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Objectives: Mycobacterium avium complex (MAC) bacteria can cause chronic pulmonary disease (PD).
Current treatment regimens of azithromycin, ethambutol and rifampicin have culture conversion rates of
around 65%. Dynamic, preclinical models to assess the efficacy of treatment regimens are important to
guide clinical trial development. The hollow fibre system (HFS) has been applied but reports lack
experimental details.
Methods: We simulated the human pharmacokinetics of azithromycin, ethambutol and rifampicin both
in plasma and epithelial lining fluid (ELF) in a HFS, exposing THP-1 cells infected with M. avium to the
triple-drug regimen for 3 weeks. We accounted for drugedrug interactions and protein-binding and
provide all laboratory protocols. We differentiated the effects on the intracellular and extracellular
mycobacterial population.
Results: The antibiotic concentrations in the HFS accurately reflected the time to peak concentration
(Tmax), the peak concentration (Cmax) and half-life of azithromycin, rifampicin and ethambutol in plasma
and ELF reported in literature. We find that plasma drug concentrations fail to hold the MAC bacterial
load static (DLog10 CFU/mLControl:Regimen ¼ 0.66 ± 0.76 and 0.45 ± 0.28 at 3 and 21 days); ELF concen-
trations do hold the bacterial load static for 3 days and inhibit bacterial growth for the duration of the
experiment (DLog10 CFU/mLControl:Regimen ¼ 1.1 ± 0.1 and 1.64 ± 0.59 at 3 and 21 days).
Discussion: In our model, the current therapy against MAC is ineffective, even when accounting for
antibiotic accumulation at the site of infection and intracellularly. New treatment regimens need to be
developed and be compared with currently recommended regimens in dynamic models prior to clinical
evaluation. With the publication of all protocols we aim to open this technology to new users. Mike
Marvin Ruth, Clin Microbiol Infect 2022;28:448.e1e448.e7
© 2021 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and
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Introduction

Mycobacterium avium complex (MAC) bacteria cause chronic
pulmonary disease (MAC-PD) in susceptible patient populations
[1]. The recommended antibiotic treatment of MAC-PD is a com-
bination of azithromycin, ethambutol and rifampicin for at least
12 months after negative sputum culture [2]. The cure rates of this
of Clinical Microbiology and Infectious Diseases. This is an open access article under

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:mike.ruth@radboudumc.nl
mailto:jakko.vaningen@radboudumc.nl
mailto:jakko.vaningen@radboudumc.nl
www.sciencedirect.com/science/journal/1198743X
http://www.clinicalmicrobiologyandinfection.com
https://doi.org/10.1016/j.cmi.2021.07.015
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cmi.2021.07.015
https://doi.org/10.1016/j.cmi.2021.07.015


M.M. Ruth et al. / Clinical Microbiology and Infection 28 (2022) 448.e1e448.e7 448.e2
regimen are around 65%, with considerable relapse rates [3]. Azi-
thromycin is the active core of the regimen; rifampicin and
ethambutol have little bactericidal effect on their own but suppress
the emergence of macrolide resistance [2,4].

In a relatively rare disease such as MAC-PD, treated with old
generic antibiotics, few clinical trials have been performed [2].
Preclinical models are important screening tools to help select
regimens for clinical trials. In vitro studies of MAC-PD treatment
often expose planktonic bacteria to a multiplicity of the minimum
inhibitory concentration of antibiotics, alone or together with
companion drugs [5,6] but this approach does not mimic the dy-
namic drug exposures at the site of infection in the context of a
multidrug regimen. The hollow fibre system (HFS) model is a more
sophisticated animal-free model in which intracellular infections
can be achieved and pharmacokinetics at the site of infection can be
simulated to closely mimic MAC-PD treatment. The HFS has been
used to search for new MAC-PD regimens, but previous studies
lacked experimental detail and have failed to address four key is-
sues: (a) to simulate the currently recommended azi-
thromycineethambutolerifampicin regimen as a point of
reference; (b) to simulate the pharmacokinetics not only in blood
plasma but also in lung epithelial lining fluid (ELF), which is more
representative of the site of infection; (c) to account for protein
binding of the drugs in these matrices [7e10]; and (d) to simulate
drug penetration into immune cells such as macrophages.

Here, we describe a HFS experiment modelling MAC-PD and
exposure to azithromycin, rifampicin and ethambutol concentra-
tions observed in human plasma as well as those in ELF and mea-
sure the antimycobacterial activity of this regimen, with full
disclosure of the methodology and calculations.

