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Introduction

Summary

Major histocompatibility complex (MHC) class I restricted cytotoxic T
lymphocytes (CTL) are known to play an important role in the control of
Mycobacterium tuberculosis infection so identification of CTL epitopes
from M. tuberculosis is of importance for the development of effective
peptide-based vaccines. In the present work, bioinformatics technology
was employed to predict binding motifs of 9mer peptides derived from
M. tuberculosis for the 12 HLA-I supertypes. Subsequently, the predicted
peptides were synthesized and assayed for binding to HLA-I molecules in
a biochemically based system. The antigenicity of a total of 157 peptides
with measured affinity for HLA-I molecules of Kp < 500 nM were evalu-
ated using peripheral blood T cells from strongly purified protein derivative
reactive healthy donors. Of the 157 peptides, eight peptides (5%) were found
to induce T-cell responses. As judged from blocking with HLA class I and II
subtype antibodies in the ELISPOT assay culture, none of the eight antigenic
peptides induced HLA class I restricted CD8" T-cell responses. Instead all
responses were blocked by pan-HLA class II and anti-HLA-DR antibodies. In
addition, CD4" T-cell depletion before the 10 days of expansion, resulted in
total loss of reactivity in the ELISPOT culture for most peptide specificities.
FACS analyses with intracellular interferon-y staining of T cells expanded in
the presence of M. tuberculosis peptides confirmed that the responsive cells
were indeed CD4". In conclusion, T-cell immunity against HLA-I binding
9mer M. tuberculosis-derived peptides might in many cases turn out to be
mediated by CD4" T cells and restricted by HLA-II molecules. The use of
9mer peptides recognized by both CD8" and CD4" T cells might be of impor-
tance for the development of future M. tuberculosis peptide-based vaccines.

Keywords: cytotoxic T lymphocyte epitope; HLA-I; HLA-II; Mycobacte-
rium tuberculosis; vaccine

culosis-related deaths in TB-HIV co-infected individuals.
Although there is an effective chemotherapeutic treat-

Tuberculosis (TB) is caused by the intracellular pathogen
Mpycobacterium tuberculosis. Despite the existence of effec-
tive chemotherapeutic drugs and the widespread use of
the bacillus Calmette—Guérin (BCG) vaccine, TB is still
one of the leading causes of morbidity and mortality
worldwide, especially in the developing countries. It has
been estimated that one-third of the world’s population is
latently infected with M. tuberculosis, and that about
8 million people develop the disease and 2—3 million die
annually (http://www.who.int/tb/publications/global_report/
2008/en/index.html). These figures do not include tuber-

ment, the prolonged period of treatment is associated
with non-compliance. The situation is further compli-
cated by the appearance of multidrug-resistant strains.'
Furthermore, the epidemic of HIV infection, which
induces progressive immune deficiency, increases the rate
for developing TB disease dramatically.?

The current vaccine, BCG, is the most widely used vac-
cine in the world. To date more than three billion people
have received the vaccinations.” However, BCG only pro-
tects efficiently against the early manifestations of TB in
children,* and has limited effect against adult pulmonary
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TB. The estimates of protection by BCG vaccination have
ranged from 0% to 80%.” Hence, the development of
more efficient vaccines capable of offering protection
from TB disease is urgently needed.

Cell-mediated immunity is known to be crucial for
protection against TB disease.®” M. tuberculosis resides
primarily in the macrophage phagosome,® a vacuolar
compartment associated with MHC II antigen processing
and presentation. MHC class II presentation of mycobac-
terial antigens by macrophages to CD4" T cells is pivotal
for a protective response against the disease.>”*™'' In
addition, many studies have indicated that MHC class I
restricted cytotoxic T lymphocytes (CTL) also play an
important role in the control of M. tuberculosis infec-
tion.'">'*"'7 The identification of new CTL epitopes is
therefore of importance for the analysis of the involve-
ment of CD8" T cells in M. tuberculosis infections as well
as for vaccine development. The identification of epitopes
that have the potential of eliciting a CTL response has
been greatly facilitated by the characterization of binding
motifs for different MHC-I alleles of the 12 HLA-I super-
types.'® Tt is estimated that nearly 100% of persons in all
ethnic groups surveyed possessed at least one allele within
at least one of the 12 supertypes. As a result, just 12 vac-
cine epitopes representing each of these 12 MHC-I super-
types would lead to almost complete population coverage.
To date, however, only CTL epitopes restricted by a lim-
ited number of HLA molecules have been identified."’

