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Minocycline Immunomodulates via Sonic Hedgehog

Signaling and Apoptosis and Has Direct Potency Against
Drug-Resistant Tuberculosis
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Drug-resistant tuberculosis represents a global emergency, requiring new drugs. We found that minocycline was highly potent
in laboratory strains of Mycobacterium tuberculosis and that 30 drug-susceptible and multidrug/extensively drug-resistant clinical
strains were susceptible to clinically achievable concentrations. In the hollow fiber system model, lung concentration-time profiles of
7 mg/kg/day human-equivalent minocycline dose achieved bacterial kill rates equivalent to those of first-line antituberculosis agents.
Minocycline killed extracellular bacilli directly. Minocycline also killed intracellular bacilli indirectly, via concentration-dependent
granzyme A-driven apoptosis. Moreover, minocycline demonstrated dose-dependent antiinflammatory activity and downregula-
tion of extracellular matrix-based remodeling pathways and, thus, could protect patients from tuberculosis immunopathology. In
RNA sequencing of repetitive samples from the hollow fiber system and in independent protein abundance experiments, mino-
cycline demonstrated dose-dependent inhibition of sonic hedgehog-patched-gli signaling. These findings have implications for
improved lung remodeling and for dual immunomodulation and direct microbial kill-based treatment shortening regimens for

drug-susceptible and drug-resistant latent and active M. tuberculosis infection.
Keywords. Smac/DIABLO; caspase 3; PTCHI; GLI1; lung remodeling; host-directed therapy.

Tuberculosis is arguably the most important infectious killer
of mankind. Until the advent of chemotherapy in the 1940s,
outcomes were hopeless. Around that time, Duggar discovered
tetracylines [1]. Given the desperate situation, Wolinksy and
Steenken examined the efficacy of oxytetracycline and chlortet-
racycline efficacy against tuberculosis, but these first-generation
tetracyclines had limited efficacy and considerable toxicity [2,
3]. Tetracyclines further fell out of favor for tuberculosis treat-
ment after the discovery of safer and efficacious first-line drugs.
By 1964, Pines noted that even when 4-5 g of tetracycline were
given daily in combination with first-line drugs, they observed
universally poor activity and opined that “tetracycline has very
little place in the treatment of tuberculosis” (page 311) [4]. In
the meantime, the second-generation tetracyclines doxycycline
and minocycline were patented in 1957 and 1961, respectively
[5]. It has been hypothesized that doxycycline could be a poten-
tial adjunctive therapy for multidrug-resistant tuberculosis
(MDR-TB) by reducing Mycobacterium tuberculosis—associated
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immunopathological damage, via inhibition of matrix metal-
loproteinase (MMPs); however, doxycycline minimum inhibi-
tory concentrations (MIC) for M. tuberculosis were high [6-8].
However, because of the emergence of MDR-TB and extensively
drug-resistant tuberculosis (XDR-TB), we are once more as des-
perate as in the prechemotherapy era for treatments that can
be used in these patient groups [9, 10]. As a result, we recently
designed a rapid translation program to examine the effect of all
antibiotic pharmacophores on M. tuberculosis: ceftazidime-avi-
bactam and benzylpenicillin were the first hits [11, 12]. Here,
we examined minocycline through the same program.
Minocycline has several characteristics that could make it
attractive for the treatment of tuberculosis. First, it has an oral bio-
availability of approximately 100%, with a serum peak concentra-
tion of 3.5 mg/L on standard dosing [13]. Second, minocyclines
tissue-to-serum concentration ratio is 3.8 for lung parenchyma
[13-15]. Third, its long serum half-life of 12-18 hours could allow
the design of intermittent regimens [13]. Fourth, minocycline
was well tolerated when up to 10 mg/kg (maximum, 700 mg) was
given intravenously each day, with a maximum serum peak con-
centration of 25 mg/L [16, 17]. Fifth, minocycline has clinically
proven antiinflammatory activity for conditions such multiple
sclerosis via inhibition of MMPs and nuclear factor of activated
T-cell (NFAT)-mediated transcriptional activation that atten-
uates CD4" T-cell activation [18, 19]. It is neuroprotective after
cerebrovascular accidents and viral encephalitides, which could
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be important in reducing the severe postneurological sequelae in
patients with tuberculous meningitis [16, 20]. Sixth, minocycline
has proven efficacy against another slow-growing mycobacte-
rium, Mycobacterium leprae, for which it is safely administered
daily for 24 months. Here, we tested for minocycline efficacy in
our hollow fiber system model of tuberculosis (HFS-TB), which
has a forecasting accuracy of >94% in predicting clinical out-
comes and optimal antituberculosis doses, has been qualified as
a drug-discovery tool by the European Medicine Agency, and is
endorsed by the US Food and Drug Administration [21-23].

