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Background: Inadequate tuberculosis (TB) diagnostics, especially for discrimination
between active TB (ATB) and latent TB infection (LTBI), are major hurdle in the
reduction of the disease burden. The present study aims to investigate the role of
lymphocyte non-specific function detection for TB diagnosis in clinical practice.

Methods: A total of 208 participants including 49 ATB patients, 64 LTBI individuals, and
95 healthy controls were recruited at Tongji hospital from January 2019 to October 2020.
All subjects were tested with lymphocyte non-specific function detection and T-SPOT
assay.

Results: Significantly positive correlation existed between lymphocyte non-specific
function and phytohemagglutinin (PHA) spot number. CD4" T cell non-specific function
showed the potential for differentiating patients with negative T-SPOT results from those
with positive T-SPOT results with an area under the curve (AUC) of 0.732 (95% ClI, 0.572-
0.893). The non-specific function of CD4™ T cells, CD8* T cells, and NK cells was found
significantly lower in ATB patients than in LTBI individuals. The AUCs presented by CD4™ T
cell non-specific function, CD8* T cell non-specific function, and NK cell non-specific
function for discriminating ATB patients from LTBI individuals were 0.845 (95% ClI, 0.767-
0.925), 0.770 (95% ClI, 0.683-0.857), and 0.691 (95% CI, 0.593-0.789), respectively.
Application of multivariable logistic regression resulted in the combination of CD4* T cell
non-specific function, NK cell non-specific function, and culture filtrate protein-10 (CFP-
10) spot number as the optimally diagnostic model for differentiating ATB from LTBI. The
AUC of the model in distinguishing between ATB and LTBI was 0.939 (95% ClI, 0.898-
0.981). The sensitivity and specificity were 83.67% (95% Cl, 70.96%-91.49%) and
90.63% (95% Cl, 81.02%-95.63%) with the threshold as 0.57. Our established model
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showed superior performance to TB-specific antigen (TBAg)/PHA ratio in stratifying TB

infection status.

Conclusions: Lymphocyte non-specific function detection offers an attractive alternative
to facilitate TB diagnosis. The three-index diagnostic model was proved to be a potent tool
for the identification of different events involved in TB infection, which is helpful for the
treatment and management of patients.

Keywords: tuberculosis, active tuberculosis, latent tuberculosis infection, diagnosis, model, lymphocyte non-

specific function

INTRODUCTION

Tuberculosis (TB) is a major public issue caused by
Mpycobacterium tuberculosis (MTB) infection, with around 10
million cases and 1.4 million deaths in 2019 reported by World
Health Organization (1). It is estimated that one-quarter
population were during latent TB infection (LTBI) and 5-10%
of these individuals would progress to active TB (ATB) during
their life (2, 3). The stratification of TB infection is required for
proposed TB control strategies that focus on timely treatment to
reduce risk for disease progression in order to diminish MTB
transmission (4). However, the current challenge still includes
the lack of effective approach for discrimination between ATB
and other status including LTBI. Novel and accurate diagnostic
tests to identify active cases are urgently needed.

The diagnosis of ATB could be achieved by visualization of acid-
fast bacilli by microscopy, mycobacterial culture, or molecular tests
including GeneXpert MTB/RIF. Nevertheless, each approach has
additional limitations, such as the poor sensitivity of microscopy,
time-consuming of culture, the high cost of molecular tests (5).
Even in the era of the GeneXpert MTB/RIF Ultra, challenge
remains due to unsatisfactory sensitivity for clinical requirement
(6, 7), which highlights the fact that better diagnostics might have to
be achieved based on host factors rather than pathogen detection.
However, the current use of blood-based available immunological
tests including T-SPOT.TB (T-SPOT) and QuantiFERON-TB Gold
In-Tube (QFT-GIT) was limited by their poor ability to reliably
stratify ATB from LTBI especially in TB endemic areas (8, 9).
Recent advances have been developed in blood signatures including
transcriptome (10), proteome (11), genome (12), metabolome (13),
cytokines (14, 15), and markers on immune cells (16, 17) for
identifying ATB, raising hopes for translation into available assays.
However, due to the fact that the application of these emerging
methods has not been verified with sufficient repetition and large
sample size, the real diagnostic utility under actual clinical
conditions remains unclear (18). Besides, some tests require
complicated procedures or expensive equipment to carry out,
which limits their potential use in many resource-poor settings
(19). Therefore, successful application of these test faces many
challenges in the pathway from discovery to final use.

Some studies have shown that poor immune status was one
characteristic of ATB patients, suggesting that the evaluation of
host immunity could be applied as a potential direction for TB
diagnosis and monitoring (13, 20-22). Unfortunately, difficulties

existed in host immunity evaluation of ATB patients due to the
limitations of current tests such as lymphocyte subset analysis and
the measurement of serum protein (23). These available methods
could not fully reflect the immune status of host. Our team have
previously developed lymphocyte non-specific function detection-
a novel approach for evaluating host immunity based on phorbol-
12-myristate-13-acetate (PMA)/ionomycin stimulation. And we
have confirmed the performance of this method for host
immunity evaluation in a variety of diseases including infection
and autoimmune diseases (24, 25). Thus, it is worth considering
whether lymphocyte non-specific function detection could be
applied to diagnose TB. On the other hand, TB-specific antigen
(TBAg)/phytohemagglutinin (PHA) ratio has been proposed as a
potential diagnostic candidate for ATB by Wang and his colleague
in recent years (26, 27). This simple calculation made it possible
for T-SPOT to distinguish between ATB and LTBI by dividing the
spot number of TBAg well by that of PHA well (28). However, the
spot number of PHA well might be inaccurate in case of high value
(29). Although our previous study showed that reducing the
number of cells added to the PHA well could improve the
accuracy of the results, this improvement requires an additional
operation and might not be suitable for clinical application (30).
Besides, TBAg/PHA ratio was helpless in identifying ATB with
negative T-SPOT results due to its computational limitations.
Several studies have demonstrated that the combination of
multiple indicators could promote ATB diagnosis (31, 32).
Accordingly, we speculate that the use of the combination of
lymphocyte non-specific function (non-specific marker) and T-
SPOT (TB-specific marker) has the potential to improve rapid
differential diagnosis between ATB and LTBI. Consequently, we
investigated the potential value of lymphocyte non-specific
function detection and its combination with T-SPOT for
determining MTB infection status by enrolling subjects with
ATB and LTBL. We demonstrated the advantages of utilizing
lymphocyte non-specific function detection for the analysis of
patients with MTB infection.

METHODS
Study Design

Adult participants aged 18 years or older were enrolled for
performing T-SPOT assay and lymphocyte non-specific
function detection at Tongji hospital from January 2019 to
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October 2020. Patients with ATB, individuals with LTBI, and
healthy controls (HC) were identified and recruited based on
laboratory and clinical evaluation. ATB was diagnosed by
positive GeneXpert MTB/RIF or mycobacterial culture on
sputum or bronchoalveolar lavage fluid with symptoms
compatible of ATB including prolonged cough, chest pain,
weakness or fatigue, weight loss, fever, and night sweats.
Participants receiving anti-TB medication in two months prior
to the enrollment were excluded from the analysis. LTBI was
defined by a positive T-SPOT test without symptomatic,
microbiological, or radiological evidences of ATB and history
of TB. HC was defined by a negative T-SPOT test, while without
any symptoms or signs of diseases. The laboratory scientists who
performed the immunological and microbiological assays were
blinded to the clinical data including disease status of
participants. This study was reviewed and approved by the
committee of Tongji hospital, Tongji Medical College,
Huazhong University of Science and Technology.

