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Theinteraction of TCRs with MHC peptide ligands can be highly flexible, so that many different peptides are recognized by the
same TCR in the context of a single restriction element. We provide a quantitative description of such interactions, which allows
the identification of T cell epitopes and molecular mimics. The response of T cell clones to positional scanning synthetic combi-
natorial librariesis analyzed with a mathematical approach that is based on a model of independent contribution of individual
amino acids to peptide Ag recognition. This biometric analysis compares the information derived from these libraries composed
of trillions of decapeptides with all the millions of decapeptides contained in a protein database to rank and predict the most
stimulatory peptides for a given T cell clone. We demonstrate the predictive power of the novel strategy and show that, together
with gene expression profiling by cDNA microarrays, it leads to the identification of novel candidate autoantigens in the inflam-
matory autoimmune disease, multiple sclerosis.  The Journal of Immunology, 2001, 167: 2130-2141.

tides of 8—10 and 12-16 aa in the context of self MHC molecules (4, 5) together with systematic binding analyses (6, 7)
class | and class Il molecules, respectively (1, 2). Duringhave provided experimental data for the definition of MHC-bind-
the last 15 years, this central process of cellular immune responseésg motifs (8—12) and the development of MHC peptide-binding
has received enormous attention and has been dissected usingnadels. A combination of positive and negative influences from
vast array of different immunological and biochemical techniquesamino acid side chains in the antigenic peptide has been shown to
A quantitative analysis of the interaction between TCR and theildetermine the interaction between peptide and MHC molecules
MHC peptide ligands would be an important basis for the design13). Indeed, the assumption of independent contribution of each
of vaccines and therapeutic approaches to immune-mediated, iBmino acid side chain in the peptide sequence to MHC binding has
fectious, and neoplastic diseases. been used to develop quantitative methods that predict peptide
Because it has been difficult to describe the trimolecular COMpinding to MHC alleles (8, 14-16). More recently, elegant neural
plex in its entirety, experiments initially focused on the interaction network approaches have been used to further refine the prediction
between peptide and MHC molecules. Structural studies of MHGy¢ peptide binding to MHC (17—-20). Based on the fact that a subset
class I and class Il molecules complexed with antigenic peptideg \Hc-binding peptides are also T cell epitopes (21, 22), MHC
disclosed that the latter bind in a linear fashion (3). Sequencing OBinding has been used to predict candidate T cell epitopes in bulk

T cell populations, such as those contained in the peripheral blood
(12, 19). However, to dissect and predict precisely the interaction
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cell epitope determination and the analysis of TCR specificity and
flexibility, as recently reviewed (26, 27). Recent studies (28—32)
of T cell clones (TCC)® demonstrated the efficacy of using
positional scanning synthetic combinatorial libraries (PS-SCL)
for identifying target Ags and highly active peptide mimics. How-
ever, it was technically impossible to fully use this technology
without the development of quantitative methods for predicting the
stimulatory potential of peptides based on data from these complex
libraries.

We report in this study a new strategy that combines data ac-
quisition with PS-SCL and analysis with a quantitative scoring
matrix to identify agonist peptides for clonotypic TCR of known
and unknown specificity. Peptides can be identified from database
searches with unprecedented efficiency and ranked according to a
score that is predictive of their stimulatory potency. To our knowl-
edge, thisis by far the most efficient available approach to identify
stimulatory peptides for individual TCR and predict their actua
stimulatory potency with relatively high accuracy. While further
improvements of this strategy will be pursued, we have developed
atool for the identification of potential T cell epitopes, the design
of vaccines, and the quantitative analysis of TCR degeneracy. Fi-
nally, we demonstrate how the search results from the above pre-
diction strategy can be related to tissue-specific expression profiles
determined by cDNA microarray assays to identify candidate pep-
tides that are derived from proteins that are overexpressed in a
diseased tissue, i.e., the brain in multiple sclerosis (MS), and are
thus available for the expansion of autoreactive T cells.

Materials and M ethods
T cdl clones

TCC were established from peripheral blood or cerebrospinal fluid (CSF)
lymphomononuclear cells by a split-well technique, as previously de-
scribed (33, 34). TCC GP5F11 was established from PBMC of a patient
with MS using influenza virus hemagglutinin (HA) peptide (306—318)
(PKYVKQNTLKLAT, single letter amino acid code) as an Ag. The TCC
is restricted by DRB1*0404. TCC TL3A6 was established with myelin
basic protein (MBP) from PBMC of a patient with MS and recognizes the
immunodominant epitope MBPg;_q9 (VHFFKNIVTPRTP) in the context
of DR2a (DRa + DRB5*0101). The TCC has been extensively charac-
terized for recognition of numerous atered peptides derived from
MBPg,_oq aswell as other molecular mimics (25, 31, 32, 35, 36). The TCR
usage is TCRAV18 and TCRBV5S1. TCC CSF-3 was established with a
lysate of Borrelia burgdorferi from the CSF of a patient with chronic Lyme
disease, as described (34). The TCC recognizes several B. burgdorferi-
derived as well as human peptides in the context of DR2b (DRa +
DRB1*1501). The TCR usage is TCRAV13S2 and TCRBV14S1.

Peptides and peptide combinatorial libraries

Peptides were synthesized by the simultaneous multiple peptide synthesis
method (37) and characterized using HPL C and mass spectrometry. A syn-
thetic N-acetylated, C-amide L-amino acid combinatorial peptide library in
apositional scanning format (PS-SCL; 200 mixtures in the OX, format, in
which O represents one of the 20 L-amino acids, and X represents all of the
natural L-amino acids, except cysteine) was prepared as described (38).

Proliferative assays

The proliferation of TCC in response to PS-SCL or individual peptides was
tested by seeding in duplicate 2 X 10* T cells, 5 X 10* irradiated PBMC
with or without mixtures from PS-SCL or peptide. Proliferation was mea-
sured by [3H]thymidine (Amersham, Arlington Heights, IL) incorporation
(32).

