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Summary

The dual burden of tuberculosis and diabetes has attracted much attention in the past decade as 

diabetes prevalence has increased dramatically in countries already afflicted with a high burden of 

tuberculosis. The confluence of these two major diseases presents a serious threat to global public 

health; at the same time it also presents an opportunity to learn more about the key elements of 

human immunity to tuberculosis that may be relevant to the general population. Some effects of 

diabetes on innate and adaptive immunity which are potentially relevant to tuberculosis defense 

have been identified, but have yet to be verified in humans and are unlikely to fully explain the 

interaction of these two disease states. This review provides an update on the clinical and 

epidemiological features of tuberculosis in the diabetic population and relates them to recent 

advances in understanding the mechanistic basis of tuberculosis susceptibility and other 

complications of diabetes. Issues that merit further investigation, such as geographic host and 

pathogen differences in the diabetes/tuberculosis interaction, the role of hyperglycemia-induced 

epigenetic reprogramming in immune dysfunction and the impact of diabetes on lung injury and 

fibrosis caused by tuberculosis, are highlighted in this review.
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Introduction

An adverse effect of diabetes mellitus (DM) on the host defense against tuberculosis (TB) 

has been recognized for over a century [1] but has only recently been investigated in detail 

as DM rates have increased dramatically since the 1980s in low and middle income 

countries where TB is already prevalent [2]. Insulin-resistant type 2 DM comprises 90% of 

the global cases of DM and a large proportion of the people afflicted with the dual TB/DM 

burden [1;2]; however autoimmune type 1 DM is also associated with TB susceptibility [3]. 

This is unsurprising since both types of DM share a similar spectrum of other complications 

that develop as a consequence of chronic hyperglycemia [4]. Diabetes increases the risk of 

developing TB disease about three-fold, as reported in a systematic review of 13 

observational studies [5]. The range of risk estimates from individual studies included in that 

review was notably broad; from 0.99 to 7.83 [5]. Divergent results have since been reported 
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in additional studies of DM and TB risk [6–9]. Factors contributing to this variability 

include almost universally retrospective study design, weak diagnostic criteria for DM in 

some studies, and the likelihood that host and microbial genetics as well as environmental 

factors in diverse geographic locations differentially influence TB defense. The moderate 

increase in TB risk associated with DM has a major global public health impact, owing to 

the large and growing population of diabetic people living in high TB burden settings [10].

The scope of the TB/DM problem in India, the country with the highest case load of both 

diseases, was highlighted in a 2011 study by Viswanathan et al. [11]. The authors of that 

study performed oral glucose tolerance tests on 827 patients newly diagnosed with TB in 

Chennai. In that cohort, 25.3% of TB patients were confirmed to have DM and 24.5% had 

pre-diabetes by WHO criteria [11]. A possible association of pre-diabetes with TB risk is 

surprising in light of clinical evidence linking susceptibility to poor glycemic control [6]. 

Pre-diabetes could develop as an effect rather than a cause of TB, or TB risk might be 

increased in pre-diabetics by a factor other than hyperglycemia, such as dyslipidemia. The 

lung is the predominant site of TB disease in the general, immunocompetent population, 

accounting for 70–80% of cases [12]. The study by Viswanathan [11], along with another 

from India [13], found that DM specifically increases the risk for pulmonary TB but not 

extrapulmonary disease. This contrasts with increased TB risk in the setting of HIV/AIDS or 

treatment with TNF inhibitors where extrapulmonary TB is disproportionately increased 

[14;15]. This finding suggests that the host defense mechanisms impacted by DM may be 

particularly relevant to TB susceptibility in the general population.

In addition to increasing the risk to develop active TB, DM increases TB disease severity. A 

systematic review by Baker et al. [16] of 33 published studies on TB outcomes reported 

summary risk ratios of 1.89 for death and 3.89 for relapse after completion of treatment in 

diabetic as opposed to non-diabetic TB patients. Risk estimates from individual outcomes 

studies were as varied as the literature on TB disease risk, presumably attributable to similar 

issues of study design and diverse populations among the various reports. A recent 

prospective study of TB outcomes in 1,262 patients in southern Mexico confirmed increased 

adjusted odds ratios (ORs) of greater radiographic severity (OR=1.80), delayed sputum 

conversion (OR=1.51), treatment failure (OR=2.93), TB recurrence (OR=1.76) and TB 

relapse (OR=1.83) [17] in diabetic individuals compared with non-diabetic individuals. 

