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Summary: Tuberculosis (TB) lesions are extremely complex and
dynamic. Here, we review the multiple types and fates of pulmonary
lesions that form following infection by Mycobacterium tuberculosis and the
impact of this spatial and temporal heterogeneity on the bacteria they
harbor. The diverse immunopathology of granulomas and cavities gen-
erates a plethora of microenvironments to which M. tuberculosis bacilli
must adapt. This in turn affects the replication, metabolism, and rela-
tive density of bacterial subpopulations, and consequently their respec-
tive susceptibility to chemotherapy. We outline recent developments
that support a paradigm shift in our understanding of lesion progres-
sion. The simple model according to which lesions within a single
individual react similarly to the systemic immune response no longer
prevails. Host-pathogen interactions within lesions are a dynamic pro-
cess, driven by subtle and local differences in signaling pathways,
resulting in diverging trajectories of lesions within a single host. The
spectrum of TB lesions is a continuum with a large overlap in the
lesion types found in latently infected and active TB patients. We hope
this overview will guide TB researchers in the design, choice of read-
outs, and interpretation of future studies in the search for predictive
biomarkers and novel therapies.

Keywords: tuberculosis, immunopathology, lesion dynamics, biomarkers, animal
models

Introduction

Tuberculosis lesions in humans are very complex with a

wide range of pathological, microbiological, and immuno-

logical features that often evolve over a period of many

months, sometimes even years, prior to the emergence of

symptoms and diagnosis of disease. Most exposed individu-

als never develop any signs of disease, although they show

immunologic evidence of infection and are considered

‘latent’. Among those that develop active disease, we typi-

cally distinguish between ‘primary’ disease that occurs rap-

idly after exposure in a small percentage of patients

(typically who have an underlying condition of impaired

immunity) and the more common ‘post-primary’ disease

that in many individuals occurs years or decades later, again

often triggered by altered immune status. Primary disease is

characterized by hematologic spread and a characteristic

miliary pattern of disease, while postprimary disease

includes a wide spectrum of pathologies. This spectrum is

observed between individual patients with disease. For

instance some patients develop large air-filled cavities (typi-

cally only a minority), while others develop only solitary

nodules in the lung parenchyma or have infection limited to

the lymphatic system or other extra-pulmonary sites. Impor-
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tantly though, a wide spectrum of pathology is observed

even within a single individual patient at a given moment in

time. In this review, we focus on current thinking about the

spectrum of lesions seen in pulmonary tuberculosis, with an

eye on how the delicate interplay between the immune sys-

tem and the bacterium has consequences for the host that are

determined at the very local level of the individual lesion.

A brief history of perspectives on the pathology of

active TB lesions

In the late nineteenth century, tuberculosis was rampant in

Europe, infecting between 70 and 90% of the urban popula-

tion (1). It is no surprise, therefore, that the most compre-

hensive early studies on the nature of various types of

tuberculous lesions in man were first published in French,

during the 1940s by Georges Canetti (reviewed in 2). Ca-

netti based his observations on the results of 1500 autopsies

of TB patients performed during a 7-year period. He care-

fully documented three different features from a large vari-

ety of tuberculous lesions from humans: (i) the

histopathologic characteristics of the lesion; (ii) the number

of acid-fast bacilli observed using Ziehl staining by micro-

scopic examination; and (iii) the number of culturable

bacilli on egg medium. His work documented in extensive

detail three very different types of lesions in man, which

could be further divided into various subtypes. His first cate-

gory included lesions characterized by marked inflammation

including vasodilatation, edema, fibrinous exudate, and an

influx of lymphocytes. Canetti’s second class of lesions was

that characterized by a cellular influx of monocytes trans-

forming into giant cells which are characteristic of a classical

granuloma or tubercle. And his final category consisted of

caseous necrotic lesions, which were characterized by necro-

sis and homogenization. These necrotic lesions can remain

solid with very few bacilli, and evolve to ultimate sclerosis.

Solid caseous necrosis could also evolve by softening of the

caseum accompanied by an enormous bacillary load, which

he associated with the onset of clinical tuberculosis. Canetti

also argued that although transitional lesion types exist, they

evolve independently and never convert from one type into

another.

A second significant body of work that influences our

understanding of lesion morphology and formation comes

from the careful rabbit studies of Arthur Dannenberg and Max

Lurie (3). By comparing outbred rabbits (which are intrinsi-

cally resistant to infection with Mycobacterium tuberculosis) and

inbred rabbits that showed enhanced susceptibility to infec-

tion, they proposed that tuberculosis disease could be classi-

fied into five stages: (i) the ingestion of bacilli by pulmonary

alveolar macrophages; (ii) bacterial growth in non-activated

macrophages recruited from blood circulation; (iii) the arrest

of bacterial growth by delayed-type hypersensitivity (DTH)

causing the initiation of formation of solid caseous lesions;

(iv) the onset of cell-mediated immunity that is thought to

stabilize caseous lesions; and (v) liquefaction of the caseous

center, with extracellular bacterial growth and cavity forma-

tion. Dannenberg emphasized that the stages are not distinct

but blend into each other, and stages 3, 4, and 5 can all be

present in the same lung and even in different parts of the

same lesion. Thus, they argue, lesion development is not a

sequential linear process, and tuberculous lesions may change

over time from one type to another so that the balance of dis-

ease as a whole may fluctuate between periods of exacerbation

and remission. In light of current data to be discussed in this

review, especially from PET and CT analysis in rabbits, maca-

ques, and TB patients (4–7), even this slightly more nuanced

interpretation may be an oversimplification of the complex,

multi-trajectory process of lesion evolution. Fig. 1 recapitu-

lates the major types of pulmonary lesions seen in human TB,

active, and latent.

The comparative pathology of ‘latent infections’

Latent tuberculosis infection (LTBI) refers to clinically

asymptomatic individuals who demonstrate immunological

sensitization traditionally defined by a DTH response using

the tuberculin skin test [more modern interferon-c release

assays from whole blood stimulated with TB-specific anti-

gens are available but not as widely used in TB-endemic

areas (8)]. Examining lesions from LTBI cases has been his-

torically attractive as a means to study an apparently effec-

tive immune response to challenge with TB. Our knowledge

of the histopathology and location/number of bacilli in

human LTBI is based on autopsies of patients who died of

other causes with incidental abnormalities from whom lung

biopsies were retrieved and analyzed. In the lungs of these

individuals, lesions were generally less cellular than those

found in active disease, with minimal inflammation, promi-

nent sclerosis, fibrous encapsulation, and often calcification.

In the early TB literature, they were described as ‘scars’ or

‘arrested lesions’ that remain after a primary granuloma

heals (2, 3). The size and rate of healing were proposed as

potential predictors of the likelihood of reactivation.