5 Abbreviations used in this paper: TCC, T cell clone; PS-SCL, positional scanning
synthetic combinatorial libraries, CSF, cerebrospinal fluid; HA, hemagglutinin; MBP,
myelin basic protein; MS, multiple sclerosis; S-index, stimulation index.
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Satistical analysis and model building

A positional scoring matrix was generated by assigning a value of the
stimulatory potential to each of the 20 defined amino acidsin each position.
The score §; for each amino acid i at each position j was calculated as
follows:

_ Lij -B
\(std(Ly))? + (std(B))?

where L equals the mean of replicate experimental measurements (cpm), B
stands for background noise, std(L;;) denotes the smoothed estimate of the
SD for each measurement using a locally weighted regression smoothing
technique (S-plus package) based on the assumption that the SD is depen-
dent on level of response. We call this the Z-index score due to its simi-
larity to statistical Z ratios of means divided by their SE values.

In an alternative score called stimulation index (S-index), we generated
the score in each position by using the mean of duplicate cpm valuesin the
presence of mixtures from the PS-SCL fractions divided by the mean of
duplicate values in the absence of mixtures from the PS-SCL. The S-index
score appeared preferable when the PS-SCL spectrum of the cpm value
was more clearly defined.

Under the assumption of independent contribution to stimulation, the
predicted stimulatory potential of given peptide is the sum of the scoresin
each position. A 10-mer peptide sequence can be represented by a20 X 10
matrix of Osand 1s (p;), where p; = 1if theith amino acid (using the same
order as for the rows of the scoring matrix) isin position j. Let S; denote
the components of the positional scoring matrix. Then the score for the
peptide is:

Si

20 10

s=22pS

i=1j=1
Database search

We wrote a Perl script to systematically search the GenPept database. A
window with the same length of peptide as used in the PS-SCL was applied
to slide over the available translated protein-coding sequences. The sum of
the scores within the window was used as a ranking criterion. All peptides
with scores higher than a threshold were output into a file. The threshold
was chosen based on the statistical significance of the peptide score, com-
pared with that for a random peptide. Those peptides were then sorted.
Redundant peptides were removed. The database search can aso be re-
stricted to specific organisms (e.g., Homo sapiens or Influenza virus).

Satistical significance

We developed a statistical significance test of the hypothesis that the score
for a peptide is no greater than would be expected if the peptide were
obtained from 10 random draws of amino acids. Under the null hypothesis,
it is not assumed that all amino acids are equaly likely, but rather the
relative frequencies f,, f,, ... f,y are derived from the database being
searched. Under the null hypothesis, the distribution of S will be approx-
imately normally distributed. The mean and the variance of this null dis-
tribution can be expressed as

20 10
m= Ef, 2 S
i=1  j=1
var = E[$] — n?
The variance can be shown to equal:
20 10 9 10
va= 262§ +2% X mmy - nt
i=1 j=1 j=1j=j+1

20
wherem = Z fiS;.

j=1
The statistical significance of any score S can be approximated as
— ¢ (m - S)

in which ¢ denotes the standard normal distribution function. However,
this significance level does not account for the number of 10-mer se-
quences contained in the database.
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FIGURE 1. Proliferative response of TCC GP5F11 (A) and TL3A6 (B) to the 200 mixtures of a decapeptide PS-SCL in which each position has one
defined amino acid (20 for each of the 10 positions; the single letter amino acid code is used). Proliferation is shown as cpm induced by each mixture of the
PS-SCL (mean and SD vaues of duplicate wells). *, Proliferation in the absence of peptide mixtures. TCC GP5F11 is specific for an influenza virus HA-derived
peptide, Flu-HA 3053177 TCC TL3AG is specific for a MBP-derived peptide. The corresponding sequences of HA o5 3,7, YVKOQNTLKLA, and MBPgg_gg,
FFKNIVTPRT, are indicated by diamonds at the top of each panel. Proliferation in the absence of Ag was 124 + 42 cpm (A) and 1453 + 493 cpm (B).

Analysis of gene expression using cDNA microarrays

Brain tissue was obtained at autopsy from two M S patients. Patient W was
a 46-year-old male with primary progressive MS (39); patient R was a
46-year-old female with relapsing-remitting MS. Normal white matter was
dissected, postmortem, from three nondiseased brains. RNA extracted from
these three normal white matter samples was pooled, in equal amounts, for
use in hybridization experiments. Lesions were identified by H&E and
Luxol fast blue-periodic acid Schiff staining of paraffin-embedded sections.
Further characterization of lesions was performed using immunohisto-
chemistry for cell-specific Ags. All staging of lesions was performed as
previously described (40). From the first patient, patient W, one acute (W1)
and one chronically active lesion (W2) were studied. From the second
patient, R, 16 chronic lesions were studied. These lesions had inflammatory
cells present, but the inflammatory cells were not participating in any form
of ongoing demyelination.

The detailed methodology of cDNA microarray analysis has been
described in detail elsewhere (41) Arrays for this study contained 2889

human cDNAs that were primarily derived from |.M.A.G.E. consortium
cDNA libraries (42). A list of genes present on the arrays can be found
at http://intraninds.nih.gov/Biddison/cDNA_microarray.asp. [**P]dCTP-
labeled cDNAs were produced by reverse transcriptase from RNAs
obtained from individual MS lesions, pooled normal white matter, exper-
imental allergic encephalomyelitis, and norma mouse brains, and hybrid-
ized to the cDNA microarrays. Hybridizations of RNA obtained from MS
lesions and experimental allergic encephalomyelitis brains were performed
in two independent experiments, except for lesions R10, R11, and R16, in
which enough RNA was obtained for only one hybridization. Quantitation
of radioactivity bound to the arrays was performed on a Molecular
Dynamics STORM Phosphorlmager (Molecular Dynamics, Sunnyvale,
CA) at 50 um resolution. All data were analyzed from the Phosphorlmager
images using Pscan (Ref. 43, see aso http://abs.cit.nih.gov/pscan). Pscan
calculates spot intensities and compares spot intensities between samples,
giving a ratio of gene expression between comparative samples. Using
Pscan, spot intensities between arrays were automatically normalized to the
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FIGURE 1. (continued)

median of all spot intensities on each individua array. Ratios of gene
expression that were greater than 2-fold were considered significant based
on a 99% confidence interval (44).