Recurrent TB was caused by Mycobacterium tuberculosis (Mtb) with the same genotype in 

81% of cases [17], indicating a predominance of relapse over exogenous reinfection. 

Diabetes increases the risk that standard TB treatment will fail to sterilize infection.

The true impact of DM on TB risk and disease outcome will ultimately be resolved by 

additional prospective studies in different geographic locales, but the available data are 

sufficient to conclude that it has a negative impact on global public health beyond the 

diabetic population per se. Given their three-fold increased risk for progression from latent 

TB infection (LTBI) to active disease, higher rates of sputum smear positivity at diagnosis 

[11], and increased risk for recurrence/relapse after TB treatment, diabetic TB patients must 

make a disproportionately higher contribution to TB transmission. These considerations 

provide a strong motivation to understand the mechanisms of TB susceptibility in DM.
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Immunological mechanisms of susceptibility

Natural infection with Mtb occurs by inhalation of a small number of bacilli that invade and 

replicate in resident alveolar macrophages, which are the predominant myeloid cell type in 

the airspace of the healthy lung. Infected macrophages fail to restrict bacillary replication, 

resulting in cellular death by apoptosis or necrosis and horizontal spread to macrophages, 

myeloid DCs and neutrophils recruited from the periphery [18]. Bacilli are conveyed by 

mDCs from the lung to thoracic nodes, where adaptive immunity is primed [19]. Antigen-

specific T cells expand and traffic to the lung where they promote an effective antimicrobial 

response through macrophage-activity cytokines and by cytotoxic T cell targeting of Mtb-

infected macrophages. This T-cell-mediated macrophage activation limits Mtb replication 

and prevents TB disease for the lifetime of most infected humans, but is rarely if ever 

sterilizing. Latent infection progresses to active disease in roughly 5–10% of Mtb-infected 

people [20]. Risk progression from latent infection to active disease is considerably higher 

with comorbid CD4+ T-cell deficiency (HIV/AIDS) or loss of protective cytokine function 

(IFN-γ, IL-12 or TNF-α) through pharmacological inhibition, autoimmunity or Mendelian 

susceptibility. Paradoxically, established TB disease in diabetic humans is characterized by 

an excess of these normally protective cells and cytokines in the circulation, as discussed 

below.

Several laboratories have described increased susceptibility to TB in animal models 

combining TB and DM. Saiki et al. [21] used streptozotocin (STZ) to deplete insulin-

producing cells and cause hyperglycemia in imprinting control region (ICR) mice. 

Hyperglycemic mice and untreated controls were challenged i.v. with a high dose of Mtb 

Schacht. At 3 months post-infection (p.i.), >90% of hyperglycemic mice had died vs. <10% 

of the euglycemic controls [21]. Yamashiro et al. [22] challenged STZ-treated ICR mice 

with Mtb H37Rv (105 CFU i.v.) and found a ~0.5 log higher lung bacterial burden at 14 

days p.i. compared with that in untreated controls, rising to ~1.5 logs higher at day 35. The 

IFN-γ content in lung tissues homogenates 14 days p.i. was significantly lower in the 

diabetic group, as was IFN-γ production by Mtb antigen (PPD)-stimulated splenocytes 

tested at 8 days p.i [22]. Insulin treatment starting 2 days after STZ administration resulted 

in a lower bacterial burden at day 35 [22]. Increased TB susceptibility have also been 

reported in rat models of type 1 and type 2 DM [23;24], and in sucrose-fed guinea pigs [25].

Martens et al. [26] investigated TB susceptibility in STZ-treated C57BL/6 mice that were 

hyperglycemic for <4 weeks (acute) or ≥ 12 weeks (chronic) before low dose aerosol 

challenge with Mtb Erdman. Results comparing STZ-treated mice with sham-treated 

controls are summarized as follows: i) chronic but not acute hyperglycemia increased TB 

susceptibility; ii) peak bacillary burden was ~1.5 log higher in chronically hyperglycemic 

mice compared with sham-treated controls and acutely hyperglycemic mice but was held to 

a plateau value at 8 and 16 weeks p.i.; iii) the pattern of pulmonary histopathology was 

