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Introduction: Current immunologic methods cannot distinguish Mycobacterium tuberculosis (Mtb) infection statuses, especially to
discriminate active tuberculosis (ATB) from latent tuberculosis infection (LTBI). This study explored the potential of latency-
associated antigens (Rv1733cSLP and Rv2028c) and multifactorial cytokine detection to distinguish tuberculosis infection states.
Methods: ATB patients (20), LTBI healthcare workers (25), fever patients (11), and healthy controls (10) were enrolled. Cytokine
levels (IFN-y, TNF-a, IL-2, IL-6, IP-10, IL-1Ra, CXCL-1, and MCP-1) were measured using Luminex with/without MTB-specific
virulence factor and latency-associated antigens stimulation.

Results: Without antigen stimulation, IL-6, [P-10, MCP-1, and IL-1Ra were higher in the ATB group than in the LTBI group (p<0.05), but no
significant differences between the ATB group and the fever group. Stimulated with the four antigens, respectively, the cytokines, including IP-
106, [p_1QCFP10, [ENyRVI7ISLP [EN_yRV2028 | gEsat=6 | gRVITIISLP py cRv2028¢ pj HRVIT3SLP qp p Rv2028¢ qp jRaEsa6 p
IR, IL-1Ra™%%%, CXCL-1"7%, CXCL-17""""%, CXCL-1®V'75 CXCL-1%v2%%%¢, MCP-1"" and MCP-17""""°, demonstrated
accurate discrimination between ATB and LTBI (p<0.05). Additive concentrations demonstrated significant secretion differences of IFN-y, IP-
10 and IL-2, primarily by virulence factors in ATB and latency-associated antigens in LTBI. Latency-associated antigens synergized with
virulence factors, enhancing TH1-type cytokine diagnostic efficacy for discriminating ATB from LTBI, the AUC for TNF-a increased from
0.696 t0 0.820 (p=0.038), IFN-y increased from 0.806 to 0.962 (p=0.025), and IL-2 increased from 0.565 to 0.868 (p=0.007). Model selected by
forward likelihood method indicated combined detection of IFN-y“F" 10 [FN-yRVI733¢SLP 1p_| gRVIT33SEP apd CXCL-1RV1733SMP achieved
ATB diagnosis (AUC=0.996) and ATB-LTBI differentiation (AUC=0.992). Combined detection of IFN-y“**'* and IFN-y®"1733SLP achieved
tuberculosis infection diagnosis (AUC=0.943).

Conclusion: Latency-associated antigens enhance multiple cytokine discriminatory ability, particularly TH1-type cytokines, for
differentiating Mtb infection statuses.
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Background
Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis (Mtb), which can invade

multiple tissues and organs within the human body. According to World Health Organization, there were an estimated
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10.6 million new cases of active tuberculosis (ATB) worldwide in 2021, marking a 3.6% increase in incidence—the first
increase in nearly two decades. In China, there were 780,000 new cases of TB, ranking it third among the 30 countries
with high burden of TB.'

It is of utmost importance to differentiate between different Mtb infection statuses and accurately diagnose ATB to
guide appropriate treatment and control the disease. However, due to the slow growth of Mtb, obtaining direct pathogenic
evidence may not always be feasible, making immunological methods a valuable option for timely diagnosis. Interferon-
gamma release assays (IGRAs) can detect Mtb infection but fail to distinguish ATB from latent tuberculosis infection
(LTBI). The limited diagnostic efficacy of IGRAs poses a significant challenge, particularly in high TB burden regions,*”
therefore, it is necessary to improve and enhance immunological methods.

Cytokines/chemokines are a group of small soluble proteins secreted by cells, which play a crucial role in mediating
immune responses during Mtb infection in humans. These proteins have been shown in recent studies to have the
potential to differentiate between different Mtb infection statuses. Specifically, interferon gamma (IFN-y), tumor necrosis
factor-alpha (TNF-a), interleukin-2 (IL-2), IL-6, interferon-inducible protein-10 (IP-10), IL-1 receptor antagonist (IL-
1Ra), chemokine (C-X-C) ligand-1 (CXCL-1), and macrophage chemoattractant protein 1 (MCP-1) have demonstrated
promising discriminatory capabilities. These cytokines/chemokines serve as key immune mediators and provide valuable
insights into the immune response during Mtb infection, holding potential for their application as biomarkers to
distinguish different Mtb infection statuses.

