
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Selvakumar Subbian,
The State University of New Jersey,
United States

REVIEWED BY

Felipe Ridolfi,
Oswaldo Cruz Foundation (Fiocruz), Brazil
Phillip Ssekamatte,
Makerere University, Uganda

*CORRESPONDENCE

Anuradha Rajamanickam

anuradha@icerindia.org

RECEIVED 11 June 2024
ACCEPTED 29 July 2024

PUBLISHED 29 August 2024

CITATION

Rajamanickam A, Kothandaraman SP,
Kumar NP, Viswanathan V, Shanmugam S,
Hissar S, Nott S, Kornfeld H and Babu S
(2024) Cytokine and chemokine profiles in
pulmonary tuberculosis with pre-diabetes.
Front. Immunol. 15:1447161.
doi: 10.3389/fimmu.2024.1447161

COPYRIGHT

© 2024 Rajamanickam, Kothandaraman,
Kumar, Viswanathan, Shanmugam, Hissar, Nott,
Kornfeld and Babu. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 29 August 2024

DOI 10.3389/fimmu.2024.1447161
Cytokine and chemokine
profiles in pulmonary
tuberculosis with pre-diabetes
Anuradha Rajamanickam1*, Sanaadhan P. Kothandaraman2,
Nathella Pavan Kumar3, Vijay Viswanathan4,
Sivakumar Shanmugam5, Syed Hissar6, Sujatha Nott7,
Hardy Kornfeld8 and Subash Babu1,9

1International Center for Excellence in Research, National Institute of Allergy and Infectious Diseases
(NIAID), Chennai, India, 2Stanley Medical College, Chennai, India, 3Department of Immunology, Indian
Council of Medical Research (ICMR)-National Institute for Research in Tuberculosis, Chennai, India,
4Prof. M. Viswanathan Diabetes Research Center, Chennai, India, 5Department of Bacteriology, Indian
Council of Medical Research (ICMR)-National Institute for Research in Tuberculosis, Chennai, India,
6Department of Clinical Research, Indian Council of Medical Research (ICMR)-National Institute for
Research in Tuberculosis, Chennai, India, 7Infectious Diseases, Dignity Health, Chandler, AZ, United States,
8Department of Medicine, University of Massachusetts Medical School (UMass) Chan Medical School,
Worcester, MA, United States, 9Laboratory of Parasitic Diseases (LPD), National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH), Rockville, MD, United States
Introduction: Tuberculosis (TB) remains a significant health concern in India, and

its complexity is exacerbated by the rising occurrence of non-communicable

diseases such as diabetes mellitus (DM). Recognizing that DM is a risk factor for

active TB, the emerging comorbidity of TB and PDM (TB-PDM) presents a particular

challenge. Our study focused on the impact of PDM on cytokine and chemokine

profiles in patients with pulmonary tuberculosis TB) who also have PDM.

Materials and methods: We measured and compared the cytokine (GM-CSF,

IFN-g, IL-1a/IL-1F1, IL-1b/IL-1F2, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-
17/IL-17A, IL-18/IL-1F4, TNF-a) and chemokine (CCL1, CCL2, CCL3, CCL4,

CCL11, CXCL1, CXCL2, CXCL9, CXCL10, and CXCL11) levels in plasma samples

of TB-PDM, only TB or only PDM using multiplex assay.

Results: We observed that PDM was linked to higher mycobacterial loads in TB.

Patients with coexisting TB and PDM showed elevated levels of various cytokines

(including IFNg, TNFa, IL-2, IL-17, IL-1a, IL-1b, IL-6, IL-12, IL-18, and GM-CSF) and

chemokines (such as CCL1, CCL2, CCL3, CCL4, CCL11, CXCL1, CXCL9, CXCL10, and

CXCL11). Additionally, cytokines such as IL-18 andGM-CSF, alongwith the chemokine

CCL11, were closely linked to levels of glycated hemoglobin (HbA1c), hinting at an

interaction between glycemic control and immune response in TB patients with PDM.

Conclusion: Our results highlight the complex interplay between metabolic

disturbances, immune responses, and TB pathology in the context of PDM,

particularly highlighting the impact of changes in HbA1c levels. This emphasizes

the need for specialized approaches to manage and treat TB-PDM comorbidity.
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1 Introduction

Tuberculosis (TB) remains a leading cause of death worldwide.

Globally, million people were estimated to be newly diagnosed with

TB with an estimated death due to TB being 1.3 million in 2022 (1).

The intersection of TB and type 2 diabetes (T2D) significantly

worsens health outcomes, increasing the risk of drug-resistant TB

strains and elevating relapse and mortality rates during treatment

(1, 2). In India, approximately 26% of TB patients also suffer from

diabetes, highlighting a critical public health issue (3, 4).

Pre-diabetes (PDM), a condition of intermediate hyperglycemia

characterized by impaired fasting glucose (IFG) or impaired glucose

tolerance (IGT), affects nearly 298 million people worldwide—a

figure projected to rise to 414 million by 2045 (5). PDM not only

increases the likelihood of progressing to diabetes but also amplifies

the risk of developing TB. This is attributed to an impaired immune

response which is further compromised in the presence of active

TB, potentially exacerbating dysglycemia (6–8).

Further, exacerbating the complexity, recent studies suggest that

the immune systems of individuals with PDM are dysregulated,

showing enhanced levels of pro-inflammatory cytokines including

Type 1 and Type 17 cytokines and others like IL-1b, IFNb, and GM-

CSF, which are crucial in the pathogenesis of TB (9, 10). This

cytokine profile is similar to that of patients with TB and diabetes,

indicating a similar alteration in immune function that could

exacerbate TB progression (3, 9, 11–21). Moreover, PDM has

been shown to be associated with unfavorable treatment

outcomes in TB (9, 14, 22, 23).

Given the increasing prevalence of PDM and its potential to

progress to diabetes, understanding how PDM influences TB

pathogenesis is crucial. This study aims to explore the impact of

PDM on the cytokine and chemokine responses in patients newly

diagnosed with active pulmonary tuberculosis (TB). By comparing

cytokine levels in TB patients with and without PDM, we seek to

unravel how even modest disruptions in glycemic control could

influence the inflammatory milieu in TB, potentially informing

better management strategies for this dual burden of disease.

2 Methods and materials

2.1 Ethics statement

This study was approved by the Ethics Committees of the Prof.

M. Viswanathan Diabetes Research Center (ECR/51/INST/TN/

2013/MVDRC/01) and NIRT (NIRT-INo:2014004). Informed

written consent was obtained from all participants. All the

methods were performed in accordance with institutional ethical

committee guidelines. The study participants were recruited from

the Effect of Diabetes in Tuberculosis Severity protocol conducted

under the RePORT (Regional Prospective Observational Research

for Tuberculosis) India consortium.

