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Introduction

There is no useful method to discriminate between latent tuberculosis infection (LTBI) and active pulmonary tuberculosis (PTB). This study aimed to investigate the potential of cytokine profiles to discriminate between LTBI and active PTB using whole-blood stimulation with Mycobacterium tuberculosis (MTB) antigens, including latency-associated antigens.





Materials and methods

Patients with active PTB, household contacts of active PTB patients and community exposure subjects were recruited in Manila, the Philippines. Peripheral blood was collected from the participants and used for whole-blood stimulation (WBS) with either the early secretory antigenic target and the 10-kDa culture filtrate protein (ESAT-6/CFP-10), Rv3879c or latency-associated MTB antigens, including mycobacterial DNA-binding protein 1 (MDP-1), α-crystallin (Acr) and heparin-binding hemagglutinin (HBHA). Multiple cytokine concentrations were analyzed using the Bio-Plex™ multiplex cytokine assay.





Results

A total of 78 participants consisting of 15 active PTB patients, 48 household contacts and 15 community exposure subjects were eligible. The MDP-1-specific IFN-γ level in the active PTB group was significantly lower than that in the household contact group (p < 0.001) and the community exposure group (p < 0.001). The Acr-specific TNF-α and IL-10 levels in the active PTB group were significantly higher than those in the household contact (TNF-α; p = 0.001, IL-10; p = 0.001) and community exposure (TNF-α; p < 0.001, IL-10; p = 0.01) groups. However, there was no significant difference in the ESAT-6/CFP-10-specific IFN-γ levels among the groups.





Conclusion

The patterns of cytokine profiles induced by latency-associated MTB antigens using WBS have the potential to discriminate between LTBI and active PTB. In particular, combinations of IFN-γ and MDP-1, TNF-α and Acr, and IL-10 and Acr are promising. This study provides the first demonstration of the utility of MDP-1-specific cytokine responses in WBS.
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1 Introduction

Tuberculosis (TB) is one of the major causes of death worldwide, and 1.5 million people die from this infectious disease each year. Latent tuberculosis infection (LTBI) is defined as “a state of persistent immune response to stimulation by Mycobacterium tuberculosis (MTB) antigens with no evidence of clinically manifest active TB”, and up to one-third of the world’s population has LTBI (1). Most of MTB presumably exists in a dormant state in asymptomatic infected patients, but the bacterium may become activated and begin multiplying in 5% and 15% of infected individuals over a period of months to a few years (2, 3). LTBI is a major reservoir of TB, and the identification of individuals at high risk of progression from LTBI, coupled with immediate intervention at the early stage of progression, is crucial for disrupting MTB transmission. MTB infection spans a continuum, including intermediate stages such as ‘incipient’ and ‘subclinical’ tuberculosis between LTBI and active TB (4). For intervention at the early stage before onset, biomarkers are necessary to differentiate individuals at a high risk of progression or already undergoing progression from those in whom persistent MTB has been eliminated or is under control.

