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ABSTRACT 

 
 
 

MYCOBACTERIUM TUBERCULOSIS – MEDIATED MODULATION OF HOST MACROPHAGE 

METABOLISM IN THE GRANULOMA MICROENVIRONMENT 

 
 
 
 

Mycobacterium tuberculosis (Mtb) is the leading cause of death by an infectious agent, and 

tuberculosis (TB) disease continues to be a prominent global health concern. Infection with Mtb 

incites granulomatous inflammation, chronic antigen stimulation, and the development of 

granuloma lesions. These lesions compress tissue architecture in a way that reduces blood 

supply and creates central regions of hypoxia. Complex lesion pathology, multi-drug resistance 

of Mtb, co-morbidities with other endemic diseases, the lack of an effective vaccine, and slow 

drug development pipelines have hindered progress in the field. Researchers have worked to 

combat these difficulties through their exploration of host-directed therapeutic strategies, which 

aim to better equip the host immune system to respond to Mtb infection, with a focus on 

immunometabolism as a target pathway.  

 

The metabolism of host macrophages plays a role in modulating disease pathogenesis, with a 

metabolic switch from oxidative phosphorylation to glycolysis characterizing Mtb infected 

macrophages. This metabolic switch is primarily regulated at the transcriptional level by hypoxia 

inducible factor-1α (HIF-1α), which regulates the cellular response to hypoxic stressors 

encountered within the chronic granuloma lesion microenvironment. Downstream impacts of HIF-

1α  activation include increased glycolysis, increased lactate production, and increased lactate 

transport. HIF-1α becomes stable and undergoes its transcriptional activity in conditions of low 

oxygen, as a result of prolyl hydroxylase (PHD) inhibition. Additionally, hypoxia-independent 
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factors interfere with PHD leading to HIF-1α stabilization, including iron chelation. Bacteria, such 

as Mtb, have developed iron chelating siderophores to sequester iron from host cells, and 

knocking-out these iron chelators has been demonstrated to reduce stable HIF-1α activation. As 

a result, we hypothesized that the Mtb siderophore, mycobactin, plays a role in driving stabilization 

of HIF-1α during early infection, prior to the development of hypoxic lesion microenvironments. 

This would serve as a pathogen-driven mechanism that would support macrophage adaptation to 

hypoxia later during disease progression, and thus develop an Mtb survival niche.  

 

Using purified iron chelators deferoxamine (DFO) and mycobactin J (MbtJ), we demonstrated that 

treated CD1 mouse bone marrow derived macrophages (BMDMs) increase HIF-1α via Western 

Blot and potently increase glycolytic metabolism as demonstrated by Seahorse Extracellular Flux 

Analysis. Additionally, the use of mycobactin synthase K (mbtK) knock-out, complement, or wild-

type H37Rv strains of Mtb demonstrated the role that mycobactin plays in the metabolic response 

of macrophages in vitro, having a significant impact on oxidative metabolism. Hypoxia-

independent mechanisms of HIF-1α activation by mycobactin may be a critical pathway through 

which Mtb drives macrophages toward a phenotype conducive for bacterial survival.  

 

Lactate produced as a result of increased glycolytic metabolism during infection may also play an 

important role as a metabolic intermediate and as a signaling molecule during Mtb infection. 

Metabolic symbioses exist in multiple systems between highly glycolytic, hypoxic cells and more 

oxidative, normoxic cells, wherein glycolytic cells uptake glucose, convert glucose to lactate via 

lactate dehydrogenase (LDHA) and export lactate in large amounts via monocarboxylate 

transporter 4 (MCT4).  Normoxic cells import lactate via monocarboxylate transporter 1 (MCT1) 

and convert it back to pyruvate via lactate dehydrogenase B (LDHB) and utilize lactate-derived 

pyruvate to fuel mitochondrial respiration. This preserves glucose for hypoxic cells which rely 

heavily on glycolysis for metabolic survival. While this type of lactate shuttle has been 
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demonstrated to regulate the tumor microenvironment, it has yet to be explored within the context 

of the similar TB granuloma microenvironment.  

 

As a result, we explored the role of a lactate shuttle within Mtb infection by detecting lactate in 

guinea pig plasma, detecting lactate shuttle components within guinea pig granuloma lesions, 

and by using the LDHA inhibitor sodium oxamate and the MCT1 inhibitor α-Cyano-4-

hydroxycinnamic acid (α-CHC), both of which are commercially available. We showed that Mtb 

infection significantly increases lactate on both a systemic and cellular level. We successfully 

demonstrated that LDH and MCT inhibition augments metabolism in macrophages by blocking 

glycolysis and decreasing mitochondrial spare capacity. Through in vitro Mtb infection models, 

we were able to show that inhibitor treatment can reduce the amount of lactate accumulated. 

These studies demonstrated proof of concept for the role of a lactate shuttle in modulating 

macrophage metabolism during Mtb infection and maintaining infection dynamics within the 

granuloma microenvironment.  

 

Overall, the research presented herein seeks to understand the ways in which Mtb infection drives 

host macrophages to alter their metabolic phenotype in a way that promotes Mtb survival and 

contributes to disease pathogenesis. A better understanding of the interactions which occur at 

the host-pathogen interface will provide important insight for the development of host-directed 

therapeutic strategies which will better equip host cells to combat Mtb infection. 
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CHAPTER 1: MYCOBACTERIUM TUBERCULOSIS-MEDIATED MODULATION OF IMMUNE 
CELL METABOLISM IN THE GRANULOMA MICROENVIRONMENT: A REVIEW 

 
 
 
 

1. Global TB Burden and Barriers to Progress in the Field 

Mycobacterium tuberculosis (Mtb) is the leading cause of death by an infectious agent worldwide, 

with 10 million new cases and 1.2 million deaths due to tuberculosis (TB) disease in 2018 alone 

according to the most recent World Health Organization (WHO) Global Tuberculosis Report.1 

While the death rate has steadily declined over the past twenty years, slowly approaching goals 

set forth by the WHO, the incidence of new cases has remained relatively constant.  

 

There are multiple critical barriers that contribute to high global TB incidence and which have 

slowed the progression toward a disease cure. The rise of multi-drug resistance (MDR) 

complicates treatment options. MDR-TB does not respond to the two first line treatments 

rifampicin and isoniazid and recent years have seen the development of extensively drug-

resistant TB (XDR-TB) which is additionally refractory to fluoroquinolones and injectable 

therapeutics used as second line treatments.1 Current recommended TB treatment involves six 

to nine months of a multi-drug cocktail, which can cause severe side effects such as liver toxicity 

and peripheral neuropathies.2 Treatment duration is significantly extended with MDR or XDR 

cases. Treatments are also costly and require prolonged periods of compliance. While direct 

observational therapy strategies and enhanced financial support can improve treatment 

compliance, the poor health care infrastructure and low socioeconomic status in countries with 

highest endemicity of disease hinder the ability of those afflicted to complete treatments.3–5 The 

slow developmental pipeline for the approval of new drugs by the Food and Drug Administration 

(FDA) has limited the ability for novel pharmaceuticals to become commercially available. Current 

research investigating new treatment regimens or repurposing antimicrobials also face challenges 



2 

 

in translating findings from bench-top to bedside, with significant hurdles to bring a treatment from 

preclinical to clinical application.2,6 

 

An additional factor that complicates disease progression and treatment is the occurrence of co-

morbidities of TB with both communicable and non-communicable diseases. Diseases such as 

HIV/AIDS and type 2 diabetes mellitus (T2DM), which also have high incidence in TB endemic 

regions, augment individual susceptibility to TB infection and worsen clinical outcomes of those 

with TB disease.7,8 Specifically, T2DM accelerates the progression of TB disease, enhances the 

proinflammatory cytokine response, and results in more severe inflammation in the guinea pig 

model.9 The interaction between multiple pathogenic disease processes severely impacts already 

high-risk populations and further exacerbates an already complex chronic disease progression. 

The Bacillus Calmette-Guérin (BCG) vaccine, while widely used to prevent disseminated TB in 

young children, is not effective against adult pulmonary TB.10 Further, many individuals that are 

infected with TB will become latently infected, and may not show clinical signs for decades. It is 

still unclear what causes a latent Mtb infection to reactivate, and existing diagnostic capabilities 

to identify latent Mtb infections are limited.11,12  

 

2. Complexities of Granuloma Lesion Pathology 

The nature of the granuloma lesion microenvironment also impacts TB research efforts. TB 

disease is characterized by pulmonary granulomatous inflammation.13,14 The classic TB 

granuloma is comprised of a central core of macrophages, surrounded by a cuff of lymphocytes. 

As disease progresses, lesions undergo varying levels of necrosis, fibrosis, and mineralization. 

Mtb is not only present intracellularly within macrophages, but is present in extracellular 

populations as a result of extensive necrosis and release of bacteria from cells, and these 

populations have different responses to drug treatment.15–17 Importantly, there is significant lesion 

heterogeneity between and within individuals, dependent upon both host and pathogen factors.18–
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21 This inherent lesion complexity and diversity contributes to the difficulty in translating research 

findings as not all animal models develop lesions in the same manner. For example, typical mouse 

models like C57BL/6 and BALB/c, do not develop central necrosis and hypoxia while guinea pig, 

non-human primate, and human lesions do.22 As infected macrophages are walled-off within the 

granuloma structure, Mtb persists and Mtb antigens chronically stimulate the immune system. 

Debate still exists within the field regarding whether the granuloma lesion is a protective structure, 

containing bacterial dissemination and localizing infection, or if the lesion is harmful, masking the 

bacteria from immune infiltrates, limiting blood supply and therefore effective drug delivery, and 

limiting oxygen availability and resulting in the development of hypoxic, necrotic lesion cores.23–25  

 

3. Rise of Host-Directed Therapeutic Strategies to Combat TB 

To combat difficulties in developing effective treatments and to address the debate of whether 

granuloma lesion development is protective or destructive, many in the field have shifted to the 

development of host-directed therapeutic (HDT) strategies. HDT involves developing treatments 

or repurposing previously approved compounds to target the host rather than the pathogen. In 

this way, HDT can shift host responses to be better equipped to combat infectious agents and 

can circumvent issues with antimicrobial resistance. The applicability of HDT to the treatment of 

TB has been extensively reviewed.26–31 HDT for TB have included using corticosteroids for their 

anti-inflammatory properties, targeting angiogenesis to improve vascular perfusion to the 

granuloma lesion, and promoting tissue healing through matrix metalloproteinase activity.28 

Specifically, metformin, a biguanide and weak mitochondrial complex I inhibitor, has long been 

used as a primary treatment for patients with T2DM and has recently been explored as an HDT 

for TB. Metformin can restrict intracellular Mtb growth, induce mitochondrial reactive oxygen 

species production, reduce TB pathology and inflammatory cytokine expression, and decrease 

the risk of developing active TB in patients with T2DM.32–36 
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One additional area of interest has been augmenting immune cell metabolism. Cellular 

metabolism has been tightly linked to the development of chronic disease processes and different 

metabolic phenotypes correlate to different immune response phenotypes. The field of 

immunometabolism has seen a resurgence as more and more metabolites and metabolic 

processes are observed to regulate cellular response and signaling during both infectious and 

non-infectious disease processes.37–41  

 

4. Immunometabolism as an HDT Target 

A key finding at the interface of cell metabolism and disease progression was made by Otto 

Warburg in the 1950s.42–44 Under normoxic conditions, cells typically rely on oxidative 

phosphorylation and the mitochondrial electron transport chain to generate energy in the form of 

ATP. This oxygen dependent metabolic process can be compromised when oxygen tension 

drops. As a result, cells shift to rely on glycolytic metabolic pathways, which do not require oxygen, 

to generate ATP. While less efficient, glycolysis allows cells to survive in conditions of hypoxia. 

This process generates lactate, which allows cells to regenerate NAD+ to maintain glycolytic 

flux.45,46 Warburg demonstrated that cancer cells are capable of a metabolic shift from oxidative 

phosphorylation to glycolysis, even in the presence of oxygen.42,43 This effect deemed “aerobic 

glycolysis” or “The Warburg Effect” has now been described in multiple disease processes and is 

characteristic of immune cell activation phenotypes.47–50 Contrary to Warburg’s original 

observations, it is now understood that mitochondrial metabolism does not shut down completely, 

but rather there is a relative increase in glycolytic metabolism.51–53  

 

Specifically, in macrophages, immune cell phenotype is related to metabolic phenotype. 

Classically activated M1 macrophages are characterized by a highly glycolytic metabolic 

phenotype and are pro-inflammatory. They contribute to tissue damage and additional immune 

cell recruitment by the production of cytokines like IL-1β, IL-6, TNF-α, IFN-γ.40,54,55 In contrast, M2 
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macrophages have an anti-inflammatory role, contributing to tissue remodeling and tissue repair, 

and their metabolism is more oxidative in nature.40,54,55 There is significant metabolic 

heterogeneity within macrophages associated with TB granulomas, including activated, 

inflammatory macrophages with an M1 phenotype, lipid laden foamy macrophages with increased 

fatty acid metabolism, epithelioid macrophages, multinucleated giant cells, and macrophages that 

exhibit an M2 phenotype and play a role in granuloma architecture remodeling.56 The balance 

between M1 and M2 macrophage metabolic phenotypes can dictate chronic disease progression 

and maintenance of lesions. However, recent work indicates that macrophage subsets may not 

be as stable or concrete as once described, with cells responding to a combination of stimuli and 

sometimes expressing M1 and M2 signatures simultaneously.57,58 Relevant to TB, alveolar 

macrophages were found to have a hybrid phenotype, expressing both M1 and M2 surface 

markers in healthy individuals, and this flexibility was posited to be helpful in maintaining a balance 

between protective immunity and tolerance within alveoli.59 

 

5. HIF-1α as a Transcriptional Regulator  

In part, the regulation of this metabolic shift occurs at the transcriptional level via hypoxia-inducible 

factor 1 (HIF-1). HIF-1 is a transcription factor that globally regulates the cellular response to 

hypoxic stress.60–62 HIF-1 responsive genes are involved in angiogenesis, erythropoiesis, cell 

survival, and importantly, cellular metabolism.63 The function of HIF-1 under normoxic and hypoxic 

conditions has been extensively studied. Under normoxic conditions, the HIF-1α subunit is 

hydroxylated at proline residues by prolyl hydroxylases (PHDs).64–66 This hydroxylation sequence 

tags HIF-1α for ubiquitination via the von Hippel-Lindau factor and subsequent proteasomal 

degradation.64–66 However, PHDs require oxygen as a cofactor for their activity. As a result, under 

conditions of hypoxia, HIF-1α is not hydroxylated and is not degraded.64–66 HIF-1α can thus 

accumulate in the cytoplasm and translocate to the nucleus where it dimerizes with the HIF-1β 

subunit.64–66 The active HIF-1 transcription factor then binds to hypoxia response elements in the 
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genome to transcribe genes which regulate glycolysis, as well as the production and transport of 

lactate (Figure 1.1). 

 

 

Figure 1.1: HIF-1α is stabilized under conditions of hypoxia. Under normoxic conditions (top 
panel), prolyl hydroxylase (PHD) is functional due to the presence of oxygen. PHD can then 
hydroxylate proline residues on HIF-1α, which tags it for ubiquitination via the von Hippel-Lindau 
factor (pVHL). This leads to subsequent proteasomal degradation. However, under conditions of 
hypoxia (bottom panel), low oxygen tension inhibits PHD activity. HIF-1α is not tagged for 
degradation and accumulates within the cytoplasm. It can then translocate to the nucleus, 
dimerize with the HIF-1β subunit, and bind to hypoxia responsive elements (HRE) on the genome. 
This initiates the transcription of a myriad of genes involved with the host adaptation to hypoxia. 