Materials and methods

Antibiotics, bacteria and cells

Azithromycin, ethambutol and rifampicin were purchased from
Sigma Aldrich (Zwijndrecht, the Netherlands) Mycobacterium
avium ATCC 700898 reference strain was acquired from ATCC
(Molsheim Cedex, France) and freshly cultured before each exper-
iment; the minimum inhibitory concentrations of study drugs
(rifampicin, ethambutol and azithromycin) were determined by
broth microdilution according to CLSI guidelines [11]. THP-1 cells
were acquired from the German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany; ACC 16 Lot 32) and freshly
cultured before each experiment in RPMI 1640 with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Breda, the
Netherlands) at 37�C and 5% CO2.

Pharmacokinetic profiles simulated in the hollow fibre model

We simulated two distinct pharmacokinetic profiles: protein-
unbound (free, active) plasma drug concentrations and free ELF
drug concentrations versus time after dosing. In plasma, we
assumed the following protein bound fractions: rifampicin 90%
[12,13] ethambutol 10% [13] and azithromycin 25% [14]. Protein
concentrations in the ELF are significantly lower than in plasma
[15], and therefore we assumed that protein binding in ELF is
negligible [9].

Plasma concentrations, half-lives and time to the highest drug
concentration (Tmax) of rifampicin were simulated after van Ingen
et al. [16] and Magis-Escurra et al. cohort of MAC-PD patients [17].
Both sources assessed total (protein-bound þ unbound) plasma
concentrations and pharmacokinetic datawere adjusted for protein
binding to achieve protein-unbound pharmacokinetic measures.
Half-lives and Tmax of ethambutol and azithromycin were obtained
from Magis-Escurra et al. and van Ingen et al. As no full pharma-
cokinetic curves are available for ELF concentrations, we extrapo-
lated these from available data. Rifampicin ELF kinetics were based
on the model published by Clewe et al. that estimates the distri-
bution from plasma to ELF in tuberculosis patients [18] acknowl-
edging the non-linear pharmacokinetics and auto-induction of
rifampicin in plasma. Based on this, we assumed the free plas-
ma:ELF distribution to be 1:1 assuming again a free fraction of 10%
for rifampicin in plasma and negligible protein binding in ELF. Only
one study assessed ethambutol ELF concentrations at 4 hr after
intake [19], which we used as a baseline for calculations assuming
rapid equilibration between plasma and ELF and the same half-life
and Tmax as in plasma, assuming an ELF Tmax of 3 hr. Azithromycin
ELF steady-state concentrations as described in detail by Olsen et al.
[20] were used as basis for Tmax and half-life in ELF. For all regimens,
we assumed simultaneous, once-daily intake of medication. An
overview of simulated pharmacokinetic parameters is shown in
Table 1.

Hollow fibre system

All experiments were performed in triplicate and in RPMI 1640
(BioWest, Haarlem, The Netherlands) with 2% FBS broth medium.
HFSs were incubated at 37�C and 5% CO2. Hollow fibre Cellulosic
cartridges were acquired from FiberCell Systems (3008; FiberCell
Systems). Each drug was added using computerized syringe pumps
and routed into the central reservoir. The total volume of the sys-
tem was 344 mL for plasma and 322 mL for ELF experiments.

Diluent medium also consisting of RPMI 1640 with 2% FBS was
prepared in 4-L PETG bottles capped with 38-mm caps (FiberCell
Systems; A1006) extended with platinum cured silicone tubing to
reach the bottom of themedia bottle, fixatedwith a zip tie. Medium
was pumped into the system using peristaltic pumps with a speed
of 2.1 mL/min for plasma and 1.9 mL/min for ELF experiments. A
general description of the full set-up and maintenance is given in
the supplementary material. A schematic overview of the whole
system is shown in Fig. S1.

THP-1 cells, used to represent human macrophages, concen-
trated to a density of 1.5 � 106 cells/mL and resuspended in fresh
RPMI 1640 þ 10% FBS. M. avium brought to 0.5 McFarland turbidity
was added in a multiplicity of infection of 1:3 bacteria:cells and
incubated at 37�C and 5% CO2 overnight. The next day, the cells
were washed and re-suspended in the same volume RPMI
1640 þ 10% FBS, and inoculated into the HFS at 20 mL/system using
BD Plastipak syringes (BD Bioscience, Erembodegem, Belgium). The
systems were allowed to equilibrate for 24 hr before the first drug
was added and day 0 bacterial counts from the system were
enumerated.