The paradigm of a simple binary distribution between

active disease and latent infection has dramatically evolved
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in recent years spurred on by insights from non-human pri-

mates where infection and outcome could be more carefully

controlled (9–11). In cynomolgous macaques infected with

low dose M. tuberculosis, about half of all animals develop

active disease and half convert their skin test but show no

other signs of disease. This latent disease in non-human pri-

mates can be ‘reactivated’ by administration of a-TNF anti-

bodies, making this entirely analogous to LTBI in humans

(12, 13). Pathologically and microbiologically, both active

and latently infected monkeys present a range of disease and

lesion types that are quantitatively distinct but not necessar-

ily exclusive. The implication of these studies are that the

current definition of LTBI includes a range of individuals,

from those who have completely cleared the infection (and
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Fig. 1. (A). Early non-necrotizing granuloma; the lymphocyte rim (L) appears bluish owing to the prominent nuclei and small cytoplasm; the
center of the granuloma contains a majority of epitheloid histiocytes (H) or macrophages, which are large cells with pale abundant cytoplasm.
(B). Necrotizing granuloma: the central necrosis appears as pink amorphous material (N), surrounded by a layer of cellular infiltrates as well as a
fibrotic rim (F) which clearly defines the granuloma from the surrounding lung alveoli. (C). Masson’s trichrome stain of a necrotizing granuloma
showing the collagenous areas in blue. The thick fibrotic layer (F) is composed of fibroblasts, collagen and new vessels, and scattered chronic
inflammatory cells. Note the prominent vascularization of the fibrotic layer. (D). Calcified granuloma with sclerotic rim (S) associated with
absence of mononuclear infiltrates and no visible infectious activity; Ca: area of calcification/mineralization. (E). Tuberculous pneumonia:
confluent aggregates of epitheloid histiocytes mixed with Langhans’ and multinuclear giant cells (arrows). The more bluish areas are lymphoid
aggregates. These are the same cells that make up a granuloma, but in the absence of a fibrotic wall they have spread to fill alveolar space. (F).
Wall of cavitating tuberculous granuloma demonstrating a trilaminar structure with inner necrosis (N), histiocyte aggregates (H) and peripheral
fibrosis (F). The fibrotic wall contains mononuclear infiltrates which indicates a still active and progressing tuberculous lesion. The more friable
caseous material has been removed during tissue processing.
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thus are at no future risk of ever developing active disease)

to those who are incubating actively replicating bacteria in

the absence of clinical symptoms (who are at higher risk of

developing disease). In addition, low-level disease in the

absence of symptoms may be associated with prolonged

periods of time when individuals are potentially at some risk

of transmitting disease. This spectrum model is causing a

radical shift in our thinking about treatment rationales for

LTBI. If there was a way to identify individuals at highest

risk for the development and transmission of disease, and

target these TB patients for treatment, then instead of aim-

ing to treat the one-third of all humans with LTBI, we

would be faced with a much smaller patient number.

Important strides have been made recently in identifying

blood transcriptional signatures that appear promising for

distinguishing TB from other diseases and potentially LTBI

from active disease (9, 14, 15). Ongoing studies to establish

the spectrum of LTBI pulmonary lesion types by (18F)-2-flu-

orodeoxyglucose (FDG) positron emission tomography

(PET) and computed tomography (CT), and relate these

findings to immunological responses by transcriptional pro-

filing, are nearly complete, and promise to solidify this

thinking.

Lesions are diverse and dynamic in humans and animal

models

The dynamic nature of human lesions

Because TB is a chronic disease with a long gestation period

between infection and presentation of symptoms, there has

been a strong tendency to think of the disease pathology to

be slowly evolving and relatively stable. Recently, we have

had the opportunity to perform serial FDG-PET/CT imaging

of TB patients who were infected with extensively drug-resis-

tant TB and randomized into a 2-month delayed start phase 2

trial of linezolid (16). Five of the subjects in this study were

allocated to receive FDG-PET/CT scans at the time of entry

and 2 months later, the day before they started taking linezo-

lid. These scans were therefore performed in untreated TB

patients to explore how stable these radiologic response

markers were over time (the patients were purposely

untreated because they had to be stably failing to respond to

treatment for 6 months before enrollment and were not

allowed any change in treatment regimen for that 2 months

period). In terms of lung involvement, all five subjects were

scored as fairly stable over that 2-month period (less than

10% change in total volume of abnormal lung density or in

total FDG uptake). In contrast, at the level of individual

lesions there were dramatic fluctuations in the size and FDG

avidity, generally taken as a surrogate of local inflammatory

activity since it labels primarily neutrophils, macrophages,

and dendritic cells (17) (Fig. 2). Thus, the simple model

according to which most lesions within a single individual

behave similarly in response to the systemic immune

response no longer prevails.

Spectrum and divergent trajectories of lesions in animal

models

Despite their heterogeneity, many lesions found in the lungs

of humans infected with TB display necrosis in the center

surrounded by a peripheral rim of fibrosis (Fig. 1). In addi-

tion, the presence and extent of cavitary disease have often

been found to be correlates of poor clinical outcome, devel-

opment of resistance, and relapse (18–20). To obtain results

that can be leveraged to design clinical trials, animal models

should aim to replicate the major pathophysiological condi-

tions existing in human pulmonary tuberculosis lesions.

Important characteristics include (i) the development of

caseous necrosis surrounded by a collagen rim, which can

affect drug penetration as well as the nutrient supply avail-

able to bacilli; (ii) hypoxia, which can influence the meta-

bolic state of M. tuberculosis bacilli; (iii) intracellular as well as

extracellular populations of bacilli, which can impact drug

efficacy; and (iv) liquefaction and cavity formation. This

review does not aim to provide an exhaustive summary of

the pathology characteristics of all animal species used to

model TB, but rather focuses on a few models to illustrate

the lesion dynamics of TB infection/disease. The most

prominent or unique pathological features of major animal

models are summarized in Table 1.

The standard laboratory mouse models have provided

critical information in TB drug development, but have not

been successfully employed to determine prospectively the

duration of combination treatments required to achieve ster-

ile cure. The drawback of these models, is their lack of

advanced lung lesion types, as the progression of disease

rarely reaches stages of extensive necrosis and calcification

in the lungs. Whereas, the most widely used laboratory

mouse strains such as BALB/c and C57BL/6 show little evi-

dence of necrosis, a mouse strain with a recessive allele, the

C3HeB/FeJ mouse, does form necrotic lesions after infection

with M. tuberculosis. This model was initially adapted and

described for tuberculosis by Igor Kramnik and colleagues

(21) and is thus referred to by most as the ‘Kramnik mouse

model’. Although C3HeB/FeJ mice had no overt immunode-
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ficiency, the mice were highly susceptible to M. tuberculosis

infection. Moreover, these mice developed heterogeneous

pulmonary granulomas that more closely resembled human

lesions, thus overcoming a significant limitation of conven-

tional mouse models of TB. Following either intravenous

infection with a dose of 105 CFU or aerosol infection with

50–75 CFU per mouse, the lung bacterial load reaches high

numbers concomitant with severe and diverse lung pathol-

ogy (21). Necrotic microfoci are observed 3–4 weeks fol-

lowing infection, progressing to highly organized

encapsulated lesions at later stages of disease, when the pul-

monary bacterial load can reach 108 CFU or higher (21,

22). In these C3HeB/FeJ mice, lesion necrosis occurs in

lungs only, whereas infection is better controlled in other

organs such as spleen and liver (21). This mouse model has

successfully lent itself to advanced imaging techniques such

A

AA

B

C D

Fig. 2. TB lesions evolve independently in humans. This patient had non-responsive extensively drug-resistant TB and was enrolled into the
delayed arm of a randomized clinical trial of linezolid. The subject had failed to respond to any chemotherapy and was hospitalized for 2 months
while awaiting study drug. Upon admission, his baseline (18F)-2-fluorodeoxyglucose positron emission tomography (FDG-PET) computed
tomography (CT) scan showed extensive bilateral disease. A coronal section of this subjects’ scan is shown in (A), projected at a maximum SUV
(Standardized Uptake Value, a method to standardize FDG uptake accounting for body weight and decay time) of 10. The same coronal slice at
the same SUV is shown from a repeated scan after 2 months (immediately prior to starting linezolid therapy) in (B). Apical lesions in the left
lung (right side of PET/CT image) are resolving while apical lesions in the right lung have progressed. (C, D) The same scan data are presented
from the full 3D volume of the chest cavity. White represents air, either in the trachea and airways or inside of cavitary lesions. Dark gray
represents areas of radiodensity between �100 and 200 Hounsfeld Units associated with TB lesions in both lungs. FDG uptake is represented by
light yellow (SUV 2-3) darker yellow (SUV 3-5) and red (SUV >5). These are posterior views, reversed from above for clarity. Each lesion
complex appears to progress or regress independently of the others. The complex in the left superior lobe (on the left in these drawings) appears
to resolve while the lesions in the right upper and lower lobes appear to progress significantly. The lesion in the left inferior lobe appears
relatively stable with little change.
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as FDG-PET/CT enabling longitudinal studies of disease pro-

gression, response to drug treatment and relapse in real time

(7, 23). As discussed in a subsequent section, the distinct

and diverse pathology of C3HeB/FeJ has important implica-

tions in terms of response to therapy (22, 24–26), high-

lighting the critical role of the pulmonary pathology in drug

efficacy. Neutrophils are the dominant cell type in C3HeB/

FeJ mice, and therefore various recent studies have been

reporting on the major role of neutrophils in regulation of

inflammation of disease using this mouse model (27, 28).

