeB/FeJ mice, the addition of rapamycin to BPaL reduced survival compared to
168  BPaL alone (p<0.0001) and BPaL plus CC214-2 (p=0.0008).

169

170  The effects of adjunctive mTOR inhibitors on the curative efficacy of the RHZE and BPaL

171 regimens were measured by the proportions of mice with culture-positive lungs (relapse) and the
172 CFU counts in those lungs assessed 12 weeks after completing abbreviated treatment durations.
173 Owing to the superior efficacy of BPaL over RHZE and the typically longer treatment time

174  required for cure in C3HeB/FeJ mice compared to BALB/c mice, BPaL treatment duration was 8
175  and 11 weeks and RHZE treatment duration was 12 and 15 weeks in BALB/c and C3HeB/FeJ
176  mice, respectively. Treatment with RHZE produced the expected proportions of relapses in both
177  mouse strains. Most importantly, the addition of CC214-2 significantly reduced the proportion of
178  C3HeB/Fel mice that relapsed (p=0.0038) (Fig. 3C). In contrast, the addition of rapamycin to

179  RHZE did not significantly affect the proportion of mice relapsing, and was less effective than
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180  the addition of CC214-2 (p=0.0253). A similar trend was observed in BALB/c mice treated with
181  RHZE with or without CC214-2, although the reductions in the relapse proportion and CFU

182  counts in relapsing mice (Fig. 2C) observed with addition of CC214-2 did not meet statistical
183  significance when compared to RHZE only. However, rapamycin had a deleterious effect on
184  relapse in BALB/c mice (p=0.0142 vs. RHZE only).

185

186  Addition of CC214-2 to the novel BPaL regimen resulted in numerically fewer relapses in

187  C3HeB/Fel, but not BALB/c, mice (Figs. 3B and 2B). This difference in C3HeB/FeJ mice was
188  not statistically significant, but the small number of relapses in these groups could have obscured
189  a larger effect. In stark contrast, the addition of rapamycin to BPaL resulted in significantly

190  greater mortality in C3HeB/FeJ mice (Fig. 2), as well as a higher proportion of mice relapsing
191  compared to BPaL only in both C3HeB/FeJ (p=0.0709) and BALB/c mice (p=0.0022). The small
192 number of assessable C3HeB/FeJ mice treated with BPaL plus rapamycin likely limited the

193  power to detect a statistically significant difference. Still, addition of rapamycin was associated
194  with significantly more relapses than the addition of CC214-2 in both C3HeB/FeJ (p=0.0253)
195 and BALB/c mice (p=0.0022).

196

197  Quantitative histopathology analysis: Overall areas of consolidation and, especially, necrosis
198  tended to be greater in C3HeB/FeJ mice, regardless of treatment with RHZE and/or mTOR

199 inhibitors (Figure S1). Among BALB/c mice, treatment with rapamycin was associated with a
200 trend towards higher scores for consolidation and necrosis relative to no treatment or treatment
201  with CC214-2. Among the sampled C3HeB/FeJ mice, there was no apparent effect of treatment

202  with CC214-2 compared to no treatment, but this comparison may be biased by the loss of more
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203  severely affected untreated mice to mortality prior to the Week 8 sampling time point. Similarly,
204  the impact of rapamycin monotherapy in C3HeB/FeJ mice could not be assessed due to the

205  accelerated mortality in that group. Trends towards less necrosis and consolidation were

206  observed when CC214-2 and rapamycin were added to RHZE treatment in C3HeB/FeJ mice, but
207  the small sample numbers precluded statistical analyses or firm conclusions to be drawn. BPaL-

208  treated groups were not assessed.