Lymphocyte Non-Specific Function Assay

PMA/ionomycin-stimulated lymphocyte non-specific function
assay was performed as described previously (24). The
procedures are described in brief as following: (1) 100 ul of
heparinized venous blood was diluted with 400 ul of IMDM
medium; (2) the diluted sample was incubated in the presence of
Leukocyte Activation Cocktail (Becton Dickinson GolgiPlug'™)
for 4 h; (3) the cells were labeled with antibodies (anti-CD45,
anti-CD3, anti-CD4, anti-CD8, and anti-CD56) (BD
Biosciences); (4) the cell were fixed and permeabilized; (5) the
cells were stained with intracellular anti-interferon-gamma
(IFN-y) antibody (BD Biosciences); and (6) the cells were
analyzed with FACSCanto flow cytometer. The percentages of
IFN-y" cells in different cell subsets were defined as the non-
specific function of them (Supplementary Figure 1) (e.g., the
percentage of IFN-Y" cells in CD3"CD4"CD8’ cells was regarded
as the non-specific function of CD4" T cells; the percentage of
IFN-y" cells in CD3"CD4 CD8" cells was regarded as the non-
specific function of CD8" T cells; the percentage of IFN-y" cells
in CD3 CD56" cells was regarded as the non-specific function of
NK cells). Given that the background is very low in the assay (the
proportion of IEN-y" cells under 0.1%), we did not subtract the
background when reporting lymphocyte non-specific function.

T-SPOT Assay

Heparin anticoagulated peripheral blood was collected and
analyzed using T-SPOT assay (Oxford Immunotec, Oxford,
UK) according to the manufacturer’s instructions. Briefly,
peripheral blood mononuclear cells (PBMCs) were separated
by Ficoll-Hypaque gradient centrifugation. Then, the isolated
PBMCs (2.5 x 10°) were added to 96-well plates precoated with
antibody against IFN—Y. Four wells were used for each subject:
medium well, early secreted antigenic target 6 (ESAT-6) well,
culture filtrate protein 10 (CFP-10) well, and PHA well. Plates
were incubated for 16-20 h at 37 C° with 5% CO, and developed
using an anti-IFN-y antibody conjugate and substrate to detect

the presence of secreted IFN-y. Spot-forming cells (SFC) were
counted with an automated enzyme-linked immunospot
(ELISPOT) reader (CTL Analyzers, Cleveland, OH, USA). The
test result was positive if ESAT-6 and/or CFP-10 spot number
minus negative control spot number > 6. The test result was
negative if both ESAT-6 spot number minus negative control
spot number and CFP-10 spot number minus negative control
spot number < 5. Results were considered undetermined if
the spot number in the PHA well were < 20 or if spot number
in the medium well were > 10. The ratio of ESAT-6 SFC to PHA
SEC (ESAT-6/PHA ratio) and CFP-10 SFC to PHA SFC (CFP-
10/PHA ratio) were calculated. The larger of the above two
values was defined as the TBAg/PHA ratio of one participant.

Statistical Analysis

Continuous variables were expressed as means + standards
deviation (SD) or median (interquartile range). Categorical
variables were expressed as number (%). Comparison was
performed using Mann-Whitney U test for continuous
variables and Chi-square test or Fisher’s exact test for
categorical variables. All statistical tests were two sided.
Statistical significance was considered when P < 0.05. For the
identification of a diagnostic model, all variables with statistical
significance were taken as candidates for multivariable logistic
regression analyses, and the regression equation (diagnostic
model) was obtained. The regression coefficients of the model
were regarded as the weights for the respective variables, and a
score for each participant was calculated. The performance of
various indicators was evaluated by the receiver operating
characteristic (ROC) curve analysis. Area under the curve
(AUC), sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), positive likelihood ratio (PLR),
negative likelihood ratio (NLR), and accuracy, together with their
95% confidence intervals (CI), were calculated. The AUCs were
compared using the z statistic with the procedure of Delong et al.
(33). Data were analyzed using SPSS version 25.0 (SPSS, Inc.,
Chicago, IL, USA), MedCalc version 11.6 (MedCalc, Mariakerke,
Belgium), GraphPad Prism version 8 (GraphPad Software, San
Diego, CA, USA), and R 4.0.2 program (R Core Team).

RESULTS

Participants’ Characteristics

A total of 208 participants including 49 ATB patients, 64 LTBI
individuals, and 95 HC were consecutively enrolled to the
analysis. All included participants were HIV-negative. No
difference was observed between ATB and LTBI in respect to
the distribution of age and sex (Table 1). Among 49 patients
diagnosed as ATB, 10 subjects had negative T-SPOT results,
while the remaining 39 had positive T-SPOT results. Table 2
described the characteristics of ATB subjects with negative T-
SPOT results and those with positive T-SPOT results. There was
no evidence of difference in the distribution of genders and
underling diseases between the groups.
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TABLE 1 | Demographic and clinical characteristics of included subjects.

Variables ATB(n=49) LTBI(n=64) HC (n=295)
Age, years 48 (29-60) 50 (40-61) 47 (33-57)
Sex, male, % 27 (65.1%) 41 (64.06%) 60 (63.16%)
TB history 11 (22.45%) 0 (0%) 0 (0%)
Underlying condition or illness
Diabetes mellitus 7 (14.29%) 8 (12.5%) 0 (0%)
Solid tumor 5(10.2%) 6 (9.38%) 0 (0%)
Hematological malignancy 1(2.04%) 1 (1.56%) 0 (0%)
End-stage renal disease 4 (8.16%) 7 (10.94%) 0 (0%)
Liver cirrhosis 2 (4.08%) 3 (4.69%) 0 (0%)
Organ transplantation 2 (4.08%) 1 (1.56%) 0 (0%)
Immunosuppressive condition* 7 (14.29%) 4 (6.25%) 0 (0%)
Positive mycobacterial culture 40 (81.63%) NA NA
Positive GeneXpert MTB/RIF 36 (73.47%) NA NA

ATB, active tuberculosis; LTBI, latent tuberculosis infection; HC, healthy controls; TB,
tuberculosis; NA, not applicable.

*Patients who underwent organ transplantation, chemotherapy or took immunosuppressants
within 3 months. Data were presented as medians (25th-75th percentiles) or numbers
(percentages).

TABLE 2 | Demographic and clinical characteristics of ATB patients with
negative and positive T-SPOT results.

Variables ATB with negative ATB with positive P*
T-SPOT result T-SPOT result
(n=10) (n=39)
Age, years 52 (26-56) 48 (29-61) 0.673
Sex, male, % 5 (50%) 22 (566.41%) 0.716
TB history 3 (30%) 8 (20.51%) 0.521
Presence of BCG scar 4 (40%) 17 (43.59%) 0.838
Underlying condition or
ilness
Diabetes mellitus 2 (20%) 5(12.82%) 0.563
Solid tumor 1 (10%) 4 (10.26%) 0.981
Hematological malignancy 0 (0%) 1 (2.56%) 1
End-stage renal disease 1 (10%) 3 (7.69%) 1
Liver cirrhosis 0 (0%) 2 (5.13%) 1
Organ transplantation 1 (10%) 1(2.56%) 0.37
Immunosuppressive 2 (20%) 5 (12.82%) 0.563
condition™
Positive mycobacterial 8 (80%) 32 (82.05%) 0.881
culture
Positive GeneXpert MTB/RIF 7 (70%) 29 (74.36%) 0.781

ATB, active tuberculosis; BCG, bacille Calmette-Guérin; TB, tuberculosis.