 

Multiple studies have demonstrated that HIF-1α is expressed and active within TB lesions.67–73 In 

zebrafish infection models using Mycobacterium marinum, HIF-1α stabilization enhances IL-1β 

expression, and helps clear infections via activating neutrophils.74–76 Deletion of HIF-1α in myeloid 

cells accelerates granuloma necrosis and impairs host responses to Mycobacterium avium 

infection in mouse models.77 Interestingly, in mice deficient of HIF-1α only in the myeloid lineage 

of cells, deletion of HIF-1α in chronic infection resulted in more extensive inflammation in 
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interstitial lung and caused earlier death, indicating HIF-1α  coordinates myeloid cell responses 

to Mtb.72 Additionally, the metabolic shift to glycolysis has been observed in the context of in vitro 

macrophage Mtb infection at early time points.67,78–80  

 

6. Hypoxia Independent Activation of HIF-1α by Iron Chelation 

The early time points at which glycolysis is upregulated during Mtb infection, however, are prior 

to the formation of chronic hypoxic lesion microenvironments. Interestingly, HIF-1α can be 

activated under normoxic conditions by a variety of mechanisms. Cytokines81,82, chemicals83–85, 

metabolites86–88, and iron chelation89,90 are all capable of stabilizing HIF-1α by interfering with 

PHDs. Additional mechanisms are independent of hydroxylation, such as via protein kinase A 

(PKA) mediated phosphorylation of HIF-1α.91,92 

 

Specifically, the chelation of iron is relevant in the immune response to pathogens. Limiting iron 

availability is one of the first responses of the innate immune system.93–97 Iron is a critical cofactor 

and metal for bacterial survival.98,99 As a result, bacteria have evolved to produce iron chelating 

molecules of their own, called siderophores.100–103 Mtb produces both a membrane bound 

siderophore, mycobactin, and a soluble siderophore, carboxymycobactin, which possess greater 

iron binding capacities than host iron-chelating molecules.104–109 As a result, Mtb can efficiently 

scavenge iron away from its macrophage hosts. The chelation of iron away from labile host iron 

pools is capable of interfering with PHD activity, for PHDs require iron in addition to oxygen to 

perform their proline hydroxylating activity.110–112 Bacterial iron chelators, such as deferoxamine 

(DFO) produced by Streptomyses pilosus, have been approved by the FDA for the treatment of 

iron overload disorders such as beta-thalassemia113–115 Exogenous iron chelation treatment using 

DFO can upregulate macrophage glycolytic metabolism during Mtb infection and induce IL-1β 

production in a HIF-1α dependent manner.116 Importantly, intracellular Enterobacteriaceae 

species have been demonstrated to upregulate HIF-1α via a hypoxia-independent mechanism, 
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via their siderophores.117 Specifically, when the biosynthesis of siderophores produced by 

intracellular bacteria Yersinia enterocolitica and Salmonella enterica was knocked-out, stable 

HIF-1α  was significantly reduced.117 This points to a pathogen driven mechanism of modulating 

cellular metabolism in a way that benefits their intercellular survival and primes the 

microenvironment to be able to withstand future hypoxic conditions. 

 

The downstream metabolic impact of HIF-1α is multifactorial. Pyruvate dehydrogenase kinase-1 

is transcribed by HIF-1α, and prevents the metabolism of pyruvate and its entry into the 

mitochondria and increases extracellular lactate at higher than normal concentrations when 

active.118 HIF-1α also controls expression of max interactor 1 and cytochrome c oxidase subunit 

4, which further represses mitochondrial activity and decreases oxygen consumption during 

hypoxic conditions.119 Not only does HIF-1α directly upregulate the transcription of enzymes 

involved in the glycolytic metabolic pathway, but it upregulates the production of lactate 

dehydrogenase A (LDHA) and monocarboxylate transporter 4 (MCT4).120–124 LDHA drives the 

production of lactate from pyruvate and MCT4 is responsible for lactate export from cells. Lactate 

itself, through its metabolism to pyruvate, can directly interfere with the proteasomal degradation 

of HIF-1α and carbohydrate response elements are present in several glycolytic genes.125 For a 

long time, lactate was believed to be a metabolic waste product. However, it has become 

increasingly clear that lactate serves a role in driving cellular metabolic changes that impact 

immune cell phenotypes, and that it can function as an extracellular signaling molecule to 

coordinate autocrine and paracrine responses to diverse microenvironments (Figure 1.2). 
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Figure 1.2: Lactate has a diverse role as both a metabolite and signaling molecule. Lactate 
has been demonstrated to impact many cellular processes, including angiogenesis, maintenance 
of pH homeostasis, modulation of immune cell function, invasion and metastasis of tumor cells, 
signaling through G protein coupled receptor 81 (GPR81), and maintaining glycolytic flux through 
the regeneration of NAD+. All these processes contribute to disease pathogenesis in several 
contexts. 

 

7. The Importance of Lactate as a Metabolite 

7.1.  Production and Accumulation of Lactate 

The promoter for lactate dehydrogenase A (LDHA), which catalyzes the conversion of pyruvate 

into lactate, has a binding site for HIF-1α.122,123,126 LDH isoforms are comprised of either all A 

subunits (pyruvate → lactate), all B subunits (lactate → pyruvate), or a combination of both. While 

LDH is present in all tissues, the ratio of LDHA to LDHB subunits is tissue specific.127 Isoforms 

with only LDHA subunits have the highest efficiency to convert pyruvate to lactate and are 

correlated with increased HIF-1α expression, increased VEGF,  enhanced metastatic potential, 

enhanced tumor size, and poor prognosis in cancer128–130. However, some researchers do not 

believe the LDH enzyme distribution has an impact on the cell’s ability to produce or use lactate, 
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but rather affects the rate of the equilibrium of the reaction.131 LDH has a prognostic role in solid 

tumors, with high LDH associated with poor progression free survival and lower disease free 

survival.132 LDH has also been detected in elevated levels in bronchoalveolar lavage (BAL) fluid 

of active pulmonary TB patients, and BAL LDH correlates with increased serum LDH.133 

Interestingly, sputum positive cases of TB show increased serum levels of LDH1, LDH2, and 

LDH3, which contain four, three, or two B subunits, respectively.134 This indicates that LDH levels 

and isoform specificity may also be diagnostic or prognostic indicators for TB. 

 

Much of what is known about the role of lactate comes from extensive reviews of the tumor 

microenvironment.135,136 Lactate accumulates in the tumor microenvironment both in hypoxic solid 

tumors and during aerobic conditions due to the Warburg Effect, and malignant transformation is 

associated with increases in glycolytic flux.125  Lactate enhances the release of macrophage pro-

angiogenic factors, increases metastatic activity, enhances collagen deposition, and worsens 

cancer prognosis.137,138 Lactate is also capable of diffusing from solid tumors and malignant cells 

to stimulate tumor associated fibroblasts, generating extracellular matrix rearrangement which 

allows for tumor cell migration and increases in tumor cell mobility.125  Interesting, oxidative cancer 

cells are sensitive to lactate signaling whereas glycolytic cancer cells are not and do not take up 

lactate and do not respond to exogenous lactate treatment.139 While cancer fields have led the 

effort in understanding the role of lactate in modulating disease pathogenesis, much learned from 

this work can be applied in the realm of infectious disease. Early in Mtb infection, shifts to 

glycolytic metabolism are observed within macrophages leading to increased lactate 

production67,78–80,140 and high lactate concentrations are observable within granuloma lesions, 

reaching levels comparable to tumors.141,142 
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7.2. The Role of Lactate Shuttles 

Lactate was largely considered to be a metabolic waste product of glycolysis until the 1980s, 

when the shuttling of lactate between cells and tissues was first described.143–148 One of the first 

described lactate shuttles was within muscle, with fast-twitch, glycolytic muscle fibers 

accumulating and releasing lactate and slow-twitch, oxidative muscle fibers importing and 

metabolizing lactate for energy.149–151 Mitochondria have a role to play in shuttling lactate 

intracellularly, with LDH enzymes present in the mitochondrial intermembrane space and in the 

mitochondrial matrix, and monocarboxylate transporters (MCTs) present in the inner 

mitochondrial membrane to transfer lactate.149,152,153 This is further evidenced by LDHB localizing 

to the mitochondria at greater densities than to other locations, and LDHA not localizing to the 

mitochondria.154 Additionally,  mitochondrial LDH is highly expressed and more active in 

cancerous prostate cells than normal ones, contributing to the anaplerosis of TCA cycle 

intermediates to help fuel cancer progression.155 However, some have demonstrated that lactate 

must be first converted to pyruvate before it can enter the mitochondrial matrix and have 

challenged the hypothesis that lactate can be directly oxidized by mitochondria.156,157 Lactate 

shuttles have also been described between astrocytes and neurons, and mitochondrial LDH has 

been shown to play a role in allowing astrocytes to use lactate in the production of ATP via 

oxidative phosphorylation.158,159 Lactate has been demonstrated in multiple studies to be 

effectively metabolized by cancer cells and, in some instances, lactate is preferentially 

metabolized over other energy sources such as glucose160,161  

 

Monocarboxylate transporters (MCTs) are responsible for shutting lactate across membranes.  

Multiple MCTs exist, and cellular expression of MCTs depends on the physiological role of the 

cell.162,163 Highly glycolytic cells express MCT4, a low affinity transporter adapted to the export of 

lactate, while more oxidative cells predominantly express MCT1, which has a higher substrate 

affinity and is adapted for lactate import.164,165 MCT1 has been demonstrated to be expressed in 
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macrophages and increased upon LPS, TNF-α, or NO  treatment.166 The expression of MCT1 and 

MCT4 is associated with the expression of the chaperone CD147, which has transmembrane and 

cytoplasmic domains that interact with MCTs and help organize their distribution and localization 

on the plasma membrane.165,167 CD147 has pro-tumoral effects via its control of lactic acid 

transport, and knocking down CD147 reduces MCT1 and MCT4 expression and reduces the 

glycolytic rate by 50%.168 The invasive capability of human lung cancer cells was correlated with 

the expression of MCT1 and MCT4 and proliferation was reduced when these MCTs were 

inhibited.169 Importantly, MCT4 is hypoxia-inducible, exhibiting 3-5 fold mRNA increases during 

hypoxia and showing significantly higher tissue expression in hypoxic areas as shown by 

colocalization with pimonidazole staining.121,168 CD147 expression has also been demonstrated 

to be regulated by HIF-1α, promoting glycolysis and inhibiting tumor cell apoptosis.170,171 In some 

cancers, MCT1, MCT4, and CD147 have been identified as prognostic biomarkers which predicts 

poor patient survival.172–174  

 

The lactate shuttle hypothesis posits that a metabolic symbiosis between hypoxic and oxidative 

tumor cells exists, wherein hypoxic, glycolytic cells produce lactate at high levels, and this lactate 

is transported to oxidative tumor cells, which convert lactate back into pyruvate to fuel their 

metabolism, and conserve glucose for hypoxic cells.175 (Figure 1.3). Metabolically distinct cell 

populations should have unique signatures showing different expression levels of relevant 

metabolic enzymes and transporters, with glycolytic cells having increases in MCT4, LDHA, HIF-

1α, while oxidative cells will have MCT1, LDHB, and will accumulate lactate.176 Metabolic 

modulations which characterize the TB granuloma are similar to those described to occur within 

the tumor microenvironment. Therefore, these enzyme and transporter expression profiles which 

occur in different regions of the tumor microenvironment may directly apply to different regions of 

the granuloma microenvironment. However, an evaluation of the expression of these targets in 

the granuloma has not yet been described. 
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Figure 1.3: The lactate shuttle hypothesis illustrates a metabolic relationship between 
hypoxic and normoxic tumor cells. As glucose and oxygen diffuse out of tumor vascular supply, 
a gradient develops, with normoxic regions developing closer to the periphery and hypoxic regions 
developing within the lesion core.  Hypoxic cells import glucose and rely on the glycolytic 
metabolic pathway to generate pyruvate. Pyruvate is converted to lactate by lactate 
dehydrogenase A (LDHA), and then exported in large quantities by monocarboxylate transporter 
4 (MCT4). This lactate is imported by normoxic cells via monocarboxylate transporter 1 (MCT1). 
These normoxic cells preserve glucose that is otherwise needed for hypoxic cell metabolism and 
instead convert lactate back into pyruvate via lactate dehydrogenase B (LDHB). This lactate-
derived pyruvate can then be used as fuel for the TCA cycle, oxidative phosphorylation, and 
mitochondrial respiration.  

 

7.3. Lactate Facilitating Crosstalk Between Diverse Cell Types 

Other cell types also interact to shuttle and utilize lactate. Lactate modulates endothelial cells, 

and MCT1 driven lactate uptake in endothelial cells leads to significant increases in IL-8 

production through the NFκβ-pathway.177 Additionally, lactate released from cancer cells via 

MCT4 stimulates IL-8 production, tumor angiogenesis, and tissue perfusion, supporting a model 

where tumor cell lactate can stimulate angiogenesis in endothelial cells.177 The impact of lactate 

on angiogenesis has been shown to be critical for the acceleration of healing in ischemic wounds, 
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preventing muscle atrophy, and stimulating the production and release of angiogenic factors such 

as IL-8, bFGF, VEGF and VEGFR.178,179 Crosstalk between cancer cells and endothelial cells via 

lactate release and MCT transport of lactate has also been demonstrated in glioma models.180  

 

In what has been deemed the “Reverse Warburg Effect,” cancer cells secrete hydrogen peroxide, 

which induces oxidative stress in cancer associated fibroblasts, causes them to undergo aerobic 

glycolysis in response, which produces large amounts of lactate that is then shuttled to tumor 

cells to fuel mitochondrial oxidative phosphorylation.181–184 Further evidence of this is that MCT4, 

which exports lactate, is present in cancer associated fibroblasts and is upregulated by oxidative 

stress, and cancer cell MCT1 is upregulated when co-cultured with fibroblasts.181–184 This 

metabolic synergy between cancer associated fibroblasts and cancer cells allows carcinomas that 

have been highly infiltrated by reactive stromal cells to shift stromal metabolism to produce large 

quantities of lactate and export it via MCT4, and allow tumor cells to exploit the lactate produced, 

via MCT1 influx, and use it to fuel metabolism under glucose limited environments.185,186 Lactate 

stimulates MCT1 expression in stromal cells, but reduces it in tumor cells,  further suggesting that 

lactate is exported by tumor cells and taken up by stromal cells.187 Thus, the metabolic 

perturbations within the tumor microenvironment create spatial gradients based on differential 

sensitivity to lactate between cancer cells and stromal cells, such as tumor associated 

macrophages, and restricted perfusion contributes to these metabolic gradients, with cancer cells 

able to survive better in high lactate, hypoxic regions.188 Spatial gradients exist within the context 

of the TB granuloma, with different immune transcript and proteomic profiles within necrotic, 

central regions as compared to the rim of the granuloma.189,190 There is also an oxygen tension 

gradient and impaired perfusion, leading to hypoxia within the center of granuloma lesions. Based 

on similarities between the granuloma and tumor microenvironments, it is likely that spatial 

differences in lactate metabolism and diverse crosstalk between heterogeneous cell types exists 

within the context of the TB granuloma.   
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7.4.  Lactate Shuttling & Metabolism as a Therapeutic Target 

Importantly, the lactate shuttle has been explored as a therapeutic target for diseases such as 

cancer, as lactate is a key regulator for carcinogenesis135,191–195. To exploit the need for glycolytic 

and oxidative tumor cells to shuttle lactate, researchers have explored MCT1 inhibition with α-

CHC and have demonstrated that MCT1 inhibition can slow tumor progression and growth.175 

Lactate, released in the hypoxic tumor cell compartment, fuels the oxidative metabolism of cells 

that are in more vascularized, oxidized regions. This spares glucose for use in the hypoxic cells 

which depend heavily on glycolysis. Inhibiting MCT1 thus induces a switch in oxidative cells from 

lactate fueled respiration to glycolysis; hypoxic cells die from glucose starvation, and cells that 

remain are more oxygenated and more susceptible to chemotherapies and radiation.175,196 In 

malignant glioma, silencing MCTs decreases lactate efflux, and induces apoptosis and 

necrosis.197 Activated T cells rely on glycolysis for energy, produce increased amounts of lactate, 

have higher MCT1 and MCT4 expression than resting cells, and as a result blocking lactate 

transport via MCT1 inhibits rapid phases of T cell division.198 Targeting MCT1 in endothelial cells 

can block the activation of HIF-1α by preventing lactate uptake and its conversion to pyruvate by 

LDHB, which subsequently competes with 2-oxoglutarate to inhibit PHDs needed to degrade HIF-

1α.199 This also blocks the downstream activation of angiogenesis. Inhibiting MCT1 can impair 

glycolysis and upregulate mitochondrial metabolism, improving the cellular bioenergetic state.200 

Additionally, disrupting CD147, and therefore MCT1 and MCT4 expression, can sensitize lung 

cancer cells to biguanides like phenformin and metformin.201 Sensitization to phenformin could 

also be achieved by genetic knock out of MCT1 and CD147.202 MCT1 knockdown is more effective 

in hypoxia, resulting in larger decreases in lactate levels, cell biomass, cell invasion, and drastic 

reduction in breast cancer growth, and treatment with metformin could increase the 

response/efficacy of the MCT1 inhibition.203 Inhibiting MCTs has yet to be explored in the context 

of Mtb infection.  
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Targeting LDHA has also been investigated.204 LDHA inhibition was found to increase apoptosis 

of A549 cancer cells.205 Inhibiting LDHA with compound FX11 decreased ATP levels, reduced 

mitochondrial membrane potential, increased oxidative stress linked to cell death, activated 

AMPK, and inhibited tumor xenograft progression in transformed human B cell lymphoma.206 

Recent work demonstrates that inhibiting LDH via FX11 reduces the bacterial burden in Mtb 

infected mouse lungs, reduces the number of necrotic lesions, and potentiates isoniazid 

treatment.207 Simultaneously inhibiting LDHA via sodium oxamate and respiratory complex I via 

metformin depletes the cellular ATP pool, causing cancer cells to undergo metabolic catastrophe, 

leading to tumor cell growth arrest and cell death, leading to significant decreases in tumor size.208 

LDH inhibition via oxamate can also activate AKT/mTOR pathways to induce autophagy, and 

antagonize apoptotic cell death in cancers.209 Mtb is able to oxidize lactate via a quinone-

dependent L-lactate dehydrogenase and, interestingly, lactate oxidation appears to be required 

for intracellular Mtb growth.210 Inhibiting macrophage production of lactate may therefore be a 

viable host-directed therapeutic strategy for combating Mtb infection.  

