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Description

[0001] The invention relates to a method of monitoring the progress of a M. tuberculosis infection.

[0002] In healthy individuals with latent infection, there is no means of monitoring whether the bacilli remain viable or
not. The existing test for latent M. tuberculosis infection is the tuberculin skin test (TST), and this remains positive even
after M. tuberculosis bacilli have been killed with appropriate preventive drug treatment, e.g. isoniazid preventive therapy
(IPT).

[0003] Inpatients with active tuberculosis undergoing treatment, there are no good surrogate markers of in vivo bacillary
burden. Expectorated bacilli in sputum and bacilli isolated from other disease sites (e.g. pleural fluid or cerebrospinal
fluid) represent extracellular bacilli. Although bacilli (whether measured by microscopy, culture, PCR or phage-based
assays) gradually disappear from clinical specimens (from disease sites) with effective therapy, these measures are (a)
not a good measure of total body bacillary burden and (b) tell us nothing about the remaining intracellular bacterial
burden after extracellular bacilli at the disease site have become undetectable.

[0004] Conventional immunological assays do not provide a useful surrogate marker of the progress of infection.
Antibody responses are not sufficiently dynamic, and stay positive for long after finishing treatment. All cellular immu-
nological assays used to date, actually rise with treatment because of the ill-understood, non-specificimmunosuppressive
effect of active TB itself.

[0005] The invention is a means of monitoring the progress of M. tuberculosis infection by sequentially measuring the
ex vivo frequency of ESAT-6- specific T cells by ex vivo interferon-y ELISPOT assay. When patients with active tuber-
culosis or healthy contacts with latent infection undergo effective anti-tuberculous drug treatment in vivo bacterial load
decreases progressively. After 6-9 months of treatment, it is believed that, in the vast majority of individuals (>95%), all
remaining intracellular bacilli have been killed, since these individuals very rarely relapse to develop tuberculosis again
(unless they acquire exogenous reinfection). Longitudinal follow-up of patients with active tuberculosis and healthy
contacts with latent M tuberculosis infection during anti-tuberculous drug treatment, shows that the frequency of ESAT-
6-specific T cells measured ex vivo, unlike other cellular immune responses, actually declines progressively with in-
creasing duration of therapy. After completion of therapy, ESAT-6-specific T cells measured ex vivo, are undetectable
in most cases (this potentially offers a means of determining whether mycobacterial infection has been eradicated by
an intervention). By comparison, the decay kinetics of ESAT-6-specific T cells in patients receiving 2nd and 3/ line
antibiotics for multidrug resistant TB, were slower, and correlated with delayed conversion of sputum to culture negativity
(and patients with multidrug resistant TB have a much slower clinical and bacteriological improvement).

[0006] The decline in ESAT-6-specific T cells with effective chemotherapy, which reduces bacterial load by several
orders of magnitude, suggests that, within a given individual, for the frequency of ESAT-6-specific T cells, as enumerated
by the ex vivo ELISPOT, is related to antigen load. In biological systems where the in vivo burden of a pathogen and
the corresponding antigen load are measurable, it is recognised that the frequency of antigen-specific T cells enumerated
ex vivo, correlates with, and is in part driven by, the antigen load. Although there are no quantitative absolute measures
of bacterial or antigen load in TB, they must be directly and closely inter-related, and ex vivo quantitation of ESAT-6-
specific T cells thus offers a means for longitudinally tracking changes in M. tuberculosis bacterial load within anindividual.
[0007] Thus, the invention covers the monitoring of the progress of M. fuberculosis infection over time by direct ex
vivo quantitation of ESAT-6-specific T cells. The data generated to date are all based on the use of the ex vivo ELISPOT
assay, but other methods for the ex vivo enumeration of antigen-specific T cells may also be used (e.g. MHC tetramer-
peptide complexes, intracellular cytokine staining) in addition, or alternatively.

[0008] Thus the inventors have found that after effective treatment is administered to a patient with mycobacterial
infection there is a decrease in the level of mycobacterial antigen-specific T cells enumerated directly ex vivo. This is
the first time that a decrease in the levels of T cells specific for mycobacterial antigens has been found after the treatment
of a mycobacterial infection.

[0009] The invention thus provides a means of monitoring the progress of a M. tuberculosis infection by sequentially
measuring the ex vivo frequency of myobacterial antigen specific T cells.

[0010] The inventors have also found that individuals with a latent M. fuberculosis infection have detectable levels of
T cells specific for M. tuberculosis antigens. Thus the detection of these T cells may be used to diagnose latent infection.
[0011] Accordingly, theinvention provides a method of determining the efficacy of treatment for M. tuberculosis infection
in an individual comprising determining in samples from the peripheral blood of an individual whether the level of effector
T cells specific for a M. tuberculosis antigen has decreased after treatment, wherein said antigen is ESAT-6, and wherein
said determining is by enumeration of said effector T cells ex vivo without in vitro proliferation.

[0012] The method of detection of T cells is by enumeration of the effector T cells ex vivo. This is without in vitro
proliferation, i.e. the method provides directly ex vivo enumeration. The T cells are specific for ESAT-6. The T cells are
effector T cells and reference to T cells herein should be understood in this context unless otherwise apparent. Where
reference is made herein to a sample, it will also be appreciated that the invention is limited to peripheral blood samples.
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Brief description of the Figures

[0013]

Figure 1 shows frequencies of ESAT-6 peptide-specific IFN-y-secreting T cells for the 5 different groups of subjects.
Each circle represents an individual subject; the frequency of IFN-y-secreting T cells to each peptide was summated
to give the total number of ESAT-6 peptide-specific T cells. The vast majority of tuberculosis contacts and patients
responded (Table 2) and only the responders are represented here. The horizontal bars represent the median
frequency of ESAT-6 peptide-specific T cells for each group.

Figure 2 shows frequencies of ESAT-6 peptide-specific IFN-y-secreting T cells decline with anti-tuberculous chem-
otherapy (p=0.005; n=12). The summated number of ESAT-6 peptide-specific T cells for each patient, enumerated
by ex vivo ELISPOT, is shown at various time points during the course of therapy. The overall frequency of ESAT-
6 peptide-specific IFN-y-secreting T cells fell, on average, by a factor of 0.62 (95% CI: 0.37 - 0.76) (that is, to 38%
of the initial values) over the time period shown. The average rate of decay was 5.5% (95% Cl: 2.4 - 8.4) per week.
This decline was observed for all groups of patients followed up: C+PTB (culture positive pulmonary tuberculosis:
n=4); TBLN (tuberculous lymphadenitis: n=3) and EPTB (extrapulmonary tuberculosis: miliary, n=1; pleural, n=2,
osteomyelitis, n=1). For one EPTB patient (NPH232: miliary), the T cell frequency initially rose, then declined.
Figure 3 shows CD4 epitope map of ESAT-6 as defined by ex vivo peptide-specific IFN-y ELISPOT responses for
all 88 tuberculosis patients and contacts. The percentage of subjects that responded to each peptide is shown, and
in each case 88 subjects were tested against each peptide. For rESAT-6 antigen, 35 tuberculosis patients and
contacts were tested.

Figure 4 shows CD4 T cell responses to the immunodominant epitopes ESAT-6_45 and ESAT-644_g5 are HLA-DQ-
restricted. IFN-y SFCs specific for peptides ESAT-6,_45 (Fig. 4A-C) and ESAT-6,4_g5 (Fig. 4D, E) are markedly
diminished by anti-HLA-DQ antibody but not by antibodies to HLA-DR or HLA-DP. For ESAT-6,_45, results are shown
for ex vivo PBMC from healthy contact NPH209 (4A), ESAT-6,_45-specific T cell line from healthy contact GM19
(4B) and ESAT-64_45-specific T cell line from TBLN patient NPH223 (4C). For ESAT-6,4_g5, results are shown for
ex vivo PBMC from healthy contact GM19 (4D) and ESAT-6,_g5-specific T cell line from TBLN patient NPH223
(4D). In each case, the frequency of IFN-y SFCs shown is the mean for two duplicate wells.

Figure 5 shows frequencies of ESAT-6 peptide-specific and PPD-specific IFN-y-secreting T cells enumerated by ex
vivo enzyme-linked immunospot (ELISPOT) assay in 50 culture-confirmed tuberculosis patients in India. For each
individual, the number of peptide-specific T cells for each of the ESAT-6-derived peptides was summated.

Figure 6 shows frequencies of ESAT-6 and CFP 10 peptide-specific, and PPD-specific IFN-y-secreting T cells enu-
merated by ex vivo enzyme-linked immunospot (ELISPOT) assay in 100 healthy adults (with no past history of
tuberculosis and normal chest radiography) resident in Mumbai, India (A) and 40 healthy adults resident in the UK
(B). For each individual, the number of peptide-specific T cells for each of the ESAT-6- or CFP10-derived peptides
was summated.

Figure 7 shows epitope maps of ESAT-6 and CFP10. Epitope map of ESAT-6 in tuberculosis patients in India (A),
epitope map of ESAT-6 in healthy Indian adults resident in Mumbai (B) and epitope map of CFP10 in healthy Indian
adults resident in Mumbai (C). For each antigen the number of individuals responding to a given peptide is expressed
as a percentage of the total number of subjects responding to that antigen.

Figure 8 shows the progressive decline in frequency of ESAT-6 peptide-specific IFN-y-secreting T cells during anti-
tuberculosis chemotherapy in a series of 5 culture-confirmed tuberculosis patients followed-up longitudinally. For
each individual, the number of peptide-specific T cells for each of the ESAT-6-derived peptides, enumerated by the
ex vivo enzyme-linked immunospot (ELISPOT) assay, was summated at each time point.

Detailed description of the invention

[0014] The invention provides a method which can be used to measure in an individual the efficacy of a given treatment
or intervention for M. tuberculosis infection. In the method the effect of a treatment on the level of a particular T cell is
detected. The invention also provides a method of determining the effect of an intervention on a mycobacterial infection.
Herein the term "method" refers to any of these different methods unless the context requires otherwise.

[0015] The intervention may be natural or man-made, intentional or unintentional, and may for example be infection
by another disease, such as HIV infection or hepatitis B infection.

[0016] The method is generally performed on a peripheral blood sample from an individual who is a human or animal,
typically an animal which can be naturally or artificially infected by a mycobacterium. Thus the individual may be a
mammal, such as a primate, cow, sheep, pig, badger or rodent, e.g. a mouse or rat. The individual typically has an active
or latent M. tuberculosis infection, has had such an infection recently, or is suspected of having a latent M. tuberculosis
infection. The individual may test positive or negative in a Mantoux test. The individual may be at risk of a M. tuberculosis
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infection, typically for socio-economic reasons or may have a genetic or acquired predisposition to M. tuberculosis
infection. The individual may be healthy or may have symptoms of a M. tuberculosis infection.