The benefits of the C3HeB/FeJ mouse model are its small

size and cost-effectiveness, and the small amount of test

compound required in early drug discovery. C3HeB/FeJ

mice only occasionally develop cavitary disease after infec-

tion with M. tuberculosis H37Rv or Erdman, and therefore this

mouse strain is less amenable to transmission studies.

The non-human primate (NHP) model of TB provides an

ideal tool that captures most disease pathologies seen in

human TB. Among all laboratory animal models, cynomol-

gus macaques appear to deliver the most natural and closest

reproduction of the full spectrum of human TB (12). Low

dose infection via bronchoscopic instillation generates a

range of manifestations, from complete resolution to ful-

minant active TB, as is thought to be the case in humans.

The central caseous material of most granulomas undergoes

mineralization over time, with fewer epithelioid macrophag-

es and giant cells as well as reduced lymphocytic infiltration

in the cellular rim (29). These characteristics together with

the progressive appearance of fibrous connective tissue result

in a narrow fibrocalcific interface (Table 1). Overall, these

properties are consistent with containment of infection. As

seen in human TB, longitudinal PET-CT imaging and bacte-

rial load evaluation in the cynomolgous macaques revealed

that host response (measured as standard 18F-glucose uptake

volume ratio) and bacterial growth within individual lesions

are independent and dynamic during infection, within the

same host. Fibrocalcific lesions represented sites of bacterial

control, whereas caseous sites were associated with poor

control, overall in agreement with early microscopy studies

in human tissues (2). While these features all strongly

resemble the spectrum of human disease, they also highlight

one major issue with the model in that this full spectrum of

outcomes results in relatively large groups of animals

required to make meaningful comparisons, particularly

when using end points measured only at necropsy. Studies

using FDG-PET/CT enable the tracking of lesional variability

in both the host response and bacterial growth (30), as well

as progressing and regressing lesions within the same ani-Ta
bl
e
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mal. In that sense, they significantly reduce the group size

requirements and increase the ‘translatability’ of the effects

to human clinical trials, but this remains an expensive and

challenging model (17).

Other NHP models of TB have been explored in some

detail. The common marmoset is a highly susceptible animal

species that develops significant pathology within 6–8 weeks

of infection. While similar in some sense to human primary

disease, the pathology includes necrotic lesions and cavities

more typically associated with postprimary human disease.

The course of the disease and the sites of infection depend

upon the TB strain clade used to infect the marmosets, con-

sistent with the observed epidemiological associations of

these same strain clades in human populations. The small

size of this species makes it highly amenable to drug studies

for which larger primates require prohibitive amounts of

test substance. However, the marmoset has intrinsic limita-

tions for immunological studies since only small amounts of

blood and cells are usually obtainable (5). Rhesus macaques

have also been widely used in vaccine studies, since these

animals are, like marmosets, highly susceptible to TB and

do not contain the infection (31, 32).

The rabbit model of TB disease presents several aspects of

the human pathology, such as fibrotic granulomas with case-

ous necrotic foci that harbor small persisting mycobacterial

populations that have adapted to changing conditions of oxy-

gen tension, pH, and nutrient availability. Aerosol inoculation

of outbred New Zealand White (NZW) rabbits can generate a

spectrum of disease states and progression, mostly dependent

on the infecting M. tuberculosis strain (33–36). The various

manifestations encompass a wide range of disease states from

active chronic cavitary disease to fully controlled bacterial

growth resulting in sub-symptomatic latent infection. Such

dynamics of disease progression offers the opportunity to

study the impact of lesion heterogeneity on immunological

correlates of vaccine response, as well as pharmacokinetics

and efficacy of anti-TB drugs at the lesion level (37). Similar

to the NHP, individual rabbit lesions followed longitudinally

by PET-CT had very different fates, ranging from complete

resolution to significant progression (4).

What determines the fate of individual lesions

The factors of the host immune response that determine the

differential outcome of the disease following a M. tuberculosis

infection and the development of the heterogeneity in pul-

monary lung lesions within one patient are not fully under-

stood. The local immune environment rather than the

systemic immune response appears to be the determining

factor in lesion dynamics. A recent report on the NHP

model using sophisticated molecular tracking of M. tuberculosis

strains showed that the fate of individual lesions varies sub-

stantially within one host. In addition, this study suggests

that lesion heterogeneity is in part due to differential host-

mediated killing of the residing pathogen at the lesion level

after the onset of adaptive immunity (38). This bacterial

killing can occur to the point of lesional sterilization,

although in the case of TB pneumonia for instance, no evi-

dence of bacterial reduction was seen. Accordingly, the pro-

duction of T-cell cytokines by individual granulomas is

highly heterogeneous within a single animal. The authors

made the important conclusion that individual lesions

follow diverse, at times overlapping, trajectories, which

ultimately determine the clinical outcome of infection.

The influence of host-specific factors on lesion fate

Although the mechanisms driving divergent lesion progres-

sion are far from being elucidated, several pieces of the puzzle

have started to emerge. At the host level, a fine balance

between pro- and anti-inflammatory eicosanoids appears to

play a major role in disease exacerbation and the development

of necrotic foci (39, 40). Eicosanoids are lipid mediators

derived from arachidonic acid, mainly prostaglandins, leuko-

trienes, lipoxins, and resolvins. To provide optimal protec-

tion, i.e. limit bacterial growth while minimizing tissue

damage and necrosis, the right balance between prostaglan-

dins (40, 41), lipoxins, and leukotrienes (42) is required. Key

players in this regulatory cascade are IL-1b, leukotriene A4

hydrolase (LTA4H), and TNFs (43), and these are functionally

linked via eicosanoids (40, 44). While these networks have

been studied systemically by linking concentrations of lipid

mediators in serum/ELF to genetic polymorphisms or genetic

knockouts, it is reasonable to speculate that similar variations

at the lesion level influence the fate of individual granulomas.

Host-pathogen interactions within lesions are a dynamic pro-

cess, most likely influenced by subtle spatial and temporal fac-

tors, resulting in diverging trajectories of lesion progression.

Tilting the balance toward induction of the prostaglandin ver-

sus lipoxin branch of the eicosanoid pathway could result in

two lesions taking dramatically different path within the same

lung. Many studies have focused on the role of lipid mediators

in necrotic and apoptotic paths of infected macrophages, and

shown that eicosanoids regulate the death modality of

M. tuberculosis-infected macrophages (41). The results suggest

that early events taking place within an aggregate of immune
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cells could seal the fate of a developing granuloma. Local dif-

ferences in environmental and microbiological conditions

could drive neighboring granulomas into either excessive

necrosis or adequate control of microbial growth (45).

In C3HeB/FeJ mice, subtle differences in the local immu-

nological cascades may contribute to lesion type and fate. Sev-

eral of the key immune features associated with lesion type

are observed upon low dose aerosol M. tuberculosis infection.