There is no gold standard direct microbiologic test for assessing LTBI, although the diagnostic gold standard for active TB is the detection of MTB by culture or nucleic acid amplification (NAA), including Xpert MTB/RIF and loop-mediated isothermal amplification (LAMP) assays (5–7). A tuberculin skin test (TST) or interferon-gamma releasing assay (IGRA) can substitute for LTBI testing; however, these assays are incapable of discriminating between LTBI and active TB or measuring progression to active TB, which creates problems when implementing TB elimination strategies in areas with high TB prevalence (8–11). Recently, functional signatures of T-cell responses have been comprehensively explored to monitor pathogenic viral and bacterial loads and disease activity by quantifying multiple cytokines (12). Although interferon-γ (IFN-γ) is assumed to play an essential role in the immune response to MTB, several other cytokines have been reported as candidates for biomarkers to discriminate between LTBI and active TB (13). Moreover, there has been growing interest in utilizing antigens specific to different stages of MTB infection (13). At the active TB state, the majority of MTB grow and express the early secretory antigenic target and the 10-kDa culture filtrate protein (ESAT-6/CFP-10), which are virulence factors that are lost in BCG (14) and mediate the translocation of MTB to the cytosol in infected myeloid cells (15). In contrast, dormant MTB expresses different types of protein antigens, such as alpha-crystallin-like protein (Acr), mycobacterial DNA-binding protein 1 (MDP-1) (16), and heparin-binding hemagglutinin (HBHA) (17). Acr is expressed under hypoxic conditions which mimics intracellular and intragranuloma conditions (18, 19), and is essential for the intracellular growth in macrophages (20). MDP-1 induces growth arrest of mycobacteria (21–23) and dormancy by causing DNA condensation by the MDP-1-specific structural functions (24). It also induces isoniazid tolerance (25, 26), which is a marker of dormant MTB (27). HBHA shows amino acid homology with MDP-1, also called laminin-binding protein (28), and shares functions as adhesins (17, 29). Immune responses against these antigens are reportedly useful for the discrimination of LTBI from active TB (30–35).

Globally, the largest number of new TB cases are reported in Southeast Asia, accounting for 45% of the total number of new cases worldwide in 2021. In addition, 7.0% of the total global incident cases in 2021 were reported in the Philippines, where the total estimated incidence of TB was 741,000, or 650 per 100,000 people (36). As a result of the large number of TB cases, LTBIs are also estimated to be prevalent in the Philippines (37).

This study aimed to investigate the potential of cytokine profiles to distinguish between LTBI and active TB using whole-blood stimulation (WBS) with MTB antigens, including MDP-1, a latency-associated antigen that has not been previously evaluated in WBS, in the Philippines, a high-TB prevalence setting.




2 Materials and methods



2.1 Study population

This study was a single-center, cross-sectional study. Patients were recruited from March 2019 to March 2020 at San Lazaro Hospital (SLH), a national infectious disease referral hospital located in Manila, the Philippines. The tertiary hospital has 500 beds and serves a poor local population in Metro Manila. We recruited patients with active pulmonary tuberculosis (PTB), household contacts of active PTB patients and community exposure subjects. The definition and enrollment criteria are described below.

	Active PTB: Patients who were newly diagnosed with PTB by direct smear test or NAA, including Xpert® MTB/RIF (Cepheid, California, USA) and Loopamp™ MTBC detection kit (Eiken chemical, Tokyo, Japan) assays, before or within 5 days of initiating anti-TB treatment and without previous TB history.

	Household contacts: Subjects who were living in the same household for more than 2 months before diagnoses of index cases of bacteriologically confirmed active PTB and without any symptoms or previous TB history.

	Community exposure subjects: Subjects who were nonmedical employees at SLH without any symptoms, previous TB history or contact history with known TB cases.



Active PTB participants and household contacts were enrolled from the Starting Anti-Tuberculosis Treatment (St-ATT) Cohort. ISRCTN16347615 (38).

We excluded people younger than 18 years old and those with conditions that may affect the immune response, including pregnancy, lactation, known HIV infection, diabetes mellitus and/or autoimmune diseases. We also excluded subjects for whom written informed consent was not obtained.




2.2 Data collection

Demographic and clinical information, including age, sex, body mass index (BMI), past medical history and comorbidities, and symptoms of and diagnostic methods for active PTB, was obtained by hospital and research staff. A total of 3 mL of peripheral blood from the participants was collected in a single blood collection tube containing lithium heparin as an anticoagulant by venipuncture, and this blood was used for whole-blood stimulation and complete blood count tests.




