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ABSTRACT The Mycobacterium tuberculosis-harboring granuloma with a necrotic
center surrounded by a fibrous capsule is the hallmark of tuberculosis (TB). For a
successful treatment, antibiotics need to penetrate these complex structures to reach
their bacterial targets. Hence, animal models reflecting the pulmonary pathology of
TB patients are of particular importance to improve the preclinical validation of
novel drug candidates. M. tuberculosis-infected interleukin-13-overexpressing (IL-13tg)
mice develop a TB pathology very similar to patients and, in contrast to other mouse
models, also share pathogenetic mechanisms. Accordingly, IL-13tg animals represent
an ideal model for analyzing the penetration of novel anti-TB drugs into various
compartments of necrotic granulomas by matrix-assisted laser desorption/ionization–
mass spectrometry imaging (MALDI-MS imaging). In the present study, we evaluated
the suitability of BALB/c IL-13tg mice for determining the antibiotic distribution
within necrotizing lesions. To this end, we established a workflow based on the inac-
tivation of M. tuberculosis by gamma irradiation while preserving lung tissue integrity
and drug distribution, which is essential for correlating drug penetration with lesion
pathology. MALDI-MS imaging analysis of clofazimine, pyrazinamide, and rifampicin
revealed a drug-specific distribution within different lesion types, including cellular
granulomas, developing in BALB/c wild-type mice, and necrotic granulomas in BALB/c
IL-13tg animals, emphasizing the necessity of preclinical models reflecting human pa-
thology. Most importantly, our study demonstrates that BALB/c IL-13tg mice recapitu-
late the penetration of antibiotics into human lesions. Therefore, our workflow in com-
bination with the IL-13tg mouse model provides an improved and accelerated
evaluation of novel anti-TB drugs and new regimens in the preclinical stage.
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Worldwide, around 10 million people were newly diagnosed with tuberculosis (TB)
in 2019 and around 1.5 million died from this disease (1). The treatment of TB is

becoming more and more challenging due to the increasing development of multi-
drug-resistant (MDR) and extensively drug-resistant (XDR) Mycobacterium tuberculosis
strains, particularly in Eastern Europe, sub-Saharan Africa, and Asia. Hence, only novel
treatment strategies will allow a significant reduction of TB incidence, for both resistant
and drug-sensitive cases, and these strategies demand the discovery of new drugs (2).
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Whereas most other bacterial infections are cured by a monotherapy in a very short
period of time, the treatment of drug-sensitive pulmonary TB with multiple antibiotics
usually takes 6 months (1). This long-lasting multidrug therapy often hampers compli-
ance and adherence to medication instructions, leading to drug failure, reactivation,
and generation of drug-resistant bacteria. One explanation for the long duration of
therapy for TB is the granulomatous lung pathology of this chronic infectious disease
(3). In TB patients, pulmonary lesions develop from initially cellular to necrotizing gran-
ulomas (4–6). The necrotic center is surrounded by a layer of foamy macrophages and
a collagen capsule that walls off the granuloma from the adjoining tissue. In cellular
granulomas, M. tuberculosis mostly resides within macrophages. In necrotic granulo-
mas, however, the center often harbors large numbers of extracellular bacilli. Hence, to
successfully treat pulmonary TB, antibiotics have to breach the fibrous cuff and perme-
ate these complex lesions in order to reach their mycobacterial targets.

However, most anti-TB therapeutics have been introduced into the clinic without
considering the dynamic distribution within granulomas (6). Former studies already
pointed out that the concentrations of the first-line drugs isoniazid, rifampicin (RIF), and
pyrazinamide (PZA) are lower within pulmonary lesions than concentrations in plasma
(3, 7). With its unique combination of molecular and spatial information, matrix-assisted
laser desorption/ionization–mass spectrometry (MALDI-MS) imaging is an ideal tool to
visualize the spatial distribution of antibiotics in lung tissue and necrotic granulomas,
including sublesional compartments. It allows the identification and differentiation of
multiple compounds without radioactive labeling in a single measurement (8, 9). Here, a
laser beam is deployed to scan the matrix-coated tissue section. The molecules are de-
sorbed and ionized in the laser focus, and a mass spectrum is acquired from every spot
of the measurement area. MALDI-MS imaging was successfully used to investigate the
distributions of a number of drug compounds in thin tissue sections (10, 11), and we
have previously developed a MALDI-MS imaging workflow for the detection of anti-TB
drugs in mouse lung tissue (12). MALDI-MS imaging has also been applied to examine
the distributions of various TB antibiotics in pulmonary granulomas of M. tuberculosis-
infected rabbits, such as moxifloxacin, clofazimine (CFZ), PZA, and RIF (13–16), revealing
that the antibiotic distribution is often drug specific and depends on the lesion type.
From these studies, it can be concluded that the concentrations of some anti-TB drugs
in necrotic granulomas are often insufficient (6). Especially, the necrotic lesion center,
which often harbors large numbers of extracellular, slowly replicating or nonreplicating
bacilli, is a compartment that is difficult to reach with drugs. Therefore, bacteria in this
niche are most likely to acquire a “persister” phenotype, with slow metabolism and toler-
ance against high drug concentrations, making effective therapy even more challenging.
As a consequence, insufficient concentrations of some drugs especially in the necrotic
center seem to foster the development of resistance (17). Together, in pharmacokinetic
(PK) and pharmacodynamic (PD) preclinical studies, the complex structure of necrotizing
granulomas in pulmonary TB lesions has to be considered for a comprehensive evalua-
tion of novel and effective antimycobacterial therapeutics.

The standard mouse model, which is mostly used for preclinical anti-TB drug and
regimen evaluation, shows after infection with M. tuberculosis only cellular and not
centrally necrotizing granulomas (18). However, the C3HeB/FeJ substrain of the inbred
mouse strain C3H has been shown to develop necrotic pulmonary lesions after infec-
tion with M. tuberculosis (19). Using a hypothesis-driven approach based on findings
on the pathogenesis of human TB, we have previously developed a different mouse
model also showing human-like granulomatous lesions (18). In human TB, an increased
production of the cytokines interleukin (IL)-4 and IL-13 is associated with lung damage
(20, 21). Since no functional connection between IL-4/IL-13 and the development of
granuloma necrosis in TB patients was available, we previously analyzed the associa-
tion of gene variants in the common receptor subunit IL4RA and disease severity in a
large patient TB cohort. We revealed that a structural variant of IL4RA known to
enhance signal transduction by IL-4/IL-13 was significantly linked to greater cavity size
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(22). Our principal finding that increased IL-4 receptor alpha-mediated signaling is
linked to TB pathogenesis in humans was recently corroborated by a meta-analysis of
the association between IL-4 rs2243250 polymorphism and the likelihood of develop-
ing TB (23). Because IL-4 and IL-13 are hardly expressed after M. tuberculosis infection
in wild-type mice, which do not form centrally necrotizing granulomas, we hypothe-
sized that an increase in IL-13 expression leads to the development of necrotic lesions.
In fact, M. tuberculosis infection of IL-13-overexpressing (IL-13tg) mice results in lesions
strongly resembling the pathology of human TB: central necrosis with a strict stratifica-
tion of a fibrous capsule that separates the necrotizing granuloma from the adjoining
tissue, foamy macrophages, found adjacent to the fibrous rim within the necrotic core,
and dispersed multinucleated giant cells (18, 24, 25).

Hence, as M. tuberculosis-infected IL-13tg mice not only recapitulate human TB pa-
thology but also share pathogenetic mechanisms (22), these animals are an ideal pre-
clinical model for the evaluation of new antimycobacterial drugs and, in particular, for
analyzing the distribution of these therapeutics into sublesional compartments of ne-
crotic granulomas by MALDI-MS imaging. For this purpose, we, at the Research Center
Borstel and the University of Bayreuth, have combined our expertise in experimental
TB, bioanalytical chemistry and MALDI-MS imaging in a preclinical platform of the
Thematic Translational Unit–Tuberculosis (TTU-TB) at the German Center for Infection
Research (DZIF). To validate IL-13tg mice as an appropriate model for determining the
antibiotic distribution within granulomatous lesions, we infected these animals with M.
tuberculosis, treated them with PZA, CFZ, and RIF, antibiotics whose penetration into
the centrally necrotizing granulomas is known (17), and measured the drug distribu-
tion by an optimized MALDI-MS imaging method (12). While the present manuscript
focuses on the validation of the preclinical IL-13tg model and the inactivation of M. tu-
berculosis for subsequent drug detection, we describe in a separate analytical study
the MALDI-MS imaging acquisition and data analysis in further detail (82).

RESULTS
Histopathology in BALB/c IL-13tg mice at the onset of drug therapy. At late time

points after aerosol infection with M. tuberculosis H37Rv, BALB/c IL-13tg mice develop ne-
crotic encapsulated granulomas (18), which are widely observed in human TB. Therefore,
an optimal utilization of this mouse model for the correlation of lesion-specific pathology
and drug penetration measured by MALDI-MS imaging requires sufficient time for ne-
crotic pathology to develop. To assess the formation of granulomas after aerosol infec-
tion, lung tissue sections were histologically examined by 9 weeks postinfection. At this
time point, an extensive pulmonary inflammation with cellular granulomas but also cen-
trally necrotizing granulomas was observed (Fig. 1A). Cellular, inflammatory lesions were
composed primarily of macrophages, lymphocytes, and neutrophils. For centrally necrot-
izing granulomas, a stringent stratification was evident, with an eosinophilic necrotic core
consisting of dead and dying cells that was adjacent to regions of neutrophils (Fig. 1B
and D), surrounded by a rim of foamy macrophages staining less intensely with eosin and
positive for CD68 (Fig. 1D). A fibrous capsule demarcated the necrotic area from the
adjoining tissue (Fig. 1C). Since the development of centrally necrotizing granulomas
resembling the pathology of human TB was confirmed, drug treatment of BALB/c IL-13tg

mice started 9 weeks after aerosol infection.
Workflow for drug detection in lesions of BALB/c IL-13tg mice. To subsequently

validate BALB/c IL-13tg mice as an improved preclinical model for drug penetration stud-
ies into TB lesions, a workflow for sample preparation and analysis that considers safety
regulations and provides drug distribution data had to be established (Fig. 2). To this
end, M. tuberculosis-infected BALB/c IL-13tg mice containing centrally necrotizing granu-
lomas were treated with the drug combination of CFZ, PZA, and RIF, since the penetra-
tion of these drugs into human necrotic granulomas has been previously described by
Prideaux et al. (17). Following therapy for a total of 10 consecutive days, mice were sacri-
ficed and lung tissue was collected for later serial cryosections, whereby all work was
conducted under biosafety level 3 (BSL-3) conditions. Analytical data are generally
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acquired in chemical laboratories (liquid chromatography-tandem MS [LC-MS/MS],
MALDI-MS imaging) operating without biosafety level. Therefore, the inactivation of M.
tuberculosis by gamma irradiation and its confirmation using the mycobacterial growth
indicator tube (MGIT) system (26) were established. Only samples with associated cul-
ture-negative results were further processed. Also, the impact of the identified irradiation
dose on tissue morphology, drug concentration, and drug distribution was investigated.
The analysis of gamma-irradiated serial cryosections finally allowed a correlation of lung
histopathology, drug distribution, and drug quantification.

Inactivation of M. tuberculosis within centrally necrotizing granulomas by
gamma irradiation. Since previous studies applied gamma irradiation for the inactivation
of mycobacteria prior to drug detection by LC-MS/MS or MALDI-MS imaging measure-
ments (7, 13), this method was also used in the present study. In a first approach, frozen
lung tissue biopsy specimens containing granulomatous lesions were exposed to different

FIG 2 Workflow for drug detection in pulmonary lesions of BALB/c IL-13tg mice. Infection of BALB/c IL-13tg mice with M. tuberculosis
H37Rv, drug treatment after necrotizing granulomas have developed, and lung tissue preparation were performed in a BSL-3
laboratory. Inactivation of pulmonary M. tuberculosis by gamma irradiation was confirmed by the MGIT growth system before
consecutive cryosections were processed for subsequent analyses, including histological characterization, drug distribution by
MALDI-MS imaging, and drug quantification by LC-MS/MS (LC-MS/MS image created using Biorender).