The polymorphic lung lesions found in C3HeB/FeJ mice

could be categorized into three types based on cellular com-

position and subsequent differential immunological control

(Fig. 3). Type I lesions are the fibrous encapsulated pulmonary

lesions with central liquefactive necrosis, which show a layer

of foamy macrophages around a core composed of neutro-

philic debris surrounded by a collagen rim with interstitial

functional macrophages. Type II lesions are less organized

with a massive recruitment of neutrophils, resulting in large

areas of cellular necrosis throughout the lung parenchyma,

and Type III lesions develop as a result of the accumulation of

lymphocytes, epithelioid and foamy macrophages, as well as

small pockets of neutrophils. Importantly, these lesion types

in C3HeB/FeJ mice do change and progress over time but do

not appear to interconvert once established. This was clearly

demonstrated in C3HeB/FeJ mice infected with a less virulent

strain of M. tuberculosis, which initially produced only Type III

lesions and never exhibited caseous necrosis, even 20 weeks

after aerosol infection (A. Lenaerts, unpublished results). By

comparing all three lesion types, the bacterial burden was

found to be inversely proportional to the number of lympho-

cytes present in these pulmonary lesions. As a result, these

three lesion types represent vastly different levels of host

immunological control within the lung during infection. Type

III lesions contained abundant lymphocytes and controlled

bacterial replication more efficiently, and progressed at a rate

slower than the other two lesion types (Table 1). These obser-

vations are consistent with the initiation of a strong adaptive

immune response capable of controlling bacterial replication

and limiting host immunopathology. It is the failing of the

adaptive immune response that is ultimately responsible for

the characteristic liquefactive necrotic lesions observed in the

C3HeB/FeJ mice.

The influence of M. tuberculosis strain-specific factors on

lesion fate

A recent report using the rabbit model elegantly showed that

in a matter of hours after infection with M. tuberculosis, differ-

ences in host gene expression were seen that determined the

long-term outcome of M. tuberculosis infection in rabbit lungs

(46). The investigators used two M. tuberculosis strains with

varying virulence to demonstrate the effects of the early

inflammation-associated innate immune response on the pro-

gression of pathology in individual lesions. The M. tuberculosis

strain HN878, a ‘hyper-virulent strain’ (in standard models)

of the Beijing family, shows rapid disease progression lead-

ing to cavitary disease in rabbits as well as in Guinea pigs

(47). CDC1551 is a hyper-immunogenic strain from the

A B C

Fig. 3. Heterogeneity in lesion types observed in C3HeB/FeJ mice infected with M. tuberculosis Erdman. Type I lesions (A) in C3HeB/FeJ mice
are defined as the caseous necrotic lesions composed of a neutrophil-dominated central core region that degenerates over time into an
amorphous, acellular caseum surrounded by a band of intact neutrophils and a distinct rim of foamy macrophages at the peripheral margin. The
foamy macrophages contain numerous intracellular bacilli, while large numbers of extracellular bacilli are dispersed within the acellular caseum.
The core region is encapsulated by a collagen rim deposited by fibroblasts intermixed with epithelioid and activated macrophages, and few
lymphocytes. Type II lesions (B) observed in C3HeB/FeJ mice closely resemble PMN alveolitis occasionally observed in human tuberculosis
patients, as described by Canetti (2). These lesions are predominantly composed of necrotizing neutrophils, but lack the fibrotic encapsulation
seen in the Type I lesions. Type II lesions present as fulminant granulocytic pneumonia, containing high bacterial numbers extracellular and
intracellular within in neutrophils, and very few if any detectable lymphocytes, and negatively impact mouse survival. Type III lesions (C) in
C3HeB/FeJ mice are similar to lesions observed in BALB/c mice following aerosol infection. These inflammatory lesions are composed
predominantly of epithelioid and foamy macrophages with large numbers of lymphocytes present, only containing few bacteria which are
primarily located within macrophages.
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Euro-American lineage that is more efficiently controlled in

rabbit lungs, leading to containment of the pathogen and

latent infection. The most prominent differences were the

early recruitment of neutrophils in the lungs of HN878

infected animals, compared to animals infected with

CDC1551. Increased recruitment of polymorphonuclear

(PMN) cells is expected to exacerbate the local inflammatory

response, as addressed below. Other differences seen after

infection by the most virulent M. tuberculosis strain, both at

3 hours and 4 weeks post infection, were components of the

inflammatory response and STAT-1 activation, recruitment

and activation of macrophages, and PMN cell stimulation.

Overall, HN878 infection was shown to be associated with

exacerbated lung inflammation, followed by a slow and sub-

optimal activation of both host innate and adaptive immune

responses, resulting in progressive granulomatous response

with large necrotic and liquefied lesions (48). This highlights

that variations in bacterial products have an overall influence

on immunologic response and suggests that, in studying the

local immune response, both strain and host genetic back-

grounds likely play a role even at very early stages.

The critical role of neutrophils in determining the fate of

TB lesions

Increasing attention has been devoted to the role of neu-

trophils in pulmonary tuberculosis. While neutrophils may

play a prominent role in preventing infection or in augment-

ing the initiation of protective immunity early after infection

(49), growing evidence supports a distinctly negative associ-

ation between a strong PMN response and clinical outcome

once the infection has been established (50, 51). High num-

bers of neutrophils present in bronchoalveolar lavage or

peripheral blood of pulmonary TB patients were shown to

correlate with cavitary disease and longer duration of sputum

smear positivity, poor prognosis, and higher mortality (50–

52). More recently, Eum et al. (53) reported that numerous

infected neutrophils were present in the sputum of patients

with active disease, and that many of the bacilli in these

patients appeared to be actively replicating within the air-

ways and in association with neutrophils. Another study

identified a transcriptional signature comprised of neutro-

phil-driven interferon inducible genes obtained from periph-

eral blood that correlated with the severity of disease, further

underscoring a role for PMN in TB pathogenesis (14, 15).

The ability of neutrophils to interact with macrophages,

facilitate TB replication, and induce significant pathology has

stimulated thinking about their potential importance in the

context of understanding lesional dynamics (54).

Animal models of TB infection such as the rabbit, NHP,

and specific mouse strains with human-like pathology can

reproduce pulmonary neutrophilia, typically under condi-

tions of high bacterial load, using virulent strains of TB or

decreased host immunity. In IFN-c knockout mice (GKO)

and C3HeB/FeJ mice, the prolonged neutrophil response

appears to represent a compensatory reaction by the host

in response to a failure to initiate a protective Th1 immune

response. In C3HeB/FeJ mice, Type I and Type II lesions

are both lymphopenic and neutrophil-dominated following

aerosol infection (A. Lenaerts, unpublished data). These

neutrophils are highly permissive for bacterial replication

with little evidence of bactericidal activity, consistent with

a recent report demonstrating RD1-dependent M. tuberculosis

subversion of neutrophil-mediated oxidative killing (55).

Although the notion of distinct neutrophil subsets is con-

troversial (56), evidence exists to suggest that neutrophils

exhibit significant phenotypic plasticity in their effector

functions in response to diverse stimuli (57). We should

therefore be cautious in ascribing to all neutrophils what

may only be characteristic of one particular subset. It is

plausible that both protective and disease-promoting, phe-

notypically distinct, subpopulations of neutrophils may

exist in response to TB infection, and that the balance of

these responses may determine the heterogeneity of pulmo-

nary lesion types. Strategies that specifically suppress neu-

trophil recruitment and persistence within the lung,

particularly with regard to the IFN-c/IL-17 axis of immu-

nity (58), may augment conventional TB therapeutic regi-

mens by denying the pathogen a preferred replicative

niche, and by limiting neutrophil-mediated pulmonary

immunopathology.