‘Reverse immunology’ based on immuno-bioinformatics
is maturing rapidly and has now reached the stage where
genome-, pathogen- and HLA-wide scanning for antigenic
epitopes are possible at a scale and speed that makes it
possible to exploit the genome information as fast as it
can be generated. Immuno-informatic tools have been
widely used for the in silico identification of T-cell epi-
topes from the proteomes of infectious micro-organisms
including M. tuberculosis.’*>> We have previously used
such approaches successfully to identify T-cell epitopes
derived from influenza A virus and vaccinia virus.”*®

In the present study, with the help of immuno-
bioinformatics, M. tuberculosis-derived proteins were anal-
ysed in silico for CTL cell epitopes within the 12 HLA-I
supertypes.'® The 9mer peptides corresponding to pre-
dicted epitopes were synthesized and affinity of binding
to recombinant HLA class I molecules was measured.
One hundred and fifty-seven 9mer peptides, predicted to
bind to the 12 HLA class I supertypes, were shown to
have high to intermediate binding affinity (Kp < 500 nm)
for the relevant HLA class I supertypes. These peptides
were evaluated in vitro for their ability to stimulate T cells
from strongly purified protein derivative (PPD) reactive
donors to release interferon-y (IFN-y) in an ELISPOT
assay. Eight peptides were found to induce IFN-y release
by peripheral T cells from strongly PPD-reactive donors.
Strikingly, none of these eight antigenic peptides appear

to induce HLA class I restricted responses. Instead all
responses could be demonstrated to be HLA class II
restricted CD4" T-cell responses.

Materials and methods

Collection of blood samples

Buffy coats of 500 ml whole blood from individuals in
the Danish blood donor corps (age range: 35-65 years;
including informed consent) were obtained from The
Blood Bank at Rigshospitalet (Copenhagen, Denmark)
and used within 24 hr to isolate peripheral blood mono-
nuclear cells (PBMC). The donors were selected, accord-
ing to serological typing of their HLA-A and HLA-B
haplotypes, to maximize coverage of the 12 HLA-I super-
types. High-resolution sequence-based typing of the
HLA-A/B/C and HLA-DR/DQ/DP loci was subsequently
established (Genome Diagnostics, Utrecht, the Nether-
lands). Twelve donors, from whom PBMC were respond-
ing strongly to PPD in ELISPOT, were included in the
present study.

Sampling and use of PBMC were in accordance with
the Institutional Review Board, Rigshospitalet, Denmark.

Isolation of PBMC

The PBMC were isolated from buffy coats by density gra-
dient centrifugation using Lymphoprep (Nycomed
Pharma AS, Oslo, Norway). The freshly isolated PBMC
were cryopreserved for later use at 20 x 10° cells in 1 ml
RPMI-1640 containing 20% fetal calf serum and 10%
DMSO at —140°.

Bioinformatics search strategy for CTL epitopes derived
from TB

The NetCTL prediction method*® was used for predicting
9mer CTL epitopes in 24 M. tuberculosis proteins
(Rv0151¢, Rv0152¢, Rv0159¢c, Rv0284, Rv0288, Rv0834c,
Rv0980c, Rv1037c, Rv1072, Rv1404, Rv1979¢c, Rv1980c,
Rv2557, Rv2711, Rv3144c, Rv3343c, Rv3347c, Rv3350c,
Rv3403c, Rv3507, Rv3514, Rv3532, Rv3555¢, Rv3873).
The predictions were performed for 12 HLA-I supertypes
(A1, A2, A3, A24, A26, B7, B8, B27, B39, B44, B58 and
B62). For each protein and each HLA-I supertype, the
top-scoring 9mer of the protein was defined as the pre-
dicted CTL epitope if it had a NetCTL-score above 1-25.
The selection strategy resulted in a total of 206 predicted
CTL epitopes.

Peptides

The 9mer peptides were synthesized by standard 9-
fluorenylmethyloxycarbonyl chemistry, and purified by
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reversed-phase high-performance liquid chromatography
(at least 80%, usually > 95% purity) and validated by
mass spectrometry (Shafer-N, Copenhagen, Denmark).
Peptides were distributed at 500 pg/vial and stored lyoph-
ilized at —20° until use. Peptides were dissolved just
before use.

