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A significant portion of the naive T-cell repertoire is capable of
responding to allogeneic MHC, violating the paradigm of self-MHC
restriction. Recent studies have demonstrated convincing evidence
for germ-line affinity of T-cell receptors (TCR) for MHC, providing
explanation for recognition of MHC not encountered during thymic
development. However, although germ-line affinity proposes all
TCR have inherent affinity for MHC, most T cells are not alloreactive
to a given MHC. We propose that specific recognition of endoge-
nous presented peptides, rather than inability to interact with
allogeneic MHC molecules, is the primary determinant of alloreac-
tivity. Here, we demonstrate that alloreactive and nonalloreactive
TCR differ specifically in the CDR3 sequences responsible primarily
for the peptide specificity of T-cell recognition. Limitations on
alloreactivity imposed by a requirement for recognition of pre-
sented peptides are directly demonstrated by expansion of the
alloreactive T-cell repertoire through the addition of peptide
mimotopes enabling response to two distinct allogeneic MHC by
otherwise nonalloreactive T cells. Responses to peptide mimotopes
were specific and depended on TCR interaction with MHC. These
results demonstrate that recognition of presented endogenous
peptides, and not the inability to interact with allogeneic MHC, is
the primary limiter on alloreactivity. This observation reconciles the
concept of an inherently MHC-reactive TCR repertoire with ob-
served frequencies of T cells responding to allogeneic stimulation
and underscores the fundamental nature of TCR recognition of
ligands, where both MHC and presented peptides contribute criti-
cally to T-cell recognition.

Ithough the diverse T-cell receptor (TCR) repertoire gen-

erated by germ-line V(D)J recombination is optimized
during thymic selection for recognition of foreign antigens pre-
sented by self-MHC (1), it is hypothesized that response to MHC
not encountered during thymic development is driven by in-
herent TCR affinity for MHC (2, 3). Recent studies have pro-
vided convincing evidence of germ-line affinity (4-8). However,
it is not clear that response to allogeneic stimulation is de-
termined primarily by the ability to make sufficient interactions
between germ-line TCR elements and allogeneic MHC. Assess-
ments of polyclonal alloreactive responses have demonstrated
broad use of germ-line TCR segments (9, 10), suggesting that dif-
ferential MHC affinity among germ-line elements does not ac-
count for differential alloreactivity among T cells. Conversely,
analyses of non-germ-line-encoded CDR3 regions have demon-
strated skewing in alloreactive responses. In a MHC-centric view
of alloreactivity, CDR3 could determine alloreactivity through
direct interaction with the MHC (11) or by imposing limitations
on critical germ-line—encoded contacts (12).

However, placing the entirety of determination for alloreactive
potential on interaction with MHC does not address clear evi-
dence for recognition of presented peptides in alloreactivity.
Alterations to peptide presentation are sufficient to provoke
alloreactive T-cell responses (13-15), globally inhibited pre-
sentation of endogenous peptides decreases alloreactive respon-
ses (16, 17), and several studies have clearly demonstrated specific
peptide recognition by individual alloreactive T cells (reviewed
in ref. 18), including all TCR-allogeneic peptide-MHC (pMHC)
cocrystals to date (19). However, these studies are contrasted
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by reports of peptide-degenerate recognition of allogeneic MHC
(20, 21), leaving the role of peptide recognition in alloreactivity
unclear. We hypothesized that T-cell alloreactive potential is
defined by specific recognition of presented endogenous peptides;
the repertoire of ~2 x 10* self-peptide-MHC on a given APC (22)
is several orders of magnitude less than the repertoire of 10’
peripheral T-cell clones (23), providing a clear limiter on a TCR
repertoire predisposed to interact with allogeneic MHC.