[0017] Thus, the individual is infected with, or suspected of being infected with, M. tuberculosis. In the method of
determining the efficacy of a treatment, the change in level of effector T cells specific for the M. tuberculosis ESAT-6
antigen is determined by measuring the level of such T cells in a peripheral blood sample from the individual. In order
to determine the change in the level of the T cells, the level of the T cells in the sample taken after the treatment is
administered (referred to herein as the "subsequent sample") is compared to a reference peripheral blood sample taken
previously from the same patient.

[0018] Typically the reference sample is taken from the patient before the treatment or intervention is administered or
before it has had any effect, such as within one or two hours of the treatment being administered. The subsequent
sample is typically taken within six months of the treatment administration, such as within a month or 2 weeks of the
administration. In the method of detecting the effect of an intervention the sample may be taken at any of the above-
mentioned times after the intervention.

[0019] The treatment whose efficacy is being determined is typically a new or old treatment. The treatment may be a
natural agent such as a vitamin (e.g. vitamin D), mineral or plant-derived product. The treatment may be a preventative
or therapeutic vaccine. The treatment is typically isoniazid, rifampicin, ethambutol, pyrazinamide or streptomycin.
[0020] If a particular treatment is found to have a low efficacy, i.e. the treatment does not cause a substantial decrease
in the level of the effector T cells then a different treatment may be administered to the individual. The decrease in the
level of effector T cells may be compared with the decrease in the case of a successful treatment. In one embodiment
a treatment which has a low efficacy will cause a decrease of a rate of less than 5% (e.g. less than 1 %) per week in
the levels of the T cells.

[0021] The different treatment which is typically administered when a first treatment has low efficacy (for example
when bacilli are resistant to the first line drug) may be para-amino-salicyclic acid, kanamyin, capreomycin, ethionamide,
cycloserine, thiacetazone or a flouroquinolone (e.g. ciprofloxacin).

[0022] In certain individuals the effector T cell levels may decrease after treatment and then remain detectable at a
substantially constant level, say over the period of at least two months. This may indicate the change of the infection
from an active one to a latent one, unless re-exposure to a mycobacterium occurs whereupon the level of the effector
T cells may rise.

[0023] Typicallyinamethod of determining the presence of alatent M. tuberculosis infection the detection of afrequency
of at least 20 effector T cells specific for ESAT-6 per million peripheral blood mononuclear cells (PBMCs) may be taken
to indicate the presence of a latent infection. The frequency of these cells would be expected to remain relatively constant
in an individual with an untreated latent infection.

[0024] The T cells which are detected in the method recognise a M. tuberculosis protein antigen, which is ESAT-6.
Thus the T cells will be specific for / bind to peptides from that protein, i.e. will be specific for/bind to particular fragments
(or epitopes) of the protein. The T cells may be CD4 or CD8 T cells. The T cells have been pre-sensitised in vivo to the
mycobacterial proteins, and are present in the peripheral blood of an individual which has been exposed to the myco-
bacterium at a frequency of 1in 108 to 1 in 10 PBMCs.

[0025] In a preferred embodiment the level of, or presence of, effector T cells is detected by contacting cells of the
peripheral blood sample with (i) a whole ESAT-6 myobacterial protein, or (ii) a peptide which is a fragment thereof, or
(iii) an analogue of (i) or (ii) which is recognised by a T cell receptor that recognises (i) or (ii). Thus the peptide sequence
which is recognised may be a fragment of ESAT-6.

[0026] The sequence which is recognised is at least 8 amino acids in length, typically at least 12, 15, 20 or more amino
acids in length.

[0027] The peptide which is used in the method is thus typically a peptide which has or comprises a sequence which
is the same as the fragment of ESAT-6 referred to above, e. g. a fusion protein. The peptide typically has a length of at
least 8, 10, 15, 20 or more amino acids, and typically has a length of less than 100 amino acids, such as less than 80
or less than 60 amino acids.

[0028] Determination of whether the effector T cells recognise the peptide is generally done by detecting a change in
the state of the T cells in the presence of the peptide or determining whether the T cells bind the peptide. The change
in state is generally caused by antigen specific functional activity of the effector T cell after the T cell receptor binds the
peptide. Generally when binding the T cell receptor the peptide is bound to an MHC class | or Il molecule, which is
typically present on the surface of an antigen presenting cell (APC).

[0029] The change in state of the effector T cell may be the start of or increase in secretion of a substance from the
effector T cell, such as a cytokine, especially | FN-y, IL-2 or TNF-a..

[0030] Intracellular changes may be detected, for example by using intracellular staining techniques, typically intrac-
ellular cytokine staining (e. g. for any of the cytokine mentioned herein). After such staining the staining can be detected
using a cell sorting technique, for example using a FACS technique.

[0031] Determination of IFN-y secretion is particularly preferred. The substance can typically be detected by allowing
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it to bind to a specific binding agent and then measuring the presence of the specific binding agent/substance complex.
The specific binding agent is typically an antibody, such as polyclonal or monoclonal antibodies. Antibodies to cytokines
are commercially available, or can be made using standard techniques.

[0032] Typically the specific binding agent is immobilised on a solid support. In one embodiment this allows the actual
number of responding T cells to be determined since after binding the agent the substance will remain in the vicinity of
the T cell which secreted it. Thus ’spots’ of substance/agent complex may form on the support, each spot representing
a T cell which is secreting the substance. Quantifying the spots (and typically comparing against a control) allows
determination of recognition of the peptide.

[0033] After the substance is allowed to bind the solid support can optionally be washed to remove material which is
not specifically bound to the agent. The agent/substance complex may be detected by using a second binding agent
which will bind the complex. Typically the second agent binds the substance at a site which is different from the site
which binds the first agent. The second agent is preferably an antibody and is labelled directly or indirectly by a detectable
label.

[0034] Thus the second agent may be detected by a third agent which is typically labelled directly or indirectly by a
detectable label. For example the second agent may comprise a biotin moiety, allowing detection by a third agent which
comprises a streptavidin moiety and typically alkaline phosphatase as a detectable label.

[0035] Inone embodimentthe detection system whichis usedis the ex-vivo ELISPOT assay described in WO 98/23960.
In that assay IFN-y secreted from the T cell is bound by a first IFN-y specific antibody which is immobilised on a solid
support. The bound IFN-y is then detected using a second IFN-y specific antibody which is labelled with a detectable
label. Such a labelled antibody can be obtained from MABTECH (Stockholm, Sweden). Other detectable labels which
can be used are discussed below.

[0036] Generally the T cells which are contacted in the method are taken from the individual in a peripheral blood
sample. The sample may be added directly to the assay or may be processed first. Typically the processing may comprise
diluting of the sample, for example with water or buffer. Typically the sample is diluted from 1.5 to 100 fold, for example
2 to 50 or 5 to 10 fold.

[0037] The processing may comprise separation of components of the sample. Typically mononuclear cells (MCs)
are separated from the samples. The MCs will comprise the T cells and APCs. Thus in the method the APCs present
in the separated MCs can present the peptide to the T cells. In another embodiment only T cells, such as only CD4 T
cells, can be purified from the sample. PBMCs, MCs and T cells can be separated from the sample using techniques
known in the art, such as those described in Lalvani et al (1997) J. Exp. Med. 186, p859-865.

[0038] Preferably the T cells which are detected are in the form of unprocessed or diluted samples. The T cells are
used directly ex vivo, i.e. they are not cultured before being used in the method. The T cells are typically freshly isolated
T cells (such as in the form of freshly isolated MCs or PBMCs).

[0039] The APC which is typically present in the method may be isolated from the same individual as the T cell or
from a different individual. The APC may be a naturally occurring APC or an artificial APC. The APC is a cell which is
capable of presenting the peptide to a T cell. It is typically a B cell, dendritic cell or macrophage. It is typically separated
from the same sample as the T cell and is typically co-purified with the T cell. Thus the APC may be present in MCs or
PBMCs. The APC is typically a freshly isolated ex vivo cell or a cultured cell. It may be in the form of a cell line, such as
a short term or immortalized cell line. The APC may express empty MHC class Il molecules on its surface.

[0040] In the method one or more peptides (typically at least 2, 5, 10 or more different peptides) may be used. Thus
the T cells can be placed into an assay with all the peptides (i.e. a pool of the peptides) which it is intended to test.
Alternatively the T cells can be divided and placed into separate assays each of which contain some of the peptides
which it is intended to test.

[0041] In one embodiment peptide per se is added directly to an assay comprising T cells and APCs. As discussed
above the T cells and APCs in such an assay could be in the form of MCs. When peptides which can be -recognized
by the T cell without the need for presentation by APCs are used then APCs are not required. Analogues which comprise
or mimic the original peptide bound to a MHC molecule are an example of such a peptide.

[0042] In one embodiment the peptide is provided to the APC in the absence of the T cell. The APC is then provided
to the T cell, typically after being allowed to present the peptide on its surface. The peptide may have been taken up
inside the APC and presented, or simply be taken up onto the surface without entering inside the APC.

[0043] The duration for which the peptide is contacted with the T cells will vary depending on the method used for
determining recognition of the peptide. Typically 10° to 107, preferably 5x105 to 106 PBMCs are added to each assay.
In the case where peptide is added directly to the assay its concentration is generally from 10-1 to 103 pg/ml, preferably
0.5 to 50.g/ml or 1 to 10.g/ml.

[0044] Typically the length of time for which the T cells are incubated with the peptide is from 4 to 24 hours, preferably
6 to 16 hours. When using ex vivo PBMCs it has been found that 0.3x10% PBMCs can be incubated in 10.g/ml of peptide
for 12 hours at 37°C.

[0045] In the method instead of the peptide(s) an analogue may be used which is recognised by the T cell receptor
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that recognises the peptide. Therefore generally when the analogue is added to T cells in the presence of the equivalent
said peptide, typically also in the presence of an APC, the analogue inhibits the recognition of the equivalent peptide.
The binding of the analogue to the said T cell receptors can be tested by standard techniques. For example T cell
receptors can be isolated from T cells which have been shown to recognise the peptide (e.g. using any of the detection
of recognition assays discussed above). Demonstration of the binding of the analogue to the T cell receptors can then
shown by determining whether the T cell receptors inhibit the binding of the analogue to a substance that binds the
analogue, e.g. an antibody to the analogue. Typically the analogue is bound in an MHC class Il molecule in such an
inhibition of binding assay.

[0046] Typically the analogue inhibits the binding of the peptide to a T cell receptor. In this case the amount of peptide
which can bind the T cell receptor in the presence of the analogue is decreased. This is because the analogue is able
to bind the T cell receptor and therefore competes with the peptide for binding to the T cell receptor. T cells for use in
the above binding experiments can be isolated from patients with mycobacterial infection.

[0047] Other binding characteristics of the analogue are also the same as the peptide, and thus typically the analogue
binds to the same MHC class Il molecule which the peptide binds. The analogue typically binds to antibodies specific
for the peptide, and thus inhibits binding of the peptide to such an antibody.

