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Background.  Diagnosis of paucibacillary tuberculosis (TB) including extrapulmonary TB is a significant challenge, particularly 
in high-income, low-incidence settings. Measurement of Mycobacterium tuberculosis (Mtb)-specific cellular immune signatures by 
flow cytometry discriminates active TB from latent TB infection (LTBI) in case-control studies; however, their diagnostic accuracy 
and clinical utility in routine clinical practice is unknown.

Methods.  Using a nested case-control study design within a prospective multicenter cohort of patients presenting with suspected TB 
in England, we assessed diagnostic accuracy of signatures in 134 patients who tested interferon-gamma release assay (IGRA)-positive and 
had final diagnoses of TB or non-TB diseases with coincident LTBI. Cellular signatures were measured using flow cytometry.

Results.  All signatures performed less well than previously reported. Only signatures incorporating measurement of phenotypic 
markers on functional Mtb-specific CD4 T cells discriminated active TB from non-TB diseases with LTBI. The signatures measuring 
HLA-DR+IFNγ + CD4 T cells and CD45RA−CCR7−CD127− IFNγ −IL-2−TNFα + CD4 T cells performed best with 95% positive pre-
dictive value (95% confidence interval, 90–97) in the clinically challenging subpopulation of IGRA-positive but acid-fast bacillus 
(AFB) smear-negative TB suspects.

Conclusions.  Two cellular immune signatures could improve and accelerate diagnosis in the challenging group of patients who 
are IGRA-positive, AFB smear-negative, and have paucibacillary TB.

Keywords.   diagnostic; flow cytometry; latent tuberculosis infection; T cell; tuberculosis.

In high-income, low-incidence regions, including Europe and 
North America, the proportion of active tuberculosis (TB) cases 
that are paucibacillary and/or extra-pulmonary tuberculosis 
(EPTB) is large and rising [1, 2]. These clinical presentations 
usually necessitate invasive sampling, typically bronchoalveolar 
lavage (for paucibacillary pulmonary TB and biopsies for EPTB). 
Moreover, clinical samples are commonly Mycobacterium tu-
berculosis (Mtb) culture-negative and acid-fast bacillus (AFB) 
smear-negative, which makes diagnosis clinically challenging, 
prolongs duration of hospital admission, and delays treatment 
initiation [3]. Hence, there is an important unmet clinical need 

for a rapid, noninvasive blood test with sufficient specificity to 
rule-in paucibacillary and EPTB.

A rational approach to detect TB infection in paucibacillary 
cases is to use tests measuring the Mtb-specific adaptive im-
mune response, which provides an amplified signal of a low bac-
illary burden infection. Measuring such responses is possible 
from blood samples, obviating the need for invasive sampling. 
Available immune tests for TB include the interferon-gamma 
release assays (IGRAs), which are commonly used in the di-
agnostic work-up of active TB; indeed, the sensitivity of cur-
rently available and next-generation IGRAs far exceeds that of 
culture [4, 5]. However, IGRAs lack specificity for diagnosing 
active TB because they also score positive in patients with 
non-TB illness who have incidental, concomitant latent TB in-
fection (LTBI). More sophisticated tests measuring additional 
aspects of cell-mediated immune responses to Mtb may pro-
vide improved specificity. Indeed, certain cellular immune 
signatures, based on detection of Mtb-specific T cells by flow 
cytometry, are sufficiently different between active TB and LTBI 
to discriminate between the two [6–11]. This provides impor-
tant proof-of-principle that such signatures might be used as 
follow-on tests after a positive IGRA result during diagnostic 
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work-up to determine whether the Mtb infection is active or 
not [7, 12]. Although 2 of the signatures have been corroborated 
in independent study populations [13–15], all studies to date 
have utilized preselected individuals and case-control study 
designs in which healthy LTBI individuals served as controls. 
None of these promising signatures have been evaluated in rou-
tine clinical practice where patients present with suspected (but 
not yet confirmed) active TB and therefore include individuals 
with non-TB illnesses that clinically mimic TB. Furthermore, 
the patient group that would benefit from these new tests has 
not been identified. Therefore, we determined to rigorously 
evaluate the ability of cellular immune signatures to distinguish 
patients with active TB from those with non-TB illnesses and 
concomitant LTBI in a clinically relevant population in real-
life clinical practice. Our study population therefore comprised 
patients who tested IGRA-positive within a large, prospective, 
multicenter cohort of patients presenting with suspected active 
TB representing the full, natural clinical spectrum of TB (in-
cluding a large proportion with EPTB) and non-TB illnesses 
that clinically mimic TB [4].