Results

Alloreactive and Nonreactive T Cells Have Distinct CDR3 Repertoires.
To address TCR determinants of T-cell alloreactivity at a pop-
ulation level, we compared TCR repertoires of CD4" T cells
responding to stimulation by allogeneic MHC with nonresponders
by DNA sequence analysis. CFSE-labeled CD4* T cells from two
strains of B6.Ca*/~fixed TCRp (2.102p, V1 and 3.L2p, Vp8.3)
mice (H-2") were cultured in one-way mixed lymphocyte reaction
(MLR) with allogeneic B6.K (H-2) splenocytes. Alloreactive and
nonalloreactive cells were FACS sorted based on CFSE dilution
(Fig. 14), and TCRa libraries were generated by using pooled
primers enabling amplification of all TCRVa gene segments.
Analysis of >750 TCRa DNA sequences (Table S1 and Table S2)
demonstrated broad use of germ-line TCR Va and Ja segments by
alloreactive and nonalloreactive TCR, suggesting differential
germ-line affinity does not define alloreactive potential. However,
CDR3 sequences demonstrated minimal overlap (<10%) be-
tween alloreactive and nonalloreactive populations (Fig. 1B). The
critical role for CDR3 in determining alloreactive potential was
directly demonstrated in T-cell hybrids with retroviral expression
of TCR identified from sequence analysis. Alloreactivity to B6.K
splenocytes was seen in 0/5 TCR with CDR3a from nondividing
cells compared with alloreactivity in 6/6 TCR with the same
TCRVa but CDR3a from divided cells (Fig. 1B and Fig. S1).

To define potential mechanisms of CDR3 influence on allo-
reactivity, we compared CDR3a amino acid composition be-
tween alloreactive and nonreactive TCR. Additional Va2 TCR
libraries were generated from the original 2.102p cDNA librar-
ies to eliminate possible interferences from comparing CDR3
from multiple Vo with different germ-line contributions (Table
S3). Comparison of CDR3 from alloreactive and nonreactive
TCR revealed no differences in CDR3 length or amino acid
composition (Fig. 1D and Fig. S2). These data suggest that the
CDR3 does not mediate its effects on alloreactive potential
through limitations on flexibility, hydrophobicity, or charge in
TCR interaction with MHC.
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Fig. 1. Alloreactive and nonreactive TCR have unique CDR3 repertoires. (A)
CFSE-labeled CD4* T cells from B6.Ca*'~.fixed TCR mice were cultured in 4-d
MLR with irradiated splenocytes from B6.K mice. Alloreactive and non-
responsive T cells were sorted by flow cytometry based on CFSE dilution.
Representative FACS data from one experiment. (B) DNA sequence analysis
of TCRa libraries from sorted CD4* T cells demonstrated nonoverlapping
CDR3a between alloreactive and nonreactive T cells. (C) TCR identified from
DNA sequence analysis were retrovirally expressed in TCR-deficient T-cell
hybrids and alloreactivity assessed by ELISA measurement of IL-2 production
after 24-h culture with irradiated splenocytes. T-cell hybrids were cultured
with 0.1 pg of anti-TCRp and 0.1 pg of anti-CD28 as positive control. Data
shown are mean + SEM of one representative of three independent
experiments. (D) Analysis of CDR3a of Va2* 2.102p TCR revealed no differ-
ences in CDR3 length (Mann-Whitney) or amino acid use grouped by bio-
chemical properties; small (AG), nucleophilic (STC), hydrophobic (VLIMP),
aromatic (FYW), acidic (DE), amide (NQ), and basic (HKR) between allo-
reactive and nonreactive TCR (x analysis).

Increasing the Presented Peptide Repertoire Expands the Alloreactive
Repertoire. The CDR3 sequence diversity between alloreactive
and nonreactive TCR supports our hypothesis that alloreactivity
is determined by recognition of presented peptide antigens. We
predicted that if the alloreactive T-cell repertoire is limited
primarily by a requirement for specific recognition of presented
endogenous peptides, addition of peptide libraries would expand
alloreactivity. Peptide libraries were generated for I-E* (EKX)
and I-EP (EPX) with defined I-E* or I-EP MHC anchor residues
and unrestricted amino acid use (all 20 amino acids present) at
the four TCR contact residues (Fig. 24). Measurement of the
effect of peptide libraries at a population level by ELISPOT
analysis of IFN-y production by naive B6 CD4™ T cells cultured
with B6.K splenocytes failed to demonstrate significant expan-
sion of the alloreactive repertoire (Fig. S3). We attributed this
difficulty in analyzing polyclonal alloreactive responses to the
extremely low concentration of a given peptide species (~1 nM),
competition with endogenous presented peptides, and T-cell
clone diversity.

