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SUMMARY

Treatment of tuberculosis (TB) remains challenging, with lengthy
treatment durations and complex drug regimens that are toxic
and difficult to administer. Similar to the vast majority of antibi-
otics, drugs for Mycobacterium tuberculosis are directed against
microbial targets. Although more effective drugs that target the
bacterium may lead to faster cure of patients, it is possible that a
biological limit will be reached that can be overcome only by
adopting a fundamentally new treatment approach. TB regimens
might be improved by including agents that target host pathways.
Recent work on host-pathogen interactions, host immunity, and
host-directed interventions suggests that supplementing anti-TB
therapy with host modulators may lead to shorter treatment
times, a reduction in lung damage caused by the disease, and a
lower risk of relapse or reinfection. We undertook this review to
identify molecular pathways of the host that may be amenable to
modulation by small molecules for the treatment of TB. Although
several approaches to augmenting standard TB treatment have

been proposed, only a few have been explored in detail or ad-
vanced to preclinical and clinical studies. Our review focuses on
molecular targets and inhibitory small molecules that function
within the macrophage or other myeloid cells, on host inflamma-
tory pathways, or at the level of TB-induced lung pathology.

INTRODUCTION

The effective treatment of tuberculosis (TB) using current anti-
biotics faces obstacles that include a lengthy duration of treat-

ment, potential drug toxicity, drug interactions with HIV medi-
cations, and rising rates of drug resistance. Efforts to develop new
TB drugs have focused on mechanisms that target the bacillus.
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Recently, attention has turned to potential host-directed thera-
peutics (HDTs) in the hope that novel treatment strategies might
overcome many of the obstacles faced by antibiotic therapies for
TB. The goal of HDTs might be to shorten the course of treatment,
reduce the number of agents required in combination drug ther-
apy, simplify treatment of drug-resistant TB by improving the
efficacy of second-line therapy, and/or preserve lung function of
TB patients. The goal of treatment would determine the host tar-
get selected for intervention. HDTs that manipulate immune re-
sponses or the metabolic state of the bacteria to enhance host cell
function, optimize inflammatory responses at the cell and organ
level, or modify lung pathology might be employed during treat-
ment. To identify pathways involved in the host response to TB
and compounds that modulate these pathways, we searched
PubMed for papers published from 2000 onwards and, with a few
exceptions, focused primarily on small-molecule compounds that
modulate host target pathways involved in control of TB, rather
than larger-molecule “biologics.” Our review examines three
broad target areas of HDTs. First, we discuss the biological path-
ways and compounds that act primarily within the macrophage or
other host cells of TB. Second, we focus on HDTs that modulate
the immune response and inflammatory pathways in the lung.
Third, we consider pathways that modulate lung pathology and
tissue homeostasis. These categories are not mutually exclusive,
and some compounds and pathways belong to more than one
category. We hope that this review will stimulate further studies of
HDTs for TB that could shorten treatment duration, lower the
number of drugs needed for treatment, and/or improve lung
function and clinical outcomes.

OVERVIEW OF IMMUNE RESPONSE TO M. TUBERCULOSIS
AND POTENTIAL HDT TARGETS

From recognition to killing, the macrophage plays a central role in
Mycobacterium tuberculosis pathogenesis. First, M. tuberculosis
binds to receptors on macrophages and other myeloid cells, where
it is detected by the innate immune system (Fig. 1). Several recep-
tors are critical for recognition, including Toll-like receptors
(TLRs) (TLR1/2/6/8/9), Nod-like receptors (NLRs) (NOD2), C-
type lectin receptors (CLRs) (CLEC4E or Mincle), mannose re-
ceptor (MR), dendritic cell-specific intracellular adhesion mole-
cule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN) (CD209),
complement receptors, Fc receptors, and DNA sensors (STING)
(1–9). After binding and recognition by innate immune receptors,
M. tuberculosis enters a phagocytic vacuole and prevents its mat-
uration and fusion with lysosomes as an immune evasion strategy.
Under some conditions, activation of the macrophage leads to
phagolysosomal fusion, secretion of cytokines such as tumor
necrosis factor (TNF), alpha interferon (IFN-�), IFN-�, interleu-
kin-6 (IL-6), IL-12, and IL-1�, and production of antimicrobial
reactive nitrogen intermediates (RNIs) and reactive oxygen inter-
mediates (ROIs), all of which may lead to killing of M. tuberculosis.
With a central role in the host response to M. tuberculosis, macro-
phage functions offer many potential targets for HDTs.

The pulmonary and systemic immune response to M. tubercu-
losis also offers numerous HDT targets. After inhalation of M.
tuberculosis into the lung, resident alveolar macrophages are one
of the initial target cells of infection, in addition to dendritic cells
and neutrophils, which traffic to the site of infection. M. tubercu-
losis-infected cells migrate to pulmonary lymph nodes, where an
adaptive immune response is mounted with T cell production of

IFN-� and B cell production of antibodies (10, 11). The classical
model of a successful immune response to M. tuberculosis includes
secretion of IFN-� by T cells, which activates macrophages to kill
M. tuberculosis. When this is unsuccessful, M. tuberculosis contin-
ues to grow intracellularly until it lyses the cell and either reinfects
new cells or replicates extracellularly. Extracellular TB can be as-
sociated with high numbers of bacteria (e.g., in lung cavities),
which, due to their growth rate and metabolic state, likely have
varying susceptibilities to TB drugs in comparison with intracel-
lular bacilli. In addition, the extracellular niche can be a source of
drug-resistant organisms due to the high bacterial burden and
known ability of M. tuberculosis to develop drug resistance. When
the immune response is partially successful, activated macro-
phages and other host cells (T cells, B cells, and fibroblasts) sur-
round the M. tuberculosis-infected cells in an organized display, a
granuloma, creating hypoxic, acidic, nutrient-poor conditions
that are less permissive for M. tuberculosis replication. However,
the lesions are not always sterilized, as M. tuberculosis employs a
number of strategies to ensure its survival (12), including resisting
toxic molecules produced by the host, modifying phagosome bio-
genesis to create an environment suitable for survival and growth,
coopting the trafficking of cells within the granuloma to expand
the number of infected cells, and inhibiting macrophage apoptosis
to preserve its host niche (13, 14). At the adaptive level, an unusual
and important feature of early immune responses to M. tubercu-
losis is the delayed appearance of T cell responses. M. tuberculosis
adopts a nonreplicating state and can persist for many years until
HIV or other factors restore conditions permissive for bacterial
replication and development of active disease. Although the im-
mune response in the lung is directed at eliminating the bacillus,
activation of pathways that damage lung tissue result in fibrosis,
scar formation, and impaired lung function.

The pulmonary immune response to M. tuberculosis contains
many potential HDT targets. The stimulation of an antibacterial,
M. tuberculosis-specific, T cell and B cell response is an HDT target
that is currently hampered by lack of knowledge about the mech-
anisms underlying protective immunity. The majority of effort in
this area is directed toward defining components of a vaccine that
would stimulate protective M. tuberculosis-specific T cells. In ad-
dition, several lines of evidence suggest that M. tuberculosis-spe-
cific antibodies are important for a protective host response to M.
tuberculosis (10). Antibody therapies are also potentially useful for
TB treatment. Due to the large scope of this area, vaccine strategies
involving stimulation of T cell- and B cell-mediated immune re-
sponses are not covered in this review article.

HDTs AND MACROPHAGE FUNCTION

Binding and M. tuberculosis Uptake

Upon recognition by the macrophage, uptake of M. tuberculosis is
mediated by several surface receptors, including complement re-
ceptors, C-type lectin receptors, and TLRs. Inhibition of binding
and uptake might be an attractive therapeutic target, since infec-
tion of the host cell would be prevented; however, the fate of the
extracellular bacilli would determine progression of the infection
and the course of disease. Imatinib is a tyrosine kinase inhibitor of
BRC-ABL and was developed for treatment of chronic myelogenous
leukemia (CML). ABL and related tyrosine kinases are involved in the
uptake of M. tuberculosis and Mycobacterium marinum into macro-
phages, and treatment of macrophages with imatinib partially im-
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paired uptake of M. tuberculosis into the cell (15) (Table 1). The
mechanism of how imatinib inhibits entry and uptake is unknown.

Phagosome Maturation and Function

After binding and uptake by macrophages, M. tuberculosis resides
in the phagosome. Normally, phagosomes mature by fusing
with acidic lysosomes, which contain antimicrobial proteases
and lipases. The proteases and lipases, together with ROIs and
RNIs produced by the macrophage, degrade and destroy bac-

teria. M. tuberculosis arrests phagosome maturation, preserv-
ing features of an early endosome, including a higher pH and
the absence of many molecules that degrade bacteria (5, 16,
17). Activation of macrophages with IFN-� and other agonists
increases macrophage restriction of M. tuberculosis replication
(18). The complex interaction between M. tuberculosis and the
phagosome suggests that multiple pathways could potentially
be manipulated to control M. tuberculosis intracellular survival
and replication.

FIG 1 HDTs within the macrophage. Upon infection of a macrophage by M. tuberculosis, several pathways that may serve as targets for host-directed therapeutics
are activated. 1. After binding and uptake of M. tuberculosis (MTB) by macrophages through innate immune receptors (e.g., C-type lectin receptors [CLRs] and
Toll-like receptors [TLRs]), the bacilli are taken into a macrophage and contained in phagosomes. Several signaling pathways and molecules, including Rab
proteins, IRGM1, and phosphatidylinositol 3-kinase (PI3K), promote maturation of phagosomes and fusion with lysosomes. 2. M. tuberculosis arrests the
development of phagolysosomes, preventing their acidification and enabling intracellular survival of M. tuberculosis. 3. Autophagy pathways can be stimulated
by M. tuberculosis or other conditions, which leads to autophagosome formation and control of M. tuberculosis growth. 4. Several pathways mediate activation
of signaling molecules. TLRs activate key elements of the signaling processes, including AKT, NF-�B, and components of the vitamin D pathway. The
lipid-sensing nuclear receptors, LXR, TR4, and PPAR�, bind with RXR to modulate gene expression. HDT targets described in the text are marked in boxes with
red shading.
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Phagosome acidification. Phagosomal maturation and acidifi-
cation offer potential targets for intervention. ABL tyrosine kinase
appears to control the phagosomal acidification required for M.
tuberculosis growth restriction in human macrophages by regulat-
ing the vacuolar proton pump vATPase (19) (Fig. 1). CML
patients receiving imatinib therapy had greater numbers of circu-
lating monocytes with acidified lysosomes than controls. In ad-
dition, the intracellular survival of M. tuberculosis was reduced in
macrophages treated with sera from patients receiving imatinib
(19). In mice infected with M. marinum, imatinib treatment re-
duced the number of granulomatous lesions and the mycobacte-
rial load in infected organs (15). In addition, the antimycobacte-
rial effect of imatinib was synergistic with rifamycin antibiotics in
mice infected with M. marinum and also in THP-1 cells infected
with M. tuberculosis (15).