similar in hyperglycemic and control healthy mice; iv) the volume of pulmonary 

inflammation at 4 weeks p.i. was similar in hyperglycemic and control mice but was 

progressively greater in the hyperglycemic group at 8 and 16 weeks p.i.; v) hyperglycemic 

mice had greater absolute numbers of CD4+ and CD8+ T cells, macrophages and neutrophils 

in the lung 16 weeks p.i. but only neutrophils were proportionately increased compared with 
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euglycemic controls; vi) lung tissue levels of IFN-γ, IL-1β and TNF-α were higher in STZ-

treated mice than euglycemic controls at 16 weeks p.i.; vii) there was no difference in the 

expression of inducible nitric oxide synthase (iNOS) between groups [26]. TB susceptibility, 

like other diabetic complications, results from the cumulative effect of chronic 

hyperglycemia rather than from an immediate impact of elevated blood glucose. Preserved 

TB defense in acutely hyperglycemic mice indicates that susceptibility is not a consequence 

of insulin deficiency or a confounding effect of STZ [26]. Chronic hyperglycemia does not 

impair the response to IFN-γ signaling reflected by iNOS expression. Key findings were 

replicated in spontaneously insulin-deficient Akita mice [26], providing further confidence 

that TB susceptibility is s not an artifact of STZ treatment.

The immunological basis of TB susceptibility after aerosol challenge under chronic 

hyperglycemia was uncertain given that the lungs of diabetic mice contained an excess of all 

major leukocyte types and cytokines normally associated with successful TB defense in 

control mice [26]. This apparent paradox was resolved by experiments tracking the immune 

response weekly from 7 to 28 days p.i, which showed lower IFN-γ levels in the lungs of 

diabetic mice at the critical 2-week time point when the lung Mtb load is rising 

logarithmically after low dose aerosol challenge [26]. This difference in early IFN-γ 

production between hyperglycemic and control mice was lost by 4 weeks p.i. and diabetic 

mice had more leukocytes and higher lung cytokine levels than controls at later time points. 

Taken together, data from the various animal studies cited [21–26] confirm that DM is 

associated with a temporally delayed but otherwise seemingly unimpaired cellular immune 

response to Mtb, resulting in higher plateau bacillary burden and more extensive 

inflammation.

The role of Innate Immunity in TB susceptibility

The capacity to arrest phagosome maturation in macrophages is a key Mtb virulence 

mechanism enabling intracellular bacterial replication and logarithmic increase in lung 

bacterial load until adaptive immunity has been primed [27]. Despite mounting a weak 

effector response against Mtb, innate immune cells such as macrophages and DCs play key 

roles in sensing infection, orchestrating adaptive immune priming, and expressing enhanced 

antimicrobial functions once activated or targeted for cytolysis by antigen-specific T cells. 

Perturbation of monocyte/macrophage or DC functions could therefore contribute to TB 

susceptibility in DM. Two weeks after aerosol challenge of mice, Mtb-infected alveolar 

macrophages are detectable by immunostaining lung sections with anti-PPD (Fig. 1) [28]. In 

euglycemic control mice, early lesions are comprised of clusters of myeloid cells filling the 

alveoli and surrounding Mtb-infected macrophages [28]. At the same 2-week time point in 

Mtb-infected hyperglycemic mice, the Mtb-containing alveolar macrophages are surrounded 

by few or no recruited myeloid cells. However by 4 weeks p.i., the inflammatory lung 

lesions in hyperglycemic and control mice are indistinguishable [28]. These results suggest 

two hypotheses that are not mutually exclusive: i) the sentinel function of Mtb-infected 

alveolar macrophages is impaired by DM, resulting in reduced expression of signals that 

recruit naïve macrophages, DCs, neutrophils and innate lymphocytes to the airspace; ii) DM 

produces a barrier to leukocyte transmigration into the airspace even if adequate recruiting 

signals are produced by infected alveolar macrophages. These hypotheses have not been 
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directly tested in the context of TB/DM in vivo, but data from diabetic humans and animal 

models are consistent with both, as discussed below.

