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Abstract

Plain Language Summary

Background Accurate detection of tuberculosis (TB) treatment failure and recurrence can
improve disease control, but current sputum-based monitoring tools pose significant
limitations. This study aimed to identify sputum-independent biomarkers for detecting and
predicting TB treatment failure and recurrence.

Methods Within the Pan-African TB Sequel study, we conducted a matched case-control
study with 40 participants who had recurrent TB or treatment failure and 37 successfully
treated controls matched by sex, age, and HIV status. Cases were classified as (a) non-
converters with persistently positive sputum Mycobacterium tuberculosis (MTB) results
during treatment, (b) reverters at the end of treatment (EOT), or (c) recurrence after EOT.
Peripheral blood was collected at baseline, months 2, 4, 6, 9, and 12, and at suspected
recurrence. MTB-specific T-cell activation markers (CD38, CD27, HLA-DR, Ki67) and
transcriptomic signatures (Sweeney3, Risk6, MAMS6) were assessed and compared to the
reference standard MTB culture and smear results.

Results Here, we show that both MTB-specific T-cell activation and transcriptomic
signatures detected non-conversion and TB recurrence at month 9 or 12 after treatment
initiation. CD38 expression demonstrates 100% sensitive (95% CI: 56.6-100%) and 78%
specific (95% CI: 56.5-99.4%) for detecting TB recurrence, with an AUC of 0.98 (95% ClI:
91-100%). Among transcriptomic signatures, MAMS6, RISK6, and Sweeney3 achieve 75%
sensitivity (95% CI: 50-100%) and 87-93% specificity (95% Cl: MAMS6 0-100%, RISK6
0-93%, Sweeney3 0-100%), with comparable AUCs (0.78-0.83). Neither marker detected
TB reversion at EOT.

Conclusion These sputum-independent biomarkers effectively identify TB disease, non-
conversion and recurrence TB after EOT, whereas their utility in detecting TB reversion
during treatment remains limited.

Tuberculosis (TB) is a serious infectious
disease that can be fatal if untreated. While
most patients recover with treatment, some
do not respond well or develop TB again after
completing therapy. Monitoring how well
patients respond to TB treatment currently
relies on tests using sputum samples, which
can be slow and may be less reliable during
treatment. This study aimed to identify
alternative host-based markers in blood that
could help detect patients with poor treat-
ment response or TB recurrence. We found
that specific blood markers can reliably
identify patients with TB and detect poor
treatment response during therapy, as well as
TB recurrence after treatment completion.
These findings may help improve early
detection, guide treatment decisions, and
reduce TB transmission.

Tuberculosis (TB) disease, caused by the acid-fast bacillus Mycobacterium
tuberculosis (MTB), continues to pose a significant global health challenge.
In 2023, an estimated 10.8 million individuals developed TB and 1.25
million deaths attributable to TB were reported worldwide'. Despite the
availability of treatment, the global success rate for first-line regimens
remains suboptimal at 88%', for a variety of reasons such as the lengthy
duration of therapy, side effects and poor tolerability”. Treatment failure

occurs in 0.72% of patients with drug-susceptible TB globally', while TB
recurrence after successful treatment completion has an estimated incidence
rate of 2.26 per 100 person-years’, further complicating efforts to achieve
lasting disease control. Identification of TB patients with a high likelihood of
treatment failure and disease recurrence will hence help reduce drug
resistance by allowing for treatment adjustments stopping ongoing bacillary
replication under suboptimal therapy that might select for resistant TB
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strains™*’. Further, it will aid in decreasing transmission, minimizing post-
treatment adverse events, and lowering healthcare costs.

Established risk factors, such as a positive 2-month sputum culture or
smear, are important for predicting tuberculosis treatment outcomes, but do
not reliably differentiate between individuals with unfavorable treatment
outcomes and those who achieve a cure®'’. Moreover, sputum-based
diagnostics have limitations, particularly in individuals with extra-
pulmonary TB, those unable to produce sputum (e.g, children), and
patients with paucibacillary disease. Sputum-based MTB diagnostics, in
particular MTB culture, also requires a higher biosafety level'". Hence, there
is a compelling need to advance diagnostic tools for early sputum-
independent diagnosis of TB treatment failure and recurrence.

Several blood biomarkers have shown promising results to diagnose
TB and are also gaining recognition for treatment monitoring'*"*. The
activation and maturation status of MTB-specific CD4 T cells distinguishes
quite accurately between individuals with TB disease, clinically “latent”
MTB infection (TBI), and cured TB'*"*'**", Furthermore, after treatment
initiation, the decline in MTB-specific T-cell activation correlates with time
to culture conversion. Moreover, such activated T cells can often be detected
even before symptom onset and before MTB bacilli become detectable in

Transcriptomic profiling has emerged as another powerful tool
not only for diagnosing TB disease” ™ but also for predicting pro-
gression to TB disease’*'****' and monitoring treatment
outcomes'”'***”, Current host RNA signatures are often composed
of only a few transcripts, facilitating their translation to RT-qPCR
(Reverse Transcription quantitative Polymerase Chain Reaction),
making them suitable for point-of-care platforms. However, due to
the limited occurrence of TB treatment failure and recurrence, these
RNA signatures have yet to be extensively tested across diverse
cohorts for their ability to predict or diagnose TB recurrence.

To address whether and when sputum-independent biomarkers can
predict and detect treatment failure and recurrence TB, we conducted a
matched case-control study nested within the TB Sequel study, a large
multicenter cohort in West, East and South Africa. The cohort follows TB
patients intensively for 24 months after microbiological diagnosis”, with
extended follow-up every 6 months thereafter for up to 5 years. We studied
the dynamics of MTB-specific T-cell activation markers in PBMC using
flow cytometry with pre-defined cut offs, and three parsimonious tran-
scriptomic signatures in whole blood from patients with TB treatment
failure or recurrence and compared these with successfully treated patients
over time, who were matched by sex, age and HIV status. Close monitoring
of microbiological outcomes enabled the identification of distinct sub-
groups: non-converters, reverters at EOT, and recurrence after EOT, and
allowed for a detailed assessment of the diagnostic and predictive potential
of biomarkers in each subgroup.