2.2 Study population

Individuals newly diagnosed with smear and culture-positive

pulmonary TB, both with and without PDM, were enrolled between
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2015 – 2018 in Chennai. This study analyzed baseline plasma

samples from a cohort of 66 participants divided into three

groups: 22 individuals co-positive for PDM and TB, 22 positive

for TB and normoglycemic (NDM), and 22 PDM who were TB-

negative. TB was diagnosed based on sputum smear and culture

positivity, employing Ziehl-Nielsen smear microscopy and culture

grading. In brief, before beginning anti-TB medication, all patients

had three sputum samples (spot-morning-spot) taken after being

instructed and shown how to provide high-quality sputum. Using

the Ziehl-Neelsen (ZL) method, all of the sputum samples were

stained for acid-fast bacilli (AFB). Individuals with pulmonary TB

were diagnosed by positive solid cultures in Lowenstein–Jensen

medium and were classified as 1+ (10–100 colonies), 2+ (>100–200

colonies) and 3+ (>200 colonies). Chest radiographs on enrollment

were graded by two blinded readers using a validated severity score

based on the percent area of lung involved with TB disease and the

presence or absence of cavities. Smear grades were used to

determine bacterial burdens and classified as 1+ (10–99 AFB in

100 fields), 2+ (1–10 AFB in each field) and 3+ (more than 10 AFB

in each field) based on World Health Organization guidelines and

according to the NTEP national laboratory guidelines (24). All

standard test methods for smear, culture (solid and liquid), and

Xpert MTB/RIF shall be carried out. Chest X-rays were used to

determine cavitary disease and unilateral versus bilateral

involvement. PDM was defined by a Glycated Hemoglobin

(HbA1c) level of 5.7% to 6.4%, according to the American

Diabetes Associat ion cri ter ia . PDM individuals were

asymptomatic with normal chest X-rays and Quantiferon TB-

Gold. Comprehensive assessments including anthropometric

measurements (e.g., BMI) and biochemical parameters (e.g.,

HbA1c, random blood glucose, total cholesterol, serum

triglycerides, HDL, and LDL cholesterol) were conducted.

Additional clinical features, such as the presence of cavitary

lesions and bilateral lung disease, were recorded.
2.3 Multiplex assay methodology

The levels of cytokines and chemokines were measured using

the Bio-Rad, MAGPIX multiplex system (Bio-Rad, MAGPIX

multiplex reader, xPONENT 4.2 acquisition and Bio-plex

manager 6.1 software). Luminex Human Cytokines Magnetic

Assay kit (R & D systems, USA) In brief, samples of plasma were

purified and stored frozen at −80 °C prior to Luminex assays. The

samples were thawed to room temperature and following the

manufacturer’s recommendations, the assay was performed to

measure the levels of cytokines and chemokines. The lowest

detection limits for cytokines were as follows: GM-CSF, 18.4 pg/

mL; IFN-g, 5.7 pg/mL; IL-1a/IL-1F1, 10.6 pg/mL; IL-1b/IL-1F2, 3.5
pg/mL; IL-2, 3.6 pg/mL; IL-4, 1.1 pg/mL; IL-5, 6.2 pg/mL; IL-6, 9.0

pg/mL; IL-10, 32.2 pg/mL; IL-12p70, 18.5 pg/mL; IL-13, 31.8 pg/

mL; IL-17/IL-17A, 9 pg/mL; IL-18/IL-1F4, 2.5 pg/mL; TNF-a, 12.4
pg/mL and chemokines like CCL1, 1.57 pg/mL; CCL2, 31.8 pg/mL;

CCL3, 90.9 pg/mL; CCL4, 103.8 pg/mL; CCL11, 21.6 pg/mL;

CXCL1, 49.2 pg/mL; CXCL2, 49.2 pg/mL; CXCL9, 600.6 pg/mL;

CXCL10, 2.88 pg/mL and CXCL11, 21.6 pg/mL.
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2.4 Statistical analysis

Geometric means (GM) were calculated to describe the central

tendency of data. Group comparisons among the TB-PDM, TB, and

PDM were made using the Kruskal-Wallis test, with Dunn’s

multiple comparisons test applied to identify statistically

significant differences. The Spearman rank correlation coefficient

was used to assess correlations between variables. The cytokine and

chemokine levels were correlated with HbA1c levels. The linear

regression analysis was performed between the levels of cytokines

and HbA1c, RBG and total cholestrol. Data analysis was performed

using GraphPad Prism version 10.2.3 and JMP version 17.0.0.
3 Results

3.1 Characteristics of the study population

The demographic and biochemical baseline characteristics of

the study population are presented in Table 1. Individuals with TB-

PDM exhibited significantly higher levels of HbA1c (TB-PDM;

Geomean (GM) 5.92, IQR 5.9–6.12 vs. TB, GM 5.6, IQR 4.12–5.35;

PDM, GM 5.3, IQR 5.2–5.4; p = 0.0286), random blood glucose

(RBG) (TB-PDM; GM 101, IQR 80–148 vs. TB, GM 86, IQR 74–

116; PDM, GM 85, IQR 68–115; p = 0.0160), and total cholesterol

(TB-PDM; GM 168, IQR 145–198 vs. TB, GM 146, IQR 128–190;

PDM, GM 131, IQR 105–140; p = 0.0386) compared to those with

TB alone and PDM alone. No significant differences were observed

in age, sex, BMI, serum triglycerides, high-density lipoprotein
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cholesterol (HDL), or low-density lipoprotein cholesterol (LDL)

among the TB-PDM, TB, and PDM groups. As detailed in Table 2,

the subgroup with TB-PDM demonstrated significantly higher

bacterial loads than the TB-only group, with mean scores of 3+ in

acid-fast bacillus (AFB) staining and 4+ in culture results (p = 0.035

and p = 0.001, respectively). The prevalence of bilateral pulmonary

involvement and occurrence of pulmonary cavities were

comparable across the groups, with no statistically significant

differences noted.
3.2 TB-PDM is linked to higher systemic
levels of type 1 and type 17 cytokines

To explore the influence of PDM on the levels of type 1 and type

17 cytokines in individuals with active TB, we analyzed the

circulating concentrations of these cytokines. Specifically, we

measured type 1 cytokines (IFN-g, TNF-a, and IL-2) and the type

17 cytokine IL-17 in groups with TB-PDM, TB alone, and PDM

alone. As illustrated in Figure 1A, the levels of type 1 cytokines were

substantially elevated in the TB-PDM group (IFN-g: TB-PDM-

median, 189.2 pg/ml; IQR, 177.6-200.5 pg/ml Vs TB, median 119.5

pg/ml; IQR, 105.0-142.5 pg/ml Vs PDM, median 101.8 pg/ml; IQR,

83.08-113.3 pg/ml: p<0.0001) compared to those with only TB or

PDM. Similar patterns were observed for TNF-a (TB-PDM-

median, 111.2 pg/ml; IQR, 109.3-118.8 pg/ml Vs TB, median

73.50 pg/ml; IQR, 71.28-81.15 pg/ml Vs PDM, median 41.40 pg/

ml; IQR, 41.40 -44.49 pg/ml: p<0.0001) and IL-2 (TB-PDM-

median, 95.20 pg/ml; IQR, 95.20 -97.23 pg/ml Vs TB, median
TABLE 1 Demographics and biochemistry profile of TB-PDM and TB and PDM individuals.

