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Abstract

Rationale—Biomarkers for monitoring response to anti-tuberculosis treatment are needed. We
explored immune markers previously published as having predictive capability for 8 week culture
status in 39 adults enrolled in a clinical trial in Kampala, Uganda.

Methods—We consecutively selected 20 HIV-negative pulmonary TB subjects with positive
cultures, and 19 subjects with negative cultures at the end of intensive phase therapy. At baseline
and after 8 weeks, serum was assayed for nine cytokines and soluble cytokine receptors using
multiplexed platforms or ELISA. We evaluated their association with week 8 culture status first
using single-variable logistic models, then using cross-validated estimates of the C-statistic, a
measure of discrimination, of candidate models including 2 or 3 analytes in addition to age.

Results—All but one analyte decreased from baseline to week 8 (all p<0.01). Individual
biomarkers were not associated with 8 week culture status. Logistic models including increasing
age, higher baseline soluble tumor necrosis factor receptor alpha 1 (STNF-R1), and higher week 8
C-reactive protein (CRP) concentration classified subjects by culture status with up to 85%
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accuracy and acceptable discrimination (cross-validated C-statistic 0.76) and calibration (Hosmer-
Lemeshow P>0.2).

Conclusion—Exploratory post-hoc models including sSTNF-R1, CRP, and age, classified 8 week

culture status with promising accuracy.

Keywords
Biomarkers; treatment response; tuberculosis; pulmonary

Introduction

There is renewed interest in shortening the duration of TB treatment, currently six months
for drug susceptible TB and up to 24 months for multidrug resistant TB, and several new
drugs are in preclinical and clinical evaluation[1]. However, efficiently evaluating the
efficacy of these new agents remains challenging. Testing the efficacy of new drugs and
drug combinations currently relies on phase 2 trial designs that use M. tuberculosis (MTB)
sputum culture status (positive or negative) on solid or liquid media at week 8 of treatment.
Using dichotomous endpoints in phase 2 clinical trials is inefficient, and it necessitates large
sample sizes[2]. Moreover, culture-based techniques depend upon the ability of patients to
produce representative sputum throughout treatment, often a challenge after several weeks
of therapy[3]. Several blood-based candidate markers for monitoring TB treatment response
have shown promise in prior studies on the bases of high sensitivity, correlation with disease
severity, and decline on treatment[4,5]. We re-evaluated nine putative serum markers
previously published in small cohort studies to show association with treatment effect, in
participants randomized in a Phase 2 clinical trial, who underwent rigorous, standardized
collection of clinical, radiographic, and microbiologic data and additionally received directly
observed therapy throughout the intensive phase of treatment.

The nine candidate markers are all nonspecific indicators of inflammation: neopterin,
granzyme B, C-reactive protein (CRP), soluble Intercellular Adhesion Molecule 1
(sICAM-1), soluble urokinase plasminogen activator receptor (SUPAR), interferon-gamma
inducible protein (IP-10), soluble interleukin-2 receptor alpha (sIL-2Ra), soluble tumor
necrosis factor alpha receptor 1 (STNF-R1), and soluble tumor necrosis factor alpha receptor
2 (STNF-R2). Neopterin is synthesized by macrophages in response to stimulation by IFN-y,
and serves as a marker of TH1-mediated immune activation. It is elevated in body fluids of
patients with TB, and correlates with disease extent and activity[6-11]. Granzyme B is a
serine protease that mediates apoptosis of infected cells, and has been utilized in
multivariable models to predict response to anti-TB treatment[12]. CRP is a nonspecific
acute phase reactant produced by the liver that opsonizes bacterial pathogens, binds to
macrophages, and promotes phagocytosis. Multiple studies have reported that CRP is
elevated at TB diagnosis, is correlated with severity of disease and sputum bacillary load,
and decreases during treatment[13-19]. SICAM-1 is a cellular adhesion molecule which may
play a role in maintaining a pro-inflammatory environment, and is elevated in active TB. It
has also been included in models for prediction of TB treatment response[19-22]. sSUPAR is
a receptor produced by macrophages and monocytes. It is elevated in active TB and
correlates with sputum bacillary burden[23]. IP-10 is a monocyte and T-cell-derived
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chemokine that holds promise as a biomarker for both active and latent TB[24-27]. sIL-2ra
is expressed by activated T lymphocytes, and it correlated with response to anti-TB therapy
in one study[28]. TNF receptors STNF-R1 and sSTNF-R2 have been shown in other models
to serve as markers of innate and adaptive immunity. Levels of STNF-R1 are increased in
active TB, and STNF-R2 polymorphisms have been implicated in susceptibility to
TB[29-31].

