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ABSTRACT: Novel drugs are required to shorten the
duration of treatment for tuberculosis (TB) and to combat
the emergence of drug resistance. One approach has been to
identify and target Mycobacterium tuberculosis (Mtb) virulence
factors, which promote the establishment of TB infection and
pathogenesis. Mtb produces a number of virulence factors,
including two protein tyrosine phosphatases (PTPs), mPTPA
and mPTPB, to evade the antimicrobial functions of host
macrophages. To assess the therapeutic potential of targeting
the virulent Mtb PTPs, we developed highly potent and
selective inhibitors of mPTPA (L335-M34) and mPTPB (L01-Z08) with drug-like properties. We tested the bactericidal activity
of L335-M34 and L01-Z08 alone or together in combination with the standard anti-tubercular regimen of isoniazid−rifampicin−
pyrazinamide (HRZ) in the guinea pig model of chronic TB infection, which faithfully recapitulates some of the key histological
features of human TB lesions. Following a single dose of L335-M34 50 mg/kg and L01-Z08 20 mg/kg, plasma levels were
maintained at levels 10-fold greater than the biochemical IC50 for 12−24 h. Although neither PTP inhibitor alone significantly
enhanced the antibacterial activity of HRZ, dual inhibition of mPTPA and mPTPB in combination with HRZ showed modest
synergy, even after 2 weeks of treatment. After 6 weeks of treatment, the degree of lung inflammation correlated with the
bactericidal activity of each drug regimen. This study highlights the potential utility of targeting Mtb virulence factors, and
specifically the Mtb PTPs, as a strategy for enhancing the activity of standard anti-TB treatment.
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M ycobacterium tuberculosis (Mtb) is the causative agent of
tuberculosis (TB), which infects a third of the world’s

population, causing between 1.2 and 2 million deaths annually.1

Although curative drug regimens are available, such therapy is
onerous, and the emergence of HIV/AIDS has triggered a
resurgence of TB.2 A major obstacle to TB eradication efforts is
antibiotic resistance, due primarily to inadequate adherence to
the treatment regimen, which is complex, requiring multiple
drugs for a minimum of 6 months. Multi-drug-resistant (MDR)
TB now affects over 50 million people, with an increasing
number of cases of extensively drug-resistant (XDR) TB, which
carries high mortality rates due to limited treatment options.3

The prevalence of MDR and XDR TB and the ongoing AIDS
epidemic highlight the need to identify new drug targets and
develop innovative strategies to combat drug-susceptible and

drug-resistant TB.4 Recent work has focused on identifying and
targeting pathogen virulence factors, which promote the
establishment of infection and TB-related pathogenesis.5,6

Protein tyrosine phosphatases (PTPs) constitute a large
family of signaling enzymes that, together with protein tyrosine
kinases (PTKs), modulate the proper cellular level of protein
tyrosine phosphorylation.7,8 Malfunction of either PTKs or
PTPs results in aberrant protein tyrosine phosphorylation,
which has been linked to the etiology of many human diseases,
including cancer, diabetes, and immune dysfunction.9 The
importance of PTPs in cellular physiology is further
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underscored by the fact that they are often exploited and
subverted by pathogenic bacteria to cause infection. The PTPs
mPTPA and mPTPB from Mtb are required for optimal
bacillary survival within host macrophages10−14 and in animal
models.10,15 Although Mtb itself lacks endogenous protein
tyrosine phosphorylation, mPTPA and mPTPB support Mtb
infection by acting on macrophage proteins to modulate host−
pathogen interactions. Specifically, mPTPA prevents phagoly-
sosome acidification by dephosphorylation of its substrate,
Human Vacuolar Protein Sorting 33B,16 resulting in the
exclusion of the macrophage vacuolar-H+-ATPase (V-ATPase)
from the vesicle.17 We previously reported that once inside the
macrophage, mPTPB activates Akt signaling and simulta-
neously blocks ERK1/2 and p38 activation to prevent host
macrophage apoptosis and cytokine production.13 Importantly,
deletion of mPTPA or mPTPB decreases Mtb survival within
interferon-γ (IFN-γ)-activated macrophages and severely
reduces the Mtb bacillary load in the lungs of chronically-
infected guinea pigs.10,18 Moreover, Mtb recombinant strains
deficient in PTP activity were found to protect guinea pigs
against challenge with virulent Mtb.15 The finding that mPTPA
and mPTPB mediate Mtb survival within macrophages by
targeting host cell processes12,14,15 led to the hypothesis that
specific inhibition of their phosphatase activity may augment
intrinsic host signaling pathways to eradicate TB infection. To
this end, we and others have shown that small-molecule
mPTPB inhibitors are capable of reversing the altered host
immune responses induced by the bacterial phosphatase and
impairing Mtb survival in macrophages, validating the concept
that chemical inhibition of mPTPB may be useful for TB
treatment.19,20