Parameter TB -PDM
n=22

TB
n=22

PDM
n=22

p value

Age 41 (18-65) 39.5 (20-65) 41.5 (22-65) 0.5647

Gender M/F 10/12 12/10 12/10 0.6821

BMI (kg/m2) 22.5 (16.4 – 24.5) 20.4 (14.6 – 22.3) 24.5 (15.5 – 30.10) 0.4876

Smear Grade: 0/1+/2+/3+ 0/12/4/6 0/9/10/3 NA

Cavitary Disease (Y/N) 6/16 5/17 NA

Lung Lesions (Unilateral/Bilateral) 15/7 16/6 NA

Biochemical Parameters

HbA1c (%) 5.92 (5.71–6.44) 5.6 (4.04–5.65) 5.3 (5.2– 5.4) 0.0286

RBG (mg/dl) 101 (78– 156) 86 (70–120) 85 (66–118) 0.0160

Total cholesterol (mg/dl) 168 (142–202) 146 (124–195) 131 (102-148) 0.0386

Serum triglycerides (mg/dl) 102 (64–424) 98 (56–384) 141 (50-179) 0.6382

HDL (ml/dl) 37 (29–59) 45 (25–66) 52.8 (30-96) 0.5926

LDL (ml/dl) 104 (44–180) 96 (52–146) 83. 5 (60-195) 0.6366
The values represent the geometric mean and the range (except for age where the median and the range) are shown.
Smear grades were used to determine bacterial burdens and classified as 1+ (10–99 AFB in 100 fields), 2+ (1–10 AFB in each field) and 3+ (more than 10 AFB in each field) based onWorld Health
Organization guidelines.
Unilateral Lung Lesions: These are lesions that affect only one lung or one side of the chest. They may appear as localized abnormalities on imaging such as X-rays.
Bilateral Lung Lesions: These lesions affect both lungs simultaneously. They can manifest as widespread abnormalities throughout both lungs or as multiple discrete lesions scattered across both
lung fields.
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57.12 pg/ml; IQR, 57.12-61.98 pg/ml Vs PDM, median 38.08 pg/ml;

IQR, 38.08-41.32 pg/ml: p<0.0001). Additionally, the level of the

type 17 cytokine IL-17A was significantly higher in the TB-PDM

group (TB-PDM-median, 53.31 pg/ml; IQR, 50.95-55.68 pg/ml Vs

TB, median 44.34 pg/ml; IQR, 37.95-45.88 pg/ml Vs PDM, median

30.57 pg/ml; IQR, 30.57-33.41 pg/ml: p<0.0001) than in those with

TB alone or PDM alone. The findings also revealed that the levels of

both type 1 and type 17 cytokines were higher in individuals with

TB compared to those with PDM. Therefore, TB-PDM is

characterized by an increase in both type 1 and type 17 cytokines,

indicating a more pronounced immune response in individuals

with both TB and PDM.
3.3 TB-PDM exhibits elevated systemic
levels of IL-10

In our investigation into the impact of PDM on type 2 and anti-

inflammatory cytokines in individuals with active TB, we assessed

the circulating concentrations of these cytokines. Specifically, we

analyzed type 2 cytokines (IL-4, IL-5, IL-13) and the anti-

inflammatory cytokine IL-10 in groups with TB-PDM, TB alone,

and PDM alone. As depicted in Figure 1B, there were no significant

differences in the levels of type 2 cytokines (IL-4, IL-5, IL-13)

between the groups. However, the circulating levels of the anti-

inflammatory cytokine IL-10 was notably higher in the TB-PDM

group (TB-PDM-median, 62.28 pg/ml; IQR, 56.88 - 67.65 pg/ml Vs
TABLE 2 Clinical profile of TB-PDM Vs TB individuals.

TB-PDM
(n = 22)

TB (n = 22) p-value

AFB

1+ 12 9 0.035

2+ 4 10

3+ 6 3

Culture

1+ 14 13 0.001

2+ 1 9

3+ 7 0

Cavity

Yes 6 5 0.728

No 16 17

Bilateral

Yes 7 6 0.819

No 15 16
AFB smear result with respect to the number of M. tuberculosis culture-positive specimens
from three consecutive days of sputum samples.
Smear grades were used to determine bacterial burdens and classified as 1+ (10–99 AFB in 100
fields), 2+ (1–10 AFB in each field) and 3+ (more than 10 AFB in each field) based on World
Health Organization guidelines. According to the NTEP national laboratory guidelines.
Chest X-rays were used to determine cavitary disease and unilateral versus
bilateral involvement.
FIGURE 1

Elevated Levels of Type 1 and Type 17 Cytokines in TB-PDM. Plasma levels of (A) Type 1 (IFNg, TNFa, IL-2) and Type 17 (IL-17) cytokines, (B) Type 2 (IL-4, IL-5,
IL-13), and regulatory (IL-10) cytokines, (C) and other pro-inflammatory cytokines (IL-1a, IL-1b, IL-6, IL-12, IL-18, and GM-CSF) were measured via Bio-Rad,
MAGPIX multiplex system in individuals with TB-PDM (n=22), PDM (n=22), and TB (n=22). Data are presented as violin plots, with each circle representing an
individual (Navy Blue – TB-PDM; Maroon – TB; Light Blue – PDM). p-values were calculated using the Kruskal-Wallis test with Dunn’s multiple corrections.
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TB, median 43.89 pg/ml; IQR, 37.14 – 47.40 pg/ml Vs PDM,

median 21.36 pg/ml; IQR, 20.16 – 22.55 pg/ml: p<0.0001)

compared to individuals with TB alone or PDM alone.

Additionally, IL-10 levels were significantly elevated in the TB

group compared to those with PDM alone. Therefore, TB-PDM is

characterized by increased levels of the anti-inflammatory cytokine

IL-10, suggesting a distinct immunological profile in individuals

with both TB and PDM.
3.4 TB-PDM presents with heightened
systemic levels of other pro-inflammatory
cytokines and IL-1 family of cytokines

In our investigation into the impact of PDM on the IL-1 family

and additional pro-inflammatory cytokines in individuals with

active TB, we analyzed the circulating concentrations of IL-1a,
IL-1b, IL-6, IL-12, IL-18, and GM-CSF. Comparing individuals

with TB-PDM, TB alone, and PDM alone, we observed significant

differences in cytokine levels, as depicted in Figure 1C. Specifically,

the circulating levels of IL-1a (TB-PDM-median, 121.2 pg/ml; IQR,

110.1- 126.1 pg/ml Vs TB, median 69.80 pg/ml; IQR, 66.83 – 72.72

pg/ml Vs PDM, median 46.53 pg/ml; IQR, 46.53- 48.48 pg/ml:

p<0.0001), IL-1b (TB-PDM-median, 71.60 pg/ml; IQR, 57.59- 88.51

pg/ml Vs TB, median 44.96 pg/ml; IQR, 34.16 – 56.64 pg/ml Vs

PDM, median 29.84 pg/ml; IQR, 28.08 – 35.78 pg/ml: p<0.0001),

IL-6 (TB-PDM-median, 180.6 pg/ml; IQR, 149.5 – 235.9 pg/ml Vs

TB, median 59.42 pg/ml; IQR, 46.16 – 84.99 pg/ml Vs PDM,

median 38.54 pg/ml; IQR, 35.18 – 41.16 pg/ml: p<0.0001), IL-12

(TB-PDM-median, 79.26 pg/ml; IQR, 76.78 – 81.73 pg/ml Vs TB,

median 64.14 pg/ml; IQR, 61.37 – 69.26 pg/ml Vs PDM, median

34.63 pg/ml; IQR, 33.99 – 37.14 pg/ml: p<0.0001), and GM-CSF

(TB-PDM-median, 131.7 pg/ml; IQR, 119.71- 152.7 pg/ml Vs TB,

median 92.7 pg/ml; IQR, 90.06 – 95.34 pg/ml Vs PDM, median

84.14 pg/ml; IQR, 72.59 – 86.84 pg/ml: p<0.0001) were markedly

elevated in individuals with TB-PDM compared to those with TB

alone and PDM alone. Similarly, these cytokines were significantly

increased in individuals with TB compared to those with PDM

alone. These findings indicate that TB-PDM is characterized by

heightened systemic levels of the IL-1 family of cytokines and other

pro-inflammatory cytokines, suggesting an enhanced inflammatory

response in individuals with both TB and PDM.
3.5 TB-PDM is associated with elevated
systemic levels of CC and CXC chemokines