MATERIALS AND METHODS

Bacterial Strains, Cell Lines, and Materials

The M. tuberculosis laboratory strains used in the experiments
were H37Ra (ATCC catalog no. 25177), H37Rv (ATCC cat-
alog no. 27294), CDC1551, and HN878. Twenty-five clini-
cal M. tuberculosis strains collected by the Medical Research
Council in South Africa and 5 from National Jewish Health in
Colorado (donated by Dr Max Salfinger) were also used for MIC
testing. Hollow fiber cartridges were purchased from FiberCell
(Fredrick, MD). Minocycline, cyclopamine, and staurosporine
were purchased from Sigma-Aldrich (St. Louis, MO).

Determination of Minocycline Activity and MICs

First, we examined the effect of minocycline extracellularly, in test
tubes, on M. tuberculosis H37Ra in the log phase of growth and
intracellularly in M. tuberculosis H37Ra-infected human-derived
THP-1 cell-adherent macrophages in 12-well plates, as described
elsewhere [12]. THP-1 cells (ATCC TIB -202), grown in Roswell
Park Memorial Institute 1640 medium plus 10% fetal bovine
serum (RPMI/FBS), were infected with log-phase M. tuberculosis
H37Ra at a multiplicity of infection of 1:1 [24, 25]. Minocycline
MICs were identified using broth macrodilution and mycobac-
terial growth indicator tube kits [12, 24]. The final minocycline
concentrations coincubated with the M. tuberculosis strains were
0,0.125,0.25,0.5, 1, 2, 4, 8, and 16 mg/L. All isolates were exam-
ined in duplicate. Each experiment was performed twice.

The HFS-TB Model

The HFS-TB model, described in detail elsewhere, allows us to test
the effect of human lung-like drug concentration-time profiles
[11, 12, 24-27].In brief, 20 mL of M. tuberculosis—infected THP-1
cells were inoculated into peripheral compartments of HFS-TB
preconditioned for 72 hours with RPMI/FBS. Minocycline was
infused via computer-programmed syringe pumps over 1 hour.
We mimicked the half-life of 12 hours and a lung penetration
ratio of 3.8:1 in all HFS-TB units [13-15]. The bacterial burden
at indicated time points was determined by measuring the num-
ber of colony-forming unit (CFU) on Middlebrook 7H10 agar
supplemented with 10% oleic albumin dextrose catalase and
by measuring the time to positive results of the mycobacterial
growth indicator tube assay. A detailed description of the assays

for measurement of extracellular and intracellular minocycline
concentrations is in the Supplementary Methods.

RNA Sequencing and Analysis

RNA extraction and sequencing of HFS-TB contents was
performed using methods described elsewhere [24, 26].
We realigned the sequences to the HumanRefSeqBuilt37
(GRCh37p13), using CLC Genomic Workbench software,
version 8. Differentially expressed genes (DEGs) were defined
by comparing minocycline-treated HFS-TB reads to the non-
treated reads on the same sampling day, based on a Bonferroni
adjusted P value of <.05. Pathway analysis of DEGs was per-
formed using Ingenuity Pathway Analysis.

Apoptosis and Sonic Hedgehog (SHH) Signaling Studies in 12-Well Plates
Noninfected adherent THP-1 cells in 12-well plates were
exposed to different minocycline concentrations or to cyclopa-
mine (a known inhibitor of SHH) or to staurosporine (which
induces caspase 3 [CASP3]-dependent apoptosis). Supernatant
was collected repeatedly over 28 days to measure concentra-
tions of SHH proteins, the receptor protein patched homolog
1 (PTCH1), whose binding relieves inhibition of the protein
smoothened (SMO), which enters the cytoplasm to activate the
transcriptional factor glioma-associated oncogene 1 (GLI1),
using an enzyme-linked immunosorbent assay. PTCH1 and
CASP3 concentrations were measured from cell lysate. Further
details of the assays are given in the Supplementary Methods.

