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A B S T R A C T

Background: Identifying host biomarkers associated with progression from Mycobacterium tuberculosis infection to 
active tuberculosis (TB) could support early risk stratification in household contacts (HHCs). This exploratory 
study evaluated baseline plasma immune biomarkers in HHCs of pulmonary TB (PTB) patients to assess their 
association with subsequent disease development.
Methods: We analyzed baseline plasma samples from 15 progressors and 29 non-progressors enrolled from PTB- 
affected households. Acute-phase proteins (α-2-macroglobulin (α-2-M), C-reactive protein [CRP], haptoglobin 
(Hp), serum amyloid P (SAP)) and microbial translocation markers (lipopolysaccharide, lipid-binding protein, 
endotoxin core antibodies IgG, intestinal fatty acid-binding protein [iFABP], sCD14, and zonulin) were measured 
using Luminex and ELISA. Logistic regression and ROC analyses were performed as exploratory assessments of 
biomarker associations.
Results: Higher baseline levels of CRP, iFABP, and zonulin were observed among progressors compared with non- 
progressors. In univariable analyses, these biomarkers showed strong discriminatory ability (AUC ≥0.90), 
although estimates should be interpreted cautiously given the small sample size. A combined model including 
CRP, iFABP, and zonulin demonstrated high discriminatory performance (AUC 0.99 [95 % CI: 0.97–1.00]), but 
confidence intervals reflect the imprecision inherent to the limited dataset.
Conclusions: In this exploratory cohort, elevated CRP, iFABP, and zonulin were associated with progression to 
active TB among household contacts. These preliminary findings suggest potential involvement of inflammatory 
and gut-barrier pathways in TB progression and warrant validation in larger, independent cohorts to define their 
translational utility.

1. Introduction

Mycobacterium tuberculosis (M.tb) remains a major global health 

threat, with an estimated 10.8 million new cases reported in 2023. 
Although nearly one-quarter of the world’s population carries latent TB 
infection (LTBI), only 5–10 % will progress to active TB disease over 
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their lifetime [1]. Progression is influenced by complex host–pathogen 
interactions, and understanding these mechanisms is critical for TB 
control, particularly in high-burden settings [2,3].

Current diagnostic tools such as the tuberculin skin test (TST) and 
interferon-gamma release assays (IGRA) have important limitations: 
they cannot distinguish LTBI from active TB (ATB), nor can they reliably 
reflect dynamic stages of M.tb infection [4,5]. LTBI is increasingly 
recognized as a spectrum of asymptomatic states with variable risks of 
progression, underscoring the need for affordable and accessible 
risk-stratification biomarkers. Such tools are essential for reducing TB 
morbidity and mortality and for advancing global TB elimination goals 
[6,7].

Host–pathogen interactions in TB involve distinct immune signa
tures, including acute-phase proteins (APPs) and microbial translocation 
markers (MTMs), both of which have shown promise as diagnostic or 
prognostic indicators [8]. Microbial translocation, resulting from 
increased intestinal permeability, can lead to endotoxemia and systemic 
immune activation, a phenomenon observed in M.tb infections [9,10]. 
MTMs such as lipopolysaccharide (LPS), lipid-binding protein (LBP), 
soluble CD14 (sCD14), and endotoxin core antibodies (EndoCAb) are 
altered in TB, HIV, and parasitic infections [11–13].

Among APPs, C-reactive protein (CRP) and haptoglobin have been 
associated with TB disease activity. CRP is widely used as a diagnostic 
adjunct, especially in pediatric TB, while haptoglobin has been proposed 
as a marker of TB progression [14–16]. Despite these findings, data from 
high-burden regions such as India remain limited, particularly regarding 
how these markers behave in household contacts at risk of progression 
[17,18].

In this study, we evaluated APPs and MTMs in household contacts of 
pulmonary TB patients to identify biomarker patterns associated with 
subsequent disease progression. By comparing progressors (those who 
developed active TB) with non-progressors, we aimed to explore a 
biomarker signature that may assist early identification of individuals at 
higher risk of developing active TB.

