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SUMMARY

The potential number of T-cell epitopes in the 19,000 molecular weight (MW) antigen has been
investigated using overlapping peptides which comprise the complete sequence. Sixteen potential
epitopes could be deduced from the responses to these peptides by polyclonal T cells derived from 22
antigen-responsive donors. The majority of epitopes were not predicted by either of the major
paradigms, the Rothbard motif and the amphipathic helix. A hierarchy of epitopes was indicated by
the responses, which ranged from strong and frequent in the N-terminal region, to moderate or weak
elsewhere. Some epitopes were restricted by single HLA-DR determinants, or families of
determinants sharing structural features in common, whilst the two N-terminal peptides were
recognized by donors with a diversity ofDR types. The high degree of T-cell recognition of the N-
terminal region may be of relevance to the design of a sub-unit vaccine capable of priming T cells
against Mycobacterium tuberculosis.

INTRODUCTION

The identification of T-cell epitopes which are associated with
protective immunity is important to the design of sub-unit
vaccines. This is particularly true for diseases such as tuberculo-
sis (TB), where the causative organisms are facultative intracel-
lular parasites and immunity is, therefore, dependent on T-cell
effector function.' Using monoclonal antibodies, a range of
mycobacterial antigens, varying in molecular weight (MW)
from 12,000 to 71,000 (reviewed by ref. 2), has been identified.
Further characterization of most of these antigens has been
achieved by cloning of the genes encoding these proteins.2
Human T cells have been shown to react with six 'antigens of
Mycobacterium tuberculosis,3'7 for which complete or partial
sequence information is available.
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Two major groups of mycobacterial protein antigens have
been provisionally identified, on the basis of function, sequence
data and sub-cellular localization.2 One group, the heat-shock
proteins, are essential, constitutive proteins, whose synthesis is
enhanced in response to stress stimuli, such as temperature
increase or oxidative injury.8 The heat-shock proteins, such as
the 65,000 and 71,000 MW antigens of M. tuberculosis, are
highly conserved within, and across species, which has led to the
hypothesis that the response of T cells to determinants shared
between selfand extrinsic heat-shock proteins may play a role in
autoimmune disease.'

A second category of antigens includes the 19,000 and
38,000 MW antigens of M. tuberculosis, which are secreted by
mycobacteria during growth.2 The amino acid sequence of the
38,000MW antigen possesses 30% homology with a phosphate-
binding and transport protein, PstS, from Escherichia coli,
which is active during phosphate starvation.'0 No homology
with any known protein has been described, as yet, for the
19,000 MW antigen (R. Lathigra, unpublished data)." Recent
evidence has, however, indicated that the 19,000 MW and
38,000 MW antigens are related. Both molecules possess
potential signal peptides preceding cysteine residues, at pos-
itions 22 and 24, respectively. These cysteine residues form part
of a consensus motif for lipoylation, matching that observed in
the immature forms of other bacterial lipoproteins, and the
mature 19,000 and 38,000 MW antigens have been shown to be
modified by the addition of a covalent lipid tail.'2
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Figure 1. The sequence of the 19,000 MW mycobacterial antigen" is shown in single letter coding. Peptides Al-A15, corresponding to the sequences

indicated, were synthesized according to the methodology of ref. 21, and were then purified to homogeneity by high-performance liquid

chromatography. Open boxes show the sequences overlapped by each peptide.

Both the 19,000 and 38,000 MW proteins have been shown
to stimulate the T cells of both normal subjects and TB
patients,4'7"3"4 indicating that recognition of the native proteins
does not distinguish a protective from a pathogenic response.

