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 Type 2 diabetes mellitus (DM) is a risk factor for tuberculosis
 among individuals with latent Mycobacterium tuberculosis in
 fection. To explore the influence of DM on CD8+ T-cell re
 sponses during latent M. tuberculosis infection, we estimated
 the cytokine and cytotoxic marker expression pattern in indi
 viduals with latent M. tuberculosis infection with DM and

 those with latent M. tuberculosis infection without DM.

 Among individuals with latent M. tuberculosis infection, those
 with DM had diminished frequencies of CD8+ T-helper type 1
 (Thl), Th2, and Thl7 cells following stimulation by M. tuber
 culosis antigen and enhanced frequencies of CD8+ T cells ex
 pressing cytotoxic markers, compared with those without
 DM. Thus, our results suggest that coincident DM modulates
 CD8+ T-cell function during latent M. tuberculosis infection.
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 Diabetes mellitus (DM) is a major risk factor for the develop

 ment of tuberculosis, conferring a >3-fold increase in the risk of

 this disease [ 1 ]. DM is also a major contributor to the severity of

 lung disease, poor outcomes of tuberculosis treatment, and drug

 resistance in diseased individuals [2]. It is also now estimated
 that 15% of the tuberculosis burden worldwide is attributable

 to DM [3]. The biological basis for the increased susceptibility

 to tuberculosis among individuals with DM is still largely un

 known, although there is recent evidence that innate and adap

 tive immune responses to M. tuberculosis antigens are affected

 in individuals with DM [3]. Thus, exaggerated production of
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 proinflammatory cytokines, systemic immune activation mark

 ers, and markers of inflammation, as well as heightened activa
 tion of CD4+ T cells, CD8+ T cells, and natural killer cell

 responses are highly characteristic of tuberculosis and DM

 comorbidity [4-7]. However, very few data are available on
 the innate and adaptive immune interaction between DM and
 latent M. tuberculosis infection.

 Although CD8+ T cells were initially considered to be less im

 portant in the immune response to M. tuberculosis infection, it

 is now clear that CD8+ T cells play a vital role in this immune

 response [8]. Like CD4+ T cells, CD8+ T cells are able to produce

 interferon y (IFN-y), tumor necrosis factor a (TNF-a), and inter

 leukin 2 (IL-2), which are known to have critical functions during

 M. tuberculosis infection [8,9].CD8+ T-cell-expressing T-helper

 type 1 (Thl) cytokines can be monofunctional (defined as ex

 pression of 1 cytokine) or multifunctional (defined as expression

 of >1 cytokine). In addition, CD8+ T cells can also produce other

 cytokines, such as interleukin 17A (IL-17A), IL-17F, interleukin

 4 (IL-4), interleukin 5 (IL-5), and interleukin 13 (IL-13), which

 can also have a protective or pathogenic effect on M. tuberculo

 sis infection [8,9]. Finally, CD8+ T cells have cytolytic functions

 to kill M. tuberculosis-infected cells via processes mediated by

 granules (ie, perforin, granzyme, and granulysin) [8,9]. Expres

 sion of cytotoxic molecules, including CD 107a, perforin, and

 granzyme B, is an indirect indicator of the ability of CD8+
 T cells to kill target cells.

 To study the influence of DM on CD8+ T-cell responses in

 latent M. tuberculosis infection, we compared baseline, antigen

 stimulated, and polyclonal induction of CD8+ T-cell-expressed

 cytokines and cytotoxic markers in individuals with latent
 M. tuberculosis infection and coincident DM to findings in
 those without diabetes. We show that individuals with latent

 M. tuberculosis infection and DM have diminished frequencies

 of cytokine-expressing CD8+ T cells and elevated frequencies of

 cytotoxic marker-expressing CD8+ T cells. Thus, our data dem

 onstrate that DM profoundly alters the CD8+ T-cell response to

 M. tuberculosis antigens and possibly contributes to increased

 susceptibility to active disease.

 METHODS

 Study Population

 We studied 44 individuals with latent M. tuberculosis infection,

 of whom 22 had and 22 did not have concomitant DM. Latent

 M. tuberculosis infection was diagnosed on the basis of positive

 results of both the tuberculin skin test (induration diameter,

 >12 mm) and the Quantiferon TB Gold In-Tube assay (Qia

 gen), the absence of pulmonary symptoms, and the presence

 of normal findings of chest radiography (Supplementary
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 Table 1). DM was diagnosed on the basis of an elevated glucose

 level (ie, >200 mg/dL) in a random blood sample and an elevat

 ed glycated hemoglobin level (HbAlc; ie, >6.5%). All individu

 als with DM had recently received their DM diagnosis and were

 not receiving antidiabetic medication. All individuals were neg

 ative for human immunodeficiency virus (HIV). Compared
 with subjects with latent M. tuberculosis infection and without

