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ABSTRACT New approaches to control the spread of tuberculosis (TB) are needed, including tools to
predict development of active TB from latent TB infection (LTBI). Recent studies have described potential
correlates of risk, in order to inform the development of prognostic tests for TB disease progression. These
efforts have included unbiased approaches employing “omics” technologies, as well as more directed,
hypothesis-driven approaches assessing a small set or even individual selected markers as candidate
correlates of TB risk. Unbiased high-throughput screening of blood RNAseq profiles identified signatures
of active TB risk in individuals with LTBI, ⩾1 year before diagnosis. A recent infant vaccination study
identified enhanced expression of T-cell activation markers as a correlate of risk prior to developing TB;
conversely, high levels of Ag85A antibodies and high frequencies of interferon (IFN)-γ specific T-cells
were associated with reduced risk of disease. Others have described CD27−IFN-γ+CD4+ T-cells as possibly
predictive markers of TB disease. T-cell responses to TB latency antigens, including heparin-binding
haemagglutinin and DosR-regulon-encoded antigens have also been correlated with protection.
Further studies are needed to determine whether correlates of risk can be used to prevent active TB
through targeted prophylactic treatment, or to allow targeted enrolment into efficacy trials of new TB
vaccines and therapeutic drugs.
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Introduction
Tuberculosis (TB) is the most significant infectious cause of mortality and morbidity worldwide. As
reported by the World Health Organization (WHO), there are 10.4 million new cases of TB each year [1].
TB is a communicable disease, transmitted almost exclusively by cough aerosols carrying pathogens of the
Mycobacterium tuberculosis complex. Pathogenesis is characterised by a period of asymptomatic subclinical
infection, defined broadly as latent tuberculosis infection (LTBI), which might last for weeks or decades.
From an operational point of view, LTBI may best be defined as a state of persistent immune response to
M. tuberculosis antigens detected either by the tuberculin skin test (TST) or by interferon (IFN)-γ release
assay (IGRA) without evidence of clinically manifest TB. Based on this definition, individuals with LTBI
carry an increased risk of progression to TB. However, an unknown but large proportion of those with LTBI
will not develop TB, either because their immune system persistently controls mycobacterial replication or
because they are no longer infected with live bacteria. The risk of reactivation and subsequent disease and
mortality is significantly increased in M. tuberculosis-infected individuals with immune suppression, due to
HIV co-infection [2] or therapy with tumour necrosis factor (TNF)-α inhibitors [3–6], or other immune
regulators used for inflammatory diseases and transplantation [7] or compromised immunity due to
noncommunicable diseases, such as type 2 diabetes [8, 9]. Approaches to decrease TB morbidity and
mortality, along with M. tuberculosis transmission, rely on correct diagnosis, effective treatment and
prevention of infection and disease. Until recently, LTBI was thought to represent a uniform state [10].
However, it has become clear that LTBI has to be considered a broad spectrum of infection states that differ
by the degree of the pathogen replication, host resistance and inflammation [10–13]. Similarly, TB disease
presentation is similarly diverse and heterogeneous. This heterogeneity includes the type of pathology
developed in the lungs ( pulmonary TB) or outside the lungs (extrapulmonary TB), the spread of the
lesions, the characteristics of immune activation and inflammation, M. tuberculosis replication and bacterial
load. An increasing body of evidence supports the hypothesis that the genetic background of the host
influences TB disease manifestations and the success of the bacterium in infecting large numbers of
susceptible individuals [14–17]. An important hurdle in the field of TB research is that the bacteria cannot
be directly detected in vivo during latent, asymptomatic M. tuberculosis infection. A test that could quantify
bacterial numbers or levels of replication during LTBI would advance our ability to define the stages of
infection, and allow more detailed studies of pathogenesis and immunity during asymptomatic M.
tuberculosis infection.
Outcome of M. tuberculosis infection is therefore not a simple two-state distribution represented by either
LTBI or active TB, but rather represents a continuous spectrum of states that differ by pathogen and host
“activity”, which require different diagnostic and treatment strategies (figures 1 and 2).
From both a clinical and a research point of view, it would be important to correctly identify those
M. tuberculosis-infected individuals who are most likely to progress to active disease in order to target them
precisely with preventive treatment [18, 19]. Prevention of TB disease arising from latent infection is key to
achieving WHO elimination targets [18, 20, 21], yet mass preventive therapy based on IGRA/TST screening
in TB-endemic countries would need to treat 50–80% of the population, most of them unnecessarily, since
85–95% of latently infected persons will never develop disease in their lifetime [22–24]. The positive
predictive value of IGRA/TST testing is thus too low, and better prognostic tests are required.
The TST and IGRA tests are based on immunological sensitisation to mycobacterial antigens. In the case
of the TST this is quantified by the transverse diameter of skin induration resulting from intradermal
injection of purified protein derivative, a crude mixture of antigens, many of which are shared by
M. tuberculosis, M. bovis, bacille Calmette–Guérin (BCG) and several species of environmental
mycobacteria. Blood-based IGRA, including QuantiFERON TB Gold in-tube (QFT-GIT; Qiagen, Hilden,
Germany) and T-SPOT.TB (Oxford Immunotec, Abingdon, UK), measure in vitro IFN-γ production
upon antigen stimulation of whole blood using ELISA, or peripheral blood mononuclear cells (PBMCs)
using enzyme-linked immunospot (ELISPOT) assay, respectively [25]. In these assays, specificity for
M. tuberculosis is derived from stimulation with peptides spanning the M. tuberculosis antigens ESAT-6,
CFP-10 (and TB7.7 for QFT-GIT) that are restricted to a region of the M. tuberculosis genome deleted
from M. bovis BCG and which is not present in most environmental mycobacteria [26–29].
A practical benefit of IGRA tests is that they require only a single laboratory test with negative and positive
controls, and only one visit. Moreover, the in vitro tests may discriminate true negative responses from
anergy [25]. An updated version of the QFT-GIT has been launched [25, 30]: the QuantiFERON TB Plus
includes an additional antigen tube to QFT-GIT, which contains peptides that are intended to specifically
induce a CD8+ T-cell response in addition to the CD4+ T-cell response [31] detected with the original
QFT-GIT assay [32]. The rationale for the inclusion of these new CD8-specific peptides is derived from
the growing evidence that M. tuberculosis-specific CD8+ T-cells are more frequently detected in subjects
with active TB disease compared to LTBI [33–36], they are associated with a recent exposure to TB [37]
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FIGURE 1 Outcome of Mycobacterium tuberculosis transmission and establishment of infection or disease based on the correlates of disease and
correlates of risk. The outcome of a primary or secondary M. tuberculosis infection is not a simple two-state distribution represented by either
active tuberculosis (TB) or latent TB infection, but rather represents a continuous spectrum of states that differ by the degree of the pathogen
replication, host resistance and inflammatory markers. The identification of M. tuberculosis infection is complex, due to the absence of clinical
signs, correlates of disease (COD), lung lesions detected by chest radiography or M. tuberculosis in the sputum culture. The latency state is
characterised by an immunological equilibrium and by presumed control of the bacterial replication. As the infection advances, this balance is
lost, resulting in increased bacterial burden and/or increased pathology. This state can be identified as subclinical or incipient TB disease, in
which CODs may still be poorly informative. In contrast, correlates of risk (COR) may potentially allow the identification of those at risk, for
preventive treatment. Indeed, upregulation of interleukin (IL)-13 and type I and II interferon (IFN)-related gene expression, elevated activation
markers on T-cells (e.g. expression of D-related human leukocyte antigen and loss of CD27 expression), as well as an elevated monocyte/
lymphocyte (M/L) ratio, have been shown to be predictive of TB disease development. The progression of subclinical TB to clinical TB is likely to
be associated with a further increase in bacterial burden and/or pathology. Therefore, active TB diagnosis is based on CODs, including chest
radiography findings such as lung lesions indicative of disease, detection of M. tuberculosis in sputum and positive COR tests. Transmission of M.
tuberculosis from active TB patients may lead to a primary or secondary M. tuberculosis infection. Primary M. tuberculosis infection is defined by
IFN-γ release assay (IGRA)/tuberculin skin test (TST) conversion and absence of radiological lung lesions and sputum negative for M. tuberculosis.
↓: downregulation; ↑: upregulation; +: presence of a modulation based on current knowledge; −: absence of a modulation based on current
knowledge.