T-cell determinants, however, consist of processed fragments of
the intact antigen, displayed on antigen-presenting cells as

short, linear sequences.'5 It is, therefore, possible that within a

protein there may be T-cell epitopes that specifically mediate
protection or contribute to pathogenesis. To aid identification
of sequences of polypeptides which are recognized by T cells,
predictive theories have been developed. One proposes that
T-cell determinants are located in sequences which can form an

amphipathic helix,'6 while another suggests that a particular
motif of hydrophobic and polar amino acids is a conserved
feature of peptides which carry T-cell epitopes.'7 The peptide
which includes a Rothbard motif in the 19,000MW antigen was
found to be selectively recognized by donors with HLA-DRl,
and subtypes of HLA-DR4 and 6.7

The identification of potentially protective or pathogenic
epitopes may depend on exploring the role of all the T-cell
epitopes within a molecule, but predictive methods are not yet
powerful enough to be able to describe all T-cell epitopes
(reviewed by ref. 18). We have, therefore, used peptides which
cover the entire sequence of the 19,000 MW antigen, in

conjunction with polyclonal T-cell populations, to locate deter-
minants within this molecule.

As T cells recognize a complex formed between a peptide,
and a limited number ofMHC class II determinants,'9 the HLA-
type of each donor has also been determined in order to define

the genetic restriction of T cells responsive to each epitope. The
relationship between responsiveness and HLA-type or disease
status was then assessed.

MATERIALS AND METHODS

Donors
Pleural effusions or peripheral blood were obtained from eight
patients with TB and six with sarcoidosis, with informed
consent. Peripheral blood was also obtained from 23 healthy
normals, including laboratory personnel and blood donors.
Peripheral blood mononuclear cells (PBMC) and pleural effu-
sion cells (PEC) were isolated by centrifugation on a Ficoll-
Hypaque (Pharmacia, Uppsala, Sweden) density gradient.

Antigen preparations
A soluble extract of M. tuberculosis (MTSE), strain H37RV,
was prepared by mechanical disruption.20 The recombinant
19,000 MW (clone Y4147) (19R), derived from a AgtI 1 library,
was prepared as described previously.20 The 19,000MW antigen
was sequenced from the DNA insert of a Agt 1 clone (Y3293)."
The sequence, in single letter amino acid coding, is shown in
Fig. 1.

Synthetic peptide synthesis
The 19,000 MW peptides (A 1-15) were 20 residues in length and
overlapped in sequence by 10 amino acids (Fig. 1). The peptides
were synthesized according to the 'Tea bag' method, described
previously,2' and were cleaved by a single step using hydro-

A7

a I ---

I

1.

I I----

L



T-cell epitopes in the 19,000 MW mycobacterial antigen

fluoric acid, and extraction with ether.22 The peptides were then
further purified by gel filtration through Sephadex G- 1 5,
equilibrated with 25% acetic acid or, alternatively, with 50%
acetonitrile in water, depending upon the solubility of the
peptide. Homogeneity and purity was confirmed by reverse-
phase high-performance liquid chromatography (Dionex 4500,
Camberley, Surrey, U.K.) using a Zorbax ODS column (Jones
Chromatography Ltd, Hengoed, Mid-Glamorgan, U.K.). For
each series of synthesis some of the peptides were analysed for
amino acid content (Alta Bioscience, Birmingham, U.K.)

T-cell proliferation assay

PEC and PBMC were suspended (5 x 105/ml) in microtitre trays
(Flow Laboratories, Irvine, Ayrshire, U.K.) in RPMI-1640
(Gibco, Life Technologies Ltd, Paisley, Renfrewshire, U.K.)
supplemented with 2 mM L-glutamine, 100 IU of penicillin-
streptomycin/ml and 10% A+ human serum. Antigen (0-3-20
Mg/ml) or peptide (0 3-30 pg/ml) was added at the initiation of
these cultures. After 4 or 7 days incubation, for PEC and
PBMC, respectively, the cultures were pulsed with 10 uCi or

tritiated methyl thymidine ([3H]TdR; Amersham International,
Amersham, Bucks, U.K.) for 16 hr and harvested onto glass
fibre filters. Proliferation, as correlated with [3H]TdR incorpor-
ation, was measured by liquid scintillation spectroscopy. The
results are expressed as the mean counts per minute
(c.p.m.) ± standard error of the mean (SEM) for triplicate
cultures. The frozen-thawed cells from each donor were

assessed on three separate occasions.

