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Background: Easily accessible tools that reliably stratify Mycobacterium tuberculosis
(MTB) infection are needed to facilitate the improvement of clinical management. The
current study attempts to reveal lymphocyte-related immune characteristics of active
tuberculosis (ATB) patients and establish immunodiagnostic model for discriminating ATB
from latent tuberculosis infection (LTBI) and healthy controls (HC).

Methods: A total of 171 subjects consisted of 54 ATB, 57 LTBI, and 60 HC were
consecutively recruited at Tongji hospital from January 2019 to January 2021. All
participants were tested for lymphocyte subsets, phenotype, and function. Other
examination including T-SPOT and microbiological detection for MTB were performed
simultaneously.

Results: Compared with LTBI and HC, ATB patients exhibited significantly lower number
and function of lymphocytes including CD4" T cells, CD8" T cells and NK cells, and
significantly higher T cell activation represented by HLA-DR and proportion of
immunosuppressive cells represented by Treg. An immunodiagnostic model based on
the combination of NK cell number, HLA-DR*CD3™ T cells, Treg, CD4* T cell function, and
NK cell function was built using logistic regression. Based on receiver operating
characteristic curve analysis, the area under the curve (AUC) of the diagnostic model
was 0.920 (95% Cl, 0.867-0.973) in distinguishing ATB from LTBI, while the cut-off value
of 0.676 produced a sensitivity of 81.48% (95% Cl, 69.16%-89.62%) and specificity of
91.23% (95% ClI, 81.06%-96.20%). Meanwhile, AUC analysis between ATB and HC
according to the diagnostic model was 0.911 (95% ClI, 0.855-0.967), with a sensitivity of
81.48% (95% Cl, 69.16%-89.62%) and a specificity of 90.00% (95% Cl, 79.85%-95.34%).
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Immunological Indicators Stratifying MTB Infection

Conclusions: Our study demonstrated that the immunodiagnostic model established by
the combination of lymphocyte-related indicators could facilitate the status differentiation

of MTB infection.

Keywords: lymphocyte, immunological biomarkers, immunodiagnostic model, active tuberculosis, latent
tuberculosis infection, differential diagnosis

INTRODUCTION

Tuberculosis (TB) remains a major global health issue as a
leading infectious disease caused by Mycobacterium tuberculosis
(MTB) infection (1). It was reported that there were around 10
million cases and 1.5 million deaths in 2019 (2). Most subjects
suffered with MTB infection stay clinically asymptomatic which is
called latent TB infection (LTBI). A relatively small proportion of
these individuals would develop to active TB (ATB) during their
life (3, 4). TB control strategies largely focus on identification and
treatment of people with ATB. Accurate and early diagnosis could
minimize therapy period and maximize quality of life. Therefore,
developing novel biomarkers for TB diagnostics with satisfactory
value has become a priority for TB control.

To date, ATB diagnosis mainly relies on either insensitive
(acid fast bacilli smears) or time consuming (mycobacterial
culture) methods (5). The clinical use of these approaches
often leads to defer initiation of therapy. Molecular methods
such as GeneXpert MTB/RIF and GeneXpert MTB/RIF Ultra
have begun to overcome some of these barriers (6-8). However,
such tests cannot show sufficient advantages due to their
suboptimal sensitivity that cannot meet clinical needs (9).
Besides, they are unable to differentiate live from dead
mycobacteria, and remain prohibitively expensive to operate.
Interferon gamma release assays, including QuantiFERON-TB
Gold In-Tube based on enzyme-linked immunosorbent assay
and T-SPOT based on enzyme-linked immune-spot assay, were
availably used to detect MTB infection (10-12). Nevertheless,
both of these two methods could not distinguish between ATB
and LTBI, while were also not recommended for ATB diagnosis
especially in area with high TB burden (13).

Meanwhile, several studies described the utility of T cell
receptor beta variable from peripheral blood for diagnosing
MTB infection (14, 15). Howbeit, the current validation is
limited and further exploration is needed. Multiple limitations
registered by conventional tests of etiology hurdles to the timely
diagnosis of disease and contribute to promote clinical
progression as well as continued transmission. Recent advances
in genomics (16, 17), transcriptomics (18-20), proteomics
(21-23), and metabolomics (24-26) have effectively facilitated
the diagnosis of TB. But these emerging methods often require
prohibitively complex equipment and operations, which
hinder their promotion of clinical applications. Meanwhile,
most investigations in this area are preliminary. The results
regarding clinical diagnostic value of these approaches were
usually obtained in small sample populations or regions with
limited incidence, and have not been verified by multiple centers
and large sample sizes.

Besides, previous work has reported the low number of
lymphocytes in TB patients (27). In addition, several studies
have identified the specific characteristics of the immunophenotype
in TB patients (28, 29). Furthermore, our team has previously
introduced a novel method-lymphocyte function assay for
evaluating lymphocyte function (30, 31). The test could reflect the
activation, chemotaxis, and cytotoxicity of lymphocytes through the
percentage of IFN-y released under PMA/ionomycin stimulation
(32). We have verified its diagnostic and prognostic value among a
variety of disease models including lymphoma (33), kidney
transplantation (31), and carbapenem-resistant organism infection
(34). Up to now, there are few investigations of lymphocyte function
assay in the area of TB diagnosis. Therefore, it is necessary to
conduct a more comprehensive assessment of TB patients by
combining the number, phenotype, and function of lymphocytes.
The present study aims to clarify lymphocyte-related immune
signatures of individuals under different status of MTB infection
and investigate the diagnostic role of these indicators for the
distinguishment between ATB, LTBI, and healthy controls (HC).

METHODS
Study Design

The present study was performed at Tongji Hospital from
January 2019 to January 2021. Adult participants with age
equal or more than 18 years were consecutively enrolled to the
study. ATB was diagnosed by the identification of MTB in
sputum or bronchoalveolar lavage fluid based on mycobacterial
culture or GeneXpert MTB/RIF with symptoms compatible of
ATB including prolonged cough, chest pain, weakness or fatigue,
weight loss, fever, and night sweats. LTBI was defined by positive
T-SPOT result without symptomatic, microbiological, or
radiological evidences of ATB as well as the history of TB
(Supplementary Figure 1). Individuals with negative T-SPOT
results and without any evidence of suspected ATB or other
diseases were categorized as HC. Subjects with HIV infection or
receiving anti-TB treatment for more than 2 weeks were
excluded from the study. Besides, patients with other infectious
diseases, tumors, and autoimmune diseases were excluded from
this study. Lymphocyte-related immune profile including
lymphocyte subsets, lymphocyte phenotype, and lymphocyte
function was analyzed among ATB, LTBI, as well as HC. This
study was approved by the ethics committee of Tongji Hospital,
Tongji Medical College, Huazhong University of Science
and Technology.
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Lymphocyte Subsets

Heparinized peripheral blood was collected for performing
lymphocyte subset analysis. The percentages and numbers of
CD4" T cells, CD8" T cells, NK cells, and B cells were determined
by using TruCOUNT tubes and BD Multitest 6-color TBNK
Reagent Kit (BD Biosciences, San Jose, CA, USA) according to
the manufacturer’s instructions. A volume of 50 pl peripheral
blood was labeled with 6-color TBNK antibody cocktail for
20 min in room temperature. After adding 450 pl of FACS
Lysing Solution, samples were analyzed with FACSCanto flow
cytometer. Cells with positive CD45 expression and with low side
scatter were gated as lymphocytes. TruCOUNT beads were gated
based on side scatter and fluorescence intensity. CD3" cells in
lymphocyte gate were defined as total T cells. CD3"CD4"CD8"
and CD3"CD4 CD8" cells were respectively defined as CD4" T
cells and CD8" T cells. CD16"CD56" cells and CD19" cells in
CD3’ cells were respectively defined as NK cells and B cells. The
gating strategies for lymphocyte subsets analysis was shown
in Figure 1A.