METHODS

Recruitment of Patients and Diagnostic Categorization

Individuals were recruited into the “IGRAs in Diagnostic 
Evaluation of Active TB” (IDEA) study (ethical approval refer-
ence 11/H0722/8), a prospective, multicenter, cohort study in 
routine practice, conducted across 10 inpatient and outpatient 
hospital sites in England between 2011 and 2013 as previously 
described [4]. Patients were recruited at the time of clinical sus-
picion of active TB; therefore, the diagnosis was unknown at 
enrollment, and treatment decisions were not affected by the 
study design. Participants gave informed consent for collection 
and use of their blood samples. All patients were followed up for 
up to 6 months to determine final diagnosis using a previously 
validated predefined classification [4, 5]. More importantly, 
the classification ensures the inclusion of TB patients who are 
culture-unconfirmed (or “highly probable TB”) using a strin-
gent, validated composite reference standard [4, 5]. To ensure 
a standardized diagnostic approach across different sites, the 
clinical diagnosis of each patient was verified by a panel of at 
least 4 expert TB physicians for the purposes of the IDEA study 
[4]. A clinically indeterminate diagnosis was attributed to indi-
viduals in instances in which a final diagnosis of active tubercu-
losis was deemed neither highly probable nor reliably excluded 
by the expert panel. The final cohort was representative of cases 
presenting with symptoms suggestive of active TB and investi-
gated in multiple routine UK TB services.

All patients in the IDEA study who had consented for use of 
their samples in additional studies were eligible to be included 
in the “VAlidation of New Technologies for the Diagnostic 
Evaluation of Tuberculosis” (VANTDET) study, which evaluated 
various novel technologies (including blood transcriptomics, 

serum proteomics, and flow cytometric detection of cellular 
immune signatures) using samples collected during IDEA [16].

Study Design: Nested Case-Control Selection

Blood/peripheral blood mononuclear cell (PBMC) samples 
from IGRA-negative suspects would not yield sufficient Mtb-
response T-cell events in these flow cytometry assays (which all 
include measurement of interferon [IFN]γ) to allow for a result 
to be determined. Thus, the objective of this study was to eval-
uate the ability of cellular immune signatures in patients with 
suspected active TB and a positive IGRA status, ie, to discrimi-
nate IGRA-positive patients presenting with suspected TB who, 
after full clinical assessment, are diagnosed with TB from those 
who are diagnosed with non-TB illnesses with concomitant 
LTBI. Similar to the IDEA study, patients considered clinically 
indeterminate were excluded because they cannot contribute 
to the estimation of sensitivity and specificity [4]. Numbers of 
human immunodeficiency virus (HIV)-infected individuals 
were so small that we could not reliably ascertain test perfor-
mance within this subgroup of individuals; thus, HIV-infected 
participants were excluded. We included all 75 eligible patients 
diagnosed with non-TB illnesses who tested IGRA-positive 
and who had PBMCs available, ie, “Other Diseases with LTBI” 
(OD&LTBI) as controls. We then randomly selected 79 IGRA-
positive patients diagnosed with active TB (ie, “cases”) for in-
clusion (Figure 1). This provided a study population derived 
from routine practice comprising approximately equal numbers 
of patients who were subsequently diagnosed with TB and pa-
tients in whom TB was ruled out.

Antigen Stimulation and Flow Cytometry

The 6 signatures evaluated were as follows: (1) %TNFα-only - 
the proportion of Mtb-specific CD4+ TNFα-only cells among 
the cytokine (IFNγ +, IL-2+, TNFα +) positive population [6]; 
(2) %TEFF - the proportion of differentiated effector memory 
(CD45RA−CCR7−CD127−) cells within the Mtb-specific CD4+ 
TNFα-only cells [7]; (3) SCORE - a score combining signature 
1 and the presence of a Mtb-specific CD8+ IFNγ + T-cell re-
sponse [8]; (4) TAM-TB - the ratio of CD27 MFI between the 
Mtb-specific CD4+ IFNγ + cells and the overall CD4+ population 
[9]; (5) %CD27−CD45RA− - the proportion of CD27−CD45RA− 
cells within the Mtb-specific CD4+ IFNγ + population [10]; and 
(6) %HLA-DR - the proportion of HLA-DR+ cells within the 
Mtb-specific CD4+ IFNγ + population [11].