FIG 1 BALB/c IL-13tg mice develop a human-like pathology after M. tuberculosis infection. BALB/c IL-
13tg mice were infected with 263 CFU of M. tuberculosis H37Rv via the aerosol route. After 9 weeks,
sections from formalin-fixed and paraffin-embedded lungs were prepared and subjected to
histopathological and immunohistochemical analysis. (A) HE staining revealed multiple lesion types
ranging from cellular (c) to centrally necrotizing granulomas (n). (B) Higher-magnification image of
panel A illustrating the centrally necrotizing granuloma, which is surrounded by a fibrous cuff detected
by trichrome staining (C) and a rim of macrophages detected by CD68 staining (D). Representative
photomicrographs of 4 mice are shown. Scale bars, 500 mm (A), 100 mm (B and C), and 20 mm (D).
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doses of gamma irradiation while frozen on dry ice, as radiation-induced damage of large
molecules in hydrated materials is reduced at low temperatures (27). By applying a fixed
position for the 137Cs irradiation source and a rotation of the samples, an energy dose rate
of 11.2 Gy/min was obtained. Subsequently, irradiated tissue was homogenized and inacti-
vation of M. tuberculosis was evaluated by growth in liquid culture using the MGIT system,
followed by detection of acid-fast bacilli (AFB) and cord formation in cultures. For homoge-
nate generated from tissue that was not irradiated, a mean time to liquid culture positivity
(TTP) of 4 days was determined (Table 1). Gamma irradiation of sample biopsy specimens
with 16.10 or 32.20 kGy reduced the amount of viable M. tuberculosis, and the average
time to positivity was 22 days or 19 days, respectively. However, even irradiation with
48.30 kGy did not completely eliminate M. tuberculosis, and in 2 out of 3 irradiated biopsy
specimens, growth was detected, with a TTP value of 16 or 39 days. Since gamma irradia-
tion of lung tissue biopsy specimens did not completely eradicate M. tuberculosis, in a sec-
ond approach, cryosections were prepared and irradiated. To this end, lung tissue was cut
into 12-mm-thick cryosections, which were mounted onto adhesive microscope slides and
frozen at 280°C. During irradiation, sections were kept frozen on dry ice and a homoge-
nous dose distribution was achieved by selecting an irradiation program with an oscillat-
ing irradiation source combined with a rotation of the specimens, resulting in an energy
dose rate of 4.1 Gy/min. Subsequently, the sections were transferred from the microscope
slides into liquid medium, and growth of M. tuberculosis was monitored using the MGIT
system. For sections that were not irradiated, the mean TTP value was 14 days (Table 2).
Irradiation of cryosections with 0.24 kGy, 0.49 kGy, or 0.98 kGy reduced the amount of via-
ble M. tuberculosis so that a prolonged TTP was observed. After irradiation with 1.95 kGy, 3
out of 4 samples were MGIT negative and negative for AFB and only one sample was still
TTP positive (18 days). Irradiation of cryosections with doses of 5.85 kGy, 11.71 kGy, or
17.56 kGy completely inactivated M. tuberculosis so that all MGIT tubes remained negative
until day 84 of incubation and also no AFB were detected. Consequently, we identified
that 5.85 kGy of gamma irradiation of cryosections is the lowest dose to inactivate M. tu-
berculosis H37Rv within centrally necrotizing granulomas of BALB/c IL-13tg mice.

Effect of irradiation on tissue morphology, drug concentration, and distribution.
In order to investigate if gamma irradiation of cryosections has an effect on tissue mor-
phology, serial cryosections from M. tuberculosis-infected BALB/c IL-13tg mice were pre-
pared, followed by irradiation of every other section with the dose of 5.85 kGy on dry ice,
while the adjacent control sections were processed identically except for the irradiation
procedure (see Fig. S1 in the supplemental material for a detailed description of sample
preparation). Tissue integrity was assessed by histological and immunohistochemical stain-
ing (Fig. 3). Hematoxylin-eosin (HE) staining of irradiated or nonirradiated consecutive sec-
tions revealed no differences regarding the morphology of necrotic (Fig. 3A, n) and cellular
regions of granulomas (Fig. 3A, c) or uninvolved tissue. Also, the fibrous capsule which
demarcates the necrotic granuloma from the adjoining lung tissue was not altered after
irradiation (Fig. 3B). Furthermore, immunohistochemical staining of CD68 showed that

TABLE 1 Inactivation ofM. tuberculosis H37Rv in centrally necrotizing granulomas by gamma
irradiation of lung tissue biopsy specimens fromM. tuberculosis-infected BALB/c IL-13tg micea

Exposed dose (kGy) TTP (days) AFB, cord formationb

None 46 0.5 1
16.10 226 11.0 1
32.20 196 5.4 1
48.30 286 16.2 1
aBALB/c IL-13tg mice were infected with 70 CFU ofM. tuberculosis H37Rv, and at time points later than 100 days
after infection, lung tissue biopsy specimens were prepared. At least 3 biopsy specimens were gamma
irradiated at the indicated doses. The tissue was homogenized after irradiation, and the homogenate was split
into 4 aliquots prior to inoculation of MGIT tubes. Inactivation ofM. tuberculosiswas evaluated by determining
the TTP using the MGIT system, followed by microscopic detection of AFB and cord formation in cultures. TTP
data are the mean6 SD.

b1, positive for AFB and cord formation.

IL-13tg Mice for Preclinical Drug Penetration Studies Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.01588-21 5

https://journals.asm.org/journal/aac
http://dx.doi.org/10.1128/aac.01588-21


detection of CD68-expressing macrophages was similar in irradiated and nonirradiated ad-
jacent cryosections, with macrophages located in cellular regions of granulomas as well as
next to the fibrous rim of necrotizing granulomas (Fig. 3C), demonstrating that irradiation
has no major impact on the integrity of cells such as macrophages.

In addition, the influence of gamma irradiation on the concentration of drugs
within cryosections was investigated. For this purpose, naive BALB/c mice were treated
with the CFZ/PZA/RIF combination for 5 consecutive days, and lung lobes were iso-
lated and cut into 12-mm-thick serial cryosections. Frozen sections were irradiated
(5.85 kGy) on dry ice, while the neighboring control sections were kept on dry ice with-
out irradiation. In all sections, drug concentrations were quantified by LC-MS/MS analy-
sis (see Fig. S1 for a detailed description of sample processing). The effect of gamma
irradiation on the drug concentrations was determined by calculating the recovery
rate for CFZ, PZA, and RIF in those sections that were irradiated in comparison to
neighboring sections that were not irradiated (Fig. 4A). Concentrations of PZA were
similar in cryosections irrespective of irradiation (Table S4), resulting in a mean recov-
ery rate of 101% (standard deviation [SD], 23.17%), while the mean recovery rate of RIF
within irradiated sections was slightly reduced to 94% (SD, 22.89%). Concentrations of
CFZ were lower after irradiation with 5.85 kGy than in nonirradiated samples (Table
S4), so that the mean recovery rate of CFZ was significantly reduced to 68% (SD,
17.63%) in irradiated cryosections. Since the concentration of CFZ was reduced after
irradiation, we next investigated whether the distribution of CFZ is altered due to irra-
diation. To this end, drug distribution was analyzed by MALDI-MS imaging in adjacent
lung cryosections that were either irradiated or not irradiated (see Fig. S1 for a detailed
description of sample processing). Under both conditions, CFZ penetrated homogene-
ously throughout the healthy lung parenchyma and higher intensities were observed
in close proximity to major airways that were distinguished by subsequent HE staining,
demonstrating that irradiation has no impact on the distribution of CFZ (Fig. 4B).

Taking these findings together, we identified that an irradiation dose of 5.85 kGy
eliminates M. tuberculosis within cryosections but affects neither tissue morphology
nor the cellular composition of sections. Furthermore, gamma irradiation has no
obvious impact on the concentrations of PZA and RIF. While the concentration of CFZ
was reduced, the distribution of CFZ was not altered due to irradiation. Consequently,
we successfully established a workflow for M. tuberculosis inactivation while preserving
tissue morphology and staining properties, which are prerequisites for the detection of
drug distribution by MALDI-MS imaging in conjunction with lesion-specific pathology.

TABLE 2 Inactivation ofM. tuberculosis H37Rv in centrally necrotizing granulomas by gamma
irradiation of lung cryosections fromM. tuberculosis-infected BALB/c IL-13tg micea

Exposed dose (kGy) TTP (days) AFB, cord formationb

None 146 1.3 1
0.24 166 0.3 1
0.49 186 1.2 1
0.98 176 1.3 1
1.95 18c 1
5.85d —e —
11.71 — —
17.56 — —
aBALB/c IL-13tg mice were infected with 70 CFU ofM. tuberculosis H37Rv, and at time points later than 100 days
after infection, lung tissue biopsy specimens were isolated for subsequent preparation of cryosections. At least
3 slides, each containing 3 cryosections, were gamma irradiated at the indicated doses. After irradiation,
sections were detached from the glass slides, whereby cryosections of each slide were pooled and
homogenized in sterile water for subsequent inoculation of MGIT tubes. Inactivation ofM. tuberculosiswas
evaluated by determining the TTP using the MGIT system, followed by microscopic detection of AFB and cord
formation in cultures. TTP data are the mean6 SD.

b1, positive for AFB and cord formation.
cIrradiation eliminatedM. tuberculosis in 3 out of 4 samples.
dInactivation ofM. tuberculosiswas confirmed in 3 repeated experiments.
e—, no mycobacterial growth or AFB.
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Drug distribution in centrally necrotizing and cellular lesions. By application of
the established workflow, the impact of lesion heterogeneity on drug penetration was
investigated in BALB/c IL-13tg mice. To this end, therapy started 9 weeks after M. tuber-
culosis infection, mice were treated with the CFZ/PZA/RIF combination for 10 days, and
1 h after the last administration, lung tissue was collected and serial cryosections were
prepared for histological characterization of lesions in combination with MALDI-MS
imaging analysis. Since therapy started after necrotic pathology had developed, large
granulomas consisting of necrotizing centers with karyorrhectic debris (Fig. 5A, n) that
were surrounded by a collagen-rich fibrous layer (Fig. 5B) were readily apparent in
addition to areas with cellular infiltration (Fig. 5A, c). A more detailed characterization
of lesions by a combination of CD68 staining and Ziehl-Neelsen (ZN) staining revealed
a rim of macrophages (Fig. 5C) on the inner side of the fibrotic capsule that were heav-
ily infected with acid-fast rod-shaped M. tuberculosis (Fig. 5G). Besides these intracellu-
lar mycobacteria, high numbers of extracellular AFB were also observed within the ne-
crotic center of granulomas (Fig. 5H to J), and here, even cording of mycobacteria,
which is a characteristic feature of extracellular mycobacteria, was detected (Fig. 5H
and I, red arrows).

MALDI-MS imaging analysis was performed in identical or neighboring cryosections
to correlate the drug distribution with lesion pathology. The first-line drug PZA

FIG 3 Effect of cryosection irradiation on tissue morphology. BALB/c IL-13tg mice were infected with
263 CFU of M. tuberculosis H37Rv, and after 11 weeks, frozen lung tissue biopsy specimens were
prepared and further processed. Serial cryosections were cut, and adjacent sections were either
irradiated or not irradiated. Subsequent histological evaluation by HE (A), trichrome (B), or CD68/ZN (C)
staining revealed cellular granulomas (c) and necrotic granulomas (n) surrounded by a fibrous cuff.
Photomicrographs are representative for two irradiation runs, followed by the respective stainings. Scale
bar, 500 mm.
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(Fig. 5D) exhibited a homogeneous distribution throughout the lung tissue and was
detected within histopathologically normal lung tissue and areas with cellular infiltra-
tion as well as centrally necrotizing granulomas. The first-line drug RIF was present at
high levels in uninvolved lung tissue and cellular areas, while lower signal intensities
were detected within centrally necrotizing granulomas (Fig. 5E). The second-line drug
CFZ was detectable within histopathologically normal lung tissue and in cellular
inflammatory lesions, whereas only low intensities were measured within the core of
large centrally necrotizing granulomas (Fig. 5F). Importantly, after the detection of PZA
and CFZ (Fig. 5D and F) by MALDI-MS imaging, the same cryosection was reutilized for
the histological characterization by CD68/ZN staining (Fig. 5C and G to J), allowing a
direct comparison of drug distributions and target localizations. With this approach,
we could clearly demonstrate that the first-line drug PZA penetrates tissue harboring
intracellular and extracellular mycobacteria, while CFZ intensity is low in the center of
large necrotizing granulomas, which, however, contains an enormous load of extracel-
lular bacilli.

M. tuberculosis-infected BALB/c IL-13tg mice develop heterogeneous pulmonary
granulomas ranging from cellular inflammatory lesions through highly organized
encapsulated granulomas with a cellular core to stratified centrally necrotizing granu-
lomas (Fig. S2). Interestingly, depending on the lesion composition, CFZ abundance

FIG 4 Influence of cryosection irradiation on drug concentrations and distribution. Serial cryosections
were prepared from lungs of CFZ/PZA/RIF-treated, naive BALB/c mice for subsequent irradiation of
every second section. (A) Recovery rates for PZA, RIF, or CFZ were determined in 2 animals (solid
triangle or solid circle). For each mouse, at least 20 consecutive cryosections were prepared for LC-MS/
MS measurements after irradiation of every other section. To determine the drug recovery rates, the
mean concentrations in nonirradiated cryosections were calculated for each drug, which were
subsequently related to the concentrations measured in individual irradiated cryosections (Table S4).
Data for independent irradiation experiments with LC-MS/MS quantification are shown as the mean 6
SD (n = 10 or 11). Statistical analysis was performed by the D’Agostino-Pearson normality test and the
Wilcoxon signed rank test. (B) Influence of gamma irradiation on the distribution of CFZ. HE staining of
an irradiated cryosection is shown on the left, and the nonirradiated adjacent cryosection on the right.
For a direct comparison of the drug distribution in both sections, MALDI-MS imaging of CFZ [M1H]1

(m/z 473.12942) was performed on both sections simultaneously and in one measurement with a pixel
size of 35 mm using DHAP matrix. Scale bar, 1 mm.
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was higher in some cellular, inflammatory lesions (Fig. S2F), appeared to penetrate the
rim of macrophages of smaller granulomas (Fig. S2F, stars), and was also detectable in
the center of a stratified, encapsulated granuloma with a cellular core (Fig. S2A,
encircled granuloma, and Fig. S2F). Regarding the distribution of the first-line drugs,
PZA penetrated all lesion types (Fig. S2D), whereas the detection of RIF (Fig. S2E) was
reduced in centrally necrotizing granulomas, confirming our observations described
above.