2.3 Whole-blood stimulation and multiplex assays

Whole blood was mixed with the same amount of RPMI 1640 (Wako Junyaku Co., Tokyo, Japan) and plated in 300-µl aliquots into each well of a 96-well round-bottom culture plate. For stimulation, either ESAT-6/CFP-10 (each at a concentration of 5 µg/mL), MDP-1 (10 µg/mL), Acr (5 µg/mL), HBHA (5 µg/mL), Rv3879c (5 µg/mL), or concanavalin A (35 µg/mL; positive control) or no stimulant (negative control) was added to each well. Recombinant ESAT-6/CFP-10 and Acr were expressed in ClearColi BL21(DE3) cells using previously created expression plasmids (39). For expression of Rv3879c, the coding sequence (CDS) with the addition of an NdeI site at the N-terminus and 6XHistidine and a HindIII site at the C-terminus was synthesized (Supplementary Figure 1) and inserted into the Nde1 and HindIII sites of pET22b(+). This construct was then introduced into ClearColi BL21(DE3). Recombinant MTB proteins, such as ESAT-6/CFP-10, Acr, and Rv3879c, were expressed by addition of IPTG and purified by a previously described method (32). pSO-AMI-MDP1Mtb (23) was used to express MTB MDP-1 as a 6xHIS-tagged protein in M. smegmatis. For expression of HBHA, the CDS of HBHA with the addition of an NdeI site at the N-terminus and 6XHistidine and Kpn1 sites at the C-terminus was synthesized (Supplementary Figure 1), inserted into pSO-AMI and introduced into M. smegmatis. Recombinant M. smegmatis strains were incubated on Sauton media containing 10 µg/mL kanamycin; expression of recombinant MTB MDP-1 and HBHA was induced by addition of acetoamide at a final concentration of 0.2% and purified by His GraviTrap by a described method (40). All antigen stimulations were performed in the presence of anti-CD28 and anti-CD49d costimulators (0.3 µg/mL). (eBioscience, USA) After incubation at 37°C with atmospheric concentrations of carbon dioxide (approximately 0.04%) for 22 hours, the supernatant was collected and immediately frozen at -80°C. The frozen supernatant samples were transported to the Institute of Tropical Medicine in Nagasaki, Japan, on dry ice. The concentrations of 10 cytokines, IFN-γ, TNF-α (tumor necrosis factor-α), IL (interleukin)-2, IL-5, IL-9, IL-10, IL-13, IL-17, IL-22 and IL-27, were analyzed using a 10-plex Bio-Plex Pro™ Human Th17 Magnetic Bead Panel (EMD Millipore Corporation, Billerica, MA, USA) according to the manufacturer’s instructions. These signature cytokines were comprehensively selected to represent known T helper cell subsets, including Th1, Th2, Treg, Th17, Th9, Th22 and Tr27 (41, 42). The Bio-Plex 200 system and Bio-Plex manager software (version 5.0, Bio-Rad, USA) were used to read the panels. All samples were assayed in duplicate. The details of each MTB antigen were described previously (16, 17, 19, 43). Cytokine responses were defined as the difference between the cytokine concentration for the antigen of interest and the cytokine concentration for the negative control to adjust for nonspecific responses.




2.4 Endpoint

The primary endpoint was the concentration of each of the 10 cytokines released by WBS against the MTB-related antigens.




2.5 Statistical analysis

All clinical information and blood analysis data were recorded into an electronic database and analyzed. Comparisons of continuous variables, including age, BMI, CBC count and concentrations of each cytokine among the active PTB, household contact and community exposure subjects, were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Holm adjustment. Pairwise comparisons were performed using the Mann-Whitney U test. We used linear regression to adjust for the potential confounders age, sex and BMI. A p value less than 0.05 after adjustment was considered to indicate statistical significance. Receiver operating characteristic (ROC) curve analysis was performed to evaluate the discriminatory performance of MTB antigen-specific cytokines. All analyses were performed with Stata version 18.0 (Stata Corp., College Station, TX, USA).




2.6 Ethical issues

This study was approved by the Research Ethical and Review Unit of San Lazaro Hospital, the Philippines (number: SLH-RERU-2018-005-E), and the Institutional Review Board of the School of Tropical Medicine and Global Health, Nagasaki University, Japan (number: NU_TMGH_2019-050-3). The study was fully explained to all participants in Filipino and English, and written informed consent was obtained from all the participants. Anonymized data were used for analysis.





