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New drugs, vaccines, and other therapies will be required to realise the goal of global tuberculosis elimination or
control. This Review covers the important role biomarkers can have in accelerating drug development by providing
validated surrogate endpoints that can bring enhanced statistical power to small short studies. Candidate biomarkers
should differentiate people with active tuberculosis from healthy individuals, normalise with therapy, and reproducibly
predict clinical outcomes in diverse patient populations. Although a large number of promising candidate biomarkers
have been examined to date, few patients in these studies have reached clinically meaningful outcomes, and few of
the studies have been conducted to international research standards. These markers must be further studied in
tuberculosis treatment trials to evaluate the kinetics of the responses and their relation to long-term clinical outcomes.
These studies will benefit from multidisciplinary collaborations including microbiologists, immunologists, clinicians,

tuberculosis control personnel, and the pharmaceutical and biotechnology industry.

Introduction

Despite the availability of an inexpensive, effective, and
reasonably well-tolerated therapy, tuberculosis continues
to be a major global health problem, causing an estimated
8.8 million new cases and 1-6 million deaths annually.'
Efforts of the past decade to control tuberculosis by the
consistent application of existing strategies have met
with only limited success, slowing the rate of increase
but failing to make substantial progress toward the goal
of tuberculosis elimination. Efforts have been frustrated
by the spread of HIV/AIDS in tuberculosis-endemic
regions, and by the global emergence of strains of
Mycobacterium  tuberculosis ~ resistant to  present
tuberculosis drugs (multidrug-resistant [MDR] and
extensively drug-resistant [XDR-TB] tuberculosis).? It is
now generally acknowledged that new approaches will be
required to improve diagnosis, shorten treatment,
improve outcomes (in MDR and XDR tuberculosis), and
enhance protection afforded by vaccination, if the goal of
tuberculosis elimination is ever to be realised. This
Review focuses on the biomarkers (or biological markers)
and surrogate endpoints that will be required to support
the development of new drugs for tuberculosis; a
companion review® focuses more specifically on host
immune markers for protection.

Tuberculosis treatment trials have typically assessed
the sum of the proportions of patients whose cultures
never convert to negative (failures) and those that
become positive again after completing therapy
(relapses). Modern studies use genetic typing to confirm
the identity of the initial and relapse isolates, because
relapses must be distinguished from tuberculosis
recurrence due to reinfection. Relapses are a key
problem in tuberculosis drug development, for although
they occur in only a small percentage of patients given
optimal therapy, rates increase to unacceptable levels as
treatment is shortened. Relapses can occur up to 2 years
after completion of therapy, thus requiring large, lengthy
trials to ensure adequate statistical power to demonstrate
non-inferiority.

The requirement for biomarkers in tuberculosis stems
from two critical features of human M tuberculosis
infection: its long and variable natural history, and the
essential role played by minority bacillary subpopulations.
Non-replicating persisters are thought to be the main
impediment to shortening therapy, because they are
relatively unaffected by most tuberculosis drugs.* The
size and nature of the bacterial subpopulations sharing
this phenotype remain a matter of controversy, because
they can be found both within latent foci contained in
granulomas and in the sputum of large cavities.’ Although
many studies have established an association between
cavitary disease and relapse,” the processes of granuloma
formation, caseation, and cavitation are closely linked.
Biomarker research therefore has the added task of
determining the relative contributions of these two
non-replicating subpopulations to relapse.

Biomarker definitions, classifications, and
characteristics

Biomarkers are measurable characteristics that indicate
normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention.”
In clinical trials biomarkers offer the possibility of a
surrogate endpoint that can substitute for clinical
endpoints. The most valuable biomarkers measure an
event that is directly involved in pathogenesis or protection,
and for which changes early during treatment can be
related to the pharmacology and pharmacokinetics of the
intervention. Experience in HIV indicates the potential of
abiomarker such as plasma HIV RNA and a corresponding
surrogate endpoint (eg, the proportion of patients with
undetectable HIV RNA after 24 weeks of treatment) to
accelerate research." However, other research has indicated
the ease with which apparently appropriate biomarkers
may give totally misleading results, dissociated from
clinically meaningful events.” Thus early markers of
disease activity may not necessarily be satisfactory
predictors of ultimate therapeutic success. A distinction is
made between correlates of an outcome, for which a
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relation has been observed, and surrogates for that
outcome, which have been validated across multiple
studies, sites, populations, and different types of
interventions. The identification and validation of surrogate
endpoints is critically important for the field to advance.

