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EXECUTIVE SUMMARY 

This landscape analysis summarizes the literature relevant to the development of novel host-directed therapies for 

the treatment of tuberculosis (TB). In initial conceptualization discussions with the Bill & Melinda Gates 

Foundation (the Foundation), nine target biological pathways and processes were identified. Given the complexity 

of the host immune system, these pathways and processes overlap and are not mutually exclusive, nor are they 

exhaustive of all biochemical process involved in the host response to TB. While other pathways could be explored, 

these areas of major focus provide a systematic framework for summarizing the data on potential host-directed 

therapies for TB. In the context of the nine pathways, this landscape analysis summarizes studies describing early 

stage discovery concepts, potential host targets, and/or existing compounds. At the request of the Foundation, this 

landscape focuses on potential small-molecule interventions and largely excludes biologics, with the exception of 

recombinant interferon gamma (IFN-γ). As a landscape analysis, this document is not designed to be a 

comprehensive or critical review of the relevant literature. For all pathways researched, related patents are also 

described. Finally, to aid in constituting an expert panel to review development opportunities for novel host-

directed therapies, a list of leading researchers in the field is included. 

Summary of main findings for the target pathways 

Eicosanoid pathway 

Eicosanoids play a crucial role in the pathogenesis of TB and offer multiple targets for host-directed therapeutic 

interventions. The strongest experimental evidence to date supports targeting the enzymes that regulate lipoxin 

A4 (LXA4), leukotriene B4 (LTB4), and prostaglandin E2 (PGE2). Aspirin, a cyclooxygenase inhibitor, drives 

arachidonic acid (AA) into the lipoxygenase pathway and triggers production of 15-epi-LXA4, which could be 

beneficial for TB treatment in some settings. However, only small, non-definitive trials of aspirin have been 

performed. Future research should investigate additional points in the AA cascade, as well as replicate findings in 

additional model organisms. 

Cyclic adenosine monophosphate, phosphodiesterase, and adenyl cyclase pathway 

An elevated level of cyclic adenosine monophosphate (cAMP) in macrophages following infection with 

Mycobacterium tuberculosis (Mtb) facilitates mycobacterial survival but is also thought to keep the mycobacteria in 

an active metabolic state, which allows anti-TB drugs to be more effective. Phosphodiesterase inhibitors (PDEi) 

prevent the breakdown of cAMP and maintain its level beyond what would be expected with the normal course of 

infection. Studies in rabbits and mice with CC-3052 (a PDE4 inhibitor), cilostazol, (a PDE3 inhibitor) and sildenafil 

(a PDE5 inhibitor) found that a PDEi combined with standard treatment regimens led to improved Mtb clearance 

and lung pathology compared with standard treatment. The likely mechanism for this result is through control of 

tumor necrosis factor (TNF) and other inflammatory mediators, though the right balance must be achieved 

between too little TNF (increased susceptibility to Mtb) and too much TNF (increased pathology). 

Phospholipases pathway 

Phospholipases break down phospholipids from cell membranes into fatty acids and other lipophilic substances. 

Two of the resulting products, phosphatidic acid (from phospholipase D, PLD) and AA (from group IV 

phospholipase A2, PLA2), act as signaling molecules. Some data suggest that PLD is important for regulating Mtb 

growth in macrophages. A major limitation of these studies is that PLD is activated non-specifically. The evidence 

for the importance of PLA2 is even less clear, with multiple studies yielding conflicting results. All studies are at an 

in vitro stage and key next steps are to develop agonists selective for PLA2 and PLD and to test them with in vivo 

models.  
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Kinase enzymes 

Kinase and phosphatase enzymes regulate a vast number of cellular processes and play key roles in macrophage 

regulation of TB growth. Although the number of studies in this area is small, several have shown promising 

results. Imatinib, a Food and Drug Administration (FDA)-approved drug for the treatment of chronic myelogenous 

leukemia, inhibits ABL and restricts growth of Mtb both in macrophages and in a murine in vivo infection model. A 

kinase screen identified several targets that regulate Mtb growth in macrophages (e.g., casein-kinase 1). Other 

targets with data supporting possible benefits for regulating Mtb growth include protein kinase R, AKT1, and ATK. 

Lipid-sensing nuclear receptors 

Lipids are an important energy source for Mtb in macrophages, and compounds that interfere with host lipid-

sensing nuclear receptors may disrupt TB pathogenesis. The lipid-sensing nuclear receptors are also important in 

cardiovascular disease, and compounds that modulate these host factors have already been developed and could 

potentially be used to treat TB. Experimental evidence suggests that inhibiting two of the lipid-sensing nuclear 

receptors (LSNR), peroxisome proliferator-activated receptor gamma (PPARγ) and testicular receptor 4 (TR4), and 

stimulating a third receptor, liver X receptors (LXR), may offer promising TB treatment strategies. 

Mtb phagosome 

A. IFN-γ: 

Interferons stimulate hundreds of genes in macrophages and induce anti-microbial effector responses, including 

NOS2 and nitric oxide which kill Mtb in the phagosome. Small randomized clinical trials of IFN-γtherapy for TB 

and nontuberculous mycobacteria infections suggest a beneficial effect. These trials provide support for efforts to 

identify IFN-γ-inducible pathways (such as autophagy and GTPases) that may be manipulated with small molecule 

drugs. 

B. Autophagy 

Induction of autophagy is a promising therapeutic arena for the development of TB drugs. Interestingly, new work 

in 2012 suggests that isoniazid and pyrazinamide induce autophagy in Mtb-infected cells. In addition, an FDA-

approved anti-parasitic drug (nitazoxanide) also induces autophagy and restricts Mtb growth. Lastly, a number of 

papers have described specific autophagy pathway molecules that could be targeted for Mtb drug development 

(e.g., p62, TANK-binding kinase 1, Atg5). 

C. GTPases 

GTPases regulate several important cellular processes that affect Mtb growth including phagosome formation, 

phagosome maturation, and autophagy. IRGM1 is the best studied molecule and there is substantial evidence 

demonstrating its role in Mtb pathogenesis. Several members of the p65 GTPase family are also important and are 

involved with induction of autophagy. Rab GTPases are crucial for phagosome maturation and Mtb appears to 

interrupt this process. One challenge is the major differences between mice and human GTPase family members, 

which makes extrapolation from mouse models to human pathogenesis difficult. We did not identify any candidate 

drugs targeting GTPases. 

Matrix metalloproteinase (MMP) pathway 

The MMPs are an important group of enzymes that regulate the extracellular matrix, which helps maintain the 

tensile strength of the lungs and the architecture of other tissues. MMPs play a crucial role in the pathogenesis of 

TB, though only MMP1 and MMP9 have been studied in any detail in this process. Studies suggest that MMP9 

promotes macrophage recruitment to granulomas and promotes granuloma formation. MMP1 may be important in 

later stages of infection as it is involved with alveolar tissue destruction. Inhibition of both MMP1 and MMP9 would 

benefit the host by different mechanisms. 
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Iron metabolism 

Iron is critical for survival of Mtb and several studies have demonstrated that targeting iron metabolism may be a 
promising area for development of drug targets directed at the bacterial siderophores. Theoretically, host 
molecules such as LCN2 could be manipulated with drugs that upregulate their expression, perhaps at the site of 
infection. This strategy is limited by the difficulty of selectively upregulating expression of one protein with an 
intervention. 

Vitamin D pathway 

Vitamin D is a secosteroid with two forms in humans: ergocalciferol (vitamin D2 or D2) and cholecalciferol (vitamin 

D3 or D3). The active molecule in a macrophage, 1,25-hydroxy-D3, stimulates cathelicidin anti-microbial peptide, 

which plays a role in phagosome maturation and may have a direct effect on Mtb. In humans, there have been 6 

randomized controlled trials of vitamin D treatment of TB. The results have been equivocal with no consistent 

benefit demonstrated for endpoints that included clinical improvement, sputum culture conversion, and mortality. 

Study design differences in population levels of vitamin D, geographic location of intervention (sunlight exposure), 

dose and schedule of vitamin D, and the genetic diversity of vitamin D receptor (VDR) genes make comparisons 

difficult. 

Summary 

There are numerous promising pathways and compounds to substantiate increased efforts to identify host-

directed small molecule therapeutics for TB treatment. Almost all of the efforts are at an early stage of 

development, although some of the pathways include studies of FDA-approved drugs. To date, the efforts have 

occurred in parallel without any cross comparison of molecules among these different pathways. Many of the 

discoveries have occurred in one model system without further work in additional systems. While the body of 

work in this area suggests that host-directed TB therapeutics holds great promise, hard work remains to advance 

this agenda into tangible results. One of the most important next steps is to conduct side-by-side investigations of 

the most promising compounds in several model systems in order to obtain comparable data for decision making 

and prioritization of drugs. 
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INTRODUCTION 

Given the public health impact of tuberculosis (TB) and the difficulty in treating the disease, the Bill & Melinda 

Gates Foundation (the Foundation) is interested in exploring novel therapeutic strategies for treating TB. To this 

end, the Foundation requested that the University of Washington’s Global Health Strategic Analysis and Research 

Training (START) Program team fulfill work order #18: Landscaping Analysis: Host-directed Therapeutics for the 

Treatment of TB.  

The objective of this work order was to “survey and summarize the current scientific knowledge regarding 

potential therapeutic approaches to TB treatment that are directed towards the host”. To fulfill this task, we 

identified key aspects of the host response to Mycobacterium tuberculosis (Mtb) that could potentially be exploited 

for therapeutic interventions. We prioritized the intervention areas for focus and detail based on input from 

content experts in the field, and knowledge of existing research activities. The Foundation suggested additional 

pathways of interest to explore. 

We selected nine biochemical pathways and processes as a framework for the analysis. These are described below, 

along with a brief statement of their rationales for involvement in TB pathogenesis. We recognize that these 

pathways overlap, and that our list is not comprehensive. As a landscape analysis, our primary goal is to identify 

and briefly summarize potential targets for host-directed therapies rather than to provide a detailed summary of 

each potential intervention point. 

1. Eicosanoids—fatty acids that regulate inflammation, including the macrophage response to TB. 

2. Cyclic adenosine monophosphate (cAMP)—secondary messenger that is involved with immune response and 

Mtb survival in macrophages. 

3. Phospholipases—these enzymes’ products regulate diverse cellular processes including phagosome formation. 

4. Kinase enzymes—small interfering RNA (siRNA) screens identified some of these enzymes as regulators of Mtb 

survival in macrophages. 

5. Mtb phagosome—Phagosome maturation and function are important defense mechanisms against Mtb. IFN-γ 

induces antimicrobial defense pathways, including phagosome-dependent functions. Autophagy is a process 

that can restrict Mtb growth by destroying Mtb-containing phagosomes. The GTPases are a family of proteins 

involved in the maturation of phagosomes and autophagy. 

6. Lipid-sensing molecules (PPARγ, LXR, TR4)—host lipids are an essential carbon source for Mtb in 

macrophages. Lipid-sensing molecules regulate macrophage lipid metabolism and mediate inflammatory 

responses. 

7. Matrix metalloproteinases (MMP)—MMPs are zinc-dependent protease enzymes involved in granuloma 

formation as well as the breakdown of the extracellular matrix with subsequent tissue destruction. 

8. Iron metabolism—Mtb interferes with host iron metabolism to scavenges the iron it needs to survive.  

9. Vitamin D—the products of vitamin D3 are involved in macrophage functioning and have a direct anti-

microbial effect on Mtb. 

In this document we first present a summary of lead compounds from the landscape analysis that target host 

molecules and regulate Mtb pathogenesis (Table 1). We also summarize the lead host molecules involved in TB 

pathogenesis that may be potential therapeutic targets (Table 2). These lists highlight compounds and pathways 

with promising data underlying their role in Mtb pathogenesis and potential for further testing. We then 

summarize the rationale and experimental evidence for the involvement of each of the nine biochemical pathways 

and processes identified above in TB pathogenesis. Finally, we list experts in the field (Table 23) and identify 

molecules currently used for non-TB indications that may have application to TB.  
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Table 1: Leading compounds that target host molecules and regulate Mtb pathogenesis 

Compound 
(target) 

Reference Target pathway 

Acetylsalicylic acid/aspirin 
(COX inhibitor) 

(Misra 2010; Tobin 2012) Eicosanoids 

U75302 and bestatin 
(LTB4 receptor blockers) 

(Tobin 2010; Tobin 2012) Eicosanoids 

PD146176 
(15-LOX inhibitor) 

(Tobin 2010; Tobin 2012) Eicosanoids 

CC-3052 
(PDE4 inhibitor) 

(Koo 2011; Subbian 2011; Subbian 2011) cAMP 

Cilostazol 
(PDE3 inhibitor) 

(Maiga 2012) cAMP 

Sildenafil 
(PDE5 inhibitor) 

(Maiga 2012) cAMP 

N-[2-(1H-indol-3-yl)ethyl]-4-(2-methyl-
1H-indol-3-yl)pyrimidin-2-amine, aka, 
“Compound 51” 
(PKR inhibitor) 

(Bryk 2011; Wu 2012) Kinase enzymes 

H-89 and ETB067 
(PKB/ATK1) 

(Kuijl 2007) Kinase enzymes 

D4476 
(CSNK1 and TGF-Beta receptor type 1) 

(Jayaswal 2010) Kinase enzymes 

Imatinib 
(Abl tyrosine kinase) 

(Napier 2011) Kinase enzymes 

GW9662 
(PPARγ) 

(Almeida 2009; Rajaram 2010) Lipid-sensing nuclear receptors 

BR49653 
(PPARγ) 

(Almeida 2009) Lipid-sensing nuclear receptors 

Thiazolidinediones 
(PPARγ) 

- Lipid-sensing nuclear receptors 

Perfluorononaoic acid 
(PPARγ) 

- Lipid-sensing nuclear receptors 

Berberine 
(PPARγ) 

- Lipid-sensing nuclear receptors 

Rapamycin 
(Unclear target) 

(Gutierrez 2004) Autophagy 

Nitazoxanide 
(Unclear target) 

(Lam 2012) Autophagy 

Ro32-3555 
(MMP-1,8,13 inhibitor) 

(Elkington 2011) MMP 

Vitamin D3 

(VDR) 
(Yamshchikov 2009; Martineau 2011; 
Coussens 2012) 

Vitamin D 
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Table 2: Potential therapeutic intervention points in TB pathogenesis  

Intervention point Reference Target pathway 

COX (Tobin, 2012, (Misra 2010) Eicosanoids 

15-LOX (Tobin 2010; Tobin 2012) 
 

Eicosanoids 

5-LO (Bafica 2005) 
 

Eicosanoids 

PGE2 (Chen 2008; Behar 2010; Divangahi 2010) 
 

Eicosanoids 

LXA4 (Chen 2008; Behar 2010; Divangahi 2010) Eicosanoids 

Arachidonic acid (Duan 2001; Vandal 2006) Phospholipases 

Phosphatidic acid (Garg 2006; Greco 2006) Phospholipases 

Abl (Napier 2011) Kinase enzymes 

PPARγ (Almeida 2012) Lipid-sensing nuclear receptors 

LXR (Korf 2009) Lipid-sensing nuclear receptors 

TR4 (Mahajan 2012) Lipid-sensing nuclear receptors 

Rab8b (Pilli 2012) Autophagy 

IRGM1 (LRG47) (MacMicking 2003; Feng 2009) Autophagy, GTPase 

TBK-1 (Pilli 2012) Autophagy 

Guanylate binding proteins (Gbp) (Kim 2011) Autophagy, GTPase 

P62 (Ponpuak 2010) Autophagy 

MMP-1 (Elkington 2011) MMP 

MMP-9 (Taylor 2006; Volkman 2010) MMP 

 

METHODS 

After selecting the biochemical pathways and processes of primary interest (based on expert opinion and 

suggestions from the Foundation), we searched PubMed using the terms listed in Appendix 2. We restricted results 

to papers published from 2000 onwards to capture only the more recent developments. We assessed relevancy 

through a two-stage process. First, we read titles and abstracts to identify papers that either provided new 

information on the pathway or tested new compounds in that pathway. From those, we extracted relevant 

information into the tables below. We also evaluated papers that were recommended by technical experts. Where a 

recent, comprehensive review paper was available, we used that to identify primary sources of information. 

We used Google’s patent search engine to identify relevant patents and modified the search terms in Appendix 2 

slightly to account for the different syntax used by that search engine. We again looked through titles and any 

available summaries to assess relevancy of that patent. As the results often numbered into the hundreds and the 

vast majority were duplicative, unrelated, or tangentially associated with the questions of interest, we limited our 

search to the first five pages.  
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EICOSANOID PATHWAY 

Overview of pathway 

The eicosanoids are fatty acid derivatives that mediate inflammation (Serhan 2007; Campbell 2011), including the 

macrophage response to Mtb. Eicosanoids are not stored in the cell, but are synthesized as needed in response to 

cellular events. The enzymes that regulate eicosanoid production, as well as the eicosanoids themselves, are 

potential targets for host-directed TB intervention.  

 

The biochemical precursor to many eicosanoids is arachidonic acid (AA), and the different enzymatic pathways 

through which eicosanoids are derived from AA are collectively termed the AA cascade (Figure 1). AA is stored in 

the macrophage cell membrane. G-protein-mediated signaling initiates phospholipid hydrolysis to release free AA 

into the cytosol. Phospholipases mediate this deacylation reaction. Cytosolic AA undergoes either of the following: 

(a) reincorporation into phospholipids or (b) diffusion outside the cell and metabolism. Metabolism is carried out 

by three groups of enzymes: 

1. Cyclooxygenases (COX1 and COX2)—metabolize AA to prostaglandins and thromboxane, which are important 

inflammatory mediators. Aspirin inhibits COX1 and COX2. 

2. Lipoxygenases (e.g., 5-LOX, 12-LOX, 15-LOX)—catalyze the formation of leukotriene and lipoxin with 

inflammatory properties. 

3. Cytochrome P450 (Cyt P450)—metabolizes AA into hydroxyeicosatetraenoic acids and epoxyeicosatrienoic 

acids. These function primarily as autocrine and paracrine effectors in the cardiovascular and renal systems 

(Spector 2004). 

Figure 1 outlines the AA cascade, including eicosanoid products with roles in inflammation and potential 

intervention points. 
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Figure 1: Eicosanoid biosynthesis (via the arachidonic acid cascade) and phosphat idic acid pathway 

Current interventions and role of pathway in TB pathogenesis 

We identified 67 papers dated from 2000 onwards that referenced eicosanoids and host-directed therapies and 

found 7 to be relevant. These studies were primarily conducted in animal models (zebrafish and mice). Table 3 

below outlines areas in the eicosanoid pathway that are currently being explored as host-directed therapies for TB. 

The eicosanoids regulate several steps in Mtb pathogenesis including cytokine production, macrophage death, TB 

replication, and T cell responses. These effects can modulate Mtb survival and replication in macrophages. The 

major experimental observations include the following: 

1. Regulation of interleukin 12 (IL-12) and TH1 T cell polarization: Lipoxin A4 (LXA4) (regulated by 5-LOX) 

suppresses IL-12 secretion from dendritic cells which then downregulates TH1 T cell cytokine polarization 

(Aliberti 2002). This shift in T cell response is associated with increased susceptibility to Toxoplasma gondii. 