In our investigation to assess the impact of PDM on CC and

CXC chemokines in individuals with active TB, we analyzed the

circulating concentrations of various chemokines including CCL1,

CCL2, CCL3, CCL4, CCL11, CXCL1, CXCL2, CXCL9, CXCL10,

and CXCL11. Comparing individuals with TB-PDM, TB alone, and

PDM alone, we observed notable differences in chemokine levels, as

illustrated in Figure 2. As shown in Figure 2A, CCL2 (TB-PDM-

median, 2105 pg/ml; IQR, 1820 - 2766 pg/ml Vs TB, median 839.5

pg/ml; IQR, 568 – 1160 pg/ml Vs PDM, median 458.6 pg/ml; IQR,
Frontiers in Immunology 05
337.2 – 554.4 pg/ml: p<0.0001), CCL4 (TB-PDM-median, 245.4 pg/

ml; IQR, 133.8 – 392.3 pg/ml Vs TB, median 172.7 pg/ml; IQR,

131.7 – 197.9 pg/ml Vs PDM, median 73.03 pg/ml; IQR, 59.36 –

94.31 pg/ml: p<0.0001), and CCL11 (TB-PDM-median, 253.9 pg/

ml; IQR, 228.1 – 276.5 pg/ml Vs TB, median 186.6 pg/ml; IQR,

183.8 – 214.2 pg/ml Vs PDM, median 90.37 pg/ml; IQR, 85.66 –

102.1 pg/ml: p<0.0001) levels were elevated in TB compared to

PDM individuals, indicating a distinct chemokine profile associated

with TB-PDM. Regarding CXC chemokines, individuals with TB-

PDM exhibited significantly higher levels of CXCL1 (TB-PDM-

median, 97.79 pg/ml; IQR, 32.38- 119.2 pg/ml Vs TB, median 26.99

pg/ml; IQR, 24.52 – 37.34 pg/ml Vs PDM, median 19.17 pg/ml;

IQR, 18.95 – 20.95 pg/ml: p<0.0001), CXCL9 (TB-PDM-median,

2.980 pg/ml; IQR, 2.940 – 3.383 pg/ml Vs TB, median 2.660 pg/ml;

IQR, 2.520 – 2.660 pg/ml Vs PDM, median 2.200 pg/ml; IQR, 2.048

– 2.520 pg/ml: p<0.0001), CXCL10 (TB-PDM-median, 4336 pg/ml;

IQR, 3588 - 5036 pg/ml Vs TB, median 3176 pg/ml; IQR, 2465 –

4179 pg/ml Vs PDM, median 1529 pg/ml; IQR, 1265 - 1912 pg/ml:

p<0.0001), and CXCL11 (TB-PDM-median, 36.58 pg/ml; IQR,

28.75 – 43.64 pg/ml Vs TB, median 25.18 pg/ml; IQR, 16.21 –

29.06 pg/ml Vs PDM, median 16.95 pg/ml; IQR, 15.77 – 16.95 pg/

ml: p<0.0001) compared to those with TB alone (Figure 2B).

Additionally, circulating levels of CXCL1, CXCL9, CXCL10, and

CXCL11 were significantly elevated in TB individuals compared to

those with PDM alone. However, no significant differences were

observed in the level of CXCL2 between the groups. These findings

suggest that TB-PDM is characterized by markedly elevated

systemic levels of both CC and CXC chemokines.
3.6 Examining the relationship between
systemic cytokines/chemokines and
HbA1c levels

Our study aimed to elucidate the connection between systemic

cytokine and chemokine levels and the degree of glycemic control,

as reflected by HbA1c levels, in individuals with TB-PDM. Elevated

HbA1c values indicate poor blood sugar control. We assessed the

correlation between HbA1c levels (%) and the circulating levels of

various cytokines and chemokines. First, regarding cytokines, we

observed a negative correlation between HbA1c levels and the

systemic levels of IL-18 (r= -0.6335; p=0.0015) and GM-CSF

(r= -0.6126; p=0.0024), as depicted in Figures 3A, B. However, we

did not find significant correlations between HbA1c levels and other

systemic cytokines in TB-PDM individuals. Furthermore, we

explored the association between systemic chemokine levels and

glycemic control in Figures 3C, D. We investigated the correlation

between HbA1c levels (%) and the levels of CC and CXC

chemokines, including CCL1, CCL2, CCL3, CCL4, CCL11,

CXCL1, CXCL2, CXCL9, CXCL10, and CXCL11. Among the

chemokines, CCL11 alone showed a positive correlation with the

levels of HbA1c (r= 0.4354; p=0.0428).

The linear regression analysis revealed significant associations

between specific cytokines and HbA1c levels. As illustrated in

Figure 4A, IL-18 (R2 = 0.4320; p = 0.0009), GM-CSF

(R2 = 0.3229; p = 0.0058), and CCL11 (R2 = 0.3580; p = 0.0033)
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demonstrated substantial positive correlations. In Figure 4B, IL-18

(R2 = 0.3656; p = 0.0029) and GM-CSF (R2 = 0.2162; p = 0.0292)

also exhibited significant positive relationships with RBG levels,

while CCL11 (R2 = 04.896e-005; p = 0.9753) did not show a

significant association with RBG levels. Conversely, no significant

relationship was observed between total cholesterol levels and

cytokines or chemokines. Consequently, only specific cytokines

and chemokines were found to be associated with HbA1c (%)

and RBG levels.
4 Discussion

Diabetes mellitus (DM) and its precursor, PDM, are linked to

immune system dysfunction, involving alterations in cytokine and

chemokine levels, changes in immune cell types and activation

status, and increased apoptosis and tissue fibrosis (25). PDM shares

characteristics of glucose dysregulation and insulin resistance with

DM, potentially affecting susceptibility to TB (10, 26). Although TB

patients with PDM exhibit cytokines and chemokines profile akin to

type 2 diabetes (T2D), the impact of PDM on TB severity remains

unclear. In our study, TB patients with PDM demonstrated elevated

levels of various cytokines (IFNg, TNFa, IL-2, IL-17, IL-1a, IL-1b,
IL-6, IL-12, IL-18, and GM-CSF) and chemokines (CCL1, CCL2,

CCL3, CCL4, CCL11, CXCL1, CXCL9, CXCL10, and CXCL11).

Our data also suggest that PDM is associated with increased

bacterial burdens but not disease severity.