3 Results



3.1 Basic characteristics

Table 1 shows the basic characteristics of the participants. A total of 78 participants consisting of 15 participants with active PTB, 48 household contacts and 15 community exposure subjects were eligible. The median ages were 36.0 years (range: 19.0–49.0) in the active PTB group, 47.0 years (range: 18.0–79.0) in the household contact group and 33.0 years (range: 22.0–55.0) in the community exposure group. A total of 11 (73.3%) active PTB participants were diagnosed by NAA; the other 4 (26.7%) active PTB participants were diagnosed by direct smear microscopy. All active PTB participants were given anti-TB treatment, and the median duration since starting treatment was 2 days (range: 0–5). A total of 42 (87.5%) index cases of the household contacts were diagnosed by NAA; the other 6 (12.5%) index cases of the household contacts were diagnosed by direct smear microscopy. The comorbidities of the household contacts included hypertension (2 participants) and hepatitis B (1 participant). Active PTB patients were more likely to be male and have a low BMI.


Table 1 | Basic characteristics of the participants.






3.2 Cytokine response to ESAT-6/CFP-10

Figure 1 shows the cytokine responses to ESAT-6/CFP-10. There was no significant difference in IFN-γ levels among the groups. In contrast, the TNF-α level in the active PTB group was significantly higher than that in the household contact group (p = 0.001); the IL-9 level in the community exposure group was significantly lower than that in the active PTB (p = 0.002) and household contact (p = 0.001) groups. However, no cytokines were identified that could significantly distinguish the active PTB group from both the household contact group and the community exposure group in response to ESAT-6/CFP-10 stimulation.




Figure 1 | Cytokine response to ESAT-6/CFP-10. The X-axis shows the participant groups. The Y-axis shows the concentrations of cytokines (pg/mL for IFN-γ, IL-2, TNF-α, IL-5, IL-9, IL-10, IL-13 and IL-17; ng/mL for IL-22 and IL-27). The horizontal lines show the medians. The numbers in the figure indicate adjusted p values. Comparisons of the concentrations of each cytokine among active PTB patients, household contacts and community exposures were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Holm adjustment. We used linear regression to adjust for the potential confounders age, sex and BMI. Active PTB, active pulmonary tuberculosis; HHC, household contact; CE, community exposure.






3.3 Cytokine response to MDP-1

Cytokine responses to MDP-1 are provided in Figure 2. The IFN-γ level in the active PTB group was significantly lower than that in the household contact group (p < 0.001) and the community exposure group (p < 0.001). The IFN-γ level in the household contact group was significantly lower than that in the community exposure group (p < 0.001). Specifically, MDP-1-specific IFN-γ demonstrated the ability to detect all differences between the active PTB and household contact groups, between the active PTB and community exposure groups, and between the household contact and community exposure groups.




Figure 2 | Cytokine response to MDP-1. The X-axis shows the participant groups. The Y-axis shows the concentrations of cytokines (pg/mL for IFN-γ, IL-2, TNF-α, IL-5, IL-9, IL-10, IL-13 and IL-17; ng/mL for IL-22 and IL-27). The horizontal lines show the medians. The numbers in the figure indicate adjusted p values. Comparisons of the concentrations of each cytokine among active PTB patients, household contacts and community exposures were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Holm adjustment. We used linear regression to adjust for the potential confounders age, sex and BMI. Active PTB, active pulmonary tuberculosis; HHC, household contact; CE, community exposure.






3.4 Cytokine response to Acr

Figure 3 shows the cytokine responses to Acr. The TNF-α and IL-10 levels in the active PTB group were significantly higher than those in both the household contact (TNF-α; p = 0.001, IL-10; p = 0.001) and community exposure (TNF-α; p < 0.001, IL-10; p = 0.01) groups. Specifically, Acr-specific TNF-α and Acr-specific IL-10 could significantly distinguish the active PTB group from both the household contact group and the community exposure group.




