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ABSTRACT Nontuberculous mycobacterial pulmonary disease (NTM-PD) is a potentially
fatal infectious disease requiring long treatment duration with multiple antibiotics
and against which there is no reliable cure. Among the factors that have hampered
the development of adequate drug regimens is the lack of an animal model that
reproduces the NTM lung pathology required for studying antibiotic penetration
and efficacy. Given the documented similarities between tuberculosis and NTM immu-
nopathology in patients, we first determined that the rabbit model of active tuber-
culosis reproduces key features of human NTM-PD and provides an acceptable sur-
rogate model to study lesion penetration. We focused on clarithromycin, a macrolide
and pillar of NTM-PD treatment, and explored the underlying causes of the disconnect
between its favorable potency and pharmacokinetics and inconsistent clinical outcome.
To quantify pharmacokinetic-pharmacodynamic target attainment at the site of disease,
we developed a translational model describing clarithromycin distribution from plasma
to lung lesions, including the spatial quantitation of clarithromycin and azithromycin in
mycobacterial lesions of two patients on long-term macrolide therapy. Through clinical
simulations, we visualized the coverage of clarithromycin in plasma and four dis-
ease compartments, revealing heterogeneous bacteriostatic and bactericidal target
attainment depending on the compartment and the corresponding potency against
nontuberculous mycobacteria in clinically relevant assays. Overall, clarithromycin’s
favorable tissue penetration and lack of bactericidal activity indicated that its clini-
cal activity is limited by pharmacodynamic, rather than pharmacokinetic, factors. Our
results pave the way toward the simulation of lesion pharmacokinetic-pharmacodynamic
coverage by multidrug combinations to enable the prioritization of promising regimens for
clinical trials.

KEYWORDS clarithromycin, animal model, tissue penetration, nontuberculous
mycobacteria, lung pathology, macrolides
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Nontuberculous mycobacteria (NTM) are environmental mycobacteria related to
Mycobacterium tuberculosis and can cause progressive, fatal pulmonary disease

(NTM-PD) (1). NTM-PD occurs in patients with immunodeficiencies, structural lung damage, or
both. The immunopathology that develops in NTM-PD patients is partially driven by these pre-
existing conditions (2). In immunocompromised patients, where the cause of immunosuppres-
sion is either genetic or induced by drug treatment or human immunodeficiency virus (HIV)
infection, disease manifestations include extrathoracic disease, poorly formed granulomatous
structures, diffuse consolidation, and miliary disease, all consistent with systemic immune dys-
function and reminiscent of tuberculosis (TB)-HIV (2–4). In immunocompetent patients with
bronchiectatic conditions—chronic obstructive pulmonary disease (COPD) and cystic fibrosis
(CF) being the most common—nodular or cavitary pathology, necrosis, and worsening
bronchiectasis are frequently seen (5–7). These presentations bear key similarities with TB
in immunocompetent subjects (8), where the most common microscopic finding is necrot-
izing granulomas and cavities, characterized by a central zone of necrosis surrounded by a
variably thick rim of macrophages, neutrophils, lymphocytes, and fibroblasts. As seen in
TB, necrotic lesions have also been found in the lymph nodes of NTM-PD patients, particu-
larly in those with HIV (9). Cavities in NTM-PD are similar to pulmonary TB cavities with
subtle differences such as a thinner fibrotic wall as detected by computed tomography
(10–12) and enhanced associated pleural thickening (13). Although cavitary disease is
overall less frequent in NTM-PD than TB patients (14), the presence of large cavities is
associated with disease progression leading to respiratory failure and high mortality rate
(15). There is consensus in the clinical field that differentiating NTM-PD from pulmonary
TB solely based on radiologic findings is not recommended due to considerable overlap
in the clinical and radiographic features of pulmonary TB and NTM-PD (16, 17). Histologic
feature similarities between TB and NTM disease, and their relative frequencies, have
been extensively reviewed by Jain et al. (18).

Surgical resections, which have been practiced since the 1960s until today, when
disease is localized, show gross and histopathologic findings identical to the manifestation
usually associated with typicalM. tuberculosis infection (13, 19). Histology and acid-fast stains
of resected cavities have revealed bacterial aggregates or heaps along the inner wall of cav-
ities (8, 20, 21). More recently, scanning electron microscopy of the inner wall of a resected
cavity demonstrated bacilli embedded within a matrix (20). High bacterial burden (.107

CFU) was enumerated in a 0.5-g sample from the lung cavity, a significant fraction of which
were in biofilm-like structures (6).

Clarithromycin and azithromycin, broad-spectrum macrolides, are the pillar of NTM
treatment. Most NTM-PD patients are treated with a macrolide-containing multidrug
regimen until they remain sputum negative for 12 consecutive months (22). Despite
such intensive therapy and the adequate potency of clarithromycin against susceptible
NTM strains, treatment failures and relapse rates are high, particularly for M. abscessus
disease (23, 24). Understanding the underlying causes of such disconnects is important
if we are to optimize existing drug regimens and develop more effective ones.

Macrolide antibiotics accumulate in phagocytic cells (25) and preferentially distribute
in tissues where populations of these cells reside (26). A beneficial consequence of high
uptake in host cells is increased activity against intracellular pathogens (27). In addition,
phagocytes may serve as a vehicle that transports macrolides to the site of infection (tis-
sue-directed pharmacokinetics) (28, 29). Indeed, tissue and intracellular concentrations may
be more useful for assessing the antibacterial activity of macrolides than plasma concentra-
tions (30). Accordingly, tissue pharmacokinetic-pharmacodynamic (PK-PD) concepts have
been proposed for macrolides (31), and therapeutic drug monitoring in plasma is not recom-
mended (32). While accumulation in phagocytes positively contributes to bacterial eradication,
the heterogeneous sites of NTM-PD disease in patient populations with diverse manifestations
(18) may provide the ground for subtherapeutic clarithromycin coverage of poorly vascular-
ized compartments where the pathogen resides, as seen for some TB drugs (33). In vitro, clari-
thromycin is used as the representative macrolide in drug susceptibility assays owing to better
solubility at high concentrations than azithromycin (34). Interestingly, clarithromycin treatment
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may lead to higher erm41-mediated induction of macrolide resistance inM. abscessus than azi-
thromycin (35), though this remains a matter of debate (36, 37). Clarithromycin is mostly bac-
teriostatic against replicating NTM cultures and intracellular bacteria in macrophages (38),
although longer incubation times have delivered bactericidal activity at 16 mg/L and above
against replicating M. abscessus in cation-adjusted Mueller-Hinton broth (39). It lacks bacteri-
cidal activity against NTM in biofilms (38) and slow-replicating or nonreplicating persisters (40).
Thus, there is a disconnect between clarithromycin growth inhibitory activity (MIC) measured
in clinical practice and activity against mycobacterial subpopulations at the sites of disease.
Collectively, pharmacokinetic and pharmacodynamic observations suggest heterogeneous
coverage of the sites of disease and bacterial populations in macrolide-susceptible NTM-PD.