Cytokines play a crucial role in TB progression and host defense

(27, 28). PDM and metabolic dysfunction are associated with mild

inflammation, as evidenced by elevated levels of pro-inflammatory
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cytokines observed in TB patients with PDM (29). Key cytokines

like IFN-g, TNF-a, IL-17A, IL-1a, IL-1b, IL-18, IL-12, and IL-6 are

vital in TB infections (30–33). IFN-g and TNF-a play crucial roles

in M. tb infections, IFN-g, for instance, plays a crucial role in

activating macrophages to combat intracellular mycobacteria, while

TNF-a contributes to the formation of granulomas, essential for

containing mycobacterial growth, while IL-17A mediates memory

immune responses and appears to exacerbate inflammation in TB

patients with conditions like diabetes, potentially worsening disease

severity. IL-1 family cytokines, including IL-1a and IL-1b, are
essential for resistance, and IL-18 and IL-12 are vital for

immunity. IL-1a and IL-1b initiate and sustain inflammatory

responses against mycobacteria, whereas IL-18 enhances IFN-g
production crucial for effective immune responses. IL-6 inhibits

disease progression. IL-12 drives Th1 differentiation and IFN-g
production, pivotal in combating TB, and IL-6 has diverse effects

including pro-inflammatory responses and B cell activation

(30–33). Furthermore, IL-18 and IL-12 are crucial for immunity

against M. tb infection (34, 35). Elevated systemic pro-

inflammatory cytokines, common in T2D, are associated with

increased TB risk (11, 12, 34–37). We have also previously shown

that LTB with PDM is associated with alterations in cytokine

production of NK cells, NKT cells, MAIT cells, and gd T cells

(38, 39). In our study, the TB-PDM group exhibited heightened

levels of various cytokines compared to TB or PDM alone. Disease

severity and bacterial burden were notably linked to this group,

possibly due to chronic low-grade inflammation induced by insulin

resistance or dysfunctional adipose tissue (11, 40). Elevated IL-17

levels in TB patients with diabetes may worsen inflammation and

pathology, contributing to more severe TB disease in individuals
FIGURE 2

Association of TB-PDM with Increased Levels of CC and CXC Chemokines. Plasma levels of (A) CC chemokines (CCL1, CCL2, CCL3, CCL4, and
CCL11) and (B) CXC chemokines (CXCL1, CXCL9, CXCL10, and CXCL11) were assessed via Bio-Rad, MAGPIX multiplex system in individuals with TB-
PDM (n=22), PDM (n=22), and TB (n=22). Data are represented as violin plots, with each circle indicating an individual (Navy Blue – TB-PDM; Maroon
– TB; Light Blue – PDM). p-values were determined using the Kruskal-Wallis test with Dunn’s multiple corrections.
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with T2D. (13, 14, 41). The blood transcriptomic profiles of TB

patients with pre-diabetes resemble those of TB patients with T2D

more closely than those without dysglycemia, indicating that

immune responses to M.tb are impaired in the early stages of

dysglycemia in PDM (10). This is very similar to our previous

findings in overt DM and PTB (9). Our data suggest that early stages

of dysglycemia may contribute to the pro-inflammatory

environment in PDM patients.

IL-1a and IL-1b are critical for TB resistance, as evidenced by

studies in mice (31, 42). Elevated IL-10 levels in T2D patients with TB

suggest its role in exacerbated immune dysregulation (31, 43–45) Our

findings support previous studies, indicating intensified

inflammatory reactions influenced by TB-induced immune

dysregulation in the TB-PDM group. T2D may worsen TB severity

by reducing alveolar macrophage activation via decreased IL-1b, IL-
12, and IL-18 release (46, 47). Our findings suggest increased levels of

pro-inflammatory cytokines and heightened responses from Th1 and

Th17 cells and cytokines in patients with TB-PDM. Addressing

cytokine imbalances in TB and PDM individuals could improve

treatment outcomes.
Frontiers in Immunology 07
In the context of TB and concurrent PDM, inflammation plays

a crucial role, with chemokines emerging as key players (48–50).

This inflammatory environment can activate cytokine signaling

proteins, contributing to insulin resistance. Chemokines are vital

for recruiting immune cells to the lung during early infection stages

(50, 51). Notably, chemokines like CCL1, CCL2, CCL4, CCL5,

CCL11, CXCL8, CXCL10, and CX3CL1 are implicated in T2D

pathogenesis, affecting immunoregulation, inflammatory gene

induction, and insulin signaling modulation (50). Chemokines act

as signaling molecules in inflammation, activating pro-

inflammatory mediators and inducing a variety of inflammatory

factors. These factors trigger cytokine signaling proteins that

impede insulin signaling receptor activation in pancreatic cells,

thereby promoting insulin resistance (IR). This sequence of events

is implicated in the progression from PDM to T2D (50). However,

few studies have explored chemokine levels in TB and

T2D comorbidity.

Animal models have shown that abnormalities in specific

chemokine synthesis are linked to increased susceptibility to

Mycobacterium tuberculosis (M.tb) infection (52). Animal models
FIGURE 3

Correlation between Systemic Cytokines, Chemokines, and HbA1c Levels in TB-PDM. (A) A multiparametric matrix correlation plot depicts the
relationships between plasma cytokines (Type 1, Type 17, Type 2, regulatory, and other pro-inflammatory) and HbA1c levels in TB-PDM patients.
(B) Spearman’s correlation coefficients are visualized, with blue indicating positive correlations and red indicating negative correlations. (C) A
multiparametric matrix correlation plot depicting the relationships between plasma CC and CXC chemokines and HbA1c levels in TB-PDM patients.
(D) Spearman’s correlation coefficients are visualized, with blue indicating positive correlations and red indicating negative correlations.
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of TB and diabetes exhibit exacerbated disease progression, with

increased bacterial burden and dysregulated chemokine expression

(53). CCR2 is a critical receptor involved in the development of

T2D. Adipocytes secrete inactive CCR2, which, when activated,

promotes the expression of inflammatory genes and reduces

insulin-dependent glucose uptake. Adipocytes also release CCL2,

which recruits macrophages to the site of inflammation. These

mechanisms contribute significantly to the pathogenesis of T2D

(50). CXCL10 plays a crucial role in initiating the destruction of b
cells. Additionally, CXCL10 can impair insulin secretion and reduce

the viability of b cells. The specific mechanism involves CXCL10-

inducing dysfunction in b cells, which has been shown to be

elevated in T2D patients (50). Our findings support these,

showing elevated CCL2/MCP-1 and CXCL10 levels in the TB-

PDM group, indicating increased bacterial burdens associated with

dysregulated chemokine expression. Individuals who have both TB

and PDM comorbidity exhibit elevated levels of pro-inflammatory

cytokines. The interaction between TB and PDM potentially

promotes pathology by enhancing the production of cytokines,

potentially exacerbating the progression of diabetes mellitus (9).

Further, the linear regression analysis suggests that IL-18 and

GM-CSF play significant roles in glucose metabolism as indicated
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by their associations with HbA1c and RBG levels. CCL11, while

associated with HbA1c, did not correlate significantly with RBG

levels, highlighting potential differences in its involvement in

glucose regulation compared to IL-18 and GM-CSF. Further

research into these cytokines’ mechanistic roles and clinical

implications could pave the way for targeted therapeutic

approaches in managing pre-diabetes and preventing its

progression to type 2 diabetes.

Our cross-sectional study lacks the ability to establish definitive

cause-and-effect relationships between PDM and TB. Our study

also suffers from the limitation of a small sample size. However, our

findings suggest that individuals with both TB and PDM have

elevated levels of pro-inflammatory cytokines and chemokines

compared to those with either TB or PDM alone, potentially

exacerbating TB pathogenesis in these patients. In TB-PDM

comorbidity, these factors likely synergize, exacerbating

inflammation and immune dysregulation, thus complicating

disease progression. Understanding these mechanisms is crucial

for developing effective strategies to manage TB-PDM comorbidity.

Longitudinal studies are needed to determine causation and

understand the complex processes underlying the relationship

between PDM and TB. This study did not investigate the
FIGURE 4

Relationship between IL-18, GM-CSF and CCL11 with HbA1c, RBG and Total cholesterol levels in TB-PDM. (A) Linear regression analysis depicting
the relationship of cytokines IL-18 and GM-CSF and chemokine CCL11 with HbA1c%. (B) Linear regression analysis depicting the relationship of
cytokines IL-18 and GM-CSF and chemokine CCL11 with RBG. (C) Linear regression analysis depicting the relationship of cytokines IL-18 and GM-
CSF and chemokine CCL11 with the levels of Total cholesterol. R2 values and p-values are indicated for each relationship, with statistically significant
associations (p < 0.05).
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responses following anti-TB treatment. However, future studies

addressing the reversibility of PDM and the impact of anti-TB

treatment on diabetes status would provide valuable

clinical insights.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Ethics statement

This study was approved by the Ethics Committees of the Prof.