 diabetes, those with diabetes and latent M. tuberculosis infection

 had higher fasting blood glucose, HbAlc, alanine aminotrans

 ferase, serum cholesterol, low-density lipoprotein cholesterol,

 and triglyceride levels but lower high-density lipoprotein cho

 lesterol levels (Supplementary Table 1). The groups did not dif

 fer significantly in age, sex, or body mass index (Supplementary

 Table 1). All individuals were examined as part of a clinical

 protocol approved by the Institutional Review Board of the
 National Institute of Research in Tuberculosis (clinical trials

 registration NCT00375583), and informed written consent

 Antigens

 M. tuberculosis antigens used were purified protein derivative

 (PPD; Statens Serum Institute), ESAT-6 peptide pools, and

 CFP-10 peptide pools (both from BEI resources, National Insti

 tute of Allergy and Infectious Diseases [NIAID], National Insti

 tutes of Health [NIH]), HIV Gag peptide pools (AIDS Reagent

 Program, Division of AIDS, NIAID, NIH) was used as a control

 antigen. Final concentrations were 10 pg/mL for PPD, ESAT-6,

 CFP-10 and HIV Gag peptide pools. Phorbol myristoyl acetate

 and ionomycin (P/I) were used at concentrations of 12.5 ng/mL

 and 125 ng/mL, respectively.

 In Vitro Culture

 Whole blood specimens were diluted 1:1 with Roswell Park Me

 morial Institute 1640 medium supplemented with penicillin/

 streptomycin (100 U/100 mg/mL), L-glutamine (2 mM), and

 HEPES (10 mM; all from Invitrogen) and distributed in 12
 well tissue culture plates (Costar). The cultures were then stim
 ulated with PPD, ESAT-6, CFP-10, P/I, or medium alone in the

 presence of the costimulatory molecules CD49d/CD28 at 37°C

 for 6 hours. Brefeldin A (10 pg/mL) was added after 2 hours.

 After 6 hours, centrifugation, washing, and red blood cell lysis

 was performed. The cells were fixed using cytofix/cytoperm

 buffer (BD Biosciences) and cryopreserved at -80°C.

 Intracellular Cytokine and Cytotoxic Marker Staining

 The cells were thawed, washed, and then stained with surface

 antibodies for 30-60 minutes. Surface antibodies used were

 CD3 and CD8. The cells were washed and permeabilized with
 BD Perm/Wash buffer (BD Biosciences) and stained with intra

 cellular cytokines for an additional 30 minutes before washing

 and acquisition. Cytokine antibodies used were IFN-y, TNF-a,

 IL-2, IL-17F, IL-17A, IL-4, IL-5, and IL-13. Cytotoxic marker

 antibodies used were CD107a, perforin, and granzyme B.
 Eight-color flow cytometry was performed on a FACSCanto II

 flow cytometer with FACSDiva software, version 6 (Becton

 Dickinson). The lymphocyte gating was set by forward and side

 scatter, and 100 000 lymphocytes events were acquired. Data were

 collected and analyzed using Flowjo software (TreeStar). All data

 are depicted as frequencies of CD8+ T cells expressing cytokine(s)

 or cytotoxic markers. Baseline values following stimulation by

 medium are depicted as the baseline frequency, while frequencies

 following stimulation with antigens are depicted as net frequen

 cies (with baseline values subtracted).

 Statistical Analysis

 Data analyses were performed using GraphPad PRISM (Graph
 Pad Software). Geometric means were used for measurements

 of central tendency. Statistically significant differences between

 2 groups were analyzed using the nonparametric Mann
 Whitney U test.

 RESULTS

 Latent M. tuberculosis Infection With DM Is Associated With Decreased

 Frequencies of CD8+ T Cells Expressing Cytokines After Antigen
 Stimulation

 To determine the influence of DM on CD8+ Thl, Th2, and

 Thl7 cells in latent M. tuberculosis infection, we measured

 the frequencies CD8+ T cells expressing IFN-y, IL-2, TNF-a,

 IL-4, IL-5, IL-13, IL-17A, and IL-17F at baseline and following

 stimulation with either mycobacterial antigens or P/I. A represen

 tative contour plot showing the baseline, ESAT-6-stimulated,

 and P/I-stimulated frequencies of CD8+ Thl, Th2, and Thl7

 cells is shown in Supplementary Figure 1. As shown in Fig
 ure 1A, individuals with latent M. tuberculosis infection and