Biomarkers may be classified in several ways. Static
assays measure levels of an analyte in a clinical sample,
whereas dynamic or functional assays measure a process,
such as a response to a stimulus, either in vivo or in vitro.
Some markers are disease specific, and will not be
confounded by concomitant illnesses or therapies and
may also serve as diagnostic tests. Tests may consist of a
single analyte, or may be highly multiplexed, such as
those from gene expression microarrays. Finally, analytes
may be of either host or pathogen origin.

Clinical biomarker applications

Multiple uses have been proposed for biomarkers in
tuberculosis. During drug development, for example,
biomarkers may assist in target selection and lead
identification, optimisation, demonstrating proof of
concept, selection of appropriate dose and dosing
schedules, and selecting drug combinations with additive
or synergistic interactions. Although some biomarkers
may be more appropriate for specific stages of
development, the continued use of a single marker from
preclinical studies through dose selection phase IIb trials
would be an important advantage.

Similar roles have been proposed for biomarkers in
tuberculosis vaccine development. The ability to quantify
T-cell reactivity to vaccine antigens, to correlate this
activity with bactericidal activity against live mycobacteria,
and to determine the durability of these responses over
time in relation to vaccine dose, use of adjuvant, and
dosing schedule will be critical to the acceleration of
development of new live or subunit vaccines. These roles
become increasingly important as the number of vaccine
candidates grows and as vaccination stratergies grow
increasingly complex.

A potential role for biomarkers in routine clinical care
has also been proposed. It has been noted, for example,
that although rates of durable cure of 3 or 4 month
tuberculosis-treatment regimens are inferior to those of
standard 6 month therapy, biomarkers might facilitate
the identification of early responders for whom shortened
therapy might be appropriate.** The ability to classify
tuberculosis patients at diagnosis or early during
chemotherapy, according to relapse risk, might then
allow resources to be focused on those patients with
higher likelihood of poor outcome. Similarly, biomarkers
that accurately indicate the risk of reactivation of latent
tuberculosis infection in specific individuals might
facilitate the targeted application of isoniazid preventive
therapy in tuberculosis endemic regions.

Special roles may be considered for biomarkers in
HIV/tuberculosis co-infected individuals. Although
the general goal of antiretroviral therapy (ART) is
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Associated outcome Patients
(outcomes)*
Sputum microbiology
Month 2 culture conversion Recurrence 2450 (187)*
Serial sputum colony counts Treatment effect 752
Correlation with other markers 12273
Serial MGIT or Bactec time to positivity Treatment effect, failure, and 26 (13),%42 (2)*
recurrence
Early bactericidal activity (EBA) Treatment effect
Other tuberculosis-specific biomarkers
Sputum Ag85B-RNA Treatment effect 18*
Sputum A985 Recurrence 42 (2)**
Sputum Ag 85 Treatment effect; correlation with 40%
other markers
Urine tuberculosis DNA Treatment effect 20”
Anti-alanine dehydrogenase Treatment failure 168 (10)*
Volatile organic compounds Active tuberculosis 23 (19)**
Non-specificimmune activation markers
Neopterin Treatment effect 39 (11)*
Recurrence 31*
sICAM1 Treatment effect 30%
sIL2R Treatment effect 447
STNFR, granzyme B at diagnosis Correlation with 2 month culture 36 (18)*
conversion
Sputum interferony Treatment effect 15%
CRP Treatment effect, death 105,% 100, 18%
suPAR Death 47 (13)#
Correlation with 2 month culture 20 (12)%
conversion
Natural killer T cells at tuberculosis Correlation with 2 month culture 21(8)*
diagnosis conversion
Tuberculosis-induced IFNy production (IGRA)
ELISPOT Eradication of tuberculosis infection 14 (7)*
Whole blood culture Predicting active tuberculosis 6(5),“6 (6)7
ELISPOT LTBI treatment effect 38%
ELISPOT Tuberculosis treatment effect 18 (5)*
Immune mediated tuberculosis killing
Whole blood culture Tuberculin skin test status 124950
BCG vaccine effect 10,45 50%
Whole blood culture Effect of HIV/AIDS 22%
Whole blood culture Effect of antiretroviral therapy 15%
Whole blood culture Effect of anti-TNF treatment 20%
Whole blood culture Vitamin D effect 192%°

Treatment mediated tuberculosis killing
Whole blood culture Treatment effect
Whole blood culture Correlation with other biomarkers
Highly multiplexed assays
Transcriptomics Active tuberculosis and LTBI
Proteomics Active tuberculosis

Metabolomics (Kaufmann SHE and Active tuberculosis and LTBI

Parida S, personal communication)

8 regimens,” 10*
3659

40%
60
300

-=sample size not given. MGIT=mycobacterial growth indicator tube. ICAM=intercellular adhesion molecule.
sILR2=soluble interleukin 2 receptor. TNFR=tumour necrosis factor receptor. CRP=C reactive protein. suPAR=soluble
urokinase plasminogen activator receptor. IGRA=interferon gamma release assay. LTBl=latent tuberculosis infection.
TNF=tumour necrosis factor. *Numbers in parentheses indicate the number of subjects reaching the designated

endpoint.

