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T-cell biomarkers for diagnosis of
tuberculosis: candidate evaluation by a
simple whole blood assay for clinical
translation

To the Editor:

Diagnosis of pulmonary tuberculosis (TB) disease, the most common cause of death due to infection
globally [1], depends on direct detection of Mycobacterium tuberculosis, typically from a sputum specimen.
However, up to half of individuals with microbiologically proven TB do not have a prolonged productive
cough [2], required to produce sputum. To address this challenge, investigators have identified candidate
blood-based host biomarkers for TB diagnosis, based on M. tuberculosis-specific T-cell memory
phenotypes, activation or cytokine expression profiles [3-9]. Such biomarkers have also shown potential as
surrogates to monitor TB treatment response [3, 10]. Here, we aimed to: 1) compare the diagnostic
performance of several blood-based T-cell biomarkers in TB patients and controls; 2) determine if
combinations of these biomarkers improve diagnostic performance; 3) identify the minimal number of
flow cytometry parameters required to distinguish active TB patients from persons with latent M.
tuberculosis infection (LTBI); and 4) translate measurement of these biomarkers from peripheral blood
mononuclear cells to whole blood to enable a simplified application in field studies.

We enrolled 25 healthy adults with LTBI, defined by QuantiFERON-TB Gold In-Tube assay (QFT; Qiagen,
Hilden, Germany), and 25 HIV-negative adults with TB disease (XpertMTB/RIF+) (Cepheid, Sunnyvale,
CA, USA) from a region endemic for TB in South Africa. Blood was collected prior to treatment initiation
in persons with active TB and 12-18 months later, after they were declared cured (n=19). In controls,
blood was also collected at 12-18 months after enrolment (n=20). Whole blood was stimulated with whole
mycobacteria (BCG, Connaught), ESAT-6/CFP-10 peptides from QFT tubes, and TB122 peptide pool [11]
using a standardised protocol [12]. Cells were stained with the following antibodies: anti-CD3 (Beckman
Coulter, Krefeld, Germany; clone UCHT1; ECD), anti-CD4 (Becton Dickinson (BD), Franklin Lakes, NJ,
USA; clone RPA-T4; BV605), anti-CD8 (Biolegend, San Diego, CA, USA; clone RPA-T8; BV510),
anti-IFNy (BD; clone B27; Alexa Fluor 700), anti-TNF (eBioScience, San Diego, CA, USA; clone Mabl1;
PE-Cy7), anti-IL2 (BD; clone 5344.111; FITC), anti-CD27 (BD; clone M-T271; APC), anti-HLA-DR
(Biolegend; clone L243; BV421) and analysed by flow cytometry (BD LSRII).

We first assessed published T-cell biomarkers [3, 4, 6-9] for their ability to distinguish LTBI participants
from TB patients. Proportions of HLA-DR-expressing IFNy-producing CD4 T-cells [3, 6, 7], CD27
median fluorescence index (MFI) ratio on IFNy-producing CD4 T-cells [4] and frequencies of
IL2-producing T-cells [8] following ESAT-6/CFP-10 stimulation were significantly lower in LTBI
participants compared to TB patients, while proportions of single TNF-producing CD4 T-cells [9] were
not different between the groups (figure 1a). Individuals with stimulated samples that were not statistically
different (Fisher’s exact test) from their unstimulated control were classified as non-responders and had
uninterpretable phenotypic results. Only HLA-DR and the CD27 MFI ratio achieved area under the
receiver operating characteristic (ROC) curves (AUC) >0.8 (figure la).

Next, we aimed to determine whether novel combinations of these published biomarkers could improve
diagnostic performance. To achieve this a defined workflow was established (figure 1b). We only analysed
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FIGURE 1 Assessment of candidate T-cell-based tuberculosis (TB) biomarkers and identification of a minimal set of parameters that distinguish
persons with active TB from those with latent Mycobacterium tuberculosis infection (LTBI). a) Proportions of ESAT-6/CFP-10-specific CD4 T-cells,
defined by IFNy production, expressing HLA-DR (black]. CD27 median fluorescence index (MFI) ratios, calculated by dividing the CD27 MFI of total
CD4 T-cells by the CD27 MFI on ESAT-6/CFP10-specific CD4 T-cells, defined by IFNy production (red). Frequencies of IL2-producing T-cells (CD4
and CD8) following ESAT-6/CFP-10 stimulation (blue). Proportions of ESAT-6/CFP-10-specific CD4T cells, defined by IFNy, TNF, and/or IL2
production, producing TNF alone (orange). Phenotypic analysis was only performed on donors with a positive ESAT-6/CFP-10 response, defined
using Fisher’s exact test comparing unstimulated and stimulated samples. Comparison of the area under the receiver operating characteristic
(ROC) curve (AUC) of the published biomarkers. It is important to note that a larger CD27 MFI ratio indicates reduced CD27 expression by
M. tuberculosis-specific CD4 T-cells. b) Analysis workflow used to assess the performance of novel biomarker combinations. Blinded analysis of FCS
files was performed in FlowJo X. Tables of raw frequencies, counts, and MFI values were imported into R for analysis. Background subtraction
(subtracting unstimulated frequencies from the stimulated frequencies), and absolute counts [13] of T-cell subsets were calculated in R. Prior to
phenotypic analysis of specific T-cell subsets, the Fisher’'s exact test was used to determine if stimulation (i.e. BCG, ESAT-6/CFP-10, and TB122)
induced a positive response (cytokine-positive counts significantly higher in stimulated than unstimulated sample). Responses were defined by p
<0.05. c] Top 10 antigen-specific T-cell biomarker combinations ranked by the AUC (left plot). Only biomarker combinations detectable in more
than 80% of patients and controls were evaluated. A total of 770 combinations were evaluated and the Benjamini Hochberg procedure was used to
correct for multiple comparisons. All the top 10 biomarker combinations had a false discovery rate of <0.001. The pROC package in R was used to
determine if AUCs were statistically different. Comparison of the sensitivity and specificity of each biomarker combination (top right plot).
Summary graph on the bottom right depicts the proportions of HLA-DR+ ESAT-6/CFP-10-specific T-cells co-expressing IFNy and TNF in LTBI
before and after follow up, and those with active TB before and after TB treatment. Dashed line indicates the cut-off threshold.