We show that specific T-cell activation markers and transcriptomic
signatures reliably identify patients with TB disease, microbiological non-
conversion and recurrence TB after EOT. These findings highlight the
potential of blood-based biomarkers to detect TB recurrence after treatment
completion, providing a sputum-independent tool for improved patient
monitoring and risk stratification.

Methods

Study participants and sample selection

Patients with microbiologically confirmed pulmonary tuberculosis based on
MTB positive Xpert MTB/RIF assay or positive sputum culture were
recruited as part of the longitudinal TB Sequel study”. This prospective,
multi-country (South Africa, Tanzania, Mozambique, The Gambia), multi-
center, observational cohort study recruited 1.430 pulmonary TB patients
from 29 August 2017 until 27 December 2019. After enrollment, partici-
pants received standard tuberculosis treatment according to local TB
treatment guidelines. The TB Sequel study followed TB patients through
multiple visits: screening (days -6 to —1); baseline (BL), defined as the day of
treatment initiation or up to 7 days afterward; day 14; months (M) 2,4, and

6; and post-treatment visits at M9, M12, M18 and M24 after enrollment,
with additional follow-up every 6 months for up to 5 years. Sputum samples
for microbiological testing were routinely collected at screening, BL, M2,
M4, and M6. After the M6 follow-up, sputum testing was only performed if
TB recurrence was clinically suspected based on signs and symptoms.
Peripheral blood mononuclear cells (PBMCs) and PAXgene blood samples
were collected at BL, M2, M4, M6, M9, M12, and in cases of suspected
recurrence.

Clinical assessments in the study included chest X-rays, physical
examination, TB-specific symptoms questionnaires, treatment response
and adherence questionnaires. A detailed description of the study metho-
dology is available in Rachow et al.”. All study participants provided written
informed consent. The study protocol was approved by the ethics com-
mittees of the following institutions: Human Research Ethics Committee of
the University of the Witwatersrand, Johannesburg, South Africa (Ref. No.
161111); Comité Nacional de Bioética para a Saude, Maputo, Mozambique
(Ref. No. 200/CNBS/22); The Gambia Government/MRC Joint Ethics
Committee, The Gambia (Ref. No. 26487); Mbeya Medical Research and
Ethics Committee, Mbeya, Tanzania (Ref. No. SZEC-2439/R.C/V.1/37);
and the Ludwig-Maximilians-Universitit Miinchen Ethics Committee,
Munich, Germany (Ref. No. 786-16)"".

In an interim analysis at the end of March 2022, 50 drug-
susceptible TB patients were diagnosed with recurrent tuberculosis.
Cases of treatment failure and recurrence were identified either
during the 6-month treatment period or after treatment completion
(end of treatment, EOT) during the follow-up phase. This analysis
included all recurrence patients identified in the interim analysis with
available blood samples (1 =40): 20 participants provided peripheral
blood mononuclear cells (PBMC) for T cell activation marker (TAM-
TB) analysis, and 37 participants provided peripheral blood samples
using PAXgene for transcriptomic analysis. 30 and 13 participants
had no available PBMCs and PAXgene tubes for TAM-TB analyses
or transcriptomic analysis, respectively. Unfortunately, all Gambian
samples for TAM-TB analysis (n=12 recurrence cases and n=12
controls) were lost due to a dysfunctional dry shipper during inter-
national shipping, while the clinical site in Johannesburg did not
collect PBMC samples during this study. The control group (n = 38)
(TAM-TB: n=21, RNAseq: n=36) completed TB treatment with no
detectable MTB in culture or smear microscopy and showed no
clinical signs of tuberculosis during a mean follow-up period of
35 months (range: 12-48 months) after treatment initiation. Due to
poor sample quality, two participants from TAM-TB and one from
RNAseq analysis were excluded, leaving 37 participants (TAM-TB:
n =19, RNA-seq: n =35) for analysis.

All individuals included in our substudy had drug susceptible tuber-
culosis at baseline. TB treatment failure and recurrence cases were re-treated
for TB either based on microbiological confirmation (1 =34) or clinical
diagnosis (n = 6). We divided the treatment failure and recurrence TB group
into three subgroups based on the timing of recurrence': Non-converters,
patients who continuously had a positive sputum smear or culture result
during the entire 6 months of treatment’; Reverters at EOT, patients with
positive microbiologically findings at M6 but conversion to negative
microbiological results in smear and culture during treatment™. Notably,
the generic term of “treatment failure” is used for both aforementioned
groups. The third subgroup, recurrence after EOT, had negative micro-
biological results at EOT but subsequently developed signs of TB recurrence
with positive microbiological findings, which may represent either relapse
or reinfection (Fig. 1).

Bacteriological assessment

Decontaminated and concentrated sputum samples were analyzed by smear
microscopy using Ziehl-Neelsen staining. AFB-positive sputum samples
were graded according to the WHO/IUATLD scale. Moreover, sputum
samples were cultured on solid Lowenstein-Jensen (L]) media (solid culture,
SC) and in liquid media using the BACTEC MGIT 960 system (liquid
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Fig. 1 | Flowchart of the selection process for TB
treatment failure and recurrence cases and suc-
cessfully treated controls, matched by site, sex,
age, and HIV status. The treatment failure and

1430 participants w

TB Sequel Cohort

ith microbiological confirmed tuberculosis from Tanzania, Mozambique, Gambia and
South Africa

recurrence group include: 1. non-converters (posi-

v v

tive culture/smear results throughout treatment), 2.
reverters at EOT (positive culture/smear at months 6
despite prior negative results). Subgroups one and
two are summarized as “TB treatment failure”. 3.
Recurrence after EOT (recurrence (positive culture/

TB treatment failure and recurrence cases

(interims analysis in March 2022)

Control group n=38
TAM-TB n=21
RNAseq n= 36

identified n=50

smear) after treatment completion and negative

Excluded overall n=
culture/smear at EOT). The control group consisted TAM-TB n=30
of tuberculosis patients who were successfully trea- RNAseq n=13

ted and remained disease-free throughout the missing samples

10 Excluded overall n=1
TAM-TB n=2
RNAseq n=1

poor sample quality

A 4 A 4

follow-up period. Note: Exclusions were due to
missing or poor-quality samples. Many missing
samples in the TAM-TB analysis were caused by

TB treatment failure and recurrence group

included n=40 Control group n=37

shipping issues and lack of PBMCs in South Africa. TAM-TB n=20 -II;?\II\:;Z‘:, :;;59
EOT end of treatment, TB tuberculosis, PBMC RNAseq n=37
peripheral blood mononuclear cells, TAM-TB T-cell v
activation marker TB assay, RNAseq RNA TB treatment failure n=21
sequencing. TAM-TB n=11
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v v
Non-converter Reverter at EOT Recurrence after EOT
n=7 n=14 n=19
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culture, LC). Positive cultures were confirmed for Mycobacterium tuber-
culosis (MTB) using the TB Ag MPT64 Rapid Test”.

