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Summary

Type 2 diabetes mellitus (DM) is associated with expanded frequencies of

mycobacterial antigen-specific CD4+ T helper type 1 (Th1) and Th17 cells

in individuals with active pulmonary tuberculosis (TB). No data are avail-

able on the role of CD8+ T and natural killer (NK) cells in TB with coinci-

dent DM. To identify the role of CD8+ T and NK cells in pulmonary TB

with diabetes, we examined mycobacteria-specific immune responses in the

whole blood of individuals with TB and DM (TB-DM) and compared them

with those without DM (TB-NDM). We found that TB-DM is character-

ized by elevated frequencies of mycobacterial antigen-stimulated CD8+ T

cells expressing type 1 [interferon-c and interleukin-2 (IL-2)] and type 17

(IL-17F) cytokines. We also found that TB-DM is characterized by

expanded frequencies of TB antigen-stimulated NK cells expressing type 1

(tumour necrosis factor-a) and type 17 (IL-17A and IL-17F) cytokines. In

contrast, CD8+ T cells were associated with significantly diminished

expression of the cytotoxic markers perforin, granzyme B and CD107a

both at baseline and following antigen or anti-CD3 stimulation, while NK

cells were associated with significantly decreased antigen-stimulated expres-

sion of CD107a only. This was not associated with alterations in CD8+

T-cell or NK cell numbers or subset distribution. Therefore, our data sug-

gest that pulmonary TB complicated with type 2 DM is associated with an

altered repertoire of cytokine-producing and cytotoxic molecule-expressing

CD8+ T and NK cells, possibly contributing to increased pathology.
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Introduction

Type 2 diabetes mellitus (DM) is a major risk factor for

tuberculosis (TB) with several lines of evidence demon-

strating increased risk of TB in diabetic individuals.

Moreover, the increasing prevalence of DM in certain

parts of the world where TB infection is already rampant

poses a major public health concern.1–3 In addition, there

is also evidence that DM is associated with greater sever-

ity of TB disease affecting both disease presentation and

response to treatment, including the radiological extent of

disease, delay in the time to sputum conversion and

increased risk of treatment failures and relapse.1,4 While

the clinical and epidemiological implications of the TB–
DM network are well understood, little is known about

the immunological interaction between the two diseases.

It was assumed that as DM is known to be associated

with impaired effector T-cell responses that TB suscepti-

bility was the consequence of impaired T-cell responses

in DM. Indeed, several early studies reported reduced

pro-inflammatory cytokines in mouse models of DM

after infection with Mycobacterium tuberculosis.5,6 How-

ever, more recent data clearly indicate that pro-inflamma-

tory responses, inclusive of cytokine and T-cell responses,

are elevated in TB-infected diabetic hosts – both in mice

and in humans.7,8 In addition, TB with DM is character-

ized by an expansion of M. tuberculosis-specific CD4+ T

helper type 1 (Th1) and Th17 cells and heightened

plasma levels of type 1 and type 17 cytokines.9,10 CD8+ T

and natural killer (NK) cells are also important producers

of pro-inflammatory cytokines, including type 1 and type

17 cytokines in tuberculosis11 but their contribution to

Abbreviations: CFP-10, culture filtrate protein-10; DM, diabetes mellitus; ESAT-6, early secreted antigen-10; HbA1c, haemoglobin
A1c; Mtb, Mycobacterium tuberculosis; NDM, non-diabetes mellitus; PPD, purified protein derivative; TB, tuberculosis
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the cytokine environment in TB-DM co-morbidity is not

known. Similarly, expression of the cytotoxic granule

release mediators perforin, granzyme B and CD107a is an

important component of the cytotoxic function of these

cells.12

To study the influence of DM on CD8+ T and NK cell

responses in active pulmonary TB, we examined baseline

(ex vivo), antigen-specific and polyclonal induction of type

1 and type 17 cytokine-producing as well as cytotoxic mar-

ker expressing CD8+ T and NK cells in individuals with

active TB with coincident DM (TB-DM) and compared

them with those without DM (TB-NDM). We show that

those with TB-DM have elevated frequencies of interferon-c
(IFN-c), interleukin-2 (IL-2) and IL-17F secreting CD8+