and they decline when patients receive anti-TB treatment [38]. The first data on performance of
QuantiFERON TB Plus in a multicentre European study were reported recently [39, 40].
Additional promising tests for LTBI detection should be mentioned. C-Tb is a skin test [41] that measures
hypersensitivity to recombinant ESAT-6 and CFP-10 proteins following intradermal administration. The
authors claim that it combines the strengths and advantages of TST and IGRA technologies: low cost and
for ease of use, like the TST, and high specificity analogous to IGRAs. Another test, based on Rv3615c
encoded outside the RD1 region, has shown potential as a new T-cell based immunodiagnostic [42].
However, it should be noted that the TST and IGRAs share limitations. They both suffer from low accuracy
in immune-compromised patients and cannot distinguish between LTBI and active TB disease [25].
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FIGURE 2 Correlates of tuberculosis (TB) disease, infection and risk of disease. Evaluation of tests to detect
active TB disease, subclinical TB disease, incipient TB disease, infection and cleared infection. M. tuberculosis:
Mycobacterium tuberculosis; TST: tuberculin skin test; IGRA: interferon-γ release assay; COR: correlates of
risk; M/L: monocyte/lymphocyte.

The latter is a major issue in TB-endemic areas and leads to poor predictive value for the development of
TB in persons with LTBI [25, 43, 44]. These limitations provide a compelling reason why a simple measure
of IFN-γ response does not allow correct evaluation of risk of progression from latency to active disease. It
follows that the discovery of biomarkers that can differentiate between active and quiescent bacterial
replication in persons with LTBI, or host markers that identify those with LTBI who are at risk of
developing active disease [11, 45, 46] is of great importance. Moreover, it is critical that newly identified
markers and signatures are validated in different geographic settings, because human populations with
different genetic backgrounds and environmental influences, as well as different circulating M. tuberculosis
lineages may be associated with variable rates of progression to TB disease [47].
The characteristics of new prognostic tests that predict progression from latent to active TB disease have
recently received much attention. In 2015, the WHO convened an expert group to discuss the target
product profile (TPP) of such a test under the lead of FIND, based on currently available knowledge. For
such a test to have utility in high TB-burden settings, it should ideally be based on a sample type more
easily accessible than sputum. While a high positive predictive value (PPV; >95%) for progression from
infection to active TB (figures 3 and 4) would be ideal, such a high value is probably unachievable in the
short term, and a more realistic goal has to be considered. The performance characteristics presented here
and in figures 3 and 4 represent expert opinion (a draft version of the TPP is published on the FIND
website: www.finddx.org/wp-content/uploads/2016/05/TPP-LTBIprogression.pdf ) that is undergoing
validation in a survey of global stakeholders. A sensitivity and specificity of >90% (and minimally 75% for
both) were considered an appropriate target to obtain acceptable positive and negative predictive values.
If we assume a 2-year cumulative TB incidence of 2% and an effectiveness of isoniazid preventive treatment
of 50% (figures 3 and 4) for the optimal target the number of patients needed to treat (NNT) would be 13
with a PPV of 16%. Similarly, in the same scenario, for the minimal target the NNT would be 40 (figure 3)
with a PPV of 6% (figure 4). If we evaluate the same parameters for the current generations of IGRAs
(based on performance characteristics of IGRAs for predicting progression of TB as outlined in WHO LTBI
guidelines [48, 49], the PPV is 2–3% and NNT is 85). In parallel to the development of the TPP, a
framework for the validation of such tests is being formulated [50]. Of course it is important to recognise
that the performance characteristics of such new prognostic tests (i.e. PPV and NPV) will depend on the
underlying prevalence of M. tuberculosis infection, the incidence of TB disease and the risk group.
Recent research activities have aimed at developing correlates of risk of TB, which are likely to inform the
future development of prognostic tests. These efforts have included unbiased approaches employing
“omics” technologies, as well as more directed, hypothesis-driven approaches that assessed either a small
set or even individual selected markers as candidate correlates of risk (COR) of TB (table 1). In the
following sections we describe some of the most promising approaches.

Blood transcriptomic correlates of risk
The COR of TB in the most advanced stages of development is a whole-blood transcriptomic mRNA
expression signature that was identified by mining RNA-sequencing data in a large prospective cohort of
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FIGURE 3 Number of patients needed to treat (NNT) to prevent one case of tuberculosis (TB) for the currently
available, novel and envisioned diagnostic tests. If we assume a 2-year cumulative TB incidence of 2% and an
effectiveness of isoniazid preventive treatment of 50%, for the optimal target the NNT would be 13. Similarly, in
the same scenario, for the minimal target the NNT would be 40. If we evaluate the same parameters for the
current generations of interferon-γ release assays (IGRA) (based on performance characteristics of IGRA for
predicting progression of TB as outlined in World Health Organization latent TB infection guidelines [48, 49]),
the NNT is 85. TST: tuberculin skin test; COR: correlate of risk for TB development; TPP: target product profile.

adolescents with LTBI from South Africa [51]. The RNA signature was discovered in a set of 46
progressors and 107 controls, and is based on a classifier that computes a TB risk score from relative
expression levels of 63 mRNA transcripts from 16 genes in whole blood [52]. The 16-gene transcriptomic
COR signature predicted progression from infection to TB disease with a sensitivity of 66% and a
specificity of 81% in the 12 months preceding diagnosis of incident TB disease in the test cohort.
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FIGURE 4 Positive predictive value (PPV) to identify cases who have latent tuberculosis (TB) and will develop
active TB identified by currently available, novel and envisioned diagnostic tests. If we assume a 2-year
cumulative TB incidence of 2% and an effectiveness of isoniazid preventive treatment of 50% the optimal PPV
is 16%. Similarly, in the same scenario, for the minimal target the PPV is 6%. If we evaluate the same
parameters for the current generations of interferon-γ release assays (IGRAs) (based on performance
characteristics of IGRA for predicting progression of TB as outlined in World Health Organization latent TB
infection guidelines [48, 49]), the PPV is 2–3%. In parallel to the development of the target product profile
(TPP), a framework for the validation of such tests is being formulated [50]. TST: tuberculin skin test; COR:
correlates of risk for TB development.

DOI: 10.1183/13993003.01012-2016

1755

TUBERCULOSIS | E. PETRUCCIOLI ET AL.