Despite significant efforts dedicated to the development of animal models of NTM
disease (41–43), we still lack an immunocompetent model that presents organized cellular
and necrotic lesions and reasonably reproduces the human lung pathology required for
studying antibiotic penetration (44). Here, we first determine that the rabbit model of active
TB disease provides an acceptable surrogate for studying pharmacokinetics at the site of
NTM-PD. Taking advantage of TB and NTM-PD pathology similarities, we quantify the distri-
bution of clarithromycin in mycobacterial lesion compartments following multiple human-
equivalent oral doses to rabbits with active TB. We compare these results to a limited data
set of clarithromycin and azithromycin in mycobacterial lung lesions from patients on long-
term macrolide therapy. To assess the potential efficacy of clarithromycin at the sites of dis-
ease in healthy and immunocompromised subjects, we relate these concentrations to those
required to inhibit growth of or kill nontuberculous mycobacteria in standard culture media,
biofilms, and macrophages. Future studies of similar design with other NTM drugs could
help rationalize differential clinical responses of patients with a spectrum of disease presen-
tation and immunopathology.

RESULTS
The rabbit model of active TB reproduces major histopathology features of clinical

NTM-PD. Given the lack of NTM animal models with pathological features comparable
to human clinical NTM disease, we assessed the histopathological similarities between
the rabbit model of active TB, clinical NTM disease, and clinical TB disease in human
patients (Fig. 1) to evaluate the suitability of the rabbit TB model for lesion penetration
of NTM drugs. Key pulmonary sites of infection where drugs show differential partition-
ing are the cellular and necrotic regions of granulomas and cavities.

Similar to the rabbit model of TB, human clinical NTM infection develops structured
granulomas, including central caseous necrosis with a paucicellular inner caseum and
greater neutrophil composition at the outer caseum margin. The central necrosis is sur-
rounded by a layer of lipid-loaded macrophages and an outer cellular cuff with greater
lymphocyte abundance, fibrosis, and pulmonary epithelium (Fig. 1A and B). These features are
all similarly represented in both the rabbit model of TB (Fig. 1C and D) and human clinical TB
(Fig. 1E and F). Collectively, the pulmonary tissue from human clinical NTM infection demon-
strated a heterogeneous profile of lesions over chronic disease and lengthy antimicrobial
treatment (Fig. S1 in the supplemental material). Aside from an abundance of granuloma
lesions similar to the rabbit TB model, these features also included fibrosis in perilesional
lung, pleural, and alveolar interstitium and the presence of secondary lymphoid follicle-like
structures. Several heterogeneous and/or occasional features of clinical NTM-PD, such as
coalescing nonnecrotic granulomas, cavitary necrotic lesions with abundant caseum, and
bronchioles filled with necrotic caseum containing neutrophils, indicative of bronchogenic
spread as seen in human TB (45, 46), were also observed in rabbits with active TB (Fig. S2).
Comparable immunohistopathology of NTM and TB lung disease has been reported by
others (12, 18). Thus, the rabbit model of active TB reproduces key pathological features of
clinical NTM-PD and is a useful tool for evaluating drug penetration at key pulmonary sites
of mycobacterial infection.

In vitro prediction of macrolide partitioning in cellular and necrotic lesion areas.
Previous work by our group indicated that drug penetration in cellular granulomas
and partitioning between the cellular rim and necrotic core of lung lesions is a function
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of (i) uptake into immune cells in vitro (47), and (ii) binding to caseum macromolecules
(48, 49). The fate of drug molecules at the outer edge of caseum is a balance between
uptake into the bordering macrophages, binding to macromolecules, and effective dif-
fusion into nonvascularized caseum. In necrotizing granulomas, intracellular M. tuberculosis
is found in macrophages (12, 18, 50). In response to infection and low oxygen tension
caused by decreased vascular efficiency (51, 52), macrophages accumulate lipid bodies
and become foamy. These foamy infected macrophages necrotize and release their bacterial
and cellular contents into the central caseum.

To predict the distribution of clarithromycin and azithromycin in cellular and necrotic
lesion compartments, we measured drug binding in ex vivo caseum and uptake into primary
human macrophages—foamy and nonfoamy—derived from blood monocytes. The average
unbound fraction in caseum (fu-caseum) was 3% to 5%, thus moderate to low for both drugs

FIG 1 Comparative histopathology of human clinical NTM infection, M. tuberculosis infection in the rabbit model, and
human clinical M. tuberculosis infection. (A) H&E-stained image of representative NTM granuloma lesion in the lung of
human patient with clinical NTM infection caused by M. abscessus. (B) Higher magnification of inset region in panel A
demonstrating microenvironmental locations, labeled 1 to 4. (C) H&E-stained image of representative granuloma
lesion in the lung of an M. tuberculosis-infected rabbit. (D) Higher magnification of inset region in panel C
demonstrating microenvironmental locations, labeled 1 to 4. (E) H&E-stained image of representative TB granuloma
lesion in the lung of a human patient with clinical M. tuberculosis infection. (F) Higher magnification of inset region in
panel E demonstrating microenvironmental locations, labeled 1 to 4. 1, inner caseum; 2, outer caseum and neutrophil
rim; 3, macrophage layer; 4, lymphocyte-rich cellular and collagen rim.
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(Table 1). Intracellular uptake was measured in primary human macrophages, including mac-
rophages where the foamy phenotype was induced by infection with irradiatedM. tuberculosis
(47). We observed high intracellular accumulation in blood-derived human macrophages and
similar accumulation in foamy and nonfoamy macrophages (Table 1), indicative of favorable
penetration and higher concentrations in cellular lesions than in plasma. Together with the
relatively low fu-caseum, high intracellular uptake predicted limited or slow passive diffusion
through nonvascularized caseum. To confirm these predictions, we measured clarithromycin
concentrations at the site of mycobacterial disease in the rabbit model of active TB, which
presents with cellular granulomas, necrotic lesions, and cavities.

Clarithromycin exhibits differential penetration into mycobacterial lung lesions.
Clarithromycin was selected as a representative macrolide used to treat NTM-PD (53, 54). To
study and model the penetration of clarithromycin in lung lesions, we first identified a rabbit
dose that achieves exposure comparable to that of NTM patients receiving 500 mg daily
(55–60). The concentration-time profile was established in naive (uninfected) rabbits following
single oral doses of 100 mg/kg and 300 mg/kg and three daily doses of 300 mg/kg (Fig. S3A
and Table 2). The area under the concentration-time curve (AUC)/MIC ratio is considered the
primary PK-PD parameter driving the antibacterial effect of clarithromycin and azithromycin
(61–63). To reproduce the AUC achieved in humans following repeated oral daily doses of
500 mg, we selected 200 mg/kg for subsequent tissue and lesion penetration studies in
rabbits (Fig. S3B and Table 2).

