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Structure of the Thesis

Chapter 1 is the introductory chapter of the thesis. It describes the natural history and
epidemiology of tuberculosis and the role of cytokines. It also describes tools for diagnosing
Mycobacterium tuberculosis (Mtb) infection with a particular focus on Interferon-gamma release
assays (IGRAs) such as Quantiferon-TB Gold In-Tube (QFT) as an emerging alternative to the
Tuberculin skin test (TST). This chapter also describes the aims and objectives as well as the
conceptual framework of the study.

Chapter 2 provides a literature review of the studies related to the objectives of this thesis. In
this chapter | collate and review the most relevant analytical studies on the association between
the magnitude of T-cell Interferon-y responses to Mtb specific antigens and risk of progression
to disease. | critically review this evidence with regard to whether IGRAs are better than the TST
at predicting individuals who have a high risk of progression to active TB and whether Mtb
infected individuals with strongly elevated IFN-y levels are most likely to progress to active
disease. | also review studies examining concordance between IGRAs and TST results and the
effect of HIV on IGRAs.

Chapter 3 describes the study methods. This chapter first describes the background study,
(ZAMSTAR trial) within which the cohort study under discussion in this thesis (QFT cohort study)
is nested. The rest of the chapter describes details of the QFT-GIT cohort study with regard to
the following: sample size, study duration, study population, measurement tools, baseline and
follow-up activities, data collection and statistical analyses.

In Chapter 4 the results of four small studies examining the performance and operational
characteristics of QFT-GIT in a field setting are presented. The first study addresses the
sensitivity and test-retest reproducibility of QFT-GIT as well as the effect of CD4+ T-lymphocyte
counts and delayed incubation of blood samples on IFN-y responses. The second study
addresses the effect of power outages during incubation on IFN-y responses. The third study
addresses the effect of increased storage temperature on IFN-y responses. Lastly, the fourth
study addresses the financial cost of diagnosing Mtb infection using QFT-GIT.

In Chapter 5 the baseline results of the study are presented. These include a description of the
socio-demographic and clinical characteristics of the study population, the prevalence of
tuberculous infection as measured by QFT-GIT and TST as well as risk factors associated with
positive QFT-GIT and TST results at baseline. Lastly, this chapter presents results on the level of
agreement between QFT-GIT and TST results.

In Chapter 6, | present survival analysis results whose main aim is to determine incidence rates
of TB in HHCs with positive and negative QFT-GIT results; also stratified by HIV status. A similar
analysis for TST is presented as a comparison. Results on risk factors associated with incident TB
and a sensitivity analysis are also presented in chapter 6.

In Chapter 7, | answer the main research question of the thesis: whether individuals with high
(=10 1U/ml) levels of IFN-y in response to Mtb specific antigens in the QFT-GIT assay (ESAT-6,



CFP-10 or TB 7.7) are at higher risk of developing TB compared to those with low levels (>
0.35<10 IU/ml).

In Chapter 8 | present results of other exploratory cut-offs points in a sensitivity analysis, in
addition to using a cut-off point of > 10 IU/ml.

In Chapter 9 the main study findings are discussed. A discussion of the main question is
presented in addition to a discussion addressing each of the specific objectives of the result
chapters outlined above. Objectives are discussed in view of previous research. The study
limitations, potential biases and conclusions are also described here.

Lastly in Chapter 10 a summary of the evolving IGRAs research is presented including other
biomarkers for disease progression. In addition, the potential role and use of IGRAs as diagnostic
tests in high TB/HIV endemic resource constrained settings is described as well suggestions for
future research.



Abstract

Background

Household contacts (HHCs) of pulmonary TB patients are at high risk of
Mycobacterium tuberculosis (Mtb) infection and early disease development.
Tuberculin skin test (TST) has been traditionally used to identify infected individuals;
however, its use is limited by low specificity in populations with high levels of BCG
vaccination or significant exposure to non-tuberculosis mycobacteria (NTM), and
reduced sensitivity in immunocompromised individuals. Interferon-gamma release
assays (IGRAs) such as QuantiFERON-TB Gold In-Tube (QFT-GIT) using Mtb specific
antigens provide an alternative to TST for infection detection. IGRAs are now widely
used for the detection of Mtb infection and are included in the guidelines of many
countries with a low incidence of TB. Despite a growing body of literature on IGRAs,
the relationship between the magnitude of T-cell Interferon-y responses to Mtb
specific antigens and risk of progression to disease has not been studied.

Objective

The main objective of this study was to determine whether HHCs with high (=10 IU/ml) levels of
IFN-y in response to Mtb specific antigens (ESAT-6, CFP-10 or TB 7.7) in the QFT-GIT assay are at
higher risk of developing TB compared to those with low (> 0.35-<10 IU/ml) levels. Other
secondary objectives included to determine the following: the performance and operational
characteristics of QFT-GIT in a field setting; risk factors associated with positive QFT-GIT results;
concordance between the two tests; incidence rates of TB in HHCs with positive and negative

QFT-GIT and TST results at baseline as well as positive and negative predictive values.

Method

This study was nested within a large community randomized trial called ZAMSTAR implemented
in 16 communities in Zambia and 8 communities in the Western Cape Province of South Africa. A
cohort of HIV-positive and HIV-negative adult (> 15 years) HHCs were prospectively followed for
2-4 years. Consenting HHCs had blood drawn for HIV antibodies. QFT-GIT test was performed
according to the manufacturer's instructions. TST were performed according to the standard
IUATLD protocol. A standardized questionnaire was used to collect information on risk factors
for TB and TB treatment information (for those with TB).