GTPases and phagosome maturation. GTPases are enzymes
that hydrolyze GTP to GDP, regulating the cell cycle, immunity,
organelle trafficking, and phagosome formation (20) (Fig. 1). In
mice, there are several families of GTPases, including the 47-kDa
immunity-related GTPases (p47 IRGs), the 65- to 73-kDa guany-
late-binding proteins (p65 Gpbs), the 285-kDa very large induc-
ible GTPases (Vligs/Gvins) (18, 21), and the Rab GTPases (22).
The p47, p65, and Rab families of GTPases are important media-
tors of the immune response to M. tuberculosis. GTPases regulate
several important cellular processes that affect M. tuberculosis
growth, including phagosome formation, phagosome matura-
tion, and autophagy. IRGM1 (also known as LRG47) is the best-
studied member of the p47 family, with a demonstrated role in M.
tuberculosis pathogenesis (23). Lrg47 knockout mice have in-
creased M. tuberculosis growth compared to that of wild-type
(WT) mice, and Lrg47-deficient macrophage phagosomes show
decreased fusion with lysosomes and incomplete acidification

(24). Interestingly, Lrg47 also regulates survival of CD4 T cells
through a mechanism that might be separate from macrophage
functions regulated by this gene (25). Several members of the p65
GTPase family are also involved in autophagy induction (26). Al-
though these findings in the mouse model are suggestive of an
important role of IRGM1 in M. tuberculosis pathogenesis, the ex-
trapolation to humans may not be straightforward due to gene
family differences. There are 18 to 23 mouse p47 IRG genes, all of
which are IFN-� inducible, and only 3 in humans, none of which
are IFN-� inducible. In a loss-of-function screen of the 11 mem-
bers of the p65 family, the absence of Gbp1 led to increased growth
of Mycobacterium bovis bacillus Calmette-Guérin (BCG) in mice;
Gbp1, -6, -7, and -10 regulated BCG growth in macrophages in
vitro, and Gbp7 localized to phagosomes and regulated reactive
oxygen production and subsequent mycobacterial killing (via
p67phox translocation) (26). Although these studies have shown
that GTPases regulate numerous steps in the cellular response to
M. tuberculosis, no drug candidates targeting the GTPases have yet
been identified.

Effector Function

Drugs may trigger effector functions of macrophages that lead
directly to M. tuberculosis killing. For example, molecules that
increase RNI and ROI or induce autophagy could potentially con-
trol M. tuberculosis replication.

Autophagy. Autophagy is a process through which cells de-
grade and recycle their cytoplasmic contents using lysosomes. The
targets of autophagy include cellular macromolecules and organ-
elles, as well as intracellular pathogens such as M. tuberculosis,
whose survival depends on avoiding degradation by the host (27,
28) (Fig. 1). Autophagy occurs under normal physiological con-
ditions, but it is typically studied in human leukocytes as a re-

TABLE 1 Small molecules that target host pathways and regulate M. tuberculosis pathogenesis

Compound (host target) Host target pathway FDA approval Reference(s)

Desipramine Acid sphingomyelinase Yes 155
Nitazoxanide (quinone oxidoreductase NQO1) Autophagy Yes 39
Rapamycin (unclear target) Autophagy No 30
CC-3052 (PDE4) cAMP No 148–150
Cilostazol (PDE3) cAMP Yes 144
Pentoxifylline (nonselective PDE) cAMP Yes 152
Sildenafil (PDE5) cAMP Yes 144
Alisporivir Cyclophilin D No (phase III) 155
Acetylsalicylic acid/aspirin (COX) Eicosanoids Yes 83, 93, 94
PD146176 (15-LOX) Eicosanoids No 82, 83
U75302 and bestatin (LTB4 receptor) Eicosanoids No 82, 83
D4476 (CSNK1 and TGF-� receptor type 1) Kinase No 198
H-89 and ETB067 (PKB/ATK1) Kinase No 34
Imatinib (ABL tyrosine kinase) Kinase Yes 15
N-[2-(1H-Indol-3-yl)ethyl]-4-(2-methyl-1H-indol-3-yl)pyrimidin-2-amine,

“compound 51” (PKR)
Kinase No 100, 199

Mepenzolate bromide (GPR109A) Lipid body formation No 58
Berberine (PPAR�) Lipid-sensing nuclear receptors No
BR49653 (PPAR�) Lipid-sensing nuclear receptors No 59
GW9662 (PPAR�) Lipid-sensing nuclear receptors No 59, 61
Perfluorononaoic acid (PPAR�) Lipid-sensing nuclear receptors No
Thiazolidinediones (PPAR�) Lipid-sensing nuclear receptors No
Oxyphenbutazone Nonsteroidal anti-inflammatory Yes 40
Ro32-3555 (MMP1, -8, -13) MMP No 156
Vitamin D (VDR) Vitamin D Yes 53–56, 200, 201
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sponse to starvation or IFN-� stimulation. Steps in autophagy
include formation of a phagophore and elongation and closure of
the autophagosome, followed by fusion with lysosomes to form
autolysosomes and degradation of contents. During an effective
host response, the M. tuberculosis-containing phagosome matures
into autolysosomes to degrade M. tuberculosis. Targeting of mi-
crobes to the autophagosome occurs through sequestasome-like
receptors (SLRs) (p62/SQSTM1) that use ubiquitin tags and an
LC3-interacting region. It may be possible to activate autophagy
with small molecules that broadly modulate autophagic pathways
involved in bulk processing of cytoplasmic contents (29) or by
selectively targeting host proteins that pathogens interact with
when manipulating autophagy, as has recently been shown for
viruses and the intracellular pathogen Listeria monocytogenes (29).

Several lines of evidence suggest that autophagy is important in
M. tuberculosis pathogenesis and might be an attractive target for
an HDT. Some of these key papers are discussed in a recent review
article of autophagy and TB pathogenesis (28). When autophagy is
induced by IFN-�, starvation, or rapamycin, macrophages effec-
tively restrict M. tuberculosis growth (30, 31). Furthermore,
Deretic and colleagues have demonstrated that knockdown of the
molecules Rab8b, p62 and TBK1, which are involved in mem-
brane trafficking and autophagy, reduce autophagosome initia-
tion and maturation and limit the ability of macrophages to con-
trol M. tuberculosis or BCG replication (32, 33). AKT1 is a kinase
involved in regulation of many signaling pathways, including ac-
tivation of autophagy. Kuijl et al. performed a small interfering
RNA (siRNA) screen of 658 human kinases using automated mi-
croscopy measuring Salmonella enterica serovar Typhimurium
growth and identified 10 host kinases that reduced the growth of
intracellular S. Typhimurium. The study also demonstrated that
treatment with H-89 and ETB067, two structurally similar mole-
cules that inhibit AKT-1, reduced the growth of multidrug-resis-
tant (MDR) M. tuberculosis in primary human macrophages (34).
Consistent with these findings, Kumar et al. found that knock-
down of AKT1 and AKT2 caused reduced M. tuberculosis growth
in THP1 cells (35).

On the bacterial side, a recent study found that the ESX-1 se-
cretion system of M. tuberculosis triggers autophagy by release of
bacterial DNA into the cytosol, where it is recognized by a STING-
dependent DNA sensor pathway (36). This leads to ubiquitination
of M. tuberculosis and delivery to autophagosomes in a p62-,
NDP52-, and TBK1-dependent process. This study identified
Atg5, STING, and NDP52 as regulators of M. tuberculosis growth
in vitro in macrophages. Mice lacking Atg5 were also highly sus-
ceptible to M. tuberculosis in an in vivo infection model.

Recent studies have raised the intriguing idea that TB antibiot-
ics may trigger autophagy. Kim et al. demonstrated that isoniazid
(INH) and pyrazinamide (PZA) induce autophagy in M. tubercu-
losis-infected murine macrophages in a process that involves re-
active oxygen species (ROS) (37). In experiments with in vitro
infection of macrophages, inhibition of autophagy impaired the
efficacy of INH. Interestingly, INH and PZA did not induce
autophagy in uninfected cells, suggesting that autophagy is not
induced directly by the antibiotics. It is possible that INH and PZA
trigger autophagy indirectly through their antibacterial activities,
with autophagy occurring only after the dead bacillus activates
autophagy pathways. Nitazoxanide (NTZ) is an antiparasitic drug
that also has activity against replicating and nonreplicating M.
tuberculosis (38). Lam et al. demonstrated that NTZ can promote

autophagy by inhibiting mTORC1 signaling (a negative regulator
of autophagy) and stimulating processing of LC3 (39). NTZ in-
hibited the growth of M. tuberculosis in THP1 cells, and the human
enzyme quinone oxidoreductase NQO1 was identified as the pu-
tative host target. These data suggest that NTZ might be a dual-
acting antibiotic that exerts its antimicrobial effect directly on M.
tuberculosis as well as by inducing autophagy in the host cell. Al-
though not identified to play a role in autophagy, other small
molecules also have dual host and antibacterial activities. The
FDA-approved drugs oxyphenbutazone, a nonsteroidal anti-in-
flammatory agent, and zafirlukast, a leukotriene receptor antago-
nist that appears to dysregulate mycobacterial transcription, both
kill M. tuberculosis in vitro (40, 41). The potential role of these
drugs as dual host-directed and anti-M. tuberculosis therapies in
models of infection remains to be defined.

