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Background. The positive predictive value of tuberculin skin test and current generation interferon gamma release assays are 
very low leading to high numbers needed to treat. Therefore, it is critical to identify new biomarkers with high predictive accuracy to 
identify individuals bearing high risk of progression to active tuberculosis (TB).

Methods. We used stored QuantiFERON supernatants from 14 household contacts of index TB patients who developed 
incident active TB during a 2-year follow-up and 20 age and sex-matched non-progressors. The supernatants were tested for an 
expanded panel of 45 cytokines, chemokines, and growth factors using the Luminex Multiplex Array kit.

Results. We found significant differences in the levels of TB-antigen induced production of several analytes between 
progressors and non-progressors. Dominance analysis identified 15 key predictive biomarkers based on relative percentage 
importance. Principal component analysis revealed that these biomarkers could robustly distinguish between the 2 groups. 
Receiver operating characteristic analysis identified interferon-γ inducible protein (IP)-10, chemokine ligand (CCL)19, 
interferon (IFN)-γ, interleukin (IL)-1ra, CCL3, and granulocyte-macrophage colony-stimulating factor (GM-CSF) as the most 
promising predictive markers, with area under the curve (AUC) ≥90. IP-10/CCL19 ratio exhibited maximum sensitivity and 
specificity (100%) for predicting progression. Through Classification and Regression Tree analysis, a cutoff of 0.24 for IP-10/ 
CCL19 ratio was found to be ideal for predicting short-term risk of progression to TB disease with a positive predictive value of 
100 (95% confidence interval [CI] 85.8–100).

Conclusions. The biomarkers identified in this study will pave way for the development of a more accurate test that can identify 
individuals at high risk for immediate progression to TB disease for targeted intervention.
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INTRODUCTION 
Recent estimates suggest that one-fourth of the global popula
tion [1] and almost 40% of the population in tuberculosis (TB) 
endemic countries are latently infected with TB [2]. However, 
only 5%–10% of this population eventually progress to active 
TB disease [3] and identifying this high-risk group and precise
ly targeting them for prophylactic treatment is key to achieving 
the TB elimination targets set forth by the World Health 
Organization (WHO).

The currently available diagnostic tests for latent TB infection 
(LTBI) viz. the interferon gamma release assays (IGRAs) and tu
berculin skin test (TST) have a low positive predictive value (PPV) 
of 2.7% and 1.5%, respectively [4], and thus, the number of TST or 
IGRA-positive individuals who will require treatment (numbers 
needed to treat [NNT]) so as to prevent progression of TB in a sin
gle individual is very high. In a scenario of non-availability of 
proper predictors and very high estimated prevalence of LTBI, a 
panel of easily measurable biomarkers or bio-signatures with 
high diagnostic accuracy for predicting risk of disease progression 
is one of the foremost priorities for global TB control.

Host immunological markers including cytokines and che
mokines serve as a double-edged sword in balancing between 
protection and pathology of TB [5]. Stimulation of whole blood 
with TB antigen results in significant enrichment of the 
TB-specific cytokine response, and hence the use of 
QuantiFERON supernatants would enable more accurate mea
surement of TB-specific responses. However, there have been 
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no studies thus far on the identification of soluble biomarkers 
that can predetermine progression from latent to active TB in 
QuantiFERON supernatants. In the present study, we mea
sured the levels of unstimulated and TB-antigen stimulated cy
tokines, chemokines and growth factors in healthy household 
contacts (HHCs) of TB patients who progressed to active TB 
versus those who did not, to elucidate the differential immune 
profile between the two groups and to identify predictors for 
progression to infectious TB disease.

METHODS

Ethical Approval

The parent protocol of this study had the approval of the re
spective Institutional Ethics Committees of ICMR-National 
Institute for Research in Tuberculosis (ICMR-NIRT), 
Chennai, India, Byramjee Jeejeebhoy Government Medical 
College (BJGMC), Pune, India and Johns Hopkins University 
(JHU), Baltimore, Maryland USA.

Study Cohort

A cohort of HHCs of newly diagnosed pulmonary TB (PTB) pa
tients was established at 2 sites, ICMR-NIRT and BJGMC, India, 
in collaboration with JHU, USA, as part of the Cohort for 
Tuberculosis Research by the Indo-US Medical Partnership 
(C-TRIUMPH) study, and the enrolled participants were fol
lowed up between August 2014 and December 2017. Details 
of the C-TRIUMPH study design and implementation have 
been described previously [6]. The definitions used for classify
ing study participants are provided in Table 1. All HHCs under
went clinical and laboratory assessment for TB at baseline and 
during each follow-up visit. TST and IGRA were performed at 
baseline and repeated at every visit if the previous test was neg
ative. An HHC was confirmed to have active TB disease if they 
tested positive by TB culture or GeneXpert/MTB Rif.