209

210 Discussion

211 The most important finding of our study is that the addition of the novel mTOR kinase inhibitor
212  CC214-2 to the first-line RHZE regimen significantly reduced the proportion of C3HeB/FelJ

213 mice relapsing after an abbreviated course of treatment. This result indicates the potential of

214  mTOR kinase inhibition targeting both mTORC1 and mTORC2 to improve TB treatment

215  outcomes and possibly shorten treatment duration in drug-susceptible TB, particularly given

216  recent evidence that this mouse model results in host transcriptional signatures reflective of those
217  seen in TB patients (23). Remarkably, rapamycin, which only partially inhibits mMTORC1

218  signaling through a different mechanism of action, had no evident benefit when added to RHZE.
219 Interestingly, the addition of CC214-2 to the novel BPaL regimen had no significant effect on
220 efficacy, while the addition of rapamycin to BPaL was clearly detrimental, significantly reducing
221 survival in C3HeB/FeJ mice and increasing the proportions of both C3HeB/FeJ and BALB/c

222 mice relapsing after treatment. The discrepancy between the therapeutic effects of the two

223  mTOR inhibitors was further evident in the marked worsening of the infection caused by

224  rapamycin monotherapy compared to an opposing trend toward reduced bacterial load observed

225  with CC214-2 monotherapy in both mouse strains.

10
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226 The widely discrepant effects observed between the mTOR inhibitors evaluated here may be
227  attributable to the properties and selectivity of the mTOR inhibitors. Although rapamycin and
228  especially analogs such as everolimus have been explored (7, 12, 14, 24, 25) for use as

229  adjunctive HDT for TB, to our knowledge, they have not been studied previously with

230 combination chemotherapy in a mouse model of TB. Due to their effects on the AKT/mTOR
231 pathway and autophagy, they only partially inhibit mMTORCL1 and do not inhibit mMTORC2. The
232 inability of rapamycin to completely block mTORC1-mediated signaling events may be

233 explained by the presence of several feedback loops, and the upregulation of compensatory

234  pathways. There are several feedback loops involved in the cell survival responses, and it has
235  been shown that rapamycin modulates a feedback loop resulting in mMTORC2-mediated AKT
236 activation (13). In contrast, inhibitors of mMTOR kinase, such as CC214-2, prevent this feedback
237  loop-mediated activation through direct inhibition of pAKT. Additionally, rapamycin does not
238  significantly affect the mTORC1-mediated process of autophagy in that, although rapamycin can
239  effectively activate autophagy in yeast, this induction is limited in mammalian cells (26). In
240  contrast to rapamycin and the “rapalogs”, CC214-2 blocks both mTORC1 and mTORC2

241  signaling pathways and has demonstrated activation of autophagy in US7EGFRvVIII xenografts in
242 vivo (16). Taking these mechanistic differences into account, our results strongly suggest the
243 superior therapeutic potential of combined interruption of both mTORC1 and mTORC2

244  signaling by an mTOR kinase inhibitor as adjunctive HDT for TB, as opposed to the partial

245  inhibition of MTORC1 observed with rapamycin and its analogs. Considering the modest

246  benefits recently observed with addition of everolimus to a regimen of rifabutin plus HZE in a

247  clinical study (14), the therapeutic advantages of CC214-2 observed here suggest that an mTOR

11
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248  kinase inhibitor that more effectively targets both mTORC1 and mTORC2 may deliver superior

249  outcomes in the clinical setting.

250  Rapamycin’s poor solubility, metabolism by CYP 3A4 and efflux by P-glycoprotein (P-gp)

251 complicate its use as adjunctive HDT for TB. Everolimus, while more soluble and orally

252 bioavailable, is also a substrate of CYP 3A4 and P-gp, and its metabolism is induced by

253  rifampin, the cornerstone drug in the RHZE regimen (27). Hence, the requirement to substitute
254 rifabutin for rifampin when everolimus was evaluated as adjunctive HDT in the aforementioned
255  clinical trial (14). CC214-2 has superior physicochemical and pharmacokinetic properties, and
256 has demonstrated efficacy in vivo across multiple solid tumor models when dosed orally. Neither
257  CC214-2 nor the more clinically advanced drug in this class, CC-223, is a substrate, inhibitor or
258 inducer of CYP 3A4 or P-gp, making them more suitable for combination chemotherapy of TB.
259

260  Several other findings of the present study warrant further discussion. The benefit of adding

261 CC214-2 to RHZE was more evident in C3HeB/FeJ mice than in BALB/c mice. Despite its

262  relatively recent adoption as a pre-clinical model of TB, the C3HeB/FeJ mouse infection model
263 is now better validated as a model of TB immunopathogenesis than more commonly used mouse
264  strains such as C57BI/6 and BALB/c mice. Rigorous transcriptomic analyses of peripheral blood
265  and lung samples from infected mice recently indicated a striking resemblance between

266  transcriptional signatures associated with susceptibility to TB disease in C3HeB/FeJ mice and in
267  active human TB (23, 28), including upregulation of type I interferon signaling and neutrophil
268  recruitment and down-regulation of B lymphocyte, natural killer cell and T cell effector

269  responses. These signatures in C3HeB/FeJ mice were clearly more representative of human TB

270  transcriptional signatures than those observed in more resistant C57BI/6 and BALB/c mice.