Results
The feasibility studies showed three main findings. Firstly, the sensitivity of QFT-GIT was greater

than that of TST overall, at all the standard TST cut-offs and when stratified by HIV status. The
sensitivity of QFT-GIT was 85.6% (95%Cl: 77.0-91.9) (indeterminate results excluded) compared
to that of TST at 51.6% (95% Cl: 40.9-62.2) at a cut-off of 2 10 mm. Secondly, test-retest
reproducibility of QFT-GIT was high at 91.74% (ICC: 0.90; 95% Cl 0.82-0.97). Thirdly, in this
setting, some biological and operational factors that affected the performance of QFT-GIT were
identified such as HIV positivity, low CD4+ T-lymphocytes, delayed incubation of blood samples
and power outages.



For the main study, the study population at baseline consisted of 1,789 HHCs who were
predominantly women (71%); median age was 28 years (IQR: 21-43); HIV positivity rate was
27.9%. Prevalence of tuberculous infection was 63.7% as measured by QFT-GIT and 39.6% by
TST. There was a low level of agreement between the tests regardless of TST cut-off point (%
agreement=59.7%; kappa=0.24). QFT+/TST- discordance (575/719; 80%) was more frequent
than QFT-/TST+ discordance (144/719; 20%) at TST 210 mm.

Risk factors associated with QFT-GIT positivity were identified at baseline. In multivariable
analysis adjusted for sex, age, and community, HIV status was negatively associated with QFT-
GIT positivity (aOR: 0.48; 95% Cl: 0.37-0.63; p<0.001) whereas residing in an urban area (aOR:
2.37;95% Cl: 1.10-5.13; p<0.03), smear status of index (OR: 1.26; 95% Cl: 0.91-1.76; p=0.15) and
country (aOR: 1.93; 95% Cl: 1.48-2.51; p<0.001) were positively associated with QFT-GIT
positivity. Similar results were obtained for TST.

From a total of 1789 HHCs seen at baseline, 1113 (62.2%) HHCs entered follow-up and were
included in the main analysis. The overall incidence rate of TB was 20.96/1000 pyrs (95% Cl:
15.93-27.58). TB incidence rate was higher among test positive HHCs compared to those who
were negative (IRR for QFT-GIT: 1.65; 95% Cl: 0.86-3.37; p=0.06) and for TST (IRR: 1.88; 95%Cl:
1.04-3.41; p=0.01). Results were similar in univariable analysis (QFT-GIT: 1.66 (95%Cl: 0.88-3.11;
p=0.11) and TST: 1.89 (95%Cl: 1.09-3.28; p=0.02)) and multivariable analysis adjusted for sex,
age and HIV (QFT-GIT: 2.20 (95%Cl: 1.14-4.25; p=0.02) and TST: 2.19 (95%Cl: 1.24-3.86;
p=0.007)). Overall, PPV for QFT-GIT was 5.38% (95%Cl: 3.84-7.31), compared to TST, 6.57% (95%
Cl: 4.41-9.36).

Overall for QFT-GIT, the IRR was higher among HIV negative HHCs (IRR: 3.85; 95%Cl: 0.90-34.51;
p=0.07) compared to HIV positives (IRR; 1.93; 95%Cl: 0.88-4.57; p=0.04). Overall for TST, the IRR
for HIV negatives (IRR: 2.21; 95%Cl: 0.78-6.72; p=0.05) was similar to that among HIV positives
(IRR: 2.32; 95%Cl: 1.09-5.00; p=0.009). Univariable analysis showed similar results for both tests.
In multivariable analyses adjusted for age, sex and country as an effect modifier, the HR for
developing TB was 4.72 (95%Cl: 1.35-16.46; p=0.01) in HIV positive QFT-GIT positives compared
t0 2.13 (95%Cl: 0.81-5.60; p=0.12) in HIV positives TST positive HHCs.

Risk factors for TB were identified. In multivariable analyses, adjusted for age, sex , HIV status
and country there was strong evidence that occasional smoking, (HR: 4.07; 95%Cl:1.31-12.63),
HIV positivity (HR: 4.60; 95%Cl:2.48-8.56), smear positivity of the index (HR: 2.00 ; 95%Cl:1.04-
3.87) and country (HR: 1.79 ; 95%1.02-3.15; p=0.04) ) were associated with incidence of TB.

Out of the 1,113 HHCs who entered follow-up, 406 HHCs had IFN-y levels <0.35 IU/ml and were
excluded leaving 707 HHCs in analysis for the primary objective. Out of these 536 (75.8%) had
IFN-gamma levels > 0.35 and <10 IU/ml (low IFN-y levels) while 171 (24.2%) HHCs had > 10 IU/ml
(high IFN-y levels).

Out of the 707 HHCs that entered follow-up, 38 (5.4%) HHCs developed active TB over 1558.0
person-years (pyrs) of follow-up, giving an incidence rate of 24.39/1000 pyrs (95% Cl: 17.75-
33.52).TB incidence rates were 24.51/1000 pyrs (9 cases/367.2 pyrs) in HHCs with high levels



and 24.35 (29 cases/1190.7 pyrs) among those with low levels of IFN-y, giving an IRR of 1.0 (95%
Cl: 0.42-2.18; p=0.48).