TABLE 1 Candidate correlates of tuberculosis (TB) risk

Validated correlates of TB risk
Commercial or traditional tests
for LTBI diagnosis
Molecular tests
Cell activation markers
Blood cell counts
Unvalidated correlates of TB risk
Molecular tests

Antigen-specific T-cells

Cell differentiation markers
Serum/plasma cytokine tests
Antigen-specific antibodies
Responses to latency antigens

CD8+ T-cell response

Biomarker

Neonates, children,
adolescent or adult
population

Location

[Ref.]

RD1-specific immune response in IGRA,
immune sensitisation to PPD in TST
mRNA expression signature of 16 IFN
response genes
Increased HLA-DR-expressing CD4+ T-cells
Elevated monocyte/lymphocyte ratio

Children and adults

Global

[22, 44, 45]

Adolescents

Africa

[52]

Infants
Adults

Africa
Africa

[63]
[111, 114]

IL-13 and AIRE mRNA expression signature
Elevated expression signatures of IFN
response and T-cell genes

Adults
Infants with strong
response to BCG
vaccination
Infants with weak
response to BCG
vaccination
Infants

Europe
Africa

[58–60]
[115]

Africa

[115]

Africa

[63]

Infants with strong
response to BCG
vaccination
Adults
Adults
Infants
Adults

Africa

[115]

Africa
Africa
Africa
Europe

[76]
[86, 87]
[63]
[95]

Adults

Europe

[103]

Children and adults

Africa
Europe

[37]

Elevated expression signatures of
inflammation, myeloid and glucose metabolism
genes
Increased IFN-γ-expressing Ag85A-specific
T-cells
Increased Th1-cytokine-expressing
BCG-specific CD4+ T-cells
Downmodulation of CD27 in CD4+ T-cells
Increased levels of IP-10
Elevated levels of anti-Ag85A-binding IgG
IFN-γ response to in vitro stimulation of
PBMCs using HBHA
IFN-γ response to in vitro stimulation
of whole blood using Rv2628
IFN-γ response to in vitro RD1
stimulation of PBMCs

LTBI: latent TB infection; RD: region of difference; IGRA: interferon (IFN)-γ release assays; PPD: purified protein derivative; TST: tuberculin skin
test; HLA-DR: D-related human leukocyte antigen; IL: interleukin; AIRE: autoimmune regulator; BCG: bacille Calmette–Guérin; Ag: antigen;
Th: T-helper cell; IP: IFN-γ-inducible protein; Ig: immunoglobulin; PBMCs: peripheral blood mononuclear cells; HBHA: heparin-binding
haemagglutinin.

Measurement of the 16-gene transcriptomic COR was transferred from measurement of mRNA expression
by RNA sequencing (HiSeq2000; Illumina, San Diego, CA, USA) to a high-throughput, microfluidic,
real-time PCR platform to allow cheaper and simpler measurement of gene expression. The PCR-based
16-gene transcriptomic COR signature was validated by blind prediction in two independent cohorts of
South African and Gambian progressors and controls from a prospective household TB contact study,
GC6–74 (the Biomarkers for TB consortium) [52]. In the validation cohorts the sensitivity was 54% and
the specificity 83%. Ongoing analyses are under way to explore the biological processes that underlie
progression in the adolescent study. However, it is notable that the 16 genes that comprise the COR
signature are all regulated by type I and II IFNs, suggesting that chronic peripheral activation of the IFN
response, previously shown to be associated with active TB disease at the time of diagnosis [53–56], also
precedes the onset of active TB disease.

Application of correlates to clinical trials and prevention strategies
Further development of this PCR-based 16-gene transcriptomic COR included assessment of diagnostic
performance against published microarray data from TB patients and healthy controls. In a set of
HIV-uninfected South African adults including 130 prevalent TB cases and 230 controls, combined from
four published studies [53–56], the COR discriminated between active TB and healthy controls with 87%
sensitivity and 97% specificity. Therefore, although the prognostic 16-gene transcriptomic COR was not
originally developed for diagnostic purposes, these performance characteristics suggest the signature has
excellent potential as a nonsputum-based triage test to trigger investigation for undiagnosed TB disease.
Thus, the 16-gene transcriptomic COR has potential to identify individuals at high risk of undiagnosed TB
disease at the time of screening and in addition, if active disease has been excluded, to identify individuals
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at high risk for progression to incident TB disease within 12–18 months of screening. These performance
characteristics would be ideal for a nonsputum-based triage test to identify persons for definitive,
sputum-based investigation; and to identify those persons who would benefit maximally from targeted
preventive therapy, thus avoiding unnecessary treatment of persons with LTBI who would remain healthy.
Prevalence of COR+ status in young HIV-uninfected South Africans is ∼12%, and is not different between
IGRA-negative and IGRA-positive persons (Penn-Nicholson A and Scriba TJ, Cape Town, South Africa;
personal communication). Given these criteria, screening with the 16-gene transcriptomic COR would
allow several-fold reduction in the number of people requiring COR-targeted preventive therapy in high
TB burden settings, compared to IGRA-targeted prevention strategies (figures 2 and 3).
The ideal COR-targeted preventive therapy regimen would be short, safe, sterilising and able to be rolled
out rapidly with high coverage in serial mass campaigns. A clinical trial to test the efficacy of a 3-month
short-course, once-weekly, high-dose, directly-observed regimen of isoniazid and rifapentine (3HP) for
16-gene transcriptomic COR-positive persons without active TB disease started in October 2016
(clinicaltrials.gov/NCT02735590). In parallel, efforts are ongoing to transfer COR testing to a point-of-care
device that would allow mass COR screening by local healthcare providers. Translation to a point-of-care
test may require a more parsimonious signature and efforts are underway to reduce the 16-gene
transcriptomic COR to a smaller set of mRNA transcripts (Scriba TJ et al., Cape Town, South Africa;
personal communication). Whole-blood transcriptomic signatures for diagnosis of TB disease comprising
either three [57] or four genes [58] have recently been validated, providing proof of concept that very
small sets of genes have potential for promising diagnostic utility. If successful, the CORTIS trial will
provide proof of concept for the potential of community-wide COR screening campaigns to target curative
and preventive therapy for those individuals at highest risk of TB disease, and impact the global epidemic
through early diagnosis and interruption of transmission (table 1).
Prediction of TB disease months before the onset of clinical symptoms in HIV-infected persons using host
biomarker profiles was first demonstrated in a unique longitudinal cohort as part of the Amsterdam
cohort studies [59–61]. HIV-infected, intravenous drug users had regular blood collections at municipal
health services and the archive of these samples allowed selection of PBMCs 6 months to 1 year before the
clinical diagnosis of TB. Gene expression profiling using dual-color reverse transcriptase multiplex
ligation-dependent probe amplification [62] revealed a predictive signature that discriminated those who
did develop TB in the next period from those that remained free of disease for at least 2 years following
sample collection [60, 61]. Expression of interleukin (IL)-13 in the absence of AIRE (APECED,
autoimmune regulator) was predictive for TB disease development within the next year in this high-risk
population. Interestingly, when analysing individuals from the IL-13/AIRE group who progressed to TB in
the following couple of months, there was also abundant expression of type I IFN-related genes, indicating
detection of early disease markers in those individuals. Although this needs to be repeated in larger,
longitudinal and independent cohorts, preferably also HIV-uninfected groups, it is an important proof of
principle, illustrating the power of predictive TB biomarkers (table 1).