In the current study, we describe the design, synthesis, and
characterization of the most potent and selective inhibitor for
mPTPA. We then report the evaluation of the bactericidal
activity of specific mPTPA and mPTPB inhibitors, either alone
or as a cocktail, in combination with the standard regimen of
isoniazid−rifampicin−pyrazinamide (HRZ) in a well-validated
chronic TB infection model in guinea pigs. Pharmacokinetic
studies were performed to establish clinically relevant doses of
each inhibitor. Therapeutic efficacy was assessed by the change
in lung mycobacterial load and pathology. The public health
significance of this research lies in the development of a novel
class of agents for more effective treatment of drug-susceptible
and drug-resistant TB.

■ RESULTS AND DISCUSSION

Development of Potent and Selective mPTPA and
mPTPB Inhibitors. Therapeutic targeting of PTPs has
historically been stalled by difficulties in achieving inhibitor
selectivity and bioavailability. The highly conserved PTP active
site presents considerable challenges in obtaining compounds
that can selectively inhibit the target of interest without
adversely hitting other PTPs. In order to accommodate
phospho-substrates, the PTP active site is positively charged,
which favors negatively charged molecules in high-throughput
screening campaigns that suffer from poor cell membrane
permeability. To address the selectivity issue, we have
pioneered a novel paradigm for the acquisition of potent and
selective PTP inhibitors by targeting both the PTP active site
and unique pockets in the vicinity of the active site.21,22 To
address the bioavailability issue, we sought to explore the
existing natural product and FDA-approved drug space for
previously unknown PTP inhibitory activities since these
molecules already possess acceptable pharmacological proper-
ties. We previously identified benzofuran salicylic acid as a
privileged pharmacophore for mPTPB.13 Using a fragment-
based medicinal chemistry approach, we transformed the
benzofuran salicylic acid core into a highly potent and selective
mPTPB inhibitor (L01-Z08, Table 1) with excellent in vivo
efficacy.20

More recently, we discovered that cefsulodin, a third
generation cephalosporin β-lactam antibiotic, exhibits inhibitory
activity against a number of PTPs.23 Fragmentation analysis of
cefsulodin identified α-sulfophenylacetic amide (SPAA) as an
mPTP-inhibiting pharmacophore and a novel pTyr mimetic.
Structure-guided and fragment-based optimization of SPAA led
to compound L335-M34, which displayed an IC50 value of 160
nM for mPTPA (Table 1). Kinetic analysis revealed that L335-
M34 is a reversible and competitive inhibitor of mPTPA with a
Ki of 56 ± 2.0 nM (Figure 1). To determine the specificity of
L335-M34, we measured its inhibitory activity toward mPTPB
and a panel of mammalian PTPs, including cytosolic PTPs,
PTP1B, TC-PTP, SHP1, SHP2, FAP1, Lyp, PTP-Meg2, and
HePTP, the receptor-like PTPs, PTPα, LAR, CD45, and
PTPRG, the dual specificity phosphatases VHR, Laforin, VHX,
and Cdc14A, and the low molecular weight PTP. As shown in
Table 1, L335-M34 is highly selective for mPTPA, exhibiting
greater than 20-fold selectivity over all PTPs examined. To the

Table 1. Molecular and Cellular Properties of Lead mPTPA and mPTPB Inhibitors

aHuman PTP panel: PTP1B, TC-PTP, SHP1, SHP2, FAp1, Lyp, Meg2, HePTP, laforin, VHX, VHR, LMWPTP, Cdc14A, PTPα, LAR, CD45,
PTPRG. bMABA-MIC = microplate Alamar Blue assay for minimum inhibitory concentration. cIC90 in macrophages activated with interferon-γ.
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best of our knowledge, L335-M34 represents the most potent
and specific mPTPA inhibitor reported to date.24−27