To overcome these limitations, we tested the ability of peptide
libraries to expand T-cell alloreactivity at the clonal level. We
examined the ability of peptide libraries to enable responses
to allogeneic MHC by otherwise nonalloreactive T-cell hybrids.
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Fig. 2. Allogeneic mimotope peptide pools expand the alloreactive T-cell
repertoire. (A) Peptide mimotope pools were designed with unrestricted
amino acid use at the TCR contact points of P2, P3, P5, and P8 and canonical
MHC anchor residues for either I-EX (EKX) or I-EP (EPX). (B) EKX and EPX pools
were added at a final concentration of 200 pM to nonalloreactive primary
CD4* T-cell hybrids cultured with irradiated B6.K or B6.P splenocytes. Stimu-
lation was assessed by measurement of IL-2 production by ELISA after 24 h of
culture in three independent experiments for each hybrid. Data presented
are mean + SEM from one representative experiment. (C) Addition of peptide
mimotope pools enabled response to I-EX in 8/9 otherwise nonalloreactive
T-cell hybrids and response to I-EP by 4/8 nonalloreactive T-cell hybrids.
Results are means of three independent experiments for each hybrid.

Primary CD4* T-cell hybrids from B6.Ca*'~ and B6.Co*/~ fixed
TCRp mice generated by immunization with I-A’—presented
listeriolysin O99_201 peptide and fusion with TCR-deficient T-cell
hybrids were used for increased sensitivity compared with
T-cell hybrids with TCR expression reconstituted by retrovirus.
T-cell hybrids were stimulated with irradiated B6.K and B6.P
(H-2P) splenocytes in the presence of peptide pools, and allo-
reactive responses were assessed by measurement of IL-2 pro-
duction. The addition of the EKX pool enabled alloreactivity to
H-2 splenocytes in 8/9 not otherwise reactive hybrids (Fig. 2 B
and C). Similarly, 3/7 hybrids with no reactivity to H-2P spleno-
cytes reacted upon addition of the EPX pool. Although these li-
braries are not exhaustive of potential presented peptides, the
enabled alloreactivity in the majority of hybrids tested indicates
most TCR are predisposed to recognize allogeneic MHC but are
restricted by a requirement for recognition of presented peptides.

Sensitive and Specific Peptide Recognition Enables Response to
Allogeneic MHC. To define requirements for recognition of pep-
tides enabling response to allogeneic MHC, we identified indi-
vidual allostimulatory peptide mimotopes. Four nonalloreactive
hybrids (1F2, 1A10, 4C9, and 2G4) with different TCR were
tested (Fig. 34). Single-peptide mimotopes were identified by
astrategy of limited (4-aa) pool substitutions at an individual TCR
contact point in combination with unrestricted amino acid use at
the other TCR contacts. T-cell hybrids were cultured with Chinese
hamster ovary (CHO) cells expressing I-E* (with limited pre-
sentation of self-peptides) in the presence of the limited peptide
pools (Fig. 3B). All four hybrids demonstrated reactivity against
the limited peptide pools (Fig. 3C). From the patterns of re-
activity, individual mimotopes were designed to evaluate the
specificity of recognition. T-cell hybrids responded in a dose-
dependent manner to individual peptide mimotopes, with mi-
cromolar affinities comparable with that for foreign peptides
presented by self MHC (Fig. 3D). Recognition of mimotopes was
eliminated by conservative amino acid substitutions at TCR con-
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Fig. 3. Specific recognition of peptide mimotopes enables alloreactivity. (A)
Four nonalloreactive T-cell hybrids with distinct TCR were examined for the
specificity of recognition of mimotopes enabling alloreactivity. (B) Specificity
of responses to I-EX mimotopes was assessed by using peptide pools with
defined I-EX anchor residues and limited amino acid pools at a single TCR
contact residue combined with unlimited amino acid use at other TCR con-
tacts. Responses were assessed by ELISA measuring IL-2 production after 24-h
culture of T-cell hybrids with CHO-EX cells and 100 uM peptide pools. Results
shown are mean + SEM of one of three independent experiments. (C) T-cell
hybrid recognition of limited peptide mimotope pools defined as IL-2 pro-
duction in response to stimulation with CHO-EX and 100 pM peptide pools
with background IL-2 production from unstimulated T-cell hybrid cultures
subtracted. Data shown are means of three independent experiments. (D)
Dose-responses of T-cell hybrids to mimotopes assessed by measurement of
IL-2 production from 24-h culture of T-cell hybrids with CHO-EX. Data are
mean + SEM from one of three independent experiments.
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tact residues (Fig. 3D), indicating the importance of peptide
specificity in determining alloreactivity. Although the mimotopes
shared the Hbg4 76 epitope backbone and MHC anchor residues,
none of the hybrids responded to the Hbgy 76 epitope. None of
the mimotopes corresponded to predicted murine self-peptides,
supporting our contention that the lack of alloreactivity of these
hybrids was due to the lack of a recognizable endogenous peptide.

