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Pyrazinamide (PZA) is a prodrug requiring conversion to pyrazinoic acid (POA) by an amidase encoded by pncA for in vitro
activity. Mutation of pncA is the most common cause of PZA resistance in clinical isolates. To determine whether the systemic
delivery of POA or host-mediated conversion of PZA to POA could circumvent such resistance, we evaluated the efficacy of
orally administered and host-derived POA in vivo. Dose-ranging plasma and intrapulmonary POA pharmacokinetics and the
efficacy of oral POA or PZA treatment against PZA-susceptible tuberculosis were determined in BALB/c and C3HeB/FeJ] mice.
The activity of host-derived POA was assessed in rabbits infected with a pncA-null mutant and treated with PZA. Median plasma
POA values for the area under the concentration-time curve from 0 h to infinity (AUC,,_,,) were 139 to 222 pg-h/ml and 178 to
287 pg-h/ml after doses of PZA and POA of 150 mg/kg of body weight, respectively, in mice. Epithelial lining fluid POA concen-
trations in infected mice were comparable after POA and PZA administration. In chronically infected BALB/c mice, PZA at 150
mg/kg reduced lung CFU counts by >2 log,, after 4 weeks. POA was effective only at 450 mg/kg, which reduced lung CFU counts
by ~0.7 log,,. POA had no demonstrable bactericidal activity in C3HeB/FeJ mice, nor did PZA administered to rabbits infected
with a PZA-resistant mutant. Oral POA administration and host-mediated conversion of PZA to POA producing plasma POA
exposures comparable to PZA administration was significantly less effective than PZA. These results suggest that the intrabacil-

lary delivery of POA and that producing higher POA concentrations at the site of infection will be more effective strategies for

maximizing POA efficacy.

he control of tuberculosis (TB) is jeopardized by the increasing

prevalence of multidrug-resistant TB (MDR-TB) caused by
strains which are resistant to at least rifampin (RIF) and isoniazid
(INH) (1). Unfortunately, resistance to the other key sterilizing
drug, pyrazinamide (PZA), is commonly present in MDR-TB iso-
lates (2). Compounding this problem are the well-recognized
challenges in performing PZA susceptibility testing, resulting in
the common therapeutic conundrum of whether to include PZA
in MDR-TB treatment regimens without certainty of its potential
contribution (3). Whereas the mechanism of action of PZA re-
mains partially unknown, the primary mechanism of PZA resis-
tance in clinical isolates is well established (4, 5). Because PZA is a
prodrug that requires conversion to pyrazinoic acid (POA) for its
antimicrobial effect, mutations of the gene encoding the myco-
bacterial PncA amidase (pncA) result in PZA resistance (4-7).
Approximately 78% of PZA-resistant isolates harbor mutations in
pncA (3). However, since pncA mutations do not affect suscepti-
bility to POA in vitro, direct administration of POA or delivery in
a form that does not require PncA for the generation of POA
inside Mycobacterium tuberculosis could circumvent this mecha-
nism of resistance.

The MIC of POA against M. tuberculosis is 16 to 32 pg/ml in
7H10 media at pH 5.8 (8) and between 62 and 496 p.g/mlat pH 6.5
in 7H9 or 7H11, which may be up to 4-fold lower than the PZA
MIC (9). Past studies suggested that POA was not orally bioavail-
able or was rapidly metabolized to inactive products (10). This
steered subsequent investigators toward development of new
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POA derivatives with greater oral bioavailability and intrapulmo-
nary delivery of POA. However, it is possible that the drug must be
metabolized by the bug and concentrated locally and therefore
may not be effective even after successful systemic administration.
Therefore, it remains important to distinguish the reasons for oral
POA failure in past experiments and whether it can be effective if
administered systemically. Recent data indicate that POA is, in
fact, orally bioavailable. The same study showed that host-medi-
ated conversion of PZA to POA occurs and that POA easily dif-
fuses in tissues (9), reviving interest in POA as a therapeutic solu-
tion for MDR-TB patients.

To explore whether POA delivered systemically or derived
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from host-mediated conversion of PZA could produce in vivo
activity comparable to that of PZA, we determined the pharma-
cokinetics (PK) of POA in the plasma, epithelial lining fluid (ELF),
and lung lesions of C3HeB/Fe] mice after oral administration of
PZA and POA and compared the activity of PZA and POA after
oral administration in different mouse models of TB. To further
test whether POA generated from PZA by the host could reduce
lung bacillary burdens, we infected rabbits with a pncA-null mu-
tant and treated them with PZA, which in rabbits leads to the
accumulation of POA in plasma and tissues at levels higher than
PZA (9).

(Portions of the results of this study have been presented pre-
viously at the International Workshop on the Clinical Pharmacol-
ogy of Tuberculosis Drugs, San Diego, CA, September 2015.)