 

7.5. The Immunomodulatory Effects of Lactate 

Lactate also has distinct immunomodulatory effects.211 Accumulated lactate in the tumor 

microenvironment, which can reach up to 40 mM concentrations, decelerates energy metabolism 

and induces suppressed phenotypes in infiltrating T cells by decreasing antigen-specific 

proliferation, and impairing T cell production of IL-1, IFN-γ, perforin and granzyme B.212,213 Lactate 

inhibits CD4+ T cell chemotaxis, induces IL-17 production, and inhibits CD8+ T cell cytolytic 

activity.214 Macrophage LDHA is critical for macrophage dependent activation of antitumor CD8+ 

T cells and boosts IL-17 mediated immunity.215 IFN-γ producing CD4 T cells are predominant 

responders in antimycobacterial immunity; however, their role in TB pathogenesis is complex and 

these cells can stimulate neutrophil and macrophage mediated disruption of granuloma tissue 

architecture.216 Cytolytic CD8 T cell function plays a critical role in Mtb infection, especially for 
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long term control of infection.217 Th-17 cells also play a diverse role in the pathogenesis of Mtb 

infection, particularly through their recruitment of neutrophils to the site of infection.218,219 

 

Regulatory T cells (Tregs) are resistant to the suppressive effects of lactate on effector T cells,  

making these populations better able to survive in high lactate environments and assist in cancer 

immune evasion.220 Tregs can antagonize the protective cellular immunity of Th1 and Th17 

responses, which could result in loss of control of TB disease and the production of anti-

inflammatory mediators early in infection could enhance mycobacterial growth by suppressing the 

immune response.221 However, Tregs are also required to control inflammation, especially in 

prevention of autoimmune disorders. Interestingly, the regulation of the Th-17 versus Treg 

balance has been demonstrated to be a result of HIF-1α regulation.222,223 It is clear that a delicate 

balance of T cell regulation is key to the enhancement or resolution of TB pathology, and lactate 

accumulated within the granuloma may play a critical role in augmenting this balance.   

 

NK cell production of granzyme B and perforin is also reduced in the presence of lactate, and NK 

cells treated with lactate express fewer activation receptors.224 Additionally, LDHA deficient 

tumors have significantly higher NK cell activity and fewer myeloid derived suppressor cells 

present.224 Tumor derived LDH can induce NK cell ligands on myeloid cells, which causes NK 

cells to downregulate associated receptors and impairs their anti-tumor activity.225 The high levels 

of lactic acid that inhibit CD8 T cell and NK cell activity is mainly through the inhibition of the 

transcription factor NFAT.226 NK cells are known to play a role in Mtb infection, via cytotoxic 

release  of perforin and granzyme as well as through activation of macrophages and enhancing 

phagolysosomal fusion via IL-22 and IFN-γ production.227 

 

Tumor derived lactate also significantly inhibits monocyte TNF-α secretion, impairs monocyte 

glycolytic flux, stimulates macrophage VEGF and TGFβ, upregulates monocyte IL-23 production, 
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and inhibits the differentiation of monocytes to dendritic cells.228,229 Migration of monocytes is 

inhibited, while the migration of cancer cells is enhanced in lactate enriched environments, further 

contributing to tumor immune escape.229 Mtb is also capable of escaping the immune system 

through inhibiting phagolysosomal fusion, inhibiting apoptosis, reducing antigen presentation, and 

impairing dendritic cell maturation and migration.230–232  In the presence of lactate, GM-CSF 

activated macrophages are not able to produce pro-inflammatory cytokines and lactate facilitates 

tumor associated macrophages to undergo M2 polarization, even diverting differentiation of 

monocytes from dendritic cells toward M2 macrophages.233–236 This would reduce antigen 

presentation and induce tissue remodeling. Lactic acid can also interfere with TLR signaling and 

delay the chemokine and cytokine response to LPS stimulated inflammation237 Deleting LDHA in 

specific tumors reverses immunosuppression in the tumor microenvironment, likely through 

reduced PD-L1 and VEGF.215 The anti-inflammatory nature of lactate has also been demonstrated 

in models of intestinal inflammation, whereby treatment with lactate prevented TNBS induced 

colitis, reduced epithelial damage and edema, decreased the production of circulating IL-6, and 

prevented bacterial translocation to the liver.238 Thus, lactate likely plays a critical role in regulating 

monocytes, macrophages, and dendritic cells critical for initial responses to Mtb infection and 

antigen presentation. Lactate’s role in modulating immune cell energetics and cellular phenotype 

points to more than just a role as an intermediary in metabolism, but points to critical roles in cell-

cell signaling. 

 

8. The Importance of Lactate as A Signaling Molecule 

8.1. Introduction to GPR81 

Lactate is one of many metabolites which signals through G-protein coupled receptors.239–242 

Lactate was revealed to be an endogenous ligand for GPR81 through the discovery that GPR81 

activation in adipose tissue suppressed lipolysis and mediated insulin-induced antilipolytic effects 

in an autocrine fashion.243–246 GPR81 is expressed in brown fat, white fat, kidney, liver, skeletal 
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muscle, brain, and lung, among other tissues and expression profiles are similar across mouse 

and human tissue.244 Receptor structural residues are also conserved across species from 

humans to zebrafish.247 GPR81 is coupled to a Gi subunit, which inhibits adenylyl cyclase, 

decreasing intracellular cAMP and causing protein kinase A (PKA) to be less active.243,248 

Downstream signaling of GPR81 also activates the ERK1/2 pathway, PKC, PI3K, and Src 

kinases.249 As previously mentioned, PKA has the ability to activate HIF-1 in a hypoxia-

independent manner.91,92 Interestingly, since elevated cAMP and PKA signaling inhibits IFN-γ 

secretion by T cells during Mtb infection, activation of GPR81 may be a viable strategy to enhance 

Mtb directed immunity.250 Thiazolidinediones such as rosiglitazone can induce the expression of 

GPR81 through PPARγ.248 PPARγ has been demonstrated to have a role in Mtb infection, as 

knock-out of PPARγ in lung macrophages reduces Mtb growth and reduces granulomatous 

inflammation.251 Mtb also limits host cell apoptosis through PPARγ induction.252 Multiple agonists 

of GPR81 have been identified, some of which are commercially available, including 3-chloro-5-

hydroxybenzoic acid and 3,5 dihydroxybenzoic acid (DHBA).253–257 These agonists have been 

investigated as alternative dyslipidemic agents to niacin, which signals through GPR109A and 

causes an undesired flushing reaction due to prostaglandin activation of Langerhans cells, but 

have yet to be actively explored as therapeutics for infectious disease applications.253–255  

 

8.2. Diverse Roles of GPR81 Signaling  

GPR81 plays a role in signal transduction across multiple body systems. Inflammation in adipose 

tissue initiated by LPS, zymosan, or turpentine stimuli resulted in the decreased expression of 

GPR81.258 GPR81 is also downregulated when adipocytes are exposed to macrophage derived 

inflammatory mediators via conditioned media.259 Further, lactate suppresses the induction of the 

NLRP3 inflammasome and IL1β via GPR81 activation, regulates TLR activation via interactions 

with arrestin B2 downstream of GPR81, and protects against inflammatory injury in pancreatitis 

and hepatitis models through GPR81 signaling.260 Mtb infection has been demonstrated to inhibit 
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NLRP3 inflammasome activation and IL-1β processing, and increased inflammasome activity has 

been associated with protection against active TB.261–263 GPR81 has been demonstrated to be 

expressed by nonhematopoietic and immune cells such as macrophages and neutrophils, and 

these innate immune cells expressing GPR81 were critical in protecting mice from experimental 

colitis, and were involved in regulating the balance between IL-17 producing cells and Tregs.264 

 

Within the CNS, GPR81 is concentrated along the plasma membranes of vascular endothelial 

cells, acting as a volume transmitter and serving as a feedback mechanism to counteract damage 

and save energy under hypoxic conditions.265–269 GPR81 is highly enriched in leptomeningeal 

fibroblast like cells surrounding pial blood cells, and its activation stimulates cerebral VEGF and 

angiogenesis.270 However, in some conditions, such as ischemic brain injury, inhibiting lactate 

signaling through GPR81 can reduce ischemia induced apoptosis and provide neuroprotection, 

potentially indicating a dual role of lactate at low versus high concentrations.271 Importantly, within 

the context of the TB granuloma, vascularization and angiogenesis are important for enhancing 

oxygen delivery and drug delivery to central legion lesions. Angiogenesis has also been 

implicated in allowing for increased dissemination of Mtb, as inhibiting angiogenesis via VEGF 

inactivation abolishes mycobacterial spread.272 Thus, lactate’s role in endothelial cell signaling 

through GPR81 may augment TB pathogenesis.  

 

GPR81 has been shown to play a critical role in cancer, where silencing GPR81 in tumor cells 

reduced tumor growth, metastasis, cell proliferation, and mitochondrial activity.273,274 GPR81 

expression is significantly higher in cancer tissue compared to adjacent noncancerous tissues 

and GPR81 promotes cancer aggressiveness, malignant phenotype, cell migration, and promotes 

amphiregulin transcription, contributing to angiogenesis.275 Tumor cell derived lactate can activate 

GPR81 on dendritic cells, and prevent the presentation of tumor specific antigens to other cells.276 

Further, GPR81 signaling facilitates higher rates of fatty acid synthesis by inhibiting lipolysis, 
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which allows for cancer cells to have increased viability and higher proliferation rates.277 Mtb is 

known to rely on fatty acids and augment host lipid metabolism during infection278,279 Signaling 

through GPR81 has been shown to induce the expression of PD-L1, which can lead to suppressed 

T cell function and immune evasion in the tumor microenvironment, and blocking lactate 

production can improve PD-1 targeted immune checkpoint therapies.280–282 PD-1 has been 

demonstrated to interfere with effector T cell function during Mtb infection, and blocking PD-1 can 

bolster IFN-y responses.283 However, mice deficient in PD-1 have been shown to be very 

susceptible to Mtb infection.284,285  GPR81 activation stimulates the expression of ABC 

transporters which contribute to chemoresistance of cancer cells and GPR81 signaling enhances 

DNA repair mecahnisms.286,287 These transporters may play a role in cellular resistance to 

antimicrobial therapies for Mtb. Additionally, GPR81 agonism can induce a vasoconstriction 

response, diverting blood flow away from the kidney and inducing hypertension across multiple 

species.288 Vasoconstrictive responses may impede blood flow to the TB granuloma, contributing 

to tissue hypoxia. 

  

GPR81 plays a critical role in many processes that are important to the pathogenesis of TB. The 

anti-inflammatory responses stimulated by lactate activation of GPR81 may contribute to immune 

evasion by Mtb but may also be critical for controlling chronic inflammatory processes and limiting 

disease severity. The evaluation of the role of this receptor during Mtb infection has yet to be 

conducted, either via agonizing or antagonizing this receptor in vitro and in vivo, but GPR81 shows 

promise as a novel HDT target to modulate TB disease. 

 

9. Mtb Driven Establishment of a Survival Niche via Metabolic Interactions 

All and all, this body of literature paints a complex picture. This research seeks to understand the 

ways in which Mtb can drive changes in host macrophage metabolic dynamics. Mechanistic 

knowledge of the metabolic interactions occurring at the host-pathogen interface will aid in the 
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development of host-directed therapeutic strategies that can augment cellular metabolism, 

thereby shifting immune cell phenotypes to those that are better equipped to combat TB disease. 

In the context of Mtb, shifting macrophage metabolism and augmenting the granuloma 

microenvironment will better equip the host to resolve lesions and slow disease progression, 

potentially limiting the establishment of latent infections.  Specifically, we asked overarching 

questions regarding the mechanisms by which Mtb induces metabolic changes within the 

granuloma microenvironment, and how immune cell metabolism can be augmented to improve 

pathogen clearance and infection outcome. This included investigating the role of the 

mycobacterial iron chelator, mycobactin, on HIF-1α activation and downstream metabolic 

impacts, and the role of lactate as both a metabolite and a signaling molecule during Mtb infection.  

 

We hypothesized that Mtb driven upregulation of HIF-1α through mycobactin-mediated iron 

chelation leads to a shift to glycolytic metabolism which is followed by production of large 

quantities of lactate. This lactate can then be shuttled to more oxidative regions of the granuloma 

microenvironment to preserve glucose for hypoxic cells. Lactate within the granuloma 

microenvironment can then serve as both an autocrine and paracrine anti-inflammatory, 

immunomodulatory signal via GPR81, augmenting the immune response to Mtb infection. 

Ultimately, pathogen driven mechanisms of metabolic alteration lead to the establishment of a 

survival niche for Mtb and enhance disease progression (Figure 1.4). 
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Figure 1.4: Mtb infection drives changes in immune cell metabolism to establish its 
survival niche. 1) The Mtb produced iron chelator, mycobactin, sequesters intracellular iron from 
host macrophages, which inhibits prolyl hydroxylase (PHD) activity. This leads to the 
accumulation and stabilization of HIF-1α, subsequent translocation to the nucleus, and 
transcription of genes related to glycolysis, lactate metabolism, and lactate transport. 2) In 
addition to the Mtb mediated shifts in macrophage metabolism, the oxygen gradient present within 
the context of the TB granuloma, hypoxic cells within the granuloma lesion core rely heavily on 
glycolysis and produce large amounts of lactate. This lactate is produced via LDHA and exported 
via MCT4. Lactate is then shuttle to more normoxic cells closer to the lesion periphery, where it 
is imported via MCT1 and converted back into pyruvate by LDHB. Lactate is then used 
preferentially over glucose as a source for pyruvate and can drive oxidative phosphorylation and 
mitochondrial respiration. 3) Lactate accumulating within the granuloma microenvironment can 
signal in both an autocrine and paracrine fashion through GPR81. GPR81 signaling inhibits 
adenylyl cyclase, reducing intracellular levels of cAMP. This initiates downstream signaling 
impacts that are anti-inflammatory and immunomodulatory.  
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CHAPTER 2: HYPOXIA INDEPENDENT ACTIVATION OF HIF-1α BY MYCOBACTIN DURING 
EARLY MYCOBACTERIUM TUBERCULOSIS INFECTION AUGMENTS MACROPHAGE 

METABOLISM  

 
 
 

1. Summary 

 

Hypoxia inducible factor-1α (HIF-1α) becomes active within host cells in response to hypoxia, 

regulating cellular metabolic shifts from oxidative phosphorylation to glycolysis. In the context of 

the tuberculosis (TB) granuloma microenvironment, hypoxia is a chronic lesion characteristic, and 

HIF-1α expression has been observed within infected lungs. However, shifts to glycolytic 

metabolic phenotypes in macrophages have been observed very early during in vitro 

Mycobacterium tuberculosis (Mtb) infection, prior to when hypoxia would develop. Multiple 

hypoxia-independent mechanisms exist for HIF-1α activation, including through iron chelation. 

Mtb possesses an iron-chelating siderophore, mycobactin, which effectively scavenges host iron. 

Based on this, we aimed to determine the effect of mycobactin on HIF-1α activation and 

macrophage metabolic changes during early Mtb infection. Using iron chelators deferoxamine 

(DFO) and purified mycobactin J (MbtJ), we treated bone marrow derived macrophages (BMDMs) 

and analyzed cell lysates via Western Blot for HIF-1α. Additionally, we used Seahorse 

Extracellular Flux Analyzer assays to determine the impact of iron chelation on macrophage 

metabolism, through both iron chelator treatments and by in vitro infection of CD1 mouse BMDMs 

with either mycobactin synthase K (mbtK) knock-out, complement, or wild-type H37Rv strains of 

Mtb. Iron chelation by MbtJ increased HIF-1α levels in a dose-dependent manner and potently 

increased macrophage glycolytic metabolism. Infection with mbtK knock-out Mtb demonstrated 

the critical role that mycobactin plays in regulating the metabolic response of macrophages post-

infection, decreasing oxidative metabolism and increasing glycolytic metabolism. Based on our 

results, hypoxia-independent mechanisms of HIF-1α activation may play a role in establishing an 
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environment favorable for Mtb survival. Without a better understanding of the ways in which early 

Mtb infection influences host immune cell function, the global TB disease burden will remain high. 

The results herein provide mechanistic insight which may be utilized to design host directed 

therapeutic strategies which will better equip the host to combat Mtb infection. 