Apoptosis Study in the HFS-TB

To determine whether this minocycline-induced apoptosis led
to M. tuberculosis killing, we performed a separate intracellular
M. tuberculosis HFS-TB study. The systems were treated with
once daily minocycline doses (half-life, 12 hours) that achieved
peak concentrations of 0, 0.25, 0.5, 1, and 10 times the MIC for
26 days. Sampling details are in the Supplementary Methods.

Statistical and Pharmacokinetic/Pharmacodynamic Analyses
Compartmental pharmacokinetic modeling of drug concen-
trations was performed as described previously [11, 12, 28].
Pharmacodynamic relationships, such as the minocycline 0-24-
hour area under the concentration-time curve (AUC ,,) versus
the M. tuberculosis burden (both the time to positivity and the
number of CFU per milliliter) or versus the number of RNA
sequence reads per kilobase of transcript per million mapped
reads (RPKM), were examined using the inhibitory sigmoid max-
imal effect model, which has the following 4 parameters: maximal
kill (E__ ; calculated as the number of CFU per milliliter, the time
to positivity, or the RPKM), concentration or exposure associated
with 50% of maximal kill (EC,), Hill factor, and effect in non-
treated controls [12, 28, 29]. For protein concentration studies,
Student ¢ tests and analysis of variance (ANOVA) for repeated
measures were performed to determine the difference between
groups, as described in detail in the Supplementary Methods.
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Monte Carlo Experiments

We used the pharmacokinetics of minocycline from patients
in the MINOS study and those from the study by Yamamoto
et al in Monte Carlo experiments [16, 30]. The pharmacoki-
netic parameter estimates and variability used are shown in
Supplementary Table 1. We examined for the achievement

of exposure associated with 80% of E___ (EC,;) exposures in

lungs of 10000 patients with pulmonary tuberculosis treated
with 2, 3, 4, 5, 6, and 7 mg/kg orally daily, following steps fur-
ther described in detail in the Supplementary Methods. The MIC
distribution used in the simulations was that obtained from our

30 clinical isolates.
RESULTS

Effect of Minocycline Exposure on M. tuberculosis in Test Tubes and
12-Well Plates and on MDR-TB/XDR-TB

In test tubes with extracellular M. tuberculosis in the log phase of
growth, the mean minocycline E__ (+SD) was 5.79 + 0.29 log

CFU/mL, with a mean EC, (+SD) of 0.35 + 0.05 mg/L (r* = 0.96;
Figure 1A). The E___exceeds that of the first-line drugs isoniazid
and pyrazinamide and equals that of rifampin in the same assay
[12]. In 12-well plates of intracellular M. tuberculosis, the mean
minocycline E_ (+SD)was 3.57 + 0log,, CFU/mL, and the mean
EC,, (+SD) was 0.95 + 0.25 mg/L (r? = 0.97; Figure 1B). Thus, the
EC,, is multiple times lower than minocycline’s lung peak concen-
tration achieved by the standard daily dose of 200 mg.

The MICs in 4 standard virulent laboratory strains are shown
in Figure 1C. The MICs of 30 clinical isolates (of which 81%
were either MDR or XDR) are shown in Figure 1D. A total of
94% of isolates had MICs below clinically achievable minocy-
cline concentrations in lung tissue.

Minocycline Concentrations in the HFS-TB and Intracellularly Infected
Monocytes

The minocycline concentration-time profiles achieved in
the extracellular compartment of each HFS-TB, based on
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Effect of the minocycline concentration on Mycobacterium tuberculosis. Each minocycline concentration was examined in triplicate. Circles denote mean values,

and whiskers denote standard deviations. The effect of concentration on log,, number of colony-forming units (CFU) per milliliter was modeled using the inhibitory sigmoid
maximal kill curve for both the extracellular and intracellular studies. A, Minocycline wiped out log-phase M. tuberculosis completely in 7 days in this assay. B, Minocycline’s
efficacy against intracellular M. tuberculosis was only slightly less than that against log-phase M. tuberculosis. C, Minimum inhibitory concentrations (MICs) determined
by the mycobacterial growth indicator tube kit (Bactec) are shown for 4 laboratory strains; the MIC was <2 mg/L. C, Cumulative responses of 30 clinical isolates from South
Africa and the United States show that, for all clinical isolates examined, including those with higher MICs, the MICs remained below clinically achievable concentrations in

the lung, given that minocycline is concentrated in the lungs for most isolates.
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Efficacy of minocycline in the hollow fiber system model of tuberculosis. Minocycline, administered on a once daily schedule to mimic human concentration-time