[0048] The analogue is typically a peptide. It may have homology with the equivalent original peptide. A peptide which
is homologous to another peptide is typically at least 70% homologous to the peptide, preferably at least 80 or 90% and
more preferably at least 95%), 97% or 99% homologous thereto, for example over a region of at least 15, preferably at
least 30, for instance at least 40, 60 or 100 or more contiguous amino acids. Methods of measuring protein homology
are well known in the art and it will be understood by those of skill in the art that in the present context, homology is
calculated on the basis of amino acid identity (sometimes referred to as "hard homology"). For example the UWGCG
Package provides the BESTFIT program which can be used to calculate homology (for example used on its default
settings) (Devereux et al (1984) Nucleic Acids Research 12, p387-395).

[0049] An analogue which is a peptide typically has any of the amino acid lengths mentioned above for the peptide
discussed above. Typically the amino acids in the analogue at the equivalent positions to amino acids in the original
peptide which contribute to binding the MHC molecule or are responsible for the recognition by the T cell receptor, are
the same or are conserved.

[0050] Typically the analogue peptide comprises one or more modifications, which may be natural post-translation
modifications or artificial modifications. The modification may provide a chemical moiety (typically by substitution of a
hydrogen, e.g. of a C-H bond), such as an amino, acetyl, hydroxy or halogen (e.g. fluorine) group or carbohydrate group.
Typically the modification is present on the N or C terminus.

[0051] The analogue may comprise one or more non-natural amino acids, for example amino acids with a side chain
different from natural amino acids. Generally, the non-natural amino acid will have an N terminus and/or a C terminus.
The non-natural amino acid may be an L- or D- amino acid. The analogue typically has a shape, size, flexibility or
electronic configuration which is substantially similar to the original peptide. Itis typically a derivative of the original peptide.
[0052] In one embodiment the analogue is or mimics the original peptide bound to a MHC class | or Il molecule. The
analogue may be or may mimic the original peptide bound to 2, 3, 4 or more MHC class | or Il molecules associated or
bound to each other. These MHC molecules may be bound together using a biotin/streptavidin based system, in which
typically 2, 3 or 4 biotin labelled MHC molecules bind to a streptavidin moiety. This analogue typically inhibits the binding
of the peptide/MHC Class | or Il complex to a T cell receptor or antibody which is specific for the complex. The analogue
is typically an antibody or a fragment of an antibody, such as a Fab or (Fab), fragment.

[0053] The analogue may be immobilised on a solid support, particularly an analogue which mimics peptide bound to
a MHC molecule.

[0054] The analogue is typically designed by computational means and then synthesised using methods known in the
art. Alternatively the analogue can be selected from a library of compounds. The library may be a combinatorial library
or a display library, such as a phage display library. The library of compounds may be expressed in the display library
in the form of being bound to a MHC class | or Il molecule, such as the MHC molecule which the original peptide binds.
Analogues are generally selected from the library based on their ability to mimic the binding characteristics of the original
peptides. Thus they may be selected based on ability to bind a T cell receptor or antibody which recognises the original
peptide.

[0055] In one embodiment the T cells are detected not based on their response to a substance but based on their
ability to bind a specific binding agent. Typically the agent is or comprises any of the proteins, peptides or analogues
mentioned herein. The agent may be labelled (for example using any of the detectable labels mentioned herein). The
specific binding agent may comprise an MHC molecule, and is preferably an MHC tetramer-peptide complex (for example
as mentioned above).

[0056] The peptide or analogue discussed herein can be made using standard synthetic chemistry techniques, such
as by use of an automated synthesizer. They can be made from a longer polypeptide, e.g. a fusion protein, which
polypeptide typically comprises the sequence of the peptide, and may be derived from the polypeptide by for example
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hydrolysing the polypeptide, such as using a protease; or by physically breaking the polypeptide. The polypeptide is
typically ESAT-6 or CSF-10, which may have been expressed recombinantly.

[0057] The therapeutic agents mentioned herein may be in the form of a pharmaceutical composition which comprises
the agent and a pharmaceutically acceptable carrier or diluent. Suitable carriers and diluents include isotonic saline
solutions, for example phosphate-buffered saline. Typically the agent is administered by parenteral, intravenous, intra-
muscular, subcutaneous, transdermal, intradermal; oral, intranasal, intravaginal, or intrarectal administration.

[0058] The dose of agent may be determined according to various parameters, especially according to the particular
agent; the age, weight and condition of the patient to be treated; the route of administration; and the required regimen.
A physician will be able to determine the required route of administration and dosage for any particular patient A suitable
dose may however be from 10ug to 10g, for example from 100 g to 1g of the agent.

[0059] The invention is illustrated by the following Examples:

Example 1

The detection of the correlation between CD4 T cell levels and bacterial load

Methods
Subjects

[0060] Adult patients and contacts were recruited prospectively from London and Oxford. A heparinised blood sample
was drawn from all participants. No subjects had features of HIV infection and patients known to be HIV infected were
excluded. Demographic characteristics are shown in Table 1.

[0061] 27 healthy household contacts (HHC) were recruited on the basis of the following criteria. All had lived in the
same household as an index case of untreated sputum smear positive pulmonary tuberculosis within the last 6 months,
were asymptomatic and had normal chest radiography. In addition, all HHCs had strongly positive TSTs (Heaf grade 3
or 4), which was performed by standardised multiple puncture tuberculin skin testing with a 6 needle disposable head
Heaf gun (Bignall 2000, Bignall Surgical Instruments, UK) and concentrated purified protein derivative (PPD) 100,000
tuberculin units/ml (Evans Medical, Liverpool, UK) in accordance with UK guidelines for evaluation of tuberculosis con-
tacts. 23 HHCs had been BCG-vaccinated and none developed tuberculosis over a 12 month period of follow up. None
had received chemoprophylaxis at the time of venepuncture.

[0062] 32 healthy unexposed controls (UC) with no history of tuberculosis and no known tuberculosis contact were
recruited prospectively. Most were laboratory staff and 28 had been BCG-vaccinated.

[0063] 25 patients with culture positive PTB (C+PTB) had clinical and radiographic findings consistent with tuberculosis
and positive cultures for M. tuberculosis from one or more respiratory specimens. 18/25 (72%) PTB patients had received
either no therapy, or less than 4 weeks therapy at the time of venepuncture.

[0064] 8 patients with culture negative PTB (C-PTB) had a clinical diagnosis made on the basis of highly suggestive
appearances on chest radiography and positive tuberculin skin tests. All were asymptomatic and had no previous history
of treatment for tuberculosis. All respiratory samples, which consisted of 3 sputum specimens (or 3 gastric washings in
the absence of productive cough) and a bronchoalveolar lavage for each patient, were negative for M. tuberculosis
culture. 6/8 (75%) of this group had received either no therapy, or less than 4 weeks therapy.

[0065] 11 patients with tuberculous lymphadenitis (TBLN) had consistent clinical findings, positive TSTs and a good
response to anti-tuberculous chemotherapy. 7 had lymph node biopsies of which 5 grew M. tuberculosis on culture. 5/11
(45%) TBLN patients had received either no therapy, or less than 4 weeks therapy at the time of venepuncture.
[0066] Seventeen patients with non-lymph node extrapulmonary tuberculosis (EPTB) were recruited on the basis of
clinical findings and positive cultures for M. tuberculosis from one or more clinical specimens. 4 patients had tuberculous
osteomyelitis, 2 had musculoskeletal tuberculosis (psoas abscess), 4 had pleural disease, 3 had miliary disease, 3 had
abdominal disease and 1 had meningitis. The small number of patients precluded statistical comparisons of T cell
frequencies between the subgroups of EPTB.

Peptides

[0067] 17 peptides spanning the length of the ESAT-6 molecule were synthesised by solid-phase Fmoc chemistry
(Research Genetics, Alabama, USA). Each peptide was 15 amino acids in length and overlapped its adjacent peptide
by 10 residues. Identity was confirmed by mass spectrometry and purity by high performance liquid chromatography.
Sequence homology searches of the SwissProt and translated GenBank protein databases confirmed that these peptides
are uniquely restricted to the ESAT-6 protein of M. tuberculosis complex.
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Ex vivo ELISPOT assay for single cell IFN-y release: enumeration of circulating ESAT-6 peptide-specific T cells
from peripheral blood

[0068] PBMC were separated from 20 mls blood by standard means and suspended in RPMI supplemented with 2
mM L-glutamine, 100 pg/ml ampicillin, 50 pg/ml gentamicin, 1 mM sodium pyruvate and 10% heat-inactivated foetal
calf serum (Sigma, St. Louis, MO, USA) (R10). As previously described (1, 2), 96-well PVDF-backed plates (MAIPS45,
Millipore, Bedford, MA, USA), pre-coated with 15 ng/ml of anti-IFN-y mAb 1-D 1K (Mabtech, Stockholm, Sweden), were
blocked with R10 for 2 h. 3 x 1,05 PBMC were added in 100 .l R10/well and peptides added individually to single wells
at 10 pg/ml. PPD (Batch RT49, Statens Seruminstitut, Copenhagen, Denmark) was also tested at 20 pwg/ml. Phytohae-
magglutinin (PHA) (ICN Biomedicals, Aurora, USA) at 5 pg/ml was added to duplicate positive control wells and no
peptide to duplicate negative control wells. Recombinant ESAT-6 was added to single wells at 10 wg/ml for 35 subjects.
[0069] After 14 h incubation at 37°C, 5% CO, plates were washed with PBS 0.05% Tween-20 (Sigma, St. Louis, MO,
USA). 50 pl of 1 wg/ml of biotinylated anti-IFN-y mAb, 7-B6-1-biotin (Mabtech), was added. After 2 h, plates were washed
and streptavidin-alkaline phosphatase conjugate (Mabtech) was added to 1:1000. After 1 h and further washing, 50 pl
of diluted chromogenic alkaline phosphatase substrate’ (Biorad, Hercules, CA, USA) was added. After 20 mins plates
were washed and allowed to dry.

ELISPOT assay for single cell IL-4 release

[0070] These assays were carried out as described above using high affinity IL-4-specific antibodies (IL-4-I catcher
and biotinylated IL-4-11 detector (Mabtech)) and a 60 h incubation period.

Enumeration of IFN-y spot-forming cells (SFCs)

[0071] IFN-y SFCswere counted using, a magnifying glass and responses were scored as positive if test wells contained
at least 5 IFN-y SFCs more than negative control wells and this number was at least twice that in negative control wells.
This pre-defined cut-off (5 IFN-y SFCs per 3 x 105 PBMC) translates into a detection threshold of 17 specific T cells per
million PBMC, or 1/59,000 PBMC. The person performing and reading the assays was blinded to the clinical status of
the different groups of patients and HHCs, but not to the UCs. Background numbers of SFCs in negative control wells
were below 5. After subtraction of background values, the number of IFN-y SFCs specific for each peptide was summated
and this total number of ESAT-6 peptide-specific SFCs for a given individual was used for comparisons between groups
of subjects and between different time points during treatment of individual patients.