Stimulation of baseline PBMCs with purified protein deriv-
ative (PPD) and an Mtb-specific peptide pool comprising pep-
tides from antigens ESAT-6, CFP-10, Rv3615c, and Rv3879c 
was followed by staining with fluorescent-labeled antibodies, 
and acquisition of cellular profile data using flow cytometry 
was designed to allow simultaneous detection of all 6 signatures 
using methodology that resembled the original publications 
[6–11]; full details are in the Supplementary Material.
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Analysis

Flow cytometry data were collected onto BD FacsDIVA v8.01 
(BD Biosciences) software and exported onto FCS files. Gating 
for all signatures was performed using FlowJo v10 (TreeStar) 
software according to the gating strategies laid out in the orig-
inal publications (Supplementary Material). Statistical analysis 
was performed using GraphPad Prism v7. To compare dem-
ographic and clinical characteristics between TB and OD/
LTBI groups, either the χ 2, Mann-Whitney U test, or unpaired 
t test was used based on the type of data (ie, categorical or 
Gaussian/non-Gaussian numerical). Flow cytometric signa-
tures were compared between patient groups either using the 

Mann-Whitney U test (for 2 groups) or the Kruskal-Wallis test 
for multiple comparisons, with Dunn’s post hoc test to identify 
differences between groups. Diagnostic sensitivity and speci-
ficity were calculated at different cutoffs and receiver operator 
characteristic (ROC) curves were plotted. Area under the curve 
(AUC), likelihood ratios, and predictive values were calculated 
with 95% confidence intervals (CIs) (Supplementary Material).

RESULTS

Cohort Characteristics

Of the 154 PBMC samples assayed, 134 (87%; 71 of 79 TB cases 
and 63 of 75 OD&LTBI) gave responses in all the required 

TB suspects included in IDEA
study 

(n = 845)

Excluded: IGRA status

Missing result (n = 1; Active TB)
Negative (n = 347)

Excluded: Unsuitable sample/participant *1

Clinically indeterminate (n = 41)
HIV co-infected (n = 30)
Too few cells/sample used (n = 93)

IGRA+ TB suspects from IDEA 
cohort

(n = 333)

Active TB, IGRA +
(n = 258)

Active TB
(n = 79)

Active TB
(n = 71)

OD&LTBI
(n = 63)

Not selected for inclusion in 
nested case control cohort 

(n = 179)

Random
selection*2

No valid result
obtained*3

(n = 8)

No valid result
obtained*3

(n = 12)

Included in analysis

Flow cytometry performed

Active TB excluded, IGRA+
i.e. Other Disease with Latent

TB infection (OD&LTBI)
(n = 75)