profiles in patients, was administered at 6 different doses, numbered R1 to R6, with R7 denoting no treatment. We measured drug concentrations 10 minutes prior to the last
dose on day 28 and then at 1, 6, 12, and 24.5 hours. A, Concentration-effect in extracellular fluid revealed a mean elimination rate constant (+SD) of 0.046 + 0.008 per hour,
shown by the line graphs, which translates to a mean half-life (+SD) of 16.00 + 3.2 hours. To put this into context, the average steady-state 24-hour area under the concentra-
tion-time curve (AUCD_ZA) achieved by the standard 200-mg oral dose of minocycline in serum is 44—48 mg*h/L and thus, in the lung tissue (3.8-fold), would be equivalent to
the R5 dose in panel A. B, Inside infected monocytes, concentrations were several times greater, such that we resorted to a log, , scale on the y-axis. The shape also differed
from that in panel A. C, Based on the number of colony-forming units (CFU) per milliliter, several doses would be considered to have completely sterilized the systems by the
end of week 4. D, The model fits using the log,, number of CFU per milliliter were even better, with an r? ranging from 0.97 to >0.99.

measured concentrations, are shown in Figure 2A.The mino-
cycline concentration-time profiles achieved in infected
monocytes by doses R3-R6 are also shown in Figure 2B. The
shape of the intracellular concentration-time curve differed
dramatically from the extracellular concentrations in these
HFS-TB and was consistent with hysteresis (see Discussion).
0,04 Tatios (£SD)

were 52 + 32. This means that intracellular M. tuberculosis

The mean intracellular to extracellular AUC

will be exposed to concentrations above the MIC for virtually
all clinical isolates in Figure 1D.

There was a dose-dependent decrease in bacterial bur-
den throughout treatment, whereas the bacterial burden
increased without treatment (Figure 2C and Supplementary
model of

max

Figure 1A). Results of the inhibitory sigmoid E

the minocycline AUC, ,, to MIC ratio versus the M. tubercu-

0-24
losis burden are shown in Figure 2D (for the number of CFU
per milliliter) and Supplementary Figure 1B (for the time to
positivity). Based on this, the ECy, on day 28 had an AUC to

MIC ratio of 71.58.

Minocycline RNA Sequencing Signature From Serial Sampling of

Each HFS-TB

RNA sequencing of infected monocytes repetitively and sequen-
tially sampled from each HFS-TB had good quality scores
(Supplementary Figure 2). The number of DEGs (Figure 3A and
3B) demonstrated that, by 28, minocycline resulted in higher
numbers of downregulated genes than upregulated ones; all sig-
nificant DEGs are shown in Supplementary Table 2. Ingenuity
Pathway Analysis of the DEGs revealed that they mapped to
pathways shown in Supplementary Table 3. We ranked the top
20 most extensively regulated pathways according to the fold
changes in their expression (Figure 3C). For context and as a
positive control, Figure 3C also shows the downregulation of
NFAT expression, which was validated by others as being down-
regulated by minocycline [19]. The pathways that were most
upregulated and downregulated were consistent with (1) gran-
zyme A (GZMA) signaling-based apoptosis, (2) predominantly
downregulated inflammatory signaling pathways, and (3)
extracellular matrix (ECM) signaling related pathways (ephrin
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Figure 3. RNA sequencing to determine signaling pathways based on different minocycline doses. Hollow fiber system model of tuberculosis (HFS-TB) replicates were
treated once daily with minocycline doses exhibiting 0~24-hour area under the concentration-time curve (AUC,_,,) values of 10.5 mg*h/L (R1), 22.8 mg*h/L (R2), 48.5 mg™h/L
(R3), 80.9 mg*h/L (R4), 137.6 mg*h/L (R5), and 224.6 mg*h/L (R6) or were untreated and were sampled on days 7 and 28 for RNA sequencing analysis. Differentially expressed
genes (DEGs) and fold change in expression were determined relative to values for no treatment and are shown in Supplementary Table 2. A, Findings on day 7 revealed a
balance between the number of upregulated and downregulated genes. B, By 28, the number of DEGs had increased, and more were downregulated. C, Fold changes in the
regulation of pathways (and not individual DEGs) are shown on the scale bar on the right on a magenta (upregulated) to blue (downregulated) scale. The most upregulated
gene was GZMA. Although histone genes were overexpressed, examination of each histone posttranscriptional modification gene revealed that none were significantly
differentially expressed. One of the surprise findings was upregulation of the systemic lupus erythematosus pathway, attesting to the advantages of unbiased genome-wide
analyses. Minocycline-induced lupus is a rare but well described clinical entity, and our results mean that RNA sequencing of HFS-TB cell line contents was sensitive enough
to identify this rare clinical entity and reveal the signature of an otherwise systemic inflammatory condition. CTL, cytotoxic T lymphocyte.
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B, actin cytoskeleton, RhoGD1, and integrin-linked kinase) and
remodeling of epithelial adherens junctions (Figure 3C).