2. Methods

2.1. Informed consent and ethical approval

This study was approved by the Institutional Review Boards and 
Ethics Committees of Johns Hopkins University (JHU), USA; Byramjee 
Jeejeebhoy Government Medical College (BJGMC), Pune, India; and the 
ICMR-National Institute for Research in Tuberculosis (ICMR-NIRT), 
Chennai, India (ICMR-NIRT-NIRT-ICE-2020-021), and was conducted in 
accordance with ethical guidelines. Written informed consent/assent 
was obtained from all the recruited study participants.

2.2. Study cohort

A cohort of healthy household contacts (HHCs) of newly diagnosed 
pulmonary TB patients was enrolled from two sites: ICMR-NIRT 
(Chennai) and BJGMC (Pune), India, as part of the Indo-US C-TRI
UMPH study. Participants, including both progressors and non- 
progressors, were followed longitudinally between August 2014 and 
December 2017. Study design and methodology have been described 
previously [19].

2.3. Participant classification

Study participants were grouped according to predefined criteria 
(Suppl.Table 1). All HHCs underwent comprehensive clinical and labo
ratory evaluations for TB at baseline and during scheduled follow-ups. 
Definitions for TB progressors, distinguishing between confirmed and 
probable cases are included in SupplTable II. Additional sample collec
tion was discontinued if a participant was diagnosed with active TB.

2.4. Screening and monitoring

At enrollment, all participants underwent tuberculin skin testing 
(TST) and an interferon-gamma release assay (IGRA). Those who 
initially tested negative were retested during follow-up. T-SPOT.TB was 
not performed in this study; IGRA was used as the immunological test for 
detecting M. tuberculosis infection. TST and IGRA results were compared 
between progressors and non-progressors.

Active TB was diagnosed using a combination of chest radiography, 
sputum smear microscopy, culture, and GeneXpert MTB/RIF testing. 
Individuals with evidence of active TB at baseline were excluded. Pro
gressors were defined as HHCs who developed active TB during follow- 
up, while non-progressors were randomly selected HHCs who remained 
disease-free throughout the study.

2.5. Sample collection, transport, and storage

Blood samples were collected via venipuncture under standardized 
conditions to minimize pre-analytical variability. Plasma was trans
ported at ambient temperature, centrifuged upon arrival, aliquoted into 
single-use tubes to avoid freeze–thaw cycles, and stored at − 80 ◦C until 
analysis.

2.6. Diagnostic tests for active TB

Sputum samples were tested using GeneXpert MTB/RIF, 
Löwenstein–Jensen (LJ) culture, and/or Mycobacterial Growth Indica
tor Tube (MGIT) liquid culture. Participants with a positive result by any 
method were classified as confirmed TB cases. For progressors, drug- 
susceptibility testing (DST) was performed using GeneXpert and MGIT 
960 phenotypic DST. All available isolates were confirmed to be drug- 
susceptible M. tuberculosis with no rifampicin or isoniazid resistance 
detected.

2.7. Biomarker measurements

Plasma levels of α-2 macroglobulin, CRP, haptoglobin, and SAP were 
measured using the Milliplex MAP Human CVD Panel (Millipore) on a 
multiplex platform. Samples were heat-treated at 75 ◦C for 5 min to 
inactivate endotoxin inhibitors. Microbial translocation markers were 
measured using commercial ELISA kits: LPS by LAL assay; LBP, EndoCAb 
IgG, iFABP, and sCD14 from Cell Sciences/Hycult Biotech; and zonulin 
from MyBiosource. All biomarkers were measured from baseline plasma 
collected at enrollment, prior to the development of active TB.

2.8. Statistical analysis

Data were analyzed using R (v4.2.0) and JMP (v17.0.0). Baseline 
characteristics were compared between progressors and non-progressors 
using the Mann–Whitney U test (continuous variables) and Fisher’s 
exact test (categorical variables). Median biomarker levels were 
compared using the Mann–Whitney U test, with p ≤ 0.05 considered 
significant.