MATERIALS AND METHODS

Mycobacterial strains. M. ruberculosis H37Rv was used as a frozen stock
prepared from a log-phase culture in Middlebrook 7H9 broth after mouse
passage and was diluted in 7H9 broth supplemented with 10% OADC
(oleic acid, albumin, dextrose, catalase; Becton Dickinson, Franklin Lakes,
NJ) before infection. To isolate a PZA-resistant pncA mutant of M. tuber-
culosis, M. tuberculosis strain HN878 was grown in 7H9 broth containing
0.05% (wt/vol) Tween 80 (Sigma-Aldrich) and 10% oleic acid-albumin-
dextrose-catalase (OADC) to an optical density at 580 nm of 1.3 to 1.4.
Approximately 10'" bacterial cells were plated on Middlebrook 7H10 agar
(Becton Dickinson) containing PZA (Sigma-Aldrich) at a final concentra-
tion 0of 400 pg/ml and supplemented with 0.5% (vol/vol) glycerol (Sigma-
Aldrich) and 10% OADC. The plates were then incubated for 4 to 6 weeks.
The resulting individual colonies were cultured in 7H9 broth and streaked
onto 7H10 agar before the genomic DNA was extracted, as described
previously (11). The genotype of the pncA mutant was determined by
direct Sanger sequencing using a BigDye terminator sequencing kit (Ap-
plied Biosystems), and the reactions were analyzed with an ABI 3100
genetic analyzer. One HN878 mutant with a deletion from position —11
to position +2, resulting in a frameshift of the coding region of pncA, was
retained for subsequent infection experiments (HN878PZA400-C1). The
MICs of POA were similar against the wild-type HN878 strain and the
pncA mutant, as expected.

Drugs and chemotherapy. PZA was obtained from Acros Organics
(Thermo Fisher Scientific, Branchburg, NJ) and formulated for oral ad-
ministration in distilled water for mice. POA was obtained from Sigma-
Aldrich (St. Louis, MO) and formulated for oral administration in dis-
tilled water or 40% sucrose. The highest concentrations were warmed at
70°C before administration to ensure dissolution (stability of POA at this
temperature was verified by liquid chromatography-tandem mass spec-
trometry). PZA and POA were administered to mice by oral gavage once
(QD) or twice (BID) daily, 5 days per week. PZA was formulated for
rabbits in 40% sucrose and administered by oral gavage once daily, 7 days
a week, at 175 mg/kg of body weight.

Mouse and rabbit aerosol infection with M. tuberculosis. All mouse
procedures were approved by the Animal Care and Use Committee of
Johns Hopkins University. Female BALB/c mice (Charles River, Wilming-
ton, MA) and C3HeB/Fe] mice (Jackson, Bar Harbor, ME) were aerosol
infected using an Inhalation Exposure System (Glas-Col, Terre Haute,
IN) with dilution of a log-phase culture of M. tuberculosis (optical density
at 600 nm of 0.5) to implant approximately 1,000 to 3,000 CFU in the lung
for the subacute infection model in BALB/c mice and with dilutions of a
titered frozen stock to implant approximately 100 to 300 CFU for the
chronic infection model in BALB/c mice and 50 CFU for the chronic
infection model in C3HeB/FeJ mice. One day (D1) after infection, two
mice from each aerosol run were humanely killed to determine the num-
ber of bacteria implanted.

Pathogen-free female New Zealand White rabbits were purchased
from Covance (Princeton, NJ). All rabbit procedures were performed
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according to protocols approved by the Rutgers Institutional Animal Care
and Use Committee. Thirty-six rabbits were infected with a titered frozen
stock of the pncA mutant HN878PZA400-C1 using an aerosol nose-only
delivery system to implant ~1,000 CFU in the lung. At 3 h after exposure,
four rabbits were sacrificed to enumerate the number of bacterial CFU
implanted in the lungs at the time of infection.

PK studies. (i) Administration of PZA. Two pharmacokinetic (PK)
studies were performed in C3HeB/Fe] mice. Plasma and ELF concentra-
tion-time profiles of POA were determined after a single dose of PZA in
uninfected mice and after multiple doses in infected mice. PZA and POA
concentrations were assayed in samples of plasma and ELF from all mice
and from lung lesions of infected mice obtained, depending on the study,
at 0.08, 0.25, 0.45, 1.5, 3, 5, 7, 12, and 18 h after PZA dosing. Three to six
mice from each dose group were sampled at each time point. Plasma was
obtained either by tail vein bleeding or by cardiac puncture after anesthe-
sia by isoflurane inhalation. ELF was obtained after centrifugation of
bronchoalveolar lavage (BAL) fluid, as previously described (12). Lung
lesions were obtained by resecting a segment of the lung containing one or
two tubercles, depending on their size, and dissecting away as much nor-
mal-appearing lung tissue as necessary to obtain at least 20 mg of lesion
material. Lungs were rinsed in cold phosphate-buffered saline (PBS) first
and then dissected on dry ice to prevent POA diffusion.