Selection of PBMC samples and intracellular cytokine staining

Cryopreserved peripheral blood mononuclear cell (PBMC) samples
from treatment failure, recurrence TB patients and matched controls
were collected at the Tanzanian and Mozambican study sites.
Intracellular cytokine staining of PBMCs was performed to deter-
mine MTB-specific CD4 T-cell activation and maturation using a
protocol adapted from". Briefly, PBMCs were stimulated overnight
using Purified protein derivative (PPD, 10 pg/ml, Serum Staten
Institute), MTB125 (2 ug/ml/peptide, peptides&elephants, Germany),
staphylococcal enterotoxin B (SEB, 0.6 pg/ml, Sigma-Aldrich) as
positive control, or no added peptides as negative control. Of note,
MTBI125 is a peptide pool consisting of 125 selected immunogenic
MTB peptides described in more detail by Lindestam Arlehamn
et al.”. Additionally, co-stimulatory antibodies anti-CD28 (1.293, BD;
0.25 pl per reaction, 1 pg/ml final concentration, stock 1 mg/ml) and
anti-CD49 (125, BD; 0.25 pl per reaction, 1 pg/ml final reaction, stock
1 mg/ml) as well as Brefeldin A (BFA, final concentration 5 pg/ml,
Sigma) were added to each sample. Cell surface staining was per-
formed for 20 min with anti-CD38-BV785 (clone HIT2, Biolegend;
1.25ul per reaction), anti-CD4-APC (clone 13B8.2, Beckmann
Coulter; 5 pl per reaction), anti-CD27 ECD (clone 1A4CD27, Beck-
mann Coulter; 2.5 pl per reaction), and anti-HLA-DR APC-H7 (clone
G46-6, Becton Dickinson; 1.25 pl per reaction), followed by fixation
and permeabilization using FoxP3 Perm/Fix buffer and diluent
(eBioscience), and then stained intracellularly using anti-IFNy FITC
(clone B27, BD Pharmingen; 1.0 ul per reaction), anti-Ki67 BV421
(clone B56, BD Pharmingen; 1.25pl per reaction), and anti-CD3
APC-A700 (clone UCHT1, Beckmann Coulter; 2.5 ul per reaction).
Cells were acquired on a CytoFlex flow cytometer (Beckman Coul-
ter). Data analysis was done using the CytExpert software (Beckman
Coulter). A positive MTB-specific CD4 T cell response was defined
by an IFNy response to the positive control antigen, a frequency of
MTB-specific IFNy+CD4 T cells 20.02%, and a count of =15
IFNy 4 CD4 T cells after MTB125 or PPD stimulation, accounting

for background subtraction. Gating analysis was conducted blind to
TB diagnosis (Supplementary Fig. 1).

Determination of TAM-TB cut off to define active TB disease

In this study, the expression of CD38 on MTB-specific CD4 T cells was used
to monitor treatment response over time and differentiate between treat-
ment failure or recurrence TB and cured TB. The cutoffs for the frequency of
CD38+ among total IFNy 4+ MTB-specific T cells used to identify TB
disease were established through ROC analysis based on data from two
previously published African studies'”, which applied the same ICS ana-
lysis and PPD restimulation methods'™”'. We found that setting the
threshold at 31.6% CD38+ of total IFNy + MTB-specific T cells dis-
criminated best between TB disease and latent TB infection with a sensitivity
of 87% and specificity of 90% (Supplementary Fig. 2). This cutoff was
applied to define TB disease in the current study, as illustrated in the color
code of Fig. 3, in Figs. 2, 4, and Supplementary Fig. 4.

RNA processing, sequencing, and signature calculation

Whole blood was collected from TB Sequel participants into PAXgene blood
RNA tubes (BD Biosciences) and subsequently stored at —80 °C. RNA was
extracted from PAXgene tubes using PAXgene Blood miRNA kits (Quia-
gen). RNA concentration was measured using the Xpose Spectro-
photometer (Trinean). cDNA libraries were generated using NEBNext
Ultra II Directional RNA kits (New England Biolabs) following the kit’s
instructions. After a final QGC, the libraries were sequenced in a paired-end
mode (2 x 100 bases) in the Novaseq6000 sequencer (Illumina) with a depth
of =50 million reads per sample.

Underlying data derived from paired-end RNA sequencing of whole
blood of the patients. The reads were mapped using kallisto package (version
0.48.0)" to the reference genome version GRCh38.p12 followed by sub-
sequent in silico globin depletion. Genes containing less than 10 reads
overall were excluded. Final set of patients for whom the sequencing data
was available consisted of 35 cured and 36 patients experiencing recurrent
TB. Genes were matched to the signatures using their ENSEMBL ID. As no
established method for conversion of RNA-seq counts to CT values exists,
rlog normalized counts were used (rlog method from DESeq2 package
version 1.36.0)"". Tested and shown signatures are: Sweeney 3**, RISK6'° and
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Fig. 2 | Longitudinal phenotypic profiles of MTB-specific CD4 T cells in recur-
rence subgroups and control groups. Activation marker expression is shown for
CD38 (a), HLA-DR (b), Ki67 (c), and the maturation marker CD27 (d) across six
time points (x-axis) from treatment initiation (BL) to 6 months post-treatment
(M12), excluding any samples collected after TB recurrence. Color and shape codes
indicate subgroup classification: treatment failure and recurrence group (non-
converter, reverter at EOT, recurrence after EOT) and the control group. Sample
sizes were as follows: non-converter n = 4, reverter at EOT n = 7, recurrence after

