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Summary

The immune system plays an important role in the pathogenesis of

pulmonary tuberculosis–type 2 diabetes mellitus (PTB-DM) co-morbidity.

However, the phenotypic profile of leucocyte subsets at homeostasis in indi-

viduals with active or latent tuberculosis (LTB) with coincident diabetes is

not known. To characterize the influence of diabetes on leucocyte pheno-

types in PTB or LTB, we examined the frequency (Fo) of leucocyte subsets

in individuals with TB with (PTB-DM) or without (PTB) diabetes; individu-

als with latent TB with (LTB-DM) or without (LTB) diabetes and non-

TB-infected individuals with (NTB-DM) or without (NTB) diabetes.

Coincident DM is characterized by significantly lower Fo of effector memory

CD4+ T cells in LTB individuals. In contrast, DM is characterized by signifi-

cantly lower Fo of effector memory CD8+ T cells and significantly higher Fo
of central memory CD8+ T cells in PTB individuals. Coincident DM

resulted in significantly higher Fo of classical memory B cells in PTB and

significantly higher Fo of activated memory and atypical B cells in LTB indi-

viduals. Coincident DM resulted in significantly lower Fo of classical and

intermediate monocytes in PTB, LTB and NTB individuals. Finally, DM

resulted in significantly lower Fo of myeloid and plasmacytoid dendritic cells

in PTB, LTB and NTB individuals. Our data reveal that coincident diabetes

alters the cellular subset distribution of T cells, B cells, dendritic cells and

monocytes in both individuals with active TB and those with latent TB, thus

potentially impacting the pathogenesis of this co-morbid condition.
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Introduction

Tuberculosis (TB) is an enormous public health challenge

with over 9 million new cases worldwide and 1�5 million

deaths in 2013.1 Exposure to Mycobacterium tuberculosis

can result in a variety of outcomes, including resistance to

infection, latent infection without active disease, active pul-

monary disease (PTB) or active extra-pulmonary disease.2

Although 2 billion people worldwide are infected with

M. tuberculosis, only 5–10% of these individuals develop

active disease, and the mechanisms by which most individ-

uals with latent infection are protected against the develop-

ment of active disease are still not well understood.2

Diabetes is a major risk factor for TB.3 The global preva-

lence of diabetes reached 382 million in 2013 and is pre-

dicted to escalate to 592 million by 2035.4 Interestingly,

approximately 80% of people with diabetes currently live

in low-income and middle-income countries, where TB is

also highly endemic.4 The convergence of diabetes and TB

and the heightened morbidity and mortality associated

with co-morbid disease poses major healthcare problems in

these countries. Diabetes is associated with an approxi-

mately threefold to fivefold increase in the risk of active

TB3 and it is now estimated that 15% of the TB burden

worldwide is attributable to diabetes.5

Previous studies have clearly shown that TB–type 2 dia-

betes mellitus (TB-DM) co-morbidity is typically charac-

terized by elevated systemic and antigen-specific levels of

pro-inflammatory cytokines especially type 1 and type 17

cytokines,6,7 cytokines that appear to play an important

Abbreviations: APC, allophycocyanin; DC, dendritic cells; DM, diabetes mellitus; Fo, frequencies; HbA1c, haemoglobin A1c; LTB,
latent tuberculosis; NTB, non-tuberculosis-infected; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; PTB, pulmonary
tuberculosis; TB, tuberculosis

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 243–250 243

IMMUNOLOGY OR IG INAL ART ICLE



role in pathogenesis. Moreover, CD4+ and CD8+ T cells

appear to be activated to a greater degree in TB-DM indi-

viduals with higher frequencies of T helper type 1 and type

17 cytokine production.8,9 In addition, the monocyte phe-

notype in TB-DM co-morbidity is also altered with mono-

cytes exhibiting diminished phagocytic ability and

increased expression of the chemokine receptor, CCR2.10,11

The role of dendritic cell (DC) subsets in TB-DM co-mor-

bidity has not been examined. Very few studies have exam-

ined the innate or adaptive immune responses in the

interaction of latent TB (LTB)-DM co-morbidity. We have

previously shown that LTB-DM is characterized by dimin-

ished systemic and antigen-specific production of type 1

and type 17 cytokines in marked contrast to the findings in

TB-DM co-morbidity.12 Hence, the effects of DM on the

innate and adaptive cytokine responses appear to be diver-

gent, with exaggerated cytokine responses in PTB and

diminished cytokine responses in LTB.