Biochemical peptide—HLA-I binding assay

The biochemical assay for peptide-MHC-I binding was
performed as previously described.’® Briefly, denatured
and purified recombinant HLA heavy chains were diluted
into a renaturation buffer containing f,-microglobulin
and graded concentrations of the test peptide, and were
incubated at 18° for 48 hr allowing equilibrium to be
reached. We have previously demonstrated that denatured
HLA molecules can de novo fold efficiently, however, only
in the presence of appropriate peptide.”’ The concentra-
tion of peptide-HLA complexes generated was measured
using a Luminescent Oxygen Channeling Immunoassay
and plotted against the concentration of peptide offered.
Because the effective concentration of HLA (1-3 nm) used
in these assays is below the equilibrium dissociation con-
stant (Kp) of most high-affinity peptide-HLA interac-
tions, the peptide concentration leading to half-saturation
of the HLA is a reasonable approximation of the affinity
of the interaction.

Affinity measurements of peptides to recombinant HLA-
DRB1*0101, -DRB1*0301, -DRB1*0302, -DRB1*0401, -
DRB3*0301, -DRB5*0101 and DPAI1*0103/DPB1*0401
molecules were performed according to previous work.”?
Briefly, peptides including reference peptides known to
bind the used HLA-II alleles [DR-binding peptide HA
306-318 (sequence: YKXYVKQNTLKLAT) and DP-binding
peptide, Plasm. Falciparum 239-253 (3D7)*® (sequence:
YILLKKILSSRFNQM)]| were dissolved and titrated in
25% glycerol, 0-1% pluriol (F68) and 150 mm NaCl. An
HLA-II stock solution consisting of bacterially expressed
and urea-denatured o- and f-chains, at appropriate con-
centrations were diluted into refolding buffer: 100 mm
Tris/Citrate, 25% glycerol, 0-01% Pluriol F68 containing
protease inhibitors (TPCK and Pepstatin both 3-3 pg/ml)
at pH 6 (DRB1*0101. DRB5*0101) or pH 7 (remaining
HLA-II alleles). The diluted HLA-II stock was subse-
quently mixed 1 : 1 with peptide titrations and incubated
at 18° for 48 hr. Formed HLA-II complexes were detected
using a homogeneous proximity assay (Alpha Screen;
Perkin Elmer, Waltham, MA, USA); briefly, streptavidin-
coated donor beads and L243 (murine monoclonal anti-
DR) coupled acceptor beads, both 5 mg/ml, were diluted
500 times into PBS 0-1% Pluriol (F68). Ten microlitres of
bead mix was mixed with 10 pl HLA-II/peptide samples
in 384 Optiplates (Perkin Elmer). Following 18 hr of
incubation at 18° they were read on an Envision Reader
(Perkin Elmer) and analysed accordingly.’?

Depletion of CD4" T cells from PBMC

The CD4" T cells were positively depleted from PBMC
according to the manufacturer’s instruction using mono-
clonal anti-CD4-coated Dynabeads from Dynal Biotech
ASA (Oslo, Norway). The PBMC were effectively (>98%)
depleted of CD4" T cells as verified by flow cytometry.

IFN-y ELISPOT assay

The PBMC were thawed, washed and then used for CD4"
or CD8" T-cell depletion or cultured directly in RPMI-
1640 supplemented with 5% heat-inactivated AB serum
(Valley Biomedical, Winchester, VA), 2 mM L-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin. The
PBMC (4 x 10° to 6 x 10°) or depleted PBMC were cul-
tured in 1 ml culture medium in 24-well plates (Nunc,
Roskilde, Denmark) in the presence of individual peptides
with a final concentration of 10 pg/ml per well, and incu-
bated for 10 days at 37°, 5% CO, in humidified air.
Recombinant human interleukin-2 (rhIL-2; Proleukin;
Chiron, Amsterdam, the Netherlands) 20 U/ml was added
on day 1. Cells were harvested on day 10, washed twice
in RPMI-1640 and resuspended in complete medium to a
final concentration of 1 x 10° to 2 x 10° cells/ml. The
IFN-y ELISPOT assay was performed as described previ-
ously’®*” to quantify peptide-specific T cells after in vitro
expansion. Briefly, PBMC, 1 x 10° to 2 x 10°, were cul-
tured for 20 hr in the presence or absence of indicated
peptides with a final concentration of 10 pg/ml in an ELI-
SPOT plate. To block HLA-II-restricted responses, 10 pg/
ml anti-pan HLA class II monoclonal antibody IVA12
[American Type Culture Collection (ATCC), Rockville,
MD], anti-DP (B7/21; Abcam, Cambridge, MA, USA),
anti-DQ (SPV-L3, IgG2a, a kind gift from Dr H. Spits,
DNAX, CA) and anti-DR (L1243, ATCC) was added,
respectively; and to block HLA-I restricted responses anti-
HLA-I antibody W6/32 ascites (ATCC) was added at a
final dilution of 1 : 40 for 30 min before adding peptides
in ELISPOT assays. As positive controls, cells were
exposed to 10 pg/ml phytohaemagglutinin  (Sigma-
Aldrich, Poole, Dorset, UK). The PBMC were also
depleted of CD4" or CD8" T cells and cultured in the
presence or absence of indicated peptides in ELISPOT
plates to confirm the dependence of T-cell subsets
responsible for peptide-induced responses.