The impact of lesion heterogeneity on bacterial

populations

Heterogeneity of bacterial location and numbers in

lesions

M. tuberculosis is both extracellular and intracellular in the tis-

sues of infected individuals, including within seemingly

uninvolved lung tissue which hosts a complex spectrum of

inflammation and repair. Canetti provided an early compre-

hensive report on bacillary location and numbers in the

polymorphic lesion types found in human disease (2). He

pointed out that the bacterial load is moderate where mac-

rophages exist, numerous where PMNs predominate, and

practically nil where only fibrin is observed. Sites of fibrous

alveolitis and fully mineralized lesions were described as

devoid of bacteria (2). Canetti highlighted the technical
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difficulties of using chromogenic stains and therefore stud-

ied more than 100 oil immersion microscopy fields per

lesion to generate data. Despite major technological pro-

gress since those early days, the relative ratio and clinical

relevance of intracellular and extracellular mycobacterial

populations remains the matter of long-standing debates, as

well as the cell types in which they reside (59, 60).

Because M. tuberculosis has the unique ability to survive

within and disseminate from the phagolysosome of acti-

vated macrophages, this particular population has been the

focus of intensive research efforts, particularly in the con-

text of therapeutics development. The characterization of

bacilli found in sputum and bronchoalveolar lavage fluid of

TB patients, however, revealed a larger proportion of bacte-

ria within neutrophils than macrophages, with smaller

numbers inside epithelial cells (53). It has also been argued

that M. tuberculosis may in fact spend most of its human lung

‘life-cycle’ extracellularly, with the intracellular phase being

little more than a brief interlude during which the bacte-

rium must replicate to increase its chances of transmission

and physiologically adapt prior to switching to an extracel-

lular phase (60). Extracellular bacilli residing within the ca-

seum of necrotic foci could be particularly important as

they constitute the reservoir from which large bacterial

numbers emerge when a closed nodule encounters an air-

way and develops into an aerated cavity (Fig. 1). At the

luminal surface of cavities, bacilli are either extracellular or

intracellular (within cell types such as neutrophils and mac-

rophages). The relatively low bacterial numbers and techni-

cal challenges associated with their visualization likely

contribute to our inability to resolve this controversy. Cur-

rent acid-fast stains used to visualize M. tuberculosis in tissue

sections have a number of drawbacks, as M. tuberculosis

bacilli are known to lose their ‘acid-fastness’ in vivo and in

vitro under certain conditions (61–64). The acid-fastness of

mycobacteria in mice reduces significantly over time (65).

Likewise, staining with auramine-rhodamine revealed a

gradual decrease in bacterial ‘stainability’ within the necro-

tic lesions of C3HeB/FeJ mice, while these bacilli could

still be visualized by Ziehl-Neelsen (22), demonstrating that

bacterial phenotypes and physiology evolve over time. This

was also confirmed by combining various detection tech-

niques, whereby bacterial phenotypes could be differenti-

ated in a seemingly single microenvironment such as

necrotic lesions (66). The development of fluorescent stains

has facilitated the detection of tubercle bacilli owing to the

higher signal-to-noise ratio (67). The recent evaluation of a

novel fluorescent acid-fast staining approach has shown that

the nucleic acid-binding dye SYBR Gold stains nearly all

bacilli, regardless of their metabolic state and cell wall

(68). Its most unique characteristic is its exceptionally high

signal-to-noise ratio due to a >1000-fold enhanced fluores-

cence after binding to DNA/RNA, thereby overcoming

issues of background fluorescence. SYBR Gold staining

enabled visualization of intracellular and extracellular bacte-

ria in both type I and type II lesions of C3HeB/FeJ mice,

whereas very few bacteria could be visualized in type III

lesions (A. Lenaerts, unpublished results). These relatively

low numbers combined with poor acid-fastness make it

difficult to visualize bacteria either pre- or posttherapy.

SYBR Gold thus promises to be a valuable tool to detect

sparsely distributed bacilli in animal and human tissues, to

establish the relative importance and relevance of intracellu-

lar and extracellular populations, and to locate the bacilli

most recalcitrant to therapy.

In animal models that develop necrotic caseous lesions,

such as NHPs and rabbits, as well as in human TB, the num-

ber of bacilli per lesion is generally much lower than in

C3HeB/FeJ mice, except for liquefactive and cavitary lesions.

Furthermore, not all lesions contain viable bacteria, even in

animals with active disease. In rabbits with chronic TB dis-

ease and mature lesions, 20–30% of the granulomas har-

bored no detectable CFU at 15–20 weeks post infection,

while most granulomas with culturable bacteria contained

anywhere between 10 and 104 CFU, with higher numbers

found in necrotic than in cellular lesions, as expected (V.

Dartois, unpublished data). In macaques with chronic active

disease, individual animals presented with 0 to 75% sterile

lesions, while 20–100% of the lesions were sterile in

latently infected monkeys, showing that lesion sterilization

is not solely a characteristic of latent disease. Interestingly,

the number of CFU present in the lesions of latent and

active macaques largely overlapped, ranging between 10 and

105 bacteria (38). Although latent TB is loosely equated to

bacterial containment in some inactive form, it is now clear

that a wide range of bacillary burdens could exist in appar-

ently homogeneous asymptomatic populations. These highly

variable lesion-centric numbers, even within a single animal,

corroborate the diverging immunopathologic trajectories of

individual lesions and marked lesion-to-lesion variability in

host-mediated killing. Measuring cumulative bacterial bur-

den using quantitative PCR at the lesion level is possible

owing to the long residence time of M. tuberculosis DNA after

the bacilli have been killed (38, 69). Thus, CFU numbers

can be related to local killing capacity and in turn correlated

with lesion-specific histopathology. This emerging method-
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ology promises to be a valuable tool to study host-pathogen

cross-talks in TB pathology, bacterial killing, and lesion pro-

gression.

Environmental conditions in necrotic lesions

The lesion heterogeneity seen in human lungs generates a

plethora of microenvironmental conditions at the various

locations where the bacilli reside. Hypoxia, nutrient limi-

tation and shift, pH and oxidative stress are thought to

be present in caseating pulmonary lesions and in the

phagolysosome of infected macrophages. Each of these

conditions induces metabolic and physiologic adaptations,

affecting anti-TB chemotherapy and most likely contribut-

ing to its long duration and requirement for multi-drug

treatment.

Hypoxia has been postulated as one of the environmental

conditions driving mycobacteria in vitro into a ‘persister’ state

(70–72), thereby potentially affecting their responsiveness

to drugs. It is a key distinguishing feature of caseous granu-

lomas in both active disease and latent infection (73, 74).

Numerous studies have demonstrated that the standard labo-

ratory mouse fails to develop significant necrosis and thus

hypoxia in lung lesions (73, 75). Therefore, animal models

showing a broader range of pathological features have been

proposed to assess drug activity against persisting bacteria

found in hypoxic lesions. Hypoxia has been demonstrated

in regions with cellular necrosis as well as in solid and liq-

uefactive caseous lesions (Table 1) in humans, rabbits, non-

human primates, Guinea pigs, and C3HeB/FeJ mice (22,

74, 76, 77). The studies all used pimonidazole, a 2-nitroim-

idazole able to identify regions of hypoxia (defined as

<4 lM O2 saturation or O2 tension lower than 10 mm Hg)

in animal organs after injection. When interpreting these

results, one should keep in mind the relatively ‘fluid’ defini-

tion of hypoxic/anaerobic conditions, from 10% oxygen

tension to induce the dormancy regulon in M. tuberculosis

(78), to 1 and 0.06% in the microaerophilic non-replicating

phase I and II of Wayne’s in vitro model (79), and the

<0.05% oxygen tension required for bioreductive activation

of pimonidazole (80). Many micro-compartments inside

lesions could exhibit relatively low oxygen tension,

while not being positively stained by pimonidazole. New

probes that could detect and measure a range of oxygen

tensions will likely reveal a spectrum of oxygenation with

local consequences on bacterial metabolism and drug

efficacy.