HLA typing
HLA typing was performed on PBMC using 80 antisera and the
two-colour fluorescence test.23

RESULTS

Reproducibility of T-cell responses to 19,000 MW peptides

In preliminary experiments it was noted that polyclonal prolifer-
ative T-cell responses to the 19,000MW peptides (A 1- 5; shown
schematically in Fig. 1) were often weak, and reproducibility
(SEM of triplicate cultures) was poorer than following stimula-
tion with the intact antigen. A representative experiment (Fig. 2)
shows the responses of PBMC from a normal donor to the A
series of peptides, the recombinant 19,000 MW antigen, and
MTSE, determined in three separate assays. The SEM for
peptide responses could exceed 80%, as shown for A9 in Fig. 2a.
This was thought to represent strongly proliferative responses

by a low frequency of T cells. The frequency of T cells
recognizing peptide determinants was probably limiting in
cultures, at or near I cell/well. It was, therefore, necessary at the
outset to establish criteria for assessing the reproducibility of
responses to peptides. When T-cell responses were measured on

three separate occasions, certain peptides were stimulatory in all
three assays, as for example, Al, A2, A8 and A9 (Fig. 2).
Responses which were reproducible in three separate assays

were graded, as shown in Fig. 3, in order to represent the degree
of proliferation, Although the level of proliferation to a

particular peptide varied between assays, the relative degree of
responsiveness, as for example between Al and A2 (Fig. 2), was
fairly constant. Certain peptides, such as A 13, were stimulatory
in two out of three assays (Fig. 2a, c) and these were included in a
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Figure 2. PBMC (5 x 106/ml) derived from donor AF, were cultured with
peptides Al-A15 (M); R19 antigen (E); Agtl 1 control lysogen (U); and
MTSE (U). Proliferation was measured in three separate assays, and
optimal responses from a range of peptide and antigen concentrations
(0-3-30 pg/ml) are shown. The response ([3H]TdR incorporation at
7 days) is expressed as c.p.m. Except where indicated with error bars, the
SEM was less than 10%. The horizontal line is proliferation in the
absence of any stimulus.

separate category, shown in Fig. 3. These results were not
graded as to strength of response. Responses observed in only
one out of three assays, such as to A7 and A15 in Fig. 2c, were
not considered reproducible.

Hierarchy of T-cell epitopes defined by responses to 19,000 MW
peptides

In order to evaluate the potential number of T-cell epitopes
present in the 19,000 MW molecule, polyclonal T cells of a

number of HLA-typed individuals, derived from both normal
and disease groups, were assessed for their responses to the
series of overlapping peptides (Fig. 3). Each of the 15 peptides
tested was recognized by cells from at least one individual, with
most donors responding to several of the peptides. The most
frequent and strongest responses were found to be directed at
the N-terminal peptides, Al and A2, with 17/19 donors
recognizing one or both of these peptides. The other peptides
stimulated generally weaker responses which could be divided
into two groups. The first group consisted of peptides recog-

nized by three or more donors, including the overlapping pairs,
A6/A7 and Al 1/A 12, and the individual peptides A7, A 13 and
A 15. The second group was recognized by single, or at most two,
donors, and included peptides A4, A6, AO0, Al 1, A12, and A5/
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Figure 4. PBMC (5 x 105/ml) derived from four HLA typed donors,
sharing DR7, were cultured with the peptides A l-A 15 (ES); R1 9 antigen
(ED); and Agt I1 control lysogen (-). The optimal response from a range

of peptide and antigen concentrations (0 3-30 pg/ml) is shown. The
response ([3H]TdR incorporation at 7 days) is expressed as c.p.m.

Except where indicated with error bars the SEM was < 10%. The
horizontal line is the proliferation in the absence of any stimulus.