Results
Data obtained with combinatorial peptide libraries suggest
different levels of TCR degeneracy for different CD4" TCC

In this study, we sought to develop an approach that would com-
bine the information generated from the screening of a decapeptide
PS-SCL with al protein sequences in public databases. This strat-
egy should allow the identification of the entire spectrum of stim-
ulatory peptide ligands for a given TCC and the ranking of natu-
rally occurring peptides with regard to predicted stimulation. The
ultimate goal is to develop a methodology for identifying biolog-
ically relevant peptides for TCC of unknown specificity that have
been isolated, e.g., from a tissue.

Three CD4™ TCC were tested in proliferative assays with the
200 mixtures of the decapeptide PS-SCL. Two TCC had known
specificity, one specific for influenza HA (Flu-HA) (306-318)
(TCC GP5F11), and one for MBPg; o4 (TCC TL3A6). We also
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studied one clone of unknown specificity that recognizes B. burg-
dorferi, the causative organism of Lyme disease (TCC CSF-3).

Data obtained with combinatorial peptide libraries suggest different
levels of TCR degeneracy for different CD4" TCC. The stimulation
profiles for TCC GP5F11 and TL3A6 are shown in Fig. 1, A and B,
respectively. The profile for CSF-3 is shown previoudy (34). The
profile of TL3A6 shows that more than one mixture in severa posi-
tions of the PS-SCL generated a clear proliferative response. The
amino acids of MBPgg_gg are marked by diamonds (FFKNIVTPRT).
Although the target amino acids correspond to the defined amino acid
in the most stimulatory mixtures in most positions, this is not ob-
served in certain positions, such as N in position 4 and P in position
8. In contragt, the profiles for GPSF11 and CSF-3 show a very dif-
ferent pattern with fewer, but more differentia activity between stim-
ulatory and not stimulatory mixtures.

Limitations of motif searches

Motif searches are widely used to search protein databases in a
nonquantitative manner. However, this approach was not success-
ful for identifying the known target peptides of the TL3A6 and
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Table |. Database search performed on SwissProt and GenPept to identify agonist peptides for TCC GP5F11
SwissProt GenPept
Target Target No. hits, No. hits, H.

S-Index Search Supermotif® sequence No. hits sequence viral DB sapiens DB
>2 [WYFRH]-[MLIVADFYH]-K- Yes 513 Yes 560 177

[QVILYHKPTM]-[NHQM]-[TSNIQGVAHM]-

[GPAHFSTYVNQLICM]-[RKGPMTNV S§]-

[FRMYKLVHQPNISWGA]-[LMIFVY QA]
>3 [WYFR]-[MLIVADF]-K-[QVILYHKP]- 82 No 23 34

[NHQ]-[TSNIQGVAH]-[GPAHFSTYVNQL]-
[RKGPM]-[FRMYKLVHQPNI]-[LMIFVY]

2 Amino acids corresponding to Flu HA (308—-317)(Y VKQNTLKLA) are shown in bold underlined characters. SwissProt contains 83,857 protein sequences (3-3-00); GenPept
viral database: 90,174 proteins (20,198,794 decamer peptides); Homo sapiens database: 43,795 proteins (13,879,822 decamer peptides).

GP5F11 clones. Motifs searches are generated from screening re-
sults of PS-SCL, and contained in each position are amino acids
corresponding to mixtures with S-index greater than a specified
threshold (see Materials and Methods for definition of S-index).
Thresholds of 2 and 3 were used to generate the search motifs. The
resulting motifs were then used to search the SwissProt and Gen-
Pept databases.

Tables | and 1 show the number of peptides that satisfied the
motif searches, and indicates whether the target peptide was iden-
tified. The target peptide was not found with either of the motifs
for TL3AG in either database. The target peptide for GPF11 was
identified only when the search criterion was so permissive/lax that
over 500 other peptides were also selected. Furthermore, the in-
ability of motif searches to rank peptides renders it almost impos-
sible to identify the most likely epitopes in a rational way and
without synthesizing and testing very large numbers of individual
peptides.

Developing a score matrix-based approach for predicting T cell-
stimulatory candidate peptides

Itisclear that a more systematic approach that employs all the data
generated from the screening of PS-SCL needs to be devel oped for
the search of databases. Our strategy is outlined in the flow dia-
gram (Fig. 2).

We recently demonstrated that each amino acid within a peptide
contributes to recognition almost independently and in an additive
fashion, so that amino acid substitutions that abrogate recognition
can be compensated for by highly stimulatory substitutions in
other positions (25). Thus, the overall stimulatory value of a pep-
tide results from the combination of positive or negative effects of
each of the amino acids. Based on these assumptions, we could

show that peptides that shared no amino acid in corresponding
positions of their sequences could still be recognized by the same
TCR (25). Also, the findings that the specificity information de-
rived from PS-SCL libraries is similar to that obtained with indi-
vidual peptide analogues and the fact that highly active peptides
can be identified allow the development of anew search algorithm.