Interestingly, the opposite phenotype was seen in Mtb infection with 5-LOX-/- mice showing enhanced 

protection (Aliberti 2002; Aliberti 2002; Bafica 2005). 
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2. Regulation of TNF (Goldman 1993; Tobin 2010): One of the downstream effects of leukotriene B4 (LTB4) is to 

induce secretion of TNF, a neutrophil chemoattractant, whereas LXA4 blocks TNF. Various methods for 

manipulating this branch of the arachidonic acid cascade pathway in zebrafish (15-LOX inhibitor, LTB4 

antagonist, LTA4H mutant) suggest that regulation of TNF is potentially amenable to therapeutic intervention 

via the eicosanoid pathway. The desired effects depended on the overall balance of LXA4 and LTB4 levels (and 

effects on TNF). 

3. Modes of macrophage cell death (Chen 2008; Behar 2010; Divangahi 2010): Macrophage studies suggest that 

necrotic cell death favors Mtb replication and survival while apoptotic cell death favors the host with 

restriction of replication and promotion of TH1 T cell response (through T cell priming from infected dendritic 

cells). Avirulent Mtb (strain H37Ra) promotes apoptosis with high Prostaglandin E2 (PGE2) levels while 

virulent Mtb (H37Rv) promotes necrosis via induction of LXA4 and downregulation of PGE2. PGE2 induces 

apoptosis of the macrophage by increasing the levels of cAMP and activating protein kinase A. The balance of 

these lipids influences cellular outcome and Mtb survival. Drugs that increase the levels of PGE2 or drugs 

containing PGE2 itself hold promise for enhanced killing of Mtb. 

Patent search 

A patent search identified two patents related to the eicosanoid pathway. The first patent describes the reduction 

of the amount of active LTB4 in patients in need of such treatment using LTB4 hydroxylases. LTB4 hydroxylase 

was also administered in combination with nicotinamide adenine dinucleotide phosphate (NADPH) and/or an 

NADPH-cytochrome P-450 reductase. The second patent describes the use of immunomodulators to support the 

treatment of infectious diseases caused by facultative intracellular organisms, particularly infection caused by Mtb. 

The immune modulator used in the experiment was a prostaglandin E blocker. Table 4 summarizes these patents. 

Summary 

The importance of the eicosanoids in inflammation and TB pathogenesis suggests that eicosanoid biosynthesis may 

offer multiple targets for host-directed TB therapeutic interventions. The strongest experimental evidence to date 

supports targeting the enzymes that regulate LXA4, LTB4, and PGE2. Aspirin, a COX inhibitor, drives AA into the 

lipoxygenase pathway and triggers production of 15-epi-LXA4, which could be beneficial for TB treatment in some 

settings. Only small, non-definitive trials of aspirin have been performed. LTB4 receptor and LXA4 antagonists are 

available and used in non-human research studies. Future research should investigate additional points in the AA 

cascade, as well as replicate findings in additional model organisms. 
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Table 3: Eicosanoid intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

Aspirin 
 
(Misra 2010; 
Tobin 2012) 

15-epi-LXA4 is active 
in zebrafish larvae 
where it mimics LXA4 
and exerts anti-
inflammatory effects 
both on cell migration 
and cytokine 
production in humans 
 
Irreversibly inhibits 
COX, drives 
arachidonic acid more 
into the LOX pathway 
and triggers 
production of 15-epi-
LXA4, which could be 
beneficial to those 
with elevated LTA4H 

Zebrafish 
 
Human 

Bacterial growth M. marinum Host 
- Human: 2 small RCTs of aspirin in tuberculous meningitis 

with one showing small mortality benefit, but a trend towards 
decreased stroke rate. (Misra 2010) 

 
Mycobacterium 
- Zebrafish: aspirin ↓colony forming units (CFU) in LTA4H-high 

fish & ↑CFU in LTA4H-low siblings (Tobin 2012) 

U75302 and 
bestatin (LTB4 
receptor 
blockers) 
 
PD146176 (15-
lipoxygenase 
inhibitor) 
 
(Tobin 2010; 
Tobin 2012) 

Blocks the 15LOX 
leading to ↓LXA4 
 
Reduction in LXA4 
leads to increased 
levels of TNF 

Zebrafish Inflammatory 
response 
 
Bacterial growth 

M. marinum Host 
- Mutations in the zebrafish gene ltA4h, which catalyzes the 

production of the proinflammatory eicosanoid LTB4, were 
associated with hypersusceptibility to M. marinum 

- Phenotypes from pathway manipulation depended on ratio of 
LXA4/LTB4 and their effect on TNF levels and inflammation 

 
Mycobacterium 
- ↓CFU in LTA4H-low animals 
- In contrast, there was ↑ CFU in LTA4H-high animals 
- ↑ mycobacterium death 

5-LO 
 
(Bafica 2005) 

Affects IL1–12 levels 
and TH1 T cell 
polarization  

Mouse Bacterial growth M. marinum Host 
- ↓ susceptibility to Mtb infection in 5-lo-/- mice (who have 

higher lung IL-12p40 and IFN-γ levels compared to WT) 
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Table 4: Eicosanoid-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 US7341990 2008-11-03 David R. Harder, James 
B. Antczak, Lane 
Bostrom 

Cytometrix, 
Inc., The 
Medical College 
of Wisconsin 
Research 
Foundation, 
Inc. 

Patent is strategy to reduce LTB4 levels. Reduction of LTB4 will 
decrease TNF—this 
strategy will only be 
successful in some 
settings and will carry 
risk in others. 

4 US 
2006/0251657* 

2005-10-11 Rogelio Hernandez 
Pando, Fernando Lopez 
Casillas 

Not listed  Patent is for a transforming growth factor beta 
(TGF-β) blocker and PGE2 antagonist. 

PGE2 blockade is 
opposite of the desired 
effect (would block 
apoptosis and favor Mtb 
survival). Prediction is 
that this drug would 
worsen TB outcomes. 
 
*Application only, no 
patent number found 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 

PGE2 
 
(Chen 2008; 
Behar 2010; 
Divangahi 2010) 

Induces apoptosis in 
macrophages affected 
by virulent strains of 
Mtb (H37Rv) by ↑ 
cAMP production, 
thereby activating 
protein kinase A 
(PKA), which ↑the 
permeability of the 
mitochondria  

Human 
macrophage 

Inflammatory 
response 
 
Bacterial growth 

H37Rv Mtb Mycobacterium 
- ↑ mycobacterium death 

PGE2 and LXA4 
 
(Chen 2008; 
Behar 2010; 
Divangahi 2010) 

LXA4 blocks PGE2 
biosynthesis, and 
PGE2 is involved in 
macrophage cell 
membrane repair 

Mice Bacterial growth H37Rv Mtb Host 
- ↓ susceptibility to infection 
 
Mycobacterium 
- ↑ mycobacterium death 
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cAMP, PHOSPHODIESTERASE AND ADENYLYL CYCLASE PATHWAY 

Overview of pathway 

Cyclic adenosine monophosphate (cAMP) is a second messenger in the cell that has pleiotropic effects, including 

immunomodulatory properties. Two lines of investigation converged on its identification as an important regulator 

of Mtb survival in macrophages. On the bacterial side, Mtb induces cAMP in infected macrophages following 

phagosome formation (Kalamidas 2006). This increase is partly driven by expression of the adenylate cyclase gene 

Rv0386, which is one of 17 genes in this family (Agarwal 2009). Increased cAMP levels lead to reduced expression 

of TNF and favor bacterial survival. On the host side, thalidomide is effective for treating erythema nodosum 

leprosum, an inflammatory reaction associated with high levels of TNF. Due to teratogenic side effects associated 

with thalidomide, a search for analogues led to the identification of a class of phosphodiesterase inhibitors that 

regulate cAMP levels. cAMP is formed by adenylyl cyclases (ACs) and degraded by phosphodiesterases (PDEs). 

Therefore, ACs and PDEs are the two primary means of controlling cAMP levels. Mammals have up to 11 classes of 

PDEs that differ in cell and tissue distribution. Although thalidomide does not appear to directly inhibit PDEs, both 

thalidomide and PDE inhibitors (PDEi) share a common property of inhibition of TNF, indirectly affecting Mtb 

growth in macrophages. cAMP modulates TNF, potentially through a pathway that includes PKA and the 

transcription factors cAMP response element-binding protein (CREB) and NF-κB. Figure 2 outlines the cAMP 

pathway and identifies key opportunities for intervention. 

 

Figure 2: cAMP pathway  



 

Host-directed therapeutics for treatment of TB, START Program, October 2012  15 

Current interventions and role of pathway in TB pathogenesis 

We reviewed 42 papers for reference to cAMP and host-directed therapies and found 7 to be relevant. Of these, 6 

were performed in vivo, primarily with mouse and rabbit models. These intervention studies are summarized 

below in Table 5. 

1. Bacterial regulation of cAMP: Agarwal et al (2009) found that Mtb induces cAMP in macrophages and that an 

adenylate cyclase mutant was associated with lower cAMP levels and decreased growth of Mtb. The 

mechanisms included PKA and CREB phosphorylation. These results suggest that high cAMP macrophage levels 

lead to decreased TNF production and increased Mtb survival. Similarly, in vitro work performed by Kalamidas 

et al. (2006) found that directly adding high levels of cAMP led to increased mycobacterial growth early in 

infection (1–3 days), but not later (5d). In addition, restricting production of cAMP (through an adenylyl 

cyclase inhibitor) led to reduced mycobacterial growth. Finally, adding H89, a PKA inhibitor, also led to 

reduced mycobacterial growth. 

2. Host regulation of cAMP: Another approach to regulating cAMP levels is through inhibition of 

phosphodiesterases and co-treatment with standard anti-TB drugs. The effects of these treatments may be 

mediated by the bacterial response (the hypothesis being that elevated cAMP levels prompt the bacilli to 

maintain an active metabolic state, allowing the anti-TB drugs to be more effective) or through the host 

immune response (e.g., via TNF and immune activation). Experiments in mice and rabbits show that PDE 

inhibition restricts bacterial growth and decreases inflammation with improved pathologic outcomes 

compared with standard treatment. These studies include the following PDEi: 

A. CC-3052, a PDE4 inhibitor (Koo 2011; Subbian 2011; Subbian 2011): PDE4 hydrolyzes cAMP and is 

expressed in monocyte/macrophages, but not in T cells. When combined with INH, CC-3052 treated 

animals had faster resolution of lung pathology compared to controls. 

B. Cilostazol, a PDE3 inhibitor (Maiga 2012): PDE3 hydrolyzes both cAMP and cGMP and is expressed in 

macrophages, endothelial cells, platelets and airway smooth muscle cells. The drug improved survival 

in mice with TB infection with by decreasing levels of lung TNF/IFN-γ. When combined with standard 

TB drug treatment, cilostazol shortened lung sterilization time by one month. 

C. Sildenafil, a PDE5 inhibitor (Maiga 2012): PDE5 hydrolyzes cGMP and is expressed in pulmonary 

vascular smooth muscle of pulmonary arteries and veins, bronchial blood vessels and airway smooth 

muscle. The findings for sildenafil were similar to those of cilostazol but the magnitude of the effect was 

not as great. 

Patent search 

We identified an additional two PDE inhibitors, though these were primarily intended for treatment of other 

conditions and only referenced TB incidentally (Table 6). 
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Summary 

These studies suggest that experimental manipulation of cAMP levels in the macrophage cytosol modulates Mtb 

survival within the macrophage phagosome and has downstream benefits including more rapid clearance of Mtb 

and faster resolution of immunopathology. With multiple PDEs that can be targeted, there is potential for selective 

effects on different cells and tissues. The mechanisms to date suggest a TNF-driven process. One important issue 

for consideration is that inhibiting PDEs is associated with lower levels of TNF. When TNF is completely blocked in 

mice (via antibodies or receptor knockout) or humans (via pharmacologic blockade), the host has increased 

susceptibility to Mtb. These studies suggest that more selective modulation of TNF by partial blockade or cell-type 

specific inhibition may have a beneficial effect. The goal may be to achieve the “right” levels of cAMP and TNF that 

permit enough bacterial growth for TB drugs to be active and also preserve the beneficial effects of macrophage 

activation for Mtb killing without the detrimental effects of immune pathology. 



 

Host-directed therapeutics for treatment of TB, START Program, October 2012  17 

Table 5: cAMP intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

Thalidomide+IN
H+RIF+PZA+ET
H 
 
(Schoeman 
2004) 

↓ TNF Humans Adverse events 
 
Intracranial 
pressure and CT 
findings 
 
Motor ability 
 
Intellectual ability 
 
Cytokine levels 

Mtb, not further 
specified 

Host 
- Study stopped early because all adverse events occurred in 

thalidomide group 
- Motor and intellectual ability was similar between the 

thalidomide and non-thalidomide groups 
- IL-12 and TNF levels were similar between the two groups, 

except for plasma IL-12, which was higher in the thalidomide 
group 

8-Br-cAMP (↑ 
cAMP into the 
cell) 
 
AC inhibitor 
SQ22536 
 
H89 (PKA 
inhibitor) 
 
(Kalamidas 
2006) 

High (5nM) ATP levels 
lead to ↑ cAMP 
 
↑ intracellular cAMP 
levels leads to ↓ 
phagosomal actin, ↓ 
phagosome 
acidification, and ↓ 
phago-lysomal fusion 
 
cAMP affects 
phagosomal actin via 
PKA 

Latex bead 
phagosomes  
 
Mice 
macrophages 

Bacterial growth H37Rv Mtb 
 
M. smegmatis 

Host 
- Alteration of phagosome organization and acidification 
 
Mycobacterium 
- Adding 50mM cAMP ↑ CFUs at early times of infection (up to 3 

days) compared to controls but had no effect at late times of 
infection (5 days) 

- No effect seen at 1 or 10mM of cAMP 
- Adding 50μM SQ22536 (but not 1 or 10μM) led to a 

significant ↓ in CFUs 
- Adding 10μM H89 led to ↑ destruction of bacteria 

H89 
 
Mtb mutant 
lacking Rv0386 
 
(Agarwal, 2009) 

Mtb-derived cAMP 
leads to CREB 
phosphorylation and 
TNF production 

J774 
Macrophage-
like cells 
 
Mouse 

cAMP levels 
 
CREB 
phosphorylation 
 
TNF levels 

CDC1551 Mtb, 
plus mutated 
derivatives (JHU-
0386) 

Host 
- The mechanism included PKA and CREB phosphorylation 

alteration of TNF levels. These results suggested that high 
cAMP macrophage levels led to decreased TNF production 
and increased Mtb survival. 

 
Mycobacterium 
- Adenylate cyclase Mtb mutant was associated with ↓ cAMP 

levels and ↓ growth of Mtb 
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CC-3052 
(thalidomide 
analog, PDE4 
inhibitor)) 
 
CC-3052+INH 
 
INH 
 
(Koo 2011) 

↓ TNF by ↑ 
intracellular cAMP 
levels 
 
↑bacteria metabolism 
(hypothesized) 

Mouse Clearance of 
virulent and non-
virulent Mtb 
 
Histopathology 
 
Host gene 
expression 
 
Spleen T-cell 
activation 
 
Monocyte/macroph
age activation 

Two strains of 
Mtb used, one 
with strong, 
early th1 
response but 
non-virulent 
(CDC1551), the 
other with less 
immunogenicity 
but higher 
virulence 
(HN878) 

Host 
- CC-3052 alone had no effect compared to untreated controls 
- CC-3052+INH ↓inflammation and faster resolution of lung 

pathology compared to INH. 
 

Mycobacterium 
- CC-3052+INH and INH alone both ↓ Mtb CFU similarly until 

42, 63, and 84 days (depending on the strain of Mtb and the 
timing of INH treatment), at which time when CFUs plateaued 
at 2log10 among the INH group whereas the CC-3052+INH 
group continued to clear Mtb until the end of the experiment 

CC-3052 
 
CC-3052+INH 
 
(Subbian 2011) 

↓ TNF by ↑ 
intracellular cAMP 
levels 
 
↑bacteria metabolism 
(hypothesized) 

Rabbit General host gene 
expression and 
expression of genes 
associated with 
PDE-4 and 
macrophage activity 
 
Modulation of the 
TNF network genes 
 
Bacterial growth 
 
Expression of 
virulent Mtb genes 
associated with 
oxidation/stress 
and INH 

HN878 Mtb Host 
- Of the genes relating to cytokines (IFN-γ, IL, etc.), growth 

factors, chemokines and their receptors, signaling molecules 
and receptors, intracellular trafficking, and apoptosis that 
were examined, many had significantly ↓ expression in CC-
3052 rabbits compared to untreated rabbits 

- Histology improved more quickly in CC3052+INH vs. either 
drug alone 

 
Mycobacterium 
- The Mtb gene expression profile of rabbits treated with CC-

3052 (and CC-3052+INH) suggests that the bacilli were in a 
different metabolic state than untreated rabbits 

- CFUs similar to untreated rabbits (CC-3052 alone) 
- Significantly ↓ CFUs compared with INH-treated rabbits (CC-

3052+INH) 
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CC-3052 
 
CC-3052+INH 
 
(Subbian 2011) 

↓ TNF by ↑ 
intracellular cAMP 
levels 
 
↓ tissue destruction 

Rabbit Bacterial growth 
 
Histopathology 
 
Expression of host 
genes associated 
with inflammation 
and MMP 
 
Lung fibrosis 

HN878 Mtb Host 
- At 4 and 8 wks of tx, improved pathology compared with 

untreated rabbits (CC-3052 alone) 
- Improved pathology compared with untreated, CC-3052 only, 

and INH-treated rabbits (CC-3052+INH) 
- Significant ↓ expression of TNF, ↓ expression of CRP, 

osteopontin, arginase, IL-4, and IL-8 
- Even lower levels of fibrosis than CC-3052-only rabbits, but 

similar to INH alone (CC-3052+INH) 
 
Mycobacterium 
- CFUs similar to untreated rabbits (CC-3052 alone) 
- -↓ CFUs compared with INH-treated rabbits (statistical 

significance not stated) 
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Cilostazol 
(PDE3 
inhibitor) 
 
Cilostazol + 
standard tx 
 
Sildenafil (PDE5 
inhibitor) 
 
Sildenafil + 
standard tx 
 
Cilostazol + 
sildenafil + 
standard tx 
 
(Maiga 2012) 

↑ intracellular cAMP 
levels 

Mouse cAMP levels (in 
vitro) 
 
Time to death 
 
Bacterial growth 
 
Immunomodulatory 
effects (TNF, IFN-γ, 
IL) 
 
Histopathology 

H37Rv Mtb (also 
CDC1551 Mtb, 
but this was only 
used for the 
supporting 
information 
section) 

Host 
Cilostazol 
- Nearly 8x ↑ in cAMP compared with infected cells, which in 

turn had a 4x ↑ compared with uninfected cells 
- Mice treated with 10mg/kg (C10) had no better survival than 

sham-treated mice but mice treated with 30mg/kg (C30) had 
slightly better survival 

- C10 resulted in ↓ levels of TNF and IFN-γ and ↑ levels of IL-10 
and IL-17 in mouse lung homogenates, relative to infected, 
untreated mice 

 
Sildenafil 
- 2.2x ↑ in cAMP compared with infected cells, which in turn 

had a 4x ↑ compared with uninfected cells 
- Mice treated with 10mg/kg (S10) had better survival 

outcomes than sham-treated mice 
- S10 resulted in ↓ levels of TNF and IFN-γ and ↑ levels of IL-10 

and IL-17 in mouse lung homogenates, relative to the levels in 
infected, untreated mice 

 
Mycobacterium 
Cilostazol 
- C10 mice had ↓ lung and spleen CFUs compared with sham-

treated mice 
Cilostazol + standard tx 
- Slightly ↓ CFUs compared to standard tx alone 
- Time to lung sterilization ↓ ~1 month compared with std. tx 
 
Sildenafil 
- S10 mice had no difference in lung and spleen CFUs compared 

with sham-treated mice. 
Sildenafil + standard tx 
- Slightly ↓ CFUs compared to standard tx alone 
 
Cilostazol+ sildenafil 
- From 28d tx onwards, ↓ CFUs compared to standard tx alone 

(more so than either C10 or S10 alone) 
 
Cilostazol + sildenafil + standard tx 
- Slightly ↓ CFUs compared to standard tx alone 
- Time to lung sterilization ↓ ~1 month compared with std. tx 
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Table 6: cAMP-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 7585875 2009-09-08 Federico C. A. Gaeta, 
Matthew Gross, Kirk W. 
Johnson 

Avigen, Inc. Patent is for substituted pyrazolo[1,5-a]pyridines 
(analog of ibudilast, a PDE7 inhibitor) 

Primarily aimed at 
neuropathic pain but TB 
treatment is also 
mentioned as a possible 
use. 