Minocycline-Based Apoptosis Assays in 12-Well Plates and the HFS-TB
The most upregulated pathway in Figure 3C was GZMA signal-
ing, especially on day 28. The first intracellular action of GZMA
is interference with mitochondrial electron transport chain/
oxidative phosphorylation and disruption of the mitochondrial
membrane potential, which was downregulated (Figure 3C);
this leads to apoptosis via the intrinsic pathway [31]. In addi-
tion, paradoxically, one of the most downregulated pathways
was cytotoxic T-cell-mediated apoptosis (Figure 3C). There
was no gene for which expression was significantly differentially
expressed in the entire Fas ligand pathway and the TNF path-
ways, with the exception of MCLI, which encodes for one of the
most potent antiapoptotic factors in the Bcl-2 family, which was
downregulated on day 7 (Supplementary Figure 3).

In 12-well plates, the effects of staurosporine and several concen-
trations of minocycline on CASP3 concentration were determined
(Figure 4). Minocycline concentrations demonstrated changes
in the same direction as those of the positive control, staurospo-
rine (Figure 4A); CASP3 activation (normally under inhibition
by inhibitor of apoptosis [IAP] protein) is crucial for execution of
both intrinsic and extrinsic apoptosis pathways. ANOVA demon-
strated that the effect of minocycline on CASP3 was time depen-
dent (Figure 4B). Moreover, there was a minocycline versus CASP3
concentration dose response for each sampling day (Figure 4C).

HFS-TB results of minocycline-induced apoptosis are shown
in Figure 5A and 5B, with sub-MIC peak concentrations killing
intracellular M. tuberculosis. In addition, on day 21, Western
blot densitometry of direct IAP binding protein with a low pl
(DIABLO) of HFS-TB contents demonstrated a significantly
higher DIABLO concentration in HFS-TB units treated with
doses achieving sub-MIC doses, compared with the nontreated
HES-TB replicates (Figure 5C). Overall, Figure 5 shows micro-
bial kill by sub-MIC doses, higher DIABLO, and higher CASP3
concentrations, while RNA sequences demonstrated GZMA
pathway upregulation, consistent with a minocycline concen-
tration-dependent increase in apoptosis.

Discovery of Minocycline’s Effect on SHH Signaling

RNA sequencing by Ingenuity Pathway Analysis also demon-
strated ECM signaling-related pathways as being among the
most downregulated, suggesting an effect on pathways related
to lung remodeling (Figure 3). We detected a 10-fold increase
in TIMP]I expression at day 28 as compared to day 7 in mino-
cycline-treated HFS-TB, in parallel with a similar decreases in
the magnitudes of MMP2, COLIA, and COL9A2 expression
(Supplementary Figure 4). Thus, minocycline affected TIMPI
and MMP2 transcription, as has been hypothesized for doxycy-
cline. The most downregulated of all ECM DEGs was COL9A2,
followed by COL1AI (Supplementary Figure 4). COL9A2 has
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Figure 4. Effect of minocycline on the apoptosis protein caspase 3 (CASP3) in
12-well plates. The effect of staurosporine (a positive control that induces apoptosis)
and different minocycline concentrations on CASP3 is shown for triplicate wells for
each. A, Mean, minimum, and maximum CASP3 concentrations at each time point.
Staurosporine results are available only for day 3, since the drug killed THP-1 cells
after that point; minocycline results were similar to those for staurosporine (ie, mino-
cycline was associated with decreased CASP3 levels over time). On day 3, 50 mg/L
minocycline was more effective than staurosporine. B, When we combined the dif-
ferent concentrations of minocycline and compared them to no treatment or stau-
rosporine by use of repeated measures analysis of variance (ANOVA), we identified
a significant interaction between time and treatment group (P = .0272). Therefore,
we performed 2 secondary ANOVAs between days 3 and 28 and between days 7
and 21. Minocycline treatment significantly decreased CASP3 levels, compared with
no treatment (P = .0011), on days 3 and 28, but differences were not significant
between days 7 and 21 (P = .086). Staurosporine treatment yielded significantly
reduced CASP3 concentrations, compared with no treatment (P = .0019) but not
compared with minocycline treatment (P=.0614). C, Using a quantitative pharmaco-
logic approach, minocycline had a dose-response effect on the CASP3 level, with the
steep portion of the dose-response curve in the clinically achievable concentration
range of 0.5 to 5 mg/L (r? range, 0.75 at day 28 to 0.94 at day 7). NS, not significant.
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Figure 5. Minocycline-induced apoptosis and killing of intracellular bacilli in the
hollow fiber system model of tuberculosis (HFS-TB). A, HFS-TB study involving intra-
cellular Mycobacterium tuberculosis with 2 replicate units treated with minocycline
doses that declined with a half-life of 12 hours but achieved the peak concentrations
shown. The time to positivity decreased as the bacterial burden increased; even
the dose associated with 0.25 times the minimum inhibitory concentration (MIC)
resulted in a time to positivity longer than at the start of experiment, demonstrating
microbial kill. B, Similar results are shown when the number of colony-forming units
per milliliter was used as a readout. C, Densitometry results of a Western blot for
direct inhibitor of apoptosis protein with low pl (DIABLO) in the same HFS-TB sys-
tem treated with minocycline that killed M. tuberculosis, results are from day 21 of
treatment. DIABLO neutralized inhibitors of apoptosis inhibitory proteins to release
caspase 3 and activate it so that apoptosis occurs. The minocycline-treated HFS-TB
systems yielded higher concentrations of DIABLO than no treatment, which resulted
in higher rates of apoptosis.