Figure 3. PBMC and PEC (5 x 105/ml) were cultured with peptides Al-
Al 5, and proliferative responses determined as follows. For individual
assays each mean c.p.m. in test (+peptide) was expressed as a ratio of
the mean c.p.m. of control (-peptide)+ 1 SEM. The mean ratio was

then taken for the three separate assays. The results were then expressed
as: > 8-fold mean c.p.m. + 1 SEM of unstimulated cells (-); 6-8-fold
mean c.p.m. + 1 SEM of unstimulated cells (-); 3-5-fold mean

c.p.m. + 1 SEM ofunstimulated cells (s); < 3-fold mean c.p.m. +1 SEM
of unstimulated cells (0). These responses were reproducible in three
separate assays. Responses which were reproducible in 2/3 assays are

shown ungraded (E). Optimal responses at a dose range (0-3-30 jg/ml)
are given. Proliferation was measured after culture for 4 or 7 days, for
PEC and PBMC, respectively. * Represents responses of PEC. NT,
untested peptides.

A6, A8/A9, AIO/Al 1, A14/A15. There was very limited recogni-
tion by donor T cells of two regions of the molecule, covered by
A3/A4 and A9/AIO.

In each assay the response to the peptides was compared to
proliferation induced by the 19R antigen (Figs 2, 4, 5 and data
not shown). Antigen responders comprised 29 out of 37 donors
(80%) tested. Twenty-two out of 27 antigen responders also
recognized one or more of peptides Al-A15. Antigen non-

responder donors, in contrast, also failed to recognize any of the
peptides (Table 1 and data not shown). The sum of peptide
responses was often found to exceed proliferation to the intact
antigen, although a valid comparison could not be made as the
antigen preparation used was not purified to homogeneity.

HLA-DR associations of responses to the 19,000 MW peptides

Some similarities in the pattern of response could be seen for
those donors with shared HLA specificities (Fig. 3). Three out of
eight individuals, sharing DR2, responded to A7, while 3/5
individuals with either DR5 or DR8 determinants responded to
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Figure 5. PBMC (5 x 105/ml) derived from two HLA typed donors,
homozygous for DR2, were cultured with the peptides A I -A 15 (M); R 19
antigen (a); and Agt 11 control lysogen (U) The optimal response from a
range (0 3-30 pg/ml) of peptide and antigen concentrations is shown.
The response ([3H]TdR incorporation at 7 days) is expressed as c.p.m.
Except where indicated with error bars the SEM was < 10%. The
horizontal line is the proliferation in the absence of any stimulus.
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overlapping peptides A 1 and A 12. Recognition of the overlap-
ping peptides, A6 and A7, was made by 6/10 of donors with
DR1, DR4 or DR6. Although one DR2/DR3 donor responded
to the carboxy-terminus peptide, Al 5, this peptide appeared to
be more strongly associated with DR7, as all four donors with
this determinant responded to A15. A comparison of the
responses of these four DR-heterozygous donors is shown in
Fig. 4. Clearly, apart from recognition of peptide A15, these
donors showed different patterns of peptide responses. The only
other example of a shared response was to peptide A2 by two of
the four donors. Comparison ofthe responses ofdonors sharing
both DR determinants, as for example AF and 877 (Fig. 5), also
showed differences as well as similarities. Both donors recog-
nized peptides Al, A2, A8 and A9, but cells from 877 responded
to A6 and A7, while cells from AF recognized A13.

Promiscuity of the T-cell response to the N-terminal peptides of
the 19,000 MW antigen

In order to explore further the apparent promiscuity of the
responses to the N-terminal peptides, Al and A2, a panel of
HLA-typed donors was examined for responses to these
peptides alone (Table 1). The possibility that Al and A2 were
stimulating cells in a non-specific manner was considered

Table 1. Promiscuity of T-cell responses to the N-terminal
peptides of the 19,000 MW antigen