Early secreting antigen target-6 (ESAT-6) and culture filtrate protein-10 (CFP-10) are well-known virulence factors of
Mtb and have been widely utilized in traditional diagnostic methods such as IGRAs. However, additional antigens
associated with tuberculosis latency have been identified, including Rv2028c and Rv1733c, which are regulatory proteins
encoded by the dormancy survival regulon (DosR) of Mtb. These antigens have shown a preferential recognition by
T cells in individuals with latent tuberculosis infection (LTBI). Studies have demonstrated that the secretion of cytokines
in whole blood, particularly in response to stimulation with Rv1733c and Rv2028c, is significantly higher in the LTBI
population compared to ATB patients,*> These findings suggest that Rv1733¢ and Rv2028c may serve as associated
antigens specifically related to LTBI.

Furthermore, our research group has investigated the immunogenicity of Rv1733c SLP, a synthetic long peptide
derived from Rv1733c, and found that it elicits a stronger immune response than Rv1733c¢ alone in individuals with
LTBI.® Specifically, we observed higher secretion of IL-2 upon stimulation with Rv1733¢ SLP.” Combining Rv1733¢
SLP with virulence factors may enhance the ability to discriminate between ATB and LTBL® In the case of the antigen
Rv2028c, limited studies have examined the difference in IFN-y secretion levels between ATB and LTBI populations,’
however, there is a lack of research evaluating the differential multi-cytokine immune response between ATB and LTBI
populations upon stimulation with Mtb-latency-associated antigens.

Early identification and accurate diagnosis of ATB is crucial for clinicians. However, current immunological methods
based on virulence factors and cytokines are insufficient to differentiate ATB from LTBI. In this study, we aim to address
this limitation by combining virulence factors (ESAT-6 and CFP-10) and Mtb-latency-associated antigens (Rv2028c and
Rv1733c SLP) to stimulate whole blood samples from LTBI individuals, ATB patients, febrile patients, and healthy
individuals. We are going to explore potential biomarkers to distinguish different Mtb infection statuses.

Method

Participant Enrollment

We conducted our study from February to April 2022 and enrolled participants from various groups, including ATB
patients, LTBI population, febrile patients, and healthy individuals. ATB patients and LTBI healthcare individuals were
recruited from Beijing Chest Hospital, while febrile patients were recruited from Peking Union Medical College
Hospital. The healthy individuals included in the study were freshmen from Peking Union Medical College. The detailed
inclusion and exclusion criteria are provided in Supplementary Table 1. This study was approved by the Ethics
Committee of the Peking Union medical College Hospital (ZS-3415). All eligible ATB patients, febrile patients, healthy
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controls and LTBI healthcare workers provided written informed consent according to institutional requirements. The
study completely followed the guiding principles in the Declaration of Helsinki.

Cytokine/Chemokine Detection with/without Antigen Stimulation

Freshly collected sodium heparin-anticoagulated peripheral blood (0.5 mL) was added to individual wells of a 24-well
cell culture plate. RPMI1640 medium, containing 10% FBS and 2% penicillin-streptomycin, was added in a 1:2 ratio
with whole blood. The blood samples were then stimulated with ESAT-6, CFP-10, Rv1733¢ SLP, and Rv2028¢ antigens,
respectively, at a final concentration of 10 pg/mL. A black control was included, where an equal volume of RPMI1640
medium was added. The cell culture plate was incubated at 37°C for 18 hours. After incubation, the supernatant was
collected by aspirating it into a 1.5 mL centrifuge tube and centrifuged at 10,000 rpm for 2 minutes. The final supernatant
was collected, and the secretion levels of TNF-a, IL-2, IL-6, IP-10, IL-1Ra, CXCL-1, MCP-1, and IFN-y were measured
using the Human Premixed Multi-Analyte Kit (Luminex® Discovery Assay) following the manufacturer’s protocol. The
blank control was used as the result without stimulation, and the other results were obtained by subtracting the blank
control from the stimulated results.