Cellular Activity of mPTPA and mPTPB Inhibitors
L335-M34 and L01-Z08. The mPTPA inhibitor L335-M34 is
highly selective for its target, with an IC50 of 160 nM against
mPTPA but no significant activity against mPTPB or a panel of
human PTPs at concentrations below 3 μM. Because mPTPA is
a secreted virulence factor that regulates host antibacterial
responses rather than Mtb physiology,28 it was unsurprising
that L335-M34 was devoid of activity in standard MIC assays;
however, the compound was able to markedly decrease
bacterial load in Mtb-infected macrophages at low micromolar
concentrations (Table 1).
The L01 family comprises three highly active and selective

mPTPB inhibitors.20 The selected lead compound from this
series, L01-Z08, displayed a potency of 38 nM against mPTPB
and was 66-fold less potent against mPTPA and at least 37-fold
selective when screened against a panel of 17 human PTPs.
Like the mPTPA inhibitor L335-M34, L01-Z08 was inactive in
the MIC assay but displayed potent anti-Mtb activity in J774A.1
macrophages (Table 1).
mPTPA and mPTPB Inhibitors Are Bioavailable and

Well-Tolerated in Guinea Pigs Following Oral Dosing. As
shown in Figure 2, L01-Z08 and L335-M34 showed good oral
bioavailability and half-life in guinea pigs (Table 2). Both drugs
were rapidly absorbed, reaching peak concentrations within a
few hours with a typical biphasic plasma clearance curve.
Because the drugs were to be coformulated for oral delivery in
the therapy study, a combination PK study was performed to
confirm that they were amenable to coadministration.
Coformulating L01-Z08 with L335-M34 in a single dosing
solution did not negatively affect uptake or clearance of either
drug. In fact, the bioavailability of L335-M34 was affected only
moderately; a slight increase in uptake rate led to a greater peak
concentration, which was offset by somewhat more rapid
clearance, so that the overall exposure (AUCALL) was essentially
unchanged. By contrast, L01-Z08 exposure was enhanced by
coadministration (both Cmax and beta-phase T1/2 were
elevated), but a reduction in the volume of distribution
suggested that drug delivery to the tissues was probably not
improved (Table 2). The PK study strongly indicated that the

two compounds could be delivered with adequate efficiency in
the guinea pig by the oral route. As shown in the bottom panel
of Figure 2, at the doses selected for use in the efficacy study,
L335-M34 and L01-Z08 were detected at concentrations 10-
fold in excess of their biochemical IC50 values for 12−14 and
20−24 h, respectively, suggesting that once daily oral dosing
was an appropriate schedule for each drug. However, it should
be noted that a higher degree of selectivity for these
compounds was observed in the biochemical assays (IC50)
than in the whole-cell assays in macrophages (growth
inhibition/IC90), perhaps due to cell permeability issues.29

Guinea pigs receiving L01-Z08 20 mg/kg and L335-M34 50
mg/kg once daily alone or in combination for 6 weeks showed
no overt signs of toxicity and displayed similar mean weight
gain to those receiving HRZ (Figure S1). All guinea pigs
receiving L01-Z08 and L335-M34 survived and gained weight
throughout the course of the efficacy study.

Dual Inhibition of mPTPA and mPTPB Significantly
Reduces Guinea Pig Lung Bacillary Burden Relative to
HRZ Alone. Since each mPTP modulates distinct Mtb
clearance pathways in macrophages, we hypothesized that
dual inhibition of mPTPA and mPTPB would enhance the
bactericidal activity of the standard antitubercular regimen in
guinea pigs more than adjunctive therapy with either agent
alone. Following aerosol infection of guinea pigs with Mtb
H37Rv, 2.06 ± 0.15 log10 bacilli were deposited in the lungs on
day −27, and the organisms multiplied to a peak burden of 6.11
± 0.15 log10 CFU (colony-forming units) on day 0 (time of
treatment initiation). Thereafter, bacillary growth was con-
trolled in the lungs of untreated guinea pigs, which had 5.82 ±
0.17 log10 CFU in the lungs at the conclusion of the study.
Following 2 weeks of treatment, all guinea pigs in the HRZ,

HRZ+L335-M34 (A), HRZ+L01-Z08 (B), and HRZ+AB

Figure 1. Compound L335-M34 is a reversible and competitive
inhibitor of mPTPA with pNPP as a substrate. Lineweaver−Burk plot
for L335-M34-mediated mPTPA inhibition. Compound L335-M34
concentrations were 0 (●), 50 (○), 100 (▽), 150 (▼), and 200 nM
(■). The Ki value of 56 ± 2.0 nM was determined from three
independent measurements.