Immune activation-based COR tests
T-cell activation-based CORs of TB have also been the subject of investigation. A recent study, performed
in BCG-vaccinated infants who participated in the recent phase IIb efficacy trial of MVA85A [63],
compared a number of immunological outcomes as potential correlates of risk at trial baseline and after
administration of the MVA85A boosting vaccine versus placebo. 53 infants who developed active TB
disease and 205 controls who remained healthy were evaluated. An intriguing result was that infants who
developed TB disease during follow-up had significantly higher levels of activated CD4+ T-cells, expressing
D-related human leukocyte antigen at study baseline than infants who remained healthy [64, 65].
Importantly, this result was validated independently in the cohort of M. tuberculosis-infected adolescents
discussed earlier, in whom elevated CD4+ T-cell activation was also found to correlate with risk of TB
[64]. Elevated T-cell activation may thus reflect the same immunopathogenesis that underlies the observed
upregulated IFN response in TB progressors from the adolescent study (table 1).
Taken together, the infant, adolescent and the GC6-74 household contact studies all imply that persons at
risk of developing active TB have evidence of inflammation and/or immune activation. The source of
this immune activation is not definitive and requires further study. In adolescents and household contacts,
M. tuberculosis replication may be the primary driver of increased inflammation, but this cannot be the
cause in the infants, who were all IGRA-negative at sample collection. A notable result in the infant study
was that T-cell responses to cytomegalovirus were significantly higher in infants who progressed to TB
disease [64]. This raises the hypothesis that underlying co-infections may drive immune activation [66,
67], which may be associated with risk of TB. Genetic predisposition to immune activation and other
environmental factors may also be involved.

DOI: 10.1183/13993003.01012-2016

1757

TUBERCULOSIS | E. PETRUCCIOLI ET AL.

Two other candidate COR of TB were identified in the 4–6-month-old infant cohort from the phase IIb
MVA85A trial [63]. Higher levels of Ag85A-binding immunoglobulin (Ig)G antibodies were observed in
controls than in progressors. Ag85A-specific IgG was thus associated with reduced risk of developing TB
disease [64]. In addition, elevated frequencies of BCG-specific IFN-γ secreting T-cells, measured by ELISPOT
assay at trial baseline, were also associated with reduced risk of developing TB disease. The latter result was
surprising in light of the previous immune correlates study in BCG-vaccinated infants, which aimed to
determine whether frequencies or cytokine co-expression patterns of BCG-specific CD4 or CD8 cells were
associated with subsequent risk of TB disease [68]. This study, which measured CD4+ and CD8+ T-cell
expression of IFN-γ, TNF-α, IL-2 and IL-17 at 10 weeks of age, found no associations between frequencies or
cytokine-expression patterns of BCG-specific CD4+ and CD8+ T-cells and subsequent risk of TB [68].
Several other studies that also addressed T-cell activation status have shown that phenotypic markers of
T-cell activation and/or differentiation can discriminate between distinct clinical presentations of TB
infection. During antigen-driven differentiation T-lymphocytes pass through several stages (early, late and
terminally differentiated effector cells), and each stage can be characterised by a set of cell surface markers.
Since the differentiation process depends on antigenic stimulation, markers of T-cell differentiation may
serve as indicators of M. tuberculosis replication or antigen load. T-cell expression of CD27 has been
observed to show promise as a COR. CD27 is a member of the TNF receptor superfamily, which is
constitutively expressed by the naive T-cells and early effector lymphocytes, but downregulated during late
stages of effector cell differentiation. Therefore, late effector lymphocytes exhibit low to no CD27
expression [69–70]. Several studies have demonstrated that significantly higher proportions of M.
tuberculosis-specific IFN-γ-producing CD4+ T-cells do not express CD27 (CD27−IFN-γ+CD4+) in persons
with active TB disease, compared with healthy controls. In addition, it has been shown that frequencies of
CD27−IFN-γ+CD4+ cells strongly correlated with the degree of pulmonary destruction [71] and TB
treatment success [73, 76]. SCHUETZ et al. [77] reported that HIV-infected patients without TB disease have
higher proportions of CD27−IFN-γ+CD4+ cells than HIV-negative persons without TB disease and
suggested that accumulation of M. tuberculosis-specific CD27−CD4+ cells may reflect the degree of M.
tuberculosis replication, thus possibly identifying subclinical M. tuberculosis infection. The loss of CD27
expression on specific CD4+ T-cells was shown to proceed the development of active TB disease in one
HIV-infected patient who had recently HIV-seroconverted, lending further support to this hypothesis [77]
(table 1). The accuracy of assays based on the modulation of CD27 may be increased by combining several
tests either based on CD27 or on cytokine expression [78]; however, further studies are needed to confirm
better accuracy compared to IGRA.
IFN-γ inducible protein-10 (IP-10) is a chemokine secreted by multiple cell types, including monocytes,
endothelial cells and fibroblasts, in response to IFN-γ. It acts as a chemoattractant for monocytes/macrophages,
T-cells, natural killer cells, and dendritic cells and promotes T-cell adhesion [79, 80]. IP-10 concentrations,
measured after M. tuberculosis antigen exposure or in unstimulated blood, are elevated in patients with TB
either with or without HIV co-infection either in blood [81–84] or urine [85, 86]. High levels of plasma IP-10
was associated with incident TB in both HIV-uninfected [87] and HIV-infected subjects [88] (table 1).

HBHA and other M. tuberculosis latency antigens
Heparin-binding haemagglutinin (HBHA) antigen is expressed at the surface of a variety of mycobacterial
species and promotes binding to host epithelial cells [89]. This feature increases M. tuberculosis
pathogenicity and facilitates the extrapulmonary dissemination of mycobacteria. Detection of T-cell
responses specific to HBHA has been associated with LTBI, suggesting a protective role for the
HBHA-specific responses [90–93]. This is supported by the presence of HBHA-specific CD8+ T-cells in
LTBI and the proposed role of such cells in maintaining the latent state [94, 95]. However, as previously
stated, LTBI is considered a heterogeneous entity which may include spontaneous cure, stable and
persistent asymptomatic infection and, as discussed earlier, early progression towards active disease [10].
CORBIERE et al. [96] have suggested that measuring IFN-γ responses to two different mycobacterial
antigens, ESAT-6 and HBHA, may allow stratification of LTBI subjects into several groups. In this model,
those who score negative to both antigens represent successful elimination of the M. tuberculosis infection,
those who score positive to both antigens are in a stage of true latency able to control M. tuberculosis
replication and those who are positive only to ESAT-6 have actively replicating M. tuberculosis (as in active
TB disease). The latter is informed by the demonstration that ESAT-6 is produced at high levels during
mycobacterial growth [97]. Based on this model, the authors report that loss of the in vitro IFN-γ response
to HBHA preceded development of TB in a dialysis patient [96].
Other M. tuberculosis latency antigens have also been reported [98]. Adaptation of M. tuberculosis to a state of
non- or slow replicating persistence during LTBI, with downregulated metabolic activity and concomitant
altered gene expression patterns have been suggested [99, 100]. In this state, M. tuberculosis has been shown to
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induce the expression of the 48-gene-encoding DosR regulon [101]. T-cell responses to M. tuberculosis
DosR-encoded latency antigens were particularly dominant in TST+ LTBI individuals, compared to
successfully treated or active TB patients. T-cell proliferation and IFN-γ production driven by these latency
antigens was consistently seen in LTBI in many diverse genetic and geographic populations [102–104].
Responses to one of these antigens, Rv2628, discriminated recent from remote LTBI in a cross-sectional study
[104]. Moreover, the ratio of responses between M. tuberculosis DosR-encoded antigens and ESAT6, in
analogy with the results found for HBHA and ESAT6, correlated with low risk of TB disease [105]. These
results suggest that the evaluation of this response may be useful for identification of LTBI subjects who are
more likely to develop active TB within 2 years and may benefit from preventive treatment (QFT-IT-positive
and Rv2628-negative) (table 1). In addition, it has been shown that the specific response to Rv2628 is found at
the site of TB disease [106], emphasising the concept of TB as a spectrum of different stages of infection [10].