While MALDI-MS imaging provides valuable information regarding the distribution
of drugs within specific lesion compartments, absolute quantification of drugs is chal-
lenging. Therefore, drug concentrations within an entire neighboring cryosection were
determined by LC-MS/MS measurements, yielding concentrations of 76 ng/mg for
PZA, 25 ng/mg for CFZ, and 4 ng/mg for RIF.

As most preclinical efficacy studies for anti-TB drugs are performed in BALB/c mice,
the pulmonary drug concentrations and distributions were also analyzed in BALB/c IL-
13tg-negative littermates by applying the same treatment regimen and sample prepa-
ration as that described for BALB/c IL-13tg mice. Again, neighboring cryosections were
used for histological characterization of lesions and determination of drug distributions
and concentrations. The histological evaluation of pulmonary lesions revealed cellular,
inflammatory lesions (Fig. 6A; Fig. S3A) composed predominantly of CD68-positive
macrophages (Fig. 6C; Fig. S3C) with aggregates of lymphocytes interspersed through-
out the lesion. These less-well organized granulomas were not separated by a collagen
rim from the adjoining tissue (Fig. 6B; Fig. S3B) and did not show signs of necrosis. The

FIG 5 Distribution of CFZ, RIF, and PZA in centrally necrotizing granulomas of BALB/c IL-13tg mice. BALB/c IL-13tg mice were
infected with 263 CFU of M. tuberculosis H37Rv. After 9 weeks, animals were treated with CFZ/PZA/RIF for 10 days, and 1 h after
the last administration, lung tissue was collected and serial cryosections were prepared for histological characterization of lesions
and MALDI-MS imaging analysis. Correlation of lesion pathology (A to C; G to J) and drug distribution (D to F) in neighboring
lung cryosections of a BALB/c IL-13tg mouse are shown. (A) HE staining revealed cellular, inflammatory lesions (c) and highly
organized centrally necrotizing granulomas (n), which are surrounded by a rim of macrophages (C) detected by CD68/ZN staining
and encapsulated by a fibrous cuff (B) detected by trichrome staining. (D) Distribution of PZA [M 1 2H]1� (m/z 125.05836), pixel
size of 35 mm, DHB matrix. (E) Distribution of RIF [M-H]2 (m/z 821.39784), pixel size of 35 mm, DHAP matrix. (F) Distribution of
CFZ [M1H]1 (m/z 473.12942), pixel size of 35 mm. (G to J) Higher magnifications of selected regions from panel C (rectangles) for
detection of AFB within the rim of macrophages (G) and the center of necrotic granulomas (H to J). The MALDI-MS imaging
measurements of PZA and CFZ (shifted by 15 mm in x and y direction) and also immunohistochemical CD68/ZN staining were
conducted on the same cryosection. Red arrows indicate cord formation. Scale bars, 1 mm (A to F); 10 mm (G to J).
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drug distribution within these lesions was detected by MALDI-MS imaging in neighbor-
ing cryosections. The two first-line drugs PZA (Fig. 6D; Fig. S3D) and RIF (Fig. 6E; Fig.
S3E) readily distributed in the cellular lesions of BALB/c mice and exhibited a relatively
homogeneous penetration throughout the healthy tissue. Interestingly, CFZ was also
detected throughout the section (Fig. 6F; Fig. S3F), but higher signal intensities were
measured in those areas that correspond to cellular granulomas, which are composed
primarily of large numbers of macrophages. Furthermore, drug concentrations were
measured in neighboring cryosections by LC-MS/MS, resulting in concentrations of
37 ng/mg for PZA, 74 ng/mg for CFZ, and 6 ng/mg for RIF. Hence, with respect to the
investigated drug distribution and concentration, the most striking differences
between necrotizing granulomas and cellular granulomas were observed for CFZ.

DISCUSSION

The histopathologic hallmark of the host response to infection with M. tuberculosis
is the development of the cellular granuloma and its subsequent degeneration and ne-
crosis. While the granuloma is capable of containing and walling off the infecting
pathogen, it also provides a survival niche for mycobacteria in postprimary TB (5, 28,
29). TB patients develop a wide spectrum of pathology, and the progression of disease
results in a complex and dynamic lesion heterogeneity. However, the most prominent
lesion type is the highly stratified necrotic granuloma with a fibrous capsule that sepa-
rates from the adjoining tissue a central region of necrosis in which large numbers of
mycobacteria reside.

In anti-TB therapy, the extent of antibiotic distribution not only depends on the lesion
type but is also drug specific, which was reported in a landmark study by Prideaux et al.
(17). By exploiting MALDI-MS imaging, the authors could demonstrate that the first-line
drug PZA penetrated centrally necrotizing granulomas of TB patients whereas the sec-
ond-line drug CFZ did not diffuse into necrotic foci. Since the penetration of antibiotics
into centrally necrotizing granulomas is one of the driving factors for an effective chemo-
therapy, animal models developing a human-like pathology in conjunction with drug
detection by techniques such as MALDI-MS imaging should be implemented in the pre-
clinical evaluation of novel drugs or regimens.

However, research using M. tuberculosis is inherently complex, as all work must be

FIG 6 Distribution of CFZ, RIF, and PZA in cellular, inflammatory granulomas of BALB/c mice. BALB/c mice were infected with 263
CFU of M. tuberculosis H37Rv. After 9 weeks, animals were treated with CFZ/PZA/RIF for 10 days, and 1 h after the last
administration, lung tissue was collected and serial cryosections were prepared for histological characterization of lesions and
MALDI-MS imaging analysis. Correlation of lesion pathology (A to C) and drug distribution (D to F) in neighboring lung
cryosections of a BALB/c mouse is shown. (A) HE staining revealed cellular, inflammatory lesions mainly consisting of macrophages
detected by CD68/ZN staining (C) and clusters of lymphocytes but lacking a collagen encapsulation (B). (D) Distribution of PZA
[M 1 2H]1� (m/z 125.05836), pixel size of 35 mm, DHB matrix. (E) Distribution of RIF [M-H]2 (m/z 821.39784), pixel size of 35 mm,
DHAP matrix. (F) Distribution of CFZ [M1H]1 (m/z 473.12942), pixel size of 35 mm. The measurements of CFZ and RIF were
conducted on the same cryosection (shifted by 15 mm in x and y direction). Scale bar, 0.5 mm.
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carried out in BSL-3 laboratories. Due to the size and complexity of work conducted in
these facilities, they are usually not equipped with most of the specific scientific instru-
mentation, so that samples must be transferred out of the BSL-3 laboratories and safely
transported to partner sites. This process is challenging because of high biological
safety requirements.

Gamma irradiation was used previously to eliminateM. tuberculosis within rabbit tissue
for subsequent drug detection by MALDI-MS imaging (13, 30, 31). In the present study,
we established a protocol for the inactivation of M. tuberculosis by gamma irradiation in
samples from BALB/c IL-13tg mice because they develop a TB patient-like pulmonary pa-
thology upon M. tuberculosis infection (18, 22). In a first attempt, frozen lung tissue biopsy
specimens containing macroscopically visible lesions were gamma irradiated with dos-
ages ranging from 16.10 to 48.30 kGy without achieving complete inactivation of M. tu-
berculosis. Interestingly, viable mycobacteria were eliminated in pulmonary lesion tissue
obtained from infected rabbits by delivering a dose of 3 megarads (30 kGy) in a 60Co irra-
diator with all three rods in a full-power position (7, 13). Radionuclide irradiators typically
use the isotopes cesium-137 or cobalt-60 to create an irradiation field. While 60Co pro-
duces gamma rays with energies of 1.173 and 1.332 MeV and has a half-life of 5.27 years,
137Cs produces gamma rays with a lower photon energy of 0.662 MeV and has a longer
half-life of 30.17 years. Since the penetration power of gamma rays into tissue (beam
quality) depends on photon energy, a higher-energy photon radiation is more penetrat-
ing and the dose is deposited at increased depths (32). Hence, while the higher beam
quality of 60Co is sufficient to inactivate viable M. tuberculosis throughout rabbit tissue,
the lower photon energy produced by the 137Cs source used in the present study does
not completely penetrate the mouse tissue biopsy specimens, so that viable M. tuberculo-
sis was detected despite high irradiation doses. Therefore, in the next step, the depth of
tissue was reduced by irradiating lung cryosections prepared fromM. tuberculosis-infected
BALB/c IL-13tg mice. A dose of 5.85 kGy was identified as sufficient for the inactivation of
M. tuberculosis H37Rv within cryosections containing encapsulated, centrally necrotizing
granulomas. Importantly, even though we established a highly standardized protocol for
the irradiation procedure, the elimination of M. tuberculosis was always subsequently con-
firmed for every irradiation run by assessing irradiated reference sections in the MGIT
growth system. Also, it is worthy of note that the irradiation dose of 5.85 kGy is appropri-
ate for M. tuberculosis inactivation in cryosections and may differ for other samples, such
as M. tuberculosis grown in liquid broth, different organs collected from infected animals,
or even lung homogenate generated from BALB/c IL-13tg mice.

Gamma rays cause damage to bacteria either directly by inducing DNA single- and dou-
ble-strand breaks or indirectly by interacting with water and producing reactive oxygen
species (33–35). Even though cryosections were irradiated on dry ice to reduce the mobility
of free radicals and minimize adverse side effects, the impact of gamma irradiation on tissue
integrity, drug concentration, and distribution was thoroughly assessed in the present
study. While a massive distortion of the lung tissue architecture after irradiation of decellu-
larized whole mouse lungs was detected by HE staining in a previous study (36), we
observed obvious irradiation-induced alterations neither in healthy tissue, in cellular granu-
lomas, nor in complex structures such as collagen-encapsulated necrotizing granulomas.
Furthermore, radiation-induced damage of collagen was reported by several studies (37),
and radiation doses of 25 kGy or higher were shown to cause significant damage to the col-
lagen polypeptide backbone, whereas less damage was observed at 10 kGy (38). In the
present study, no major alterations of collagen-containing structures such as the fibrous
capsule surrounding necrotizing granulomas were observed after radiation. Moreover, no
irradiation-induced changes regarding the cellular composition as analyzed by CD68
expression of macrophages were detected. Hence, we determined an irradiation dose that
is high enough to eliminate M. tuberculosis while preserving the integrity of lung tissue cry-
osections that contain encapsulated centrally necrotizing granulomas.

With respect to the impact of irradiation on the drug concentration, no major differ-
ences were observed for PZA or RIF. For the lipophilic antibiotic CFZ, a reduction by
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32% was detected, which is probably due to the indirect effect of irradiation, that is,
the production of reactive oxygen species. This observation is in accordance with a
previous study, where CFZ was shown to be prone to degradation under oxidative
stress conditions, resulting in 35.56% CFZ degradation (39). Importantly, regarding the
distribution of CFZ, no irradiation-induced changes were observed by MALDI-MS imag-
ing. Furthermore, as we described elsewhere (82), by applying the identical procedure,
we also observed for the two first-line drugs PZA and RIF similar distributions within
lung cryosections irrespective of irradiation. Even though gamma irradiation was previ-
ously reported for the inactivation of M. tuberculosis for subsequent LC/MS-MS or
MALDI-MS imaging analyses (7, 13, 30, 31), this is the first study to our knowledge that
comprehensively investigated the effect of gamma irradiation on tissue morphology,
including cellular integrity, drug concentration, and drug distribution. Since the con-
centration of 1 out of 3 drugs was significantly altered after irradiation, we suggest
that the impact of radiation should be assessed whenever it is applied during sample
processing.

Taking these findings together, we successfully established a workflow for the inac-
tivation of M. tuberculosis by gamma irradiation without affecting lung tissue integrity
and drug distribution so that biological samples containing bacteria of a high biologi-
cal safety level can be analyzed in conventional laboratories equipped with sophisti-
cated scientific instrumentation.