Lymphocyte Function

Lymphocyte function assay was performed under PMA/
ionomycin-stimulation as introduced previously (31). The
operation was described as the following: (1) 100 pl of whole
peripheral blood was diluted with 400 pl of IMDM medium
(Gibco, Grand Island, NY, USA, cat 31980-030, plus 25mM
HEPES and 3.024g/L Sodium Bicarbonate); (2) the diluted whole
peripheral blood was incubated in the presence of Leukocyte
Activation Cocktail (Becton Dickinson GolgiPlugTM) for 4 h;
(3) the cells were labeled with antibodies including anti-CD45,
anti-CD3, anti-CD4, anti-CD8, and anti-CD56 for 20 minutes
at room temperature; (4) the cell were fixed and permeabilized;

(5) the cells were stained with intracellular anti-IFN-y antibody;
and (6) the cells were analyzed with FACSCanto flow cytometer.
The percentages of IFN-y" cells in various cell subsets were
defined as the function of them. Specially, the percentage of
IFN-Y" cells in CD3"CD4"CD8" cells was regarded as CD4"
T cell function; the percentage of IFN-y" cells in CD3"CD4
CD8" cells was regarded as CD8" T cell function; the percentage
of IFN-y" cells in CD3°CD56" cells was regarded as NK cell
function. The gating strategies for lymphocyte function assay was
shown in Figure 1B.

Lymphocyte Phenotype

Heparinized peripheral blood was collected for performing
lymphocyte phenotype analysis. The following monoclonal
antibodies were added to 100 ul of whole blood: anti-CD45,
anti-CD3, anti-CD4, anti-CDS8, anti-CD25, anti-CD127, anti-
CD28, anti-HLA-DR, anti-CD45RA, and anti-CD45RO (BD
Biosciences, San Jose, CA, USA). Isotype controls with
irrelevant specificities were included as negative controls. Cell
suspensions were incubated for 20 min at room temperature. The
cells were washed and resuspended in 200 ul of phosphate buffer
saline after lysing red blood cells. Then, the cells were analyzed
with FACSCanto flow cytometer. The gating strategies for
lymphocyte phenotype analysis was shown in Figure 1C.

Statistical Analysis

Continuous variables were presented as mean * standard
deviation (SD) or median (interquartile range, IQR). The
comparison between continuous variables was performed using
T-test if the continuous value is normal distribution and
homogeneity of variance or Mann-Whitney U test if not.
Categorical variables were presented as numbers (percentages)
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FIGURE 1 | The gating strategies for (A) lymphocyte subset analysis, (B) lymphocyte function, and (C) lymphocyte phenotype analysis.
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and compared using Chi-square test or Fisher’s exact test. A two-
tailed p-value less than 0.05 was considered statistically
significant. For the establishment of immunodiagnostic model,
indicators with statistical difference were selected and taken
as candidates in multivariable logistic regression. Then,
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. Receiver operating characteristic (ROC) curve was
plotted to evaluate the diagnostic performance of various
indicators. 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 as well as the corresponding 95% confidence interval
(CI) were calculated. Z statistic was used for the comparison
between AUCs with the procedure of Delong et al. (35). Data were
analyzed using IBM SPSS 25.0 (SPSS Inc. Chicago, IL, USA),
GraphPad Prism 8.0 (GraphPad Software, Inc. La Jolla, USA),
MedCalc version 11.6 (MedCalc, Mariakerke, Belgium), and
R 4.0.2 program (R Core Team).

RESULTS

Participant Characteristics

A total of 171 subjects including 54 ATB, 57 LTBI, and 60 HC
were consecutively enrolled from January 2019 to January 2021
at Tongji Hospital. The demographic and clinical manifestation
of all participants were summarized in Table 1. There was no
significant difference in scale of age and gender between these
three groups. The median age was around 51 years. Males were
predominant in all groups.

Lymphocyte Subsets in ATB, LTBI, and HC
We performed lymphocyte subset analysis among ATB patients,
LTBI individuals, and HC. It was observed that compared with
LTBI individuals, ATB patients showed significantly lower T cell
number, B cell number, CD4" T cell number, CD8" T cell
number, NK cell percentage, NK cell number, total percentage

of T cells, B cells and NK cells (T+B+NK cell percentage), total
number of T cells, B cells and NK cells (T+B+NK cell number),
and higher T cell percentage, CD8" T cell percentage (Figure 2).
There was no significant difference in B cell percentage, CD4" T
cell percentage, and CD4/CD8 ratio between these two groups.

For the comparison between ATB group and HC group. T cell
percentage and CD8" T cell percentage were significantly higher,
whereas T cell number, B cell number, CD4" T cell number,
CD8" T cell number, NK cell percentage, NK cell number,
T+B+NK cell percentage, and T+B+NK cell number were
significantly lower in ATB patients than those in HC. No
significant difference in B cell percentage, CD4" T cell
percentage, and CD4/CD8 ratio was found between ATB and
HC (Figure 2). No significant differences in all indicators among
lymphocyte subset analysis were observed in between LTBI and
HC (Figure 2).

Lymphocyte Phenotype in ATB, LTBI,

and HC

We characterized lymphocyte phenotype in ATB, LTBI, and HC.
Most of the phenotypes did not significantly differ between ATB
and non-ATB. Statistical differences were only found in HLA-
DR expression on T cells and the proportion of Treg. Specifically,
the proportions of HLA-DR'CD3" T cells and Treg in ATB
patients were significantly higher than those in LTBI individuals
or HC (Figure 3). The proportions of CD28"CD4" T cells,
CD28"CD8" T cells, HLA-DR'CD3"CD4" T cells, HLA-
DR'CD3"CD8" T cells, CD45RA'CD4" T cells, CD45RO'CD4" T
cells, and CD45RO" Treg of participants with ATB did not differ
significantly from LTBI or HC (Figure 3). No statistical difference was
observed in all indexes among lymphocyte phenotype analysis between
LTBI and HC (Figure 3).

Lymphocyte Function in ATB, LTBI,

and HC

Lymphocyte function was investigated in ATB, LTBI, and HC. It
was found that the function of CD4" T cells, CD8" T cells, and
NK cells was significantly lower in ATB patients than in LTBI
individuals or HC, while no significant difference presented in

TABLE 1 | Demographic and clinical characteristics of included subjects.