been associated with fibrosis in cartilage matrix in bones and
joints, whereas upregulation of COLIA]I is a part of the fibrotic
lung response, is part of the tuberculous lung response, and is
associated with increased matrix stiffening [32-34].
Comparison of RPKM values in minocycline-treated versus
nontreated HFS-TB contents for genes encoding proteins in path-
ways known to influence lung remodeling, such as transforming
growth factor § (TGF-B), NOTCH, CAV-1, WNT, and SHH sig-
naling [35-39], was performed (Supplementary Figure 5). The
Student ¢ test revealed that expression of only the genes for SHH
and the related WNT signaling pathway were significantly different
(Supplementary Figure 5). When the minocycline AUC

0-24

the RPKM sum of all the genes in each of these pathways (response])

versus

was examined using the inhibitory sigmoid E__ model, conver-
gence was achieved for SHH signaling (r* = 0.65; Supplementary
Figure 5B) but not for WNT signaling. Therefore, we evaluated the
minocycline dose-dependent inhibition of each of 4 SHH genes
(SHH, PTCH1, SMO, and GLII; Supplementary Figure 5C). There
was good model convergence for GLII and SMO. This suggests that
there could be a minocycline target at or above the level of SMO or
at PTCH1 in canonical SHH signaling [40].

To confirm these RNA sequencing findings at the level of pro-
tein abundance, we measured concentrations of PTCH1 (Figure 6),
GLII (Figure 7), and SMO (Supplementary Figure 6) in 12-well
plates. Comparison of the effect of cyclopamine on PTCHI, the
most potent inhibitor of SHH pathway known, by ANOVA showed
that minocycline reduced PTCH1 concentrations relative to those
in nontreated controls on days 3 and 28 (P = .0004) of treatment
to the same extent as cyclopamine (P = .1510; Figure 6A and 6B).
The inflection point in the dose response was at a 0.5-mg/L dose
of minocycline, after which PTCH1 concentrations started to
decrease (1% 0.64-0.94 for all days; Figure 6C). Figure 7 shows the
effect of cyclopamine and minocycline on GLI1. Figure 7A shows
time-dependent effects of treatments and the control on the tran-
scriptional factor GLI1. In the first 14 days, minocycline decreased
the concentration of GLI1 to a level lower than that for nontreat-
ment (P =.0086) and for cyclopamine (P =.0004); beyond 14 days,
cyclopamine inhibition improved. On the other hand, there was no
dose-dependent inhibition of SMO by minocycline, which is not
surprising because SHH signaling occurs when PTCHI releases
SMO from inhibition, rather than because of new SMO synthesis
(Supplementary Figure 6). Overall, the results show that minocy-
cline inhibited canonical SHH signaling at the same concentrations
and potency as those associated with direct M. tuberculosis kill and
MICs.