We, therefore, examined the ex vivo phenotypic profile

of T-cell, B-cell, DC and monocyte subsets in six differ-

ent groups of individuals: PTB with diabetes or without

diabetes; LTB with diabetes or without diabetes and non-

TB-infected (NTB) with diabetes or without diabetes. Our

data reveal that while the effect of coincident diabetes on

phenotypic profile of T-cell and B-cell subsets is only mod-

erate, it profoundly alters the frequencies of monocyte and

DC subsets in active and latent TB.

Materials and methods

Study population

We studied a group of 300 individuals: 100 with PTB (50

PTB-DM and 50 PTB); 100 with LTB (50 LTB-DM and

50 LTB) and 100 with NTB (50 NTB-DM and 50 NTB).

These individuals were recruited by screening 1500 indi-

viduals for TB infection/disease and DM status. The base-

line characteristics including demographic and

biochemical features of the study population are shown

in Table 1. PTB was diagnosed on the basis of sputum

smear and culture positivity. LTB diagnosis was based on

Quantiferon Gold-in Tube ELISA and tuberculin skin test

positivity, absence of chest radiography abnormalities or

pulmonary symptoms and negative sputum smears and

cultures. NTB individuals were asymptomatic with nor-

mal chest radiographs and negative sputum smears, cul-

tures, negative Quantiferon results and tuberculin skin

test induration. DM was diagnosed on the basis of glycat-

ed haemoglobin (HbA1c) levels, according to the Ameri-

can Diabetes Association criteria (DM > 6�5%). All the

individuals were HIV seronegative. All individuals were

anti-tuberculous treatment naive. Anthropometric mea-

surements, including height, weight and biochemical

parameters, including random plasma glucose and HbA1c

were obtained using standardized techniques as detailed

elsewhere.13 No significant differences in age or gender

were observed between the respective groups. All individ-

uals were examined as part of a natural history study pro-

tocol 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). Whole blood was used for ex vivo phenotyping

and it was performed on all 300 individuals. Briefly, to

Table 1. Demographics, biochemistry and immunology profile of study individuals

Study

demographics

PTB LTB NTB

DM NDM DM NDM DM NDM

No. of subjects

recruited

50 50 50 50 50 50

Gender (M/F) 31/19 27/23 27/23 31/19 28/22 21/29

Median age

(range)

44 (33–70) 45 (28–65) 47 (33–72) 33 (19–60) 47 (33–72) 33 (19–60)

Smear grade

1+/2+/3+

16/12/22 21/15/14 NA NA NA NA

Interferon-c
release assay

Positive Positive Negative Negative

Random blood

glucose, mg/dl

287 (200–653) 89 (68–137) 208 (178–588) 81 (71–125) 257 (185–553) 79 (67–127)

HbA1c, % 11�3 (8�01–16�16) 5�12 (4�05–5�25) 9�3 (7�01–12�58) 5�1 (4�57–5�36) 10�3 (7�78–12�16) 5�12 (4�25–5�31)

The values represent geometric means and range (except for age where median and range are shown).

DM, type 2 diabetes mellitus; LTB, latent tuberculosis; NDM, non-diabetic; NTB, non-tuberculosis-infected; PTB, pulmonary tuberculosis.
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250-ll aliquots of whole blood was added a cocktail of

monoclonal antibodies specific for various immune cell

types. T-cell phenotyping was performed using antibodies

directed against CD45-Peridinin chlorophyll protein

(PerCP; clone 2D1, BD), CD3-AmCyan (clone SK7; BD),

CD4-phycoerythrin (PE) Cy7 (clone SK3; BD), CD8-allo-

phycocyanin (APC) H7 (clone SK1; BD), CD45RA-Pacific

Blue (clone H1100; Biolegend, Cambridge, UK), and

CCR7-FITC (clone 3D12; eBioscience). Naive cells were

classified as CD45RA+ CCR7+, central memory cells as

CD45RA� CCR7+, and effector memory cells as

CD45RA� CCR7�. B-cell phenotyping was performed

using antibodies directed against CD45-PerCP (clone

2D1, BD), CD19-Pacific Blue (clone H1B19; Biolegend)