The defective sentinel hypothesis is indirectly supported by a report that peripheral blood 

monocytes from patients with type 2 DM have a reduced capacity to bind or ingest Mtb 

bacilli compared to monocytes from euglycemic controls [29]. This phenotype was 

associated with poor glycemic control and attributable to alterations in the complement 

pathway of opsonization rather than monocyte phagocytic machinery per se [29]. An altered 

route of Mtb entry could therefore also influence the timely activation of alveolar 

macrophages following inhalation of bacilli. Alveolar macrophages from hyperglycemic rats 

have been shown to produce less nitric oxide (NO) after overnight incubation with Mtb than 

macrophages from euglycemic controls [23]. That result, obtained in the absence of IFN-γ-

producing lymphocytes, implies a direct effect of the diabetic milieu on an intrinsic 

macrophage response to Mtb. Data from diabetic humans with or without TB disease are 

consistent with that hypothesis. Wang et al. [30] reported that alveolar macrophages from 

diabetic TB patients have a surface phenotype consistent with a reduced activation state 

compared with that of macrophages from non-diabetic TB patients or uninfected hosts. They 

also showed that diabetic alveolar macrophages produce less H2O2 than cells from 

euglycemic subjects in response to phorbol 12-myristate 13-acetate. However more detailed 

investigation of basal and Mtb-stimulated responses by primary alveolar macrophages is 

required to strengthen the argument that impaired sentinel function contributes to diabetic 

TB susceptibility.

There is a considerable body of literature describing adverse effects of DM on innate 

immunity in contexts other than TB. Several studies report functional changes in 

macrophages, including reduced phagocytic activity for sheep red blood cells and various 

microbes, decreased adhesion and chemotactic activity, skewing to an M2 phenotype, and 

reduced cytokine expression in response to diverse stimuli including lipopolysaccharide 

(LPS) and IFN-γ [31–35]. In contrast, other studies report enhanced monocyte/macrophage 

responses with hyperglycemia. Mo et al. [36] described increased IL-1β, CCL2/MCP-1 and 

TNF-α expression by alveolar macrophages from rabbits with alloxan-induced DM in 

response to particulate stimulation. Moreover, Deveraj et al. [37] reported increased basal 

production of IL-6 by THP-1 cells cultured in media with high (15 mmol/L) but not low (5.5 

mmol/L) glucose content. These inconsistent results likely reflect differences in approach 

including human samples vs. animal models, cell lines vs. primary cells, acute vs. chronic 

hyperglycemia, and the potential that DM could simultaneously depress certain monocyte/

macrophage functions while amplifying others.

Myeloid DCs convey Mtb from the site of initial macrophage infection in the airspace to the 

lung-draining lymph nodes [19]. Vallerskog et al. [28] showed that this process is delayed in 

hyperglycemic mice but mDC migration from lung to lymph node (and co-stimulatory 

molecule expression) in response to LPS was no different in hyperglycemic mice than that 

in control mice. This suggests that DM impairs mDC trafficking to the site of infection 

rather than an intrinsic effect on APC function or migration from lung to lymph nodes. 

There are as yet no other published studies of mDC function in TB/DM but the effects of 

DM on DCs have been investigated in other contexts. Musilli et al. [38] reported increased 
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numbers of circulating DCs in patients with type 2 DM. Surendar et al. [39] found that 

circulating mDCs and plasmacytoid DCs from diabetic subjects have increased expression 

of HLA-DR and CD123 which correlates with poor glycemic control. This activation was 

attributed to higher plasma levels of GM-CSF in the diabetic cohort [39]. Together, these 

data suggest that DM is more likely to increase rather than repress mDC activation, in 

contrast to a repressive impact on macrophage function.

Neutrophils may play a host-protective role in TB, accelerating the kinetics of immune 

priming and Th1-cell recruitment to the lung in Mtb-challenged mice [40;41]. However, at 

later time points in TB disease neutrophils are associated with poorly controlled infection 

and tissue injury [42]. The impact of hyperglycemia on neutrophils in TB has not been 

investigated beyond the trend for neutrophilic inflammation in mice [26] but neutrophils 

have been a focus of DM research in other contexts. Key findings for neutrophils in 

hyperglycemic subjects include increased adhesion and integrin expression [43], reduced 

chemotaxis [44], a phagocytic defect [45;46], and reduced microbicidal activity for certain 

bacteria and fungi as compared with neutrophils from euglycemic controls [47–49]. Not all 

published studies are in agreement and whether or not any of these findings relate to TB 

susceptibility in diabetic people remains to be seen. One potentially relevant observation is 

that glycated collagen impedes neutrophil migration compared with non-glycated collagen 

[50]. This effect depends on the receptor for advanced glycation end-products (RAGE), 

which is expressed on neutrophils and other leukocytes [51;52]. Lung matrix proteins have 

slow turnover and accumulate glycation over time with DM [53], suggesting a mechanism 

for the barrier hypothesis of delayed innate inflammation in the lungs of diabetic mice.