Vitamin D. Vitamin D has intrigued the TB field for many
years, with early interest stemming from theories about whether
cod liver oil and/or sunlight provided benefit through effects of
vitamin D. Vitamin D has two forms in humans: ergocalciferol
(vitamin D2) and cholecalciferol (vitamin D3). D2 and D3 can be
obtained from diet, and D3 is also derived from sun exposure (via
conversion of 7-dehydrocholesterol to D3). D3 is a prohormone
that is converted into 1,25-hydroxy-D3 (25-OH-D3) (also called
calcifediol and calcidiol), which then circulates in serum. 25-
OH-D3 can be taken up by macrophages through the vitamin
D-binding protein (DBP) and converted to 1,25-dihydroxy-D3

[1,25-(OH)2-D3, also called calcitriol], which is the active mole-
cule. During M. tuberculosis infection of a macrophage, two con-
vergent processes take place that result in antimycobacterial activ-
ity (42, 43). First, stimulation of the TLR1 and TLR2 receptors by
M. tuberculosis promotes production of 1�-hydroxylase and vita-
min D receptor (VDR). Second, 25-OH-D3 that has entered the
macrophage is converted by 1�-hydroxylase into calcitriol by an
IL-15-dependent mechanism (44). Calcitriol interacts with the
VDR to stimulate a signaling pathway that produces the cathelici-
din antimicrobial peptide (CAMP) (also called hCAP-18 or LL-
37). CAMP is toxic to M. tuberculosis and also modulates phago-
some maturation (45) and autophagosome formation (45–50)
(Fig. 1).

Vitamin D is the most intensively studied TB HDT, with five
randomized control trials (RCTs) in humans (Table 2). A case-
control study found that vitamin D deficiency was associated with
an increased risk of TB (51). A double-blind RCT with an immu-
nologic endpoint demonstrated that a single dose of vitamin D
improved M. tuberculosis growth restriction in supplemented pa-
tients versus controls (52). Several RCTs evaluated the effect of
vitamin D on clinical outcomes. Some of the initial smaller trials
reported a benefit from vitamin D. Nursyam et al. found an im-
proved 6-week sputum conversion rate in the vitamin D arm
(100% versus 76.7%; P � 0.002, n � 67) (53). Kota et al. found a
trend toward more rapid sputum smear conversion time in a co-
hort from India (6 weeks versus 8 weeks; P � 0.067, n � 30) (54).
In a larger study, Martineau et al. found no difference in sputum
culture conversion time in an intention-to-treat analysis, though
the trend favored vitamin D (36 days versus 43.5 days; P � 0.14,
n � 126) (55). In a follow-up study with a per-protocol analysis of
95 subjects and adjustments for factors associated with sputum
conversion, the median time to smear conversion was lower for
the vitamin D group (23 versus 36 days; P � 0.04) (56). However,
the time to culture conversion was still not significantly different
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(35 versus 46.5 days; P � 0.36). In additional exploratory analyses,
vitamin D was associated with higher lymphocyte and monocyte
counts as well as several cytokines (56). Finally, Wejse et al. found
no difference in time to sputum smear conversion or mortality in
a study of 365 TB patients in Guinea Bissau (57). In addition to
treatment trials, several epidemiologic studies measured associa-
tions between genetic polymorphisms in VDR genes and suscep-
tibility to TB. Although some studies found positive associations,
results have been inconsistent, possibly due to heterogeneity of
study design (1). Interestingly, Martineau et al. (55) found a sig-

nificant difference in time to sputum conversion among those
with the tt genotype of the TaqI gene but no difference among
those with the TT and Tt genotypes. Overall, the smaller studies
tended to report positive results, whereas the two larger, more
comprehensive RCTs did not show a consistent benefit in terms of
clinical outcomes (sputum culture conversion and mortality).
The clinical trial results may differ due to substantial differences in
the intervention employed in terms of vitamin D dose, schedule,
location (different sunlight exposure), and vitamin D deficiency
levels of the population.

TABLE 2 Human clinical trial data for host-directed therapy for TBa

Drug (reference[s])
Sample size, n
(population) Intervention Key results and comments

Aspirin (83, 94) 119 (TBM) RCT, aspirin 150 mg p.o. daily vs placebo;
all received standard TB treatment;
some received prednisolone

Stroke risk, aspirin vs placebo, OR 0.42 (95% CI 0.12–1.39,
P � 0.18); death risk, placebo vs aspirin, OR 2.76 (95%
CI 1.05–7.39, P � 0.03); prednisolone use was not
standardized and was used more frequently in survivors
and those who did not develop a new stroke

Aspirin (93) 159 (TBM) RCT, placebo vs aspirin 75 mg daily vs
aspirin 100 mg/kg daily; all received
standard TB treatment with
prednisolone

No difference in mortality or morbidity among groups

Etanercept (141, 142) 16 (PTB) Single-arm trial of etanercept (n � 16)
started on day 4 of TB treatment
compared to historical controls
(n � 42)

SCC slightly more rapid in etanercept group (median, 56
vs 63 days; P � 0.05)

IFN-� (138) 96 (PTB) RCT, IFN-� nebulized vs IFN-�
subcutaneous vs placebo; all received
standard TB treatment

Higher SSC at 4 wk in IFN-� group (P � 0.03); trend to
higher SCC at 4 wk in IFN-� group (P � 0.15); disease
symptoms were less in both IFN-� treatment groups

IFN-� (137) 32 (nontuberculous
mycobacterial lung
disease)

RCT, IFN-� intramuscularly vs placebo;
all received standard NTM treatment

IFN-� group with improvement of symptoms compared to
controls (6-mo complete responders, 72% vs 36%; P �
0.037); higher SCC at 18 mo in IFN-� group (P � 0.04);
radiographic improvement higher in IFN-� group at 18
mo (P � 0.036)

IFN-� (202) 5 (PTB, MDR) Open-label aerosol IFN-� Aerosolized IFN-� was well tolerated by 5 MDR TB
patients; treated patients showed steady wt gain; 4/5
treated patients switched from sputum smear positive to
negative after 4 wk of treatment; chest CT scans showed
improvement in all 5 treated patients

Pentoxifylline (152) 120 (PTB) RCT, pentoxifylline vs placebo; all
received standard TB treatment

No difference in M. tuberculosis culture conversion,
radiographic improvement, or death

Thalidomide (147) 47 (TBM) RCT, thalidomide vs placebo; all received
standard TB treatment including
prednisolone

Study stopped early because all adverse events (rash,
hepatitis, death) occurred in thalidomide group

Vitamin D2 (200) 192 (contacts of TB cases,
United Kingdom)

RCT, placebo vs vitamin D2 (single dose
of 2.5 mg)

Primary outcome, BCG growth in whole-blood assay; 24-h
growth down in vitamin D group; no difference at 96 h

Vitamin D (53) 67 (PTB, Indonesia) RCT, placebo vs vitamin D (type not
defined) (25 mg/day over 6 wk); all
received standard TB treatment

Primary outcome, not specified; longer SSC in vitamin D
group than in placebo group at 6 wk (77 vs 100%, P �
0.002)

Vitamin D3 (55, 56) 146 (PTB, United
Kingdom)

RCT, placebo vs vitamin D3 (2.5 mg � 4
doses over 42 days); all received
standard TB treatment

Primary outcome, SCC; trend toward shorter SCC in
vitamin D group but not significant; VDR TaqI tt
genotype significantly lower time to conversion (but not
Tt or TT genotype)

Vitamin D3 (57) 365 (PTB,
Guinea-Bissau)

RCT, placebo vs vitamin D3 (100,000 IU �
3 over 8 mo); all received standard TB
treatment

Primary outcome, clinical improvement as assessed by
clinical severity TB score; no difference in TB score, SSC,
wt gain, or all-cause mortality

Vitamin D3 (54) 30 (PTB, India, all with
diabetes)

RCT, placebo vs vitamin D3 (60,000 IU
p.o. per wk for 6 wk) � calcium
carbonate (1,000 mg/day); all received
standard TB treatment

Primary outcome, SSC; trend toward shorter SSC in
vitamin D group (8 wk vs 6 wk; P � 0.067)

a Abbreviations: MDR, multidrug resistant; OR, odds ratio; CI, confidence interval; p.o., orally; PTB, pulmonary tuberculosis; RCT, randomized controlled trial; SCC, sputum
culture conversion; SSC, sputum smear conversion; TBM, TB meningitis; NTM, nontuberculous mycobacteria; CT, computed tomography.
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Lipid Metabolism

Lipid bodies and foamy macrophages. One mechanism by which
M. tuberculosis hijacks the cellular machinery of host macrophages
is by promoting the formation of lipid bodies, giving rise to the
foamy cell phenotype observed in TB. Fatty acids derived from
lipid bodies might provide an important energy source for the
bacterium, allowing it to survive and grow within host macro-
phages. Lipid body-derived fatty acids are also substrates for eico-
sanoid biosynthesis, which can either be pro- or anti-inflamma-
tory. Recent data suggest that M. tuberculosis induces lipid bodies
by induction of ketogenesis, which activates GPR109A and an
antilipolytic pathway, leading to accumulation of lipid bodies that
may have a protective effect for M. tuberculosis (58) (Fig. 1). Inhi-
bition of GPR109A with mepenzolate bromide (MPN) led to in-
creased killing of M. tuberculosis in THP1 cells and human periph-
eral blood monocyte-derived macrophages, as well as in murine in
vivo studies (58).

Lipid-sensing nuclear receptors: PPAR�, LXR�,�, and TR4.
Macrophage lipid body formation and metabolism in M. tubercu-
losis pathogenesis is regulated by lipid-sensing nuclear receptors,
including peroxisome proliferator-activated receptor gamma
(PPAR�), liver X receptors alpha and beta (LXR�,�), and testic-
ular receptor 4 (TR4) (59–61). PPAR�, LXR�,�, and TR4 share
certain structural and functional characteristics. All three are ex-
pressed in macrophages, are localized in the cell nucleus, and bind
to specific fatty acids or fatty acid metabolites. After ligand bind-
ing, these nuclear receptors form heterodimers with the retinoid X
receptor (RXR) and bind to specific DNA elements in the pro-
moter regions of target genes, regulating the expression of those
genes. These nuclear receptors (especially PPAR� and LXR�) also
play important roles in the systemic inflammation that contrib-
utes to cardiovascular disease, and for this reason small-molecule
therapeutic interventions targeting these nuclear receptors have
been developed and could potentially be repurposed to treat TB.