2 US7087614 2006-08-06 Junqing Guo, Joseph 
Barbosa, William John 
Pitts, Marianne Carlsen, 
Claude Quesnelle, Marco 
Dodier 

 Patent is for PDE7 and dual PDE4/7 inhibitors Patent does not mention 
TB or mycobacteria at all. 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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PHOSPHOLIPASE PATHWAY 

Overview of pathway 

Phospholipases are enzymes that catalyze the breakdown of phospholipids into fatty acids and other lipophilic 

substances. Some of the resulting products are secondary messengers that are important for functions such as 

membrane trafficking, cell proliferation, and apoptosis. They are classified according to the site of the ester bond 

that is broken. The classes most relevant to TB are phospholipase D (PLD) and phospholipase A2 (PLA2) (see 

Figure 1). PLD catalyses the hydrolysis of phosphatidylcholine into phosphatidic acid (PA) and a choline head 

group. It is thought that PA acts as a signaling molecule though the exact mechanisms and targets are unclear as PA 

can also be converted to diglyceride or lysophosphatidic acid, which are known signaling molecules. Although the 

pathway is unknown, PA appears to facilitate phagosome maturation and phagolysosome formation. PLA2 has 

several forms including secreted (sPLA2), cytosolic (cPLA2), and calcium-independent (iPLA2). It cleaves cell 

membrane phospholipids to form arachidonic acid (AA) and other free fatty acids. AA acts as a signaling molecule 

that has several functions throughout the body. In macrophages, AA has strong antimycobacterial properties. 

Current interventions and role of pathway in TB pathogenesis 

We reviewed 39 papers for reference to host-directed therapies and phospholipases and found 11 to be relevant. 

Of those, all 11 were performed in vitro and 1 also used a mouse model. Studies are summarized in Table 7. 

PLA2 

There is mixed evidence for the role of PLA2 in control of Mtb (Table 7): 

1. There are several classes of PLA2 enzymes. For TB, the most important is group IV cPLA2-α, which produces AA. 

AA has a strong anti-mycobacterial effect, even when applied directly to Mtb (Duan 2001). 

2. Arachidonyl trifluoromethyl ketone (ATFMK, also known as AACOCF3) and methyl arachidonyl 

fluorophosphate (MAFP) are inhibitors of group IV cPLA2 and group VI iPLA2. ATMFK and MAFP were found to 

increase H37Ra Mtb growth compared with samples treated with PLA2, though adding AA directly to the 

inhibited cultures restored Mtb control, possibly through increased apoptosis (Duan 2001). 

3. Quinacrine also inhibits PLA2. When quinacrine and ATMFK were applied to H37Rv Mtb in murine peritoneal 

macrophages, Mtb growth increased (Akaki 2000). 

4. However, the Duan et al. and Akaki et al. results were not confirmed when ATMFK, MAFP, quinacrine, 

pyrrolidine-2, or indoxam (the latter two being inhibitors of cPLA2 and sPLA2, respectively) were added to 

mouse bone marrow-derived macrophages infected with H37Rv Mtb (Vandal 2006). It is not clear whether 

these contrary findings were a result of a combination of differences in the strain of Mtb and macrophages or 

some other factors. 

Together, these data suggest a possible role for PLA2 in restricting Mtb growth, but the currently available data 

have important inconsistencies that will require repeating experiments with similar conditions. 

PLD 

Various aspects of PLD regulation, including release of PA, are relevant for Mtb pathogenesis (Table 7): 

1. Activation of PLD: PLD is associated with increased killing of Mtb in macrophages. The activation of PLD has 

been achieved by several means including adenosine triphosphate (ATP), sphingosine 1-phosphate (S1P) and 

lysophosphatidic acid (LPA). These methods of activating PLD are non-specific and thus limit any conclusions 

from these studies about a role for PLD and killing of Mtb. 

A. ATP stimulates PLD through the P2X7 ATP receptor, which leads to multiple, diverse changes in 

macrophages. The activation of PLD produces an antimycobacterial effect that is fully dependent on an 
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increase in cytosolic Ca2+ levels (Kusner 2001). An increase in cytosolic Ca2+ is essential for the 

activation of several biochemical pathways that respond to mycobacteria, including phagosome-

lysosome fusion and production of cAMP. Experiments using chelation of extracellular Ca2+ have shown 

the same to be true for PLD (Greco 2006). 

B. Both S1P and LPA are signaling molecules that bind to endothelial differentiation gene receptors (Garg 

2004; Garg 2006). This stimulates an increase in Ca2+ levels and PLD activity with an anti-mycobacterial 

effect in vitro. 

2. Inhibition of PLD: The above studies provided a strong rationale for looking at the effects of PLD inhibition on 

Mtb phenotypes. The presence of ethanol during PLD activity prevents creation of PA and instead leads to the 

metabolically inactive phosphatidylethanol. 2,3-diphosphoglycerate (2,3 DPG) is structurally similar to PA and 

inhibits PLD activity. Calphostin C binds to the PLD catalytic domain and prevents enzyme activity. The data 

suggest that inhibition of PLD reduces killing of Mtb in macrophages (Kusner 2000; Auricchio 2003; Greco 

2009). Strategies that activate PLD would be desirable as a host therapeutic. 

Patents 

We did not identify any novel compounds in our patent search. The two relevant patent applications were from the 

same researchers as in Table 7 and did not add any additional information (Table 8). 

Summary 

PLA2 and PLD likely mediate important processes for regulating growth of Mtb in macrophages. The literature 

suggests the possible importance of Ca2+-dependent PLD in controlling Mtb. Extracellular ATP, S1P, and LPA 

stimulate PLD activity. These compounds are non-selective and have many non-PLD related activities. The current 

data on PLA2 suggest that arachidonic acid release (via PLA2 activity) restricts mycobacterial growth. However, 

more data are needed to understand the role of PLA2 in Mtb pathogenesis. The studies to date have focused on 

establishing the biochemical pathway rather than identifying therapies. Key next steps are to develop agonists 

selective for PLA2 and PLD and to test them in several different models. 
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Table 7: Phospholipase intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

Inhibition of 
cPLA2 with 
quinacrine and 
arachidonyl 
trifluoromethyl 
ketone (ATFMK) 
 
(Akaki 2000) 

↑ cPLA2 and 
associated AA inhibits 
Mtb growth 

Murine 
peritoneal 
macrophages 

Bacterial growth 
 
Translocation of AA 
 
Levels of cPLA2 

H37Rv Mtb Host 
- Quinacrine blocked translocation of AA to Mtb 
- Treating with IFN-γ ↑ cPLA2 mRNA 
 
Mycobacterium 
- Quinacrine and ATFMK both led to ↑ Mtb growth 
- Treatment of AA ↓ CFUs 

Extracellular 
ATP 
 
(Kusner 2000) 
and (Kusner 
2001) 

↑ ATP receptor (P2X7) 
stimulation increases 
phospholipase D 
(PLD) activity 

Human 
monocyte-
derived 
macrophages 
(MDM) 

Bacterial growth 
 
PLD activity 
 
Ca2+ levels 

H37Rv, Erdman, 
and CSU#93 Mtb 

Host 
- ATP tx led to ↑ PLD activity 
- Adding ethanol or 2,3 DPG ↓ PLD activity 
 
Mycobacterium 
- ATP tx substantially and significantly ↓ viability of all Mtb 

strains, but this was PLD dependent 
- ↑ Ca2+ was required for Mtb killing 

Inhibition of 
cPLA2 with 
ATFMK (a.k.a. 
AACOCF3) and 
methyl 
arachidonyl 
fluorophosphon
ate (MAFP) 
 
(Duan 2001) 

↑ PLA2 and associated 
AA leads to apoptosis 

Human MDM cPLA2 activity 
 
Apoptosis levels 
 
Mtb viability 

H37Ra Mtb Host 
- Inhibiting cytosolic PLA2 ↓ apoptosis 
- Adding Mtb lead to ↑ AA levels 
- Adding AACOCF3 and MAFP to cells with Mtb ↓ AA release 
- Adding AA to inhibited cultures ↑ apoptosis 
 
Mycobacterium 
- Adding AA significantly inhibited Mtb growth (in 

macrophages but not when applied directly to Mtb) 

Sphingosine 1-
phosphate (S1P) 
 
(Garg 2004) 

↑ S1P leads to ↑ PLD Human MDM 
 
Differentiated 
human 
monocytoid 
THP-1 cells 
(leukemia cell 
line) 
 
Mouse 

Bacterial growth (in 
vitro and in vivo) 
 
PLD activity 
 
Acidification of 
phagosome 
 
Histology 

H37Rv Mtb and 
M. smegmatis 

Host 
- Dose-response ↑ in PLD activity 
- ↑ in acidification of Mtb-containing phagosomes 
- Improved lung histology 
 
Mycobacterium 
- Dose-response ↓ in CFUs (in vitro and in vivo) 
- Adding ethanol lead to ↑ CFUs 
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Lysophosphatid
ic acid (LPA) 
 
(Garg 2006) 

↑ LPA leads to ↑ PLD Human MDM 
 
Differentiated 
human 
monocytoid 
THP-1 cells 
(leukemia cell 
line) 
 
Ex vivo with 
bronchoalveo
lar lavage 
cells from 
human Tb 
patients 

Bacterial growth 
 
PLD activity 
 
Acidification of 
phagosome 

H37Rv Mtb Host 
- ↑ in PLD activity 
- ↑ in acidification of Mtb-containing phagosomes 
 
Mycobacterium 
- ↓ in CFUs in all cell types 
- Adding ethanol restored CFUs to control levels 

Inhibition of 
cPLA2 with 
pyrrolidine-2, 
ATFMK, MAFP, 
and quinacrine 
 
Inhibition of 
sPLA2 with 
indoxam 
 
(Vandal 2006) 

↑ cPLA2 and 
associated AA inhibits 
Mtb growth 
 
sPLA2 penetrates 
bacterial envelope and 
hydrolyses bacterial 
phospholipids 

Mouse bone 
marrow-
derived 
macrophages 
(C57BL/6, 
C3H/HeN, 
and cPLA2-
IVA-/- mice) 

PLA2 expression 
 
AA levels 
 
Bacterial growth 

H37Rv Mtb Host 
- Pyrrolidine-2 ↓ AA release whereas indoxam had no effect 
- Quinacrine proved toxic to the cells 
 
Mycobacterium 
- AA ↓ CFUs in a dose-response manner with greatest effect at 

pH 4.5 
- Pyrrolidine-2, ATFMK, MAFP, quinacrine, and indoxam did 

not affect Mtb survival 
- cPLA2-IVA-deficient macrophages controlled Mtb 

LPA 
 
S1P 
 
(Greco 2010) 

↑ Ca2+-dependent PLD, 
leading to ↑ PA 

Human lung 
adenocarcino
ma epithelial 
A549 cell line 
(type II 
alveolar 
epithelial 
cells) 
 
Differentiated 
human 
monocyte cell 
line (THP-1) 

Cell viability 
 
Bacterial growth 
 
PLD activity 
 
Phagolysome 
maturation 
(measured by 
LAMP-1 and LAMP-1 
expression) 

H37Rv Mtb Host (all A549 cells unless noted) 
- Significantly ↑ cell viability with either LPA or S1P as 

compared to untreated cells (0.5µm provided the optimal 
dose) 

- Significant ↑ in cytosolic Ca2+ with both LPA and S1P 
- For both LPA and S1P, significant ↑ in the acidification of Mtb-

containing phagosomes and expression of LAMP-1 and LAMP-
3 

 
Mycobacterium (all A549 cells unless noted) 
- Significantly ↓ CFUs with either LPA or S1P as compared with 

untreated cells 
- LPA and S1P both prevented mycobacterial release from 

A549 cells and infection of human (THP-1) macrophages 
- Ethanol and 1-butanol inhibited LPA and S1P activity 
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Table 8: Phospholipase-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 US 
2005/0009757* 

2002-11-21 Maurizio Fraziano et al - Application is for the work described in the Garg 
and Greco papers above, i.e., a general patent for 
the use of sphingosine derivatives as 
immunomodulators for Mtb treatment 

*Application only, no 
patent number found 

2 US 
2010/0278903* 

2006-06-30 Marc Crues - Application is for combining sphingosine 
derivatives with other compounds in the 
manufacture of vaccines for Mtb 

*Application only, no 
patent number found 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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KINASE ENZYMES 

Overview of pathway 

More than 500 different protein kinases and >150 protein phosphatases have been identified in humans. Protein 

kinases are enzymes that attach a phosphate (PO4) group to a protein, typically on a serine, threonine, tyrosine, or 

in rare cases a histidine amino acid; protein phosphatases remove phosphate. These enzymes perform critical 

functions in many biological pathways, some of which are involved in TB pathogenesis. Several kinase inhibitors 

have already been developed and licensed for cancer treatment and other indications. Due to the breadth of 

pathways regulated by kinases, we will not summarize all potential intervention points. Instead, we used a two-

part strategy for identifying host kinases for intervention in TB: 

1. Identify host kinases that already have known pharmacological inhibitors, and ask whether these are involved 

in TB. 

2. Identify host kinases that have evidence of involvement in TB from previous screens or direct studies, and 

evaluate these as possible pharmaceutical targets. 

Current interventions and role of pathway in TB pathogenesis 

We reviewed 21 published journal articles identified by a narrow search reflecting the two priorities above. In 

Table 9, we list host kinases and known kinase inhibitors with strong experimental evidence to support 

investigation as treatments for TB. In Supplemental Table 1 we also present a list of licensed kinase inhibitors and 

their kinase targets for which relevance to TB treatment has not necessarily been demonstrated. In Supplemental 

Table 2, we provide a list of host kinases identified through discovery screens that may be relevant to TB 

treatment. 

1. Imatinib is a tyrosine kinase inhibitor of BRC-ABL and was developed for treatment of chronic myelogenous 

leukemia (CML).  

A. Mtb and M. marinum use Abl and related tyrosine kinases for entry and intracellular survival in 

macrophages (Napier 2011). In mice, imatinib reduced the number of granulomatous lesions and 

mycobacterial load in infective organs. When co-administered with antibiotics, the effect was 

synergistic.  

B. Abl tyrosine kinase controls phagosomal acidification required for killing of Mtb in human 

macrophages. The mechanism appears to work through Abl regulation of the vacuolar proton pump 

vATPase (Bruns 2012).  

2. CML patients receiving imatinib therapy had more macrophages with acidified lysosomes compared to 

controls. Mtb survival was reduced in serum from patients receiving imatinib (Bruns 2012). 

3. Kinase screens: Two studies assessed the role of kinases in Mtb pathogenesis with screens (Table 9). 

A. Jayaswal et al. used a siRNA screen of host kinases and phosphatases related to TB bacterial load in 

murine macrophages infected with Mtb strain H37Rv (Jayaswal 2010). Of 744 kinases and 288 

phosphatases screened, 41 genes altered TB bacterial load without affecting the health of uninfected 

control cells. As a proof-of-principle, the study showed that treating cell cultures with an inhibitor 

(D4476) for one of these validated targets, casein kinase 1 (CSNK1), resulted in lower bacterial load. 

B. Kuijl et al. performed a siRNA screen of 658 human kinases using automated microscopy measuring S. 

typhimurium growth, and identified and validated 10 host kinases that reduced intracellular S. 

typhimurium growth. The study also demonstrated that treatment with H-89 and ETB067, two 

structurally similar molecules that inhibit AKT-1, reduced MDR Mtb growth in primary human 

macrophages (Kuijl 2007). 
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4. Wu et al. infected mice lacking the gene for protein kinase R (PKR) with Mtb strain H37Rv and found that these 

mice had lower mycobacterial loads compared to wild-type mice. PKR-deficient mice also had less pulmonary 

pathology. Macrophages from PKR-deficient mice exhibited increased apoptosis and release of iNOS and TNF in 

response to IFN-γ (Wu 2012). 

5. Kumar et al. performed a genome-wide siRNA screen of host factors regulating established Mtb infections. 

Human macrophage-like THP-1 cells were infected with Mtb H37Rv and transfected with siRNAs targeting 

specific genes. After a growth period, cells were lysed and bacterial load was measured in CFUs. The study 

identified 275 genes that affected mycobacterial load when silenced. The effect of some of these host factors 

was inconsistent across various Mtb strains. The study also used siRNA to silence 9 genes that were not among 

the 275 screen “hits” One of these encodes a kinase, ATK1, involved in autophagy. SiRNA silencing of ATK1 

reduced Mtb load, and silencing both ATK1 and isoform ATK2 simultaneously reduced Mtb load more than 

either alone (Kumar 2010). 

Patent search 

A patent search identified 3 patents or patent applications related to modulating host kinases; see Table 9. One 

patent application was filed by Daniel Kalman (one of our identified experts) and applies to use the imatinib and 

other Abl-tyrosine kinase inhibitors in the treatment of TB. Another patent application applies to the use of 

inhibitors (listed in broad categories) of double stranded RNA dependent PKR to enhance treatment of human 

diseases. The third patent covers the use of a group of small molecule inhibitors to phosphoinositide-dependent 

kinase-1 (PDK-1) to treat infectious disease, including TB. 