Our agorithm provides a predicted stimulatory score for the
peptide of the same length as used in PS-SCL libraries. Based on
the above assumptions, the peptide score is the sum of position-
specific scores of the component amino acids. The scoring is
accomplished by calculation of a matrix in which the columns
represent positions, and the rows the 20 aa used in PS-SCL librar-
ies. The scoring matrix entry for a particular amino acid in a
specific position is based on the stimulation assay results for the
mixture of PS-SCL corresponding to that amino acid defined in
that position (Fig. 3A). The scoring matrix entry can either use the
S-index or use the Z-index, which takes into account the experi-
mental errors (see Materials and Methods).

The matrix is then used to search for predicted stimulatory pep-
tidesin the public protein databases. By moving a decamer scoring
window across the known protein sequences in 1-aa increments
(Fig. 3B), astimulatory scoreis calculated for all published 10-mer
peptides, and then they are ranked accordingly. This strategy offers
important advantages compared with motif searches: 1) all thein-
formation derived from the PS-SCL screening is used, and the
selection based on a cutoff of activity is not required; 2) peptides
are now ranked according to their predicted stimulatory score.

An example of ascore matrix for one of the CD4* TCC (GP5F11)
is shown in Fig. 3A. The amino acids of the Flu-HA ;0g_5,, peptide
are boxed. Note that the amino acids of the target peptide sequence L
in position P7 and A in P10 are below an S-index value of 3, thus

Table II. Database search performed on SwissProt and GenPept to identify agonist peptides for TCC TL3A6
SwissProt GenPept
Target Target No. hits, H. No. hits, No. hits,

S-Index Search Supermotif® sequence No. hits sequence sapiens DB viral DB bacteria DB
>2 [WHYEARTLCGQVKN]-[KIESRYLWMTAVN]- No 260,085 No 104,229 183,876 289,887

[KDLCGFVIYQNH]-[LKIMVSATDG]-

[VMLIWYTR]-[VMILPTY SKWGEQNA]-

[TSFVRWLQKGAPNY]-

[KICTSPLFQMRAHW]-[FKRVPY LIH]-

[TISVHWKMAFLR]
>3 [WHYEARTLCG]-[KIESRYL]-[KDLC]- No 797 No 285 502 776

[LKIMV]-[VMLIW]-[VMILPTY SK]-[ T SFVRW]-
[KICTSPL]-[FKRVPYL]-[TISVHW]

2 Amino acids corresponding to MBP(89-98)(FFKNIVTPRT) are shown in bold underlined characters. SwissProt contains 83,857 protein sequences (3-3-00); GenPept viral
database: 90,174 proteins (20,198,794 decamer peptides); H. sapiens database: 43,795 proteins (13,879,822 decamer peptides); bacterial database: 111,807 proteins (32,604,667

decamer peptides).
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Obtain T cells from blood or tissue

v

Clone by limiting dilution

.

Test proliferative response of TCC to a decapeptide
PS-SCL (Fig. 1)

|

Design scoring matrix based on stimulatory potency
of each mixture of the decapeptide PS-SCL (Fig. 3A)

'

Use matrix to score all decapeptides of proteins
contained in public databases (Fig. 3B)

v

Synthesize selected peptides and
verify response of TCC (Fig. 4)

FIGURE 2. Flow diagram of the strategy used to quantitatively analyze
TCR recognition of Ags by clonotypic T cells. Experimental data collected
by measuring functional T cell responses to PS-SCL are then analyzed by
ascoring matrix approach. This allows the identification and ranking of the
spectrum of antigenic ligands for TCC of known and unknown specificity.

explaining the failure of the motif search to find the target influ-
enza peptide. The principle of the sliding decamer scoring window
that is moved across a protein sequence in 1-aa increments
is shown in Fig. 3B. Three decamer peptides within the
Flu-HA 55,35, Sequence are scored by adding the stimulatory val-
ues of the respective 10 aa. Note the drastic changesin stimulatory
scores when the scoring window is moved 1 aa to the left (score
51.98) or to the right (13.7) as compared with the optimal register
that is shown in the middle (score 256.01). These changes of the
scores indicate that, as soon as both MHC and TCR contact posi-
tions that contribute most of the stimulatory activity are out of the
correct register, the peptide may lose binding to the MHC and/or
fail to stimulate the clone because the TCR contacts are not posi-
tioned properly.

Testing the score matrix-based approach using clones with
known specificity and with synthesized peptides

The effectiveness of this approach is demonstrated in Table I1I.
When the score matrices for clones TL3A6 and GP5F11 were used
to score all peptides in the GenPept database, both the target pep-
tides (MBPgg_gg peptide for TL3A6, and Flu-HA o9 5,5 fOr
GP5F11) were correctly identified. The GenPept database (ftp://
ftp.ncifcrf.gov/pub/genpept) was searched because it is substan-
tialy larger than SwissProt (http://www.expasy.ch/sprot). The rel-
ative ranks obtained for the target peptides are given in Table 1.
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For GP5F11, the rank among viral peptides is given; for TL3A6,
we show the rank among human peptides. Consistent with previ-
ous observations with another autoreactive clone (45), MBPgg_gg
was far from optimal, i.e., it ranked only 202nd in the set of human
peptides using the S-index matrix. In contrast, the target peptide
Flu-HA309_315 ranked as the sixth highest scoring peptide for
GP5F11 among vira proteins, and 24th when not only viral, but
also human proteins were scored. This also suggests that molecular
mimics that are potentially more stimulatory than the native for-
eign peptide can be identified.

We assessed the predictive power of the algorithm using syn-
thesized peptides tested for stimulation of the three clones (76
peptides for GP5F11, 144 peptides for TL3A6, and 88 peptides for
CSF-3). For the two TCC of known specificity, TL3A6 and
GP5F11, the peptide was considered stimulatory if its EC., (con-
centration that yields half-maximal stimulatory activity) was equal
to or <10 times that of the target peptide (MBPgg_gg and Influenza
virus HA 3o5_3,7, respectively). For CSF-3, the TCC of unknown
specificity, the peptide was considered stimulatory if it activated
the TCC with aZ-index >47.5 at any concentration between 0.001
and 100 pg/ml.