Overall, unadjusted HR in HHCs with high IFN-y levels was 1.02 (95%Cl: 0.48-2.15; p=0.96) while
in multivariable analysis adjusted for age, sex, country and HIV as an effect modifier, HR was
1.74 (95%Cl: 0.63-4.79; p=0.29).

TB incidence rates in HIV positives was 51.94/1000 pyrs (3 cases/57.8 pyrs) in HHCs with high
levels and 65.29/1000 pyrs (19 cases/291.0 pyrs) among those with low levels of IFN-y, giving an
IRR of 0.79 (95%Cl: 0.15-2.70; p=0.38).TB incidence rates in HIV negatives were 19.56/1000 pyrs
(6 cases/306.7 pyrs) in HHCs with high levels and 11.47 (10 cases/871.7 pyrs) among those with
low levels of IFN-y, giving an IRR of 1.70 (95%Cl: 0.51-5.18, p=0.16).

Unadjusted HR among HIV negative HHCs was 1.73 (95%Cl: 0.63-4.77; p=0.29) and 0.75
(95%0.22-2.55; p=0.65) among HIV positive ones respectively. In multivariable analysis adjusted
for age, sex and country, the HR remained similar as unadjusted analysis for both HIV negatives
and positives.

For all the groups used for sensitivity analysis of the primary question, HHCs with the highest
IFN-y levels had increased IRRs ranging from 1.5 to 2 compared to the reference sub-group. For
HIV negatives, HHCs with the highest IFN-y levels had the highest IRRs in all groups apart from
one group. HIV negative HHCs with the highest IFN-y levels had increased IRRs ranging from 4 to
5-fold compared to the reference sub-group. In comparison, HIV positive HHCs with the highest
IFN-y levels had increased IRRs ranging from 1.6 to 2.6 compared to the reference sub-group.

Conclusions

The principal finding in this study is that there was no difference in incidence rates between
HHCs with low and high levels (overall IRR: 1.0 (95% Cl: 0.42-2.18)).

Another principal finding was that there was strong evidence of a five-fold increased risk of TB in
HIV positive QFT-GIT positive HHCs compared to HIV positive QFT-GIT negative ones (aHR : 4.72;
95%Cl: 1.35-16.46; P=0.01). For all the groups used in the sensitivity analysis of the primary
question, HHCs with the highest IFN-y levels had increased IRRs ranging from 1.5 to 2 compared
to the reference sub-group. The feasibility studies emphasized the need for stringent sample
collection and processing techniques to ensure the accuracy of QFT-GIT results.
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Definitions

Biomarker: a biological characteristic that is objectively measured and evaluated as an indicator
of physiological or pathological processes, for example as a response to a therapeutic (e.g. drug)
or preventive (e.g. vaccine) measure (1).

Cytokines: a varied group of small secreted proteins that mediate cellular interactions in
immune and inflammatory responses, cell proliferation and differentiation, and various other
processes.

Disease (Tuberculosis): AFB smear-positive or positive culture for Mycobacterium tuberculosis.

Exposed: An exposure, leading with a reasonably measurable risk to acquisition of infection with
M.tuberculosis.

Mtb infection: Is demonstrated by immune responsiveness of the host to Mtb antigens (using
the tuberculin skin test or interferon-y release assays).

Positive predictive value: the proportion of individuals with a positive test result who actually
have the disease. It reflects the probability that a positive test reflects the underlying condition
being tested for.

Negative predictive value: is the proportion of individuals with a negative test result who do not
have disease

Sensitivity: the proportion of individuals with disease who will have a positive result
Specificity: the proportion of individuals without the disease who will have a negative result

Reproducibility of a test is an assessment of the extent to which the same tester achieves the
same results on repeated testing of the same samples, or the extent to which different testers
achieve the same results on the same samples.

Test-retest reproducibility: the ability of the test to produce consistent results when performed
under similar circumstances.

Incidence: the number of new cases of disease that develop in a population during a specified
period of time.

Prevalence: the proportion of a given population with an infection at a given time.

Performance: How well or badly a test works.
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1.0 Introduction

The aim of this chapter is to describe the study objectives, provide a justification and a detailed
description of the TB epidemiology and describe the conceptual framework from which the
study hypotheses originate.

The specific objectives of this chapter are:

To discuss the traditional and current theoretical paradigms of TB immune responses.

2. Togive a brief description of the epidemiology of TB with regard to risk factors for
exposure, infection and disease.

3. To describe the TB and HIV epidemics in Zambia and SA.
To describe tools for diagnosing Mtb infection with a particular focus on Interferon-gamma
release assays (IGRAs) as an emerging alternative to the TST.

5. To outline the specific primary and secondary objectives for this study.

1.1 Tuberculosis: Infection and Disease

Tuberculosis (TB) is transmitted when a person with infectious TB coughs or sneezes, releasing
droplets containing Mycobacterium tuberculosis (Mtb) into the air. A susceptible individual can
become infected with Mtb when breathing in these droplets. Much of the available evidence on
infection and progression to disease comes from the pre-HIV era. The most important source of
infection is a person with smear-positive pulmonary TB even though those with smear negative
TB can transmit infection as well. Left untreated, a smear positive patient on average infects
approximately 10-15 individuals per year, for an average duration of infectiousness of 2 years,
before becoming noninfectious (due to spontaneous cure or death) (2).

