
Host-pathogen interactions in tuberculosis patients with type 2
diabetes mellitus

Blanca I. Restrepoa,* and Larry S. Schlesingerb

a UTHealth Houston, School of Public Health at Brownsville, 80 Fort Brown, Brownsville, Texas
78520, USA

b Center for Microbial Interface Biology and Department of Microbial Infection and Immunity,
460W 12th Ave, The Ohio State University, Columbus, Ohio 43210, USA

Abstract

Tuberculosis (TB) is known to be fueled by HIV as well as social and economic factors. With

progression of the diabetes mellitus (DM) pandemic in countries where TB is also endemic, focus

is increasing on the potential links between DM and TB. Despite the magnitude of the DM-TB

association woldwide, it is striking how little we know about the underlying biology that promotes

this association which is a major concern to public health. In this review we summarize current

findings regarding the alterations in the innate and adaptive immune responses of DM patients to

Mycobacterium tuberculosis (Mtb). Current findings suggest underperforming innate immunity

followed by a hyper-reactive cellular response to Mtb, but the contribution of these altered

responses to TB susceptibility or to the more adverse clinical outcomes of TB patients with DM

remains unclear. Elucidating the basic mechanisms underlying the higher susceptibility of DM

patients to TB should lead to a strategy for stratification of the millions of DM patients worldwide

into those with the highest TB risk for targeted TB prevention.
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1. Epidemiological and clinical landscape of the association

Tuberculosis (TB) is the number one single bacterial killer worldwide.1 Its association with

diabetes mellitus (DM) was described centuries ago.2 Prior to the 1950s a DM patient that

was not dying from a diabetic comma was likely dying from TB.3-5 This association

disappeared from the literature with the advent of insulin to improve the management of DM

and antibiotics to treat TB. Today the co-occurrence of both diseases has reappeared as a
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consequence of the DM ‘pandemic’ which is predicted to reach 366 million patients by 2030

and is primarily attributed to type 2 DM.6,7 Consequently, the World Health Organization

has recently identified DM as a neglected, important and re-emerging risk factor for TB.8-10

While studies prior to 1950s could not distinguish between coincidence or association

between TB and DM, contemporary analyses with improved epidemiological tools are

providing growing support for their association. Results suggest that DM patients have a 3-

fold higher risk of developing TB, particularly those with poor DM control (high

HbA1c).11,12 In countries where TB and DM are endemic such as India or Mexico, DM can

account for up to 22% of the TB cases.13,14 At the Texas-Mexico border our findings

suggest that the attributable risk of TB due to DM is 28%, suggesting that DM is the

underlying condition for nearly one-third of the TB cases in this region.15 Thus, while the

risk conferred by HIV is more than 50-fold at the individual level, the higher prevalence of

DM in a community can have a relatively higher impact on TB control.15-17 Therefore, the

relative contribution of DM versus other risk factors for TB (e.g. HIV, malnutrition, excess

alcohol, drug abuse, overcrowding) can vary substantially between communities and should

be taken into consideration for tailored TB control.

DM can also affect the clinical presentation and course of TB. TB patients with DM (TB-

DM) have a higher risk of death when compared to TB without DM (TB-no DM).18 The

dysfunctional immune response in DM patients includes hyper-reactive T cells (see below)

that may affect the clinical presentation of TB.19-22 For example, DM patients are more

likely to have pulmonary (versus extrapulmonary) TB and to have cavitary TB.23-25 Given

that lung cavities are associated with higher bacterial burden in sputa, TB-DM patients may

be important contributors to the spread of TB. However, data indicating higher bacillary

burden in sputa from TB-DM versus TB-no DM patients are conflicting.26-28

2. Mechanisms for dysfunctional immunity to Mtb in DM

DM is characterized by hyperglycemia due to defects in insulin secretion, insulin response,

or both.29 In this review DM will refer mostly to type 2 DM which is the most prevalent

form due to its association with obesity. Poorly-controlled DM (chronic hyperglycemia with

high HbA1c) is associated with compromised immunity. Studies unrelated to TB show that

transient or chronic hyperglycemia alters immune function.30,31 The chronic up-regulation

of glucose can lead to the abnormal accumulation of advanced glycation end products

(AGE) that are highly reactive and can bind and modify immune response molecules (e.g.

antibodies, complement).32,33 Excess AGE may also promote constant stimulation of its

scavenger receptor, RAGE, leading to aberrant stimulation of phagocytes with activation of

NFNB and NADPH oxidase.34,35 Excessive NADPH activity leads to the accumulation of

reactive oxidative species and hence, to oxidative stress.