The role of innate lymphocytes in TB defense has not been fully defined and might be more 

significant in the human host than in rodent models [54]. Zhang et al. [55] reported that TB 

patients with DM had a higher proportion of NKT cells in peripheral blood and 

bronchoalveolar lavage (BAL) fluid than non-diabetic TB patients, whereas basal peripheral 

blood NKT-cell counts were not different. The functional significance of increased numbers 

of NKT cells, and whether it is cause or effect of diabetic TB susceptibility, is not presently 

known. There are as yet no reports on NK cells in the context of TB and DM.

The role of Adaptive immunity in TB susceptibility

A timely Th1-biased adaptive immune response is the major determinant of outcomes in 

human TB and in animal models of TB [54]. With the recognition that DM increases 

susceptibility to TB it was anticipated that impaired expression of adaptive immunity would 

be identified as the culprit mechanism; this hypothesis was suggested by early data from a 

mouse model reporting IFN-γ expression only at 2 weeks p.i. [22]. It was therefore 

surprising when Restrepo et al. [56] reported that PPD restimulation of whole blood in a 

cohort of diabetic TB patients from southern Texas and northern Mexico resulted in higher 

production of IFN-γ, IL-2, TNF-α and GM-CSF than matched non-diabetic TB patients. 

This finding was confirmed and extended by Kumar et al. [57] who compared T-cell 

frequencies in pulmonary TB patients with or without DM from a cohort in Chennai, India. 

The authors of that study employed intracellular cytokine staining to interrogate CD4+ T 

cells from whole blood at baseline and after Mtb antigen-specific (CFP-10 and ESAT-6) 
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stimulation or non-specific stimulation with anti-CD3 plus anti-CD28 mAb. Diabetic TB 

patients had higher frequencies of mono- and dual-functional Th1 cells and higher 

frequencies of Th17 cells at baseline and with antigen stimulation, but lower frequencies of 

Treg cells [57]. There was no difference in the frequencies of central or effector memory T-

cells between the diabetic and non-diabetic groups. If confirmed, a relative deficiency in 

Treg cells could be a factor contributing to the increased inflammation characteristic of 

pulmonary TB in diabetics. A subsequent study of plasma cytokine levels in diabetic 

patients by Kumar et al. [58] confirmed the downstream effects of increased Th-cell 

frequencies, with increased levels of Th1 (IFN-γ, IL-2), Th2 (IL-5) and Th17 (IL-17A) 

cytokines in diabetic TB patients compared with the non-diabetic group. In contrast, 

diabetics had lower plasma levels of IL-22 than non-diabetic TB patients. The potential 

significance of reduced IL-22 in TB is unknown but lower IL-22 has been linked to impaired 

pulmonary epithelial barrier integrity with Klebsiella pneumoniae infection [59].

Cytokine over-expression by T cells in the context of TB/DM has not been seen in all 

clinical studies. Stalenhoef et al. [60], in measuring cytokine production from whole blood 

of Indonesian TB patients with or without DM stimulated with LPS, phytohemagglutinin or 

Mtb sonicate, found no difference in the expression of proinflammatory cytokines, including 

IFN-γ. The only significant difference found in this study was reduced IL-10 production in 

the diabetic group. This contrasts with data from Restrepo and Kumar (and the mouse 

model) [26;56–58], possibly reflecting differences in the populations studied or in methods 

such as the source of Mtb antigen. The preponderance of evidence suggests that the antigen-

specific T-cell response in TB/DM is quantitatively greater but functionally not more 

effective than the response of non-diabetic TB patients. Successful TB defense reflects a 

balance between protective vs. damaging immune activation. The immunological 

complications of DM may shift this equilibrium towards damage.

Delayed priming of adaptive immunity is a major cause of TB susceptibility in 

hyperglycemic mice (Fig. 2) [28]; however the exact relationship between delayed priming 

and post-primary TB in adult humans is unknown. While the age of type 2 DM onset has 

declined in the past decade [61] it is still likely that initial LTBI precedes DM in most cases. 