Figure 2. Pharmacokinetic profile of lead mPTP inhibitors in guinea
pig plasma. Concentration of mPTP inhibitors in the plasma over time.
L335-M34 (mPTPA) 50 mg/kg or L01-Z08 (mPTPB) 20 mg/kg was
given orally once alone or in combination, and blood samples were
collected at the indicated intervals relative to dosing. N = 3 per time
point; graph represents mean ± SD values.
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groups were able to contain Mtb multiplication in the lungs,
resulting in mean bacillary burdens of 4.44 ± 0.31, 4.07 ± 0.15,
4.15 ± 0.17, and 3.77 ± 0.21 log10, respectively. After 2 weeks
of treatment, lung CFU counts in animals treated with HRZ
+AB were significantly (p < 0.01) lower than those treated with
HRZ (Figure 3A). However, no significant differences were
observed in lung CFU between HRZ+A, HRZ+B, and HRZ
+AB.
At 4 weeks post-treatment, a similar trend was seen and the

hierarchy of bactericidal activities of the various regimens was
HRZ+AB (1.15 ± 0.17 log10 CFU) > HRZ+B (1.64 ± 0.19
log10 CFU) > HRZ+A (1.65 ± 0.2 log10 CFU) > HRZ (1.70 ±
0.12 log10 CFU) (Figure 3B). HRZ+AB was significantly more
active than HRZ+B, HRZ+A, and HRZ alone (p < 0.001).
After 6 weeks of treatment, HRZ reduced mean lung CFU by

4.27 log10 compared to untreated controls (Figure 2C). The
addition of L335-M34 (A) or L01-Z08 (B) to the standard
regimen further reduced mean lung CFU by 0.14 log10 and 0.17
log10, respectively, and the combination (AB) lowered mean
lung CFU by 0.45 log10 (p < 0.0001) relative to HRZ (Figure
3C).
The gross pathology of guinea pig lungs (data not shown), as

well as mean guinea pig lung and spleen weights (Figure S2),
correlated with the efficacy of the various chemotherapy
regimens. Interestingly, the mean lung surface area involved by
inflammation after 6 weeks of treatment was significantly lower
in the HRZ+AB (9.23%) group relative to the HRZ group
(36.28%) (p = 0.028). Our results suggest that this effect on
improved histopathology is primarily conferred by inhibition of
mPTPA (HRZ+A vs HRZ+AB, p = 0.68) (Figure 4 and Figure
S3).

Our fragment-based lead optimization strategies have yielded
two compounds, L01-Z08 and L335-M34, with potent activity
against intracellular Mtb, as well as favorable PK and toxicity
profiles. L01-Z08 and L335-M34 are inhibitors of the key
secreted Mtb enzymes, mPTPB and mPTPA, respectively, and
thus provide a novel mechanism of action for the treatment of
TB. Both phosphatases are secreted by Mtb into the cytoplasm
of the macrophage and are important for persistence of
mycobacterial infection.10,30 In order to determine the potential
for translation of our findings to the clinical arena, we evaluated
whether mPTP inhibitors could be beneficial as an adjunctive

Table 2. Pharmacokinetics of mPTPA and mPTPB Inhibitors in Guinea Pigsa

compound dose type AUCALL (h·ng/mL) clearance (mL/h/kg) Cmax (ng/mL) Tmax
b (h) half-life (h) VD

c

L335M34 single 54406.61 917.462 5142.47 2.5 5.197 6878.467
L335M34 coadmind 52752.61 950.034 7064.956 2.5 4.16 5702.19
L01Z08 single 13166.89 1518.474 1870.43 1.587 5.512 12074.939
L01Z08 coadmind 28161.76 701.564 3059.668 1.587 6.141 6215.132

aData represent mean values for 2−3 animals. bTmax is the time required to achieve the maximal concentration (Cmax).
cVolume of distribution.

dBoth compounds L335M34 (50 mg/kg) and L01Z08 (20 mg/kg) were coadministered orally.