(ii) Administration of POA. Dose-ranging PK studies were per-
formed in both infected and uninfected C3HeB/Fe] and BALB/c mice
after single doses of POA. POA concentrations were assayed in plasma
samples obtained 0.25, 1.5, 3, 5, 7, and 11 h after dosing, and ELF samples
were obtained 3, 5, 7, and 11 h after dosing. All samples were harvested
and frozen at —80°C before being shipped to the Dartois laboratory, Rut-
gers New Jersey Medical School, for quantification.

(iii) Quantification of POA in biological fluid samples. Quantifica-
tion of POA was performed as previously described using POA standards
from Acros Organics (Thermo Fisher Scientific) (12). The lower limit of
quantification was 0.25 pg/ml in plasma and, theoretically, 5 to 15 wg/ml
in ELF. The urea method was used to correct for dilution of ELF by PBS in
BAL fluid samples, as previously described (12). Then, 5 .l of serum and
20 pl of ELF were used with a QuantiChrom urea assay kit (Gentaur, San
Jose, CA) according to the manufacturer’s instructions.

The PK parameters (areas under the curve from 0 h to the designated
time and from 0 h to infinity [AUC,,_, and AUC,,_.,], maximum concen-
tration [C,,,, ], and half-life [¢, ,]) were calculated from mean concentra-
tions using Microsoft Excel (Office 2010; Microsoft Corp., Redmond,
WA). AUCs were calculated using the linear trapezoidal rule. Half-life and
elimination rate constants were calculated by linear regression using semi-
logarithmic concentration versus time data. Concentrations below the
lower limit of quantification were excluded from the PK evaluation.

Pharmacodynamics studies. To determine the dose-ranging activity
of POA administered orally, 140 BALB/c (5 mice per treatment group)
and 77 C3HeB/Fe] mice (10 mice per treatment group) received, depend-
ing on the study, doses of 37.5, 75, 150, or 450 mg/kg administered QD or
doses of 75 or 450 mg/kg administered BID for up to 8 weeks. In rabbits,
the infection was allowed to progress for 10 weeks prior to treatment
initiation. The remaining rabbits were assigned to control and treatment
groups (1 = 6). Rabbits in the treatment group received PZA at 175 mg/kg
administered orally daily for 5 and 10 weeks.

(i) Assessment of treatment efficacy in mice. Treatment efficacy was
assessed on the basis of lung CFU counts determined after 4 and 8 weeks of
treatment. Serial dilutions of whole-lung homogenates were plated on
selective Middlebrook 7H11 agar (Becton Dickinson, Franklin Lakes, NJ).
Plates were incubated for 6 to 8 weeks at 37°C before the final CFU counts
were determined.

(ii) Assessment of selection of POA-resistant mutants in mice. For
all BALB/c mice sacrificed after 8 weeks of treatment, 0.5 ml of lung ho-
mogenate was plated directly on selective 7H11 agar enriched with 10%
OADC and supplemented with POA at 300 mg/liter. In addition, for
C3HeB/Fe] mice with the highest CFU counts after treatment with POA at
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FIG 1 POA concentration-time profiles in plasma (A) and ELF (B) after administration of the indicated dose of PZA to uninfected C3HeB/FeJ mice. Data are

plotted as means and SD. LOQ, lower limit of quantification.

75 and 450 mg/kg BID, colonies were scraped from 7H11 plates, homog-
enized, suspended by bead beating (using 0.1-mm sterile beads) in 2.5 ml
of PBS, and subjected to quantitative cultures on the same POA-supple-
mented 7H11 agar. At the same time, a late-log-phase culture of the parent
H37Rv strain in 7H9 broth culture (optical density of 1.09 at 600 nm) was
plated on the same POA-containing medium to determine the proportion
of spontaneous POA-resistant mutants.

(iii) Assessment of treatment efficacy in rabbits. Rabbits were sacri-
ficed at 5 and 10 weeks postinfection (four rabbits per group) to monitor
the change in bacterial burden prior to the initiation of treatment. Treat-
ment-naive control and treatment groups (six rabbits per group) were
sacrificed at 15 and 20 weeks postinfection (after 5 and 10 weeks of treat-
ment, respectively). Upon dissection, the lungs were weighed, and 2 g of
tissue from the right and left lungs was collected by random sampling
from all lobes of the organ. The tissue sections were homogenized in PBS
and serial dilutions were plated on 7H11 agar for CFU enumeration.
Plates were incubated for 4 weeks at 37°C before the final CFU counts were
determined. These counts and the whole lung weights were then used to
calculate the bacterial burden of the entire organ. If no CFU were detected
in the undiluted homogenate of either lung, the limit of detection was
calculated by assuming 1 CFU in the total volume plated and extrapolat-
ing this count to the weight of the whole pair of lungs for each rabbit. For
histological studies, five pieces of lung tissue (one per lobe) from each
rabbit were fixed in 10% formalin (Thermo Fisher Scientific) and sent to
IDEXX BioResearch (Columbia, MO). These sections were embedded in
paraffin and used for standard 5-pm sectioning. The sections were then
stained with hematoxylin and eosin (H&E) for cellular composition and
with acid-fast staining to visualize M. tuberculosis bacilli.

