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ABSTRACT

In the last 40 years, only a single new antituberculosis drug was
FDA approved. New tools that improve the drug development
process will be essential to accelerate the development of
next-generation antituberculosis drugs. The drug development
process seems to be hampered by the inefficient transition of
initially promising hits to candidate compounds that are effec-
tive in vivo. In this study, we introduce an inexpensive, rapid, and
BSL-2 compatible infection model using macrophage-passaged
Mycobacterium tuberculosis (Mtb) that forms densely packed
Mtb/macrophage aggregate structures suitable for drug efficacy
testing. Susceptibility to antituberculosis drugs determined with
this Mtb/macrophage aggregate model differed from commonly
used in vitro broth-grown single-cell Mtb cultures. Importantly,
altered drug susceptibility correlated well with the reported
ability of the respective drugs to generate high tissue and
cerebrospinal fluid concentrations relative to their serum
concentrations, which seems to be the best predictors of
in vivo efficacy. Production of these Mtb/macrophage ag-
gregates could be easily scaled up to support throughput
efforts. Overall, its simplicity and scalability should make this
Mtb/macrophage aggregate model a valuable addition to the
currently available Mtb drug discovery tools.

INTRODUCTION
ith one-third of the world population latently
infected with Mycobacterium tuberculosis
(Mtb), tuberculosis (TB) remains a global health
threat. While drug intervention can be suc-
cessful for the treatment of TB, success is often hampered by
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long treatment periods lasting over 6 months' and the re-
quirement to treat with multiple drugs, a scenario that often
leads to lack of compliance.

To be effective, drugs must be transported from the blood
compartment to nonvascularized pulmonary lesions and dif-
fuse into necrotic foci through multiple cell types.” At the site
of infection, Mtb remains hidden inside macrophages and/or
encapsulated within granuloma structures, a hallmark feature
of Mtb infection.’ Finally, drugs have to cross the highly
impermeable, lipid-rich cell envelope of Mth,* and need to
reach their molecular target at adequate concentrations. To
further complicate matters, Mtb infection often persists long
term in a hyperdrug-resistant, latent state.” This poses a
problem to standard anti-TB drugs since the vast majority of
these only target metabolically active Mtb. Thus, both tissue
penetration capacity and efficacy against latent Mtb are two
critical parameters that define TB drug potency. A major
problem with the successful transfer from discovery to ap-
plication for Mtb drugs is that these parameters have not been
given sufficient consideration during in vitro Mtb drug
screening or the early lead development process.®’ The ma-
jority of drug screens were performed using extracellular
in vitro broth-grown single-cell culture assays, in which Mtb
is actively growing and only the Mtb cell membrane acts as a
potential diffusion barrier.

More recently, this problem has been recognized and drug
screening assays against nonreplicating, latent Mth®° or in-
tracellular Mtb have been established,'®"'? but even these
more advanced assays do not consider the penetration barriers
that drugs encounter in the nonvascularized pulmonary le-
sions, or the necrotic foci at the site of infection. The ability to
examine direct tissue penetration of drugs is only achieved
using advanced experimental approaches and high-end in-
strumentation such as matrix-assisted laser desorption/
ionization mass spectrometry imaging.'>”'> These highly
advanced methods have been used to generate drug penetra-
tion profiles in in vivo lung lesions and granulomas,'? but are
limited to a few laboratories in the world due to specific in-
strumentation requirements, and as such are prohibitively
expensive to be applied during the early drug development
process.
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Even a low-throughput drug susceptibility assay that could
simultaneously indicate the efficacy of candidate compounds
to diffuse through physiologically relevant penetration bar-
riers and exert activity against latent Mtb would significantly
add to the currently available research tools to prioritize
discovered hit compounds.

MATERIALS AND METHODS
Cell Culture and Reagents

THP-1 monocytes (ATCC TIB-202) were maintained in the
RPMI 1640 medium supplemented with 2 mM L-glutamine
and 10% heat-inactivated fetal bovine serum (FBS) at 37°C
in a humidified atmosphere of 5% CO,. FBS was obtained
from Life Technologies. Resazurin, rifampicin, streptomycin,
moxifloxacin, ciprofloxacin, gentamicin, clarithromycin, and
cycloserine were purchased from Sigma-Aldrich. Hygromycin
B was purchased from Calbiochem.