Figure 1.  Flow chart showing selection of cohort to achieve a balance of interferon-gamma release assay (IGRA)-positive tuberculosis (TB) and other diseases with latent 
TB infection (OD&LTBI) subjects. This diagnostic evaluation study uses samples from participants recruited into the IGRAs in the Diagnostic Evaluation of Active TB (IDEA) 
study, in which n = 845 participants were included in the analysis [4]. From the IDEA final cohort, 512 participants were deemed ineligible for this particular study, due to 
either unsuitable samples/participant characteristics (n = 164) including indeterminate diagnosis or having HIV coinfection*1, or having IGRA-negative status (n = 348)*2. 
A total of 79 individuals with active TB were randomly selected from the IGRA-positive TB cases to achieve a cohort with a balanced number of cases/controls, because 75 
individuals had OD and concomitant LTBI*4. The light green shaded area indicates the samples that were selected to be included in the nested case-control cohort to validate 
the cellular immune signatures in this study. The dark green area indicates the total number of samples included in the final analysis; those who did not respond above back-
ground with all cytokines were excluded because not all signatures were measurable*4. *1Human immunodeficiency virus (HIV) coinfected and clinically indeterminate indi-
viduals were excluded from this study. *2To achieve a balanced study design and avoid prioritization of either sensitivity or specificity of the tests, 79 IGRA-positive TB cases 
were randomly selected for inclusion in the study. *3Of the154 individuals included in the study cohort and assayed, 134 responded with sufficient cytokine-producing cells 
to measure all 6 T-cell signatures (87%); these were included in the final analysis, whereas any with inadequate responses with 1 or more cytokines were excluded (n = 20).
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cytokine-secreting T-cell populations to allow measurement of the 
diagnostic performance of all 6 signatures; these 134 individuals 
thus comprised the final validation cohort (Figure 1). Demographic 
and clinical characteristics of the cohort are presented in Table 1. 
One third (34%) of the patients diagnosed with active TB lacked a 
confirmatory culture result and 81% were lacking a positive smear 
test result, reflecting the limitations of smear microscopy and cul-
ture in routine practice. This proportion of culture-confirmed 
cases (66%) reflects the overall parent population of TB patients 
within the parent study [4]. Demographic and clinical features, 
stratified by culture status, are presented in Supplementary Table 2 ,  
and details of the final diagnoses of patients are presented in 
Supplementary Tables 3 and 4.

Signature Values in Tuberculosis (TB) and Other Diseases With Latent 

TB Groups

We evaluated the performance of all 6 signatures for the de-
tection of active TB in our cohort. Four signatures measure 
the phenotype of cytokine-responsive (functional) CD4+ T 
cells (%TEFF [7], TAM-TB [9], %CD27−CD45RA− [10], and 
%HLA-DR [11]), whereas 2 measure populations defined only 

by cytokine secretion (ie, functional signatures: %TNFα-only 
[6], SCORE [8]) (Supplementary Table 1) after stimulation with 
antigen. Figure 2 depicts the range in values of the 4 pheno-
typic signatures after PPD stimulation in the patient groups 
(Figure 2A–D). These 4 signatures gave significantly higher 
values in TB patients compared with those with OD&LTBI. In 
contrast, the 2 purely functional signatures that did not include 
cell-surface phenotypic markers (%TNF-α-only and SCORE) 
were not significantly different (Supplementary Figure 1A 
and B) and did not discriminate between the 2 patient groups 
(Supplementary Figure 1C and D). Some significant differences 
were observed between functional subsets, ie, TB patients had 
significantly higher proportions of IFNγ +IL-2+TNFα −CD4+ T 
cells, but significantly smaller proportions of IFNγ −IL-2+TNFα + 
and IFNγ −IL-2+TNFα − compared with the OD&LTBI group 
(Supplementary Figure 1E and F), but none of these differences 
were sufficient to provide diagnostic discrimination (data not 
shown). Eighty-five patients (63% of the cohort) had sufficient 
PBMCs to allow for stimulation with the Mtb-specific antigen 
peptide pool, and, of these, 71 (84%) were responders for all 
signatures.

Table 1.  Demographic and Clinical Characteristics of the Validation Cohort (n = 134)

Characteristic TB OD/LTBI P Value

Total N 71 63  

Age Years, median (range) 32 (16–76) 39 (17–80) .009a

Gender Female, n (%) 20 (28.2) 25 (39.7) .159b

Ethnic Origin Indian Subcontinent, n (%) 47 (66.2) 26 (41.3) .044b

 Asian (all other), n (%) 3 (4.2) 4 (6.3)

 Black, n (%) 13 (18.3) 19 (30.2)

 White, n (%) 7 (9.9) 9 (14.3)

 All Otherc, n (%) 1 (1.4) 5 (7.9)

Height (m) Median (range) 1.68 (1.5–1.89) 1.66 (1.5–1.96) .736d

Missing, n (%) 28 (39.4) 19 (30.2)

Weight (kg) Median (range) 62.0 (41.3–110.4) 70.0 (42–132) .009a

Missing, n % 0 (0) 2 (3.2)

BMI Median (range) 22.0 (15.7–42.2) 24.3 (14.9–47.2) .009a

Missing, n % 28 (39.4) 19 (30.2)

BCG Vaccinated Yes, n (%) 50 (70.4) 39 (61.9) .297b

No, n (%) 21 (29.6) 24 (38.1)