T cells following mycobacterial antigen stimulation in

comparison to TB-NDM individuals. We also show that

those with TB-DM have elevated frequencies of tumour

necrosis factor-a (TNF-a), IL-17A and IL-17F secreting

NK cells following mycobacterial antigen stimulation. In

contrast, the frequency of CD8+ T cells expressing perforin,

granzyme B and CD107a and the frequency of NK cells

expressing the degranulation molecule, CD107a alone, was

considerably diminished in TB-DM. This was not associ-

ated with altered CD8+ T-cell or NK cell numbers or sub-

set distribution. Hence, our data demonstrate that diabetes

profoundly alters the CD8+ T and NK cell response to

M. tuberculosis and possibly contributes to increased sever-

ity and/or immune-mediated pathology in TB.

Materials and methods

Study population

We studied a group of 44 individuals with active pulmo-

nary TB – 22 with diabetes and 22 without. Tuberculosis

was diagnosed on the basis of sputum smear and culture

positivity. This was the same group of patients for whom

we had previously studied CD4+ T-cell responses.10 The TB

was diagnosed on the basis of positive sputum smear using

fluorescence microscopy and positive cultures on Lowen-

stein–Jensen medium. All individuals in the study were

sputum smear and culture positive. Diabetes mellitus was

diagnosed on the basis of glycated haemoglobin (HbA1c)

levels and random blood glucose, according to the Ameri-

can Diabetes Association criteria (all DM individuals had

HbA1c levels > 6�5% and random blood glucose

> 200 mg/dl). All the individuals were HIV negative. The

two groups did not differ significantly in terms of sputum

smear grades or radiological extent of disease. All individu-

als were anti-tuberculous treatment naive. Anthropometric

measurements, including height, weight and waist circum-

ference, and biochemical parameters, including plasma glu-

cose, lipid profile and HbA1c were obtained using

standardized techniques as detailed elsewhere.13 The

TB-DM individuals exhibited significantly increased levels

of random glucose, total cholesterol, serum triglycerides

and low-density cholesterol compared with TB-NDM

individuals. There was no significant difference in age, sex

or body mass index between the two groups. All individu-

als were examined as part of a natural history study

approved by the Institutional Review Board of the National

Institute of Research in Tuberculosis (NCT01154959),

and informed written consent was obtained from all

participants.

Ex vivo analysis

All antibodies used in the study were from BD Bioscienc-

es (San Jose, CA), BD Pharmingen (San Diego, CA),

eBioscience (San Diego, CA) or R&D Systems (Minneap-

olis, MN). Absolute numbers of CD8+ T cells were enu-

merated in whole blood using BD Multiset 6-Color

TBNK cocktail (BD Biosciences). Naive and memory T-

cell phenotyping was performed using CD45RA and

CCR7 staining on CD8+ T cells. The gating strategy for

T-cell phenotyping is shown in the Supporting informa-

tion, Fig. S1(b). Ex vivo intracellular staining for Ki-67

expression on CD8+ T and NK cells was performed.

Antigens

Tuberculosis antigens used were early secreted antigen-6

(ESAT-6) and culture filtrate protein-10 (CFP-10) (both

from Fitzgerald Industries Intl. Inc., Acton, MA). Final

concentrations were 10 µg/ml for ESAT-6 and CFP-10

and 5 µg/ml for anti-CD3.

In vitro culture

Whole blood cell cultures were performed to determine

the intracellular levels of cytokines. Briefly, whole blood

was diluted 1 : 1 with RPMI-1640 medium, supple-

mented with penicillin/streptomycin (100 U/100 mg/ml),

L-glutamine (2 mM), and HEPES (10 mM) (all from Invi-

trogen, Carlsbad, CA) and distributed in 12-well tissue

culture plates (Costar�). The cultures were then stimu-

lated with ESAT-6, CFP-10 or anti-CD3 or media alone

in the presence of the co-stimulatory molecules, CD49d/

CD28 at 37° for 6 hr. Brefeldin A (10 µg/ml) was added

after 2 hr. After 6 hr, centrifugation, washing and red

blood cell lysis were performed. The cells were fixed using

cytofix/cytoperm buffer (BD Biosciences) and cryopre-

served at – 80°.