We describe the kinetics of change of these markers during treatment, and we constructed a
biomarker-based classifier using multiple markers in combination with clinical
characteristics that were associated with response to treatment.

Materials and Methods

Ethics Statement

The parent study was a CDC-sponsored clinical trial, TBTC Study 29 (ClinicalTrials.gov
Identifier NCT00694629). It was approved by both CDC and local institutional review
boards. Written informed consent was obtained from all study participants for collection of
serum for TB-related research. In addition, the institutional review board at University of
California, San Francisco (UCSF) approved this ancillary study to assess putative
biomarkers of treatment response.

Study Population and Setting

TBTC Study 29, a randomized, phase 2 clinical trial, compared the antimicrobial activity
and safety of standard daily regimen containing rifampin, to that of the experimental
regimen with daily rifapentine (10 mg/kg/dose), both given with isoniazid, pyrazinamide
and ethambutol to adults with smear positive, culture-confirmed pulmonary TB. The
primary efficacy endpoint of the trial was the proportion of patients, by regimen, having
negative sputum cultures at completion of 8 weeks (40 doses) of treatment. All TB treatment
was administered 5 days/week for 8 weeks and directly observed. All participants underwent
HIV testing. Information regarding the design, conduct, and results of TBTC Study 29 has
been published [32].

Selection of participants and clinical, radiographic and microbiologic features

The cohort for this biomarker study was composed of adult (age = 18) patients with culture-
confirmed pulmonary TB enrolled in Kampala, Uganda, as part of TBTC Study 29. Out of a
total of 531 participants in the parent study, the first 40 consecutively enrolled participants
who met the following criteria were selected for this study based on feasibility and
previously published sample sizes in the literature: HIV-uninfected, 40 uninterrupted doses
of intensive phase TB therapy received by week 8, and adequate serum and requisite culture
data available through week 8. In addition, the participants were systematically selected
such that after 8 weeks of treatment, 20 were culture negative on both solid and liquid
(Mycobacterial Growth Indicator Tube, MGIT 960 system, BD, Sparks, MD) media, and 20
were culture positive on either solid or liquid media (15 were positive on liquid media only,
1 on solid media only, and 4 on both). We report on 39 patients, as subsequent quality
checks on data uncovered an error in the retrieval of serum samples from the repository for
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one patient. Of the 39 patients included in the analysis, 37 had drug-susceptible and two had
drug-resistant TB (one resistant to isoniazid and rifampin, one resistant to rifampin and
streptomycin). Detailed radiographic and microbiologic data were collected in a
standardized manner as part of the parent clinical trial. Laboratory technicians who
conducted the assays were blinded to all patient characteristics until after assay results were
submitted to the TBTC Data and Coordinating Center.

Serum Collection, Processing and Storage

Blood was collected before anti-TB treatment (baseline), and after 8 weeks (40 doses) of
combination drug therapy, using Becton Dickinson Serum Separator Tubes (BD
Vacutainer® SST™ Tube, BD Diagnostics, Franklin Lakes, NJ, USA). BD Vacutainer®
SST™ Tubes were centrifuged within 2 hours of collection and processed according to
manufacturer recommendations. All sites conducted collection, processing and storage of
sera according to a standardized manual of operating procedures that has been confirmed to
provide quality samples free of processing errors[33]. Serum was aliquoted (minimum of
500ul volume) into 1.2 ml cryovials on site in Kampala, Uganda, then frozen at -70°C.