Figure 3. Activity of adjunctive mPTPA and mPTPB inhibitors against chronic TB infection in guinea pigs. Animals were infected via aerosol with
∼102 CFU of M. tuberculosis H37Rv and were either left untreated or were treated with drugs beginning 4 weeks after infection. Log10 CFU in the
lungs are shown after 2 (A), 4 (B), and 6 (C) weeks of treatment. No drug = untreated, HRZ: isoniazid (H), 60/rifampin (R), 100/pyrazinamide
(Z), 300; mPTPA/A: L335-M34, 50; mPTPB/B: L01-Z08, 20; numbers after each drug refer to doses (mg/kg); n = 4 guinea pigs per time point; *p
< 0.05, **p < 0.01, ***p < 0.001, HRZ versus HRZ+A+B.

Figure 4. Lung inflammation 6 weeks after initiation of treatment.
Results are represented as percentage of lung surface area involved,
calculated using ImageJ software. Compared to RHZ, RHZ+A/RHZ
+A+B are more effective in reducing lung lesion size and number in M.
tuberculosis-infected guinea pigs at month 1.5 after treatment; *p <
0.05, HRZ versus HRZ+A/HRZ+A+B.
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treatment when combined with the standard first-line regimen
against drug-susceptible TB in guinea pigs. The two mPTPA
and mPTPB inhibitor lead compounds showed promising oral
bioavailability and tolerability in this model. Although each
inhibitor alone added little bactericidal activity to the standard
regimen, dual inhibition of mPTPA and mPTPB significantly
reduced the lung bacillary burden relative to HRZ at each time
point studied.
PTKs are the molecular targets for a growing number of

anticancer agents;31 however, there is a notable absence of
drugs targeting the PTPs. Although many disease-relevant
pathways are also controlled by PTPs,32−34 the latter have
proven to be exceptionally challenging targets for the
development of new therapeutic agents,34 due primarily to
the poor bioavailability of existing PTP inhibitory compounds.
The observed oral bioavailability and in vivo efficacy of L01-
Z08 and L335-M34 are promising and further demonstrate that
it is feasible to obtain PTP inhibitors that are sufficiently polar
to bind the active site and yet still possess favorable
pharmacological properties for therapeutic development.
Given the unique mechanisms of action of the mPTPA and

mPTPB inhibitors, these compounds are expected to provide
additive bactericidal activity to the standard regimen for drug-
susceptible TB as well as to novel regimens for drug-resistant
TB. Moreover, concomitant treatment with such inhibitors may
reduce the risk for selection of strains resistant to currently
available anti-TB drugs during treatment.8 Previous work has
shown that small-molecule inhibitors of both mPTPA and
mPTPB are capable of reducing intracellular mycobacteria in
infected macrophages.8,13,35 It is interesting to note that
adjunctive inhibition of mPTPA led to improved lung
histopathology relative to standard treatment alone. A recent
study showed that mPTPA dephosphorylates a second
substrate, glycogen synthase kinase-α (GSK-α), causing its
activation and the subsequent inhibition of the cell death
program in infected macrophages.35 Based on available data,
dual inhibition of mPTPA and mPTPB appears to undermine
Mtb infection by (i) increasing intracellular destruction of
bacteria,36 (ii) promoting host-beneficial apoptosis of infected
macrophages,13 and (iii) increasing host immunologic aware-
ness of, and responsiveness to, Mtb infection.8,35

Previous studies37 have indicated that mPTPA is not
essential for Mtb survival in mice, implying that the murine
model fails to recapitulate the phenotypes reported in human
macrophages.16 Although the mouse model has long been used
to evaluate TB drugs,38 it has been increasingly recognized in
the TB field that observations made in mice are not predictive
of treatment outcomes in human clinical trials, nor is early
“sterilization” a predictor of cure.39,40 In the current study, we
used the well-characterized guinea pig model of TB chemo-
therapy.41−48 Compared to mice, guinea pig TB granulomas
more closely approximate their human counterparts with
respect to cellular composition, granuloma architecture, and
the presence of caseation necrosis.49 In addition, tissue hypoxia
is present in guinea pig TB granulomas46,50 but absent in
mouse TB lung lesions.51,52 These histological and micro-
environmental factors, which may be biological determinants of
Mtb persistence,53 as well as concordance of treatment
outcomes with those of recent human studies,39,54 make the
guinea pig model an attractive one for testing the activity of
novel anti-tubercular agents.41−44,46,47 However, the anti-
tubercular activity of these agents could be further characterized