However, repeated exposure to Mtb is common in high burden settings where it is estimated 

that >70% of newly diagnosed TB cases arise from infection acquired within the previous 18 

months [62]. In diabetic people, progression of recently acquired infection to TB disease 

could result from impaired sentinel function of alveolar macrophages regardless of prior 

exposures. While this question has not yet been studied directly, evidence that 10–20% of 

LTBI patients have a peripheral blood transcriptional signature of active TB disease [63] 

supports the concept that a subgroup of people with LTBI may have clinically unapparent 

but biologically active foci of infection at high risk for progression to clinically evident TB. 

It will be interesting to see if DM increases the prevalence of active TB peripheral blood 

transcriptional signatures in LTBI.

TB Immune pathology

Evidence from mouse and man indicates that DM exacerbates TB immune pathology. The 

pattern of histopathology in diabetic and non-diabetic mice is indistinguishable but it is 
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quantitatively greater in diabetic mice at 8 weeks p.i. and beyond [26]. Greater severity of 

immune pathology in human TB/DM is inferred from the increased mortality hazard and 

worse radiographic severity of disease. Amplified lung injury and fibrosis might result from 

higher bacillary load and/or result from the intrinsic proinflammatory microenvironment 

characteristic of DM [64;65].

Nagareddy et al. [66] reported that hyperglycemia increases neutrophil secretion of 

S100A6/A9, which in turn stimulates macrophages to secrete GM-CSF and common 

myeloid progenitor cells to secrete M-CSF. These growth factors promote expansion of 

myeloid progenitors in diabetic mice, increasing numbers of circulating neutrophils and 

Ly6-Chi monocytes that populate atherosclerotic plaques in STZ-treated, hyperglycemic low 

density lipoprotein receptor (LDLR)−/− mice. The expansion of monocytes and neutrophils 

caused by hyperglycemia could be another factor contributing to excessive inflammation in 

TB/DM.

Higher plateau lung bacterial load has been documented in hyperglycemic mice [22;26] but 

there are presently no methods to accurately quantify bacillary load or inflammation in 

humans. Higher bacillary burden is inferred from reports that TB/DM patients are more 

likely to have positive sputum smear on presentation and delayed culture conversion with 

treatment [11;17]. Chest x-ray results suggest increased TB inflammation in humans but this 

lacks sensitivity and is hard to quantify. Chest CT scan is superior in this regard but has not 

been used for most TB/DM studies to date. The best available evidence for increased 

inflammation in human TB/DM is the increased level of proinflammatory cytokines in 

peripheral blood [58]. This association could be validated by future studies using more 

sophisticated lung imaging methods including CT and positron emission tomography, by 

peripheral blood transcriptomics [63], or with biomarkers such as exhaled nitric oxide 

[67;68].

Diabetes is not only associated with increased inflammation but also with its persistence and 

impaired resolution. A comparative proteomic study of skin wounds in people with and 

without DM revealed a pattern of differences reflecting increased inflammation, impaired 

angiogenesis and accelerated cell death in DM [69]. Diabetic nephropathy is one of the most 

common serious complications of DM, culminating in irreversible fibrosis. This problem has 

stimulated interest in anti-fibrotic therapies for diabetic kidney disease [70]. If DM is shown 

to accelerate the damage and fibrosis that are responsible for most TB-related morbidity and 

mortality, diabetic individuals might be an attractive target population to test host-directed 

antifibrotic or antiprotease therapies with the goal of reducing mortality and preventing 

pulmonary impairment after TB.

Biochemical mechanisms of TB susceptibility

It is reasonable to postulate that TB susceptibility in DM results from mechanisms related to 

those responsible for microvascular and macrovascular complications that are shared by type 

1 and type 2 DM. Brownlee and Giacco. [4;65] identified hyperglycemia-dependent 

mitochondrial overproduction of superoxide as the key upstream event activating 

complication pathways that include: increased polyol and hexomsamine flux; increased 
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protein kinase C (PKC) activation; increased formation of advanced glycation end products 