Immunoassays

All analytes were measured at UCSF, at the MTB Research Laboratory and the Core
Immunology Laboratory at San Francisco General Hospital. Soluble receptor analytes
(sIL-2Ra, STNF-R1, and sTNF-R2) were measured on the Luminex 100 multiplex platform
(Millipore Corporation, Billerica, MA, USA), with kits obtained from Millipore
Corporation. Levels of neopterin (Immuno-Biological Laboratories, Inc., Minneapolis, MN,
USA), Granzyme B (Bender MedSystems, San Diego, CA, USA), sSICAM-1 (R&D Systems,
Minneapolis, MN, USA), IP-10 (R&D Systems, Minneapolis, MN, USA), and SUPAR
(ViroGates, Birkergd, Denmark) were measured using enzyme-linked immunosorbant
assays (ELISA) according to the manufacturer's instructions. CRP levels were measured
using a standard sensitivity point-of-care (POC) assay (iCHROMA POC-CRP Reader,
BodiTech Med Inc., South Korea) in accordance with the manufacturer's protocol. The
iCHROMA POC-CRP Reader is a fully-quantitative (range: 2.5-300 mg/L; normal < 10
mg/L) lateral flow-based fluorescence sandwich immunoassay that provides CRP
measurements from whole blood, serum, or plasma.

Sera were diluted before assay according to the manufacturers' instructions, except for
IP-10, for which serum was diluted 1:10 because the anticipated concentrations in the
samples were estimated to be outside of the standard curve range of the kits. Washes were
performed with an ELx50 Auto Strip Washer, absorbance readings were measured by an
ELx800 plate reader, and data were analyzed using Gen5 Software (all from Bio-Tek
Instruments, Inc., Winooski, VT, USA). The mean values for duplicate wells of each serum
sample were used for statistical analysis. For each ELISA test, standard curves were created
with standards of known concentration provided by the manufacturers. The standard curves
and the detection limit of each assay are shown in a supplemental online table.
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Statistical Analysis

Results

Differences in clinical covariates, including age, gender, pulmonary cavity on chest
radiograph, and sputum AFB smear grade, between 8 week culture status groups, were
tested for significance using Fisher's Exact and Mann-Whitney tests. Differences between
baseline and week 8 values for each analyte were tested using Wilcoxon sign-rank tests.
Associations between Week 8 culture status and analytes measured at baseline and week 8,
as well as the change from baseline to week 8, were assessed using logistic models, first
unadjusted, then adjusted for age and presence of pulmonary cavity, and in each case
checking for departures from linearity in the biomarker effects using 3-knot restricted cubic
splines. All p values were two-tailed and a p < 0.05 was considered statistically significant.

We then exhaustively screened candidate logistic models with two—four variables, including
age, pulmonary cavity, and the baseline, week 8, and change score value for each analyte.
With 19 culture positive results in a sample of 39 observations, two-variable models meet
the criterion of 10 events per variable [34], while four-variable models meet the looser
criterion of five events per variable that may be valid in some cases[35]. To limit the
potential for over-fitting given the small sample size, models were ranked by the C-statistic,
equivalent to the area under the receiver-operator characteristic curve, corrected for
optimism using 10 repetitions of 5-fold cross-validation[36,37]. The C-statistic is the
estimated probability that in a randomly selected case and control pair, the case has has
higher predicted risk, thus providing a measure of the potential of the model to discriminate
cases from controls. In addition, this method avoids using p-values to drive model selection,
which can misleadingly omit potentially important predictors in small datasets[38]. Correct
classification rates, Hosmer-Lemeshow goodness of fit, and calibration, assessed using plots
of observed vs predicted culture positivity rates, were evaluated in models fitted to the
overall data. All analyses were performed using Stata version 13 (StataCorp. 2013. Stata
Statistical Software: Release 13. College Station, TX: StataCorp LP).

Participant characteristics

The characteristics of the 39 participants are shown in Table 1, stratified by culture status on
both solid and liquid media at 8 weeks. Participants who were culture negative at week 8 of
intensive therapy were younger than those who remained culture positive (mean age 25.7
versus 31.3 years, respectively, p=0.01). Patients with extensive radiographic involvement at
baseline, defined as greater than one half of the chest radiograph showing evidence of TB
disease, were more likely to be culture positive at 8 weeks than those with less than half of
the chest radiograph involved (p=0.024). Treatment allocation was not found to be
associated with culture conversion; therefore, analyses were not stratified on this variable.
None of the patients had significant co-morbid conditions. All were confirmed to be HIV-
uninfected.

