CHAPTER 5

TB does not respect artificial barriers, whether they are prisons,
walls, or international frontiers
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‘I don’t want anything for me.
I only wish for the possible impossible:
A world without victims.’

The End of the Century (Poem) – Jose Emilio Pacheco
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CHAPTER

5

T Cell Protective Immune
Responses against Tuberculosis
Hazel M Dockrell

Introduction
T cell immunity to MTB is both straightforward and incredibly complex.
This chapter will focus on results obtained from studies of human T cells, but
draw on studies in murine models where appropriate. It will provide a brief
overview of the main roles played by T cells in immunity to MTB, highlight
some areas of recent research, discuss some of the ways in which T cell immune
responses can be measured in vaccine trials, and identify areas where further
research is needed.

T Cell Immunity to MTB
There is no question that T cells play a central and essential role in protection
against progressive infection with MTB. On a simplistic level, activation of
CD4+ T cells leads to secretion of cytokines such as IFN-γ and TNF-α that
induce macrophage activation, with induction of bactericidal products such
as nitric oxide and reactive oxygen intermediates (1, 2). The central role of
CD4+ T cells in protection against MTB infection is also illustrated by the
marked susceptibility to TB in individuals whose CD4+ T cell function and
CD4+ T cell numbers are reduced due to HIV infection (3), and depletion of
mycobacteria-specific CD4+ T cells is detectable shortly after HIV infection
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(4). However, CD4+ T cells may also orchestrate responses within other T cell
subsets, as discussed below.
Secretion of chemokines such as CCL2, CCL3, CCL5, and TNF-α by infected
macrophages attracts T cells to the site of infection (5). Perturbations of the
balance between cytokine and chemokine production may occur in different
forms of TB (6). In murine models, both CD4+ and CD8+ T cells are present
within the granulomas that result, together with the classic hallmark cells
of such granulomas, macrophages, and giant cells (7, 8). New technologies
allow the imaging of granulomas within both animal and human lungs and
in zebrafish (9, 10), and this is an active area of research.

The Tuberculin Skin Test
The most widely used test of T cell immunity to MTB is the Tuberculin Skin
Test (TST), which measures induration two to three days after intradermal
injection of purified protein derivative (PPD). This response involves monocytes
and previously primed memory T cells, which are attracted to the skin where
they proliferate and secrete cytokines (11). The resulting induration provides
a read-out of immunity that is, however, not MTB specific, as indurations of
<10mm may be caused by prior BCG vaccination. Although large indurations
of >15mm are associated with a greater risk of developing clinical TB, smaller
indurations may be associated with protection from the disease (12)—one
example of how T cell activation in the ‘right’ amounts can be protective
but excessive responses may be associated with pathology. A lower cut-off
to identify ‘positive’ responses, of >5mm rather than >10mm, is usually
adopted in HIV+ subjects. Mantoux skin test indurations can be associated
with T cell immunity measured in vitro, for example, using secretion of
IFN-γ following stimulation of diluted whole blood cultures with PPD for
six to seven days, but this association is not perfect, with some individuals
who show production of IFN-γ yet no detectable skin test induration, or
large skin test indurations without detectable IFN-γ secretion; the association
between the two tests may be weakened rather than strengthened by BCG
vaccination (13, 14) and is less strong in infants (15). Other types of skin
test can be performed using PPD, including the multipuncture Heaf test. It
is worth noting that skin testing may boost an individual’s in vitro T cell
response to mycobacterial antigens (16), and a blood draw for in vitro T cell
functional assays should be performed at the time of administration of the
skin test, rather than when it is read.
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Antigen Recognition by
Mycobacteria-Specific T Cells
The majority of studies investigating T cell immunity to mycobacteria have
used PPD, produced from culture filtrates of MTB. PPD is used in the TST,
in a preparation containing preservative, but preparations lacking preservative
can be obtained for in vitro use. Equivalent PPDs can be produced from other
mycobacterial species. As the constituent proteins in PPD are extensively
degraded during its preparation, PPD does not require much antigen processing
and activates predominantly CD4+ T cells.
Whole live mycobacteria can also be used to probe the T cell response. Live
MTB will most closely mimic the situation occurring in vivo, and induces
stronger activation of the CD8+, γδ+, and NKT subsets than soluble antigens
(17). Live and killed mycobacteria may induce quantitatively and qualitatively
different responses, although suspensions of live mycobacteria will also contain
many dead bacteria. Live mycobacteria may also induce different immune
responses in peripheral blood mononuclear cells and whole blood cultures, as
in whole blood cultures many bacteria will be phagocytosed by neutrophils,
which then leads to apoptosis and cross-priming via macrophages.
MTB has a genome of 4.4 Mb which contains over 4,000 genes (18), providing
a wealth of potential antigenic targets to be recognized by T cells. An earlier
focus on heat shock proteins has now shifted to interest in proteins expressed
during latency, including those induced as part of the dosR regulon (19–21).
There is continued interest in proteins secreted by MTB. The proteins that
are encoded within the RD1 region in the MTB genome have been used in
many recent studies of T cell function, particularly as the loss of the RD1
region during the attenuation of M. bovis to form M. bovis BCG has resulted
in ESAT-6 not being expressed by BCG (22), and thus T cell responses induced
by BCG vaccination and MTB infection can be distinguished. ESAT-6 genes are
found in M. marinum, M. kansasii, M. flavescens, and M. sulzgai in addition to
MTB; M. bovis and M. leprae also contain an ESAT-6 homologue (23). Patients
infected with M. kansasii or M. marinum can respond to ESAT-6 from MTB
(24), but it is not known to what extent environmental exposure to these other
mycobacterial species can interfere with the specificity of the two currently
available commercial assays for TB, QuantiFERON-TB and T-SPOT-TB, which
utilize peptides from ESAT-6 and CFP-10 (25). ESAT-6 can also have additional
effects on T cell immunity, including inhibition of IFN-γ production by MTBspecific human T cells (26).
Activated CD8+ T cells recognizing shorter peptides of approximately 9
amino acids are also induced by infection with MTB (27–29). Debate continues
about the mechanism through which mycobacterial antigens access the MHC
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Class I pathway. This may be a result of the exocytosis of phagosomes (30), the
uptake of apoptotic blebs (31, 32), or the recycling of major histocompatibility
complex (MHC) molecules with peptide replacement. Whether MTB escapes
into the cytoplasm is still controversial (33) but MTB does express a haemolysin
(34) and other ESR-1 proteins such as ESAT-6 induce pore formation within
the membrane of the phagocytic vacuole in M. marinum (35); thus antigens
could also egress into the cytoplasm of the antigen presenting cell (APC)
through pores in the phagosome membrane and in this way access the MHC
Class I pathway.
It is not just protein antigens or their constituent peptides that are recognized
by T cells; there has been increased interest in the recognition of lipid antigens
by CD4+ T cells (36) and ‘unconventional’ CD1-restricted T cells (37).
Mycobacterial lipopeptides (36) can also be recognized by antigen-specific
CD4+ T cells, while the γδ T cell subset can recognize phosphoantigens,
possibly presented by novel antigen-presenting molecules (38). The lack of
classical MHC restriction in the recognition of these non-protein antigens
may give them added value as vaccine candidates.