Data Analysis

The Kolmogorov—Smirnov test was used to check for normal distribution of variable data. Normally distributed variables
were presented as mean + standard deviation, while non-normally distributed variables were shown as median and
interquartile range. To account for baseline secretion levels, cytokine secretion levels with antigen stimulation were
subtracted from those without stimulation. Statistical tests such as Chi-square tests, Fisher’s exact test, #-test, or Mann—
Whitney U-test were employed for comparing cytokine secretion levels among the four groups based on data character-
istics. ROC curves were used to evaluate the diagnostic performance of selected cytokines/chemokines. Statistical
analyses were conducted using GraphPad Prism v.7.0 (GraphPad Software, California, USA) and SPSS 26.0 (IBM,
Armonk, NY, USA). A significance level of p < 0.05 was considered statistically significant for all analyses.

Results

Characteristics of Study Participants

A total of 66 subjects were included, consisting of 20 pathogenically confirmed ATB patients, 25 individuals with LTBI,
11 febrile patients, and 10 healthy individuals. The mean age was 44.00+13.70 years, with 27 cases being male (40.90%).
Detailed information is presented in Table 1.

Cytokines/Chemokines Secretion with/without Stimulation

The secretion of IL-6, IP-10, MCP-1, and IL-1Ra was significantly higher in the ATB group compared to the LTBI group
(p<0.05) without stimulation (Figure 1A). However, the secretion of these cytokines/chemokines was also elevated in the
fever group and did not exhibit significant differences compared to the ATB group (p>0.05).

As shown in Figure 1B, with the stimulation of ESAT-6, the secretion of IP-105*76, [L-6"%"¢ JL-1Ra"*"® CXCL-1%"°,
and MCP-15"" was significantly higher in the ATB group compared to the LTBI group (p<0.05); with the stimulation of CFP-
10, the secretion of IP-10°""71°, IL-1Ra“"™" 1%, CXCL-1"""1° and MCP-1"""1° was significantly higher in the ATB group
compared to the LTBI group (p<0.05); with the stimulation of Rv1733c¢ SLP, the secretion of IFN-yRV!733¢SLP 1 _gRVI733cSLP
[L-2RVI733SEP and CXCL-1RV1733¢ SEP wwas significantly higher in the ATB group compared to the LTBI group (p<0.05), and
with the stimulation of Rv2028c, the secretion of [FN-yRY2028¢ [ gRv2028¢ 1 o Rv2028¢ 1 1 RaRv2028¢ gnd CXCL-1RV29%% was

significantly higher in the ATB group compared to the LTBI group (p<0.05).

Differential Cytokine Pattern Between ATB and LTBI in Response to Mtb Risk Factor

and Latency-Associated Antigens
Antigen specificity and expressed cytokines varied among individuals and study groups (Supplementary Figures 1 and 2).

Therefore, we performed a combined analysis of virulence factor (ESAT-6 and CFP-10) and latency-associated (Rv1733c
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Table | Basic Characteristics of the Subjects in Our Study

ATB (n=20) LTBI (n=25) Fever (n=11) HC (n=10)
Age (median, IQR) 50.3t16.13 44.947.22 47.4+6.57 26.412.41
Sex, N (%)
Male 14 (70) 5 (20) 4 (36.3) 4 (40)
Female 6 (30) 20 (80) 7 (63.6) 6 (60)
BMI, kg/m? 22.7+3.47 24.5+2.64 24.9+£7.56 20.8+2.45
B
Pulmonary TB 18 (90)
Hepatic TB | / / /
Articular TB |
Inactive pulmonary TB 10 (50) / 0 0
Causes of fever
Hepatic abscess 2
CAP 3
Brucella |
Tumor Fever |
Bacteraemia 4
Other medical history
Diabetes 6 0 0 0
Blood tests
WBC count, 10° /L 7.38 (5.47,8.60) | 6.24 (5.84,7.17) | 5.75 (5.30, 6.36) | 6.04 (5.63, 6.64)
Neutrophil count, 10° /L 4.90 (3.63, 6.29) | 3.76 (3.02, 5.30) | 3.40 (3.09, 4.00) | 4.02 (3.53, 4.22)
Lymphocyte count, 10% /L | 1.54 (1.12, 1.67) | 1.95 (1.58, 2.45) | 1.81 (1.70, 1.87) | 1.67 (1.53, 1.92)
Hemoglobin, g/L 118 (111, 134) 136 (116, 143) 147 (139, 151) 124 (118, 131)
Platelet count, 10° /L 299 (235, 378) 271 (217, 313) 276 (189, 301) 229 (217, 256)