Changes in analyte concentrations from baseline to week 8

Concentrations of the candidate biomarkers at baseline and after 8 weeks of treatment are
shown in Supplementary Table 1. All decreased significantly, irrespective of 8 week culture
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status (all p < 0.01), except granzyme B, which did not change significantly in either the
culture positive or culture negative group (p = 0.69 and 0.28 respectively). (Figure 1)

Association between analyte measurements and 8 week culture status

Figure 1 demonstrates the mean concentrations of analytes at baseline (before drug
treatment) and after intensive phase therapy, stratified by culture status at 8 weeks. In
unadjusted logistic models as well as models adjusting for age and radiographic extent of
disease, none of the analytes was statistically significantly associated with culture
conversion.

Logistic models for 8 week culture status

Discussion

In a post-hoc exploratory analysis, logistic models were used to select combinations of
variables, including serum analytes, age, and radiographic extent of disease, with the
greatest potential for predicting 8 week culture status. The top-performing model included
age, baseline sSTNF-R1, and week 8 CRP level, achieving good discrimination (cross-
validated C-statistic of 0.76), maximum correct classification rate of 85%, and acceptable
calibration and goodness of fit (Hosmer-Lemeshow p-value > 0.2). Other top-performing
models retained these same three factors, in combination with one other analyte. Table 2
describes the top four models along with measures of assessment. Calibration plots are not
shown. Table 3 demonstrates improvement in p-values with combination of multiple
variables, providing evidence of negative confounding in univariate analysis that is
mitigated with these logistic models.

The performance of these models remained stable after exclusion of the two rifampin-
resistant patients, who likely responded differently to initial treatment than did the other
participants in this study. The model including age, baseline sTNF-R1, and week 8 CRP
level maintained 84% accuracy and acceptable discrimination (cross-validated C-statistic
0.75) and calibration (Hosmer-Lemeshow P>0.2).

In this exploratory study, we sought to determine whether 9 of the most extensively
described serum markers of interest in TB retained their reported associations with TB
treatment response, when evaluated in participants enrolled in a randomized clinical trial.
While eight out of nine of these markers did decrease from baseline to the end of intensive
phase therapy as previously published, none were individually associated with culture status
at week 8. However, the combination of age, baseline sTNF-R1 level, and week 8 CRP
level, had good discrimination, calibration, and accuracy for classifying subjects by 8 week
culture conversion. The nine biomarkers chosen for this targeted study were selected on the
basis of prior published data implicating their respective roles in TB diagnosis and
monitoring. Multiple studies have reported that levels of these markers either correlate with
TB infection, disease extent and severity, or decline over the course of intensive
therapy[7,10,13-15,24,27,39,40]. The literature also supports the idea that a slower decline
in these biomarkers over the course of treatment correlates with poorer treatment response
[18,41]. Many have reported in small studies that CRP, sIL-2Ra, STNF-R1, sSTNF-r2, and
neopterin were higher at baseline or failed to decline as rapidly in slower treatment
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responders or treatment failures[8,9,12,17,18,28,41]. Here, we have replicated the findings
of Siawaya and colleagues in observing a treatment-related decline in all analytes except
granzyme B, but no difference in these analytes between fast and slow treatment responders
(as defined by 8 week culture status) in univariate analyses. Siawaya et al were able to
classify fast and slow responders with a reasonable degree of accuracy with the use of
discriminant analysis and support vector machine analysis techniques, identifying CRP,
SICAM, granzyme B, and STNF-R1 among their biomarkers of interest [19]. Similarly, our
study has identified logistic models that use many of these same biomarkers, and in
combination, achieve good discrimination for 8 week culture conversion. The discrepancy
between our negative univariate and positive multivariate findings shows that the individual
analytes are negatively confounded, each to some extent masking the effects of the others in
unadjusted analysis. The fact that several of the top-scoring multivariate models performed
similarly, a commonly seen pattern in prediction[42], suggests that biomarkers may change
in parallel, reflecting the same or closely related biological pathways, and that selection
between alternative validated models with comparably good performance could be driven by
the cost and availability of the assays.