in other clinically relevant models, such as the rabbit and non-
human primate.
Our study contains several limitations. Considering the

robust anti-tubercular activity of the mPTP inhibitors in
macrophages, the corresponding activity of these agents against
Mtb in guinea pig lungs was relatively modest. One potential
explanation for this is reduced drug bioavailability at the site of
infection. Although plasma levels of each inhibitor were
determined after oral dosing, we did not directly measure
drug concentrations in the lung lesions. Using MALDI-TOF,
Prideaux et al. showed that the anti-tubercular activity of
moxifloxacin may be limited due to inadequate penetration into
necrotic granulomas in rabbits.55,56 As suggested by the
discrepancy between the biochemical IC50 values of each
agent and their corresponding IC90 values against intracellular
Mtb, the entry of these compounds into macrophages may be
somewhat limited. In addition, we have shown previously that a
large population of bacilli is found in the extracellular
compartment of necrotic lung granulomas in guinea pigs.43

Based on their mechanism of action, mPTP inhibitors would
likely have no activity against such organisms. Finally, it is
possible that functional deficiency of mPTPA and/or mPTPB
may be compensated by alternative Mtb phosphatases, such as
SapM.15 Recently, Chauhan et al. generated an Mtb mutant
(MtbΔmms) by disrupting the genes encoding PtpA, PtpB, and
SapM. After 10 weeks of infection, guinea pigs infected with
MtbΔmms showed a 4.69 log10 reduction in lung CFU relative
to those infected with the isogenic wild-type strain.15 This
mutant was more attenuated in the guinea pig model of chronic
TB relative to an Mtb mutant lacking only mPTPB.10 Future
studies will focus on dose optimization, taking into account
both plasma and tissue concentrations of mPTP inhibitors. In
addition, we will attempt to identify potent inhibitors of Mtb
SapM, which can be coformulated with mPTPA and mPTPB
inhibitors.
Our data support the further development of the Mtb PTP

inhibitor class of drugs. We showed that PTP inhibitors lack
direct antimicrobial activity but promote intracellular Mtb
killing in vitro. Our findings suggest a modest increase in killing
by the standard regimen with dual mPTPA/B inhibition, as well
as a favorable PK interaction between the agents. Significantly,
our data suggest that PTP inhibitors may improve clinical
outcomes by ameliorating lung pathology. Further studies are
needed to better characterize the sterilizing activity of these
agents and their potential for improving TB-induced lung
pathology.

■ MATERIALS AND METHODS

General Procedures for the Preparation of Inhibitors.
Reagents were used as purchased from Sigma-Aldrich and
Fisher Scientific. 1H and 13C NMR spectra were obtained on a
BrukerAvance II 500 MHz NMR spectrometer with tetrame-
thylsilane or residual solvent as standard. Mass spectra were
obtained using an Agilent Technologies 6130 quadrupole LC/
MS. HPLC purification was carried out on a Waters Delta 600
equipped with a Sunfire Prep C18 OBD column (30 mm/150
mm, 5 μm) with methanol−water (both containing 0.1% TFA)
as the mobile phase (gradient: 50−100% methanol, flow 10
mL/min). The purity of all final tested compounds was
established to be >95% by Agilent Technologies 6130
quadrupole LC/MS by using methanol−water (both containing
0.1% TFA) as the mobile phase (gradient: 0−100% methanol,
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flow 1.0 mL/min), with UV monitoring at the fixed wavelength
of 254 nm.

Synthesis of L335-M34 (mPTPA). To a round-bottom flask
were added sulfoacetic acid (0.14g, 1.0 mmol), DMF (5 mL),
HBTU (0.379g, 1 mmol), 3,5-dibromo-4-methylaniline
(0.265g, 1 mmol), DIEA (0.52 mL, 3 mmol), and DMAP
(0.012g, 0.1 mmol). The mixture was stirred at room
temperature for 2 h, and then it was subjected to reversed-
phase HPLC purification to give product L335-M34 as a white
solid (0.385g, 99% yield): 1H NMR (500 MHz, DMSO) δ
10.08 (s, 1H), 7.87 (s, 2H), 3.52 (s, 2H), 2.42 (s, 3H); 13C
NMR (DMSO) δ 164.6, 138.9, 130.5, 124.1, 121.8, 59.1, 22.6;
ESI-HRMS calcd for C9H10Br2NO4S (M + H+) 385.8692,
found 385.8696.
Kinetic Analysis of mPTPA Inhibition. The phosphatase