To build a translational model of clarithromycin penetration at the site of mycobacterial
lung disease, we measured drug concentrations in serial blood samples, uninvolved lung tis-
sue, and lesion homogenates in groups of 3 infected rabbits following three daily 200-mg/kg
doses. Tissue samples were collected 6 h (end of the distribution phase) and 24 h (trough) af-
ter the third dose. The total number of observations and the concentrations of clarithromycin
in plasma, uninvolved lung, and cellular and necrotic lesions are shown in Fig. 2A and Data
Set S1. In line with the high intracellular uptake in macrophages, total clarithromycin concen-
trations were 30- to 40-fold higher in uninvolved lung (devoid of macroscopic lesions but infil-
trated with various immune cell types) than in plasma and over 100-fold higher in cellular
lesions than in plasma (Fig. 2A). In caseum isolated from a large cavity at 24 h, clarithromycin
was present at a higher concentration than in plasma but lower than average concentrations
in cellular lesions. To confirm this initial observation and better describe the partitioning of
clarithromycin at the interface between cellular rims and caseous (necrotic) foci, we reserved

TABLE 1 In vitro lesion pharmacokinetic profiling of macrolides clarithromycin and azithromycin

Macrophage type

Uptake in primary human macrophages (intracellular-to-extracellular concentration ratio) for:a

Clarithromycinc Azithromycinc

Donor 1b Donor 2 Donor 3 Donor 1 Donor 2 Donor 3
Standard differentiated macrophages 95.06 13.3 38.66 16.9 106.26 7.2 75.66 3.0 46.86 14.9 114.66 14.3
Foamy macrophages 98.56 2.8 32.26 7.0 89.86 19.5 86.56 10.0 37.76 8.1 95.86 12.6
aData represent mean6 SD. n = 3 replicates.
bHuman monocytes were isolated from fresh packed leucocytes of three independent anonymous donors (different from the two subjects who underwent lung resection
and contributed the tissues analyzed for drug content).

cFree caseum fraction (mean6 SD) for clarithromycin, 3.96 0.1%, and for azithromycin, 5.46 0.4%.

TABLE 2 Clarithromycin plasma pharmacokinetic parameters in rabbits compared to
humans at the clinical dosea

Dose (no. of doses) Cmax (ng/mL) Tmax (h) AUC0-24 (ng�h/mL)
100 mg/kg (single dose) 4276 286 36 1 3,7626 3,365
300 mg/kg (single dose) 2,8286 1,001 46 1.5 28,4096 12,317
300 mg/kg (3 daily doses) 4,1586 916 1.46 0.8 28,5436 8,790
200 mg/kg (3 daily doses in infected rabbits) 1,9386 1,073 1.506 0.55 11,7096 4,922
Target human PK parameters (500 mg at steady
state) (56–58, 60)

2,500 – 3,000 2-3 h 18,000 – 20,000

aData represent mean6 SD. Cmax, peak plasma concentration; Tmax, time of peak plasma concentration; AUC0–24,
area under the concentration-time curve from 0 to 24 h.
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large necrotic lesions from the same animals for laser-capture microdissection (LCM) in thin
tissue sections (64). Concentrations in uninvolved lung and cellular rims matched the corre-
sponding concentrations measured in lung tissue and cellular lesion homogenates (Fig. 2B).
We found the highest clarithromycin concentrations in cellular rims, gradually decreasing as
one moves inward into the caseum periphery and deep caseum, in line with the limited fu-
caseum measured in vitro. The trend of concentration gradients was similar at 6 h and 24 h.
However, clarithromycin appeared to gradually diffuse into deep caseum between 6 and
24 h, reducing the caseum/cellular concentration ratio (Fig. 2B). To confirm this observation,
we applied LCM to clinical lung samples resected from (i) a TB patient who had received
clarithromycin 1,000 mg once daily (QD) for 5 weeks as salvage therapy, and (ii) an M.
abscessus patient who had been on azithromycin 250 mg QD for approximately 2 years.
Resections took place 31 h and 24 h after the last macrolide dose, respectively. We found
that drug concentrations measured at trough in lung and cellular rims were similar in these

FIG 2 Distribution of clarithromycin from plasma into major pulmonary lesion compartments. (A) Clarithromycin concentrations in rabbit plasma, lung, and
whole-lesion homogenates after 3 daily doses. P, plasma; L, uninvolved lung (devoid of macroscopically visible lesions); Ce, fully cellular lesion; N, partially
necrotic lesion; Ca, cavity caseum. Each data point represents one individual plasma or tissue sample; n = 3 rabbits per time point. (B) Spatial quantitation
of clarithromycin in large necrotic rabbit lesions by laser-capture microdissection. P, plasma; L, uninvolved lung; Ce, cellular rim; oC, outer edge of caseum
adjacent to the cellular rim; iC, inner core of caseum. Lesions were collected from a subset of the animals shown in panel A. (C) Spatial quantitation of
clarithromycin and azithromycin in large lesions collected from the resected lung of a TB patient (left) and an M. abscessus disease patient (right),
respectively. L, uninvolved lung; F, fibrotic cuff; Ce, cellular rim; oC, outer edge of caseum; iC, inner core of caseum. (D) Typical example of histology
staining and laser capture microdissection (LCM) of thin human lesions sections. Two large necrotic lesions were collected from the resected lung tissue of
human subject G-101 receiving CLA 1,000 mg QD. The adjacent tissue section was used for hematoxylin and eosin (H&E) staining (left) to guide LCM
sample collection (right). 1, inner caseum; 2, outer caseum; 3, fibrosis; 4, cellular rim; 5, uninvolved lung. Color coding of tissue compartments is identical
to panels A to C. Laser-dissected pieces belonging to the same tissue compartment were pooled for quantitation by LC-MS/MS.
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two subjects and rabbits after three daily 200-mg/kg doses (Fig. 2C). Interestingly, the decreas-
ing drug concentration from the cellular rim into deep caseum was much shallower in these
patients, who were in advanced steady state, than in rabbits after 3 doses. Specifically, clari-
thromycin partitioned evenly across all lesion compartments, including deep caseum, while
azithromycin was only 2- to 3-fold lower in caseum than in cellular regions (Fig. 2C). This
suggests that, as suspected, macrolides equilibrate slowly into nonvascularized caseum and
that steady state appears to be achieved in caseum after QD dosing for 5 weeks but not af-
ter three daily doses in rabbits.

To quantitatively describe the differential penetration of clarithromycin in mycobacterial
lung lesions, we developed a multicompartment nonlinear mixed-effects PK model. The final
plasma model was a two-compartment model with Weibull absorption, which is a flexible
model function that better describes slow onset absorption with gradual acceleration (65),
and Michaelis-Menten elimination. Infection status and weight were not identified as covari-
ates of drug exposure. Replacing first-order absorption with Weibull absorption significantly
improved model fit, with a delta objective function value (dOFV) of252.743. Clarithromycin
accumulated in regions of high cellularity (uninvolved lung and cellular lesions) with total
AUC of tissue (AUCtissue) approximately 2 orders of magnitude higher than total AUCplasma.
Cellular lesions had the largest partition coefficient, which was 102. Necrotic areas, including
the outer caseum (the region adjacent to the cellular rim of the necrotic core) and inner
caseum (the center of large necrotic lesions) of closed lesions and cavities, also had high clari-
thromycin concentration relative to plasma, with partition coefficients of 13.1 and 2.9, respec-
tively (Table 3). Clarithromycin distribution to lesions, but not to uninvolved lung, was slow,
with concentrations peaking 2 to 4 h after the peak concentration of plasma (Tmax). Visual pre-
dictive checks indicated that the final model fit the data well (Fig. 3).