Intracellular cytokine staining

The cells were thawed, washed and then stained with sur-

face antibodies for 30–60 min. Surface antibodies used

were CD3, CD4, CD8, CD16 and CD56. Gating strategies

for CD8+ T cells (CD3+ CD8+ CD4�) and NK cells

Published 2014. This article is a U.S. Government work and is in the public domain in the USA., Immunology, 144, 677–686678

N. P. Kumar et al.



(CD56+ CD3�) are shown in Fig. S1(a). The cells were

washed and permeabilized with BD Perm/Wash buffer

(BD Biosciences) and stained with intracellular cytokines

for an additional 30 min before washing and acquisition.

Cytokine antibodies used were IFN-c, TNF-a, IL-2, IL-

17A, IL-17F and IL-22. Cytotoxic markers analysed were

perforin, granzyme B and CD107a. Eight-colour flow

cytometry was performed on a FACSCANTO II flow cytome-

ter with FACSDIVA software v.6 (Becton Dickinson, Franklin

Lakes, NJ). The lymphocyte gating was set by forward

and side scatter and 100 000 events were acquired. Data

were collected and analysed using FLOW JO software (Tree-

Star Inc., Ashland, OR). All data are depicted as fre-

quency of the various cell populations expressing cytokine

(s). Baseline values following media stimulation are

depicted as baseline frequency while frequencies following

stimulation with antigens are depicted as net frequencies

(with baseline values subtracted).

Statistical analysis

Data analyses were performed using GRAPHPAD PRISM

(GraphPad Software, Inc., La Jolla, CA). Geometric means

were used for measurements of central tendency. Statisti-

cally significant differences between two groups were

analysed using the non-parametric Mann–Whitney U-test.

Multiple comparisons were corrected using the Holm’s

correction.

Results

TB-DM is associated with increased frequencies of
antigen-stimulated CD8+ T cells expressing IFN-c, IL-
2 and IL-17F

CD8+ T cells are thought to play an important role in the

immune control of TB infection.14 To determine the influ-

ence of DM on CD8+ T cells in active TB, we used multi-

parameter flow cytometry to define the frequencies CD8+

T cells expressing type 1 (IFN-c, IL-2 or TNF-a) and type

17 (IL-17A, IL-17F or IL-22) cytokines at baseline and fol-

lowing stimulation with either mycobacterial antigens or

anti-CD3 (Fig. 1a). As shown in Fig. 1(b), there were no

differences in the frequencies of CD8+ T cells expressing

type 1 or type 17 cytokines at baseline in TB-DM com-

pared with TB-NDM. In contrast, in response to CFP-10

(Fig. 1c) and ESAT-6 (Fig. 1d), we observed significantly

elevated frequencies of CD8+ T cells expressing either

IFN-c or IL-2 or IL-17F in TB-DM compared with

TB-NDM individuals. Finally, there were no significant

differences in the net frequencies of CD8+ T cells express-

ing pro-inflammatory cytokines between the two groups

[with the exception of CD8+ T cells expressing IL-2

(Fig. 1e)] following stimulation with anti-CD3 indicating

that the increased frequency of pro-inflammatory cyto-

kine-expressing CD8+ T cells induced in TB-DM individu-

als was predominantly antigen-specific.

TB-DM is associated with increased frequencies of
antigen-stimulated NK cells expressing TNF-a, IL-17A
and IL-17F

The role of NK cells in the immune response to TB is

not well understood although NK cells are thought to

contribute to protection.15 To determine the influence

of DM on NK cells in active TB, we measured the fre-

quencies of NK cells expressing type 1 (IFN-c, IL-2 or

TNF-a) and type 17 (IL-17A, IL-17F or IL-22) cyto-

kines at baseline and following stimulation with myco-

bacterial antigens (Fig. 2a). No significant differences in

the frequency of NK cells expressing type 1 or type 17

cytokines were observed between TB-DM and TB-NDM

individuals at baseline (Fig. 2b). As shown in Fig. 2(c,

d), there were significantly elevated frequencies of NK

cells expressing TNF-a and IL-17A following TB antigen

stimulation in TB-DM compared with TB-NDM indi-

viduals. Hence, DM is associated with enhanced fre-

quencies of NK cells expressing pro-inflammatory

cytokines in active TB.