Cytokine Secretion by T Cells: How Good is
IFN-␥ as a Correlate of Protection?
In early studies of human T cell responses to mycobacteria, the lymphocyte
transformation test was used, assessing the incorporation of tritiated thymidine
into proliferating cells. However more recently, measurement of cytokines has
become the norm, and among the many products made and secreted by T
cells, IFN-γ has received the most attention.
There are good reasons why so many studies have measured the production of
IFN-γ. It is the signature cytokine of the Th1 or Type 1 T cell, and plays a key role
in macrophage activation. Mice, in which the gene for IFN-γ has been knocked
out, become very susceptible to infection with MTB (39–41). IFN-γ can activate
macrophages to become more bactericidal, producing greater quantities of ROI
and RNI (2, 42, 43), although there have also been reports that IFN-γ-activated
human macrophages do not become more mycobactericidal (44).
In humans, there is evidence that individuals with mutations in their IFN-γR
genes become susceptible to infections with mycobacteria (45–47). Mutations
in other genes on the pathways that would lead to or enhance IFN-γ secretion
such as IL-12Rβ1 or IL-12p40 (46), or in the signalling pathways downstream
of IFN-γ also induce similar susceptibility (47).
IFN-γ can be measured easily in immunological assays, being secreted in
large quantities by T cells. If peripheral blood mononuclear cells are stimulated
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with mycobacterial antigens, IFN-γ is produced and accumulates in culture
supernatants over the first seven days of culture, and its stability in culture
supernatants has made it an easy cytokine to detect. IFN-γ released into culture
supernatants can be measured by enzyme-linked immunosorbent assay (ELISA),
or in bead array assays using flow cytometry; individual T cells secreting IFN-γ
can be counted by enzyme-linked immunosorbent spot (ELISPOT) assay or
by using intracellular flow cytometry (48).
In vitro, shorter incubations of cultured cells for 6–24 hours are increasingly
used, on the basis that to detect T cell activation or cytokine secretion over
such a short time period requires the presence of a previously activated effector
T cell. Longer incubation periods may provide a more sensitive read-out of
memory responses, including those induced by past latent infection (49, 50), as
the longer period of antigenic stimulation allows the activation and expansion
of resting central memory T cells into effector T cells (51). To detect IFN-γ
production following a short period of antigenic stimulation requires a sensitive
detection assay, such as ELISPOT or intracellular cytokine staining.
IFN-γ is currently the main read-out of immunogenicity in TB vaccine
trials (52, 53); but although IFN-γ is a component of protective immunity,
there is an increasing body of evidence that it does not provide a read-out of
protective immunity. This evidence includes a number of animal studies in mice,
guinea pigs, and cattle which show that although IFN-γ may be required for
protective immunity, the quantities of IFN-γ produced do not parallel control
of bacterial growth (54–57). Not only does more IFN-γ production not mean
more immunity, in some animal models greater IFN-γ production is associated
with more pathology (58). These observations, coupled with the availability
of techniques that allow the simultaneous assessment of larger numbers of
immune parameters, have led to intense interest in the measurement of immune
signatures or profiles that might indicate protective immunity (59–61).
The use of multiparameter flow cytometry is one such approach. The
production of a number of cytokines or chemokines within a single cell can
be combined with the assessment of surface phenotypic markers (62, 63). Such
an approach can confirm, for example, the relative contribution of CD4+ and
CD8+ subsets to the production of key cytokines as well as the activation
of other T cell subsets such as γδ, CD1 restricted, and NKT cells. The main
cytokines usually assessed in addition to IFN-γ are TNF-α and IL-2. The
current view is that cells capable of making IFN-γ, TNF-α, and IL-2 (termed
multifunctional or polyfunctional) are a better indicator of protective immunity
than the measurement of IFN-γ alone (64); some studies have shown that such
polyfunctional T cells produce greater quantities of IFN-γ (as assessed by mean
fluorescence intensity) than T cells making IFN-γ alone (65, 66). One theory
of memory T cell maturation proposes that cells secreting IFN-γ alone may
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represent terminally differentiated cells that have lost the ability to proliferate
(64). Other studies have shown production of GM-CSF by memory T cells
that also produce IFN-γ and TNF (67).
Multiparameter flow cytometry can be taken one stage further by using
MHC-peptide tetramers or pentamers. This allows the frequency of T cells
recognizing individual peptide epitopes to be assessed (68) and such staining
can be combined with both surface phenotyping and intracellular cytokine
staining. Proliferation of tetramer-positive T cells can also be assessed using
incorporation of the dye CFSE (69).
These multiparameter flow cytometry techniques allow both the quantitation
and phenotyping of antigen-specific T cells. However, they are likely to be
exploratory research tools, or assays that could be performed on selected
subjects for whom frozen peripheral blood mononuclear cells have been banked
during a vaccine trial, for example, once these subjects have developed TB or
have remained healthy (and thus are presumed to be protected). The cost and
complexity of these assays make it unlikely that they could be performed on
very large numbers of subjects during vaccine trials.