Susceptibility of H37Rv and resistant mutants to POA. The POA
susceptibilities of the parent H37Rv strain, a pncA A146V mutant in the
same background selected previously in mice by PZA treatment, and mu-
tants isolated on POA-containing plates in the present experiment were
evaluated in 7H9 broth supplemented with 10% OADC, 0.5% Tween, and
glycerol that was pH adjusted to 6.8 in a 37°C shaking incubator. The
inoculum was prepared by diluting a log-phase broth culture to an optical
density at 600 nm of ~0.1. Tubes containing a range of 2-fold dilutions of
POA dissolved in dimethyl sulfoxide and diluted in 7H9 broth were inoc-
ulated with 100 pl of this diluted sample and incubated at 37°C. The MIC
was defined as the lowest POA concentration that prevented visible
growth after 14 days of incubation. For tubes without visible growth after
14 days of incubation, an aliquot of broth was removed, serially diluted,
and plated on selective Middlebrook 7H11 agar (Becton Dickinson) to
determine viable bacterial counts. The minimum bactericidal concentra-
tion (MBC) was defined as the lowest concentration to reduce the initial
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inoculum by at least 99%. POA MICs were determined in three separate
experiments, whereas MBCs were determined in a single experiment.

Data analysis. Lung CFU counts (x) were log transformed as log, ,(x +
1) before analysis. Group mean CFU counts after 2 months of treatment
were compared using one-way analysis of variance (ANOVA) and Bon-
ferroni’s posttest to adjust for multiple comparisons or two-way ANOVA,
as appropriate, using GraphPad Prism v.5 (GraphPad Software, San Di-
ego, CA).

RESULTS

Pharmacokinetics of POA in mice after oral administration of
PZA or POA. (i) Administration of PZA. In uninfected animals,
PZA doses ranging from 10 to 450 mg/kg were administered as a
single dose. Additional mice received 450 mg/kg on two occasions,
separated by 12 h. As shown in Fig. 1A, POA plasma concentra-
tions increased with PZA dose. The PK parameter values for
plasma presented in Table 1 demonstrate greater than dose-pro-
portional increases in exposure. Data for PZA concentrations in
the same samples were published previously (12) but are included
here for the sake of comparison. POA AUC,_,, values were con-
sistently one-third to one-half those of PZA. Contrary to PZA
exposures in ELF, which increased dose proportionally (12), POA
exposures in ELF did not exceed a ceiling of ~20 pg/ml first ob-
served at 3 h postdose for PZA doses =30 mg/kg (Fig. 1B). ELF
concentrations fell below this level by 7 h postdose for all mice
receiving =150 mg/kg and some mice receiving 300 mg/kg, but
not mice receiving 450 mg/kg. Remarkably, 3-h ELF POA concen-
trations exceeded those in plasma after 10- and 30-mg/kg doses
but then fell to as low as 14% of plasma concentrations after the
450-mg/kg dose.

In infected animals, multidose PK was evaluated after admin-
istration of 150 mg/kg and 450 mg/kg BID of PZA for 4 weeks.
Slightly lower concentrations of POA were found in infected com-
pared to uninfected mice (Table 1 and Fig. 2). Dose proportion-
ality in plasma was conserved, and concentrations in lesions
largely mirrored those in plasma. The lesion/plasma AUC ratio
was 0.52 and overall independent of dose (0.6 in one experiment
and 0.44 in the other). As in uninfected mice, there was no clear
evidence of a dose proportional increase in ELF exposure, al-
though in one of the two experiments, the mean ELF POA con-
centration ranged from 52 to 138 pg/ml at 3 h postdose, making it
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TABLE 1 Plasma PK parameters for PZA and POA after administration of PZA

PZA dosing (in mg/kg PZA AUC,_." POA AUC,_, POA C,,.«

Mouse strain infection status QD unless specified) (pg-hml™") (hg-hml™") (pg/ml) POA t,,, (h)

Uninfected C3HeB/Fe] mice (single dose) 10 9.2 4.5 1.1 2.0
30 59.2 19.0 4.8 1.8
150 577.9 222.2 52.7 1.9
300 1,081.6 534.6 107.3 3.1
450 BID 5,326.8 3,046.6 253.3 7.0

Infected C3HeB/Fe] mice (steady state) 150 455.6 139.0 37.1 2.0
450 BID 3,589.6 1,553.0 201.8 1.2