*Comparisons were performed between these two groups using Mann-Whitney U test,
chi-square test, or Fisher’s exact test. 'Patients who underwent organ transplantation,
chemotherapy, or took immunosuppressants within 3 months. Data were presented as
medians (25th-75th percentiles), or numbers (percentages).

The Correlation Between PHA Spot Number
and Lymphocyte Non-Specific Function

We examined the correlation between PHA spot number and
lymphocyte non-specific function. It was observed that
significantly positive correlation existed between PHA spot
number and CD4" T cell non-specific function (r=0.410,
P<0.001), CD8" T cell non-specific function (r=0.296,
P<0.001), and NK cell non-specific function (r=0.326, P<0.001)
(Figure 1A). Furthermore, we stratified PHA spot number and
found the trend that lymphocyte non-specific function increased
with the increasing PHA spot number (Figures 1B, C).

Lymphocyte Non-Specific Function for
Identifying ATB With False-Negative T-
SPOT Result

We compared lymphocyte non-specific function between ATB
with negative T-SPOT result and those with positive T-SPOT
result. It was found that CD4" T cell non-specific function was
significantly lower in patients with negative T-SPOT result than
in those with positive T-SPOT results, while no significant
difference presented in CD8" T cell non-specific function and
NK cell non-specific function between these two groups (Figure
2A). When comparing with HC, the lymphocyte non-specific
function of ATB was significantly lower regardless of T-SPOT
results (Figure 2A). Besides, there was no significant difference
between the two groups in PHA spot number (Figure 2B).
Further ROC curve analysis showed that CD4" T cell non-
specific function had an AUC of 0.732 (95% CI, 0.572-0.893)
for discriminating negative T-SPOT results from positive T-
SPOT results among ATB patients (Figure 2C).

Lymphocyte Non-Specific Function for

Distinguishing Between ATB and LTBI

We compared lymphocyte non-specific function between ATB
patients and LTBI individuals. It was found that the non-specific
function of CD4" T cells, CD8" T cells, and NK cells was
significantly lower in patients diagnosed with ATB than those
with LTBI (Figure 3A). While no significant difference was
observed in lymphocyte non-specific function between LTBI
and HC (Figure 3A). And then we performed ROC curve
analysis. The results of the diagnostic accuracy of lymphocyte
non-specific function in distinguishing ATB from LTBI were
shown in Figure 3B. The AUCs presented by CD4" T cell non-
specific function, CD8" T cell non-specific function, and NK cell
non-specific function were 0.845 (95% CI, 0.767-0.925), 0.770
(95% CI, 0.683-0.857), 0.691 (95% CI, 0.593-0.789) respectively
(Figure 3B, Table 3). Concretely, when 11.7% was used as the
threshold, the sensitivity and specificity of CD4" T cell non-
specific function for distinguishing ATB from LTBI was 61.22%
(95% CI, 47.25%-73.57%) and 90.63% (95% CI, 81.02%-95.63%),
respectively. The cutoff value of 41.6% for CD8" T cell non-
specific function showed a sensitivity of 46.94% (95% ClI,
33.70%-60.62%) and specificity of 90.63% (95% CI, 81.02%-
95.63%). The sensitivity and specificity for NK cell non-specific
function were 28.57% (95% CI, 17.85%-42.41%) and 90.63%
(95% CI, 81.02%-95.63%) with the threshold as 61.7% (Table 3).

Combination of Lymphocyte Non-Specific
Function and T-SPOT for Differentiating
ATB From LTBI

The comparison in T-SPOT between ATB and LTBI was
performed. No difference was observed between ATB and
LTBI in ESAT-6 spot number while CFP-10 spot number was
significantly higher in ATB patients than that in LTBI
individuals (Figure 4A). ROC curve analysis indicated limited
performance for ESAT-6 spot number and CFP-10 spot number
(Figure 4C). Given that the pattern of lymphocyte non-specific
function was inverse to that observed by T-SPOT between ATB
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FIGURE 1 | The relationship between PHA spot number and lymphocyte non-specific function. (A) Correlation between PHA spot number and non-specific
function of CD4* T cells, CD8* T cells, and NK cells in 208 participants. Each symbol represents an individual donor. (B) Scatter plots showing the results of CD4* T
cell non-specific function, CD8" T cell non-specific function, and NK cell non-specific function under different PHA spot number. Horizontal lines indicate the median.
*P < 0.05; *P < 0.01; **P < 0.001; ns, no significance (Mann-Whitney U test). (C) Flow plots showing the representative results of CD4* T cell non-specific function,
CD8* T cell non-specific function, and NK cell non-specific function under different PHA spot number. PHA, phytohemagglutinin.
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latent tuberculosis infection; HC, healthy controls; ROC, receiver operating characteristic; AUC, area under the curve; Cl, confidence interval.
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and LTBI, we predicted that the combination of these two assays
would be leveraged for improving the stratification of patient
groups. Consequently, we calculated the ratio of ESAT-6, CFP-
10, or TBAg spot number to lymphocyte non-specific function.
We found the ratios were obviously higher in ATB patients than
LTBI individuals (Figure 4B). However, the discriminatory
power measured by the AUC presented lower than 0.75 for all
ratios (Figure 4D). Nonetheless, further cluster analysis using
heatmap and the overlap between lymphocyte non-specific
function and T-SPOT assay still showed that the combination
of these two assays might improve the diagnostic value (Figures
4E, F). To establish the diagnostic model based on a combination
of the two approaches for distinguishing ATB from LTBI, all
variables with statistical significance were used for multivariable
logistic regression analysis. The diagnostic model in distinguishing
ATB from LTBI were built as follows: P = 1/[1 + ¢ (®037"CFP-10 spot number -
0.363*CD4+ T cell non-specific function - 0.052*NK cell non-specific function + 9.679)] P,
predictive value; e, natural logarithm. The three-marker diagnostic
model distinguished patients with ATB disease from those with
LTBI with an AUC of 0.939 (95% CI, 0.898-0.981) and
demonstrated a sensitivity and specificity of 83.67% (95% CI,
70.96%-91.49%) and 90.63% (95% CI, 81.02%-95.63%)
respectively while using 0.57 as the threshold (Table 3, Figures
4G, H). Z tests between the ROC curves showed a significant
improvement for the model compared to either lymphocyte non-
specific function (CD4" T cell non-specific function, P=0.011;
CD8" T cell non-specific function, P<0.001; NK cell non-specific
function, P<0.001) or T-SPOT (ESAT-6 spot number, P<0.001;
CFP-10 spot number, P<0.001).