Variables ATB (n = 54) LTBI (n = 57) HC (n = 60)
Age, years 51 (33-62) 51 (35-66) 52 (35-68)
Sex, male, % 31 (67.41%) 28 (49.12%) 34 (56.67%)
TB history 12 (22.22%) 0 (0%) 0 (0%)
Underlying condition or illness

Diabetes mellitus 3 (5.56%) 3 (5.26%) 0 (0%)
End-stage renal disease 2 (3.7%) 2 (3.51%) 0 (0%)
Liver cirrhosis 2 (3.7%) 1(1.75%) 0 (0%)
Positive mycobacterial culture 45 (83.33%) N/A N/A
Positive GeneXpert MTB/RIF 39 (72.22%) N/A N/A

ATB, active tuberculosis; LTBI, latent tuberculosis infection;, HC, healthy controls; TB, tuberculosis; N/A, not applicable. Data were presented as medians (25th-75th percentiles) or

numbers (percentages).
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CD4" T cell function, CD8" T cell function, and NK cell function
between LTBI and HC group (Figure 4).

Establishing Immunodiagnostic Model for
Stratifying the Status of MTB Infection
In order to investigate the possibility of combining different
immune indicators to distinguish the status of MTB infection, we
performed heatmap analysis and discovered the potential of
combination of these indexes to distinguish ATB from non-
ATB (Supplementary Figure 2). We next analyzed the cross set
of indicators with significant differences in three groups. The
overlap of 9 indicators with significant difference indicated the
possible conjunct use for stratification (Figure 5).

To establish the diagnostic model based on a combination for
differentiating ATB from LTBI, all variables with statistical
significance were used for multivariable logistic regression

FIGURE 2 | The results of lymphocyte subsets in ATB, LTBI, and HC. (A) Scatter plots showing the results of lymphocyte subsets in ATB (n = 54), LTBI (n = 57),
and HC (n = 60). Horizontal lines indicate the median. *P < 0.05, *P < 0.01, **P < 0.001, ns, no significance (Mann-Whitney U test). (B) Heatmap showing the
results of lymphocyte subsets in ATB group, LTBI group, and HC group. Each rectangle indicates the median result of a group. ATB, active tuberculosis; LTBI, latent

analysis. The diagnostic model was established as the follows:
P = 1/[1 + e—(f0.00S*NK cell number + 0.102xHLA-DR+CD3+ T cells +

0.53%Treg - 0.147%CD4+ T cell function - 0.0494NK cell function + 3.95)] P
>

predictive value; e, natural logarithm. Venn diagram showed the
overlap of these five parameters in ATB, LTBI, and HC groups
and confirmed the appropriate combination of them (Figure 6).
The AUC presented by the diagnostic model was 0.920 (95% CI,
0.867-0.973) (Table 2 and Figures 7A, B). The cutoff value of
0.676 for diagnostic model showed a sensitivity of 81.48% (95%
CI, 69.16%-89.62%) and specificity of 91.23% (95% CI, 81.06%-
96.20%) in distinguishing between ATB and LTBI (Table 2). We
also applied the model to discriminate ATB from HC. It was
observed that the sensitivity and specificity for the model were
81.48% (95% CI, 69.16%-89.62%) and 90.00% (95% CI, 79.85%-
95.34%) with the threshold as 0.676 (Table 3 and Figures 7C, D).
Meanwhile, the comparison between AUCs showed that the
performance of the diagnostic model was superior to the
individual immune indicator (Tables 2, 3 and Figure 8).
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FIGURE 5 | The cross set between various immune indicators in ATB, LTBI, and HC. (A) Upset plot showing the cross set between various immune indicators in
ATB. (B) Upset plot showing the cross set between various immune indicators in LTBI. (C) Upset plot showing the cross set between various immune indicators in
HC. ATB, active tuberculosis; LTBI, latent tuberculosis infection; HC, healthy controls.

The Relationship Between Immune
Indicators in ATB Patients

We conducted correlation analysis of different immune
indicators in ATB patients (Figure 9A). It was observed that
the proportion of HLA-DR'CD3"CD4" T cells was significantly
negative, whereas the proportion of Treg was significantly
positive, with the number of CD4" T cells. There was a
significantly positive correlation between the function of CD4"
T cells and the expression of HLA-DR on these cells. The same

phenomenon was also presented in CD8" T cells. Meanwhile,
statistically positive correlation existed between CD4" T cell
function and CD8" T cell function (Figure 9B).

DISCUSSION

Control of the TB pandemic remains hindered (36-38). Major
challenges for TB control include the lack of specific drugs and
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biomarkers for stratifying MTB infection, and the emergence of
drug resistance (39-46). Current gold standard diagnostics that
rely on bacteriological assays are slow and challenging to
implement, as well as incompatible with the healthcare settings
in which TB is frequently seen (47, 48). On the other hand,
although many efforts including various omics have been made
to overcome the issue, these methods have not been effectively
verified, making it difficult to transform into clinical practice.
Hence, the stratification of MTB infection still needs to be
addressed with urgency.

Immune biomarkers based on flow cytometer have recently
begun to emerge as clinically useful diagnostic and prognostic

markers of infectious disease (49-51). Growing evidence has
demonstrated that TB may elicit specific patterns of immune
response (52-54). Nonetheless, there was rare study targeted for
comprehensive evaluation for host immunity towards MTB
infection. Most previous studies focused on the number of
lymphocyte or its subsets in ATB. A few studies explored the
immunophenotype of ATB patients, while few studies evaluated
lymphocyte function of subjects with MTB infection. Thus, these
previous studies have not fully clarified the host immune
landscape among subjects with MTB infection on account of
methodological limitations. Our study simultaneously
determined the immune characteristics of lymphocyte at
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TABLE 2 | The performance of different methods for distinguishing between ATB and LTBI.

Methods Cutoff AUC (95% ClI) Sensitivity Specificity PPV (95% CI) NPV (95% CI) PLR NLR Accuracy
value (95% CI) (95% Cl) (95% CI) (95% CI)

CD4* T cell 404 0.788" (0.694- 57.41% (44.16%- 91.23% (81.06%- 86.11% (71.34%- 69.33% (58.17%- 6.54 (2.75- 0.47 (0.34- 74.77%

number (/pl) 0.882) 69.67%) 96.20%) 93.92%) 78.61%) 15.59) 0.64)

CD8* T cell 203 0.633% (0.528- 35.19% (23.82%- 85.96% (74.68%- 70.37% (51.52%- 58.33% (47.65%- 251 (1.2- 0.75(0.6- 61.26%

number (/pl) 0.737) 48.52%) 92.71%) 84.15%) 68.29%) 5.24) 0.94)

NK cell number 156 0.852* (0.778- 68.52% (55.26%- 87.72% (76.75%- 84.09% (70.63%- 74.63% (63.07%- 5.58 (2.72- 0.36 (0.24- 78.38%

(/ul) 0.927) 79.32%) 93.92%) 92.07%) 83.51%) 11.43) 0.54)

B cell number (/ul) 93 0.629% (0.523- 38.89% (27.04%- 85.96% (74.68%- 72.41% (54.28%- 59.76% (48.94%- 2.77 (1.34- 0.71 (0.56- 63.06%
0.736) 52.21%) 92.71%) 85.30%) 69.70%) 5.72) 0.9)

HLA-DR*CD3* T 24.7 0.611% (0.504- 40.74% (28.68%- 80.70% (68.66%- 66.67% (49.61%- 58.97% (47.89%- 2.11 (1.13- 0.73(0.57- 61.26%

cells (%) 0.719) 54.03%) 88.87%) 80.25%) 69.22%) 3.93) 0.95)