Recognition of Different Allogeneic MHC Requires Distinct TCR
Interaction with Presented Peptides. The limited peptide pool
strategy was similarly used to examine specificity for peptides
enabling recognition of I-EP. All four hybrids reacted with I-EP
peptide pools, but with patterns distinct from I-E* (Fig. 44).
Importantly, identification of a single I-EP mimotope for the T-
cell hybrid 1F2 (Fig. 4B) enabled direct comparison of mim-
otopes enabling reactivity to different allogeneic MHC. The
presence of Phe at P3 with Asn at P5 specifically enabled allo-
reactivity to I-EX, whereas Phe at P3 with Trp, but not Asn, at P5
enabled alloreactivity to I-EP (Fig. 4C). These data indicate that
T-cell alloreactivity represents a unique set of interactions for
each allogeneic pMHC rather than focus on biochemical fea-
tures shared between pMHC.

Peptide Mimotopes Enable Interaction with MHC. We hypothesized
that alloreactivity after the addition of peptide mimotopes re-
sulted from enabling typical interaction with allogeneic MHC
rather than through an atypical peptide-focused interaction.
TCR-pMHC interactions were examined by using a panel of
CHO cells expressing I-EX with disruptive mutations at the TCR
interface (Fig. S4). Mimotopes enabled normal interactions be-
tween TCR and I-E, with critical contacts observed for both the
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Fig. 4. Recognition of different allogeneic MHC requires distinct peptide
recognition. (A) Response to I-EP peptide mimotope pools was assessed by
measuring IL-2 production by ELISA after 24-h culture of T-cell hybrids with
CHO-EP cells and 100 uM peptide pools. Responses to limited mimotope
pools were defined as IL-2 production in response to stimulation with CHO-
EP and 100 pM peptide pools with background IL-2 production from unsti-
mulated T-cell hybrid cultures subtracted. Data shown are means of three
independent experiments. (B) Dose-response of 1F2 T-cell hybrid to I-EP
single peptide mimotopes was measured by ELISA of 24-h culture super-
natants from T-cell hybrid cells cultured with CHO-EP plus single peptide
mimotopes. Data are mean + SEM from one of three independent experi-
ments. (C) IL-2 production of 1F2 hybrid cells cultured 24 h with CHO-EX or
CHO-EP in the presence of 30 pM of single peptide mimotopes. Data are
mean plus SEM from one of three independent experiments.
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class Ila and class IIp chains (Fig. 5). Interestingly, although the
4C9 and 1A10 hybrids and 1F2 and 2G4 hybrids recognized the
same I-EX mimotopes, and three of the hybrids shared use of
the 2.102 TCRp, they had distinct interactions with the I-E*
molecule, demonstrating the unique molecular interactions
driving TCR recognition of allogeneic pMHC.

Discussion

This work addresses a long-standing debate regarding the rela-
tive importance of interaction with MHC versus presented
peptides in determining T-cell alloreactivity. Simplistically, the
MHC-centric view of alloreactivity suggests that T-cell responses
to allogeneic pMHC ligands are determined primarily by the
ability of some percentage of TCR to interact with MHC mol-
ecules not encountered during thymic development, whereas the
peptide-centric view suggests that alloreactivity is primarily a re-
sponse to a novel array of endogenous antigens presented by
allogeneic MHC. We hypothesized that although germ-line TCR
elements predispose interaction with allogeneic MHC, specific
recognition of presented endogenous peptide antigens is the
primary determinant for alloreactivity. Our data demonstrating
expansion of T-cell alloreactivity through the addition of peptide
mimotopes indicates that alloreactivity results from an inherently
MHC:-reactive T-cell repertoire limited by a requirement for
recognition of presented peptide antigens, rather than an in-
ability to interact with allogeneic MHC. This view of allo-
reactivity is consistent with the fundamental nature of TCR
recognition of pMHC ligands, where the TCR interacts with
both the MHC molecule and presented peptide to generate
sufficient binding for T-cell activation.