Bacteria and Plasmids

The M. tuberculosis H37Rv-derived auxotroph strain mc”6206
was grown in the Middlebrook 7H9 medium (Difco) supple-
mented with 0.2% glycerol, 0.02% tyloxapol, and 10% OADC
(Remel) or on Middlebrook 7H10 plates supplemented with 0.5%
glycerol and 10% OADC. Growth media of the auxotrophic
M. tuberculosis strain were supplemented with 24 pg/mL pan-
tothenate and 50 pg/mL L-leucine.'® The plasmid pMN437'” was
transformed into M. tuberculosis mc?6206 to express GFP, which
was used for all experiments in this study. Nonreplicating
nutrient-starved Mtb was cultured by replacing the normal Mtb
media of a culture at ODggo=1.0 with phosphate-buffered
saline, 0.02% tyloxapol, 24 ug/mL pantothenate, and 50 ug/mL
L-leucine. Cultures were left standing at 37°C for 4 weeks before
drug susceptibility testing. Single-cell Mtb for drug susceptibility
testing was obtained by water bath sonication (Fisher FS-60;
130 W; 3% 10's pulses) of broth-grown Mtb cultures.

Infection Protocol

M. tuberculosis mc>6206 growing in log-phase was quan-
tified by optical density measurement at 600 nm using the
conversion of 3 x 10% bacteria per mL for OD 1.0. The amount
of bacteria required to achieve a multiplicity of infection
(MOI) of 25 were washed, resuspended in cell culture media,
and added to the THP-1 cultures. Monocytes and Mtb were
then resuspended together to ensure even exposure of the
monocytes to Mtb. Media were changed every 2-3 days during
an infection time of 10-14 days.

Resazurin Microtiter Assay
Mtb-infected THP-1 aggregates from 10- to 14-day old
cultures were harvested and resuspended in Mtb growth
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media. As the strain of Mtb used in this model neither repli-
cates nor is killed during this infection period, we adjusted the
bacteria concentration to 6 million/mL based on initial Mtb
input on the day of infection and the total culture volume
during harvest. At the same time, in vitro broth-grown single-
cell Mtb cultures were adjusted to a final bacteria concen-
tration of 6 million/mL corresponding to an optical density at
600 nm of 0.02 (using the conversion of 3 x 108 bacteria per ml
for OD 1.0). Mtb derived from Mtb/macrophage aggregates
(Mtb-aggregate) and in vitro broth-grown single-cell cultures
(Mtb-single) were distributed to 96-well plates in a final vol-
ume of 200 pL containing antibiotics in a range of concen-
trations. The 96-well plates were incubated for 5 days at 37°C.
Then, 20 pL of resazurin dye mixture was added to achieve a
final concentration of 100 pM resazurin and 0.5% Tween 80
and incubation at 37°C was continued for another 16-30h
before the plates were analyzed by a Synergy HT plate reader
(BioTek). Conversion of the indicator dye resazurin into re-
sorufin with a fluorescence emission peak at 590 nm served as
a marker for bacterial growth. Refer to Table 1 for detailed
protocol.

Nile Red Staining

M. tuberculosis bacilli were extracted from Mtb/macro-
phage aggregates by water bath sonication for 5 min. Then,
Mtb was smeared onto glass slides and heat fixed. Nile Red
(Acros Organics) was dissolved in ethanol and used at a
working concentration of 10 ug/mL to cover the fixed Mtb on
slides for 15min at room temperature. Slides were gently
washed with water and mounted with a coverslip in FluorSave
mounting solution (Millipore).

Table 1. Resazurin Assay Protocol

Parameter Description

1 Titrate drugs 100 pL Twofold serial dilutions in
appropriate concentration range

2 Plate Mtb 100 pL Broth-grown or Mtb/macrophage
aggregates (6 million/mL)

3 Incubation time 5 days 37°C without shaking

4 Resazurin addition | 20 puL Final concentration: 100 pM
resazurin and 0.5% Tween 80

5 Assay development | 16-30h 37°C without shaking

6 Assay readout 530/590nm | Measure fluorescence on plate
reader
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Fluorescence Microscopy