 

2. Introduction 

 

Mycobacterium tuberculosis (Mtb) is the leading cause of death by an infectious disease, and the 

most recent World Health Organization Global Tuberculosis Report estimates that 10 million new 

cases and 1.2 million deaths due to tuberculosis (TB) occurred in 2018 alone.1 Although the 

number of TB related deaths has declined over the past two decades, the number of new cases 

has remained stagnant. The rise of multi-drug resistance, lack of an efficacious adult pulmonary 

vaccine, co-morbidities of both communicable and non-communicable disease with TB, poor 

healthcare infrastructure in endemic regions, and a slow developmental pipeline for new 

therapeutics hinders progress toward reducing the number of cases each year.2–6 As a result, 

recent research in the field has sought to investigate host-pathogen dynamics during infection in 

order to develop novel, host-directed therapeutic (HDT) strategies that will better equip the host 

to fight persistent Mtb infection.7–9 Many HDT strategies seek to boost the host immune system, 

rather than target Mtb itself, thereby bypassing concerns for antimicrobial resistance, and allowing 

for drugs already approved to be repurposed in the context of TB disease.10,11  

 

The complexity of the TB granuloma microenvironment adds to the difficulty in finding effective 

HDTs. TB granulomas have significant heterogeneity in lesion architecture within and between 

individuals and are characterized by chronic granulomatous inflammation incited by persistent 

Mtb antigens and an inability to clear Mtb bacilli.12–15 Macrophages and lymphocytes progressively 

infiltrate the involved lesion area. Over time, lesions develop a necrotic central core, with varied 
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levels of fibrosis and calcification. Late stage lesions compress neighboring tissue structures, 

blocking blood and oxygen supply, which impairs drug delivery and disrupts cellular 

homeostasis.12–15 As a result, in chronic stages of infection, the lesion microenvironment is 

significantly hypoxic.  

 

To adapt to these hypoxic conditions in the granuloma core, the host has developed a 

transcriptionally regulated, global response. This is driven by the transcription factor hypoxia 

inducible factor-1 (HIF-1).16–18 HIF-1 is responsible for regulating responses such as 

angiogenesis, erythropoiesis, cell survival, cell proliferation, and cellular metabolism with the 

intent to increase oxygen delivery to hypoxic regions.19 Under normoxic conditions, HIF-1α is 

hydroxylated on proline residues by prolyl hydroxylase (PHD) enzymes, tagging it for rapid 

degradation via von Hippau Lindau (VHL) factor and the ubiquitin-proteasome system.20–22 

However, under conditions of low oxygen tension, like those exhibited within the hypoxic core of 

the TB granuloma, PHD enzymes no longer have the critical oxygen cofactor needed for their 

enzymatic activity, and as a result HIF-1α subunits are not targeted for degradation.20–22 Instead, 

HIF-1α accumulates in the cytoplasm, translocates to the nucleus, dimerizes with the 

constitutively expressed HIF-1β subunit, and initiates the transcription of regulated genes.20–22  

 

The HIF-1α directed metabolic response involves increased glucose transport, increased 

glycolysis through upregulation of enzyme production, increased lactate production, increased 

lactate export, and decreased conversion of pyruvate to acetyl-coA, impairing mitochondrial 

respiration.23–27 This metabolic “switch” has been well described in cancer cells and in activated 

immune cells, even in the presence of oxygen, and has been coined the Warburg Effect. 23–27 In 

the case of Mtb infection, we and others have demonstrated that glycolysis is activated very early 

in the course of infection28–31  and that HIF-1α is detectable in primary lung lesions. 28,32–37  What 

has yet to be described is the mechanism of HIF-1α activation. If glycolytic metabolism is 
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upregulated early in the course of Mtb infection, HIF-1α would likely be upregulated prior to the 

formation of a hypoxic granuloma microenvironment. If this is the case, HIF-1α must be activated 

in a hypoxia-independent fashion. 

 

Cytokines38,39, chemicals40–42, metabolites43–45, and iron chelation46,47 are all capable of stabilizing 

HIF-1α in a hypoxia-independent manner. Specifically, PHDs require iron in addition to oxygen to 

carry out their function.48–50 Iron is limited by hosts in the early innate immune responses to 

bacterial infections.51–55 As a result, bacteria have evolved to produce iron chelating molecules, 

called siderophores, which possess iron binding capabilities that exceed that of host iron binding 

molecules such as transferrin.56–59 This allows for bacterial scavenging of iron, which becomes 

important for intracellular infections like that of Mtb. 

 

Importantly, research has demonstrated that knocking out the biosynthetic machinery used to 

produce siderophores in Salmonella enterica and Yersinia enterocolitica eliminates the activation 

of HIF-1α during infection.60 The mechanism of action was attributed to iron chelation mediated 

inhibition of PHD function. Certain iron chelators, such as deferoxamine (DFO), are already 

approved by the FDA for the treatment of iron overload disorders such as beta-thalassemia.61–63 

Mycobacterial species also possess iron chelating siderophores and complex iron acquisition 

machinery, and Mtb produces a membrane bound form called mycobactin.64–69 Exogenous iron 

chelation treatment using DFO can upregulate macrophage glycolytic metabolism during Mtb 

infection in a HIF-1α dependent manner.70 This provides a potential mechanism for early observed 

changes to host immune cell metabolism during Mtb infection.  

 

Based on this knowledge, we hypothesized that mycobactin mediates shifts in host macrophage 

metabolism by activating HIF-1α early during Mtb infection. Our laboratory possesses a patent 

related to this hypothesis.71 This serves as a pathogen-driven mechanism for adapting host cells 



56 

 

to low oxygen microenvironments encountered within the hypoxic core of the TB granuloma, 

preserving a bacterial intracellular survival niche. To test this hypothesis, we investigated the 

response of macrophages to purified mycobactin and used in vitro macrophage infection models 

with mycobactin biosynthesis knockouts. Through this work, we demonstrate a mechanistic link 

between mycobactin mediated iron chelation and HIF-1α activation. 

 

3. Materials & Methods 

 

3.1. Bone Marrow Derived Macrophage (BMDM) Cell Culture 

 

Bone marrow was isolated from the femur of Strain 13 guinea pigs and CD1 mice and stock vials 

were maintained in liquid nitrogen. To differentiate guinea pig BMDMs, cells were maintained in 

complete RPMI (Sigma-Aldrich) (10% FBS (Atlas Biologicals), 1% antibiotic/antimycotic (Thermo 

Fischer)) with 20 ng/mL MCSF (Gemini) for seven days, changing media at day three. To 

differentiate CD1 mouse BMDMs, cells were maintained in media containing 30% L929 cell 

conditioned media, 20% FBS, and 1% antibiotic/antimycotic for seven days, changing media at 

day four. Post differentiation into BMDMs, cells were maintained in cRPMI + MCSF (guinea pig) 

or 5% L929 conditioned media, 10% FBS, 1% antibiotic/antimycotic (mouse). CD1 mouse cells 

were confirmed to express macrophage specific markers CD11b and F4/80 by flow cytometry. 

 

3.2.  Purification of Mycobactin J 

 

Iron saturated mycobactin J was purchased from Allied Monitor (Fayette, MO) in crude form. 

Purification was conducted by Michio Kuruso (University of Tennessee Health Science Center, 

Memphis, TN) using the following protocol. The lyophilized Fe3+-mycobactin J complex was 

reconstituted in CHCl3 and 4N HCl and the suspension was stirred for 30 minutes. The water 
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phase was separated and 4N HCL was added again. Another stir phase and removal of the water 

phase followed. This was repeated three additional times until a clear solution was obtained. The 

CHCl3 phase was dried over Na2SO4 and concentrated in a vacuum. Purification with SiO2 

(CHCl3:MeOH of 20:1) yielded iron free mycobactin J. Purity was determined by NMR 

spectroscopy. A crude preparation of 50 mgs of mycobactin J yielded 9.8 mg pure product post 

iron removal and purification. The iron binding capacity of iron free preparations were determined 

by the Ferrozine method with an iron binding capacity kit (Eagle Diagnostics, TX).  

 

3.3. Mycobactin Knock-Out Mtb Strains 

 

Parent H37RV, complemented, and knock-out of mycobactin synthase K (mbtK) strains of Mtb 

were obtained from Branch Moody (Brigham and Women’s, Boston, MA). Stock cultures were 

prepared in BD Difco™ 7H9 broth media (VWR) supplemented with either 50 µg/mL hygromycin 

B (Thermo Fisher) (complement) or 2 µg/mL mycobactin J (Allied Monitor) (knock-out) or without 

supplementation (parent H37Rv). Stock titers were determined using BD Difco™ 7H11 agar 

(VWR) quad plates supplemented in the same way as the 7H9 media described above.  

              

3.4. Extracellular Flux Analysis 

 

CD1 mouse BMDMs were pre-treated with either deferoxamine (DFO) (Sigma-Aldrich) or purified 

mycobactin J (MbtJ) for four hours. 100,000 cells per well were transferred to a plate compatible 

with the XFe24 Seahorse Extracellular Flux Analyzer. A combined mitochondrial-glycolysis stress 

test was performed, with the following injections: oligomycin (Millipore) (port A, 1 μM), FCCP 

(Cayman Chemical) (port B, 1.5 μM), rotenone (Sigma-Aldrich)/antimycin A (Sigma-Aldrich) (port 

C, 0.5 μM each), and 2DG (Cayman Chemical) (port D, 50 mM). Parameters were calculated 

based on the raw instrument data. For in vitro infections with mbtK knock-out, complement, and 
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parent H37Rv strains of Mtb, cells were plated at 75,000 cells per well into a plate compatible with 

the XF96 Seahorse Extracellular Flux Analyzer. Mtb strains were added to wells at an MOI of 1:1, 

5:1, or 10:1 and cells were incubated with bacteria for one hour prior to starting the extracellular 

flux assay. Measurements were taken consecutively over the course of eight hours, without any 

injections.  

 

3.5. Western Blot 

 

Guinea pig bone BMDMs and CD1 mouse BMDMs were pre-treated with deferoxamine or purified 

mycobactin J for six hours (guinea pig) or four hours (CD1 mouse). Protein was isolated from 

whole cell lysates using an immunoprecipitation buffer (1% Triton-X, 150 mM NaCl, 10 mM EDTA, 

10 mM Tris, 0.5% NP-40, pH 7.4). A Pierce BCA assay (Thermo Fischer) was conducted to 

quantify protein in samples and to normalize protein loaded onto gels. 15 µg of protein were 

loaded per well into a 4-12% Bis-Tris SDS PAGE gel (NuPage, Invitrogen). The gel was run at 

constant voltage for one hour, and then transferred for two hours onto a 0.45-micron PVDF 

membrane (GVS) at a constant mAmp. The membrane was blocked with 5% BSA, 0.05% Tween 

20 for one hour. Primary antibodies were incubated overnight in block buffer. TBS supplemented 

with Tween was used to wash blots for one hour prior to a two-hour incubation with secondary 

antibody. Blots were washed again for one hour prior to developing using a Pierce ECL 

chemiluminescence development kit (Thermo Fischer). Blots were imaged using an ImageQuant 

LAS 4000 and edited via Image J software. Antibodies were used against HIF-1α (Novus NB100-

105), or beta-actin as control (Invitrogen AM4302). 
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3.6. Data analysis  

 

Depending on the data set, a one-way or two-way ANOVA was used to determine differences 

between groups. P less than or equal to 0.05 was considered statistically significant. Tukey’s IQR 

method was used to identify any outliers prior to calculations. Nonparametric tests were used if 

normality or homoscedasticity were not achieved. Multiple comparison testing was conducted 

using Tukey, Sidak’s or Mann-Whitney multiple comparisons depending on the data analysis 

procedure. All statistical analysis was performed using GraphPad Prism version 8.3. 

 

4. Results 

4.1. Iron chelation increases HIF-1α levels and potently increases glycolytic metabolism in 

uninfected macrophages 

 

Bacterial iron chelators from Enterobacteriaceae have previously been shown to activate HIF-

1α,60 thus, we chose to investigate if mycobacterial chelators have a similar effect. CD1 mouse 

and guinea pig bone marrow BMDMs were treated with deferoxamine (DFO) or purified 

mycobactin J (MbtJ) and whole cell lysates analyzed for expression of HIF-1α via Western Blot 

(Figure 2.1). DFO is an iron chelator that is FDA approved for the treatment of iron overload 

disorders61–63  and served as a positive control for experiments. The MbtJ used was stripped of 

all iron to ensure maximum iron binding capacity. CD1 mouse BMDMs demonstrated 

concentration dependent increases in HIF-1α protein levels up to 100 µM (Figure 2.1A), and this 

effect was also observed in guinea pig BMDMs treated with DFO (Figure 2.1B). Significantly, MbtJ 

also demonstrated concentration dependent increases in HIF-1α in guinea pig BMDMs (Figure 

2.1B), and the impact of MbtJ on HIF-1α levels was more pronounced than comparable 

concentrations of DFO. This is in line with previous literature which indicates that MbtJ has a 

higher iron binding constant than DFO.72,73 
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Figure 2.1: Iron chelation stabilizes HIF-1α in a dose dependent manner in bone marrow 
derived macrophages. Bone marrow derived macrophages (BMDMs) of either A) CD1 mice or 
B) guinea pigs were treated with iron chelators deferoxamine (DFO) or mycobactin J (MbtJ) for 
four hours (A) or six hours (B). Western Blots on whole cell lysates demonstrated that HIF-1α 
protein levels increased in a concentration-dependent manner. MbtJ increases HIF-1α more than 
DFO at comparable concentrations in guinea pig BMDMs. Samples were normalized to protein 
concentration via BCA assay and representative images are shown.  
 

For future metabolic experiments, we moved forward using CD1 mouse BMDMs due to an 

increased yield upon differentiation and ease of access to commercial reagents for mouse versus 

guinea pig models. As activation of HIF-1α is known to upregulate glycolytic metabolism23–27, we 

next investigated the metabolic phenotype of uninfected CD1 mouse BMDMs treated with either 

DFO or MbtJ using a Seahorse Extracellular Flux Analyzer. CD1 mouse BMDMs were pre-treated 

with either DFO or MbtJ for four hours prior to performing extracellular flux analysis for both 

glycolytic and mitochondrial metabolic parameters (Figure 2.2). 
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Figure 2.2: Seahorse Extracellular Flux Analysis injection protocol for DFO and MbtJ 
experiments. Representative line graphs are presented for oxygen consumption rate (OCR) (A) 
and extracellular acidification rate (ECAR) (B) to illustrate the order of injected inhibitors. Line 
graphs for DFO treatments are pictured; however, injection protocols were the same for MbtJ 
experiments.  
 

DFO treatment significantly increased glycolytic metabolism of CD1 mouse BMDMs in a 

concentration dependent manner, as evidenced by an increase in basal extracellular acidification 

rate (ECAR) (Figure 2.3A) and a concurrent decrease in the oxygen consumption rate 

(OCR)/ECAR ratio (Figure 2.3B). The impact of DFO on glycolytic metabolism was further 

exemplified by increased glycolytic capacity (Figure 2.3C), maximum glycolysis (Figure 2.3D), 

and glycolytic reserve (Figure 2.3E). DFO had no significant impact on metabolic parameters 

related to oxidative metabolic function, including basal OCR (Figure 2.4A), ATP production 

(Figure 2.4B), mitochondrial spare capacity (Figure 2.4C), proton leak (Figure 2.4D), or maximum 

respiration (Figure 2.4E). This supported the hypothesis that iron chelation upregulates glycolytic 

metabolism in macrophages. 
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Figure 2.3: Iron chelation by DFO increases glycolytic metabolism of CD1 mouse BMDMs 
in a concentration dependent manner. CD1 mouse BMDMs were pre-treated with DFO for four 
hours and then assayed with a Seahorse Extracellular Flux Analyzer for glycolytic parameters. 
The basal extracellular acidification rate (ECAR) increased in a dose dependent manner (A). The 
basal ratio of oxygen consumption rate (OCR) to ECAR decreased in a dose dependent manner 
(B). Increased glycolytic metabolism is further indicated by concentration dependent increases in 
glycolytic capacity (C), maximum glycolysis (D), and glycolytic reserve (E). Overall, this supports 
the hypothesis that iron chelation increases glycolytic metabolism in macrophages. Data is 
presented as mean ± SEM. Analysis was conducted via a one-way ANOVA, accounting for 
unequal variance and non-normal distributions when needed. 3 biological replicates, n= 10 per 
group. * = p < 0.05, ** = p< 0.01, *** = p < 0.001, **** = p < 0.0001 
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Figure 2.4: Iron chelation by DFO does not significantly alter oxidative metabolic 
parameters. CD1 mouse BMDMs were pre-treated with DFO for four hours and then assayed 
with a Seahorse Extracellular Flux Analyzer for oxidative metabolic parameters. The basal OCR 
(A), ATP (B), spare capacity (C), proton leak (D), and maximum respiration (E) were not impacted 
by increased concentration of DFO treatment. This indicates that iron chelation does not 
significantly impact the oxidative metabolic function of mouse BMDMs. Data is presented as mean 
± SEM. Analysis was conducted via a one-way ANOVA, accounting for unequal variance and 
non-normal distributions when needed.  3 biological replicates, n= 10 per group. 
 