Treg (%) 3.82 0.613*% (0.506- 44.44% (32.00%- 80.70% (68.66%- 68.57% (52.02%- 60.53% (49.29%- 2.3 (1.25- 0.69 (0.53- 63.06%
0.720) 57.62%) 88.87%) 81.45%) 70.75%) 4.23) 0.9

CD4* T cell 13.8 0.766% (0.678- 42.59% (30.33%- 92.98% (83.30%- 85.19% (67.52%- 63.10% (52.42%- 6.07 (2.25- 0.62 (0.49- 68.47%

function (%) 0.854) 55.84%) 97.24%) 94.09%) 72.63%) 16.41) 0.79)

CD8* T cell 41.2 0.782" (0.692- 62.96% (49.63%- 92.98% (83.30%- 89.47% (75.87%- 72.60% (61.44%- 8.97 (3.41- 0.4 (0.28-  78.38%

function (%) 0.873) 74.58%) 97.24%) 95.83%) 81.51%) 23.59) 0.57)

NK cell function 62.1 0.744% (0.650- 37.04% (25.42%- 91.23% (81.06%- 80.00% (60.87%- 60.47% (49.90%- 4.22 (1.71- 0.69 (0.55- 64.86%

(%) 0.838) 50.37%) 96.20%) 91.14%) 70.14%) 10.45) 0.86)

Diagnostic model 0.676  0.920 (0.867- 81.48% (69.16%- 91.23% (81.06%- 89.80% (78.24%- 83.87% (72.79%- 9.29 (3.98- 0.2 (0.12- 86.49%
0.973) 89.62%) 96.20%) 95.56%) 91.00%) 21.66) 0.36)

*Compared with diagnostic model using z statistic, P < 0.05; Tcompared with diagnostic model using z statistic, P < 0.01; *compared with diagnostic model using z statistic, P < 0.001;
ATB, active tuberculosis; LTBI, latent tuberculosis infection; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR,

negative likelihood ratio; Cl, confidence interval.

different stages of MTB infection from number, phenotype, and
function for the first time. We confirmed the low levels of
lymphocyte number and function, hyperactivation and high
proportion of Treg in patients with ATB. These data indicate
that ATB patients are in a state of hyperinflammatory but with
low immune potential. TB is generally considered to be a disease
with malnutrition. Some previous studies have reported the low
level of serum iron (55) and prealbumin (56) in ATB patients.
Thus, the low level of lymphocyte number and function found in
our research echoed these phenomena. Furthermore, we
discovered the potential of the combination of three types of
immune indicators to differentiate the status of MTB infection
through Venn diagram analysis, and successfully established an
immunodiagnostic model using logistic regression. The model
based on the combination of NK cell number, HLA-DR*CD3" T
cells, Treg, CD4" T cell function, and NK cell function could
efficaciously distinguish ATB from LTBI and HC.

Some publications have shown that the phenotype including
HLA-DR, CD38, and Ki-67 on TB-specific cells was helpful for
TB diagnosis (28, 57). However, this type of method requires
additional specific stimulation for more than 12 hours. Besides,
in order to obtain enough IFN-y" or TNF-o." cells for subgroup
analysis, a large volume of peripheral blood is usually needed
(57). The complexity of these operations makes it difficult into
clinical transformation. In addition, owing to the existence of
ATB patients with negative T-SPOT results and MTB infected
individuals with low-value-T-SPOT results (58-61), the
effectiveness of this method will be greatly reduced due to not
getting enough TB-specific cells for analysis. On the other hand,
some literature reported that cytokines including IL-2, IFN-y,
and TNF-o have the potential to diagnose TB (62-65). However,

the value of most unstimulated cytokines was limited, the more
advantageous diagnostic utility often also requires TB-specific
stimulation. Moreover, the large heterogeneity between different
studies also hinders the possibility of its translation into clinical
practice (66). The detection of lymphocyte-related indicators
that we performed in the present study requires only a small
volume of peripheral blood plus short-term non-specific
stimulation, while eliminating cumbersome extraction of
peripheral blood mononuclear cells. Therefore, our established
diagnostic model has more advantages in applying to
clinical practice.

Regarding the indicators observed in this study, the immune
profiles did not differ significantly between LTBI and HC groups.
On the one hand, these data indicates that the host immunity
of individuals with LTBI may temporarily successfully resist
MTB. As a result, the body shows no immune barriers or
defects as a whole. On the other hand, it may be that the
immune indicators observed in our research are not specific
and comprehensive, they cannot reflect the subtle difference of
immune characteristics between the two groups. Various
immune cell population including monocytes, dendritic cells,
neutrophils need to be further analyzed in a broader spectrum.
Meanwhile, detailed classification such as helper T cell and
follicular helper T cell should be also conducted. These
directions are also applicable to the expansion of immune
observation in ATB group.

Several limitations should be noticed in the current study.
First, the sample size in this study is relatively small, and
stratified analysis targeted for different underlying diseases
such as HIV infection has not been carried out. Validation by
larger population in areas with different disease burdens would
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FIGURE 7 | The performance of established diagnostic model for distinguishing ATB from LTBI and HC. (A) Scatter plots showing the predictive value of diagnostic
model in ATB patients (n = 54) and LTBI individuals (n = 57). Horizontal lines indicate the median. ***P < 0.001 (Mann-Whitney U test). Dotted line indicates the cutoff
value in distinguishing these two groups. (B) ROC analysis showing the performance of diagnostic model in discriminating ATB patients from LTBI individuals.

(C) Scatter plots showing the predictive value of diagnostic model in ATB patients (n = 54) and HC (n = 60). Horizontal lines indicate the median. ***P < 0.001
(Mann-Whitney U test). Dotted line indicates the cutoff value in distinguishing these two groups. (D) ROC analysis showing the performance of diagnostic model in
discriminating ATB patients from HC. ATB, active tuberculosis; LTBI, latent tuberculosis infection; HC, healthy controls; ROC, receiver operating characteristic.

be further needed. Second, lymphocyte immune indicators
analyzed in this study are not comprehensive enough,
and multi-dimensional analysis using polychromatic flow
cytometry is also very necessary. Third, given that time
course comparisons under treatment, MTB-specific assays,
and identified immune cell markers such as CD38 and CD27

were missing in the present study (67, 68), further investigation
targeting monitoring or conjunction of different methods
are needed. Fourth, since the underlying diseases might
affect the levels of these lymphocyte-related immune
indicators, individuals with other infectious diseases, tumors,
and autoimmune diseases were excluded from this study.
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TABLE 3 | The performance of different methods for distinguishing between ATB and HC.