TB-DM is associated with decreased frequencies of
antigen-stimulated CD8+ T cells expressing cytotoxic
markers

To determine the influence of DM on cytotoxic poten-

tial of CD8+ T cells in active TB, we used multi-

parameter flow cytometry to define the frequencies

CD8+ T cells expressing perforin, granzyme B and

CD107a at baseline and following stimulation with

either mycobacterial antigens or anti-CD3 (Fig. 3a). As

shown in Fig. 3(b), we observed significantly decreased

frequencies of CD8+ T cells expressing either perforin

or granzyme B or CD107a in TB-DM compared with

TB-NDM individuals at baseline and in response to

CFP-10, ESAT-6 and anti-CD3. Hence, TB-DM is asso-

ciated with an altered repertoire of cytotoxic molecule

expressing CD8+ T cells.

TB-DM is associated with altered frequencies of
antigen-stimulated NK cells expressing CD107a

To determine the influence of DM on cytotoxic poten-

tial of NK cells in active TB, we used multi-parameter

flow cytometry to define the frequencies of NK cells

expressing perforin, granzyme B and CD107a at base-

line and following stimulation with either mycobacterial

antigen (Fig. 4a). As shown in Fig. 4(b), we observed

no significant alterations in the frequencies of NK cells

expressing either perforin or granzyme B in TB-DM

compared with TB-NDM individuals at baseline and in
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response to CFP-10 and ESAT-6. On the other hand,

the frequency of NK cells expressing CD107a was sig-

nificantly lower in response to CFP-10 and ESAT-6 was

significantly lower in TB-DM individuals. Hence, TB-

DM is associated with an altered repertoire of CD107a-

expressing NK cells.

TB-DM is not associated with alterations in CD8+ T
and NK cell numbers nor in the frequency of CD8+

T-cell memory subsets

We next examined the absolute numbers of CD8+ T cells

and NK cells as well as the frequencies of CD8+ T-cell
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Figure 1. Elevated antigen-stimulated frequencies of type 1 and type 17 cytokine secreting CD8+ T cells in patients with tuberculosis and diabetes

mellitus (TB-DM). (a) A representative whole-blood intracellular cytokine assay flow data from a TB-DM individual showing expression of inter-

feron-c (IFN-c), interleukin-2 (IL-2), tumour necrosis factor-a (TNF-a), IL-17A, IL-17F and IL-22. The plots shown are gated on CD3+, CD8+ T

cells. (b) The baseline frequency of CD8+ T cells expressing type 1 (IFN-c, IL-2, TNF-a) or type 17 (IL-17A, IL-17F and IL-22) cytokines is

shown as scatter plots with the line representing the geometric mean of the frequency of CD8+ T cells expressing the respective cytokine(s) in

TB-DM (n = 22) and TB–no diabetes mellitus (TB-NDM; n = 22) individuals. (c, d) The net frequency of CD8+ T cells expressing type 1 (IFN-c,
IL-2, TNF-a) or type 17 (IL-17A, IL-17F and IL-22) cytokines in response to culture filtrate protein-10 (CFP-10) (c) and early secretory antigen 6

(ESAT-6) (d) are shown in TB-DM and TB-NDM individuals. (e) The net frequency of CD8+ T cells expressing the different cytokines in

response to anti-CD3 stimulation is shown in TB-DM and TB-NDM individuals. Net frequencies were calculated by subtracting baseline frequen-

cies from antigen-stimulated or anti-CD3-stimulated frequencies. P-values were calculated using the Mann–Whitney test.
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memory subsets at baseline (without stimulation) since

alterations in any of the above-mentioned parameters

could influence the frequency of type 1 and type 17 cyto-

kine-secreting cells in TB-DM. The total white blood

count was not significantly different between the two

groups (geometric mean of 114�9 9 106/µl in TB-DM

versus 101�1 9 106/µl in TB-NDM). Our data reveal that

TB-DM is not associated with any significant differences

in the absolute numbers of CD8+ T cells or NK cells in

active TB (Fig. 5a). Our data also reveal that TB-DM is

not associated with significant alterations in the frequen-

cies of central memory and effector memory CD8+ T cells

in comparison to TB-NDM individuals but the former

had significantly higher frequencies of naive CD8+ T cells

compared with the latter (Fig. 5b). Finally, our data using

Ki-67 expression on stimulated CD8+ T and NK cells also

did not reveal any significant differences between the

groups (data not shown), suggesting that differential pro-

liferation was also not responsible for the differential

cytokine expression between the groups. Our data suggest

that alterations in absolute cell numbers or memory sub-

set frequencies are not associated with DM in TB.