A smear-positive patient on average infects approximately 20 people during their lifetime and
creates two new cases of TB, at least one of which will be infectious (3). As long as at least one
new case of TB is created by each existing case the cycle of transmission within a community is
maintained. Traditionally, three possible outcomes of Mtb exposure have been well recognised
(Figure 1.1).

Figure 1.1: Innate Response to Mycobacterium Tuberculosis.

‘ High innate immunity H Mtb clearance }_>No Infection

‘ Innate immunity ‘—»‘ Defective adaptive immunity }—» Disease <10 %

Containment > 90%
‘ Innate Immunity ’—»‘ Adaptive immunity |—> Infecion ————» Disease Reactivation < 10%
Modified from (4)
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In some individuals, Mtb is eliminated by the host immediately upon inhalation (spontaneous
healing). In a small number of infected individuals, adaptive immunity fails and they develop
primary TB. Approximately 5-10% of recently exposed individuals develop clinically active TB
within the first two years after exposure and another 5% in later life as a result of exogenous re-
infection or reactivation of a previously acquired latent infection (3). Reactivation of latent
infection can occur due to factors such as aging or the immune compromised status of the host.

In the third and the largest group of individuals, infection is contained as a result of successful
granuloma formation, a function of strong innate and adaptive immune response by the host,
which results in latent infection. In the absence of HIV, most people (around 90%) who become
infected with Mtb do not develop disease either because their immune system has persistently
controlled the mycobacteria or they are no longer infected with Mtb (5).

1.1.1 Theoretical Paradigms of TB Immune Responses

There is growing evidence showing that the nature of the relationship between Mtb and the
human host represents a spectrum of immune responses, mycobacterial metabolic activity, and
organism load (6). Traditionally, the outcome of infection by Mtb was generally represented as a
bimodal distribution between active disease and latent TB on the basis of the presence or
absence of clinical symptoms. However, this traditional view is now being challenged. An
alternative paradigm has been suggested; it involves viewing Mtb infection as a continuous
spectrum extending from sterilizing immunity to active infection and clinical disease (7, 8). In
three reviews, Young, Barry, Lawn and colleagues (6-8) have divided this spectrum into five
different states that represent a dynamic spectrum ranging from immunity to disease (Figure
1.2)
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Figure 1.2: A Theoretical framework of Mtb infection as a Spectrum of Inmune responses.
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Below is a brief description of how these suggested immune responses are likely to correlate
with Interferon-gamma release assays (IGRAs) results. It should be remembered that IGRAs just
like TST are designed to identify an adaptive immune response against Mtb. A positive result is
primarily a measure of an immunologic response to stimulation by mycobacterial antigens that
should not be equated with the presence of live Mtb in the human host (6-9).

a) Innate immune response.

Following exposure to Mtb, infection may either be eliminated by the innate immune response
without the need for T-cell priming. For such individuals IGRA results are negative i.e. there is no
immunodiagnostic evidence of T-cell priming (6-8).

b) Acquired immune response

Alternatively, infection may also be eliminated following development of an acquired immune
response. The adaptive immune response involves effector memory T-cells (which may be
transiently present in the blood if bacteria are cleared) and central memory T-cells (which may
remain for life but may not provide protection in all individuals). For such individuals there is T-
cell priming and IGRA results are often positive although they may be negative.
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¢) Quiescent infection

Among those who are unable to eliminate infection following exposure, a majority establishes
and maintains immune control. Such individuals typically have evidence of T-cell priming and
maintain low bacillary numbers (non-replicating) which may persist for life (6-8). In this state,
IGRA results are often positive but may be negative.

d) Active infection

A subsequent shift in the host-pathogen response for an individual with quiescent infection may
permit active mycobacterial replication, leading to subclinical active infection. The relationship
between “quiescent” and “active” infection is likely to be a dynamic one over time with
bidirectional shifts between the two (6-8).

e) Disease

Loss of immune control and escalating mycobacterial load, however, may subsequently lead to
the development of symptoms and overt clinical disease. For individuals with TB (disease), IGRA
response is often positive but may be negative; approximately 30% of TB patients have a
negative IGRA result probably due to immune-suppression. Therefore, there is a poor
correlation between disease phenotype and immunodiagnostic test results (10).

The impact of HIV on the proposed host-pathogen relationship has also been reviewed. It has
been suggested that “rather than increasing the risk of transition between compartmentalized
disease states, HIV co-infection has a fundamental impact on the spectrum of the host-pathogen
relationship with a general shift towards poor immune control, high bacillary numbers, and
subsequent development of active infection and symptomatic disease”. It has been further
suggested that recurrent exogenous re-exposure to Mtb in high TB prevalence settings is also
likely to play an important role, further increasing bacillary numbers and increasing the
likelihood of progression to disease .