Similar effects were observed for MbtJ treatment. Concentration dependent increases in basal 

ECAR (Figure 2.5A) and concurrent decreases in OCR/ECAR ratio (Figure 2.5B) were observed 

post treatment, indicating a shift toward a glycolytic metabolic phenotype. This was further 

demonstrated through increases in glycolytic capacity  (Figure 2.5C) and maximum glycolysis 

(Figure 2.5D). Interestingly, an opposing trend was observed with the glycolytic reserve 

parameter. MbtJ treatment decreased the glycolytic reserve of CD1 mouse BMDMs (Figure 2.5E), 

which contrasted with the impact of DFO on the same parameter (Figure 2.3E). MbtJ was also 

100 times as potent as DFO with respect to glycolytic metabolic changes, as basal ECAR reached 

similar levels for DFO at 1000 µM that were achieved by MbtJ concentrations of 10 µM (Figure 

2.3A, Figure 2.5A). While basal OCR (Figure 2.6A)  and ATP production (Figure 2.6B) were not 
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significantly different between concentrations of MbtJ, there were some alterations in 

mitochondrial spare capacity (Figure 2.6C), proton leak (Figure 2.6D) and maximum respiration 

(Figure 2.6E). Those parameters increased at concentrations of 0.1 µM and then plateaued to a 

non-significant level. The higher iron binding capacity of MbtJ may play a role in its ability to 

interfere directly with mitochondrial metabolism, as iron chelators have been demonstrated to 

directly alter mitochondrial electron transport chain activity and mitochondrial membrane 

potential.74–77 In summary, these data demonstrate that mycobacterial iron chelators increase 

HIF-1α and upregulate downstream glycolytic metabolism in a concentration dependent manner.  

 

 

Figure 2.5: Iron chelation by MbtJ increases glycolytic metabolism of CD1 mouse BMDMs 
in a concentration dependent manner. CD1 mouse BMDMs were pre-treated with MbtJ for four 
hours and then assayed with a Seahorse Extracellular Flux Analyzer for glycolytic parameters. 
The basal extracellular acidification rate (ECAR) increased in a dose dependent manner (A). The 
basal ratio of oxygen consumption rate (OCR) to ECAR decreased in a dose dependent manner 
(B). Increased glycolytic metabolism is further indicated by concentration dependent increases in 
glycolytic capacity (C) and maximum glycolysis (D). However, MbtJ treatment at higher 
concentrations demonstrated a decrease in glycolytic reserve (E). Overall, this supports the 
hypothesis that iron chelation increases glycolytic metabolism in macrophages. Data is presented 
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as mean ± SEM. Analysis was conducted via a one-way ANOVA, accounting for unequal variance 
and non-normal distributions when needed.  3 biological replicates, n= 7-10 per group. * = p < 
0.05, ** = p< 0.01, *** = p < 0.001, **** = p < 0.0001 
 

 

Figure 2.6: Iron chelation by MbtJ minimally impacts oxidative metabolic parameters. CD1 
mouse BMDMs were pre-treated with MbtJ for four hours and then assayed with a Seahorse 
Extracellular Flux Analyzer for oxidative metabolic parameters. The basal OCR (A) and ATP 
production (B) levels were not significantly impacted by increasing MbtJ concentration. However, 
spare capacity (C), proton leak (D), and maximum respiration (E) all increased at the lowest MbtJ 
concentration, plateauing at higher concentrations. Data is presented as mean ± SEM. Analysis 
was conducted via a one-way ANOVA, accounting for unequal variance and non-normal 
distributions when needed. 3 biological replicates, n= 7-10 per group. ** = p< 0.01 
 
 

4.2.  Mycobactin biosynthesis is critical for augmenting metabolic phenotype in mouse 

BMDMs infected with Mtb 

 

To further investigate the hypothesis that Mtb drives changes in macrophage metabolism via its 

iron chelating siderophore, mycobactin, we used an Mtb strain with a knock-out of mycobactin 

synthase K (mbtK). The mbtK gene encodes an acyl transferase which is critical for creating a 

functional mycobactin molecule.66  CD1 mouse BMDMs were infected with either the mbtK knock-

out (KO), complemented (Comp), or wild-type H37Rv Mtb (WT). Cells were incubated with 
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bacteria for one hour prior to assaying via a Seahorse Extracellular Flux Analyzer. Measurements 

were taken over the course of an eight-hour time period to determine changes in glycolytic and 

oxidative metabolic function over time, and then normalized to baseline measurement readings.  

 

A significant reduction in oxidative metabolic function or OCR (%) was observed in WT Mtb 

infected CD1 mouse BMDMs as compared to those infected with the mbtK KO or complemented 

strains (Figure 2.7). Uninfected CD1 BMDMs maintained the highest rates of oxidative 

metabolism throughout the time course (Figure 2.7). The impact of different strains on oxidative 

cellular metabolism became more pronounced with increasing MOI and was most severe at an 

MOI of 10:1 (Figure 2.7C). The complemented strain exhibited oxidative metabolic changes that 

were more similar to the KO than the WT strain. These data indicate that CD1 mouse BMDMs 

infected with mycobactin producing Mtb are considerably less oxidative in their metabolic profile 

when compared to cells infected with a mbtK knock-out. Mycobactin is therefore critical to 

regulating macrophage metabolism during acute infection. 

 

The impact of mycobactin on host macrophage metabolism was further evaluated with an analysis 

of glycolytic metabolic function or ECAR (%) (Figure 2.8). CD1 mouse BMDMs infected with a 

mbtK KO strain of Mtb exhibited  minimal reductions in glycolytic metabolism over the 

experimental time course, when compared to cells infected with the complement or WT Mtb 

(Figure 2.8). The data trends remained similar across all MOIs but were not statistically significant 

(Figure 2.8). All cells regardless of infection status exhibited peak ECAR levels at 250 minutes 

post-assay start (Figure 2.8). The lack of more significant differences between ECAR values at 

higher MOIs may be a result of mouse BMDMs reaching peak activation status and their maximum 

glycolytic capacities at those higher MOIs. These data suggest that mycobactin biosynthesis may 

play a role in maintaining increased glycolytic metabolism during Mtb infection at acute time 

points. 
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Figure 2.7: CD1 mouse BMDMs infected with wild-type Mtb show significant reduction in 
oxidative metabolism when compared to those infected with a mycobactin knock-out. CD1 
mouse BMDMs infected with either wild-type Mtb H37Rv (WT), mycobactin K knock-out (KO), or 
complemented (Comp) were assayed on a Seahorse Extracellular Flux Analyzer for eight 
consecutive hours after a one-hour infection incubation. Measurements were baselined to the first 
reading and represented as a percent. Time points of 15, 250, and 500 minutes post-assay start 
are represented for an MOI of 1:1 (A), 5:1 (B), and 10:1 (C). WT Mtb infected cells show a 
decrease from baseline in percent oxidative consumption rate (OCR) over time, which becomes 
more severe with increasing MOI. BMDMs infected with mycobactin KO Mtb showcase increased 
oxidative metabolism compared to those infected with the WT, and this is maintained across 
increased MOI. Uninfected cells have the highest OCR. This indicates that mycobactin-producing 
strains of Mtb shift metabolism away from oxidative mechanisms. Data is presented as mean ± 
SEM. Analysis was conducted via a one-way ANOVA, accounting for unequal variance and non-
normal distributions when needed. 3 biological replicates, n ≥ 12. . * = p < 0.05, ** = p< 0.01, *** 
= p < 0.001, **** = p < 0.0001 
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Figure 2.8: CD1 mouse BMDMs infected with mycobactin knock-out Mtb exhibit a minimal 
reduction in glycolytic metabolism when compared to WT Mtb infected cells. CD1 mouse 
BMDMs infected with either wild-type Mtb H37Rv (WT), mycobactin K knock-out (KO), or 
complemented (Comp) were assayed on a Seahorse Extracellular Flux Analyzer for eight 
consecutive hours after a one-hour infection incubation. Measurements were baselined to the first 
reading and represented as a percent. Time points of 15, 250, and 500 minutes post-assay start 
are represented for an MOI of 1:1 (A), 5:1 (B), and 10:1 (C). WT Mtb infected cells exhibit 
minimally increased levels of glycolytic metabolism, as represented by percent extracellular 
acidification rate (ECAR) over time. Mycobactin KO Mtb infected BMDMs have a minimal 
reduction in glycolytic metabolism compared to other groups. No statistical differences between 
groups are observed in any MOI.  Data is presented as mean ± SEM. Analysis was conducted 
via a one-way ANOVA, accounting for unequal variance and non-normal distributions when 
needed. 3 biological replicates, n ≥ 12. 

 

To further capture the metabolic phenotype of BMDMs infected with these varied strains of Mtb, 

we calculated the OCR/ECAR ratio of cells throughout the experimental time course (Figure 2.9). 

Uninfected cells had the highest OCR/ECAR ratio at the start of the extracellular flux assay, 

indicating that the hour exposure to Mtb prior to the assay start significantly increased glycolytic 

metabolism in these cells. The stratification of metabolic phenotype of CD1 mouse BMDMs 

infected with either mbtK KO, complement, or WT strains of Mtb was most pronounced at late 

time points of the assay, and became more pronounced with increasing MOI (Figure 2.9). We 
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demonstrated that the mean OCR/ECAR ratio is highest in CD1 mouse BMDMs infected with 

mbtK KO Mtb, lowest with WT Mtb, and an intermediate level with complement Mtb, which was 

statistically significant at an MOI of 5:1 (Figure 2.9B). A lower OCR/ECAR ratio is indicative of a 

more glycolytic metabolic phenotype. Therefore, intact mycobactin is critical for regulating a 

glycolytic metabolic phenotype in CD1 mouse BMDMS, and without this iron chelating 

siderophore, infected BMDMs have a more oxidative phenotype. These data, in summary, further 

support the hypothesis that mycobactin drives metabolic changes in infected macrophages 

through its iron chelating ability.  

 

 

Figure 2.9: Impact of mycobactin knock-out Mtb on CD1 mouse BMDM metabolic 
phenotype occurs at late time points post-infection. CD1 mouse BMDMs infected with either 
wild-type Mtb H37Rv (WT), mycobactin K knock-out (KO), or complemented (Comp) were 
assayed on a Seahorse Extracellular Flux Analyzer for eight consecutive hours after a one-hour 
infection incubation. Mean ratio of OCR/ECAR was plotted for time points of 15, 250, and 500 
minutes post-assay, for an MOI of 1:1 (A), 5:1 (B), and 10:1 (C). Uninfected cells have a much 
higher OCR/ECAR ratio at 15 minutes. Additionally, at late time point of 500 minutes, stratification 
of metabolic phenotype becomes more pronounced between the different infection conditions, 
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with WT and Comp Mtb infected cells having a lower OCR/ECAR ratio than the KO infected cells. 
This further supports the hypothesis that mycobactin is necessary for Mtb to mount a glycolytic 
shift in macrophage metabolism. Data is presented as mean ± SEM. Analysis was conducted via 
a one-way ANOVA, accounting for unequal variance and non-normal distributions when needed. 
3 biological replicates, n ≥ 12. . * = p < 0.05 
 
 
5. Discussion 

 

The research presented herein demonstrates that the Mtb siderophore mycobactin plays a clear 

role in augmenting macrophage metabolism during early infection, via increased HIF-1α 

expression and increased glycolytic metabolism (Figure 2.10). We provide the first line of 

evidence that a pathogen-driven, hypoxia-independent mechanism of HIF-1α activation is 

responsible for early observed metabolic shifts during in vitro Mtb infection.  

 

 

Figure 2.10: Hypoxia-independent activation of HIF-1α by mycobactin drives glycolysis 
during early Mtb infection. Mycobactin produced by Mtb potently chelates iron (1). Lack of 
available iron cofactors leads to the inhibition of PHD enzymes (2) and subsequent accumulation 
of HIF-1α within the macrophage (3). Accumulated HIF-1α can translocate to the cell nucleus, 
where it dimerizes with the HIF-1β subunit, driving the transcription of genes involved in glycolytic 
metabolism, increasing glycolysis (4).  
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We demonstrated that MbtJ increased HIF-1α protein levels via Western Blot in a concentration 

dependent manner and incited a stronger increase than the control DFO (Figure 2.1). However, 

some HIF-1α expression was observed in uninfected macrophages without iron chelation 

treatment (Figure 2.1). It is possible that cell culture conditions, such as those for the CD1 

macrophages which included conditioned media, have pre-existing factors which stabilize HIF-

1α, such as protein kinase A activity,78,79 specific cytokines such as IL-138,39 and metabolites such 

as lactate and succinate43–45. Iron chelation is just one mechanism by which HIF-1α is activated 

in a hypoxia-independent manner. While these were not the focus of the project described herein, 

complex pathogenesis and cell-cell interactions during Mtb infection do not rule out these 

pathways in the activation and stabilization of HIF-1α early and throughout the chronic infectious 

disease process. 

 

Additionally, although unstable HIF-1α is rapidly degraded within the cytoplasm, active HIF-1α is 

localized within nuclear fractions. Due to difficulties in obtaining significant protein yield with 

nuclear fractionation protocols, whole cell lysates were analyzed instead. Inactive HIF-1α 

fragments may have been captured via Western Blot from cytosolic compartments included when 

cells were lysed. Exploring more fractionation techniques and improving yield would help to 

reduce this background result. An additional, critical future step includes infecting macrophages 

with the mbtK knock-out, complement, and parent H37Rv Mtb strains and probing cell lysates for 

HIF-1α post-infection. We predict that the macrophages infected with the mycobactin knock-out 

strain of Mtb would exhibit little to no HIF-1α, based on results obtained in similar studies.60 

Additionally, mechanism of action could be further elucidated via the use of commercially 

available antibodies against prolyl-hydroxylated HIF-1α, as PHD enzymes are inhibited via iron 

chelation, and as a result there would be a reduction in prolyl-hydroxylated HIF-1α with iron 

chelation treatment.  
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MbtJ was 100 times more potent than DFO with respect to increases in glycolytic metabolism, as 

a similar magnitude increase in basal ECAR was observed for 1000 μM DFO as it was for 10 μM 

MbtJ (Figure 2.3A, Figure 2.5A). DFO is derived from the soil bacterium Streptomyses pilosus.61–

63 It would follow that a chelator produced by an intracellular bacterial species, like Mtb, which 

must compete with already limited iron in the host environment, would produce siderophores with 

much greater iron binding capacity.64–69 The relative iron binding capability of a ligand is compared 

via the pM scale, which is defined as -log[Fe3+] at fixed concentrations of metal and ligand and 

pH 7.4.72,73 Recent estimates indicate that the pM value of MbtJ is 39.7, compared to a pM of 26.6 

for DFO.72 Although MbtJ is produced by Mycobacterium avium subspecies paratuberculosis, it 

shares structural similarity to mycobactin T produced by Mtb and is commercially available in 

larger quantities.80 Further experiments with mycobactin T would be important for validating the 

hypotheses proposed.  

 

Although both iron chelators, the metabolic response of macrophages exposed to DFO versus 

MbtJ exhibited some notable differences. MbtJ caused significant increases in mitochondrial 

spare capacity, proton leak, and maximum respiration at a concentration of 0.1μM, with these 

effects plateauing at higher concentrations (Figure 2.6), while these parameters were not 

modulated with DFO treatment (Figure 2.4). This may be due to the fact that DFO is poorly cell 

permeable, and must be conjugated to other peptide sequences in order to penetrate the 

mitochondria and chelate mitochondrial iron stores.81 MbtJ, in contrast, is lipid soluble and 

interacts with membranes.72 Additionally, differences in function may be due to structural 

differences between DFO and MbtJ. DFO is a hydroxamate-type siderophore, forming five-

membered chelate rings, while MbtJ is a mixed-type siderophore containing multiple moiety types, 

including oxazoline rings.73 These structural differences may result in functional differences.  
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It is important to note that basal OCR and ATP production were not impacted for either DFO or 

MbtJ treatments (Figure 2.4, Figure 2.6). Calculations of ATP production were made using 

Seahorse instrument data and were not a direct ATP measurement. Additional assays which 

provide a quantification of ATP would help determine the impact of increasing glycolysis by iron 

chelation on total cellular ATP production. Further, iron chelation has been demonstrated to 

impact mitochondrial electron transport chain activity directly, mitochondrial membrane activity, 

and impact SDH activity.74–77 Iron is also a key component of mitochondrial health, contributing to 

structures such as iron-sulfur clusters.82,83 Therefore, a chelator like MbtJ with very high iron 

binding capability may have direct mitochondrial metabolic impacts independent of HIF-1α and 

glycolytic changes. Additionally, HIF-1α also plays a role in decreasing mitochondrial metabolism 

through its upregulation of PDK, which prevents the formation of acetyl-CoA from pyruvate by 

inhibiting pyruvate dehydrogenase.84 PDK expression could be analyzed to provide additional 

mechanistic insight.  

 

Interestingly, while DFO increases the glycolytic reserve of cells exposed, MbtJ decreases this 

parameter in a concentration dependent manner (Figure 2.3E, Figure 2.5E). Glycolytic reserve is 

a measure of the capacity of a cell to respond to glycolytic stress, and the ability of the cell to tap 

into reserve energy stores.  It is possible that the higher iron binding capability of MbtJ causes 

cells to reach their maximum glycolytic capability earlier and thus depletes the reserve and makes 

it more difficult for cells to respond to stress. Previously mentioned structural differences between 

DFO and MbtJ may also have contributed to this observed phenomenon. Although no toxic effects 

were observed microscopically, additional evaluation of the impact of MbtJ on cell survival, 

glycolytic function, and mitochondrial health are warranted to further investigate this parameter, 

including cytochrome C and SDH activity. 
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Mbt K knock-out infected CD1 mouse BMDMs demonstrated minimally reduced glycolysis and 

increased oxidative metabolism within our in vitro experimental study (Figure 2.7, Figure 2.8). 