B Reverterat EOT W Recurrence after EOT

EOT n =9, control group n = 19; note that not all participants had samples available
at every time point. MTB-specific CD4 T cells were characterized after stimulation
with MTB 125. The box plot displays the interquartile range (IQR), with whiskers
extending to the furthest points within 1.5 times the IQR. The dashed line in A
indicates the cutoff for active tuberculosis, analyzed only for CD38. EOT End of
treatment, BL Baseline, M Month, C Control group, R Recurrence and treatment
failure group (Non-converter, Reverter at EOT, Recurrence after EOT).
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Fig. 3 | Longitudinal frequencies and clinical characteristics of CD38" MTB-
specific IFNy" CD4 T cells during and after tuberculosis treatment. Frequencies
of CD38" MTB-specific IFNy" CD4 T cells in patients with unfavorable treatment
outcome (a, recurrence group) and successfully treated patients (b, control group)
are shown from treatment initiation up to 6 months post-treatment (x-axis, study
months). Positive microbiological results are marked with a “+” symbol. Black
circles indicate cavitary disease at baseline. HIV status is indicated for all

participants, and “Recurrence time” shows the month of recurrence/reverter diag-
nosis (not applicable for controls, indicated by “NA”). The heat map colors represent
the percentage of activated MTB-specific T cells, with red indicating higher acti-
vation and green lower activation. PersID Participant Identification Number, NC
non-converter, RGA Reverter group A (reverters at EOT), RGB Recurrence group B
(recurrence after EOT), CG Control group, HIV Human Immunodeficiency Virus,
neg negative, pos positive.

MAMS_6 (Ahmed et al. 2025, under review). The calculation was per-
formed using the formulas and gene IDs in Supplementary Table 1; gene
names in the formula represent log normalized counts. No significance
testing was performed due to low numbers of subgroups. Performance of the
signature was determined using Youden’s J statistic. AUCs were calculated
using pROC package (1.18.5)*. Published cut-offs from the three signatures

were established using qPCR derived CT values, hence these cut offs were
not applicable to RNA sequencing data. Nonetheless, we expect that the
signatures will show a degree of separation between the groups when cal-
culated from RNA sequencing and microarray data comparable to qPCR.
Additional packages used for data handling were tidyverse (v. 2.0.0) and
vroom (v. 1.6.5) packages.
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Statistical analysis

In Table 1 and Supplementary Table 1, continuous variables are summar-
ized using the median and interquartile range (IQR). Statistical comparisons
for continuous variables were performed using the Wilcoxon rank-sum test
or the Wilcoxon signed-rank test, as appropriate. Categorical variables are
presented as counts () and percentages, with statistical comparisons con-
ducted using either Fisher’s exact test or Pearson’s chi-squared test,
depending on the data. The Wilcoxon rank-sum test was used to compare
the phenotypic profiles of MTB-specific CD4 + T cells between recurrence
cases and controls (Fig. 2, Fig. 4, Supplementary Fig. 4). For comparisons of
frequency and phenotypic profiles of MTB-specific CD4 + T cells stimu-
lated with MTB125 or PPD across all participants, the Wilcoxon signed-
rank test was applied (Supplementary Fig. 3). RNA analysis with DESeq
included Wald testing and FDR correction and was applied as implemented
in the DESeq2 package.

Statistical analyses, were performed in R¥, and figures were created
using ggplot2”. Besides GraphPadPrism 8.4.2. was used for Receiver
Operating Characteristic (ROC) analysis in Supplementary Fig. 2. A p-value
<0.05 was considered significant. Relevant details on tests used are pro-
vided in the figure legends.

Results

Demographic and clinical characteristics of study participants
By the end of March 2022, 50 drug-susceptible TB patients were diag-
nosed with recurrent tuberculosis based on the initiation of retreatment.
Cases were classified as treatment failure if occurring during treatment,
or as recurrence if identified after EOT. In total, our analysis included 40
treatment failure and recurrent TB cases with a median recurrence time
of 9 months (IQR 9-12). The TAM-TB dataset comprised 20 treatment
failure or recurrence cases and 19 controls from Tanzania and
Mozambique, while the transcriptomic dataset included 37 treatment
failure or recurrence cases and 35 controls from all four countries (Fig. 1).
The TB treatment failure and recurrence group was matched to suc-
cessfully treated controls based on age, sex, and HIV status. Additionally,
for the RNA sequencing analysis, matching also included Ralph scores, a
metric for grading Chest X-ray severity in adults with smear-positive
pulmonary TB”. In the following, we analyzed the differences in
demographic and clinical characteristics between all participants in the
TB treatment failure and recurrence group and the control group
(Table 1). First, baseline C-reactive protein (CRP) levels were 1.7-fold
higher in the control group than in the recurrence and treatment failure
group (BL p=0.018) (Table 1). As expected, treatment failure and
recurrence cases exhibited a higher likelihood of testing culture positive
for M2 (LC: p=<0.001, SC: p=0.031) and M6 (LC: p=<0.001, SC:
p =0.025) compared to the control group. In addition, treatment failure
and recurrent TB cases had higher sputum smear positivity grades at BL
(p =0.032), and the percentage of smear positive results at M6 was higher
(p=0.026) compared to the control group. No significant differences
were found between the two groups if comparing X-ray results using the
Ralph Score at M6 (Table 1). We also examined six common tuberculosis
symptoms—cough, bloody cough, fever, weight loss, night sweats, and
body weakness—at BL and M6. At BL, all TB treatment failure and
recurrence cases had at least two symptoms, while 13% of controls had
only one symptom (p = 0.037) (Table 1).

We further compared the individual treatment failure and recurrence
subgroups—non-converters, reverters at EOT and recurrence after EOT—
with the controls (Supplementary Table 2). Especially non-converters
(n=7) exhibited clinical differences compared to the successfully treated
patients; however, due to the limited sample size, these findings should be
interpreted with caution. This group had a consistently lower Body Mass
Index (BMI) at BL (p=0.011) and at M6 (p =0.001) and exhibited more
persistent lung damage, as defined by elevated Ralph scores at
M6 (p =0.019).