Additional Cytokines of Interest
Although IFN-γ, TNF-α, and IL-2 have been the cytokines most studied to
date, other cytokines and T cell subsets have generated recent interest. These
include IL-17, produced by the Th-17 T cell subset (70). In one human study,
the mycobacteria-specific T cells making IL-17 also made IFN-γ and had the
phenotype of Th1 central memory or effector memory T cells (71), whereas
in another study IL-17 producing T cells were distinct from Th1 T cells (72).
In MTB-infected mice, it is γδ+ T cells rather than CD4+ T cells that are the
major IL-17 producers (73).
It may also be useful to assess the balance between pro-inflammatory and
anti-inflammatory cytokines. IL-4 production is induced during clinical TB
(74, 75) and may also indicate developing infection (76). Reductions in IL-4
production can be detected shortly after the initiation of TB treatment (77, 78).
Reduced IFN-γ production is also associated with the increased production of
IL-10 which may be monocyte-derived (79). TGF-β production by regulatory
T cells is also detected in TB infection (80, 81). Thus, the ratios between IFN-γ
and other anti-inflammatory cytokines may be more informative than the
measurement of a single cytokine in isolation.
Another way in which immune profiles can be assessed is using multiplex
bead arrays. In these techniques a small volume of supernatant from antigenstimulated cultures is assayed for a number of cytokines and chemokines
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simultaneously. Kits allowing the measurement of up to 42 analytes are currently
available. Although the cellular origin of the analytes cannot be identified
(and such commercial kits are expensive which would again restrict their
use to selected subjects within a vaccine trial) the ability to measure Th1 and
Th2 associated cytokines, pro-inflammatory and anti-inflammatory cytokines,
chemokines, and other products may allow the components of a protective
biosignature to be identified. These assays are also very sensitive, allowing
detection of cytokines such as IL-2 or IL-4 whose detection by ELISA may
be problematic due to their rapid binding to their receptors and thus removal
from cell cultures. A recent study from The Gambia using a 7-plex bead array
showed that PPD-stimulated cultures from TB cases contained less IL-10, IL13, and IL-17 than TB contacts (82) while a study from South Africa using
a 29-plex kit showed marked changes in cytokine and chemokine profiles in
TB patients with treatment (78); results from further studies using such bead
arrays can be expected.

Cytotoxic Effector Function
Although CD4+ T cells usually play a central role in immunity to intracellular
pathogens, CD8+ T cells are also important in immunity to MTB (27, 29, 83, 84).
Murine studies have suggested that CD8+ T cells may be more important at later
latent rather than early acute stages of MTB infection (85) but a recent study in
non-human primates has demonstrated that removal of CD8+ T cells reduced
BCG-induced immunity to MTB 42 days post-infection (86). MTB- specific CD8+
T cells can secrete cytokines such as IFN-γ and TNF-α, similar to CD4+ T cells
(75). They can also act as cytotoxic effector cells, secreting cytolytic granules into
the contact zone between the CD8+ T cell and the infected macrophage, thus
causing cell death. The action of CD8+ cytotoxic T cells on infected macrophages
can lead to the killing of intracellular bacteria and a reduction in CFU (87).
The mediators produced by such CD8+ T cells include perforin, granzymes,
hydrolases, granulysin, and extracellular ATP. Granulysin has a direct cytotoxic
effect on mycobacteria as well as on other bacteria, parasites, and fungi (88),
and is also expressed by human NKT cells that show antimycobacterial activity
(89). The effects of granulysin cannot be studied in mice as they do not express
this gene. Perforin does not act directly on the mycobacteria, but the pores it
induces are required for mycobacterial killing by both CD8+ and γδ+ T cells
(90, 91). Another effect of cytotoxic T cells on infected macrophages may be to
release the viable intracellular mycobacteria (92); this may lead to their uptake
by more effective microbicidal macrophages capable of killing the mycobacteria
using nitric oxide and other mediators.
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To measure the change in CFU following the incubation of infected monocytes/
macrophages with appropriately activated T cells may therefore provide a
highly relevant read-out of protective immunity. A number of assays have
been described, in which stimulated T cells are added to mycobacteria-infected
monocyte-derived macrophages, and the CFU measured (93, 94). These assays
would, however, require simplification for use on a large scale. As with some
of the other techniques discussed in this chapter, one way forward is to freeze
peripheral blood mononuclear cells from all vaccinees within a trial and then
test cells from selected subjects who subsequently do or do not develop disease.
A simpler assay uses BCG or MTB expressing the lux gene, which is added
to diluted whole blood cultures, and bacterial growth inhibition tested using
a luminometer, as live and metabolizing BCG-lux bacteria will produce ATP
enabling light to be detected (95). Further work is however needed to assess
which of these methods is most useful for the measurement of antimycobacterial
immunity induced by vaccination.