Diagnostic Tests for Active TB

Sputum samples were collected from all the participants and 
subjected to GeneXpert MTB/RIF assay, followed by 
Löwenstein-Jensen (LJ) media and mycobacterial growth 

indicator tube (MGIT) liquid culture. Samples testing positive 
for Mtb were categorized as confirmed TB cases.

QuantiFERON-TB Gold-in Tube (QFT-GIT) Assay

Whole blood was collected and incubated in stimulated (TB an
tigen), positive control (mitogen) and unstimulated (Nil) tubes 
and processed as per the manufacturer’s instructions 
(QIAGEN, Germany). After incubation, supernatants were har
vested to measure the interferon (IFN)-γ response (IU/mL). 
Individuals were considered QFT-positive or negative based on 
the analysis using the QFT-GIT analysis software (version 
2.62). The remaining QuantiFERON supernatants were immedi
ately stored at −80°C for further analysis.

Multiplex Cytokine Assay

Circulating levels of cytokines, chemokines and growth factors 
were quantified in stored unstimulated and TB antigen- 
stimulated supernatants using the Human XL Cytokine 
Magnetic Luminex Performance Assay 45-plex Fixed Panel 
(R&D systems) according to the manufacturer’s protocol. The 
45-plex panel included IFN-α, IFN-β, IFN-γ, interleukin 
(IL)-1α, IL-1ra, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, 
IL12p70, IL-13, IL-15, IL-17A, IL-17E, IL-33, tumor necrosis 
factor (TNF)-α, granulocyte colony-stimulating factor 
(G-CSF), granulocyte macrophage colony-stimulating factor 
(GM-CSF), chemokine (C-X-C motif) ligand (CXCL)1, 
CXCL2, IL-8/CXCL8, CXCL10/IP-10, CCL2, CCL3, CCL4, 
CCL5/ RANTES (Regulated on Activation, Normal T 
Expressed and Secreted), CCL11/Eotaxin, CCL19, CCL20, 
CX3CL1/Fractalkine, CD40 Ligand, epidermal growth factor 
(EGF), fibroblast growth factor (FGF) basic, FLT-3L, 
Granzyme B, programmed death ligand (PDL)1, platelet- 
derived growth factor (PDGF)-AA, PDGF-AB/BB, transform
ing growth factor (TGF)α, tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL), and vascular endothelial 
growth factor (VEGF). The analyte levels were background- 
corrected before analysis by subtracting the concentration of 
the analyte in the unstimulated supernatants from their corre
sponding concentration in TB antigen-stimulated supernatants.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 
9.2.0 [7] and R software [8]. Mann–Whitney test was used to 
compare between progressors and non-progressors, and the 
P values were adjusted for family-wise error rate (FWER) 
across the analytes by applying Bonferroni correction. 
Kruskal–Wallis test followed by Dunn’s multiple comparison 
for post hoc correction was used for comparing between the 
progressor, non-progressor, and index TB groups. The same 
test was used to compare between non-progressors and pro
gressors stratified based on the time duration to TB break
down. P < .05 was fixed as the threshold of significance. 

Table 1. Definitions Used for Stratifying Study Participants

Classification Definition

HHCs Adults and children residing in the same house with a TB 
patient during 3 months before TB diagnosis in the index 
case.

Progressors HHCs who developed TB any time after 2 months of TB 
diagnosis in the index case. TB diagnosis was based on 
CXR, positive sputum smear, and culture.

Non-progressors HHCs who remained healthy and did not develop TB during 
the follow-up period of 2 years. negative for symptom 
screen, CXR, TST, and IGRA.

Abbreviations: CXR, chest X-ray; HHC, healthy household contact; IGRA, interferon gamma 
release assay; TB, tuberculosis; TST, tuberculin skin test.
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Receiver operating characteristic (ROC) analysis was per
formed to evaluate the diagnostic potential of each biomarker 
in terms of sensitivity, specificity, positive and negative pre
dictive value. Because each of the 45 analytes are intercorrelated, 
we performed a dominance analysis to rank the best predictive 
analytes based on relative importance. The discriminatory power 
of the potential predictive biomarkers was evaluated by principal 
component analysis (PCA). To determine the cutoffs for the bio
markers that distinguished between progressors and non- 
progressors, classification and regression tree (CART) models 
were employed.