Summary 

Kinases and phosphatases are central to macrophage regulation of TB growth. Although the number of studies in 

this area is small, there are already some promising results, particularly with imatinib and its inhibition of ABL. 

Imatinib is already an FDA-approved drug for treatment of chronic myelogenous leukemia. In addition, a kinase 

screens identified several targets that regulate Mtb growth in macrophages. Future research directions include 

identifying pharmacological inhibitors for these kinases and testing whether inhibition affects Mtb survival and 

growth in vitro (Napier 2012). 
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Table 9: Host kinase intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

PKR knockout 
mouse 
 
PKR inhibitor 
 
(Wu 2012) 

Increased apoptosis of 
macrophages in 
response to Mtb 
 
Enhanced activation 
of macrophages in 
response to IFN-γ 

PKR-deficient 
mouse 

Bacterial growth in 
lungs, spleen and 
liver 
 
Macrophage 
apoptosis 
 
Nitrate and nitrite 
release 
 
TNF expression in 
lung homogenate 

H37Rv Mtb Host 
- PKR-deficient mice had ↑ macrophage apoptosis compared to 

WT. 
- PKR-deficient mice had ~1.5-2.0x ↑ release of NO2 and NO3 
- PKR-deficient mice had 2x ↑ TNF expression in lung 

homogenate following Mtb infection compared to WT 
- A PKR inhibitor had no impact on nitrite release by WT 

macrophages 
- At high doses (30uM), the PKR inhibitor resulted in ↓ IL-10 

release by wt macrophages 
 
Mycobacterium 
- PKR-deficient mice had 4–10x ↓ Mtb loads 

PKB/AKT1 
kinase network 
 
Inhibitors H-89 
and ETB067 
 
(Kuijl 2007) 

Enhanced fusion of 
phagosome with 
lysosome 

Human breast 
cancer cell 
line MCF7 
 
Primary 
human 
macrophages 

Intracellular 
bacterial growth 

Lux-expressing S. 
typhimurium 
(SL12023) 
 
GFP-expressing 
S. typhimurium 
(SL1344) 
 
M. smegmatis 
 
MDR Mtb strain 
unknown  

Mycobacterium 
- Treatment with H-89 and ETB067, two structurally similar 

molecules that inhibit AKT-1, ↓ MDR Mtb growth in primary 
human macrophages 

ATK kinases 
 
(Kumar 2010) 

Autophagy Human 
macrophage-
like THP-1 
cells 

Bacterial growth 
 
Apoptosis 

All Mtb: 
H37Rv 
JAL2261 (MDR) 
1934 (MDR) 
JAL2287 (MDR) 
BND433 
BND320 
2549 
2506 

Host 
- A genome-wide siRNA screen of 18,174 host genes identified 

275 that regulate an established Mtb infection, many in a 
strain-dependent manor 

 
Mycobacterium 
- siRNA silencing of Atk1 (not identified by their screen), ↓ Mtb 

load 
- Silencing of Atk1 and Atk2 together reduced Mtb load more 

than either Atk1 or Atk2 alone 
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Inhibitor D4476 
 
(Jayaswal 2010) 

D4476 inhibits both 
CSNK1 as well as TGF-
β receptor type 1 

Murine 
macrophage 
line J774.1 

Macrophage 
bacterial growth 

1934 Mtb (MDR) 
 
JAL2261 Mtb 
(MDR) 

Host 
- An siRNA screen identified 41 genes the silencing of which 

altered TB bacterial load without affecting the health of 
uninfected control cells 

 
Mycobacterium 
- Treating cell cultures with D4476, an inhibitor for CSNK1 as 

well as TGF-βR1 resulted in lower bacterial load 

ABL inhibitor 
imatinib 
 
(Napier 2011) 

Macrophage cell entry 
and intracellular 
survival of Mtb 

Mice 
 
Murine 
macrophage 
line J774.1 
 
Human THP-1 
cells 

Bacterial growth 
 
Mouse liver and 
spleen pathology 

Mtb (Erdman 
strain) 
 
M. marinum 

Host 
- Mice infected with M. marinum had fewer granulomatous 

lesions with imatinib treatment. 
 
Mycobacterium 
- In mice, imatinib reduced the number mycobacterial load in 

infected spleen and liver. When co-administered with 
antibiotics, the effect was synergistic, and observed in both M. 
marinum and Mtb infections 

Abl tyrosine 
kinase 
 
(Bruns 2012) 

Acidification of 
lysosomes 

Human 
macrophages 

Acidification of 
lysosomes 
 
Bacterial survival 

Mtb H37Rv Host 
- Abl tyrosine kinase controls phagosomal acidification 

required for killing of Mtb in human macrophages. The 
mechanism appears to through Abl regulation of the vacuolar 
proton pump vATPase.  

- CML patients receiving imatinib therapy had more 
macrophages with acidified lysosomes compared to controls. 
Mtb survival was reduced in serum from patients receiving 
imatinib. 
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Table 6: Kinase-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

1 US 
2011/0281867* 

2010-12-16 Daniel Kalman, William 
Gerard Bornmann, 
Patrick Michael Reeves, 
Alyson Irene Swimm 

- Using inhibitors of Abl-tyrosine kinase or Src-
family tyrosine kinases to treat infectious diseases, 
including TB. Inhibitors mentioned include 
imatinib mesylate and derivatives; pyrido[2,3-
d]pyrimidine compounds; and ZD-6474, PTK-
787/ZK-224584, CP-547632, BMS354825, 
SU11248, SU011248, gefitinib, and erlotinib. 

Rationale and data 
supported by (Napier 
2011) paper. 
 
*Application only, no 
patent number found 

2 US 
2011/0077198* 

2008-10-3 Michael John Tisdale, 
Helen Laura Eley, Steve 
Thomas Russell, Kevin 
Burke Miller 

- Using inhibitors of double stranded RNA 
dependent protein kinase (PKR) to enhance 
treatment of human diseases. 

PKR inhibitors listed are 
general categories, and 
disease indications given 
do not include TB. Based 
on Wu et al, PKR 
inhibitors should restrict 
Mtb growth. 
 
*Application only, no 
patent number found 

2 8039502 2011-10-18 Ching-Shih Chen, Hao-
Chieh Chiu, Dasheng 
Wang, John S. Gunn, 
Larry S. Schlesinger 

- Use of small molecule inhibitors to 
phosphoinositide-dependent kinase-1 (PDK-1) to 
treat infectious disease, including TB. Molecules 
include 1,1,1-trifluoro-4-hydroxy-4-phenanthren-
2-yl-but-3-en-2-one and derivatives. Induces 
autophagy. 

 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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LIPID-SENSING NUCLEAR RECEPTORS: PEROXISOME PROLIFERATOR-ACTIVATED 
RECEPTOR GAMMA (PPAR-γ), LIVER X RECEPTORS (LXR), AND TESTICULAR RECEPTOR 4 
(TR4) 

Overview of pathway 

One of the ways that Mtb 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 (Figure 3). Fatty acids derived from lipid bodies 

provide an important energy source for the bacterium, allowing it to survive and grow within host macrophages. 

Recent evidence suggests that the process of macrophage lipid body formation and lipid metabolism in Mtb 

pathogenesis is regulated by lipid-sensing nuclear receptors including peroxisome proliferator-activated receptor 

gamma (PPARγ), liver X receptors alpha and beta (LXRα,β), and testicular receptor 4 (TR4) (Almeida 2009; 

Rajaram 2010; Mahajan 2012). These nuclear receptors (especially PPARγ and LXRα), also play important roles in 

the systemic inflammation that contributes to cardiovascular disease, and for this reason small molecule 

therapeutic interventions targeting these nuclear receptors have been developed and could potentially be 

redeployed to treat TB. 

Lipid-sensing nuclear receptors PPARγ, LXRα,β, and TR4 share certain structural and functional characteristics. All 

three are expressed in macrophages, are localized in the cell nucleus, and bind to specific fatty acids or fatty acid 

metabolites. After ligand binding, these nuclear receptors form heterodimers with the retinoid X receptor (RXR) 

and bind to specific DNA elements in the promoter regions of target genes, regulating the expression of those 

genes. 

 

Figure 3: Mtb modulates macrophage lipid metabolism through lipid -sensing nuclear receptors PPARγ, TR4, and LXR. 
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Current interventions and role of pathway in TB pathogenesis 

We reviewed 16 papers dated from 2000 onwards for reference to host-directed therapies and lipid-sensing 

nuclear receptors and found 4 to be relevant. All experiments were performed in vitro. These intervention studies 

are summarized below in Table 10. 

A. PPARγ 

Humans have three PPAR nuclear receptors including PPARα, PPARβ/δ, and PPARγ, 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 (Michalik 2006). We focus here on PPARγ, the only PPAR with strong evidence for 

involvement in TB pathogenesis due to its role in regulating macrophage activation and the expression of 

inflammatory genes (Jiang 1998; Ricote 1999). Potential ligands for PPARγ include fatty acids (potentially host or 

Mtb) as well as products of the eicosanoid pathway.  

Upon macrophage activation by Mtb or Bacillus Calmette-Guerin (BCG), PPARexpression is upregulated and 

subsequently modulates the cellular response in order to provide a hospitable intracellular environment for the 

bacterium (Almeida 2009; Almeida 2012; Mahajan 2012). Several macrophage receptors are likely important for 

stimulating expression of PPARγ including the mannose receptor (recognizing sugars such as ManLam sugars on 

the Mtb cell wall), the scavenger receptor, and CD36 (Rajaram 2010). The signaling pathway leading to activation 

of PPARγ expression is not well understood. 

 

PPARγ expression has several consequences for the macrophage: 

1. Modulation of pro-inflammatory cytokine secretion (TNF, IL-6, IL-8, IL-12p70). The results of three studies 

using shRNA knockdown or chemical inhibition of PPARγ were inconsistent: 

A. Rajaram and coworkers found that PPARγ knockdown led to decreased TNF and IL-8 induced by BCG 

or H37Rv Mtb and these effects were partially mediated by activation of the mannose receptor 

(Rajaram 2010). 

B. In contrast, Mahajan et al. found that infection with Mtb strain H37Ra induced higher IL-6 and TNF 

expression in PPARγ knockdown cells (Mahajan 2012). 

C. Almeida et al. used a PPARγ antagonist (GW9662) and found increased IL-12 and IL-6 expression, but 

decreased TNF in BCG-stimulated cells (Almeida 2009). 

2. Modulation of anti-inflammatory cytokines (downregulation of IL-10). 

3. Inhibition of macrophage effector molecules (nitric oxide and inducible NO synthase). 

4. Initiation of intracellular lipid droplet biogenesis in leukocytes. Lipid droplets are important in PGE2 

production and are a site of eicosanoid synthesis; both processes play a role in TB pathogenesis. Almeida et al. 

(2009) found that the PPARγ agonist BRL49653 increased lipid droplet formation, and PPARγ antagonist 

GW9662 decreased lipid droplet formation in cultured human peritoneal macrophages (Almeida 2009). 

5. Reduced Mtb and BCG replication: knockdown of PPARγ or inhibition with an antagonist leads to decreased 

Mtb and BCG survival in macrophages. 

A. Inhibition of PPARγ with GW9662 led to decreased BCG survival in mouse macrophages (Almeida 

2009). 

B. Knockdown of PPARγ using shRNA resulted in lower survival of Mtb strain H37Rv (Rajaram 2010). 

C. Knockdown of PPARγ using shRNA led to reduced survival of Mtb strains H37Ra and H37Rv in human 
THP1 monocyte/macrophage cells (Mahajan 2012). 
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B. LXRα,β and TR4 

LXRα,β and TR4 are additional lipid sensing nuclear receptors that mediate immune responses to Mtb. TR4 was 

studied in one paper and found to negatively regulate IL-6, TNF, and IL-10 induction by Mtb H37Ra. Similar to 

PPARγ, knockdown of TR4 decreased lipid body accumulation and decreased Mtb (strain H37Rv) growth in human 

THP1 macrophages (Mahajan 2012). In the same study, LXRα,β knockdown had the opposite effect on Mtb growth 

as compared to PPARγ and TR4; LXRα,β knockdown led to increased growth. This phenotype was accompanied by 

opposite effects on IL-10 and production of the enzyme arginase. One in vivo study of these pathways has been 

performed with the murine intratracheal infection model (Korf 2009). Consistent with the in vitro findings, this 

study found that Lxra/b-/- mice were more susceptible to Mtb with increased lung and spleen CFUs which was 

accompanied by a decreased TH1 and TH17 T cell response. When WT mice were pre-treated with an LXR agonist 

(TO91317 or GW3965), mice had decreased bacterial counts and increased TH1/TH17 response (compared to 

placebo treatment). Together, these results suggest that TR4 functions with a similar effect as PPARγ with regard 

to control of the immune response to Mtb. In contrast, LXRα,β has the opposite phenotype. 

There are limited human data regarding PPARγ expression. Fletcher et al. found that the BCG vaccine induces 

PPARγ expression in PPD or BCG-stimulated PBMCs from 10 week old infants who were vaccinated at birth 

(Fletcher 2009). No other human studies of PPARγ expression were identified. 

Several modulators of PPARγ exist, including licensed compounds. PPARγ modulators include the 

thiazolidinediones (TZDs), which activate PPARγ and are used in diabetes treatment. TZDs include Rosiglitazone 

(Avandia), Pioglitazone (Actos), and Troglitazone (Rezulin) all of which were formerly available in the US or 

Europe but which have been withdrawn or restricted due to adverse side effects (Staels 2005). The adverse side 

effects include increased risks of liver failure and cardiovascular disease. Experimental agents include 

netoglitazone, an antidiabetic agent, rivoglitazone, and ciglitazone and rhodanine. A second class of PPARγ 

activators include the fenofibrate compounds which are also FDA approved. Other activators of PPARγ include 

perfluorononanoic acid and berberine. Finally, there are experimental compounds used in the studies described 

here, including the PPARγ antagonist GW9662 and the PPARγ agonist BR49653. We did not identify small molecule 

modulators for TR4 and LXR,. 

Finally, one study found that rifampin decreased PPARγ expression by 40% in a human lung epithelial cell line 

(A549) (Yuhas 2009). This surprising result raises the possibility that concurrent use of rifampin with a direct 

PPARγ antagonist could have a synergistic effect on PPARγ pathways that would favor the host and limit Mtb 

replication. 

Patent search 

We identified three patents or patent applications related to the lipid-sensing nuclear receptors and TB treatment, 

see Table 11. Only one, covering the use of substituted benzimidazole compounds to activate PPARγ for the 

treatment of diseases, explicitly mentions TB in the patent’s summary statement. Another describes the use of a 

PPAR inhibitor to treat psoriasis. The last describes a series of related small molecules that modulate LXR activity. 

 

Summary 

The lipid-sensing nuclear receptors offer a number of promising leads for intervention in TB pathogenesis. Recent 

data suggest that these receptors modulate host response to Mtb and affect Mtb replication. Strategies that inhibit 

PPARγ and TR4 or stimulate LXR, lead to control of Mtb replication and favorable outcomes for the host. 
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Table 10: Lipid-sensing nuclear receptor intervention points 

Intervention(s) Mechanism of Action Model Outcomes assessed Mycobacterium 
strain 

Key results 

PPARγ 
antagonist 
GW9662 
 
PPARγ agonist 
BR49653 
 
(Almeida 2009) 

Modulation of 
macrophage lipid 
metabolism 

Human 
peritoneal 
macrophages 
 
Mouse 
macrophages  

PPARγ expression 
 
Macrophage lipid 
body content 
 
PGE2 production 
 
Cytokine production 

M. bovis BCG 
(Moreau strain) 

Host 
- BCG infection ↑ PPARγ expression, macrophage lipid body 

content, PGE2 production, and an anti-inflammatory cytokine 
profile 

- GW9662 ↑ lipid body formation and PGE2 production 
- BR49653 inhibited lipid body formation and PGE2 production 

shRNA 
knockdowns of 
PPARγ, TR4, 
and LXRα 
 
(Mahajan 2012) 

Modulation of 
macrophage lipid 
metabolism 

Human 
macrophage 
cell line THP1 

Bacterial growth 
 
Macrophage lipid 
body content 
 
Macrophage M1 
versus M2 
(alternative) 
polarization 
 
Cytokine production 

Mtb H37Rv and 
Mtb H37Ra 

Host 
- shRNA knockdown of PPARγ and TR4 resulted in ↓ H37Ra 

load, ↓ lipid body formation in macrophages, slightly ↑ pro-
inflammatory IL-6 and TNFα production, and abrogated anti-
inflammatory IL-10 production 

- LXRα knockdown had the opposite effects, except that it had 
no effect on IL-10 or IL-6 production 

 
Mycobacterium 
- shRNA knockdown of PPARγ and TR4 resulted in ↓ H37Ra 

load 
- LXRα knockdown had the opposite effect 

Gene knockout 
of murine Lxra 
and Lxrb 
 
LXR agonists 
T0901317 and 
Gw3965 
 
(Korf 2009) 

Modulation of 
macrophage cytokine 
production 

Intratracheal 
infection of 
mice 
including WT 
and Lxra-/-
Lxrb-/- 
knockouts 

Bacterial growth 
 
Cytokine production 

Mtb H37Rv Host 
- Lxra-/-/Lxrb-/- mice had ↓ TH1 and TH17 T cell response 
- WT mice treated with TO91317 or GW3965 had ↑ TH1/TH17 

response 
 
Mycobacterium 
- ↑ lung and spleen CFUs in Lxra-/-/Lxrb-/- mice 
- WT mice treated with TO91317 or GW3965 had ↓ CFUs 

PPARγ siRNA 
 
PPARγ 
antagonist 
GW9662 
 
(Rajaram 2010) 

Modulation of 
macrophage cytokine 
production 

Human MDM Cytokine production Mtb H37Rv 
 
M. bovis BCG 
(Moreau strain) 
 
M. smegmatis 
(ATCC 700084) 

Host 
- ↑ IL-8 production in human macrophages following Mtb 

infection can be blocked with PPARγ inhibition by siRNA or 
antagonist GW9662 
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Table 11: Lipid-sensing nuclear receptor-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 US7339065 2008-03-04 Mitchell A. Avery, 
Harrihar A. 
Pershadsingh 

- Use of a PPAR inhibitor to treat psoriasis. Inhibitor 
given is: 5 adamantan-2-yl-pentanoic acid [2-[4-
(2,4-dioxo-thiazolidin-5-yl-methyl)-phenoxy]-
ethyl]-methyl-amide 

No mention of 
tuberculosis in the patent 

4 US 
2005/0020654* 

2004-03-15 Harrihar A. 
Pershadsingh, Mitchell 
A. Avery 

- Use of substituted benzimidazole compounds to 
activate PPARγ for the treatment of diseases. 
Tuberculosis is mentioned as a possible indication. 

*Application only, no 
patent number found 

2 6316503 2001-11-13 Leping Li, Julio C. 
Medina, Kevin Lustig, 
Bei Shan, Hirohiko 
Hasegawa, Serena T. 
Cutler, Jiwen Liu, 
Liusheng Zhu 

- Compounds and methods for modulating LXRs in 
cells for diagnostic and pharmaceutical uses. 
Compounds are all structurally similar small 
molecules. 