12
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271 Moreover, infection of C3HeB/FeJ mice with the HN878 strain M. tuberculosis used in the

272 current study also produced blood and lung transcriptional signatures more similar to human TB
273 signatures than infection with the more commonly used H37Rv strain (23). Thus, the C3HeB/FeJ
274 mouse model used here can be considered highly representative of the host response in human
275  TB disease, and therefore the ideal murine model for investigating HDT candidates. Use of this
276 model increases the probability that the significant benefit of CC214-2 in combination with

277  RHZE observed in this strain will translate to human TB.

278

279  Another interesting finding of the present study is the greater benefit observed when CC214-2
280  was added to the RHZE regimen compared to its addition to the BPaL regimen. Although it is
281  possible that the low number of relapses observed with BPaL treatment, with or without

282  adjunctive CC214-2 treatment, obscured a larger effect of CC214-2 that would have been evident
283  if the duration of treatment had been shorter, it is also possible that the composition of the

284  antimicrobial regimen influenced the magnitude of the CC214-2 effect. An intriguing hypothesis
285 is that mTOR inhibition augments the effects of some TB drugs more than others. Indeed, recent
286  studies suggest that bedaquiline treatment triggers multiple antimicrobial defense mechanisms in
287  macrophages, including lysosomal activation, phagosome-lysosome fusion and autophagy (29,
288  30). Linezolid also induces autophagy in mammalian cells, apparently through mitochondrial
289  stress and dysfunction (29, 31). Therefore, it is conceivable that the degree to which BPaL itself
290 induces autophagy and other protective antimicrobial mechanisms negates any additional

291 contribution from a direct mTOR kinase inhibitor. In contrast, rifampin, isoniazid and

292  pyrazinamide did not significantly increase lysosomal activation or autolysosome formation to

293  the extent that bedaquiline and linezolid did (29, 30). Although isoniazid and pyrazinamide

13
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294  reportedly activated autophagy in M. tuberculosis-infected murine macrophages in one study (6),
295 isoniazid did not increase autophagy in human cells in other studies (29, 30). Furthermore,

296  pyrazinamide’s antibacterial activity is pH-dependent and thus enhanced in acidified

297  phagolysosomes. Increased delivery of M. tuberculosis to such phagolysosomes mediated

298  through pharmacologic induction of autophagy may be an additional means by which mTOR
299 inhibition could augment pyrazinamide efficacy. Consistent with this, a recent study using an in
300 vitro granuloma model found that everolimus augmented pyrazinamide activity to a more

301 significant extent than its effects on isoniazid activity (24). While we cannot exclude the

302  possibility that co-administration of CC214-2 reduced the exposure to one or more components
303  of the BPaL regimen through an adverse drug-drug interaction, this is unlikely because CC214-2
304 is not a substrate or inducer of CYP 3A4 or P-gp and was administered separately in time from
305 the antimicrobials to avoid interference with absorption. Therefore, in the context of prior

306  studies, our results suggest that the adjunctive benefits of dual mMTORC1/mTORC?2 inhibition
307  may be regimen-specific and related to the extent to which the anti-TB drugs themselves affect
308 autophagy and other macrophage defense mechanisms.

309

310 A limitation of the present study is the use of only one dose of each mTOR inhibitor. In addition
311  to promoting xenophagy, rapamycin and CC214-2 have potential dose-dependent

312 immunosuppressive effects that could tip the balance in favor of the pathogen and negate

313  adjunctive therapeutic benefits. We used a rapamycin dose that provided analogous efficacy

314  results compared to the 30 mg/kg daily dose of CC214-2 in mouse tumor xenograft models.