RESULTS

Selection of Screening Cohort

Among the 1051 HHCs enrolled and followed up between 
August 2014 and December 2017, 20 (1.9%) developed active 
TB during a 2-year follow-up and were identified as 
“Progressors.” Six of the progressors did not have 
QuantiFERON supernatants and were therefore excluded. 
The duration from enrolment to diagnosis with active TB 
ranged from 3 to 21 months. An equal number of HHCs who 
did not develop active TB during the entire period of follow-up 
(“non-progressors”) matched for age and sex with the 

Figure 1. Participant selection from 2 sites of the C-TRIUMPH cohort study: A total of 1051 adults and children were recruited in the C-TRIUMPH study. Participants were 
classified based on their baseline Mtb-infection status as positive for QFT (≥0.35 IU/mL) and/or positive for TST (induration diameter ≥5 mm) and negative for both. Among 
these, participants who went on to develop TB during follow-up were identified as progressors, and those who remained healthy were defined as non-progressors. Pro
gressors were matched to non-progressors for age and gender. Abbreviations: ATB, active tuberculosis; C-TRIUMPH, Cohort for Tuberculosis Research by the Indo-US 
Medical Partnership; HHC, healthy household contacts; Mtb, Mycobacterium tuberculosis; PTB, pulmonary tuberculosis; QFT, QuantiFERON-TB Gold; TST, tuberculin skin test.
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progressors were identified as controls. The quantitative out
come measures of progressors and non-progressors through 
QFT-GIT assay are provided in Supplementary Table 1. 
Twenty index TB cases were included in the active TB group. 
The overall study design and participant selection are shown 
in Figure 1. The clinical characteristics and demographic details 
of the study cohort are provided in Table 2.

Levels of Cytokines, Chemokines and Growth Factors in QuantiFERON 
Supernatants of Progressors and Non-progressors

We measured levels of Type 1 and Type 2 IFNs, pro and 
anti-inflammatory cytokines, CC and CXC chemokines and 
growth factors in the Nil and TB antigen-stimulated 
QuantiFERON supernatants of progressors, non-progressors 
and active TB cases. Significantly elevated levels of IFN-α, 
IFN-β, IL-4, IL-5, IL-6, IL-15, G-CSF, GM-CSF, IL-1β, 
CCL3, CCL4, CCL11, IP-10, and TGF-α, and decreased levels 
of IFN-γ, IL-1α, IL-1ra, IL-2 and CCL19 were identified in 
progressors as compared to non-progressors. The median lev
els (pg/mL) of all the analytes in antigen-stimulated 
QuantiFERON supernatants of progressors, non-progressors 
and index TB cases are shown in Figures 2–4 and Table 3.

Levels of Cytokines, Chemokines and Growth Factors in QuantiFERON 
Supernatants of Progressors and Non-progressors at Different Time-points 
Prior to TB Breakdown

We further stratified the progressors based on the time dura
tion between enrolment and TB breakdown as <6 months, 

6–10 months and >10 months. IP-10, CCL19, CCL3, CCL11, 
IFN-γ, IFN-β, IL-1α, and IL-1ra were found to be significantly 
different (P < .05) between the progressors and non- 
progressors as early as 21 months prior to the development 

Table 2. Clinical and Demographic Characteristics of Participants

Patient Characteristics
Progressors 

(n = 14)
Non-Progressors 

(n = 20)
Index TB 
(n = 20)

Age in years, median (IQR) 32 (24–38) 31 (22–37) 27 (20–38)

Sex, n (%)

Male 5 (36) 7 (35) 10 (50)

Female 9 (64) 13 (65) 10 (50)

HIV status, n (%)

Positive 1 (7) 0 (0) 2 (10)

Negative 13 (93) 20 (100) 18 (90)

History of diabetes, n (%)

Yes 0 (0) 0 (0) 3 (15)

No 14 (100) 20 (100) 16 (80)

N/A … … 1 (5)

IGRA result, n (%)

Positive 9 (64) 12 (60) …

Negative 5 (36) 8 (40) …

Patient categorization

Culture positive 6 … 15

Xpert positive 1 … 14

Both positive 4 … 13

AFB smear positive 1 … 11

Positive by culture, Xpert 
and smear

0 … 10

Abbreviations: AFB, acid-fast bacillus; HIV, human immunodeficiency virus; IGRA, 
interferon gamma release assay; IQR, interquartile range; N/A, not applicable.