Elevated proportion of peripheral monocytes as COR for identifying contacts of
TB patients at highest risk of developing active TB
SABIN and colleagues [107–109] showed in the 1920s that the ratio between monocyte and lymphocyte
numbers in peripheral blood, or monocyte/lymphocyte (M/L) ratio, was associated with progressive
outcome of mycobacterial infections in rabbits. Rediscovering this experimental study, a series of
prospective cohort evaluations have recently been performed in adults, pregnant women and infants in
sub-Saharan Africa [110–112]. In each study an elevated M/L ratio was associated with risk of TB disease
before the appearance of symptoms. The biological underpinning of this finding may be related to
activation of myelopoiesis in the bone marrow induced by elevated expression of IFN-γ, which is involved
in the antimycobacterial response, thus leading to increased myeloid cellularity in the blood [113, 114].
Since lymphopoiesis is not activated in a similar manner, and peripheral lymphoid cells, including T- and
B-cells, are recruited to the site of M. tuberculosis replication, this may lead to a decrease in peripheral
blood lymphoid cells. The higher M/L ratio is thus likely to be a product of both these processes.
Interestingly, in addition to this hypothesis, it was shown that in healthy donors a high M/L ratio was
associated with antimycobacterial activity and with transcriptomic profiles characterised by an enrichment
of IFN-associated transcripts in monocytes. These data suggest that the M/L ratio may be associated with
subclinical disease by acting as a marker of monocyte function [115] (table 1).

Distinct host immune responses to BCG vaccination can obscure identification of COR
Another TB COR study was recently completed in 10-week-old BCG-vaccinated infants from South
Africa, who during 2 years of follow-up either progressed to TB disease ( progressors) or remained healthy
(controls) [116]. Comprehensive comparisons of global gene expression and cellular responses to BCG
between progressors and controls did not lead to identification of COR in these infants. However, gene
expression profiles revealed two distinct clusters of infants, each of which contained both progressors and
controls. One cluster had enrichment of differentially expressed genes in biological pathways including
IFN responses and T-cell activation, while the other cluster had enrichment of myeloid cell and glucose
metabolism pathways. Importantly, within cluster 1 infants, those who progressed to TB had elevated
monocyte to T-cell ratios and frequencies of BCG-specific CD4+ T-cells expressing IFN-γ, among other
T-helper type 1 cytokines. It was striking that the former finding is consistent with the M/L ratio
associations with risk of TB [115, 116], while the latter is consistent with the observed immune activation
and frequencies of IFN-γ-expressing Ag85B-specific T-cells identified as COR in the 4–6-month-old infant
cohort from the phase IIb MVA85A trial.

Conclusions
Although only a handful of studies have identified biomarkers of progression to TB, a picture is emerging
from the common biological processes, including immune activation, IFN responses and changes in
peripheral blood myeloid and lymphoid cells which have been clinically validated and are associated with
risk of TB. Promising biomarkers and biomarker signatures are being discovered that may allow accurate
prediction of progression from infection to active TB disease. Several of these biomarkers are being taken
further towards test development, evaluation and possible use in clinical settings. However, despite this
great progress, no biomarker signature has yet been identified that fully meets the performance goals for a
prognostic test of progression from latent infection to TB disease set forward by the global health
community led by the WHO and other stakeholders. Further intensified research efforts are required for
ongoing biomarker discovery, evaluation and test development. In addition, it is critical that different
markers and signatures are validated in different geographic settings (and thus different host genetic
backgrounds and circulating pathogen lineages) to ensure that accuracy in different high-burden settings is
sufficiently acceptable to enable a “screen and treat” strategy. Utility of such biomarkers is also highly
dependent on translation of the test to a near-patient platform to allow testing in settings where patients at
highest risk for progression present for care (e.g. HIV clinics in TB-endemic populations). Without further
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progress on the development of tests that better predict the development of active TB, we will not be able
to eradicate the seedbeds of TB and achieve the end-TB strategy of the WHO.

Acknowledgements
We are deeply grateful to Samuel G. Schumacher (FIND, Geneva, Switzerland) for contributing to the preparation of the
figures.