cytokine combinations with a responder rate exceeding 80% in each study group, to reduce bias and
ensure biomarker robustness. HLA-DR expression appeared in all the top 10 ranked combinations and was
therefore the most informative feature (figure 1c). It should be noted that only CD4 and no CD8 T-cell
specific features made the top 10. While we observed a range of AUCs (and confidence intervals) in the
selected combinations, these were not statistically different from each other, likely due to the relatively
small sample size of our study cohort. We then utilised the Youden index to determine threshold cut-offs
that maximised sensitivity and specificity for each biomarker. Only HLA-DR expression on BCG-specific
IFNY+TNF+IL2- CD4 T-cells (regardless of CD27) reached 95% specificity and 95% sensitivity (figure 1c).

To reduce the assay cost and simplify analysis, we then sought to reduce the number of fluorescent flow
cytometry parameters, while maintaining a high level of diagnostic performance. Analysis of up to four
fluorescent parameters can be performed on small and cheap flow cytometers, which are more accessible
in resource-constrained settings. Based on the assay performance described above, we selected HLA-DR
expression on IFNy and TNF co-expressing T-cells. Detection of antigen-specific T-cells co-expressing two
cytokines was less affected by artefacts originating from autofluorescence or non-specific antibody staining,
which are typically observed in single cytokine-producing cells (data not shown). In our dataset virtually
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all M. tuberculosis-specific T-cells were CD4+, but since others have proposed that measurement of CD8+
responses might yield additional diagnostic value [5], we reasoned that gating on total CD3+ cells would
encompass responses from both CD4+ and CD8+ cells. Although the choice of antigenic stimulus did not
appear to influence biomarker performance (figure 1c), we focused on stimulation with M.
tuberculosis-specific antigens ESAT-6/CFP-10, which may provide the additional advantage of
distinguishing between persons sensitised by M. tuberculosis infection from those not sensitised
(i.e. M. tuberculosis uninfected). This would expand the applicability of this blood-based diagnostic test for
TB disease to also include diagnosis of M. tuberculosis infection.

Based on these considerations, we reanalysed the flow cytometry data, focusing on HLA-DR expression by
IFNy and TNF-expressing CD3+ T-cells using this four-colour panel, and ignored the presence of the
other antibodies in the panel. LTBI participants were readily distinguishable from those with active TB
(AUC 0.97, 95%CI 0.91-1.00) (figure 1c). Importantly, expression of all the top 10 biomarkers (data not
shown), and notably the proportion of HLA-DR+ M. tuberculosis-specific CD3+ T-cells co-expressing
IFNy and TNF (assessed with the four-colour panel; figure 1c), dropped to levels similar to those observed
in healthy controls following successful treatment of TB patients.

Our study independently validated published T-cell diagnostic biomarkers using a whole blood-based
approach, which is more amenable to translation to field testing than peripheral blood mononuclear cells
(PBMCs). We systematically assessed all possible combinations of previously validated biomarkers and
compared them head-to-head in the same population. Our results are in agreement with recent work
showing that better discrimination was observed with HLA-DR expression compared to CD27 in PBMCs
[7]. While previous studies have focused on measuring expression of HLA-DR or CD27 by
M. tuberculosis-specific T-cells identified solely by IFNy expression [3, 5], our results suggest that a
combination of two functional outcomes with phenotypic profiles may yield better diagnostic accuracy.
Importantly, we demonstrate potential feasibility for a test based on a limited flow cytometry panel
consisting of only four antibodies, which yielded a sensitivity of 86% and a specificity of 100% for
diagnosis of active TB disease. These performance characteristics fall within the minimum target product
profile reccommended by a World Health Organization consensus meeting [14]. Successful treatment of TB
resulted in these biomarkers returning to levels observed in healthy persons with asymptomatic M.
tuberculosis infection, corroborating high specificity for TB.

Although our study did not include participants co-infected with HIV, recent data demonstrated that
HLA-DR expression on M. tuberculosis-specific T-cells was significantly higher in HIV-infected persons
with active TB as compared to latently infected controls [6, 7]. These results suggest that the simplified
whole blood TB diagnostic assay likely has applicability in persons living with HIV. Key future steps are to
determine the performance of T-cell-based biomarkers in HIV-infected and paediatric populations,
including control groups of patients with other respiratory diseases. In conclusion, our data support
further development of a simplified whole blood assay to measure HLA-DR expression on M.
tuberculosis-specific T-cells for TB diagnosis and/or treatment monitoring.
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