Logistic regression and ROC analyses were used to evaluate the as
sociation and exploratory discriminatory performance of individual 
biomarkers. Cut-off thresholds for sensitivity and specificity were 
identified using the Youden Index. Because of the small sample size and 
case–control design, sensitivity and specificity values are presented as 
exploratory point estimates, and confidence intervals were generated to 
reflect uncertainty. Random Forest analysis was performed to identify 
biomarkers contributing most strongly to group separation while ac
counting for variable correlations. Given the limited number of pro
gressors, multivariable analyses were exploratory; biomarkers were 
evaluated with and without adjustment for key covariates (IGRA status, 
diabetes, and nutritional indicators) to assess robustness. PPV and NPV 
were interpreted cautiously because they are highly sensitive to 
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prevalence assumptions inherent to case–control designs.

3. Results

3.1. Study cohort

Among 1051 household contacts (HHCs) enrolled between August 
2014 and December 2017, [19]. 20 individuals (1.9 %) developed active 
TB within two years, with time to onset ranging from 3 to 21 months. 
Baseline plasma samples were available for 15 of these progressors, and 
29 non-progressors were randomly selected for comparison. None of the 
participants were HIV-positive, and no progressors had diabetes at 
baseline. The study design is shown in Supplementary Fig. 1, and cohort 
characteristics are presented in Table 1. TST and IGRA results were 
available for all participants. Although IGRA positivity was more 
frequent among progressors than non-progressors, the difference was 
not statistically significant (p = 0.11). Similarly, TST positivity did not 
differ significantly between the two groups. These findings suggest that 
baseline TST/IGRA status alone had limited ability to distinguish in
dividuals who progressed to active TB in this cohort, in contrast to the 
biomarker differences observed in plasma.

3.2. Levels of acute phase proteins in progressors and non-progressors

Plasma levels of acute-phase proteins were higher in TB progressors 
compared to non-progressors (Fig. 1). Median concentrations were: α-2- 
M (1423 vs. 1075 pg/mL), CRP (34.4 vs. 18.6 pg/mL), haptoglobin (205 
vs. 140 pg/mL), and SAP (3.5 vs. 1.8 pg/mL). Table 2 summarizes 
biomarker levels by progressor status. As shown in Fig. 2, progressors 
had significantly elevated levels of all four acute-phase proteins.

3.3. Levels of microbial translocation markers in progressors and non- 
progressors

Plasma levels of microbial translocation markers were also evaluated 
in both groups. The median levels were LPS (0.064 ng/mL in progressors 
vs. 0.05 ng/mL in non-progressors), LBP (458 pg/mL in progressors vs. 
378 pg/mL in non-progressors), EndoCAb (469 GMU/mL in progressors 
vs. 312 GMU/mL in non-progressors), sCD14 (23026 pg/mL in pro
gressors vs. 17838 pg/mL in non-progressors), iFABP (268 pg/mL in 
progressors vs. 170 pg/mL in non-progressors), and zonulin (34 ng/mL 
in progressors vs. 27 ng/mL in non-progressors). As depicted in Fig. 3, 
progressors demonstrated significantly elevated levels of all these 
markers compared to non-progressors.

3.4. Biomarkers by progressors status

We compared biomarkers of inflammation, microbial translocation, 
and gut epithelial integrity between non-progressors (n = 29) and pro
gressors (n = 15). The results demonstrated significantly higher levels of 
several biomarkers among progressors compared to non-progressors 
(Table II).

Inflammatory markers, including α-2-M, CRP, Hp, and SAP, were 
significantly elevated in progressors. Median α-2-M levels were 1423 
(1072–1532) in progressors compared to 1075 (681–1323) in non- 
progressors (p = 0.036). Similarly, CRP [34 (31–38) vs. 19 (13–26); p 
< 0.001], Hp [205 (157–237) vs. 140 (108–171); p < 0.001], and SAP 
[3.45 (2.63–4.15) vs. 1.79 (1.35–2.59); p < 0.001] levels were signifi
cantly higher in progressors.