Determination of the Optimal Dose of Minocycline to Use in Patients With
Tuberculosis in the Clinic

Finally, we performed a Monte Carlo experiment to iden-
tify the dose that would achieve the EC,, in a 10000-patient
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Figure 6. Effect of minocycline on protein patched homolog 1 (PTCH1). Enzyme-
linked immunosorbent assay analysis of the sonic hedgehog (SHH) protein PTCH1
in adherent THP1 cells exposed to several concentrations of minocycline or 5 pM
of cyclopamine (positive control), in triplicate. A, Mean, minimum, and maximum
concentrations of PTCH1. The effect of minocycline on PTCH concentrations was
similar to that of cyclopamine, except on day 21. B, Results of repeated measures
analysis of variance of all minocycline replicates combined, no treatment, and
cyclopamine. Minocycline reduced PTCH1 concentrations relative to nontreated
controls on days 3 and 28 (P=.0004) to the same extent as cyclopamine (P=.1510).
C, Dose-response effect of the minocycline concentration on the PTCH1 concen-
tration on days 3, 7, 14, 21, and 28. The inflection point in the dose response was
at 0.5 mg/L minocycline, at which the PTCH concentration started to decrease (r
range, 0.64-0.94 for all days). NS, not significant.
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Figure 7. Minocycline effect on glioma-associated oncogene 1 (GLI1T). Enzyme-
linked immunosorbent assay results for the sonic hedgehog (SHH) protein GLI1 in
adherent THP1 cells exposed to minocycline (several concentrations) or 5 pM of
cyclopamine (positive control), in triplicate. A, Mean, maximum, and minimum con-
centrations of GLI1. Minocycline had a time-dependent effect on the GLI1 concen-
tration. Cyclopamine inhibited GLI1 in the latter half of the study period. B, Results
of repeated measures analysis of variance of all minocycline replicates combined,
no treatment, and cyclopamine. Minocycline yielded a lower concentration of GLI1
than cyclopamine until day 14, after which cyclopamine resulted in a greater GLI1
concentration. Thus, the treatment effect was time dependent (P=.005). In the first
14 days, minocycline decreased GLI1 concentrations, compared with the nontreated
control (P =.0086) and cyclopamine (P = .0004). C, Dose-response effect of the
minocycline concentration on the GLIT concentration on different days. The dose
response followed an umbrella pattern after day 14, with a peak at 0.05 mg/mL
(r range, 0.37-0.97).
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population: the pharmacokinetic parameter output is shown
in Supplementary Table 1. Our simulation accurately recapit-
ulated the input pharmacokinetic parameters and between-pa-
tient variability in the clinic (Supplementary Table 1). At doses
of =5 mg/kg, target attainment was achieved in >90% of patients
but was <90% at the MIC of 8 mg/L (Supplementary Figure 7A).
This makes 8 mg/L the susceptibility breakpoint above which
minocycline fails to treat tuberculosis. Evaluation of the propor-
tion of 10000 patients with tuberculosis in whom the ECy, was
achieved for each dose over the entire MIC range found that the
optimal daily dose is 7 mg/kg (Supplementary Figure 7B). Thus,
the optimal dose for a 50-kg patient would be about 400 mg/
day, with rounding to the nearest 100-mg dose owing to the size
of the tablets in use.

DISCUSSION

SHH inhibition by cyclopamine after accidental ingestion by
pregnant sheep resulted in lambs with craniofacial deformities
and cyclopia [41, 42]. This is because SHH signaling is funda-
mental to morphogenesis, patterning, ECM generation, and
cell polarity in utero. SHH plays the same role throughout life
as part of tissue regeneration, healing, and fibrosis. We found
that minocycline is a specific inhibitor of SHH signaling,
likely at the level of PTCH1. Minocycline is considerably safer
than cyclopamine and its derivatives and could be import-
ant in modulating lung remodeling in patients with tuber-
culosis. Upregulation of SHH signaling signatures, resulting
in suppression of Toll-like receptor 2 responses, has been
demonstrated in vitro and in patients with tuberculosis [43].
Furthermore, SHH interacts with a profibrotic, TGF-f, and
with MMPs during chronic lung inflammation: the balance
of these factors is associated with aberrant lung healing and
fibrosis [35-39, 44]. Tuberculosis lung damage, volume loss,
and fibrosis are due to excessive proteolytic ECM destruc-
tion, inefficient tissue remodeling, and vascular inflammatory
responses [10]. These outcomes lead to severe physical impair-
ment, poor quality of life, and premature death, despite ade-
quate antibiotic therapy [10]. Indeed, posttuberculosis lung
remodeling is arguably the most common cause of pulmonary
fibrosis and chronic lung disability globally. However, to date,
there has been no targeted therapy to mitigate tissue damage
during either the early or late phase of tuberculosis. We also
found that minocycline reduced transcript levels of COL9A2
and COLIAI, which encode proteins associated with fibrotic
lung response and ECM stiffening [32-34]. Minocycline could
be used as targeted therapy to reduce lung, brain, and peri-
cardial damage and fibrosis during tuberculosis. It will be
important to follow up our in vitro findings with in vivo stud-
ies. To this end, given the similarity in SHH signaling between
humans and other primates and the difference in signaling
between humans and mice, we plan to test the minocycline in
a macaque model of tuberculosis [45].

