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Abstract

Correlates of protective immunity to Mycobacterium tuberculosis in humans are desirable for
identifying protective antigens, demonstrating the immunogenicity of a vaccine candidate and its
potential efficacy, and permitting optimization of the dose, vehicle, adjuvant, and schedule of
immunization. Potential correlates can be proposed on the basis of animal models and ex vivo/in
vitro studies in humans. Most critical is their validation; ultimate validation will require
correlation with protection in a phase 11 efficacy trial of an effective vaccine. Other approaches,
however, can allow selection of the most promising correlates for inclusion in phase | and Il and,
ultimately, phase 111 vaccine trials. Current data from experimental models and studies of patients
with pulmonary tuberculosis and their household contacts indicate that Mycobacterium

tuber culosis-stimulated whole-blood production of interferon-v, although imperfect, is the best
available correlate. Nonetheless, further refinement of this assay and additional studies of more
complex assays that model M. tuberculosis killing and cytotoxic T lymphocyte activity are
warranted. During planning of a vaccine trial, the best available correlates of immunity can be
selected for inclusion.

The availability of correlates of protective immunity in humans is generally useful for the

development of vaccines and may be critical for an effective tuberculosis vaccine. Efficacy
trials of BCG vaccine in the past have enrolled >1250,000 subjects who have been followed

for 2 decades. Both to encourage commercial interest in tuberculosis vaccine development

and to increase the likelihood of success, alternative study designs should be developed that

capitalize on correlates of protection as surrogate end points for vaccine immunologic
activity and efficacy.

Although many vaccines have been developed without correlates of protection, the issues

raised by the complexity of evaluating tuberculosis vaccines indicate the particular need for
a correlate of protection that can provide early indication of potential efficacy. Correlates of

protection, chiefly antibody levels, have been used to advantage in the development of
vaccines, mostly against bacterial disease (e.g., that caused by Sreptococcus pneumoniae)
and viral disease (e.g., hepatitis B). Furthermore, both neutralizing antibody activity and
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cytotoxic T lymphocyte activity have been proposed as correlates of protection and end
points for the evaluation of vaccines against HIV.

Once validated, correlates of protective immunity could be used to identify or to prioritize
protective antigen and vaccine candidates; to optimize dose, vehicle, adjuvant, and schedule
of immunizations; and to provide preliminary evidence of immunogenicity and/or probable
protective efficacy. Although promising correlates of protection can be proposed on the
basis of current understanding and dogma, validation is the essential issue. Definitive
validation must await a phase I11 trial of an effective vaccine. Evaluation of a potential
candidate in an initial vaccine efficacy trial would validate that correlate for use as a
surrogate end point in future vaccine trials.

Fortunately, a number of approaches can be taken to select correlates for application in
initial vaccine trials (table 1). It should be noted that potential correlates need to be studied
in phase I/11 trials of vaccines to demonstrate that they are modulated by the vaccine under
study before they are incorporated in the design of a phase 11 trial. As indicated, there are
shortcomings to each of the “half-steps.” Ultimately, an assay that looks promising from
multiple standpoints can be advanced as a credible end point for phase I11 trials.

Two general considerations are germane before a discussion of specific correlates. First, a
correlate of protection is not necessarily part of the mechanism of protection. In fact, a new
vaccine may induce protective immunity without engaging the pathways constituting
“natural” protection. Second, support for particular correlates will accrue with time, and the
pace of interest and activity concerning new vaccines is quickening. Selection of a correlate
or correlates therefore must be decided by reviewing the currently available data at the time
a vaccine trial is about to start.

Whole-Blood Production of IFN-y (WB—IFN-vy)

The most attractive available correlate of protection is WB—IFN-y after stimulation with
Mycobacterium tuberculosis antigens [1]. This is a low-technology, inexpensive approach,
and in case-control studies it has correlated well with IFN-y production by peripheral blood
mononuclear cells (Hirsch et al., manuscript submitted). The rationale and evidence
supporting the use of assays for determining IFN-y production as a correlate of protection
are substantial; they can be summarized as follows.

Studies in genetically disrupted mice indicate that IFN-v is essential for protective immunity
against M. tuberculosis [2, 3]. However, the mouse model is not particularly reflective of
human tuberculosis; moreover, IFN-y effects in mice are mediated in large part by nitric
oxide pathways, which may not be as critical to protection in humans.

Humans with an IFN-y—receptor abnormality show marked susceptibility to infection with
atypical mycobacteria [4], disseminated infection with the BCG strain of Mycobacterium
bovis, and infection with M. tuberculosis [5, 6].
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Patients with moderate and far-advanced tuberculosis have depressed M. tuberculosis-
stimulated WB-IFN-y [7, 8], although it is not certain whether this is the cause or the effect
of the tuberculosis.

IFN-y immunotherapy may provide some clinical and bacteriologic benefit in the treatment
of multidrug-resistant tuberculosis [9].

In a household contact study, WB—-IFN-y was increased in individuals with recent or remote
M. tuberculosis infection but no disease (Whalen et al., unpublished data; table 2),
individuals who may be relatively resistant to exogenous reinfection.

WB-IFN-y increases in subjects who have a tuberculin skin test conversion (Whalen et al.,
unpublished data).

In pleural tuberculosis, IFN-y concentrations and mRNA for IFN-v in pleural fluid, as well
as IFN-y production by M. tuberculosis-stimulated pleural fluid cells, all are increased
relative to similar measurements in blood [10]. The observation that pleural tuberculosis has
the potential to resolve without therapy suggests that the local immune response is protective
in these patients.