Abbreviations: BMI, Body mass index; TB, Tuberculosis; ATB, active TB; WBC, White blood cell; WBC, White blood cell count;
LTBI, latent tuberculosis infection; CAP, Community-acquired pneumonia.

SLP and Rv2028c¢) antigen-induced cytokine expression by cumulating individual concentrations for both study groups.
The comparison of pie charts indicated differential patterns for individual cytokines and between the study groups
(Figure 1C). Between the ATB and LTBI groups, significant differences were observed in the responses of IFN-y, IL-2,
and IP-10 to stimulation with virulence factors and latency-associated antigens. Specifically, in the ATB group, 93.0% of
IFN-y secretion was stimulated by virulence factors, whereas in the LTBI group, only 25.8% was stimulated by virulence
factors. Similarly, 88.9% of IL-2 in the ATB group was secreted after stimulation with virulence factors, compared to
44.2% in the LTBI group. Moreover, 82.1% of IP-10 in the ATB group was secreted after stimulation with virulence
factors, while 59.6% was secreted in the LTBI group. The remaining cytokines exhibited relatively stable patterns of
secretion after specific stimulation with virulence factors and latency-associated antigens between the two groups.

Enhanced Diagnostic Potential of Mtb-Latency-Associated Antigens
The diagnostic ability of Mtb-latency-associated antigens in differentiating ATB from LTBI was explored in our study.
Figure 2 illustrated the AUC values of eight cytokines, comparing their discrimination ability when stimulated with
virulence factors alone versus when combined with Mtb-latency-associated antigens. Notably, the stimulation of Mtb-
latency-associated antigens and virulence factors resulted in increased secretion of IL-2, IL-1Ra, IFN-y, MCP-1, TNF-a,
and CXCL1 to varying degrees, and the AUC values for distinguishing ATB from LTBI also improved, with significant
enhancements observed for the cytokines secreted by Thl cells, the AUC for TNF-a increased from 0.696 to 0.820
(»=0.038), IFN-y increased from 0.806 to 0.962 (p=0.025) and IL-2 increased from 0.565 to 0.868 (p=0.007).

As a mature commercial tuberculosis infection test kit, the addition of latent tuberculosis-related antigens to IGRA
will increase its detection efficiency for various tuberculosis infection states (Supplementary Figure 3), including
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tuberculosis infection (ATB vs Fever & HC, AUC=1), ATB (ATB vs LTBI & Fever & HC, AUC=0.923), and the
discrimination between ATB and LTBI (AUC=0.962).

The Combination of Multiple Cytokines Further Improves the Diagnosis of

Tuberculosis Infection States

Incorporating cytokines stimulated by the four antigens in this study, a binary logistic regression model was constructed
using forward likelihood ratio method to differentiate between ATB and LTBI. After four steps of selection, IFN-y<*"~1°,
[FN-yRVI733¢ SLP 1p_1 gRVI733¢ SLP and CXCL-17V1733¢ SLP were identified, achieving an AUC of 0.992 for distinguishing
ATB from LTBI, and for diagnosing ATB, the AUC was 0.996, and for Mtb infection, the AUC was 0.698 (Figure 3A).
Using IFN-y“"P71% and IFN-yR¥1733¢ SEP 44 build another logistic regression model for diagnosing Mtb infection, the
AUC reached to 0.943 (Figure 3B), indicating that the detection of IFN-y©P~10- [ENyRvI733¢ SLP 1p_jRvI733¢ SLP. 14
CXCL-18v173¢ SLP gllow for accurately diagnosing different tuberculosis infection states.