An overview of equations used and their implementation is
shown in the supplementary material. The used calculation sheet
can be assessed in the supplementary material. To account for
natural fluctuations in inflow, outflow and drug distribution, we
added 10% on top of the calculated syringe concentration and
rounded to a convenient concentration. An overview of used sy-
ringe concentrations and injection regimens is shown in Table S1.

Study design

We conducted two distinct sets of experiments, simulating
plasma and ELF drug concentrations separately. Each set had a
control (drug-free) arm and an experimental arm. The duration of
each experiment was 21 days. At each bacterial sample point,
intracellular and extracellular bacteriawere enumerated. From this,
the proportion of intracellular and extracellular bacteria was
calculated. THP-1 cells were also enumerated at each sample point.



Table 1
Overview of pharmacokinetic parameters simulated in the hollow fibre system

Free plasma concentration Free ELF concentration

Drug Cmax (mg/L) Tmax (hr) Half-life (hr) Reference Drug Cmax (mg/L) Tmax (hr) Half-life (hr) Reference

Azithromycin 0.16 5 11 [19,20] Azithromycin 3.0 10 20 [23]
Ethambutol 2.4 3 10 [19,20] Ethambutol 3.0 3 10 [22]
Rifampicin 1.5 2 2 [19,20] Rifampicin 1.5 2 2 [21]
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From the intracellular bacteria and the THP-1 cell count, the mul-
tiplicity of infection (MOI) was calculated as a measurement for the
average amount of bacteria per cell. Pharmacokinetics measure-
ments were done twice, once at day 0 for initial drug concentra-
tions, and once at day 16 for steady state drug concentrations.
Bacterial and THP-1 enumeration

At day 0, 3, 7, 14 and 21, the intracellular and extracellular
bacterial load, as well as the THP-1 cell counts, were assessed. The
cartridges were vigorously mixed using two 20-mL syringes, and a
2-mL suspension was removed from the cartridge. One millilitre of
this sample was spun down for 10 min at 1500 rpm, and super-
natant was removed for extracellular bacterial enumeration. The
pellet was resuspended in 1 mL of demineralized water with 0.05%
Tween 80 for THP-1 cell lysis, vortexed and enumerated, as previ-
ously described [21]. Samples were quantified using a tenfold serial
dilution with triplicate spot-plating of each well on M7H10 agar
plates. Plates were incubated at 37�C for 7 days.

THP-1 cells were stained 1:1 with tryptophan blue to exclude
dead cells. A 10 mL suspension was pipetted in plastic counting
slides (KOVA international, CA, USA) were and counted according to
the manufacturer's high-density table, from which a final cellular
concentration was calculated.
Pharmacokinetic measurements

Samples from the HFS were taken at 0, 1, 2, 3, 5, 8, 10, 12, 14, 16,
22.5 and 23.5 hr from the central reservoir, capturing peak drug
concentrations as well as trough levels, in order to verify that
pharmacokinetic parameters were correctly simulated. Samples
were processed immediately. Penetration of the antibiotics into the
extra capillary space of the cartridge was verified in a preliminary
experiment using the same protocols (Table S2).

Processed samples were analysed for rifampicin, ethambutol
and azithromycin content using an ultra-high-performance liquid
chromatography tandem mass spectrometer (XEVO TQ-S micro
triple quadrupole mass spectrometer, Waters). Columns used were
an Acquity UPLC BEH C18 1.7 mm 2.1 � 100 mm for rifampicin and
ethambutol; and a Xbridge C18 3.5 mm 2.1 � 50 mm for azi-
thromycin. The transitions for precursor to product ions were, for
rifampicin, ethambutol and azithromycin respectively, 832.2299m/
z to 791.4200 m/z; 205.0319 m/z to 115.9701 m/z; and 479.457 m/z
to 116.02 m/z. All runs had a labelled internal standard present for
each compound (please see supplementary material).