Table 3. Median Levels of Analytes (pg/mL) in Mtb Antigen-stimulated 
QuantiFERON Supernatants of Progressors and Non-progressors

Analyte Non-Progressors Progressors P Value

CCL19 1159.1 (703–1648) 268.5 (33.7–629) <.0001

IP-10 160.1 (68.7–226.1) 725.9 (433.1–1008.3) <.0001

IFNγ 535.4 (439.1–761.4) 372.6 (94.2–491.2) <.0001

IL-1ra 3147.5 (2013.2–5972.8) 1118.7 (196.1–2405.5) <.0001

GM-CSF 103.4 (42.4–153.1) 170.1 (120–538.3) <.0001

CCL3 143.5 (59–217.5) 346.6 (126.3–473.3) <.0001

CCL11 191.9 (111.2–399) 485 (204.2–2433) <.0001

IFNβ 25.3 (16–35.3) 44.4 (23.4–263.3) <.0001

IL-1α 397.1 (326.7–507.5) 218.4 (57.2–391.5) <.0001

IL-2 258.7 (164.1–428.5) 168.5 (0–305.8) .0003

IL-5 52.1 (30.6–122) 107.5 (22.3–253.3) .0003

IFN-α 244.8 (163.3–391.5) 389.9 (132.8–547.9) .0005

IL-6 123.3 (87–198.5) 195.5 (89–408.5) .0009

IL-4 134.6 (120.2–155.3) 155.5 (111.1–297.5) .0012

IL-1β 152.4 (72–380.8) 251.7 (108.4–409.3) .0043

TGF-α 167.6 (103.3–358.4) 247.8 (113–850.7) .0065

CCL4 765.1 (442–1042) 1003.5 (520.9–2296.9) .0072

G-CSF 115.8 (59.7–160.3) 136.6 (86.4–566) .0088

IL-15 76.6 (53.7–120.5) 81.1 (59.2–423.5) .0450

CCL5 3783.3 (2028–6171) 3404.2 (757.5–5396) .0626

Granzyme B 113.8 (51.3–197.8) 80.8 (35.1–175.6) .0658

VEGF 231.4 (124.9–482.2) 384.2 (31.6–702) .0660

TRAIL 213.5 (115.2–342.9) 182.5 (50.6–389.6) .1141

TNFα 217.1 (68.7–292.3) 178.3 (55–328.8) .1254

IL-17A 391.1 (208–570.8) 604.6 (139.5–902.9) .1314

GROβ 1878.3 (1048.7–2671.1) 2310.8 (921.5–4190.9) .1505

CX3CL1 591.4 (423.8–755.3) 538.4 (84.2–760.9) .1572

IL-7 96.3 (44.6–137.1) 114.5 (48.3–168.4) .1643

IL-8 115.2 (37.7–221.4) 106.6 (29.3–172.8) .1791

IL-13 197.6 (192.8–217.4) 208.7 (135.3–348.7) .2024

CD40L 1476.4 (1413.8–2334.9) 1480.7 (1278.2–1915.3) .2030

IL-3 263.5 (117.8–428.6) 242.3 (57.9–467.6) .2287

MCP1 383.8 (232.7–537.3) 425.1 (136.9–1853.7) .2293

IL-33 99.1 (62.8–186) 91.7 (26.3–152.8) .2339

FLT3L 367.1 (260.9–885.6) 333.7 (185.2–891.9) .2385

GROα 370.8 (159.2–1089.7) 378.7 (113.9–1023.4) .2835

PDL1 156.2 (117.3–211.8) 263.3 (81.7–536.5) .3456

IL-12p70 288.2 (200.6–497.4) 384.2 (76.8–674.5) .3517

IL-17E 149 (100.3–270.4) 134.9 (58.5–233.3) .3767

PDGF-AB/BB 8500.3 (393.6–217 705.8) 9387.7 (239.7–48 591.8) .5557

FGF basic 81.7 (39.7–147.4) 84.3 (24.4–277) .6289

CCL20 133.5 (93–176) 109.6 (69.6–758.6) .6373

PDGF-AA 3457.5 (163.1–8165.7) 4231.1 (498.6–7431.3) .7237

EGF 233.3 (103.3–681.3) 277.5 (82.5–516.5) .8597

IL-10 149.5 (112.4–404.8) 257.8 (0.5–593.6) .9249

Mann–Whitney test was used to compare the 2 groups. P values were adjusted for 
family-wise error rate (FWER) across the 45 analytes by applying Bonferroni correction.  

Abbreviations: CCL, chemokine ligand; EGF, epidermal growth factor; FGF, fibroblast 
growth factor; IFN, interferon; IL, interleukin; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; Mtb, Mycobacterium tuberculosis; PDGF, platelet-derived 
growth factor; TGF, transforming growth factor; TRAIL, tumor necrosis factor-related 
apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.
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of active TB disease (Figure 5). IFN-α levels increased signifi
cantly 10 months prior to TB breakdown. On the other hand, 
levels of GM-CSF, IL-5, IL-6, and IL-18 increased significantly 
near the time of breakdown with active TB (<6 months) while 
IL-2 levels declined significantly (Figure 6).