Discussion

Mtb infection triggers the activation of antigen-specific T lymphocytes, which play a crucial role in controlling and
limiting Mtb growth. Previous studies have shown elevated secretion of cytokines/chemokines by T lymphocytes in the
peripheral blood of ATB patients, providing valuable insights into TB diagnosis.®® However, these cytokines/chemokines
are not specific to Mtb, other immune cells, including macrophages, dendritic cells, lymphocytes, and NK cells, can also
produce these cytokines/chemokines during bacterial infections, as supported by our study findings. The stimulation of
tuberculosis-specific antigens will enhance the reliability of immunological test for diagnosing tuberculosis infections.

The ability to differentiate between ATB and LTBI is crucial for guiding appropriate medical management decisions
for patients, especially in settings where access to Mtb culture facilities is limited. In our study, when stimulated with
four different antigens individually, 18 Mtb-specific cytokines showed differences across all four antigens in ATB, and
LTBI groups, which highlighted the potential utility of cytokines/chemokines as biomarkers for differentiating ATB from
LTBI. However, these cytokines/chemokines are not routinely tested in clinical practice. There is long distance from
reporting to application, providing insights for improving the diagnostic efficiency of existing immune test kits and
developing new diagnostic reagents.

Stimulation with Mtb-latency-associated antigens holds promise as a complementary approach to clinically detect
different Mtb infection statuses. Previous studies have demonstrated that the secretion of IFN-y is significantly higher in
the LTBI population compared to ATB patients when stimulated with Mtb-latency-associated antigens such as Rv1733c
and Rv2028c.*® These findings suggest that Mtb-latency-associated antigens may have immunoprotective effects on
LTBI individuals. Additionally, a separate study reported that combining the detection of IFN-y stimulated by Mtb-
latency-associated antigens with IL-6 stimulated by virulence factors yielded higher diagnostic efficacy in differentiating
ATB.’ In our study, we observed significant differences in the secretion of IL-6, CXCL-1, IFN-y and IL-2 when
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stimulated with Rv1733cSLP or Rv2028c between the ATB and LTBI groups. These findings further support the
potential of Mtb-latency-associated antigens in the detection of ATB.

The combined stimulation of Mtb-latency-associated antigens with virulence factors has also shown promising results
in enhancing the diagnostic ability to discriminate ATB from LTBI. Notably, we observed a significant increase in TNF-
o, IFN-y, and IL-2 secretion. All three cytokines belong to Thl-type cytokines, indicating that Mtb-latency-associated
antigens can effectively activate Thl-dominated immune responses, as shown in previous studies.'®'" Additionally, the
Mitb-latency-associated proteins, acting as Toll-like receptor (TLR) agonist-adjuvants'® have been shown to stimulate the
expression of TLRs, co-stimulatory molecules, and pro-inflammatory cytokines, thereby further enhancing the production
of Thl-type cytokines. These findings support the notion that the specific secretion of IL-2, TNF-a, and IFN-y holds
potential as biomarkers for distinguishing between ATB and LTBI.

However, the diagnostic value of IL-2 in distinguishing between ATB and LTBI remains controversial. Some studies,
such as Mamishi et al'* and Wang et al'® have supported the use of IL-2 as markers for differentiating ATB from LTBI,
while Suzukawa et al'* have a different opinion. In our study, we found that without stimulation, only IFN-y and IL-2
could identify Mtb infection when comparing it to the HC group. The inclusion of Mtb-latency-associated antigens
resulted in a trend of increased AUC of IL-2 to discriminate between ATB and LTBI, although the difference was not
statistically significant, which may be attributed to the limitations in our sample size. Moreover, when stimulated with the
four specific antigens, IL-2 could not only distinguished Mtb infection from the HC group but also, surprisingly,
accurately differentiated ATB from LTBI.