(i) PPAR�. Humans have three PPAR nuclear receptors,
PPAR�, PPAR�/	, and PPAR�, all of which are ligand-activated
transcription factors that regulate fatty acid catabolism and lipid
storage. The three PPARs differ in tissue distribution and function
(62). Upon infection of macrophages by M. tuberculosis or BCG,
PPAR� expression is upregulated (59, 60, 63). Several macro-
phage receptors are likely important for stimulating expression of
PPAR�, including the mannose receptor (recognizing sugars such
as ManLam on the M. tuberculosis cell wall) and the scavenger
receptors (61). Potential ligands for PPAR� include fatty acids
(host or M. tuberculosis) and products of the eicosanoid pathway.
The signaling pathway leading to activation of PPAR� expression
by M. tuberculosis is not well understood.

PPAR� is a potential HDT target in macrophages due to its
regulation of cytokine production, lipid body biogenesis, and M.
tuberculosis replication. Mahajan et al. reported that PPAR� ap-
pears to be involved in the M. tuberculosis-induced polarization of
macrophages to a less microbicidal, alternative phenotype charac-
terized by increased surface expression of CD36, lipid body for-
mation, IL-10 secretion, arginase synthesis, and reduced ROI/RNI
production (60). Inhibition of PPAR� (with siRNA or the
GW9662 antagonist) was associated with decreased M. tuberculo-
sis and/or BCG growth in human and mouse macrophages (59–
61). Although there are data supporting a cytokine-modulatory
effect of PPAR�, the results of three studies using siRNA knock-

down or chemical modulation of PPAR� differ with regard to the
direction of the effect (59–61). With respect to lipid bodies,
Almeida et al. found that macrophage lipid body formation was
induced by BCG, and this was enhanced by PPAR� agonist
BRL49653 and inhibited by PPAR� antagonist GW9662 (59).

(ii) LXR�,� and TR4. LXR�,� and TR4 are additional lipid-
sensing nuclear receptors that mediate immune responses to M.
tuberculosis. Similar to PPAR�, TR4 also appears to mediate my-
cobacterial programming of macrophages toward an alternative
phenotype. RNA interference (RNAi)-mediated knockdown of
TR4 decreased lipid body formation and enhanced the mycobac-
tericidal activity of human THP-1 macrophages (60). In the same
study, knockdown of LXR� had the opposite effect, leading to
increased M. tuberculosis growth in THP-1 macrophages. In an in
vivo murine intratracheal infection model, Lxr�/�
/
 mice were
more susceptible to H37Rv M. tuberculosis, with increased num-
bers of bacilli, more severe lung pathology, and a decreased TH1
and TH17 T cell response (64). In addition, prophylactic and ther-
apeutic treatment of WT mice with an LXR agonist (TO91317 or
GW3965) resulted in improved clearance of M. tuberculosis. To-
gether, these results suggest that TR4 and PPAR� activation favors
M. tuberculosis during infection, whereas LXR�,� activity protects
the host.

(iii) HDTs for lipid-sensing nuclear receptors. Several modu-
lators of PPAR exist, including compounds approved for human
use. PPAR� modulators include the thiazolidinediones (TZDs),
which activate PPAR� and are used in diabetes treatment. TZDs
include rosiglitazone (Avandia), pioglitazone (Actos), and trogli-
tazone (Rezulin), all of which were formerly available in the
United States or Europe but have been withdrawn or restricted
due to adverse side effects (65). The adverse side effects include
increased risks of liver failure and cardiovascular disease. Experi-
mental agents include netoglitazone (an antidiabetic agent),
rivoglitazone, ciglitazone, and rhodanine. A second class of
PPAR activators includes the fenofibrate compounds, which acti-
vate PPAR� and are FDA approved. Other activators of PPAR�
include perfluorononanoic acid and berberine. Finally, there are
experimental compounds used in the studies described here, in-
cluding the PPAR� antagonist GW9662 and the PPAR� agonist
BR49653. The use of FDA-approved PPAR� agents would be pre-
dicted to increase susceptibility to TB infection and/or disease. To
our knowledge, an increased risk of TB has not been reported as an
adverse side effect of PPAR� agonist use in humans. Small-mole-
cule modulators for TR4 and LXR�,� were not identified in the
literature. Together, these data suggest that lipid-sensing nuclear
receptors are potential targets for interventions in TB pathogene-
sis. Inhibition of PPAR� and TR4 or activation of LXR�,� could
lead to control of M. tuberculosis replication and favorable out-
comes for the host.

Phospholipases

Phospholipases are enzymes that catalyze the breakdown of phos-
pholipids into fatty acids and other lipophilic substances. Some of
the resulting products are secondary messengers that are impor-
tant for membrane trafficking, cell proliferation, and apoptosis.
Phospholipases are classified according to the site of the phospho-
lipid ester bond that is broken. The classes most relevant to TB are
phospholipase D (PLD) and phospholipase A2 (PLA2) (Fig. 2).

PLA2 has secreted (sPLA2), cytosolic (cPLA2), and calcium-in-
dependent (iPLA2) forms. iPLA2 cleaves cell membrane phospho-
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lipids to form arachidonic acid (AA) and other free fatty acids. AA
acts as a signaling molecule and also has direct antimycobacterial
properties against M. tuberculosis in culture and possibly within
macrophages as well (66). There is mixed evidence for the role of
PLA2 in control of M. tuberculosis. Arachidonyl trifluoromethyl
ketone (ATFMK) (also known as AACOCF3) and methyl arachi-
donyl fluorophosphate (MAFP) are inhibitors of group IV cPLA2

and group VI iPLA2. ATMFK and MAFP reduced the activity of
human macrophages against avirulent M. tuberculosis (strain
H37Ra), and the addition of AA to macrophages treated with
PLA2 inhibitors restored macrophage control of bacterial replica-
tion, possibly through increased cellular apoptosis (66). When
quinacrine, another PLA2 inhibitor, and ATMFK were applied to
M. tuberculosis in murine peritoneal macrophages, the antimyco-
bacterial activity of macrophages was also reduced (67). However,
bone marrow-derived macrophages lacking cPLA2 or treated with
the PLA2 inhibitor ATMFK, MAFP, quinacrine, pyrrolidine-2, or
indoxam (the last two being inhibitors of cPLA2 and sPLA2, re-
spectively) were not deficient in their ability to restrict the growth
of M. tuberculosis (68). It is not clear whether these contrary find-
ings were a result of differences in the strain of M. tuberculosis used
(avirulent H37Ra), source of macrophages, or other factors. Ge-
netic and phenotypic differences between avirulent H37Ra and

virulent H37Rv M. tuberculosis limit extrapolation of findings be-
tween the two organisms (10, 11). These data suggest a possible
role for PLA2 in restricting M. tuberculosis growth, but further
experimental studies are required to fully validate and define their
function in host defense against M. tuberculosis.

PLD catalyzes the hydrolysis of phosphatidylcholine into phos-
phatidic acid (PA) and a choline head group. Although the path-
way is unknown, in macrophages PA appears to facilitate phago-
some maturation, phagolysosome formation, the production of
ROIs, and M. tuberculosis killing. The activation of PLD has been
achieved by several means, including ATP, sphingosine 1-phos-
phate (S1P), lysophosphatidic acid (LPA), and CpG DNA, all of
which are nonspecific activators and thus limit conclusions from
these studies about a specific role for PLD in control of M. tuber-
culosis. The activation of PLD by ATP, which stimulates PLD
through the P2X7 ATP receptor and leads to multiple, diverse
changes in macrophages, produces an antimycobacterial effect
that is fully dependent on an increase in cytosolic Ca2� levels (69).
An increase in cytosolic Ca2� is essential for the activation of sev-
eral pathways that respond to mycobacteria, including phago-
some-lysosome fusion and production of cyclic AMP (cAMP).
Similarly, the induction of PLD with S1P, LPA, or CpG also results
in an antimycobacterial effect in vitro in human macrophages

FIG 2 Eicosanoid pathway and regulation of inflammation and HDTs. Phosphatidylcholine in the plasma membrane is broken down by phospholipase A2 into
arachidonic acid (AA) and then converted into several eicosanoids by cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 enzymes (not shown).
15-LOX leads to LXA4 production, which promotes cell necrosis and facilitates M. tuberculosis replication. COX enzymes lead to PGE2, which is associated with
increased apoptosis and restricted M. tuberculosis growth. However, inhibition of COX enzymes with NSAIDs can lead to improved outcomes for the host. Host-
or M. tuberculosis-derived adenylate cyclases also lead to increased cAMP, which is broken down by phosphodiesterases and may modulate TNF levels. HDT
targets described in the text are marked in boxes with red shading.
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(70–73). Strategies that activate PLD might be desirable as a host
therapeutic, but the precise role of this molecule in host defense
against M. tuberculosis needs to be better understood.

Eicosanoids, Inflammation, and Mechanisms of Cell Death

The eicosanoids are signaling molecules derived from fatty acids
that mediate complex control over inflammatory reactions (74,
75), including the macrophage response to M. tuberculosis. The
biochemical precursor for many eicosanoids is arachidonic acid
(AA), which is generated by phospholipases as described above
(Fig. 2). Metabolism of AA into the eicosanoids is carried out by
three groups of enzymes (76): (i) cyclooxygenases (COX1 and
COX2) metabolize AA to prostaglandins and thromboxane, (ii)
lipoxygenases (e.g., 5-LOX, 12-LOX, and 15-LOX) catalyze the
formation of AA into leukotrienes and lipoxins, and (iii) cyto-
chrome P450 metabolizes AA into hydroxyeicosatetraenoic acids
and epoxyeicosatrienoic acids, which function primarily as auto-
crine and paracrine effectors in the cardiovascular and renal sys-
tems (77). Several FDA-approved drugs that inhibit enzymes in
the eicosanoid pathway are available: aspirin and other nonsteroi-
dal anti-inflammatory drugs (NSAIDs), which inhibits COX1 and
COX2, and zileuton, which inhibits 5-LOX and is used for the
treatment of asthma.