1.1.2 Cytokines and Mtb infection

T-cell mediated immune responses are important in the host control of Mtb infection (11). Mtb
infection results in the induction of a large number of cytokines, and a subset of these have
been demonstrated to be essential for control of the infection. Immunologic control of Mtb
infection is based on a Th-1-type immune response which induces cytokines such as interferon-
gamma (IFN-y), tumour necrosis factor alpha (TNFa), interleukin (IL) -2 and IL-12. Besides, CD4+
T cells, other cytokines may be necessary in TB immunity like CD8+ and natural killer T (NKT)
cells (12). The source and biological function of some cytokines involved in Mtb control are
summarized in Table 1.1 below:
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Table 1.1: Cytokines Involved in Mtb infection control (11, 12)

Biomarker | Cell source Biological activity
IL2 Activated Th1 cells (T cells), T- Cell growth factor (T-cell proliferation).
CD4+,CD25+, FoxP3+
Central role in regulating Th1 T cell production
of IFN-y
IFN-y Activated Th1 cells, natural Activates macrophages for mycobacterial
killer cells killing, stasis & granuloma formation.
TNFa Activated Th1l cells and Involved in localization of infection
macrophages, NK cells
Enhances the proliferation of T-cells
Activates macrophages for mycobacterial
killing and granuloma formation.
41t Th2 cells and B cells (mast cells) | B- cell growth factor
IL6 T cell and macrophages T & B cell growth & differentiation
L0 T regulatory cells (Tr1/Th3), B-cell differentiation
macrophages and B cells
Inhibit macrophage activation
Inhibit secretion of inflammatory cytokines
(decreases IFN-y production)
Reduces collateral damage
IL-17 CD4 memory cells Induce cytokine production by epithelia,
endothelia & fibroblasts.
CXCL10/ IP- | Activated T cells, monocytes Immunostimulant; promotes Thlimmunity
10

All are cytokines except CXCL10 which is a chemokine.
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1.1.3 The role of IFN-y in protective immunity and as a marker of disease.

IFN-y is a key T helper (Th) type 1 pro-inflammatory cytokine produced primarily by natural killer
cells and T cells (Th1-type CD4 T cells; CD8 T cells). It is important in restricting the replication of
Mtb in the macrophages and a determinant of susceptibility to mycobacterial infections in
humans (13). Its main functions include macrophage activation (which in turn kill or inhibit
growth of the pathogen), increased expression of MHC molecules and antigen processing
components, immunoglobulin class switching and suppression of Ty2 (14).

The ability of CD4+T cells to produce IFN-y is central in protection against disease (15-17) and
the frequency of IFN-y producing cells has been widely used as a correlate of protection against
Mtb. This is evident from the increased risk of TB in individuals with deficiencies in their IFN-y
and interleukin-12 (18). Individuals defective in genes for IFN-y or IFN-y receptors are
susceptible to serious mycobacterial infections, including Mtb (19). For instance, although very
rare, a number of individuals with mutations in the IFN-y R1 or IFN-y R2 chains of the IFN-y
receptor have been identified, and these individuals are more susceptible to infection with
mycobacterial (19, 20). In mice, IFN-y knockout strains are the most susceptible to virulent Mtb
infection(16, 17). Further evidence is given by the association between CD4+T- cell depletion
and elevated susceptibility to active TB in HIV-infected individuals (11).

In addition, TB patients have been shown to demonstrate depressed IFN-y producing CD4+ T-cell
responses (62) with increased expression of IFN-y after successful completion of therapy (21).
The increased IFN-y expression in healthy, latently infected individuals suggest that it might be a
promising biomarker of protective immunity (22). In practice, though, it has proved
disappointing (23). Therefore, although IFN-y is key to protection against TB, its value as a
correlate of protection is not sufficient (20). Its detection in isolation is not a sufficient indicator
of a protective immune phenotype as those with LTBI and a positive IFN-y release assay status
can progress to active disease and IFN-y secretion can also be detected in samples from patients
with active disease (24). The complexity of the immune response against TB makes it more than
likely that additional biomarkers are required for a reliable correlate of protection (25).

Although IFN-y may be required for protection, it is a marker of disease as well as immunity
(20). Mtb has developed mechanisms to limit the activation of macrophages by IFN-y suggesting
that the amount of IFN-y produced by T cells may be less predictive of outcome than the ability
of the cells to respond to this cytokine (26). In this regard, it has been shown that the level of
IFN-y produced by a mouse in response to a candidate vaccine does not always correlate with
the effectiveness of the vaccine during Mtb challenge (26). Similarly, evaluation of the efficacy of
human BCG vaccination using several assays demonstrated that mycobacterial growth inhibition
did not correlate with IFN-y response (27).

When IFN-y production is present, there are situations where “more is not better, more IFN-y
production may mean more pathology or less protection e.g. bovine TB in calves”(20). Thus,
although IFN-y is essential for the development of an immune response that prolongs the life
span of an infected animal, it is not sufficient to eliminate an Mtb infection. Therefore, much
work is still needed to understand what IFN-y production actually reflects.

27



1.1.4 Can we use the immune response as a surrogate measure of bacterial load?

Accurate diagnosis of TBI is scientifically challenging because of the low burden of tubercle
bacilli, which are not directly detectable or quantifiable. However, the strong cellular immune
response triggered by TBI serves as a signal for the presence of these bacilli.

There is limited direct evidence on the correlation between immune response and bacterial load
and pathology can only be inferred. The magnitude of the IFN-y T-cell response to infecting Mtb
is proposed to be proportional to the antigenic load of the infecting organism in human and
animal models (28, 29). Hence the level of IFN-y production is thought to be related to the
bacterial load in the host (30). Although plausible and supported by some indirect evidence (31),
there is no consensus yet, partly due to lack of a quantitative absolute measure of bacterial or
antigen load in TB.