Predicted (from single dose PK)” 175 234 581

Measured in infected rabbits (steady state) 175 236 583 68 2.3

@ PZA AUCs published previously (12) are included here for the sake of comparison. Parameters were calculated from means of data. Measurements in infected mice were obtained

after 4 weeks of treatment. The data presented are from one experiment each.

b The pharmacokinetic profile and parameters of PZA after a single oral dose administered to uninfected rabbits as published previously (9).

difficult to conclude whether infection impacts the distribution of
POA into ELF at the highest PZA doses. However, the ratios of
ELF/plasma concentrations were lower in infected mice than in
uninfected animals in the 150 mg/kg arms (between 0.1 and 0.5)
and slightly increased over time, but not as much as in uninfected
mice (up to 4.2).

(ii) Administration of POA. POA was administered as a single
dose in uninfected and infected BALB/c mice at 150 mg/kg QD
and in infected C3HeB/Fe] mice at 150 mg/kg QD and at 450
mg/kg BID. As observed for POA concentrations after increasing
PZA doses, oral administration of increasing doses of POA pro-
duced greater than dose-proportional increases in POA exposure
in plasma but not in ELF (Fig. 3). The PK parameter values for
plasma are presented in Table 2; the plasma AUC was slightly
higher in uninfected mice compared to infected BALB/c and
C3HeB/Fe] mice, but the differences were relatively modest. Al-
though POA did not exhibit dose proportionality in ELF, POA
concentrations were 6 to 8 times higher in the ELF of infected
animals administered POA directly compared to POA concentra-
tions after PZA administration, whereas POA concentrations
were below the limit of quantification in ELF of uninfected

1000+
-o- 150 mg/kg

POA concentration (ug/ml)

0.1 T T T 1

Time (hours)

- 450 mg/kg BID

BALB/c mice. The ratios of ELF/plasma concentration again de-
creased with dose and increased over time. Overall, C3HeB/Fe]
mice had higher ratios of ELF/plasma concentrations than in-
fected BALB/c mice (for which only two of nine measurements
were above the lower limit of quantification).

Pharmacodynamics of POA after oral administration. (i)
BALB/c mice. In a subacute infection model, the mean CFU
counts (standard deviations [SD]) were 4.03 (0.12) log;, on the
day after infection and 7.88 (0.05) log,, at D0. All mice died within
10 days of initiating treatment, indicating the weak inhibitory ac-
tivity of PZA and POA before the adaptive immune response has
developed.

In a chronic model of TB infection in BALB/c mice, the mean
CFU counts (SD) were 2.17 (0.05) log,, on the day after implan-
tation and 7.24 (0.04) log,, at the start of treatment (DO0). After 4
weeks of treatment, mean CFU counts (SD) were 6.78 (0.12) log,,
in untreated mice and 3.85 (0.11) log,, in mice receiving PZA 150
mg/kg. Mean CFU counts of mice treated with total daily POA
doses as high as 150 mg/kg did not differ from those of untreated
mice. However, mean CFU counts (SD) in mice treated with 450
mg/kg QD and BID were 6.11 (0.05) and 6.05 (0.02) log; o, respec-

1000+

100+

POA concentrations (ug/ml)
3

0.1

0 2 4 6 8
Time (hours)

FIG 2 POA concentration-time profiles in plasma and lung lesions (A) and in ELF (B) after administration of the indicated dose of PZA to infected C3HeB/Fe]J
mice. Open symbols and dotted lines represent intralesional concentrations (A), and solid shapes indicate concentrations in plasma (A) or in ELF (B). Data are
plotted as means and were averaged for two experiments in panel A and in exploded view in panel B to show the difference observed. Horizontal dotted lines
represent the lower limit of quantification.
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FIG 3 POA concentration-time profiles in plasma (A) and in ELF (B) after administration of the indicated dose of POA. Data are plotted as means. LOQ, lower
limit of quantification. ELF concentrations in BALB/c mice are from one mouse only.

tively, significantly lower than that of untreated mice (P < 0.001)
(Fig. 4A). Similar results were observed after 8 weeks of treatment,
when only mice treated with 450 mg/kg QD and BID had mean
CFU counts that were statistically significantly lower than that of
untreated mice (P < 0.001).