In vitro generation of peptide-specific T cell lines

[0072] T cell lines were generated as previously described (2). Briefly, PBMC were suspended at 5 x 105 cells /ml in
AB medium (RPMI supplemented with L-glutamine 2 mM, ampicillin 100 plLg/ml, gentamicin 5 wg/ml and 10% heat-
inactivated pooled human AB serum {National Blood Transfusion Service, Bristol, UK}) and 200 pl were added per well
in a round-bottomed 96-well plate. Peptide was added at 10 pg/ml. 10 U/ml IL-2 in the form of Lymphocult-T (Biotest,
Dreiech, Germany) was added every 3 days. After 12 days, T cell lines were immunomagnetically depleted and tested
against the stimulating peptide in duplicate wells in ELISPOT assays for IFN-y using 1-5 x 104 cells/well.

Immunomagnetic cell depletions

[0073] CD4 and CD8 T cells were depleted from T cell lines by 30 mins incubation with anti-CD4 or anti-CD8 mAbs
conjugated to ferrous beads at a ratio of 10 beads to 1 cell using Dynabeads M-450 (Dynal, Oslo, Norway) in 200 pl
R10 on ice. Following dilution in R10, the conjugate-coated cells were removed by a magnet (Dynal, Oslo, Norway).
These Dynabeads reliably deplete >99% of the target cell population.

3H-thymidine incorporation lymphoproliferation assays

[0074] 2 x 105 PBMC were seeded per well in 200 wl AB medium in 96-well round-bottomed plates. Peptides were
added at 10 pg/ml, negative control wells had medium only and positive control wells contained PPD at 20 pg/ml. All
conditions were set up in triplicate wells. Following incubation at 37°C, 5% CO, for 5 days, 1 wCi.3H-thymidine was
added to each well. After 18 h, wells were harvested and 3H-thymidine incorporation measured in a p-counter (Wallac,
UK). Results were scored as positive if the stimulation index was 3 or more.
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Inhibition of T cell responses in ELISPOT assays with anti-MHC class Il antibodies

[0075] HLA class Il restriction of the CD4 T cell response to two immunodominant peptides ESAT-6,_45 and ESAT-
671.g5, Was investigated using T cell lines as well as ex vivo PBMC. The murine monoclonal antibodies L243, L2 and
B7.21, that block peptide presentation to CD4 T cells by HLA-DR, -DQ and -DP, respectively, were added at 10 pg/ml
to 3 separate pairs of duplicate wells in ELISPOT assays followed by 10 wg/ml peptide 90 mins later. Control duplicate
wells received peptide only, or neither peptide nor antibody

Statistical Methods

[0076] Summated frequencies of ESAT-6-peptide-specific IFN-y SFCs for responders were compared between patient
groups using the non-parametric Mann-Whitney test (2-tailed) and between the first and last time points sampled in the
treatment course of individual patients using the non-parametric Wilcoxon Signed Rank test (2-tailed). The proportional
decrease in antigen-specific T cell frequencies during therapy was calculated using the Student’s t test on log transformed
data.

Example 2

Frequencies of ESAT-6 specific T cells

[0077] It was found that ESAT-6 peptide-specific IFN-y-secreting CD4 T cells circulate at high frequencies in M.
tuberculosis-infected individuals and correlate with clinically defined protective immunity. Such T cells were detected in
almost all tuberculosis patients and the majority of contacts. Responses were observed in 10/11 TBLN patients, 7/8 C-
PTB patients, 23/25 C+PTB patients and 23/27 HHCs (Table 1), It is possible that the 4 HHCs who did not respond to
ESAT-6 were not infected with M. tfuberculosis; their positive TSTs may have resulted from prior BCG vaccination. By
contrast, none of the 32 UCs (of whom 28 were BCG-vaccinated) responded to ESAT-6 peptides in the ex vivo ELISPOT
assay for IFN-y (Table 1), consistent with ESAT-6-specific responses being M. tuberculosis-specific. Frequencies of
ESAT-6 peptide-specific IFN-y-secreting T cells for all responders from each group are shown in Fig. 1 and summarised
in Table 1. For the HHCs that responded to ESAT-6 (n=23), frequencies of ESAT-6-specific T cells were significantly
higher (p=0.009) than among the C+PTB patients who responded (n=23) and higher (p=0.044) than the PTB (C+ and
C-) group as a whole (n=30). Both groups of ESAT-6-responsive patients with minimal, paucibacillary disease, TBLN
(n=10) and C-PTB (n=7), also had significantly higher frequencies of ESAT-6 peptide-specific T cells than the C+PTB
patients (p=0.002 and p=0.029, respectively).

[0078] It was also observed that frequencies of circulating ESAT-6-specific IFN-y-secreting T cells in tuberculosis
patients decline progressively with treatment. If lower frequencies of ESAT-6-specific IFN-y-secreting T cells in patients
with active C+PTB were a result of non-specific disease-associated immunosuppression, T cell frequencies would be
expected to rise during effective treatment. We therefore longitudinally tracked 12 patents, (4 C+PTB, 3 TBLN and 5
EPTB) on.anti-tuberculous chemotherapy and observed a decline in the overall frequency of ESAT-6 peptide-specific
T cells (p=0.005) (Fig. 2). The average decrease over the mean follow-up period of 18.6 weeks was by a factor of 0.62
(95% CI: 0.37 - 0.76), that is, to 38% of the initial values, and the rate of decay was 5.5% (95% CI: 2.4 - 8.4) per week.
The frequencies of T cells specific for each of the peptides declined in parallel but only the summated responses to all
ESAT-6-derived peptides are shown for clarity.

[0079] Using the ex vivo ELISPOT assay, each of the overlapping ESAT-6-derived 15mer peptides was recognised
by IFN-y-secreting T cells from one or more of 88 tuberculosis patients and contacts tested (Fig 3). In this population,
peptides ESAT-64_45, ESAT-64.,9 and ESAT-6;,_g5 are particularly widely recognised, by 59%, 45% and 37 % of subjects
respectively.

[0080] 59 T cell lines were generated from several patients and HHCs against 15 ESAT-6-derived peptides. After 12
days culture with IL-2 supplementation, ELISPOT assays were performed before and after immunomagnetic depletion
of CD4 or CD8 T cells. For 55/59 T cell lines, peptide-specific responses were abrogated by CD4 depletion (Table 2);
4 T cell lines specific for certain peptides were CD8 positive (2, 3).

[0081] A response in the ex vivo ELISPOT assay for IFN-y indicates T cell-mediated IFN-y-secretion within 14 h of
exposure to peptide. To establish how quickly these T cells can release IFN-y upon antigen encounter, we carried out
6 h ex vivo ELISPOT assays in 3 subjects (2 HHCs and 1 C-PTB) with 11 peptides. In each case, IFN-y SFCs were
readily detected at 6 h to all the peptides that gave a response at 14 h. The frequency of peptide-specific IFN-y-secreting
T cells enumerated at 6 h was 80-90% of that at 14 h, (data not shown), indicating that ESAT-6 peptide-specific T cells
are capable of rapid effector function (1).

[0082] Using PBMC from 15 subjects, lymphoproliferation assays were performed in parallel to ex vivo IFN-y ELISPOT
assays using 16 different peptides. Surprisingly, we did not detect proliferation to peptides ESAT-64_15 and ESAT-674_g5
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in several subjects with IFN-y-secreting T cells specific for these peptides in the ex vivo ELISPOT (Table 2). 12 subjects
responded to ESAT-64_45 by ex vivo ELISPOT (mean peptide-specific IFN-y SFCs for responders: 77/108 PBMC [IQ
range: 3 8-100]) compared with only 3 by lymphoproliferation. For ESAT-6,4_g5, 10 subjects responded by ex vivo
ELISPOT (mean peptide-specific IFN-y SFCs for responders: 121/106 PBMC [IQ range: 65-171]) compared with 5 by
lymphoproliferation. However, lymphoproliferative responses to the positive control, PPD, were strong: mean stimulation
index: 82 (I1Q range: 35-98). Nonetheless, peptide-specific T cell lines were readily generated by peptide stimulation in
vitro with IL-2 supplementation; thus, these ESAT-6 peptide-specific T cells, while displaying rapid effector function upon
antigen contact, cannot proliferate in vitro in the absence of exogenous IL-2. For several other peptides, however, there
was a broad concordance between the two assays (Table 2).

Example 3

HLA restriction of ESAT-64_15 ESAT-6_g5

[0083] We were interested to determine the MHC restriction of the two peptides that were immunodominant by ex vivo
ELISPOT but gave discrepantresults inlymphoproliferation assays. We used monoclonal antibodies to block presentation
of peptide to T cell lines and ex vivo PBMC in ELISPOT assays. For ESAT-6,_45, in all 3 individuals tested, IFN-y SFCs
were markedly diminished by anti-HLA-DQ antibody but not by antibodies to HLA-DR or -DP (Fig. 4A-C). For ESAT-
6485, 2 individuals were tested, and in both cases, the response was blocked only by the anti-HLA-DQ antibody (Fig.
4D, E). In contrast, ex vivo ELISPOT responses to.the other peptides tested (ESAT-6¢.59, ESAT-654_g5, ESAT-646.59
and ESAT-6,¢.9g) were shown to be HLA-DR-restricted (data not shown).

Example 4

Further characterisation of the ESAT-6 specific T cells

[0084] In 35 subjects (28 patients and 7 HHCs) rESAT-6 antigen was tested in the ex vivo ELISPOT assays in parallel
with ESAT-6 peptides and 30/35 (86%) responded to rESAT-6 (Fig 3). The 5 subjects who did not respond to the protein
were subjects who also failed to respond to any of the 17 peptides..Thus, of 30 patients who responded to one or more
peptides, all responded to rESAT-6 antigen, indicating that rESAT-6 is processed and presented to T cells in the ex vivo
ELISPOT assay.

[0085] Freshly isolated PBMC from 10 tuberculosis patients (5 C+PTB and 5 EPTB) and 8 HHCs were tested ex vivo
against all 17 ESAT-6 derived peptides in an ELISPOT assay for IL-4 in parallel with the ELISPOT assay for IFN-y. The
numbers of SFCs were summated for each peptide. Among the tuberculosis patients 10/10 had ESAT-6 peptide-specific
IFN-y-secreting T cells (mean: 668 IFN-y SFCs/million PBMC) while 0/10 had ESAT-6 peptide-specific IL-4-secreting T
cells. For the HHCs, 6/8 responded in the IFN-y ELISPOT assay (mean frequency in responders: 414 ESAT-6 peptide-
specific IFN-y SFCs/million PBMC) compared with 2/8 responders in the IL-4 ELISPOT assay (mean frequency in
responders: 93 ESAT-6 peptide-specific IFN-y SFCs/million PBMC). Positive controls for IFN-y and IL-4 ELISPOT assays
with PHA stimulation were always over 500 IFN-y or IL-4 SFCs per 106 PBMC, respectively.