References
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

1760

World Health Organization (WHO). Global Tuberculosis Report 2016. www.who.int/tb/publications/global_
report/en/ Date last accessed: October 13, 2016. Date last updated: 2016.
Selwyn PA, Hartel D, Lewis VA, et al. A prospective study of the risk of tuberculosis among intravenous drug
users with human immunodeficiency virus infection. N Engl J Med 1989; 320: 545–550.
Cantini F, Lubrano E, Marchesoni A, et al. Latent tuberculosis infection detection and active tuberculosis
prevention in patients receiving anti-TNF therapy: an Italian nationwide survey. Int J Rheum Dis 2016; 19:
799–805.
Cantini F, Niccoli L, Goletti D. Tuberculosis risk in patients treated with non-anti-tumor necrosis factor-α
(TNF-α) targeted biologics and recently licensed TNF-α inhibitors: data from clinical trials and national
registries. J Rheumatol Suppl 2014; 91: 56–64.
Cantini F, Niccoli L, Goletti D. Adalimumab, etanercept, infliximab, and the risk of tuberculosis: data from
clinical trials, national registries, and postmarketing surveillance. J Rheumatol Suppl 2014; 91: 47–55.
Solovic I, Sester M, Gomez-Reino JJ, et al. The risk of tuberculosis related to tumour necrosis factor antagonist
therapies: a TBNET consensus statement. Eur Respir J 2010; 36: 1185–1206.
Bumbacea D, Arend SM, Eyuboglu F, et al. The risk of tuberculosis in transplant candidates and recipients:
a TBNET consensus statement. Eur Respir J 2012; 40: 990–1013.
Harries AD, Kumar AM, Satyanarayana S, et al. Addressing diabetes mellitus as part of the strategy for ending
TB. Trans R Soc Trop Med Hyg 2016; 110: 173–179.
Ronacher K, Joosten SA, van Crevel R, et al. Acquired immunodeficiencies and tuberculosis: focus on HIV/AIDS
and diabetes mellitus. Immunol Rev 2015; 264: 121–137.
Barry CE 3rd, Boshoff HI, Dartois V, et al. The spectrum of latent tuberculosis: rethinking the biology and
intervention strategies. Nat Rev Microbiol 2009; 7: 845–855.
Esmail H, Barry CE 3rd, Young DB, et al. The ongoing challenge of latent tuberculosis. Philos Trans R Soc Lond
B Biol Sci 2014; 369: 20130437.
Delogu G, Goletti D. The spectrum of tuberculosis infection: new perspectives in the era of biologics.
J Rheumatol Suppl 2014; 91: 11–16.
Dorhoi A, Kaufmann SH. Pathology and immune reactivity: understanding multidimensionality in pulmonary
tuberculosis. Semin Immunopathol 2016; 38: 153–166.
Homolka S, Niemann S, Russell DG, et al. Functional genetic diversity among Mycobacterium tuberculosis
complex clinical isolates: delineation of conserved core and lineage-specific transcriptomes during intracellular
survival. PLoS Pathog 2010; 6: e1000988.
Marquina-Castillo B, García-García L, Ponce-de-León A, et al. Virulence, immunopathology and transmissibility
of selected strains of Mycobacterium tuberculosis in a murine model. Immunology 2009; 128: 123–133.
Palanisamy GS, DuTeau N, Eisenach KD, et al. Clinical strains of Mycobacterium tuberculosis display a wide
range of virulence in guinea pigs. Tuberculosis 2009; 89: 203–209.
Coscolla M, Gagneux S. Consequences of genomic diversity in Mycobacterium tuberculosis. Semin Immunol
2014; 26: 431–444.
Lönnroth K, Migliori GB, Abubakar I, et al. Towards tuberculosis elimination: an action framework for
low-incidence countries. Eur Respir J 2015; 45: 928–952.
Getahun H, Matteelli A, Abubakar I, et al. Management of latent Mycobacterium tuberculosis infection:
WHO guidelines for low tuberculosis burden countries. Eur Respir J 2015; 46: 1563–1576.
D’Ambrosio L, Dara M, Tadolini M, et al. Tuberculosis elimination: theory and practice in Europe. Eur Respir J
2014; 43: 1410–1420.
Tiberi S, D’Ambrosio L, De Lorenzo S, et al. Tuberculosis elimination, patients’ lives and rational use of new
drugs: revisited. Eur Respir J 2016; 47: 664–667.
Sester M, Sotgiu G, Lange C, et al. Interferon-γ release assays for the diagnosis of active tuberculosis: a systematic
review and meta-analysis. Eur Respir J 2011; 37: 100–111.
Sester M, van Leth F, Bruchfeld J, et al. Risk assessment of tuberculosis in immunocompromised patients.
A TBNET study. Am J Respir Crit Care Med 2014; 190: 1168–1176.
Sester M, van Crevel R, Leth F, et al. Numbers needed to treat to prevent tuberculosis. Eur Respir J 2015; 46:
1836–1838.
Goletti D, Sanduzzi A, Delogu G. Performance of the tuberculin skin test and interferon-γ release assays: an
update on the accuracy, cutoff stratification, and new potential immune-based approaches. J Rheumatol Suppl
2014; 91: 24–31.
Mahairas GG, Sabo PJ, Hickey MJ, et al. Molecular analysis of genetic differences between Mycobacterium bovis
BCG and virulent M. bovis. J Bacteriol 1996; 178: 1274–1282.
Gey van Pittius NC, Sampson SL, Lee H, et al. Evolution and expansion of the Mycobacterium tuberculosis PE
and PPE multigene families and their association with the duplication of the ESAT-6 (esx) gene cluster regions.
BMC Evol Biol 2006; 6: 95.
Whitworth HS, Scott M, Connell DW, et al. IGRAs – the gateway to T cell based TB diagnosis. Methods 2013;
61: 52–62.
Andersen P, Munk ME, Pollock JM, et al. Specific immune-based diagnosis of tuberculosis. Lancet 2000; 356:
1099–1104.
QuantiFERON®-TB Gold Plus (QFT®-Plus) ELISA Package Insert. www.quantiferon.com/irm/content/PI/QFT/
PLUS/2PK-Elisa/UK.pdf Date last accessed: February 2015. Date last updated: February 2015.

DOI: 10.1183/13993003.01012-2016

TUBERCULOSIS | E. PETRUCCIOLI ET AL.