Identification of Novel Genes:
Analysis of Gene Expression in T Cells
A number of studies have used, or are currently using, gene expression as a way
of assessing genes whose expression is induced by stimulation with MTB, during
MTB infection, or by vaccination (96–98). Gene arrays can be used to identify
novel genes, signalling pathways and metabolic processes that are induced by
vaccination or during infection, using transcriptomics and new bioinformatics
tools. As for the bead array approach, if blood or antigen-stimulated cells are
used for RNA extraction, the cells expressing the differentially expressed genes
cannot be identified without further work, unless selected T cell populations
are used for the transcriptomics (96). In addition, these analyses are better
performed on blood samples that do not have marked increases or decreases
of cell numbers or proportions, such as may occur in clinical disease when
deconfounding may be required (99).
Expression of a more limited set of genes can be evaluated by multiplex
ligation-dependent probe amplification (MLPA) assays in which expression of
up to about 60 genes can be quantitated simultaneously (100). As with gene
array techniques, principal component analysis may be required to identify the
most important components that can distinguish changes in vaccinees induced
by vaccination, or gene activation patterns that can distinguish protected from
non-protected individuals. It will also be important to confirm that any changes
in gene expression are associated with changes in protein production.
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From Small-Scale Studies to Field Trials
Once the components of a protective biosignature have been identified in smallscale in-depth studies, it will be necessary to modify the detection systems to
allow their evaluation on a much larger scale in field trials, in settings where
laboratory facilities may be limited. For such purposes, assays that utilize
whole blood rather than separated peripheral blood mononuclear cells may be
preferable. Cytokine secretion and quantitation using ELISA or multiplex bead
array assays can be performed on undiluted whole blood samples stimulated
overnight, or diluted whole blood assays stimulated for longer periods of up
to six to seven days to allow the activation and expansion of resting memory
T cells. A diluted whole blood assay has been used to show the changes in
IFN-γ production following BCG vaccination using small blood samples from
UK and Malawian infants (101) and from adolescents and young adults in the
same settings (14). Flow cytometry and gene expression profiles can also be
generated from whole blood samples.
One test parameter that should be monitored carefully in any such field
studies is the time taken to get blood samples into culture. A number of recent
studies have shown that the number of cytokine secreting cells detected in
ELISPOT assays, the number of cells with intracellular cytokine production,
and the gene expression profiles within whole blood or peripheral blood
mononuclear cells are profoundly affected by the time taken to get blood into
culture (102–104) (Smith, Dockrell—unpublished results). Thus, to ensure
interpretable results with any of these techniques, blood needs to be drawn
into tubes containing heparin and stimuli and kept at 37 oC (102) or to be
placed directly into PAXgeneTM tubes or another suitable RNA stabilization
reagent. If this is not possible, the blood should be separated if required and
cells stimulated within the minimum time period that can be realistically
achieved, and details recorded of the time blood was taken and the time it
was put into culture. For future deconfounding it may also be useful to have
full blood counts performed.

The Future: Towards Biosignatures
It is clear that measurement of one component of immunity will not be sufficient
to identify protective immune responses, even if there is good evidence that
this component is part of a protective immune response (59–61, 105). The
additional components that are required may be identified by a range of newer
techniques including bead array assays or gene expression techniques. Results
from studies evaluating changes in immune profiles with TB treatment may also
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inform the choice of components (61, 77, 78, 106). Comparisons of immunity
in vaccinees pre- and post-vaccination can identify changes in immune status
induced by vaccination, and the immunogenicity of both the existing BCG
vaccine and new candidate TB vaccines can be compared in this way. However,
identification of a biosignature of protective immunity will be more complex,
requiring large trials in which blood samples are drawn following vaccination,
but prior to the development of disease, as in the large infant BCG studies
ongoing in South Africa (107). Once the key components of immunity have
been clarified, simpler assays to evaluate these genes or their products could
be developed, enabling them to be assessed in a larger number of subjects
within vaccine trials. In the meantime, these new approaches will contribute to
a better understanding of the features of a protective cellular immune response
that enable effective control of mycobacterial growth.

❒ References
1 Orme IM, Andersen P, and Boom WH. T cell response to Mycobacterium tuberculosis. J
Infect Dis, 1993; 167: 1481–97.
2 Kaufmann SH. Protection against tuberculosis: cytokines, T cells, and macrophages. Ann
Rheum Dis, 2002; 61( Suppl 2): ii54–8.
3 Hopewell PC. Impact of human immunodeficiency virus infection on the epidemiology,
clinical features, management, and control of tuberculosis. Clin Infect Dis, 1992; 15:
540–7.
4 Geldmacher C, Schuetz A, Ngwenyama N, Casazza JP, Sanga E, Saathoff, et al. Early
depletion of Mycobacterium tuberculosis-specific T helper 1 cell responses after HIV-1
infection. J Infect Dis, 2008; 198:1590–8.
5 Mendez-Samperio P. Expression and regulation of chemokines in mycobacterial infection.
J Infect, 2008; 57: 374–84.
6 Hasan Z, Jamil B, Ashraf M, Islam M, Yusuf MS, Khan JA, et al. ESAT6-induced IFNgamma
and CXCL9 can differentiate severity of tuberculosis. PLoS ONE, 2009; 4: e5158.
7 Gonzalez-Juarrero M, Turner OC, Turner J, Marietta P, Brooks JV, and Orme IM. Temporal
and spatial arrangement of lymphocytes within lung granulomas induced by aerosol
infection with Mycobacterium tuberculosis. Infect Immun, 2001; 69: 1722–8.
8 Saunders BM and Britton WJ. Life and death in the granuloma: immunopathology of
tuberculosis. Immunol Cell Biol, 2007; 85: 103–11.
9 Young DB, Perkins MD, Duncan K, and Barry CE, 3rd. Confronting the scientific obstacles
to global control of tuberculosis. J Clin Invest, 2008; 118: 1255–65.
10 Davis JM and Ramakrishnan L. The role of the granuloma in expansion and dissemination
of early tuberculous infection. Cell, 2009; 136: 37–49.
11 Vukmanovic-Stejic M, Reed JR, Lacy KE, Rustin MH, and Akbar AN. Mantoux Test as a
model for a secondary immune response in humans. Immunol Lett, 2006; 107: 93–101.