Discussion

[0086] By direct ex vivo analysis, we have identified a population of antigen-specific IFN-y-secreting CD4 T cells that
circulate in the blood of almost all M. tuberculosis-infected individuals, but are absent in unexposed, BCG-vaccinated
controls. The presence of high frequencies of circulating IFN-y-secreting ESAT-6-specific CD4 T cells in PPD-positive
recently exposed HHCs, who were clinically and radiographically free of disease, indicates that these T cells are not
necessarily associated with tissue pathology per se. Rather, their presence in these individuals may be consistent with
arole in the containment of M. tuberculosis in vivo. This hypothesis is supported by the observation that ESAT-6-specific
CDA4 T cells circulate at higher frequencies in HHCs than in C+PTB patients (Fig 1). Amongst subgroups of tuberculosis
patients, the frequency of these T cells was higher in those groups who manifest relatively more successful containment
of M. tuberculosis in vivo.

[0087] Thus TBLN patients (with highly localised disease, minimal symptoms and frequent spontaneous resolution)
and C-PTB patients (with no symptoms and no evidence of ongoing bacterial replication in multiple clinical specimens)
both had higher frequencies of ESAT-6-specific CD4 T cells than C+PTB patients with M. tuberculosis actively growing
in respiratory secretions (Table 1 and Fig. 1). Thus, the overall frequency of ESAT-6-specific IFN-y-secreting CD4 T
cells appears to correlate with clinically-defined protective immunity.

[0088] However, active tuberculosis causes an ill-defined non-specific immunosuppression. It is therefore possible
that immune responses that are weaker in patients with more extensive active disease than in patients with minimal
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disease, are merely secondarily suppressed as a consequence of active tuberculosis itself. If this were the case, immune
responses should rise with treatment and, in general, antigen-specific or PPD-specific IFN-y secretion in PBMC bulk
cultures and lymphoproliferative responses do increase during anti-tuberculous therapy. Thus, previously.identified as-
sociations of stronger T cell responses with minimal disease did not correlate with protective immunity because the
weaker responses in patients with more extensive disease recover with treatment. It has therefore not been possible to
identify correlates of clinically defined protective immunity based on these conventional assays. However, longitudinal
follow up of tuberculosis patients with the ex vivo ELISPOT assay showed that the frequency of ESAT-6 specific IFN-
y-secreting CD4 T cells actually fell during therapy (p=0.005) (Fig 2). This indicates that the lower frequency of ESAT-
6-specific T cells in patients with more extensive disease is not a secondary effect of disease-related immunosuppression
nor a result of sequestration of M. tuberculosis-specific T cells at sites of active disease. Rather, the decline in ESAT-
6-specific T cells with therapy, which reduces bacterial load by several orders of magnitude, suggests that, within a given
individual, the frequency of ESAT-6-specific T cells is related to antigen load. This observation was made possible by
using an assay that directly quantitates antigen-specific T cells without involving in vitro proliferation. Our finding is
somewhat analogous to the decay in virus-specific CD8 and CD4 T cell frequencies, directly enumerated from peripheral
blood, in HIV-infected patients during combination antiretroviral therapy and, in general for intracellular pathogens,
frequencies of antigen-specific T cells, when directly quantitated ex vivo, appear to be driven by antigen load.

[0089] Although there is no quantitative absolute measure of bacterial or antigen load in tuberculosis, they must be
directly and closely inter-related. Antigen load is almost certainly much lower in HHCs than in patients and, amongst
patients, will obviously be lower in TBLN patients and C-PTB patients than in C+PTB patients. Given that antigen load
appears to drive ESAT-6-specific CD4 T cell frequencies, it is remarkable that the M tuberculosis-infected subjects with
lower antigen loads have higher levels of ESAT-6-specific CD4 T cells. This inverse correlation is similar to that observed
for virus-specific CD8 T cell frequencies and plasma viral load in HIV-infected patients, a finding which provided important
support for the protective role for CD8 T cells in control of HIV and which depended crucially upon a means to quantify
antigen-specific T cells ex vivo directly from peripheral blood. Thus, consideration of the frequencies of ESAT-6-specific
T cells in the context of the differing bacterial load in the different groups of M. fuberculosis-infected subjects, lends
further support to our hypothesis that these T cells mediate containment of M. tuberculosis in vivo. All groups of patients
had similar proportions of individuals who had undergone treatment except for the HHCs, none of whom had received
chemoprophylaxis. Moreover, the effect of treatment on ESAT-6 peptide-specific T cell frequencies appears to be similar
for all groups of patients followed up (Fig. 2). Thus, the differences in ESAT-6-specific CD4 T cell frequencies between
the 3 groups of patients are unlikely to result from differences in duration of treatment, although this may not apply to
the HHCs.

[0090] Our interpretation of these findings is that, at the time of initial infection with M. tuberculosis, HHCs mount a
strong, high frequency Th1-type CD4 T cell response to M. tuberculosis and, in particular, to ESAT-6, and so limit
bacterial replication. Individuals who go on to develop active disease, by contrast, make a weak CD4 T cell response
and the bacteria are allowed to reach a higher equilibrium bacterial load resulting in disease. Thus, HHCs maintain a
high frequency of ESAT-6-specific CD4 T cells with limited antigenic stimulation from a low bacterial load, while in C+PTB
patients, a high bacterial load stimulates weaker, less efficient proliferation of antigen-specific CD4 T cells in vivo. This
model is analogous to that proposed for certain chronic viral infections, where virus-specific CD8 T cells are believed to
mediate protective immunity. The difference between HHCs and PTB patients may lie in an individual’s T cell respon-
siveness, which has previously been defined as the rate at which pathogen-specific T cells proliferate in vivo after
encountering an infected host cell. Indeed, the early emergence and efficient proliferation of IEN-y-secreting CD4 T cells
in vivo has recently been identified as a crucial factor in the early containment of mycobacterial infection in murine
models. ESAT-6 contains multiple CD4 T cell epitopes. Figure 3 shows that several ESAT-6-derived peptides are widely
recognised by T cells from an ethnically and genetically diverse range of patients and HHCs, suggesting that these
peptides may be permissively restricted by a wide range of HLA class Il haplotypes. The hierarchy of immunodominance
using the ex vivo ELISPOT assay (Fig 3) is quite different to that reported by others using more conventional assays
that depend on in vitro proliferation. In particular, the striking immunodominance of peptides ESAT-6,_45 and ESAT-
685 has not been previously recognised to the extent observed here, and might reflect the fact that the ex vivo ELISPOT
assay can detect T cells that have lost their in vitro proliferative potential. We therefore tested these, and the other ESAT-
6-derived peptides, for their ability to stimulate T cells in lymphoproliferation assays. Although for most peptides there
was a broad concordance between T cell responses in these assays and in the ex vivo ELISPOT, for peptides ESAT-
61.45 and ESAT-674_g5 there was a marked discrepancy (Table 2). The impaired ability of ESAT-6,_45 specific and ESAT-
64.g5-specific T cells to proliferate in vitro probably explains why the immunodominance of these peptides was not
hitherto fully appreciated. Interestingly, however, these T cells did proliferate in vitro if stimulated with IL-2 as well as
peptide.

[0091] Since peptides ESAT-64_15 and ESAT-6;4_g5 are recognised ex vivo by T cells from a very high proportion of
M. tuberculosis-infected subjects, their HLA restriction is of special interest. Immunodominant, permissively restricted
CD4 epitopes are usually HLA-DR-restricted and this is the case in tuberculosis. Surprisingly, peptides ESAT-6,_45 and
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ESAT-64,_g5 Were shown to be HLA-DQ-restricted in ELISPOT assays (Fig. 4). These are, to our knowledge, the first
immunodominant HLA-DQ-restricted mycobacterial epitopes to be identified.

[0092] Having found that most M. tuberculosis-infected individuals have high frequencies of ESAT-6-specific IFN-y-
secreting CD4 T cells, we asked whether ESAT-6-specific Th2-type CD4 T cells are also induced to a similar extent. Ex
vivo ELISPOT assays for IL-4 in a subset of patients and HHCs showed that, in contrast to the almost universal presence
of ESAT-6-specific IFN-y-secreting T cells in M. tuberculosis-infected subjects, IL-4-secreting T cells specific for ESAT-
6 are rare. ESAT-6-specific CD4 T cells induced by natural M. tuberculosis infection thus have a highly Th1-polarised
pattern of cytokine secretion.

[0093] We have identified a population of circulating IFN-y-secreting M. tuberculosis antigen-specific CD4 T cells that
circulate at high frequencies in asymptomatic individuals with latent M. tuberculosis infection, as well as tuberculosis
patients. Our direct quantitative ex vivo approach led to certain key findings that have not been recognised using previous
assays. Unlike other cellular immune responses in tuberculosis, frequencies of ESAT-6-specific CD4 T cells decay
progressively with treatment, suggesting that these T cell frequencies are driven, at least in part, by antigen load.
Therefore, patients with more extensive disease and higher bacterial loads would be expected to have the highest
antigen-specific T cell frequencies. However, we observed the opposite: between groups of tuberculosis patients, the
frequencies of these T cells appear to correlate with clinically-defined protective immunity; that is they correlate inversely
with inferred bacterial load. These findings are consistent with a role for this population of Th1-type antigen-specific CD4
T cells in the containment of M. tuberculosis in vivo. These results, together with the fact that ESAT-6 contains multiple
CD8T cell epitopes, suggest that this antigen may be a target of protective immune responses in M. tuberculosis-infected
humans; its absence from M. bovis BCG might thus account, in part, for the limited efficacy of B CG vaccination.

Example 5

The detection of CD4 T cells in individuals with latent infection

Methods
Study population

[0094] All subjects were recruited prospectively in Mumbai and Oxford. A heparinised blood sample was drawn after
obtaining informed consent.

[0095] 50 patients with clinical and radiographic features consistent with tuberculosis and with positive cultures for M.
tuberculosis from one or more clinical specimens, were recruited. 45 patients had pulmonary tuberculosis, 4 had tuber-
culous lymphadenitis and one had tuberculous pleuritis. 6 patients (5 pulmonary and one pleural tuberculosis) were HIV
antibody positive. None of the other 44 patients had clinical features suggestive of HIV infection. The mean age of the
patients was 33 years (range: 14 - 69) and the male:female ratio was 33:17. The patients were ethnically diverse
comprising Maharashtrans (n = 28), Gujaratis (n = 6), Muslims (n = 6), South Indians (n = 4), Punjabis (n = 3), Uttar
Pradeshis (n = 2) and Sindhis (n = 1). 35 patients (70%) had received less than one month’s therapy or were untreated
at the time of venepuncture for ELISPOT assays; the remaining 15 patients were at latter time points in their treatment
course (< 1 year).

[0096] 108 healthy residents of Mumbai were prospectively recruited at an executive health check-up clinic; all were
corporate executives requested to attend by their employers for insurance medicals and none had self-referred with
symptoms. 7 subjects gave a past medical history of tuberculosis and one was resident in Zambia: these 8 subjects
were excluded. The remaining 100 subjects all had normal chest radiography and none had any features of HIV infection.
The male:female ratio was 78:22 and the mean age was 47 years (range: 18 - 70). The executives were ethnically
diverse comprising Gujaratis (n = 36), Maharashtrans (n = 22), South Indians (n = 14), Sindhis (n = 7), Parsis (n = 6),
Punjabis (n = 6), Marwaris (n = 4), Muslims (n = 3) and Bengalis (n = 2).