Chemokines play important roles in the immune response to Mtb infection. They promote T-cell aggregation, recruit
monocytes and lymphocytes to the site of infection, and form nodules that limit the spread of Mtb.">'® Previous studies
have highlighted the diagnostic value of chemokines IP-10, MCP-1, and CXCL-1 in detecting Mtb infection.'”'® In our
study, we found that IP-10 and MCP-1 could distinguish ATB from LTBI without stimulation, indicating their potential
as predictive markers for ATB when other diseases are ruled out. However, they could not differentiate ATB from Fever
(Figure 1A). These findings support the notion that increased secretion of IP-10 and MCP-1 in the absence of stimulation
is highly indicative of ATB. With the stimulation of ESAT-6 or CFP-10 antigens, IP-10, MCP-1, and CXCL-1
demonstrated the ability to discriminate between ATB and LTBI (Figure 1B). Furthermore, with the stimulation of
Rv1733c SLP or Rv2028c antigens, only CXCL-1 showed significant differences between ATB and LTBI (Figure 1B).
Among the three chemokines, CXCL-1 had the highest discriminatory ability, with an AUC of 0.915, followed by MCP-
1 (AUC=0.864) and IP-10 (AUC=0.812), in distinguishing ATB from LTBI. These findings underscore the potential
clinical utility of chemokines in discriminating between different Mtb infection statuses. Overall, our study demonstrates
the valuable diagnostic potential of chemokines in distinguishing between different Mtb infection statuses. Chemokines,
particularly CXCL-1, hold promise for clinical applications in the discrimination of ATB from LTBI.

IL-1Ra plays a crucial role in the regulation of TB by maintaining a balanced internal environment. Previous studies
have demonstrated significantly increased IL-1Ra in plasma of ATB patients without stimulation, which subsequently
decrease at the end of anti-TB treatment.”” Moreover, it has been observed that the risk of TB reactivation is significantly
higher in patients with autoimmune diseases treated with monoclonal IL-1Ra antibodies. In recent years, Akashi et al*’
identified IL-1Ra as a potential biomarker for discriminating between ATB and LTBI. They found that IL-1Ra levels in
cultured supernatants of QFT-GIT and QFT-Plus assays could serve as useful indicators. Building upon these findings,
our study incorporated Mtb-latency-associated antigens in the stimulation protocol, resulting in significantly different IL-
1Ra secretion among the ATB, LTBI, and Fever groups. Notably, the combined stimulation with the four antigens yielded
an AUC of 0.888 (95% CI: 0.790-0.986) for discriminating ATB from LTBI.

The immune mechanisms involved in TB are highly complex, and the secretion of cytokines can reflect the immune
homeostasis of the infected host. However, relying on single cytokines or stimulation with virulence factors alone has
limited diagnostic value in discriminating between different stages of Mtb infection.* To improve diagnostic efficacy,
studies have explored the combination of multiple cytokines or antigens.> For instance, a multi-cytokine diagnostic
model incorporating IL-18, IL-37, and IP-10 has been utilized to differentiate between ATB and LTBI, demonstrating the
validity and feasibility of this approach.** In our study, we selected cytokines and built a binary logistic regression model
using forward likelihood ratio method to discriminate different tuberculosis infection status. The final model achieved an
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impressive AUC, further confirming the feasibility and effectiveness of this multi-cytokine approach. These findings
highlight the potential of utilizing a combination of cytokines to improve the accuracy and reliability of TB diagnosis.

Our study has some limitations. Firstly, it was exploratory with a relatively small sample size. Secondly, there might be
potential selection bias as we recruited newly diagnosed, unmedicated ATB patients. Drug interventions can influence

cytokine/chemokine secretion in TB patients,?%*>

and, ethnic heterogeneity may affect cytokine secretion patterns during
Mitb infection.”**” Therefore, the generalizability of our findings to diverse populations and patients on different treatment
regimens may be limited. Moreover, healthy controls were all young subjects and were not matched to the other subjects,
which may affect the cytokine production. Additionally, we only focused on Mtb infection and did not evaluate cytokine/
chemokine secretion in NTM patients. Including NTM patients as a control group in future investigations can provide

a comprehensive analysis, considering the potential overlap in immune responses between Mtb and NTM infections.

Conclusion

Non-specific cytokine secretion in tuberculosis cannot distinguish between febrile and ATB patients. Latency-associated
antigens can enhance the diagnostic capability of multiple cytokines for tuberculosis infection, and their combined use
with tuberculosis virulence factors can significantly improve the ability of Thl-type cytokines to differentiate between
ATB and LTBI. Under stimulation with tuberculosis virulence factors and latency-associated antigens, the detection of
cytokines can achieve a comprehensive diagnosis of multiple tuberculosis infection states.
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