Clarithromycin exhibits differential pharmacokinetic-pharmacodynamic coverage
of major lesion compartments. Clarithromycin inhibits growth of most replicating NTM
strains below 1 mg/mL but has no bactericidal activity up to 20 to 256 mg/mL, depending
on the strains and assay conditions (38, 66). To confirm these observations and place lesion
concentrations of clarithromycin into pharmacodynamic context at the site of disease, we
measured, side by side, (i) the MIC and minimal bactericidal concentration (MBC) against

TABLE 3 Plasma-to-tissue model parametersa

Compartment Parameter Value (RSE [%])
Plasma Vmax (L/h) 88.72 (18.5)

Km (mg/L) 0.3862 (36.6)
V 207.2 (26.4)
Kw 0.1776 (145.9)
l 0.6028 (58.5)
Q 157.5 (34.9)
V2 393.4 (13.6)
IIV F1 0.3311 (14.5)
Additive error (mg/L) 0.0071 (48.2)
Proportional error (%) 45.66 (8.0)

Lung Partition coefficient 67.9 (35.6)
Plasma-to-tissue rate constant (1/h) 10 (FIX)
Proportional error (%) 108 (12)

Cellular lesion Partition coefficient 102 (16.2)
Plasma-to-tissue rate constant (1/h) 0.283 (13.4)
Proportional error (%) 70.5 (16.2)

Outer caseum Partition coefficient 13.1 (20.0)
Plasma-to-tissue rate constant (1/h) 0.265 (14.2)
Proportional error (%) 39.6 (21.8)

Inner caseum Partition coefficient 2.86 (9)
Plasma-to-tissue rate constant (1/h) 0.174 (5.3)
Proportional error (%) 32.6 (24)

aRSE, relative standard error; Vmax, maximum rate of clearance; Km, Michaelis-Menten constant; V, central volume
of distribution; Kw, absorption rate constant; l , shape parameter; Q, intercompartmental clearance; V2, peripheral
volume of distribution; IIV, interindividual variability; F1, apparent bioavailability. FIX, parameter was fixed.
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representative clinical isolates of M. abscessus and M. avium in standard growth media
(Table 4; Fig. S4A to D), and (ii) the concentrations required for growth inhibition and killing
of intracellular M. abscessus and M. avium in macrophages (Fig. S5). Since M. abscessus and
M. avium have been found in aggregates described as heaps (21), large clumps (67), or bio-
films (20) in the lungs of NTM-PD patients, we retrieved from the literature the concentrations
required to inhibit biofilm formation and killM. abscessus andM. avium in established biofilms
and against nonreplicating NTM bacteria (38, 40) (Table 4). We also confirmed that clarithro-
mycin lacks bactericidal activity against planktonic M. abscessus and M. avium up to 25 mM
(;20 mg/mL) and exhibits limited bactericidal activity (approximately 5-fold kill) against intra-
cellular M. avium only up to 25 mM, without reaching the MBC90 (Fig. S4 and S5). These po-
tency values were used to simulate lesion PK-PD coverage in human lung lesions.

To predict concentrations within patient lungs and lesions, a published clinical model (55)
was integrated with the rabbit plasma-to-lesion model, and a clinical dose of 500 mg adminis-
tered twice daily was simulated. To assess the predictive ability of the translational model, we
simulated pulmonary tissue distribution following a 1,000-mg dose, reproducing a patient

FIG 3 Visual predictive check of clarithromycin rabbit plasma-to-tissue multicompartment model. The translational model was built by integrating a
population PK model with lesion parameters estimated in rabbits. (Top) Observed clarithromycin concentrations (individual dots) in rabbits, with 500 simulations
represented as median (solid line) and 5th and 95th percentiles (gray shaded area, dashed lines). To externally validate the model, we simulated clarithromycin
penetration in 4 lesion compartments following a 1,000-mg daily dose to steady state (n = 500) and compared with pulmonary drug levels of one patient who
received 1,000 mg once daily for 5 weeks prior to lung resection. (Bottom) Patient clarithromycin observations from two biopsy specimens (individual dots) with
500 simulations represented as median (solid line) and 5th and 95th percentiles (blue shaded area, dashed lines).

TABLE 4 In vitro potency of clarithromycin in representative growth inhibitory and bactericidal assays

Parameter

Data (reference or source) for:g

M. abscessus M. avium
Susceptibility breakpoints or ECOFFa ,4, susceptible; 4–8, intermediate;.8, resistant (103) ,2, susceptible (104)
MIC90

b 0.2–1.2 0.15–1.2
MBC90 .20 (this work) 20 (this work)
Intracellular IC90 0.1c 0.2,c 0.05d (105)
Intracellular MBC90

e .25mg/mL . 0mg/mL
Biofilm MIC90 2.2 (40) 2mg/mL (90)
Biofilm MBC90 .75mg/mL (40), 256mg/mL (38) .20mg/mL (106, 107)
Nonreplicating nutrient starvation MBC90 256mg/mL (39) NDf

aAgainst multiple subspecies and isolates.
bIn this work, 90% growth inhibition against a panel of susceptible reference strains.
cIn this work, 90% growth inhibition ofM. abscessus subsp. abscessus ATCC 19977 andM. avium subsp. hominisuis 11 in THP-1 macrophages.
dM. avium was grown in A549 lung epithelial cells.
eIn this work, bactericidal activity (90% killing) againstM. abscessus ATCC 19977 andM. avium 11 in THP-1 macrophages.
fND, not determined.
gAll data are given asmg/mL.
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who underwent lung resection surgery after 5 weeks of clarithromycin treatment at 1,000 mg
QD. Simulations adequately predicted the concentration in tissue with the highest accuracy
in lung and outer caseum (Fig. 3). The model predictions were somewhat greater than the
concentration measured in cellular lesions and somewhat lower than concentrations of inner
caseum. This reflects the observation that macrolides slowly diffuse into nonvascularized
caseum and that achieving steady state in caseum requires more than the three daily doses
required to achieve steady state in rabbit plasma. To select lesion-relevant pharmacodynamic
targets, in vitro data were used that best represented the expected replication status and
microenvironment of the compartment. Specifically, clarithromycin concentrations in lung
and cellular lesions, where bacteria are essentially intracellular, were compared to intrama-
crophage potency values, including concentrations that inhibit 90% growth (macIC90) and
minimum bactericidal concentration (macMBC90). In these cellular and well-perfused com-
partments, we simulated the concentration-time profiles of total (bound and unbound)
drug (Fig. 4, dark gray shaded profile), as well as the free plasma concentrations to reflect
passive diffusion of free drug from plasma to interstitial lung tissue (Fig. 4, light gray shaded
profile) (68). Even under the assumption that free plasma equilibrates withing interstitial
lung and cellular lesion, these free clarithromycin levels were above the macIC90 during the
entire dosing interval, including in the lower 5th percentile of simulations, indicating high
coverage for all patients. Under the scenario of free drug equilibration across compartments,
the macMBC90 was not achieved in lung and cellular lesions. Using total clarithromycin con-
centrations in lung and cellular lesion, PD target achievement could not be firmly estab-
lished due to the limited (less than 10-fold kill, i.e., MBC90 not reached) bactericidal activity at
the highest concentration tested (Fig. 4). Similar results have been reported by others (69).
Clarithromycin concentrations measured by laser capture microdissection in outer and inner
caseum, and in bulk cavity caseum, where bacteria are extracellular, were compared to the
MIC90 and MBC90 against biofilms, revealing adequate bacteriostatic coverage throughout
the dosing interval, but lack of bactericidal coverage. Because the highest concentration
tested against M. avium biofilms (20mg/mL) while inactive is within the range of concentra-
tions achieved in the outer caseous rim, one cannot exclude that potentially bactericidal
concentrations might be reached in caseous areas directly adjacent to the cellular rim or in
very small necrotic foci (Fig. 4 and Table 4).