[0097] 40 healthy adult UK residents were recruited in Oxford. None had lived in a tuberculosis endemic country for
more than one month and none had a past medical history of tuberculosis nor any known tuberculosis contact. All were
ethnically white Caucasians, the male:female ratio was 21:19 and the mean age was 32 years (range: 23 - 49). 33/40
(82%) had a BCG scar or history of BCG vaccination.

[0098] Five bacteriologically confirmed tuberculosis patients were followed-up in the UK and ESAT-6 peptide-specific
IFN-y-secreting T cells were enumerated at different time points during anti-tuberculosis chemotherapy. Three of these
patients had pulmonary tuberculosis, one had pleural disease (DD1) and one had tuberculous lymphadenitis (DD8).

ESAT-6 and CFP10-derived peptides

[0099] 17 peptides spanning the length of the ESAT-6 molecule and 18 peptides spanning the length of the CFP10
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molecule were obtained and their identity tested as described for the peptides of Example 1. Each peptide was 15 amino
acids long and overlapped its adjacent peptide by 10 residues. Sequence homology searches of the SwissProt and
translated GenBank databases of all known protein sequences confirmed that the sequences of these peptides are
uniquely restricted to the ESAT-6 and GFP10 proteins of M. tuberculosis complex. A response to one or more of these
35 peptides was scored as indicative of M. tuberculosis infection.

Ex vivo enzyme-linked immunospot (ELISPOT) assay for single cell IFN-y release: enumeration of circulating
ESAT-6 peptide-specific T cells from peripheral blood

[0100] PBMC were separated from 15mls blood by standard means and suspended in RPMI supplemented with L-
glutamine 2 mM, penicillin 100 iu/ml and 10% heat-inactivated foetal calf serum (Sigma, St. Louis, MO, USA) (R10).
The ELISPOT assay was carried out as described in Example 1.

[0101] 2.5 x 105 PBMC (3 x 105 for the UK subjects) were added in 100 pl R10/well and each of the 35 ESAT-6 and
CFP10-derived peptides was added individually to single wells at 10 pg/ml. PPD (Batch RT49, Staatens Seruminstitut,
Copenhagen, Denmark) was also tested at 20 p.g/mlin duplicate wells. Phytohaemagglutinin (ICN Biomedicals, Aurora,
OH, USA) at 5 pg/ml was added to duplicate positive control wells and no peptide to duplicate negative control wells:
Whole recombinant ESAT-6 was added at 10 png/ml for 11 tuberculosis patients and all healthy adults.

[0102] Incubation and further washes were performed as in Example 1. Responses were scored as positive if test
wells contained at least 5 IFN-y SFCs more than negative control wells and this number was at least twice that in negative
control wells. Although the person performing the assays was not blind to the patients’ tuberculosis status, the read-out
in SFCs is quantitative, criteria for a positive response were stringent and pre-defined and SFCs in negative control
wells were always below 15, so that positive responses were clear-cut. Positive and negative responses were immediately
recognisable by direct inspection of the plate, prior to precise enumeration with a magnifying lens. ELISPOT assay wells
where the number of IFN-y SFCs exceeds 250 cannot be precisely enumerated because the spots coalesce with each
other. 250 SFCs per well (equivalent to 1000 SFCs per million PBMC) was therefore taken as the upper limit for accurate
quantitation. The total number of ESAT-6- and CFP10-specific T cells in a given individual was calculated by summating
all the IFN-y SFCs specific for each of the different ESAT-6- or CFP10-derived peptides (after subtraction of the back-
ground number of SFCs in the negative control wells), respectively, in that individual.

HIV antibody testing

[0103] HIV antibodies were detected by a rapid test with recombinant protein (Immunocomb II, Orgenics Ltd, Israel)
followed by 2 different microtitre ELISA tests with synthetic peptides from different antigens (Laboratory Systems, Finland
and Innogenetics, Innogenetics N.V, Belgium).

Tuberculin skin testing

[0104] 1 TU of PPD (1:10,000) (Span Diagnostics, India) was injected intradermally in the flexor surface of the forearm
to raise a pale white bleb. Cutaneous induration was measured with a ruler at 72 hrs and induration > 10 mm was taken
as positive.

Results

[0105] A high proportion of Indian tuberculosis patients have circulating ESAT-6 peptide-specific IFN-y-secreting T
cells and the ESAT-6-based ex vivo ELISPOT also detects tuberculosis patients with HIV infection. Fig. 5 shows that
40/50 bacteriologically confirmed cases of tuberculosis responded in the ESAT-6-based ex vivo ELISPOT assay. All 6
tuberculosis patients with HIV co-infection responded. The median number of ESAT-6 peptide specific T cells in the 40
patients who responded was 128 (inter-quartile range: 73-208) per million PBMC. Many patients responded to multiple
peptides. Positive responses were clear-cut when compared with negative control wells and, out of a total of 40 positive
responses, only 2 tuberculosis patients gave borderline positive responses (20 peptide-specific T cells per million PBMC).
Of the 11 patients tested against whole recombinant ESAT-6, including 4 patients with HIV coinfection, all responded
to recombinant antigen as well as to one or more ESAT-6-derived peptides. 6 tuberculosis patients (including 3 with HIV
infection) underwent TST: all 6 were negative by Mantoux but positive in the ESAT-6-based ex vivo ELISPOT assay.
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Example 6

High frequencies of RD1-encoded antigen-specific IFN-y-secreting T cells in 80% of healthy Indian adults

[0106] 100 healthy adults with normal chest radiography and no history of tuberculosis were tested by ESAT-6 and
CFP10 peptide-based ex vivo ELISPOT assay for IFN-y. 56 had ESAT-6 peptide-specific T cells and 76 had CFP10
peptide-specific T cells detectable in peripheral blood (Fig. 6A). Overall, 80% responded to either ESAT-6 or CFP10
(Table 1). For the responders, the median frequency of ESAT-6 peptide-specific T cells was 86 (interquartile range: 43
- 156) per million PBMC and the median frequency of CFP10 peptide-specific T cells was 158 (interquartile range: 84 -
261) per million PBMC. These antigen-specific T cell frequencies are as high as (in the case of ESAT-6) or even higher
(inthe case of CFP10) than the frequency of PPD-specific IFN-y-secreting T cells among the 98 individuals who responded
to PPD: median = 86 (interquartile range: 56 - 222) per million PBMC. CFP10 peptide-specific T cell frequencies were
especially high and 9 individuals had over 1000 CFP10-specific IFN-y-secreting T cells per million PBMC. The combined
frequency of IFN-y-secreting T cells specific for ESAT-6 and CFP10 derived peptides in the 80 individuals who responded
to either of these 2 antigens (median = 208 per million PBMC [interquartile range: 116-357]) is higher than the frequency
of 1FN-y-secreting PPD-specific T cells. Thus, in healthy residents of a tuberculosis endemic area, these two antigens
alone are a more potent target of IFN-y-secreting T cells ex vivo than is PPD, which contains over 200 antigens.
[0107] Of the 56 healthy individuals who responded to ESAT-6-derived peptides, the majority (n=47) also responded
to whole recombinant antigen, suggesting that processing and presentation of recombinant antigen occurs when it is
added exogenously to PBMC in ELISPOT assays. This is consistent with our previous observations and supports the
fact that the peptide-specific responses are not artefactual. We have previously observed that M. tuberculosis-infected
individuals who respond to ESAT-6-derived peptides but not whole antigen in the ex vivo ELISPOT assay, have ESAT-
6-specific CD8 T cells; the lack of recognition of whole antigen is because exogenously added ESAT-6 is not be processed
through the MHC class | antigen processing pathway, whereas vaccinia virus recombinant for ESAT-6 will present to
CD8 T cells. Thus, in the 9 individuals in whom peptide-specific responses were not accompanied by a response to
exogenously added antigen, the T cell response to ESAT-6 was probably CD8-mediated.

Absence of ESAT-6 and CFP10-specific T cells in healthy residents of a non-endemic area

[0108] 40 healthy adult UK residents with no past history of tuberculosis were tested prospectively by ESAT-6 and
CFP10 peptide-based ex vivo ELISPOT assay for IFN-y. None of the donors reported any tuberculosis contact. Fig. 6B
shows that no donors responded to any of the CFP10 or ESAT-6 peptides. By contrast, 33/40 subjects responded to
PPD in the ex vivo ELISPOT assay for IFN-y with a median frequency of 83 (interquartile range: 53-215) PPD-specific
T cells per million PBMC which was very similar to the frequency of PPD-specific T cells seen in the healthy Indian
adults. Then high prevalence of PPD-specific responses in the unexposed UK residents probably reflects the fact that
33/40 were BCG-vaccinated.

Epitope mapping of ESAT-6 and CFP10 in Indian tuberculosis patients and healthy adults

[0109] Many Indian patients and healthy adults responded to multiple peptides and, as illustrated in Fig. 7A & 7B,
ESAT-6 contains multiple T cell epitopes which are concentrated at the amino and carboxy termini of the molecule.
These highly immunogenic peptides are mostly CD4 T cell epitopes because T cell lines have been generated in vitro
against peptides ESAT-61_45, ESAT-64.59, ESAT -64¢.39, ESAT-654_35, ESAT-634_45, ESAT-64¢.0, ESAT-651.65, ESAT-
656.70: ESAT-6¢6.59, ESAT-674_55, ESAT-676.99 and ESAT-6g¢.g5, and, in each case, peptide-specific responses were
abrogated by immunomagnetic depletion of CD4 T cells (data not shown). We have previously identified 8-mer and 9-
mer HLA class I-restricted CD8 epitopes in peptides 4 and 14 but, since these are strictly restricted by HLA-A6802 and
HLA-B52 respectively, only a small proportion of infected people respond. In contrast to these CD8 epitopes, many of
the CD4 epitopes were recognized by T cells from a relatively large percentage of the 150 ethnically diverse Indians in
this study. For several of these peptides (ESAT-6_15, ESAT-6¢_.59, ESAT-651.65 and ESAT-6;4_g5), Wwe have previously
used anti-HLA-DR, -DQ and -DP monoclonal antibodies to block presentation to CD4 T cells in ELISPOT assays. In all
tuberculosis patients and contacts where this was tested (n=14), the responses were MHC class |I-restricted. The pattern
of ESAT-6 epitopes to which the tuberculosis patients responded is similar to that for the healthy subjects (Fig. 7A & 7B).
[0110] Analysis of the T cell response to the 18 overlapping CFP10 peptides in the hundred residents of Mumbai has
generated the first epitope map of CFP10 (Fig. 7C). This reveals two strikingly immunodominant domains, CFP5,_;,and
CFP74_g0; almost 50% of healthy Indians responded to peptides from these two regions. 15-20% of Indians responded
to CFP46.30 and CFP44_g, identifying these peptides as additional immunogenic regions.
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Progressive decline in frequency of ESAT-6 peptide-specific IFN-y-secreting T cells during anti-tuberculosis
treatment

[0111] Figure 8 shows the progressive fall in the frequency of ESAT-6 peptide-specific IFN-y-secreting T cells during
anti-tuberculosis treatment in a series of culture-confirmed tuberculosis cases followed up longitudinally in the UK (n=5).
All patients had drug-sensitive isolates of M. tuberculosis and responded well to therapy.