Intracellular IEN-y staining with FACS analysis:

Peripheral blood mononuclear cells restimulated for
10 days with peptide were harvested, washed and
incubated with or without the relevant peptide at 1 pm
for 4 hr at 37°. Brefeldin A (Sigma-Aldrich) was present
for the last 3 hr of incubation. The cells were subse-
quently stained according to the ‘Fastimmune’ protocol
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(Pharmingen, San Diego, CA, USA) with CD3-allophyco-
cyanin-Cychrome?7, CD4-Peridinin chlorophyll protein,
CD8-allophycocyanin, CD69-phycoerythrin, and IFN-y-
fluorescein isothiocyanate. The stained cells were analysed
on a FACS Aria II.

Statistics

Student’s t-test was used to analyse the quantitative dif-
ferences between the experimental wells and control in
ELISPOT assays. A P-value below 0-05 was considered
significant.

Results

Prediction of M. tuberculosis CTL epitopes

The complete sequenced genome of M. tuberculosis was
deciphered in 1998°*°° and revealed the presence of
3985 open reading frames, which are all potential targets
for a TB vaccine. The search for CTL epitopes specific
for M. tuberculosis were restricted to a subset of 24
M. tuberculosis proteins against which ex vivo reactivity
had earlier been found by an IFN-y ELISPOT assay using
pools. Here, a peptide library representing 10% of the
M. tuberculosis genome was screened directly for CD8"
T-cell responses ex vivo by IFN-y ELISPOT in donors
with LTBI (positive CD4" T-cell response to either
ESAT-6 or CFP-10; D. M. Lewinsohn, unpublished data).
The criteria for including the proteins for CTL epitope
prediction were a positive IFN-y ELISPOT response
detected in more than two donors or a positive IFN-y
ELISPOT response detected in two donors, where at least
one of the donors had an IFN-y response of >200 spot-
forming cells per 10° PBMC. To identify antigenic
M. tuberculosis CTL epitopes, a bioinformatics method
(NeTCTL) was employed to predict epitopes restricted to
at least one of the 12 HLA-I supertypes.'® Based on the
predictions, 206 potential CTL epitopes were synthesized.

Biochemical validation of HLA-I binding

To determine whether the synthesized peptides were
indeed binders to the relevant HLA-I proteins, they were
tested in a biochemical binding assay system (see Materi-
als and Methods). A total of 157 peptides were found to
bind to one of the 12 HLA molecules with a measured
Kp < 500 nM, which is the normally accepted thresh-
0ld**® for being a potential antigenic epitope. The num-
bers of binding peptides for the individual supertypes are:
HLA-A1 (11 peptides), HLA-A2 (15 peptides), HLA-A3
(four peptides), HLA-A24 (14 peptides), HLA-A26 (15
peptides), HLA-B7 (18 peptides), HLA-B8 (seven pep-
tides), HLA-B27 (eight peptides), HLA-B39 (17 peptides),
HLA-B44 (20 peptides), HLA-B58 (14 peptides) and

HLA-B62 (14 peptides). Consistent with previous classifi-
cations, the binding affinity (Kp) of the 157 binding pep-
tides can be divided into groups of high-affinity binders
(n =83 Kp <50nMm) and intermediate-affinity binders
(n = 74; 50 nm < Kp < 500 nMm).