No mention of 
tuberculosis 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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MTB  PHAGOSOME 

After binding and uptake by macrophages, Mtb resides in a phagosome. A mature phagosome is created by fusion 

with a lysosome and has a low pH, with proteases, lipases, reactive oxygen intermediates, and reactive nitrogen 

intermediates (RNI) which together degrade and destroy bacteria. Mtb resides in a modified phagosome that is 

immature and has features of an early endosome with a higher pH and the absence of many molecules that degrade 

bacteria (Vergne 2005; Rohde 2007; Russell 2011). Activation of macrophages with IFN-γ and other agonists 

increases the ability of macrophages to restrict Mtb replication (MacMicking 2012). Given the central role of the 

phagosome for Mtb, there are many potential pathways that could be manipulated to control its replication. Within 

the phagosome arena, autophagy and GTPases are induced by IFN-γ and have emerged as two areas with a number 

of important findings that could lead to host intervention manipulation points. The genes and pathways in 

autophagy and the GTPase gene family have considerable overlap, so we review them together. In addition, we 

briefly review the use of IFN-γ as a treatment strategy for Mtb. Although IFN-γ is a biologic and not formally within 

the scope of this landscape analysis, studies of its use provide a “proof-of-concept” of manipulation of these 

pathways. 

A. IFN-γ 

Interferons stimulate hundreds of genes in macrophages and induce anti-microbial effector responses including 

NOS (and the nitric oxide pathway), NOX (and the ROS pathway), IDO, NRAMP1, GTPases, and autophagy 

(MacMicking 2012). Ifn-γ-/- mice are highly susceptible to in vivo Mtb infection (Flynn 1993). In addition, children 

with rare mutations in IFN-γ pathway genes are highly susceptible to BCG and non-tuberculous mycobacterial 

infections (Casanova 2002). This central role of IFN-γ in Mtb pathogenesis led to human clinical trials to test its 

efficacy for treatment as an adjuvant to antibiotic therapy. These trials included a safety study and two randomized 

control trials (Table 12). In the safety study, aerosolized IFN-γ was well tolerated by five patients with MDR-TB, 

and these patients showed suggestive evidence of clinical improvement. A small Cuban study of patients (N=32) 

with non-tuberculous mycobacterial lung disease (mostly M. avium complex) receiving antibiotic therapy were 

randomized to injections of IFN-γ (N=18) versus placebo (N=14) (Milanés-Virelles 2008). Patients treated with 

IFN-γ showed greater improvement in pulmonary symptoms and a higher percentage of complete responders 

(72% vs 36% at 6 months, P=0.037). Sputum culture conversion rates showed a trend towards faster resolution in 

IFN-γ treated individuals, but the results were not significant. Radiographic improvement was greater in the IFN-γ 

treatment group at 18 months (P=0.036) (Milanés-Virelles 2008). In a three-arm RCT, TB patients receiving 

antibiotic therapy with nebulized IFN-γ1b (N=30) or subcutaneous injections of IFN-γ1b (N=27) were compared 

with TB patients receiving antibiotic therapy alone (N=30) (Dawson 2009). Patients in the aerosolized IFN-γ1b 

group were more likely to have negative sputum smears at 4 wks (P=0.03). In addition, culture conversion rates at 

4 wks showed a trend favoring IFN-γ that was not statistically significant (P=0.15). Disease symptoms were less in 

both IFN-γ1b treatment groups. Together, these studies suggest that IFN-γ is beneficial for the treatment of non-

tuberculous mycobacteria as well as TB. Although the costs of IFN-γ would be prohibitively expensive, these 

studies support efforts to identify the pathways activated by IFN-γ that could be modulated with small molecule 

drugs. 

We identified three patents or patent applications related to IFN-γ and TB (Table 13). One governs the use of 

aerosolized IFN-γ to treat TB, and was filed by an author of one of the human RCT studies (Dawson 2009). Another 

covers the production of aerosolized IFN-γ, and the third relates to use of structurally modified IFN-γ that is 

redesigned to have greater protein stability and biological half-life. 
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Table 12: IFN-γ intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

RCT of 
aerosolized or 
injected IFN-
γ1b 
 
(Dawson 2009) 

Macrophage 
activation 

Humans Sputum smear 
 
Cytokine production 
 
CD4+ response to 
PPD 
 
Chest CT scan 
 
Disease symptoms 

Clinical strains Host 
- TB patients treated with aerosolized or injected IFN-γ1b 

had stronger CD4+ responses to PPD 
- The aerosolized IFN-γ1b group had lower levels of 

inflammatory cytokines 
- Patients in the aerosolized IFN-γ1b group were more 

likely to have negative sputum smears at 4 wks (P=0.03) 
- Culture conversion rates at 4wks showed a trend favoring 

IFN-γ that was not statistically significant (P=0.15) 
- Disease symptoms were less in both IFN-γ1b treatment 

groups 

RCT of Injected 
IFN-γ 
 
(Milanés-Virelles 
2008) 

Macrophage 
activation 

Humans Sputum smears and 
cultures 
 
Chest X-rays 
 
Respiratory 
symptoms 

Clinical isolates: 
M. avium 
complex 
 
M. fortuitum-
cheloneae 
 
M. kansasii 

Host 
- IFN-γ treated patients showed greater improvement of 

respiratory disease symptoms compared to controls (6 month 
complete responders 72% vs. 36%, P=0.037) 

- Sputum culture conversion rates showed a trend towards 
faster resolution in IFN-γ treated individuals, but the results 
were not significant 

- Radiographic improvement was higher in the IFN-γ treatment 
group at 18 months (P=0.036) 

Safety study of 
aerosolized IFN-
γ 
 
(Condos 1997) 

Macrophage 
activation 

Humans Sputum smears and 
cultures 
 
Chest CT scan 

Clinical MDR-TB Host 
- Aerosolized rIFN-γ was well tolerated by 5 MDR-TB patients. 
- Treated patients showed steady weight or weight gain. 
- 4 out of 5 treated patients switched from sputum smear 

positive to negative after 4 weeks of treatment. 
- Chest CT scans showed improvement in all 5 treated patients 
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Table 13: IFN-γ-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

1 8105572 2012/1/31 Rany Condos, Gerald 
Smaldone 

New York 
University, 
Research 
Foundation of 
State 
University of 
New York 

The use of aerosolized IFN-α, IFN-β, or IFN-γ to 
treat TB. 

 

2 11/429,100 2006/5/4 Gilles Borrelly, Thierry 
Guyon, Lila Drittanti 

- The use of specifically modified IFN-γ peptides 
designed to have enhanced stability and longer 
half-life. 

*Application only, no 
patent number found 

3 10/189,535 2002/7/8 Nahed M. Moshen, 
Thomas A. Armer 

- Method for aerosolizing IFN-γ. *Application only, no 
patent number found 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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B. AUTOPHAGY 

Overview of pathway 

Autophagy is a series of processes through which cells degrade and recycle their cytoplasmic contents using 

lysosomes. The targets of autophagy include proteins and other macromolecules, organelles, and intracellular 

pathogens such as Mtb. Autophagy occurs under normal physiological conditions, but is typically studied in human 

leukocytes as a response to starvation or IFN-γ stimulation. For Mtb, which resides as an intracellular pathogen in 

human leukocytes and whose survival depends on avoiding degradation by the host, this experimental system is 

highly relevant to TB pathogenesis (Songane 2012). Some of the key molecules and steps involved in autophagy 

include: Phase I (initiation) with formation of a phagophore (with involvement of mTOR, Ulk1/2, involves the 

phosphatidylinositol 3-kinases (PI3K) hVPS34 in a complex with Beclin-mATG14 (complex I); Phase II (Elongation 

& closure of the autophagosome): Atg5-Atg12 complexes with Atg16L which leads to ubiquitination and 

conversion of LC3 to LC3-II and elongation and closure; Phase III (maturation): autophagosomes fuse with 

lysosomes or organelles in a hVPS34-dependent process in complex with Beclin 1 and UVRAG (complex II) (Figure 

3) (Deretic 2011). 

 

Figure 4: Autophagy leading to Mtb degradation in macrophages   
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Current interventions & effect of pathway on TB pathogenesis 
We reviewed 98 papers dated from 2000 onwards for reference to autophagy and TB, and found 11 to be relevant. 
All but 2 were performed in vitro and the two in vivo studies used a mouse model. These intervention studies are 
summarized below in Table 14. Some of these key papers are discussed in a recent review article of autophagy and 
TB pathogenesis (Songane 2012). 

Autophagy is one of the macrophage responses initiated by the host upon recognition of an invading pathogen via 
pattern recognition molecules. During an effective host response, the phagosome matures into an autophagosome 
and merges with a lysosome to form an autolysosome, which degrades the Mtb. Targeting of microbes to the 
autophagosome occurs through sequestasome-like receptors (SLRs, p62/SQSTM1) that use ubiquitin tags and an 
LC3 interacting region. p62 phosphorylation by TANK-binding kinase 1 (TBK1) is an important step in 
autophagosome activation. By identifying the molecules regulating autophagy, it may be possible to use 
therapeutic tools to override Mtb subversion and initiate autophagy to prevent TB pathogenesis. 

Several lines of evidence suggest that autophagy is important in Mtb pathogenesis: 

1. Induction of autophagy restricts mycobacterial growth. When autophagy is induced by IFN-γ, starvation or 

rapamycin, macrophages effectively restrict Mtb growth (Gutierrez 2004; Harris 2007). 

2. Inhibition of key molecules in the autophagy pathway affects Mtb growth and survival. Knockdown of p62 in 

macrophages decreases autophagy initiation and autophagosome maturation (Ponpuak 2010). Knockdown of 

Rab8b, a molecule involved in membrane trafficking, decreased autophagosome maturation and Mtb killing 

(Pilli 2012). Lastly, knockdown of TBK1 also decreased autophagosome formation and Mtb killing by removing 

the ability to phosphorylate p62 (Pilli 2012). 

3. On the Mtb side, a recent study found that the ESX-1 secretion system of Mtb triggers autophagy by release of 

bacterial DNA into the cytosol where it is recognized by a STING-dependent DNA sensor pathway (Watson 

2012). This leads to ubiquitination of Mtb and delivery to autophagosomes in a p62-, NDP52-, and TBK1-

dependent process. This study identified Atg5, Sting, and NDP52 as regulators of Mtb growth in vitro in 

macrophages. The Atg5-/- mice were also highly susceptible to Mtb in an in vivo mouse infection model. 

4. INH and PZA induce autophagy in Mtb-infected cells (Kim 2012). Kim et al. recently discovered that INH and 

PZA induce autophagy in Mtb-infected murine macrophages in a process that involves reactive oxygen species. 

In their experiments with in vitro infection of macrophages, inhibition of autophagy impaired the efficacy of 

INH. 

5. Nitazoxanide (NTZ) stimulates autophagy and inhibits mTORC1 signaling (a negative regulator of autophagy) 

(Lam 2012). NTZ inhibits Mtb growth in vitro as well as within Mtb-infected THP1 cells. Quinone 

oxidoreductase NQO1 was identified as the target for NTZ. 

Patent search 
We identified two patents related to autophagy and host-directed TB treatment (Table 15). One patent related to 
the use of a cAMP agonist, such as clonidine, to induce autophagy via the mTOR pathway, thereby treating TB. The 
other concerns the use of two proteins, ATG14 and Rubicon, to regulate autophagy. These proteins modulate 
PI3K/Vps34-Beclin 1 complex kinase activity, which plays a role in phagosome initiation. 

Summary 
Induction of autophagy is a promising therapeutic arena for the development of TB drugs. Interestingly, new work 
in 2012 suggests that two of the oldest TB drugs, INH and PZA, induce autophagy. In addition, an FDA-approved 
anti-parasitic drug (NTZ) also induces autophagy and restricts Mtb growth. Lastly, a number of papers have 
described specific autophagy pathway molecules that could be targeted for Mtb drug development (e.g. p62, TBK1, 
Atg5). 
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Table 14: Autophagy intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

Rapamycin 
 
(Gutierrez 2004) 

Induces autophagy Murine 
macrophages 
 
Human 
macrophages 

Autophagosome 
maturation 
 
Bacterial growth 

Mtb H37Rv 
 
BCG 

Host 
- When autophagy is induced by IFN-γ, starvation or 

rapamycin, macrophages effectively restrict Mtb growth 

STING (DNA 
sensor) 
 
Atg5 
 
NDP52 
 
(Watson 2012) 

Induction of 
autophagy via DNA 
sensing in an ESX-
dependent process 

Murine 
macrophages 
 
WT and Atg5-
/- mice 

Autophagosome 
maturation 
 
Bacterial growth 

Mtb (Erdman) 
 
BCG 

Host 
- Atg5, Sting, and NDP52 regulate Mtb growth in vitro in 

macrophages. Atg5-/- mice were also highly susceptible to 
Mtb in an in vivo mouse infection model 

- The STING-dependent DNA sensor pathway recognizes Mtb 
DNA in the cytosol, leading to ubiquitination of Mtb and 
delivery to autophagosomes in a p62-, NDP52-, and TBK1-
dependent process 

IRGM (human) 
IRGM1 (mouse) 
LRG47 (mouse) 
(all same gene) 

See GTPase section for full listing of these papers 

INH & PZA 
 
(Kim 2012) 

Induces autophagy Mouse 
macrophages 
 
Human 
macrophages 
 
Drosophila 
embryonic 
cells 

Autophagosome 
maturation 
 
Bacterial growth 
 
Cytokine production 

Mtb H37Rv 
 
M. marinum  

Host 
- INH and PZA induce autophagy in Mtb-infected murine 

macrophages in a process that involves reactive oxygen 
species 

- Inhibition of autophagy impaired the efficacy of INH 

mTORC1  
 
Nitazoxanide 
(NTZ) 
 
(Lam 2012) 

Induces autophagy Human 
PBMCs and 
THP-1 cells 

Bacterial growth Mtb H37Rv Host 
- NTZ inhibited mTORC1, a negative regulator of autophagy, 

and stimulated autophagy in human THP-1 cells 
 
Mycobacterium 
- NTZ also inhibited intracellular Mtb proliferation 

P62 
 
(Ponpuak 2010) 

Regulates step in 
autophagosome 
formation 

P62-deficient 
mice 

Autophagosome 
maturation 

Mtb H37Rv Host 
- P62 is required for autophagosomal maturation 
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TBK-1 
 
Rab8b 
 
(Pilli 2012) 

Regulates step in 
autophagosome 
formation 

Mouse 
macrophages 

Bacterial survival 
 
Autophagosome 
maturation 

Mtb H37Rv 
M. bovis BCG 

Host 
- Treatment with TBK-1 inhibitor BX795 abrogated 

phagosome maturation, leading to greater bacterial survival.  
- siRNA knockdown of Rab8b also interfered with phagosome 

maturation and allowed greater bacterial survival. 
- IL-1β treatment stimulated TBk-1-dependent autophagy. 

 

Table 15: Autophagy-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 US 
2010/011337* 

2008-02-14 David Rubinsztein, 
Sovan Sarkar, Andrea 
Williams 

- Using a cAMP agonist, such as clonidine, to induce 
autophagy via an mTOR-independent pathway. 

Significance not clear 
since published 
autophagy papers do not 
link cAMP to autophagy. 
 
*Application only, no 
patent number found 

2 US 
2012/0041175* 

2012-02-16 Zhenyu Yue The Rockefeller 
University, 
Mount Sinai 
School of 
Medicine of 
New York 
University 

The use of two proteins, ATG14 and Rubicon, to 
regulate autophagy. These proteins function by 
modulating PI3K/Vps34-Beclin 1 complex kinase 
activity. 

*Application only, no 
patent number found 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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C. GUANOSINE TRIPHOSPHATASES (GTPases) 

Overview of pathway 

GTPases are enzymes that hydrolyze guanosine triphosphate to guanosine diphosphate and perform a wide range 

of vital intracellular functions including regulation of the cell cycle, immunity related functions, organelle 

trafficking, and phagosome formation (Rajni 2010). In mice, there are several families of GTPases including the 47-

kDa immunity-related GTPases (p47 IRGs), 65–73-kDa guanylate-binding proteins (p65 Gpbs), and the 285-kDa 

very large inducible GTPases (Vligs/Gvins) (Martens 2006; MacMicking 2012). The Rab family of GTPases is an 

additional group involved with phagosome biogenesis (Haas 2005). The p47, p65, and Rab families of GTPases are 

important mediators of the immune response to Mtb. 

Current interventions and effect of pathway on TB pathogenesis 

We reviewed 140 papers dated from 2000 onwards for reference to host-directed therapies and GTPases and 

found 12 to be relevant. All but 1 genetic study were performed in vitro. These intervention studies are 

summarized below in Table 16. 

1. p47 GTPase family: murine IRGM1 (also known as LRG47) and human IRGM mediate autophagy and formation 

of autolysosomes, which control Mtb growth in macrophages (Singh 2006). Lrg47-/- mice have increased Mtb 

growth in an in vivo model and Lrg47-/- phagosomes have a higher pH and decreased fusion with lysosomes 

(MacMicking 2003). Additional mechanistic studies demonstrated that LRG47 binds to the mycobacterial 

phagosomal membrane by binding to PIP2 and PIP3 in a PI3K-dependent mechanism (Tiwari 2009). In 

addition, LRG47 promotes mitochondrial fission and apoptotic cell death (Singh 2010). Interestingly, LRG47 

also regulated survival of CD4 T cells through a mechanism separate from the macrophage functions that are 

regulated by this gene (Feng 2008). The important role of LRG47 in Mtb infection is not shared by all p47 

GTPase family members. Two studies demonstrated that IGTP, another p47 family member, does not regulate 

Mtb specific phenotype in mice (MacMicking 2003; Feng 2004). Although these mouse findings are suggestive 

of an important role of IRGM1 in Mtb pathogenesis, the extrapolation to humans may not be straightforward 

due to gene family differences. There are 18–23 mouse 47-kDa immunity-related GTPases (p47 IRGs) genes, all 

of which are IFN-γ inducible, and only 3 in humans, which are not IFN-γ inducible. 

2. p65 GTPase family (Kim 2011): among the 43 members of the IFN-γ-inducible GTPase superfamily in mice, 11 

are members of the p65 family. In a loss of function screen of those 11 members with Mtb growth as a 

phenotype, Gbp1-/- was associated with increased growth of BCG in vivo; 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). Gbp1 and Gbp7 also affect autophagy by 

delivering ubiquitinated peptides (Gbp1 binds p62/Sqstm1 and Gbp7 binds Atg4B) to autolysosomes to 

generate peptides that kill mycobacteria. 

3. Rab family: eukaryotic Rab GTPases are important regulators of different steps leading to phagosome 

maturation arrest. Due to a large number of Rab GTPases, it has been difficult to assign specific functions to 

individual members. Studies of Mtb and Rabs indicate several Rabs of importance including Rab5, 7, 10, and 14 

(Rajni 2010). Rab5 is involved with early phagosome biogenesis from fusion of endosomes (Haas 2005). There 

is some evidence that Rab7 is involved with later events and fusion of phagosomes with lysosomes and 

endosomes with cargo (Clemens 2000), but other studies have found the opposite (Via 1997). Rab10 has a 

transient association with phagosomes at very early phagosome biogenesis (prior to Rab5). Rab14 GTPase has 

also been identified as an important factor in maintaining the phagosome maturation block (Kyei 2006). 