activity of mPTPA was assayed using p-nitrophenyl phosphate
(pNPP) as a substrate at 25 °C in 50 mM 3,3-dimethylglutarate
buffer, pH 7.0, containing 1 mM EDTA with an ionic strength
of 0.15 M adjusted by NaCl. The reaction was started by the
addition of 50 μL of the enzyme to 150 μL of reaction mixture
containing pNPP and various concentrations of the inhibitor in
a 96-well plate. The final concentration for mPTPA was 5 nM.
The final concentration for pNPP was 1 mM, which was the Km
value for mPTPA. The reaction was quenched after 15 min by
the addition of 50 μL of 5 N NaOH, and then 200 μL of
reaction mixture was transferred to a 96-well plate. The non-
enzymatic hydrolysis of pNPP was corrected by measuring the
control without the addition of enzyme. The amount of
product p-nitrophenol was determined from the absorbance at
405 nm detected by a SpectraMax 384PLUS microplate
spectrophotometer (Molecular Devices) using a molar
extinction coefficient of 18 000 M−1 cm−1. IC50 values were
calculated by fitting the absorbance at 405 nm versus inhibitor
concentration to the following equation:

= +A A/ IC /(IC [I])I 0 50 50

where AI is the absorbance at 405 nm of the sample in the
presence of inhibitor, A0 is the absorbance at 405 nm in the
absence of inhibitor, and [I] is the concentration of the
inhibitor.
For selectivity studies, the PTPs, including mPTPB, PTP1B,

TC-PTP, SHP1, SHP2, FAP1, Lyp, PTP-MEG2, HePTP,
PTPa, LAR, CD45, PTPg, VHR, Laforin, VHX, Cdc14A, and
the low molecular weight PTP, were expressed and purified
from E. coli. The final concentration for all PTPs was 5 nM.
The inhibition assay for these PTPs was performed under the
same conditions as mPTPA except using a different pNPP
concentration corresponding to the Km of the PTP studied.
Inhibitor concentrations used for IC50 measurements cover the
range from 0.2 to 5× of the IC50 value.
Mycobacterium tuberculosis Strains. The Johns Hopkins

Center for Tuberculosis Research laboratory reference strain
Mtb H37Rv41 was passaged twice through mice and frozen in
aliquots at −80 °C before use. Aliquots were thawed and grown
to logarithmic phase (optical density at 600 nm = 0.6) in
Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI)
supplemented with 10% OADC (Becton Dickinson), 0.05%
Tween, and 0.1% glycerol prior to aerosol infection.

Animals. Female guinea pigs (273 ± 20.91 g) with and
without jugular vein catheters were purchased from Charles
River Laboratories (Wilmington, MA). The animals were
maintained under specific pathogen-free conditions and fed
water and chow ad libitum. All procedures57 followed protocols
approved by the Institutional Animal Care and Use Committee
at the Johns Hopkins University School of Medicine.

In Vitro Anti-Mtb Assays. Alamar Blue Assay. A
colorimetric, microplate-based Alamar Blue assay (MABA)
method was used to determine the MICs of mPTPA/B against
M. tuberculosis isolates, as described earlier.58 Briefly, cultures
were incubated at 37 °C without shaking in 96-well plates.
Alamar Blue reagent (Invitrogen) was added at 1:5 v/v prior to
readout 24 h later using a Fluostar Optima fluorescence plate
reader (BMG Labtech), equipped with a 544 nm excitation
filter and a 590 nm emission filter.

Macrophage Assays. Inhibition of growth of M. tuber-
culosis (Erdman and H37Rv) in a macrophage cell culture was
assessed as previously described.13 Following activation with 50
U/mL IFN-γ (Sigma, 087k1288), J774 macrophages were
infected with M. tuberculosis strain at a multiplicity of infection
of 1:1 for 1 h, washed, and incubated with 20 μg/mL amikacin
containing DMEM before adding the test compounds. Cells
were washed and lysed, and different dilutions were plated on
7H11 agar plates. Colonies were counted after 3 weeks of
incubation at 37 °C.