Accuracies for azithromycin, rifampicin and ethambutol ranged
from 91.8 to 98.5%. Intra- and inter-day precision were 4.42e8.69%
and 2.85e8.69% for azithromycin, 1.63e4.34% and 0.97e2.62% for
rifampicin and 1.01e1.22% and 0.43e3.42% for ethambutol. Ranges
of the methods were 0.015e1.5 mg/L, 0.15e50 mg/L and 0.05e15
mg/L, respectively. If the expected concentration of a sample fell
out of the linear measurement range, samples were pre-diluted in
RPMI 1640 þ 2% FBS before processing. Please supplementary
materials for set-up and validation.
Calculations and statistics

Plotting and calculations performed on primary data was done
using GraphPad Prism version 5.03 (GraphPad Software Inc., La
Jolla, CA, USA) or R version 3.1.2 (R Foundation for Statistical
Computing, Vienna, Austria; https://www.R-project.org/). Error
bars show are the standard error of the mean.

Ethics declaration

Donors of human macrophages gave their informed consent for
use of their blood for medical research.

Results

The outcomes of the plasma concentration-mimicking hollow-
fibre experiment are shown in Fig. 1. The treatment regimen could
not hold the bacterial population static, but rather slowed its
growth for the duration of the experiment, holding the bacterial
load lower than the growth control (Fig. 1a,b). All systems had a
comparable proportion of extracellular bacteria (Fig. 1a). Both
initial (Fig. 1c) and steady-state (Fig. 1d) drug concentrations
mirrored our planned exposures. All systems reached a plateau of
THP-1 concentrations of around 1.5 � 107 cells/mL around day 14
with considerable inter-system variation (Fig. 1e). The MOI started
at around 0.03 bacteria per cell, and ended at around 100 bacteria
per cell, with a considerably higher MOI for the treatment regimen
from day 3 to 14 (Fig. 1f).

The outcome of the ELF-concentration mimicking hollow-fibre
experiment are shown in Fig. 2. The regimen could hold the inoc-
ulum static for 3 days to an overall lower bacterial load than in the
plasma-mimicking HFS (Fig. 2a,b). The antibiotic-treated HFM
systems had a higher proportion of extracellular bacteria than the
control; both treated regimens had a bacterial burden lower than
the growth control (Figs 1a and 2a). Due to the longer half-life and
ELF accumulation of azithromycin, the drug concentrations were
higher at day 16 than at day 0 (accumulation, Fig. 2c,d), and trough
concentrations were comparable between days (Fig. 2d). All sys-
tems reached a plateau of THP-1 concentrations of around
1.0 � 107 cells/mL around day 14 with low inter-system variation
(Fig. 2e). The MOI over time of the ELF-regimen was overall lower
than the plasma-regimen, not going above 10 (Fig. 2f).

An overview of observed pharmacokinetic parameters of both
systems is shown in Table 2.

Discussion

Hollow fibre model experiments of MAC-PD treatment,
informed by real-life pharmacokinetic data, and accounting for
site-specific properties including drug protein binding and intra-
cellular localisation of bacteria, show very poor efficacy of the
currently recommended rifampicin-ethambutol-azithromycin
regimen both in plasma and, to a lesser extent, in ELF. We recor-
ded considerably less killing than Deshpande et al. who investi-
gated an azithromycinerifabutineethambutol regimen [22].

https://www.R-project.org/


Fig. 1. Pharmacokinetic and pharmacodynamic measurements in the plasma free-drug mimicking hollow fibre system. (a) Intracellular and extracellular CFU counts. (b) Total CFU
counts. c: pharmacokinetic curve of day 0. (d) Steady-state pharmacokinetics at day 16. (e) THP-1 counts in the extracapillary compartment. (f) Multiplicity of infection (Bacter-
ia:Cells) over time.
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However, Deshpande et al. did not explicitly report the origin of
their pharmacokinetic data, whether ELF or plasma was modelled
and whether or not protein-binding was accounted for [21,23].
Especially in the case of the in vitro more active rifabutin [24],
modelling total rather than free Cmax and area under the curve
might significantly influence mycobacterial killing in the HFS, as its
protein binding is 71% [25]. The limited efficacy of the azi-
thromycineethambutolerifampicin regimen in our model is more
negative than the initial clinical observation that 65% of patients
attain prolonged culture conversion [3]; of which 40% of the pa-
tients with good initial outcomes experience a recurrence and 25%
of these are true relapses suggestive of failure to clear the infection
[26]. The hollow fibre model focuses on the antibioticebacterium
interaction and negates the influence of the immune system and
additional measures to reduce bacterial such as surgical interven-
tion and airway clearance techniques on treatment outcome. It has
become increasingly clear that non-tuberculous pulmonary disease
patients have subtle immunodeficiencies and these immunodefi-
ciencies likely influence treatment outcome of MAC-PD [27].
Though THP-1 cells take up mycobacteria and are generally regar-
ded a suitable alternative to human monocyte derived macro-
phages (hMDMs) [28], it is unknown whether or not they can also
kill engulfed mycobacteria. In vitro, the killing of MAC by hMDMs is
negligible [29]. Thus, our ELF-HFS reflects treatment of MAC-PD in
absence of a functional immune system and other adjunctive
treatments. We could show that intracellular bacterial load is alike