The major strength of our exploratory study lies in its integration within a randomized
clinical trial, which provided the infrastructure to conduct our measurements rigorously.
Clinical, radiographic, and bacteriologic data were collected using standardized forms and
methods, AFB smears and cultures were performed at a single quality-controlled
microbiology laboratory, and all biomarker assays were done at a single quality-controlled
immunology laboratory. All treatment was administered under direct supervision using
Good Manufacturing Practice-grade drugs and serum collection for biomarker exploration
was linked specifically to number of doses taken, rather than time on therapy. Our result
therefore provides surprising support for the potential utility of these biomarkers, even when
assessed as part of a rigorously conducted clinical trial. Our study also has limitations that
are similar to other published works on TB biomarker discovery. Our study consisted of 39
protocol correct participants selected for purposes of feasibility and based on previously
published sample sizes for similar studies in the literature, rendering it not large enough to
rule out substantial effects in univariate analyses, all of which were estimated with wide
confidence intervals, nor to assess the multivariate models using separate derivation and
validation sets. As such, our results are suggestive but certainly not conclusive or
confirmatory, and must be validated in other independent cohorts. Nevertheless, the cross-
validation technique employed here serves to mitigate any potential bias in our results based
on the relatively low events per variable and small sample size, which would otherwise be
vulnerable to over-fitting[43]. In addition, the retention of the same three factors — age,
baseline STNF-R1, and week 8 CRP — in all of our top-performing models further supports
the stability of this approach. A second limitation common to biomarker discovery studies
arises from the fact that the optimal nested case-control study would use treatment failure
and relapse as the gold standard endpoint. None of the patients in our study failed treatment,
and subjects were not followed for relapse as the parent trial was a Phase 2 study. We
instead looked at the association between the immune markers and 8 week culture status, a
widely used intermediate microbiologic endpoint correlated with relapse[44,45]. The value
of assessing 8 week CRP to “predict” 8 week culture status may seem questionable, but the
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possibility of using serum as opposed to mycobacterial culture would greatly shorten the
time to a result, and avoid the pitfalls of contamination associated with culture. Thirdly, the
parent trial found no difference in intermediate microbiologic outcomes across treatment
arms. As such, this substudy is unable to evaluate the candidacy of these biomarkers as
surrogates for treatment regimen, which may be a valuable function worth pursuing even in
the absence of patient-level predictive capability. This exploratory study serves as a
precursor to future studies in which diligent assessment of treatment outcomes and such
analytes in models is possible.

In summary, nine blood-based, non-specific cytokines, chemokines and soluble receptors
previously published as TB biomarkers retained their reported associations with TB
treatment response when evaluated in participants in a randomized clinical trial. We found a
significant decline in these biomarkers from baseline to the end of intensive therapy.
Logistic models incorporating multiple biomarkers, specifically baseline STNF-R1 and week
8 CRP in addition to age performed sufficiently well to merit evaluation in larger cohorts.
Future approaches to biomarker identification with at least 12 months of post-treatment
follow-up to capture relapses may identify additional targets that could improve the
performance of the models described.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mean concentrations of analytes at baseline and after intensive phase therapy, stratified by
culture status at 8 weeks.
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Table 1

Patient characteristics by sputum culture status after 8 weeks of anti-TB therapy.
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Culture Negative at 8 weeks

Culture Positive at 8 weeks

Characteristics - - p value
Mean age + SDT 257 +5.0 313+7.9 0.013
Male 12 (63%) 16 (80%) 0.301
Baseline sputum AFB smear grade
2+ 3 (16%) 0 (0%)
3+ 6 (32%) 7 (35%) 0.293
4+ 10 (53%) 13 (65%)
Cavity on baseline chest radiograph 11 (58%) 11 (55%) 1.0
Extent of radiographic involvement
Limited 0 (0%) 3 (15%)
Moderate 14 (74%) 7 (35%) 0.024
Extensive 5 (26%) 10 (50%)
Mean days to detection on MGIT 960 liquid culture at baseline 6.6+1.8 70+33 0.677
Treatment allocation
Rifampin 6 (32%) 8 (40%) 0.741
Rifapentine 13 (68%) 12 (60%)
Initial drug resistance to rifampin 0 (0%) 2 (10%) 0.372

TStandard deviation
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Table 2
Logistic models
Model C-statistic | Maximum correct classification rate | cajiprationt
Age + baseline STNF-R1 + week 8 CRP 0.757 85% 0.28
Age + baseline STNF-R1 + week 8 CRP + delta Granzyme 0.753 85% 0.72
Age + baseline STNF-R1 + week 8 CRP + delta STNF-R2 0.749 85% 0.37
Age + baseline STNF-R1 + week 8 CRP + delta SICAM 0.747 82% 0.29

TCaIibration statistic is the p-value for the Hosmer-Lemeshow Goodness of Fit test. Acceptable values are > 0.05.
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