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

DOI: 10.1183/13993003.01012-2016

Petruccioli E, Chiacchio T, Pepponi I, et al. First characterization of the CD4 and CD8 T-cell responses to
QuantiFERON-TB Plus. J Infect 2016; [In press DOI: 10.1016/j.jinf.2016.09.008].
Mori T, Sakatani M, Yamagishi F, et al. Specific detection of tuberculosis infection: an interferon-γ-based assay
using new antigens. Am J Respir Crit Care Med 2004; 170: 59–64.
Chiacchio T, Petruccioli E, Vanini V, et al. Polyfunctional T-cells and effector memory phenotype are associated
with active TB in HIV-infected patients. J Infect 2014; 69: 533–545.
Day CL, Abrahams DA, Lerumo L, et al. Functional capacity of Mycobacterium tuberculosis-specific T cell
responses in humans is associated with mycobacterial load. J Immunol 2011; 187: 2222–2232.
Rozot V, Patrizia A, Vigano S, et al. Combined use of Mycobacterium tuberculosis-specific CD4 and CD8 T-cell
responses is a powerful diagnostic tool of active tuberculosis. Clin Infect Dis 2015; 60: 432–437.
Rozot V, Vigano S, Mazza-Stalder J, et al. Mycobacterium tuberculosis-specific CD8+ T cells are functionally and
phenotypically different between latent infection and active disease. Eur J Immunol 2013; 43: 1568–1577.
Nikolova M, Markova R, Drenska R, et al. Antigen-specific CD4- and CD8-positive signatures in different phases
of Mycobacterium tuberculosis infection. Diagn Microbiol Infect Dis 2013; 75: 277–281.
Nyendak MR, Lewinsohn DM, Shah RD, et al. ATS Core Curriculum 2014: part I. Adult pulmonary medicine.
Ann Am Thorac Soc 2014; 11: 1136–1144.
Barcellini L, Borroni E, Brown J, et al. First independent evaluation of QuantiFERON-TB Plus performance.
Eur Respir J 2016; 47: 1587–1590.
Barcellini L, Borroni E, Brown J, et al. First evaluation of QuantiFERON-TB Gold Plus performance in contact
screening. Eur Respir J 2016 [In press DOI: 10.1183/13993003.00510-2016].
Aggerbeck H, Giemza R, Joshi P, et al. Randomised clinical trial investigating the specificity of a novel skin test
(C-Tb) for diagnosis of M. tuberculosis infection. PLoS One 2013; 8: e64215.
Millington KA, Fortune SM, Low J, et al. Rv3615c is a highly immunodominant RD1 (Region of Difference
1)-dependent secreted antigen specific for Mycobacterium tuberculosis infection. Proc Natl Acad Sci USA 2011;
108: 5730–5735.
Zellweger JP, Sotgiu G, Block M, et al. Risk assessment of tuberculosis in contacts by IFN-γ release assays.
A Tuberculosis Network European Trials Group study. Am J Respir Crit Care Med 2015; 191: 1176–1184.
Rangaka MX, Wilkinson KA, Glynn JR, et al. Predictive value of interferon-γ release assays for incident active
tuberculosis: a systematic review and meta-analysis. Lancet Infect Dis 2012; 12: 45–55.
Ottenhoff TH, Ellner JJ, Kaufmann SH. Ten challenges for TB biomarkers. Tuberculosis 2012; 92: Suppl. 1, S17–S20.
Wallis RS, Peppard T. Early biomarkers and regulatory innovation in multidrug-resistant tuberculosis. Clin Infect
Dis 2015; 61: Suppl. 3, S160–S163.
de Jong BC, Hill PC, Aiken A, et al. Progression to active tuberculosis, but not transmission, varies by
Mycobacterium tuberculosis lineage in the Gambia. J Infect Dis 2008; 198: 1037–1043.
World Health Organization (WHO). Guidelines on the Management of Latent Tuberculosis Infection. Geneva,
WHO, 2015.
Getahun H, Matteelli A, Abubakar I, et al. Management of latent Mycobacterium tuberculosis infection:
WHO guidelines for low tuberculosis burden countries. Eur Respir J 2015; 46: 1563–1576.
Denkinger CM, Kik SV, Cirillo DM, et al. Defining the needs for next generation assays for tuberculosis. J Infect
Dis 2015; 211: Suppl. 2, S29–S38.
Mahomed H, Hawkridge T, Verver S, et al. Predictive factors for latent tuberculosis infection among adolescents
in a high-burden area in South Africa. Int J Tuberc Lung Dis 2011; 15: 331–336.
Zak DE, Penn-Nicholson A, Scriba TJ, et al. A blood RNA signature for tuberculosis disease risk: a prospective
cohort study. Lancet 2016; 387: 2312–2322.
Berry MP, Graham CM, McNab FW, et al. An interferon-inducible neutrophil-driven blood transcriptional
signature in human tuberculosis. Nature 2010; 466: 973–977.
Bloom CI, Graham CM, Berry MP, et al. Transcriptional blood signatures distinguish pulmonary tuberculosis,
pulmonary sarcoidosis, pneumonias and lung cancers. PLoS One 2013; 8: e70630.
Kaforou M, Wright VJ, Levin M. Host RNA signatures for diagnostics: an example from paediatric tuberculosis
in Africa. J Infect 2014; 69: Suppl. 1, S28–S31.
Kaforou M, Wright VJ, Oni T, et al. Detection of tuberculosis in HIV-infected and -uninfected African adults
using whole blood RNA expression signatures: a case-control study. PLoS Med 2013; 10: e1001538.
Sweeney TE, Braviak L, Tato CM, et al. Genome-wide expression for diagnosis of pulmonary tuberculosis: a
multicohort analysis. Lancet Respir Med 2016; 4: 213–224.
Maertzdorf J, McEwen G, Weiner J 3rd, et al. Concise gene signature for point-of-care classification of
tuberculosis. EMBO Mol Med 2015; 8: 86–95.
Sloot R, Schim van der Loeff MF, Kouw PM, et al. Yield of tuberculosis contact investigations in Amsterdam:
opportunities for improvement. Eur Respir J 2014; 44: 714–724.
Sloot R, Schim van der Loeff MF, van Zwet EW, et al. Biomarkers can identify pulmonary tuberculosis in
HIV-infected drug users months prior to clinical diagnosis. EBioMedicine 2014; 2: 172–179.
Sloot R, Schim van der Loeff MF, Kouw PM, et al. Risk of tuberculosis after recent exposure. A 10-year
follow-up study of contacts in Amsterdam. Am J Respir Crit Care Med 2014; 190: 1044–1052.
Joosten SA, Goeman JJ, Sutherland JS, et al. Identification of biomarkers for tuberculosis disease using a novel
dual-color RT-MLPA assay. Genes Immun 2012; 13: 71–82.
Tameris MD, Hatherill M, Landry BS, et al. Safety and efficacy of MVA85A, a new tuberculosis vaccine, in infants
previously vaccinated with BCG: a randomised, placebo-controlled phase 2b trial. Lancet 2013; 381: 1021–1028.
Fletcher HA, Snowden MA, Landry B, et al. T-cell activation is an immune correlate of risk in BCG vaccinated
infants. Nat Commun 2016; 7: 11290.
Fletcher HA, Schrager L. TB vaccine development and the End TB Strategy: importance and current status.
Trans R Soc Trop Med Hyg 2016; 110: 212–218.
Geldmacher C, Ngwenyama N, Schuetz A, et al. Preferential infection and depletion of Mycobacterium
tuberculosis-specific CD4 T cells after HIV-1 infection. J Exp Med 2010; 207: 2869–2881.
Goletti D, Weissman D, Jackson RW, et al. Effect of Mycobacterium tuberculosis on HIV replication. Role of
immune activation. J Immunol 1996; 157: 1271–1278.

1761

TUBERCULOSIS | E. PETRUCCIOLI ET AL.