Table 1: Candidate biomarkers in tuberculosis
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Addition 2 month culture conversion Relapse
to regimen
Patients (N) Rate (%) A (%) Patients (N)  Rate (%) A (%)

E Africa®®
6SH . 154 49 NA 112 29 NA
6SHR R 148 69 20 112 2 =27
6SHZ z 150 66 17 112 11 -18
India®
2SHZ/55,H.Z, 129 72 NA 129 6 NA
2SHRZ/3 or 55,H,Z, R 261 92 20 269 2:6 34
E Africa®®®
6SHR 169 70 NA 166 2 NA
2SHRZ/4THor 4S,HZ, Z 347 82 12 338 6 4
E Africa®*®
2SHR/4 or 6TH 194 75 NA 159 13 NA
2SHRZ/4 or 6TH z 179 87 12 153 6 -7
Hong Kong®”°
6SHR . 148 88 NA 143 6 NA
2SHRZ/40r 6SHZ,  Z 167 95 7 174 5 -1
2SHRE/4 or 6 S,H,E, E 171 81 -7 168 16 10
TBTC
2HREZ/4HR 415 81 NA 415 67 NA

Data are ranged by regimen, where numerals indicate months of treatment; subscripted numerals indicate number of
weekly doses if treatment is not administered daily. S=streptomycin. H=isoniazid. NA=not applicable. R=rifampicin.
E=ethambutol. Z=pyrazinamide. T=thiacetazone. TBTC=Centers for Disease Control Tuberculosis Trials Consortium.

Table 2: Relationship between two-month sputum culture conversion and relapse
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Figure 1: Relationship between change in 2-month sputum culture conversion and relapse rates due to new
drug addition to tuberculosis regimen

From table 2.
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reconstitution  of  protective  immunity, = ART
can have deleterious short-term consequences in
HIV-infected patients by inducing immune reconstitution
inflammatory syndrome (IRIS). At present, physicians

lack tools to predict, diagnose, and manage IRIS risks
and optimise long-term outcomes in co-infected
individuals. In some regions HIV infection has been
associated with tuberculosis drug resistance,” although
some of this risk represents enhanced susceptibility to
recently transmitted resistant M tuberculosis strains.
AIDS also seems to particularly predispose to the
emergence of acquired rifamycin resistance during
intermittent tuberculosis therapy.” The biological and
pharmacological factors responsible for this resistance
are inadequately understood.

The potential role for new vaccines and immuno-
therapeutics in the prevention and management of
drug-resistant and HIV-associated tuberculosis remains
largely untapped. Many of the biomarkers developed to
facilitate tuberculosis drug and vaccine development will
also be useful to help address these questions.

Children have historically posed unique challenges with
regard to tuberculosis diagnosis and monitoring due to
their inability to produce sputum. These problems have
been amplified by the HIV/AIDS epidemic, which has
increased the number of children with tuberculosis, and
made its clinical and laboratory diagnosis more
difficult.®® It is anticipated that many of the tools
developed in adults to detect specific and non-specific
responses to M tuberculosis will facilitate work in children,
but specific studies in this population will be required.

Candidate biomarkers

Sputum microbiology

Table 1 summarises the available literature regarding
biomarkers in tuberculosis. The marker with which there
is greatest experience as a predictor of non-relapsing cure
is sputum culture status after 2 months of tuberculosis
therapy, for which the data are summarised in table 2.2
This marker may be examined at three levels: across
trials, within trials, and at the level of individual patients.
Across trials, an inverse relation exists between 2 month
conversion and relapse rates; however, this relation
depends on a single study arm (6SH) with an atypically
high relapse rate (29%). A more robust relation exists
when the data are examined within studies as the
increment afforded by the addition of a new drug
(figure 1). Lastly, limited data indicate the marker may
also be predictive for individual patients. In Study 22 of
the TB Trials Consortium of the US Centers for Disease
Control (TBTC),” for example, 2 month culture positivity
was an independent predictor of relapse. However, the
marker was relatively insensitive (identifying only half of
all relapses) and lacked adequate positive predictive value
for use as a guide to treatment of individual patients. The
required 2-month interval also prohibits the study of
individual drugs that generally cannot be studied safely
as monotherapy for more than 10-14 days due to concerns
regarding emergence of resistance. Combining a new
drug with others may reduce the likelihood of detecting
its effect, a potential disadvantage.
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Two approaches have been suggested to improve the
prognostic and statistical power of sputum microbiology.
In the first, the frequency of sampling is increased from
once to twice monthly or weekly, using time to sputum
culture conversion by Kaplan-Meier analysis as the
outcome measure. In the second, sputum colony-forming
unit (CFU) counts are measured at weekly intervals during
the first month of therapy beginning on day 2, with the
rate of decline through day 28 as the outcome measure.”*
The omission of days 0 to 2 removes effects on replicating
rapidly killed bacteria (early bactericidal activity [EBA])
that are unrelated to treatment outcome. Other studies
have substituted time to positivity in automated culture
systems for colony counts on agar.*** Since these systems
are increasingly used globally for tuberculosis diagnosis,
they may make it possible to increase the level of prognostic
information afforded by routine medical testing in
tuberculosis. Cultures in broth tend to remain positive
longer during treatment than those on agar. The prognostic
importance of occasional positive cultures in liquid
medium, which represents low numbers of bacilli late
during treatment, is not yet known.