Current belief holds that the caseum of necrotic lesions

might be acidic. This assumption is mostly based on the

fact that early necrosis results in the release of phagolyso-

some content which is itself acidic. While this is a reason-

able hypothesis, it is also likely that the drop in pH is a

transient event. Recently, pH measurements of excised and

homogenized type I necrotic lesions from chronically

infected C3HeB/FeJ mice, using pH indicator strips,

revealed a slightly basic range of 7.4–8.0 (A. Lenaerts,

unpublished results). This suggests that the caseum of

mature lesions may be slightly basic rather than acidic. This

crude assessment was similar to an earlier report published

in 1934 (81). However, chemostat culture of hypoxemic

M. tuberculosis revealed that the bacillus actively secretes succi-

nic acid to maintain proton-motive force across its mem-

branes which may cause localized acidic regions near bacilli

within caseum (82). Analytical and intracellular pH probes

are required to accurately measure pH in various lesion

types and inside M. tuberculosis bacilli residing in these

lesions. These early results, however, indicate that a range

of pH should be considered for in vitro screens of chemical

libraries: a ‘low’ pH range to reproduce the conditions

encountered by intracellular bacteria in the phagolysosome

of macrophages or local areas of caseum, and a slightly

basic medium to reflect the conditions seen in necrotic

lesions. The slightly basic pH of necrotic lesions could be

one of the factors contributing to the modest PZA efficacy

observed in the C3HeB/FeJ compared to BALB/c mice,

where the bacilli are primarily intracellular in activated mac-

rophages (22).

Caseum is rich in lipids such as cholesterol, cholesterol

esters, and triglycerides (83), but its exact molecular com-

position has not been fully elucidated. This important ques-

tion is currently the focus of unbiased lipidomics,

proteomics, and metabolomics projects using sensitive ana-

lytical tools such as NMR, MALDI, and mass spectrometry.

In vitro and ex vivo expression profiling studies have shown

that M. tuberculosis adapts to a lipid-rich environment by

inducing cholesterol and triglyceride utilizing enzymes (84–

87). While this finding suggests that the pathogen adapts to

a fat-based diet as a matter of necessity, there is also evi-

dence that M. tuberculosis contributes to this nutrient shift by

inducing the formation of lipid bodies in infected macro-

phages. The contents of these lipid bodies are either released

into the caseum upon macrophage necrosis and could thus

be used by extracellular bacilli, or metabolized by intracellu-

lar bacteria and imported to form intracytoplasmic lipid

inclusions (88). Concomitant to this nutrient shift, M. tuber-

culosis is thought to acquire a ‘dormant’ or persisting pheno-

type (89, 90).
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Inside the phagolysosome of macrophages, the pathogen

is exposed to oxidative and nitrosative stress, owing to the

production of reactive species. M. tuberculosis has the unique

ability to survive and counteract this hostile environment,

because it is equipped to resist those insults, subvert the

host pathways responsible for the production of these reac-

tive species and interfere with phagolysosome biogenesis

and integrity (91, 92). Again, these properties require meta-

bolic and physiological adaptations that are selectively

acquired in specific niches, affecting the replication status

and relative susceptibility to antimicrobial agents.

Whereas it is relatively straightforward to analyze bacterial

populations to define a physiological or metabolic state in vi-

tro, only limited information can be obtained from the

analysis of in vivo samples derived from tissues. It has been

challenging to perform metabolomic, proteomic, or bio-

chemical studies with the few organisms obtained from

infected tissues. We thus have a limited understanding of

how expression data generated in vitro translate at the lesion

level. Transcriptome analyses of M. tuberculosis in cultured

macrophages, in mouse infection models, and in human

lung lesions (85, 93–96) have shown that (i) the glyoxylate

shunt appears to be required during intracellular growth

confirming that M. tuberculosis survives by scavenging host

lipids (97–99); (ii) gluconeogenesis is required for growth

in vivo (100); and (iii) there is a shift to anaerobic respira-

tion during latent infection as well as in the persister popu-

lation that emerges during treatment of active TB (101–

103). There are no published studies addressing the in vivo

transcriptomics profile of the persisting bacterial population

during drug treatment. Highly sensitive genetic tools such as

multiplex RT-PCR for M. tuberculosis-specific genes (70) could

address this question in sputum samples, as well as in

human or animal lung lesions.

Irreversible lesions – the importance of cavities

In humans, caseous necrosis can sometimes lead to liquefac-

tion and cavity formation (Fig. 1). Cavitation is the process

whereby the liquefied caseum discharges through an eroded

airway or pleural space and empties the cavity. It is one of

the hallmarks of TB and presents some unique features.

Studies of resected lungs from patients having surgery for

drug-resistant TB revealed that the luminal surface of cavities

are nearly completely devoid of CD4+ and CD8+ T cells,

preventing direct contact of these cells with infected macro-

phages at the cavity surface and providing a highly permis-

sive environment for bacterial growth (104). Cavities

represent a process of extravasation of the formerly paren-

chymal contents of a lesion into the airways and thus reflect

a process in which the disease inverts from inside the body

to outside the body. Solid caseum originates from the degra-

dation of viable tissue and recruited inflammatory cells, and

liquefied caseum forms by hydrolysis of solid caseum after

it is formed. Although the process is not entirely known, it

has been shown that hydrolytic enzymes (105, 106), lack

of vascularity causing a decrease in enzyme inhibitors, and

the DTH response (107) play key roles in liquefaction and

cavity formation. Cavity formation is irreversible pathologi-

cally, even with effective chemotherapy cavities typically

collapse but do not resolve into healthy lung. In some cir-

cumstances in NHP and humans, the initiation of chemo-

therapy appears to coincide with cavitation of some lesions,

an area that requires significantly more study as this residual

pathology may contribute to permanent loss of pulmonary

function.

Cavitary disease in TB patients has been correlated with

difficulty to treat successfully, higher relapse rates, transmis-

sion, and increase in the development of drug resistance.

Cavitary disease is not observed in mouse models and only

infrequently in Guinea pigs, which develop solid caseous

necrosis containing low bacterial numbers which then con-

tinue to mineralize. Although cavitary lesions occur naturally

in C3HeB/FeJ mice following aerosol infection, it is a rela-

tively infrequent event. A current focus in at least two labo-

ratories is to develop strategies to make cavitary lesions

more reproducible in C3HeB/FeJ mice. Only the rabbit,

marmoset, and macaque have consistently shown cavitary

disease, and their presence/development can be tracked or

even predicted by PET/CT imaging (5, 108, 109). They

are thus important tools for transmission studies and

evaluation of drugs and drug combinations to shorten

chemotherapy.

The impact of lesion heterogeneity on drug

distribution

The observation that lesion progression, structure, and

microenvironments affect the physiology of bacteria that

reside in them has been recognized and studied for quite

some time. What has emerged more recently is the concept

that these lesion-specific properties also affect drug penetra-

tion and drug access. As described in the previous section,

pulmonary lesions are highly heterogeneous both in space

and time, including within a single host. They evolve from

fully cellular granulomas to necrotic and/or fibrotic lesions
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which can in turn form open cavities in direct contact with

an airway. Primary lesions that successfully contain the

pathogen often develop as calcified granulomatous lesions,

which are thought to be relatively stable and less dynamic

than other lesion types (110, 111). How do these various

structures affect drug distribution?

As the necrotic granuloma ages and expands, the ratio

between the surrounding leukocyte coat and the necrotic

core becomes smaller, suggesting that necrosis expands at

the expense of the surrounding cell layers, rather than by

proportional growth due to increased leukocyte recruitment

from the circulation (110). Staining of endomucin or CD31

(markers used primarily to demonstrate the presence of

endothelial cells in histological tissue sections) in human TB

lesions revealed denser vascularization of uninvolved lung in

patients with latent than active TB. The fibrotic walls of cav-

ities and latently infected granulomas contained high vessel

densities (61), suggesting that drugs have adequate access to

the outer layers of mature granulomas and cavities (Fig. 1C).