Markers of microbial translocation also showed significant differ
ences. Progressors had higher levels of LPS [0.064 (0.058–0.073) vs. 
0.050 (0.043–0.058); p < 0.001], sCD14 [23,026 (21,064–27,867) vs. 
17,838 (13,152–20,354); p < 0.001], LBP [458 (393–476) vs. 378 
(336–451); p = 0.015], and EndoCAb [469 (355–502) vs. 312 
(241–368); p < 0.001].

Furthermore, markers of gut epithelial damage, including iFABP and 
zonulin, were also significantly elevated in progressors. iFABP levels 
were 268 (224–296) compared to 170 (150–189) in non-progressors (p 
< 0.001), while zonulin levels were 34.0 (32.0–37.0) versus 27.0 
(26.0–29.0), respectively (p < 0.001).

These findings collectively indicate a heightened inflammatory and 
microbial translocation profile in individuals who progressed, support
ing the role of gut barrier dysfunction and systemic immune activation 
in disease progression.

Determination to assess the differences in the biomarkers using 
Univariable Logistic Regression analysis.

To identify biomarkers associated with disease progression, we 
performed univariable logistic regression analysis (Table 3). Several 
biomarkers showed significant associations with progression status.

3.5. Plasma signature of acute phase proteins and microbial translocation 
markers as biomarkers for active tuberculosis progression

Random forest followed by multiple logistic regression was used to 
evaluate the independent association of selected biomarkers with dis
ease progression. The model included iFABP, CRP, and zonulin, based on 
their biological relevance and significance in univariable analyses.

Among these, zonulin emerged as the strongest predictor, with an 
odds ratio (OR) of 2.23 [95 % CI: 1.21–8.6; p = 0.07], suggesting a trend 
toward statistical significance and a potential independent role in pre
dicting disease progression. Although iFABP demonstrated excellent 
diagnostic performance with a sensitivity of 93 % and specificity of 100 

Table 1 
Baseline characteristics by progressor status.

Characteristic Non Progressors 
N = 29a

Progressors 
N = 15a

p-valueb

Age 28 (25, 32) 29 (21, 38) 0.6
Gender ​ ​ 0.8

Female 14 (48 %) 8 (53 %) ​
Male 15 (52 %) 7 (47 %) ​

IGRA Status ​ ​ 0.11
Negative 19 (66 %) 6 (40 %) ​
Positive 10 (34 %) 9 (60 %) ​

TST Statusc ​ ​ 0.18d

– <10 mm 18 (62 %) 7 (47 %) ​
– ≥10 mm 11 (38 %) 8 (53 %) ​

HIV Status All are Negative All are Negative ​
T2 Diabetes Status All are Negative All are Negative ​

a Median (Q1, Q3); n (%).
b Wilcoxon rank sum test; Pearson’s Chi-squared test; Wilcoxon rank sum 

exact test.
c TST performed at baseline; individuals negative at baseline were retested per 

protocol.
d p-value from Fisher’s exact test.

Table 2 
Summary of biomarkers by progressor status.

Characteristic Non-Progressors 
N = 29a

Progressors 
N = 15a

p- 
valueb

α-2- Macroglobin (pg/ 
ml)

1075 (681, 1323) 1423 (1,072, 1532) 0.036

CRP (pg/ml) 19 (13, 26) 34 (31, 38) <0.001
Haptoglobin (pg/ml) 140 (108, 171) 205 (157, 237) <0.001
Serum Amyloid-P (pg/ 

ml)
1.79 (1.35, 2.59) 3.45 (2.63, 4.15) <0.001

LPS EU/ml 0.050 (0.043, 0.058) 0.064 (0.058, 0.073) <0.001
sCD14 (pg/ml) 17,838 (13,152, 

20,354)
23,026 (21,064, 
27,867)

<0.001

LBP (ng/ml) 378 (336, 451) 458 (393, 476) 0.015
EndoCAb (GMU/ml) 312 (241, 368) 469 (355, 502) <0.001
iFABP (pg/ml) 170 (150, 189) 268 (224, 296) <0.001
Zonulin (ng/ml) 27.0 (26.0, 29.0) 34.0 (32.0, 37.0) <0.001

a Median (Q1, Q3); n (%).
b Wilcoxon rank sum test; Wilcoxon rank sum exact test.
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%, its association in the adjusted model did not reach statistical signif
icance (OR: 1.04 [0.99–1.16]; p = 0.21). Despite a wide confidence in
terval, CRP showed a modest association with progression (OR: 1.30 
[0.86–2.9]; p = 0.21). The combined model showed strong discrimina
tory power with an AUC of 0.99 [95 % CI: 0.97–1.00], indicating near- 
perfect classification performance, largely driven by iFABP and zonulin 
(Table 4).