Overall, support for IFN-vy as a correlate of protection thus is derived from four of the five
approaches listed in table 1. Recent evidence suggests, nonetheless, that WB-IFN-y may not
be the ideal correlate of protection. Adults with minimal tuberculosis and children with
progressive primary tuberculosis show high WB-IFN-vy responses (Whalen et al.,
unpublished data; table 2). Therefore, WB—IFN-y is imperfect in distinguishing M.
tuberculosis infection from disease. On balance, however, some cases of progressive
primary tuberculosis in children and some cases of minimal disease in adults self-cure
without specific chemotherapy.

In addition, IFN-v fails to activate the killing of M. tuberculosis by human monocytes and in
certain circumstances may promote intracellular replication [11].

Improved WB—IFN-y

One approach to address the shortcomings of M. tuberculosis-stimulated WB—-IFN-y as a
correlate of protection is to refine the assay. Thus far, crude antigens have been used as
stimuli and crude cell populations as producers of IFN-y. The stimulus can be refined by the
use of purified M. tuberculosis antigens that may be M. tuberculosis-specific and/or vaccine
candidates. Several populations of lymphocytes in whole blood can produce IFN-y. A focus
on production by CD4 cells, for example, may provide an improved correlate. Flow
cytometry performed on whole blood can be used for this analysis.

Another approach would be to assess the ratio of IFN-y responses induced by a purified
antigen to the responses induced by crude antigenic preparations. Ideally, the purified
antigen would be restricted in its species distribution to M. tuberculosis and also would be a
vaccine candidate. An alternative ratio of interest would be that of WB-IFN-y and TNF-a.
TNF-a levels are increased by inflammation during modulation of M. tuberculosis infection
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or disease (table 2). Preserved IFN-y production in the presence of active inflammation may
have a different significance than production in the absence of inflammation.

The lack of an absolute correlation between WB-IFN-y and disease indicates both the need
for and the potential approach to evaluating new potential correlates. In fact, use of purified
antigens and/or assessment of expression of IFN-y by lymphocyte subpopulations may
provide a correlate that can be evaluated to determine whether it more reliably distinguishes
infection from disease.

Alternative Correlates of Protection

If the refined assay of WB-IFN-y fails to distinguish infection from disease, then alternative
approaches should be developed and evaluated. In general, these may represent more
complex assays that indicate effector functions against M. tuberculosis. Several assays have
been developed to assess the killing of intracellular mycobacteria. Studies can be performed
with use of isolated monocytes or in a T cell-dependent monocyte system [11]. Although
representing an in vitro model of effector function, this assay system is technically
demanding and requires the use of a containment facility if virulent M. tuberculosisis used
as target. An interesting alternative now under development evaluates killing in a whole-
blood system and assesses viable organisms by measuring the luminescence of reporter
mycobacteria that express luciferase genes (B. Kampmann et al., manuscript submitted).

CD4- and CD8-dependent cytotoxic effector mechanisms also contribute to anti—M.
tuberculosis immune responses [12—-15]. The standard chromium-release assay is laborious
and insensitive and requires working with radioactive substances, a particular problem in
developing countries. Alternatives include using quantitative controlled reverse-transcriptase
PCR to measure the release of endogenous molecules, such as lactate dehydrogenase, and to
measure the expression of RNA for effector molecules that mediate CD4- and CD8-
dependent cytotoxicity (FasL, Perforin, Granzyme B) [16]. Fas/FasL interactions are
associated with killing of M. tubercul osis-infected macrophages [17] and potentially
represent another approach to monitoring effector function.

Conclusions

New assays need to be developed as correlates of protective immunity and to be compared
with the flawed current “gold standard,” M. tubercul osis-stimulated whole blood IFN-y
production. The household-contact study design offers a window of opportunity in which a
new assay can demonstrate superiority in comparison with WB-IFN-y by allowing the
distinction between protection and certain forms of disease (minimal pulmonary tuberculosis
in adults and coprevalent tuberculosis in children). These issues must be tackled now to
ensure that the best available correlate can be included in future vaccine trials.
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Table 1

Approaches to partially validating correlates of protective immunity.

Approach

Shortcoming

Animal models
Human studies

Tuberculosis

Household contacts
Immunogenetics

Trials of immunotherapy

Modulation in a phase I/l trial (e.g., BCG)

Relevance to humans uncertain

More relevant to susceptibility than protection; findings may be secondary to disease and/or be
nonspecific

Difficult to definitively characterize protected populations
More relevant to disease susceptibility; need to identify common rather than rare genetic traits

Augmentation of immunity to clear bacteria from sputum may not equate to protection against
tuberculosis

BCG vaccination is not uniformly effective; data may not be relevant to other types of vaccines
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Table 2
Stages of Mycobacterium tuberculosis infection.
Immunologic profile

Stage of infection Patients, condition IFN-y TNF-a
Initial infection Skin test converters (before skin test conversion) Low High
Progressive primary tuberculosis  Children aged <5 y; diseased, PPD* High High
Protective immunity Children aged <5 y; healthy, PPD* High Low
Latent tuberculosis Adults aged 215 y; healthy, PPD* High Low
Reactivated tuberculosis Adults aged =215 y; minimal tuberculosis High Low/high
Reactivated tuberculosis Adults aged =15y

Moderate tuberculosis Low High

Far-advanced tuberculosis Lowest Highest

NOTE. Table is based on unpublished data of Whalen et al.
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