Culture Status Positive, n (%) 47 (66.2) 0 (0) <.0001b

Negative, n (%) 19 (26.8) 44 (69.8)

Indeterminate, n (%) 0 (0) 1 (1.6)

Not tested, n (%) 5 (7.0) 18 (28.6)

Smear Status Positive, n (%) 13 (18.3) 3e (4.8) .0103b

Negative, n (%) 48 (67.6) 41 (65.1)

Not tested, n (%) 10 (14.1) 19 (30.2)

Clinical Setting Outpatient, n (%) 53 (74.6) 51 (81.0)  

Inpatient, n (%) 18 (25.4) 12 (19.0)

Abbreviations: BCG, bacillus Calmette-Guérin; BMI, body mass index; LTBI, latent tuberculosis infection; OD, other diseases; TB, tuberculosis.
aMann-Whitney U test was used to compare medians of non-Gaussian numerical variables.
bThe χ 2 test was used to compare proportions of categorical variables.
cAll “other” ethnicity includes the following: mixed white and black African (n = 1); Hispanic (n = 1); all other (n = 3) and unable/unwilling to respond (n = 1).
dUnpaired t test was used to compare means of normally distributed numerical variables.
eThe n = 3 smear-positive individuals in the OD/LTBI group were diagnosed with an atypical Mycobacterium infection.
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By virtue of their positive IGRA status, all individuals in this 
cohort had already been found to mount Mtb-specific T-cell 
responses. However, PPD antigen can also detect cross-reactive 
responses to Bacillus Calmette-Guérin in vaccinated individ-
uals who are not infected with Mtb. Thus, we sought to com-
pare signature performance after stimulation with either PPD 

or Mtb-specific peptides. The Mtb peptide stimulation was 
comparable to PPD stimulation for all signatures, with good 
correlation in results between the 2 stimuli and comparable 
diagnostic performance for all 6 signatures (Supplementary 
Figure 2); however, PPD stimulation generally resulted in a 
larger number of analyzable events (responsive T cells).
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Figure 2.  Validation of cellular immune signatures that measure the phenotype of cytokine-secreting Mycobacterium tuberculosis (Mtb)-specific CD4+ T cells after purified 
protein derivative (PPD) stimulation for the diagnosis of active tuberculosis (TB). Dot plots showing the values of signatures in the patient groups are shown in A–D. For each 
plot, TB patients are represented by squares and colored by culture status (red = positive; blue = negative), and other diseases with latent TB infection (OD&LTBI) patients are 
represented by black circles. The receiver operator characteristic (ROC) curves for the phenotypic signatures are shown in E–H with the AUC and 95% confidence intervals 
indicated; black ROC curves show the performance of signatures for detection of all TB, whereas red ROC curves show performance for culture-positive TB only.
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Diagnostic Performance of Signatures for Detecting Active Tuberculosis

The ROC curve for each of the 4 phenotypic signatures dem-
onstrated ability to discriminate TB from OD&LTBI, listed in 
order of performance as quantified by AUC (95% CI) as fol-
lows: %HLA-DR 0.89 (0.83–0.95), %TEFF 0.85 (0.79–0.92), 
%CD27−CD45RA− 0.81 (0.74–0.89), and TAM-TB 0.77 (0.69–
0.85). In contrast, the 2 functional signatures discriminated 
poorly with AUC (95% CI) of 0.57 (0.48–0.67) for %TNF-α-
only and 0.60 (0.50–0.69) for SCORE (Table 2, Figure 2E and 
F, Supplementary Figure 1). For each of the 6 signatures, a bal-
anced cutoff for test positivity was determined by identifying 
the point at which sensitivity overlapped with specificity, as 
described previously [11] (Table 2). For the 4 discriminatory 
phenotypic signatures, sensitivities ranged from 74.6% to 81.7% 
and specificities from 74.6% to 80.9% with correspondingly 
high positive predictive values ([PPVs] 93.2% to 95.2%). In our 
cohort, culture provided 100% specificity (94.3–100.0), but only 
66.2% (54.0–77.0) sensitivity for all TB. The 4 phenotypic signa-
tures detected TB in the majority (62.5%–70.8%) of TB patients 
who had either a negative culture result or where no culture was 
performed (Supplementary Table 5). However, none of these 
index tests performed with comparable specificity to that of 
culture (Supplementary Table 6).