While impacts on oxidative metabolism of the knock-out versus wild-type Mtb strains become 

increasingly severe with increased MOI, the impacts on glycolytic metabolism were less 

pronounced overall (Figure 2.7, Figure 2.8). The complemented strain was more similar to the KO 

than the WT with respect to metabolic changes. This could be due to poor complementation, or 

poor uptake of the complement strain by macrophages. Validation of equivalent bacterial uptake 

would be warranted in future experiments.  It is also possible that the high MOIs of 5:1 and 10:1 

cause the cells to reach a maximum level of glycolytic function and there is no room for the cells 

to become more glycolytically active and glycolytic reserves are depleted. Additionally, this assay 

did not investigate the potential adverse impacts on mitochondrial metabolism of high MOI. Mtb 

infection had a much greater impact on oxidative metabolic function than that of purified iron 

chelators, indicating the important impact of bacterial infection in and of itself on mitochondrial 

function. Due to the nature of the BSL3 environment in which these experiments were conducted, 

the ability to observe cell viability post eight-hour time course, such as by Calcein AM, was not 

possible. Experimental approaches which incorporate cell viability and mitochondrial health 

parameters post-assay would be ideal in the future to ensure the significant drop in mitochondrial 

metabolism is not a result of poor cell health at high MOI.  

 

Additionally, limitations of the Seahorse instrument made it risky to conduct measurements past 

a 500-minute time point, despite that being the time when metabolic phenotype stratifications 

became most pronounced (Figure 2.9). Pre-incubating with bacteria for longer periods prior to 

extracellular flux analysis could mitigate this hurdle in future studies. Uninfected CD1 

macrophages appear to follow a similar metabolic trajectory to some of the infected cell groups 

for glycolytic parameters over the course of the eight-hour Seahorse experimental assay (Figure 

2.7). It is possible that these macrophages are already primed into an M1-type phenotype due 
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the use of L929 conditioned media to maintain culture viability and health throughout the assay. 

Validation of these experiments with another cell type that does not have these culture 

requirements, such as guinea pig BMDMs, would be an ideal way to increase confidence in these 

results. 

 

Lastly, our choice to use the CD1 mouse model instead of other commonly used mouse models 

came from the fact that CD1 mice are outbred, and therefore would more closely represent a 

heterogeneous population of individuals and be more translatable to human disease. This comes 

in addition to the ease of obtaining reagents compatible with mouse models. However, it is 

important to note that many mouse models do not develop hypoxic granuloma lesions.85  We 

argue that despite this, early infection models such as ours are prior to the formation of lesion 

hypoxia in the first place, and thus HIF-1α would be active via hypoxia-independent mechanisms. 

Future, important work would take experiments in vivo within the CD1 mouse to explore the impact 

of mycobactin on HIF-1α expression via IHC as well as the impact on lung macrophage 

metabolism, via extracellular flux analysis on isolated macrophages. Investigating these 

parameters at early time points, prior to normal 30-day post infection necropsy time points, would 

provide novel insight into the early stages of granuloma formation and TB pathogenesis that have 

not yet been explored. Investigating the role of mycobactin in vivo during early Mtb infection will 

be critical to the translatability of our in vitro findings. Additionally, mycobactin K is an acyl 

transferase, but other mycobactin synthesis gene loci exist.67–69 Analysis of mutant Mtb strains 

which knock out multiple steps of the mycobactin biosynthetic pathway would further support our 

hypotheses and would complement the results presented. In a similar vein, Mtb has a very 

complex iron acquisition machinery, and it would be interesting to note if other aspects of this 

pathway including, carboxymycobactin, Mmps, HupB, IrtAB, BrfA, and BrfB play a role in 

augmenting macrophage metabolism in the same manner.64  
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Ultimately, Mtb has developed complex ways in which it drives changes in the developing 

granuloma microenvironment, priming host cells to respond to and sustain an infection and 

preparing cells to be able to survive in environments of hypoxia that will develop during chronic 

TB. In this way, Mtb promotes its own survival and drives modulations in host immune cell 

metabolism. A better understanding of the interactions which occur at the host-pathogen interface 

during Mtb infection will assist in the development of novel therapeutic strategies.  
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CHAPTER 3: INVESTIGATING THE ROLE OF A LACTATE SHUTTLE WITHIN THE 
TUBERCULOSIS GRANULOMA MICROENVIRONEMNT 

 
 
 

1. Summary 

 

Lactate, while long considered an inert byproduct of glycolysis, plays a diverse role as a 

metabolite and as a signaling molecule in many disease processes. Within the tumor 

microenvironment, a metabolic symbiosis exists between highly glycolytic, hypoxic cells and more 

oxidative, normoxic cells. Glycolytic cells in this environment uptake glucose, convert it to lactate 

via lactate dehydrogenase A (LDHA) and export it in large quantities via monocarboxylate 

transporter 4 (MCT4). Normoxic cells, to preserve glucose for cells which depend on glucose as 

an energy source, import lactate via monocarboxylate transporter 1 (MCT1) and convert it back 

to pyruvate through lactate dehydrogenase B (LDHB) activity. These normoxic cells then 

preferentially use lactate-derived pyruvate to fuel mitochondrial respiration. This lactate shuttle 

has been demonstrated to be critical in regulating carcinogenesis. However, it has not been 

explored in the context of similar infectious disease microenvironments, such as those that 

develop within the tuberculosis (TB) granuloma. Based on this, we explored the role of a lactate 

shuttle in Mycobacterium tuberculosis (Mtb) infection, using both archived guinea pig plasma and 

granuloma samples and in vitro CD1 mouse bone marrow derived macrophage (BMDM) infection 

models using the LDHA inhibitor sodium oxamate and the MCT1 inhibitor α-Cyano-4-

hydroxycinnamic acid (α-CHC). We demonstrated that lactate levels increase during Mtb infection 

both in vivo and in vitro and that lactate shuttle components are present within primary guinea pig 

lung lesions. Additionally, inhibition of the lactate shuttle with sodium oxamate significantly blocks 

glycolytic metabolism in uninfected macrophages and decreases mitochondrial spare capacity. 

Further, lactate shuttle inhibition reduced the amount of lactate accumulated during in vitro Mtb 

infection; however, inhibitor treatment had minimal impact on bacterial CFUs. Ultimately, the 
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research herein provides critical proof of concept pointing to a role of a lactate shuttle in 

modulating Mtb infection and metabolic dynamics within the granuloma microenvironment. A 

better understanding of the impacts of lactate production, utilization, and signaling within the TB 

granuloma could lead to novel pathway targets for host-directed therapeutic strategies.  

 

2. Introduction  

 

The metabolic pathway of glycolysis is a complex sequence of reactions that has been well-

characterized and studied for decades.1 Glycolysis can end with the production of pyruvate, which 

is subsequently converted into intermediates to fuel the citric acid cycle (TCA cycle) and 

mitochondrial respiration. In addition, via fermentative or aerobic glycolysis, pyruvate can be 

converted into lactate, which assists the cell in maintaining energetics through regeneration of 

NAD+.2 For a long time, lactate was considered to be an inert byproduct of anaerobic glycolytic 

metabolism. However, the field of cancer biology and immunometabolism has shifted this 

paradigm in recent years.3,4 Lactate is recognized as a key metabolic intermediate involved in a 

multitude of processes including angiogenesis, tumor invasion, metastasis, pH homeostasis, 

immune evasion, maintenance of energetic self-sufficiency, and signaling through G-protein 

coupled receptor 81 present in diverse organs in the body.4–10 Recent research aims to determine 

ways in which lactate signaling and metabolism contributes to disease pathogenesis and 

progression across different systems. 

 

In the cancer field, lactate has been demonstrated to be directly metabolized and incorporated 

into the TCA cycle, at times preferred to glucose as a metabolic substrate.11,12 Additionally, 

populations of cells within the tumor microenvironment have differential metabolic phenotypes, 

with varied propensity for glycolysis, lactate transport, or lactate production13,14 Specifically, highly 

glycolytic, hypoxic cells in the center of the tumor microenvironment preferentially uptake glucose, 
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convert it into lactate via lactate dehydrogenase A (LDHA), and export large amounts of lactate 

via monocarboxylate transporter 4 (MCT4)13,14 LDHA and MCT4 have been shown to be under 

transcriptional regulation by hypoxia inducible factor 1- α (HIF-1α), an important transcription 

factor involved in the host adaptation to hypoxia.15–18 Normoxic tumor cells closer to the lesion 

periphery and with access to blood supply preserve glucose for hypoxic cells and instead, import 

large amounts of lactate via monocarboxylate transporter 1 (MCT1) and convert the lactate back 

into pyruvate, via lactate dehydrogenase B (LDHB), to use as a metabolic fuel for the TCA cycle. 

13,14  These hypoxic and normoxic cells thus work together to preserve energetics during tumor 

development, contributing to pathogenesis.  

 

These so called lactate shuttles have been described in other tissue systems, such as between 

fast twitch and slow twitch muscle fibers and between astrocytes, oligodendrocytes, and neurons 

in the central nervous system.3,19–28 The important role that lactate shuttles play in both health and 

disease has led researchers to explore the potential for inhibiting this lactate shuttle as a 

therapeutic strategy. In the context of cancer, multiple researchers have demonstrated significant 

tumor volume reduction with MCT1 inhibition using α-Cyano-4-hydroxycinnamic acid (α-CHC) and 

other targeted inhibitors, as well as with LDH inhibition using sodium oxamate and FX-11.29–37 

Use of these inhibitors can create a form of synthetic lethality in cancer cells, and has been 

demonstrated to selectively kill hypoxic tumor cells.13,35  

 

Interestingly, the tuberculosis (TB) granuloma microenvironment and the tumor lesion 

microenvironment share many similarities. Both have oxygen tension gradients resulting in 

hypoxic central regions and more oxidative peripheral regions near blood vessels, which creates 

spatial gradients of cellular metabolism and inflammation.38–40 Additionally, metabolic changes 

characteristic of a switch to glycolysis or the Warburg Effect are demonstrated within TB infected 

macrophages as well as within tumor cells.41–49 Guinea pig granuloma lesions have also been 
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demonstrated to accumulate large quantities of lactate, to mM levels seen within tumors.50,51 

Further, Mycobacterium tuberculosis (Mtb), the causative agent of TB, has been shown to oxidize 

lactate as an energy source and requires the ability to metabolize lactate to survive 

intracellularly.52 Most recently, inhibition of LDH via the inhibitor FX-11 was demonstrated to limit 

bacterial growth, decrease the number of necrotic lesions, and potentiate isoniazid treatment in 

mouse models of Mtb infection.53  

 

Based on these similarities, we hypothesized that a lactate shuttle may occur between cells within 

the hypoxic core of the TB granuloma and normoxic cells present at the lesion periphery or in 

adjacent, uninvolved lung tissues (Figure 3.1). We investigated the lesion microenvironment by 

probing for LDHA, LDHB, MCT1, MCT4 and comparing protein localization with HIF-1α 

expression to determine if enzymes and transporters involved in the lactate shuttle are present in 

TB granulomas. In addition, we utilized commercial inhibitors of LDHA and MCT1 to block 

shuttling of lactate through this pathway to determine the impact this shuttle has on TB disease 

outcome and bacterial viability. We successfully demonstrate proof of concept that a lactate 

shuttle is present within the context of the TB granuloma and that the use of lactate as a metabolic 

substrate is important for TB disease progression.  
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Figure 3.1: Inhibiting the lactate shuttle within the TB granuloma microenvironment may 
be an alternative host-directed therapeutic strategy. Within the context of the TB granuloma, 
a gradient of glucose and oxygen exists. Central regions of the granuloma, further away from 
blood vessel nutrient supplies, are hypoxic and have lower glucose. Hypoxic cells rely heavily on 
glucose uptake and processing through the glycolytic metabolic pathway, turning glucose into 
lactate via lactate dehydrogenase A (LDHA) enzyme activity. This lactate is exported through 
monocarboxylate transporter 4 (MCT4). To preserve glucose for hypoxic, highly glycolytic cells, 
the normoxic cells closer to the periphery of the granuloma import lactate via monocarboxylate 
transporter 1 (MCT) and enzymatically convert lactate back into pyruvate via lactate 
dehydrogenase B (LDHB). This lactate–derived pyruvate can then be shuttled into the 
mitochondria to fuel oxidative respiration. This creates a symbiotic metabolic relationship between 
hypoxic and normoxic cells within the granuloma microenvironment. Inhibition of this shuttle either 
through sodium oxamate or α-Cyano-4-hydroxycinnamic acid (α-CHC) are viable ways to disrupt 
the metabolic synergy that maintains cellular survival niches for Mtb. Targeting this shuttle is an 
unexplored host-directed therapeutic strategy for TB. 
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3. Materials & Methods 

 

3.1. Bone Marrow Derived Macrophage (BMDM) Cell Culture 

 

Bone marrow was isolated from the femur of CD1 mice and stock vials were maintained in liquid 

nitrogen. To differentiate CD1 mouse BMDMs, cells were maintained in media containing 30% 

L929 cell conditioned media, 20% FBS (Atlas Biologicals), and 1% antibiotic/antimycotic (Thermo 

Fischer) for seven days, changing media at day four. Post differentiation into BMDMs, cells were 

maintained in 5% L929 conditioned media, 10% FBS, 1% antibiotic/antimycotic. CD1 mouse cells 

were confirmed to express macrophage specific markers CD11b and F4/80 by flow cytometry. 

 

3.2. Extracellular Flux Analysis  

 

CD1 mouse BMDMs were harvested and plated at 100,000 cells per well in a plate compatible 

with the XFe24 Seahorse Extracellular Flux Analyzer. Basal readings were obtained, and then 

treatments were injected via port A. Treatments included 40 mM sodium oxamate (NaOx) (Sigma-

Aldrich), 0.125 mM α-Cyano-4-hydroxycinnamic acid (α-CHC) (Sigma-Aldrich), 0.1% methanol as 

a control for α-CHC, or no treatment. A combined mitochondrial-glycolysis stress test was then 

performed, with the following injections: oligomycin (Millipore) (port B, 1 μM), FCCP (Cayman 

Chemical) (port C, 1.5 μM), rotenone (Sigma-Aldrich)/antimycin A (Sigma-Aldrich)/2DG (Cayman 

Chemical) (port D, 0.5 μM/ 0.5 μM/ 50 mM). Glycolytic and mitochondrial metabolic parameters 

were calculated from the raw instrument data.  
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3.3. In vitro infection with H37Rv Mtb 

 

CD1 mouse BMDMs were seeded into 96 well plates at 50,000 cells per well. Cells were exposed 

to H37Rv Mtb at an MOI of 5:1 for one hour, and then treatments were added. Treatments 

included 40 mM sodium oxamate (NaOx) (Sigma-Aldrich), 0.125 mM α-Cyano-4-hydroxycinnamic 

acid (α-CHC) (Sigma-Aldrich), 0.1% methanol as a control for α-CHC, or no treatment. Uninfected 

cells and bacteria alone were also included as groups and received treatments. Infections were 

maintained for 48 hours before downstream assays were conducted.  

 

3.4. Bacterial Burden/CFUs 

 

To determine bacterial CFUs from in vitro infection experiments, infected cells were washed with 

PBS and then lysed with Triton X. Cell lysates were serially diluted in PBS and plated on BD 

Difco™ 7H11 agar (VWR) agar. Wells with bacteria alone were plated directly. After a 3-6-week 

incubation at 37℃, colony-forming units were counted and recorded.  

 

3.5. Cell viability 

 

To detect cell viability, an MTT assay protocol was used per manufacturer instructions (Thermo 

Fischer). Briefly, supernatants were removed from infected and uninfected wells and fresh media 

added. Cells were incubated with MTT for four hours at 37C. 50μL of DMSO were added to each 

well and incubated for 10 minutes at 37C before the plate was read at 540 nm on a Biotek plate 

reader. 
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3.6. Guinea pig infection with H37Rv Mtb 

 

Dunkin Hartley guinea pigs were infected with an aerosol dose of 20-50 CFU of H37Rv Mtb. Mock-

treated guinea pigs received OraSweet by mouth at times of treatment for other groups. Metformin 

(Sigma-Aldrich) treated guinea pigs received metformin dissolved in OraSweet once per day for 

four weeks prior to infection. BCG vaccination was given intradermally at a dose of 1 x 105 CFU 

six weeks prior to infection. For animals that received both BCG vaccination and metformin, 

animals were vaccinated 6 weeks prior to infection, and metformin treatment was started 4 weeks 

prior to infection. Guinea pigs were necropsied at days 30, 60, and 90, and plasma was frozen at 

-80 C from necropsied animals.  

 

3.7. Detection of lactate  

 

An L-Lactate Assay Kit (Eton Biosciences) was used per manufacturer’s instructions. Briefly, cell 

supernatant or guinea pig plasma samples were diluted to the limit of detection. Samples were 

incubated with assay medium for 30 minutes prior to reading the plate at wavelength 490 nm 

using a Biotek plate reader with colorimetric assay settings.   