Other tuberculosis-specific markers

Several studies have examined other microbial markers.
Two studies have examined levels of M tuberculosis
antigen 85 in sputum by ELISA. The magnitude and
duration of increases in this protein during the first week
of therapy predicted subsequent relapse in four of
42 patients.” Its induction was due to isoniazid, and was
prevented by concomitant administration of rifampicin
and by the higher of two doses of benzoxazinorifamycin,
a long-acting rifamycin.” Induction of antigen 85 does
not occur in isoniazid-resistant strains, potentially
limiting the application of this marker in clinical trials.”
One study has examined antigen 85B RNA, finding that
it was cleared more rapidly than viable colony counts
from sputum during therapy.” The one patient in that
study who subsequently relapsed could not be
distinguished from others based on his early RNA
response. Additional research is needed to determine
whether other RNA species, such as those associated
with dormancy, might have greater predictive value.
Similarly, lipid bodies, which are detected in sputum
with increasing frequency as treatment progresses, have
been identified as a distinctive morphologic feature of
M tuberculosis after adaptation to hypoxia.” These may
also serve as potential indicators of relapse risk.

There is growing interest in detection of pathogen
markers that can be measured in urine, due to the ease
and safety with which these specimens may be collected.
One study has reported the presence of small fragments
of M tuberculosis 1S6110 DNA in urine of 79% (34/43)
of patients with pulmonary tuberculosis but not in
healthy controls.” These DNA fragments, termed
transrenal (tr)DNA, are thought to arise due to apoptosis
of host cells, because none of the patients in that study
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had overt renal tuberculosis. None of 20 patients positive
at diagnosis remained positive after 2 months of standard
therapy. Responses have not yet been evaluated at earlier
time points or in relation to sputum culture conversion.
Other studies have shown reduced diagnostic sensitivity
on urine PCR, except possibly in patients with AIDS and
tuberculosis.”” The method presently requires nested
PCR amplification, without which assay sensitivity may
not be sufficient for strains with low 1S6110 copy
numbers.” Monitoring of M tuberculosis trDNA may be
particularly useful in situations where sputum cannot be
readily obtained, such as in children, and could potentially
be adapted to detect drug resistance mutations, thus
serving multiple roles in diagnosis and monitoring.

Detection in urine of mycobacterial lipoarabinomannan
and other antigens has been reported in some
tuberculosis patients and in animals with experimental
M tuberculosis infection.”*® No studies have yet examined
the clearance of these antigens during treatment, or
established a relation with clinical outcome or with
another surrogate endpoint. However, one study has
indicated a correlation of urinary antigen with sputum
bacillary burden at diagnosis; this may indicate a potential
role as a biomarker.

Volatile organic compounds produced by M tuberculosis
may be detected in the head space above cultures; some
may also be detected in the exhaled breath of patients
with active tuberculosis.” The potential of this approach
for tuberculosis diagnosis is currently being explored. Its
potential to indicate prognosis during treatment is not
yet known.

Antibody levels to some mycobacterial antigens are
raised at diagnosis and may be modulated by treatment.
One study examined antibody levels to ten antigens in
168 patients before, during, and at the completion of
treatment, and in additional household and endemic
controls.” Ten patients failed therapy. Antibodies to early
secreted antigenic target 6 kDa protein and Rv2626¢ were
higher in patients than controls and decreased with
treatment, but these did not distinguish failures from
cures. Antibody levels to alanine dehydrogenase were
higher in failures than cures. However, they were no
higher in patients than controls, nor did they change
during therapy.