The eicosanoids regulate several steps in M. tuberculosis patho-
genesis, including cytokine production, mechanisms of macro-
phage death, T cell responses, and bacterial replication (78–80).
The mechanism of macrophage cell death is fundamental to
pathogenesis of M. tuberculosis, and studies suggest that necrotic
cell death favors M. tuberculosis replication and survival, while
apoptotic cell death favors the host with restriction of bacterial
replication (78–80). Apoptosis of M. tuberculosis-infected den-
dritic cells promotes TH1 T cell responses, which are important
for an effective host response against M. tuberculosis (80). The
recognition of apoptotic cells by phagocytes appears to be benefi-
cial during infection with M. tuberculosis, as has recently been
shown with phosphatidylserine (PS)-coated liposomes that re-
semble apoptotic bodies (81). Chen et al. demonstrated that avir-
ulent M. tuberculosis (strain H37Ra) promotes apoptosis by in-
creasing cAMP levels and activating protein kinase A (PKA),
which induces high prostaglandin E2 (PGE2) levels, whereas vir-
ulent M. tuberculosis (H37Rv) promotes necrosis via induction of
LXA4, which downregulates PGE2 and blocks TNF (79). This sug-
gests that interventions that alter the balance of these lipids and
promote host cell apoptosis might hold promise in the treatment
of M. tuberculosis.

One of the downstream effects of leukotriene B4 (LTB4) is to
induce production of TNF, a neutrophil chemoattractant. Vari-
ous methods for manipulating this branch of the AA cascade path-
way in zebrafish (15-LOX inhibitor, LTB4 antagonist, and LTA4H
mutant) suggest that regulation of TNF is potentially amenable to
therapeutic intervention via the eicosanoid pathway. The desired
effects depend on the overall balance of LXA4 and LTB4 levels
(and effects on TNF). Tobin et al. found that mutations in LTA4H
were associated with hypersusceptibility to M. marinum in a
zebrafish model (82). The increase in mycobacterial proliferation
in the LTA4H mutants was due to increased levels of anti-inflam-
matory lipoxins (such as LXA4) and decreased levels of TNF. At the
same time, excess production of TNF via proinflammatory eico-
sanoids such as LTB4 was also detrimental, resulting in increased
M. marinum growth. These findings in zebrafish were accompa-

nied by human genetic studies conducted as part of a case-control
study in Vietnam, which identified two LTA4H polymorphisms
associated with protection from pulmonary and meningeal TB.
Further studies discovered an lta4h promoter region polymor-
phism, which regulated transcriptional levels of the gene and was
associated with increased inflammation in the cerebrospinal fluid
of infected patients (83). However, the lta4h gene polymorphisms
identified by Tobin et al. did not appear to play a role in protection
against pulmonary TB in a Russian population (84). This differ-
ence may be attributable to multiple factors, including a different
genetic background of the population. TB meningitis is currently
treated with dexamethasone along with anti-TB drugs. Dexa-
methasone and other steroids (e.g., prednisone) are HDTs with
pleiotropic effects that dampen the immune response through
poorly understood mechanisms. Although dexamethasone is rou-
tinely used in the treatment of TB meningitis, many individuals
still have poor outcomes (85). Interestingly, the proinflammatory
LTA4H genotype was associated with increased survival in those
treated with dexamethasone but not in those who were not treated
(85). This observation indicates that the benefit of dexamethasone
is likely dependent on the inflammatory state of the host at the
time of treatment. Together, these studies suggest that LTA4H is
an important checkpoint in the eicosanoid pathway that regulates
TNF and other inflammatory phenotypes. The zebrafish and hu-
man data indicate that protection from TB depends on an optimal
balance of inflammatory products of the eicosanoid pathway and
that the benefits of immunomodulatory treatment will likely de-
pend on genetically regulated levels of inflammation in human
populations.

Recent findings have demonstrated that 15-LOX-dependent
lipoxins, such as LXA4, are key mediators in resistance to M. tuber-
culosis. The lipoxins have broad counterinflammatory activities,
including inhibiting neutrophil and monocyte migration, modu-
lating matrix metalloproteinase (MMP) production, and sup-
pressing Toxoplasma gondii-induced IL-12 secretion from den-
dritic cells and polarization of TH1 T cells (86, 87). Mice deficient
in 5-LOX had lower levels of LXA4 than their WT counterparts
and were hypersusceptible to infection with T. gondii due to an
uncontrolled inflammatory response (88). Interestingly, the op-
posite phenotype was seen after infection with M. tuberculosis,
with 5-LOX-deficient mice showing lower levels of LXA4, in-
creased expression of IL-12, IFN-�, and inducible nitric oxide
synthase (iNOS) in the lungs, and a lower bacterial burden in
lungs and spleens (89, 90). Inconsistent with this, however, M.
tuberculosis-infected mice treated with a 5-LOX inhibitor,
MK866, had higher bacterial loads and a shorter survival time
than untreated mice (91). It was speculated that these differences
might have been due to various levels of lipoxins observed in each
study, the mouse model, infection severity, or genetic versus phar-
macological approaches. In a Ghanian study group of 1,916 TB
patients and 2,269 healthy, exposed controls, Herb et al. found
variant 5-LOX alleles that were associated with susceptibility to
pulmonary TB (92). Further studies in animal models and hu-
mans, possibly with zileuton, a 5-LOX inhibitor approved for the
treatment of asthma, might help elucidate whether modulation of
lipoxin production through this pathway might be a potential
target for the therapy of TB.

Efforts to modulate the eicosanoid pathway for the treatment of
TB have been attempted in human clinical trials with aspirin (an
inhibitor of COX1 and COX2) (Table 2). Schoeman et al. exam-
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ined 159 patients with TB meningitis through randomization to
placebo and two different doses of aspirin; all patients also re-
ceived standard TB drug therapy plus prednisolone (93). There
were no differences in morbidity or mortality among the 3 groups.
Misra et al. examined 119 subjects with TB meningitis and ran-
domized them to aspirin versus placebo, along with standard TB
drug therapy. The aspirin group had a lower risk of death (P �
0.03) and a trend toward lower stroke risk (P � 0.18) (94). Al-
though these data suggest a possible benefit, data from this trial are
difficult to interpret as prednisolone was used inconsistently and
was not a standardized part of the protocol. Recent work in the
C3HeB/FeJ mouse, which develops human-like necrotic lesions
after infection with M. tuberculosis, suggests that use of NSAIDs
might help in TB treatment. Administration of the COX inhibitor
ibuprofen in M. tuberculosis-infected C3HeB/FeJ mice led to de-
creases in the size and number of lung lesions, decreases in the
bacterial burden, and improvements in survival compared to
those for untreated animals (95). Other studies of NSAIDs in TB
therapy have demonstrated synergistic as well as antagonistic ef-
fects of certain NSAIDs in combination with TB drugs in the
mouse model of TB (96–99).

Protein Kinase R

Protein kinase R (PKR) mediates cellular responses to stress
through recognition of double-stranded RNA (dsRNA) and has
pleiotropic effects on the cell, including regulation of cytokine
responses. Mice lacking the gene for PKR infected with M. tuber-
culosis had lower mycobacterial loads and less pulmonary pathol-
ogy than WT mice (100). In addition, M. tuberculosis-infected
PKR-deficient macrophages exhibited increased apoptosis and in-
creased expression of iNOS and TNF in response to IFN-�, indi-
cating that in the absence of PKR, macrophages were more fully
activated (100). PKR has been suggested as a therapeutic target in
neuronal degeneration and influenza (101–105). Although the
mechanism underlying its role in restricting the host response to
M. tuberculosis needs to be better understood, this study suggests
that a PKR inhibitor might also be useful for the treatment of TB.

Siderophores and Iron Sequestration

The importance of host iron metabolism for M. tuberculosis patho-
genesis has long been recognized. M. tuberculosis has evolved strate-
gies to manipulate host iron homeostasis in order to acquire the
iron that the bacterium needs to survive and grow. Several host
molecules that regulate iron availability in solid tissues, blood, and
macrophages have been identified, and their possible roles in TB
pathogenesis are discussed in a recent review article (106). Of
these molecules, we focus on lipocalin 2 (also called siderocalin,
LCN2, or NGAL), Nramp1, and hepcidin, with brief mentions of
lactoferrin and ferroportin. Small molecules that modulate these
host factors involved in iron metabolism were not identified in the
literature.

M. tuberculosis acquires iron by releasing siderophores, small
compounds that chelate iron ions with extremely high affinity.
The iron-bound siderophores are retrieved by M. tuberculosis us-
ing receptors that internalize them into the bacterium, where the
iron is released for use in metabolic processes. Human hosts have
proteins that bind bacterial siderophores, preventing bacteria
from scavenging host iron. One such human protein is lipocalin 2,
which has been shown to bind the M. tuberculosis siderophore
carboxymycobactin, potentially protecting the host against myco-

bacterial infection through iron sequestration (107, 108). Three
studies found that lipocalin 2 protein added to liquid cultures
inhibited mycobacterial growth (52, 109, 110). In addition,
lipocalin 2 knockout mice infected with M. tuberculosis had worse
lung pathology and greater bacterial loads than WT mice (110).
However, a recent study found that although an increase in lipoca-
lin 2 production was part of the early response to M. avium infec-
tion, the bacterial load did not differ substantially between lipoca-
lin 2-deficient and WT mice (109).

The protein NRAMP1, encoded by the Slc11a1 gene, is a mem-
brane ion channel that functions in iron and manganese transport
(111). Natural polymorphisms in Nramp1 in humans are associ-
ated with variable outcomes with respect to TB (112). Common
laboratory mouse strains have coding allele variations in Nramp1
and have been intensively studied over the past 20 years. Early
studies demonstrated that Nramp1-deficient mice (natural allelic
variant) were more susceptible to BCG, Salmonella, and Leishma-
nia (113). Nramp1 knockout mice were unable to control BCG
growth early in infection but at later time points were similar to
WT mice, with comparable liver and spleen histopathology (114).
A similar study in which Nramp1-deficient mice were infected
with M. tuberculosis found no differences compared to WT mice
in bacterial growth, histopathology of the lung, liver, and spleen,
or mouse survival (115).