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

1762

Kagina BM, Abel B, Scriba TJ, et al. Specific T cell frequency and cytokine expression profile do not correlate
with protection against tuberculosis after bacillus Calmette-Guérin vaccination of newborns. Am J Respir Crit
Care Med 2010; 182: 1073–1079.
Watts TH. TNF/TNFR family members in costimulation of T cell responses. Annu Rev Immunol 2005; 23:
23–68.
Fritsch RD, Shen X, Sims GP, et al. Stepwise differentiation of CD4 memory T cells defined by expression of
CCR7 and CD27. J Immunol 2005; 175: 6489–6497.
Lyadova IV, Oberdorf S, Kapina MA, et al. CD4 T cells producing IFN-γ in the lungs of mice challenged with
mycobacteria express a CD27-negative phenotype. Clin Exp Immunol 2004; 138: 21–29.
Lyadova IV, Panteleev AV. Th1 and Th17 cells in tuberculosis: protection, pathology, and biomarkers. Mediators
Inflamm 2015; 2015: 854507.
Petruccioli E, Petrone L, Vanini V, et al. Assessment of CD27 expression as a tool for active and latent
tuberculosis diagnosis. J Infect 2015; 71: 526–533.
Portevin D, Moukambi F, Clowes P, et al. Assessment of the novel T-cell activation marker-tuberculosis assay for
diagnosis of active tuberculosis in children: a prospective proof-of-concept study. Lancet Infect Dis 2014; 14:
931–938.
Prezzemolo T, Guggino G, La Manna MP, et al. Functional signatures of human CD4 and CD8T cell responses
to Mycobacterium tuberculosis. Front Immunol 2014; 5: 180.
Nikitina IY, Kondratuk NA, Kosmiadi GA, et al. Mtb-specific CD27low CD4 T cells as markers of lung tissue
destruction during pulmonary tuberculosis in humans. PLoS One 2012; 7: e43733.
Schuetz A, Haule A, Reither K, et al. Monitoring CD27 expression to evaluate Mycobacterium tuberculosis
activity in HIV-1 infected individuals in vivo. PLoS One 2011; 6: e27284.
Petruccioli E, Navarra A, Petrone L, et al. Use of several immunological markers to model the probability of
active tuberculosis. Diagn Microbiol Infect Dis 2016; 86: 169–171.
Dufour JH, Dziejman M, Liu MT, et al. IFN-γ-inducible protein 10 (IP-10; CXCL10)-deficient mice reveal a role
for IP-10 in effector T cell generation and trafficking. J Immunol 2002; 168: 3195–3204.
Ferrero E, Biswas P, Vettoretto K, et al. Macrophages exposed to Mycobacterium tuberculosis release chemokines
able to recruit selected leucocyte subpopulations: focus on γδ cells. Immunology 2003; 108: 365–374.
Ruhwald M, Bodmer T, Maier C, et al. Evaluating the potential of IP-10 and MCP-2 as biomarkers for the
diagnosis of tuberculosis. Eur Respir J 2008; 32: 1607–1615.
Goletti D, Raja A, Syed Ahamed Kabeer B, et al. Is IP-10 an accurate marker for detecting M. tuberculosisspecific response in HIV-infected persons? PLoS One 2010; 5: e12577.
Goletti D, Raja A, Ahamed Kabeer BS, et al. IFN-γ, but not IP-10, MCP-2 or IL-2 response to RD1 selected
peptides associates to active tuberculosis. J Infect 2010; 61: 133–143.
Vanini V, Petruccioli E, Gioia C, et al. IP-10 is an additional marker for tuberculosis (TB) detection in
HIV-infected persons in a low-TB endemic country. J Infect 2012; 65: 49–59.
Cannas A, Calvo L, Chiacchio T, et al. IP-10 detection in urine is associated with lung diseases. BMC Infect Dis
2010; 10: 333.
Petrone L, Cannas A, Vanini V, et al. Blood and urine inducible protein 10 as potential markers of disease
activity. Int J Tuberc Lung Dis 2016; 20: 1554–1561.
Azzurri A, Sow OY, Amedei A, et al. IFN-γ-inducible protein 10 and pentraxin 3 plasma levels are tools for
monitoring inflammation and disease activity in Mycobacterium tuberculosis infection. Microbes Infect 2005; 7:
1–8.
Tenforde MW, Gupte N, Dowdy DW, et al. C-reactive protein (CRP), interferon gamma-inducible protein 10
(IP-10), and lipopolysaccharide (LPS) are associated with risk of tuberculosis after initiation of antiretroviral
therapy in resource-limited settings. PLoS One 2015; 10: e0117424.
Menozzi FD, Rouse JH, Alavi M, et al. Identification of a heparin-binding hemagglutinin present in
mycobacteria. J Exp Med 1996; 184: 993–1001.
Delogu G, Chiacchio T, Vanini V, et al. Methylated HBHA produced in M. smegmatis discriminates between
active and non-active tuberculosis disease among RD1-responders. PLoS One 2011; 6: e18315.
Hougardy JM, Schepers K, Place S, et al. Heparin-binding-hemagglutinin-induced IFN-γ release as a diagnostic
tool for latent tuberculosis. PLoS One 2007; 2: e926.
Hutchinson P, Barkham TM, Tang W, et al. Measurement of phenotype and absolute number of circulating
heparin-binding hemagglutinin, ESAT-6 and CFP-10, and purified protein derivative antigen-specific CD4 T
cells can discriminate active from latent tuberculosis infection. Clin Vaccine Immunol 2015; 22: 200–212.
Delogu G, Vanini V, Cuzzi G, et al. Lack of response to HBHA in HIV-infected patients with latent tuberculosis
infection. Scand J Immunol 2016; [In press DOI: 10.1111/sji.12493].
Temmerman ST, Place S, Debrie AS, et al. Effector functions of heparin-binding hemagglutinin-specific CD8+ T
lymphocytes in latent human tuberculosis. J Infect Dis 2005; 192: 226–232.
van Pinxteren LA, Cassidy JP, Smedegaard BH, et al. Control of latent Mycobacterium tuberculosis infection is
dependent on CD8 T cells. Eur J Immunol 2000; 30: 3689–3698.
Corbière V, Pottier G, Bonkain F, et al. Risk stratification of latent tuberculosis defined by combined interferon
gamma release assays. PLoS One 2012; 7: e43285.
Andersen P, Doherty TM, Pai M, et al. The prognosis of latent tuberculosis: can disease be predicted?
Trends Mol Med 2007; 13: 175–182.
Leyten EM, Lin MY, Franken KL, et al. Human T-cell responses to 25 novel antigens encoded by genes of the
dormancy regulon of Mycobacterium tuberculosis. Microbes Infect 2006; 8: 2052–2060.
Lin MY, Geluk A, Smith SG, et al. Lack of immune responses to Mycobacterium tuberculosis DosR regulon
proteins following Mycobacterium bovis BCG vaccination. Infect Immun 2007; 75: 3523–3530.
Betts JC, Lukey PT, Robb LC, et al. Evaluation of a nutrient starvation model of Mycobacterium tuberculosis
persistence by gene and protein expression profiling. Mol Microbiol 2002; 43: 717–731.
Schnappinger D, Ehrt S, Voskuil MI, et al. Transcriptional adaptation of Mycobacterium tuberculosis within
macrophages: insights into the phagosomal environment. J Exp Med 2003; 198: 693–704.

DOI: 10.1183/13993003.01012-2016

TUBERCULOSIS | E. PETRUCCIOLI ET AL.

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

DOI: 10.1183/13993003.01012-2016

Schuck SD, Mueller H, Kunitz F, et al. Identification of T-cell antigens specific for latent Mycobacterium
tuberculosis infection. PLoS One 2009; 4: e5590.
Black GF, Thiel BA, Ota MO, et al. Immunogenicity of novel DosR regulon-encoded candidate antigens of
Mycobacterium tuberculosis in three high-burden populations in Africa. Clin Vaccine Immunol 2009; 16:
1203–1212.
Goletti D, Butera O, Vanini V, et al. Response to Rv2628 latency antigen associates with cured tuberculosis and
remote infection. Eur Respir J 2010; 36: 135–142.
Demissie A, Leyten EM, Abebe M, et al. Recognition of stage-specific mycobacterial antigens differentiates
between acute and latent infections with Mycobacterium tuberculosis. Clin Vaccine Immunol 2006; 13: 179–186.
Chiacchio T, Petruccioli E, Vanini V, et al. Higher frequency of T-cell response to M. tuberculosis latency antigen
Rv2628 at the site of active tuberculosis disease than in peripheral blood. PLoS One 2011; 6: e27539.
Cunningham RS, Sabin FR, Sugiyama S, et al. The role of the monocyte in tuberculosis. Bull Johns Hopkins Hosp
1925; 37: 231–280.
Doan CA, Sabin FR. The relation of the tubercle and the monocyte:lymphocte ratio to resistance and
susceptibility in tuberculosis. J Exp Med 1930; 52: 113–152.
Sabin FR, Doan CA, Cunningham RS. Studies of the blood in experimental tuberculosis: the monocyte–
lymphocyte ratio; the anemia–leucopenia phase. Transactions of the 22nd Annual Meeting of the National
Tuberculosis Association 1926; 22: 252–256.
Naranbhai V, Hill AV, Abdool Karim SS, et al. Ratio of monocytes to lymphocytes in peripheral blood identifies
adults at risk of incident tuberculosis among HIV-infected adults initiating antiretroviral therapy. J Infect Dis
2014; 209: 500–509.
Naranbhai V, Kim S, Fletcher H, et al. The association between the ratio of monocytes:lymphocytes at age
3 months and risk of tuberculosis (TB) in the first two years of life. BMC Med 2014; 12: 120.
Rakotosamimanana N, Richard V, Raharimanga V, et al. Biomarkers for risk of developing active tuberculosis in
contacts of TB patients: a prospective cohort study. Eur Respir J 2015; 46: 1095–1103.
Baldridge MT, King KY, Boles NC, et al. Quiescent haematopoietic stem cells are activated by IFN-gamma in
response to chronic infection. Nature 2010; 465: 793–797.
Baldridge MT, King KY, Goodell MA. Inflammatory signals regulate hematopoietic stem cells. Trends Immunol
2011; 32: 57–65.
Naranbhai V, Fletcher HA, Tanner R, et al. Distinct transcriptional and anti-mycobacterial profiles of peripheral
blood monocytes dependent on the ratio of monocytes: lymphocytes. EBioMedicine 2015; 2: 1619–1626.
Fletcher HA, Filali-Mouhim A, Nemes E, et al. Human newborn bacille Calmette-Guérin vaccination and risk of
tuberculosis disease: a case-control study. BMC Med 2016; 14: 76.

1763