Studies have shown a correlation between infectious doses to which contacts have been
exposed and the magnitude of their response to PPD and ESAT in vitro (32, 33). A rising ELISPOT
count in a TB case contact with Mtb infection prior to onset of full-blown active disease showed
how the quantitative ELISPOT read-out related to level of exposure, reflecting the infectious
load (34). Other studies support this hypothesis as well (34-36).

Changes in the level of T-cell responses in persons undergoing treatment of both active and LTBI
indicate some relationship to antigen load (37). Most studies have shown that TB patients
produce lower concentration of IFN-y in response to ESAT-6 than HHCs, community controls or
recent converters (38-40). Significant qualitative and quantitative reversions of T cell responses
to ESAT-6 and CFP-10 antigens following treatment of LTBI and active TB in different settings
(37, 41-45) have been found. In two studies in the Gambia, a significant proportion of individuals
who successfully completed TB treatment changed from a positive to a negative ELISPOT (46,
47). Similarly, in Cape Town, 81% HIV-negative patients who had successfully completed TB
treatment were ELISPOT negative (48). While it is believed that most reversion cases indicate
sterile cure of infection or active disease, other reasons may apply (49). Similarly, other studies
have found that frequencies of ESAT-6 -specific IFN-y secreting CD4 T cells were higher in
infected healthy contacts and subjects with minimal disease and than in patients with advanced
active TB (43).

Although such evidence examining the relationship between immune response and bacterial
load is present, its interpretation remains unclear and contradictory. One interpretation of these
findings is that, at the time of initial infection with Mtb, HHCs mount a strong, high frequency T
cell response to Mtb and so limit bacterial replication (infection may be controlled). Limited
bacterial replication induces a low IFN- y response. Individuals who go on to develop active
disease, in contrast, make a weak T-cell response, and the bacteria are allowed to reach a higher
equilibrium bacterial load, resulting in disease. Disease is associated with progressive bacterial
replication and a high IFN- y response. Figure 1.3 shows a schematic of the postulated
correlation between bacterial load, T-cell responses, and clinical outcomes (50).
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Figure 1.3: A Schematica of the Postulated Correlation between bacterial load, T cell responses
and clinical outcomes.
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Reproduced from [50].

Initial infection might be controlled at its onset with minimal bacterial replication (measured as colony-
forming units (CFU)) and induction of ESAT-6 responses (A and D). In such cases, the T -cell response may
be below the diagnostic cut-off. However, in most cases, initial bacterial replication reaches a point at
which it induces an ESAT-6 specific IFN-y response to increase above the established cut-off value
(infection threshold), enabling the diagnosis of an individual as latently infected (B and E).In most cases,
individuals control the infection, resulting in latent infection, but some develop active TB disease
associated with progressive bacterial replication. This is accompanied by increasing and strong ESAT-6
responses and, as hypothesized here, an incipient (higher) disease cut-off value may predict development

of progressive disease (C and F).

Other interpretations suggest that in TB patients with advanced disease, a high bacterial load
stimulates weaker, less efficient proliferation of Ag-specific T cells in vivo (43). This model is
analogous to that proposed for certain chronic viral infections, in which virus-specific CD8 T cells

are believed to mediate protective immunity (43).

However, there is evidence suggesting that disease is associated with a defect in IFN-y
production that is improved by TB treatment (38, 39). A recent study done in Singapore among
275 sputum culture-positive, HIV negative TB patients showed significant declines in the
positivity rates and quantitative results of IGRAs with treatment (42). It has been suggested that
the progressive decline of IFN-y response measured by IGRAs reflects the reduction of
mycobacterial burden following a successful TB treatment. However, measurements using
peripheral blood may be complicated by the sequestration of reactive cells to disease sites
(20). Cytokines such as IFN-y and the I1L4/ IL462 ratio have been shown to vary with treatment of
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LTBI and active disease; these changes, however, are not always consistent and may be
confounded by the natural variation in stimulated cytokine responses over time (51). Recent
studies suggest that a profile using several cytokines, rather than one biomarker, may be more
useful.

Despite this evidence there is no agreed consensus as studies have been inconsistent regarding
whether T-cell responses in TB patients change during and after treatment. Thus while some
studies have demonstrated that IFN-y response decreased or became negative (41-44), others
have reported persistently positive or even stronger responses during and after TB treatment
(39, 52, 53).

1.1.5 Risk factors for TB: From exposure to disease

Acquisition of active TB depends on the succession of various factors influencing:

1) The risk of exposure
2) The risk of infection and
3) The risk of developing disease.

While most factors that affect the risk of infection (such as crowding, urban residence, and low
socioeconomic status (SES) are extrinsic to the susceptible host and are related to the
environment, many that affect the risk of disease after infection are host related and also a
consequence of human interaction with the environment (54, 55). Environmental factors may
have an impact on the incidence of TB in a given population as a result of their effect on both
the risk of infection and the risk of disease once a person is infected (55). A model of TB
epidemiology showing risk factors for exposure, infection and disease is shown in Figure 1.4
below:

Figure 1.4: Model of TB epidemiology showing risk factors for exposure, infection and disease.
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1) Risk factors for exposure to Mtb

Risk of exposure to Mtb depends primarily on encountering an airspace that contains the
tubercle bacilli. There are three major factors that determine the risk of becoming exposed to
tubercle bacilli (3) which are as follows:

a) The number of incident infectious cases within a community

Without the presence of infectious cases, no relevant exposure can occur. The more new cases

of infectious disease there are, the greater the likelihood that a susceptible individual will inhale
the organism in a given space. Nevertheless, there are other factors that need to be considered

for any fixed number of incident cases. They are principally: how “infectious” a case is and how

“susceptible” an individual (or population) is.

b) The duration of infectiousness of the individual case

The risk of becoming exposed is greatly enhanced if infectiousness is prolonged, as compared
with a short duration of infectiousness. On average, around 30-40% of contacts are infected
around the time of diagnosis of a sputum smear-positive index case (56). Early intervention with
chemotherapy reduces the time of infectiousness while inadequate treatment can prolong
infectiousness.

c) The number and nature of case-contact interactions per unit of time.