Methods Cutoff AUC (95% ClI) Sensitivity Specificity PPV (95% CI) NPV (95% CI) PLR NLR Accuracy
value (95% CI) (95% Cl) (95% CI) (95% CI)

CD4* T cell 404 0.768" (0.675- 57.41% (44.16%- 85.00% (73.89%- 77.50% (62.50%- 68.92% (57.66%- 3.83 (2.01- 0.5(0.36- 71.93%

number (/pl) 0.862) 69.67%) 91.90%) 87.69%) 78.31%) 7.29) 0.7)

CD8* T cell 203 0.661% (0.558- 35.19% (23.82%- 90.00% (79.85%- 76.00% (56.57%- 60.67% (50.29%- 3.52 (1.52- 0.72 (0.58- 64.04%

number (/pl) 0.764) 48.52%) 95.34%) 88.51%) 70.18%) 8.16) 0.89)

NK cell number 156 0.877 (0.809- 68.52% (55.26%- 95.00% (86.30%- 92.50% (80.14%- 77.03% (66.25%- 13.7 (4.48- 0.33 (0.22- 82.46%

(/ul) 0.945) 79.32%) 98.29%) 97.42%) 85.13%) 41.9) 0.49)

B cell number (/ul) 93 0.632% (0.525- 38.89% (27.04%- 85.00% (73.89%- 70.00% (52.12%- 60.71% (50.02%- 2.59 (1.3- 0.72 (0.57- 63.16%
0.738) 52.21%) 91.90%) 83.34%) 70.47%) 5.16) 0.91)

HLA-DR*CD3* T 24.7 0.625% (0.517-  40.74% (28.68%- 85.00% (73.89%- 70.97% (53.41%- 61.45% (50.69%- 2.72 (1.37- 0.7 (0.55-  64.04%

cells (%) 0.733) 54.03%) 91.90%) 83.91%) 71.19%) 5.38) 0.89)

Treg (%) 3.82 0.653* (0.548-  44.44% (32.00%- 90.00% (79.85%- 80.00% (62.70%- 64.29% (53.62%- 4.44 (1.97- 0.62 (0.48- 68.42%
0.758) 57.62%) 95.34%) 90.50%) 73.70%) 10.05) 0.8)

CD4* T cell 13.8 0.764% (0.676- 42.59% (30.33%- 90.00% (79.85%- 79.31% (61.61%- 63.53% (52.92%- 4.26 (1.88- 0.64 (0.5- 67.54%

function (%) 0.852) 55.84%) 95.34%) 90.16%) 72.97%) 9.67) 0.81)

CD8* T cell 41.2 0.761% (0.669- 62.96% (49.63%- 83.33% (71.97%- 77.27% (63.01%- 71.43% (59.95%- 3.78 (2.07- 0.44 (0.31- 73.68%

function (%) 0.852) 74.58%) 90.69%) 87.16%) 80.68%) 6.89) 0.64)

NK cell function 62.1 0.716% (0.620- 37.04% (25.42%- 93.33% (84.08%- 83.33% (64.15%- 62.22% (51.90%- 5.56 (2.03- 0.67 (0.54- 66.67%

(%) 0.813) 50.37%) 97.38%) 93.32%) 71.54%) 15.23) 0.84)

Diagnostic model 0.676  0.911(0.855- 81.48% (69.16%- 90.00% (79.85%- 88.00% (76.20%- 84.38% (73.57%- 8.15(3.77- 0.21(0.12- 85.96%
0.967) 89.62%) 95.34%) 94.38%) 91.29%) 17.59) 0.36)

"Compared with diagnostic model using z statistic, P < 0.01; *compared with diagnostic model using z statistic, P < 0.001; ATB, active tuberculosis; HC, healthy controls; AUC, area under
the curve; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR, negative likelihood ratio; Cl, confidence interval.
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FIGURE 8 | The performance of various indicators in discriminating ATB from LTBI and HC. (A) ROC analysis showing the performance of various indicators in
discriminating ATB patients from LTBI individuals. Liner plots showing the sensitivity and specificity of different indicators as well as their 95% CI. (B) ROC analysis
showing the performance of various indicators in discriminating ATB patients from HC. Liner plots showing the sensitivity and specificity of different indicators as well
as their 95% CI. ATB, active tuberculosis; LTBI, latent tuberculosis infection; HC, healthy controls; AUC, area under the curve; Cl, confidence interval.

More exploration targeting the effect of these underlying diseases
on our established model should be conducted in the future.
Eventually, the present study only focuses on the characteristics
of lymphocytes among MTB infection. Other immune cells

including B cells and dendritic cells are also proved involved
in the pathogenesis of TB (69-72). Therefore, different types
of immune cells should be also included for a more
comprehensive analysis.
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FIGURE 9 | The relationship between different immune indicators in ATB patients. (A) Heatmap showing the relationship different immune indicators in ATB patients.
(B) Scatter plots showing the correlation between the number, phenotype, and function of lymphocytes in ATB patients. Each symbol represents an individual donor.

In conclusion, our findings suggests that the diagnostic model
based on the combination of lymphocyte-related indicators may
be an adjunctive but useful method in the diagnosis of TB.

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 ethics 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 and YX designed and oversaw the study; QL and GT
contributed to lymphocyte function assay; HS and WL
contributed to lymphocyte subset analysis; LM conducted
lymphocyte phenotype analysis; XY, YuZ, ZC, YaZ, WYL, SW,
FW, and ZS coordinated data collection and management. YL
and YC did the statistical analysis. YL wrote the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by Graduate Innovation Fund of
Huazhong University of Science and Technology (grant
number 2021yjsCXCY088), National Mega Project on Major
Infectious Disease Prevention of China (grant number
20177ZX10103005-007), and the National Natural Science
Foundation (grant number 81401639 and 81902132).

ACKNOWLEDGMENTS

We thank the Department of Laboratory Medicine 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.2021.658843/
full#supplementary-material

Supplementary Figure 1 | Representative pictures showing the negative and
positive results of T-SPOT assay. The number in the upper left corner of each graph
indicates the number of spot-forming cells in each well. ESAT-6, early secreted
antigenic target 6; CFP-10, culture filtrate protein 10; PHA, phytohemagglutinin.

Supplementary Figure 2 | The cluster analysis of immune indicators in ATB,
LTBI, and HC. (A) Heatmap showing the cluster analysis of lymphocyte subsets,
phenotype, and function in ATB patients (n = 54) and LTBI individuals (n = 57). Each
rectangle indicates a result of a subject. (B) Heatmap showing the cluster analysis
of lymphocyte subsets, phenotype, and function in ATB patients (n = 54) and HC
(n = 60). Each rectangle indicates a result of a subject. ATB, active tuberculosis;
LTBI, latent tuberculosis infection; HC, healthy controls.

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 658843


https://www.frontiersin.org/articles/10.3389/fimmu.2021.658843/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.658843/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luo et al.

Immunological Indicators Stratifying MTB Infection

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Furin J, Cox H, Pai M. Tuberculosis. Lancet (2019) 393(10181):1642-56. doi:
10.1016/S0140-6736(19)30308-3

. World Health Organization. Global Tuberculosis Report 2020 Vol. 14.

Switzerland: Geneva (2020). Available at: https://appswhoint/iris/rest/
bitstreams/1312164/retrieve.

. Xin H, Zhang H, Yang S, Liu J, Lu W, Bai L, et al. 5-Year Follow-Up of Active

Tuberculosis Development From Latent Infection in Rural China. Clin Infect
Dis (2020) 70(5):947-50. doi: 10.1093/cid/ciz581

. Cohen A, Mathiasen VD, Schén T, Wejse C. The Global Prevalence of Latent

Tuberculosis: A Systematic Review and Meta-Analysis. Eur Respir ] (2019) 54
(3):1900655. doi: 10.1183/13993003.00655-2019

. World Health Organization. Implementing Tuberculosis Diagnostics: A Policy

Framework. Switzerland: Geneva (2015). Available at: https://appswhoint/
iris/rest/bitstreams/720125/retrieve.