Studies of these Rabs have focused on knockdown strategies rather than use of drugs. Sun et al (2010) showed 

that Mtb that contains nucleoside diphosphate kinase evades host phagolysosomal fusion by inhibiting Rab 5 
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and Rab 7 GTPases. (Sun 2010). 

Patents 

We identified one patent related to GTPases and host-directed TB treatment (Table 17). This patent related to the 

use of small molecule inhibitors of Rho GTPases. The Rho GTPases are involved in many physiological processes 

including phagocytosis, but we did not identify an experimental rationale for involvement in TB (Table 16). 

 

Summary 

GTPases regulate several important cellular processes that affect Mtb growth including phagosome formation, 

phagosome maturation, and autophagy. IRGM1 is the best-studied molecule and has substantial evidence 

demonstrating its role in Mtb pathogenesis. Several members of the p65 GTPase family are also important and are 

involved with induction of autophagy. Current challenges include the major differences between mice and human 

GTPase family members. Studies of these Rabs have focused on knockdown strategies rather than use of drugs. The 

pipeline of drug development in GTPases was not evident in literature. 
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Table 16: GTPase intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

P47 GTPases 

IRGM 
 
(Singh 2006) 

Regulates multiple 
functions, including 
autophagy 

Mouse 
macrophage 
cell line  
RAW 264.7 
 
Human 
macrophages 
(U937) 
transfected 
with either 
control siRNA 
or IRGM 
siRNA 

Changes in 
autophagic 
organelles 
 
Maturation of 
phagosomes  

BCG Host 
- The proportion of cells with MDC+ vacuoles in GFP-

IRGM1 transfected mouse macrophage cells was 60 ± 4% 
versus 12.1 ± 1.9% in control samples 

- ↑ proportion (51%) of mycobacterial phagosomes tested 
+ for vacuole acidification upon starvation as compared 
with the control cells (21%) (U937) 

- In contrast, cells transfected with IRGM siRNA showed no 
significant difference in vacuole acidification (28%) upon 
starvation (U937) 

Lrg-47, Irg-47, 
and Igpt 
 
(MacMicking 
2003) 

Regulates multiple 
functions, including 
autophagy 

Mouse lacking 
Lrg-47, Irg-47 
and Igpt gene 
and Mouse 
with null 
mutation of 
LRG-47, Irg-
47 and Igpt 
genes. 

Mtb susceptibility 
 
Maturation of Mtb-
containing 
phagosomes 
 
Bacterial growth 

Mtb (Erdman 
strain) 

Host 
- Mice with null mutation of Lrg-47 were profoundly 

susceptible to Mtb compared with mice lacking the Lrg-
47 gene 

- Massive coalescent tubercles, often occupying > 70% of 
the available air space, formed within the lungs of Lrg-47-
/- mice in 4 – 5 weeks 

- In contrast, wild type Lrg-47-/-, and IGTP -/- groups 
controlled the disease for many months. Lrg-47-/- 
controls lived at least 600 to 700 days post-infection 

 
Mycobacterium 
- Mtb replication continued unabated in mice with null 

mutation of Lrg-47, while Mtb replication was arrested in 
mice with lacking Lrg-47 

Lrg-47and Igpt 
 
(Feng 2004) 

Regulates multiple 
functions, including 
autophagy 

Lrg-47-/- and 
Igpt-/- mouse 

Mortality 
 
Bacterial growth 

M. avium (SmT 
2151 strain)  
 
Mtb (Erdman 
strain) 

Host 
- Lrg-47-/- mice died between 11- 16weeks post infection, 

while the controls showed 100% survival until week 25 
- Igpt-/- mice failed to show ↑ mortality and tissue 

bacterial burdens at 2–4 weeks post-infection were 
indistinguishable from controls 
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IRGM 1 
 
(Tiwari 2009) 

Regulates multiple 
functions, including 
autophagy 

IGRM-/- 
macrophage 

Movement of IGRM1 
from the golgi to the 
mycobacterium 
phagosome 

BCG Host 
- After 12hours of infection 60% of mycobacterium-

containing phagosomes were IGRM1+ 
- IGRM1 was also found to Interacts with the lipids in the 

membrane of the mycobacterium phagosome 
(PtdIns(3,4)P2, PtdIns(3,4,5)P3, DPG(cardiolipin), and 
phosphatic acid) 

Human IRGM 
 
Singh 2010 

Regulates multiple 
functions, including 
autophagy 

Human U937, 
THP-1 cells 
and HeLa 
cells 

Intracellular 
distribution of IGRM 
 
Role of IRGM in 
mitochondrial 
fission 

N/A Host 
- IRGM was localized to mitochondria 
- IRGM knockdown resulted in altered mitochondrial 

morphology 

IRGM1 
 
(Intemann 2009; 
King 2011) 

Regulates multiple 
functions, including 
autophagy 

Human 
population 

Susceptibility to TB Mtb H37Rv 
 
M. africanum/M. 
bovis 

Host 
- Natural human polymorphisms in IRGM1 are associated 

with ↓ risk of TB 

Irgm and Ifng 
knockout mice 
 
(Feng 2008) 

Regulates multiple 
functions, including 
autophagy 

Mouse (WT, 
Irgm1–/–, Ifng–

/–, and Irgm–/–

Ifng–/–) 

CD4+ T cells 
 
Bacterial growth 
 
Mortality 

M. avian (SmT 
2151) 

Host 
- Irgm1-/- mice incorporated less thymidine than WT 

when stimulated 
- Impairment not sustained in Irgm–/–Ifng–/– mice 
- All Irgm1-/- mice died whereas all Irgm–/–Ifng–/– mice 

survived 
 
Mycobacterium 
- CFUs the same for all three knockout mice types 

P65 GTPases 

Loss of function 
screens for 
Gbp1–11 
 
(Kim 2011) 

Autophagy & 
phagosome biogenesis 

Macrophages 
 
Gbp1-/- 
mouse 

Bacterial growth 
 
Vesicular trafficking 

BCG Mycobacterium 
- Inhibition of Gpb1, 5, 6, 7, and 10 partially reversed the ↓ 

in CFUs 
- Gpb1-/- mice had substantially higher CFUs than 

Gbp1+/+ mice 

Rab GTPases 

RabGAP-5 
 
(Haas 2005) 

Phagosome biogenesis HeLa cells Early endosome-
associated 
autoantigen 1 
(EEA1) loss 
 
Epidermal growth 
factor (EGF) uptake 

N/A Host 
- Overexpression of RabGAP-5 led to loss of EEA1 from 

endosomes and blocked endocytic trafficking 
- Depletion of RabGAP-5 ↑ endosome size and disrupted 

trafficking of EGF and LAMP-1 
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Rab7 
 
(Clemens 2000) 

Phagosome biogenesis HeLA and 
THP-1 
monolayers 

LAMP-1 levels Mtb (Erdman 
strain) 

Host 
- Majority of phagosomes with Mtb (both live and heat 

killed) stained +ve for Rab7 
- Phagosomes with live Mtb had low levels of LAMP-1 but 

those with heat-killed Mtb had ample LAMP-1 

Rab10 
 
(Cardoso 2010) 

Phagosome biogenesis Mouse 
macrophages 
(RAW 264.7) 
and human 
cells (A431 
line) 

Rab10 association 
with phagosome 
 
Phagolysome 
formation 

M. bovis BCG 
harboring a 
pMN437 plasmid 

Host 
- Rab10 association with phagosomes was transient 
- Rab10 acquired before Rab5 
- Mutated or knocked down Rab10 led to delayed 

maturation of phagosomes 

Rab14 
 
(Kyei 2006) 

Phagosome biogenesis RAW 264.7 
macrophages 
expressing 
EGFP-Rab14 

Rab14 recruitment 
to phagosome 

Live and heat-
killed var. bovis 
BCG Mtb 

Host 
- EGFP-Rab14 on mycobacterial phagosomes becomes 

visible at 10-minutes post-entry 
- At an equivalent time point, the typical phagosome with 

dead (heat killed) mycobacteria showed a transient 
(<5mins) EGFP-Rab14 recruitment followed by rapid 
desorption 

Antisense 
inhibition of 
nucleoside 
diphosphate 
(Ndk) 
expression 
 
(Sun 2010) 

Phagosome 
maturation 

Mouse 
macrophages 

Intracellular 
survival of bacteria 

BCG AS-NdK 
strain 

Mycobacterium 
- ↓ intracellular survival of BCG AS-NdK strain 
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Table 17: GTPase-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

3 US7517890 2009-04-14 Yi Zheng, Jie Zheng, Yuan 
Gao, John B. Dickerson 

Children's 
Hospital 
Medical Center, 
St. Jude 
Children's 
Research 
Hospital, 
Girindus 
America, Inc. 

Small molecule inhibitors of Rho GTPases, 
including Rac 

 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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MATRIX METALLOPROTEINASE (MMP) PATHWAY 

Overview of pathway 

The matrix metalloproteinases comprise a family of 24 zinc and calcium-dependent proteases that breakdown 

proteins of the extracellular matrix and basement membrane (Elkington 2005; Coussens 2009; Gurusamy 2009). 

The MMPs regulate important aspects of the immune response and are involved in chronic diseases such as 

arthritis, psoriasis, chronic obstructive pulmonary diseases and cancer (Kumar 2012). MMPs can be categorized by 

the type of tissue degraded, including collagenases (MMP1), gelatinases (MMP9), stromelysins, and elastases. 

Current interventions and role of pathway in TB pathogenesis 

We reviewed 144 papers for reference to the MMP pathway and host-directed therapies and found 12 to be 

relevant. Of these, 6 were performed in vitro in a mouse model and 1 study was performed in zebrafish. Table 18 

summarizes the literature describing interventions on the metalloproteinase pathway. 

The formation of cavities in the lung is a hallmark of clinical TB. These cavities contain numerous Mtb and form 

through the breakdown of the extracellular matrix (Elkington 2011). MMPs are prime candidates for the regulation 

of cavity formation. 

Mtb induces the expression of several MMPs including MMP1, MMP2, MMP7, MMP9, and MMP10. In macrophages, 

Mtb upregulates the production of MMP-1, MMP-7, and MMP-9, with a possible roles in tissue destruction 

(Quiding-Jarbrink 2001; Friedland 2002; Elkington 2005; Coussens 2009). Among these, MMP1 and MMP9 have 

been studied in detail and are summarized here. 

1. Broad MMP inhibition: BB-94 is a non-selective MMP inhibitor. When mice were treated with BB94 and infected 

with Mtb, there was decreased mouse survival in the BB94-treated animals that was accompanied by increased 

numbers of granulomas at late time points (Hernandez-Pando 2000). In contrast, a second study found that 

BB94 treated mice had decreased numbers of Mtb CFUs and granulomas at some of the early time points in the 

blood and lungs (Izzo 2004). In a third study, BB94 treated-mice had decreased CFUs in blood and spleen (but 

not lung) after aerosol Mtb infection (Taylor 2006). Though the results of these studies are inconsistent, they 

suggest an effect of MMP modulation on TB phenotypes. 

2. MMP1: When MMP expression was measured in human monocytes infected with Mtb, MMP1 was the most 

highly induced MMP (Elkington 2011). Wild type mice cannot be used to test MMP1’s role in vivo since MMP1 is 

not expressed in their lungs. However, when a transgenic mouse expressing human MMP1 (in macrophages) 

was infected with Mtb, increased alveolar destruction was observed. 

Ro32-3555 (also called Trocade), inhibits MMP1, 8 and 13 in Mtb-infected human macrophages. However, the 

study that showed blocked MMP1 activity (Elkington 2011) did not report additional phenotypes (such as 

effect on Mtb growth in macrophages or during in vivo infection), suggesting that its effect is limited. 

3. MMP9: MMP9 is upregulated in Mtb granulomas as well as the CSF of patients with TB meningitis (Price 2003; 

Green 2009). In an in vivo murine model of infection, Mmp9-/- mice had decreased lung bacterial counts 

compared to WT mice (Taylor 2006). In addition, there were decreased numbers of granulomas. In a zebrafish 

model of mycobacterial infection with M. marinum, MMP9 promoted recruitment of macrophages into 

granulomas (Volkman 2010). When MMP9 was knocked down with zebrafish morpholinos, there was 

decreased growth of M. marinum and decreased numbers of granulomas. Together, these studies suggest that 

MMP9 regulates granuloma formation and that inhibition of MMP9 may benefit the host. 
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Patents 

We identified one patent and one patent application related to MMPs and host-directed TB therapy (Table 19). The 

patent application covers the use of alkyl compounds that inhibit MMPs, and the patent describes the use of 

trycyclic small molecules that are MMP inhibitors. 

 

Summary 

Because of its effect on the extracellular matrix, the MMP pathway offers a different intervention point than many 

of the others described in this landscape analysis. By modulating tissue destruction and homeostasis, MMPs may 

modulate disease stages that affect cavitary formation and Mtb transmission. Among the MMPs, only MMP1 and 

MMP9 have been studied in any detail in relation to TB pathogenesis. Studies suggest that MMP9 promotes 

macrophage recruitment to granulomas and promotes granuloma formation. MMP1 may be important in later 

stages of infection as it is involved with alveolar tissue destruction. Inhibition of both MMP1 and MMP9 would 

benefit the host by different mechanisms. Currently available inhibitors of MMPs (BB-94 and Ro32-3555) have not 

been intensively studied and it is difficult to assess their promise. An important next step will be to systematically 

assess MMP inhibitors in in vitro macrophage as well as mouse and other in vivo models of infection. 

 

 



 
Table 18: Metalloproteinase intervention points  

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Results 

BB-94 
 
(Hernandez-
Pando 2000; 
Izzo 2004; 
Ahluwalia 2005; 
Elkington 2011) 

Inhibition Mouse Mortality 
 
Granuloma 
morphology 
 
Bacterial growth 
 
Leukocyte 
recruitment 
 
Cytokine levels 

H37Rv Mtb Host 
- More rapid death in mice treated with BB-94 in the first 1 

month 
- ↑ granuloma size and inflammatory infiltrate in mice treated 

with BB-94 compared with controls. (Hernandez-Pando 
2000) 

- ↑ collagen deposition within early granulomas and ↓ 
pulmonary leukocyte recruitment when compared to control 

- No difference in cytokine production (Izzo 2004) 
- T-helper cell type 2 immune response in mice treated with 

BB-94 (Elkington 2011) 
 
Mycobacteria 
- ↓ CFU in early disease in BB-94 treated mice 

MMP1 
transgenic 
mouse 
 
(Elkington 
2011) 

Enzymatic 
degradation 

Mouse Alveolar wall 
destruction 
 
Bacterial growth 

H37Rv Mtb Host 
- After 130 days of infection with Mtb transgenic mice 

expressing human MMP-1 had increased destruction of 
alveolar walls compared to WT 

 
Mycobacteria 
- No difference in Mtb CFUs 

Ro32-3555 
 
(Elkington 
2011) 

Selective collagenase 
inhibitor (inhibits 
MMP-1, 8 and 13) 

Human 
macrophage 

MMP1 activity H37Rv Mtb Host 
- ↓ MMP1 secretion 
- Other phenotypes not reported 

MMP9 
knockdown 
 
(Volkman 2010) 

MMP9 knockdown Zebrafish Granulomas 
 
Bacterial growth 

M. marinum Host 
- ↓ Granulomas compared to controls 
 
Mycobacteria 
- ↑ CFUs compared to controls 

MMP9 
 
(Taylor 2006) 

MMP9 KO mouse Mouse 
(C57BL/6 
strain, 
resistant to 
TB and CBA/J 
strain, 
susceptible to 
TB) 

Granulomas 
 
Bacterial growth 
and dissemination 
 
Cytokine levels 
 
Macrophage 
recruitment and 
migration 

H37Rv Mtb Host 

- No difference in IFN-α and TNF-γ production between strains 
- Lack of well-formed granuloma in MMP KO strain but well-

organized lung granulomas in control 
- ↓macrophages in MMP9 KO strain compared to control 
- No difference in CD4 cells 
 
Mycobacteria 
- ↓ CFU in early infection in MMP9 KO strain 
- ↓ dissemination in MMP9 KO strain compared to control 
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Table 19: MMP-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 US 
2008/0227858* 

2008-05-20 Ian Holmes et al. - Application is for alkyl compounds that can inhibit 
MMPs 

*Application only, no 
patent number found  
 
Non-specific for TB 

2 5665764 1997-09-09 Donald Hupe et al. Warner-
Lambert 
Company 

The patent describes tricyclic compounds that are 
inhibitors of MMPs. It is more specific to 
gelatinase and stromelysin-1. 

Non-specific for TB 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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IRON METABOLISM 

Overview of pathway 
The importance of host iron metabolism for Mtb pathogenesis has long been recognized. Mtb has evolved strategies 

to manipulate host iron homeostasis in order to acquire the iron the bacterium needs to survive and grow. Iron-

related therapeutic strategies targeting Mtb, such as the use of synthetic siderophores conjugated to antibiotics (or 

gallium as an iron substitute), are under development but are not discussed here (Rodriguez 2008; Miller 2009). In 

this landscape, we focus on host iron metabolism and potential therapies that target host factors, highlighting 

those that may affect iron availability for Mtb. 

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 (Johnson 2012). Of these 

molecules, we focused on lipocalin 2 (aka, siderocalin, Lcn2, or NGAL), Nramp1, and hepcidin, with brief mentions 

of ferritin, lactoferrin, and transferrin receptor, and ferroportin (Table 20). We did not identify any potential 

therapeutic compounds that modulate these host molecules involved in iron metabolism. 

Mtb acquires iron by releasing siderophores, small compounds that chelate iron ions with extremely high affinity. 

The iron-bound siderophores are retrieved using receptors that recognize and internalize iron-bound 

siderophores into the Mtb cell, where the iron is released for use in Mtb 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 Mtb siderophore mycobactin (Holmes 2005). 

Current interventions and role of pathway in TB pathogenesis 
Through a series of searches in Pubmed, we identified 150 articles published since 2000 on topics related to iron 

metabolism and tuberculosis infection. Of these, we found 10 to be relevant and are discussed below and in Table 

20. 

1. Lipocalin 2 binds to the Mtb siderophore carboxymycobactin (Hoette 2011), keeping iron bound to the 

carboxymycobactin from reaching the bacterium. Three studies found that lipocalin 2 protein added to liquid 

cultures inhibited mycobacteria growth (Martineau 2007; Saiga 2008; Halaas 2010). One of these studies 

infected lipocalin 2-knockout mice with Mtb H37Rv and found greater bacterial load and worse lung pathology 

compared to infected WT mice (Saiga 2008). The third study found that an increase in lipocalin 2 production 

was part of the early response to mycobacterial infection, but that organ bacterial load did not differ 

substantially between Lcn2-/- and WT mice (Halaas 2010). 