FIG 4 Clinical simulations of clarithromycin PK-PD coverage in plasma and four lung compartments. Steady-state pharmacokinetic profiles are shown for
one 24-h period following administration of 500 mg clarithromycin twice daily. One thousand simulations were performed with the translational model and
are represented as the median (solid black line) and 5th and 95th percentiles (thin black lines and gray shaded area). Plasma concentrations were
corrected for protein binding (fu, 30%). In uninvolved lung and cellular lesions, the dark gray shaded profile was simulated using total clarithromycin tissue
concentrations, and the light gray shaded profile assumes passive diffusion of free drug from plasma to interstitial tissue. In vitro targets are represented as
horizontal lines and colored by mycobacterial species (M. abscessus, blue; M. avium, green). Dotted lines accompanied by dotted line arrows indicate PD
targets greater than the highest concentration tested in vitro. In PK-PD coverage plots shown under each concentration-time profile, colored boxes indicate
periods during which clarithromycin concentrations are above the corresponding in vitro PD target indicated on the left of each row (M. abscessus, blue; M.
avium, green). The MIC90 was set at 0.6 mg/mL or the average of the MIC90s measured against a panel of susceptible reference strains as part of this work.
The epidemiological cutoff values (ECOFFs) or clinical susceptibility breakpoints were retrieved from references 103 and 104.
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As a reference, plasma concentrations were compared to the MIC range published
as epidemiological cutoff (ECOFF) values, MIC90, and MBC90 against replicating bacterial
populations in standard media (Table 4). Interestingly, differential PK-PD coverage was
observed in subjects with average PK profiles compared to subjects at the lower end
(5th percentile) of drug exposure. Median plasma concentrations were above the
MIC90 against both species during most of the dosing interval, while plasma concentra-
tions of subjects with suboptimal PK achieved the MIC90 only during a limited fraction
of the dosing interval.

To visualize target attainment across compartments in patients with average exposure or
at the lower end of the drug exposure spectrum, we compiled the ratios between AUC and
various PD parameters against M. abscessus and M. avium (Fig. 5 and Fig. S6). Thus, across
tissue compartments, clarithromycin was above growth inhibitory concentrations and below
bactericidal concentrations against both M. abscessus and M. avium, and suboptimal PK ex-
posure did not significantly impact target attainment against either pathogen, in line with
lesion coverage being primarily driven by PD rather than PK.

DISCUSSION

Among the factors contributing to the poor success rates of the very long NTM-PD
treatment with multiple antibiotics is the repurposed nature of all drugs in clinical use,
which have not been developed to reach optimal PK-PD targets against NTM pathogens
(70). Apart from a phase II trial of inhaled amikacin completed in 2016 (71), very few clinical
trials, mostly comparing the efficacy of macrolide-including versus nonmacrolide regimens,
against NTM lung infection have been conducted (54, 72, 73). In the case ofM. abscessus dis-
ease, there is no reliable cure (74). In developed countries, the public health situation is sig-
nificantly more dreadful for NTM-PD than for TB, owing to (i) the intrinsic drug resistance of
NTM pathogens (74), (ii) the lack of bactericidal activity of most NTM antibiotics active
against NTMs (75), and (iii) the ability of NTM pathogens to acquire a drug-tolerant state in
extracellular cords and biofilms (20, 40, 76). In common with TB is the role of the pulmonary
pathophysiology in limiting drug penetration to the sites of disease.

Here, we report the distribution and PK-PD of clarithromycin in lung lesions, using a
rabbit model of NTM-PD-like pathology and a panel of relevant potency values. This is
the first study focusing on the lesion PK-PD of an NTM drug, primarily due to the lack
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FIG 5 Predicted target attainment expressed as AUC/potency across compartments against M. abscessus and
M. avium disease. The analysis was performed for a range of bacteriostatic and bactericidal potency values and
included simulated patients with either average clarithromycin exposure or at the lower end (5th percentile) of
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of an animal model of NTM disease presenting large, organized lesions adequate for
drug quantitation in cellular and necrotic compartments. To validate the use of the active TB
rabbit model for predicting antibiotic penetration in NTM-PD lesions, we showed that similar
lesion types and lesion structure were found in resected lungs from a patient withM. absces-
sus disease, TB patients, and rabbits with chronic active TB. This finding was expected given
the considerable overlap in immunopathology and radiographic features of pulmonary
TB and NTM-PD (16–18). Compared to murine models, the rabbit model is both time and
resource intensive, requiring 12 to 16 weeks of infection to deliver the desired immunopa-
thology, and administration of relatively large amounts of drug or development candidates.

We found that growth-inhibitory clarithromycin concentrations corrected for protein
binding were exceeded throughout the dosing interval in cellular lesions and moderately
infiltrated lung tissue devoid of grossly visible lesions. In these pulmonary compartments,M.
avium and M. abscessus are thought to reside within immune cells, mostly macrophages
and neutrophils (18, 77), as well as epithelial cells. Though clarithromycin showed favorable
distribution across lesion compartments, it is expected to only inhibit growth of M. avium
and M. abscessus given its lack of bactericidal activity against replicating and nonreplicating
bacterial populations, intracellular bacteria in macrophages, and biofilm persisters found in
lung lesions (40). Thus, clarithromycin’s clinical activity at the site of infection appears to be
PD rather than PK limited, at least against M. abscessus and M. avium. Other clinically rele-
vant NTM species were not investigated in this study. Notably, free plasma concentrations
were below the susceptibility breakpoints of 2 and 4 mg/mL for M. avium and M. abscessus,
respectively, during the entire dosing interval.