3.6. Sensitivity analysis excluding early progressors

To determine whether elevated biomarker levels reflected incipient 
disease rather than associations with subsequent progression, we 
repeated the analyses after excluding the six progressors diagnosed 
within the first four months of follow-up. The patterns observed in the 
main analysis remained consistent: CRP, iFABP, and zonulin showed 

similar effect sizes and AUC values, although confidence intervals 
widened and p-values increased due to the smaller sample size 
(Supplementary Table III). These findings indicate that early, subclinical 
disease did not fully account for the biomarker differences observed at 
baseline.

4. Discussion

Accurate TB diagnosis remains challenging due to the lack of a 
definitive gold-standard test. This hampers the discovery of reliable 
biomarkers, especially for identifying individuals with latent TB infec
tion (LTBI) who are at high risk of progressing to active disease—key for 
targeted preventive therapy [20,21]. Current diagnostic tools like TST 
and IGRA offer useful insights but have key limitations [22–24]. 
Therefore, identifying sensitive biomarkers to predict progression from 

Fig. 1. Time to TB breakdown in the Progressor Group This figure displays the time to TB breakdown among the recruited progressor individuals (n = 15). The X-axis 
represents the time to TB breakdown in months, and the Y-axis represents individual progressors.

Fig. 2. Levels of acute phase proteins of Progressors and Non-progressors: Plasma levels of α-2-M, CRP, haptoglobin, and SAP were measured in progressors (n = 15) 
and non-progressors (n = 29). The data are presented as scattered plots, with each circle representing an individual. p-values were calculated using the Mann- 
Whitney U test, followed by Holm’s multiple correction.
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LTBI to active TB is crucial.
In our cohort, TST and IGRA results showed limited discriminatory 

ability for TB progression. IGRA positivity was higher among pro
gressors (60 %) than non-progressors (34 %), but this difference was not 
statistically significant, consistent with previous findings that these tests 
primarily reflect immunological sensitization rather than progression 
risk. Similarly, TST positivity did not distinguish individuals who later 
developed active TB from those who remained disease-free. These ob
servations underscore the constrained utility of traditional immuno
logical tests and highlight the relevance of plasma 
biomarkers—including CRP, iFABP, and zonulin—which demonstrated 
stronger exploratory discriminatory performance in our analysis.

This study evaluated acute-phase proteins and microbial trans
location markers as predictors of TB progression. Elevated levels of these 
biomarkers, reflecting systemic inflammation and immune activation, 

Fig. 3. Levels of microbial translocation markers in Progressors and Non-progressors: Plasma levels of LPS, LBP, EndoCAb, iFABP, sCD14, and zonulin were 
measured in progressors (n = 15) and non-progressors (n = 29). The data are presented as scattered plots, with each circle representing an individual. p-values were 
calculated using the Mann-Whitney U test, followed by Holm’s multiple correction.

Table 3 
Univariable Logistic Regression analysis to assess the differences in the 
biomarkers.

Characteristics OR [CI] (p- 
value)

Sensitivity Specificity ROC [CI]

α-2- Macroglobin 
(pg/ml)

1 [1.00, 1.00] 
(0.033)

1 0.41 0.69 
[0.54–0.85]

CRP (pg/ml) 1.44 [1.20, 
1.96] (0.002)

0.87 0.86 0.94 [0.87–1]

Haptoglobin (pg/ 
ml)

1.03 [1.01, 
1.04] (0.003)

0.67 0.86 0.8 
[0.66–0.94]

Serum Amyloid-P 
(pg/ml)

6.31 [2.53, 
22.1] (<0.001)