GKKVITMFNEGLK GKKVITMFNEGLK
2G4 1F2

\’ LW 4 '\ L <
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© 50 -75% Inhibition @ >75% Inhibition

Fig. 5. Mimototopes enable typical interaction with allogeneic MHC.
Interactions of TCR with allogeneic MHC and mimotopes were mapped by
using a panel of CHO cells expressing I-EX with individual disruptive muta-
tions. T-cell hybrid responses were assessed by ELISA measurement of IL-2
production in 24-h culture supernatants. Inhibition of alloreactivity was
defined as response to mimotopes presented by mutant I-EX molecules di-
vided by response to mimotopes presented by wild-type I-E. Data are
averages of three independent experiments.
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Although our data clearly demonstrate both inherent TCR
affinity for allogeneic MHC and a role for recognition of pre-
sented peptides in alloreactivity, they do not conclusively define
parameters for recognition of peptides presented by allogeneic
MHC. Elimination of mimotope-enabled responses to allogeneic
MHC by conservative amino acid substitutions at TCR contact
peptide residues suggests peptide specificity in alloreactivity is
comparable with recognition of foreign antigens presented by
self-MHC. This observation contrasts with reports of degenerate
peptide recognition in alloreactivity (20, 21). It is possible that
peptide-degenerate alloreactive T cells were present in our sys-
tem but were not examined because they responded to allogeneic
stimulation without the addition of exogenous peptides. How-
ever, it is thought that highly cross-reactive or degenerate TCR
are eliminated during negative selection in the thymus (1). This
point is relevant when examining evidence for peptide specificity,
because the results presented here examine T cells generated
with normal levels of thymic selection, whereas studies demon-
strating peptide degenerate alloreactivity examined T cells gen-
erated in mice with a single pMHC with markedly limited thymic
selection. We propose that peptide degenerate responses may be
a function of thymic selection rather than a property of allo-
reactivity. However, alloreactivity represents interaction with
MHC against which there has been no negative selection, a sit-
uation where it is quite conceivable that the TCR is not con-
strained by typical rules for interacting with pMHC ligands. The
combination of limited thymic selection and peptide degenerate
response to pMHC may be directly relevant to a discussion of
alloreactivity, in light of our report of the disproportionate
contribution of secondary TCRa rearrangements to the allo-
reactive T-cell repertoire (24). Secondary TCR are not subject to
the same stringency of thymic selection (25, 26) and may have
different requirements for peptide recognition. It is possible that
the increased frequency of alloreactivity among T cells with
secondary TCR may be related to decreased peptide specificity
and warrants further investigation.

The high frequency of responses to the EKX and EPX pools,
which are not exhaustive of the theoretical peptide repertoire,
suggest multiple recognizable pMHC permutations likely exist
for individual TCR. Although this recognition could be con-
strued as degeneracy in ligand recognition by TCR, the existence
of multiple distinct and specific pMHC ligands for a TCR has
been clearly demonstrated by structural studies of individual
TCR with multiple self and allogeneic pMHC (6) and by our
previous finding of polyspecific recognition of allogeneic pMHC
(27). 1t is also possible that the importance of specific recogni-
tion of presented peptides depends on the allogeneic MHC in
question. It has been suggested that recognition of more similar
allogeneic MHC molecules depends more on recognition of
presented peptide antigens, whereas responses to more struc-
turally distinct MHC are directed toward unique molecular
motifs on the MHC (14). This hypothesis would imply that
alloreactivity to structurally similar MHC molecules may be an
instance of mimicry (28). Interestingly, a recent report has
demonstrated a form of mimicry where TCR binding alters the
pMHC to assume a topology similar to the cognate ligand (29).
Conversely, peptide binding can result in conformational alter-
ations to MHC molecules sufficient for inducing alloreactive T-
cell responses, providing a distinct mechanism for the influence
of presented peptides (30, 31). However, there is clear evidence
from both structural and functional studies, and evidence pre-
sented here, that TCR can specifically recognize multiple distinct
ligands by using unique sets of interactions. Further structural
studies of individual TCR with multiple pMHC ligands are re-
quired to determine the breadth of TCR flexibility in recognition
of allogeneic pMHC ligands.