315  However, this dose was an order of magnitude higher than the dose used in a study showing

316  enhancement of BCG efficacy against M. tuberculosis challenge (75 pg/kg daily) (32).
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317

318 Inconclusion, we have demonstrated that the addition of the mTOR kinase inhibitor CC214-2
319  significantly increased the sterilizing efficacy of the first-line RHZE regimen in a validated

320 C3HeB/FeJ mouse model of TB. While recently reported clinical trial outcomes suggest that the
321 rapamycin analog everolimus also increases the efficacy of rifabutin plus HZE in TB patients,
322 the superior efficacy of CC214-2 over rapamycin in our study suggests that CC214-2 and other
323 drugs that inhibit both mTORC1 and mTORC2 activity and bypass feedback activation offer
324  greater potential as HDT for TB.

325
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Materials and Methods

Bacterial strain: The virulent M. tuberculosis HN878 strain, belonging to the Beijing subfamily,
was used for infection. The strain was mouse passaged and aliquoted in frozen stocks. The
bacteria were grown in Middlebrook 7H9 liquid media supplemented with 10% oleic acid-
albumin-dextrose-catalase (OADC) without Tween 80. After growing for five days the culture

was de-clumped by passing through a 25 g needle before infection.

Determination of MICs against M. tuberculosis HN878: MICs of rapamycin and CC214-2
were determined using the broth macrodilution method in complete 7H9 media without Tween
80. The drugs were serially diluted 2-fold to obtain the final concentration range from 80 to 1.25
pg/mL. MIC was defined as the lowest concentration to prevent visible growth after 14 days of

incubation.

Aerosol infection of mice with M. tuberculosis: All animal procedures were approved by the
Animal Care and Use Committee of Johns Hopkins University. Six-week-old female BALB/c
mice were purchased from Charles River Laboratories (Wilmington, MA). Eight- to ten-week-
old female C3HeB/FeJ mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
Mice were infected via aerosol using the GlasCol Inhalation Exposure System. Both BALB/c
and C3HeB/FeJ mice were infected using a culture of M. tuberculosis HN878 prepared as
described above and diluted 1:400 prior to infection. Four mice from each strain were sacrificed
and lung homogenates were plated on 7H11 agar plates supplemented with 10% OADC, to
estimate the number of implanted CFUs. Seven weeks after infection, C3HeB/FeJ mice were

block-randomized into treatment groups according to body weight and aerosol infection run.
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350 BALB/c mice were block-randomized by aerosol infection run only. Five BALB/c mice and
351  eight C3HeB/FeJ mice were sacrificed, and lung homogenates were plated to enumerate CFU at

352  the initiation of treatment (Day 0).

353  Chemotherapy: The daily doses of drugs (in mg/kg body weight) were 10 (isoniazid, H), 10
354  (rifampin, R), 100 (ethambutol, E), 150 (pyrazinamide, Z) for the RHZE regimen; 25

355  (bedaquiline, B), 100 (pretomanid, Pa) 100 (linezolid, L) for the BPaL regimen; 4 (rapamycin,
356  Rapa) and 30 (CC214-2, CC214)(20). R, H, E and Z were prepared in deionized water, B was
357  prepared in acidified HPCD (acidified 20% hydroxypropyl-B-cyclodextrin )solution, Pa in CM2
358  formulation, L in 0.5% methyl cellulose (33, 34), CC214-2 in 0.5% CMC and 0.25% Tween 80,
359 and rapamycin in 45%PEG 400, 53% saline and 2% ethanol. All drugs were administered orally
360 by gavage 5 days per week except rapamycin, which was administered by intraperitoneal

361 injections 3 days per week (i.e., Mon-Wed-Fri).

362  Assessment of treatment efficacy: Treatment efficacy was assessed by evaluating lung CFU
363  counts after 4 or 8 weeks of treatment and the proportions of mice culture-positive 12 weeks

364  after completing different durations of treatment. Lung CFU counts during treatment were

365  determined from a higher number of C3HeB/FeJ mice (n=8) compared to BALB/c mice (n=5)
366  due to the more heterogenous disease progression characteristics of the former strain. Lung

367 homogenates from both groups were serially diluted and plated on selective Middlebrook 7H11
368  media containing 0.4% activated charcoal to reduce the effects of bedaquiline carryover. CFU
369  counts were determined after 6 weeks of incubation at 37° C. The entire lung homogenates of the
370  relapse cohorts were plated on five plates to reduce the lower limit of CFU detection to 1 when

371 determining the proportion of mice with culture-positive relapse.
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372 Monitoring clinical signs and recording death of mice: Four weeks (28 days) after infection a
373  baseline body weight of the C3HeB/FeJ mice was assessed. The body weights of the mice were
374  then monitored every week during pretreatment followed by every 2 weeks until completion of
375  the experiment. Physical signs of drug toxicity were recorded. All dead mice were recorded for

376  survival analysis.