1 0.62 0.88 
[0.78–0.98]

sCD14 (pg/ml) 1 [1.00, 1.00] 
(0.003)

0.80 0.76 0.8 
[0.67–0.93]

LBP (ng/ml) 1.01 [1.00, 
1.02] (0.024)

0.80 0.62 0.72 
[0.57–0.88]

EndoCAb (GMU/ 
ml)

1.02 [1.01, 
1.03] (0.001)

1 0.59 0.84 
[0.72–0.95]

iFABP (pg/ml) 1.04 [1.02, 
1.08] (<0.001)

1 0.79 0.93 [0.86–1]

Zonulin (ng/ml) 2.33 [1.53, 
4.92] (0.003)

1 0.79 0.94 [0.88–1]

IGRA Status ​ 0.6 0.66 0.63 
[0.47–0.78]Negative ​

Positive 2.85 [0.80, 
10.8] (0.11)

Among inflammatory markers, CRP was a strongly associated with progression 
status with an odds ratio (OR) of 1.44 [95 % CI: 1.20–1.96; p = 0.002], 
demonstrating high sensitivity (87 %) and specificity (86 %), and an area under 
the ROC curve (AUC) of 0.94 [0.87–1.00]. Serum amyloid P exhibited an even 
stronger association with progression (OR: 6.31 [2.53–22.1]; p < 0.001), with 
perfect sensitivity (100 %), moderate specificity (62 %), and an AUC of 0.88 
[0.78–0.98]. Haptoglobin was also significantly associated (OR: 1.03 
[1.01–1.04]; p = 0.003; AUC: 0.80 [0.66–0.94]).
Markers of microbial translocation and immune activation also showed signifi
cant associations. sCD14 had an OR of 1.00 [1.00–1.00]; p = 0.003 with AUC 
0.80 [0.67–0.93], while LBP (OR: 1.01 [1.00–1.02]; p = 0.024) and EndoCAb 
(OR: 1.02 [1.01–1.03]; p = 0.001) were also demonstrated discriminatory 
ability, with AUCs of 0.72 and 0.84, respectively.
Gut epithelial damage markers, iFABP and zonulin, showed the strongest asso
ciations with progression status. iFABP had an OR of 1.04 [1.02–1.08]; p <
0.001, with both perfect sensitivity (100 %) and a strong AUC of 0.93 
[0.86–1.00]. Zonulin similarly showed a strong association (OR: 2.33 
[1.53–4.92]; p = 0.003), with an AUC of 0.94 [0.88–1.00] and 100 % sensitivity. 
IGRA status did not reach statistical significance (OR: 2.85 [0.80–10.8]; p =
0.11), and its discriminatory capacity was limited (AUC: 0.63 [0.47–0.78]). In 
summary, inflammatory and gut barrier dysfunction markers, particularly CRP, 
SAP, iFABP, and zonulin, demonstrated strong biomarkers associated with 
progression risk.

Table 4 A 
Multiple logistic regression.

Characteristic OR [CI] (p-value) Sensitivity Specificity AUC [CI] 
(p-value)

iFABP (pg/ 
ml)

1.04 [0.99–1.16] (0.21) 0.93 1 0.99 [ 
0.97–1]

CRP (pg/ml) 1.3 [0.86–2.9] (0.21)
Zonulin (ng/ 

ml)
2.23 [1.21–8.6] (0.07)

Note: Random forest analysis was done to identify biomarkers that were most 
relevant for differences in progressors and non-progressors.

Table 4 B 
Exploratory performance characteristics of key biomarkers associated with TB 
progression
Exploratory performance estimates for the three biomarkers with the strongest 
group differences—iFABP, CRP, and zonulin—are summarized in Table 4B. AUC 
values are presented with 95 % confidence intervals, while sensitivity and 
specificity represent exploratory point estimates derived from ROC-based 
thresholds (Youden Index).