Table IV shows the relationship between stimulatory potential
predicted by the scoring matrices and actual measurement of TCC
stimulation. Thresholds for matrix score prediction were based on
relative operating characteristic analysis (46) to balance sensitivity
and specificity. For clone CSF-3, for example, of the 62 peptides
predicted to be stimulatory (have scores above the threshold of
47.5), 58 did stimulate the TCC (a positive predictive value of
58/62, or 93.5%). Of the 26 peptides predicted to be nonstimula-
tory, only 5 stimulated the TCC (negative predictive value: 21/26,
80.8%). The sensitivity for predictions with this clone was 92%;
that is, of the 63 peptides that actually stimulated the TCC, 58 were
correctly predicted. The specificity was 84%; that is, of the 25
peptides that did not stimulate the TCC, 21 were correctly pre-
dicted. Although the sets of synthesized peptides are small com-
pared with the number of peptides that would be predicted to be
stimulatory, Table IV documents the excellent sensitivity, speci-
ficity, and negative predictive values for the three TCC.

Table V shows the information on the 10 highest scoring pep-
tides derived from B. burdorferi database analysis for TCC CSF-3
with the half-maximal stimulatory value that was determined by
dose-titration, proliferative experiments. Examples of the stimula-
tory activity of peptides predicted to activate TCC GP5F11 are
shown in Fig. 4. Note that a predicted stimulatory peptide with
optimal amino acids in each position (WMKQNIGRFL) and a
higher score than the target peptide is in fact two orders of mag-
nitude more potent than the target sequence. One of the shown
peptides with a score of 132.40 ranks much lower than the putative
stimulatory threshold for TCC GP5F11, and consequently it did
not stimulate the clone. However, even afew high scoring peptides
(data not shown) are not stimulatory from reasons that are cur-
rently under further investigation.

Combining scoring matrix predictions of TCC stimulation with
cDNA microarrays to identify biologically relevant candidate
peptide mimics

The novel strategy described in this work alows us to find peptides
from every known source that have stimulatory activity for the clone
that was tested with PS-SCL. This leads to the problem of how one
identifies from this wesalth of data which peptides may be biologi-
caly relevant. In cases in which the target Ag for the clone is not
known or molecular mimics with potential relevance for an organ-
specific disease are of interest, severa strategies may be used.
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A ] P2 P3 P4 P5 P6 P7 P8 Pg P10
A 1.06 5.44 0.67 1.21 0.74 397 10.75 1.49 225 221
FIGURE 3. A, Score malrix for c 1.21 1.19 0.82 1.56 142 165 2.26 1.28 1.53 1.00
TCC GP5F11. Data from a represen- ’ ’ ’ ’ ’ ’ ’ ’ ’ ’
tative experiment of proliferative re- D 0.88 3.35 1.02 114 0.94 1.01 1.90 154 1.18 0.94
sponse of the TCC to a decamer PS- E 0.57 1.01 0.74 1.23 0.97 1.19 0.80 0.93 1.28 127
SCL experiment are used to generate F 1898 3.4 102 160 082 121 541 129 1086 943
the matrix. Each number represents
the S-index (cpm in the presence of G 0.91 0.86 0.84 165 1.23 465 29.95 8.48 250 119
the mixture/cpm in the absence of the H 2.09 2.18 162 447 5.44 343 7.88 1.38 473 152
mixture) of each of the 200 mixtures 1 1.26 16.35 1.25 952 122 11.10 260 0.94 3.12 10.94
of a decapeptide PS-SCL (20 2a, in- K 136 179 409 135 070 139 | 3065 | 7.02 1.08
dicated by the single letter code, for
each of the 10 positions of a decamer L 1.64 18.74 1.01 8.74 177 1.81 I 2.83 127 590 l 14.05
peptide, P1 to P10). In a model of M 1.31 28.40 1.18 223 2.26 232 2.00 3.26 9.74 12.22
independent contribution of each N 1.02 147 0.69 1.09 12.27 2.88 2.17 3.44 1.08
a;nlnc_) aT'd to Zlem'df recggnltlon, P 1.1 0.86 092 3.10 0.90 125 1516 388 373 1.04
the stimulatory value of any decapep-
tide can be dgtermi ned byy summiesg Q 1.91 1.94 073 3.06 9.08 287 1.94 429 2.34
the values of the individual amino ac- R 3.37 1.04 1.06 146 1.34 1.65 0.94 38.99 1057 0.86
ids in the score matrix. The example s 1.49 0.98 0.88 0.83 1.93 16.90 494 1.96 257 1.01
shown Isa decamer peptide derived T 1,19 1.37 134 265 0.77 475 2.33 1.60 1.40
from influenza virus HA3g_5,7 that
was used to establish the TCC v 1.21 1.80 19.85 1.03 413 321 2.10 5.29 443
Boxed numbers correspond to the w 56.83 1.45 1.15 117 0.76 170 148 0.80 2.56 0.95
amino acid sequence of the peptide, Y 232 1.10 850 1.05 0.86 429 1.33 9.02 377
and their sum represents the peptide
score. Also shown are the maximum
and minimum scores that can be as- Flu HA (308-317) Peptide Score
signed to any decamer peptides by
this particular matrix. B, The scoring M v K Q N T t K L A 256.01
matrix can be used to score contigu-
ous decamer peptides contained in all
!<n0wn .protem wqumcgs cor!tal ned Maximum score 34742
in public databases to find stimula-
tory pEptldeS for a given TCC. The Minimum score 8.02
example shows a decamer scoring
“window” moved in 1-aa increments Ami @ o8 0 .
along the sequence of influenza virus mino aci il 320
HA, recognized by TCC GP5F11.
The matrix (Fig. 3) derived from a
representative PS-SCL  experiment
EF'g'dlA) attrlbutﬁ‘th(eSgggh;)score Pi|P2| P3| Pa|Ps|pPs{P7|Ps|Po|Pi0 Score
0 a decamer peptide - cor-
) — A K P|K|Y|[V]|K]Ja|N|[T|L|KjL|A T e MR-
responding to the core of the 13-mer
used to establish the TCC (HA s 1.35]2.32 | 1.80 | 4.09 | 3.06 |12.27| 475 | 1.27 | 7.02 [14.05 ————————— 51.98
a18). Dramatic changes can be shown
by scoring the overlapping decamer P1|P2| P3| PajP5|P6|P7|P8| PO |PIO
peptides along the entire sequence — ax P k|y|v]kla|n|T]L]|K|[L]A]TEe MR-
(B). Remarkably, the h|gh_eﬂ score 30.63|15.65(71.76|59.27|19.57|17.54| 2.83 |30.65| 5.90 | 2.21 ——% 256
corresponds to the actual epitope rec-
ognized by the TCC.
Pt {P2|P3|Pa|P5|Pe|P7]P8|Po (PO
— A K P K Y| V]|K|a|N|T|L]|K|L|A]|T]lec M R~
1.21(1.79]0.73 [1.08|0.77|1.81|1.39 | 1.27 | 2.25 |1.40 —> 137