Non-specificimmune activation markers

Several studies have examined non-specific markers of
immune activation as predictors of tuberculosis outcome.
Neopterin is a soluble marker of macrophage activation
that is a recognised prognostic indicator in HIV/AIDS.*
Levels are increased in blood at tuberculosis diagnosis in
proportion to the radiographic extent of disease and
decline during treatment.*®* Levels are highest in
patients with tuberculosis and HIV/AIDS, in whom they
predict mortality; however, these deaths seemed to be
related to HIV, and not active tuberculosis per se.” In
HIV-uninfected tuberculosis patients matched for extent
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of disease at baseline, raised concentrations of neopterin,
after completion of tuberculosis treatment, were
associated with relapse.* Larger studies are warranted to
verify this finding, which may permit extended treatment
or targeted follow-up for selected patients at higher risk
of relapse after completion of treatment.

Other activation markers have also been shown to rise
at baseline and to fall with treatment. Intercellular
adhesion molecule (ICAM) 1, for example, is a ligand for
leucocyte integrins that is mainly expressed by endothelial
cells. A soluble form, sICAM, is released into the
bloodstream. sICAMI levels are elevated in tubercu-
losis patients at diagnosis in proportion to disease extent,
and decrease in response to anti-tuberculosis treat-
ment.*¥* In one study, a model including change in
sICAM1 during the 1st week of therapy predicted 2 month
sputum culture conversion.” Early treatment effects have
also been reported for (2 microglobulin, soluble
interleukin 2 receptor (sIL2R), interferon vy, and tumour
necrosis factor (ITNF) and its receptors in blood, and
TNF, interleukin 6, and interferon y in sputum.”#
Analysis of interferon vy in this context may provide some
level of specificity for tuberculosis, because levels of this
cytokine are not raised in sputum of patients with
bacterial pneumonia.”

C-reactive protein (CRP) is an acute phase protein
produced by the liver that promotes phagocytosis. Serum
CRP levels are increased in tuberculosis, particularly
in patients with advanced disease, and they decline with
therapy.#®** The wurokinase plasminogen activator
receptor (uUPAR) is a cell surface receptor involved in cell
adhesion and motility that is mainly expressed by
macrophages and monocytes. The soluble form of this
receptor, suPAR, is raised in patients with active
tuberculosis and relates directly with the number of
mycobacteria in sputum.® Levels were reported to fall by
the end of treatment.

In other studies, baseline measurements of several
activation markers have predicted 2 month sputum
culture status or other outcomes, including serum CRP,
suPAR, soluble tumour necrosis factor receptor (sTNFR) 1
and sTNFR2, and granzyme B.*®*%“* Multivariate
analyses may be helpful in future studies of these
markers to determine the extent to which they are
associated with other recognised baseline predictors of
relapse, such as the bacterial burden and the presence of
cavitary disease. Although baseline measurements
cannot serve as an indicator of treatment effect, they may
help ensure equality across study arms.

Tuberculosis-induced cytokine expression

Interferon vy is required for protection against myco-
bacterial infection.”” Its production in response to
mycobacterial antigens is increased in healthy tuberculin
skin test reactors compared with unsensitised indi-
viduals, ostensibly indicating protection.”® When the
period of incubation is sufficiently long to permit

activation of otherwise resting memory T cells,
interferon y production is depressed in tubercu-
losis patients at diagnosis and recovers slowly with
treatment.” However, assays with short incubation
periods (termed interferon vy release assays [IGRAs]) have
tended to show the reverse, with high levels at diagnosis
that decline with treatment. Natural history studies of
household tuberculosis contacts, have indicated that high
levels of interferon vy production precede overt
tuberculosis, an effect similar to that observed for large
tuberculin skin test reactions.*”**” In one study of
tuberculosis patients, ELISPOT IGRA responses declined
from baseline to 3 months in all of 13 patients with an
adequate clinical response to treatment, but remained
raised in five treatment failures.” In a similar study of
recently tuberculosis-exposed British schoolchildren,
isoniazid preventive therapy reduced the frequency of
interferon-y-producing T cells by 68%.* Responses also
declined in seven of 14 children with borderline tuberculin
skin test and positive ELISPOT who did not receive
isoniazid, a finding attributed to immune clearance of
infection (ie, protection). It seems likely from these
studies that recently acquired M tuberculosis infection or
active or incipient tuberculosis gives rise to increased
numbers of primed or partially activated T cells in the
circulation, and that these cells are preferentially detected
by short incubation IGRAs, which therefore indirectly
indicate bacterial load. Further studies are warranted to
determine the kinetics of the appearance and resolution
of these cells to better understand the potential role of
the assay as an indicator of incipient or resolved
tuberculosis.