In M. avium-infected mouse granulomas, quantitative com-

parison of the number of microvessels close to the necrotic

core with that measured at the periphery of granulomas

confirmed a severe reduction in vascularization in areas

directly subtending the necrotic center, with caseous foci

being totally devoid of functional vessels. At the peripheral

fringes of the granulomas, the vasculature appeared abun-

dant and compressed by the adjacent granuloma (112).

Thus, vascularization is extremely heterogeneous across

lesion types and lesion compartments, leading to impaired

blood flow and consequently drug supply.

Inside the cellular layers of granulomas, expression of

active transporters and efflux pumps on the surface of leu-

kocytes vary according to cell type, activation/infection sta-

tus, and other microenvironmental factors. Active uptake

and efflux of antibiotics by macrophages has been quantified

in vitro, most extensively for broad spectrum antibiotics such

as the fluoroquinolones (113), but also for selected anti-TB

agents (114, 115). In general, drugs that are known to

accumulate into macrophages in vitro have shown favorable

distribution into the leukocyte coat of necrotic granulomas

(116, V. Dartois, unpublished data). A fully quantitative

translation of such in vitro findings at the lesion level, during

a typical dosing interval, will be critical to interpret efficacy

results as a function of pharmacokinetics at the site of

action.

The fibrotic rims that encapsulate cavities are among the

most densely vascularized areas and thus constitute less of

an obstacle to pharmacotherapy than once assumed based

on the long-standing observation that cavities are most diffi-

cult to treat and have a negative prognostic impact. The

most problematic niche is more likely the caseous center of

necrotic lesions and cavities, where all vascular architecture

has been destroyed, leading to failed immunity and lack of

drug supply from blood. To reach the center of necrotic

granulomas where quiescent extracellular bacilli can be

found in relatively large numbers (3, 104), drugs thus have

to diffuse from the cellular rim across the entire necrotic

center without the assistance of active or facilitated transport

mechanisms. Factors that drive diffusion of a drug across a

concentration gradient are the physicochemical properties of

the small molecule, the viscosity and pH of the medium

(caseum in this case), and the interactions between the drug

and the medium such as binding of the drug to macromole-

cules. MALDI mass spectrometry imaging (117), an emerg-

ing imaging modality that allows the visualization of

unlabeled drugs in tissue sections, is ideal to generate 2D

ion maps of TB drugs in infected lungs, showing that sev-

eral drugs and drug classes diffuse poorly through caseous

material, and exhibit radically different patterns of heteroge-

neous distribution. An important consequence of uneven

drug distribution is the creation of spatial and temporal

windows of monotherapy, potentially driving the emergence

of drug resistance in selected niches. A complete under-

standing of the impact of multidimensional lesion heteroge-

neity on bacterial populations and drug pharmacokinetics

would provide an invaluable opportunity to rationally

design new drug regimens that close the door to resistance

development and accelerate cure.

Although this is only a hypothesis at this point, we pro-

pose that host-directed therapies (HDTs) that reduce the

extent of necrosis and caseation might provide a secondary

and desirable pharmacokinetic effect. Many currently pur-

sued HDTs have the potential to curb granuloma progres-

sion, by either suppressing or reverting necrosis. For

example, manipulation of the eicosanoid pathway could

shift the balance away from lipoxin-induced necrosis

through inhibition of 5-lipoxygenase by Zileuton (40).

Other candidates that could interfere with the necrosis of

lipid-laden macrophages or lesion progression in general are

statins (118), PDE4 inhibitors (119), vitamin D (120), and

anti-inflammatory agents that curb atherosclerotic plaque

progression (121–123). Since, caseous foci are the niches

where many antibiotics struggle to penetrate, reducing or

preventing the development of necrosis could significantly

improve anti-TB drug efficacy by reducing or removing a

problematic compartment.
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The impact of heterogeneity on response to therapy

at the lesion level

Two important clinical implications emerge from lesion

heterogeneity, in terms of the relative effectiveness of drug

therapy within different lesions and lesion compartments.

Lesion characteristics differentially affect (i) the pharmaco-

kinetics of TB drugs, i.e. their ability to cross all barriers

between the blood compartment and the intrabacterial

molecular target; and (ii) the relative susceptibility of the

bacilli contained within these lesions due to metabolic

realignments that may induce phenotypic drug tolerance.

These combined factors result in marked interlesional and

intralesional variability in drug-mediated killing. The con-

cept of bacterial subpopulations that are differentially sus-

ceptible to specific anti-TB agents is not new. Based on

numerous clinical trials conducted by the BMRC with very

large patient cohorts (reviewed in 124), Mitchison (125)

proposed a model of selective killing/inhibition of specific

subpopulations by individual drugs that make up the first

line regimen. This ‘special population theory’ accounts for

spatial and temporal fluctuations in the microenvironment,

resulting in differential susceptibility to antimicrobial

agents. Mitchison postulated that actively growing organ-

isms, mostly extracellular bacilli in areas of caseation, are

primarily killed by isoniazid. Semi-dormant organisms

inhibited by an acid environment, either in areas of acute

inflammation or in phagolysosomes, are mostly killed by

pyrazinamide; slow or non-replicating bacteria with spurts

of metabolism are the primary targets of rifampicin.

Mitchison’s model (125) has formed the basis of in-depth

studies on the impact of lesional microenvironment on local

drug response. The markedly different pathology seen in

C3HeB/FeJ and BALB/c mice offers a unique opportunity to

study the impact of lesion heterogeneity on drug efficacy.

Several anti-TB agents have demonstrated inferior efficacy in

C3HeB/FeJ mice, compared to BALB/c mice, where struc-

tured and mature lesions do not form (22). Furthermore,

treatment of C3HeB/FeJ mice with single agents often times

elicits a heterogeneous response, whereby two clusters of

mice generally emerge: one in which a clear response is

observed and another in which either poor or no efficacy is

seen. For example, treatment with rifamycins was efficacious

in a subset of mice, resulting in large standard deviations in

each treatment group (E. Nuermberger, A. Lenaerts, unpub-

lished results). Upon further analysis, the heterogeneous

treatment response appeared to be directly linked to the

diverse histopathology observed in the lungs of individual

animals (Fig. 3). In-depth studies are underway to correlate

lesion-specific pathology, drug exposure, and treatment

response for multiple TB drugs. Powerful tools such as PET

and CT scan analysis in conjunction with histopathology

will be instrumental to connect these read-outs. Thus, lesion

heterogeneity has practical implications regarding the use of

C3HeB/FeJ mice in drug candidate evaluation. Important

recommendations for optimal use of the mouse model

include (i) collection of all five lung lobes for bacterial enu-

meration to mitigate variability and increase accuracy; (ii)

use of larger mouse numbers per treatment group to

increase statistical power; (iii) allowing sufficient time for

the caseous necrotic pathology to develop; and (iv) histo-

logical verification of the pulmonary pathology at treatment

start.