Second, some prior studies have shown that minocycline has
antiapoptotic effects in microglia, whereas others have shown
it to be proapoptotic in cancer cells [46, 47]. In addition, once
M. tuberculosis has infected human cells, it engineers the cap-
tive cell to avoid apoptosis, thus ensuring bacterial survival. This
escape mechanism also likely hides M. tuberculosis during both
latent and active infection. We found that minocycline led to a
level of M. tuberculosis killing sufficient to decrease the M. tuber-
culosis burden, effectively counteracting bacterial anti-apoptotic
effect. Thus, minocycline is a bona fide host-directed therapy
that also indirectly kills M. tuberculosis. In theory, the proapop-
totic mechanism of minocycline would not be affected by devel-
opment of acquired minocycline resistance by the bacilli. Thus,
minocycline could be a novel therapy for latent infection, active
infection due to drug-susceptible or MDR M. tuberculosis, and
even infection due to minocycline-resistant M. tuberculosis.

According to World Health Organization guidelines, therapy
for MDR-TB entails the use of at least 5 antibiotics (and often
>7) for either 9-12 months or about 20 months. For XDR-TB,
a cocktail of up to 8 drugs is administered for up to 24 months
[10]. These regimens are associated with severe adverse events in
40%-70% of patients [9, 48, 49]. This contrasts with the rate of
adverse events due to minocycline: for >15 million minocycline
prescriptions, the rate was only 72 adverse events per million pre-
scriptions [50]. Our proposed minocycline dose of 7 mg/kg/day
is within the range that has been tolerated by patients in 2 prior
stroke studies, but we plan to further examine the safety of the
same dose in macaque tuberculosis studies [16, 17]. Moreover,
the microbial kill rates of most second-line drugs are poor and
are lower than those of first-line antituberculosis drugs. This
results in a longer therapy duration. In contrast, minocycline
had a microbial kill rate equal to or greater than that of first-line
drugs. Thus, replacement of several second-line drugs by mino-
cycline could potentially shorten the treatment duration for
MDR-TB and XDR-TB. We found that 94% of 30 MDR-TB or
XDR-TB clinical isolates were susceptible to minocycline at clin-
ically achievable concentrations, which suggests that widespread
susceptibility to minocycline is likely. Furthermore, minocycline
has oral formulations, in contrast to aminoglycosides, costs only
a few pennies, and is available worldwide, which could dramat-
ically lower the cost of treatment for MDR-TB and XDR-TB in
resource-constrained settings.

Finally, the minocycline concentration inside infected mono-
cytes lagged behind extracellular pharmacokinetics, and the
drug lingered longer, a phenomenon known as system hyster-
esis. Hysteresis occurs when effect lags behind its cause; that
is, when the output value (ie, the intracellular concentration) is
dependent on the history of input (ie, the extracellular concen-
trations) but lags in time. This suggests that minocycline could
also exhibit hysteresis in other immune cells, leading to pro-
longed immunomodulation. In addition, the microbial effect
could continue to be felt by intracellular M. tuberculosis long
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after serum and lung tissue concentrations have declined below
the MIC. This could be exploited for intermittent therapy and
for treatment of latent M. tuberculosis infection.

In summary, minocycline has efficacy against both drug-sus-
ceptible and drug-resistant strains of M. tuberculosis. Second,
it kills M. tuberculosis indirectly, via apoptosis, a mechanism
likely to be important in treatment of both active and latent
M. tuberculosis infection. Third, minocycline could also limit
host lung damage by tuberculosis, based on its effect on inflam-
mation, tissue remodeling, and SHH.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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