Comparison Between Diagnostic Model
and TBAg/PHA Ratio for Discriminating
ATB From LTBI

The value of TBAg/PHA ratio for distinguishing between ATB
patients and LTBI individuals was also analyzed. ESAT-6/PHA
ratio, CFP-10/PHA ratio, and TBAg/PHA ratio were found
significantly higher in patients with ATB than individuals with
LTBI (Figure 5A). Further ROC curve analysis showed that
ESAT-6/PHA ratio, CFP-10/PHA ratio, and TBAg/PHA ratio
had AUCs of 0.690 (95% CI, 0.583-0.799), 0.772 (95% CI, 0.676-
0.869), and 0.749 (95% CI, 0.645-0.852) for discriminating ATB
from LTBI, in comparison to 0.939 (95% CI, 0.898-0.981) for the
diagnostic model (Table 4, Figure 5B). The AUC of diagnostic
model was superior than those achieved for the individual ratios
in T-SPOT (ESAT-6/PHA ratio, P<0.001; CFP-10/PHA ratio,
P=0.001; TBAg/PHA ratio, P<0.001). In addition, we evaluated
the utility of these indicators for discriminating ATB from LTBI
among subjects with positive T-SPOT results. The diagnostic
model presented an AUC of 0.935 (95% CI, 0.890-0.981), which
was comparable to that obtained based on all patients previously
(Figures 5C, E). While the performance of ESAT-6/PHA ratio,
CFP-10/PHA ratio, and TBAg/PHA ratio was obviously
increased. The AUCs of ESAT-6/PHA ratio, CFP-10/PHA
ratio, and TBAg/PHA ratio were 0.815 (95% CI, 0.727-0.903),
0.899 (95% CI, 0.837-0.961), and 0.889 (95% CI, 0.827-0.952),
respectively (Figures 5D, E). However, our established
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FIGURE 4 | Combination of lymphocyte non-specific function and T-SPOT for differentiating ATB from LTBI. (A) Scatter plots showing the results of ESAT-6 spot
number, CFP-10 spot number, and PHA spot number in ATB patients (n=49) and LTBI individuals (n=64). Bars indicated the medians and interquartile ranges.

**P < 0.01; **P < 0.001; ns, no significance (Mann-Whitney U test). (B) Scatter plots showing the ratio of MTB-specific antigen spot number/lymphocyte non-
specific function in ATB patients (n=49) and LTBI individuals (n=64). Bars indicated the medians and interquartile ranges. *P < 0.05; ***P < 0.001; ns, no significance
(Mann-Whitney U test). (C) ROC analysis showing the performance of ESAT-6 spot number and CFP-10 spot number in discriminating ATB patients from LTBI
individuals. (D) ROC analysis showing the performance of MTB-specific antigen spot number/lymphocyte non-specific function in discriminating ATB patients from
LTBI individuals. (E) Heatmap showing the cluster analysis of lymphocyte non-specific function and T-SPOT results in ATB patients (n=49) and LTBI individuals
(n=64). Each rectangle indicates a result of a subject. (F) Venn diagrams showing the overlap of CD4* T cell non-specific function, CD8" T cell non-specific function,
NK cell non-specific function, and CFP-10 spot number in ATB patients (n=49) and LTBI individuals (n=64). (G) Scatter plots showing the predictive value of
diagnostic model in ATB patients (n=49) and LTBI individuals (n=64). Bars indicated the medians and interquartile ranges. **P<0.001 (Mann-Whitney U test). Blue
dotted line indicates the cutoff value in distinguishing these two groups. (H) ROC analysis showing the performance of diagnostic model based on the combination of
CD4+ T cell non-specific function, NK cell non-specific function, and CFP-10 spot number in discriminating ATB patients from LTBI individuals. ESAT-6, early
secreted antigenic target 6; CFP-10, culture filtrate protein 10; PHA, phytohemagglutinin; MTB, Mycobacterium tuberculosis; ATB, active tuberculosis; LTBI, latent
tuberculosis infection; ROC, receiver operating characteristic; AUC, area under the curve; Cl, confidence interval.
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FIGURE 5 | Comparison between the diagnostic model and TBAg/PHA ratio for discriminating ATB from LTBI. (A) Scatter plots showing the values of ESAT-6/PHA
ratio, CFP-10/PHA ratio, and TBAg/PHA ratio in ATB patients (n=49) and LTBI individuals (n=64). Bars indicated the medians and interquartile ranges. **P < 0.001
(Mann-Whitney U test). (B) ROC analysis showing the performance of ESAT-6/PHA ratio, CFP-10/PHA ratio, TBAg/PHA ratio, and the diagnostic model in
discriminating ATB patients from LTBI individuals. (C) Scatter plots showing the predictive value of diagnostic model in ATB patients with positive T-SPOT result
(n=39) and LTBI individuals (n=64). Bars indicated the medians and interquartile ranges. **P < 0.001 (Mann-Whitney U test). (D) Scatter plots showing the values of
ESAT-6/PHA ratio, CFP-10/PHA ratio, and TBAg/PHA ratio in ATB patients with positive T-SPOT result (n=39) and LTBI individuals (n=64). Bars indicated the
medians and interquartile ranges. **P < 0.001 (Mann-Whitney U test). (E) ROC analysis showing the performance of ESAT-6/PHA ratio, CFP-10/PHA ratio, TBAg/
PHA ratio, and the diagnostic model in discriminating ATB patients with positive T-SPOT result from LTBI individuals. ESAT-6, early secreted antigenic target 6; CFP-
10, culture filtrate protein 10; PHA, phytohemagglutinin; TBAg, tuberculosis-specific antigen; ATB, active tuberculosis; LTBI, latent tuberculosis infection; ROC,
receiver operating characteristic; AUC, area under the curve; Cl, confidence interval.

diagnostic model still showed superior or comparable
performance compared to the ratios (ESAT-6/PHA ratio,
P=0.017; CFP-10/PHA ratio, P=0.298; TBAg/PHA ratio
P=0.219) (Table 5).

DISCUSSION

The TB continues relentlessly, especially during the current
global COVID-19 pandemic, killing more than other infection,
while the progress being lagging behind other major infectious
diseases (34-38). A fundamental issue with controlling the
disease is the inadequacy of current available tests for
stratification of status of MTB infection (39). Multiple
disadvantages present including unsatisfactory sensitivity, high
cost as well as reliance on complicated infrastructure. Novel
approaches are needed to overcome the limitations of existing
immunodiagnostic tests, including their inability for
differentiating between ATB and LTBI

There was rare study elucidating lymphocyte non-specific
function detection for stratifying MTB infection. Our study
benchmarked the value of lymphocyte non-specific function in
the diagnosis of ATB for the first time. It was observed that CD4"
T cell non-specific function showed certain potential in
identifying T-SPOT-negative ATB patients. Furthermore, we
found that lymphocyte non-specific function detection
including CD4" T cell non-specific function, CD8" T cell non-
specific function, and NK cell non-specific function could be
used to distinguish between ATB and LTBL In view of the fact
that the combination of multiple parameters may perform better
than single parameter alone in many studies (20, 21, 40), we
further successfully established a three-index diagnostic model
that could discriminate ATB from LTBI with good utility based
on the combination of lymphocyte non-specific function and T-
SPOT assay. The diagnostic model based on the combination of
CD4" T cell non-specific function, NK cell non-specific function,
and CFP-10 spot number established in the present study was
90.63% specific and identified 83.67% of ATB cases, indicating
that it could be used as a rule-in ATB diagnostic test to allow
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rapid treatment initiation. Furthermore, we compared our
established model with TBAg/PHA ratio-another TB
diagnostic indicator reported in the previous studies and found
that the diagnostic performance of our model was better than

Accuracy
69.91%
76.11%
74.34%

‘? 2 § E that of TBAg/PHA ratio.