Discussion

Type 2 diabetes is a major risk factor for active pulmo-

nary TB as well as a predictor of poor treatment out-

comes and reduced survival among those with TB
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disease.1 A detailed meta-analysis of 13 observational

studies on the risk for TB disease in diabetes determined

that diabetic patients were 3�1 times more likely to

develop TB than non-diabetic individuals.3 In addition,

data emerging from India indicate that while the inci-

dence of TB remains high, the prevalence of DM is rising

alarmingly. In fact, two recent studies from Chennai and

Kerala have demonstrated that the prevalence of type 2
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DM in TB patients attending outpatient clinics are

approximately 25% with an additional 25% of these

patients being pre-diabetic.16,17 The immunological basis

for this susceptibility to TB among those with DM is

poorly understood. The initial explanation for the

increased susceptibility to TB related to the suggestion

that an impaired immune response in diabetic patients

could potentially facilitate either primary infection with

TB or reactivation of latent TB.18 Indeed, a few studies

examining the innate and adaptive immune response to

microbial antigens in diabetic patients had suggested that

these responses are compromised, particularly in patients

with chronic hyperglycaemia.19–21 Whether this applies to

TB infection remains unclear. However, more recent data

from animal models suggest that diabetic mice infected

with TB actually manifest an exuberant (not impaired)

Th1 response that leads to immune-mediated pathology.22

Interestingly, these data mirror the finding that human

TB patients with DM over-express cytokines that are nor-

mally protective in TB.23 In addition, we have previously

demonstrated that TB-DM is associated with the presence

of expanded frequencies of antigen-specific CD4+ Th1

and Th17 cells as well as a pro-inflammatory cytokine

milieu.9,10

CD8+ T cells are known to play a protective role in the

immune response to murine TB and M. tuberculosis-spe-

cific CD8+ T cells have also been found in humans.14

These cells have the capacity to activate macrophage

defence mechanisms by secreting IFN-c and TNF-a and

also help in eliminating the bacteria by the granule exocy-

tosis pathway.24 Similarly, NK cell production of IFN-c,
IL-17 and IL-22 is thought to play an important role in

host defence against mycobacterial infection.15 As very lit-

tle is known about the regulation of CD8+ T cells and

NK cells in TB with DM, we sought to determine the role

of these lymphocytes in TB-DM. Our findings reveal that

at baseline, very few differences exist in the frequencies of

type 1 or type 17 secreting T or NK cells in TB-DM com-

pared with TB-NDM, indicating that DM per se does not

significantly alter the homeostatic regulation of CD8+ T

and NK cells. Similarly, intrinsic potential of CD8+ T cells

to secrete type 1 or type 17 cytokines in active TB is also

not influenced by DM because stimulation with a poly-

clonal stimulus (anti-CD3) did not reveal any major dif-

ferences in the frequency of pro-inflammatory cytokine

secreting CD8+ T cells. In contrast, mycobacterial antigen

stimulation appears to play a major role in driving the

expansion of type 1 or type 17 cytokine expressing CD8+
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T or NK cells in diabetic individuals. Both the immuno-

dominant antigens of M. tuberculosis, CFP-10 and ESAT-

6, induce specific expansion of CD8+ T and NK cell

secreting type 1 or type 17 cytokines. Interestingly, the

diversity of the expanded repertoire of CD8+ T and NK

cells was not as extensive as the repertoire of antigen-dri-

ven CD4+ Th1 and Th17 cells, observed in our previous

study.10 This is likely due to the fact that we used recom-

binant antigens as our stimulus and not peptides, which

may be better for CD8+ T-cell stimulation in short term

assays. Nevertheless, our study confirms an important

association of CD8+ T and NK cells with the pathogenesis

of TB disease in DM and suggest that elevated frequencies

of these could potentially lead to enhanced severity of

disease or a higher bacillary load. As unrestrained expan-

sion of type 1 cytokine-secreting CD8+ T and NK cells is

also known to contribute to pathology in several infec-

tious and autoimmune diseases,25 our findings also sug-

gest that this expanded population could possibly

contribute to lung pathology in diabetic individuals.