In contrast, the reverter at EOT subgroup (1 =14) showed no sig-
nificant clinical differences compared to the control group, except for a

Table 1 | Comparison of demographic and clinical
characteristics between patients with TB treatment failure or
recurrence and matched controls (by site, sex, age, HIV status,
and additionally Ralph scores for RNAseq analysis)

Variables Treatment failure Control p-value
and recurrence group n =37
group n =40
TAM-TB/RNAseq,n  20/37 19/35
Treatment failure 7(17.5) - -
and recurrence 14 (35)
group, n (%) 19(47.5)
(non-converter
reverter at EOT
recurrence
after EOT)
Matching Criteria
Site (Mzb/Tz/Gmb/ 2/18/10/10 3/17/9/8 >0.98°
Rsa), n
Sex (Male), n (%) 27 (68) 24 (65) >0.81°
HIV positive at BL, 14 (35) 14 (38) >0.8°
n (%)
Age, median (IQR) 36 (30-43) 33 (30-42) 0.93¢
BMI, median (IQR)
Baseline 18.0 (16.8-19.3) 18.9 (17.5-21.4) 0.10¢
Month 6 19.9 (17.8-21.1) 21.0(19.7-22.7) 0.06¢
CRP value BL, 92.4 (59.2-121.3) 161.0 0.018¢
median (IQR) (81.4-243.4)
Microbiological results *
Sputum smear positivity, n (%)
Screening/Baseline 39 (97.5) 26 (81) 0.0322
Month 2 5(14) 13 0.322
Month 6 7(18) 0(0) 0.026*
Liquid culture positivity, n (%)
Screening/Baseline 40 (100) 34 (100)
Month 2 20 (59) 5(16) <0.001°
Month 6 16 (44) 0(0) <0.001°
Solid culture positivity, n (%)
Screening/Baseline 33 (85) 28 (78) 0.45°
Month 2 11(31) 3(9 0.031°
Month 6 6(17) 0(0) 0.025%
Chest X Ray - Ralph Score, median (IQR)
Month 6 10 (5-29) 5 (5-29) 0.24°

Number of symptoms (Cough, bloody cough, fever, weight loss, night sweats, body
weakness)

Baseline, >2/1/0, %
Month 6, >2/1/0, %

100/0/0
13/33/54

87/13/0
14/32/54

0.037¢
0.67%

Data were >85% complete for all variables except CRP, with 67% availability in both groups.

EOT end of treatment, Mzb Mozambique, 7z Tanzania, Gmb Gambia, Rsa Republic South Africa,

BMI body mass index.

CRP: C-reactive protein, an unspecific inflammation marker.

Ralph Score: Radiographic score which considers the extent of lung infiltrate and the presence or

absence of cavities.

* Percentages are based on valid results only; indeterminate samples (<16% per timepoint) were
excluded from the analysis.

“Fisher’s exact test.

Pearson’s Chi-squared test.

“Wilcoxon rank sum test.

9Wilcoxon rank sum exact test. All tests were two-sided.

lower CRP value at BL (p = 0.008) (Supplementary Table 2). Notably, 9 of 14
participants were MTB-positive only in liquid culture, not in solid culture or
smear microscopy. Of these, 5 were either asymptomatic (n = 3) or had only
one symptom (n =2).
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Comparable decline of MTB-specific CD4 T cell activation during
treatment in TB reversion, recurrence, and control groups
MTB125 was as sensitive as PPD in overnight in vitro restimulation assays
for detecting MTB-specific CD4" T cells via IFN-y production. Notably,
MTBI125 induced earlier and more pronounced CD27 upregulation after
treatment initiation compared to PPD (Supplementary Fig. 3). Given its
defined protein composition and consistent performance, MTB125 was
used for further analyses.

The dynamics of MTB-specific CD4 T-cell activation from treatment
initiation until end of treatment (M6) were comparable between the suc-
cessfully treated control group, reverters at EOT and recurrence cases after
EOT (Fig. 2). In those groups, the activation marker CD38 was highest at BL
and declined during treatment duration, with the most significant drop
between BL and M2 (Fig. 2a). At M6, controls, reverters, and recurrence
cases exhibited similar profiles, despite the detection of tuberculosis in the
reverter subgroup at that time. The activation marker HLA-DR and Ki67
displayed similar longitudinal patterns to CD38 expression (Fig. 2b-c). In
contrast, CD27 continuously increased throughout treatment, with sig-
nificant changes between BL and M2 (p = 0.01) in the treatment failure and
recurrence group and BL and M4 (p = 0.035) in the control group (Fig. 2d).

In the non-converter subgroup (n = 4) with persistent positive MTB
culture or smear microscopy throughout TB treatment, MTB-specific CD4
T cell activation also initially declined significantly but remained high
compared to other sub-groups, especially at M4. Notably, Ki67 was the most
discriminating factor for the non-converter subgroup at both M2 and M4,
compared to all other markers (Fig. 2¢). Given the very small sample (n = 4),
these results should be interpreted with caution, as limited statistical power
may reduce reliability.

Generally, elevated CD38 levels were associated with positive micro-
biological results, except at EOT in the reverter subgroup, where the fre-
quency of CD38 positivity was low despite positive microbiological
findings (Fig. 3).