g 858 Confirming previous reports, T-SPOT based on detection an

5 339 immune response under TB-specific antigen stimulation could
cee not stratify ATB and LTBI well (13, 41, 42). Only CFP-10 spot
cer number showed certain potential for differential diagnosis of

c:: g ATB and LTBI in the current study. We first analyzed the utility

B e of the ratio of TB-specific antigen spot number to lymphocyte

5 gg% non-specific function in distinguishing ATB from LTBI, but

unfortunately, no great effect was observed. However, we
found the potential of the combination of lymphocyte non-
specific function and T-SPOT in determining the status of TB
infection through the analysis of Venn diagram and heatmap and
we further successfully established a diagnostic model through
multivariable logistic regression. TBAg/PHA ratio is a simple
calculation based on T-SPOT assay itself. We compared its
performance with the model we established in distinguishing
ATB from LTBI and found that our model was significantly
better than TBAg/PHA ratio. Notably, we observed that most of
the previous studies targeted for the diagnostic performance of
TBAg/PHA ratio were based on T-SPOT-positive subjects. Thus,
the inclusion of T-SPOT-negative patients in our study would
reduce the value of TBAg/PHA ratio. Therefore, we additionally
compared the ability of two methods to differentiate ATB from
LTBI in T-SPOT-positive patients. It was observed that the
performance of the diagnostic model hardly changed while the
performance of TBAg/PHA ratio was obviously increased. But
the AUCs of CFP-10/PHA ratio and TBAg/PHA ratio were still
lower than that of diagnostic model. These findings indicated the
robustness and superiority of our established model.

An interesting question is why the combination of TBAg spot
number and lymphocyte non-specific function is better than
TBAg/PHA ratio in distinguishing ATB from LTBI. We think
there are two reasons to explain this issue. First, lymphocyte non-
specific function detection is better and more comprehensive
than the number of PHA spots in reflecting host immunity.
Although we found a significantly positive correlation between
lymphocyte non-specific function and the number of PHA spots,
the number of PHA spots signifies the broad-spectrum response
of lymphocytes to PHA. In addition, the r values observed in the
correlation between lymphocyte non-specific function and PHA
spot number also reflected high variability among different
patients. While lymphocyte non-specific function detection
could reflect the ability of activation, chemotaxis, and
cytotoxicity of lymphocytes (43). Second, lymphocyte non-
specific function detection is more stable than the readout of
PHA spot number. The counting of PHA spot number would
have poor repeatability due to the experimental operation and
inaccuracy in reading high values (29). On the contrary, our
previous results showed that lymphocyte non-specific function
detection was extremely stable (coefficients of variations within
5%) (24). Therefore, lymphocyte non-specific function is
superior to PHA spot number, especially as a reproducible and
widely accepted diagnostic indicator. Another question is why

NPV (95% CI)
67.05% (56.69%-75.97%)
72.29% (61.84%-80.77%)
71.60% (60.98%-80.27%)

PPV (95% Cl)
80.00% (60.87%-91.14%)
86.67% (70.32%-94.69%)
81.25% (64.69%-91.11%)

Specificity (95% CI)
92.19% (82.98%-96.62%)

93.75% (85.00%-97.54%)
90.63% (81.02%-95.63%)

Sensitivity (95% CI)
40.82% (28.21%-54.75%)
53.06% (39.38%-66.30%)
53.06% (39.38%-66.30%)

AUC (95% CI)
0.691 (0.583-0.799)
0.772 (0.676-0.869)
0.749 (0.645-0.852)

Cutoff value
0.13
0.115
0.16

ESAT-6, early secreted antigenic target 6; CFP-10, culture filtrate protein 10; ATB, active tuberculosis; LTBI, latent tuberculosis infection; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; PLR, positive

TABLE 4 | The value of ESAT-6/PHA ratio, CFP-10/PHA ratio and TBAg/PHA ratio for discriminating ATB from LTBI.
likelihood ratio; NLR, negative likelihood ratio; Cl, confidence interval.

ESAT-6/PHA ratio
CFP-10/PHA ratio
TBAg/PHA ratio

Variables
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Accuracy
75.73%
83.50%
80.58%
87.38%

)
0.23-0.56)
)
)

(¢
(
(
(

NLR (95% Cl)
0.56 (0.41-0.76)
0.40 (0.26-0.61
0.20 (0.10-0.39

0.36

PLR (95% CI)
6.24 (2.53-15.35)
10.67 (4.03-28.26)
6.84 (3.08-15.17)
8.75 (4.03-19.01)

)
)
)
)

64.11%-82.97%
71.88%-89.29%,
69.97%-88.05%

NPV (95% Cl)
o (79.40%-94.69%

74.68%
82.19%

80.56%
89.23%

PPV (95% CI)
79.17% (59.53%-90.76%

86.67% (70.32%-94.69%
80.65% (63.72%-90.81%
84.21% (69.58%-92.56%)

82.98%-96.62%

85.00%-97.54%
81.02%-95.63%

81.02%-95.63%

Specificity (95% Cl)

92.19%
93.75%
90.63%
90.63%

Sensitivity (95% CI)
48.72% (33.86%-63.80%
66.67% (50.98%-79.37%
64.10% (48.42%-77.26%,
82.05% (67.33%-91.02%

)
)
)
)

(
(0.837-0.961
(0.827-0.952
(

AUC (95% CI)
0.815 (0.727-0.903)

0.936 (0.890-0.981

0.899
0.889

Cutoff value
0.13
0.115
0.16
0.57

)
)
)
)
ATB, active tuberculosis; LTBI, latent tuberculosis infection; ESAT-6, early secreted antigenic target 6; CFP-10, culture filtrate protein 10; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; PLR, positive

TABLE 5 | The performance of various methods for differentiating ATB from LTBI in participants with positive T-SPOT resullts.
likelihood ratio; NLR, negative likelihood ratio; Cl, confidence interval.

CFP-10/PHA ratio

ESAT-6/PHA ratio
TBAg/PHA ratio
Diagnostic model

Variables

ESAT-6 spot number was not included to the diagnostic model.
We think this may due to the significantly positive correlation
between ESAT-6 spot number and CFP-10 spot number
(Supplementary Figure 2). However, one kind of situation
often occurs, that is, some patients only show ESAT-6
response. But our diagnostic model only included CFP-10 spot
number. Therefore, we also established a model incorporating
ESAT-6 spot number. We found the AUC produced by this
model was similar to the former (Supplementary Figure 3).

Negative T-SPOT result in ATB was a common phenomenon
(44, 45). Although some studies have explored the reasons for
these negative results, this issue has not been fully explained. The
occurrence of false-negative T-SPOT results in microbiologically
confirmed ATB was generally considered to be partially caused
by some host factors such as immunosuppression or
malnutrition (44, 46). Nevertheless, due to the lack of uniform
and reliable assessment methods for host immunity, most studies
embodied this concept with the patient’s underlying diseases,
age, or the number of lymphocytes (45-47). In this study, we
introduced lymphocyte non-specific function to this field for the
first time and discovered the potential of lymphocyte non-
specific function represented by CD4" T cell. It was undeniable
that its value is limited with an AUC of only 0.72. But this may
also indicate that the appearance of false-negative T-SPOT
results is more likely to be caused by a variety of factors, such
as the breadth of antigen coverage and defective cell response.
Nonetheless, it might improve diagnostic accuracy when used in
conjunction with other indicators. Further research targeted for
multi-dimensional explanation need to be carried out.