The high partitioning of clarithromycin in diseased lung and lesions matched the
high uptake in human peripheral blood mononuclear cells-derived macrophages and foamy
macrophages in vitro, with an enrichment factor of approximately 100-fold. Similarly high
uptake has been reported for macrolides monocytes and macrophages (78, 79) and was
even higher in polymorphonuclear leukocytes (25, 26, 80), which have been proposed to act
as antibiotic Trojan horses (29, 31). In lung resections performed for other indications such
as malignancy, favorable but lower (;30-fold) partitioning of clarithromycin was measured
in healthy lung tissue relative to plasma (81), consistent with high penetration driven by the
much higher abundance of immune cells in NTM- and TB-infected lung than in relatively
healthier lung tissue. Collectively, results accumulated by our group with this and other drug
classes (82–85) indicate that intracellular-to-extracellular concentration ratios in the macro-
phage uptake assay are predictive of total cellular lesion-to-plasma concentration ratios in vivo.
If we assume passive diffusion of unbound drug from plasma into interstitial pulmonary tissue
and assume that unbound drug concentrations drive the pharmacological response, unbound
clarithromycin remains above the MacIC90 in lung and lesions for the entire dosing interval,
even in subjects with suboptimal drug exposure.

In cavity caseum and necrotic centers of large granulomas, we observed a decreasing
concentration gradient after three daily doses in rabbits, from the outer rim to the inner
core of the caseous center, but not in patients who were in advanced steady state. This
slow spatial and temporal diffusion of macrolides into nonvascularized caseum is likely
driven by their high nonspecific binding to caseum macromolecules (Table 1). In addition,
foamy macrophages and other immune cells in which macrolides accumulate may act as
a reservoir (26) from which the drugs are slowly released to gradually equilibrate at the
caseum-cellular interface and into deep caseum. Based on the similar plasma PK (59), uptake
in macrophages and foamy macrophages, and nonspecific binding to caseum macromole-
cules of azithromycin and clarithromycin, one would expect similar dynamics of partitioning
between the cellular and necrotic lesion compartments for both drugs, as suggested by the
sparse clinical data obtained here (Fig. 2C). This needs to be confirmed with additional pre-
clinical or clinical samples dosed with azithromycin.

What are the implications of these findings for NTM-PD treatment practice? Our in vitro
and in vivo results consistently show high total concentrations within immune cells and in cel-
lular lesions and minimally involved lung tissue. Although one can expect high nonspecific
binding inside immune cells, the pharmacologically active fraction in this microenvironment is
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a function of the binding dynamics of the macrolides between their bacterial target and host
cell macromolecules. The sustained presence of very high total intracellular concentrations, in
excess of 100 mg/mL, upon multimonth therapy may favor bactericidal activity. Recent work
measuring the activity of clarithromycin over 7 and 14 days against replicating M. abscessus
surprisingly revealed bactericidal activity at concentrations of 16 mg/mL and above (39). In
addition, the host- and pathogen-targeted anti-inflammatory properties of macrolides are ben-
eficial in controlling harmful inflammatory responses during acute and chronic bacterial infec-
tions (86–88). Thus, subjects with minimal necrosis, mostly cellular nodules, consolidations,
and miliary disease, may respond better to macrolides. This type of immunopathology is more
frequently seen in immunocompromised patients, a growing population due to increasing
use of organ transplantation, stem cell transplants, and the widespread use of immunosup-
pressive therapies for patients with cancer and immune-mediated inflammatory disease (3). In
caseum where bacteria are extracellular or within biofilm-like structures, the window between
achieved free concentrations and inhibitory concentrations is much narrower than in cellular
compartments (Fig. 4), potentially indicative of more limited activity. However, macrolides
have been shown to prevent the production of factors involved in the formation of biofilm in
both Gram-positive and Gram-negative bacteria (89), including at subinhibitory concentrations.
Though this macrolide property has not been reported in NTM, it could contribute, if demon-
strated, to the observed biofilm growth inhibitory effect (40, 90) and possibly weaken the
dynamic life cycle of established biofilms. Indeed, macrolides are known to alter the structure
and architecture of Pseudomonas and staphylococcal biofilms via inhibition of polysaccharide
synthesis (91, 92). A structurally impaired biofilm may allow for enhanced phagocytosis and
clearance of bacteria (93). Considering these results as well as recent findings on the long-
term bactericidal activity of clarithromycin against M. abscessus cultures (39), further investiga-
tions are warranted to better define the role of macrolides in patients with cavitary disease
and determine whether patients would benefit from tailored regimens that take the extent of
disease pathology and presence of cavity into consideration.

The predicted human-equivalent dose of 200 mg/kg delivered slightly lower than
expected exposure owing to the increased clearance in infected rabbits compared to
uninfected. Modeling of the infected and uninfected plasma PK concentrations, we
found that the 2-compartment model with Michaelis-Menten elimination and Weibull
function absorption best fit the data. While the structural model appropriately matched
the published model (55), there was uncertainty in estimating the absorption parameter
(relative standard error [RSE], 145.9%), possibly due to the inherent variability of clarithro-
mycin absorption in rabbits. Despite the uncertainty, the Weibull function provided an
appropriate model fit. Michaelis-Menten elimination is consistent with clarithromycin inhibi-
ting its own metabolism via P-glycoprotein (94). We also acknowledge that human subjects
undergo lung resection due to drug recalcitrant disease associated with severe pathology.
Thus, the two subjects who contributed resected tissue may not be representative of the
typical immunohistology and lesion distribution of mycobacterial lung disease. The small
clinical sample size constitutes an additional limitation of the study. A prospective lesion
pharmacokinetic study (48) is required to quantify the diffusion kinetics of macrolides into
large necrotic foci and cavity caseum.

In summary, we have leveraged the rabbit model of active chronic TB to quantify
the penetration of NTM-PD antibiotics at the site of lung infection. The model encompasses
the typical immunopathology seen in immunocompromised and immunocompetent patients,
namely, cellular nodules, consolidations, necrotic lesions, and cavities (2, 6, 18). By combining
standard analytical quantitation with laser-capture microdissection, the methodology delivers
spatial quantitation of the drugs of interest in complex lesions. Using macrolides as an initial
case study, we have shown that potency limits their efficacy more than penetration to the
sites of infection. Our results provide the first step toward the simulation of lesion PK-PD cover-
age by multidrug combinations. By systematically applying the model and methodology to all
approved NTM antibiotics, we hope to identify site-of-disease PK-PD factors contributing to
the long duration and poor cure rates of NTM-PD treatment. Similar prospective studies with
discovery compounds and clinical development candidates will, in turn, guide the rational
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design of better regimens combining agents that together reach and kill all bacterial subpo-
pulations, and the prioritization of most promising regimens for clinical trials, an emerging
paradigm in TB drug development (95).