Elevation of MTB-specific T cell activation identifies recurrent
tuberculosis after end of treatment, but not reversion at end of
treatment

We next focused our analysis on samples collected at the time of reversion
and recurrence, respectively. Within the group subjected to TAM-TB
assessment, TB reversion was detected in the sputum at M6 (n=7), and TB
recurrence occurred at M9 (n = 3), M12 (n = 3),M18 (n=2),or M30 (n=1)
(total recurrence cases n=9). For the following analysis, only recurrence
cases with samples available at the recurrence timepoints M9 or M12 were
included (n=5) and compared with matched controls (M6: n = 16; M9/
M12: n=9). In recurrence cases (detected at M9 or M12 after treatment
initiation), the MTB-specific T-cell markers were significantly higher in the
recurrence group compared to the control group for CD38 (p =0.002),
HLA-DR (p=0.016) and Ki67 (p =0.0023), as shown in Fig. 4 a-c, right
panel. The median frequency of CD38 + MTB-specific CD4 T cells was
58.8% in the recurrence group and 18.4% in the control group after EOT
(Fig. 4a, right panel). Using our predefined cutoff of 31.6% of IFNy+
CD38 4 CD4 T cells, the recurrence cases were detected with a sensitivity of
100% (95% CI: 56.6-100%) and a specificity of 77.8% (95% CI: 56.5-99.4%)
with an AUC of 0.98 (95% CI: 91-100%). No significant difference was
detected in the expression of the maturation markers CD27 at M9 or M12
(CD27: p=0.7, Fig. 4d, right panel). TAM-TB analysis of the few available
samples prior to TB recurrence (M9 or M12) showed slightly elevated CD38
expression in the recurrence group (Supplementary Fig. 4a, right panel).
Furthermore, three of four individuals had activated MTB-specific T cells
when last assessed—between 3 and 21 months prior to the diagnosis of
recurrence (Supplementary Fig. 4b). In contrast, when only considering
cases with TB reversion at EOT no differences in T cell activation were
observed (CD38 p=0.37, HLA-DR p = 0.082, Ki67 p = 0.58; Fig. 4a-c, left
panel). Likewise, when participants were still under treatment at the visit
preceding TB reversion or recurrence, no differences in TB-specific acti-
vation markers were observed (Supplementary Fig. 4a, left panel). Only the

maturation marker CD27 showed a moderate difference at TB reversion
(p=0.035; Fig. 4d, left panel) and before reversion or recurrence during
ongoing treatment (p = 0.014, Supplementary Fig. 4d), despite considerable
overlap between the groups.

In summary, these findings suggest that the TAM-TB assay can reliably
detect recurrent tuberculosis—potentially months before clinical or
sputum-based diagnosis—while failing to identify subclinical reversion at
the end of treatment.

Transcriptomic signatures mirror MTB-specific CD4 T-cell acti-
vation patterns in TB non-converters, reverters, recurrence, and
controls

Finally, we assessed the diagnostic and predictive potential of three parsi-
monious gene expression signatures with straightforward, pre-defined TB
score calculations (MAMS6, RISK6, Sweeney3) for detecting TB treatment
failure and recurrence'®**. We analyzed the temporal dynamics of these
signatures during and after TB treatment in individuals with TB treatment
failure and recurrence (n=37) and matched controls (n =35, Fig. 5a).
Overall, similar to the trends observed during TAM-TB analysis, MAMS6
and RISK6 scores were elevated at baseline and declined following treatment
initiation. Likewise, Sweeney3 scores reflected a positive treatment response
in both groups. Notably, in participants who did not achieve culture-
negative status (n=6), the signature scores remained principally above
(MAMS6 and RISK6) or below (Sweeney3) the global average, suggesting
persistent immuneactivation in these participants.

None of the signatures reliably predicted TB treatment failure or
recurrence at baseline (Fig. 5a). However, throughout follow-up, partici-
pants who later experienced TB treatment failure or recurrence generally
exhibited either higher (MAMS6, RISK6) or lower (Sweeney3) TB risk
scores than controls. Still, at M6, none of the RNA signatures differentiated
reversion at EOT from controls (Fig. 5b, upper panel). Consistent with
MTB-specific T-cell activation, transcriptomic signatures reliably detected
TB recurrence happening at month 9 or later (n =12 recurrence cases,
n =15 controls, Fig. 5b lower panel). Among the signatures, MAMS6 and
RISK6 demonstrated the highest performance, achieving a sensitivity of 75%
and specificity of 93% (95% CI: MAMS6 50-100% and 0-100%; RISK6
50-100% and 0-93%) (Youden’s index). Sweeney3 exhibited the same
sensitivity (75%) but lower specificities of 87% (95% CI: 50-100% and
0-100%). The AUCs were comparable across all signatures: MAMS6 (0.78;
95% CI 0.56-1), RISK6 (0.81; 95% CI 0.6-1), and Sweeney3 (0.83; 95%
CI 0.66-1).

In summary, similar to the TAM-TB analysis, transcriptomic sig-
natures effectively detect TB recurrence after treatment completion, while
patients experiencing TB reversion at EOT remained largely indis-
tinguishable from successfully treated patients.

Level of MTB-specific CD4 T-cell activation correlates with
transcriptomic signature scores across patient groups

We next analyzed correlations between the biomarkers examined in this
study to assess their potential complementarity for TB outcome dis-
crimination. Specifically, we compared TAM-TB results (%CD38+ of
MTB-specific IFNy 4 CD4 T cells) with three transcriptomic signature
scores (Sweeney3, RISK6, and MAMS6) in patients with cured TB, treat-
ment failure and TB recurrence. Analysis was restricted to individuals with
paired transcriptomic and TAM-TB data at the same timepoint (controls
n =16, non-converters n =3, reverter at EOT n =6, recurrence after
EOT n=7).

Pearson’s correlation analysis revealed significant associations between
all transcriptomic signatures and TAM-TB (Fig. 6). Correlations among the
transcriptomic signatures themselves were stronger (MAMS6~Sweeney3
r=—0.93; MAMS6 ~ RISK6 r=0.9; RISK6~Sweeney3 r=—0.77) than
between each signature and TAM-TB (MAMS6 ~ TAM-TB r=0.65,
RISK6 ~ TAM-TB r=0.64, Sweeney3~TAM-TB r=—0.58). The lowest
correlation was observed between Sweeney3 and TAM-TB (Fig. 6b). The
low number of paired samples at the timepoint of recurrence after EOT
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Fig. 4 | Phenotypic profiles of MTB- specific CD4 + T cells at the time of TB
reversion or recurrence compared to successfully treated controls. Samples were
collected at the time of reversion (M6; reverter at EOT, n = 7) or recurrence (M9 and
M12; recurrence after EOT, n = 5), and analyzed for expression of CD38 (a), CD27
(b),Ki67 (c) and HLA-DR (d). Matched controls were included for comparison (M6,
n=16;M9/M12,n = 9). The x-axis indicates the time point of the second TB episode,
and colors and shapes denote subgroups based on their timing. Dashed line in

V relapse at M9 A relapse at M12

a indicates the cutoff for active tuberculosis, analyzed only for CD38. The box
represents the interquartile range (IQR), with whiskers extending to the farthest
points within 1.5 times the IQR. Statistical analysis was done using the Wilcoxon
Rank-Sum Test (two-sided). P-values were calculated for all group comparisons,
with p <0.05 considered statistically significant. EOT end of treatment, BL baseline,
M month.