It seems from these studies that other approaches will
be required to understand the cellular or cytokine basis
of natural or vaccine-induced protection against
tuberculosis if they are to be used as biomarkers. Relative
mRNA expression levels of interferon v, interleukin 4,
and interleukin 462 (a splice variant of interleukin 4)
may serve as such an indicator, because ratios of
interferon vy or interleukin 4 and interleukin 462 decline
as healthy contacts develop tuberculosis, and increase as
tuberculosis cases are cured.”" The ratio of interleukin 4
and interleukin 462 has also been reported to be
increased in longstanding latent tuberculosis infection,
presumably indicating low risk of reactivation.””” These
cytokine ratios may serve as indicators of the ability to
contain residual foci of latent tuberculosis infection after
completion of therapy, and thereby indicating risk of
relapse.

Studies in HIV indicate waning immunity is particularly
associated with loss of multifunctional CD4+ T cells
capable of producing interferon vy, TNF, and
interleukin 2. It also seems that certain subsets of
interferon-y-producing CD8+ cells may also be important
for protection.” Further studies are warranted to
determine the potential applicability of these research
tools to field trials in tuberculosis.
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Immune mediated M tuberculosis killing

Several studies have examined the capacity of blood or
blood cells to kill intracellular mycobacteria in ex vivo
cultures. As originally described, inhibition of intra-
cellular replication of Mycobacterium microti in
mononuclear cell cultures served as an indicator of BCG
vaccine effect.” Recent studies have substituted whole
blood for mononuclear cells, and have used alternative
readouts (light production by lux-transformed indicator
strains, or time to positivity in Bactec).”” Immune
control of growth is inferior in skin-test-negative people
and in young children, enhanced by BCG vaccination or
vitamin D, impaired by T cell depletion or HIV infection,
and restored by antiretroviral therapy.*** As such, these
assays may serve as a summary measure of anti-
mycobacterial host defences and thus facilitate
tuberculosis vaccine development. The extent to which
these assays might indicate how well tuberculosis therapy
works in the long term is not yet known.

Treatment-mediated tuberculosis killing

Whole blood culture may also serve to study drug effects
in treatment trials, because concentrations of
administered drugs in cultures reflect those in vivo at the
time of phlebotomy. The approach therefore can be used
to examine the pharmacokinetic/pharmacodynamic
relation and the combined effects of immunotherapy and
chemotherapy on intracellular mycobacteria. One study
found that whole blood bactericidal activity during
tuberculosis therapy correlated with the decline in
sputum colony counts and was superior in 2 month
sputum culture converters.” Two studies reported that
regimens for drug-sensitive tuberculosis were superior
to those for MDR tuberculosis, consistent with required
treatment durations and outcomes associated with these
regimens.”*® Reduced activity of certain drugs may be
demonstrated in the model when mycobacterial growth
is restricted by immune pressure, similar to observations
in vivo.”™ The whole blood models may be particularly
suited to explore the dose-response relation of second-
line tuberculosis drugs and the combined effects of drug
and immunotherapies for MDR tuberculosis and
XDR tuberculosis, in short, early phase II trials, together
with assessment of EBA.

Combinations of markers

A small number of studies have integrated combinations
of markers to predict treatment outcome. One report
used multiple regression analysis to identify combinations
of early microbiological markers that predicted two
relapses in a cohort of 43 patients.” The concentration of
antigen 85 in sputum on day 14 of therapy and days to
positivity in Bactec on day 30 were the strongest
independent predictors. Two studies showed that
combinations of immune parameters could be used to
predict 2 month culture conversion.”*® Both studies
examined numbers of CD3%/CD56+ natural killer
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T cells, which were more prominent in tubercu-
losis patients compared with controls. One ongoing study
in BCG-vaccinated infants has used multiplex ELISA and
flow cytometry to identify profiles associated with
protection from tuberculosis.” The study lacked an
unvaccinated control arm, however, and seemed to
identify innate rather than acquired (ie, BCG attributable)
immune factors.

Highly multiplexed assays

A small number of studies suggest that specificity and
higher predictive value can be achieved for otherwise
non-specific tests by measuring multiple parameters.
These advanced technological platforms include
proteomics, transcriptomics, and metabolomics.
Agranoff and colleagues,” for example, found that
tuberculosis could be differentiated from other infectious