Antigenicity of the predicted peptides

The 157 HLA-I binding peptides were tested for their abil-
ity to stimulate T cells from a cohort of healthy PPD*
Danish subjects aged 35-65 years. The peptides were eval-
uated for their ability to stimulate IFN-y production in an
ELISPOT assay by PBMC from those HLA-matched
donors who reacted most strongly with PPD. Since many
donors’ PBMC failed to respond after 2 days of peptide
exposure, the sensitivity of the procedure was increased by
exposing PBMC for 10 days to peptides before performing
the ELISPOT assays. Positive reactivity towards peptides
was confirmed at least twice in the same donor as well as
in other HLA supertype matched donors. According to
this criterion eight peptides (5%) belonging to five differ-
ent supertypes (Al, A26, B7, B44 and B62) were found to
be antigenic. An overview of peptide-reactive donors, their
HLA class I type, and their reactivity according to
ELISPOT data is shown in Table 1. The number of reac-
tive donors and the actual ELISPOT data are shown in
Table 2. Each of the eight antigenic peptides was also
tested in 10 donors with low PPD reactivity. Only four of
these donors showed reactivity against one or more of the
eight antigenic peptides, an observation, which strongly
underscores the M. tuberculosis specificity of the responses
observed in the present study.

Peptide reactivity is blocked by anti-HLA class II
antibodies

We have previously demonstrated that variola virus-
derived 9mer peptides with high HLA-I binding affinity
(Kp < 5 nm) are able to induce CD4" T-cell responses
from PBMC of vaccinated donors.”® Likewise, we showed
that influenza A virus-derived 9mer peptides with binding
affinities for HLA-I allele are capable of stimulating
strong CD4" T-cell responses.”® To ascertain whether, or
not, CD4" T cells are involved in the anti-M. tuberculosis
responses documented above, a pan-specific anti-HLA-II
blocking antibody IVA12 as well as anti-DP, -DQ and -
DR blocking antibodies were added into ELISPOT micro-
cultures (see Materials and methods section). Similarly,
cultures were exposed to the pan-specific anti-HLA class I
antibody W6/32. As shown in Fig. 1, all of the eight anti-
genic peptides induced HLA-II-dependent responses as
evidenced by being fully inhibited by IVA12 and anti-DR
blocking antibodies, but not by the HLA class I blocking
antibody W6/32. These data strongly indicate that the
eight peptides induce HLA-DR restricted responses. It
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Table 1. Overview of the donors tested positive for Mycobacterium tuberculosis peptide reactivity

Sequence-based HLA-I typing

Sequence-based HLA-II typing

Domor#  Sex Age HLA-A HLA-B DRB DQBI DPB1 EPI'
6 M 41 *0101  *0301  *0801  *3501 1*0101 1*0301  3*0101 - *0201  *0501  *0401  *0101 1
10 F 38 *0301  *2501  *0702  *1801  1*0401  1*1501  4*0103 5*0101  *0302  *0602  *0401 - 1
11 M 47 *0201  *0301  *0702  *4501  1*0701  1*1501  4*0103  5*0101  *0303  *0602  *0401 - 3
13 M 60 *0201 - *3901  *4402  1*0701 1*1501  4*0103  5*0101  *0303  *0602  *0401 - 1
16 M 50 *0201  *2902  *5101  *4501  1*0401  1*0803  4*0103 - *0301 - *0201  *0401 2
17 F 35 *0201  *2902  *4403  *1501 nd? nd nd nd nd nd nd nd 2
19 F 46 *0101  *0201  *0801  *4001 1*0301 1*1302  3*0101  3*0301  *0201 *0604 *0401 - 1
21 M 54 *0101  *2402  *0702  *3901 1*1101 1*¥1501  3*0202  5*0101  *0301  *0602  *0402  *0901 1
25 F 62 *2402  *2601  *0702  *3801 1*0301 1*1501  3*0202  5*0101  *0201  *0602  *0201  *0402 1
28 F 62 *0301  *2601  *0702  *1401 1*0701 1*0803  4*0101 - *0202  *0301  *0201  *0402 2
32 M 55 *0201  *3201  *1501  *5101  1*0401  1*1101  3*0202  4*0103 *0301  *0302  *0401 - 4
38 F 47 *6801  *2902  *4402  *4501 1*0701 1*1101  3*0202  4*0101  *0202  *0302  *0201  *0402 1
'EPI, number of peptide epitopes recognized.
“nd, not done.
Table 2. ELISPOT analysis of interferon-y-positive peptide-specific donors