Several limitations should be noticed in this study. First, given
the relatively small sample size is an obvious caveat of our study,
an independent cohort with larger population should be
replicated in the future. Second, since both T-SPOT and flow
cytometry were unusually used in TB-endemic setting with low
income, the diagnostic model established in the present study
might be not applicable in these areas. Nevertheless, our model
could help validate other low-cost methods. Third, regarding
that infection including HIV infection and COVID-19 might
affect the IFN-vy secretion of lymphocyte, further investigation
targeted for the influence of underlying conditions such as co-
infection on lymphocyte non-specific function detection are
needed in the future. Fourth, due to the requirement for
elaborate procedures, expensive equipment, and well-trained
personnel, the applicability of the model might be limited in
clinical practice. Finally, since we did not dynamically monitor
lymphocyte non-specific function during anti-TB treatment in
the present study, further well-designed studies should be
conducted to clarify the benefit and efficacy from lymphocyte
non-specific function based immune monitoring.

In summary, our findings demonstrated the ability to classify
ATB patients and LTBI individuals by detecting lymphocyte
non-specific function and the potential advantages of combining
lymphocyte non-specific function detection and T-SPOT for
improving classification in MTB infection. Importantly, the
detection of lymphocyte non-specific function not only plays a
complementary diagnostic role, but may also provide advantages
if further developed as an approach for immune monitoring and
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management in TB patients. Regarding that the numerous
challenges still present in combating TB and critical need for
better tools, our novel and adaptable lymphocyte non-specific
function detection may support ongoing efforts in eliminating
TB globally. The early diagnosis and guided initiation of anti-TB
treatment brought by the present diagnostic model would help
reduce transmission and mortality of the disease.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the committee of Tongji hospital, Tongji Medical
College, Huazhong University of Science and Technology. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

YL, YX, WYL, SW, ZS, and FW designed and oversaw the study.
QL and GT contributed to lymphocyte non-specific function
assay. HS, WL, and LM conducted T-SPOT assay. XY and YZ
coordinated data collection and management. YL and YC did
the statistical analysis. YL wrote the first manuscript draft.
All authors contributed to the article and approved the
submitted version.

REFERENCES

1. World Health Organization. Global tuberculosis report 2020. Geneva,
Switzerland: World Health Organization (2020). Available at: https://
appswhoint/iris/rest/bitstreams/1312164/retrieve.

2. Houben RM, Dodd PJ. The Global Burden of Latent Tuberculosis Infection: A
Re-estimation Using Mathematical Modelling. PloS Med (2016) 13(10):
€1002152. doi: 10.1371/journal.pmed.1002152

3. Cohen A, Mathiasen VD, Schon T, Wejse C. The global prevalence of latent
tuberculosis: a systematic review and meta-analysis. Eur Respir J (2019) 54
(3):1900655. doi: 10.1183/13993003.00655-2019

4. Keshavjee S, Amanullah F, Cattamanchi A, Chaisson R, Dobos KM,
Fox GJ, et al. Moving Toward Tuberculosis Elimination: Critical Issues for
Research in Diagnostics and Therapeutics for Tuberculosis Infection. Am ]
Respir Crit Care Med (2018) 199(5):564-71. doi: 10.1164/rccm.201806-
1053PP

5. World Health Organization. Implementing tuberculosis diagnostics: A
policy framework. Geneva, Switzerland: World Health Organization
(2015). Available at: https://appswhoint/iris/rest/bitstreams/720125/
retrieve.

6. Horne DJ, Kohli M, Zifodya JS, Schiller I, Dendukuri N, Tollefson D, et al.
Xpert MTB/RIF and Xpert MTB/RIF Ultra for pulmonary tuberculosis and

FUNDING

This work was funded by the National Natural Science
Foundation (grant number 81401639 and 81902132) and the
National Mega Project on Major Infectious Disease Prevention of
China (grant number 2017ZX10103005-007).

ACKNOWLEDGMENTS

We thank the clinical immunology and microbiology
laboratories of Tongji Hospital for technical assistance as well
as the patients and their families.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
641378/full#supplementary-material

Supplementary Figure 1 | The flow analysis template of lymphocyte non-
specific function assay. Diluted whole blood was stimulated with Leukocyte
Activation Cocktail for 4 h. Representative flow plots showing the gating strategies
of IFN-y* cells in CD4", CD8" T cells, and NK cells.

Supplementary Figure 2 | The correlation between ESAT-6 spot number and
CFP-10 spot number. Scatter plot showing the correlation between ESAT-6 spot
number and CFP-10 spot number. ESAT-6, early secreted antigenic target 6; CFP-
10, culture filtrate protein 10.

Supplementary Figure 3 | The performance of the diagnostic model
incorporating ESAT-6 spot number in distinguishing ATB patients from LTBI
individuals. Scatter plots showing the predictive value of diagnostic model
incorporating ESAT-6 spot number in ATB patients (n=49) and LTBI individuals
(n=64). Bars indicated the medians and interquartile ranges. **P<0.001 (Mann-
Whitney U test). Blue dotted line indicates the cutoff value in distinguishing these two
groups. ROC analysis showing the performance of diagnostic model incorporating
ESAT-6 spot number in discriminating ATB patients from LTBI individuals.

rifampicin resistance in adults. Cochrane Database Syst Rev (2019) 6:
CD009593. doi: 10.1002/14651858.CD009593.pub4
. Esmail A, Tomasicchio M, Meldau R, Makambwa E, Dheda K. Comparison of
Xpert MTB/RIF (G4) and Xpert Ultra, including trace readouts, for the
diagnosis of pulmonary tuberculosis in a TB and HIV endemic setting. Int J
Infect Dis (2020) 95:246-52. doi: 10.1016/j.ijid.2020.03.025
8. Du F, Xie L, Zhang Y, Gao F, Zhang H, Chen W, et al. Prospective
Comparison of QFT-GIT and T-SPOT.TB Assays for Diagnosis of Active
Tuberculosis. Sci Rep (2018) 8(1):5882. doi: 10.1038/s41598-018-24285-3
9. Zhou G, Luo Q, Luo S, Teng Z, Ji Z, Yang J, et al. Interferon-7y release assays or
tuberculin skin test for detection and management of latent tuberculosis
infection: a systematic review and meta-analysis. Lancet Infect Dis (2020) 20
(12):1457-69. doi: 10.1016/S1473-3099(20)30276-0
Turner CT, Gupta RK, Tsaliki E, Roe JK, Mondal P, Nyawo GR, et al.
Blood transcriptional biomarkers for active pulmonary tuberculosis in a
high-burden setting: a prospective, observational, diagnostic accuracy
study. Lancet Respir Med (2020) 8(4):407-19. doi: 10.1016/52213-2600(19)
30469-2
Garay-Baquero DJ, White CH, Walker NF, Tebruegge M, Schiff HF, Ugarte-
Gil C, et al. Comprehensive plasma proteomic profiling reveals biomarkers for
active tuberculosis. JCI Insight (2020) 5(18):e137427. doi: 10.1172/
jci.insight.137427

~

10.

11.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 641378


https://www.frontiersin.org/articles/10.3389/fimmu.2021.641378/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.641378/full#supplementary-material
https://appswhoint/iris/rest/bitstreams/1312164/retrieve
https://appswhoint/iris/rest/bitstreams/1312164/retrieve
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.1183/13993003.00655-2019
https://doi.org/10.1164/rccm.201806-1053PP
https://doi.org/10.1164/rccm.201806-1053PP
https://appswhoint/iris/rest/bitstreams/720125/retrieve
https://appswhoint/iris/rest/bitstreams/720125/retrieve
https://doi.org/10.1002/14651858.CD009593.pub4
https://doi.org/10.1016/j.ijid.2020.03.025
https://doi.org/10.1038/s41598-018-24285-3
https://doi.org/10.1016/S1473-3099(20)30276-0
https://doi.org/10.1016/S2213-2600(19)30469-2
https://doi.org/10.1016/S2213-2600(19)30469-2
https://doi.org/10.1172/jci.insight.137427
https://doi.org/10.1172/jci.insight.137427
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luo et al.