Performance of the Biomarkers in Predicting Development of Active TB

The performance of the significantly deregulated biomarkers 
in predicting progression to active TB was assessed by con
structing ROC curves to determine the sensitivity, 
specificity and area under the curve (AUC) with 95% confi
dence intervals (CI). Among the evaluated biomarkers, 
IP-10, CCL19, IFN-γ, IL-1ra, CCL3 and GM-CSF showed 
potential as promising predictive markers with AUC ≥90. 
IP-10 and CCL19 had the best diagnostic performance, with 
AUC = 100 (95% CI: 92–100) and sensitivity and specificity of 
100%. IFN-γ exhibited a sensitivity of 100% (95% CI: 85.8– 
100) but specificity of 90% (95% CI: 68.3–98.8) with AUC = 

95.5 (95% CI: 84.5 to 99.4). CCL3 had a sensitivity of 91.7% 
(95% CI: 73–99), specificity of 100% (95% CI: 84.6–100) and 
AUC = 95.5 (95% CI: 84.5 to 99.4). GM-CSF had a sensitivity 
of 91.7% (95% CI: 73–99) and specificity of 90% (95% CI: 
68.3–98.8) with AUC = 90.9 (95% CI: 78.3–97.5). Cutoffs were 
determined for all analytes to assess their overall discriminatory 
performance between progressors and non-progressors (Table 4
and Supplementary Table 2) as well as their performance after 
stratification as <6 months and >6 months prior to TB activa
tion to assess their predictive ability for short and long 
term risk (Supplementary Tables 3 and 4). IP-10, CCL19, 
CCL11, CCL3, IL-17A and TNF-α were identified as short-term 
risk predictors, whereas IFN-β, IL-1ra, GM-CSF and IL-1α per
formed well as long-term risk predictors.

Dominance Analysis

Dominance analysis was performed to identify the most prom
ising biomarkers that could clearly discriminate between 

Figure 2. Median levels of cytokines (pg/mL) in antigen stimulated QuantiFERON supernatants of progressors, non-progressors, and index TB cases: Significant differences 
between groups were calculated using Kruskal-Wallis test coupled with Dunn’s correction for multiple comparison and expressed as: * (P < .05), ** (P < .01), *** (P < .001), 
**** (P < .0001). Abbreviations: G-CSF, granulocyte colony-stimulating factor; IL, interleukin; IFN, interferon; TB, tuberculosis; TNF, tumor necrosis factor.
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progressors and non-progressors. For the 45 biomarkers, 70 
369 000 000 000 regressions were computed, and 15 key predic
tive markers were narrowed down based on their relative im
portance (R2). For the 15 key predictors, 32 767 regressions 
were performed to identify the best set of biomarkers. Based 
on the percentage of relative importance, IP-10, CCL19, 
IL-1ra, CCL3, IFN-γ, CCL11, GM-CSF, IFN-α, IL-6, CCL4, 
IL-1α, ΙFN-β, IL-2, IL-5 and IL-4 were identified as the best pre
dictors (Figure 7).

We performed PCA on the 15 significantly different analytes 
identified by dominant analysis to assess the discriminatory 
power of these biomarkers in distinguishing progressors from 
non-progressors (Figure 8). PCA clearly demonstrated the 

ability of these markers to differentiate both the 2 groups 
with perfect bifurcation.

IP10/CCL19 Ratio as a Useful Biomarker for Predicting Progression to 
Active Tuberculosis

Because most cytokines are not specific for TB and can be 
found in various other inflammatory and autoimmune diseas
es, a single biomarker like IFN-γ or IP-10 cannot accurately 
predict progression. As observed in Figure 3, the progressor 
group had significantly higher levels of IP-10 and decreased 
levels of CCL19 when compared to the non-progressor group. 
The diagnostic performance of these two biomarkers is also su
perlative (Table 4). Thus, IP-10/CCL19 ratio stands out as a 

Figure 3. Median levels of chemokines (pg/mL) in Mtb antigen-stimulated QuantiFERON supernatants of progressors, non-progressors and index TB cases: Significant differ
ences between groups were calculated using Kruskal–Wallis test coupled with Dunn’s correction for multiple comparison and expressed as: * (P < .05), ** (P < .01), *** (P < .001), 
**** (P < .0001). Abbreviations: CCL, chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; MCP, monocyte chemoattractant protein; Mtb, Mycobacterium tuberculosis; R
ANTES, Regulated on Activation, Normal T Expressed and Secreted; TB, tuberculosis.
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highly potential risk signature for predicting progression to ac
tive infectious TB.