(ii) C3HeB/Fe] mice. In a chronic model of TB infection in
C3HeB/Fe] mice, the mean lung CFU count (SD) was 0.35 (0)
log,, on the day after infection and 6.22 (1.00) log, , at the start of
treatment (DO). Because of the low implantation, some mice did
not develop a productive infection. As a result, all culture-negative
lung homogenates after 4 weeks of treatment (five total) were
excluded from analysis. As previously observed in the heteroge-
neous lesions of C3HeB/Fe] mice (12, 13), PZA produced a di-
chotomous dose-response effect that is dependent on the extent of
caseous disease: dose-dependent bactericidal activity was ob-
served in a subset of mice with a lesser extent of disease while no
dose response was observed in other mice with large caseous le-
sions (Fig. 4B). Among the subset of mice experiencing a bacteri-
cidal effect of PZA, mean CFU counts (SD) after 4 weeks of treat-
ment were 3.31 (0.4), 2.76 (0.86), and 1.5 (0.39) log,, after
treatment with 75 mg/kg BID, 150 mg/kg QD, and 450 mg/kg BID,
respectively. The difference between PZA at 150 mg/kg QD and at
75 mg/kg BID was not statistically significant (P = 0.28). Con-
versely, POA exhibited no clear-cut bactericidal activity. The

TABLE 2 Plasma PK parameters for POA after administration of POA”

PZA dosing (in  AUC,_,, AUC, ..
Mouse strain mg/kg QD (ng-h  (pgh Crnax tin
infection status unless specified) ml™") ml™Y) (pg/ml) (h)
BALB/c mice
(single dose)
Uninfected 150 285.9 286.5 155.3 1.0
Infected 150 143.4 145.4 114.1 0.8
Infected C3HeB/Fe] 150 176.9 178.2 111.5 1.0
mice (single
dose)
450 BID 1,965.2 4,086.6  904.3 2.7

@ Parameters were calculated from means of data. The data presented are from one
experiment each.
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mean CFU counts (SD) after 4 weeks of treatment were 5.81
(0.87), 6.71 (1.02), and 6.29 (0.86) log,, for 75 mg/kg BID, 150
mg/kg QD, and 450 mg/kg BID, respectively. The lowest CFU
counts (4.04 and 4.49 log,,) were in two mice treated with either
POA 75 mg/kg BID or 150 mg/kg QD, so a bactericidal effect up to
that observed at the highest doses in BALB/c mice could not be
excluded.

(iii) Drug resistance assessment. The MIC and MBC of POA
against the H37Rv parent strain were 120 to 180 pg/ml and 960
pg/ml, respectively, at pH 6.8 in 7H9 broth. When plated on 7H11
agar with or without 300 g of POA/ml, the proportion of CFU
growing on POA was between 8 X 107~ and 3 X 10~ ° of the total
cultivable population of M. tuberculosis H37Rv.

After treatment of C3HeB/Fe] mice with POA for 4 weeks, only
a single colony was isolated on POA-containing plates from a
mouse given 450 mg/kg BID. The POA MIC for this strain in-
creased to >960 pg/ml, whereas the MIC against the pncA A146V
mutant was 180 pg/ml, like the H37Rv parent. After treatment of
BALB/c mice with POA for 8 weeks, virtually all mice had POA-
resistant strains detectable. However, compared to untreated
mice, which harbored POA-resistant colonies at <10~ ° of the
total CFU count, no clear selective amplification was observed in
POA-treated mice, since the highest proportion of POA-resistant
CFU was 107 of the total CFU count (in a mouse treated with
POA 450 mg/kg QD). Among PZA-treated mice, a single POA-
resistant colony was isolated in a single mouse, which represented
1.7 X 10™* of the total CFU count, suggesting the potential for
PZA to select POA-resistant mutants.

Pharmacodynamics of PZA in rabbits infected with a pncA
mutant. Having determined the poor efficacy of POA delivered
orally to mice, we next tested the efficacy of systemic POA pro-
duced by the host from orally administered PZA. We previously
showed that the POA/PZA exposure ratio is markedly higher in
rabbits than in all other species (9) and that the systemic pool of
POA distributes effectively to lung and lesions (14), thus provid-
ing a convenient tool for assessing the activity of host-derived
POA in rabbits infected with a pncA mutant of M. tuberculosis
HN878. A daily dose of PZA at 175 mg/kg was selected since it was
predicted to deliver a POA AUC,,_,, of 581 pg-h/ml (Table 1),
corresponding to the high end of the PZA AUC range observed
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FIG 4 Individual mouse lung CFU counts after treatment with POA for 4 weeks in BALB/c mice (A) and C3HeB/Fe] mice (B). Bars represent the mean. Doses
are provided in mg/kg. qd, once a day; bid, twice a day; Unt, untreated. *, statistically significant difference compared to untreated mice (P < 0.001).