. Wang G, Wang S, Jiang G, Yang X, Huang M, Huo F, et al. Xpert MTB/RIF

Ultra Improved the Diagnosis of Paucibacillary Tuberculosis: A Prospective
Cohort Study. J Infect (2019) 78(4):311-6. doi: 10.1016/.jinf.2019.02.010

. Liu XH, Xia L, Song B, Wang H, Qian XQ, Wei JH, et al. Stool-Based Xpert

MTB/RIF Ultra Assay as a Tool for Detecting Pulmonary Tuberculosis in
Children With Abnormal Chest Imaging: A Prospective Cohort Study. ] Infect
(2021) 82(1):84-9. doi: 10.1016/}.jinf.2020.10.036

. Zhang M, Xue M, He JQ. Diagnostic Accuracy of the New Xpert MTB/RIF

Ultra for Tuberculosis Disease: A Preliminary Systematic Review and Meta-
Analysis. Int ] Infect Dis (2020) 90:35-45. doi: 10.1016/j.ijid.2019.09.016

. Cresswell FV, Tugume L, Bahr NC, Kwizera R, Bangdiwala AS, Musubire AK,

et al. Xpert MTB/RIF Ultra for the Diagnosis of HIV-Associated Tuberculous
Meningitis: A Prospective Validation Study. Lancet Infect Dis (2020) 20
(3):308-17. doi: 10.1016/S1473-3099(19)30550-X

Sester M, Sotgiu G, Lange C, Giehl C, Girardi E, Migliori GB, et al. Interferon-
Gamma Release Assays for the Diagnosis of Active Tuberculosis: A Systematic
Review and Meta-Analysis. Eur Respir J (2011) 37(1):100-11. doi: 10.1183/
09031936.00114810

Zhou G, Luo Q, Luo S, Teng Z, Ji Z, Yang J, et al. Interferon-y 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
Zhang H, Xin H, Wang D, Pan §, Liu Z, Cao X, et al. Serial Testing of
Mycobacterium Tuberculosis Infection in Chinese Village Doctors by
QuantiFERON-TB Gold Plus, Quantiferon-TB Gold in-Tube and T-
SPOT.TB. J Infect (2019) 78(4):305-10. doi: 10.1016/j.jinf.2019.01.008
World Health Organization. (2010). Strategic and Technical Advisory Group
for Tuberculosis (STAG-TB), in: Report of the 10th meeting, Geneva,
Switzerland: World Health Organization, 27-29 Sept. 2010, Rep Tenth Meet.
Yang ], He ], Huang H, Ji Z, Wei L, Ye P, et al. Molecular Characterization of T
Cell Receptor Beta Variable in the Peripheral Blood T Cell Repertoire in
Subjects With Active Tuberculosis or Latent Tuberculosis Infection. BMC
Infect Dis (2013) 13:423. doi: 10.1186/1471-2334-13-423

Yang J, Xu K, Zheng J, Wei L, Fan J, Li L. Limited T Cell Receptor Beta
Variable Repertoire Responses to ESAT-6 and CFP-10 in Subjects Infected
With Mycobacterium Tuberculosis. Tuberculosis (Edinb) (2013) 93(5):529-
37. doi: 10.1016/j.tube.2013.05.007

Suliman S, Thompson E, Sutherland J, Weiner Rd J, Ota MOC, Shankar S,
et al. Four-Gene Pan-African Blood Signature Predicts Progression to
Tuberculosis. Am ] Respir Crit Care Med (2018) 197(9):1198-208. doi:
10.1164/rccm.201711-23400C

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):e1002786. doi: 10.1371/journal.pmed.1002786

Ho J, Bokil NJ, Nguyen PTB, Nguyen TA, Liu MY, Hare N, et al. A
Transcriptional Blood Signature Distinguishes Early Tuberculosis Disease From
Latent Tuberculosis Infection and Uninfected Individuals in a Vietnamese
Cohort. ] Infect (2020) 81(1):72-80. doi: 10.1016/j.jinf.2020.03.066

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

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Singhania A, Wilkinson RJ, Rodrigue M, Haldar P and O’Garra A. The Value
of Transcriptomics in Advancing Knowledge of the Immune Response and
Diagnosis in Tuberculosis. Nat Immunol (2018) 19(11):1159-68. doi: 10.1038/
$41590-018-0225-9

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

Yang Q, Chen Q, Zhang M, Cai Y, Yang F, Zhang J, et al. Identification of
Eight-Protein Biosignature for Diagnosis of Tuberculosis. Thorax (2020) 75
(7):576-83. doi: 10.1136/thoraxjnl-2018-213021

Togun T, Hoggart CJ, Agbla SC, Gomez MP, Egere U, Sillah AK, et al. A
Three-Marker Protein Biosignature Distinguishes Tuberculosis From Other
Respiratory Diseases in Gambian Children. EBioMedicine (2020) 58:102909.
doi: 10.1016/j.ebiom.2020.102909

Albors-Vaquer A, Rizvi A, Matzapetakis M, Lamosa P, Coelho AV, Patel AB,
et al. Active and Prospective Latent Tuberculosis Are Associated With
Different Metabolomic Profiles: Clinical Potential for the Identification of
Rapid and Non-Invasive Biomarkers. Emerg Microbes Infect (2020) 9
(1):1131-9. doi: 10.1080/22221751.2020.1760734

Weiner J 3rd, Maertzdorf J, Sutherland JS, Duffy FJ, Thompson E, Suliman S,
et al. Metabolite Changes in Blood Predict the Onset of Tuberculosis. Nat
Commun (2018) 9(1):5208. doi: 10.1038/s41467-018-07635-7

du Preez I, Luies L, Loots DT. The Application of Metabolomics Toward
Pulmonary Tuberculosis Research. Tuberculosis (Edinb) (2019) 115:126-39.
doi: 10.1016/j.tube.2019.03.003

Iliaz S, Iliaz R, Ortakoylu G, Bahadir A, Bagci BA, Caglar E. Value of
Neutrophil/Lymphocyte Ratio in the Differential Diagnosis of Sarcoidosis
and Tuberculosis. Ann Thorac Med (2014) 9(4):232-5. doi: 10.4103/1817-
1737.140135

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. ] Clin Invest (2015) 125(5):1827-38. doi: 10.1172/
JCI77990

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 J (2018) 51
(3):1800153. doi: 10.1183/13993003.00153-2018

Tang G, Yuan X, Luo Y, Lin Q, Chen Z, Xing X, et al. Establishing Immune
Scoring Model Based on Combination of the Number, Function, and
Phenotype of Lymphocytes. Aging (Albany NY) (2020) 12(10):9328-43. doi:
10.18632/aging.103208

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

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/Ionomycin
Stimulation. Front Immunol (2018) 9:172. doi: 10.3389/fimmu.2018.00172
Hou H, Luo Y, Wang F, Yu J, Li D, Sun Z. Evaluation of Lymphocyte Function
by IFN-gamma Secretion Capability Assay in the Diagnosis of Lymphoma-
Associated Hemophagocytic Syndrome. Hum Immunol (2019) 80(12):1006—
11. doi: 10.1016/j.humimm.2019.09.003

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

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

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 (2019) 199(5):564-71. doi: 10.1164/rccm.201806-1053PP

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):e24-5. 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/j.jinf.2020.06.014