For Nile Red staining, imaging was performed using an
Axiovert 200 microscope (Carl Zeiss) equipped with a 100x /
1.4 Plan-Apochromat (Carl Zeiss) and the filter set 49004-ET-
CY3/TRITC (Chroma). Images were recorded using an AxioCam
MRc camera (Zeiss) coupled to Axiovision v4.5 software
(Carl Zeiss). For automated imaging of Mtb/macrophage ag-
gregation within 96-well plates, the Cytation 3 Cell Imaging
Multi-Mode Reader (BioTek) fitted with 2.5Xxor 20 X objec-
tives and the GFP filter set were used. To examine Mtb/mac-
rophage aggregates, PE-conjugated antibody to ICAM-1 (BD
Biosciences) and the cell viability staining dye 7-amino-
actinomycin D (7AAD; eBioscience) were used at a dilution of
1:20 according to manufacturer’s protocol. Thereafter, cells
were imaged with the EVOS FL Cell Imaging System (Life
Technologies) with the combination of GFP/RFP light cubes
at 20x magnification.

RESULTS AND DISCUSSION

To provide an efficient experimental tool for improved
in vitro Mtb drug development, we established a simple Mtb
infection model that is amenable for early hit verification or
even drug screening. For reasons of cost efficiency and gen-
eral usability, it is highly desirable to use a mycobacteria
strain that is suitable for work under BSL-2 conditions, but
this strain needs to remain as closely related to the model
strain, Mtb H37Rv, as possible. While the commonly used Mtb
surrogates M. bovis BCG and M. smegmatis satisfy the BSL-2
condition, these strains are not closely related to Mtb. BCG is
an attenuated vaccine strain derived from M. bovis that does
not naturally infect humans, while M. smegmatis is a rapid-
growing mycobacterium that lacks most Mtb virulence genes
and has different antibiotic resistance profiles compared to
Mtb. Thus, we chose to use Mth mc?6206 (ApanCD, AleuCD), a
specific derivative of H37Rv'® that retains all but four genes,
panCD and leuCD, which are neither implemented in virulence
nor drug resistance. The auxotrophic Mtb mc?6206 strain is a
BSL-2 organism that can be handled in almost any laboratory.
Its utilization massively reduces experimental time invest-
ment and costs compared to studies utilizing Mtb H37Rv,
which requires handling in BSL-3 facilities. Mth mc’6206
maintains the RD-1 locus (absent from BCG), which plays a
major role in Mtb virulence and granuloma formation.'® Im-
portantly, we determined the minimal inhibitory concentra-
tions (MIC) of standard TB drugs on Mtb mc?6206 and show
that the strain’s requirement for supplementation with
L-leucine and pantothenate to replicate does not affect its drug
susceptibility profile compared to the parent H37Rv strain
(Table 2). Furthermore, auxotrophic Mtb strains have already
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Table 2. MIC90 of Anti-TB Drugs Against Mtb H37rv
Compared to Mtb mc26206

MIC (ng/mL)
Rifampicin 0.05 0.1
Isoniazid 0.04 0.04
Ethambutol 2 2
Kanamycin 5 25
Moxifloxacin 0.25 0.25
Cycloserine 6 6
Tetracycline 12 6
Ampicillin 160 160

been used in well-established drug evaluation studies for
Mtb."*~*! For our experiments, we utilized a gfp-expressing
strain of Mtb mc?6206 to infect THP-1 cells, a monocyte cell
line widely used in Mtb research.?>?? The ability of this Mtb
strain to express GFP allows for the visual control of macro-
phage phagocytosis efficacy and direct quantification of in-
fection levels. Since this auxotrophic strain does not replicate
during macrophage infection, we rationalized to use a higher
than standard MOI to mimic the intracellular replication ob-
served with wild-type Mitb, where the bacterial burden is
known to increase by 10-fold after ~5 days of infection.**

Infection of nondifferentiated THP-1 monocytes at an MOI
of 25 initially showed features of limited differentiation to a
macrophage-like phenotype as indicated by macrophage ag-
gregation after 3-4 days (Fig. 1A). THP-1 cells did not dif-
ferentiate into the classic phorbol 12-myristate 13-acetate
(PMA)-induced macrophage phenotype and adhered to the
bottom of the wells, but rather started to increase in size and
adhered to neighboring cells, thereby forming Mtb/macro-
phage aggregate structures. By day 8-10, the size of Mtb/
macrophage aggregates built around a densely packed core of
Mtb had increased to >100 um (Fig. 1B). Mtb/macrophage
aggregates could be directly generated in 96-well plates
(Fig. 1C-E) or the production could be efficiently scaled up to
larger flask volumes (e.g., T-75 flasks) to produce sufficient
material for throughput-format experiments.