Figure 3 | Cytokine response to Acr. The X-axis shows the participant groups. The Y-axis shows the concentrations of cytokines (pg/mL for IFN-γ, IL-2, TNF-α, IL-5, IL-9, IL-10, IL-13 and IL-17; ng/mL for IL-22 and IL-27). The horizontal lines show the medians. The numbers in the figure indicate adjusted p values. Comparisons of the concentrations of each cytokine among active PTB patients, household contacts and community exposures were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Holm adjustment. We used linear regression to adjust for the potential confounders age, sex and BMI. Active PTB, active pulmonary tuberculosis; HHC, household contact; CE, community exposure.






3.5 Cytokine response to HBHA

Cytokine responses to HBHA are illustrated in Figure 4. The IL-5 level in the community exposure group was significantly lower than that in the household contact group (p = 0.002). However, no cytokines were identified that could significantly distinguish the active PTB group from both the household contact group and the community exposure group in response to HBHA stimulation.




Figure 4 | Cytokine response to HBHA. The X-axis shows the participant groups. The Y-axis shows the concentrations of cytokines (pg/mL for IFN-γ, IL-2, TNF-α, IL-5, IL-9, IL-10, IL-13 and IL-17; ng/mL for IL-22 and IL-27). The horizontal lines show the medians. The numbers in the figure indicate adjusted p values. Comparisons of the concentrations of each cytokine among active PTB patients, household contacts and community exposures were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Holm adjustment. We used linear regression to adjust for the potential confounders age, sex and BMI. Active PTB, active pulmonary tuberculosis; HHC, household contact; CE, community exposure.






3.6 Cytokine response to Rv3879c

Figure 5 presents cytokine responses to Rv3879c. The TNF-α level in the active PTB group was significantly higher than that in the household contact group (p = 0.025). The IL-9 level in the community exposure group was significantly lower than that in the active PTB group (p = 0.04) and the household contact group (p = 0.001). However, no cytokines were identified that could significantly distinguish the active PTB group from both the household contact group and the community exposure group in response to Rv3879c stimulation.




Figure 5 | Cytokine response to Rv3879c. The X-axis shows the participant groups. The Y-axis shows the concentrations of cytokines (pg/mL for IFN-γ, IL-2, TNF-α, IL-5, IL-9, IL-10, IL-13 and IL-17; ng/mL for IL-22 and IL-27). The horizontal lines show the medians. The numbers in the figure indicate adjusted p values. Comparisons of the concentrations of each cytokine among active PTB patients, household contacts and community exposures were performed using the Kruskal-Wallis test followed by Dunn’s post hoc test with Holm adjustment. We used linear regression to adjust for the potential confounders age, sex and BMI. Active PTB, active pulmonary tuberculosis; HHC, household contact; CE, community exposure.



Supplementary Figure 2 shows the box and whisker plots of cytokine responses without outside values for each antigen.




3.7 Assessment of discriminatory performance

These results suggested the ability of the five MTB antigen-specific cytokines to distinguish active PTB patients from household contact subjects. These cytokines included MDP-1-specific IFN-γ, Acr-specific TNF-α, Acr-specific IL-10, ESAT-6/CFP-10-specific TNF-α, and Rv3879c-specific TNF-α. Specifically, the first three, namely, MDP-1-specific IFN-γ, Acr-specific TNF-α, and Acr-specific IL-10, were able to distinguish active PTB from both the household contact subjects and the community exposure subjects. ROC curve analysis was also conducted to assess the discriminatory performance of these MTB antigen-specific cytokines for distinguishing among active PTB patients, household contacts and community exposure subjects. As demonstrated in Supplementary Figure 3, the highest area under the ROC curve (AUC) was calculated for Acr-specific IL-10, followed by Acr-specific TNF-α, in distinguishing between active PTB and household contacts (AUC = 0.90 and 0.88, respectively). Additionally, MDP-1-specific IFN-γ exhibited the highest AUC in discriminating between active PTB patients and community exposure subjects (AUC = 0.87) and between household contacts and community exposure subjects (AUC = 0.75).