Stimulation index

Donor MHC Peptide Al Peptide A2
class II 19R 1-20 11-30

DR1,2 3-8 (0.6) 3-5 (0-6) 3-6 (0-5)
DR1,5 26-0 (2 4) 79-0 (14-4) 140-8 (18-4)
DR2 15-8 (3 8) 13-8 (1 5) 41-8 (8 8)
DR2,3 10-8 (2 2) 9-5 (1-9) 14-9 (2-6)
DR2,7 4-8 (1-2) 5-5 (1-2) 20-8 (3-2)
DR3 15-3 (3 3) 1-2 (0-3) 31-3 (11-8)
DR3,7 5-8 (1 9) 1-6 (04) 10 1 (1-8)
DR4,7 22-4 (2 6) 8-2 (1-9) 36-4 (6 4)
DRw6, w13 20-2 (5 1) 12-7 (2 9) 24 5 (2 8)
DR7 5-9 (1-3) 2-0 (0 4) 12-9 (3-6)
DR2,5* 0-6 (0-1) 0-6 (0-1) 0-5 (0-1)
DR2,4* 1-8 (0-3) 1-2 (0-1) 1-6 (0-3)
DR3,7* 1-1 (02) 1-3 (0 3) 1-2 (0-1)

PBMC (5 x 105/ml), derived from a panel of HLA-
typed donors, were cultured in the presence of either no
stimulus, the recombinant 19,000 MW antigen (19R) or
the synthetic peptides Al and A2 (whose sequences are
shown in Fig. 1), The responses ([3HJTdR incorporation at
7 days) were determined at the optimal antigen or peptide
concentration (range 0 3-30 mg/ml). The results are
shown as the mean stimulation index (SI + 1 standard
deviation):

c.p.m. of culture with antigen
c.p.m. of culture without antigen'

Stimulation indices > 3 were taken as significant.
* Represents antigen non-responder donors.

unlikely, because three antigen non-responder donors (Table 1)
did not recognize these peptides. Of the 10 antigen responder
individuals, 7/10 and 10/10 recognized Al and A2, respectively.
Recognition of Al was made by individuals with DR 1/5, DR2,
DR4 and DRw6/DRw1 3 determinants. Responses to A2 were
obtained from donors with HLA determinants DR1/5, DR2,
DR4, DRw6/DRw13 and DR7.

Disease associations of responses to the 19,000 MW peptides

Although no dramatic associations of disease status with
peptide responses were observed (Fig. 3), it was interesting that
the usually strong recognition of the N-terminal peptides, Al
and A2, by the majority of normal donors and sarcoidosis
patients, was not so obviously reflected in the responses by TB
patients. Responses to Al and A2 were made by 2/7 and 3/7 TB
patients, respectively, and the strength of these responses was
generally weaker than that made by normals and sarcoidosis
patients, even though responses to MTSE were comparable
(data not shown).

For a number of the TB patients, B, D, A and S, the
responses of pleural effusion cells are shown (Fig. 2). Paired
peripheral blood and pleural effusion samples were only
available from donor B, whose T cells from both compartments
responded to peptides A2 and A6/A7, suggesting that compar-
able response profiles could be obtained from the two sources of
cells.

DISCUSSION

In this study multiple T-cell epitopes have been detected
throughout almost the entire region of the 19,000 MW mol-
ecule. This might perhaps be expected in a molecule which is
completely extrinsic, in that no homology with any known
protein has been reported (R. Lathigra, unpublished data), and,
therefore, no regions of the molecule were likely to induce self-
tolerance.24 It does, however, suggest that human T-cell re-
sponses to such a molecule are very diverse. Nevertheless, every
region of the molecule was not found to be recognized equally.
Instead, there appeared to be a hierarchy in the responses, with
the N-terminal region inducing strong proliferation, whereas
the peptides corresponding to other regions of the antigen
stimulated moderate to weak responses. Studies of the human
and murine responses to other extrinsic antigens have also
detected multiple but distinct T-cell epitopes.25'26 In some
reports a similar focusing of the response on a limited number of
immunodominant epitopes was also observed.25'27