The underlying idea of creating large Mtb/macrophage
aggregate structures to study drug efficacy was to generate a
biologically relevant model that resembles in vivo conditions,
where Mtb is trapped and embedded within multiple layers of
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positive for 7AAD (Fig. 2A), reprodu-
cing previously reported observations
that Mtb-infected human macrophages
form cell aggregates that show promi-
nent features of necrosis, such as the
release of DNA into the extracellular
space.”” The aggregate core was en-
closed by a layer of noninfected mac-
rophages that expressed high levels of
ICAM-1 (Fig. 2B), an adhesion mole-
cule known to play an essential role in
in vivo granuloma formation,® where
increased ICAM-1 expression during

Mtb infection is necessary to promote
cellular adhesion.?® Functionality of
the enhanced expression of surface
adhesion molecules indicates tight
cell-cell interactions, as confirmed by
the fact that even mechanical stress
(e.g., rigid pipetting) did not result in
relevant disintegration of the Mtb/
macrophage aggregates. Agitation re-
leased single viable macrophages that
harbored intracellular Mtb, which
could be isolated from the aggregate
structures (Fig. 2C). Outgrowth exper-
iments from aggregate-derived Mtb
revealed that almost 100% of the Mtb
cells harvested from 11-day-old cul-
tures were viable when compared to
the inoculum on day 1 (Fig. 2D). Fur-

Fig. 1.

shown. MOI, multiplicity of infection.

immune cells and necrotic tissue, which alter the penetration
efficacy of drugs. To examine the biological relevance of this
model, we probed the experimental system for the presence of
a (i) central necrotic core, (ii) the containment of Mtb within
the core of the aggregates by viable macrophages, (iii) a
possibly latent Mtb phenotype, and (iv) the presence of viable
Mtb residing inside macrophages. All of these parameters are
important features at sites of Mtb infection in vivo.>>>>®

The core of the Mtb/macrophage aggregates contained
densely packed Mtb (Fig. 1B) and dead cell material that stained
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An Mtb infection model to generate large Mtb/macrophage aggregate structures.
THP-1 monocytes were infected with Mtb-GFP at an MOI of 25 and Mtb/macrophage aggre-
gate formation was documented. Representative bright-field and GFP-merged images of Mtb-
infected THP-1 aggregate structures are shown (A) on day 4 and (B) day 10 postinfection.
(C) Generation of Mtb/macrophage aggregate structures in 96-well plate format. Bright-field
and GFP-merged images were acquired 7 days postinfection by automated imaging. Enlarged
view of images from (D) well A6 with 2.5 x objective and (E) well B5 with 20 x objective are

thermore, Mtb extracted from the
highly dense Mtb/macrophage aggre-
gate core stained positive with the li-
pophilic dye Nile Red (Fig. 2E), which
detects the presence of intracellular
lipid bodies suggesting the possibility
of latent mycobacteria.?*! At the
least, this result indicated metabolic
changes of Mtb following passage through these aggregate
forming macrophage infection cultures.

Drug penetration into lung tissues, the primary site of Mtb
infection and granuloma formation, is complex and involves
different processes such as passive diffusion, permeation, ac-
tive transport, and bulk flow.>* Accordingly, various classes
of antibiotics show different penetration properties. For in-
stance, aminoglycosides are too polar to diffuse directly across
lipid membranes, and therefore enter cells slowly by endocy-
tosis.>® Uptake of B-lactam antibiotics is also poor in alveolar
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Fig. 2. Biomolecular characterization of Mtb/macrophage aggregate structures. (A) Mtb/
macrophage aggregate structures at 2 weeks postinfection were stained with 7AAD and a
representative image is shown as merged GFP (Mtb) and RFP (7AAD) channels with bright-
field image. (B) Mtb/macrophage aggregate structures at 2 weeks postinfection were stained
with o-ICAM-1-PE mAbs and representative images are shown as merged GFP and RFP
channels with bright-field images, or in separate channels alone. (C) Representative merged
red and green channel fluorescence images of a group of viable macrophages derived from
Mtb/macrophage aggregates stained with a-ICAM-1-PE antibody (red) that contain intracel-
lular Mtb (green) at 2 weeks postinfection. (D) Intracellular survival of Mtb extracted from
aggregate structures over a time course of 11 days was enumerated by CFU plating. (E)
Mtb-GFP from in vitro broth-grown single-cell cultures (top panel) or extracted from Mtb/
macrophage aggregates structures (bottom panel) 11 days postinfection were stained with
Nile Red and representative images are shown as a merge of GFP and RFP channels, or in
each individual channel. 7AAD, 7-amino-actinomycin D.