Pharmacokinetics and Bioavailability Studies. Separate
groups of three catheterized guinea pigs each were given (i) a
single dose of L01-Z08 at 20 mg/kg or L335-M34 at 50 mg/kg
of body weight; (ii) L01-Z08 at 20 mg/kg and L335-M34 at 50
mg/kg were given together to test for possible drug−drug
interactions that might alter the uptake and/or clearance of one
or both of the compounds. All drugs were suspended in 1%
DMSO, 0.5% DEA, 48.5% PEG 400, and 50% water. Blood was
collected for analysis of these drugs in plasma predose and at 1,
4, 8, 24, and 48 h postdose. Plasma was separated and stored at
−70 °C until analysis. Plasma drug concentrations were
determined by liquid chromatography−mass spectrometry
and liquid chromatography−tandem mass spectrometry over
the concentration range of 0.005−1 mg/L with dilution to 10
mg/L. Pharmacokinetic variables were calculated from
individual drug concentration−time data using noncompart-
mental methods as implemented in WinNonlin version 5.0
(Pharsight, Mountain View, CA) as described earlier.46,47

Aerosol Infections. Log-phase cultures of Mtb H37Rv
were diluted 500-fold (to ∼105 bacilli/mL) in 1× PBS for
aerosol infection of guinea pigs. A total of 73 guinea pigs were
aerosol-infected with a Madison chamber aerosol generation
device (College of Engineering Shops, University of Wisconsin,
Madison, WI) calibrated to deliver approximately 102 bacilli
into guinea pig lungs, as previously described.43

Antibiotic Treatment. Beginning 28 days after aerosol
infection, guinea pigs were randomized to different treatment
and control groups. Guinea pigs were treated 5 days per week
for 6 weeks at different dose ranges, as indicated in Table S1.
Isoniazid (INH, H; Sigma), rifampicin (RIF, R; Sigma), and
pyrazinamide (PZA, Z; Sigma) were dissolved in sterile distilled
water. A cocktail solution of HRZ was prepared weekly and
kept at 4 °C. Aarden compounds (L01-Z08 and L335-M34)
were suspended in formulation and stored at room temperature
for up to 1 week.
All animals were treated with a formulation consisting of 20%

pumpkin (w/v) (Libby’s 100% pure pumpkin) mixture
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supplemented with Vitamin C (50 mg/kg mean body weight)
and commercial lactobacillus (BD lactinex) (all purchased from
Walmart, Towson, MD) to improve palatability and help
stabilize the cecal flora, thereby preventing gastrointestinal
dysbacteriosis or antibiotic-associated enteritis, as previously
described.46,47 Drug doses were administered in a final volume
of 0.5 mL and were delivered in the posterior oropharynx by an
automatic pipet with a disposable tip.
Study End Points. Guinea pigs were sacrificed on the day

after aerosol infection (day 27), on the day of treatment
initiation (day 0), and at the indicated time points after
treatment to determine the numbers of CFU implanted in the
lungs, pretreatment baseline CFU counts, and the post-
treatment CFU counts, respectively.
Animal body weights were recorded on a weekly basis, and

lung and spleen weights were recorded at the time of necropsy.
The lungs of each animal were examined at necropsy for grossly
visible lesions, and random samples from the left caudal lung
lobe were dissected, placed into 10% buffered formaldehyde,
and paraffin embedded for histopathological staining with
hematoxylin and eosin (H&E). At least one entire H&E-stained
cross section per animal lung (4 animals/group) was analyzed
for degree of inflammation. The surface area occupied by
granulomatous inflammation was determined by ImageJ
software-based morphometry of digitized images of lung
sections, and results are represented as percentage of lung
surface area involved.47,59

The remaining lungs were homogenized in 10 mL of PBS,
and homogenates were plated on 7H11 plates containing
cycloheximide (50 mg/L), carbenicillin (100 mg/L), polymyxin
B (200000 U/L), and trimethoprim (20 mg/L) and incubated
for 28 days at 37 °C for CFU enumeration.
Statistical Analysis. CFU data were derived from 4−5

animals per group. Log-transformed CFU were used to
calculate means and standard deviations. Comparisons of data
among experimental groups were performed by Student’s t test.
Group means were compared by one-way analysis of variance
(ANOVA) with Dunnett’s post-test (D0 or untreated controls
vs treatment groups) or Bonferroni comparison (all treatment
groups), using GraphPad Prism version 4 (GraphPad, San
Diego, CA). Values of p < 0.05 were considered to be
statistically significant.
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