Signature Performance in Tuberculosis Patient Subgroups

We also assessed the performance of signatures for detecting 
culture-confirmed TB (Figure 2, Supplementary Table 7). 
The phenotypic signatures all performed better for detecting 
culture-confirmed TB (AUCs from 0.80 to 0.92) compared to 
all TB (ie, culture-confirmed and culture-unconfirmed com-
bined), with the same order of accuracy as in the full cohort. 
The best-performing signatures were %HLA-DR and %TEFF, 
providing sensitivities of 85.1% (95% CI, 71.7–93.8) and 83.0% 
(95% CI, 69.2–92.3), respectively, and with both having a spec-
ificity of 80.9% (95% CI, 69.1–89.7) for culture-confirmed TB.

The Use of T-Cell Phenotypic Signatures to Detect Paucibacillary,  

Smear-Negative Tuberculosis

Smear microscopy is often used as a rapid rule-in test to de-
termine whether a patient should be started on anti-TB treat-
ment. However, a significant proportion of TB suspects are 
smear-negative (eg, 86% in the overall IDEA cohort recruited 
in routine practice) [17]. Despite the introduction of rapid mo-
lecular tests (eg, GeneXpert), which have a sensitivity greater 
than smear microscopy but less than culture [18], a large pro-
portion of the smear-negative TB cases are not confirmed by 
culture or molecular tests, amounting to a substantial unmet 
clinical need. Because the %HLA-DR signature provided the 
highest sensitivity whilst %TEFF provided highest specificity for 
all TB cases, we evaluated the use of these signatures as po-
tential rapid tests in smear-negative patients with suspected 
TB. The diagnostic performance of both signatures in this Ta
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clinically challenging group was high, with an AUC of 0.92 
(95% CI, 0.87–0.97) for the %HLA-DR signature and 0.89 (95% 
CI, 0.82–0.96) for the %TEFF signature (Table 3). These signa-
tures provided high sensitivities for both overall TB (81.2% 
[95% CI, 67.4–91.0] and 83.3% [95% CI, 69.8–92.5], respec-
tively) and culture-confirmed TB (86.2% [95% CI, 68.3–96.1] 
and 82.8% [95% CI, 64.2–94.1], respectively). In this IGRA-
positive, smear-negative population with high pretest proba-
bility (0.81 for all TB and 0.59 for culture-confirmed TB), both 
signatures provided a high PPV for both populations (94.5% 
[95% CI, 90.2–97.0] and 94.7% [95% CI, 90.4–97.1], respec-
tively, for all TB and 86.4% ([95% CI, 77.1–92.3] and 89.1% 
[95% CI, 79.2–94.6], respectively, for culture-confirmed TB), 
thus acting as reliable rule-in tests.

DISCUSSION

We aimed to determine the diagnostic accuracy and potential 
clinical utility of 6 previously described flow cytometric T-cell 
signatures in a cohort of patients with suspected TB recruited in 
routine clinical practice. We assessed the role of the signatures 
at the appropriate point in the diagnostic work-up, ie, to stratify 
TB suspects with positive IGRA results into those who have ac-
tive TB versus those who have non-TB diagnoses with concom-
itant LTBI. This is the first evaluation of these signatures in a 
routine practice cohort that includes both the full clinical spec-
trum of active TB cases (including EPTB) and a wide natural 
spectrum of patients with other diseases that clinically resemble 
TB and coincidental LTBI (OD&LTBI). Moreover, it is the first 
study to propose a specific clinical role for these tests in the con-
text of other available diagnostic tools.

We found that only signatures measuring the cell-surface 
phenotype of functional Mtb-specific T-cell subsets discrim-
inated well between TB and OD&LTBI. The best-performing 
signatures were the %HLA-DR and the %TEFF signature, fol-
lowed by 2 signatures incorporating measurement of CD27 
(%CD27−CD45RA− and TAM-TB). Despite providing reason-
able discrimination between active TB and OD&LTBI, all of 
the phenotypic signatures performed less well than previously 
reported (with an optimal AUC of 0.89). This likely reflects the 
rigorous evaluation of the signatures in this real-life cohort in 
routine clinical practice compared with the preselected study 
populations used previously.