3.8 Comparison between two groups: “active PTB” group versus group of “household contacts and community exposure subjects”

From the perspective of individuals with a high probability of nonactive TB infection, the household contact group and community exposure group were combined and analyzed as a single group. Supplementary Table 1 shows the comparison of basic characteristics, and Supplementary Figure 4 shows the comparison of cytokine responses to each antigen between the two groups: “active PTB” group versus the group of “household contacts and community exposure subjects”. The cytokines that showed significant differences between the two groups were IFN-γ when stimulated by MDP-1; IL-2, TNF-α and IL-10 when stimulated by Acr; TNF-α when stimulated by ESAT-6/CFP-10; and TNF-α when stimulated by Rv3879c.





4 Discussion

This was an exploratory study to document the patterns of cytokine profiles induced by MTB antigens, including latency-associated antigens, among three groups, active PTB, household contacts and community exposure subjects, using WBS in the Philippines. Certain combinations of latency-associated MTB antigens showed significant differences in cytokine levels among the groups. Specifically, the three MTB antigen-specific cytokines, namely, MDP-1-specific IFN-γ, Acr-specific TNF-α, and Acr-specific IL-10, could distinguish active PTB patients from both the household contact subjects and the community exposure subjects, and they exhibited high discriminatory performance in the ROC curve analysis. The level of IFN-γ induced by MDP-1 was significantly lower in the active PTB group than in both the household contact group and the community exposure group. The TNF-α and IL-10 levels induced by Acr were significantly higher in the active PTB group than in the other two groups. The same combinations described above also led to significantly different cytokine levels between the “active PTB” group and the group of “household contacts and community exposure subjects”, as shown in Supplementary Figure 4. The current study suggested the potential of the following cytokine-stimulating antigen combinations for differentiating LTBI from active TB when using WBS: IFN-γ and MDP-1, TNF-α and Acr, and IL-10 and Acr.

In the present study, the IFN-γ levels induced by ESAT-6/CFP-10 were not significantly different among the three groups. Because IGRAs are methods for assessing IFN-γ induced by ESAT-6/CFP-10, this result indicates the limitations of IGRAs in countries with a high TB burden. In most cases, TB develops shortly after MTB infection, and a distinction is generally made between recent LTBI (infection occurring within two years), which is associated the greatest risk of developing the disease, and remote LTBI (infection occurring more than two years ago), which is related to a reduced risk of developing the disease (44, 45). However, IGRAs cannot distinguish between LTBI and active TB or between recent LTBI and remote LTBI. In countries with a low TB incidence, systematic testing with IGRAs is recommended for populations at risk, and individuals who test positive through IGRA-based screening are generally offered preventive treatment as a part of the TB elimination strategy (46). In areas with a high prevalence of active TB and remote LTBI, however, IGRAs that cannot differentiate recent LTBI have poor predictive values for TB progression, which is a hindrance to TB elimination (47, 48). The Philippines is a country with a high incidence of active TB and LTBI. The crude rate of LTBI in the Philippines was 37.12% in 2019, based on data from the Global Health Data Exchange (GHDx) query tool (37, 49), and a study conducted in 10 tertiary hospitals in the Philippines reported a prevalence of LTBI among healthcare workers of 84.87% (50). Although there was uncertainty due to the inability to use IGRAs for the diagnosis of LTBI in this study, it may be considered that the household contact group represented recent LTBI resulting from new TB exposure, and the community exposure group, who comprised employees at the tertiary hospital, represented remote LTBI derived from a high LTBI prevalence population in the Philippines. Thus, the findings regarding ESAT-6/CFP-10-specific IFN-γ in the current study are compatible with the limited performance of IGRAs in differentiating among active TB, recent LTBI and remote LTBI, and in identifying individuals at high risk of developing TB.