Genename | Rank | Modified | p
ttest value Antimicrobial
FPR1 1 =311 0-01*
SERPING1 4 -2:36 011
FCGR2A 13 -2:10 0-27
DEFA4 17 -2-08 0-29
BPI 22 -2:02 0-34
(D64 25 | -1.99 037
DEFA1 32 -1.93 0-42
DEFA3 34 [ -192 0-44
MPO 38 -1-89 0-46
LTF 67 -1-69 0-69
Q2 72 -1.-67 0-70
C5R1 84 -1-61 0-78
CEBPD 7 -2:25 018
AQP9 29 -1.96 0-38
S100A9 36 -1.90 0-43
NCF2 42 -1-86 0-48
S100A8 44 -1-84 0-52
CCR1 64 -1.72 0-65
PSTPIP1 78 -1-62 0-74
(D163 79 -1-62 0-76
CCRL2 90 -1-60 0-78
Chemokines
CXCLL 6 [ 234 014 S H §fFEE @ &=
oxXCL2 51| -1.82 054 1 o o " [ | [N ]
a3 81 [ 162 077 e mete . |
Vesicle trafficking

RAB13 3 -2:45 0-09
SEC14L1 9 -2:20 0-20
ASGR2 35 -1.92 0-42
ANXA3 39 |-187 053 [ |
RAB32 83 [ -161 077 [ | | ]

SIS EEIS I TIPS

Healthy contacts Tuberculosis patients

Figure 2: Predominant upregulation of innate immunity genes in peripheral blood mononuclear cells from
patients with tuberculosis

Increased gene expression is marked in red, decreased gene expression in green; intensities depict the gradient.
Numbers on the left (1048 to 1056) represent M tuberculosis-infected healthy donors and latent tuberculosis
individuals (LTBI). Numbers on the right (1058 to 1049) represent tuberculosis patients. Functional classification
of genes revealed four major groups (antimicrobial, inflammation, chemokines, and vesicle trafficking). Ranking
positions, test statistics (modified t test), and p values adjusted for multiple testing are given. Test statistics
indicate the direction of effect—ie, relative-up (positive sign of test statistics) or downregulation (negative sign of
test statistics) of transcription in tuberculosis patients relative to LTBI. *Statistical significance. Reproduced from
Jacobsen et al,” with permission from Springer.

167



Review

168

and inflammatory conditions based on proteomic
fingerprinting study of serum by surface enhanced laser
desorption/ionisation time-of-flight mass spectrometry.
Serum amyloid A and transthyretin were among the
candidate biomarkers. A single analytic method can
detect a very large number of peptides, although the
technique is relatively insensitive, it can be supplemented
by highly sensitive assays detecting a much smaller panel
of candidate markers. A related approach reduces the
potential number of candidate molecules to a set of small
molecules termed the metabolome, representing
metabolic intermediates, hormones and other signalling
molecules, and secondary metabolites. The potential
advantage of this approach is the reduced number of
potential analytes in a single biological specimen. The
main disadvantage is that multiple analytical methods
seem to be necessary to complete their characterisation.

Two recent reports indicate the feasibility of
distinguishing various stages of M tuberculosis infection
by gene expression microarray. One study found a large
number of candidate genes that were differentially
expressed by mononuclear cells of three groups of people:
tuberculosis patients, people with latent tuberculosis
infection, and uninfected people.”™ A minimal group of
genes was identified, comprised of lactoferrin, CD64, and
the Ras-associated GTPase 33A, that was sufficient for
classification of the three groups of people (figure 2). A
second report identified signatures involving expression
profiles of nine genes in blood cells that could distinguish
active tuberculosis, latent tuberculosis infection, cure,
and tuberculosis recurrence.® Tuberculosis patients were
evaluated in this study at the time of diagnosis,
presumably by identifying baseline parameters of relapse
risk. It seems likely that similar studies done early during
therapy could identify treatment effects associated with
future durable cure or relapse.

Clinical strategies for biomarker validation

It is evident from this Review that despite a large body of
work tuberculosis biomarker research remains far from
its goal of validated surrogate endpoints, with few patients
reaching clinically meaningful outcomes, and few studies
being done to international research standards. Moreover,
the route to marker validation remains relatively
uncertain. Whereas drug and vaccine development
proceeds through phase I, II, and III trials, each with
distinct objectives and requirements, no corresponding
guidance exists for biomarkers. This section outlines
some of the issues that may arise in the design and
execution of such studies.

It is logical that as minimum starting requirements,
candidate tuberculosis biomarkers be capable of detecting
differences between tuberculosis patients and controls,
and that values in patients normalise with successful
therapy. Biomarkers that normalise sooner are not
necessarily preferred, since early normalisation does not
imply superior linkage to clinical outcome, and since

equally important roles may exist for biomarkers early
and late during treatment. The requirements for early
stage biomarker studies are similar to those for diagnostic
tests. Tuberculosis cases should be confirmed
microbiologically. Tuberculosis control programme
standards for clinical monitoring, treatment, and
outcome (cured or failed) are appropriate. People used as
controls should be recruited from the same research site
as patients. The mostrigorous criterion for control patients
is that they be tuberculosis suspects for whom the
diagnosis has been excluded. However, this strategy may
cause some potentially valuable candidate markers to fail
unnecessarily, due to the inevitable inclusion among the
controls of some patients whose tuberculosis diagnosis
was missed, or who will subsequently have that diagnosis
established. This is potentially important, because most
tuberculosis clinics do not follow up suspects in whom
tuberculosis has been excluded, even if no alternative
diagnosis has been established. Healthy controls who are
not tuberculosis suspects may be recruited as an
alternative. The HIV status of all patients and controls
should be known. These issues will be familiar to
developers of tuberculosis diagnostic tests.