Gene HLA HLA KD Responding
Peptide# name Description Sequence supertype  allele (nm)"  donors —peptide®  +peptide’
TB 2 PPE61 PPE gene family LLDGLLAWY Al A*0101 13 6, 21 and 32 3+0 152 + 12*
TB 47 PPE52 PPE gene family DVAAMSGYY A26 A*2601 3 25 and 28 11+4 37 £ 4*
TB 60 Rv1979c Possible conserved permease GPRTRGYAI B7 B*0702 9 10, 11, 28, 32 2+1 4] + 5*
TB 88 Rv1979¢ Possible conserved permease IVFATAARY B62 B*1501 161 32 +4 26 + 6*
TB 92 Rv0284 Possible conserved membrane LMLADHPEY  B62 B*1501 313 32 3+2 37 £ 8*

protein

TB 124 PPE61 PPE gene family LEEIGILLL B44 B*4001 11 19 5+£3 22 +6*
TB 129 PPE52 PPE gene family LEVPAMGVL  B44 B*4001 25 11, 16, 17, 38 4+1 27 £ 6*
TB 132 PE_PGRS PE_PGRS gene family GEGGVGSIL B44 B*4001 33 11, 13, 16, 17 5+2 25+ 7*

'Kp, the equilibrium dissociation constant; a measurement of the affinity of peptides binding to the relevant HLA molecules in nm, the lower the

value, the stronger the binding.

*Spot-forming cell numbers represent an individual donor (in bold) and entries are the means of six individual assay cultures and in the absence

or presence of peptide.
*Differences are significant at P < 0-01.

should be noticed that the presence of IVA12 does not
affect HLA class I restricted responses and the presence of
anti-DR antibody does not affect HLA-DP restricted
responses.”®

A recently developed assay for peptide binding to
recombinant HLA-DR molecules was employed.”* Four-
teen recombinant HLA-DR subtypes, representing 33% of
all HLA-DR subtypes expressed by the PPD' donors
(Table 2), were assayed for binding of the eight antigenic
peptides. However, only three of the eight M. tuberculosis
peptides showed binding to HLA-DR subtypes (DRB1*0806,
1*1201, 1%1202), but none of these HLA-DR molecules
was expressed by the two donors (no. 19 and 32) who
showed reactivity for the three peptides (data not
included).

486

Anti-M. tuberculosis peptide responses are dependent
on CD4" T cells

To obtain direct evidence of the phenotype of M. tubercu-
losis-peptide-reactive cells, anti-M. tuberculosis reactivity
was tested in PBMC depleted of CD4" T cells before pep-
tide exposure in expansion cultures. As shown in Fig. 2,
CD4" T-cell depletion resulted in a total loss of peptide
reactivity in all but one (anti-TB 60 peptide reactivity) of
the CD4" T-cell-depleted PBMC fractions.

To further validate that the ELISPOT responses were in
fact a CD4" T-cell response and not a mixture of CD4"
and CD8" T-cell responses, we used a flow cytometry-
based intracellular cytokine secretion assay. Two donors
were analysed in this assay, Donor 32 stimulated with

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 482-491
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Figure 1. Nine-mer peptides induce HLA-II restricted responses. Peripheral blood mononuclear cells (PBMC) obtained from donors 32 (a, d and

e), 28 (b and ¢), 19 (f) and 11 (g and h), were incubated with the indicated peptides, respectively, for 10 days. Before testing, cells were har-
vested, washed and stimulated with the indicated peptides in enzyme-linked immunospot (ELISPOT) plates for 20 hr in the absence or presence
of anti-HLA class I and class II antibodies (mAb) as shown. Results are expressed as the mean spot-forming cell (SFC) values of four replicate
ELISPOT microcultures, each containing 10> PBMC. For each peptide the presence of the anti-HLA class I antibodies IVA12 and anti-DR
resulted in significant inhibition of interferon-y spot formation (*P < 0.01; Student’s t-test).

TB2, TB88 and TB92, and donor 28 stimulated with
TB60. After 10 days in vitro restimulation the cells were
analysed by intracellular cytokine secretion. For all combi-
nations a low but clear CD4" T-cell response could be
measured, with peptide TB2 and TB92 peptide recognized

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 482-491

by donor 32 showing the highest frequency of CD4"-
specific T cells (> 1%) (Fig. 3). In all cases no measurable
peptide-specific CD8" T-cell responses could be detected.
For the peptide responses in donor 32 this correlates with
the finding that the specific ELISPOT response was absent
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after CD4" depletion (Fig. 2). The peptide T60 response
in donor 28 could only be partially removed by CD4"
depletion (about 30% resides) but only a peptide-specific
CD4" T-cell response and no CD8" T-cell response could
be detected by intracellular cytokine secretion.