By applying the workflow for elimination of M. tuberculosis, we determined drug
concentrations in lung cryosections prepared from M. tuberculosis-infected mice
treated with a CFZ/PZA/RIF combination for 10 consecutive days. Lung tissue was col-
lected 1 h after the last administration, because the time to maximum concentration
(Tmax) for PZA within lung tissue was reported to occur 1 h postdose in C3HeB/FeJ
mice, which also develop centrally necrotizing granulomas after M. tuberculosis infec-
tion (40). In whole-lung samples prepared from C3HeB/FeJ mice, a maximum PZA con-
centration of 76.5 ng/mg was determined, which corresponds to the PZA concentra-
tion measured in pulmonary cryosections of BALB/c IL-13tg mice (76 ng/mg). The
pulmonary PZA concentration reported here for BALB/c mice (37 ng/mg) is reduced
compared to the previously published concentration of 122.7 ng/mg, most likely
because we collected lung tissue 1 h after the last dosing, and the Tmax for PZA
occurred at 0.5 h in BALB/c mice (40).

The highly lipophilic second-line drug CFZ has a prolonged half-life and accumu-
lates in tissue so that in naive BALB/c mice a single oral dose (25 mg/kg) resulted in a
pulmonary maximum concentration of drug (Cmax) of 0.76 ng/mg, which increased to
29.98 ng/mg after 4 weeks of administration (41–43). For M. tuberculosis-infected
BALB/c mice, a CFZ concentration of approximately 40 ng/mg was measured in the
lung after 2 weeks of treatment (43). Considering that large variations in pulmonary
CFZ concentration have already been observed in BALB/c mice (44), the herein-
reported drug concentrations within cryosections of M. tuberculosis-infected mice
(25 ng/mg in BALB/c IL-13tg; 74 ng/mg in BALB/c) are in good accordance with previ-
ously published data.

For the first-line drug RIF, blood concentrations ranging from 9.5 to 13.52 mg/mL
were detected in BALB/c or C3HeB/FeJ mice and concentrations in lungs were reported
to mirror those in blood (45–47). The RIF concentrations within lung cryosections
measured in the present study are slightly reduced, with 4 ng/mg for BALB/c and 6 ng/
mg for BALB/c IL-13tg mice. As the RIF concentration peaks in blood around 2 h after
dosing (45, 46) and we collected lung tissue 1 h after the last administration, it is rea-
sonable to assume that a considerable amount of RIF has not yet reached the lung,
explaining lower pulmonary concentrations.

By combining MALDI-MS imaging, which provides a high-resolution mapping of rel-
ative drug intensities, with histopathological analyses, it was demonstrated that the
spatial distribution of anti-TB drugs within human granulomas differs for various lesion
types and is also drug specific. With respect to the broad range of antibiotic
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penetration, PZA, at one end of the spectrum, diffused rapidly into necrotic granulo-
mas, whereas CFZ, at the other end of the spectrum, showed poor penetration into ca-
seous centers of granulomas (17). Therefore, to validate BALB/c IL-13tg mice as a pre-
clinical model for the lesion-specific partitioning of drugs, the distribution of PZA, CFZ,
and RIF was analyzed in lung cryosections by MALDI-MS imaging in conjunction with a
comprehensive characterization of granulomas by histological and immunohistochem-
ical staining.

The small, hydrophilic drug PZA distributed evenly throughout the lung tissue,
including cellular and centrally necrotizing granulomas surrounded by a fibrous cuff.
Consequently, neither the collagen encapsulation nor the absence of prominent vascu-
larity within the necrotic center constitutes a barrier for PZA, so that this first-line drug
reaches not only intracellular M. tuberculosis within foamy macrophages but also the
large number of extracellular bacteria within the necrotic core. Importantly, the PZA
distribution observed in BALB/c IL-13tg mice reflects the penetration pattern reported
for human TB lesions, rabbits, and C3HeB/FeJ mice (15, 17, 40).

Regarding the partitioning of RIF into granulomas by 1 h after the last administra-
tion, a homogeneous distribution into cellular granulomas and uninvolved lung tissue
of BALB/c IL-13tg and littermate controls was observed, whereas the penetration into
the center of necrotic granulomas in BALB/c IL-13tg mice was reduced. The distribution
pattern regarding necrotic lesions is in accordance with the previously described pene-
tration of RIF observed in C3HeB/FeJ mice (48). Furthermore, studies investigating the
partitioning of RIF into rabbit lesions revealed a distribution in uninvolved lung tissue
und cellular lesions but low penetration into necrotic lesions by 2 h after a single dose.
Also following multiple administrations, at 2 h postdosing, only limited RIF penetration
into the caseum was detected, while by 6 h and 12 h postdosing, the drug had fully
penetrated necrotic lesions (16, 31). Notably, in TB patients treated with a single dose
of RIF, only poor drug penetration into necrotic granulomas was observed at different
time points after administration, whereas RIF was shown to accumulate in necrotic foci
under steady-state conditions after administration of 180 dosages (17). In the present
study, mice received only 10 doses of the CFZ/RIF/PZA combination, and the penetra-
tion pattern was analyzed 1 h after the last administration. Since the limited penetra-
tion of RIF into necrotic lesions of BALB/c IL-13tg mice corresponds to the distribution
pattern observed in rabbit and human lesions after a single administration, we assume
for our study that the accumulation of RIF within the lung tissue was not yet at steady-
state conditions to fully penetrate the center of necrotic granulomas of BALB/c IL-13tg

mice. Also, the time point of tissue collection might have been too early for the detec-
tion of RIF within the necrotic core.

The combination of lesion characterization and MALDI-MS imaging demonstrated the
most striking granuloma- and compartment-specific partitioning for the second-line drug
CFZ, which accumulated within cellular granulomas of BALB/c mice but poorly penetrated
bacteria-rich necrotic centers of BALB/c IL-13tg mice. The correlation with immunohisto-
chemical detection of macrophages showed that CFZ accumulates within these immune
cells, which is in line with previous studies reporting that CFZ is sequestered in macro-
phages (49, 50). Interestingly, lesions of BALB/c IL-13tg mice revealed that CFZ also pene-
trated cellular granulomas that were surrounded by a collagen rim, indicating that the
fibrotic wall per se is not a major barrier to drug penetration. Also depending on the granu-
loma composition, CFZ appeared to diffuse into the rim of foamy macrophages that har-
bor intracellular M. tuberculosis and surround the necrotic core of collagen-encapsulated
lesions. However, in the present study, CFZ was imaged at a low spatial resolution (35-mm
pixel size) so that an adequate correlation of immune cells and drug distribution was not
possible. Elsewhere, we revealed, by high-resolution mapping of CFZ in centrally necrotiz-
ing lesions of BALB/c IL-13tg mice in combination with macrophage detection, an accumu-
lation of the drug within the rim of foamy macrophages (82). In striking contrast, CFZ failed
to efficiently diffuse into the necrotic core of granulomas, which, however, is a niche for
extracellular mycobacteria, as demonstrated by acid-fast staining. These observations
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imply that the distribution of CFZ depends on effective vascularization and the presence
of immune cells within the granuloma. Most importantly, the CFZ distribution within
necrotic granulomas of BALB/c IL-13tg mice resembles its penetration observed in
human necrotic lesions, where CFZ showed a clear partitioning between the cellular
rim and the necrotic core of lesions with an accumulation in cellular layers compared
to the necrotic caseum (17). Moreover, the herein-detected distribution patterns for
CFZ, PZA, and RIF within lesions of BALB/c IL-13tg mice were confirmed by another
study conducted by us (82). Remarkably, the CFZ accumulation in cellular granulo-
mas of BALB/c mice and the poor penetration into centrally necrotizing granulomas
developing in BALB/c IL-13tg mice provide an explanation for the striking discrepancy
regarding its efficacy in C3HeB/FeJ and BALB/c mouse strains. While CFZ was highly
effective in BALB/c mice, it was active in C3HeB/FeJ mice only when treatment
started before the formation of centrally necrotizing granulomas, whereas only lim-
ited activity was observed under conditions of necrotic granulomas (51, 52).

Hence, the present study emphasizes that the evaluation of novel anti-TB drugs
and the selection of new regimens should be supported by penetration analyses in ani-
mal models developing a human-like TB pathology to improve the predictive value of
preclinical models, because owing to uneven drug distribution, a spatial and temporal
window of monotherapy which could foster the emergence of drug resistance in
selected niches might occur. By analyzing drug penetration patterns in animal models
with a heterogeneity of TB lesions, new drug combinations can be designed that could
minimize the development of drug resistance and accelerate cure (3). However, cur-
rently, not one animal model fully recapitulates the diversity of lesion types that are
observed in TB patients (6, 53).

Regarding the rabbit model of TB, aerosol-infected outbred New Zealand White rab-
bits develop a spectrum of disease states and progression. The large size of lesions,
including caseous and cavitary granulomas, makes them well suited for studying the
impact of lesion types and sublesional compartments on drug distribution and concen-
tration (7, 54–56). Even though the rabbit model is most appropriate for lesion-centric
pharmacokinetic/pharmacodynamic (PK/PD) analyses, it is too expensive to be a work-
horse for comprehensive preclinical drug efficacy studies, including the assessment of
relapse (57).

The mouse model is the most widely used experimental model in TB drug develop-
ment because of the easy handling and low housing costs of mice. While many commonly
used mouse strains (BALB/c or C57BL/6) contain nonnecrotic cellular granulomas, C3HeB/
FeJ mice are a versatile model, since they develop centrally necrotizing lesions after M. tu-
berculosis infection (19). In this mouse substrain following aerosol M. tuberculosis infection,
three distinct types of lesions can be observed, which are encapsulated caseous necrotic
lesions that closely resemble classical human TB granulomas (type I), rapidly progressive
granulocytic lesions mainly composed of neutrophils (type II), and small cellular inflamma-
tory lesions (type III). However, this heterogeneous distribution of lesion types, their differ-
ential responses to chemotherapy, and most importantly the high percentage of death
(10% to 40%) between weeks 4 and 7 after infection remain major challenges of the
C3HeB/FeJ mouse model of TB (58–60). The advantage of BALB/c IL-13tg mice is that after
M. tuberculosis infection, they develop similar forms of granuloma heterogeneity with con-
sistent and reproducible progression toward centrally necrotizing lesions. A further value
of the BALB/c IL-13tg mouse model is that the distribution of drugs within necrotic lesions
and drug efficacy studies can be conducted in the same experimental model of TB (18,
22). Additionally, the BALB/c genetic background allows for a direct comparison of drug
distributions and efficacies between BALB/c IL-13tg mice and the standard BALB/c mouse
model.

While postprimary TB with centrally necrotizing pulmonary granulomas makes up a
substantial proportion of TB patients to be treated with antibiotics, there is a not an insig-
nificant number of immunocompromised M. tuberculosis-infected individuals. HIV/AIDS
and the treatment of patients suffering from autoimmune inflammatory diseases, such as
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rheumatoid arthritis or Crohn`s disease, with tumor necrosis factor (TNF) antagonists are
associated with an increased risk of reactivating TB (61–64). These patients require immedi-
ate treatment, but their granulomatous lesions may have a histopathological appearance
different from that of centrally necrotizing granulomas in postprimary TB and thus also dif-
ferent properties regarding the penetration of antibiotics. Therefore, it is important to also
evaluate the drug distribution in animal models reflecting immunocompromised TB
patients coinfected with HIV or under treatment with TNF antagonists in comparison to
the penetration into highly stratified centrally necrotizing granulomas of BALB/c IL-13tg

mice as analyzed in the present study. In T cell-depleted or in inbred A/J mice (65, 66), in-
terstitial inflammation, confluent granuloma necrosis, neutrophilia, and disseminated AFB
represent the pathogenesis in HIV- and TB-coinfected patients and, thus, may provide val-
uable models to analyze drug penetration under this specific clinical condition of TB. In
mice lacking TNF or its receptor TNFp55, granulomas with confluent necrosis can be
detected early after M. tuberculosis infection. These lesions are characterized by a loosely
organized structure with exacerbated neutrophil and mononuclear inflammation and con-
fluent necrosis containing an overwhelming amount of AFB (67–69). Also, M. tuberculosis-
infected mice expressing the human ortholog instead of the murine TNF and treated with
the clinically used TNF antagonists infliximab, adalimumab, or etanercept develop large,
diffuse granulomas with disorganized cellular infiltrations and necrotic areas harboring
high numbers of AFB (70). These data demonstrate that TNF is critical to maintain granu-
loma integrity. Furthermore, by exploiting a low-dose aerosol model of latent infection, a
spontaneous and uncontrolled reactivation was observed in TNF-deficient mice, which
emphasizes the relevance of TNF in containing M. tuberculosis infection (71). Hence, TNF
depletion in M. tuberculosis-infected mice represents an additional model to investigate
drug distribution by MALDI-MS imaging to mimic reactivation of TB in latently infected
individuals under anti-inflammatory treatment.