The most striking efficacy discrepancy between C3HeB/FeJ

and BALB/c mouse strains was seen with pyrazinamide (PZA)

and clofazimine (CFZ). For both drugs, only moderate bacte-

rial killing was detected in the lungs of C3HeB/FeJ mice,

while they were highly effective in BALB/c mice (22, 24). In

C3HeB/FeJ mice, CFZ was active only when treatment was

initiated prior to the formation of necrotic granulomas,

whereas its activity barely significant when administered after

the formation of caseous necrotic lesions. In contrast, CFZ

remained effective throughout infection in spleens, which

never show necrosis, similar to BALB/c mice. These results

point to the pathological progression of disease as the pre-

dominant factor contributing to the attenuated efficacy of CFZ

in C3HeB/FeJ lungs. Recent tissue distribution studies indicate

that poor penetration of CFZ in the caseous foci of necrotic

lesions likely contributes to the limited activity of CFZ in

C3HeB/FeJ mice (V. Dartois, unpublished data). The

decreased potency of CFZ under hypoxic conditions – specifi-

cally present in necrotic lesions – is another likely contribut-

ing factor (22). Indeed, CFZ activity was found to strongly

correlate with the level of aeration of an in vitro M. tuberculosis

culture, in agreement with the proposed mechanism of action

of CFZ through the generation of reactive oxygen species only

under aerobic conditions (126). Thus, lesion heterogeneity in

C3HeB/FeJ mice revealed both pharmacokinetic and pharma-

codynamic liabilities of CFZ. Additional follow-up studies

have been planned to support future clinical use of CFZ: long-

term treatment to assess its sterilizing potential, testing in

combination regimens, and confirmation in other animal

models.

Intracellular bacteria create an additional hurdle on the

path of TB drugs from the blood compartment to their

© 2015 The Authors. Immunological Reviews Published by John Wiley & Sons Ltd.
302 Immunological Reviews 264/2015

Lenaerts et al � Heterogeneity of tuberculosis lesions



bacterial targets: to be active, a therapeutic agent must per-

meate the host cells in which the pathogen resides. In

addition, the microenvironmental conditions encountered

within the phagolysosome may significantly impair drug

action. Because different drugs, drug classes, and even their

metabolites can exhibit differential activity and penetration

properties in phagocytic cells, this adds to the heterogene-

ity of response to therapy. Predicting accumulation and

activity of therapeutic agents inside phagocytic cells in vitro

has been challenging, because the results can differ signifi-

cantly between cell lines, and the predictive value of spe-

cific cell lines has not been established. Sutezolid, a new

oxazolidinone currently in Phase II clinical development,

has a unique profile in this regard. Its major metabolite,

which reaches concentrations in plasma several times those

of the parent, drives the killing of extracellular bacteria,

while the parent compound sutezolid is mostly active

against intracellular bacilli, as determined in an ex vivo

whole blood bactericidal assay (127). Although the contri-

bution of accumulation versus intrinsic activity inside host

cells has not yet been established, this is the first report of

a drug candidate and its metabolite acting on different

mycobacterial subpopulations. Mathematical modeling of ex

vivo pharmacological data has been used to recommend

doses and dosing regimens in upcoming clinical trials

(128).

Metronidazole, an agent that requires hypoxic to anaero-

bic conditions for its activation, is another drug whose effi-

cacy is influenced by the local environment. Metronidazole

was not active in BALB/c mice (129), whose lesions lack

sufficient hypoxia (73, 75). However, the drug also failed

to demonstrate activity in C3HeB/FeJ mice, where hypoxia

does develop within necrotic lesions, as visualized by pimi-

nazole staining (22). Activity was demonstrated in rabbits

against M. bovis (74) and in macaques (130). Metronidazole

evaluation in Guinea pigs failed due to toxicity (131). A

possible explanation for the lack of activity in C3HeB/FeJ

mice is the small granuloma size resulting in residual

oxygen within the necrotic lesions, compared to the larger

lesion size in other animal models. High resolution mea-

surements of oxygen tension would be critical to interpret

these efficacy results. While no clinical data are available to

confirm the activity of metronidazole in TB patients (132),

this case study highlights the importance of using the

appropriate animal model for evaluating a compound, espe-

cially when a specific condition or environment is required

for drug activity. These conditions might not always be

known, particularly in early drug development. Therefore,

we argue that results obtained in a standard mouse strain

must be confirmed or challenged in a second species with

more advanced and heterogeneous lesion types, before pro-

ceeding with preclinical drug combination and clinical tri-

als.

In rabbits with chronic active disease, lesions were

tracked by PET-CT imaging following treatment with first

line anti-TB drugs. Lesion volume, density, and maximum

standard uptake value (coined ‘PET avidity’) showed a diver-

sity of response at the lesion level, within single animals

(4). In macaques with active TB, the number of CFU per

granuloma measured at the end of treatment with first- and

second-line drugs was highly variable, from no detectable

bacteria to >104 CFU per lesion (17, 30). Similarly, the per-

centage of sterile lesions posttreatment varied between ani-

mals, from 40 to 100% (17). Lesions with the highest

bacterial burden left at the end of therapy were caseous

lesions and areas of TB pneumonia. In a marmoset trial

comparing the efficacy of the current 1st line drug combina-

tion (isoniazid, rifampicin, pyrazinamide and ethambutol,

or HRZE) with one of the first regimens used in the 1950s

(isoniazid and streptomycin, or HS), cavities were much

more recalcitrant to treatment with HS than closed nodules

(C.E. Barry, unpublished results).

These findings highlight some of the limitations of cur-

rent efficacy read-outs such as bacterial burdens in whole

lungs or bacterial counts in sputum. If we are to dramati-

cally shorten TB therapy, we need to ‘understand the

system’, i.e. determine how specific lesion types and the

bacteria they host respond to individual drugs and why.

Only this type of analytical approach can deliver a significant

shortening of TB treatment by combining drugs that

complement each other in their ability to reach and kill all

bacterial subpopulations.

Outlook

Since the 1950s, when Canetti described the various mani-

festations of tuberculous pulmonary lesions, we have

acquired a much broader, though still incomplete, picture

of the impact of this diversity on bacteriological responses

at the lesion level. Spatial and temporal lesion dynamics

are the result of local fluctuations in immune cascades and

microenvironments, which in turn impact the cellular and

microbiological contents of granulomas and cavities.

Knowledge and awareness of these diverging trajectories

are critical to optimally design and interpret preclinical

experiments and clinical research. It is now clear that

lesion-centric read-outs are required to study biomarkers
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of disease progression, responses to new drug candidates

and regimens, and immunological correlates of vaccine

efficacy.

Efforts invested in trying to identify systemic predictors

of disease outcome, such as progression from latent infec-

tion to active disease, have met limited success. The marked

inter-lesion variability reviewed here suggests that we may

need to revisit our approaches and develop invasive and

non-invasive methods that enable probing individual lesions

rather than seeking a systemic response in the blood. PET-

CT imaging has recently emerged as promising methodol-

ogy. In particular, the development of novel PET tracers to

monitor the immune and microbiological dynamics has the

potential to broaden the scope of PET imaging as a biomar-

ker of drug response at the lesion level.

Differential therapeutic responses of individual granulo-

mas and cavities observed in animal models where single

lesions can be isolated have highlighted the need to quantify

bacterial burden in single lesions rather than whole lungs.

Likewise, sputum counts and sputum conversion only reflect

the status of lesions that have open access to an airway, i.e.

mostly cavities. Here again, alongside classical techniques,

non-invasive imaging methodologies targeting mycobacteria

are ideally suited to longitudinally track bacterial kill kinetics

within lesions. Such approaches can address important ques-

tions, which remain unanswered so far and are critical in

interpreting clinical trial results: which lesion types are most

recalcitrant to therapy and why? Are these the source of dis-

ease relapse?

Despite rapid progress over the last decade, vaccine

development still awaits a major breakthrough, mostly due

to the lack of predictive biomarkers that would enable (i)

patient stratification; (ii) selection of latently infected indi-

viduals at higher risk of reactivation, thus reducing the

number of study participants, cost and duration of vaccine

trials; and (iii) assessment of vaccine efficacy. Awareness of

lesion heterogeneity within a single individual may provide

new directions and set the stage for the discovery of pre-

dictive biomarkers and the selection of better surrogate end

points.
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