DM may alter TB immunity through one or several of the metabolic consequences of

hyperglycemia. This is indirectly supported by the consistent relationship between blood

glucose or HbA1c levels and immune response outcomes in TB.21,22,36,37 Furthermore, in a

longitudinal cohort study, poorly-controlled DM (and not DM in itself) was associated with

a higher risk of TB development.12 However little is known about the underlying

mechanisms. One study suggested that oxidative stress underlies altered responses in DM by
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showing that PBMCs from DM patients secrete reduced IL-12 in response to Mtb, and this

defect is corrected upon addition of antioxidants.38 Otherwise, the mechanisms mediating

the altered responses of DM patients to Mtb are essentially unexplored. Besides

hyperglycemia, we cannot exclude the additional contribution of other host factors that are

more frequent in DM patients versus non-DM, such as obesity and dyslipidemias, older age,

vitamin D deficiency, anti-inflammatory effects of medications, and co-morbidities, among

others.

3. Impact of DM on the natural history of TB

The risk of TB can be stratified into the risk of infection, which occurs in 30% of household

contacts, followed by the risk of progression to TB, which occurs in 5-10% of those

infected.39,40 Innate and adaptive immune responses to Mtb play key roles in defining these

outcomes, with details provided in recent reviews.41,42 Inhaled Mtb is primarily

phagocytosed by lung alveolar macrophages where a balance between the host response and

the bacterial strategies to evade killing dictate the outcome. The localized inflammatory

response includes cytokines (e.g. TNF-α, IL-1β, IL-12 and IL-10), chemokines (CCL2, 3, 4,

5 and CXCL9, CXCL10) and cells from the innate (macrophages, monocytes, NK cells,

dendritic cells) and adaptive (CD4+, CD8+ and γδ-T cells and B lymphocytes) immune

systems that contribute to the formation of a granuloma, the signature response to TB.41,42 It

is unclear whether DM increases susceptibility to Mtb infection or progression to active TB,

but evidence for defects in innate and adaptive immunity of DM patients suggests this

chronic disease can have an impact on both TB stages.

3.1 Innate immunity to Mtb in DM patients

In humans there are limited data on the events that shape the earliest encounter between Mtb

and the innate immune system of the DM host. To address this we began in-vitro studies

comparing the interaction of Mtb with human blood monocytes from Mtb-naïve individuals

with and without DM. These studies were conducted in the presence of autologous serum

because Mtb is an intracellular pathogen that can enter monocytes via serum-dependent or -

independent pathways.43 In addition, undefined factors in a DM patient's serum are likely to

contribute to the overall immmune response and therefore, “foreign” serum adds additional

complexity and potential artifacts to the models. Our findings indicate reduced binding

and/or phagocytosis of Mtb by monocytes from DM patients versus non-DM controls.36

This difference was only observed in media with high concentrations of autologous serum

(p=0.03 with 20% serum). This suggests the defect in Mtb entry into DM monocytes lies, in

part, in serum opsonins that deposit on the bacterial surface (C3b/iC3b and/or natural

antibodies), and/or in their corresponding complement or Fcγ receptors.43 Since heat-

inactivation of sera abolished the difference between the monocytes of DM and control

participants, we suspect the defect in DM is more likely to be in serum complement factors

leading to C3b/iC3b opsonization and/ or its receptors. We are currently assessing these

possibilities, and also evaluating the impact that altered entry of Mtb may have on its

intracellular survival, replication and generated immune responses within the diabetic

monocyte. To determine whether DM also affects monocytes from TB patients, we

compared the expression of monocyte surface markers from TB-DM and TB-no DM
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patients.44 By multivariate analysis the monocytes from TB-DM had higher expression of