One approach to identify proteins involved in autoimmune
diseases is to examine the expression of genes that are overex-
pressed in the target organ using cDNA microarray technology
(41). We examined gene expression in 18 lesions from two MS
patients and compared them with levels of gene expression in
pooled normal white matter from three individuals with cDNA
microarrays containing 2889 human genes. One of the genes
that was overexpressed (>2-fold) in 17 of the 18 MS lesions
examined was titin (Fig. 5A), a giant muscle protein (47). When
we asked which genes that are overexpressed in MS plaques are

also identified as candidate epitopes/molecular mimics for
CD4" TCC that were tested with the PS-SCL (Fig. 5B), we
identified peptides derived from the same interesting candidate,
titin, among the highest scoring peptides for both a CD4™ TCC
recognizing the immunodominant MBP peptide (83-99) in the
context of the MS-associated DR allele DRB5*0101, but also
for the B. burgdorferi-specific TCC CSF-3 (Fig. 5C). Titin, a
giant muscle protein (47), is surprisingly overexpressed in MS
brain tissue, and the identification of titin-derived peptides as
candidate molecular mimics for two TCC that are potentially
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Table IIl. Database search performed on GenPept with a sum of S
index score matrix

Target Rank in

TCC Sequence Database
GP5F11 Yes 62
TL3A6 Yes 202°

2A tota of 90,174 proteins scored in viral database (20,198,794 decamer
peptides).

b A total of 43,795 proteins scored in H. sapiens database (13,879,822 decamer
peptides).

pathogenic in two different CNS inflammatory/autoimmune dis-
orders, i.e., MS and chronic CNS Lyme disease, offers unique
opportunities to study the involvement of such candidate Agsin
the pathogenesis of these diseases.

Discussion

The experiments presented in this work have been conducted to
better understand, measure, and predict both specific and degen-
erate interactions between clonotypic TCRs and MHC peptide li-
gands. For this purpose, an approach was devised that would allow
us to 1) describe in a quantitative way the complex interactions of
the trimolecular Ag recognition complex, and 2) identify the spec-
trum of stimulatory ligands for individual TCC with high predic-
tive accuracy. We used combinatorial peptide libraries and bio-
metric strategies in conjunction with large scale database searches
to achieve this goal and could show for the first time that T cell
recognition can be predicted in quantitative terms. This study
builds on and expands previous investigations on the flexibility
and degeneracy of TCR recognition of Ag. A role for degenerate
T cell recognition has been postulated for such diverse immuno-
logical phenomena as thymic selection (48), periphera T cell sur-
vival (49), protection from infectious diseases, and induction of
autoimmunity (49, 50). It was previously shown that peptide
combinatorial libraries in the positional scanning format can be
used to define the spectrum of agonist ligands for clonotypic TCR
(26, 49). In recent studies, we showed that functional responses
elicited in CD4™ TCC by PS-SCL could be used to build motifs for
database searches and thus identify a spectrum of ligands of dif-
ferent potency for clonotypic TCR (45, 46). In the present study,
we confirmed that functional T cell responses can be elicited by
PS-SCL from certain CD4" TCC specific for both foreign (Fig.
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1A) (34) and sdlf (Fig. 1B) Ags. We then used a matrix-based
methodology for the analysis of the experimental data generated
with the PS-SCL (Fig. 2). This methodology is based on a model
of independent and additive contribution of each amino acid in the
peptide sequence to the interactions with both the TCR and the
MHC molecule (25). Although numeric matrices (8) and other
mathematical approaches based on independent amino acid con-
tribution to antigenicity have been previously used to describe the
interaction of antigenic peptides with specific MHC molecules (17,
18), the present study fills the important gap of applying a quan-
titative, matrix-based model to the interaction of an MHC peptide
ligand (keeping the MHC molecule constant) with a specific, clo-
notypic TCR using the data generated from PS-SCL. The biometri-
cal analysis described in this work systematically compares the
information derived from a PS-SCL composed of trillions of de-
capeptides with al the decapeptides (13, 879, 822 for aH. sapiens
database, and 20, 198, 794 for a viral database) contained in a
public protein database to rank and predict the most stimulatory
peptides for a given TCC. The predictions based on this method-
ology are so accurate (Tables Il and 1V, Fig. 4) (34) that they
actually lend strong support to an additive, combinatorial model of
peptide antigenicity. Available TCR crystal structures indeed sug-
gest that peptides may modulate the preexisting affinity between
MHC and TCR that is based on a large contact surface between
these two components of the trimolecular complex (51, 52). It
should be noted that this model does not contradict, but indeed
extends and develops the concept of primary and secondary TCR
contacts (23, 53). In fact, although complex substitutions of amino
acids along the entire sequence of the peptide can lead to molec-
ular mimicry in the absence of any sequence homology (25), the
relative weight of different amino acids in each position of the
peptides sequence is apparent from the experimental data (Fig. 1,
A and B).