CART Analysis to Determine Cutoff for the Candidate Predictive 
Biomarkers and Biomarker Combinations

In order to derive a cutoff for the biomarkers that clearly dis
tinguished progressors from non-progressors, CART models 
were utilized. We used all the biomarker data for constructing 
the CART and subsequently selected the biomarkers and their 
combinations that classified the groups with high accuracy 
(Figure 9). The CART model identified IP-10/CCL19 ratio at 
a cutoff value of 0.24 pg/mL, as the most promising risk 
predictor (Figure 9A). Individually, IP-10 presented a cutoff 

value of 226.06 pg/mL, and CCL19 gave a cutoff value of 
628.98 pg/mL (Figure 9B and 9C). Because the above models 
exhibited 100% accuracy, we performed further pruning by re
moving IP-10 and CCL-19 to determine the cut-offs for other 
potential predictive biomarker combinations. This revealed a 
combination of CCL3 having a threshold of 217.5 pg/mL 
and IL-2 with a threshold of 163.9 pg/mL, sensitivity of 
95.2%, and specificity of 100% as the next best combination 
(Figure 9D). The combination of IFN-γ with a cutoff of 
491.2 pg/mL and CCL11 with a cutoff of 202.43 pg/mL gave 
a sensitivity of 100% but specificity of 90% (Figure 9E). 
Thus, CART analysis demonstrated that IP-10/CCL19 ratio 
(cutoff: 0.24 pg/mL) and combinations of CCL3 and IL-2, 

Figure 4. Median levels of growth factors (pg/mL) in Mtb antigen-stimulated QuantiFERON supernatants of progressors, non-progressors and index TB cases: Significant 
differences between groups were calculated using Kruskal-Wallis test coupled with Dunn’s correction for multiple comparison and expressed as: * (P < .05), ** (P < .01), *** 
(P < .001), **** (P < .0001). Abbreviations: EGF, epidermal growth factor; FGF, fibroblast growth factor; Mtb, Mycobacterium tuberculosis; PDGF, platelet-derived growth 
factor; TB, tuberculosis; TGF, transforming growth factor; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.

1808 • CID 2023:76 (15 May) • Daniel et al

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/article/76/10/1802/6965377 by Tuberculosis R

esearch C
entre user on 08 June 2026



and IFN-γ and CCL11 could be promising predictive biomark
ers for progression from LTBI to active TB.

DISCUSSION

Though IGRAs bear poor prognostic ability, the IGRA test can 
be usefully exploited to look for additional biomarkers, because 
stimulation of T cells with Mycobacterium tuberculosis (Mtb) 
antigens results in the upsurge of a complex network of cyto
kines and chemokines that represent TB-specific immune re
sponses. In this study, we undertook an exploratory analysis 
of soluble biomarkers in QuantiFERON supernatants capable 
of predicting progression to TB disease and found significant 
difference in the levels of 19 of the 45 analytes in progressors 
as compared to non-progressors. Many of these analytes have 
previously been reported by others to be able to detect active 
TB disease [9]. Our findings of a similar profile in high-risk in
dividuals up to 21 months prior to clinical diagnosis is very 

interesting. IP-10/CCL19 ratio demonstrated maximum sensi
tivity and specificity for predicting TB risk. IP-10 is a strong 
chemoattractant that causes necrosis of tuberculous granuloma 
by recruiting various T cells. Higher levels of IP-10 in progres
sors indicate the inhibition of angiogenesis and subsequent ces
sation of granuloma. Studies in murine lung models have 
documented the potential role of CCL19 in homing CCR7 ex
pressing T cells and dendritic cells during the organization of 
lymphoid structures [10, 11]. Reduced CCL19 levels observed 
in progressors signify an impairment in granuloma formation 
leading to disease progression. Furthermore, we also observed 
significant upregulation in IFN-αβ levels and downregulation 
in IFN-γ levels in the progressor group. Increased levels of 
type I IFNs have been observed in Mtb-infected macrophages, 
and this is known to have an adverse impact on infection con
trol [12]. On the contrary, type II IFNs (IFN-γ) have a protec
tive response against Mtb [13]. Previous studies have observed 

Figure 5. Median levels of analytes (pg/mL) in Mtb antigen-stimulated QuantiFERON supernatants of progressors, non-progressors and active TB groups: Progressors were 
further stratified based on time duration to TB activation. The above analytes were statistically significant at all time points studied, between the progressor and non- 
progressor groups. Significant differences between groups were calculated using Kruskal–Wallis test coupled with Dunn’s correction for multiple comparison and expressed 
as: * (P < .05), ** (P < .01), *** (P < .001), **** (P < .0001). Abbreviations: CCL, chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; IFN, interferon; IL, interleukin; MIP, 
macrophage inflammatory protein Mtb, Mycobacterium tuberculosis; TB, tuberculosis.
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that Mtb infection is more likely in mice with disrupted IFN-γ 
production as compared to wild-type mice [14]. In a recent 
study, 20 IFN-γ related genes were reported to be downregu
lated in progressors after TB-specific antigenic stimulation 
[15]. These observations are concordant with our findings, sug
gesting that individuals with attenuated type II IFN response 
are more likely to develop active TB. After grouping the sam
ples based on the time to TB breakdown as <6 months, 6–10 
months, and >10 months, we could find that median levels of 
IP-10, CCL19, CCL3, CCL11, IFN-γ, IFN-β, IL-1α, and 
IL-1ra were significantly different at all time points studied 
and could very well reflect progression.