macrophages.®* Conversely, uptake of
rifampicin, tetracycline, or ethambutol
into alveolar macrophages is relatively
faster, and quinolone levels in lung tis-
sue are often 15-20 times higher than
serum levels.>®> These pharmacological
characteristics define in vivo drug effi-
cacy, but are inadequately addressed by
most other standard evaluation methods.

To explore whether the Mth/macro-
phage aggregate model could improve
our ability to predict the potential
in vivo efficacy of hit or lead com-
pounds, we tested the efficacy of sev-
eral standard Mtb drugs against Mtb in
Mitb/macrophage aggregates relative to
their efficacy on in vitro broth-grown
single-cell Mtb cultures. For this pur-
pose, we used a panel of commonly
used antibiotics and TB drugs for which
properties such as penetration capacity
into lung tissue or cerebrospinal fluid
(CSF),>*28 as well as activity against
persistent Mtb>° were reported (rifam-
picin, moxifloxacin, ciprofloxacin,
streptomycin, gentamicin, cycloserine,
and clarithromycin). Mtb/macrophage
aggregates were harvested from large-
scale infection cultures after 14 days,
while in vitro broth-grown single-cell
Mtb cultures were used as references.
Thereafter, Mtb/macrophage aggregates
or in vitro broth-grown single-cell Mtb
were incubated in mycobacteria growth
media (7H9 media) containing a titra-
tion of the aforementioned drugs for
5 days. As the purpose of this study is
to test drug efficacy on macrophage-
passaged Mtb aggregates that should
more closely resemble in vivo condi-
tions, the use of mycobacteria growth
media is essential for compatibility with
a growth inhibition assay to measure
drug effects. Thus, we chose to use the
well-characterized resazurin microtiter
assay for mycobacteria growth®® to
quantify the drug susceptibility of Mtb
derived from our Mtb/macrophage ag-
gregate model in 96-well microplate
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format. The eventual disintegration of
macrophages in mycobacteria growth
media releases Mtb aggregates into the
medium and allows Mtb cells to undergo
enough bacterial replication to enable
sensitivity for measurement by the re-
sazurin assay. The addition of 0.5% Tween 20+
80 at the beginning of the resazurin in-
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Suboptimal dosing of rifampicin is a
widely recognized problem.*'"* Ri-
fampicin, despite being the antibiotic of
choice to treat Mtb infection, is known to
ineffectively penetrate pulmonary granu-
lomatous lesions,'* or only reach low
concentrations in the CSF of tuberculous
meningitis patients.*® Consistent with
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phage aggregate cultures compared to
in vitro broth-grown Mtb control cultures,
as determined by susceptibility killing
curves (Fig. 3A and Table 3). A possible
explanation for this finding could be that
the large size (>800Da) and lipophilic
properties®” may result in incomplete ri-
fampicin penetration through the many
layers of cell membranes and debris that
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create the Mtb/macrophage aggregate
structures, and particularly into the ne-
crotic core of the aggregates.

To test the idea that the Mtb/macro-
phage aggregates could affect drug pene-
tration, we next tested the ability of the
fluoroquinolone moxifloxacin to exert its
anti-Mtb activity in this model. Moxi-
floxacin was reported to penetrate granulomatous lesions more
effectively than rifampicin.'*'> Similar to rifampicin, moxi-
floxacin provides satisfactory activity against persistent Mtb in
in vitro models.>® Differences in the relative ability of these two
antibiotics to act against Mtb derived from macrophage ag-

experiments.
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Fig. 3. Mtb drug sensitivity profiles for rifampicin and other antibiotics in the Mtb/
macrophage aggregate model. Drug susceptibility of Mtb derived from Mtb/macrophage
aggregate cultures (Mtb-aggregate) to (A) rifampicin, (B) moxifloxacin, (C) ciprofloxacin,
(D) streptomycin, (E) gentamicin, (F) cycloserine, and (G) clarithromycin compared to
in vitro broth-grown single-cell Mtb cultures (Mtb-single). All data are represented as
killing curves indicating the % survival as normalized to maximal bacterial growth in the
absence of drugs and expressed as the mean * standard deviation of three independent

gregates or in vitro broth-grown cultures should thus be mostly
attributable to tissue diffusion characteristics. Mtb in the Mtb/
macrophage aggregate cultures indeed exhibited a 4- to 8-fold
relative increase in tolerance to moxifloxacin (Fig. 3B and
Table 3). Similar findings were made for ciprofloxacin, another
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Table 3. MIC90 of Drugs Against Mtb from Mtb/Macrophage
Aggregates and Nonreplicating Latent Mtb Compared

to Active Broth-Grown Mtb

MIC (pg/mL)