We further evaluated the diagnostic performance of the 2 
best-performing signatures in the subgroup of patients with 
culture-confirmed TB, the gold-standard diagnosis. We found 
the phenotypic signatures had, if anything, even higher diag-
nostic concordance with culture (ie, the signatures predicted 
culture-confirmed TB better than all TB cases).

Given the availability of rapid microbiological tests to detect 
a large proportion of culture-positive TB patients with high 
bacillary load (eg, smear microscopy tests and molecular tests 
such as GeneXpert), the unmet clinical need in the diagnostic 
work-up of suspected active TB is in the substantial subgroup of 
patients who are negative on the currently available rapid tests 
(ie, smear and GeneXpert), or who require invasive sampling 
procedures (eg, many cases of EPTB). Therefore, we evalu-
ated the use of the best-performing signatures, %HLA-DR and 
%TEFF, in the IGRA-positive smear-negative TB suspects. In this 
group of patients, TB remains in the differential diagnosis be-
cause of the positive IGRA result, but the negative smear result 

Table 3.  Performance of the %HLA-DR and %TEFF Signatures for Detecting TB in Smear-Negative TB Suspects, After Stimulation of PBMCs With PPD

Performance Characteristic %HLA-DR Signature %TEFF Signature

Performance for Detecting Smear-Negative TB (All Culture Status Included) in T-SPOT-Positive Individuals, Where the Pretest probability Is 0.81a

AUC (95% CI) 0.92 (0.87–0.97) 0.89 (0.82–0.96)

Cutoffb >42.85 >22.8

Sensitivity (%) (95% CI) 81.3 (67.4–91.1) 83.3 (69.8–92.5)

Specificity (%) (95% CI) 80.5 (65.1–91.2) 80.5 (65.1–91.2)

PPV (%) (95% CI)c 94.6 (90.2–97.0) 94.7 (90.4–97.1)

NPV (%) (95% CI)c 50.8 (36.0–65.4) 53.7 (37.7–69.0)

Performance for Detecting Smear-Negative Culture-Positive TB (n = 29)  
Pretest Probability of Culture-Positive TB in All Smear-Negative IGRA-Positive TB Suspects = 0.59a

AUC (95% CI) 0.94 (0.89–0.99) 0.91 (0.85–0.97)

Cutoffb >43.1 >27.8

Sensitivity (%) (95% CI) 86.2 (68.3–96.1) 82.8 (64.2–94.2)

Specificity (%) (95% CI) 80.5 (65.1–91.2) 85.4 (70.8–94.4)

PPV (%) (95% CI)c 86.4 (77.1–92.3) 89.1 (79.2–94.6)

NPV (%) (95% CI)c 80.3 (61.7–91.1) 77.5 (60.5–88.5)

Abbreviations: AUC, area under the curve; CI, confidence interval; IGRA, interferon-gamma release assays; NPV, negative predictive value; PBMCs, peripheral blood mononuclear cells; PPD, 
purified protein derivative; PPV, positive predictive value; TB, tuberculosis.
aPrevalence of TB within the population indicated was calculated in overall IGRAs in the Diagnostic Evaluation of Active TB (IDEA) study cohort, as described in methods in the Supplementary 
Material.
bCutoff values were selected by identifying the point at which sensitivity = specificity and both are maximized.
cPositive predictive value and NPV were calculated as described in Supplementary Material.
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makes active TB less likely. A test that can rapidly rule-in a di-
agnosis of TB in this setting before culture results are available 
would advance clinical practice. For this key subgroup of TB 
patients, the PPV of approximately 95% implies that either of 
these 2 tests can be used as rule-in tests to accelerate diagnosis 
of active TB in IGRA-positive patients. Although the pretest 
probability (prevalence) of TB in this IGRA-positive, smear-
negative subgroup is high, a positive cellular immune signature 
result will enable the clinical decision to commence treatment 
before culture results become available or where they are un-
available for lack of suitable clinical samples. However, given 
their poor NPVs, these immune signatures have no role as 
rule-out tests in this setting. Smear-negative TB and EPTB are 
associated with treatment delays [3]; positive cellular immune 
signature results could expedite treatment in these important 
subgroups; however, our dataset does not permit us to deter-
mine whether this would have been the case in our cohort. One 
potential explanation for the discrepancies in the performance 
of functional Mtb-specific CD4 T-cell signatures is differences 
in experimental setup and protocol between studies, because 
the resting and stimulation times influence the functional pro-
file of T cells [19], as does cryopreservation [20]. However, the 
relative consistency with which the signatures measuring phe-
notype of functional subsets perform across studies suggests 
that measurement of these signatures is less affected by differ-
ences in experimental protocols.