Earlier studies have found that IGRAs lack predictive accu
racy, and this is evident from our study as well, as 5 of the 14 
progressors (36%) had a negative IGRA and yet went on to pro
gress to active TB. Many studies have addressed the question of 
whether higher IFN-γ values in IGRA and QFT conversion is a 
reflection of the risk of subsequent progression to active TB dis
ease, but the results have been inconsistent. Although studies in 
children found high IFN-γ values (>3.5 IU/mL [4] and >4 IU/ 
mL [16]) to be associated with increased progression rates, 
studies in adults [17, 18] did not find such an association. 
Our study also did not find higher IFN-γ levels in progressors 
reinstating the poor predictive value of IGRA.

It should be noted here that TB is a dynamic spectrum of 
disease rather than a classical binary state of latent and active 

TB. Earlier transcriptomics studies identified predictive gene 
signatures in individuals who developed incipient TB [15, 
19–22], but the performance of these signatures was subopti
mal in validation studies [23–25] implying that these signa
tures might reflect early bacterial replication (subclinical 
TB). In our study, we excluded individuals who developed 
TB within 2 months of TB diagnosis in the index case so as 
to ensure that the identified predictive markers corroborate 
immune alterations that are indicative of impending progres
sion of infection and are not just markers of subclinical 
infection.

Host biomarker studies have been at the center of interest for 
TB immunodiagnostics due to their utility for development of a 
point-of-care assay. High IL-4 levels with concomitantly lower 
IFN-γ levels in the plasma of unstimulated whole-blood culture 
have been previously reported in HHCs who eventually devel
oped TB, 6 months post TB exposure [26]. Similar observations 
have been made in PBMCs stimulated with TB antigens [27– 
29]. We also found a similar profile in our study. IL-13 expression 
was detected in 6 out of 14 progressors 6–8 months prior to dis
ease onset in another study [30]. Mpande et al reported difference 
in HLA-DR expression between IFN-γ+TNF+ Mtb-specific T cells 
and total CD3+ T cells as a predictive biomarker for TB [31]. De 
Groote et al reported significantly altered levels of IL-2, monocyte 
chemoattractant protein (MCP)-2 and IP-10, rather than IFN-γ in 
QFT supernatants in individuals with LTBI as compared to 

Figure 6. Median levels of analytes (pg/mL) in Mtb antigen-stimulated QuantiFERON supernatants of progressors that are significantly different <10 months before TB break
down: Significant differences between groups were calculated using Kruskal–Wallis test coupled with Dunn’s correction for multiple comparison and expressed as: * (P < .05), 
** (P < .01), *** (P < .001), **** (P < .0001). Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; Mtb, Mycobacterium 
tuberculosis; RANTES, Regulated on Activation, Normal T Expressed and Secreted; TB, tuberculosis.
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healthy controls, based on their analysis on SOMAscan platform 
[32], which however did not meet the target product profile 
(TPP) framed by WHO/FIND [22].

Our study identified IP-10/CCL19 ratio as a very promising 
predictive marker for active TB as it clearly achieves the optimal 
requirement of ≥90% sensitivity for biomarker-based non- 

Table 4. Accuracy of Biomarkers in Predicting Risk of Progression to Tuberculosis Disease

Biomarkera Cutoff
Sensitivity Specificity PPV NPV AUC
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

CCL19 <628.98 100  
(85.8–100)

100  
(83.2–100)

100  
(85.8–100)

100  
(83.2–100)

100  
(92–100)

IP-10 >226.06 100  
(85.8–100)

100  
(83.2–100)

100  
(85.8–100)

100  
(83.2–100)

100  
(92–100)

CCL11 >204.20 100  
(85.8–100)

75  
(50.9–91.3)

82.8  
(64.2–94.2)

100  
(78.2–100)

88.6  
(75.4–96.2)

IFN-γ <491.20 100  
(85.8–100)

90  
(68.3–98.8)

92.3  
(74.9–99.1)

100  
(81.5–100)

95.5  
(84.5–99.4)

IL-1ra <2405.48 100  
(85.8–100)

85  
(62.1–96.8)

88.9  
(70.8–97.6)

100  
(80.5–100)