However, we do not observe any direct correlation

between the frequencies of CD8+ T and NK cells and the

glycaemic control in TB-DM individuals.

Type 17 cytokines, most notably IL-17A and IL-17F

have been shown to play a central role in mediating

immunity to both extracellular and intracellular bacteria,

including M. tuberculosis.26,27 However, due to the poten-

tial for IL-17 to mediate immune pathology as seen in

autoimmune diseases and infection models,28 it is also

postulated that IL-17 may have detrimental effects in

chronic bacterial infections such as TB. Our data suggest

that DM influences the expression pattern of TB antigen-

specific CD8+ T and NK cells producing IL-17A and IL-

17F and therefore, could be potentially associated with

immune-mediated pathology in individuals with TB-DM

co-morbidity. Interestingly, while we observed a differen-

tial expression of CD8+ T and NK cells secreting IL-17,

no similar difference was observed in the expression pat-

tern of IL-22-expressing cytotoxic cells. We also observed

minor differences in the cytokine response to ESAT-6

versus CFP-10, which could reflect minor variations in

the antigen-induced T-cell repertoire. Therefore, an exag-

gerated Type 17 response, similar to the Type 1 response,

occurs in active TB individuals with diabetes and possibly

contributes to immune-mediated pathology as well. Our

study also confirms previous reports that T cell profiles

in patients with insulin resistance are altered, which could

indicate that T-cell factors are linked to disturbed insulin

sensitivity.29 In patients with type 2 DM, circulating T

cells produce increased levels of IL-17 and IFN-c and

promote inflammation and several cytokines produced by

Th1 or Th17 cells have been linked to insulin resistance.30

Therefore, our data on the lack of differences at baseline

coupled with the altered frequency of TB antigen-specific

CD8+ T and NK cells upon antigen stimulation strongly

support an important role for DM in contributing to the

modulation of TB antigen-specific immune responses in

pulmonary TB. Our exploration of NK cell responses in

this study is preliminary and more in depth studies using

additional markers and additional stimulations are neces-

sary to elucidate the regulation of these cells in TB-DM.

Also, the antigen mediated induction of NK cell responses

could reflect pathogen-associated activation of NK cell

activating receptors, such as NKp30, NKp44 and NKp46.

One potential mechanism for the increased expansion

of CD8+ T and NK cells expressing pro-inflammatory

cytokines could be increased CD8+ T and NK cell total

counts or altered subset distribution or differential prolif-

eration. However, our data suggest that it is unlikely that

alterations in T or NK cell numbers or subset distribution

or intrinsic proliferation status was the primary cause for

the enhanced expansion of cytokine-producing T cells.

The expression of cytotoxic markers including perforin

and granzyme B and the degranulation marker CD107a is

an indirect estimation of the cytotoxic potential of CD8+

T and NK cells.12 Our data reveal that in contrast to

cytokine-secreting function, cytotoxic potential of CD8+

T cells and to a lesser extent NK cells is significantly com-

promised in type 2 DM. Interestingly, this decreased fre-

quency of CD8+ T cells expressing perforin is also

observed with anti-CD3 indicating a cell intrinsic effect of

hyperglycaemia on cytotoxic marker expression in these

cells. Whether this accounts for the increased susceptibil-

ity of type 2 diabetics to intracellular infections cannot be

ascertained from our study. Nevertheless, they do reveal

an important association of altered cytotoxic T and NK

cell potential with the pathogenesis of TB-DM co-mor-

bidity.

Our study highlights the contribution of poorly con-

trolled type 2 DM to the pathogenesis of TB disease by

its role in modulating the phenotype and function of

CD8+ T and NK cells. Since CD8+ T and NK cell are

potent cytokine-secreting cells, their contribution to the

pro-inflammatory milieu of diabetic individuals with TB

would be expected to substantially influence the TB-DM

co-morbidity. Future studies examining immune

responses in diabetic patients with latent TB should pro-

vide additional insights into the pathogenesis of TB dis-

ease by dissecting the complex immunological interaction

between diabetes and TB.
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