M. Viswanathan Diabetes Research Center (ECR/51/INST/TN/

2013/MVDRC/01) and NIRT (NIRT-INo:2014004). All the

methods were performed in accordance with institutional ethical

committee guidelines. The study participants were recruited from

the Effect of Diabetes in Tuberculosis Severity protocol conducted

under the RePORT India consortium. The studies were conducted

in accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.
Author contributions

AR: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Visualization, Writing – original

draft, Writing – review & editing. SK: Formal analysis,

Methodology, Writing – original draft, Writing – review &

editing. NK: Formal analysis, Investigation, Methodology, Writing

– original draft, Writing – review & editing. VV: Data curation,

Project administration, Resources, Writing – original draft, Writing

– review & editing. SS: Formal analysis, Investigation, Writing –

original draft, Writing – review & editing. SH: Data curation,

Project administration, Writing – original draft, Writing – review

& editing. SN: Resources, Writing – original draft, Writing – review

& editing. HK: Data curation, Funding acquisition, Writing –

original draft, Writing – review & editing. SB: Conceptualization,

Funding acquisition, Project administration, Resources, Software,

Supervision, Validation, Visualization, Writing – original draft,

Writing – review & editing.
Frontiers in Immunology 09
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This project

has been funded in whole or in part with Federal funds from the

Government of India’s (GOI) Department of Biotechnology (DBT),

the Indian Council of Medical Research (ICMR), the United States

National Institutes of Health (NIH), National Institute of Allergy

and Infectious Diseases (NIAID), Office of AIDS Research (OAR),

and distributed in part by CRDF Global (grant USB1-31149-XX-

13). The contents of this publication are solely the responsibility of

the authors and do not represent the official views of the DBT, the

ICMR, the NIH, or CRDF Global. This work was also funded in part

by the Division of Intramural Research, NIAID, NIH.
Acknowledgments

We thank the staff of the Department of Clinical Research and

the Department of Bacteriology, NIRT for valuable assistance in

bacterial cultures and radiology and the staff of MVDRC, RNTCP,

especially Dr. Jayagopal Lavanya and Chennai corporation,

especially Dr. Senthilnathan for valuable assistance in recruiting

the patients for this study. Data in this manuscript were collected as

part of the Regional Prospective Observational Research for

Tuberculosis (RePORT) India Consortium.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Who., W.H.O. (WHO TB Report. World Health Organization, Global
Tuberculosis. (2023).

2. Bisht MK, Dahiya P, Ghosh S, Mukhopadhyay S. The cause-effect relation of
tuberculosis on incidence of diabetes mellitus. Front Cell Infect Microbiol. (2023)
13:1134036. doi: 10.3389/fcimb.2023.1134036

3. Viswanathan V, Kumpatla S, Aravindalochanan V, Rajan R, Chinnasamy C,
Srinivasan R, et al. Prevalence of diabetes and pre-diabetes and associated risk factors
among tuberculosis patients in India. PLoS One. (2012) 7:e41367. doi: 10.1371/
journal.pone.0041367
4. Fazaludeen Koya S, Lordson J, Khan S, Kumar B, Grace C, Nayar KR, et al.

Tuberculosis and diabetes in India: stakeholder perspectives on health system
challenges and opportunities for integrated care. J Epidemiol Glob Health. (2022)
12:104–12. doi: 10.1007/s44197-021-00025-1
5. Rooney MR, Fang M, Ogurtsova K, Ozkan B, Echouffo-Tcheugui JB, Boyko EJ, et al.

Global prevalence of prediabetes.Diabetes Care. (2023) 46:1388–94. doi: 10.2337/dc22-2376
frontiersin.org

https://doi.org/10.3389/fcimb.2023.1134036
https://doi.org/10.1371/journal.pone.0041367
https://doi.org/10.1371/journal.pone.0041367
https://doi.org/10.1007/s44197-021-00025-1
https://doi.org/10.2337/dc22-2376
https://doi.org/10.3389/fimmu.2024.1447161
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rajamanickam et al. 10.3389/fimmu.2024.1447161
6. Jeon CY, Murray MB. Diabetes mellitus increases the risk of active tuberculosis: a
systematic review of 13 observational studies. PLoS Med. (2008) 5:e152. doi: 10.1371/
journal.pmed.0050181

7. Abdul-Ghani MA, Defronzo RA. Pathophysiology of prediabetes. Curr Diabetes
Rep. (2009) 9:193–9. doi: 10.1007/s11892-009-0032-7

8. Almeida-Junior JL, Gil-Santana L, Oliveira CA, Castro S, Cafezeiro AS, Daltro C,
et al. Glucose metabolism disorder is associated with pulmonary tuberculosis in
individuals with respiratory symptoms from Brazil. PLoS One. (2016) 11:e0153590.
doi: 10.1371/journal.pone.0153590

9. Kumar NP, Banurekha VV, Nair D, Sridhar R, Kornfeld H, Nutman TB, et al.
Coincident pre-diabetes is associated with dysregulated cytokine responses in
pulmonary tuberculosis. PLoS One. (2014) 9:e112108. doi: 10.1371/journal.pone.
0112108

10. Eckold C, Kumar V, Weiner J, Alisjahbana B, Riza AL, Ronacher K, et al. Impact
of intermediate hyperglycemia and diabetes on immune dysfunction in tuberculosis.
Clin Infect Dis. (2021) 72:69–78. doi: 10.1093/cid/ciaa751

11. Restrepo BI, Fisher-Hoch SP, Pino PA, Salinas A, Rahbar MH, Mora F, et al.
Tuberculosis in poorly controlled type 2 diabetes: altered cytokine expression in
peripheral white blood cells. Clin Infect Dis. (2008) 47:634–41. doi: 10.1086/590565

12. Kumar NP, Sridhar R, Banurekha VV, Jawahar MS, Fay MP, Nutman TB, et al.
Type 2 diabetes mellitus coincident with pulmonary tuberculosis is associated with
heightened systemic type 1, type 17, and other proinflammatory cytokines. Ann Am
Thorac Soc. (2013) 10:441–9. doi: 10.1513/AnnalsATS.201305-112OC

13. Kumar NP, Sridhar R, Banurekha VV, Jawahar MS, Nutman TB, Babu S.
Expansion of pathogen-specific T-helper 1 and T-helper 17 cells in pulmonary
tuberculosis with coincident type 2 diabetes mellitus. J Infect Dis. (2013) 208:739–48.
doi: 10.1093/infdis/jit241

14. Kumar NP, George PJ, Kumaran P, Dolla CK, Nutman TB, Babu S. Diminished
systemic and antigen-specific type 1, type 17, and other proinflammatory cytokines in
diabetic and prediabetic individuals with latent Mycobacterium tuberculosis infection.
J Infect Dis. (2014) 210:1670–8. doi: 10.1093/infdis/jiu329

15. Kumar NP, Banurekha VV, Nair D, Kumaran P, Dolla CK, Babu S. Type 2
diabetes - Tuberculosis co-morbidity is associated with diminished circulating levels of
IL-20 subfamily of cytokines. Tuberculosis (Edinb). (2015) 95:707–12. doi: 10.1016/
j.tube.2015.06.004