An important application of the above described model is that
one can identify peptide ligands for a specific TCR by searching
public database not only with MHC and TCR anchor moatifs (54)
or motifs obtained from PS-SCL data (34, 45, 49), but also using
the scoring matrix derived from the screening of a PS-SCL com-
posed of trillions of peptides (Fig. 3, A and B). We aso illustrate
the limitations of using motifs derived from PS-SCL screening to
identify TCR agonist peptides. Such a strategy does not fully use
the information generated by screening specific TCR with PS-
SCL. Therefore, the native ligand may not be found if the motif is

Table IV. Indices of the predictive power of the scoring matrix approach for the definition of the stimulatory potency of antigenic peptides
TCC CSF-3 TCC GP5F11 TCC TL3A6
Matrix score Matrix score Matrix score Matrix score Matrix score Matrix score
>475 <475 Total >220 <220 Total >45.2 <452 Total
Experimental measurement
Stimulatory 58 5 63 38 4 42 20 8 28
Nonstimulatory 4 21 25 2 32 34 18 98 116
Tota 62 26 88 40 36 76 38 106 144
Sensitivity® 58/63 (92) 38/42 (90.5) 20/28 (71.4)
Specificity® 21/25 (84) 32/34 (94.1) 98/116 (84.5)
Positive predictive value® 58/62 (93.5) 38/40 (95.0) 20/38 (52.7)
Negative predictive value® 21/26 (80.8) 32/36 (88.9) 98/106 (92.5)
Overall accuracy® 79/88 (89.8) 70/76 (92.1) 118/144 (81.9)

2 Fraction of al stimulatory peptides that is correctly identified.
b Fraction of all nonstimulatory peptides that is correctly identified.
¢ Probability that a peptide predicted to stimulate actually does so.

d Probability that a peptide predicted to be nonstimulatory actually does not activate the TCC.

€ Fraction of all predictions that is correct.
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Table V. Information on the 10 highest scoring peptides derived from B. burdorferi database analysis for TCC CS--3

Score Sequence Protein ID No. Protein Description ECso ng/ml?
5482 NNI YKKALI S AE001155 Hypothetical protein (section 41 of 70) of the complete genome 1
5414 S NI | KSLSLF AE001174 Hypothetical protein (section 60 of 70) of the complete genome 0.11
5373 S NI I KKTSED AE001169 Similar to SP:P07017 (section 55 of 70) of the complete genome 1
5370 FNI YKRVVDN AE001145 Hypothetical protein (section 31 of 70) of the complete genome 1
5368 N NI DKKVYTN AE001135 (section 21 of 70) of the complete genome; similar to GB:Z32522 1-10
5309 FFI KKRSLI I AE000785 Hypothetical protein of plasmid 1p25 1
5282 R NI FKKTVEN AE001130 Similar to GB:L10328 (section 16 of 70) of the complete genome >100
5269 S NI KSKLI LV AE001146 Similar to PID:1652132 (section 32 of 70) of the complete genome 1
5263 Y NI I VSSLLL AE001161 Hypothetical protein (section 47 of 70) of the complete genome 1-10
5257 DNI FKKETLI AE001165 Similar to GB:L42023 (section 51 of 70) of the complete genome 1

2 Peptide concentration inducing half-maximal proliferation.

not sufficiently degenerate (Table I, S-index > 3; Table Il, Sin-
dex > 3; S-index > 2), or if even one of the positions does not
contain the amino acid that appears in the native sequence. An-
other advantage in the identification of T cell epitopes is that one
can rank the predicted stimulatory peptides according to their
score. Thisis of great practical value when the number of candi-
date peptidesisvery high (TableIl) and one needs criteriato select
which of the identified candidate peptides should be synthesized
and actualy tested with the TCC. In addition to identifying
promptly the target peptide sequences (Table I11), one can then
synthesize and test a feasible number (hundreds) of candidate pep-
tides to confirm their stimulatory activity (examplesin Fig. 4; see
also Table 1V). Interestingly, we confirmed our previous observa-
tion that for autoreactive TCC, the ligand used to establish and
expand the TCC is often a suboptimal one, consistent with the
notion that high affinity self-reactive TCC are deleted in thymic
selection (55). Wheresas for autoreactive TCC we often found nat-
ural ligands derived from foreign or even self Ags whose potency
was severa orders of magnitude higher than that of the native
peptide (45), for TCC GP5F11 and other TCC specific for foreign
Ags (R. Martin, B. Gran, M. Nagal, E. Borras, S. Jacobsen, W. E.
Biddison, R. Houghten, H. F. McFarland, and C. Pinilla, unpub-
lished observations) the native ligand was much closer to the op-
timal one (Table II1) (56, 57). Although more potent synthetic
ligands could be designed based on the deconvolution of the PS-
SCL data (26, 32) (e.g., peptide WMKQNIGRFL in Fig. 4), nat-
urally occurring superagonists were rare. The fact that foreign Ag-
specific TCC may recognize their antigenic peptides as highly
potent ones is consistent with an efficient immune response re-
quired to eliminate infectious agents.