Discussion

The aim of the present study was to identify CD8" T-cell
epitopes derived from M. tuberculosis using immuno-
bioinformatics. We have previously used such an
approach to successfully identify T-cell epitopes derived
from smallpox virus and influenza A virus.*>*” However,
in our previous study ** and a more recent observation,”®
it was shown that HLA-I binding 9mer peptides were able
to induce CD4" T-cell-dependent responses that appar-
ently are restricted by the HLA-II molecules. These obser-
vations led us to investigate whether the predicted HLA-I
binding peptides derived from M. tuberculosis induced
CD4" T-cell-dependent responses. The key findings of the
present study are that eight of a total of 157 peptides
selected for HLA class I binding induce T-cell responses
in PBMC from one or several PPD* donors (Table 2). In

contrast, only four of 10 donors, with low PPD reactivity
in ELISPOT assay, reacted with one or more of the eight
antigenic peptides indicating the M. tuberculosis specificity
of the responses observed. However, instead of being
HLA class I restricted, these responses are apparently
restricted by HLA class II molecules because the responses
are all blocked by anti-HLA-DR antibody added to the
ELISPOT assay culture. In addition, according to results
from cell depletion and FACS analyses anti-M. tuberculosis
peptide responses are mediated by CD4" T cells.

The eight epitopes discovered are derived from five dif-
ferent M. tuberculosis proteins. Three of these [Rv1979,
Rv3144c (PPE52) and Rv3532 (PPE61)] each express two
positive CTL epitopes whereas the remaining two proteins
[Rv0284 and Rv3507 (PE_PGRS)] only harbour a single
epitope. Interestingly, six of the eight positive epitopes
are derived from the PE/PPE gene family of conserved
mycobacterial proteins (Table 2). The PE/PPE gene family
is interesting from an immunological point of view
because they comprise approximately 10% of the
M. tuberculosis genome and may be a source of antigenic
variation, which the bacterium uses to evade the host
immune response.’* These proteins are surface-associated

488 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology, 132, 482-491
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Figure 3. Intracellular interferon-y (IFN-y) production by tuberculosis peptide-stimulated peripheral T cells. Peripheral blood mononuclear cells
(PBMC) obtained from Mycobacterium tuberculosis peptide-reactive donors shown in Table 2 were incubated with peptide, for 10 days. Cells were
harvested, washed and re-stimulated with the indicated peptide for 4 hr in the presence of Brefeldin A. Cells were then stained by anti-CD4,
anti-CD8 and IFN-y monoclonal antibodies, and analysed by flow cytometry. Notice that the majority of IFN-y producing cells are in the

CD8™ CD4" gated lymphocytes.

cell wall proteins and may also be accessible to antibod-
ies.*” The B-cell and T-cell immune responses have been
reported against both PE and PPE proteins, but their
immunological significance remains largely unknown.*'~**
Only a few T-cell epitopes have been identified for the
PE/PPE gene family. Two have been found in PE-PGRS
proteins (Rv1818c and Rv3812) and one in PPE protein
(Rv3018¢). In the present study we report five new epi-
topes for the PE/PPE gene family: a single epitope for the
Rv3507 (PE_PGRS) and four new epitopes for the PPE
proteins [Rv3144c (PPE52) and Rv3532 (PPE61)].
Regarding the phenotype of M. tuberculosis peptide-
responding T cells, our data from T-cell depletion of
PBMC before ELISPOT and FACS analyses showed that
the responding T cells are indeed CD4" T cells. In our
previous studies *°® in which we probed for specific
T-cell immunity in PBMC against pox and flu virus-
derived HLA-I binding peptides, respectively, HLA-I and