 DM exhibited significantly reduced frequencies of CD8+ Thl

 (IFN-y) cells at baseline. Similarly, in response to ESAT-6 (Fig

 ure IB) or CFP-10 (Figure 1C) or PPD (Supplementary Fig
 ure 3A), individuals with latent M. tuberculosis infection and

 DM exhibited significantly decreased frequencies of CD8+
 Thl, Th2, and Thl7 cells, as well. In contrast, these individuals

 did not exhibit any significant difference in the frequencies of

 CD8+ Thl, Th2, or Thl7 cells in response to control antigen
 (HIV Gag; Supplementary Figure 3ß) or P/I (Figure ID).

 taiciii »n. luucii>uiuoio iiiicbuuii iiiui lmwi 10 noouiiiaicu mill inuicaocu

 Frequencies of CD8+ T Cells Expressing Cytotoxic Markers After

 Antigen Stimulation

 To determine the influence of DM on CD8+ T cells expressing

 cytotoxic markers during latent M. tuberculosis infection, we

 measured the frequencies CD8+ T cells expressing CD 107a, per

 forin, and granzyme B at baseline and following stimulation

 with either mycobacterial antigens or P/I. A representative con

 tour plot showing the baseline, ESAT-6-stimulated, and P/I

 stimulated cytotoxic marker expression on CD8+ T cells is

 shown in Supplementary Figure 2. As shown in Figure 2A, in
 dividuals with latent M. tuberculosis infection and DM exhibit

 ed significantly increased frequencies of CD107a-expressing

 CD8+ T cells at baseline. However, in response to ESAT-6
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 Figure 1. Latent Mycobacterium tuberculosis infection with type 2 diabetes mellitus (DM) is associated with decreased antigen-induced frequency of CD8+ T-helper type 1

 (Th1), Th2, and Th17 cells. Whole-blood specimens were cultured with medium alone or mycobacterial antigens or phorbol myristoyl acetate and ionomycin (P/l) for 6 h, and the

 baseline and antigen-stimulated frequencies of CD8+Th1, Th2, and Th17 cells were determined. The baseline (A) as well as ESAT-6 peptide pool-stimulated (S), CFP-10 peptide

 pool-stimulated (C), and P/l-stimulated (0) frequencies of CD8+ Th1, Th2, and Th17 cells in 22 individuals with latent M. tuberculosis infection and DM and 22 with latent

 M. tuberculosis infection without DM are shown. Each circle represents a single individual, and the bars represent the geometric mean values. Net frequencies were calculated

 by subtracting baseline frequencies from the antigen-induced frequencies for each individual, lvalues were calculated using the Mann-Whitney Utest. Abbreviations: IFN-y,

 interferon y; IL-2, interleukin 2: IL-4, interleukin 4; IL-5, interleukin 5; IL-13, interleukin 13; IL-17, interleukin 17; TNF-a, tumor necrosis factor a.
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 Figure 2. Latent Mycobacterium tuberculosis infection with type 2 diabetes mellitus (DM) is associated with increased antigen-induced frequency of perforin- and granzyme

 B-expressing CD8+ T cells. Whole blood specimens were cultured with medium alone, mycobacterial antigens, or phorbol myristoyl acetate and ionomycin (P/l) for 6 hours, and

 the baseline and antigen-stimulated frequencies of CD8+ T cells expressing CD107a, perforin, and granzyme B were determined. The baseline (4), ESAT-B peptide pool

 stimulated (ß), CFP-10 peptide pool-stimulated (C), and P/l-stimulated (0) frequencies of CD8+ T cells expressing the above markers in 22 individuals with latent M. tuberculosis

 infection and DM and 22 individuals with latent M. tuberculosis infection without DM are shown. Each circle represents a single individual, and the bars represent the geo

 metric mean values. Net frequencies were calculated by subtracting baseline frequencies from the antigen-induced frequencies for each individual. Pvalues were calculated

 using the Mann-Whitney U test.
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 (Figure 2B), CFP-10 (Figure 2C), or PPD (Supplementary Fig
 ure 4A), individuals with latent M. tuberculosis infection and

 DM exhibited significantly increased frequencies of CD8+ T

 cells expressing perforin and granzyme B. In contrast, these
 individuals did not exhibit any significant difference in the fre

 quencies of CD8+ T cells expressing any cytotoxic markers in

 response to control antigen (HIV Gag; Supplementary Fig

 ure 4B) or P/I (Figure 2D).

 DISCUSSION

 Tuberculosis comorbidity with noncommunicable diseases

 such as DM is highly prevalent in tuberculosis-endemic areas,

 and estimates of population-attributable tuberculosis risk due to

 DM are very high [2]. Although several studies have investigated

 adaptive immune responses in tuberculosis-DM comorbidity,

 very few studies have studied the adaptive immune responses
 in cases of latent M. tuberculosis infection and DM [3], We

 have previously shown that individuals with latent M. tubercu

 losis infection and DM are characterized by diminished system

 ic and antigen-specific Thl and Thl7 cytokine responses [10].