Sixteen potential epitopes could be deduced from the
responses to either overlapping, or individual peptides of the
19,000 MW antigen. Of these, five contained features of an
amphipathic helix'6 and one, at the N-terminal end, the
haplotype-specific Rothbard motif.7 Synthetic peptides overlap-
ping all these regions were recognized by donor T cells. The
majority of epitopes, including two of the most stimulatory
within peptides A6/A7 and Al l/A12, were not, however,
predicted by either method. Similar results have been reported
in other studies ofhuman28 and murine29 responses to mycobac-
terial antigens. It is probable therefore, that the characteristics
of some T-cell determinants may be found in other features of
peptide structure.30
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The influence of HLA type on responses to the deduced
epitopes was found to be somewhat complex. Some epitopes
were recognized in the context of a single DR type as, for
instance, the responses to peptide A7 by several DR2 indi-
viduals. This epitope appeared to be unique to A7, as peptides
A6 and A8, which overlapped A7, were not recognized by these
DR2 donors. In contrast, the response to the epitope defined by
the overlapping peptides A6 and A7, was made by donors with
DR 1, 4 and 6. Homologous sequences in the part of B1 domain
forming the a-helical wall of subtypes of these molecules have
been found to permit cross-recognition by alloreactive and
antigen-specific3' T-cell clones. DR5 and DR8 also share
sequence at key residues in the antigen-combining site,3' and
three out of four donors, responding to the epitope defined by
the overlapping peptides All and A12, had these HLA
determinants. It was clear, however, that donors sharing one, or
even both, DR determinants showed differences as well as
similarities in their patterns of recognition. The overall impres-
sion is, therefore, one of a highly diverse, partly shared, and
partly individual, response to epitopes of the antigen. The
correlation between the ability of a peptide to bind to MHC
class II molecules and induce T-cell responses,'9'32 when taken
together with the wide array of peptides that appear able to
interact with each MHC class II combining site,'9 is consistent
with competition by processed peptides for binding, which
would partly explain the heterogeneous nature of the response
to the 19,000 MW antigen. The individual responses to
particular peptides, may, however, reflect either the influence of
other MHC class II molecules, or the effect ofother factors, such
as the relative avidity of the T-cell receptor33 and differential
antigen processing,34 together with the role of thymic selection
on the T-cell repertoire.24

The generation of different determinants following process-
ing may occur when the individual is exposed to the antigen in
different forms. A live infection with the accumulation of the
19,000 MW antigen during intracellular growth may result in
some differences in the range ofpeptides presented to the patient
with TB, and the individual protected against the disease by
vaccination or natural immunity. The heterogeneity of the
T-cell response and the paucity of patients and controls with
identical MHC class II determinants made such a comparison
difficult. There was, however, some evidence of diminished
responses by TB patients compared to normals, to the
N-terminal peptides.

In contrast to the more restricted, generally weaker recogni-
tion elsewhere, the N-terminal region ofthe molecule stimulated
T cells from most normals and the sarcoidosis patients tested,
regardless of HLA type. One possible explanation for the
apparent promiscuity of the recognition of this region was the
presence of multiple epitopes, each restricted by different HLA
types. This was suggested by the observation that cells from
some donors responded to only one of the N-terminal peptides.
Several reports have indicated that an immunodominant region
may be composed of multiple, overlapping epitopes recognized
by T cells with different fine specificities.27'35 In a previous study,
the peptide containing the Rothbard motif at the N-terminus of
the 19,000 MW antigen (residues 1-12)7 was found to stimulate
polyclonal T-cell responses in donors with DRl, DR4, DRwl 3
and DRw14. This peptide, was, however, extended to include
three residues not present in the predicted translation of the
19,000 MW nucleotide sequence," which could have altered the

pattern of response. The Al peptide (residues 1-20), however,
also stimulated donors with DRl, 4 and 6 determinants,
suggesting similar patterns ofrecognition ofthe Rothbard motif
in the two peptides. The Al peptide was also recognized by DR2
and DR5 donors, indicating the presence of a second epitope,
possibly located in the non-overlapping sequence of the two
peptides.

It has been suggested that a sub-unit vaccine may be
composed of T-cell epitopes within a limited number of regions
of an antigen, and recognized by a high proportion of reci-
pients.36 An important criterion for such a vaccine is that it
should be capable of stimulating donors with the diversity of
HLA-DR types present in the population. The N-terminal
region of the 19,000MW protein appears to fulfill this criterion,
and may therefore have an application in the priming of T cells
for recognition of M. tuberculosis.
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