Discussion

[0112] We have identified ESAT-6-specific IFN-y-secreting T cells as an accurate marker of M. tuberculosis infection
in patients with bacteriologically confirmed active disease and latently infected TST positive healthy household contacts
of sputum smear positive tuberculosis cases. CFP10 shares the same species specificity as ESAT-6 and is thus absent
from all strains of M. bovis BCG and the vast majority of environmental mycobacteria. Here we demonstrate that 80%
of our sample of healthy Indian adults harbour circulating IFN-y-secreting T cells specific for at least one of these two
RD1 encoded antigens, ESAT-6- and CFP10. This suggests that at least 80% of residents of Mumbai have been exposed
to, or are infected with, M. tuberculosis. The striking absence of ESAT-6 and CFP10-specific T cells in all the unexposed
UK residents supports this conclusion and the fact that 33/40 of these subjects were BCG-vaccinated indicates moreover
that this approach is highly specific and not confounded by BCG-vaccination. Given that all the Mumbai residents were
asymptomatic and had normal chest radiography, M. tuberculosis infection in these individuals would, by definition, be
latent rather than active.

[0113] Might the high prevalence of ESAT-6- and CFP10-specific T cells in this population result from exposure to a
cross-reactive environmental antigen unrelated to M. fuberculosis that is present in India but absent in the UK? We
consider this unlikely since sequence homology searches of the SwissProt and translated GenBank databases with
each of the ESAT-6 and CFP10-derived peptides indicate that the sequences of all these peptides are uniquely restricted
to ESAT-6 and CFP10 of M. tuberculosis complex. However, the esat-6 gene (and therefore very likely the gene for
CFP10, which is within the same operon as esat-6) are presentin 4 atypical mycobacteria: M. kansasii, szulgai, flavescens
and marimum. It is thus conceivable that the ESAT-6 and CFP10-specific responses could result from infection with one
of these organisms. To account for the striking dichotomy of ESAT-6- and CFP10-specific responses between India and
the UK, an environmental mycobacterium would have to cause widespread infection in Mumbai but be absentin southern
England. However, none of these mycobacteria fit this geographic distribution, nor are they specifically associated with
tropical climates. Rather, M. kansasii is the most common non-HIV associated nontuberculous mycobacterium isolated
from patients in southern England and is a recognized isolate from tap water in cities in this region. In contrast, M.
kansasii disease has not been reported from Mumbai, although this may reflect under-reporting by local laboratories.
The absence of RD1-encoded antigen-specific T cells in the 40 UK residents thus makes M. kansasii exposure an
unlikely cause for the difference in responses between the UK and India. M. marinum infection is usually acquired by
trauma in a saltwater or freshwater setting or whilst handling fish; these scenarios would be rare among the corporate
executives attending for insurance medicals at our institution in Mumbai. M. szulgai and M. flavescens are very rare
causes of infection in humans. M. szulgai has been isolated from patients throughout the world, including the UK, but
environmental isolates have not been reported. M. flavescens has been found in water supplies in several European
countries and thus, as with M. kansasii, cannot account for the widespread sensitization to ESAT-6 and CFP10 in Mumbai
residents and the striking absence of sensitization in the UK donors.

[0114] The circulating IFN-y-secreting T cells specific for ESAT-6 and CFP10 were capable of rapid effector function
since they released IFN-y in the ex vivo ELISPOT assay without requiring prior in vitro stimulation. This suggests that
the donors are latently infected with tubercle bacilli that continue to secrete ESAT-6 and CFP10, since high frequencies
of circulating effector T cells are probably maintained by recent encounter with antigen in vivo. Since ongoing, active
secretion of ESAT-6 and CFP10 requires metabolically active and viable bacilli, the presence of circulating ESAT-6 and
CFP10-specific effector T cells in healthy donors suggests that they are latently infected and not merely exposed at
some point in the past. Nonetheless, we cannot rule out the possibility that circulating IFN-y-secreting T cells undergo
repeated in vivo stimulation as a result of long term persistence of ESAT-6 and CFP 10 in dendritic cells in the absence
of viable bacilli. However, longitudinal follow-up of tuberculosis patients in the UK shows that the frequency of ESAT-6
peptide-specific TFN-y-secreting CD4 T cells declines progressively during the course of anti-tuberculosis chemotherapy
(Fig. 8), suggesting that the frequencies of these T cells are maintained in vivo by ESAT-6 secreted by viable bacilli.
[0115] TST surveys in India have generated widely varying results, with the prevalence of TST positivity in adults
ranging from 38-81%. This wide variation in part reflects poor standardisation of PPD preparations used, differences in
methodology, inconsistency in reading of skin test results, misclassifications and the instability of delayed type hyper-
sensitivity over time. These limitations, together with the intrinsic poor specificity of PPD, render estimates of the prev-
alence of latent M. tuberculosis infection by TST surveys doubtful. Our novel, quantitative approach has generated a
more objective estimate that is not confounded by prior BCG vaccination and is unlikely to be affected by environmental
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mycobacterial infection. The 80% prevalence in corporate executives is higher than would have been expected on the
basis of past TST surveys, especially considering that the latter have all been carried out in rural areas or urban slums.
Interestingly, the prevalence of positive results by RD1 encoded antigen-based ELISPOT was higher in men (64/78 =
82%) than in women (16/22 = 73%) which parallels the difference between the sexes seen in TST surveys. This estimate
of the prevalence of latent infection is thus unexpectedly high for both men and women, particularly if one takes into
account the relative affluence and lack of domestic overcrowding in our population sample.

[0116] In contrast to the ELISPOT assay for IFN-y incorporating the two RD1 encoded antigens, the use of PPD does
not differentiate between the Mumbai-resident and UK-resident populations, with 98% and 85% of these populations,
respectively, responding to PPD (Figs 6A & 6B). The 83% (33/40) prevalence of PPD-specific responses in the tuber-
culosis unexposed UK residents very likely results from 33/40 being BCG-vaccinated. Thus, unlike ESAT-6- and CFP10-
specific T cells, PPD-specific IFN-y-secreting T cells do not discriminate between latently infected residents of a tuber-
culosis endemic area and unexposed, BCG-vaccinated residents of a non-endemic region; this underscores the practical
advantage of using defined antigens with a highly restricted species distribution.

[0117] Among the 50 patients with active tuberculosis who were tested with ESAT-6-derived peptides only, 80% had
ESAT-6 peptide-specific T cells by ex vivo ELISPOT. Itis not clear why this response rate is lower than that found among
a group of patients with active tuberculosis recruited in the UK, where 45/47 (96%) patients responded to one or more
ESAT-6-derived peptides, but the following 3 factors are likely to be relevant. First, peptide ESAT-6,_45 was an immu-
nodominant and permissively recognized epitope in the previous UK study, with 60% of patients responding to this
peptide alone, whereas in Mumbai, only 25% of patients respond to this peptide (Fig. 7A). This probably reflects the
different HLA backgrounds of the 2 populations. Although 50% of the UK tuberculosis patients were from the Indian
Subcontinent, none were Maharashtrans and the remaining 50% were Afrocarribeans or whites. Of the tuberculosis
patients recruited in India, 56% were Maharashtrans and the remainder from other Indian ethnic groups. Thus, peptide
ESAT-6,_45 might be restricted by HLA class Il molecules that are rare among Maharashtrans. Second, the median
frequency of total ESAT-6-specific T cells in the Mumbai patients who responded (128 per million PBMC; interquartile
range: 72 - 208) was somewhat lower than in the London pulmonary tuberculosis patients (177 per million PBMC;
interquartile range: 104 - 392). Mumbai patients would therefore be more likely to have very low numbers of circulating
ESAT-6-specific T cells and if the absolute frequency of ESAT-6-specific T cells in a given patient were below the
threshold of our assay (20 per million PBMC), such patients would not be detected by the ex vivo ELISPOT assay. Third,
the two UK patients who did not respond had very advanced pulmonary tuberculosis with cachexia and, whereas this
was rare in the UK patients, many of the Mumbai patients presented at an advanced stage of disease. Interestingly, all
6 of the tuberculosis patients with HIV infection had detectable ESAT-6 peptide-specific T cells by ex vivo ELISPOT.
This preliminary result is the first demonstration of ESAT-6-specific T cells in HIV-infected tuberculosis patients and
suggests that the clinical and epidemiologic utility of the ex vivo ELISPOT assay for M. tuberculosis antigen-specific T
cells may be maintained even in HIV-infected individuals.

[0118] Finally, the frequency of ESAT-6 and CFP10-specific T cells among healthy urban Indians, as well as the
prevalence of positive responses, was also very high (Table 3). The median frequency of total CFP10 peptide-specific
T cells for the CFP10 responders (158 per million PBMC; interquartile range: 84 - 261) was actually higher than the
median frequency of PPD-specific T cells for the PPD responders (86 per million PBMC; interquartile range: 56 - 222),
while the median frequency of total ESAT-6 peptide-specific T cells (86 per million PBMC; interquartile range: 43 - 156)
was similar to that for PPD. Many of these responses were moreover directed against discrete immunodominant regions
within the ESAT-6 and CFP10 molecules (Figs. 7A & 7B). Immune responses in patients with active tuberculosis probably
contribute to pathogenesis and tissue destruction, as well as protection. This intense and highly focused T cell response
in residents of a tuberculosis endemic region who are free of active tuberculosis indicates that these RD1-encoded
antigen-specific T cells are not necessarily associated with active disease per se. Rather, the presence of these T cells
in latently infected healthy subjects is consistent with a protective role in the long-term control of M. tuberculosis in vivo.
[0119] In conclusion, we have demonstrated that 80/100 healthy adults in Mumbai have high frequencies of T cells
specific for two RD1 encoded M. tuberculosis antigens, suggesting that at least 80% of this urban population may be
latently infected with M. tuberculosis. This represents the first estimate of the prevalence of latent M. tuberculosis infection
in an endemic region using a T cell-based approach with antigens of tightly defined species specificity.
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Table 1 Demographic characteristics and median frequencies of ESAT-6 peptide-specific IFS-y SFCs / million PBMC
for all participants. *Median of the number of ESAT-6 peptide-specific CD4 T cells (summated for all the peptides)
for all the responders within a group (C+ = culture positive; C- = culture negative; PTB = pulmonary tuberculosis;

TBLN =tuberculous lymphadenitis; HHC = healthy household contact; UC =unexposed control; IQ range = interquartile

range; ISC = Indian subcontinent).