In summary, we here present a general workflow for M. tuberculosis inactivation in
lung cryosections containing centrally necrotizing granulomas, allowing in-depth stud-
ies of drug distribution and drug quantification. Overall, we propose that BALB/c IL-
13tg mice are an advanced preclinical model for the improved evaluation of novel
drugs and new regimens, since the drug distribution within necrotic granulomas of
these animals recapitulates their penetration in human lesions, as demonstrated by
the partitioning of PZA and CFZ, both representing one end of the broad drug distribu-
tion spectrum observed in human TB granulomas. Importantly, by supporting the
selection of new drug combinations with lesion distribution studies in animal models
developing a human-like pathology, multidrug coverage in sublesional compartments
can be ensured, which reduces the occurrence of potential monotherapy and develop-
ment of drug resistance.

MATERIALS ANDMETHODS
Mice. IL-13tg mice expressing murine il13 under the control of the human CD2 locus control region

(72) [Tg(CD4-Il13)431Anjm] backcrossed to the BALB/c genetic background and littermates negative for
the IL-13 transgene were bred under specific-pathogen-free conditions at the Christian-Albrechts-
University of Kiel (Kiel, Germany) or the Max-Planck-Institute for Evolutionary Anthropology (Leipzig,
Germany). M. tuberculosis-infected mice were maintained in individually ventilated cages (IVC; Ebeco,
Castrop-Rauxel, Germany) under BSL-3 conditions at the Research Center Borstel. Female BALB/c mice
(Charles River Laboratories) receiving only drug treatment were housed under standard conditions at
the Research Center Borstel.

Bacteria and drugs.M. tuberculosis H37Rv was grown in Middlebrook 7H9 broth (Difco, Detroit, MI, USA)
supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC; Life Technologies, Gaithersburg, MD,
USA), 0.05% Tween 80, and 0.2% glycerol (VWR International GmbH, Darmstadt, Germany). Mid-exponential-
phase cultures were harvested, aliquoted, and frozen at 280°C. After thawing, the bacterial suspension was
drawn through a nonpyrogenic needle (Microlance3; BD, Drogheda, Ireland) to ensure proper dispersion of
mycobacteria prior to aerosol infection. PZA, CFZ, and RIF were purchased from Sigma-Aldrich (Taufkirchen,
Germany). RIF was ground to a small particle size before sterile water was added (73). PZA was dissolved in
sterile water and incubated at 55°C until particles were dissolved. CFZ was prepared by grinding with a mortar
and pestle and added to 0.05% (wt/vol) agarose dissolved in sterile water (51). Concentrated stocks of individ-
ual drugs were kept at 4°C and combined on the day of application. PZA solutions, if particulate, were heated
to 55°C before combination. Daily drug dosages of 150 mg/kg for PZA, 25 mg/kg for CFZ, and 10 mg/kg for
RIF were chosen to achieve human-equivalent doses (44).
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Aerosol infection and drug treatment. Mice were exposed to a low- or intermediate-dose aerosol
infection with the M. tuberculosis H37Rv strain in a Glas-Col aerosol chamber, as previously described (74).
Inoculum size was confirmed 24 h after infection by determining the bacterial burden in the lung.
Treatment was initiated 9 weeks after infection, and the CFZ/PZA/RIF drug combination was administered
by oral gavage for 10 consecutive days. At 1 h after the last administration, the mice were euthanized by
CO2 inhalation, lungs were aseptically removed, and lung tissue containing macroscopically visible lesions
was snap-frozen in liquid nitrogen. BALB/c mice receiving only therapy without prior infection were
treated with the CFZ/PZA/RIF combination by oral gavage for 5 consecutive days. Mice were sacrificed 0.5
h or 1 h after the last administration, and individual lung lobes were isolated and snap-frozen in liquid
nitrogen. All animal experimentation was in accordance with the German Animal Protection Law and was
approved by the animal research ethics committee of the federal state of Schleswig-Holstein (Germany)
prior to permission by the Ministry of Energy, Agriculture, the Environment, Nature and Digitalization (Kiel,
Germany; permit no. 3-1/15 and 69-6/16).

Tissue cryosectioning. Serial cryosections (12 to 14 mm) were cut from unembedded lung tissue at
225°C using a Leica CM1850 or CM3050s cryostat (Leica Microsystems, Wetzlar, Germany) and thaw
mounted onto adhesive glass slides (SuperFrost) as described by Treu et al. (12). Sections were stored at
280°C until further processing.

Gamma irradiation for inactivation of M. tuberculosis. Further analysis of M. tuberculosis-contain-
ing samples required transfer to laboratories operating without biosafety level so that the inactivation of
H37Rv by gamma irradiation had to be established. To this end, either lung tissue biopsy specimens or
pulmonary cryosections frozen on dry ice were put into the irradiation chamber of a Biobeam 8000
(Gamma-Service Medical GmbH, Leipzig, Germany). The instrument is equipped with a 137Cs gamma ray
source (gamma energy = 0.662 MeV) with a half-life of 30.17 years and an activity of 81.21 TBq.
Radiation doses were measured using alanine dosimetry. Elimination of M. tuberculosis was assessed by
incubating the irradiated samples for at least 6 weeks in MGIT tubes (Becton, Dickinson GmbH, Heidelberg,
Germany) at the National Reference Center for Mycobacteria at the Research Center Borstel. The MGIT con-
tain 7 mL of modified Middlebrook 7H9 broth base for the cultivation of almost all mycobacteria, including
M. tuberculosis. The complete medium contains OADC enrichment to optimize the growth of mycobacteria.
Any positive sample was examined for AFB and cord formation.

Histology and immunohistochemistry. To examine the development of centrally necrotizing gran-
ulomas, BALB/c IL-13tg mice were sacrificed 9 weeks after infection, lung lobes were fixed in 4% forma-
lin–phosphate-buffered saline (PBS), set in paraffin blocks, and sectioned (2 to 3 mm). Lung cryosections
prepared from drug-treated BALB/c, BALB/c IL-13tg, or BALB/c IL-13tg-negative littermates were fixed in
paraformaldehyde (PFA; 4% in PBS) (Morphisto, Frankfurt, Germany) or methanol. If MALDI-MS imaging
analyses were performed prior to the immunohistochemical staining, the matrix was removed from the
surface of the cryosection by gentle shaking in methanol. Standard protocols for HE and Heidenhain’s
azan trichrome staining were used for histopathological analyses of paraffin-embedded sections or cryo-
sections. For immunostaining, formalin-fixed and paraffin-embedded samples were deparaffinized, rehy-
drated, and subjected to a heat-induced epitope retrieval in the presence of 10 mM citric acid (pH 6.0).
After cooling, slides were washed with TBS (50 mM Tris saline buffer, pH 7.6), and endogenous peroxi-
dase activity was blocked by incubation with 3% H2O2 for 10 min. Following washing, sections were
incubated in antibody diluent (Zytomed Systems GmbH, Berlin, Germany) containing a primary antibody
specific for CD68 (ab125212; Abcam, Cambridge, UK) at room temperature with gentle agitation. After
washing, a horseradish peroxidase (HRP)-conjugated polymer-based detection system (ZytoChem-Plus
kit anti-rabbit; Zytomed Systems GmbH, Berlin, Germany) was used, followed by visualization with the
chromogen 3-amino-9-ethylcarbazole (AEC; Permanent AEC kit; Zytomed Systems GmbH, Berlin,
Germany), both according to the manufacturer’s instructions. Sections were counterstained with Gill’s
hematoxylin, dehydrated, and coverslipped with Pertex (Medite, Burgdorf, Germany) mounting medium.
To visualize M. tuberculosis and CD68 in the same lung section, fixed cryosections were stained for AFB
using a ZN carbol-fuchsin solution (Merck, Darmstadt, Germany). After washing, endogenous peroxi-
dases and biotin were blocked, followed by incubation with primary antibody against CD68 (ab125212
or ab53444, clone FA-11; Abcam, Cambridge, UK). For detection, biotinylated goat anti-rabbit antibody
(Jackson Immunoresearch, Suffolk, UK) or biotinylated rabbit anti-rat IgG (Vector Laboratories,
Burlingame, CA, USA), followed by the Vectastain Elite ABC peroxidase kit (Vector Laboratories,
Burlingame, CA, USA), was used. Peroxidase was revealed by StayYellow/HRP (Abcam, Cambridge, UK) as
the chromogen, and sections were counterstained with methylene blue (Merck, Darmstadt, Germany).
Slides were imaged using a BX41 light microscope (Olympus, Hamburg, Germany) and NIS-Elements
software (Nikon, Badhoevedorp, The Netherlands). For whole sections, images were stitched with Image
Composite Editor (Microsoft, Redmond, WA, USA).

MALDI-MS imaging analysis. Lung cryosections were shipped frozen from the Research Center
Borstel to the University of Bayreuth for MALDI-MS imaging analysis and stored at280°C. Tissue sections
were transferred into a desiccator for 10 min prior to matrix application by using a semiautomatic pneu-
matic sprayer system. Matrix solutions were prepared as follows: 2,5-dihydroxybenzoic acid (DHB),
20 mg/mL (Sigma-Aldrich, Taufkirchen, Germany), or 2,6-dihydroxyacetophenone (DHAP) (Sigma-
Aldrich, Taufkirchen, Germany), 10 mg/mL, in methanol (MeOH)-H2O (1:1, vol/vol). DHB was acidified
with 0.1% (vol/vol) trifluoroacetic acid. MALDI-MS imaging measurements were performed using an AP-
SMALDI10 source (TransMIT GmbH, Gießen, Germany) equipped with a 337-nm (l) N2 laser operating at
a repetition rate of 60 Hz, coupled to a Q Exactive HF (Thermo Fisher Scientific GmbH, Bremen,
Germany) orbital trapping mass spectrometer (75, 76). Measurements were carried out in positive and
negative ion modes with one scanning event and 30 shots per pixel at a mass resolution of 240,000 at
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m/z 200 full width at half maximum. All measurements were performed with a fixed C-trap injection
time of 500 ms. Matrix clusters of known sum formula (77) and the deprotonated molecule of phosphati-
dylserine (38:4) (C44H77NO10P

2) were used for internal mass calibration. Conversion of proprietary
Thermo RAW files to the open data format imzML (78) was performed using the Java-based open access
software jimzMLConverter version 1.3 (79). Data visualization was performed using MSiReader version
1.0 (80) with a bin width of62.5 ppm. Extracted ion images were interpolated using the linear interpola-
tion setting 2. Mass-to-charge ratios of drug compounds are given as the calculated theoretical mass.
Mass measurement accuracies are given as the root mean square error (RMSE) of the dm/z values in
parts per million of each individual spectrum containing the targeted ion within a 62.5 ppm window of
the theoretical mass in Table S1 in the supplemental material. Compound identification was based on
accurate mass. To confirm the identification of the drugs, lung sections of BALB/c IL-13tg mice, which
were not dosed with the drug combination (CFZ/PZA/RIF), were analyzed as negative control samples as
we described elsewhere (82).

Extraction procedure for lung cryosections. Prior to preparation for LC-MS/MS measurements, cry-
osections were photographed to determine the area of the sections using Fiji ImageJ software. Based on
the known thickness of the cryosections and by assuming a density of 1 g/cm3, the weights of the cryo-
sections were estimated. To measure the drug concentration, the sections were detached from the glass
slides by suspending them in sterile water and subsequently dried using a SpeedVac. Afterwards, sam-
ples were reconstituted with 25 mL LC-MS-grade water, 200 mL acetonitrile (ACN) containing 12.5 ng/mL
reserpine, and 25 mL 1% formic acid (FA). Samples were incubated at room temperature for 10 min
under constant shaking and afterwards centrifuged for 10 min at 15,000 � g at room temperature.
Approximately 200 mL of the resulting supernatant was transferred to a 1.5-mL Eppendorf tube and
recentrifuged under the same conditions. Afterwards, 50 mL supernatant was transferred in a vial (three
aliquots per sample), and the injection volume was 5 mL for the LC-MS/MS analysis.

Extraction procedure for lung homogenates. Lung homogenate samples from untreated mice,
prepared as previously described (81), were dried in a SpeedVac and subsequently reconstituted in 100
mL LC-MS-grade water, 800mL ACN, and 100mL 1% FA. The mixture was incubated at room temperature
for 10 min under constant shaking, before the samples were centrifuged for 10 min at 15,000 � g. The
resulting supernatant, approximately 700 mL, was collected in a separate tube and centrifuged under
the same conditions to avoid floating particles. As a reference for the quantification, reserpine solution
(12.5 ng/mL in ACN) was added to all samples. Calibration standards were prepared by diluting stock sol-
utions in lung tissue homogenate from naive mice with individual standard curve ranges of 0.001 to
0.25 mg/mL for CFZ, 0.001 to 1mg/mL for PZA, and 0.0025 to 0.1 mg/mL for RIF.

Quantitation of antibiotics by LC-MS/MS. LC-MS/MS analysis was performed using a Waters
Micromass Quattro Premier XE triple-quadrupole mass spectrometer (Waters Corporation, Milford, MA,
USA) coupled to an 1100 series high-performance liquid chromatography (HPLC) system (Agilent
Technologies, Santa Clara, CA, USA) using electrospray ionization (ESI). Samples were kept at 4°C in
the autosampler during batch acquisitions.