Lymphocyte Function Facilitating Tuberculosis Diagnosis

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Warsinske H, Vashisht R, Khatri P. Host-response-based gene signatures for
tuberculosis diagnosis: A systematic comparison of 16 signatures. PloS Med
(2019) 16(4):€1002786. doi: 10.1371/journal.pmed.1002786

Dai Y, Shan W, Yang Q, Guo J, Zhai R, Tang X, et al. Biomarkers of iron
metabolism facilitate clinical diagnosis in M ycobacterium tuberculosis
infection. Thorax (2019) 74(12):1161-7. doi: 10.1136/thoraxjnl-2018-
212557

Suzukawa M, Takeda K, Akashi S, Asari I, Kawashima M, Ohshima N, et al.
Evaluation of cytokine levels using QuantiFERON-TB Gold Plus in patients
with active tuberculosis. J Infect (2020) 80(5):547-53. doi: 10.1016/
jjinf.2020.02.007

Sudbury EL, Clifford V, Messina NL, Song R, Curtis N. Mycobacterium
tuberculosis-specific cytokine biomarkers to differentiate active TB and LTBI:
A systematic review. J Infect (2020) 81(6):873-81. doi: 10.1016/
1.jinf.2020.09.032

Musvosvi M, Duffy D, Filander E, Africa H, Mabwe S, Jaxa L, et al. T-cell
biomarkers for diagnosis of tuberculosis: candidate evaluation by a simple
whole blood assay for clinical translation. Eur Respir ] (2018) 51(3):1800153.
doi: 10.1183/13993003.00153-2018

Adekambi T, Ibegbu CC, Cagle S, Kalokhe AS, Wang YF, Hu Y, et al.
Biomarkers on patient T cells diagnose active tuberculosis and monitor
treatment response. J Clin Invest (2015) 125(5):1827-38. doi: 10.1172/
JCI77990

MacLean E, Broger T, Yerliyaka S, Fernandez-Carballo BL, Pai M, Denkinger
CM. A systematic review of biomarkers to detect active tuberculosis. Nat
Microbiol (2019) 4(5):748-58. doi: 10.1038/s41564-019-0380-2

Lu LL, Das J, Grace PS, Fortune SM, Restrepo BI, Alter G. Antibody Fc
Glycosylation Discriminates Between Latent and Active Tuberculosis. J Infect
Dis (2020) 222(12):2093-102. doi: 10.1093/infdis/jiz643

Luo Y, Xue Y, Yuan X, Lin Q, Tang G, Mao L, et al. Combination of
prealbumin and tuberculosis-specific antigen/phytohemagglutinin ratio for
discriminating active tuberculosis from latent tuberculosis infection. Int J Clin
Pract (2020) 75(4):e13831. doi: 10.1111/ijcp.13831

Luo Y, Xue Y, Lin Q, Tang G, Yuan X, Mao L, et al. A combination
of iron metabolism indexes and tuberculosis-specific antigen/
phytohemagglutinin ratio for distinguishing active tuberculosis from
latent tuberculosis infection. Int J Infect Dis (2020) 97:190-6. doi:
10.1016/}.1jid.2020.05.109

Cegielski JP, McMurray DN. The relationship between malnutrition and
tuberculosis: evidence from studies in humans and experimental animals. Int J
Tuberc Lung Dis (2004) 8(3):286-98.

Folds JD, Schmitz JL. Clinical and laboratory assessment of immunity.
J Allergy Clin Immunol (2003) 111(2):S702-S11:24. doi: 10.1067/mai.2003.122
Luo Y, Xie Y, Zhang W, Lin Q, Tang G, Wu S, et al. Combination of
lymphocyte number and function in evaluating host immunity. Aging (Albany
NY) (2019) 11(24):12685-707. doi: 10.18632/aging.102595

Lin Q, Wang Y, Luo Y, Tang G, Li S, Zhang Y, et al. The Effect of Host
Immunity on Predicting the Mortality of Carbapenem-Resistant Organism
Infection. Front Cell Infect Microbiol (2020) 10:480. doi: 10.3389/
fcimb.2020.00480

Wang F, Hou HY, Wu §J, Zhu Q, Huang M, Yin B, et al. Using the TBAg/PHA
ratio in the T-SPOT((R)).TB assay to distinguish TB disease from LTBI in an
endemic area. Int ] Tuberc Lung Dis (2016) 20(4):487-93. doi: 10.5588/
ijtld.15.0756

Bosco MJ, Hou H, Mao L, Wu X, Ramroop KD, Lu Y, et al. The performance
of the TBAg/PHA ratio in the diagnosis of active TB disease in
immunocompromised patients. Int J Infect Dis (2017) 59:55-60. doi:
10.1016/j.4jid.2017.03.025

Wang F, Yu J, Zhou Y, Luo Y, Wu S, Huang M, et al. The Use of TB-
Specific Antigen/Phytohemagglutinin Ratio for Diagnosis and Treatment
Monitoring of Extrapulmonary Tuberculosis. Front Immunol (2018)
9:1047. doi: 10.3389/fimmu.2018.01047

Wang F, Liu K, Peng J, Luo Y, Tang G, Lin Q, et al. Combination of Xpert
MTB/RIF and TBAg/PHA Ratio for Prompt Diagnosis of Active Tuberculosis:
A Two-Center Prospective Cohort Study. Front Med (Lausanne) (2020) 7:119.
doi: 10.3389/fmed.2020.00119

Luo Y, Tang G, Lin Q, Mao L, Xue Y, Yuan X, et al. Combination of mean
spot sizes of ESAT-6 spot-forming cells and modified tuberculosis-

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

specific antigen/phytohemagglutinin ratio of T-SPOT.TB assay in
distinguishing between active tuberculosis and latent tuberculosis
infection. J Infect (2020) 81(1):81-9. doi: 10.1016/}.jinf.2020.04.038
Zhou Y, Du J, Hou HY, Lu YF, Yu J, Mao LY, et al. Application of
ImmunoScore Model for the Differentiation between Active Tuberculosis
and Latent Tuberculosis Infection as Well as Monitoring Anti-tuberculosis
Therapy. Front Cell Infect Microbiol (2017) 7:457. doi: 10.3389/
fcimb.2017.00457

Katakura S, Kobayashi N, Hashimoto H, Kamimaki C, Tanaka K, Kubo S,
et al. Identification of a novel biomarker based on lymphocyte count,
albumin level, and TBAg/PHA ratio for differentiation between active and
latent tuberculosis infection in Japan. Tuberculosis (Edinb) (2020)
125:101992. doi: 10.1016/j.tube.2020.101992

DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under
two or more correlated receiver operating characteristic curves: a
nonparametric approach. Biometrics (1988) 44(3):837-45. doi: 10.2307/
2531595

McQuaid CF, McCreesh N, Read JM, Sumner T, Group CC-W, Houben R,
et al. The potential impact of COVID-19-related disruption on tuberculosis
burden. Eur Respir ] (2020) 56(2):2001718. doi: 10.1183/13993003.01718-
2020

Owolabi OA, Jallow AO, Jallow M, Sowe G, Jallow R, Genekah MD, et al.
Delay in the diagnosis of pulmonary tuberculosis in The Gambia, West Africa:
A cross-sectional study. Int ] Infect Dis (2020) 101:102-6. doi: 10.1016/j.ijid.
2020.09.029