(n=5; 2 recurrences, 3 controls) precluded a combined sensitivity analysis
of TAM-TB and transcriptomic signatures.

Overall, these results indicate that while TAM-TB and transcriptomic
signatures are moderately correlated, they may capture complementary
aspects of host response, supporting their potential combined use for TB
outcome prediction.

Discussion

This study evaluated the potential of the sputum-independent TAM-TB
assay and three TB RNA signatures to detect recurrent TB or treatment
failure, compared to successfully treated controls with favorable TB out-
comes. Both the TAM-TB and transcriptomic signatures reliably detected
TB disease at baseline in controls, treatment failure and recurrence cases.
Additionally, TB recurrence at the time of diagnosis was detected with high
sensitivity and specificity. Both techniques also allowed for detection of non-
sputum conversion. However, neither approach was able to predict sub-
sequent TB recurrence already at baseline, nor did they effectively detect
reversion at EOT.

Following treatment completion, the TAM-TB assay demonstrated
high accuracy in detecting recurrent TB, achieving 100% sensitivity and
77.8% specificity. Curative treatment for pulmonary TB may not always
completely eradicate Mycobacterium tuberculosis®’, potentially leaving

residual viable bacilli. Thus, the MTB-specific T-cell activation dynamics
observed in our study might reflect both treatment-induced reductions in
bacterial load and subsequent bacterial regrowth in recurrent cases. This
hypothesis is further supported by the detection of specific activation
occurring 3-21 months prior to the diagnosis of recurrent TB. Our previous
study in individuals living with HIV corroborates these findings; both
incipient and recurrent TB were characterized by elevated MTB-specific T-
cell activation both before and at the time of diagnosis, as well as during
recurrence’’.

In participants who did not culture convert, a continuously activated
TAM-TB profile contrasted with the mostly resolved activation profile
observed by month 4 in cured TB. While T cell activation initially declined
after treatment initiation also in non-converters, it mostly remained above
the “active TB” threshold throughout TB treatment, suggestive of an only
transient and insufficient bactericidal effect in these individuals. Increased
MTB-specific T cell activation late in TB treatment is therefore likely a risk
factor for treatment failure. The absent drug resistance measured at BL
suggests that this was not the cause of non-conversion. We found no strong
association between missed doses and treatment failure in the non-
conversion subgroup, as suggested by Thompson et al.”’. When examining
adherence per dose, it was noted that 14% of doses were missed by non-
converters compared to 9% of doses missed by cured patients. However, it is

Communications Medicine | (2026)6:184


www.nature.com/commsmed

https://doi.org/10.1038/s43856-026-01424-w

Article

a b
MAMS6
Control | I Non-converter | I Reverter at EOT | Fecurrence after EOTI 1.001 l ]
121 0.751 I
111 =y
o =
3 107 % 0.50 ]
@ v <
94 @ -
81 0.251 AUC 0.65 (95% C10.42-0.88)
° ° AUC 0.65 (95% CI0.44-0.86)
T T T T T T T T T T T T T T T T T T T T AUC 0.65 (95% CI10.41-0.88)
BL M2 M6 MOM12 BL M2 M6 M9M12 BL M2 M6 MO9M12 BL M2 M6 MO Mi2 0.004
Time 1.00 075 050 025 0.00
Sweeney3 1 - specificity
1.00 4
Control | | Non-converter | | Reverter at EOT | |Recurrence after EOTI
54
° 0.751
44 . =
2 ° £ 050
g 21 L ° - % -
1 %= LS s
0.254 AUC 0.78 (95% CI0.56-1)
0 E a AUC 0.83 (95% CI0.66-1)
AUC 0.81 (95% CI10.6-1)
BL M2 M6 MO9M12 BL M2 M6 MO9M12 BL M2 M6 MO9M12 BL M2 M6 M3M12 0.004
Time 1.00 0.75 050 0.25 0.00
1 - specificit:
RISK6 peely
Control | | Non-converter | | Reverter at EOT | Fecurrence after EOTI
v Group Signature
251 B = B : Ec — MAMS6
g ° % E R — Sweeney3
8 .
? 0.04 ! % — RISK6
° T Subgroup
-2.51 - e Control s Reverter at EOT

BL M2 M6 MOM12 BL M2 M6 MOM12 BL M2 M6 MOM12 BL M2 M6 MOM12

Time

Fig. 5 | Parsimonious transcriptomic signatures in patients with cured TB

(Control Group) and those with recurrence after EOT or treatment failure

(reverters at EOT and non-converters). a Changes in signature scores over time are
shown in months (0-12) for the Control Group (green, # = 35) and the TB treatment
failure and recurrence group (red, n = 37). Colors and shape codes denote the group
classifications based on the time point of the second episode, either during, at or after
EOT. Patients are not included in the plot beyond their reversion or recurrence time
point. The box represents the interquartile range (IQR), with whiskers extending to

¢ Non-converter v Recurrence after EOT

the farthest points within 1.5 times the IQR. b ROC curves for transcriptomic
signature performance in detecting TB reversion or recurrence. Upper panel: ROC
curve for M6 signature scores comparing participants with reversion at EOT to
controls. Lower panel: ROC curve for M9 or M12 signature scores comparing
participants with recurrence after EOT to controls. EOT end of treatment, C control
group, R recurrence and treatment failure group (non-converter, reverter at EOT,
recurrence after EOT).

noteworthy that non-converters shared multiple known risk factors for
treatment failure including being male, having cavities or a Ralph score 250,
low BMI, a baseline sputum-smear grade of 3+, and month 2 culture
positivity".