(AGEs); and increased expression of RAGE and its endogenous ligands. These pathways 

have not been extensively studied in hematopoietic cells but they have obvious potential to 

disrupt immune function. Polyol pathway flux consumes NADPH, increasing oxidative 

stress by impeding regeneration of the reactive oxygen species (ROS) scavenger reduced 

glutathione [71]. Increased hexosamine pathway flux leads to the overproduction of uridine 

diphosphate N-acetylglucosamine, providing excess substrate for enzymatic O-

GlcNAcylation that can modify the function of nuclear and cytoplasmic proteins including 

transcription factors such as NF-κB [72]. Non-enzymatic glycation can similarly cause 

functional alterations of intracellular and extracellular proteins. Moreover, the AGE 

intermediate methylglyoxal was shown to promote macrophage apoptosis following Mtb 

infection [73]. Hyperglycemia-induced ROS production increases RAGE expression and the 

expression of HMGB1 and S100A8/9, which are more physiologically significant as RAGE 

ligands than AGE-modified proteins [74]. Finally, hyperglycemia-induced ROS inhibit 

GAPDH activity, thereby raising intracellular levels of triose phosphate, which is a 

precursor for diacylglycerol. This results in pathologically increased activation of the β and δ 

isoforms of PKC [75], which participate in immune regulation at many levels. The potential 

for each of these pathways to influence protective immunity is evident but has not been 

directly investigated in TB or any other DM-related infection

Epigenetic reprogramming is a more recently recognized diabetic complication mechanism 

that could be a contributing factor in TB susceptibility. The term “metabolic memory” 

covers a range of phenomena in DM in which a prolonged period of tight glycemic control 

leads to reduced vascular complications even years after glycohemoglobin returns to a pre-

intervention baseline [76]. Conversely, tissue damage can progress in some diabetic people 

even after correction of hyperglycemia. In both cases these responses may reflect 

posttranslational chromatin modification that influences gene expression. Epigenetic effects 

of DM have not been studied in the context of TB but immune cells are certainly vulnerable 

to this complication mechanism. Miao et al. [77] reported that peripheral blood T cells from 

type 1 DM patients have a distinct profile of chromatin histone H3 lysine 9 dimethylation. 

Epigenetic changes in blood monocytes from type 2 DM patients have also been identified 

[78]. Diabetes is associated with ROS-mediated DNA damage [65]. One consequence of 

DNA damage is telomere shortening in peripheral blood monocytes, which could accelerate 

their senescence following transmigration into tissues [79].

Parsing the roles of so many candidate mechanisms in diabetic TB susceptibility will be a 

daunting task but selecting a treatable pathway might already be feasible. Selective blockade 

of individual complication pathways such as polyol flux, protein glycation and PKC 

activation has had modest success in animal models and human studies [80–82]. A more 

promising approach might be targeting the mitochondrial ROS over-production that appears 

to be the common upstream event activating all of these pathways [83].

Diabetic Comorbidities

Cigarette smoking, dyslipidemia and vitamin D deficiency act synergistically with 

hyperglycemia to promote vascular and renal complications of DM. Smoking and vitamin D 
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deficiency have been linked individually to human TB susceptibility [84;85]. The magnitude 

of risk imposed by either condition alone is modest but when combined with DM could 

identify a subset of people with LTBI having particularly high risk for progression, and/or a 

subset of people with TB disease at much higher risk for adverse outcomes. The latter was 

shown in a cohort of Korean TB patients where DM or smoking independently increased 12-

month mortality ~two-fold compared with that of non-diabetic non-smokers while the 

mortality hazard was raised >fourfold in diabetic TB patients who also smoked [86]. The 

mechanism of increased TB susceptibility in smokers is unknown, but cigarette smoke 

exposure was shown to inhibit the pulmonary T-cell response to Mtb in mice [87]. The 

potential combined effect of DM and vitamin D deficiency on TB susceptibility has not been 

studied but the prevalence of vitamin D deficiency is increased in type 2 diabetics and has 

been linked to DM pathogenesis [88].

Type 2 DM is associated with elevated total and LDL cholesterol, reduced levels of HDL 

cholesterol, and hypertriglyceridemia. Hyperlipidemia has not been a focus of any clinical 