 In addition, we have also previously shown that latent M. tuber

 culosis infection with DM is not associated with any significant

 alterations in the proportion of naive, effector, central memory,

 and effector memory CD8+ T cells but is associated with signifi

 cantly lower proportions of myeloid and plasmacytoid dendritic

 cells, as well as classical and intermediate monocytes, compared

 with latent M. tuberculosis infection alone [11]. The alterations in

 the frequency of major antigen-presenting cells in cases of latent

 M. tuberculosis infection with DM led us to hypothesize that it
 would reflect in the activation of CD8+ T cells.

 Our findings reveal a dichotomy in the expression and func

 tion of CD8+ T cells during latent M. tuberculosis infection with

 DM. While cytokine expression on antigen-stimulated CD8+ T

 cells is clearly diminished, the expression of cytotoxic markers

 reflecting the capacity for degranulation and killing activity are

 clearly enhanced in these individuals. This is in marked contrast

 to the expression profile of CD8+ T cells in individuals with tu

 berculosis and concomitant DM, in whom cytokine expression

 was enhanced and cytotoxic marker expression was diminished,

 as reported previously [6]. This is also in contrast to the data

 showing impaired expression of CD 107a in CD8+ T cells in
 HIV-infected individuals with latent M. tuberculosis infection

 [12]. It is therefore likely that DM induces a phenotypic change

 that is different during latent M. tuberculosis infection, com

 pared with that during tuberculosis, and is also different from

 that during HIV coinfection. Thus, DM appears to play a signif

 icant regulatory role in the expression and function of CD8+ T

 cells, depending on the status of M. tuberculosis infection or dis

 ease. Interestingly, the impairment of cytokine function and en

 hancement of cytotoxic marker expression is augmented upon

 stimulation with M. tuberculosis antigens, PPD, ESAT-6, and

 CFP-10 peptides and is also pathogen induced, since the

 differences between the 2 groups of latent M. tuberculosis infec

 tion are almost completely abolished upon stimulation with a

 control antigen or polyclonal stimulus.

 Although less well studied, modulation of CD8+ T-cell func

 tion is a major characteristic of human tuberculosis [13]. Di

 minished Thl cytokine production by antigen-stimulated
 CD8+ T cells appears to be typical of individuals with pulmo

 nary tuberculosis, compared with those with latent M. tubercu

 losis infection [14]. Similarly, both peripheral and local CD8+ T

 cells have been reported to exhibit reduced cytotoxic activity in

 tuberculosis, compared with latent M. tuberculosis infection
 [15], Our data indicate that individuals with latent M. tubercu

 losis infection and DM appear to resemble the phenotypic and

 functional profile associated with tuberculosis, rather than
 latent infection. Thus, DM is associated with altered CD8+

 T-cell expression and function in the setting of latent infection.

 Our study also is the first study to examine the expression

 profile of Th2 and Th2 cytokines in CD8+ T cells. While
 Thl7 responses are important in memory responses and immu

 nity to M. tuberculosis infection, Th2 responses might actively

 promote the acquisition of overt disease. Our data on the asso

 ciation of CD8+ T cells expressing these cytokines appears to

 suggest that DM is associated with a global diminution in the

 antigen-stimulated frequencies of most CD8+ T-cell subsets, ir

 respective of their cytokine status. Our study thus provides im

 portant insights into the influence of DM on the pathogenesis

 of M. tuberculosis infection and disease, by influencing the role

 of antigen-stimulated CD8f T cells in maintaining latency and

 causing perturbations in this functional arm of the immune sys

 tem. Our data support evidence that CD8+ T-cell responses are

 associated with protective immunity to tuberculosis and that de

 ficiency in this arm of the immune system in the presence of DM

 could predispose individuals to develop tuberculosis. Our study

 did not obtain information regarding smoking history, alcohol

 use, socioeconomic status, or other potential confounding vari

 ables that could affect CD8+ T-cell responses. Our study also suf

 fers from being an associative study but nevertheless provides

 impetus for future studies examining the role of CD8+ T cells

 as correlates of protective immunity in latent infection and its al

 teration in the presence of metabolic abnormalities.

 Supplementary Data
 Supplementary materials are available at http://jid.oxfordjournals.org.
 Consisting of data provided by the author to benefit the reader, the posted

 materials are not copyedited and are the sole responsibility of the author, so

 questions or comments should be addressed to the author.
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