93.2  
(81.3–98.6)

CCL3 >234.20 91.7  
(73–99)

100  
(83.2–100)

100  
(84.6–100)

90.9  
(70.8–98.9)

95.5  
(84.5–99.4)

GM-CSF >128.73 91.7  
(73–99)

90  
(68.3–98.8)

91.7  
(73–99)

90  
(68.3–98.8)

90.9  
(78.3–97.5)

IFN-α >326.45 79.2  
(57.8–92.9)

80  
(56.3–94.3)

82.6  
(61.2–95)

76.2  
(52.8–91.8)

79.5  
(64.7–90.2)

IL-6 >227.00 50  
(29.1–70.9)

100  
(83.2–100)

100  
(73.5–100)

62.5  
(43.7–78.9)

72.7  
(57.2–85)

CCL4 >862.18 66.7  
(44.7–84.4)

80  
(56.3–94.3)

80  
(56.3–94.3)

66.7  
(44.7–84.4)

72.7  
(57.2–85)

IL-1α <305.80 79.2  
(57.8–92.9)

100  
(83.2–100)

100  
(82.4–100)

80  
(59.3–93.2)

88.6  
(75.4–96.2)

IFN-β >36.76 79.2  
(57.8–92.9)

100  
(83.2–100)

100  
(82.4–100)

80  
(59.3–93.2)

88.6  
(75.4–96.2)

IL-2 <180.94 62.5  
(40.6–81.2)

95  
(75.1–99.9)

93.8  
(69.8–99.8)

67.9  
(47.6–84.1)

77.3  
(62.2–88.5)

IL-5 >75.29 83.3  
(62.6–95.3)

80  
(56.3–94.3)

83.3  
(62.6–95.3)

80  
(56.3–94.3)

81.8  
(67.3–91.8)

IL-4 >141.14 79.2  
(57.8–92.9)

80  
(56.3–94.3)

82.6  
(61.2–95)

76.2  
(52.8–91.8)

79.5  
(64.7–90.2)

Abbreviations: AUC, area under the curve; CI, confidence interval; CCL, chemokine ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; NPV, 
negative predictive value; PPV, positive predictive value.  
aOnly the key biomarkers predicting progression are listed. The accuracy of the remaining biomarkers is provided in Supplementary Table 2.

Figure 7. Incremental R 2 values for the 15 key biomarkers: Dominance analysis of the 45 analytes identified 15 key biomarkers based on relative importance (R 2). 
Abbreviations: CCL, chemokine ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin.
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Figure 8. PCA plot of significantly different biomarkers between progressors and non-progressors: PCA shows that IP-10, CCL-19, IL-1ra, CCL3, IFN-γ, IL-2, IL-4, IL-1α, CCL4, 
IL-6, CCL11, IFN-α, IL-5, GM-CSF and IFN-β can clearly distinguish between progressors and non-progressors with no overlap. Abbreviations: CCL, chemokine ligand; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; PCA, principal component analysis.

Figure 9. CART analysis to determine cut-offs for potential predictive biomarkers: CART models generated for IP-10/CCL19 ratio (A), IP-10 (B), and CCL19 (C ) clearly iden
tified progressors and non-progressors and did not require further pruning. The next best tree model generated was a combination of CCL3 and IL-2 (D) followed by IFN-γ and 
CCL11 (E). Abbreviations: CART, classification and regression tree; CCL, chemokine ligand; IFN, interferon; IL, interleukin; IP, interferon-γ inducible protein.
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sputum tests to predict TB progression as per the TPP. Even with a 
low prevalence of TB progression, IP10/CCL-19 translates to very 
high PPV owing to the high specificity obtained. This predictive 
marker, if validated in multiple other cohorts, can have a major 
implication in TB control. Besides IP-10 and CCL19, we also 
found that combinations of CCL3 and IL-2 and IFN-γ and 
CCL11 could serve as potential biomarkers for prediction. 
Future studies can focus on validating these combinations of 
markers in their respective cohorts.

Though the major limitation of our study is the small sample 
size with variable progression time, its greatest strength lies in 
the inclusion of well-characterized, systematically followed-up 
HHCs at 6 monthly intervals, as well as clearly delineated con
trols. Another limitation of this analysis is that the study did not 
have adequate representation of people with human immuno
deficiency virus or those with undernutrition to generalize the 
results across the population.

CONCLUSION

Our study identified soluble TB-specific biomarkers that can be 
usefully exploited as potential short-term risk predictors for tu
berculosis. After validation in a larger cohort, our results can 
pave way for the development of a simple point-of-care test 
that can be widely used for identifying those at greatest risk 
for progression to active TB so as to target them for preventive 
therapy, and thereby contribute to the TB elimination goal.
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