TB studies perhaps since these conditions were until recently rare in high TB burden 

countries. Apolipoprotein E (ApoE)−/− and LDLR−/− mice are susceptible to TB when fed 

high but not low cholesterol chow [89;90]. In common with diabetic mice, both 

hypercholesterolemic models exhibit neutrophilic pathology which is extreme in ApoE−/− 

mice that develop massive necrotic lung lesions and Mtb-studded neutrophil extracellular 

traps in BAL [18;89]. Like diabetic mice, adaptive immune priming is delayed in Mtb-

infected ApoE−/− mice but is more extreme such that the Mtb burden reaches a lethal level 

and these mice die within 4–6 weeks of aerosol challenge. The neutrophilic inflammatory 

response of LDLR−/− is intermediate between diabetic and in ApoE−/− mice, and LDLR−/− 

mice mount a timely adaptive immune response that controls Mtb replication. The difference 

between ApoE−/− and LDLR−/− mice might reflect their different cholesterol profiles. With 

equivalent elevation of total serum cholesterol, LDL cholesterol is higher in LDLR−/− mice 

while VLDL cholesterol is higher in ApoE−/− mice. Intercellular free cholesterol, which is 

cytotoxic and could promote neutrophilic inflammation, was not measured in those reports. 

Dyslipidemia might synergize with DM to further exacerbate TB pathology in human hosts. 

Such a mechanism, which might account for potential differences in TB susceptibility 

between type 2 and type 1 diabetics, has yet to be investigated.

Conclusions

By increasing the risk for and severity of TB disease, DM exerts a significant negative 

impact on public health, particularly in countries where both conditions are prevalent. Given 

the complexity of diabetic complication mechanisms and the numerous pathways involved, 

it is likely that the immune response to Mtb infection is affected at multiple levels. Data 

from mice suggest that an impaired innate response to initial infection with a resulting delay 

in the adaptive immune effector response is a key mechanism of susceptibility. A refined 

understanding of the immunological and biochemical basis of TB susceptibility in DM will 

inform the rational development of implementation and therapeutic strategies to mitigate the 

dual burden of these diseases. Such investigation can also take advantage of the perturbation 

in protective immunity caused by DM to reveal critical determinants of the host-pathogen 

interaction in TB relevant to the general population.
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Figure 1. 
Diabetes affects early events in the host-pathogen interaction of TB. Control C57BL/6 mice 

(top) and mice with 12 weeks of STZ-induced diabetes (bottom) were challenged with ~100 

CFU of Mtb Erdman by aerosol [28]. Lung sections prepared from mice after 2 weeks (left) 

or 4 weeks (right) of TB disease were stained with anti-PPD Ab to detect infecting bacilli 

(brown). At the 2-week time point, sites of Mtb infection in control mice were characterized 

by aggregates of recruited myeloid cells. In contrast, the lungs of diabetic mice contained 

Mtb-infected alveolar macrophages with few or no recruited myeloid cells in their vicinity. 

After 4 weeks of TB disease, the lesions of control and diabetic mice were indistinguishable. 

This is interpreted as reflecting a delay in initiating an innate response by alveolar 

macrophages initially infected with inhaled Mtb [28]. Original magnification ×400.
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Figure 2. 
A proposed model for TB susceptibility in DM. A defective innate response to inhaled Mtb 

by diabetic hosts results in a critical delay in priming adaptive immunity. Resident alveolar 

macrophages are the first cells to become infected with inhaled Mtb. They fail to restrict 

Mtb replication but in non-diabetic hosts (left) produce signals that recruit na macrophages, 

neutrophils and mDCs to the alveolus. Infection spreads to recruited cells, including mDCs 

[18], which then transport bacilli to lung-draining lymph nodes where the adaptive response 

is primed (Day 7–10 p.i.). Antigen-specific T cells traffic to the lungs and mediate an 

effector response capable of restricting Mtb replication (Day 15 p.i.). Diabetic hosts (right) 

are slow to mount an innate response to the alveolar macrophages initially infected with 

Mtb. The delay in recruiting mDCs to the alveolar airspace to acquire bacilli leads to 

downstream delays in their delivery of antigen to thoracic lymph nodes and the subsequent 

expression of adaptive immunity in the lung during the period of logarithmic Mtb 

replication. This results in a higher plateau lung bacterial load once effective control is 
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exerted, associated with increased severity of immune pathology and worse outcomes in 

TB/DM. Additional factors contributing to excessive inflammation may be a relative 

deficiency of Treg cells [57], accelerated death of Mtb-infected macrophages due to elevated 

intracellular methylglyoxal [73], and intrinsic proinflammatory effects of DM resulting from 

increased mitochondrial generation of superoxide [65]. The timeline of events following 

inhalation of Mtb are based on data published by Vallerskog et al. [28].
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