For LC separation, a SeQuant ZIC-HILIC column (Merck Millipore SeQuant; 2.1-mm inner diameter by
150-mm length with a 5-mm particle size and a pore size of 200 Å) at a column temperature of 30°C was
used. One percent FA (solvent A) and ACN (solvent B) were used as the mobile phase. The gradient
started at 90% B at a flow rate of 0.5 mL/min. After 1 min of isocratic conditions, the percentage of ACN
was decreased to 2% B until minute four. At minute four, the flow rate was increased to 0.8 mL/min. The
gradient was kept isocratic at 2% B with a flow rate of 0.8 mL/min for 6 min until minute 10. Afterwards,
the percentage of ACN was reincreased to 90% B until minute 15 and the flow rate was redecreased to
0.5 mL/min after minute 19. The conditions were maintained for 1 min, so that the total run time was 20
min (Table S2).

Multiple reaction monitoring (MRM) was used to quantify all analytes, and the corresponding transi-
tions are listed in Table S3. Electrospray ionization in the positive ion mode was utilized with the follow-
ing source parameters. The cone gas flow and desolvation gas flow were set to 100 L/h and 800 L/h,
respectively. The extractor voltage was 3.0 V. The capillary voltage was set to 3.0 kV, the source tempera-
ture to 90°C, and the desolvation gas temperature to 450°C. MassLynx 4.1 (Waters Corporation, Milford,
MA, USA) was used for operating the platform, and TargetLynx was used for data analysis. Quantitation
was based on external calibration using untreated murine lung tissue in reference to reserpine.

Statistical analysis. If applicable, statistical analysis was performed using Prism 8 (GraphPad
Software, San Diego, CA, USA). Quantifiable data are expressed as the means of individual determina-
tions and standard deviations (SD). For determining the recovery rates after irradiation for PZA, CFZ, or
RIF, nonirradiated and irradiated cryosections were compared using the Wilcoxon signed rank test.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.8 MB.

ACKNOWLEDGMENTS
This work was supported by the German Center for Infection Research (DZIF) TTU

02.705, 02.709, 02.710, 02.806, 02.810, 02.813, and 02.814.
We acknowledge Anja Walter and Marion Schuldt for laboratory maintenance and

Ilka Monath, Christine Keller, Sarah Vieten, and Gerhard Schultheiß for organizing the

IL-13tg Mice for Preclinical Drug Penetration Studies Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.01588-21 17

https://journals.asm.org/journal/aac
http://dx.doi.org/10.1128/aac.01588-21


animal facilities in Borstel and Kiel. We thank Alexandra Hölscher for expert technical
assistance in animal experimentation and are grateful to Johanna Volz, Sebastian
Marwitz, and Torsten Goldmann for histotechnical and immunohistochemical expertise.
We also thank Norbert Heinrich and Julia Dreisbach for many fruitful discussions.

REFERENCES
1. WHO. 2020. Global tuberculosis report—2020. WHO, Geneva, Switzerland.
2. Wallis RS, Maeurer M, Mwaba P, Chakaya J, Rustomjee R, Migliori GB,

Marais B, Schito M, Churchyard G, Swaminathan S, Hoelscher M, Zumla A.
2016. Tuberculosis—advances in development of new drugs, treatment
regimens, host-directed therapies, and biomarkers. Lancet Infect Dis 16:
e34-46. https://doi.org/10.1016/S1473-3099(16)00070-0.

3. Dartois V. 2014. The path of anti-tuberculosis drugs: from blood to lesions
to mycobacterial cells. Nat Rev Microbiol 12:159–167. https://doi.org/10
.1038/nrmicro3200.

4. Ehlers S, Hölscher C. 2005. DTH-associated pathology, p 705–720. In
Kaufmann SH (ed), Microbiology and microbial infections. Arnold Publish-
ing, London, United Kingdom.

5. Ehlers S, Schaible UE. 2012. The granuloma in tuberculosis: dynamics of a
host-pathogen collusion. Front Immunol 3:411. https://doi.org/10.3389/
fimmu.2012.00411.

6. Lenaerts A, Barry CE, III, Dartois V. 2015. Heterogeneity in tuberculosis pa-
thology, microenvironments and therapeutic responses. Immunol Rev
264:288–307. https://doi.org/10.1111/imr.12252.

7. Kjellsson MC, Via LE, Goh A, Weiner D, Low KM, Kern S, Pillai G, Barry CE,
III, Dartois V. 2012. Pharmacokinetic evaluation of the penetration of anti-
tuberculosis agents in rabbit pulmonary lesions. Antimicrob Agents Che-
mother 56:446–457. https://doi.org/10.1128/AAC.05208-11.

8. Spengler B. 2015. Mass spectrometry imaging of biomolecular informa-
tion. Anal Chem 87:64–82. https://doi.org/10.1021/ac504543v.

9. Römpp A, Spengler B. 2013. Mass spectrometry imaging with high resolu-
tion in mass and space. Histochem Cell Biol 139:759–783. https://doi.org/
10.1007/s00418-013-1097-6.

10. Römpp A, Guenther S, Takats Z, Spengler B. 2011. Mass spectrometry
imaging with high resolution in mass and space (HR(2) MSI) for reliable
investigation of drug compound distributions on the cellular level. Anal
Bioanal Chem 401:65–73. https://doi.org/10.1007/s00216-011-4990-7.

11. Schulz S, Becker M, Groseclose MR, Schadt S, Hopf C. 2019. Advanced
MALDI mass spectrometry imaging in pharmaceutical research and drug
development. Curr Opin Biotechnol 55:51–59. https://doi.org/10.1016/j
.copbio.2018.08.003.

12. Treu A, Kokesch-Himmelreich J, Walter K, Hölscher C, Römpp A. 2020.
Integrating high-resolution MALDI imaging into the development pipe-
line of anti-tuberculosis drugs. J Am Soc Mass Spectrom 31:2277–2286.
https://doi.org/10.1021/jasms.0c00235.

13. Prideaux B, Dartois V, Staab D, Weiner DM, Goh A, Via LE, Barry CE, III,
Stoeckli M. 2011. High-sensitivity MALDI-MRM-MS imaging of moxifloxa-
cin distribution in tuberculosis-infected rabbit lungs and granulomatous
lesions. Anal Chem 83:2112–2118. https://doi.org/10.1021/ac1029049.

14. Sarathy JP, Zuccotto F, Hsinpin H, Sandberg L, Via LE, Marriner GA,
Masquelin T, Wyatt P, Ray P, Dartois V. 2016. Prediction of drug penetra-
tion in tuberculosis lesions. ACS Infect Dis 2:552–563. https://doi.org/10
.1021/acsinfecdis.6b00051.

15. Blanc L, Sarathy JP, Alvarez Cabrera N, O'Brien P, Dias-Freedman I, Mina M,
Sacchettini J, Savic RM, Gengenbacher M, Podell BK, Prideaux B, Ioerger T,
Dick T, Dartois V. 2018. Impact of immunopathology on the antitubercu-
lous activity of pyrazinamide. J Exp Med 215:1975–1986. https://doi.org/10
.1084/jem.20180518.

16. Rifat D, Prideaux B, Savic RM, Urbanowski ME, Parsons TL, Luna B,
Marzinke MA, Ordonez AA, DeMarco VP, Jain SK, Dartois V, Bishai WR,
Dooley KE. 2018. Pharmacokinetics of rifapentine and rifampin in a rabbit
model of tuberculosis and correlation with clinical trial data. Sci Transl
Med 10:eaai7786. https://doi.org/10.1126/scitranslmed.aai7786.

17. Prideaux B, Via LE, Zimmerman MD, Eum S, Sarathy J, O'Brien P, Chen C,
Kaya F, Weiner DM, Chen PY, Song T, Lee M, Shim TS, Cho JS, Kim W, Cho
SN, Olivier KN, Barry CE, III, Dartois V. 2015. The association between steri-
lizing activity and drug distribution into tuberculosis lesions. Nat Med 21:
1223–1227. https://doi.org/10.1038/nm.3937.

18. Heitmann L, Abad Dar M, Schreiber T, Erdmann H, Behrends J, McKenzie AN,
Brombacher F, Ehlers S, Holscher C. 2014. The IL-13/IL-4Ralpha axis is

involved in tuberculosis-associated pathology. J Pathol 234:338–350. https://
doi.org/10.1002/path.4399.

19. Pichugin AV, Yan BS, Sloutsky A, Kobzik L, Kramnik I. 2009. Dominant role
of the sst1 locus in pathogenesis of necrotizing lung granulomas during
chronic tuberculosis infection and reactivation in genetically resistant
hosts. Am J Pathol 174:2190–2201. https://doi.org/10.2353/ajpath.2009
.081075.

20. Rook GA. 2007. Th2 cytokines in susceptibility to tuberculosis. Curr Mol
Med 7:327–337. https://doi.org/10.2174/156652407780598557.

21. van Crevel R, Karyadi E, Preyers F, Leenders M, Kullberg BJ, Nelwan RH,
van der Meer JW. 2000. Increased production of interleukin 4 by CD41
and CD81 T cells from patients with tuberculosis is related to the pres-
ence of pulmonary cavities. J Infect Dis 181:1194–1197. https://doi.org/10
.1086/315325.

22. Holscher C, Heitmann L, Owusu-Dabo E, Horstmann RD, Meyer CG, Ehlers
S, Thye T. 2016. A mutation in IL4RA is associated with the degree of pa-
thology in human TB patients. Mediators Inflamm 2016:4245028. https://
doi.org/10.1155/2016/4245028.

23. Liu Q, Li W, Chen Y. 2021. Association of IL-4 rs2243250 polymorphism
with susceptibility to tuberculosis: a meta-analysis involving 6794 sub-
jects. Microb Pathog 158:104959. https://doi.org/10.1016/j.micpath.2021
.104959.

24. Lösslein AK, Lohrmann F, Scheuermann L, Gharun K, Neuber J, Kolter J,
Forde AJ, Kleimeyer C, Poh YY, Mack M, Triantafyllopoulou A, Dunlap MD,
Khader SA, Seidl M, Hölscher A, Hölscher C, Guan XL, Dorhoi A, Henneke
P. 2021. Monocyte progenitors give rise to multinucleated giant cells. Nat
Commun 12:2027. https://doi.org/10.1038/s41467-021-22103-5.

25. Herrtwich L, Nanda I, Evangelou K, Nikolova T, Horn V, Sagar Erny D,
Stefanowski J, Rogell L, Klein C, Gharun K, Follo M, Seidl M, Kremer B,
Munke N, Senges J, Fliegauf M, Aschman T, Pfeifer D, Sarrazin S, Sieweke
MH, Wagner D, Dierks C, Haaf T, Ness T, Zaiss MM, Voll RE, Deshmukh SD,
Prinz M, Goldmann T, Holscher C, Hauser AE, Lopez-Contreras AJ, Grun D,
Gorgoulis V, Diefenbach A, Henneke P, Triantafyllopoulou A. 2016. DNA
damage signaling instructs polyploid macrophage fate in granulomas.
Cell 167:1264–1280.e18. https://doi.org/10.1016/j.cell.2016.09.054.

26. Hillemann D, Richter E, Rüsch-Gerdes S. 2006. Use of the BACTEC Myco-
bacteria Growth Indicator Tube 960 automated system for recovery of
Mycobacteria from 9,558 extrapulmonary specimens, including urine
samples. J Clin Microbiol 44:4014–4017. https://doi.org/10.1128/JCM
.00829-06.

27. Glaeser RM, Taylor KA. 1978. Radiation damage relative to transmission
electron microscopy of biological specimens at low temperature: a
review. J Microsc 112:127–138. https://doi.org/10.1111/j.1365-2818.1978
.tb01160.x.

28. Gengenbacher M, Kaufmann SH. 2012. Mycobacterium tuberculosis: suc-
cess through dormancy. FEMS Microbiol Rev 36:514–532. https://doi.org/
10.1111/j.1574-6976.2012.00331.x.

29. Cadena AM, Fortune SM, Flynn JL. 2017. Heterogeneity in tuberculosis.
Nat Rev Immunol 17:691–702. https://doi.org/10.1038/nri.2017.69.

30. Zimmerman M, Lestner J, Prideaux B, O'Brien P, Dias-Freedman I, Chen C,
Dietzold J, Daudelin I, Kaya F, Blanc L, Chen PY, Park S, Salgame P, Sarathy
J, Dartois V. 2017. Ethambutol partitioning in tuberculous pulmonary
lesions explains its clinical efficacy. Antimicrob Agents Chemother 61:
e00924-17. https://doi.org/10.1128/AAC.00924-17.

31. Blanc L, Lenaerts A, Dartois V, Prideaux B. 2018. Visualization of mycobac-
terial biomarkers and tuberculosis drugs in infected tissue by MALDI-MS
imaging. Anal Chem 90:6275–6282. https://doi.org/10.1021/acs.analchem
.8b00985.

32. Yoshizumi T, Brady SL, Robbins ME, Bourland JD. 2011. Specific issues in
small animal dosimetry and irradiator calibration. Int J Radiat Biol 87:
1001–1010. https://doi.org/10.3109/09553002.2011.556178.