Fig. 2. Pharmacokinetic and pharmacodynamic measurements in the ELF free-drug mimicking hollow fibre system. (a) Intracellular and extracellular CFU counts. (b) Total CFU
counts. (c) Pharmacokinetic curve of day 0. (d) Steady-state pharmacokinetics at day 16. (e) THP-1 counts in the extracapillary compartment. (f) Multiplicity of infection (Bac-
teria:Cells) over time.
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for hMDMs and THP-1 cells, though mycobacteria might escape
THP-1 cells at an increased rate (Fig. S2). Drug accumulation and
effect is thus comparable between the two cell lines.

An important distinction is the difference between intracellular
and extracellular MAC in the HFS in our study. Because of natural
cell death, and a general homeostasis between extracellular and
intracellular bacteria, some bacteria will escape the THP-1 cells and
will be exposed to extracellular drug concentrations [21]. Especially
in the ELF-HFS, the intracellular population is markedly lower than
the extracellular population, whereas in the plasma-HFS, the two
populations are more alike, which might be an indication of
concentration-dependent drug, specifically azithromycin, accu-
mulation in the cells, as previously reported in vivo (Fig. S2) [30].
However, when isolating intracellular from extracellular CFU
counts, bacteria stuck to the cell surface of the THP-1 cells might be
isolated together with them, and enumerated as intracellular bac-
teria. How large their contribution is, is not known.

We evaluated the standard MAC-PD treatment regimen in the
HFS, studied drug concentrations in ELF alongside plasma, consid-
ered protein binding of drugs, and evaluated an intracellular HFS,
all to best mimic the clinical conditions. There are, however, sig-
nificant limitations to our study. Although protein binding in RPMI
1640 itself is negligible, the extra-capillary space where THP-1 cells
and mycobacteria reside has a significant protein concentration
owing to cell lysis. It is reasonable to assume that a proportion of
drug binds to dead cells, or other proteins present in that space.



Table 2
Comparison of simulated and achieved pharmacokinetic parameters

Parameter Drug Plasma ELF

Target Actual Target Actual

Half-life (hr) Azithromycin 11 8.7 20 20.37
Ethambutol 10 8.6 10 10.82
Rifampicin 2 3.6 2 3.2

Tmax (hr) Azithromycin 5.25 5 10 10
Ethambutol 3.1 3 3 3
Rifampicin 2 2 2 2

Cmax (steady state; mg/L) Azithromycin 0.16 0.16 ± 0.01 3 3.1 ± 0.07
Ethambutol 2.4 2.43 ± 0.24 3 3.1 ± 0.11
Rifampicin 1.5 1.44 ± 0.15 1.5 1.51 ± 0.09

The minimum inhibitory concentrations of azithromycin, ethambutol and rifampicin against M. avium ATCC 700898 were 8, 4 and 4 mg/L.
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However, fresh drug was added continuously, so the extent of the
drug binding is likely limited. Also, though likely unimportant for
our Cmax and overall drug exposure of the bacteria, we did not ac-
count for hysteresis in our experiments, which describes a delayed
Tmax in the ELF compared with plasma, but rather assumed a 1:1
translation between ELF and plasma. Also, our simulated rifampicin
concentration might be too low, as we applied 90% protein binding
and a 1:1 plasma:ELF ratio, whereas 80% protein binding and a
plasma:ELF ratio 1:2.6 has been used by others [18]. Also, the
rifampicin half-life is longer than anticipated, but would still fall
within parameters observable in a clinical population. However,
rifampicin itself adds little to the bactericidal activity of the
azithromycin-ethambutol-rifampicin regimen and is primarily
included to prevent macrolide resistance [26].

Concluding, while the three-drug standard regimen performs
better with simulated ELF concentrations, both regimens fail to
reduce the bacterial load below inoculum. Drug therapy alone
seems unable to cure MAC-PD. A new truly bactericidal regimen is
needed to improve treatment outcomes. The described model and
regimen can serve as the benchmark to evaluate new regimens
prior to moving into clinical trials. We provide full disclosure of the
methodology to enable its wider use.
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