Saunders MJ, Evans CA. COVID-19, tuberculosis and poverty: preventing a
perfect storm. Eur Respir J (2020) 56(1):2001348. doi: 10.1183/13993003.
01348-2020

Komiya K, Yamasue M, Takahashi O, Hiramatsu K, Kadota JI, Kato S. The
COVID-19 pandemic and the true incidence of Tuberculosis in Japan.
J Infect (2020) 81(3):e24-e5. doi: 10.1016/j.jinf.2020.07.004

Lai CC, Yu WL. The COVID-19 pandemic and tuberculosis in Taiwan.
J Infect (2020) 81(2):e159-¢61. doi: 10.1016/}.jinf.2020.06.014

World Health Organization. A Global Strategy for tuberculosis research
and innovation. Geneva, Switzerland: World Health Organization (2020).
Available at: https://appswhoint/iris/rest/bitstreams/1312195/retrieve.
Luo Y, Yan F, Xue Y, Mao L, Lin Q, Tang G, et al. Diagnostic utility of pleural
fluid T-SPOT and interferon-gamma for tuberculous pleurisy: A two-center
prospective cohort study in China. Int ] Infect Dis (2020) 99:515-21. doi:
10.1016/}.jid.2020.08.007

Goletti D, Carrara S, Butera O, Amicosante M, Ernst M, Sauzullo I, et al.
Accuracy of immunodiagnostic tests for active tuberculosis using single
and combined results: a multicenter TBNET-Study. PloS One (2008) 3(10):
e3417. doi: 10.1371/journal.pone.0003417

Kang WL, Wang GR, Wu MY, Yang KY, Er-Tai A, Wu SC, et al.
Interferon-Gamma Release Assay is Not Appropriate for the Diagnosis
of Active Tuberculosis in High-Burden Tuberculosis Settings: A
Retrospective Multicenter Investigation. Chin Med ] (Engl) (2018) 131
(3):268-75. doi: 10.4103/0366-6999.223860

Hou H, Zhou Y, Yu J, Mao L, Bosco MJ, Wang J, et al. Establishment of
the Reference Intervals of Lymphocyte Function in Healthy Adults Based on
IFN-gamma Secretion Assay upon Phorbol-12-Myristate-13-Acetate/
Tonomycin Stimulation. Front Immunol (2018) 9:172. doi: 10.3389/
fimmu.2018.00172

Pan L, Jia H, Liu F, Sun H, Gao M, Du F, et al. Risk factors for false-
negative T-SPOT.TB assay results in patients with pulmonary and
extra-pulmonary TB. ] Infect (2015) 70(4):367-80. doi: 10.1016/j.jinf.2014.
12.018

Liao CH, Lai CC, Tan CK, Chou CH, Hsu HL, Tasi TH, et al. False-negative results
by enzyme-linked immunospot assay for interferon-gamma among patients with
culture-confirmed tuberculosis. J Infect (2009) 59(6):421-3. doi: 10.1016/
jjinf.2009.09.012

Nguyen DT, Teeter LD, Graves ], Graviss EA. Characteristics Associated
with Negative Interferon-gamma Release Assay Results in Culture-Confirmed
Tuberculosis Patients, Texas, USA, 2013-2015. Emerg Infect Dis (2018) 24
(3):534-40. doi: 10.3201/eid2403.171633

Yang C, Zhang S, Yao L, Fan L. Evaluation of risk factors for false-negative
results with an antigen-specific peripheral blood-based quantitative T

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 641378


https://doi.org/10.1371/journal.pmed.1002786
https://doi.org/10.1136/thoraxjnl-2018-212557
https://doi.org/10.1136/thoraxjnl-2018-212557
https://doi.org/10.1016/j.jinf.2020.02.007
https://doi.org/10.1016/j.jinf.2020.02.007
https://doi.org/10.1016/j.jinf.2020.09.032
https://doi.org/10.1016/j.jinf.2020.09.032
https://doi.org/10.1183/13993003.00153-2018
https://doi.org/10.1172/JCI77990
https://doi.org/10.1172/JCI77990
https://doi.org/10.1038/s41564-019-0380-2
https://doi.org/10.1093/infdis/jiz643
https://doi.org/10.1111/ijcp.13831
https://doi.org/10.1016/j.ijid.2020.05.109
https://doi.org/10.1067/mai.2003.122
https://doi.org/10.18632/aging.102595
https://doi.org/10.3389/fcimb.2020.00480
https://doi.org/10.3389/fcimb.2020.00480
https://doi.org/10.5588/ijtld.15.0756
https://doi.org/10.5588/ijtld.15.0756
https://doi.org/10.1016/j.ijid.2017.03.025
https://doi.org/10.3389/fimmu.2018.01047
https://doi.org/10.3389/fmed.2020.00119
https://doi.org/10.1016/j.jinf.2020.04.038
https://doi.org/10.3389/fcimb.2017.00457
https://doi.org/10.3389/fcimb.2017.00457
https://doi.org/10.1016/j.tube.2020.101992
https://doi.org/10.2307/2531595
https://doi.org/10.2307/2531595
https://doi.org/10.1183/13993003.01718-2020
https://doi.org/10.1183/13993003.01718-2020
https://doi.org/10.1016/j.ijid.2020.09.029
https://doi.org/10.1016/j.ijid.2020.09.029
https://doi.org/10.1183/13993003.01348-2020
https://doi.org/10.1183/13993003.01348-2020
https://doi.org/10.1016/j.jinf.2020.07.004
https://doi.org/10.1016/j.jinf.2020.06.014
https://appswhoint/iris/rest/bitstreams/1312195/retrieve
https://doi.org/10.1016/j.ijid.2020.08.007
https://doi.org/10.1371/journal.pone.0003417
https://doi.org/10.4103/0366-6999.223860
https://doi.org/10.3389/fimmu.2018.00172
https://doi.org/10.3389/fimmu.2018.00172
https://doi.org/10.1016/j.jinf.2014.12.018
https://doi.org/10.1016/j.jinf.2014.12.018
https://doi.org/10.1016/j.jinf.2009.09.012
https://doi.org/10.1016/j.jinf.2009.09.012
https://doi.org/10.3201/eid2403.171633
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luo et al.

Lymphocyte Function Facilitating Tuberculosis Diagnosis

cellassay (T-SPOT((R)). TB) in the diagnosis of active tuberculosis: A large-
scale retrospective study in China. J Int Med Res (2018) 46(5):1815-25. doi:
10.1177/0300060518757381

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Luo, Xue, Cai, Lin, Tang, Song, Liu, Mao, Yuan, Zhou, Liu, Wu,
Sun and Wang. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 641378


https://doi.org/10.1177/0300060518757381
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Lymphocyte Non-Specific Function Detection Facilitating the Stratification of Mycobacterium tuberculosis Infection
	Introduction
	Methods
	Study Design
	Lymphocyte Non-Specific Function Assay
	T-SPOT Assay
	Statistical Analysis

	Results
	Participants’ Characteristics
	The Correlation Between PHA Spot Number and Lymphocyte Non-Specific Function
	Lymphocyte Non-Specific Function for Identifying ATB With False-Negative T-SPOT Result
	Lymphocyte Non-Specific Function for Distinguishing Between ATB and LTBI
	Combination of Lymphocyte Non-Specific Function and T-SPOT for Differentiating ATB From LTBI
	Comparison Between Diagnostic Model and TBAg/PHA Ratio for Discriminating ATB From LTBI

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