In contrast, MDP-1-specific IFN-γ, Acr-specific TNF-α and Acr-specific IL-10 led to significant differences in cytokine levels both between the active PTB patients and household contact subjects and between the active PTB patients and community exposure subjects. IFN-γ and TNF-α are known proinflammatory cytokines involved in the Th1 immune response and play important roles in host defense against MTB infection; in contrast, IL-10 is involved in the non-Th1 immune response and is known as an anti-inflammatory cytokine that suppresses host immunity. The promising cytokines, IFN-γ, TNF-α and IL-10, are among the most well-studied cytokines for distinguishing between LTBI and active TB. However, the reported diagnostic value of each cytokine varies depending on the study (13, 51), partly due to differences in the TB antigens used for stimulation. Although the HBHA-specific IL-5, ESAT-6/CFP-10-specific IL-9, and Rv3879c-specific IL-9 levels were notably suppressed in the community exposure group, these cytokines did not effectively distinguish between active PTB patients and household contacts in this study. Few prior reports have explored the utility of these cytokines in differentiating between active PTB and LTBI (13, 52, 53).

This study also demonstrates that MDP-1 and Acr are advantageous TB antigens for eliciting the diagnostic value of these cytokines. MDP-1 and Acr are known to be expressed during latent infection, which is believed to be beneficial for the survival of MTB (16, 19, 20, 54). A limited number of studies have explored MDP-1-specific cytokine responses (35). This is the first study to systematically evaluate the MDP-1-specific cytokine responses with WBS and demonstrate the utility of these cytokines. Among all cytokine-stimulating antigen combinations assessed in the current study, only MDP-1-specific IFN-γ could detect all differences between the active PTB and household contact groups, between the active PTB and community exposure groups, and between the household contact and community exposure groups, as illustrated in Figure 2 and Supplementary Figure 3. This finding suggests that MDP-1-specific IFN-γ can be used as a biomarker for distinguishing among active TB, recent LTBI and remote LTBI. MDP-1 is reportedly responsible for the induction of growth arrest in mycobacteria (21–23), and the expression of MDP-1 was shown to increase during the stationary and dormant phases of M. smegmatis (54). Another study demonstrated the pivotal role of MDP-1 in persistent mycobacterial infection, which affected factors such as adaptation to acidic conditions and the macrophage fusion rate (55). In this study, there was a trend toward increased levels of IFN-γ induced by MDP-1 in the community exposure group, followed by the household contact group and then the active PTB group. In groups experiencing persistent infection, where MTB is more stationary or dormant, a stronger immune response against MDP-1 might be detected. Additionally, because the IFN-γ response to MDP-1 is associated with protection against MTB, a strong immune response to MDP-1, as shown in the community exposure group, may have suppressed progression to active TB (56, 57). Regarding Acr, a study from Ethiopia assessed Acr-specific cytokine responses and reported significantly higher levels of TNF-α and IL-10 induced by Acr in the untreated pulmonary TB patient group than in the household contact group using the WBS assay; conversely, IFN-γ showed no significant difference between the two groups, which was consistent with our study findings (58). A strong immune response to Acr has been reported in patients with active TB (32), which may explain the observed immune response to Acr in patients with active TB in the present study and the Ethiopian study.

A stronger IL-10 response was induced in active PTB patients than in household contacts and community exposure subjects when stimulated by Acr. In our previous study using intracellular cytokine staining (ICS), we found that the IL-10 response was more pronounced in patients with active TB and in contacts than in healthy controls (35). It is hypothesized that IL-10 might primarily function to restrict the elimination of pathogens in the initial immune response to MTB, mainly through its inhibitory impacts on the activation of macrophages and the function of DCs (59–61). Previous studies in humans and mice have shown that IL-10 responses and genetic polymorphisms are associated with the development of tuberculosis (62). These findings suggest that MTB might employ a strategy that exploits IL-10 to create a favorable environment by inhibiting the host immune response against the pathogen, enabling MTB to survive and thrive. Based on our findings, we speculate that the immunosuppressive mechanism employed by MTB might be visualized by antigen stimulation using Acr.