Chapter-05.indd 70

9/6/2010 1:20:12 PM

T Cell Protective Immune Responses against Tuberculosis

71

12 Fine PE, Sterne JA, Ponnighaus JM, and Rees RJ. Delayed-type hypersensitivity,
mycobacterial vaccines and protective immunity. Lancet, 1994; 344: 1245–9.
13 Black GF, Fine PEM, Warndorff, DK, Floyd S, Weir RE, Blackwell JM, et al, Relationship
between IFN-gamma and skin test responsiveness to Mycobacterium tuberculosis PPD
in healthy, non-BCG-vaccinated young adults in Northern Malawi. Int J Tuberc Lung Dis,
2001; 5: 664–72.
14 Black GF, Weir RE, Floyd S, Bliss L, Warndorff DK, Crampin AC, et al. BCG-induced increase
in interferon-gamma response to mycobacterial antigens and efficacy of BCG vaccination
in Malawi and the UK: two randomised controlled studies. Lancet, 2002; 359: 1393–401.
15 Ota MO, Goetghebuer T, Vekemans J, Okoko BJ, Newport MJ, McAdam KP, et al. Dissociation
between tuberculin skin test and in vitro IFN-gamma responses following neonatal BCG
vaccination. J Trop Pediatr, 2006; 52: 136–40.
16 Mawa PA, Pickering JM, Miiro G, Namujju PB, Watera C, Anyaegani G, et al. The effect of
tuberculin skin testing on viral load and anti-mycobacterial immune responses in HIV-1infected Ugandan adults. Int J Tuberc Lung Dis, 2004; 8: 586–92.
17 Ordway DJ, Pinto L, Costa L, Martins M, Leandro C, Viveiros M, et al. Gamma delta T cell
responses associated with the development of tuberculosis in health care workers. FEMS
Immunol Med Microbiol, 2005; 43: 339–50.
18 Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, et al. Deciphering the biology
of Mycobacterium tuberculosis from the complete genome sequence. Nature, 1998; 393:
537–44.
19 Voskuil MI, Visconti KC, and Schoolnik GK. Mycobacterium tuberculosis gene expression
during adaptation to stationary phase and low-oxygen dormancy. Tuberculosis (Edinb),
2004; 84: 218–27.
20 Leyten EM, Lin MY, Franken KL, Friggen AH, Prins C, van Meijgaarden, et al. Human
T-cell responses to 25 novel antigens encoded by genes of the dormancy regulon of
Mycobacterium tuberculosis. Microbes Infect, 2006; 8: 2052–60.
21 Lin MY and Ottenhoff TH. Not to wake a sleeping giant: new insights into host-pathogen
interactions identify new targets for vaccination against latent Mycobacterium tuberculosis
infection. Biol Chem, 2008; 389: 497–511.
22 Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, and Stover CK. Molecular analysis of genetic
differences between Mycobacterium bovis BCG and virulent M. bovis. J Bacteriol, 1996;
178: 1274–82.
23 Sorensen AL, Nagai S, Houen G, Andersen P, and Andersen AB. Purification and
characterization of a low-molecular-mass T-cell antigen secreted by Mycobacterium
tuberculosis. Infect Immun, 1995; 63:,1710–7.
24 Arend SM, van Meijgaarden KE, de Boer K, de Palou EC, van Soolingen D, Ottenhoff TH, et
al. Tuberculin skin testing and in vitro T cell responses to ESAT-6 and culture filtrate protein
10 after infection with Mycobacterium marinum or M. kansasii. J Infect Dis, 2002; 186:
1797–807.
25 van Pinxteren LA, Ravn P, Agger EM, Pollock J, and Andersen P. Diagnosis of tuberculosis
based on the two specific antigens ESAT-6 and CFP10. Clin Diagn Lab Immunol, 2000; 7:
155–60.

Chapter-05.indd 71

9/6/2010 1:20:12 PM

72

The Art & Science of Tuberculosis Vaccine Development

26 Wang X, Barnes PF, Dobos-Elder KM, Townsend JC, Chung YT, Shams H, et al. ESAT-6
inhibits production of IFN-gamma by Mycobacterium tuberculosis-responsive human T
cells. J Immunol, 2009; 182: 3668–77.
27 Flynn JL, Goldstein MM, Triebold KJ, Koller B, and Bloom BR. Major histocompatibility
complex class I-restricted T cells are required for resistance to Mycobacterium tuberculosis
infection. Proc Natl Acad Sci USA, 1992; 89: 12013–7.
28 Grotzke JE and Lewinsohn DM. Role of CD8+ T lymphocytes in control of Mycobacterium
tuberculosis infection. Microbes Infect, 2005; 7: 776–88.
29 Woodworth JS and Behar SM. Mycobacterium tuberculosis-specific CD8+ T cells and their
role in immunity. Crit Rev Immunol, 2006; 26: 317–52.
30 Hagedorn M, Rohde KH, Russell DG, and Soldati T. Infection by tubercular mycobacteria is
spread by nonlytic ejection from their amoeba hosts. Science, 2009; 323: 1729–33.
31 Schaible UE, Winau F, Sieling PA, Fischer K, Collins HL, Hagens K, et al. Apoptosis facilitates
antigen presentation to T lymphocytes through MHC-I and CD1 in tuberculosis. Nat Med,
2003; 9: 1039–46.
32 Winau F, Weber S, Sad S, de Diego J, Hoops SL, Breiden B, et al. Apoptotic vesicles
crossprime CD8+ T cells and protect against tuberculosis. Immunity, 2006; 24:105–17.
33 van der Wel N, Hava D, Houben D, Fluitsma D, van Zon M, Pierson J, et al. M. tuberculosis
and M. leprae translocate from the phagolysosome to the cytosol in myeloid cells. Cell,
2007; 129: 1287–98.
34 Wren BW, Stabler RA, Das SS, Butcher PD, Mangan JA, Clarke JD, et al. Characterization
of a haemolysin from Mycobacterium tuberculosis with homology to a virulence factor of
Serpulina hyodysenteriae. Microbiology, 1998; 144 ( Pt 5): 1205–11.
35 Smith J, Manoranjan J, Pan M, Bohsali A, Xu J, Liu J, et al. Evidence for pore formation in
host cell membranes by ESX-1-secreted ESAT-6 and its role in Mycobacterium marinum
escape from the vacuole. Infect Immun, 2008; 76: 5478–87.
36 Bastian M, Braun T, Bruns H, Rollinghoff M, and Stenger S. Mycobacterial lipopeptides elicit
CD4+ CTLs in Mycobacterium tuberculosis-infected humans. J Immunol, 2008; 180: 3436–46.
37 Gilleron M, Stenger S, Mazorra Z, Wittke F, Mariotti S, Bohmer G, et al. Diacylated
sulfoglycolipids are novel mycobacterial antigens stimulating CD1-restricted T cells during
infection with Mycobacterium tuberculosis. J Exp Med, 2004; 199: 649–59.
38 Sarikonda G, Wang H, Puan KJ, Liu XH, Lee HK, Song Y, et al. Photoaffinity antigens for
human gammadelta T cells. J Immunol, 2008; 181: 7738–50.
39 Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, and Orme IM. Disseminated
tuberculosis in interferon gamma gene-disrupted mice. J Exp Med, 1993; 178: 2243–7.
40 Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, and Bloom BR. An essential role for
interferon gamma in resistance to Mycobacterium tuberculosis infection. J Exp Med, 1993;
178: 2249–54.
41 Flynn JL and Chan J. Immune evasion by Mycobacterium tuberculosis: living with the
enemy. Curr Opin Immunol, 2003; 15: 450–5.
42 O’Brien L, Roberts B, and Andrew PW. In vitro interaction of Mycobacterium tuberculosis and
macrophages: activation of anti-mycobacterial activity of macrophages and mechanisms of
anti-mycobacterial activity. Curr Top Microbiol Immunol, 1996; 215: 97–130.