After this stage, the development paths of diagnostics
and biomarkers diverge, due to the increased study
requirements regarding the time course of response and
ultimate outcome of treatment for biomarker
development. The similarity between these studies and
tuberculosis treatment trials makes it reasonable to
consider doing these “phase II” biomarker studies in
conjunction with, or as substudies of, existing or planned
trials of new tuberculosis drugs. These trials fall into the
following categories.

Initial trials of new tuberculosis drugs in patients
(phase IIa) often take the form of EBA trials. Such trials
are short (up to 1 week drug exposure) and small
(15 patients per group), and have quantitative sputum
microbiology and pharmacokinetics as main endpoints.
They provide an opportunity to assess other micro-
biological biomarkers, such as sputum and urine
molecular studies, and whole blood bactericidal activity.
These studies are best done in patients with presumed
drug-sensitive infections without prior treatment.

Two divergent strategies have been adopted by the
pharmaceutical industry, government organisations, and
non-governmental organisations to advance new
tuberculosis drugs through later phase II clinical trials.
The first has as its goal improving the outcome of MDR
and XDR tuberculosis treatment. Patients are required to
have infections resistant to isoniazid and rifampicin, and
all will have received some prior treatment. Patients are
randomised to an optimised background regimen plus
placebo or study drug, with the main endpoint being
sputum culture conversion at 2-4 months. Ethical
considerations would likely require an open roll-over
trial, to which all patients would be eligible, and in which
all patients would receive active drug. Patients whose
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Search strategy and selection criteria

Articles cited in this Review were obtained through searches
of Medline, meeting abstract databases, and reference lists
from key reviews. Search terms included “tuberculosis”,
“"biomarker”, “surrogate endpoints”, “relapse”, and “clinical
trial”. Priority was given to primary research publications. The

search was limited to English, but was not restricted by date.

cultures had not converted would have their regimens
re-optimised, whereas those with an apparent response
to therapy would continue on their present background
regimen, thus maintaining blinding. In this setting,
substudies could readily examine the relation of selected
biomarkers to sputum culture conversion. Statistical
power for the endpoint of culture conversion will be high,
due to the high proportion of treatment failures in MDR
and XDR tuberculosis patients. However, statistical
power will be low with regard to later outcomes such as
durable cure, since the treatment of only a small
proportion of patients will continue unchanged
throughout the study.

An alternate strategy has been advanced in studies of
moxifloxacin, with the goal of shortening the duration of
therapy. Patients in these studies have drug sensitive
infection, have had no prior therapy, and are randomly
assigned to a standard or experimental regimen. The
main endpoint has been sputum culture conversion at
2 months, after which all patients continue on standard
therapy. These studies are valuable to establish the
relation of biomarkers to 2 month conversion. As in
MDR and XDR tuberculosis patients, the statistical power
to study long-term outcomes is limited, because although
the proportion of patients whose therapy continues
unchanged is increased to half, the proportion with
relapse or failure is greatly reduced.

Phase III trials will be needed to establish definitively
the relation of a biomarker to relapse. Such studies must
be of sufficient size to collect adequate numbers of
tuberculosis recurrences; the trials that are likely to be
most productive are those with higher relapse rates—ie,
unsuccessfully shortened regimens. Initial and recurrent
strains must be tested by RFLP or other methods to
distinguish disease due to reinfection from true relapse.
Studies need to be conducted in contrasting settings, for
example, Africa and either Asia or South America, to
ensure that findings are not limited by the genetic
backgrounds of the host or pathogen, or influenced by
concomitant parasitic infections or other regionally
common conditions. This is a particular concern for the
highly multiplexed assays. These studies will be large
and costly, and best conducted with the assistance of
research organisations familiar with the requirements
for international registrational clinical trials. Separate
studies may be required to evaluate biomarkers in people
with HIV infection. Such trials will be additionally

www.thelancet.com/infection Vol 9 March 2009

complex due to the requirement to include patients
receiving antiretroviral therapy. Finally, studies of selected
biomarkers under tuberculosis programme conditions
will be needed to examine their impact on the delivery
and outcome of routine care.
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