 

3.8. Western Blot 

 

Protein samples previously extracted from isolated guinea pig lung granuloma lesions at day 30 

post infection were analyzed for protein quantity via a Pierce BCA assay (Thermo Fischer) and 

then prepared in sample buffer. 15 µg of protein were loaded per well into a 4-12% Bis-Tris SDS 

PAGE gel (NuPage, Invitrogen). The gel was run at constant voltage for one hour, and then 

transferred for two hours onto a 0.45-micron PVDF membrane (GVS) at a constant mAmp. The 

membrane was blocked with 5% BSA, 0.05% Tween 20 for one hour. Primary antibodies were 
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incubated overnight in block buffer. TBS supplemented with Tween was used to wash blots for 

one hour prior to a two-hour incubation with secondary antibody. Blots were washed again for 

one hour prior to developing using a Pierce ECL chemiluminescence development kit (Thermo 

Fischer). Blots were imaged using an ImageQuant LAS 4000 and edited via Image J software. 

Antibodies were used against MCT1 (Santa Cruz Biotech sc-365501), MCT4, (Santa Cruz Biotech 

sc-376140), and LDHB (Novus H00003945-M01) or beta-actin as control (Invitrogen AM4302). 

 

3.9. Data analysis  

 

Depending on the data set, one-way or two-way ANOVA was used to determine differences 

between groups. P less than or equal to 0.05 was considered statistically significant. Tukey’s IQR 

method was used to identify any outliers prior to calculations. Nonparametric tests were used if 

normality or homoscedasticity were not achieved. Multiple comparison testing was conducted 

using Tukey, Sidak’s or Mann-Whitney multiple comparisons depending on the data analysis 

procedure. All statistical analysis was performed using GraphPad Prism version 8.3. 

 

4. Results 

4.1. Plasma lactate is increased in infected guinea pigs and lactate shuttle components 

are present within lung lesions 

 

Since lactate levels are known to be elevated within the TB granuloma,50,51 we wanted to 

investigate the systemic levels of lactate within infected animals. Using archived samples, we 

evaluated the concentration of lactate present in the plasma of guinea pigs infected with Mtb at 

day 30, 60, or 90 post infection (Figure 3.2). Additionally, we evaluated whether interventional 

strategies, such as BCG vaccination or metformin treatment, or a combination of the two would 

restore plasma lactate levels to those of uninfected animals. Metformin is a weak mitochondrial 
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complex I inhibitor that is currently the frontline treatment for individuals with type 2 diabetes 

mellitus (T2DM), regulating systemic glucose levels.54 BCG is the current vaccine available 

against Mtb but is only used widely in highly endemic regions to prevent disseminated forms of 

TB and is not protective against adult pulmonary infections.55 Both BCG vaccination and 

metformin treatment are being investigated in our laboratory with respect to their ability to 

augment metabolic dynamics on both systemic and cellular levels.   

 

Guinea pig plasma lactate levels are highly elevated above those of uninfected animals during 

Mtb infection without treatment and remain elevated throughout the progressive disease time 

course (Figure 3.2A). While not significantly elevated at day 30 of infection, guinea pigs with 

metformin treatment develop progressively increased levels of plasma lactate over the course of 

infection, rising to levels that are significantly above those of uninfected animals (Figure 3.2B). 

BCG vaccination induces a peak plasma lactate level at day 60 post infection, with a significant 

reduction in lactate levels by day 90, which are no longer significantly elevated from uninfected 

animals (Figure 3.2C). Interestingly, the combination of BCG vaccination and metformin treatment 

maintains plasma lactate levels at those that are comparable to uninfected animals for all but the 

day 60 time point (Figure 3.2D). These data demonstrate that guinea pigs infected with Mtb exhibit 

high plasma lactate levels and those high levels can be mitigated through interventional strategies 

such as vaccination or host-directed therapy. Thus, lactate levels may serve as a prognostic 

marker for disease severity.  
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Figure 3.2: Mtb infected guinea pigs demonstrate increased plasma lactate levels, which 
can be reduced with specific intervention strategies.  Guinea pig plasma lactate levels were 
detected via a colorimetric assay kit. Samples were taken across three time points, day 30, day 
60, and day 90 post infection and for four treatment groups: mock treated (A), metformin treated 
(B), BCG vaccinated (C), or a combination treatment of BCG vaccination and metformin treatment 
(BCG/Met) (D). Uninfected samples were compared as a control. These data demonstrate that 
interventional strategies such as vaccination and combined vaccination/host-directed therapy can 
reduce plasma high plasma lactate levels in infected guinea pigs. N = 20 (uninfected), n =6-12 
(all other groups). Data is presented as mean ± SEM. Analysis was conducted via a one-way 
ANOVA, accounting for unequal variance and non-normal distributions when needed.  * = p < 
0.05, ** = p< 0.01, *** = p < 0.001, **** = p < 0.0001 
 
 
As the lactate shuttle has never been explored within the context of the TB granuloma, we next 

aimed to determine if components of the shuttle are present within primary lung lesions. Both 

guinea pigs had detectable levels of MCT1, MCT4, and LDHB, demonstrating proof of concept 

that this shuttle could be functional within the lesion microenvironment (Figure 3.3). Varied 

expression of LDHB between the two individual guinea pigs indicates that there may be 
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heterogeneous expression of these targets between individuals. Difficulty with antibody reactivity 

against guinea pig tissue samples prevented us from successfully detecting LDHA or HIF-1α via 

Western Blot and prevented detection of any target in IHC applications. In summary, these data 

provide proof of concept of the role of lactate and lactate shuttles during in vivo Mtb infection.  

 

 

Figure 3.3: Guinea pig primary lung granuloma lesions contain proteins involved in the 
lactate shuttle. Granulomas were isolated from two individual guinea pigs at day 30 post infection 
and protein extracted. Sample protein levels were normalized before running Western Blots to 
detect MCT1, MCT4, and LDHB. The left and right columns represent the same two animals. 
Beta-actin is presented as a loading control. This demonstrates proof of concept and confirms 
presence of lactate shuttle components within the TB granuloma lesion in vivo. 
 

 

4.2. LDH and MCT inhibition significantly impacts the metabolism of uninfected murine 

macrophages 

 

To circumvent any additional issues with antibody reactivity or cellular differentiation yield in vitro, 

we chose to conduct all further experiments within the CD1 mouse model. To characterize the 

impact of inhibiting the lactate shuttle on CD1 mouse BMDM metabolism, we evaluated sodium 

oxamate (NaOx), an LDHA inhibitor, and α-Cyano-4-hydroxycinnamic acid (α-CHC), an MCT1 

inhibitor, within uninfected macrophages using Seahorse Extracellular Flux Analyzer 

experiments. 0.1% methanol was used as a control for  α-CHC, as it had to be dissolved in 

methanol to achieve appropriate solubility. Untreated macrophages were also used as a control 
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group. We used the Seahorse instrument’s unique ability to customize injection protocols to inject 

inhibitors after basal readings were measured, and then proceeded with a mitochondrial-

glycolysis stress test to determine impact on glycolysis and oxidative metabolism (Figure 3.4). 

Pre-treatment ECAR readings were not significantly different between groups (Figure 3.5A).  

 

Figure 3.4: Seahorse Extracellular Flux Analysis injection protocol for LDH and MCT 
inhibition experiments. Representative line graphs are presented for oxygen consumption rate 
(OCR) (A) and extracellular acidification rate (ECAR) (B) to illustrate the order of injected 
inhibitors. The first instrument port was used to inject the desired treatment: NaOx, aCHC, 0.1% 
methanol, or no treatment.  
 

The basal extracellular acidification rate (ECAR) post-treatment with NaOx was significantly 

decreased as compared to untreated cells, indicating that LDHA inhibition blocked glycolytic 

metabolism (Figure 3.5B). MCT1 inhibition via  α-CHC significantly decreased basal ECAR when 

compared to 0.1% methanol control; however, the decrease in basal ECAR was not  statistically 

significant when compared to the untreated group (Figure 3.5B). Disrupted glycolytic metabolism 

as a result of NaOx treatment was further exemplified by a decrease in glycolytic capacity, which 

was significantly less than all other treatment groups (Figure 3.5C). The ratio of oxygen 

consumption rate (OCR) to ECAR was significantly elevated in NaOx treated cells as compared 

to all other treatment groups, indicating that LDHA inhibition significantly blocks glycolytic 

metabolism, shifting cells toward an oxidative metabolic phenotype (Figure 3.5D). Interestingly, 

mitochondrial spare capacity of cells treated with NaOx was virtually eliminated (Figure 3.5E). 
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MCT1 inhibition via α-CHC caused a trending decrease in mitochondrial spare capacity, but this 

was not statistically significant when compared with the 0.1% methanol control or untreated 

groups (Figure 3.5E). This indicates that blocking the production of lactate and therefore hindering 

the cell’s capability to maintain glycolytic flux puts a strain on the mitochondria such that it utilizes 

its spare reserve capacity to compensate. Other oxidative metabolic parameters, including post-

treatment OCR, ATP production, and proton leak, were not significantly different between groups 

(Figure 3.6). Collectively, these data demonstrate the ability for LDH and MCT inhibition to 

augment macrophage metabolism in vitro.  

 

 

Figure 3.5: LDH and MCT inhibition significantly blocks glycolysis and eliminates 
mitochondrial spare capacity in murine macrophages. Seahorse Extracellular Flux Analyzer 
assays were utilized to evaluate metabolic parameters for CD1 mouse BMDMs post treatment 
with either sodium oxamate (NaOx), α-Cyano-4-hydroxycinnamic acid (aCHC), 0.1% methanol, 
or no treatment. Methanol was used as a control for aCHC. Treatments were injected into the first 
plate assay port, and subsequent mitochondrial-glycolytic stress tests were performed. Analyzed 
parameters included basal extracellular acidification rate (ECAR) pre-treatment (A) and post-
treatment (B), as well as glycolytic capacity (C), OCR/ECAR ratio (D), and spare capacity (E). 
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Overall, these data demonstrate that lactate shuttle inhibition significantly disrupts glycolytic 
metabolism in uninfected murine macrophages. Data is presented as mean ± SEM. Analysis was 
conducted via a one-way ANOVA, accounting for unequal variance and non-normal distributions 
when needed. 2 biological replicates, n =9 -10. * = p < 0.05, ** = p< 0.01, *** = p < 0.001, **** = p 
< 0.0001, ns = not significant. 
 

 

Figure 3.6: Lactate shuttle inhibition does not impact specific oxidative metabolic 
parameters. Seahorse Extracellular Flux Analyzer assays were utilized to evaluate metabolic 
parameters for CD1 mouse BMDMs post treatment with either sodium oxamate (NaOx), α-Cyano-
4-hydroxycinnamic acid (aCHC), 0.1% methanol, or no treatment. Methanol was used as a control 
for aCHC. Treatments were injected into the first plate assay port, and subsequent mitochondrial-
glycolytic stress tests were performed. No significant differences were observed in basal OCR 
post-treatment (A), ATP production (B), or proton leak (C). Data is presented as mean ± SEM. 
Analysis was conducted via a one-way ANOVA, accounting for unequal variance and non-normal 
distributions when needed. 2 biological replicates, n =9 -10.  
 

4.3. Lactate accumulates in the supernatant of Mtb infected macrophages, and inhibiting 

the lactate shuttle can reduce lactate levels accumulated in vitro  

 

After achieving experimental proof that our chosen inhibitors of the lactate shuttle have the 

desired metabolic impact on CD1 mouse BMDMs, we moved to explore the impact of these 

inhibitors during Mtb infection in vitro. CD1 mouse BMDMs were infected with H37Rv Mtb at an 

MOI of 5:1 for one hour prior to addition of NaOx,  α-CHC, 0.1% methanol, or no treatment. 

Uninfected cells and bacteria alone were also included as experimental groups. Infections were 

maintained for 48 hours prior to the evaluation of lactate present in culture supernatant, cell 

viability via an MTT assay, and bacterial colony forming units (CFUs).  
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After 48 hours of Mtb infection, cell viability was significantly reduced across all treatment groups 

(Figure 3.7). However, there were no significant differences in viability between treatment groups 

(Figure 3.7). As a result of this finding, all lactate concentration analysis was normalized to cell 

number to evaluate true impacts of infection on lactate present in cell culture supernatants.  

 

Figure 3.7: Mtb infection, but not lactate shuttle inhibition, impacts macrophage viability. 
CD1 mouse BMDMs were infected with Mtb H37Rv and then treated with sodium oxamate 
(NaOx), α-Cyano-4-hydroxycinnamic acid (aCHC), 0.1% methanol, or no treatment for 48 hours. 
Methanol was used as a control for aCHC. Cell viability was determined via an MTT assay for 
both uninfected and infected cells. After 48 hours, Mtb infection significantly reduced cell numbers 
as compared to uninfected cells. However, cell viability was similar across treatment groups. 
Therefore, lactate shuttle inhibition does not impact cell viability during an in vitro infection. Data 
is presented as mean ± SEM. Analysis was conducted via a two-way ANOVA, accounting for 
unequal variance and non-normal distributions when needed.   2 biological replicates, n = 8. *** 
= p < 0.001 
 
 

In line with our evaluation on the systemic level of plasma lactate in infected guinea pigs, in vitro 

Mtb infection of CD1 mouse BMDMs also significantly increased lactate concentrations within the 

supernatant (Figure 3.8). This effect was observed across all treatment groups. It is important to 

note that the colorimetric detection of lactate in the supernatant does not indicate whether this 

lactate accumulation is due to increased production as a result of infection or reduced 

import/consumption. Further metabolic substrate analysis, through approaches such as carbon 

tracing, would help elucidate these mechanisms.  



102 

 

 

Figure 3.8: Lactate accumulates within the supernatant of Mtb infected murine 
macrophages. CD1 mouse BMDMs were infected with Mtb H37Rv and then treated with sodium 
oxamate (NaOx), α-Cyano-4-hydroxycinnamic acid (aCHC), 0.1% methanol, or no treatment for 
48 hours. Methanol was used as a control for aCHC. Lactate was detected within the supernatant 
via a colorimetric plate assay and then normalized to cell number. The supernatant of Mtb infected 
cells accumulated significantly more lactate than that of uninfected cells across all treatment 
groups. Data is presented as mean ± SEM. Analysis was conducted via a two-way ANOVA, 
accounting for unequal variance and non-normal distributions when needed.  2 biological 
replicates, n = 8. **** = p < 0.0001 
 
 

Additional analysis of this data by infection status was warranted to determine the impact of 

inhibitor treatments on lactate accumulation in culture supernatant. Inhibition of lactate production 

by NaOx trended to decrease the amount of lactate detected in the supernatant as compared to 

untreated cells; however, this difference was not statistically significant (Figure 3.9A). MCT1 

inhibition by α-CHC did not differ from the 0.1 % methanol control in its ability to decrease lactate 

present in the supernatant. These trends remained the same for uninfected cells (Figure 3.9B), 

and for extracellular bacteria alone (Figure 3.9C). Additional replicates of these experiments 

would likely increase statistical power and enhance observed trends.  
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Figure 3.9: Inhibition of the lactate shuttle reduces supernatant lactate of both Mtb infected 
macrophages and Mtb alone. CD1 mouse BMDMs were infected with Mtb H37Rv and then 
treated with sodium oxamate (NaOx), α-Cyano-4-hydroxycinnamic acid (aCHC), 0.1% methanol, 
or no treatment for 48 hours. Bacteria alone were also subjected to the same treatment regimen. 
Methanol was used as a control for aCHC. Lactate was detected within the supernatant via a 
colorimetric plate assay and then normalized to cell number or bacterial CFU. Lactate shuttle 
inhibition by NaOx or aCHC trended to decrease lactate production as compared to untreated 
groups for infected cells (A), uninfected cells (B), and bacteria alone (C). However, this trend was 
not statistically significant. Minimal differences between aCHC treated and 0.1% methanol treated 
groups were observed, particularly within infected cells. Data is presented as mean ± SEM. 
Analysis was conducted via a one-way ANOVA, accounting for unequal variance and non-normal 
distributions when needed. 2 biological replicates, n = 8. 
 

Lastly, as LDH inhibition by FX-11 was shown to reduce lung bacterial burden in a mouse model 

of Mtb infection,53 we evaluated the impact of lactate shuttle inhibition on bacterial CFUs post 48 

hour in vitro infection. We observed no statistically significant differences in CFUs between 

treatment groups (Figure 3.10). Interestingly, inhibition of MCT1 with α-CHC appeared to increase 

the number of bacteria recovered from infected cells (Figure 3.10A). Inhibiting lactate transport 

may sequester lactate intracellularly, providing additional energy substrates for Mtb survival. 