In contrast to non-converters and recurrence cases after EOT, neither
of the host biomarker diagnostic approaches detected reversion cases
occurring at EOT. The unremarkable clinical presentation seen in these
cases at this time point differed from the high-risk profile found in non-
converters. TB reversion at EOT was detected in 9 of 14 patients by a single
isolated liquid culture. Given that over half of these participants presented
with no (n = 3) or only one symptom (n = 2), this raises possibility of false-
positive diagnoses, as liquid culture can be prone to cross-
contamination”". The reversion TB cases in this study might therefore
consist of a mixed group of those with truly reversion of TB (clinical and
subclinical) and others with false positive culture results. Yet, liquid culture
remains the diagnostic gold standard for TB. The discovery of five false
positive cases out of 1430 TB Sequel participants, accounting for a mere
0.35%, is still consistent with the high specificity of >99% achieved by this
method™.

The TAM-TB assay, using MTB125 synthetic peptides for in vitro T
cell stimulation®’, effectively differentiated sputum-confirmed clinical TB

before treatment initiation from cured TB at EOT using predefined CD38
expression thresholds. But no clear T cell marker pattern distinguished
patients who experienced TB reversion or recurrence from those who did
not during treatment. In both groups, MTB-specific T cell activation
declined as expected during treatment'>'*”'. While most reverters and
recurrent TB cases also fell below the clinical TB threshold by month 4,
several cured participants intermittently exceeded this threshold, suggesting
that treatment may not always fully resolve TB*. Instead, reduced pathogen
loads, through antibiotic treatment, may contribute to more efficient
immune control or complete elimination of viable MTB after EOT. The
similar dynamics of TAM-TB activation and maturation markers between
TB reversion or recurrence and control groups during treatment suggest a.)
similar levels of metabolically active bacteria and b.) comparable dynamics
of bacterial clearance between these groups.

Transcriptomic risk scores followed similar dynamic patterns
throughout the TB treatment, clearly differentiating recurrent TB from
successfully treated TB after EOT. TB score profiles of non-converters also
differed from controls, particularly at M6. However, consistent with the
TAM-TB, transcriptomic signatures failed to detect reverters at EOT, which
suggests that the disease burden in this group may be relatively low, which is
consistent with previous research'®>”. Interestingly, transcriptomic
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Fig. 6 | Correlation analysis of CD38 + MTB-
specific IFNy+ CD4 T cell frequencies (TAM-TB)
and the transcriptomic signatures in patients with
cured TB (control group) and those with treat-
ment failure (non-converter and reverter at EOT)
or recurrent TB. Analysis was restricted to indivi-
duals with paired transcriptomic and TAM-TB data
at the same timepoint. a Pearson correlation of the
TAM-TB and transcriptomic signatures, with red
indicating negative and blue indicating positive
correlations. b-d Scatter plots of TAM-TB scores
versus transcriptomic signature scores for indivi-
duals with paired transcriptomic and TAM-TB data:
control (n = 16), non-converters (n = 3), reverter at
EOT (n =6), and recurrence after EOT (n=7). All
analyzed time points with paired data are shown.
Each plot features a regression line (linear fit) with a
95% confidence interval, Pearson coefficient (R) and
p-value are calculated separately (two-sided test).
EOT end of treatment, TAM-TB T cell activation
marker analysis).
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signatures at BL and M2 showed higher (Sweeney3) or lower (MAMS6 and
RISK6) TB scores in the treatment failure and recurrence group compared
to controls. This aligns with prior research indicating differential gene
expression in recurrence already at the onset of treatment’” and supports
the notion of inherently different immune responses rather than a differ-
ential response to treatment”. Correlation analyses between transcriptomic
signatures and TAM-TB showed moderate agreement, suggesting that
combining these biomarkers may have the potential to improve diagnostic
precision for TB outcomes.

Baseline CRP levels were higher in controls than in the TB
treatment failure and recurrence group overall, with especially
reverter at EOT showing significantly lower baseline values. This
contrasts with Ronacher et al., who reported higher CRP in relapses
and comparable baseline CRP levels in treatment failures (defined
similarly to our reverter at EOT subgroup) and controls, possibly due
to differences in cohort characteristics™.

One limitation of this study is the relatively small sample size.
Although the inclusion of 40 recurrence and TB treatment failure cases is
substantial compared to prior studies, the heterogeneity within these
cases required subgroup analyses, further reducing statistical power.
Although both methods effectively identify recurrence after EOT, their
capacity to predict or detect reversion during treatment remains limited.
Our study also did not differentiate between TB reactivation and rein-
fection. We therefore cannot completely exclude the possibility that TB
reinfection caused TB recurrence, particularly given the high TB inci-
dence in the study regions. Moreover, cases of subclinical tuberculosis
recurrence may have been missed, as sputum testing after EOT was only
performed upon clinical suspicion of TB recurrence. In addition, since
the TB Sequel study is observational rather than interventional, follow-
up procedures reflect real-world clinical practice rather than the highly
controlled conditions of a clinical trial. This may limit the sensitivity for
detecting TB recurrence events and should be considered when inter-
preting “disease-free” outcomes among controls.

A key strength of this study is its thorough categorization of treatment
failure and recurrence cases into three distinct subgroups: nonconverters,
reversion at EOT, and recurrence after EOT, allowing for a more nuanced
examination of clinical characteristics and biomarker performance. The
analysis of two sputum-independent host biomarkers MTB-specific T-cell
activation assays and transcriptomic signatures showed consistent results,
enhancing conclusiveness of our study. Both MTB-specific T-cell activation
and transcriptomic TB score profiles were identified as critical indicators of
recurrent TB following treatment and non-culture conversion. Because the
implementation of transcriptomic TB risk scores is less complex compared
to the flow cytometry-based TAM-TB assay, the transcriptomic approach
may be a more feasible sputum-independent alternative for clinical appli-
cation in the field*™.

Data availability

Source data underlying the main figures, including the TAM-TB cohort and
the relevant clinical datasets, are provided as a single Excel workbook in the
Supplementary Data (Supplementary Data 1). The workbook contains
multiple sheets corresponding to the individual figures. RNA sequencing
data will be deposited in the ENA repository (Accession number
PRJEB101203).

Code availability
The code for the analysis of the RNA signatures is provided at https://github.
com/TropIl-LMU/BauerEtAl2025.
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