MATERIALS ANDMETHODS
Clinical research study design and human subjects. One adult with pulmonary MDR-TB scheduled

for elective lung resection surgery was asked to participate in the Pharmacokinetics of Standard First
and Second Line Anti-TB Drugs in the Lung and Lesions of Subjects Elected for Resection Surgery study
(ClinicalTrials.gov ID NCT00816426). The subject had received 1,000 mg daily doses of clarithromycin for
5 weeks (subject 1 in reference 48). The institutional review boards of the National Institute of Allergy
and Infection Disease, National Institutes of Health, Bethesda, Maryland, United States, and the Asan
Medical Center, Seoul, Republic of Korea, approved the study. All procedures were in accordance with
the ethical standards of the Helsinki Declaration. During the surgery, the exact time of pulmonary artery
ligation was recorded and used to calculate the time of drug administration relative to surgery, or 31 h.

One adult with chronicMycobacterium abscessus infection scheduled for elective surgery at the NIH Clinical
Center gave written consent to participate under NIAID Study of Mycobacterial Infections (ClinicalTrials.gov ID
NCT00018044). This participant had pulmonary nontuberculous mycobacterial disease presenting with cavitary
lesions, well-organized necrotizing granulomas, and nonnecrotizing granulomas similar to those described pre-
viously in lung disease caused by non-TB mycobacteria and M. tuberculosis. This 73-year-old female participant
received 250 mg azithromycin (AZI), 600 mg rifampin (RIF), 100 mg cefazolin (CFZ), and 900 ethambutol as
part of her standard drug regimen for 2 years prior to lung resection. Vessel ligation occurred 26 h after the
last AZI dose. Upon lung resection, tissues were either fixed in 4% paraformaldehyde for histopathology stain-
ing, weighed, and rapidly frozen at 280°C for homogenization and drug quantitation or snap frozen in liquid
nitrogen vapor for sectioning and laser capture microdissection (48).

Pharmacokinetic studies in naive rabbits. Pharmacokinetic studies in uninfected New Zealand
White (NZW) rabbits were performed in biosafety level 2 facilities and approved by the Institutional Animal
Care and Use Committee of the New Jersey Medical School, Rutgers University, Newark, New Jersey. Groups of
four rabbits received a single dose or three daily doses of conjugated linoleic acid (CLA) formulated in 0.5% car-
boxymethyl cellulose (CMC) and 0.5% Tween 80 by oral gavage. Blood was collected in K2-EDTA coated tubes
from the central ear artery of each rabbit predose and at several time points between drug administration and
necropsy (typically 0.5, 1, 2, 4, 6, 8, and 24 h following drug administration). Blood samples were centrifuged at
6,000 rpm for 5 min, and plasma supernatants were transferred and stored at 280°C until they were analyzed
by high-pressure liquid chromatography coupled to tandemmass spectrometry (LC-MS/MS).

Rabbit infection, drug administration, and blood collection. All rabbit infection studies were per-
formed in biosafety level 3 facilities and approved by the Institutional Animal Care and Use Committee of the
New Jersey Medical School, Rutgers University, Newark, New Jersey, and of the Center for Discovery and
Innovation, Hackensack Meridian Health, Nutley, New Jersey. Female NZW rabbits (Charles River Laboratories),
weighing 2.2 to 2.6 kg, were maintained under specific-pathogen-free conditions and offered water and chow
ad libitum. The rabbits were infected withM. tuberculosis HN878, using a nose-only aerosol exposure system as
described (96). At defined time points from 12 to 16 weeks postinfection (at which point rabbits harbor a spec-
trum of cellular and necrotic lesions representative of human pathology), rabbits received three daily doses of
200 mg/kg CLA formulated in 0.5% CMC and 0.5% Tween 80 by oral gavage. Blood was collected from the
central ear artery of each rabbit predose and at several time points between drug administration and necropsy
(typically 0.5, 1, 2, 4, 6, and 24 h or until the time of necropsy). Groups of 3 rabbits were euthanized at 6 and
24 h postdose. These time points were selected based on the plasma PK profile to capture the end of the distri-
bution phase (6 h) and the trough, or Cmin (24 h). Plasma was prepared as described above and stored at
280°C until analysis by LC-MS/MS.

Lesion dissection and processing. The right and left lungs were removed and weighed for analytical
drug measurement and histopathology. From each lung lobe, individual granulomas and uninvolved (nondi-
seased) lung tissue sections were dissected, sized, weighed, and recorded. Lesions weighing less than 5 mg were
pooled. Special care was taken to remove the uninvolved lung tissue surrounding each granuloma. The samples
collected from each rabbit were classified as uninvolved lung, necrotic or cellular granulomas, cavity wall, or cavity
caseum. When feasible, cavity caseum was separated from the cavity wall to be stored and analyzed separately.
Lesions collected for laser-capture microdissection were left embedded in the surrounding tissue and snap frozen
in liquid nitrogen vapor as described previously (64). All samples were stored in individual 2-mL tubes at280°C.

Prior to drug quantitation by LC-MS/MS, all tissue samples were homogenized in 9 volumes of phos-
phate-buffered saline (PBS). Homogenization of all tissue samples was achieved using a FastPrep-24
instrument (MP Biomedicals) and 1.4-mm zirconium oxide beads (Precellys).

Analytical method for macrolide quantitation. Azithromycin and clarithromycin were purchased
from Sigma-Aldrich. Azithromycin-d5 and clarithromycin-d4 internal standards were purchased from Toronto
Research Chemicals. Drug-free K2-EDTA plasma and lungs from NZW rabbits were obtained from BioIVT for use
as blank matrices to build standard curves. Neat 1-mg/mL dimethyl sulfoxide (DMSO) stocks for CLA and azithro-
mycin were serial diluted in 50:50 acetonitrile/water to create standard curves and quality control (QC) spiking sol-
utions. Spiked matrix standards and QCs were created by adding 10mL of spiking solutions to 90mL of drug-free
plasma or control lung homogenate. Extraction was performed for standards, QCs, and study samples by adding
200mL of 1:1 acetonitrile (ACN)/methanol (MeOH) containing 10 ng/mL stable labeled clarithromycin-d4 and azi-
thromycin-d5 to 20mL of plasma or homogenized tissue sample and 20mL of 1:1 ACN/H2O.

LC-MS/MS analysis was performed on a Sciex Qtrap 65001 triple-quadrupole mass spectrometer
coupled to a Shimadzu Nexera X2 ultra-high-performance liquid chromatography (UHPLC) system to quantify
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each drug in plasma. Chromatography was performed on an Agilent Zorbax SB-C8 column (2.1 by 30 mm; par-
ticle size, 3.5 mm) using a reverse-phase gradient elution with aqueous. Milli-Q deionized water with 0.1% for-
mic acid (FA) was used for the aqueous mobile phase and 0.1% FA in ACN for the organic mobile phase.
Multiple-reaction monitoring (MRM) of precursor/fragment transitions in electrospray positive ionization mode
was used to quantify the analytes. MRM transitions of 749.38/591.30, 754.37/596.30, 748.32/590.30, and
752.33/162.10 were used for azithromycin, azithromycin-d5, clarithromycin, and clarithromycin-d4, respectively.
Sample analysis was accepted if the concentrations of the quality control samples were within 20% of the
nominal concentration. Data processing was performed using Analyst software (version 1.6.3; Sciex).