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 658843


https://doi.org/10.1016/S0140-6736(19)30308-3
https://appswhoint/iris/rest/bitstreams/1312164/retrieve
https://appswhoint/iris/rest/bitstreams/1312164/retrieve
https://doi.org/10.1093/cid/ciz581
https://doi.org/10.1183/13993003.00655-2019
https://appswhoint/iris/rest/bitstreams/720125/retrieve
https://appswhoint/iris/rest/bitstreams/720125/retrieve
https://doi.org/10.1016/j.jinf.2019.02.010
https://doi.org/10.1016/j.jinf.2020.10.036
https://doi.org/10.1016/j.ijid.2019.09.016
https://doi.org/10.1016/S1473-3099(19)30550-X
https://doi.org/10.1183/09031936.00114810
https://doi.org/10.1183/09031936.00114810
https://doi.org/10.1016/S1473-3099(20)30276-0
https://doi.org/10.1016/j.jinf.2019.01.008
https://doi.org/10.1186/1471-2334-13-423
https://doi.org/10.1016/j.tube.2013.05.007
https://doi.org/10.1164/rccm.201711-2340OC
https://doi.org/10.1371/journal.pmed.1002786
https://doi.org/10.1016/j.jinf.2020.03.066
https://doi.org/10.1016/S2213-2600(19)30469-2
https://doi.org/10.1038/s41590-018-0225-9
https://doi.org/10.1038/s41590-018-0225-9
https://doi.org/10.1172/jci.insight.137427
https://doi.org/10.1172/jci.insight.137427
https://doi.org/10.1136/thoraxjnl-2018-213021
https://doi.org/10.1016/j.ebiom.2020.102909
https://doi.org/10.1080/22221751.2020.1760734
https://doi.org/10.1038/s41467-018-07635-7
https://doi.org/10.1016/j.tube.2019.03.003
https://doi.org/10.4103/1817-1737.140135
https://doi.org/10.4103/1817-1737.140135
https://doi.org/10.1172/JCI77990
https://doi.org/10.1172/JCI77990
https://doi.org/10.1183/13993003.00153-2018
https://doi.org/10.18632/aging.103208
https://doi.org/10.18632/aging.102595
https://doi.org/10.3389/fimmu.2018.00172
https://doi.org/10.1016/j.humimm.2019.09.003
https://doi.org/10.3389/fcimb.2020.00480
https://doi.org/10.2307/2531595
https://doi.org/10.1164/rccm.201806-1053PP
https://doi.org/10.1016/j.jinf.2020.07.004
https://doi.org/10.1016/j.jinf.2020.06.014
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luo et al.

Immunological Indicators Stratifying MTB Infection

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

World Health Organization. A Global Strategy for Tuberculosis Research and
Innovation Vol. 19. Switzerland: Geneva (2020). Available at: https://
appswhoint/iris/rest/bitstreams/1312195/retrieve.

World Health Organization. Framework for the Evaluation of New Tests for
Tuberculosis Infection (2020). Available at: https://appswhoint/iris/rest/
bitstreams/1288536/retrieve.

Arnold A, Cooke GS, Kon OM, Dedicoat M, Lipman M, Loyse A, et al. Drug
Resistant TB: UK Multicentre Study (DRUMS): Treatment, Management and
Outcomes in London and West Midlands 2008-2014. J Infect (2017) 74
(3):260-71. doi: 10.1016/j.jinf.2016.12.005

Pradipta IS, Forsman LD, Bruchfeld J, Hak E, Alffenaar JW. Risk Factors of
Multidrug-Resistant Tuberculosis: A Global Systematic Review and Meta-
Analysis. J Infect (2018) 77(6):469-78. doi: 10.1016/j.jinf.2018.10.004

Xu C, Pang Y, Li R, Ruan Y, Wang L, Chen M, et al. Clinical Outcome of
Multidrug-Resistant Tuberculosis Patients Receiving Standardized Second-
Line Treatment Regimen in China. J Infect (2018) 76(4):348-53. doi: 10.1016/
jjinf2017.12.017

Outhred AC, Britton PN, Marais B]. Drug-Resistant Tuberculosis - Primary
Transmission and Management. J Infect (2017) 74:5128-35. doi: 10.1016/
S0163-4453(17)30203-7

Lange C, Chesov D, Heyckendorf ], Leung CC, Udwadia Z, Dheda K. Drug-
Resistant Tuberculosis: An Update on Disease Burden, Diagnosis and
Treatment. Respirology (2018) 23(7):656-73. doi: 10.1111/resp.13304

Zumla A, Chakaya J, Centis R, D’Ambrosio L, Mwaba P, Bates M, et al.
Tuberculosis Treatment and Management—An Update on Treatment
Regimens, Trials, New Drugs, and Adjunct Therapies. Lancet Respir Med
(2015) 3(3):220-34. doi: 10.1016/S2213-2600(15)00063-6

Hatherill M, Chaisson RE, Denkinger CM. Addressing Critical Needs in the
Fight to End Tuberculosis With Innovative Tools and Strategies. PloS Med
(2019) 16(4):e1002795. doi: 10.1371/journal.pmed.1002795

Churchyard GJ, Swindells S. Controlling Latent TB Tuberculosis Infection in
High-Burden Countries: A Neglected Strategy to End TB. PloS Med (2019) 16
(4):e1002787. doi: 10.1371/journal.pmed.1002787

Genel F, Atlihan F, Ozsu E, Ozbek E. Monocyte HLA-DR Expression as
Predictor of Poor Outcome in Neonates With Late Onset Neonatal Sepsis.
J Infect (2010) 60(3):224-8. doi: 10.1016/j.jinf.2009.12.004

Liu Z, Long W, Tu M, Chen S, Huang Y, Wang S, et al. Lymphocyte Subset
(CD4+, CD8+) Counts Reflect the Severity of Infection and Predict the
Clinical Outcomes in Patients With COVID-19. ] Infect (2020) 81(2):318—
56. doi: 10.1016/j.jinf.2020.03.054

Luo Y, Mao L, Yuan X, Xue Y, Lin Q, Tang G, et al. Prediction Model Based on
the Combination of Cytokines and Lymphocyte Subsets for Prognosis of
SARS-CoV-2 Infection. J Clin Immunol (2020) 40(7):960-9. doi: 10.1007/
s10875-020-00821-7

Lancioni C, Swarbrick GM, Park B, Nyendak M, Nsereko M, Mayanja-Kizza H,
et al. Recognition of CD8(+) T Cell Epitopes to Identify Adults With Pulmonary
Tuberculosis. Eur Respir ] (2019) 53(5):1802053. doi: 10.1183/13993003.02053-2018
Bussi C, Gutierrez MG. Mycobacterium Tuberculosis Infection of Host Cells
in Space and Time. FEMS Microbiol Rev (2019) 43(4):341-61. doi: 10.1093/
femsre/fuz006

Halliday A, Whitworth H, Kottoor SH, Niazi U, Menzies S, Kunst H, et al.
Stratification of Latent Mycobacterium Tuberculosis Infection by Cellular
Immune Profiling. J Infect Dis (2017) 215(9):1480-7. doi: 10.1093/infdis/jix107
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/j.ijid.2020.05.109
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

Silveira-Mattos PS, Barreto-Duarte B, Vasconcelos B, Fukutani KF, Vinhaes
CL, Oliveira-de-Souza D, et al. Differential Expression of Activation Markers
by Mycobacterium Tuberculosis-Specific CD4+ T-Cell Distinguishes
Extrapulmonary From Pulmonary Tuberculosis and Latent Infection. Clin
Infect Dis (2020) 71(8):1905-11. doi: 10.1093/cid/ciz1070