Chapter-05.indd 72

9/6/2010 1:20:12 PM

T Cell Protective Immune Responses against Tuberculosis

73

43 Orme IM. The mouse as a useful model of tuberculosis. Tuberculosis (Edinb), 2003; 83:
112–15.
44 Douvas GS, Looker DL, Vatter AE, and Crowle AJ. Gamma interferon activates human
macrophages to become tumoricidal and leishmanicidal but enhances replication of
macrophage-associated mycobacteria. Infect Immun, 1985; 50: 1–8.
45 Newport MJ, Huxley CM, Huston S, Hawrylowicz CM, Oostra BA, Williamson R, et al. A
mutation in the interferon-gamma-receptor gene and susceptibility to mycobacterial
infection. N Engl J Med, 1996; 335: 1941–9.
46 Ottenhoff TH, de Boer T, Verhagen CE, Verreck FA, and van Dissel JT. Human deficiencies
in type 1 cytokine receptors reveal the essential role of type 1 cytokines in immunity to
intracellular bacteria. Microbes Infect, 2000; 2: 1559–66.
47 Casanova JL and Abel L. Genetic dissection of immunity to mycobacteria: the human
model. Annu Rev Immunol, 2002; 20: 581–620.
48 Beveridge NE, Fletcher HA, Hughes J, Pathan AA, Scriba TJ, Minassian A, et al. A comparison
of IFNgamma detection methods used in tuberculosis vaccine trials. Tuberculosis (Edinb),
2008; 88: 631–40.
49 Cehovin A, Cliff JM, Hill PC, Brookes RH, and Dockrell HM. Extended culture enhances
sensitivity of a gamma interferon assay for latent Mycobacterium tuberculosis infection.
Clin Vaccine Immunol, 2007; 14: 796–8.
50 Leyten EM, Arend SM, Prins C, Cobelens FG, Ottenhoff TH, and van Dissel JT. Discrepancy
between Mycobacterium tuberculosis-specific gamma interferon release assays using
short and prolonged in vitro incubation. Clin Vaccine Immunol, 2007; 14: 880–5.
51 Sallusto F, Lenig D, Forster R, Lipp M, and Lanzavecchia A. Two subsets of memory T lymphocytes
with distinct homing potentials and effector functions. Nature, 1999; 401: 708–12.
52 McShane H, Pathan AA, Sander CR, Keating SM, Gilbert SC, Huygen K, et al. Recombinant
modified vaccinia virus Ankara expressing antigen 85A boosts BCG-primed and naturally
acquired antimycobacterial immunity in humans. Nat Med, 2004; 10: 1240–4.
53 Hoft DF, Blazevic A, Abate G, Hanekom WA, Kaplan G, Soler JH, et al. A new recombinant
bacille Calmette-Guerin vaccine safely induces significantly enhanced tuberculosis-specific
immunity in human volunteers. J Infect Dis, 2008; 198: 1491–501.
54 Leal IS, Smedegard B, Andersen P, and Appelberg R. Failure to induce enhanced protection
against tuberculosis by increasing T-cell-dependent interferon-gamma generation.
Immunology, 2001; 104: 157–61.
55 Mittrucker HW, Steinhoff U, Kohler A, Krause M, Lazar D, Mex P, et al. Poor correlation
between BCG vaccination-induced T cell responses and protection against tuberculosis.
Proc Natl Acad Sci USA, 2007; 104: 12434–9.
56 Skinner MA, Ramsay AJ, Buchan GS, Keen DL, Ranasinghe C, Slobbe L, et al. A DNA primelive vaccine boost strategy in mice can augment IFN-gamma responses to mycobacterial
antigens but does not increase the protective efficacy of two attenuated strains of
Mycobacterium bovis against bovine tuberculosis. Immunology, 2003; 108: 548–55.
57 Jeevan A, Bonilla DL, and McMurray DN. Expression of interferon-gamma and tumour
necrosis factor-alpha messenger RNA does not correlate with protection in guinea pigs
challenged with virulent Mycobacterium tuberculosis by the respiratory route. Immunology,
2008; Epub ahead of print.