CCR2, which coincides with the reported up-regulation of its ligand CCL2 (MCP-1) in sera

from DM patients.45 Future studies will determine whether this higher CCR2 expression

may restrain the migration of diabetic monocytes from the blood to the site of Mtb infection

in the lung, or within the lung and its regional lymph nodes as suggested in the mouse model

of TB and DM.46

Once Mtb is inside the mononuclear phagocyte, the DM host may have a limited ability to

contain its growth due to deficiencies in anti-mycobactericidal pathways. In a longitudinal

follow-up of individuals transitioning from pre-DM to DM, researchers noted a reduction in

the expression of genes encoding for products that contribute to anti-mycobacterial activities

of phagocytes: i) the vacuolar ATPase (ATP6V1H) acidifies the phagosome-lysosome

compartment and facilitates Mtb killing;47 ii) the hexokinase 2 (HK2) is an enzyme involved

in aerobic glycolysis which is the main energy source for macrophages, and iii) CD28 is

required for effective co-stimulation of T lymphocytes by antigen-presenting cells.48

Functional studies are needed to confirm the relationship between these alterations in gene

expression in DM and Mtb susceptibility. Another study suggested that DM patients with

latent or active TB have reduced expression of antimicrobial peptides (e.g. cathelicidin-

LL37, human neutrophil peptide-1 and human beta-defensins-2 and -3), when compared to

non-DM controls.49 These findings are interesting given the growing recognition of the anti-

mycobacterial activity of cathelicidin-LL37 by human monocytes and macrophages.50-52

Expression of this antimicrobial peptide requires vitamin D, and coincidently, DM patients

are more likely to have lower serum levels of this vitamin.53,54 The relationship between

cathelicidin-LL37 expression, DM and TB susceptibility deserves further evaluation.

In summary, DM patients appear to have alterations in innate immunity with reduction in

Mtb phagocytosis, expression of genes that contribute to Mtb containment or antigen

presentation and secretion of anti-mycobacterial peptides. Peripheral blood monocytes may

also have defects in cell trafficking. While DM may first induce immune defects and then

predispose to TB, TB and DM patients may also share similar genetic or acquired

deficiencies that simultaneously (additive or synergistic) predispose them to both diseases.

3.2 Adaptive immunity to Mtb in DM patients

Studies comparing TB-DM versus TB-no DM have provided insights into the role of DM in

adaptive immunity to Mtb. At baseline, the plasma from TB-DM patients appears to have

higher levels of Th1 (IFN-γ, IL-2) and Th17 (IL-17A, but not IL-22) cytokines, and a lower

frequency of natural T-regulatory (CD4+,CD25+,CD127-) cells. However, this is

accompanied by higher IL-10 as well, suggesting that both anti- and pro-inflammatory

cytokines are up-regulated in TB-DM versus TB-no DM patients.20 In the broncho alveolar

lavage of TB-DM patients, Sun et al also found higher baseline IL-10, but lower IFN-γ
suggesting the lung compartment may have a biased Th2 response in DM.55

Several studies have compared the cytokine responses of TB-DM versus TB-no DM

following in-vitro stimulation of white blood cells with complex or purified mycobacterial

antigens. The secretion of IFN-γ has been evaluated in all of the reports, but results are

conflicting with studies showing either no difference,56 lower,37,57 higher20-22 or variable19

Restrepo and Schlesinger Page 4

Tuberculosis (Edinb). Author manuscript; available in PMC 2014 May 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



IFN-γ secretion by TB-DM versus TB-no DM. The researchers reporting lower ex-vivo

IFN-γ secretion by TB-DM patients found that after 6 months of anti-TB therapy the

production of IFN-γ returned to normal in patients with well-controlled DM but remained

low in those with poor glycemic control.37 The various studies reporting higher expression

of type 1 cytokines in TB-DM versus TB-no DM controls have used various methods and

different mycobacterial antigens. We used in-house and commercial (QuantiFERON-Gold)

whole blood cell assays to screen for differences in cytokine secretion in response to

purified protein derivative (PPD) or recombinant Mtb-specific antigens (ESAT-6 and

CFP-10) from Mtb, respectively. Multivariate analysis indicated that type 1 cytokines (IFN-