Laser-capture microdissection of rabbit and human lesion sections. Twenty-five-micrometer-thick
tissue sections were cut from g-irradiated rabbit lung biopsy specimens using a Leica CM 1860 UV (Buffalo
Grove, IL) and thaw mounted onto 1.4-mm-thick Leica polyester (PET) membrane FrameSlides for laser capture
microdissection. Tissue sections were immediately stored in sealed containers at280°C. Adjacent 10-mm-thick tis-
sue sections were thaw mounted onto standard glass microscopy slides for hematoxylin and eosin (H&E) and
Ziehl-Neelsen staining. Cellular, necrotic (caseum), and uninvolved lung lesion areas totaling 3 million mm2 were
dissected from between 3 to 5 serial lung biopsy tissue sections using a Leica LMD7 system. The total tissue vol-
ume of each pooled sample was determined based on the surface area of the pooled sections and the 25-mm tis-
sue thickness. Areas of cellular and caseous lesion were identified optically from the brightfield image scan and
by comparison to the adjacent H&E reference tissue. Pooled dissected lesion tissues were collected into 0.25-mL
standard PCR tubes and immediately transferred to280°C.

Neat 1 mg/mL DMSO stocks for all compounds were diluted serially in 50:50 ACN/H2O to create standard
curves and quality control spiking solutions. We added 2mL of neat spiking solutions to 2mL of lesion homoge-
nate prior to extraction. We added 2mL of ACN/H2O and 2mL of PBS to the dissected study samples. Extraction
was performed by adding 50mL of extraction solution ACN/MeOH (1:1) with 5 ng/mL clarithromycin-d4 and azi-
thromycin-d5. Extracts were vortexed for 5 min and centrifuged at 10,000 rpm for 5 min. Forty microliters of su-
pernatant was transferred for LC-MS/MS analysis and diluted with an additional 40mL of Milli-Q water. LC-MS pa-
rameters are described above.

Drug potency assays.Minimum inhibitory and bactericidal concentrations were measured as previ-
ously described (97). For growth inhibition and bactericidal assays against intracellular bacteria, we used the
protocol of Lefebvre et al. (98) with minor modifications. THP-1 cells were obtained from the American Type
Culture Collection (ATCC) and cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS; Gibco) at 37°C in a humidified CO2 incubator. THP-1 (105 cells per well) were seeded into 96-well plates
and differentiated for 24 h by adding 500 ng/mL of phorbol-12-myristate-13-acetate (PMA). The resulting mac-
rophages were washed three times with PBS and infected with M. abscessus ATCC 19977 or M. avium 11 (99)
at a multiplicity of infection (MOI) of 10 for 3 h. The infected macrophages were washed three times with PBS
to remove extracellular mycobacteria and treated with clarithromycin as indicated for 3 (M. abscessus) or 4 (M.
avium) days. To enumerate intracellular surviving bacteria, cells were washed three times with PBS and then
lysed with PBS and 0.1% Triton X-100. Tenfold serial dilutions were performed using 96-well plates containing
180 mL of PBS, and each dilution was plated onto Middlebrook 7H10 agar. CFU were counted after 4 days of
incubation. Macrophage viability was assessed by trypan blue exclusion test. Each experiment included techni-
cal duplicates, and the experiments were performed twice independently.

Macrophage uptake and caseum binding assays. Human monocytes were isolated from fresh
packed leucocytes (New York Blood Center), purified, activated, and differentiated into foamy macrophages as
described in reference 47. Uptake of clarithromycin and azithromycin in primary nonfoamy and foamy macro-
phages was carried out as described (47), and the incubation concentration was 20 mM for both drugs.
Nonspecific drug binding in cavity caseum was measured as described in references 49 and 100.

Modeling of tissue distribution and PK-PD simulations. Data from 100- and 300-mg/kg single
doses of CLA in uninfected rabbits were used to develop a plasma PK model. Simulations were per-
formed to match exposure in rabbits predicted to be equivalent to a 200-mg/kg dose in humans. To describe
the movement of drug from plasma to the sites of action, a population approach using nonlinear mixed-effects
modeling in NONMEM was used. A population plasma PK model was built using data from both infected and
uninfected rabbits (Fig. 2). One- and two-compartment distribution compartments were tested. Saturated
clearance was tested using Michaelis-Menten kinetics equation (equation 1).

Rate of elimination ¼ 2
Vmax � Cplasma

km 1Cplasma
(1)

First order, zero order, transit compartment, Weibull function (65), flip-flop, and first order with a lag period
were tested to fit the absorption phase. Replacing first-order absorption with Weibull absorption function sig-
nificantly improved model fit (delta objective function value [dOFV], 252.743). Interindividual variability was
added to F1, apparent bioavailability (F1) (dOFV, 282.377). The Weibull absorption is defined by equations 2
and 3, where Kw is the absorption rate constant, Tw is time after dose, and lambda (l) is the shape parameter.

WB ¼ 12 e2Kw �Tw
l

� �
(2)

dAabs

dt
¼ 2WB� Aabs (3)

Infection status and weight were tested as covariates. Interindividual variability was tested on bioavailability,
volume of distribution, and clearance. To estimate extent of partitioning to the sites of action, the parameters of
the final plasma model were fixed, and effect compartments were added for each tissue type as previously
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described (33, 83, 101). For the plasma-to-lesion model, the plasma-to-uninvolved lung rate constant was fixed at
10/h given the rapid equilibration half-life of 4 min. Fixing the rate to higher values did not change the other pa-
rameter estimates (partition coefficient) significantly. Tissue density was assumed to be 1 g/mL of homogenate.
Data obtained with tissue samples processed as homogenates and samples collected by laser-capture microdis-
section were pooled and treated as equal. Data for the two cavity caseum samples were merged with outer
caseum data points based on gross pathology and histology data because no data were available at or near Cmax

for this compartment. A rate (kpl-lesion) ratio or coefficient of penetration (PCpl-lesion), and residual error were esti-
mated for each lesion type. The structural model is shown in equation 4.

dClesion

dt
¼ kpl�lesion PCpl�lesion � Cplasma 2Clesionð Þ (4)

Model building was guided by goodness-of-fit plots, objective function value, and visual predictive
checks. One thousand simulations, using interindividual variability and residual error as variability, were
performed to confirm model fit. NONMEM version 7.4.2, R software version 4.0.5, and the R packages
ggplot2 and xpose4 were used for model building, data visualization, and simulations.

A rabbit-to-human translational model was developed by linking lesion parameters estimated in rabbits to
a previously published clinical plasma PK model (55). Clinical simulations were integrated with in vitro PD tar-
gets to derive unbound Cmax, AUC, and fraction of the dosing interval relative to targets. Fraction unbound was
assumed to be 0.3 (102). Model diagnostic plots are shown in Fig. 3.
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