Chapter-05.indd 73

9/6/2010 1:20:12 PM

74

The Art & Science of Tuberculosis Vaccine Development

58 Vordermeier HM, Chambers MA, Cockle PJ, Whelan AO, Simmons J, and Hewinson RG.
Correlation of ESAT-6-specific gamma interferon production with pathology in cattle
following Mycobacterium bovis BCG vaccination against experimental bovine tuberculosis.
Infect Immun, 2002; 70: 3026–32.
59 Jacobsen M, Mattow J, Repsilber D and Kaufmann SH. Novel strategies to identify
biomarkers in tuberculosis. Biol Chem, 2008; 389: 487–95.
60 Kaufmann SH and Parida SK. Tuberculosis in Africa: learning from pathogenesis for
biomarker identification. Cell Host Microbe, 2008; 4: 219–28.
61 Wallis RS, Doherty TM, Onyebujoh P, Vahedi M, Laang H, Olesen O, et al. Biomarkers for
tuberculosis disease activity, cure, and relapse. Lancet Infect Dis, 2009; 9: 162–72.
62 Beveridge NE, Price DA, Casazza JP, Pathan AA, Sander CR, Asher TE, et al. Immunisation
with BCG and recombinant MVA85A induces long-lasting, polyfunctional Mycobacterium
tuberculosis-specific CD4+ memory T lymphocyte populations. Eur J Immunol, 2007; 37:
3089–100.
63 Soares AP, Scriba TJ, Joseph S, Harbacheuski R, Murray RA, Gelderbloem, et al. Bacillus
Calmette-Guerin vaccination of human newborns induces T cells with complex cytokine
and phenotypic profiles. J Immunol, 2008; 180: 3569–77.
64 Seder RA, Darrah PA, and Roederer M. T-cell quality in memory and protection: implications
for vaccine design. Nat Rev Immunol, 2008; 8: 247–58.
65 Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, et al. Multifunctional
TH1 cells define a correlate of vaccine-mediated protection against Leishmania major. Nat
Med, 2007; 13: 843–50.
66 Kannanganat S, Ibegbu C, Chennareddi L, Robinson HL, and Amara RR. Multiple-cytokineproducing antiviral CD4+ T cells are functionally superior to single-cytokine-producing
cells. J Virol, 2007; 81: 8468–76.
67 Mueller H, Detjen AK, Schuck SD, Gutschmidt A, Wahn U, Magdorf K, et al. Mycobacterium
tuberculosis-specific CD4+, IFNgamma+, and TNFalpha+ multifunctional memory T cells
coexpress GM-CSF. Cytokine, 2008; 43: 143–8.
68 Weichold FF, Mueller S, Kortsik C, Hitzler WE, Wulf MJ, Hone DM, et al. Impact of MHC
class I alleles on the M. tuberculosis antigen-specific CD8+ T-cell response in patients with
pulmonary tuberculosis. Genes Immun, 2007; 8: 334–43.
69 Bronke C, Palmer NM, Westerlaken GH, Toebes M, van Schijndel GM, Purwaha V, et al.
Direct ex vivo detection of HLA-DR3-restricted cytomegalovirus- and Mycobacterium
tuberculosis-specific CD4+ T cells. Hum Immunol, 2005; 66: 950–61.
70 Reece ST and Kaufmann SH. Rational design of vaccines against tuberculosis directed by
basic immunology. Int J Med Microbiol, 2008; 298: 143–50.
71 Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A, et al.
Surface phenotype and antigenic specificity of human interleukin 17-producing T helper
memory cells. Nat Immunol, 2007; 8: 639–46.
72 Scriba TJ, Kalsdorf B, Abrahams DA, Isaacs F, Hofmeister J, Black G, et al. Distinct, specific
IL-17- and IL-22-producing CD4+ T cell subsets contribute to the human anti-mycobacterial
immune response. J Immunol, 2008; 180: 1962–70.

Chapter-05.indd 74

9/6/2010 1:20:12 PM

T Cell Protective Immune Responses against Tuberculosis

75

73 Lockhart E, Green AM, and Flynn JL. IL-17 production is dominated by gammadelta T cells
rather than CD4+ T cells during Mycobacterium tuberculosis infection. J Immunol, 2006;
177: 4662–9.
74 Surcel HM, Troye-Blomberg M, Paulie S, Andersson G, Moreno C, Pasvol G, et al. Th1/
Th2 profiles in tuberculosis, based on the proliferation and cytokine response of blood
lymphocytes to mycobacterial antigens. Immunology, 1994; 81: 171–6.
75 Smith SM, Klein MR, Malin AS, Sillah J, McAdam KP and Dockrell HM. Decreased
IFN- gamma and increased IL-4 production by human CD8+(+) T cells in response to
Mycobacterium tuberculosis in tuberculosis patients. Tuberculosis (Edinb), 2002; 82:
7–13.
76 Ordway DJ, Costa L, Martins M, Silveira H, Amaral L, Arroz MJ, et al. Increased Interleukin-4
production by CD8+ and gammadelta T cells in health-care workers is associated with the
subsequent development of active tuberculosis. J Infect Dis, 2004; 190: 756–66.
77 Siawaya JF, Bapela NB, Ronacher K, Beyers N, van Helden P, and Walzl G. Differential
expression of interleukin-4 (IL-4) and IL-4 delta 2 mRNA, but not transforming growth
factor beta (TGF-beta), TGF-beta RII, Foxp3, gamma interferon, T-bet, or GATA-3 mRNA, in
patients with fast and slow responses to antituberculosis treatment. Clin Vaccine Immunol,
2008; 15: 1165–70.
78 Djoba Siawaya JF, Beyers N, van Helden P, and Walzl G. Differential cytokine secretion and
early treatment response in patients with pulmonary tuberculosis. Clin Exp Immunol, 2009;
156: 69–77.
79 Hirsch CS, Toossi Z, Othieno C, Johnson JL, Schwander SK, Robertson S. et al. Depressed
T-cell interferon-gamma responses in pulmonary tuberculosis: analysis of underlying
mechanisms and modulation with therapy. J Infect Dis, 1999; 180: 2069–73.
80 Hougardy JM, Verscheure V, Locht C, and Mascart F. In vitro expansion of
CD4+CD25highFOXP3+CD127low/- regulatory T cells from peripheral blood lymphocytes
of healthy Mycobacterium tuberculosis-infected humans. Microbes Infect, 2007; 9: 1325–
32.
81 Roberts T, Beyers N, Aguirre A, and Walzl G. Immunosuppression during active tuberculosis
is characterized by decreased interferon- gamma production and CD25 expression with
elevated forkhead box P3, transforming growth factor-beta, and interleukin-4 mRNA levels.
J Infect Dis, 2007; 195: 870–8.
82 Sutherland JS, Adetifa IM, Hill PC, Adegbola RA, and Ota MO. Pattern and diversity of
cytokine production differentiates between Mycobacterium tuberculosis infection and
disease. Eur J Immunol, 2009; 39: 723–9.
83 Stenger S, Mazzaccaro RJ, Uyemura K, Cho S, Barnes PF, Rosat JP, et al. Differential effects
of cytolytic T cell subsets on intracellular infection. Science, 1997; 276: 1684–7.
84 Lazarevic V and Flynn J. CD8+ T cells in tuberculosis. Am J Respir Crit Care Med, 2002;
166: 1116–21.
85 van Pinxteren LA, Cassidy JP, Smedegaard BH, Agger EM, and Andersen P. Control of latent
Mycobacterium tuberculosis infection is dependent on CD8+ T cells. Eur J Immunol, 2000;
30: 3689–98.
86 Chen CY, Huang D, Wang RC, Shen L, Zeng G, Yao S, et al. A critical role for CD8+ T cells
in a nonhuman primate model of tuberculosis. PLoS Pathog, 2009; 5: e1000392.