2. The protein Nramp1, encoded by the SLC11A1 gene, is a membrane ion channel that functions in iron and 

manganese transport (Skamene 1998). Natural variation in Nramp1 is associated with TB variation in humans 

(Li 2011). Common laboratory mice strains have coding allele variation in Nramp1 and have been intensively 

studied over the past 20 years. Initial studies found that Nramp1-deficient mice (natural allelic variant) were 

more susceptibility to BCG (i.v. route), Salmonella, and Leishmania (Govoni 1998). Nramp1 knockout mice were 

unable to control BCG growth early in infection, but at later time points were similar to WT mice and had 

comparable liver and spleen histopathology (Vidal 1995). A similar study in which Nramp1-deficient mice 

were infected with Mtb found no differences compared to WT mice in bacterial growth, histopathology of the 

lung, liver, and spleen or mouse survival (North 1999). 

3. Hepcidin is a liver hormone that regulates iron homeostasis by regulating iron transport across the gut mucosa. 

It binds to ferroportin, an iron channel on gut cells as well as in macrophages. We reviewed three studies 

performed by the same group of researchers that pertain to hepcidin and TB. Two of these studies found that 
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hepcidin was produced by a variety of cell types including human and mouse macrophages and dendritic cells 

in response to mycobacterial infection (Sow 2009; Sow 2011). One of these studies also found that hepcidin 

localized to Mtb phagosomes in mouse macrophages, and that treating in vitro Mtb cultures with hepcidin 

resulted in lower bacterial growth in a dose-dependent fashion (Sow 2009). The third study found that 

hepcidin production requires stimulation of TLR2 and TLR4, and STAT1 (Sow 2007). 

4. Lactoferrin is a protein contained in secretions including milk that binds to iron and has antimicrobial 

properties. Mice infected with Mtb and fed lactoferrin had lower bacterial loads and less lung pathology 

compared to Mtb infected mice not fed lactoferrin (Welsh 2011). In the same study, Mtb-infected mice treated 

with lactoferrin had reduced expression of inflammatory cytokines IL-6 and IL-10 and increased expression of 

IL-17 in the lungs, and more Th1 and IL-17 producing cells in the lungs and spleens compared to infected mice 

not treated with lactoferrin. 

5. Ferroportin is a membrane protein that imports iron into cells, including macrophages. It is bound by hepcidin. 

Mouse macrophages overexpressing ferroportin had less Mtb growth compared to control macrophages 

(Johnson 2010). 

Overall, these studies highlight areas where targeting iron metabolism may be a strategy for drug development for 

bug-directed compounds. Targeting the host may be difficult in this pathway since it would likely require strategies 

to upregulate expression of LCN2, hepcidin, or lactoferrin. Such an intervention would be challenging and is 

unlikely to be selective or persistent for molecules in this pathway. For example, upregulation of hepcidin was 

TLR2 and TLR4-dependent and could be achieved by stimulation with ligands of those receptors. Although feasible, 

this would upregulate a large number of additional genes, be only transiently induced, and would likely have 

systemic side effects. As another example, BCG-vaccinated guinea pigs exposed to Mtb H37Rv had differentially 

reduced expression of lactoferrin and Nramp1 (Thom 2012) suggesting that vaccination offers a strategy for 

manipulating levels of these genes (but in the opposite direction of what was desired in this study). 

Summary 
Iron is critical for survival of Mtb and several studies demonstrated that targeting iron metabolism may be a 

promising area for development of drug targets directed at the bacterial siderophores. Theoretically, host 

molecules such as LCN2 could be manipulated with drugs that upregulate its expression, perhaps at the site of 

infection. This strategy is not currently being pursued and is unlikely to succeed due to the difficulty of selectively 

upregulating expression of one protein with an intervention. 

Patent search 
We identified no patents or patent applications relevant to iron metabolism and tuberculosis. 
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Table 20: Iron metabolism intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

Lipocalin 2 
 
(Martineau 
2007) 

Iron restriction In vitro 
bacterial 
culture 

Bacterial growth Mtb H37Rv Mycobacterium 
- Lcn2 protein added to in vitro cultures resulted in ↓ Mtb 

growth in both high and low iron environments 

Lipocalin 2 
 
(Saiga 2008) 

Iron restriction Lcn2-/- and 
WT mice 

Bacterial growth 
 
Lung histology 

BCG (Tokyo) 
 
Mtb H37Ra 
 
Mtb H37Rv 

Host 
- Lcn2-/- mice had ↑ bacterial load, lung pathology and risk of 

death following Mtb H37Rv infection compared to WT mice 
 
Mycobacterium 
- Addition of Lcn2 protein to in vitro cultures inhibited growth 

of BCG and Mtb H37Ra and H37Rv, in a manner that could be 
overcome with additional iron supplementation 

Lipocalin 2 
 
(Halaas 2010) 

Iron restriction Lcn2-/- mice 
 
Mouse 
macrophages 

Bacterial growth 
 
Lcn2 production 
 
Liver and spleen 
bacterial load 

M. avium (104) Host 
- Endogenous Lcn2 did not co-localize with M. avium in mouse 

macrophage phagosomes 
- Mouse macrophages infected with M. avium ↑ Lcn2 

production in a MyD88-dependent (and potentially due to the 
existence of a promoter binding site, NFκB-dependent) 
manner 

- Serum Lcn2 ↑ soon after M. avium infection in mice 
- Lcn2-/- mice did not differ substantially from WT in spleen 

and liver bacterial load 
 
Mycobacterium 
- Addition of Lcn2 protein to in vitro cultures of M. avium 

inhibited bacterial growth 

NRAMP1 
 
(Rodrigues 
2011) 

Iron metabolism in 
macrophages 

Mice strains 
with 
NRAMP1-S or 
NRAMP1-R 
alleles 

Bacterial growth 
 
Liver and spleen 
histology 
 
Anemia 

M. avium (2447) Host 
- Infection with M. avium of mice with the NRAMP1-S allele 

induced mild anemia and altered expression of iron-related 
genes; these effects were not observed in infected mice with 
the NRAMP1-R allele 

- Spleens of M. avium infected mice with the NRAMP1-S allele 
contained 80% less L-ferritin compared to uninfected mice 

NRAMP1 
 
(Vidal 1995) 

Iron metabolism in 
macrophages 

Nramp1-/- 
mice 

Bacterial growth 
 
Lung, liver, and 
spleen histology 

M. Bovis BCG Host 
- Nramp1-/- mice were unable to control BCG growth during 

early infection 
- BCG-infected NRAMP1-/- mice had spleen and liver 

granuloma formation similar to control mice 
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NRAMP1 
 
(Gruenheid 
1997) 

Iron metabolism in 
macrophages 

Mouse 
macrophages 

Cellular localization None Host 
- NRAMP1 protein localizes to the late endosome/lysosome in 

mouse macrophages 

NRAMP1 
 
(North 1999) 

Iron metabolism in 
macrophages 

Nramp1-/- 
mice 

Bacterial growth 
 
Lung, liver, and 
spleen histology 
 
Mouse survival 

Mtb H37Rv Host 
- Nramp1-/- mice infected with Mtb did not have significantly 

different survival, histopathology, or bacterial load compared 
to infected WT mice 

Hepcidin 
 
 
(Sow 2011) 

Iron restriction and 
antimicrobial activity 

Mouse 
macrophages 
and dendritic 
cells 
 
Human 
epithelial and 
dendritic cells 

Hepcidin production Mtb H37Rv 
 
BCG 

Host 
- Cultured mouse lung macrophages and dendritic cells, as well 

as human epithelial cells and dendritic cells produced 
hepcidin in response to infection with Mtb or exposure to Mtb 
cellular components 

Hepcidin 
 
(Sow 2009) 

Iron restriction and 
antimicrobial activity 

Mouse 
macrophages 
 
Human THP-1 
cell line 

Hepcidin production 
 
Bacterial growth 

Mtb H37Rv 
 
M. avium 
(Mac101) 

Host 
- Treatment with IFNγ and infection with M. avium or Mtb 

resulted in hepcidin production by mouse and human 
macrophages 

- Hepcidin localized to Mtb phagosomes in mouse macrophages 
- Treating in vitro cultures of Mtb with hepcidin resulted in ↓ 

bacterial growth in a dose-dependent fashion 

Hepcidin 
 
(Sow 2007) 

Iron restriction and 
antimicrobial activity 

Mouse 
macrophages 

Hepcidin production Mtb H37Rv Host 
- Hepcidin production requires stimulation of TLR2 and TLR4, 

and STAT1 

Lactoferrin 
 
(Welsh 2011) 

Iron restriction and 
immunomodulation 

Mice Bacterial growth 
 
Lung histopathology 
 
Lung cytokine 
expression 
 
Lung immune cell 
phenotypes 

Mtb (Erdman) Host 
- Mice infected with Mtb and fed lactoferrin had ↓ bacterial load 

and ↓ lung pathology compared to Mtb infected mice not fed 
lactoferrin 

- Mtb-infected mice treated with lactoferrin had ↓ expression of 
inflammatory cytokines IL-6 and IL-10 and ↑ expression of IL-
17 in the lungs, and ↑ Th1 and IL-17 producing cells in the 
lungs and spleens compared to infected mice not treated with 
lactoferrin 

Ferroportin 
 
(Johnson 2010) 

Iron restriction Mouse 
macrophages 

iNOS production 
 
Bacterial growth 

Mtb H37Rv Host 
- Mouse macrophages overexpressing ferroportin had less 

iNOS production and less Mtb growth compared to control 
macrophages 
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VITAMIN D PATHWAY 

Overview of pathway 

Vitamin D has intrigued the TB field for many years with early interest stemming from theories about whether cod 

liver oil and/or sanatoriums provided benefit through effects of vitamin D. Vitamin D is a secosteroid with two 

forms in humans: ergocalciferol (vitamin D2 or D2) and cholecalciferol (vitamin D3 or D3). D2 and D3 can be 

obtained from the diet and D3 is also derived from sun exposure (via conversion of 7-dehydrocholesterol to D3). 

D3 is a pro-hormone that is converted into 1,25-hydroxy-D3 (25-OH-D3, also called calcifediol and calcidiol), which 

then circulates in serum and can be taken up by macrophages and converted to 1,25–dihydroxyD3 (1,25-(OH)2-D3, 

also called calcitriol), which is the active molecule. During Mtb infection of a macrophage, two convergent 

processes take place that result in antimycobacterial activity (Figure 5) (Adams 2007; Hewison 2011). Firstly 

stimulation of the TLR1 and 2 receptors by Mtb promotes production of 1α hydroxylase and vitamin D receptors 

(VDR). Secondly, 25-OH-D3 that has entered the macrophage is converted by 1α hydroxylase into 1,25-(OH)2-D3 in 

an IL-15-dependent mechanism (Krutzik 2008). 1,25-(OH)2-D3 interacts with the VDR to stimulate a signaling 

pathway that produces cathelicidin anti-microbial peptide (CAMP, also called hCAP-18 or LL-37). CAMP is directly 

toxic to Mtb and also modulates phagosome maturation (Anand 2009) and autophagosome formation (Liu 2006; 

Yuk 2009; Fabri 2011). 

 

Figure 5: Vitamin D3 leads to autophagy 
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Current interventions and role of pathway in TB pathogenesis 

We reviewed 57 papers for reference to vitamin D and host-directed therapies and found 10 to be relevant. Of 

these, 7 were from randomized controlled trials in humans, primarily among those with TB, and 3 were in vitro. 

The interventions are summarized in Table 21. 

1. Human trials: Interest in vitamin D therapy for TB was raised with the observation in a case-control study that 

vitamin D deficiency was associated with an increased risk of TB (Wilkinson 2000). A double-blind randomized 

controlled trial with an immunologic endpoint demonstrated that a single dose of vitamin D improved Mtb 

growth restriction in supplemented patients vs. controls (Martineau 2007). Several randomized controlled 

trials evaluated the effect of vitamin D on clinical outcomes. Some of the initial smaller trials reported a benefit 

from vitamin D. Nursyam et al (2006) found an improved 6 week sputum conversion rate in the vitamin D arm 

(100% vs. 76.7%, P=0.002, N=67). Kota et al (2011) found no difference in sputum conversion time in a cohort 

from India (6 weeks vs. 8 weeks, p not reported, N=30). In a larger study, Martineau et al (2011) found no 

difference in sputum conversion time in an intention-to-treat analysis, though the trend favored vitamin D (36 

days vs. 43.5 days, P=0.14, N=126). 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 vs. 36 days, P=0.04) (Coussens 2012). However, the time to culture conversion was 

still not significantly different (35 vs. 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 (Coussens 2012). Finally, 

Wejse et al. (2009) found no difference in time to sputum smear conversion or mortality in a study of 365 TB 

patients in Guinea Bissau. Overall, the smaller, poorly described studies tended to report positive results 

whereas the two larger, more comprehensive RCTs did not show any consistent benefit with clinical outcomes 

(sputum culture conversion, mortality). The trial results may differ due to substantial differences in the 

intervention employed with regard to vitamin D dose, schedule, location (different sunlight exposure), and 

vitamin D deficiency levels of the population. 

2. Polymorphisms: several studies (not shown in Table 21) examined the epidemiology of genetic polymorphisms 

in VDR genes and their association with susceptibility to TB. Although several of these studies demonstrated 

positive associations, there have been inconsistent results likely due to heterogeneity of study design 

(Berrington 2007). Interestingly, Martineau et al. (2011) found a significant 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. 

3. Cell mechanisms: As described above, in vitro studies have demonstrated that vitamin D may restrict Mtb 

growth via stimulation of CAMP or other anti-microbial effectors, or via modulation of phagosome or the 

autophagosome (Liu 2007; Anand 2009). 

Patent search 

We identified five patents, two of which were for 1 α-hydroxyvitamin D3 derivatives intended to treat 

inflammatory respiratory diseases, including TB. Two were for VDR agonists and one was for a vitamin D prodrug.  

Summary 

Vitamin D has been the most intensively studied host-directed therapy to date with 6 RCTs in humans. The most 

intriguing results have shown immunomodulatory properties of vitamin D that restrict Mtb growth in both in vitro 

and in vivo studies. Unfortunately, these results have not translated into an effect which modulates time to negative 

sputum culture conversion. For future study design of vitamin D trials, consideration should be given to variables 

such as population levels of vitamin D, geographic location of intervention (sunlight exposure), dose and schedule 

of vitamin D, and the genetic diversity of VDR genes. 
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Table 21: Vitamin D intervention points 

Intervention(s) Mechanism of action Model Outcomes assessed Mycobacterium 
strain 

Key results 

D3 (2.5mg x 4 
doses over 42 
days) + 
standard 
treatment 
 
(Martineau 

2011) 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
146 adults 
with TB in the 
United 
Kingdom (1:1: 
ratio) 

Sputum culture 
conversion 
 
Weight gain 
 
Radiological 
appearance 

Mtb (not further 
specified) 

- Primary outcome: time from initiation of antimicrobial 
treatment to sputum culture conversion. 

- Time to conversion ↓ in vit. D group but not significant (ITT 
analysis) 

- TaqI tt genotype significantly ↓ time to conversion (but not Tt 
or TT genotype) 

- No significant difference in effect by FokI genotype 
- No significant difference in body mass index, chest 

radiograph, C-reactive protein, or erythrocyte sedimentation 
at 56 days 

D2 (single dose 
of 2.5mg) 
 
(Martineau 

2007) 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
192 adults TB 
contacts 
(w/out TB) in 
the United 
Kingdom (1:1 
ratio) 

Functional whole-
blood (BCG-lux) 
assay 
 
Antigen-stimulated 
IFN-γ secretion 

Mtb (not further 
specified) 

- Primary outcome: BCG-lux assay luminescence ratio 
- Mean 24-hr luminescence ratio ↓ in vit. D group 
- No difference in 96-hr luminescence ratio 
- No significant difference in IFN-γ secretion 

D3(100,000 IU x 
3 over 8 
months) + 
standard 
treatment 
 
(Wejse 2009) 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
367 TB 
patients in 
Guinea-Bissau 
(187 D3, 180 
placebo) 

Clinical 
improvement 
 
All-cause mortality 
 
Sputum smear 
conversion 
 
Change in CD4 count 

Mtb (not further 
specified) 

- Primary outcome: clinical improvement as assessed by 
TBscore 

- No difference in TBscore, sputum conversion rates, weight 
gain, change in CD4 count, or all-cause mortality between 
intervention group and standard tx 

- Possible trend towards modification of effect of vitamin D by 
HIV status (↓ mortality in HIV-negative group) 

Vitamin D (type 
not defined) 
(25mg/day over 
6 wks) + 
standard 
treatment 
 
(Nursyam 2006) 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
67 TB 
patients in 
Indonesia (34 
vit. D, 33 
placebo) 

Sputum conversion 
(probably smear) 
 
Radiological exam 

Mtb (not further 
specified) 

- Primary outcome: not specified 
- ↑ sputum conversion in vit. D group compared to placebo at 6 

wks 
- ↑ radiological improvement in vit. D group 
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Vitamin D (type 
not defined in 
abstract or 
Yamshchikov 
summary) 
(1,000 IU/day) 
over 2 months 
 
(Morcos 1998)* 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
24 children 
with 
pulmonary 
and 
extrapulmona
ry TB in Egypt 
(1:1 ratio) 

Hypercalcemia 
 
Clinical 
improvement 
 
Weight gain 

Mtb (not further 
specified) 

- Primary outcome: Not identified in abstract or Yamshchikov 
summary article 

- Calcium significantly ↑ in placebo group but not vit. D group 
(abstract) 

- No difference in serum calcium levels (Yamshchikov 
summary) 

- Clinical improvement ↑ in vit. D group 
- Weight gain ↑ in vit. D group 

D3(60,000 IU 
per wk for 6 
wks) + calcium 
carbonate 
(1000mg/day) 
+ standard 
treatment 
 
(Kota 2011) 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
pulmonary 30 
TB patients 
with 
uncontrolled 
type 2 
diabetes (1:1 
ratio) 

Sputum smear 
conversion 

Mtb (not further 
specified) 

- Primary outcome: not specified 
- Non-significant trend towards shorter time to sputum 

conversion in vit. D group 

D3 (2.5mg x 4 
doses over 42 
days) + 
standard 
treatment 
 
(Coussens 2012) 

↑ interaction with VDR 
leads to ↑ CAMP 
production and 
phagosome 
maturation 

RCT among 
95 adults 
with TB in the 
United 
Kingdom (44 
D3, 51 
placebo) 
(subgroup of 
Martineau 
2011 paper) 

Sputum culture and 
smear conversion 
 
Change in immune 
responses 

Mtb (not further 
specified) 

- Primary outcome: see Martineau 2011 above (same study). 
This paper describes secondary outcomes in the per protocol 
group. 