UC (n=32) HHC (n=27) TBLN (n=11) C-PTB (n=8) C+PTB (n=25)
Mean age in 32 (22-65) 37 (19-65) 32 (27-41) 31 (19-54) 34 (19-61)
years (range)
Sex 15M/M1MT7F 16M/11F 5M/6F 8M/OF 17M/8F
Ethnicity:
ISC 10 16 7 6 12
African 0 4 4 1 5
White 22 5 0 1 7
Oriental. 0 2 0 0 1
No. of subjects 0 (0) 23 (85) 10 (91) 7 (88) 23 (92)
responding to
ESAI-6
peptides (%)
Median no. 0 (0-0) 667 (197-965) 811 (570-1505) 474 (272-1267) 177 (104-392)
ESAT-6
-species IFN-y,
SFCs / million
PBMC (IQ
range) *

Table 2. Most ESAT-6-derived peptides are targets of CD4 T cells: the number of donors for whom a peptide-specific
T cell line was shown to be CD4 positive by immunomagnetic depletion is shown in proportion to the total number of
donors in whom T cell lines were tested for that peptide. T cells specific for certain immunodominant ESAT-6-derived

peptides, as enumerated by ex vivo ELISPOT, were not detectable in lymphoprofileration assays: PBMC from 15
subjects were tested in parallel in ex vivo ELISPOT assays for IFN-y and 3H-thymidine incorporation assays, in which

a stimulation index of 3 or more was taken as positive.

Peptide Sequence Peptide-specific Response in ex Response in
T celllines shown vivo ELISPOT lymphoproliferation
to be CD4 (n=15) assay (n=15)
positive
ESAT-64_45 MTEQQWNFAGIEAAA 10/10 12 1
ESAT-6¢.59 WNFAGIEAAASAIQG 4/4 NT NT
ESAT-644.05 IEAAASAIQGNVTSI 11 3 1
ESAT-645.30 SAIQGNVTSIHSLLD 3/4 4 0
ESAT-651.35 NVTSIHSLLDEGKQS 4/4 4 1
ESAT-656.49 HSLLDEGKQSLTKLA NT 2 0
ESAT-65_45 EGKQSLTKLAAAWGG 11 1 0
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(continued)

Peptide Sequence Peptide-specific Response in ex Response in
T celllines shown vivo ELISPOT lymphoproliferation
to be CD4 (n=15) assay (n=15)
positive
ESAT-655.50 LTKLAAAWGGSGSEA 11 1 0
ESAT-644.55 AAWGGSGSEAYQGVQ NT 0 0
ESAT-646.60 SGSEAYQGVQQKWDA 11 1 0
ESAT-651.65 YQGVQQKTWDATATEL 3/3 4 4
ESAT-654.79 QKWDATATELNNALQ 2/3 3 2
ESAT-644.75 TATELNNALQNLART 1/2 1 0
ESAT-645.59 NNALQNLARTISEAG 8/9 8 7
ESAT-6,4.g5 NLARTISEAGQAMAS 8 11 5
ESAT-676.99 ISEAGQAHASTEGNV 6 11 9
ESAT-651.95 QAMASTEGNVTGMFA 2 0 0
Table 3

Summary of summated responses to ESAT-6- and CFP10-derived peptides and PPD by ex vivo enzyme-linked
immunospot (ELISPOT) assay for IFN-y in healthy adults resident in India and the UK. (Median frequencies
of T cells refer to antigen-specific T cell frequencies in responders only.)

Healthy adults: Mumbai, India healthy adults: Oxford, UK
Antigen ESAT-6 CFP10 ESAT-6 or PPD ESAT-6 CFP10 ESAT-6 PPD
CFP10 or
CFP10
No. tested by 100 100 100 100 40 40 40 40
ex vivo
ELISPOT
No. positive 56 (56) 76 (76) 80 (80) 98 (98) 0 (0) 0 (0) 0(0) 33
(%)
Median 86 158 208 86 0 0 0 83
frequency of (43-156) (84-261) (116-357) (56-222) (53-215)
antigen-
specific IFN-y-
secreting T
cells / 106
PBMC.
(interquartile
range)
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TABLE 4

ESAT-6: MTEQQWNFAGIEAA?.SAIQGNVTSIHSLLD
) ] I

CFP10: MAEMKTDAATLAQEAGNFERISGDLKTQID

ESAT-6:EGKQSLTKLAAAWGGSGSEAYQGVQQKWDA

I I
CFP10: QVESTAGSLQGQWRGAAGTAAQAAVVREQE

ESAT-6: TATELNNALQNLARTISEAG

I |
CFP10: AANKQKQELDEISTNIRQAGVQYSRADEEQ

EAST-6:- QAMAST-E GNVTGMFA

[ l I ~
CFPI0: Q QAL S SQ-MGF-

Claims

Method of determining the efficacy of treatment for M. tuberculosis infection in an individual comprising determining
in samples from the peripheral blood of an individual whether the level of effector T cells specific for a M. tuberculosis
antigen has decreased after the treatment, wherein said antigen is ESAT-6, and wherein said determining is by
enumeration of said effector T cells ex vivo without in vitro proliferation.

Method according to claim 1, wherein the T cells are CD4 T cells.

Method according to any one of the preceding claims comprising detecting the level of the said T cells in a first
sample taken before the treatment and in a second sample taken after the treatment.

Method according to any one of claims 1 to 3 wherein the T cells detected are freshly-isolated T cells from peripheral
blood.

Method according to any one of the preceding claims wherein the level of T cells is determined by contacting cells
of the samples with a whole ESAT-6 M. tuberculosis antigen, or an analogue thereof which will be recognised by T

cells specific for said antigen.

Method as claimed in any one of claims 1 to 5, wherein said determining employs one or more peptides selected
from fragments of said antigen which are capable of recognition by T cells of said individual.
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7. Method according to claim 5 or claim 6, wherein the said determining is performed by detection of a cytokine secreted
by the T cells specific for said antigen.

8. Method according to claim 7 in which the detected cytokine is IFN-y.

9. Method according to claim 7 or claim 8 in which the cytokine is detected by allowing the cytokine to bind to an
immobilised antibody specific to the cytokine and then detecting the presence of the antibody/cytokine complex.

Patentanspriiche

1. Verfahren zur Bestimmung der Wirksamkeit der Behandlung einer Mycobacterium (M.) tuberculosis-Infektion bei
einer Person, wobei das Verfahren aufweist: Bestimmen in peripheren Blutproben einer Person, ob der Spiegel von
Effektor-T-Zellen, die fiir ein M. tuberculosis-Antigen spezifisch sind, nach der Behandlung abgenommen hat, wobei
das Antigen ESAT-6 ist, und wobei die Bestimmung durch Z&hlung der Effektor-T-Zellen ex vivo ohne Proliferation
in vitro erfolgt.

2. Verfahren nach Anspruch 1, wobei die T-Zellen CD4-T-Zellen sind.

3. Verfahren nach einem der vorstehenden Anspriiche, das den Nachweis des Spiegels der T-Zellen in einer ersten,
vor der Behandlung entnommenen Probe undin einer zweiten, nach der Behandlung entnommenen Probe beinhaltet.

4. Verfahren nach einem der Anspriiche 1 bis 3, wobei die nachgewiesenen T-Zellen frisch isolierte T-Zellen aus
peripherem Blut sind.

5. Verfahren nach einem der vorstehenden Anspriiche, wobei der T-Zellenspiegel bestimmt wird, indem Zellen der
Proben mit einem intakten ESAT-6-M. tuberculosis-Antigen oder einem Analogon davon in Kontakt gebracht werden,
das durch flr das Antigen spezifische T-Zellen erkannt wird.

6. Verfahren nach einem der Anspriche 1 bis 5, wobei die Bestimmung ein oder mehrere Peptide nutzt, die unter
Fragmenten des Antigens ausgewahlt sind, die durch T-Zellen der Person erkannt werden kénnen.

7. Verfahren nach Anspruch 5 oder Anspruch 6, wobei die Bestimmung durch Nachweis eines durch die fiir das Antigen
spezifischen T-Zellen sezernierten Cytokins durchgefiihrt wird.

8. Verfahren nach Anspruch 7, wobei das nachgewiesene Cytokin IFN-y ist.

9. Verfahren nach Anspruch 7 oder Anspruch 8, wobei das Cytokin nachgewiesen wird, indem man das Cytokin an

einenimmobilisierten, fiir das Cytokin spezifischen Antikérper binden lasst und dann die Anwesenheit des Antikérper/
Cytokin-Komplexes nachweist.

Revendications

Procédeé pour la détermination de I'efficacité d’un traitement pour une infection de M. tuberculosis chez un individu
comprenant la détermination dans des échantillons provenant du sang périphérique d’un individu si le niveau de
cellules T effectrices spécifiques pour un antigéne de M. tuberculosis a diminué aprés le traitement, dans lequel
ledit antigene est ESAT-6 et dans lequel ladite détermination se fait par une énumération desdites cellules T effec-
trices ex vivo sans prolifération in vitro.

Procédé selon la revendication 1, dans lequel les cellules T sont des cellules T CD4.
Procédeé selon I'une quelconque des revendications précédentes, comprenant la détection du niveau desdites cel-
lules T dans un premier échantillon prélevé avant le traitement et dans un deuxiéme échantillon prélevé aprés le

traitement.

Procédeé selon I'une quelconque des revendications 1 a 3, dans lequel les cellules T détectées sont des cellules T
fraichement isolées a partir de sang périphérique.
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Procédé selon I'une quelconque des revendications précédentes, dans lequel le niveau de cellules T est déterminé
par la mise en contact des cellules des échantillons avec un antigéne ESAT-6 de M. tuberculosis entier ou un
analogue de celui-ci qui sera reconnu par des cellules T spécifiques pour ledit antigéne.

Procédé selon I'une quelconque des revendications 1 a 5, dans lequel ladite détermination emploie un ou plusieurs
peptides choisis parmi des fragments dudit antigéne qui sont capables de reconnaissance par des cellules T dudit

individu.

Procédé selon larevendication 5 ou la revendication 6, dans lequel ladite détermination est effectuée par la détection
d’une cytokine sécrétée par les cellules T spécifiques pour ledit antigéne.

Procédé selon la revendication 7, dans lequel la cytokine détectée est IFN-y.
Procédé selon la revendication 7 ou la revendication 8, dans lequel la cytokine est détectée en permettant a la

cytokine de se lier a un anticorps immobilisé spécifique pour la cytokine et ensuite en détectant la présence du
complexe d’anticorps/cytokine.
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Fig.6A.

Frequences of IFN-gamma-secreting peptide-specific
T cells specific for ESAT-6, CFP10 and PPD in 100

healthy adults in Mumbai, India
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Fig.6B.
Frequences of IFN-gamma-secreting peptide-specific
T cells specific for ESAT-6, CFP10 and PPD in 40
healthy adults in Oxford, UK
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Fig.7A.

Epitope mapping of ESAT-6 in Indian TB patients (n=50)
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Fig.7C.

Epitope mapping of CFP10 in healthy Indian adults (n=100)
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