CD27-APC-Cy7 (clone M-T271; BD), CD21-FITC (clone

B-ly4; BD) CD20-PE (clone 2H7; BD) and CD10-APC

(clone H110a; BD). Naive cells were classified as

CD45+ CD19+ CD21+ CD27�; classical memory B cells

as CD45+ CD19+ CD21+ CD27+; activated memory B

cells as CD45+ CD19+ CD21� CD27+; atypical memory B

cells as CD45+ CD19+ CD21� CD27�; immature B cells

as CD45+ CD19+ CD21+ CD10+; and plasma cells as

CD45+ CD19+ CD21� CD20�.14,15 Phenotyping of DC

was performed using antibodies directed against HLA-

DR, lineage cocktail (CD3, CD14, CD16, CD19, CD20,

CD56) FITC (clone SJ25C1, SK7, MΦp9, L27,

NCAM16.2, 3G8 BD) CD123-PE (clone 9F5; BD) CD11c-

APC (clone S-HCL-3; BD). Plasmacytoid DCs were classi-

fied as (Lin– HLA-DR+ CD123+); myeloid DCs as

(Lin– HLA-DR+ CD11c+). Monocyte phenotyping was

performed using antibodies directed against CD45-PerCP

(clone 2D1; BD), CD14-Pacific Blue (clone M5E2; Bioleg-

end) HLA-DR-PE-Cy7 (clone L243; BD) and CD16-APC-

Cy7 (clone 3G8; BD). Classical monocytes were classified

as CD45+ HLA-DR+ CD14hi CD16�; intermediate

monocytes as CD45+ HLA-DR+ CD14hi CD16dim and

non-classical monocytes were classified as CD45+ HLA-

DR+CD14dimCD16hi. Following 30 min of incubation at

room temperature erythrocytes were lysed using 2 ml of

FACS lysing solution (BD Biosciences Pharmingen), and

cells were washed twice with 2 ml of 19 PBS and sus-

pended in 200 ll of PBS (Lonza, Walkersville, MD). Eight-

colour flow cytometry was performed on a FACSCanto II

flow cytometer with FACSDIVA software, version 6 (Becton

Dickinson). The gating was set by forward and side scatter,

and 100 000 gated events were acquired. Data were col-

lected and analysed using FLOW JO software (TreeStar,

Ashland, OR). A representative flow cytometry plot show-

ing the gating strategies for T-cell, B-cell, DC and monocyte

subsets is shown in the Supplementary material (Fig. S1).

Statistical analysis

Geometric means were used for measurements of central

tendency. Comparisons were made using the Mann–

Whitney U-test with Holm’s correction for multiple com-

parisons. Analyses were performed using GRAPHPAD PRISM

Version 6 (GraphPad, San Diego, CA).

Results

NTB-DM status is associated with altered frequency
of T-cell, B-cell, DC and monocyte subsets

To determine the influence of DM on leucocyte pheno-

typic profiles of non-TB-infected individuals, we mea-

sured the frequency (Fo) of T-cell, B-cell, DC and

monocyte subsets in NTB-DM and NTB individuals. As

shown in Fig. 1(a), NTB-DM individuals exhibited signif-

icantly lower Fo of naive and central memory but not

effector memory CD4+ T cells compared with NTB indi-

viduals. In contrast, NTB-DM individuals did not exhibit

any significant difference in the Fo of naive, central mem-

ory and effector memory CD8+ T-cell subsets compared

with NTB individuals (Fig. 1b). In addition, NTB-DM

individuals exhibited significantly lower Fo of naive and

immature B cells compared with NTB individuals

(Fig. 1c). NTB-DM individuals also exhibited significantly

lower Fo of plasmacytoid DC compared with NTB indi-

viduals (Fig. 1d). Finally, as shown in Fig. 1(e), NTB-DM

individuals exhibited significantly lower Fo of classical

and intermediate monocytes in comparison with NTB

individuals. Hence, diabetes per se is associated with pro-

found alterations in the Fo of leucocyte subsets in the

periphery, independent of TB.