Rifampicin 0.125 >1.0 0.5 0.16
Moxifloxacin 0.3 1.2-2.4 0.3-0.6 0.25
Ciprofloxacin 0.5 4 0.5 0.5
Streptomycin 1.2 48 2.4 0.35
Gentamicin 20 20 ND 6.0
Cycloserine 3.75 7.5 ND 15.6
Clarithromycin 20 10 ND 26

3MIC values against in vitro-grown Mtb reported in the literature.*>°

ND, not determined.

fluoroquinolone (Fig. 3C and Table 3). Increased tissue pene-
tration compared to rifampicin could possibly be the result of
different pharmacological properties, with fluoroquinolone
compounds exhibiting moderate lipophilicity and being of
lower molecular weight (~ 300 Da).?’

Streptomycin, a first-line TB drug belonging to the class of
aminoglycoside antibiotics that are known to poorly diffuse
across membranes,*? is relative large (>500Da) and hydro-
philic,?” properties that hinder penetration into the CSF.>®3®
These properties correlated well with the fourfold increase in
MIC to streptomycin for Mtb from aggregate cultures, rela-
tive to in vitro broth-grown single-cell cultures (Fig. 3D and
Table 3). Although aminoglycosides generally exhibit poor
tissue penetration, gentamicin concentrations in the alveolar
lining fluid of patients were found to correlate well with serum
concentrations with a penetration ratio of 0.32.** Consistent
with this physiological finding and not with its chemical
properties, Mtb in Mtb/macrophage aggregate cultures
showed no difference in susceptibility to gentamicin, relative
to in vitro broth-grown Mtb (Fig. 3E and Table 3).

Last, consistent with its reported excellent CSF penetration
properties®® and small size (~ 100 Da), cycloserine sensitivity
was unchanged against Mtb in Mtb/macrophage aggregate
cultures when compared to in vitro broth-grown Mtb (Fig. 3F
and Table 3). Also, susceptibility of Mtb from aggregate cul-
tures to clarithromycin, a macrolide antibiotic, was similar or
even slightly increased relative to in vitro broth-grown Mtb
cultures (Fig. 3G and Table 3), a result that is consistent with
its pharmacokinetic properties that show high tissue con-

PREDICTING ANTI-MTB DRUG EFFICACY

centrations relative to serum concentrations, indicating ef-
fective diffusion into lung tissue and phagocytes.’*** In
summary, these results suggest that the data obtained using
the Mtb/macrophage aggregate model are likely good pre-
dictors of drug efficacy in a physiologically relevant setting
where tissue penetration is critical.

As revealed by Nile Red stains and CFU enumeration
experiments (Fig. 2D, E), the introduced Mtb/macrophage ag-
gregate model produces nonreplicating Mtb that has accumu-
lated large amounts of lipid bodies, features suggestive of a
latent infection phenotype.>! To investigate whether it is pos-
sible to determine the relative contributions of (i) a latent Mtb
infection status®>*® or (ii) the diffusion barrier of the core
structure, to the increased drug tolerance of Mtb observed in the
Mtb/macrophage aggregate model, we determined drug sus-
ceptibility killing curves against nonreplicating latent Mtb cells
generated by the commonly used nutrient starvation method.>*’
In these latent Mtb cultures, tolerance to the four drugs (rifam-
picin, moxifloxacin, ciprofloxacin, streptomycin) that showed
increased MICs against Mtb from Mtb/macrophage aggregates
were relatively unchanged with the exception of rifampicin,
which showed a modest two to fourfold increase compared to
broth-grown Mtb cultures (Fig. 4A-D and Table 3). This result is
consistent with reports of increased rifampicin resistance in
long-term persistent Mtb that show features of latency or non-
replicating phenotype.>?**® Furthermore, this suggests that the
>10-fold increase in the MIC of rifampicin against Mtb from
Mtb/macrophage aggregates is mainly modulated by the altered
drug diffusion properties of the Mtb/macrophage aggregates,
and only to a lesser extent by a latent infection status.