Our study has some limitations. This study addressed a spe-
cific but clinically challenging subgroup of TB patients. As 
such, our results are naturally not generalized to all TB sus-
pects including those with a negative IGRA result. Of note, we 
did not evaluate the utility of these signatures in children, in 
whom paucibacillary TB and EPTB are common. Therefore, in 
future studies, researchers should prioritize evaluation of the 
%HLA-DR and %TEFF signatures in children. Furthermore, al-
though the parent study included some HIV-positive TB cases, 
there were insufficient numbers of eligible IGRA-positive pa-
tients in this subgroup to assess diagnostic performance in 
HIV-coinfected TB suspects. Previous studies including HIV-
positive patients have demonstrated good performance of both 
the %HLA-DR signature and the TEFF% signature, irrespective 
of HIV status [11, 13, 14], although the %HLA-DR signature 
required different cutoffs in HIV+ populations [13, 14]. Some 
of the PBMC samples we used failed to respond with any of the 
cytokines being measured (13%), precluding measurement of 
all signatures in parallel; therefore, these were excluded from 
analysis. This suggests that if used in a routine diagnostic 
service setting, these tests might result in a proportion of assay 
failures. However, given that we used frozen PBMCs that had 
been stored for approximately 3  years, we anticipate that the 
rate of nonresponsiveness would be substantially reduced if 
fresh blood or short-term PBMC storage was used instead, as 
would be the case in routine diagnostic service laboratories. 

Finally, the role we have defined for use of these tests is not for 
all patients presenting with suspected TB but rather for the spe-
cific, clinically challenging subgroup who are IGRA-positive 
and smear-negative.

Based on the evidence provided, the 2 best-performing tests 
are potentially useful in low-incidence settings, where a signif-
icant proportion of patients presenting with TB, particularly 
those with EPTB, test negative on the available rapid tests. Their 
high PPV in the IGRA-positive smear-negative population re-
flects the IGRA-positive rates and TB incidence in our real-life 
cohort recruited in routine clinical practice and are therefore 
likely generalizable to other high-income, low-incidence set-
tings. The potential clinical use of these tests in other settings 
remains unclear and warrants further investigation. Given the 
technical complexity of using flow cytometry as a diagnostic 
test, it is unlikely that these tests would be practicable outside 
major centers in high-incidence, low-income settings in their 
current format. Therefore, future studies should aim to simplify 
the protocols to minimize complexity and requirement for tech-
nical expertise.

We present the largest study to date to evaluate the diag-
nostic performance of T-cell signatures for active TB diagnosis. 
To enable rigorous and clinically relevant assessment of the 
potential role these new tests could have in clinical practice, 
we focused specifically on the hard-to-diagnose patients with 
clear unmet clinical need. We found that 2 signatures have a 
potential clinical role in the diagnostic work-up of active TB 
in the important subgroup of patients who are IGRA-positive 
and smear-negative and typically have paucibacillary or EPTB. 
Further evaluation in an independent cohort in routine clin-
ical practice, preferably including children, is now warranted 
to validate our findings and support development of these 2 
signatures into regulatory-approved in vitro tests for routine 
diagnostic services.

CONCLUSIONS

We propose that future biomarker and diagnostic studies use 
similar approaches, ie, prospective evaluation in clinically rel-
evant cohorts in routine practice, evaluation in patient groups 
with unmet clinical need, and in the context of other test results 
during the diagnostic work-up. Such approaches could move 
the whole field forward by reliably “gating out” or confirming 
the clinical utility of promising new tests for TB [21].

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Supplementary materials consist of 
data provided by the author that are published to benefit the 
reader. The posted materials are not copyedited. The contents of 
all supplementary data are the sole responsibility of the authors. 
Questions or messages regarding errors should be addressed to 
the author.
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