γ, IL-2, GM-CSF) were significantly higher among TB-DM, and cytokine levels correlated

with poor glucose control (high HbA1c).21,22 Kumar et al confirmed and extended these

findings by showing that TB-DM patients (versus TB-no DM) secreted higher Th17

cytokines (IL-17 along with IFN-γ or IL-10, but not IL-22) in response to complex (PPD) or

purified mycobacterial antigens (CFP-10 or ESAT-6). TB-DM cases also had elevated

frequency of single- and double-cytokine producing CD4+ Th1 cells in response to Mtb

antigens: either IFN-γ, TNF-α or IL-2 alone, or their combination. These higher cytokine

responses were not observed upon polyclonal stimulation with anti-CD3, suggesting that the

altered response was limited to Mtb-specific T cells.20 Another study also reported higher

secretion of IFN-γ by PBMCs from TB-DM versus TB-no DM, but only in response to

peptides encoded in the region-of-difference 1 (RD1) of Mtb (where ESAT-6 and CFP-10

are encoded). The opposite result (lower IFN-γ by TB-DM) was observed with pools of

peptides for RD4, RD6 or RD10.19

The conflicting results among the studies regarding type 1 cytokine expression are a

reflection of the limited knowledge and difficulties related to studies in DM patients. Such

differences may be attributed to variations in the study populations, particularly among the

DM patients who can vary extensively in their level of glucose control, sociodemographics,

comorbidities or medications as described above. Other factors contributing to variations

may be technical, such as the preparation of white blood cells (e.g. whole or diluted blood,

purified PBMCs), mycobacterial antigens, or concentration and source of sera (autologous

versus commercial AB serum).

Overall, most adaptive immune response studies suggest that TB-DM patients have a hyper-

reactive cell-mediated response to Mtb antigens. This distinction from non-DM TB patients

provides indirect support for dysfunctional immunity in DM patients which leads to TB

susceptibility, but this hyper-response is intriguing and requires further evaluation to

determine: i) its relationship to the higher susceptibility of DM patients to TB; ii) its role in

immune pathology and the more adverse clinical outcomes of TB-DM patients; and iii) its

ineffectiveness in Mtb elimination. Regarding the latter, two studies suggest that IL-10 is

also up-regulated in TB-DM versus TB-no DM patients,19,20 and one of these further found

the ratio of IFN-γ to IL-10 was significantly lower in the TB-DM patients.19 Thus, the ratio

of Th1 and Th17 versus IL10 or other anti-inflammatory cytokines deserves further study in

DM patients.
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3.3 Contribution of mouse models of type 2 DM to understanding TB immunity in DM
patients

Findings in a mouse model of TB and type 2 DM developed by Martens and collaborators

complement and expand the observations in humans.58 In this mouse model C57BL/6 mice

are treated with streptozotocin to kill pancreatic beta islet cells which leads to acute (≤ 1

month) or chronic (≥ 3 months) DM, and then they are exposed to a low dose of aerosolized

Mtb. Researchers found that chronic DM (but not acute) was associated with delayed innate

immunity to Mtb resulting in late delivery of mycobacterial antigens by dendritic cells from

the lung to the draining lymph nodes. This delayed the priming and recruitment of T

lymphocytes necessary for the initial restriction of Mtb growth.46 Consistent with this

prediction, at 2 months post-infection the DM (versus control mice) had a higher pulmonary

Mtb burden and more extensive inflammation with higher expression of pro-inflammatory

cytokines like IFN-γ.58 In another mouse model using streptozotocin, Yamashiro et al

showed that mice with DM were also more susceptible to TB, but had lower expression of

IFN-γ and IL-12.59 The difference in Th1 cytokines between models may be due to

technical variations, given that Yamashiro and colleagues infected mice after 3-5 weeks of

streptozotocin treatment (acute DM) and with a high, intravenous dose of Mtb. These

differences between mouse studies are analogous to the variations observed in the patient

studies described above, and reinforce the impact of DM chronicity and bacterial burden on

the dysregulated immune response seen in the DM host.

4. Future perspectives

The limited data on TB and DM suggest that the DM host has an underperforming innate

immune system to Mtb that is followed by a hyper-reactive adaptive immune system. The

latter exaggerated response contrasts with the immune “compromise” underlying other risk

factors for TB such as HIV, TNF-α blockers or genetic defects in the IL-12/IFN-γ axis.60

Therefore, the enlarging contribution of DM to TB provides a novel perspective and

opportunity for scientists to gain further insights into the pathogenesis of TB. We envision

that the combination of basic science and epidemiological research teams working together

will ultimately lead to the identification of a strategy to stratify the millions of DM patients

into those with the highest risk of Mtb infection or TB disease. This would provide the basis

for recommending LTBI treatment to those with the highest benefit-to-risk ratio, or tailoring

TB treatment to those with the worst prognosis (e.g. delayed time to bacterial clearance

during treatment or higher risk of death).18,27 Huge and exciting work is ahead of us!
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