Hepcidin is a liver hormone that regulates iron homeostasis by
regulating iron transport across the gut mucosa. It binds to ferro-
portin, an iron channel on gut cells as well as in macrophages. Two
studies found that hepcidin was produced by a variety of cell types,
including human and mouse macrophages and dendritic cells, in
response to mycobacterial infection (116, 117). Sow et al. showed
that hepcidin localized to M. tuberculosis phagosomes in mouse
macrophages and that treating M. tuberculosis in vitro with hepci-
din resulted in reduced bacterial growth in a dose-dependent
fashion (116). It has also been shown that mouse macrophages
overexpressing ferroportin had reduced M. tuberculosis growth
compared to control macrophages (118). Finally, lactoferrin is a
protein contained in secretions, including milk, that binds to iron
and has antimicrobial properties. Mice infected with M. tubercu-
losis and fed lactoferrin had lower bacterial loads and less lung
pathology than M. tuberculosis-infected mice not fed lactoferrin
(119).

Overall, these studies highlight that targeting M. tuberculosis
iron acquisition and metabolism may be a strategy for HDT de-
velopment for TB. However, targeting many of these pathways will
be challenging, as it will require strategies to selectively upregulate the
activity or expression of host iron-scavenging molecules such as li-
pocalin 2, hepcidin, or lactoferrin, perhaps throughout the full course
of infection and without altering iron homeostasis of the host.

HDTs AND THE PULMONARY IMMUNE RESPONSE

After the early stages of the innate immune response to M. tuber-
culosis, a cascade of immune responses occurs. Macrophages and
dendritic cells secrete cytokines and chemokines, which recruit
cells to the site of infection and modulate the adaptive immune
response. Antigen-presenting cells polarize T cell subsets through
secretion of cytokines. For example, high IL-12/IL-10 ratios in-
duce TH1 effector responses, IL-12/IFN-� ratios modulate differ-
ential induction of central and effector memory T cells, combina-
tions of IL-1�, IL-6, transforming growth factor � (TGF-�),
and/or IL-23 induce Th17 cells, and IL-10 and TGF-� may pref-
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erentially induce Tregs (120–125). Some cytokines, such as IFN-�
from TH1 T cells, activate macrophages to kill M. tuberculosis
(11). TNF also activates macrophages to restrict M. tuberculosis
growth. Despite the benefit of some proinflammatory cytokines
such as IFN-� and TNF, other cytokines such as IFN-� may be
detrimental. For example, some studies suggest that IFN-� can
exacerbate murine TB infection (126, 127). Anti-inflammatory
cytokines such as IL-10 and TGF-� also mediate important as-
pects of M. tuberculosis infection. Elevated levels of IL-10 promote
TH2 T cell polarization and an immune response that is not ben-
eficial for the host (128, 129). IL-10 and TGF-� promote Treg
development, which suppresses effector T cell responses and
dampens the antimicrobial response during M. tuberculosis infec-
tion (130, 131). The pro- and anti-inflammatory responses culmi-
nate in different outcomes, including development of activated
macrophages that form a granuloma, a collection of macrophages
and T cells that surround the M. tuberculosis-infected cells. The
classic view of the granuloma is that it has hypoxic, acidic, nutri-
ent-poor conditions that are less permissive for M. tuberculosis
replication. More recent data suggest that M. tuberculosis may
utilize the granuloma as a mechanism for cell-to-cell spread of
infection (132). Indeed, some of the bacilli adapt by entering into
a nonreplicating state that can persist for many years until HIV or
other factors restore conditions permissive for active disease.
Within this environment of competing immune responses, which
steps are plausible therapeutic intervention points for HDT with
promising lead compounds? In this section, we highlight path-
ways where such lead compounds exist with data that suggest pos-
sible effects on M. tuberculosis infection and disease progression.

Cytokine Modulation

Cytokine regulation of the immune response offers numerous in-
tervention points. Two major cytokines for consideration are
IFN-� and TNF, both of which activate macrophages and pro-
mote bacterial killing.

IFN-�. Interferons stimulate hundreds of genes in macro-
phages and induce antimicrobial effector responses, including in-
ducible nitric oxide synthase (iNOS) and the nitric oxide pathway,
NADPH oxidase (NOX) and the ROS pathway, indoleamine 2,3-
dioxygenase (IDO), NRAMP1, GTPases, and autophagy (18, 133).
IFN-�-deficient mice are highly susceptible to in vivo M. tubercu-
losis infection (134). In addition, children with rare mutations in
IFN-� pathway genes are highly susceptible to BCG and nontu-
berculous mycobacterial infections (135). This central role of
IFN-� in M. tuberculosis pathogenesis led to human clinical trials
to test its efficacy for treatment as an adjuvant to antibiotic ther-
apy (Table 2). These trials included a safety study and two RCTs.
In the safety study, aerosolized IFN-� was well tolerated by five
patients with MDR TB, and these patients showed suggestive evi-
dence of clinical improvement (136). A small Cuban study of pa-
tients (n � 32) with nontuberculous mycobacterial lung disease
(mostly M. avium complex) receiving antibiotic therapy were ran-
domized to injections of IFN-� (n � 18) versus placebo (n � 14)
(137). Patients treated with IFN-� showed greater improvement
in pulmonary symptoms and a higher percentage of complete re-
sponders (72% versus 36% at 6 months; P � 0.037). Sputum
culture conversion rates showed a trend toward faster resolution
(P � 0.04), and radiographic improvement was greater (P �
0.036) in IFN-�-treated individuals at 18 months (137). In a
three-arm RCT, TB patients receiving antibiotic therapy with neb-

ulized IFN-�1b (n � 30) or subcutaneous injections of IFN-�1b
(n � 27) were compared with TB patients receiving antibiotic
therapy alone (n � 30) (138). Patients in the aerosolized IFN-�1b
group were more likely to have negative sputum smears at 4 weeks
(P � 0.03). In addition, culture conversion rates at 4 weeks
showed a trend favoring aerosolized IFN-� treatment that was not
statistically significant (P � 0.15). Disease symptoms were less in
both IFN-�1b treatment groups. Together, these studies suggest
that IFN-� is beneficial for the treatment of nontuberculous my-
cobacteria as well as TB. Although some benefit was associated
with IFN-� treatment, several hurdles would prevent its develop-
ment as an HDT. These obstacles include a small potential mag-
nitude of benefit, high cost, and difficult supply chain logistics. In
addition, the delivery of inhaled or subcutaneous IFN-� to target
tissues is challenging. With sequestration of M. tuberculosis within
granulomas, cavities, and/or extrapulmonary sites, penetration is-
sues would be formidable. In light of such challenges, these studies
support efforts to identify the pathways activated by IFN-� that
could be modulated with small-molecule drugs.

TNF. TNF mediates many important immune responses, in-
cluding immune cell activation, differentiation, and cell death.
TNF is produced by a number of cells, including macrophages,
dendritic cells, neutrophils, and T cells. In vivo studies in mice
(neutralization with anti-TNF antibodies and TNFp55R
/
)
demonstrated that TNF is important for control of M. tuberculosis
replication as well as granuloma formation (139). The mechanism
of TNF regulation of M. tuberculosis growth is partially attributed
to macrophage activation with increased phagocytosis and pro-
duction of reactive nitrogen and oxygen intermediates. In hu-
mans, TNF antagonist therapy is used for treatment of rheumato-
logic disorders as well as inflammatory bowel disease (140).
Patients with latent tuberculosis infection (LTBI) treated with
TNF antagonists have a significantly increased risk of developing
active TB disease (140). In addition to the protective role of TNF,
excess levels may contribute to immunopathology (82). Ulti-
mately, antibacterial effects need to be balanced with avoidance of
immunopathology. Achieving this balance is a major goal of
HDTs and is discussed above with manipulation of leukotriene
pathways and below with phosphodiesterase (PDE) mechanisms.

The granuloma may benefit the host by containing the bacte-
ria, restricting the spread of infection, and permitting the focusing
of an immune response. However, the granuloma may also benefit
the bacilli by facilitating their propagation to neighboring tissue
via the trafficking of host cells that harbor M. tuberculosis (132).
Bacilli in the granuloma are presumed to exist predominantly in a
dormant state due to hypoxic conditions and other stresses that
impose nonreplication of TB. This state of dormancy may be a
barrier to successful drug treatment, since certain TB drugs have
greater potency, or are only active, against replicating populations
of M. tuberculosis. This is the basis for adjunctive therapy with
immunosuppressive treatments that reactivate the bacilli and in-
crease their susceptibility to standard TB drugs. One mechanism
of granuloma disruption and bacillus reactivation is through TNF
inhibition. In a single-arm trial with historical controls, Wallis et
al. examined this concept by treating 16 HIV-1-infected patients
with pulmonary TB with etanercept at the initiation of TB drug
treatment. Interestingly, the sputum culture conversion rate
showed a trend toward faster conversion in those receiving etan-
ercept compared to historical controls (P � 0.05) (141, 142). Clin-
ical and radiographic improvement did not differ between the two
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groups. Although the sample size was small and the design was not
randomized, these data suggest that TNF inhibition could lead to
more rapid clearance of M. tuberculosis from the lung and that
manipulation of TNF levels offers the potential to alter the balance
of inflammation to benefit the host. Another strategy for manip-
ulating TNF via modulation of phosphodiesterase enzymes and
cAMP levels is described below.

(i) cAMP and phosphodiesterase inhibitors. cAMP is a second
messenger in the cell that has pleiotropic effects, including the
activation of signaling molecules such as PKA and immunomodu-
lation of the cell. cAMP is formed by adenylate cyclases (ACs) and
degraded by phosphodiesterases (PDEs). One of the effects of
cAMP is inhibition of TNF production by monocytes and macro-
phages (143, 144). Phosphodiesterase inhibitors cause accumula-
tion of cAMP, which then inhibits TNF production. Mammals
have up to 11 classes of PDEs that differ in cell and tissue distri-
bution. Two lines of investigation converged on its identification
as an important regulator of M. tuberculosis survival in macro-
phages (Fig. 2). On the bacterial side, M. tuberculosis induces
cAMP production in infected J774 macrophages following phago-
some formation (145). Restricting production of cAMP through
an AC inhibitor (SQ22536) or addition of a PKA inhibitor (H89)
led to reduced mycobacterial growth (145). Agarwal et al. found
that M. tuberculosis induced cAMP in macrophages and that an M.
tuberculosis mutant lacking Rv0386, one of the 17 AC genes in M.
tuberculosis, was associated with lower cAMP levels, CREB phos-
phorylation, and TNF production in macrophages, along with
decreased growth of the bacterium in macrophages and in mice
compared to WT M. tuberculosis (146). A similar phenotype was
observed with an M. tuberculosis mutant that overexpressed the
phosphodiesterase gene Rv0805, which also decreases cAMP lev-
els in the macrophage. Together, these data suggest that cAMP
induction by M. tuberculosis favors bacterial survival and that in-
hibiting cAMP levels results in reduced TNF levels and better con-
trol of M. tuberculosis by the host.