Methanol appeared to increase bacterial survival when bacteria was present alone (Figure 3.10B), 

which may represent Mtb’s ability to survive on a variety of substrates. Ultimately, these data 

present promise in the ability of lactate shuttle inhibition to modulate lactate production and 

utilization during Mtb infection in vitro. 
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Figure 3.10: Lactate shuttle inhibition has no significant impact on bacterial CFU. CD1 
mouse BMDMs were infected with Mtb H37Rv and then treated with sodium oxamate (NaOx), α-
Cyano-4-hydroxycinnamic acid (aCHC), 0.1% methanol, or no treatment for 48 hours. Methanol 
was used as a control for aCHC. Infected cells were lysed and plated on 7H11 agar quad plates, 
or bacteria alone wells were plated directly. CFUs were counted three weeks post-plating. 
Treatment with lactate shuttle inhibitors had no significant impact on bacterial CFU for either 
infected cells (A) or bacteria alone (B). Fewer bacterial CFU were recovered from extracellular 
bacteria alone (B) versus bacteria recovered from infected cells (A). MCT inhibition via aCHC may 
increase bacterial CFU recovery from infected cells as compared to other treatment groups, but 
this increase was not significant. Data is presented as mean ± SEM.  Analysis was conducted via 
a one-way ANOVA, accounting for unequal variance and non-normal distributions when needed. 
2 biological replicates, n = 8. 
 

5. Discussion 

 

The research described herein investigates the role of lactate shuttle dynamics within the context 

of Mtb infection and the granuloma microenvironment. Lactate shuttles, while actively studied in 

other disease systems, have yet to be described for TB. Our work demonstrates that lactate is 

significantly increased both at a cellular and systemic level during Mtb infection, that components 

of the lactate shuttle are present within primary granulomas, and that shuttle inhibition has the 

potential to reduce lactate produced by Mtb infected cells and may impact bacterial CFUs. This 

work demonstrates the important role metabolites can play during infection and provides novel 

avenues for pursuit of host-directed therapeutic strategies.  
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We showed that lactate is systemically increased within the plasma of guinea pigs over a 

progressive Mtb infection (Figure 3.2). Metformin treatment increased the levels of lactate 

produced throughout the course of infection (Figure 3.2B). Multiple laboratories, including ours, 

are investigating the potential of metformin as a host-directed therapy for Mtb infection.54,56–58 

However, metformin has been shown to cause lactic acidosis in subsets of diabetic patients who 

have other underlying conditions such as renal impairment, cirrhosis, sepsis, or hypoperfusion, 

and these cases have a mortality rate of 30-50%.59–62 The induction of lactate production by 

metformin has been linked to metformin’s action against mitochondrial complex I.63 Cellular 

metabolic changes occurring within the granuloma microenvironment as well as other 

inflammatory sequalae of TB progression may predispose individuals to additional systemic 

increases in plasma lactate when receiving metformin.  For guinea pigs that received BCG 

vaccination, (Figure 3.2C, Figure 3.2D), plasma lactate levels peaked at day 60 post infection. 

However, by day 90, BCG vaccination and a combination of BCG/metformin brought lactate levels 

down to those of uninfected guinea pigs (Figure 3.2C, 3.2D). This demonstrates that lactate could 

be a prognostic indicator for those undergoing TB interventions, and lactate production could be 

a systemic correlate for disease protection. Investigation of the lactate levels in Mtb infected CD1 

mouse models undergoing the same treatment regimens would bring an additional robustness to 

the current data and would confirm this hypothesis.  

 

Additionally, we showed that the lactate shuttle components MCT1, MCT4, and LDHB are 

expressed within primary guinea pig lung granulomas (Figure 3.3). Using guinea pig tissue 

samples proved difficult in Western Blot applications, and the additional shuttle target LDHA as 

well as HIF-1α to signify tissue hypoxia were unable to be detected with the antibodies available. 

We also did not have samples that were from uninvolved lung of the same animals or from 

uninfected lung that could be used as a direct comparison. Investigating tissue expression of 

these shuttle components in isolated granulomas from murine infection models would circumvent 
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issues with antibody reactivity and reagent compatibility. This was a large factor in the decision 

to pursue in vitro infection experiments within the CD1 mouse model, in addition to the outbred 

nature of these mice providing a more heterogeneous cell population.   

 

Future efforts will focus on determining the spatial distribution of these shuttle components within 

the granuloma microenvironment. To fully prove the shuttle hypothesis, different phenotypes of 

cells must be demonstrated to exist in hypoxic versus normoxic regions of the granuloma. 

Multiplexed IHC approaches would preserve granuloma structure and would allow for comparison 

of involved versus uninvolved tissue within the same animal.64–70  Although our intention was to 

perform these experiments, reagent reactivity, tissue availability, and capacity for multiplexing 

were limited. It is also important to understand which cell types are contributing to this 

phenomenon. Within the tumor microenvironment, multiple cell types shuttle lactate to tumor cells 

including fibroblasts, endothelial cells, and tumor associated macrophages.14,71–74 It would be 

interesting to note the relative expression of these shuttle components within the heterogeneous 

cell populations involved in the TB granuloma lesion and expand our studies outside of only 

macrophages. Multi-dimensional granuloma culture models could be explored as an in vitro 

application to complement tissue IHC.75  

 

We also actively demonstrated that inhibition of LDH and MCT impacted cellular metabolism in 

uninfected CD1 mouse BMDMs (Figure 3.5). This served as essential proof of concept for future 

work with Mtb infection. Basal ECAR and glycolytic capacity were significantly decreased (Figure 

3.5B and 3.5C), while OCR/ECAR ratio was increased (Figure 3.5D), indicating an overall 

increase in reliance on oxidative metabolic capacity. Interestingly, the mitochondrial spare 

capacity of cells treated with sodium oxamate was significantly decreased (Figure 3.5E). The 

spare capacity is a measure of the ability of the cell to respond to mitochondrial stress. Blocking 

LDHA eliminates the ability for the cell to maintain glycolytic flux through regeneration of NAD+, 
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and this cofactor plays a role in regulating redox homeostasis and therefore mitochondrial 

respiratory function.76,77 Eliminating glycolytic function may force the cell to rely heavily on 

oxidative metabolism through the mitochondria, pushing cells to utilize their reserve and 

exhausting mitochondrial capacity. Additional assays that determine overall mitochondrial health 

and bioenergetics under these treatments would be warranted to further explore the impacts of 

these treatments. It is important to note, however, that despite a drastic reduction in ECAR with 

sodium oxamate treatment, a compensatory increase in OCR was not observed (Figure 3.6A). A 

reduction in ECAR does not necessarily indicate a reduction in cellular glucose utilization, as 

glucose is needed both for the production of ATP and for biosynthetic processes, such as the 

pentose phosphate pathway and one carbon metabolism.78 Glucose use also varies considerably 

between immune cells  in vitro versus in vivo and during different activation states throughout the 

course of an immune response.79 Interestingly, cancer cells that are under lactic acidosis 

demonstrate 5-fold reductions in glycolytic rate without compensatory changes in OCR, indicating 

that cells within high lactate environments are more economical with their glucose use, and can 

switch between Warburg-like metabolism and non-glycolytic phenotypes to adapt to changing 

microenvironments.80 The duality and flexibility of metabolism within cell populations warrants 

further metabolic flux analyses to trace the use of glucose and lactate under lactate shuttle 

inhibition.   

 

It is important to note that sodium oxamate is a structural analogue of pyruvate, competitively 

inhibiting with enzymatic binding sites on LDH.36 It is possible that the use of sodium oxamate 

was not selective of the LDHA versus LDHB reactions, and may have impacted the ability of cells 

to produce pyruvate from lactate as well as inhibited pyruvate mediated uptake into mitochondria 

for incorporation into the TCA cycle. Use of other LDH inhibitors with different mechanisms of 

action, including FX-11, which is a derivative of gossypol inhibiting NADH binding and shows 

selectivity of LDHA over LDHB, may be warranted.29 Recently, FX-11 was used as an inhibitor for 
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an Mtb infection study, leading to reduced bacterial growth, a reduction in necrotic lesion burden, 

and potentiation of isoniazid.53 However, due to its mechanism of action, FX-11 has the potential 

to inhibit other NAD/NADH dependent enzymes important for metabolism, highlighting the need 

to use complementary assays that evaluate multiple facets of metabolism in the future.  

 

Due to the nature of  α-Cyano-4-hydroxycinnamic acid (α-CHC), it was necessary to solubilize the 

compound in methanol. It proved difficult to discern the impacts of the methanol control versus 

the α-CHC treatment in multiple instances. Finding an MCT inhibitor that does not require 

dissolution into methanol would be ideal for future studies. Additionally, MCT1 is capable of 

transporting more than just lactate across membranes, including pyruvate and ketone bodies30,  

and our experimental approach did not rule out the inhibition of transport of other related small 

molecules. Lastly, α-CHC and its derivatives do have some impact on other MCT transporters as 

well as the mitochondrial pyruvate carrier.81–83 Finding more specific MCT1 inhibitors, such as 

those currently in production by Astra Zeneca84 or using specific knock-out techniques, should be 

considered in future work.  

 

During in vitro Mtb infection, we successfully demonstrated that infected CD1 mouse 

macrophages have increased lactate present within supernatant samples (Figure 3.8). We 

normalized lactate concentration to cell number to work to reduce confounding results due to the 

impact of 48 hours of Mtb infection on cell viability (Figure 3.7). However, LDH is released as a 

result of mammalian cell death85–87, and we did not rule out the possibility that increases in 

released LDH during infection could contribute to increased lactate levels. It is also important to 

note that increased lactate within the supernatant of infected cells could be due to increased 

production and/or reduced import and consumption. Our experimental approach could not discern 

between these sources for lactate accumulation. Stable isotope tracing88,89 is a viable alternative 

method to more accurately trace the metabolism of lactate and better identify its source. 
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Additionally, analysis of multiple time points to determine the impacts of lactate shuttle inhibition 

throughout an acute infection time course would add additional robustness to the data presented. 

Due to laboratory constraints related to the COVID-19 pandemic, the in vitro experiments could 

only be performed at two replicates. Additional replicates would likely make trends that were 

observed but were not statistically significant more impactful (Figure 3.9, Figure 3.10).  

 

Bacterial CFUs recovered were also lower than anticipated for a 5:1 MOI infection. With 50,000 

cells, 5:1 MOI would be 250,000 bacteria. However, we recovered roughly one log less across 

treatment groups (Figure 3.10). In future experiments, confirmation of the titer of stocks used and 

potentially longer bacterial incubations to ensure more bacteria are taken up by macrophages will 

mitigate this issue. One trend observed for MCT inhibitor α-CHC was that bacterial CFUs 

increased post-treatment (Figure 3.10A). Blocking lactate transport out of cells may provide 

additional lactate substrates intracellularly for which Mtb could subsist, as it has been 

demonstrated that Mtb can oxidize lactate and requires lactate oxidation mechanisms to survive 

intracellularly.52 Mtb may rely more heavily on lactate as a substrate while intracellular in glycolytic 

cells than when extracellular. Discerning the roles of host LDH and bacterial LDH thus warrants 

further investigation. The reduction of lactate production was not as significant with LDH inhibitor 

sodium oxamate as might be expected (Figure 3.9). L929 conditioned media used to maintain 

CD1 mouse macrophage cells may have contained high levels of lactate and this must be 

investigated to rule out background effects which could have contributed to artificially elevated 

lactate levels. To mitigate this issue, other cell types that do not require conditioned media to be 

cultured could be used, such as guinea pig BMDMs, or lactate free media could be used to 

validate results.  

 

This work raises multiple additional questions. The use of sodium oxamate as an in vivo therapy 

has been investigated for melanoma, and interestingly, sodium oxamate combined with metformin 
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significantly reduced tumor volume, better than either treatment alone.35 Our laboratory expertise 

and knowledge of metformin could make this an interesting host-directed therapeutic approach to 

explore further in vivo, particularly if in vitro data is validated. Additionally, lactate is more than 

just an intermediary of metabolism, but has robust signaling activity. It signals through the receptor 

GPR81 to induce anti-inflammatory and immunosuppressive activities in a wide variety of cell and 

tissue types.90 Analyzing the impact of lactate signaling within the context of the granuloma 

environment is the subject of future study, and our laboratory has preliminary data to indicate that 

GPR81 is expressed highly within granuloma microenvironments.  

 

Alterations in lactate production and shuttling during infection would have downstream impacts 

on many processes relevant to TB disease progression including adaptive immune responses, 

antigen presentation, and angiogenesis that were outside the scope of this work. Ultimately, proof 

of concept work presented herein implicates a lactate shuttle within the context of the TB 

granuloma microenvironment and demonstrates a critical need to explore the dynamic role of 

lactate as both a metabolite and signaling molecule during Mtb infection. 
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CHAPTER 4: CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 
 
 
The research described within this thesis sought to investigate pathogen-driven mechanisms by 

which Mtb augments macrophage metabolism during infection. We investigated the hypothesis 

that iron chelation by the Mtb siderophore mycobactin results in the activation of HIF-1α in a 

hypoxia-independent manner, leading to increased glycolysis, lactate production, and lactate 

transport. We explored the role of a lactate shuttle within the context of the granuloma 

microenvironment and hypothesized that the metabolic relationship between hypoxic and 

normoxic cells within the granuloma contributes to maintaining a niche conducive to Mtb survival 

and plays a role in disease progression. The mechanistic insights gained will be important for the 

development of novel host-directed therapeutic strategies to combat TB and will help elucidate 

the complex interactions which occur at the host-pathogen interface during chronic infectious 

disease processes.  

 

We successfully demonstrated that mycobactin-mediated iron chelation increases HIF-1α protein 

levels and potently increases glycolysis in CD1 mouse bone marrow derived macrophages 

(BMDMs). We also showcased the impact of infection with a mycobactin synthase knock-out 

strain of Mtb, further implicating mycobactin as a driver of changes in macrophage metabolism 

during early infection. Additionally, we demonstrated that lactate levels increase on both a 

systemic and cellular level during Mtb infection in vitro and in vivo, and that components of the 

proposed lactate shuttle are present within guinea pig granulomas. Inhibition of components of 

the lactate shuttle, including lactate dehydrogenase A (LDHA) and monocarboxylate transporter 

1 (MCT1) successfully reduced the concentration of lactate accumulated during infection and may 

reduce intracellular bacterial survival through augmenting macrophage metabolism.  

 



121 

 

As was highlighted within the previous chapters, additional work is needed in order to continue 

answering research questions relevant to the presented projects. First, the impact of Mtb infection 

and mycobacterial iron chelation on oxidative mitochondrial metabolism was greater than that of 

glycolytic metabolism. This points to unexplored effects of Mtb infection and mycobacterial iron 

chelation on mitochondrial health and bioenergetics. The direct impact of mycobactin on 

mitochondrial electron transport chain activity, mitochondrial membrane potential, mitochondrial 

fission/fusion, and overall mitochondrial health and integrity is a critical piece of the puzzle that 

was not experimentally assessed within this thesis project.  

 

Second, technical limitations took multiple forms, including low protein yield from nuclear 

fractionation protocols, assay length with the Seahorse Extracellular Flux Analyzer, issues with 

antibody reactivity for Western Blot and IHC applications within the guinea pig model, lactate 

shuttle inhibitor specificity, and the potential impacts of L929 conditioned media on CD1 mouse 

BMDM metabolic phenotype. These will all be addressed in future experimental design and 

approaches. Importantly, a technique of high priority is multi-plexing IHC to probe for components 

of the lactate shuttle within the structural architecture of the TB granuloma microenvironment. 

Those experiments will provide critical evidence of differential lactate metabolism and metabolic 

symbioses between different cell populations within the TB lesion.  

 

Third, time restrictions did not allow for important experimental questions to be probed within in 

vivo infection models, including the impact of infection with mycobactin synthase knock-out strains 

of Mtb and the impact of lactate shuttle inhibition on infection outcomes. Taking these hypotheses 

through the translational research pipeline is critical for determining ways in which Mtb drives 

changes in macrophage metabolism early within the context of infection, such that it primes cells 

to create a niche conducive for bacterial survival. In vivo experiments are thus a top priority for 

future work and will help validate in vitro results presented.  
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Lastly, the TB research field can continue to look to established hypotheses and methods that 

have been developed within the context of cancer research, as multiple similarities exist between 

the tumor and granuloma microenvironments. Particularly, the role of lactate as a signaling 

molecule is becoming increasingly important for regulating carcinogenesis, promoting tumor 

invasion and metastasis, and maintaining tumor microenvironments. The dynamic ability of lactate 

to signal in both autocrine and paracrine manners through GPR81 to regulate anti-inflammatory, 

immunosuppressive, and angiogenic activities within multiple disease systems points to this 

receptor as an unexplored target for host-directed therapeutic strategies in the context of TB. This 

would be a novel direction for study which could have significant rewards. Preliminary IHC results 

from our laboratory indicate that GPR81 is expressed highly within CD1 mouse granuloma 

lesions. Additionally, the availability of commercial antagonists and agonists of GPR81, as well 

as knock-out mouse models, demonstrates clear experimental design pathways for in vitro and in 

vivo approaches.  

 

Overall, the heterogeneity of TB disease pathogenesis, the intricacies of macrophage metabolism 

throughout a chronic disease time course, and the evolutionary capabilities of Mtb to survive 

intracellularly within macrophages paints a complex picture. However, this complexity is what 

continues to yield robust lines of research questioning within the TB field. Continual investigation 

into the interactions that occur at the host-pathogen interface during Mtb infection will advance 

our understanding of TB pathogenesis, ultimately moving the field closer to effective host-directed 

therapeutic strategies to combat this global health problem.  

 

 