The number and nature of possible case-contact interactions will vary greatly according to
individual behavior and opportunities for interacting with other people in a community.
Important factors include:

= Population density

The nature of the dwelling in which people live and the number of persons who share that
dwelling have an important impact on the risk of exposure, given that a case of TB lives in that
dwelling. The number of possible contacts of a TB patient in a rural area may be smaller per unit
of time than that of a patient living in an urban setting (given a similar dwelling and family size)
because urban areas have a much higher population density than rural areas. Therefore, the
likelihood that a susceptible person will be exposed to an infectious tuberculosis patient
increases with population density, even if the incidence is the same.

= Family size and social arrangements within families.

The most intense exposure is likely to occur among individuals who share the same household
or who spend long periods of time in the same room with an infectious source case. The larger
the size of the family, the greater the number of individuals at risk of exposure given that an
infectious case of TB is part of the family and other factors considered like infectiousness of the
case. Of further importance are social arrangements within the family, i.e., the sleeping
proximity to the index case (sharing the same room or bed with the index case). Household
studies conducted more than 30 or 40 years ago both in industrialized and non-industrialized
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countries showed that the risk of becoming infected increased with intimacy of contact with a
tuberculosis case (55). This may be enhanced by overcrowding and inadequate ventilation.
Places of social networks in countries with a high burden of disease have been shown to be
“hotspots”(57) for TB transmission. Although historically, household contacts (HHCs) were
thought to have been infected mainly from within the households, it is now well recognized that
transmission of TB occurs within households as well as the community (58).

= Differences in climatic conditions

In a warm climate, outdoor social activities are much more common than in a colder climate.
Tubercle bacilli expelled outdoors are dispersed rapidly, and exposed to sunlight they die very
quickly due to the sun’s ultraviolet rays. In contrast, tubercle bacilli expelled indoors by a patient
in a confined space with poor ventilation may retain viability, and thus the potential to cause
infection, for a prolonged period of time. A cold climate causes people to congregate inside,
thus increasing the likelihood of exposure if there is a case of TB in the group. In contrast, indoor
activities might be reduced in tropical climates, and indoor ventilation might be better, because
windows can be kept open for much longer periods than in colder climates.

= Age of sources of infection

Parents may expose their children to a much larger extent compared to other individuals. It is a
common notion that people tend to socialize with those of their own age.

=  Gender

The degree of social interactions differs by gender to a great extent in different societies. The
opportunity of becoming exposed to an infectious case will differ for men and women because
of the different roles played by the two (see further details in section 1.1.5).

2) Risk factors for Mtb infection

Risk factors for becoming infected given that exposure has occurred are largely exogenous in
nature (3). The probability of becoming infected with Mtb depends on the number of infectious
droplet nuclei per volume of air (infectious particle density) and the duration of exposure of a
susceptible individual to that particle density i.e.

Particl .
raricles X Exposure time

Volume

Key

Particles: Production of infectious droplet nuclei
Volume: Volume of air and ventilation

Exposure time: Time of inhaling air with droplet Nuclei
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a) Air density of Mtb (infectious particle density)

To be transmissible through the medium of air, TB must remain airborne after being expelled
from an infectious case. Successful transmission requires airborne infectious droplet nuclei,
small enough to reach an alveolus in the periphery of the lung. Such droplets can remain
suspended in air for several hours.

b) Nature of the infectious case

Patients with sputum smear-positive tuberculosis are by far the most potent sources of infection
in the community. However, various studies have demonstrated, that patients classified as
smear-negative can also transmit infection. A study in San Francisco, California, using molecular
fingerprinting techniques demonstrated that 17 per cent of transmissions were attributable to
index cases with sputum smears negative at diagnosis, and that the relative transmission rate
from smear-negative compared to smear-positive TB was 0.22, or roughly one fifth of all
transmissions (59). Household studies conducted more than 30 or 40 years ago both in
industrialized and non-industrialized countries showed that the risk of becoming infected
increased with intimacy of contact with a tuberculosis case (55).

c) Air circulation and ventilation

Given a defined number of tubercle bacilli expelled into the air, the volume of air into which the
bacilli are expelled determines the probability that a susceptible individual breathing that air will
become infected. Adequate ventilation plays an important role in diluting the concentration of
bacilli.

d) Host immune response

The macrophage is the first cell from the immune system to encounter and ingest the TB
bacillus. Macrophage function may vary due to genetic or acquired factors (3). Data from
nosocomial outbreaks of TB in HIV-infected subjects suggest that susceptibility to infection is
dependent on the health status of the person (55) and recent studies suggest that susceptibility
to mycobacterial infection might be genetically modulated (60).

e) Age and sex

Age and sex variations in the prevalence of infection and disease have been reported worldwide,
in both developed and developing countries (55, 61). The prevalence of tuberculin sensitivity is
usually similar in males and females until adolescence, after which prevalence is higher among
males (55). This difference after adolescence may reflect greater exposure among adult males
because of differentiated social roles and economic activities, but it also may reflect a genuine
sex difference in susceptibility to tuberculosis infection related to a different predisposition to
responsiveness to delayed-type hypersensitivity.
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f) Socio-economic factors

Crowding and urban dwelling have long been established as risk factors for exposure to TB
infection (62). Housing conditions often reflect socio-economic status and can affect infection
risk and outcomes through such mediators as poor ventilation and air quality in the home (62).