A previous study conducted by our group using ICS revealed unique Th1- and non-Th1-type cytokine profiles of CD4+ responses when stimulated with latency-associated MTB antigens (35). However, ICS evaluation is unsuitable for clinical evaluation and screening because it requires special equipment and expertise. This study highlighted the feasibility of WBS for rapid evaluation in clinical practice. Additionally, there are several other advantages of WBS. Compared with peripheral blood mononuclear cell (PBMC) stimulation, WBS allows the assessment of cytokines using a smaller volume of blood (63). WBS also provides a more physiological environment that includes interactions between cells or cells and other components of the blood, such as interfering proteins that occur in vivo (64). For example, cytokine production involves cells other than those found among PBMCs, such as platelets and granulocytes (65, 66). Previous studies using cytokine assays have reported discrepant results between WBS and PBMC stimulation (64, 67, 68); thus, proper inferences regarding cytokine trends in vivo require evaluation in a physiological environment. In this regard, WBS offers advantages in terms of its feasibility in clinical practice, small specimen requirement and ability to be evaluated under physiological conditions.

A wide variety of specific cytokine responses induced by different MTB antigens have been explored for the differentiation of LTBI and active TB. Furthermore, various efforts have also been made to improve the accuracy of these methods, for example, by combining multiple cytokine responses while using IGRA kits or by using new devices that facilitate standardized immune assays (69, 70). However, there has been a wide range of variations in the results of previous studies (13, 71), and a consensus has not yet been reached regarding the optimal method. These mixed results are partly due to differences in methodology, including the stimulation method used (WBS or stimulation of PBMCs), concentrations of antigens used, availability of costimulation, stimulation duration, TB endemicity at study sites and characteristics of control groups, necessity of specimen transport, and cytokine assessment methods (ELISA or ICS). For a fair comparison, it is desirable to establish a standard methodology for assessing the cytokine responses induced by MTB antigens.

This study has several limitations. This investigation was a single-center study, and the number of participants was small, potentially constraining the statistical robustness and generalizability of the findings, particularly when extrapolating to populations with varying TB burdens or genetic backgrounds. This study also lacked longitudinal data, resulting in the inability to evaluate the temporal changes in the cytokine profiles and their association with subsequent TB progression. Due to the limited application of the NAA test at the study site, the study included active PTB patients for whom molecular biological confirmation was lacking. IGRAs and tuberculin skin tests were not available for the diagnosis of LTBI, and household contacts and community exposure subjects were established as alternative groups for LTBI, as defined by clinical speculation. This limitation introduces uncertainty about the presence of LTBI and may limit the interpretability of the results. Furthermore, it was difficult to compile a TB-uninfected group as a control in the Philippines due to its high TB burden. Although we attempted to control for potential measured confounders, some, such as undiagnosed complications, may still have existed due to the limited diagnostic techniques available at the study site. Our study revealed a sex imbalance in the active PTB group. Although we adjusted for potential confounders, including sex, the likelihood that this imbalance impacted the results was not entirely ruled out, and further confirmation with a more balanced distribution of male and female participants is desirable. Although various types of cytokines have been assessed in previous reports, sample volume limitations restricted the assessment to a small fraction in this study. The inability of the incubator to control the concentration of carbon dioxide and the long-distance transport of specimens may also have affected the concentrations of cytokines. Further data validation is required to confirm our findings.




5 Conclusion

This study demonstrated the potential of cytokine profiles induced by latency-associated MTB antigens to discriminate LTBI from active PTB using WBS in countries with a high TB burden. This study identified effective cytokine-MTB antigen combinations, particularly MDP-1-specific IFN-γ, Acr-specific TNF-α and Acr-specific IL-10, and provides the first demonstration of the efficacy of MDP-1-specific cytokine responses for WBS. These promising antigen-specific cytokines are expected to contribute to the detection of LTBI and the prediction of TB progression, which are key to TB control. Further longitudinal studies will provide insights into the relationship between dynamic changes in cytokine profiles and the incidence of TB progression.
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