Biomarker OR [95 % CI] (p-value) Sensitivity Specificity AUC [95 % 
CI]

iFABP (pg/ 
ml)

1.04 [0.99–1.16] (0.21) 1.00 0.79 0.93 
[0.86–1.00]

CRP (pg/ 
ml)

1.3 [0.86–2.9] (0.21) 0.87 0.86 0.94 
[0.87–1.00]

Zonulin 
(ng/ml)

2.23 [1.21–8.6] (0.07) 1.00 0.79 0.94 
[0.88–1.00]

Note: Sensitivity and specificity values reflect dataset-derived thresholds using 
the Youden Index and should be interpreted as exploratory due to small sample 
size. AUCs are presented with 95 % confidence intervals.
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were significantly associated with progression to active TB. Notably, 
CRP demonstrated high sensitivity (93 %) but moderate specificity (60 
%) in distinguishing individuals who developed active TB from those 
who did not [16,25]. CRP has been proposed as a simple point-of-care 
diagnostic tool for pulmonary TB [26–28]. CRP is an effective 
screening tool that can enhance the accuracy of tuberculosis diagnosis in 
people living with HIV [16,29–31]. Additionally, acute-phase proteins 
such as α-2-M, Hp, and SAP have been identified as promising bio
markers for TB diagnosis [31,32]. These proteins have also been reliable 
baseline predictors for treatment failure in pulmonary TB [14]. Our 
study confirms that all four of these acute-phase proteins are elevated in 
TB progressors compared to non-progressors, reinforcing their potential 
role as valuable biomarkers in TB prognosis.

In comparison to the study by Dunik et al., which found CRP to be a 
valuable marker for TB risk stratification with varying predictive accu
racy based on threshold levels [33], our exploratory model highlighted 
that while CRP alone had useful discriminatory ability, the combination 
of CRP, iFABP, and zonulin demonstrated superior performance in dis
tinguishing progressors from non-progressors. Although PPV and NPV 
values are influenced by prevalence assumptions in case–control designs 
and should be interpreted cautiously, the observed biomarker trends 
suggest that a multi-marker panel may enhance identification of in
dividuals at elevated risk of progression. These associations require 
validation in larger, independent cohorts. Thus, while CRP remains a 
valuable tool, our findings suggest that incorporating iFABP and zonulin 
may enhance the ability to identify individuals who are more likely to 
progress, although these associations require validation in larger 
cohorts.

Beyond acute-phase proteins, microbial translocation mar
kers—including LPS, sCD14, and LBP—were associated with increased 
risk of TB progression. Microbial translocation, often due to compro
mised mucosal integrity, allows bacterial components like LPS to enter 
circulation without overt bacteremia [34,35]. Elevated LPS levels have 
been reported in TB patients with advanced pulmonary disease [35]. 
while sCD14, an LPS co-receptor, is elevated in TB, particularly in in
dividuals with HIV co-infection [9,36]. Our group has previously shown 
increased sCD14 in TB patients with coexisting diabetes, suggesting 
heightened immune activation. LBP, another acute-phase reactant, has 
also been implicated in chronic immune activation in TB-HIV co-infec
tion [37]. Together, these findings indicate exploratory associations 
between MTMs and TB progression.

iFABP, a cytoplasmic protein released during enterocyte injury [38]. 
and zonulin, a physiological regulator of epithelial barrier integrity [38,
39], were also elevated in progressors. In individuals with LTBI and HIV 
co-infection, increased iFABP and sCD14 indicate ongoing intestinal 
damage [39]. Elevated plasma Zonulin levels have also been associated 
with asthma and immune activation [40]. In our cohort, significantly 
higher levels of iFABP, EndoCAb, and zonulin were observed among 
progressors, suggesting a potential link between intestinal barrier 
disruption and TB progression risk.

Increased intestinal permeability and microbial translocation are 
consistent with elevated iFABP and zonulin, which indicate tight- 
junction dysregulation and enterocyte injury, respectively. Such bar
rier disruption may permit translocation of bacterial products (e.g., 
LPS), leading to systemic innate immune activation, monocyte/macro
phage priming, and heightened inflammatory cytokine responses that 
may impair the containment of M. tuberculosis (Vancamelbeke M, Expert 
Rev Gastroenterol Hepatol. 2017; Derikx JP, PLoS One. 2008; Brenchley 
JM, Nat Med. 2006). Recent research on the gut–lung axis further il
lustrates how intestinal dysbiosis and altered microbial metabolites can 
influence pulmonary immunity and TB outcomes (Alvarado-Peña N, 
Front Immunol. 2023; Enjeti S, Front Microbiol. 2023; Budden KF, J 
Bacteriol. 2021). Our findings align with this emerging concept, sug
gesting that gut barrier dysfunction and microbiota-driven immune 
activation may contribute to progression from latent to active TB, 
warranting further mechanistic investigation.