- Time to culture conversion ↓ in vit. D group but not significant 
- Time to smear conversion ↓ in vit. D group (significant) 
- Serum concentrations of IL-2R, IL-10, TNF-γ, CXCL9, CXCL10, 

CCL3, CCL5, LL-37, NGAL, HNP1-3, MMP-9, PGE2, CRP, 
monocyte count, and erythrocyte sedimentation rate all ↓ 
faster in vit. D patients compared with placebo 

- The immune response changes were seen in Tt and TT 
genotypes of the TaqI polymorphism 
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*We were unable to access the full text of this article and instead relied on the abstract and summary provided by Yamshchikov et al. (Yamshchikov 2009) 

  

Knock down of 
cathelicidin 
genes 
 
(Liu 2007) 

↑ 1,25D3 leads to ↑ 
cathelicidin and 
antimycobacterial 
activity 

Human THP-1 
cells 

Bacterial growth H37Ra Mtb - Adding 1,25D3 to normal THP-1 cells resulted in ↓ [3H]uracil, ↓ 
CFUs, and ↑ cathelicidin mRNA expression 

- Cells without cathelicidin gene had ↑ CFUs compared with 
controls 

Vitamin D + 
retinoic acid 
 
(Anand 2008) 

Vitamin D3 and 
retinoic acid lead to ↓ 
tryptophan-aspartate-
containing coat 
protein (TACO), which 
leads to ↑ phagosome 
maturation 

Human THP-1 
and Jurkat 
cells 
 
Human MDM 

Bacterial entry into 
macrophages 
 
Bacterial growth 

H37Rv Mtb - Pretreating cells with vitamin D and retinoic acid restricted 
Mtb entry into macrophages 

- Post-treatment ↓ survival of Mtb compared with controls (as 
measured by fluorescence intensity) 

- No growth of Mtb with either pre- or post-treated cells (when 
measured by CFU) 

Silencing of 
hCAP-18/LL-37 
 
Knock down of 
cathelicidin 
genes 
 
(Yuk 2009) 

↑ 1,25D3 leads to ↑ 
cathelicidin and 
antimycobacterial 
activity 

Human 
primary 
monocytes 
and MDM 
 
THP-1 and 
RAW 264.7 
cells 

Expression of 
autophagy genes 
 
Levels of autophagy 
and 
autophagosome-
lysosome fusion 
 
Colocalization of 
mycobacterial 
phagosomes and 
autophagosomes 

H37Rv Mtb - Silencing cathelicidin led to ↓ autophagy and expression of 
Beclin-1 and Atg5 (but silencing Beclin-1 and Atg5 did not 
effect cathelicidin expression) 

- Knock down of cathelicidin genes inhibited autophagy and ↓ 
frequency of autophagosome-lysosome fusion 

- Treatment with 1,25D3 ↑ colocalization of Mtb-containing 
phagosomes and autophagosomes whereas silencing of the 
gene ↓ this effect 
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Table 22: Vitamin D-related patents 

Rank Patent # Date Inventor(s) Assignee General description Notes 

2 US 
2011/0152207* 

2010-12-23 Jesse P. Goff, Ronald L. 
Horst 

- Patent is for vitamin D ‘prodrugs’, which comprise 
a vitamin D-drug moiety and a pro moiety, with the 
aim of avoiding hypercalcemia. 

*Application only, no 
patent number found 

1 6028208 2000-02-22 Qingzhi Gao, Kenji 
Manabe, Minoru Furuya, 
Manabu Chokki, Hiroaki 
Mitsuhashi, Seiichi 
Ishizuka, Tadashi 
Kishimoto, Masayasu 
Tabe, Yasuji Sakuma, 
Atsuo Hazato, Hiroko 
Tanaka 

Teijin Limited Patent is for 1 α-hydroxyvitamin D3 derivatives 
intended for treating inflammatory respiratory 
diseases. 

 

1 6531460 2003-03-11 Kazuya Takenouchi, 
Qingzhi Gao, Kenji 
Manabe, Ryo Sogawa, 
Yasuhiro Takano, Seiichi 
Ishizuka 

Teijin Limited Patent is for 1 α-hydroxyvitamin D3 derivatives 
intended for treating inflammatory respiratory 
diseases. 

 

2 US 
2012/0115824* 

2010-04-12 Megumi Kawai VIDASYM, LLC Patent is for VDR agonists (possibly derivative of 
1,25 hydroxyvitamin D3). 

*Application only, no 
patent number found 

2 US 
2010/0204191* 

2008-01-07 Makoto Makishima, 
Michiyasu Ishizawa, 
Manabu Matsunawa, 
Sachiko Yamada 

Nihon 
University 

Patent is for VDR ligand that aims to avoid 
hypercalcemia. 

*Application only, no 
patent number found 

Ranking: 
1—A strong positive case for TB 
2—Potentially applicable to TB 
3—Unrelated to TB 
4—A potentially negative case for TB 
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EXPERTS IN THE FIELD 

The current list of key players is included in Table 23. We identified experts in the field by the following criteria: 1) 
scientists who directly contributed to papers reviewed in this analysis, and 2) other scientists with general 
expertise and leadership in the areas at the interface of TB-host pathogenesis. To limit the list to the key players, 
we primarily listed only principal investigators (usually the senior author role on these projects). 

Table 23: Relevant experts 

Name, Institution (Country) Area 

1. Nisheeth Agarwal, Johns Hopkins University (USA) Phosphodiesterase and cAMP 

2. Patricia E. Almeida, Universidade Federal de Juiz de Fora (Brazil) PPARγ 

3. Clifton Barry, National Institute of Allergy and Infectious Diseases (USA)* TB drug mechanisms 

4. Samuel Behar, Brigham and Women's Hospital/Harvard University (USA) Eicosanoids, mouse model, T cells 

5. Patricia T Bozza, Instituto Oswaldo Cruz (Brazil) Lipid sensing, PPARγ, eicosanoids 

6. Bill Bishai, Johns Hopkins University (USA) Phosphodiesterase and cAMP 

7. Jeff Cox, University of California, San Francisco (USA) Autophagy, DNA sensors 

8. Vojo Deretic, University of New Mexico (USA) Autophagy 

9. Sabine Ehrt, Cornell University (USA) Macrophages, phospholipases 

10. Paul Elkington, Imperial College London (UK) MMPs 

11. Jon Friedland, Imperial College London (UK) MMPs 

12. Sanjay Garg, University of Rome (Italy) Phospholipases 

13. Emanuela Greco, University of Rome (Italy) Phospholipases 

14. Pawan Gupta, Institute of Microbial Technology (India) Lipid sensing: PPARγ, TR4, LXR 

15. Kris Huygen, Pasteur Institute (Belgium) Lipid sensing, LXR; mouse vaccine models 

16. Daniel Kalman, Emory University (USA)* Kinases expert (ABL, imatinib) 

17. Gilla Kaplan, University of Medicine and Dentistry of New Jersey (USA)* Phosphodiesterase & cAMP 

18. Hardy Kornfeld, University of Massachusetts Medical School (USA) Macrophage, mechanisms of cell death 

19. John MacMicking, Yale School of Medicine (USA) GTPases, autophagy 

20. Adrian Martineau, University of London (UK) Vitamin D 

21. Carl Nathan, Cornell University (USA) Macrophage, phagosome, RNI, PLA2 

22. Jacques Neefies National Cancer Institute (USA) Kinases, peptide transporter, proteasomes 

23. Thomas Ottenhoff, Leiden University (Netherlands) Protein kinase 

24. Lalita Ramakrishnan, University of Washington (USA) Eicosanoids, zebrafish model 

25. Kanury Rao, International Centre for Genetic Engineering and Biotechnology 
(India) 

TB drug resistance 

26. Heinz Remold, Brigham and Women's Hospital/ Harvard University (USA) Eicosanoids, macrophage necrosis vs. 
apoptosis, PLA2 

27. David Russell, Cornell University (USA) Phagosome 

28. Larry Schlesinger, Ohio State University (USA) Macrophages, PPARγ 

29. Charles Serhan, Harvard University (USA) Eicosanoids expert, works on TB via 
collaborators 

30. Alan Sher, National Institute of Allergy and Infectious Diseases (USA) Eicosanoids, 5LO, GTPases 

31. Steffen Stenger, Institut für Medizinische Mikrobiologie und Hygiene, Ulm 
University (Germany) 

Tyrosine kinase 

32. Selvakumar Subbian, University of Medicine and Dentistry of New Jersey 
(USA) 

Phosphodiesterase and cAMP 

33. David Tobin, Duke University (USA) Eicosanoids 

* Researcher is working specifically on a therapeutic compound, not just the pathway in general 
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POTENTIAL TARGETS FROM NON-TB HOST THERAPEUTICS ON THE MARKET 

We searched for compounds in development or currently licensed for non-TB indications that could have 
applications as host-directed TB therapeutics. We identified interferon alpha (IFN-α) used for the treatment of 
hepatitis C virus infection, and note that its upregulation of pro-inflammatory responses (IL-12, IFN-γ and TH1 T-
cell polarization), which could be relevant to TB therapy. Although conceptually interesting, IFN-α has side effects 
that would likely preclude its use in TB treatment. Other treatments in the HCV pipeline that modulate host targets 
include nitazoxanide (inhibits PKR phosphorylation, induces autophagy), receptor blocking antibodies (anti-CD81), 
and host lipid biosynthesis inhibitors (e.g. HMG-CoA reductase inhibitors which deplete geranylgeranyl lipids, 
(Khattab, 2009). Finally, Imiquimod stimulates TLR7/8 and induces levels of IL-6, TNF, and IFN-α. Imiquimod is 
currently used for treatment of genital warts. Theoretically, its mechanism of action could modulate Mtb 
replication. 
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ACRONYMS 

 
AA = Arachidonic acid 
AC = Adenylyl cyclase 
ATFMK = Arachidonyl trifluoromethyl 

ketone 
ATP = Adenosine triphosphate 
BCG = Bacillus Calmette-Guérin 
cAMP = Cyclic adenosine 

monophosphate 
CAMP = Cathelicidin anti-microbial 

peptide 
CFU = Colony forming units 
COX = Cyclooxygenase 
CREB = cAMP response element-

binding protein 
CRP = C-reactive protein 
CSNK1 = Casein kinase 1 
2,3 DPG = 2,3-diphosphoglycerate 
ETH = Ethionamide 
FDA = Federal Drug Administration 
GDP = Guanosine diphosphate 
GTP = Guanosine triphosphate 
GTPase = Guanosine triphosphatase 
5-HETE = 5-hydroxyeicosatetraenoic acid 
IFN-α = Interferon alpha (α) 
IFN-γ = Interferon gamma (γ) 
IL = Interleukin 
INH = Isoniazid 
LOX = Lipoxygenase 
LPA = Lysophosphatidic acid 
LTA4H = Leukotriene A4 hydroxylase 
LTB4 = Leukotriene B4 
LXA4 = Lipoxin A4 
LXR = Liver X receptors 
MAFP = Methyl arachidonyl 

fluorophosphate 

MMP = Matrix metalloproteinases 
Mtb = Mycobacterium tuberculosis 
NTZ = Nitazoxanide 
PI3K = Phosphoinositide 3-kinases 
PA = Phosphatidic acid 
PDE = Phosphodiesterase 
PGE2 = Prostaglandin E2 
PKA = Protein kinase A 
PKR = Protein kinase R 
PLA2 = Phospholipase A2 
PLD = Phospholipase D 
PPARγ = Peroxisome proliferator-

activated receptor gamma (γ) 
PZA = Pyrazinamide 
RIF = Rifampicin 
RXR = Retinoid X receptor 
S1P = Sphingosine 1-phosphate 
siRNA = Small interfering RNA 
Standard tx = 2 months’ treatment with RIF, 

INH and PZA, followed by 4 
months’ treatment with RIF and 
INH 

TB = Tuberculosis 
TBK1 = TANK-binding kinase 1 
TGF-β = Transforming growth factor 

beta (β) 
TLR = Toll-like receptor 
TNF = Tumor necrosis factor α 
TR4 = Testicular receptor 4 
TZD = Thiazolidinediones 
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APPENDIX 1—SUPPLEMENTAL TABLES 

Supplemental Table 1: licensed kinase inhibitors 

 

Supplemental Table 2: kinases identified through discovery methods as potentially involved in regulating 
intracellular bacteria 

Molecule Function/Pathway Method 

Aatk serine/threonine kinase siRNA screen1 

ADCK4 serine/threonine kinase activity siRNA screen1 

Adrbk1 G-PCR tyrosine kinase, protein serine/threonine kinase activity siRNA screen1 

Chek1  Cytoskeleton, Protein serine/threonine kinase activity. siRNA screen1 

Csnk1d Wnt receptor signaling pathway, Protein serine/threonine kinase activity. siRNA screen1 

Csnk1e Wnt receptor signaling pathway, Protein serine/threonine kinase activity. siRNA screen1 

Dapk3  Induces apoptosis. Protein serine/threonine kinase activity. siRNA screen1 

SRPK1  Protein serine/threonine kinase activity. siRNA screen1 

TGFRB1  Protein serine/threonine kinase activity. siRNA screen1 

TSSK5  Protein serine/threonine kinase activity, metal ion binding. siRNA screen1 

Wee1  protein serine/threonine kinase activity, metal ion binding. siRNA screen1 

ABL1 protein-tyrosine kinase activity 
 

siRNA screen2 

CAMK2B protein serine/threonine kinase activity siRNA screen2 

FASTK Fas-activated serine/threonine kinase siRNA screen2 

LYN Tyrosine kinase siRNA screen2 

MAP3K14 Serine/threonine kinase siRNA screen2 

PAK4 serine/threonine kinase that is a target for the small GTPase CDC42 
(116952). PAK4 regulates cell morphology, cytoskeletal organization, and 
cell proliferation and migration. It can also function as an anti-apoptotic 
protein 

siRNA screen2 

PCTK1 Serine/threonine-protein kinase siRNA screen2 

Compound 
(trade name; manufacturer) 

Known targets Current indication 

Imatinab  
(Gleevec; Novartis) 

Bcr-Abl, c-Abl, PDGFR, c-Kit, DDR1 Chronic myeloid leukemia, gastrointestinal 
stromal tumors , hypereosinophilic syndrome 

Nilotinib  
(Tasigna; Novartis) 

Bcr-Abl, c-Abl, PDGFR, c-Kit, DDR1 Imatinab-resistant Chronic myeloid leukemia 

Erlotinib  
(Tarceva, OSI Pharmaceuticals, 
Genentech, Roche) 

EGFR, ERBB2 (HER2) Non-small cell lung cancer, pancreatic cancer 

Gefitinitb  
(Iressa, AstraZenica) 

EGFR, ERBB2, HER4,  Non-small cell lung cancer 

Sorofenib  
(Nexavar; Bayer/Onyx) 

c-Kit, PDGFR, VEGFR (b-raf) Renal Cancer 

Sunitinib  
(Sutent; Pfizer) 

c-Kit, PDGR, VEGFR Renal cancer, imatinib-refractory 
gastrointestinal stromal tumors 

Lapatinib  
(Tykerb; GlaxoSmithKline) 

ERBB2 Breast cancer 

Dasatinib  
(Sprycel; Bristol-Myers Squibb) 

Bcr-Abl, SRC family, TEC family Imatinib-resistant CML 
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PIK3C2G PI3Ks such as PIK3C2G regulate diverse cellular responses, such as cell 
proliferation, oncogenic transformation, cell migration, intracellular protein 
trafficking, and cell survival, by phosphorylating the hydroxyl group at the 
D-3 position of the inositol ring of phosphoinositides 

siRNA screen2 

PIK3CA phosphatidylinositol 3-kinase siRNA screen2 

PKB/AKT Serine/threonine protein kinase siRNA screen2 

PRKD2 Serine/threonine protein kinase siRNA screen2 

CALM3 Calmodulin protein expressed primarily in skeletal muscle and the brain. siRNA screen2 

CINP Interacts with CDK2, MCM5, and CDC7, and is involved in cell cycle 
checkpoint and replication. 

siRNA screen2 

MAPK8IP2 Regulates the activity of MAPK8/JNK1 and MAP2K7/MKK7 kinases siRNA screen2 

Notes: 

1Jayaswal et al. performed a siRNA screen of host kinases and phosphatases related to Mtb H35rv bacterial load in 
murine macrophages (Jayaswal 2010). 

2 Kuijl et al. performed a siRNA screen of human kinases using automated microscopy measuring S. typhimurium 
growth (Kuijl 2007). 
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APPENDIX 2—SEARCH TERMS 

Eicosanoid pathways 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND lipoxin 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND leukotriene 

cAMP, phosphodiesterase and adenylate cyclase pathway 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND "phosphodiesterase" 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND phosphodiesterase 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND “adenylate cyclase” 

Phospholipase 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND phospholipase 

Kinases 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND kinase 
 (“Tyrosine kinase” OR “TK”) AND “mycobacterium” AND “internalization” 
 “Abl tyrosine kinase” AND “internalization” 
 “Tyrosine kinase” AND “macrophage” AND “apoptosis” 
 “PKB inhibitors” OR “protein kinase B inhibitors” 

Lipid-sensing Nuclear Receptors 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (PPAR OR “peroxisome proliferator-

activated receptor” ) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (“LXR” OR “lipid X receptor”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“TR4” OR “testicular receptor 4”) 

Mtb phagosome 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (“phagosome” ) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (“autophagy” ) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (“GTPase” OR “guanosine 

triphosphate”) 

MMPs 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“MMP” OR “matrix metalloproteinase”) 

Chemokines 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND ((“IL-12” OR “interleukin 12”) OR (“interferon gamma” OR “IFN-γ” OR “IFN gamma”)) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“transforming growth factor beta” OR “TGF beta” OR “TGFβ”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (“transforming growth factor beta” 

OR “TGF beta” OR “TGFβ”) AND (“inhibitors” OR “inhibits”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND ("cytokine" OR "chemokine") AND (inhibit OR inhibitor OR drug OR therapy) NOT 
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(uveitis) 

Iron metabolism 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“siderophore” OR “iron”) 
 (“tuberculosis”) AND (“siderocalin” OR “lipocalin 2” OR “LCN2” OR “NGAL” OR “Neutrophil-gelatinase 

associated protein”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“hepcidin”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“lactoferrin” OR “lactotransferrin”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“haptoglobin”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“hemopexin”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“transferrin receptor” OR “p90” OR “CD71”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“Nramp1” OR “SLC11A1”) 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND (macrophage OR monocyte OR 

"dendritic cell") AND (“ferroportin” OR “ferroportin-1” OR “SLC40A1” OR “iron-regulated transporter 1”) 

Vitamin D 
 (“tuberculosis” OR “TB” OR “mycobacterium” OR “mycobacteria”) AND ("vitamin D" OR cholecalciferol OR 

ergocalciferol OR calcidiol OR calcitriol) 

Others 
  (“tuberculosis” OR “TB” OR "mycobacterium” OR “mycobacteria”) AND "immune modulation" 
 (“tuberculosis” OR “TB” OR "mycobacterium” OR “mycobacteria”) AND ("host response" OR “immunologic 

response”) 
 (“tuberculosis” OR “TB” OR "mycobacterium” OR “mycobacteria”) AND (“host therapy” OR "genotype 

therapy" OR “host genotype therapy”) 

 