Chapter-05.indd 75

9/6/2010 1:20:12 PM

76

The Art & Science of Tuberculosis Vaccine Development

87 Cho S, Mehra V, Thoma-Uszynski S, Stenger S, Serbina N, Mazzaccaro RJ, et al. Antimicrobial
activity of MHC class I-restricted CD8+ T cells in human tuberculosis. Proc Natl Acad Sci
USA, 2000; 97: 12210–15.
88 Krensky AM and Clayberger C. Biology and clinical relevance of granulysin. Tissue Antigens,
2009; 73: 193–8.
89 Gansert JL, Kiessler V, Engele M, Wittke F, Rollinghoff M, Krensky AM, et al. Human NKT
cells express granulysin and exhibit antimycobacterial activity’, J Immunol, 2003; 170:
3154–61.
90 Stenger S and Modlin RL. Cytotoxic T cell responses to intracellular pathogens. Curr Opin
Immunol, 1998; 10: 471–7.
91 Dieli F, Troye-Blomberg M, Farouk SE, Sireci G, and Salerno A. Biology of gammadelta T
cells in tuberculosis and malaria’, Curr Mol Med, 2001; 1: 437–46.
92 Canaday DH, Wilkinson RJ, Li Q, Harding CV, Silver RF, and Boom WH. CD4+(+) and
CD8+(+) T cells kill intracellular Mycobacterium tuberculosis by a perforin and Fas/Fas
ligand-independent mechanism. J Immunol, 2001; 167: 2734–42.
93 Silver RF, Li Q, Boom WH, and Ellner JJ. Lymphocyte-dependent inhibition of growth of
virulent Mycobacterium tuberculosis H37Rv within human monocytes: requirement for
CD4+ T cells in purified protein derivative-positive, but not in purified protein derivativenegative subjects. J Immunol, 1998; 160: 2408–17.
94 Hoft DF, Worku S, Kampmann B, Whalen CC, Ellner JJ, Hirsch CS, et al. Investigation of
the relationships between immune-mediated inhibition of mycobacterial growth and other
potential surrogate markers of protective Mycobacterium tuberculosis immunity. J Infect
Dis, 2002; 186: 1448–57.
95 Kampmann B, Tena GN, Mzazi S, Eley B, Young DB, and Levin M. Novel human in vitro
system for evaluating antimycobacterial vaccines. Infect Immun, 2004; 72: 6401–7.
96 Cliff JM, Andrade IN, Mistry R, Clayton CL, Lennon MG, Lewis AP, et al. Differential gene
expression identifies novel markers of CD4+ and CD8+ T cell activation following stimulation
by Mycobacterium tuberculosis. J Immunol, 2004; 173: 485–93.
97 Jacobsen M, Repsilber D, Gutschmidt A, Neher A, Feldmann K, Mollenkopf HJ, et al.
Candidate biomarkers for discrimination between infection and disease caused by
Mycobacterium tuberculosis. J Mol Med, 2007; 85: 613–21.
98 Fletcher HA, Keyser A, Bowmaker M, Sayles PC, Kaplan G, Hussey G, et al. Transcriptional
profiling of mycobacterial antigen-induced responses in infants vaccinated with BCG at
birth. BMC Med Genomics, 2009; 2: 10.
99 Jacobsen M, Repsilber D, Gutschmidt A, Neher A, Feldmann K, Mollenkopf HJ, et al.
Deconfounding microarray analysis—independent measurements of cell type proportions
used in a regression model to resolve tissue heterogeneity bias. Methods Inf Med, 2006;
45: 557–63.
100 Eldering E, Spek CA, Aberson HL, Grummels A, Derks IA, de Vos AF, et al. Expression
profiling via novel multiplex assay allows rapid assessment of gene regulation in defined
signalling pathways. Nucleic Acids Res, 2003; 31: e153.
101 Lalor MK, Ben-Smith A, Gorak-Stolinska P, Weir RE, Floyd S, Blitz R, et al. Population
differences in immune responses to Bacille Calmette-Guerin vaccination in infancy. J Infect
Dis, 2009; 199: 795–800.

Chapter-05.indd 76

9/6/2010 1:20:12 PM

T Cell Protective Immune Responses against Tuberculosis

77

102 Hanekom WA, Hughes J, Mavinkurve M, Mendillo M, Watkins M, Gamieldien H, et al. Novel
application of a whole blood intracellular cytokine detection assay to quantitate specific
T-cell frequency in field studies. J Immunol Methods, 2004; 291: 185–95.
103 Doherty TM, Demissie A, Menzies D, Andersen P, Rook G, and Zumla A, Effect of sample
handling on analysis of cytokine responses to Mycobacterium tuberculosis in clinical
samples using ELISA, ELISPOT and quantitative PCR. J Immunol Methods, 2005; 298:
129–41.
104 Hanekom WA, Dockrell HM, Ottenhoff TH, Doherty TM, Fletcher H, McShane H, et al.
Immunological outcomes of new tuberculosis vaccine trials: WHO panel recommendations.
PLoS Med, 2008; 5: e145.
105 Doherty M, Wallis RS, and Zumla A. Biomarkers for tuberculosis disease status and
diagnosis. Curr Opin Pulm Med, 2009; 15: 181–7.
106 Walzl G, Ronacher K, Djoba Siawaya JF, and Dockrell HM. Biomarkers for TB treatment
response: challenges and future strategies. J Infect, 2008; 57: 103–9.
107 Hanekom WA. The immune response to BCG vaccination of newborns. Ann NY Acad Sci,
2005; 1062: 69–78.

Chapter-05.indd 77

9/6/2010 1:20:12 PM

Chapter-05.indd 78

9/6/2010 1:20:12 PM