Our results can be contextualized within the World Health Organi
zation’s (WHO) 2017 Target Product Profile (TPP) for TB progression 
diagnostics, which emphasizes the need for sensitive, specific, and 
implementable tools, particularly in high-burden settings [41]. Several 
WHO-endorsed and candidate TB risk signatures—such as RISK6, COR, 
and other transcriptomic panels—primarily rely on 
interferon-stimulated gene expression to identify individuals at 
short-term risk of progression (Penn-Nicholson A, Lancet Respir Med. 
2020; Warsinske HC, Nat Commun. 2018; Scriba TJ, Nat Rev Immunol. 
2021). These transcriptomic tests require specialized laboratory capac
ity and may be affected by intercurrent infections, limiting their wide
spread implementation. By comparison, CRP, iFABP, and zonulin are 
simple plasma-based biomarkers reflecting inflammatory and 
gut-barrier biology not captured by current transcriptomic signatures. 
While exploratory, the observed discriminatory differences suggest that 
these biomarkers may complement existing gene-expression signatures. 
Larger validation studies are required to directly compare and integrate 
biomarker modalities.

5. Limitations

This study has several limitations. The small sample size and vari
ability in progression timelines may limit generalizability. Only 5 of the 
15 progressors were culture-confirmed, and the remainder were classi
fied as probable cases based on clinical and radiological criteria, intro
ducing some diagnostic uncertainty. Six individuals progressed within 
four months of enrollment, raising the possibility that elevated bio
markers reflected incipient disease; however, sensitivity analyses 
excluding these early cases demonstrated similar trends, suggesting that 
associations were not solely driven by subclinical disease. Because bio
markers were measured only at baseline, temporal dynamics could not 
be assessed. Longitudinal profiling will be necessary to determine 
whether biomarker elevations precede progression or reflect early dis
ease activity. We did not evaluate biomarker associations with bacterial 
load, which may provide additional insight. No household contacts 
received TB preventive therapy, aligning with eligibility guidelines at 
the time. Sensitivity and specificity estimates were derived from dataset- 
based thresholds and should be interpreted cautiously given the small 
sample size. The study included only adults, limiting applicability to 
children and older adults, who have distinct immunological risk profiles. 
Finally, fully adjusted multivariable models were not feasible due to 
limited events; therefore, residual confounding cannot be excluded. 
Validation in larger cohorts will be required to establish independent 
associations and translational relevance.

6. Conclusion

Our findings add to the growing evidence supporting plasma-based 
biomarkers for identifying individuals at increased risk of progressing 
from latent TB infection (LTBI) to active disease. Among the biomarkers 
evaluated, CRP, iFABP, and zonulin consistently demonstrated strong 
discriminatory performance across both Random Forest and logistic 
regression analyses, highlighting their potential utility for TB risk 
stratification and early intervention.

Validation in larger and more diverse cohorts will be essential to 
assess the generalizability of these exploratory findings. Such studies 
could help inform the development of rapid, point-of-care diagnostic 
tools to enable earlier preventive therapy. Longitudinal analyses may 
further clarify the temporal dynamics of these biomarkers and their 
relevance to TB transmission and vaccine responsiveness. Overall, by 
advancing non–sputum-based biomarker research, this study provides a 
foundation for improving TB diagnosis and management, particularly in 
high-burden settings.
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LoBue P, Lönnroth K, Marks G, Menzies D, Migliori GB, Mosca D, Mukadi YD, 
Mwinga A, Nelson L, Nishikiori N, Oordt-Speets A, Rangaka MX, Reis A, Rotz L, 
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