377  Statistical analysis: CFU counts (x) were log-transformed (as x + 1) before analysis, and group
378  means were compared by one-way analysis of variance with Dunnett’s post-test to control for
379  multiple comparisons. Group relapse proportions were compared using Fisher’s exact test,

380  adjusting for multiple comparisons. The Mann-Whitney test was used to test for significance on
381 non-normally distributed CFU data from C3HeB/FeJ mice. Kaplan-Meier curves and Mantel-
382  Cox logrank tests were used for survival analysis. GraphPad Prism version 6 (GraphPad, San
383  Diego, CA) was used for all analyses. Use of 15 mice per group for relapse assessment provides
384  approximately 80% power to detect 40 percentage point differences in the relapse rate, after

385  setting alpha at 0.01 to adjust for up to 5 simultaneous two-sided comparisons. Smaller

386 differences may not be meaningful in terms of shortening the duration of treatment.

387  Quantitative analysis of lung histopathology: Lung samples were collected from both BALB/c
388  and C3HeB/FeJ mice for histopathology analysis after 8 weeks of treatment except for the

389  rapamycin alone group in C3HeB/FeJ mice, which had samples collected after 4 weeks of

390 treatment due to the accelerated mortality observed in that group. Two or three lung samples

391 were collected from each group. Lungs were fixed in 4% paraformaldehyde. The paraffin blocks
392  of lung samples were processed to obtain at least three sections per lung spaced 60 pm apart for
393  hematoxylin and eosin staining. Adjacent sections were stained with Ziehl-Neelsen (acid fast

394  staining) and Masson trichrome stains. Quantitative analysis was performed by a reviewer
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395 (MEU) blinded to treatment allocation and mouse strain. For each treatment group, a total of six
396  or nine scanned slides (i.e., from 2 or 3 mice) were reviewed. Regions of interest corresponding
397  to the absolute areas of total lung surface, lesion, inflammation, consolidation and necrosis were
398  manually drawn and their area quantified using the open source software Qupath

399  (https://qupath.github.io/).
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Figures

Fig. 1. Lung CFU counts in BALB/c mice after treatment. A) Mice treated for one month
with BPaL = an mTOR inhibitor, CC214-2 (CC214), or an mTOR inhibitor alone and for two
months with the RHZE regimen + an mTOR inhibitor. B) Relapse assessment after 8 weeks of
treatment with BPaL + an mTOR inhibitor. C) Relapse assessment after 12 weeks of treatment

with RHZE + an mTOR inhibitor.
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544  Fig. 2. Survival analysis: In C3HeB/FeJ mice, treatment with Rapa alone accelerated weight
545  loss and mortality compared to untreated mice whereas CC214-2 showed a trend towards

546  preserved weight and survival up to the week 8 endpoint. Addition of Rapa to BPaL was also
547  associated with accelerated mortality relative to BPaL alone. Addition of CC214-2 (CC214) to
548 BPaL delayed and fewer deaths compared to Rapa. An adverse effect on mortality or relapse was

549  not observed when Rapa was added to RHZE in C3HeB/FeJ mice.
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Fig. 3. Lung CFU counts in C3HeB/FeJ after treatment. A) Mice treated for one month with
the BPaL regimen = an mTOR inhibitor, CC214-2 (CC214), or rapamycin alone and for two
months with the RHZE regimen £ an mTOR inhibitor. No mice treated with rapamycin alone
survived to the month 2 timepoint. B) Relapse assessment after 11 weeks of treatment with BPaL
+ an mTOR inhibitor. C) Relapse assessment after 15 weeks of treatment with RHZE + an
MTOR inhibitor. NT=not tested
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