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

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Patients With Culture-Confirmed Tuberculosis. ] Infect (2009) 59(6):421-3.
doi: 10.1016/j.jinf.2009.09.012

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

Nguyen DT, Teeter LD, Graves J, 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

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-Specific
Antigen/Phytohemagglutinin Ratio of T-SPOT.TB Assay in Distinguishing
Between Active Tuberculosis and Latent Tuberculosis Infection. ] Infect
(2020) 81(1):81-9. doi: 10.1016/j.jinf.2020.04.038

Won EJ, Choi JH, Cho YN, Jin HM, Kee HJ, Park YW, et al. Biomarkers for
Discrimination Between Latent Tuberculosis Infection and Active Tuberculosis
Disease. ] Infect (2017) 74(3):281-93. doi: 10.1016/j.jinf.2016.11.010

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. ] Infect (2020) 80(5):547-53. doi: 10.1016/
1.jinf.2020.02.007

Adankwah E, Nausch N, Minadzi D, Abass MK, Franken K, Ottenhoff THM,
et al. Interleukin-6 and Mycobacterium Tuberculosis Dormancy Antigens
Improve Diagnosis of Tuberculosis. ] Infect (2020) 82(2):245-52. doi: 10.1016/
1.jinf.2020.11.032

Wang F, Hou H, Xu L, Jane M, Peng J, Lu Y, et al. Mycobacterium
Tuberculosis-Specific TNF-alpha Is a Potential Biomarker for the Rapid
Diagnosis of Active Tuberculosis Disease in Chinese Population. PloS One
(2013) 8(11):279431. doi: 10.1371/journal.pone.0079431

Sudbury EL, Clifford V, Messina NL, Song R, Curtis N. Mycobacterium
Tuberculosis-Specific Cytokine Biomarkers to Differentiate Active TB and
LTBL: A Systematic Review. ] Infect (2020) 81(6):873-81. doi: 10.1016/
j.jinf.2020.09.032

Acharya MP, Pradeep SP, Murthy VS, Chikkannaiah P, Kambar V,
Narayanashetty S, et al. CD38 +CD27 -TNF-Alpha + on Mtb-specific
CD4 + T Is a Robust Biomarker for Tuberculosis Diagnosis. Clin Infect Dis
(2021), ciab144. doi: 10.1093/cid/ciab144

Rodrigues DS, Medeiros EA, Weckx LY, Bonnez W, Salomao R, Kallas EG.
Immunophenotypic Characterization of Peripheral T Lymphocytes in
Mycobacterium Tuberculosis Infection and Disease. Clin Exp Immunol
(2002) 128(1):149-54. doi: 10.1046/j.1365-2249.2002.01809.x

Liu Y, Wang R, Jiang J, Cao Z, Zhai F, Sun W, et al. A Subset of CD1c(+)
Dendritic Cells Is Increased in Patients With Tuberculosis and Promotes
Th17cell Polarization. Tuberculosis (Edinb) (2018) 113:189-99. doi: 10.1016/
j-tube.2018.10.007

Simmons JD, Stein CM, Seshadri C, Campo M, Alter G, Fortune S, et al.
Immunological Mechanisms of Human Resistance to Persistent
Mycobacterium Tuberculosis Infection. Nat Rev Immunol (2018) 18(9):575—
89. doi: 10.1038/s41577-018-0025-3

Kozakiewicz L, Chen Y, Xu J, Wang Y, Dunussi-Joannopoulos K, Ou Q, et al.
B Cells Regulate Neutrophilia During Mycobacterium Tuberculosis Infection
and BCG Vaccination by Modulating the Interleukin-17 Response. PloS
Pathog (2013) 9(7):1003472. doi: 10.1371/journal.ppat.1003472

Achkar JM, Chan J, Casadevall A. B Cells and Antibodies in the Defense
Against Mycobacterium Tuberculosis Infection. Immunol Rev (2015) 264
(1):167-81. doi: 10.1111/imr.12276

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, Tang, Cai, Yuan, Lin, Song, Liu, Mao, Zhou, Chen, Zhu,
Liu, Wu, Wang and Sun. 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

June 2021 | Volume 12 | Article 658843


https://appswhoint/iris/rest/bitstreams/1312195/retrieve
https://appswhoint/iris/rest/bitstreams/1312195/retrieve
https://appswhoint/iris/rest/bitstreams/1288536/retrieve
https://appswhoint/iris/rest/bitstreams/1288536/retrieve
https://doi.org/10.1016/j.jinf.2016.12.005
https://doi.org/10.1016/j.jinf.2018.10.004
https://doi.org/10.1016/j.jinf.2017.12.017
https://doi.org/10.1016/j.jinf.2017.12.017
https://doi.org/10.1016/S0163-4453(17)30203-7
https://doi.org/10.1016/S0163-4453(17)30203-7
https://doi.org/10.1111/resp.13304
https://doi.org/10.1016/S2213-2600(15)00063-6
https://doi.org/10.1371/journal.pmed.1002795
https://doi.org/10.1371/journal.pmed.1002787
https://doi.org/10.1016/j.jinf.2009.12.004
https://doi.org/10.1016/j.jinf.2020.03.054
https://doi.org/10.1007/s10875-020-00821-7
https://doi.org/10.1007/s10875-020-00821-7
https://doi.org/10.1183/13993003.02053-2018
https://doi.org/10.1093/femsre/fuz006
https://doi.org/10.1093/femsre/fuz006
https://doi.org/10.1093/infdis/jix107
https://doi.org/10.1016/j.ijid.2020.05.109
https://doi.org/10.1111/ijcp.13831
https://doi.org/10.1093/cid/ciz1070
https://doi.org/10.1016/j.jinf.2009.09.012
https://doi.org/10.1016/j.jinf.2014.12.018
https://doi.org/10.3201/eid2403.171633
https://doi.org/10.1016/j.jinf.2020.04.038
https://doi.org/10.1016/j.jinf.2016.11.010
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.2020.11.032
https://doi.org/10.1016/j.jinf.2020.11.032
https://doi.org/10.1371/journal.pone.0079431
https://doi.org/10.1016/j.jinf.2020.09.032
https://doi.org/10.1016/j.jinf.2020.09.032
https://doi.org/10.1093/cid/ciab144
https://doi.org/10.1046/j.1365-2249.2002.01809.x
https://doi.org/10.1016/j.tube.2018.10.007
https://doi.org/10.1016/j.tube.2018.10.007
https://doi.org/10.1038/s41577-018-0025-3
https://doi.org/10.1371/journal.ppat.1003472
https://doi.org/10.1111/imr.12276
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-Related Immunological Indicators for Stratifying Mycobacterium tuberculosis Infection
	Introduction
	Methods
	Study Design
	Lymphocyte Subsets
	Lymphocyte Function
	Lymphocyte Phenotype
	Statistical Analysis

	Results
	Participant Characteristics
	Lymphocyte Subsets in ATB, LTBI, and HC
	Lymphocyte Phenotype in ATB, LTBI, and HC
	Lymphocyte Function in ATB, LTBI, and HC
	Establishing Immunodiagnostic Model for Stratifying the Status of MTB Infection
	The Relationship Between Immune Indicators in ATB Patients

	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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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