33. Bonura T, Youngs DA, Smith KC. 1975. R.b.e. of 50 k Vp x-rays and 660 keV
gamma-rays (137 Cs) with respect to the production of DNA damage,

IL-13tg Mice for Preclinical Drug Penetration Studies Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.01588-21 18

https://doi.org/10.1016/S1473-3099(16)00070-0
https://doi.org/10.1038/nrmicro3200
https://doi.org/10.1038/nrmicro3200
https://doi.org/10.3389/fimmu.2012.00411
https://doi.org/10.3389/fimmu.2012.00411
https://doi.org/10.1111/imr.12252
https://doi.org/10.1128/AAC.05208-11
https://doi.org/10.1021/ac504543v
https://doi.org/10.1007/s00418-013-1097-6
https://doi.org/10.1007/s00418-013-1097-6
https://doi.org/10.1007/s00216-011-4990-7
https://doi.org/10.1016/j.copbio.2018.08.003
https://doi.org/10.1016/j.copbio.2018.08.003
https://doi.org/10.1021/jasms.0c00235
https://doi.org/10.1021/ac1029049
https://doi.org/10.1021/acsinfecdis.6b00051
https://doi.org/10.1021/acsinfecdis.6b00051
https://doi.org/10.1084/jem.20180518
https://doi.org/10.1084/jem.20180518
https://doi.org/10.1126/scitranslmed.aai7786
https://doi.org/10.1038/nm.3937
https://doi.org/10.1002/path.4399
https://doi.org/10.1002/path.4399
https://doi.org/10.2353/ajpath.2009.081075
https://doi.org/10.2353/ajpath.2009.081075
https://doi.org/10.2174/156652407780598557
https://doi.org/10.1086/315325
https://doi.org/10.1086/315325
https://doi.org/10.1155/2016/4245028
https://doi.org/10.1155/2016/4245028
https://doi.org/10.1016/j.micpath.2021.104959
https://doi.org/10.1016/j.micpath.2021.104959
https://doi.org/10.1038/s41467-021-22103-5
https://doi.org/10.1016/j.cell.2016.09.054
https://doi.org/10.1128/JCM.00829-06
https://doi.org/10.1128/JCM.00829-06
https://doi.org/10.1111/j.1365-2818.1978.tb01160.x
https://doi.org/10.1111/j.1365-2818.1978.tb01160.x
https://doi.org/10.1111/j.1574-6976.2012.00331.x
https://doi.org/10.1111/j.1574-6976.2012.00331.x
https://doi.org/10.1038/nri.2017.69
https://doi.org/10.1128/AAC.00924-17
https://doi.org/10.1021/acs.analchem.8b00985
https://doi.org/10.1021/acs.analchem.8b00985
https://doi.org/10.3109/09553002.2011.556178
https://journals.asm.org/journal/aac
http://dx.doi.org/10.1128/aac.01588-21


repair and cell-killing in Escherichia coli K-12. Int J Radiat Biol Relat Stud
Phys ChemMed 28:539–548. https://doi.org/10.1080/09553007514551401.

34. Repine JE, Pfenninger OW, Talmage DW, Berger EM, Pettijohn DE. 1981.
Dimethyl sulfoxide prevents DNA nicking mediated by ionizing radiation
or iron/hydrogen peroxide-generated hydroxyl radical. Proc Natl Acad Sci
U S A 78:1001–1003. https://doi.org/10.1073/pnas.78.2.1001.

35. Ghosal D, Omelchenko MV, Gaidamakova EK, Matrosova VY, Vasilenko A,
Venkateswaran A, Zhai M, Kostandarithes HM, Brim H, Makarova KS,
Wackett LP, Fredrickson JK, Daly MJ. 2005. How radiation kills cells: sur-
vival of Deinococcus radiodurans and Shewanella oneidensis under oxi-
dative stress. FEMS Microbiol Rev 29:361–375. https://doi.org/10.1016/j
.femsre.2004.12.007.

36. Bonenfant NR, Sokocevic D, Wagner DE, Borg ZD, Lathrop MJ, Lam YW,
Deng B, Desarno MJ, Ashikaga T, Loi R, Weiss DJ. 2013. The effects of stor-
age and sterilization on de-cellularized and re-cellularized whole lung.
Biomaterials 34:3231–3245. https://doi.org/10.1016/j.biomaterials.2013
.01.031.

37. Dziedzic-Goclawska A, Kaminski A, Uhrynowska-Tyszkiewicz I, Stachowicz
W. 2005. Irradiation as a safety procedure in tissue banking. Cell Tissue
Bank 6:201–219. https://doi.org/10.1007/s10561-005-0338-x.

38. Cheung DT, Perelman N, Tong D, Nimni ME. 1990. The effect of gamma-
irradiation on collagen molecules, isolated alpha-chains, and crosslinked
native fibers. J Biomed Mater Res 24:581–589. https://doi.org/10.1002/
jbm.820240505.

39. Patil TS, Deshpande AS. 2019. Development of an innovative quality by
design (QbD) based stability-indicating HPLC method and its validation
for clofazimine from its bulk and pharmaceutical dosage forms. Chroma-
tographia 82:579–590. https://doi.org/10.1007/s10337-018-3660-8.

40. Irwin SM, Prideaux B, Lyon ER, Zimmerman MD, Brooks EJ, Schrupp CA,
Chen C, Reichlen MJ, Asay BC, Voskuil MI, Nuermberger EL, Andries K,
Lyons MA, Dartois V, Lenaerts AJ. 2016. Bedaquiline and pyrazinamide
treatment responses are affected by pulmonary lesion heterogeneity in
Mycobacterium tuberculosis infected C3HeB/FeJ mice. ACS Infect Dis 2:
251–267. https://doi.org/10.1021/acsinfecdis.5b00127.

41. Cholo MC, Mothiba MT, Fourie B, Anderson R. 2017. Mechanisms of action
and therapeutic efficacies of the lipophilic antimycobacterial agents clo-
fazimine and bedaquiline. J Antimicrob Chemother 72:338–353. https://
doi.org/10.1093/jac/dkw426.

42. O'Connor R, O'Sullivan JF, O'Kennedy R. 1995. The pharmacology, metab-
olism, and chemistry of clofazimine. Drug Metab Rev 27:591–614. https://
doi.org/10.3109/03602539508994208.

43. Swanson RV, Adamson J, Moodley C, Ngcobo B, Ammerman NC,
Dorasamy A, Moodley S, Mgaga Z, Tapley A, Bester LA, Singh S, Grosset
JH, Almeida DV. 2015. Pharmacokinetics and pharmacodynamics of clofa-
zimine in a mouse model of tuberculosis. Antimicrob Agents Chemother
59:3042–3051. https://doi.org/10.1128/AAC.00260-15.

44. Tyagi S, Ammerman NC, Li SY, Adamson J, Converse PJ, Swanson RV,
Almeida DV, Grosset JH. 2015. Clofazimine shortens the duration of the
first-line treatment regimen for experimental chemotherapy of tubercu-
losis. Proc Natl Acad Sci U S A 112:869–874. https://doi.org/10.1073/pnas
.1416951112.

45. Hu Y, Liu A, Ortega-Muro F, Alameda-Martin L, Mitchison D, Coates A.
2015. High-dose rifampicin kills persisters, shortens treatment duration,
and reduces relapse rate in vitro and in vivo. Front Microbiol 6:641.
https://doi.org/10.3389/fmicb.2015.00641.

46. Rosenthal IM, Tasneen R, Peloquin CA, Zhang M, Almeida D, Mdluli KE,
Karakousis PC, Grosset JH, Nuermberger EL. 2012. Dose-ranging compari-
son of rifampin and rifapentine in two pathologically distinct murine
models of tuberculosis. Antimicrob Agents Chemother 56:4331–4340.
https://doi.org/10.1128/AAC.00912-12.

47. Dutta NK, Bruiners N, Pinn ML, Zimmerman MD, Prideaux B, Dartois V,
Gennaro ML, Karakousis PC. 2016. Statin adjunctive therapy shortens the
duration of TB treatment in mice. J Antimicrob Chemother 71:1570–1577.
https://doi.org/10.1093/jac/dkw014.

48. DeMarco VP, Ordonez AA, Klunk M, Prideaux B, Wang H, Zhuo Z, Tonge PJ,
Dannals RF, Holt DP, Lee CK, Weinstein EA, Dartois V, Dooley KE, Jain SK.
2015. Determination of [11C]rifampin pharmacokinetics within Mycobacte-
rium tuberculosis-infected mice by using dynamic positron emission to-
mography bioimaging. Antimicrob Agents Chemother 59:5768–5774.
https://doi.org/10.1128/AAC.01146-15.

49. Baik J, Rosania GR. 2012. Macrophages sequester clofazimine in an intracel-
lular liquid crystal-like supramolecular organization. PLoS One 7:e47494.
https://doi.org/10.1371/journal.pone.0047494.

50. Baik J, Stringer KA, Mane G, Rosania GR. 2013. Multiscale distribution and
bioaccumulation analysis of clofazimine reveals a massive immune sys-
tem-mediated xenobiotic sequestration response. Antimicrob Agents
Chemother 57:1218–1230. https://doi.org/10.1128/AAC.01731-12.

51. Irwin SM, Gruppo V, Brooks E, Gilliland J, Scherman M, Reichlen MJ,
Leistikow R, Kramnik I, Nuermberger EL, Voskuil MI, Lenaerts AJ. 2014.
Limited activity of clofazimine as a single drug in a mouse model of tuber-
culosis exhibiting caseous necrotic granulomas. Antimicrob Agents Che-
mother 58:4026–4034. https://doi.org/10.1128/AAC.02565-14.

52. Swanson RV, Ammerman NC, Ngcobo B, Adamson J, Moodley C,
Dorasamy A, Moodley S, Mgaga Z, Bester LA, Singh SD, Almeida DV,
Grosset JH. 2016. Clofazimine contributes sustained antimicrobial activity
after treatment cessation in a mouse model of tuberculosis chemother-
apy. Antimicrob Agents Chemother 60:2864–2869. https://doi.org/10
.1128/AAC.00177-16.

53. Ernest JP, Strydom N, Wang Q, Zhang N, Nuermberger E, Dartois V, Savic
RM. 2021. Development of new tuberculosis drugs: translation to regi-
men composition for drug-sensitive and multidrug-resistant tuberculosis.
Annu Rev Pharmacol Toxicol 61:495–516. https://doi.org/10.1146/
annurev-pharmtox-030920-011143.

54. Sarathy J, Blanc L, Alvarez-Cabrera N, O’Brien P, Dias-Freedman I, Mina M,
Zimmerman M, Kaya F, Ho Liang H-P, Prideaux B, Dietzold J, Salgame P,
Savic RM, Linderman J, Kirschner D, Pienaar E, Dartois V. 2019. Fluoroqui-
nolone efficacy against tuberculosis is driven by penetration into lesions
and activity against resident bacterial populations. Antimicrob Agents
Chemother 63:e02516-18. https://doi.org/10.1128/AAC.02516-18.

55. Sarathy JP, Via LE, Weiner D, Blanc L, Boshoff H, Eugenin EA, Barry CE, III,
Dartois VA. 2018. Extreme drug tolerance of Mycobacterium tuberculosis
in caseum. Antimicrob Agents Chemother 62:e02266-17. https://doi.org/
10.1128/AAC.02266-17.

56. Via LE, Savic R, Weiner DM, Zimmerman MD, Prideaux B, Irwin SM, Lyon E,
O'Brien P, Gopal P, Eum S, Lee M, Lanoix JP, Dutta NK, Shim T, Cho JS, Kim
W, Karakousis PC, Lenaerts A, Nuermberger E, Barry CE, III, Dartois V. 2015.
Host-mediated bioactivation of pyrazinamide: implications for efficacy,
resistance, and therapeutic alternatives. ACS Infect Dis 1:203–214. https://
doi.org/10.1021/id500028m.

57. Nuermberger EL. 2017. Preclinical efficacy testing of new drug candidates.
Microbiol Spectr 5:10.1128/microbiolspec.TBTB2-0034-2017. https://doi.org/
10.1128/microbiolspec.TBTB2-0034-2017.

58. Driver ER, Ryan GJ, Hoff DR, Irwin SM, Basaraba RJ, Kramnik I, Lenaerts AJ.
2012. Evaluation of a mouse model of necrotic granuloma formation
using C3HeB/FeJ mice for testing of drugs against Mycobacterium tuber-
culosis. Antimicrob Agents Chemother 56:3181–3195. https://doi.org/10
.1128/AAC.00217-12.

59. Irwin SM, Driver E, Lyon E, Schrupp C, Ryan G, Gonzalez-Juarrero M,
Basaraba RJ, Nuermberger EL, Lenaerts AJ. 2015. Presence of multiple
lesion types with vastly different microenvironments in C3HeB/FeJ mice
following aerosol infection with Mycobacterium tuberculosis. Dis Model
Mech 8:591–602. https://doi.org/10.1242/dmm.019570.