PTB-DM is associated with altered Fo of T-cell, B-cell,
DC and monocyte subsets

To determine the influence of PTB-DM co-morbidity on

leucocyte phenotypic profiles, we measured the Fo of T-

cell, B-cell, DC and monocyte subsets in PTB-DM and

PTB individuals. As shown in Fig. 2(a), PTB-DM individ-

uals exhibited significantly lower Fo of naive but not cen-

tral or effector memory CD4+ T cells compared with PTB

individuals. Similarly, PTB-DM individuals exhibited sig-

nificantly lower Fo of naive and effector memory but sig-

nificantly higher Fo of central memory CD8+ T cells

compared with PTB individuals (Fig. 2b). In addition,

PTB-DM individuals exhibited significantly higher Fo of

classical memory B cells compared with PTB individuals

(Fig. 2c). PTB-DM individuals also exhibited significantly

lower Fo of both DC subsets (myeloid DC and plasmacy-

toid DC) compared with PTB individuals (Fig. 2d).

Finally, as shown in Fig. 2(e), PTB-DM individuals

exhibited significantly lower Fo of classical and intermedi-

ate monocytes in comparison to PTB individuals. Hence,

PTB with coincident diabetes is associated with pro-

found alterations in the Fo of leucocyte subsets in the

periphery.
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LTB-DM is associated with altered Fo of T-cell, B-cell,
DC and monocyte subsets

To determine the influence of LTB-DM co-morbidity on

leucocyte phenotypic profiles, we measured the Fo of

T-cell, B-cell, DC and monocyte subsets in LTB-DM and

LTB individuals. As shown in Fig. 3(a), LTB-DM individu-

als exhibited significantly lower Fo of effector memory but

not naive or central memory CD4+ T cells compared with

LTB individuals. In contrast, LTB-DM individuals did not

exhibit any significant difference in the Fo of naive, central

memory and effector memory CD8+ T-cell subsets

compared with LTB individuals (Fig. 3b). In addition,

LTB-DM individuals exhibited significantly higher Fo of

activated memory and atypical B cells but significantly

lower Fo of naive B cells compared with LTB individuals
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Figure 1. Non-tuberculosis-infected diabetic (NTB-DM) status is associated with altered frequency (Fo) of T-cell, B-cell, dendritic cell (DC) and

monocyte subsets. (a) Fo of CD4+ T-cell (b); CD8+ T-cell; (c) B-cell; (d) DC and (e) monocyte subsets in NTB-DM (n = 50) and NTB (n = 50)

individuals. The data are represented as scatter plots with each circle representing a single individual. P values were calculated using the Mann–

Whitney U-test. The pie charts depict the geometric mean Fo of the individual subset of leucocytes in the two groups.
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(Fig. 3c). LTB-DM individuals also exhibited significantly

lower Fo of both DC subsets (myeloid DC and plasmacy-

toid DC) compared with LTB individuals (Fig. 3d). Finally,

as shown in Fig. 3(e), LTB-DM individuals exhibited sig-

nificantly lower Fo of classical and intermediate monocytes

and significantly higher Fo of non-classical monocytes in

comparison to LTB individuals. Hence, LTB with coinci-

dent diabetes is associated with profound alterations in the

Fo of leucocyte subsets in the periphery.