Manipulation of cAMP levels via host pathways also modulates
M. tuberculosis growth during infection. Studies for HDTs were
initiated with thalidomide, which is effective for treating erythema
nodosum leprosum, an inflammatory reaction associated with
high levels of TNF (147). Due to teratogenic side effects associated
with thalidomide, a search for analogues that regulate cAMP and
TNF led to the identification of a class of phosphodiesterase in-
hibitors (PDEi) which lead to increased levels of cAMP. Although
thalidomide does not appear to directly inhibit PDEs, both thalid-
omide and PDEi share a property of inhibition of TNF, indirectly
affecting M. tuberculosis growth in macrophages. cAMP modu-
lates TNF, potentially through a pathway that includes PKA and
the transcription factors cAMP response element-binding protein
(CREB) and NF-�B.

The beneficial effect of PDEi on M. tuberculosis infection led to
testing of these compounds with animal models in combination
with standard anti-TB drugs. The effects of these treatments may
be due to an alteration in the physiologic state of the bacterium
(the hypothesis being that elevated cAMP levels prompt M. tuber-
culosis to maintain an active metabolic state, allowing the anti-TB
drugs to be more effective) or through modulation of the host
immune response (e.g., via TNF and immune activation). Exper-
iments in animal models show that inhibition of certain PDEs
restricts bacterial growth in vivo and decreases inflammation, with
improved pathological outcomes compared with standard treat-

ment. These studies included PDE3, PDE4, and PDE5 inhibitors.
PDE4 hydrolyzes cAMP and is expressed in monocytes and mac-
rophages but not in T cells. Mice and rabbits treated with the
PDE4 inhibitor CC-3052, in combination with INH, had im-
proved resolution of lung pathology and a lower burden of M.
tuberculosis compared to mice treated with INH alone (148–150).
However, a separate study found that administration of the PDE4
inhibitors rolipram and cilomilast decreased survival time of M.
tuberculosis-infected mice and that addition of rolipram to the
standard TB treatment resulted in a higher bacterial burden than
with the standard treatment alone (151). The latter study suggests
that certain PDE4 inhibitors might be detrimental in the mouse
model, but further work is needed to better understand the impact
of adjunctive use of PDE4 inhibitors in TB. PDE3 hydrolyzes both
cAMP and cyclic GMP (cGMP) and is expressed in macrophages,
endothelial cells, platelets, and airway smooth muscle cells. PDE5
hydrolyzes cGMP and is expressed in pulmonary vascular smooth
muscle of pulmonary arteries and veins, bronchial blood vessels,
and airway smooth muscle. PDE3 and PDE5 are inhibited by
cilostazol and sildenafil, respectively. Use of these inhibitors in
combination with standard TB drugs provides some benefit in the
mouse model of infection, as measured by bacterial burden and
time to sterilization (144). Pentoxifylline, a nonspecific and rela-
tively weak PDE inhibitor, was tested as adjunctive TB treatment
in an RCT in 107 HIV-infected patients in Uganda (152). Pentoxi-
fyulline was not associated with any difference in M. tuberculosis
culture conversion, radiographic improvement, or death. Al-
though the data were negative, more potent and selective PDE
inhibitors are now available to test this concept. Further work is
required to better understand which PDEs are the most promising
targets for the treatment of TB and whether select PDEi might be
beneficial in combination with standard treatment.

The benefit of anti-inflammatory treatment with steroids has
been demonstrated in RCTs for TB meningitis and pericarditis
(85, 153). Despite clinical benefit, attempts to discover which im-
mune pathways are inhibited by steroids during TB meningitis
treatment were unsuccessful (154). Given the broad range of im-
munomodulatory effects and side effects of steroids, more selec-
tive immunomodulation is a major goal of HDT. Although no
studies of newer, more specific PDEi have been performed for
treatment of TB, an RCT of thalidomide with 47 TB meningitis
patients was reported (147) (Table 2). The study was stopped early
due to adverse side effects in the thalidomide arm.

(ii) ROS and mechanisms of cell death. Although TNF is crit-
ical for the antibacterial response, TNF’s proinflammatory effects
can be detrimental. One therapeutic goal is to maximize the M.
tuberculosis killing activity of TNF and avoid detrimental effects
such as TNF-induced necrosis of macrophages. Using a zebrafish
model with M. marinum, Roca and Ramakrishnan recently dem-
onstrated that TNF induces ROS production by mitochondria,
which initially leads to increased killing of M. tuberculosis but also
culminates in macrophage necrosis, thus favoring growth of the
bacillus (155). The necrosis pathway was mediated by mitochon-
drial cyclophilin D and acid sphingomyelinase-dependent activi-
ties. When these pathways were inhibited by alisporivir and desip-
ramine, respectively, necrosis was blocked without impairing
killing of M. tuberculosis. Desipramine is an FDA-approved drug
used for treating depression; however, the tricyclic antidepres-
sants are not used as first-line therapy due to their narrow thera-
peutic index, and alisporivir is in phase III trials for treating hep-
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atitis C. These studies demonstrate that it may be feasible to
selectively block a detrimental host pathway while preserving es-
sential antimicrobial mechanisms of M. tuberculosis killing.

HDTs, PATHOLOGY, AND TISSUE HOMEOSTASIS

Matrix Metalloproteinases

Lung cavities are a hallmark of clinical TB and are formed through
the breakdown of the extracellular matrix (156) (Fig. 3). The ma-
trix metalloproteinases (MMPs) comprise a family of 24 zinc- and
calcium-dependent proteases that break down proteins of the ex-
tracellular matrix and basement membrane and modulate lung
remodeling, fibrosis, and inflammation (157–161) The MMPs
regulate important aspects of the immune response and are in-
volved in chronic diseases such as arthritis, psoriasis, chronic ob-
structive pulmonary diseases, and cancer (162). MMPs can be
categorized by the type of tissue degraded, including collagenases
(MMP1), gelatinases (MMP9), stromelysins, and elastases. M. tu-
berculosis induces the expression of several MMPs, including
MMP1, MMP2, MMP7, MMP9, and MMP10 (158, 159, 163, 164).

MMP9 is upregulated in M. tuberculosis granulomas as well as in
the cerebrospinal fluid (CSF) of patients with TB meningitis (165,
166). Mmp9-deficient mice infected with TB had decreased num-
bers of granulomas and lower lung bacterial counts compared to
WT mice (167). In a zebrafish model of mycobacterial infection
with M. marinum, MMP9 was shown to promote the recruitment
of macrophages into granulomas (168). Inhibition of MMP9 with
morpholinos resulted in decreased numbers of granulomas and
decreased growth of M. marinum in zebrafish. These studies sug-
gest that MMP9 regulates granuloma formation in TB and that
inhibition of MMP9 may lead to improved clearance of bacteria in
the host.

The role of MMP1 in tissue homeostasis and healing has been

extensively studied. MMP1 was the most highly induced MMP in
primary human monocytes infected with M. tuberculosis and was
blocked by the MMP inhibitor Ro32-3555 (also called Trocade)
(156). As mice do not express an orthologue of human MMP1,
WT mice cannot be used to evaluate the role of MMP in TB. M.
tuberculosis infection of mice transgenically expressing human
MMP1 in activated macrophages under the control of the scaven-
ger receptor A promoter/enhancer resulted in greater alveolar de-
struction and breakdown of collagen, suggesting a possible role for
MMP1 in lung remodeling in human disease (156). However, no
difference in bacterial burden was observed between wild-type
and MMP1 transgenic mice.

Inhibition of several MMPs has been studied with BB-94, a
nonselective MMP inhibitor. When mice were treated with BB94
and infected with M. tuberculosis, there was decreased mouse sur-
vival in the BB94-treated animals accompanied by increased num-
bers of granulomas at late time points (169). In contrast, a second
study found that BB94-treated mice had decreased numbers of M.
tuberculosis and granulomas in the blood and lungs at some of the
early time points (170). In a third study, BB94-treated mice in-
fected with M. tuberculosis had decreased CFU in blood and spleen
but not the lung (167). Though the results of these studies are
inconsistent, they suggest an effect of MMP modulation on TB
phenotypes.

Neutrophils

Short-lived, phagocytic neutrophils are recruited early to foci of
infection by chemokines and cytokines expressed by resident mac-
rophages and other cells (Fig. 3). At the infectious site, neutrophils
produce a number of antimicrobial products to eliminate patho-
gens, including reactive oxygen species, preformed oxidizing
agents, and hydrolytic enzymes such as elastase, which are stored

FIG 3 Pulmonary immune response to M. tuberculosis infection and HDTs. M. tuberculosis-infected macrophages and dendritic cells secrete cytokines such as
IL-6, IL-10, IL-12, and TNF. This cytokine response results in recruitment of macrophages, priming and differentiation of T cells, and formation of a granuloma.
The nature of the host response determines M. tuberculosis replication, lung pathology, and cavity formation. HDT targets described in the text are marked in
boxes with red shading.
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in intracellular granules (171). In the case of TB, the early and
ongoing presence of neutrophils appears to play an important role
in animal models of infection and in human disease. In zebrafish
infected with M. marinum, neutrophils recruited to granulomas
phagocytose dying bacterium-laden macrophages and kill inter-
nalized mycobacteria through oxidative mechanisms (172). Al-
though the exact role of neutrophils in TB animal models and
human patients remains to be better defined, it has become in-
creasingly appreciated that neutrophils can harbor a large fraction
of the M. tuberculosis bacillary burden. In humans with active
pulmonary TB, neutrophils are the predominant cell type con-
taining bacilli in the sputum, bronchoalveolar lavage fluid, and
cavities of patients (173). Neutrophils also appear to be major
hosts of M. tuberculosis in the mouse model of infection (174).
Although the neutrophil response is designed to kill pathogens,
the release of toxic antimicrobial factors can paradoxically con-
tribute to the destruction of bystander immune and nonimmune
cells, dissolution of tissue, and damage to the overall architecture
of the lung. Rigorous downregulation of neutrophil activity is
therefore important for preventing an excessive inflammatory re-
sponse (175). In chronic infections such as TB, neutrophils likely
continuously cycle into active or reactivating disease lesions,
where they help control M. tuberculosis replication but also con-
tribute to the progression of disease pathology (176). Reversing
neutrophil damage is a major goal in inflammatory diseases such
as asthma and chronic obstructive pulmonary disease (COPD),
but a major challenge has been inhibiting excessive inflammation
without impacting the beneficial innate response to pathogens. In
TB, the timing of therapy targeting neutrophils will be critical, as
early neutrophil responses are required to contain and limit infec-
tion, whereas later in disease sustained neutrophil responses can
be damaging to the host and might help spread infection. A mul-
titude of pathways in neutrophil recruitment, migration, and ac-
tivation can be targeted. However, few currently available drugs
modulate activity of neutrophils, and those that do act broadly on
the immune response, are nonselective, and have high toxicity
risks (177).