60. Lanoix JP, Lenaerts AJ, Nuermberger EL. 2015. Heterogeneous disease
progression and treatment response in a C3HeB/FeJ mouse model of tu-
berculosis. Dis Model Mech 8:603–610. https://doi.org/10.1242/dmm
.019513.

61. Bell LCK, Noursadeghi M. 2018. Pathogenesis of HIV-1 and Mycobacte-
rium tuberculosis co-infection. Nat Rev Microbiol 16:80–90. https://doi
.org/10.1038/nrmicro.2017.128.

62. Di Perri G, Cazzadori A, Vento S, Bonora S, Malena M, Bontempini L,
Lanzafame M, Allegranzi B, Concia E. 1996. Comparative histopathological
study of pulmonary tuberculosis in human immunodeficiency virus-
infected and non-infected patients. Tuber Lung Dis 77:244–249. https://
doi.org/10.1016/s0962-8479(96)90008-8.

63. Wallis RS, Ehlers S. 2005. Tumor necrosis factor and granuloma biology:
explaining the differential infection risk of etanercept and infliximab.
Semin Arthritis Rheum 34:34–38. https://doi.org/10.1016/j.semarthrit
.2005.01.009.

64. Jacobs M, Samarina A, Grivennikov S, Botha T, Allie N, Fremond C, Togbe
D, Vasseur V, Rose S, Erard F, Monteiro A, Quesniaux V, Ryffel B. 2007.
Reactivation of tuberculosis by tumor necrosis factor neutralization. Eur
Cytokine Netw 18:5–13. https://doi.org/10.1684/ecn.2007.0083.

65. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. 2001. The relative
importance of T cell subsets in immunity and immunopathology of air-
borne Mycobacterium tuberculosis infection in mice. J Exp Med 193:
271–280. https://doi.org/10.1084/jem.193.3.271.

IL-13tg Mice for Preclinical Drug Penetration Studies Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.01588-21 19

https://doi.org/10.1080/09553007514551401
https://doi.org/10.1073/pnas.78.2.1001
https://doi.org/10.1016/j.femsre.2004.12.007
https://doi.org/10.1016/j.femsre.2004.12.007
https://doi.org/10.1016/j.biomaterials.2013.01.031
https://doi.org/10.1016/j.biomaterials.2013.01.031
https://doi.org/10.1007/s10561-005-0338-x
https://doi.org/10.1002/jbm.820240505
https://doi.org/10.1002/jbm.820240505
https://doi.org/10.1007/s10337-018-3660-8
https://doi.org/10.1021/acsinfecdis.5b00127
https://doi.org/10.1093/jac/dkw426
https://doi.org/10.1093/jac/dkw426
https://doi.org/10.3109/03602539508994208
https://doi.org/10.3109/03602539508994208
https://doi.org/10.1128/AAC.00260-15
https://doi.org/10.1073/pnas.1416951112
https://doi.org/10.1073/pnas.1416951112
https://doi.org/10.3389/fmicb.2015.00641
https://doi.org/10.1128/AAC.00912-12
https://doi.org/10.1093/jac/dkw014
https://doi.org/10.1128/AAC.01146-15
https://doi.org/10.1371/journal.pone.0047494
https://doi.org/10.1128/AAC.01731-12
https://doi.org/10.1128/AAC.02565-14
https://doi.org/10.1128/AAC.00177-16
https://doi.org/10.1128/AAC.00177-16
https://doi.org/10.1146/annurev-pharmtox-030920-011143
https://doi.org/10.1146/annurev-pharmtox-030920-011143
https://doi.org/10.1128/AAC.02516-18
https://doi.org/10.1128/AAC.02266-17
https://doi.org/10.1128/AAC.02266-17
https://doi.org/10.1021/id500028m
https://doi.org/10.1021/id500028m
https://doi.org/10.1128/microbiolspec.TBTB2-0034-2017
https://doi.org/10.1128/microbiolspec.TBTB2-0034-2017
https://doi.org/10.1128/AAC.00217-12
https://doi.org/10.1128/AAC.00217-12
https://doi.org/10.1242/dmm.019570
https://doi.org/10.1242/dmm.019513
https://doi.org/10.1242/dmm.019513
https://doi.org/10.1038/nrmicro.2017.128
https://doi.org/10.1038/nrmicro.2017.128
https://doi.org/10.1016/s0962-8479(96)90008-8
https://doi.org/10.1016/s0962-8479(96)90008-8
https://doi.org/10.1016/j.semarthrit.2005.01.009
https://doi.org/10.1016/j.semarthrit.2005.01.009
https://doi.org/10.1684/ecn.2007.0083
https://doi.org/10.1084/jem.193.3.271
https://journals.asm.org/journal/aac
http://dx.doi.org/10.1128/aac.01588-21


66. Actor JK, Olsen M, Jagannath C, Hunter RL. 1999. Relationship of survival,
organism containment, and granuloma formation in acute murine tuber-
culosis. J Interferon Cytokine Res 19:1183–1193. https://doi.org/10.1089/
107999099313136.

67. Flynn JL, Goldstein MM, Chan J, Triebold KJ, Pfeffer K, Lowenstein CJ,
Schreiber R, Mak TW, Bloom BR. 1995. Tumor necrosis factor-alpha is
required in the protective immune response against Mycobacterium tu-
berculosis in mice. Immunity 2:561–572. https://doi.org/10.1016/1074
-7613(95)90001-2.

68. Fremond C, Allie N, Dambuza I, Grivennikov SI, Yeremeev V, Quesniaux
VF, Jacobs M, Ryffel B. 2005. Membrane TNF confers protection to acute
mycobacterial infection. Respir Res 6:136. https://doi.org/10.1186/1465
-9921-6-136.

69. Keeton R, Allie N, Dambuza I, Abel B, Hsu NJ, Sebesho B, Randall P, Burger
P, Fick E, Quesniaux VF, Ryffel B, Jacobs M. 2014. Soluble TNFRp75 regu-
lates host protective immunity against Mycobacterium tuberculosis. J
Clin Invest 124:1537–1551. https://doi.org/10.1172/JCI45005.

70. Olleros ML, Chavez-Galan L, Segueni N, Bourigault ML, Vesin D, Kruglov
AA, Drutskaya MS, Bisig R, Ehlers S, Aly S, Walter K, Kuprash DV,
Chouchkova M, Kozlov SV, Erard F, Ryffel B, Quesniaux VF, Nedospasov
SA, Garcia I. 2015. Control of mycobacterial infections in mice expressing
human tumor necrosis factor (TNF) but not mouse TNF. Infect Immun 83:
3612–3623. https://doi.org/10.1128/IAI.00743-15.

71. Botha T, Ryffel B. 2003. Reactivation of latent tuberculosis infection in
TNF-deficient mice. J Immunol 171:3110–3118. https://doi.org/10.4049/
jimmunol.171.6.3110.

72. Emson CL, Bell SE, Jones A, Wisden W, McKenzie AN. 1998. Interleukin (IL)-
4-independent induction of immunoglobulin (Ig)E, and perturbation of T
cell development in transgenic mice expressing IL-13. J Exp Med 188:
399–404. https://doi.org/10.1084/jem.188.2.399.

73. De Groote MA, Gilliland JC, Wells CL, Brooks EJ, Woolhiser LK, Gruppo V,
Peloquin CA, Orme IM, Lenaerts AJ. 2011. Comparative studies evaluating
mouse models used for efficacy testing of experimental drugs against Myco-
bacterium tuberculosis. Antimicrob Agents Chemother 55:1237–1247.
https://doi.org/10.1128/AAC.00595-10.

74. Walter K, Steinwede K, Aly S, Reinheckel T, Bohling J, Maus UA, Ehlers S.
2015. Cathepsin G in experimental tuberculosis: relevance for

antibacterial protection and potential for immunotherapy. J Immunol
195:3325–3333. https://doi.org/10.4049/jimmunol.1501012.

75. Römpp A, Guenther S, Schober Y, Schulz O, Takats Z, Kummer W,
Spengler B. 2010. Histology by mass spectrometry: label-free tissue char-
acterization obtained from high-accuracy bioanalytical imaging. Angew
Chem Int Ed Engl 49:3834–3838. https://doi.org/10.1002/anie.200905559.

76. Koestler M, Kirsch D, Hester A, Leisner A, Guenther S, Spengler B. 2008. A
high-resolution scanning microprobe matrix-assisted laser desorption/
ionization ion source for imaging analysis on an ion trap/Fourier trans-
form ion cyclotron resonance mass spectrometer. Rapid Commun Mass
Spectrom 22:3275–3285. https://doi.org/10.1002/rcm.3733.

77. Treu A, Römpp A. 2021. Matrix ions as internal standard for high mass ac-
curacy matrix-assisted laser desorption/ionization mass spectrometry
imaging. Rapid Commun Mass Spectrom 35:e9110. https://doi.org/10
.1002/rcm.9110.

78. Schramm T, Hester Z, Klinkert I, Both JP, Heeren RMA, Brunelle A,
Laprévote O, Desbenoit N, Robbe MF, Stoeckli M, Spengler B, Römpp A.
2012. imzML—a common data format for the flexible exchange and proc-
essing of mass spectrometry imaging data. J Proteomics 75:5106–5110.
https://doi.org/10.1016/j.jprot.2012.07.026.

79. Race AM, Styles IB, Bunch J. 2012. Inclusive sharing of mass spectrometry
imaging data requires a converter for all. J Proteomics 75:5111–5112.
https://doi.org/10.1016/j.jprot.2012.05.035.

80. Bokhart MT, Nazari M, Garrard KP, Muddiman DC. 2018. MSiReader v1.0:
evolving open-source mass spectrometry imaging software for targeted
and untargeted analyses. J Am Soc Mass Spectrom 29:8–16. https://doi
.org/10.1007/s13361-017-1809-6.

81. Hölscher C, Reiling N, Schaible UE, Hölscher A, Bathmann C, Korbel D,
Lenz I, Sonntag T, Kröger S, Akira S, Mossmann H, Kirschning CJ, Wagner
H, Freudenberg M, Ehlers S. 2008. Containment of aerogenic Mycobacte-
rium tuberculosis infection in mice does not require MyD88 adaptor func-
tion for TLR2, -4 and -9. Eur J Immunol 38:680–694. https://doi.org/10
.1002/eji.200736458.

82. Kokesch-Himmelreich J, Treu A, Race AM, Walter K, Hölscher C, Römpp A.
2022. Do anti-tuberculosis drugs reach their target?–High-resolution ma-
trix-assisted laser desorption/ionization mass spectrometry imaging pro-
vides information on drug penetration into necrotic granulomas. Anal
Chem 94:5483–5492. https://doi.org/10.1021/acs.analchem.1c03462.

IL-13tg Mice for Preclinical Drug Penetration Studies Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.01588-21 20

https://doi.org/10.1089/107999099313136
https://doi.org/10.1089/107999099313136
https://doi.org/10.1016/1074-7613(95)90001-2
https://doi.org/10.1016/1074-7613(95)90001-2
https://doi.org/10.1186/1465-9921-6-136
https://doi.org/10.1186/1465-9921-6-136
https://doi.org/10.1172/JCI45005
https://doi.org/10.1128/IAI.00743-15
https://doi.org/10.4049/jimmunol.171.6.3110
https://doi.org/10.4049/jimmunol.171.6.3110
https://doi.org/10.1084/jem.188.2.399
https://doi.org/10.1128/AAC.00595-10
https://doi.org/10.4049/jimmunol.1501012
https://doi.org/10.1002/anie.200905559
https://doi.org/10.1002/rcm.3733
https://doi.org/10.1002/rcm.9110
https://doi.org/10.1002/rcm.9110
https://doi.org/10.1016/j.jprot.2012.07.026
https://doi.org/10.1016/j.jprot.2012.05.035
https://doi.org/10.1007/s13361-017-1809-6
https://doi.org/10.1007/s13361-017-1809-6
https://doi.org/10.1002/eji.200736458
https://doi.org/10.1002/eji.200736458
https://doi.org/10.1021/acs.analchem.1c03462
https://journals.asm.org/journal/aac
http://dx.doi.org/10.1128/aac.01588-21

	RESULTS
	Histopathology in BALB/c IL-13tg mice at the onset of drug therapy.
	Workflow for drug detection in lesions of BALB/c IL-13tg mice.
	Inactivation of M. tuberculosis within centrally necrotizing granulomas by gamma irradiation.
	Effect of irradiation on tissue morphology, drug concentration, and distribution.
	Drug distribution in centrally necrotizing and cellular lesions.

	DISCUSSION
	MATERIALS AND METHODS
	Mice.
	Bacteria and drugs.
	Aerosol infection and drug treatment.
	Tissue cryosectioning.
	Gamma irradiation for inactivation of M. tuberculosis.
	Histology and immunohistochemistry.
	MALDI-MS imaging analysis.
	Extraction procedure for lung cryosections.
	Extraction procedure for lung homogenates.
	Quantitation of antibiotics by LC-MS/MS.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