There is evidence that socio economic status (SES) is associated with risk of infection. Several
studies have shown an association of socio economic status (SES) and infection with Mtb (55). A
recent study done in two communities in Zambia (63) aimed to assess the association between
household socioeconomic position and tuberculosis infection. In this study, higher socio-
economic position, rather than lower, was associated with significantly higher risk of TB
infection. None of the traditional risk factors for Mtb infection mediated this association,
suggesting that in these two communities TB transmission occurred through exposure to as yet
undefined risk factors that were associated with higher socioeconomic position. These results
suggested emerging new patterns of TB transmission and a role of socioeconomic position on
the risk of TB infection opposite to was expected.

3) Risk factors for tuberculosis

The most important risk factor for tuberculosis is infection with tubercle bacilli. Social,
environmental and biological determinants of health have long been recognized as risk factors
for TB (62). While the risk of becoming infected is largely exogenous in nature, the risk of
developing TB given that infection has occurred is largely endogenous, determined by the
integrity of the cellular immune system.

a) Time elapsed since becoming infected

The temporal association between infection and progression to disease has been well
recognized. The risk is elevated in the first years following infection, rapidly falls off and then
remains low, but measurable for a prolonged period of time (3). Only 5-10% of recently exposed
individuals develop clinically active TB in the first two years after exposure. Preventive therapy
trials using placebos have shown that the incidence of TB is highest in the first few years
following infection and then rapidly falls off (64). Furthermore, studies have shown that
individuals with recent TB infection rapidly progress to disease (64-66) and that recent infection
is ten times more likely to produce a case than a long standing infection (3) in the absence of
HIV infection.

b) Infection with HIV

HIV is the most powerful known risk factor for reactivation of latent TB infection to active TB.
HIV fuels the TB epidemic in several ways. HIV promotes progression to active TB both in people
with recently acquired and with latent Mtb infections. HIV increases the rate of recurrent TB,
which may be due to either endogenous reactivation (true relapse) or exogenous re-infection
(67). In populations at high risk of infection, re-infection might be a major contributor to the
overall rate of TB in adults, whereas, in populations that have a low risk of infection, most cases
of post primary disease in adults probably result from reactivation (55).
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Studies from Sub-Saharan Africa have recorded HIV sero-prevalence rates of up to 50% in
patients with TB (68). An HIV-positive person infected with Mtb has up to a 50% lifetime risk of
developing disease as compared to an HIV-negative person who has only a 10% risk (69).

A TB prevalence survey conducted among 8044 adults sampled from 2 sub-districts in Lusaka
province, Zambia, demonstrated that 36% of all prevalent TB cases in these communities were
attributable to HIV. HIV appeared to have overshadowed previously described risk factors for
prevalent TB such as male sex, urban environment and previous TB such that it was identified as
the major driving force behind prevalent TB (68). Low CD4 and high viral loads have been found
to be further risk factors for disease, while treatment with highly active antiretroviral therapy
(ART) reduces risk (62).

c) Age

Large differences in TB incidence are often observed by age, with higher incidence of disease
with increasing age due to the cumulatively increasing prevalence of tuberculous infection.
Disease risk after primary infection with Mtb is greatest in children younger than 4 years, and
declines slowly to its lowest at age 5-10 years (70). During adolescence (age 15-19 years), there
is a rapid increase in risk with a second peak between the ages of 20-30 years (70).

d) Gender

In the pre-HIV era, TB notification rates were typically male-biased for all ages over 15 (3), but
in several African countries with high rates of HIV infection, the majority of notified TB cases are
now women. Women now account for up to 70% of HIV-infected adults in sub-Saharan Africa,
which has shifted the male-to-female case-notification ratio such that more female than male
cases of TB are now detected in countries with high HIV prevalence (71). In the pre-HIV era this
gender disparity was mainly explained by access barriers, such as socio-cultural
disempowerment, stigma, different patterns of health-care use, or lack of financial resources
and poorly elucidated biological factors (3, 72). Most of these access barriers are still true
today. A review suggested that not only was TB among women under-reported because of
cultural and socioeconomic factors, but also these factors increased the chances of women to be
exposed to TB bacilli and to progress from TB infection to TB disease (through for example
malnutrition and HIV co-infection) (73).

e) Area of residence

TB tends to be more common in urban settings for reasons probably related to population
density, crowding, environmental pollution and housing characteristics influencing ventilation
issues. Living conditions are also known to be quite different between urban and rural areas,
and are generally lower in rural areas.

Urbanization has largely increased in many resource-poor countries over the past 30 years and
has dramatically enhanced HIV tran