Discussion

Susceptibility to active TB is influenced by many host

factors, including DM.16 Tuberculosis infection and dis-

ease are known to induce alterations in innate and adap-

tive immune responses, modulations that determine the

status of infection (latent versus active) as well as the

degree of pathology.17 Establishment of a pro-inflamma-

tory environment both locally and systemically is a hall-
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Figure 2. Pulmonary tuberculosis–diabetes (PTB-DM) co-morbidity is associated with altered frequency (Fo) of T-cell, B-cell, dendritic cell (DC)

and monocyte subsets. (a) Fo of CD4+ T-cell (b); CD8+ T-cell; (c) B-cell; (d) DC and (e) monocyte subsets in PTB-DM (n = 50) and PTB

(n = 50) individuals. The data are represented as scatter plots with each circle representing a single individual. P values were calculated using the

Mann–Whitney U-test. The pie charts depict the geometric mean Fo of the individual subset of leucocytes in the two groups.
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mark of chronic TB disease.18 Similarly, DM is also char-

acterized by a chronic state of low-grade inflammation

due to activation of pro-inflammatory mediators and

increased formation of advanced glycation end prod-

ucts.19,20 In addition DM can also profoundly modulate

cells of the innate and adaptive immune system, most

notably monocytes/macrophages and neutrophils.21

Finally, T-cell responses are also known to be altered in

DM with hyperactivation of T cells being a major fea-

ture.22 However, the role of innate and adaptive immune

cells in diabetes with coincident TB has not been

explored in detail. Our study is the first study, to our

knowledge, to explore the ex vivo phenoptype of leuco-

cyte subsets in TB-DM co-morbidity.

The major subsets of CD4+ and CD8+ T cells can be

defined by the expression of CD45RA and CCR7.23 Typi-

cally, both CD4+ and CD8+ T cells are classified as naive,

central memory or effector memory based on the expres-

sion pattern of the above markers. Both CD4+ and CD8+ T

cells are essential for immunity to TB;24 and LTB is

thought to be associated with expansion of effector and

central memory T cells, while active TB is associated with

expansion of only central memory T cells.25 T cells in TB-

DM are known to be hyper-activated, although the exact
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Figure 3. Latent tuberculosis–diabetes mellitus (LTB-DM) co-morbidity is associated with altered frequency (Fo) of T-cell, B-cell, dendritic cell

(DC) and monocyte subsets. (a) Fo of CD4+ T-cell (b); CD8+ T-cell; (c) B-cell; (d) DC and (e) monocyte subsets in LTB-DM (n = 50) and LTB

(n = 50) individuals. The data are represented as scatter plots with each circle representing a single individual. P values were calculated using the

Mann–Whitney U-test. The pie charts depict the geometric mean Fo of the individual subset of leucocytes in the two groups.
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memory phenotype of these cells is not known. Our data

show that PTB profoundly alters the memory repertoire of

CD8+ T cells but not CD4+ T cells, whereas LTB has only a

minimal effect on both compartments and DM alone pri-

marily alters the memory repertoire of CD4+ T cells but

not CD8+ T cells. Also, our data show that latent and active

TB cannot be differentiated based on the CD4+ T-cell

memory subsets alone because very few changes in these

subsets were observed. Hence, TB-DM co-morbidity is

characterized by major alterations in the homeostatic levels

of CD4+ and CD8+ T-cell memory subsets.

The granuloma, which is characteristic of organized

immunity against TB, has been shown to contain B

cells – a finding that suggests their involvement in

orchestrating the containment of infection.26 The role of

B cells in the granuloma appears to be immunomodula-

tion through the secretion of cytokines such as interleu-

kin-10, and the production of immunoglobulin to

engage Fcc antibody receptors (FccRs) expressed on

mononuclear phagocytes.27 B cells are also known to

regulate inflammation in DM by expressing an inflam-

matory cytokine profile.28 Circulating B cells are classi-

fied into different subsets based on their characteristic

expression of surface markers including various B-cell

memory compartments, such as classical memory B cells,

activated memory B cells and atypical memory B cells.14

Hence, both HIV and malaria are characterized by the

expansion of an atypical memory B-cell compart-

ment.15,29 Our previous study on the expression pattern

of these subsets showed no alterations of any of these

subsets in active PTB compared with LTB.30 Our data,

here reveal that although DM per se does not influence

the memory B-cell subsets, LTB-DM co-morbid individ-

uals exhibit an expansion of activated memory B cells

and atypical memory B cells and PTB-DM individuals

exhibit an expansion of classical memory B cells. Inter-

estingly, no differences were observed in the plasma cell

compartments between the different groups of individu-

als. Therefore, our data indicating a perturbation in the

memory B-cell compartment, imply a potential impact

on the ability of these cells to rapidly respond to sec-

ondary stimulation as well as on the immunoregulatory

role of these subsets. This needs to be explored in more

detail in the future.