CPM

[peptides] pg/ml

This study adds a new and important contribution to the defi-
nition and prediction of T cell epitopes using synthetic combina-
torial libraries (26, 27). It should be noted that many of the pre-
vious approaches to the identification of T cell epitopes were based
on the prediction of which peptides would be good binders for
specific MHC/HLA molecules (8, 16). Because only a fraction of
the potential MHC-binding peptides is a T cell epitope for an
individual TCR, these approaches provide information that is
specific for particular MHC molecules, but cannot predict which
fraction of the peptides that bind a restriction element is actually
stimulatory for a TCR with its unique structural features. Con-
versely, TCR ligands are not always high affinity MHC binders
(58). The approach presented in this study takes into account the
whole trimolecular complex of T cell activation by reading out a
functional T cell response. This requires a certain degree of MHC
peptide binding as well as the interaction of the MHC peptide
ligand with a specific TCR. When both are considered, the overall
accuracy of T cell epitope predictionsis far superior to previously
adopted methods (Table 1V), athough further improvements are
currently being pursued. Thisis particularly helpful when the pro-
tein(s) recognized by a TCC is/are not known (34). Indeed, less
than a third of the peptides that were identified and found to be
stimulatory by the PS-SCL and scoring matrix approach would
have been predicted to be good MHC binders based on a recently
published MHC-binding prediction agorithm (12) (data not
shown).

Finally, we show that combining the above-described methodol ogy
with the use of cDNA microarrays to assess differential gene expres-
sion in pathologica and normal tissue of two patientswith MS led to
an interesting candidate molecule (titin, to date only known as an

WMKQNIGRFL (340.68) - optimal theoretical peptide

YVKQNTLKLA (256.01) - native peptide, Flu HA(308-317)

YIKQNTLKLS (255.00) - natura! variant of native peptide

= YIDDNSKKVF (132.40) - H. sapiens PIP5Kill(246-255)

EPASAKEWDR (8.02) - negative theoretical peptide

FIGURE 4. Proliferativeresponse of the TCC GP5F11 to representative agonist peptidesidentified by the peptide library strategy. The potency is highest
for a theoretical peptide that is predicted to be a potent one because it has a high score. The native peptide (influenza virus HA;55_5,7) and a double-
substituted naturally occurring variant have intermediate potency. A low-scoring peptide derived from H. sapiens phosphatidylinositol-4-phosphate 5-kinase
type 111 (PIP5KIII (246—-255)) and a theoretical peptide predicted to be nonstimulatory because it has a very low score are indeed nonstimulatory.
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FIGURE 5. A, Up-regulation of titin gene expres-
sion in lesions of two MS patients. Levels of titin
expression in individual lesions from two M S patients
(R and W). Bars represent ratios of expression of titin
in the indicated 18 lesions relative to titin expression
in pooled normal white matter. B, Identification of a
potential autoantigen expressed in MS lesions by the
integrated approach of peptide combinatoria libraries
and cDNA microarray analysis. Two TCC reactive to
myelin and microbial Agswere analyzed for their pat-
tern of Ag recognition by the PS-SCL approach, and
anumeric matrix was used to score and rank predicted
stimulatory peptides for their potency (left). Gene ex-
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cDNA microarray analysis of MS brain
tissue (plaque/normal) to assess
differential gene expression

Testing T cell clones with PS-SCL

pression in MS lesions and normal white matter was XXXXXXXXXX Position 1 O 0
compared by cDNA microarray analysis, and a num- AXXXXXXXXX _‘ o
ber of overexpressed genes was identified (right). The CXXXXXXXXX mRNA/cDNA U
comparison of predicted stimulatory peptides and 2))(())(())(( ;(()’((;))(()’(()’((
overexpressed genes identified interesting candidate " " v
target autoantigens such as the giant protein titin. C, XAXXXXXXXX
Proliferative response of TCC CSF-3 to atitin-derived XCXXXXXXXX 9990800090000000 800000 9o
peptide. TCC CSF-3 was isolated from the CSF of a = «+oeee ssssisssssentont sot, sassasisacts
patient with chronic neuroborreliosis and recognizes a 2535559208022858 5880980555050500
lysate of B. burgdorferi aswell as a number of peptides l geeesessseeasess 832888R0R88880e
derived from B. burgdorferi, human self Ags, and viral gasessassosians sanessennassne:
Ags (34). The proliferative response (in cpm) to titin
(6205-6214) (GenBank accession no. X90569) is R
shown in one representative experiment. The back- Prediction of peptides: $2382859388283555 $588525535858538
ground (no Ag) control proliferation was 198 cpm.

Viral, bacterial, and human #

antigens and molecular mimics

- MOBP
- Aminopeptidase
- Titin

important component of skeletal muscle (47)) that is overexpressed in
MS plagues and is recognized by a B. burgdorferi-specific TCC (Fig.
5). Preliminary pathologica studies by immunohistochemistry indi-
cate the expression of an isoform of this molecule in the pathologic,
as opposed to normal white matter tissue, but further work to define
its role is clearly needed. Thus, the combination of two powerful

List of overexpressed genes:

< » - MBP
- CNPase
- Titin
12000
10000
8000
g e000
[

—a %
0 0 00101 1
{peptide] pg/ml

10 100

methodol ogies can guide the discovery of candidate autoantigens that
would otherwise not easily be identified by either approach.

In summary, we describe a methodology, PS-SCL-based bio-
metrical analysis for ligand identification, which is consistent with
acombinatorial model of TCR activation by antigenic peptides and
allows the identification of T cell epitopes for both autoreactive
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and foreign Ag-specific TCC with unprecedented efficacy. The
same approach has also been successfully used for the prediction
and identification of Ags by CD8" TCC (Ref. 59 and R. Martin,
B. Gran, M. Nagai, E. Borras, S. Jacobson, W. E. Biddison,
R. Houghten, H. F. McFarland, and C. Pinilla, unpublished re-
sults). For the first time, recognition of Ags by clones of unknown
specificity can be decrypted. This is an important advance in the
study of autoimmune disease, in which one tries to suppress spe-
cific immune responses, as well as for infectious and neoplastic
diseases, in which a stimulation of specific responses by vaccines
is pursued. Furthermore, it is important to note that this approach
can be used to identify ligands within proteins in public database
for any molecular interaction that has been or can be studied with
PS-SCLs composed of L-amino acids.
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