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 482-491

HLA-II antibody blocking experiments and CD4" and
CD8" T-cell depletion experiments showed that peptide
reactivity was initiated by either CD4" or CD8" T cells
but never by both subsets in the same ELISPOT culture.
It is generally accepted that HLA class I binding pep-
tides are composed of 8-11 amino acids, whereas HLA
class II binding peptides consist of 15-20 amino acids
being recognized by CD8" and CD4" T cells, respec-
tively.*™” In contrast, we have previously reported that
HLA-I binding peptides nine amino acids long derived
from vaccinia virus® and influenza A virus*® induce
CD4" T-cell responses in PBMC. Here, we have extended
these observations by showing that in silico predicted
HLA-I binding 9mer peptides derived from M. tuberculo-
sis proteins induce T-cell-dependent responses that
appear to be HLA-II restricted because they are totally
blocked by a pan HLA-II antibody as well as by an anti-
HLA-DR antibody. As in our previous study with vaccinia
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virus-derived peptides,” there was a trend of correlation
between HLA class II restricted antigenicity and a mea-
sured high peptide HLA-I binding affinity, so six of eight
antigenic M. tuberculosis peptides bind HLA-I with a
Kp < 50 nmM. However, in accordance with our recent
observation on flu epitopes,”® we found that two of the
M. tuberculosis peptides with intermediate binding affini-
ties to HLA class I were also capable of stimulating a
strong HLA-II restricted T-cell responses.

As the eight antigenic 9mer epitopes appear to be
restricted by HLA-II DR molecules (Fig. 1), we tried to
predict the binding of all the 157 9mers used in this
study to all DR alleles present among the donors using
the publicly available MHC-II predictor NErMHCIIpax*®
(http://www.cbs.dtu.dk/services). ~ Forty-eight  peptides
including the two antigenic peptides LEEIGILLL and
IVFATAARY were predicted to be either strong binders
(SB, predicted Kp < 50nM) or weak binders (WB, pre-
dicted Kp < 500 nm), respectively, to one or more DR
alleles present among the donors, (see Supplementary
material Tables S1 and S2). However, the two donors
(no. 19 and 32) who reacted with these two peptides
did not express the predicted HLA-DR alleles.

We have recently developed a technology for assaying
the binding of peptides to recombinant HLA-DR mole-
cules.’”” However, only three of the eight antigenic
M. tuberculosis peptides showed binding to three of the
14 tested HLA-DR molecules, but none of these three
HLA-DR molecules were expressed by the two peptide-
reactive donors. These negative data might reflect the fact
that the number of assayed HLA-DR molecules only rep-
resent one-third of the HLA-DR subtypes expressed by
the TB peptide immune donors. In addition, the 10-day
peptide exposure period might favour low-affinity interac-
tions that might be missed in our biochemical assay.
However, so far we have no definitive proof that the eight
antigenic 9mer TB peptides discovered in the present
study do bind to HLA-DR.

It is well established that CD4" T cells are instrumental
in the control of M. tuberculosis infections.>”*'" For this
reason, MHC-II restricted epitopes identified in the pres-
ent study as capable of stimulating CD4" T-cell responses
may be of importance for the development of effective
peptide-based vaccines against TB. In addition, it has been
shown that CD4" T cells are required for priming as well
as secondary expansion of CD8" memory T cells.*”~ It is
therefore of critical importance to incorporate both HLA-I
restricted and HLA-II restricted epitopes in peptide-based
vaccines to obtain optimal vaccination, which may require
the participation of both CD4" and CD8" T cells to gener-
ate a strong and long-lasting immunity against TB. Nine-
mer peptides, such as those discovered in the present
work, which bind to both HLA-I and HLA-II molecules,
may potentially activate both the T helper and CTL
arms of the immune system. Our failure to demonstrate

CD8-reactive TB peptides in the present study might
reflect the fact that many of the our BCG-vaccinated
PPD" donors were not really TB infected. Hence, in con-
trast to CD4" T-cell responses, CD8" T-cell responses are
quite specific for TB and would therefore be absent in
BCG-vaccinated but non-infected individuals.”*

Our present and previous data®®*® suggest that certain
HLA-I binding peptides might stimulate CD4" T-cell
immune responses most probably restricted by HLA-II
molecules. Hence, ELISPOT-based analyses of reactivity
against 9mer class I binding peptides should always
include either anti-CD4/CD8 blocking or CD4'/CD8"
T-cell subset depletion experiments or perforin- or gran-
zyme B-based ELISPOT analyses, although CD4" T cells
might occasionally express perforin/granzyme activity.”
Alternatively, proliferation assays and flow cytometry
analyses in which PBMC are stained for surface markers
specific for T cells should be included to obtain the true
phenotype of the antigen-specific T cells.

In conclusion, we have identified eight novel antigenic
9mer M. tuberculosis-derived peptides that activate CD4"
T cells and appear to be restricted by HLA-DR molecules.
These results may have important implications for a new
design of epitope-based TB diagnostics and vaccines
which incorporate both HLA-I and HLA-II restricted epi-
topes in the same peptide entity.
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