Circulating blood DCs have been identified as HLA-

DR+ cells (but negative for lineage-specific markers) and

are divided into cells of the myeloid lineage (CD11c+) or

the plasmacytoid lineage (CD123+).23 Investigation of the

function of these subsets in active TB shows that co-oper-

ation between M. tuberculosis-infected myeloid DCs and

plasmacytoid DCs favours the stimulation of CD4+ T

cells.31 In addition, the cross-talk between these subsets is

also known to promote antibacterial activity and CD8+

T-cell stimulation.32 Therefore, it is clear that both sub-

sets of DCs play an important role in the immune

response to TB. Our data on the DC subset phenotypes

in TB-DM co-morbidity show that DM alone induces

alterations in the plasmacytoid DC compartments with

plasmacytoid DC frequencies being decreased in DM

compared with non-DM individuals. Our data also reveal

that both PTB and LTB induce a profound diminution in

the frequencies of myeloid DCs and plasmacytoid DCs in

the presence of coincident DM. Hence, the potential to

activate the adaptive immune response by initiating anti-

gen presentation in the periphery could potentially be

affected in TB-DM co-morbidity. This fits with the cur-

rent picture of TB-DM in animal models, wherein it has

been clearly shown that DC activation, migration and

antigen presentation to CD4+ T cells are significantly

delayed.17

Human monocyte subsets can be categorized based on

the dichotomous expression of the markers – CD14 and

CD16 – into three major subsets, classical, intermediate

and non-classical.33 Previous studies have shown that

these subsets have divergent biological roles in TB infec-

tion and disease,34 with non-classical monocytes being

expanded in active TB and correlating with disease sever-

ity,35 and classical monocytes contributing to the anti-

mycobacterial response and being expanded in individuals

with latent TB.34 Our study illustrates that DM per se

alters the equilibrium of these three subsets with dimin-

ished frequencies of classical and intermediate subsets,

with this pattern remaining the same in the presence of

coincident PTB or LTB. In addition, only LTB appears to

have a significant effect on the proportion of non-classical

monocytes, although subtle alterations in this compart-

ment in the presence of PTB cannot be ruled out. Hence,

a more in-depth study of the functional effects of the

alterations of monocyte subsets in LTB and PTB is war-

ranted. Therefore, TB-DM co-morbidity is also character-

ized by an altered proportion of monocyte subsets, with

the potential to influence innate and adaptive immunity

to TB. This is reminiscent of previous data showing alter-

ations in phagocytic and chemotactic functions of mono-

cytes in TB-DM individuals.36

Our study suffers from the limitation of being an

observational study depicting only associations and no

functional consequences or cause–effect relationships. In

addition, another limitation of using frequencies within a

defined subset is that it is not possible to determine

which subset actually causes the alteration. Nevertheless,

our study clearly delineates a profound impact of diabetes

on not only on individuals with active and latent TB but

also on non-TB-infected individuals. Although this effect

is mainly focused on antigen-presenting cells rather than

on T or B cells, the potential impact of such alteration

could have major detrimental effects on the host immune

responses in TB-DM. This detailed knowledge on qualita-

tive and quantitative alterations in the presence or

absence of TB infection/disease and the perturbations of
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these parameters in the presence of DM co-morbidity

have important implications for the both host immunity

and metabolic responses. In conjunction with our earlier

data on exaggerated T-cell and cytokine responses in

PTB-DM co-morbidity and diminished T-cell and cyto-

kine responses in LTB-DM co-morbidity, our current

findings on alterations in homeostatic frequencies of

innate and adaptive immune cells suggests an important

effect of metabolic perturbation on the constitutive com-

position of the immune system and portends important

effects on responses to exogenous challenge.6,12 Future

research on how the alterations in leucocyte phenotypes

in DM functionally impact TB outcomes could potentially

be very useful in elucidating the pathogenesis of this

complex disease interaction.
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