16. Kumar NP, Moideen K, George PJ, Dolla C, Kumaran P, Babu S. Impaired
Cytokine but Enhanced Cytotoxic Marker Expression in Mycobacterium tuberculosis-
Induced CD8+ T Cells in Individuals With Type 2 Diabetes and Latent Mycobacterium
tuberculosis Infection. J Infect Dis. (2016) 213:866–70. doi: 10.1093/infdis/jiv484

17. Kumar NP, Moideen K, George PJ, Dolla C, Kumaran P, Babu S. Coincident
diabetes mellitus modulates Th1-, Th2-, and Th17-cell responses in latent tuberculosis
in an IL-10- and TGF-beta-dependent manner. Eur J Immunol. (2016) 46:390–9.
doi: 10.1002/eji.201545973

18. Pavan Kumar N, Nair D, Banurekha VV, Dolla C, Kumaran P, Sridhar R, et al.
Type 2 diabetes mellitus coincident with pulmonary or latent tuberculosis results in
modulation of adipocytokines. Cytokine. (2016) 79:74–81. doi: 10.1016/j.cyto.
2015.12.026

19. Kumar NP, Moideen K, Dolla C, Kumaran P, Babu S. Prediabetes is associated
with the modulation of antigen-specific Th1/Tc1 and Th17/Tc17 responses in latent
Mycobacterium tuberculosis infection. PLoS One. (2017) 12:e0178000. doi: 10.1371/
journal.pone.0178000

20. Kumar NP, Moideen K, Sivakumar S, Menon PA, Viswanathan V, Kornfeld H,
et al. Tuberculosis-diabetes co-morbidity is characterized by heightened systemic levels of
circulating angiogenic factors. J Infect. (2017) 74:10–21. doi: 10.1016/j.jinf.2016.08.021

21. Shivakumar S, Chandrasekaran P, Kumar AMV, Paradkar M, Dhanasekaran K,
Suryavarshini N, et al. Diabetes and pre-diabetes among household contacts of
tuberculosis patients in India: is it time to screen them all? Int J Tuberc Lung Dis.
(2018) 22:686–94. doi: 10.5588/ijtld.17.0598

22. Kumar NP, Moideen K, Sivakumar S, Menon PA, Viswanathan V, Kornfeld H,
et al. Modulation of dendritic cell and monocyte subsets in tuberculosis-diabetes co-
morbidity upon standard tuberculosis treatment. Tuberculosis (Edinb). (2016) 101:191–
200. doi: 10.1016/j.tube.2016.10.004

23. Mohan V, Unnikrishnan R, Anjana RM. Comment on Rooney et al. Global
Prevalence of Prediabetes. Diabetes Care. (20232023) 46:1388–94. doi: 10.2337/dc23-1606

24. Central TB Division. Directorate General of Health Services. Ministry of Health
and Family Welfare, G.O.I. Revised National TB Control Programme training manual
for Mycobacterium tuberculosis culture &drug susceptibility testing. Central TB
Division: Directorate General of Health Services. (2016)

25. Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev
Immunol. (2011) 11:98–107. doi: 10.1038/nri2925
26. Diabetes, S.O.M.C.I. (Standards of medical care in diabetes-). Standards of

medical care in diabetes–2013. Diabetes Care. (2013) 36 Suppl;1:S11–66. doi: 10.2337/
dc13-S011
27. Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. Cytokines and

chemokines in mycobacterium tuberculosis infection. Microbiol Spectr. (2016) 4.
doi: 10.1128/microbiolspec.TBTB2-0018-2016

28. Zhuang L, Yang L, Li L, Ye Z, Gong W. Mycobacterium tuberculosis: immune
response, biomarkers, and therapeutic intervention. MedComm (2020). (2024) 5:e419.
doi: 10.1002/mco2.419
Frontiers in Immunology 10
29. Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM. C-reactive protein,
interleukin 6, and risk of developing type 2 diabetes mellitus. JAMA. (2001) 286:327–
34. doi: 10.1001/jama.286.3.327

30. Cooper AM, Khader SA. The role of cytokines in the initiation, expansion, and
control of cellular immunity to tuberculosis. Immunol Rev. (2008) 226:191–204.
doi: 10.1111/j.1600-065X.2008.00702.x

31. Mayer-Barber KD, Andrade BB, Barber DL, Hieny S, Feng CG, Caspar P, et al.
Innate and adaptive interferons suppress IL-1alpha and IL-1beta production by distinct
pulmonary myeloid subsets during Mycobacterium tuberculosis infection. Immunity.
(2011) 35:1023–34. doi: 10.1016/j.immuni.2011.12.002

32. Martinez AN, Mehra S, Kaushal D. Role of interleukin 6 in innate immunity to
Mycobacterium tuberculosis infection. J Infect Dis. (2013) 207:1253–61. doi: 10.1093/
infdis/jit037
33. O'Garra A, Redford PS, Mcnab FW, Bloom CI, Wilkinson RJ, Berry MP. The

immune response in tuberculosis. Annu Rev Immunol. (2013) 31:475–527.
doi: 10.1146/annurev-immunol-032712-095939
34. Holscher C, Atkinson RA, Arendse B, Brown N, Myburgh E, Alber G, et al. A

protective and agonistic function of IL-12p40 in mycobacterial infection. J Immunol.
(2001) 167:6957–66. doi: 10.4049/jimmunol.167.12.6957

35. Schneider BE, Korbel D, Hagens K, KochM, Raupach B, Enders J, et al. A role for
IL-18 in protective immunity against Mycobacterium tuberculosis. Eur J Immunol.
(2010) 40:396–405. doi: 10.1002/eji.200939583

36. Kumar NP, Nancy AP, Moideen K, Menon PA, Banurekha VV, Nair D, et al.
Low body mass index is associated with diminished plasma cytokines and chemokines
in both active and latent tuberculosis. Front Nutr. (2023) 10:1194682. doi: 10.3389/
fnut.2023.1194682

37. Moideen K, Nathella PK, Madabushi S, Renji RM, Srinivasan P, Ahamed SF,
et al. Plasma Vitamin D levels in correlation with circulatory proteins could be a
potential biomarker tool for pulmonary tuberculosis and treatment monitoring.
Cytokine. (2023) 168:156238. doi: 10.1016/j.cyto.2023.156238

38. Kathamuthu GR, Kumar NP, Moideen K, Menon PA, Babu S. High
dimensionality reduction and immune phenotyping of natural killer and invariant
natural killer cells in latent tuberculosis-diabetes comorbidity. J Immunol Res. (2022)
2022:2422790. doi: 10.1155/2022/2422790
39. Kathamuthu GR, Pavan Kumar N, Moideen K, Dolla C, Kumaran P, Babu S.