Among the many antimicrobial mechanisms of neutrophils is
the release of neutrophil extracellular traps (NETs), which consist
of DNA, histones, and antimicrobial proteins that help kill patho-
gens. Other innate cells, such as mast cells, eosinophils, and mac-
rophages, may also release similar extracellular traps (ETs) (178).
Much remains unknown about the role of ETs in defense against
M. tuberculosis. NET and macrophage ET formation can be in-
duced by M. tuberculosis, though a direct antituberculoidal role of
these extracellular structures has not been shown (174, 179, 180).
ETs produced by phagocytes may directly kill M. tuberculosis, but
they may also sequester bacilli and promote their eventual de-
struction by other cells of the immune system. Conversely, ET
components can be immunogenic and damaging to host tissue;
limiting their production and accumulation might be beneficial in
some diseases (181, 182). Although the role of ETs in host control
of M. tuberculosis remains to be better defined, the regulation of
ET formation by phagocytes might be modulated for the treat-
ment of TB.

Antifibrotics

A central feature of TB is the formation of aggregates of immune
and nonimmune cells called the granuloma, which contains the
bacilli and concentrates a protective host response but conversely

may also serve as a safe haven for M. tuberculosis and permit the
dissemination of bacteria (183). Advanced granulomas consist of
many cell types, including neutrophils, macrophages, natural
killer cells, B and T cells, fibroblasts, and epithelial cells, encapsu-
lated by a fibrous rim with extensive deposition of extracellular
matrix (ECM) components and a central region of cellular necro-
sis and liquefied tissue. Progression of the granuloma and the
process of lesion development and lesion healing leads to fibrosis
and scarring of tissue. Fibrotic processes might be beneficial in
that they contain infection; however, remodeling of the lung can
lead to loss of alveolar spaces and long-lasting anatomical and
structural changes that distort lung function and worsen patient
outcomes (184). Pulmonary fibrosis may also lead to poor pene-
tration of TB antibiotics into the lesion and thus to longer treat-
ment times and drug resistance. In addition, lung fibrosis occurs
dramatically during TB antibiotic therapy, presumably due to
bacterial death, antigen release, and a boosting of the immune
response. Therefore, the management of fibrosis might be partic-
ularly important during treatment. It may become even more crit-
ical if faster-acting TB regimens are developed that induce accel-
erated bacterial clearance, more robust immunity, and, as a result,
greater fibrosis and lung remodeling.

Antifibrotic therapies, many of which are in various stages of
development for pulmonary inflammatory diseases such as
COPD, idiopathic pulmonary fibrosis (IPF), and asthma, have
potential for use in TB as they may reduce TB-induced lung dam-
age, improve lesional pharmacokinetics of TB drugs, and allow for
better entry of protective immune cells into diseased tissues (184–
187). However, many of the treatment modalities aimed at reduc-
ing lung fibrosis, including the recently approved agent pirfeni-
done for IPF (188), have pleiotropic effects and potential
toxicities. In addition, many of these treatments prevent further
fibrosis and progression of disease, and thus it is unlikely that they
would restore complete lung function in pulmonary inflamma-
tory diseases or in TB. A number of fibrosis targets have been
implicated in COPD, IPF, and asthma, including cytokines and
factors such as TGF-� (189), IL-13 (190), monocyte chemoattrac-
tant protein 1 (MCP-1) (191), MMPs (157), relaxin (192), and
platelet-derived growth factor (PDGF) (193) and signaling mole-
cules such as the tyrosine kinases inhibited by imatinib (194).
Lung remodeling has been characterized to some extent in TB
(184), but the mechanisms underlying the fibrotic process need to
be better defined, and new tests and measures of airway remodel-
ing need to be applied (195, 196). Insights are also required from
preclinical and clinical studies of antifibrotic agents in the appro-
priate models and settings in combination with TB antibiotics to
determine whether these have a role to play in treatment shorten-
ing or improving patient outcomes in TB.

CONCLUSIONS

HDTs offer great promise to expand therapeutic options for im-
proved TB treatment. The pathways that might be targeted de-
pend on the goal of treatment with an HDT and encompass broad,
non-mutually exclusive categories of biologic processes, including
modifying macrophage and host cell function, optimizing inflam-
matory responses at the cell and organ levels, and improving pul-
monary pathology. Although the body of work in this area is cer-
tainly encouraging, significant challenges remain to advance
mechanistic concepts and preclinical data into tangible results.
Targets in these pathways have various degrees of validation, rang-
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ing from in vitro cell culture to animal models of TB, with limited
evidence coming from human studies or clinical trials. Pathways
and targets have been identified through classic “candidate gene”
approaches of selecting biologically plausible targets as well as
through agnostic genome-wide screening strategies. Efforts to
identify candidate therapeutics are under way in the form of
screening compound libraries for activity in M. tuberculosis-in-
fected host cells. Additional targets might be identified by exam-
ining data from human clinical trials or observational studies of
drugs carried out for non-TB indications in populations where TB
is endemic. Insights into promising host targets may also come
from human population genetic studies or studies from iatrogenic
interventions such as TNF blockade therapy for rheumatologic
disorders, as this may direct us to relevant host pathways in TB
without bias regarding underlying mechanisms. Further hypoth-
esis-based basic research and host-wide screens, as well as funda-
mental clinical research in human genetics and epidemiology of
iatrogenic interventions in TB, may reveal new therapeutic oppor-
tunities and advance our understanding of host-pathogen inter-
actions.

Although many opportunities exist in the development of
HDTs for TB, their use comes with risks and challenges that need
to be carefully considered. Given the complexity and pleiotropic
functions of many target pathways, the potential toxicity of HDTs
is a major risk. If HDTs are being repurposed from other thera-
peutic areas, the level of side effects may need to be reconsidered.
For example, many oncologic conditions are associated with high
mortality, and drug treatment may be more toxic than would
otherwise be acceptable for other diseases. HDTs that stimulate
immune responses carry risks of increased hyperinflammatory
reactions such as the Koch phenomenon, immune reconstitu-
tion syndrome, and systemic inflammatory response syndrome.
These inflammatory effects could lead to tissue damage, remodel-
ing of airway space, and loss of lung function, as well as poorer
penetration of TB drugs into TB lesions. Depending on their
mechanism of action, HDTs may also lead to reactivation of qui-
escent bacterial subpopulations, including drug-resistant TB or-
ganisms. Conversely, HDTs could promote nonreplicating states
of TB, which are refractory to standard TB antibiotics. Impor-
tantly, HDTs used in TB will also need to be compatible with
therapeutic constraints imposed by comorbidities, in that they
must not exacerbate the pathophysiology or affect the pharmaco-
therapy of the other diseases, such as diabetes, HIV/AIDS, and
other infections, that might exist in people with TB. Finally, the
cost and availability of HDTs may be a significant barrier for their
deployment and use in developing countries and underserved
populations.

The development of TB HDTs presents many challenges. In
general, a major obstacle to TB drug discovery is the limited rele-
vance and predictive power of animal models used to evaluate new
TB chemotherapeutics. This might be particularly problematic for
the evaluation of HDTs that interact with host factors and are
likely to have complex, pleiotropic mechanisms of action that are
highly dependent on the model in which they are tested. The host
targets and pathways might be absent (e.g., MMP1 in mice) or
highly divergent between animal models and humans (e.g., the
p47 family of GTPases). A major challenge of HDTs, particularly
those whose efficacy depends on immunomodulatory effects, is
the diversity of patient populations. Patients present in diverse
positions on the “damage response” framework, where they range

on a spectrum from hypoinflammatory to hyperinflammatory
(197). Moreover, the same patient may be at different points on
the spectrum in different anatomic regions at the same time,
which can be challenging to replicate in animal models of TB due
to the homogeneity of disease in some animals. However, stratifi-
cation of patients beyond HIV status is difficult in most areas
where TB is endemic due to the lack of tools and weak health care
infrastructure. Therefore, we will likely need HDTs that are appli-
cable to a diverse range of TB patients, and developing a “one-size-
fits-all” HDT treatment for TB patients will be challenging. Fur-
thermore, as HDTs will be administered as adjuvants to anti-TB
therapy, they will need to partner well with the current standard of
care, as well as new regimens that are currently in development,
and the optimal timing of their administration during treatment
will have to be determined.

Future directions in HDT discovery should include head-to-
head investigations of the most promising targets and compounds
in relevant model systems in order to obtain comparable data for
decision making and prioritization of opportunities. At the same
time, several compounds that target distinct pathways are already
FDA approved for non-TB indications and could be tested in hu-
mans with TB in the near future. Some of these drugs are generally
safe, with years of clinical data, and have various levels of experi-
mental data from TB patients to suggest that they could be bene-
ficial for TB treatment. Given the limitations of current model
systems for predicting human treatment efficacy, it might be pru-
dent to proceed soon with human testing of some of these ap-
proved drugs or advanced clinical candidates.
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