clinically among patients receiving standard PZA doses (15) and
higher than the POA AUC recently described in Korean patients
receiving PZA (9). The pncA mutant appeared attenuated in its
ability to persist relative to historical controls. However, after 5
and 10 weeks of daily PZA treatment (7/7), the bacterial burden
was higher in the treated group than in the untreated group (Fig. 5,
P = 0.017), indicating that POA treatment had no discernible
antimicrobial activity. To ensure that adequate drug exposure had
been reached, plasma concentrations were measured at week 6 of
treatment, revealing actual PZA and POA AUC PK parameters
very close to predicted values (Table 1). Since PZA was previously
shown to preferentially target M. tuberculosis bacilli present in
cellular lesions (12), histologic analyses were performed, indicat-
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FIG 5 Mean and individual lung CFU counts of rabbits infected with an M.
tuberculosis HN878 pncA-null mutant for 10 weeks, followed by daily treat-
ment with PZA at 175 mg/kg (7 days/week) for 10 weeks. The time of infection
and treatment initiation are indicated by arrows. Control groups are repre-
sented by circles, and treated groups are represented by triangles. Data points
below the lower limit of detection are indicated by open symbols. Treated
rabbits had significantly higher CFU counts than untreated rabbits (P =
0.017), as determined by two-way ANOVA.
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ing that M. tuberculosis bacilli were present intracellularly in the
cellular rim of necrotic lesions, and mostly extracellularly within
the caseating core of such lesions (see Fig. S1 in the supplemental
material). These results indicate that systemic POA is ineffective
against M. tuberculosis bacilli in rabbit lung lesions.

DISCUSSION

PZA is one of two TB drugs with demonstrated treatment-short-
ening activity. Addition of PZA to RIF-containing regimens en-
ables shortening of the treatment duration for drug-susceptible
TB from 9 months to 6 months (16). Unlike RIF, PZA may also be
active against MDR-TB strains, and there is evidence that it helps
to shorten the duration of MDR-TB treatment when the infecting
isolate is susceptible (17-19). Moreover, PZA combines well with
each new TB drug class currently in clinical trials and adds impor-
tant sterilizing activity to a variety of novel combinations, includ-
ing the combination of PA-824, moxifloxacin, and PZA, which
was recently shown to be at least as effective as the first-line regi-
men over the first 8 weeks of treatment, including against
MDR-TB strains (20-26). Despite its potential importance for
short-course MDR-TB treatment now and in the future, the utility
of PZA is endangered by the emergence of resistance. Roughly
50% of MDR-TB isolates are now resistant to PZA according to
surveys from various parts of the world (27, 28).

Systemic delivery of POA has been suggested as a strategy to
circumvent the most common mechanism of PZA resistance. Ex-
periments conducted in mice over 50 years ago failed to demon-
strate efficacy of orally administered POA (10, 29). However, these
experiments were conducted in an acute infection model in which
treatment was initiated within 1 day of an overwhelming infection
with Mycobacterium tuberculosis and consisted of POA mixed in
the mouse diet. Kushner et al. (29) tested a dose 0f 0.2% (~350 to
400 mg/kg) POA in the diet. Under these conditions PZA pre-
vented death (the lone endpoint reported) but POA did not.
Konno et al. (10) followed up this observation by using higher
doses (2 to 5%), assessing microbiological endpoints and testing
for evidence of POA in the urine. While mice receiving PZA had
lower lung CFU counts and modestly lower spleen CFU counts
compared to untreated controls, mice receiving POA did not.
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However, much more POA was excreted in the urine of mice
receiving PZA compared to POA, suggesting poor bioavailability
of POA administered in the diet. Notably, the same investigators
gave a 1- to 2-g oral dose of POA to human volunteers and found
that, although 62 to 100% of the dose was recovered in the urine,
the compound recovered had no microbiological activity (10). As
a result of these experiments, it was concluded that POA is not
orally bioavailable and/or is too rapidly excreted and/or inacti-
vated in vivo to be effective by this route (or perhaps any systemic
administration). This has steered subsequent investigators toward
development of new POA derivatives with greater oral bioavail-
ability and intrapulmonary delivery of POA.

The present experiments confirm that POA is well absorbed
when administered orally to mice and provide new evidence of
greater than dose-proportional exposures in plasma. Importantly,
oral doses of POA of 150 and 450 mg/kg produced similar plasma
POA AUC values and higher plasma POA C,,,, values than the
same doses of PZA. Moreover, whereas the POA AUC produced
by the 150-mg/kg POA dose in mice was similar to that produced
in human subjects after standard doses of PZA, the C,,,,, and AUC
produced in mice by the 450-mg/kg QD and BID doses were sig-
nificantly higher than systemic POA exposures produced by host-
mediated conversion from PZA (9). Likewise, POA derived from
PZA metabolism in rabbits reached exposures in excess of clinical
exposure following PZA administration but did not reduce bacil-
lary burden. Thus, the limited activity of these systemic POA ex-
posures in vivo suggests that host-derived POA does not signifi-
cantly contribute to the well-demonstrated sterilizing activity of
PZA. To our knowledge, this is the first direct evidence that pro-
ducing plasma, ELF, and lung lesion POA exposures similar to (or
even well in excess of) the POA exposures produced by effective
doses of PZA is not sufficient for efficacy. Only the 450-mg/kg
dose of POA, administered once or twice daily, produced any
statistically significant effect. At these doses, the C,,,, and AUC
values were each at least 10 times the values obtained through
host-mediated conversion of PZA. Based on our PK results, it is
possible that prolonged plasma POA concentrations above the
MIC at acidic pH (e.g., 30 pg/ml at pH 5.8) are necessary for
efficacy. However, such plasma POA concentrations are as high as
or higher than peak plasma POA concentrations produced in hu-
man subjects by standard doses of PZA. A recent toxicodynamic
analysis suggests that prolonged POA concentrations in this range
are likely to cause arthralgias and gouty complications (30).