Multi-dimensionality immunophenotyping analyses of MAIT cells expressing Th1/
Th17 cytokines and cytotoxic markers in latent tuberculosis diabetes comorbidity.
Pathogens. (2022) 11. doi: 10.3390/pathogens11010087
40. Hotamisligil GS. Inflammation, metaflammation and immunometabolic

disorders. Nature. (2017) 542:177–85. doi: 10.1038/nature21363
41. Yew WW, Leung CC, Zhang Y. Oxidative stress and TB outcomes in patients

with diabetes mellitus? J Antimicrobial Chemotherapy. (2017) 72:1552–5. doi: 10.1093/
jac/dkx046
42. Eislmayr K, Bestehorn A, Morelli L, Borroni M, Vande Walle L, Lamkanfi M,

et al. Nonredundancy of IL-1alpha and IL-1beta is defined by distinct regulation of
tissues orchestrating resistance versus tolerance to infection. Sci Adv. (2022) 8:eabj7293.
doi: 10.1126/sciadv.abj7293
43. Sugawara I, Yamada H, Hua S, Mizuno S. Role of interleukin (IL)-1 type 1

receptor in mycobacterial infection. Microbiol Immunol. (2001) 45:743–50.
doi: 10.1111/j.1348-0421.2001.tb01310.x
44. Osborn O, Olefsky JM. The cellular and signaling networks linking the immune

system and metabolism in disease. Nat Med. (2012) 18:363–74. doi: 10.1038/nm.2627
45. Shi J, Sun BH, Zhou LR, Wang XS. Role of IL-10 and TNF-alpha during

Mycobacterium tuberculosis infection in murine alveolar macrophages. Genet Mol Res.
(2016) 15. doi: 10.4238/gmr.15037819
46. Stalenhoef JE, Alisjahbana B, Nelwan EJ, van der Ven-Jongekrijg J, Ottenhoff

TH, van der Meer JW, et al. The role of interferon-gamma in the increased tuberculosis
risk in type 2 diabetes mellitus. Eur J Clin Microbiol Infect Dis. (2008) 27:97–103.
doi: 10.1007/s10096-007-0395-0
47. Sinha A, Joshi A. Prevalence of pulmonary tuberculosis in diabetic patients:

epidemiology, immunological basis, and its amalgamated management. Cureus. (2022)
14:e31321. doi: 10.7759/cureus.31321
48. Gopal R, Monin L, Torres D, Slight S, Mehra S, Mckenna KC, et al. S100A8/A9

proteins mediate neutrophilic inflammation and lung pathology during tuberculosis.
Am J Respir Crit Care Med. (2013) 188:1137–46. doi: 10.1164/rccm.201304-0803OC

49. Kumar NP, Moideen K, Nancy A, Viswanathan V, Shruthi BS, Sivakumar S, et al.
Plasma chemokines are biomarkers of disease severity, higher bacterial burden and
delayed sputum culture conversion in pulmonary tuberculosis. Sci Rep. (2019) 9:18217.
doi: 10.1038/s41598-019-54803-w
50. Pan X, Kaminga AC, Wen SW, Liu A. Chemokines in prediabetes and type 2

diabetes: A meta-analysis. Front Immunol. (2021) 12:622438. doi: 10.3389/
fimmu.2021.622438
51. Tabak AG, Herder C, Rathmann W, Brunner EJ, Kivimaki M. Prediabetes: a

high-risk state for diabetes development. Lancet. (2012) 379:2279–90. doi: 10.1016/
S0140-6736(12)60283-9
52. Etna MP, Giacomini E, Severa M, Coccia EM. Pro- and anti-inflammatory

cytokines in tuberculosis: a two-edged sword in TB pathogenesis. Semin Immunol.
(2014) 26:543–51. doi: 10.1016/j.smim.2014.09.011
53. Podell BK, Ackart DF, Obregon-Henao A, Eck SP, Henao-Tamayo M,

Richardson M, et al. Increased severity of tuberculosis in Guinea pigs with type 2
diabetes: a model of diabetes-tuberculosis comorbidity. Am J Pathol. (2014) 184:1104–
18. doi: 10.1016/j.ajpath.2013.12.015
frontiersin.org

https://doi.org/10.1371/journal.pmed.0050181
https://doi.org/10.1371/journal.pmed.0050181
https://doi.org/10.1007/s11892-009-0032-7
https://doi.org/10.1371/journal.pone.0153590
https://doi.org/10.1371/journal.pone.0112108
https://doi.org/10.1371/journal.pone.0112108
https://doi.org/10.1093/cid/ciaa751
https://doi.org/10.1086/590565
https://doi.org/10.1513/AnnalsATS.201305-112OC
https://doi.org/10.1093/infdis/jit241
https://doi.org/10.1093/infdis/jiu329
https://doi.org/10.1016/j.tube.2015.06.004
https://doi.org/10.1016/j.tube.2015.06.004
https://doi.org/10.1093/infdis/jiv484
https://doi.org/10.1002/eji.201545973
https://doi.org/10.1016/j.cyto.2015.12.026
https://doi.org/10.1016/j.cyto.2015.12.026
https://doi.org/10.1371/journal.pone.0178000
https://doi.org/10.1371/journal.pone.0178000
https://doi.org/10.1016/j.jinf.2016.08.021
https://doi.org/10.5588/ijtld.17.0598
https://doi.org/10.1016/j.tube.2016.10.004
https://doi.org/10.2337/dc23-1606
https://doi.org/10.1038/nri2925
https://doi.org/10.2337/dc13-S011
https://doi.org/10.2337/dc13-S011
https://doi.org/10.1128/microbiolspec.TBTB2-0018-2016
https://doi.org/10.1002/mco2.419
https://doi.org/10.1001/jama.286.3.327
https://doi.org/10.1111/j.1600-065X.2008.00702.x
https://doi.org/10.1016/j.immuni.2011.12.002
https://doi.org/10.1093/infdis/jit037
https://doi.org/10.1093/infdis/jit037
https://doi.org/10.1146/annurev-immunol-032712-095939
https://doi.org/10.4049/jimmunol.167.12.6957
https://doi.org/10.1002/eji.200939583
https://doi.org/10.3389/fnut.2023.1194682
https://doi.org/10.3389/fnut.2023.1194682
https://doi.org/10.1016/j.cyto.2023.156238
https://doi.org/10.1155/2022/2422790
https://doi.org/10.3390/pathogens11010087
https://doi.org/10.1038/nature21363
https://doi.org/10.1093/jac/dkx046
https://doi.org/10.1093/jac/dkx046
https://doi.org/10.1126/sciadv.abj7293
https://doi.org/10.1111/j.1348-0421.2001.tb01310.x
https://doi.org/10.1038/nm.2627
https://doi.org/10.4238/gmr.15037819
https://doi.org/10.1007/s10096-007-0395-0
https://doi.org/10.7759/cureus.31321
https://doi.org/10.1164/rccm.201304-0803OC
https://doi.org/10.1038/s41598-019-54803-w
https://doi.org/10.3389/fimmu.2021.622438
https://doi.org/10.3389/fimmu.2021.622438
https://doi.org/10.1016/S0140-6736(12)60283-9
https://doi.org/10.1016/S0140-6736(12)60283-9
https://doi.org/10.1016/j.smim.2014.09.011
https://doi.org/10.1016/j.ajpath.2013.12.015
https://doi.org/10.3389/fimmu.2024.1447161
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cytokine and chemokine profiles in pulmonary tuberculosis with pre-diabetes
	1 Introduction
	2 Methods and materials
	2.1 Ethics statement
	2.2 Study population
	2.3 Multiplex assay methodology
	2.4 Statistical analysis

	3 Results
	3.1 Characteristics of the study population
	3.2 TB-PDM is linked to higher systemic levels of type 1 and type 17 cytokines
	3.3 TB-PDM exhibits elevated systemic levels of IL-10
	3.4 TB-PDM presents with heightened systemic levels of other pro-inflammatory cytokines and IL-1 family of cytokines
	3.5 TB-PDM is associated with elevated systemic levels of CC and CXC chemokines
	3.6 Examining the relationship between systemic cytokines/chemokines and HbA1c levels

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