As with most throughput assays, the Mtb/macrophage ag-
gregate model is a simplification and reductionist approach to
an otherwise complex biological system, and thus would not
suffice as a complete granuloma model. However, the following
key features of the Mtb/macrophage aggregate structures: (i) a
highly dense necrotic core containing Mtb with a high content
of intracellular lipid bodies**~®! (Fig. 2E), (ii) the presence of
viable macrophages that harbor intracellular, viable Mtb
(Fig. 2C, D), and (iii) the tight, multilayer envelope of nonin-
fected macrophages surrounding the infected core of the ag-
gregate structure (Fig. 1) were sufficient to produce in vitro
drug efficacy data with very good correlation to reported in vivo
tissue penetration data.'*'>3®*2 Drugs like cycloserine, clari-
thromycin or gentamicin, known to effectively penetrate into
tissues, exhibited no efficacy differences in the Mtb/macro-
phage aggregate model when compared to in vitro broth-grown
Mtb cultures, while the reduced tissue penetration capacity of
rifampicin or moxifloxacin was efficiently predicted by the
Mtb/macrophage aggregate model (Fig. 3A, B).
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Mtb infection models shows its
promise as an alternative method
to quickly and reliably assess
drug efficacy against Mtb during
the early drug development pro-
cess. Importantly, our infection
model is advantageous in (i)
its ability to generate unlimited
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necessary for high-throughput
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saving valuable time and money,
and (iii) does not require high-end
instrumentation compatible with
high-content imaging analysis.
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As such, our alternative model
would address one of the key
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Fig. 4. Drug susceptibility of latent Mtb compared to actively replicating broth-grown cultures.
Drug susceptibility of Mtb from nutrient starvation derived nonreplicating Mtb (Mtb-latent) to (A)
rifampicin, (B) moxifloxacin, (C) ciprofloxacin, and (D) streptomycin compared to active growing
broth-grown single-cell Mtb cultures (Mtb-single). All data are represented as killing curves indi-
cating the % survival as normalized to maximal bacterial growth in the absence of drugs and
expressed as the mean +standard deviation of three independent experiments.

Drug susceptibility of intracellular Mtb differs from in vitro
broth-grown Mtb as it has been shown that increased drug
concentrations are necessary to be effective against intracel-
lular mycobacteria.***® Our data are in strong agreement with
these findings showing that rifampicin, streptomycin, and
fluoroquinolones require higher concentrations to inhibit
growth of intracellular Mtb.*® Our model further demonstrates
that rifampicin has the largest discrepancy in efficacy against
Mtb from Mtb/macrophage aggregates compared to in vitro
broth-grown Mtb, while streptomycin and fluoroquinolones
show smaller differences, all of which are consistent with pre-
viously established drug efficacy testing against intracellular
Mtb.*® This would suggest that our model is indeed reflective of
or even comparable to other intracellular Mtb drug suscepti-
bility infection models. In addition to these valuable and in-
formative high-content screening methods against intracellular
Mtbh,'®">*8 recent development of an in vitro granuloma-based
Mtb drug susceptibility phenotyping confirms that drug con-
centration requirements are altered within granulomas,*® which
further supports findings from our simplified Mtb/macrophage
aggregate model. Therefore, that our model is able to produce
drug efficacy data consistent with several intracellular
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problems in Mtb drug develop-
ment, which is the inefficient
correlation of in vitro drug effi-
cacy of currently used screening
methods’ with in vivo outcomes.
Our data suggest that this dis-
connect would be, in particular, a
problem for the ability of some screening models to predict
drug penetration efficacy of the candidate compounds into the
granulomatous or necrotic tissues at the site of Mtb infection.
The generation of truly authoritative and accurate drug pen-
etration profiles in in vivo lung lesions and granulomas'*~'*
will remain limited to a few laboratories in the world, and due
to specific instrumentation requirements, these methods are
not amenable to throughput analysis early in the drug de-
velopment process. Our model would provide a cost-effective,
rapid, and BSL2-compatible alternative with good predictive
capability for the in vivo ability of antibiotics to penetrate into
key tissues such as the lung or the CSF.?*36-384>
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