The finding of higher lung CFU counts after treatment with
PZA compared to no treatment among rabbits infected with the
pncA-null mutant was unexpected. Potential explanations include
a detrimental effect on the host response caused by PZA-mediated
immunomodulation or the stresses of daily PZA administration
by gavages. The failure of the mutant to persist in rabbit lungs in
the absence of treatment is also notable. Although pncA is clearly
not essential for Mycobacterium bovis to cause disease in rabbits,
we are unaware of prior studies on the effect of loss-of-function
mutations in pncA on the virulence of M. tuberculosis in rabbits.
To better understand the apparent attenuation of the pncA mu-
tant, whole-genome sequencing was performed. In addition to the
frameshift mutation in pncA, a single nucleotide polymorphism
(Gly367Cys) in ripA, a peptidoglycan hydrolase required for
growth in vitro and in vivo (31, 32), was revealed as a potential
attenuating mutation. Although we cannot exclude the possibility
that ripA mutation confers reduced susceptibility to POA in vivo,
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the mutant did not display a higher POA MIC in vitro compared to
the parent strain. We also have no reason to believe that the atten-
uation of the mutant produced in vivo conditions that were not
conducive to PZA or POA activity, since histologic analyses re-
vealed caseating granulomas containing both intracellular and ex-
tracellular bacilli at the time treatment was initiated (10 weeks
postinfection), findings indicative of an adaptive host immune
response to create acidic conditions sufficient for PZA activity at
the concentrations achieved.

Taken together, the results presented here provide strong evi-
dence that, regardless of the vehicle, delivery of POA into the
systemic circulation is probably unable to produce efficacious ex-
posures without incurring significant problems with tolerability.
A more promising option is to develop prodrugs or other ve-
hicles that liberate POA inside the bacillus (or perhaps within
acidified phagosomes harboring bacilli), enabling more effi-
cient concentration of POA in the bacteria (4, 33), while reduc-
ing the potential for toxicity. Prodrugs of POA that do not
depend on the PncA amidase for release of POA have been
described (8, 34-39). One challenge to development of such
prodrugs, that is reinforced by the poor activity of systemically
administered POA in our study, has been to develop prodrugs
that are sufficiently stable in plasma but readily cleaved to re-
lease POA inside M. tuberculosis (39).

An alternative or complementary strategy is intrapulmonary
delivery of POA or POA prodrugs (36). The apparently poor dif-
fusion of POA into ELF demonstrated here, whether via POA or
PZA administration, suggests the possibility of a saturable secre-
tion mechanism. Although the significance of ELF concentra-
tions of POA (or any TB drug, for that matter) remains to be
demonstrated, at least one analysis suggests that the accumu-
lation of PZA in ELF is responsible for its initial bactericidal
activity in sputum (40). Direct administration of POA or POA
prodrugs to the lungs by aerosol delivery might produce higher
concentrations of POA at the site of infection while limiting the
systemic exposure.

Our in vitro and in vivo experiments indicate that between 1 in
10° and 1 in 10° bacilli in our H37Rv strain are spontaneously
resistant to POA at 300 pg/ml at pH 6.8. Given its weak activity in
vivo, POA resulted in little or no selective amplification in either
mouse strain. This is reassuring given the concern raised about the
possibility that continued exposure to host-derived POA could
promote additional POA resistance in patients infected with PZA-
resistant prncA mutants who receive PZA empirically. Neverthe-
less, a significant minority of phenotypically PZA-resistant iso-
lates have functional PncA enzymes and may harbor mutations in
rpsA, panD, or other previously unidentified mutations confer-
ring resistance to POA (41-43). Thus, further characterization
of the POA-resistant isolates obtained here is warranted and is
under way.

In conclusion, despite exhibiting good bioavailability and pro-
ducing systemic POA exposures comparable to, or exceeding,
those produced by PZA administration, systemic delivery of POA
lacks the efficacy of PZA. More efficient delivery of POA into (or
near to) bacilli at the site of infection through new prodrugs me-
tabolized by M. tuberculosis, novel vehicles to deliver a POA pay-
load to infected macrophages, and/or intrapulmonary adminis-
tration offer greater potential for circumventing the PZA
resistance conferred by pncA mutations.
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