In summary, the data presented clearly demonstrate an in-
herent affinity of TCR for allogeneic MHC limited by a re-
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quirement for recognition of presented peptides. Although the
individual energetic contributions of TCR interaction with the
MHC molecule and the presented peptide likely exist along
a spectrum, ranging from MHC-focused to peptide-focused,
these data illustrate the conserved mode of TCR recognition of
pMHC ligands, even in alloreactivity. This report reconciles the
inherent TCR affinity for MHC predicted by recent descriptions
of germ-line affinity with the numerous observations of the im-
portance of presented peptide antigens in alloreactivity to ex-
plain the observed frequencies of naive T cells that respond to
allogeneic stimulation.

Materials and Methods

Mice. B6 (H-2P), B6.K (H-2%), and B6.P (H-2P) mice were originally purchased
from The Jackson Laboratory. B6.Ca*~ mice were generated as described
(24). B6.Ca*'72.102p and B6.Ca*'~3.L2p mice were derived by crossing B6.Ca ™~
mice with B6 mice transgenic for the 2.102 (32) or 3.L2 (33) TCRp chains. Mice
were typed for TCRp transgene by PCR. All mice were bred and housed in
specific pathogen-free conditions at the animal facility at Washington Uni-
versity. All use of laboratory animals was approved by the Washington
University Division of Comparative Medicine.

Generation of TCRx Sequence Libraries. Mixed lymphocyte reactions were
performed with CD4* T cells isolated by anti-CD4 paramagnetic bead en-
richment (Miltenyi Biotech) from spleens of B6.Ca*2.102p and B6.Ca*'~
3.L2¢ mice. Heterozygosity for TCRAC (Ca*~) was used to eliminate non-
productive or noninvolved secondary TCRa rearrangements. Purified CD4* T
cells were labeled with 5 pM CFSE (Invitrogen), and 10° cells cultured at 1:1
ratio with irradiated B6.K splenocytes in 2 mL RPMI 1640 (Invitrogen) sup-
plemented with 10% FCS, 2 mM GlutaMAX, and 50 pg/mL gentamycin for
4 d. Alloreactive and nonalloreactive T cells were sorted based on CFSE di-
lution by using a FACSAria (BD Biosciences). Total RNA was isolated from
sorted cells by using RNEasy spin columns (Invitrogen), and c¢cDNA libraries
was generated by using SuperScript Il reverse transcriptase and oligo dT
primers (Invitrogen). Rearranged TCRa transcripts were amplified by nested
PCR using pooled primers amplifying all TCRAV gene segments (34). TCRa
libraries were bulk ligated into pCR2.1 TOPO sequencing vector (Invitrogen)
and sequenced by using Big Dye Terminator v3.1 and a 3730 DNA Analyzer
(Applied Biosystems) in conjunction with the Genome Sequencing Center
at Washington University. DNA sequences were analyzed and protein
sequences of TCRVa, TCRJa, and CDR3a were predicted by using Lasergene 7
(DNASTAR) and assigned according to standard nomenclature (35, 36). CDR3
lengths were compared nonparametrically by Mann-Whitney, and amino
acid compositions were compared by %2 analysis using Prism 4 (Graph
Pad Software).

Retroviral T-Cell Hybrids. Oligonucleotides containing TCRVa-CDR3a sequen-
ces identified by DNA sequence analysis were synthesized with 5’ EcoRl and 3’
BamHI restriction sites (Genscript) and cloned into pMIG-II-GFP retroviral
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vector (Addgene) containing a TCRCa (with 5" BamHI cloning site from syn-
onomous substitution introduced by overlap PCR)-P2A-linked 2.102TCRf (37).
Retroviruses containing TCR expression constructs were generated by trans-
fection of Platinum-E packaging cell line (gift of T. Kitamura, University of
Tokyo) and used to transfect 58TCRa TCRB~CD4* T-cell hybrids. Transfected
T-cell hybrids were sorted by flow cytometry for TCR expression (anti-TCRf
H57-597; Biolegend) and cultured in Iscove’s Modified Dulbecco’s Medium
(Invitrogen) supplemented with 10% FCS, 2 mM GlutaMAX, 0.5 pM 2-ME, and
50 pg/mL gentamycin. Alloreactivity was assessed by measurement of IL-2
production by ELISA (24) following 24-h culture of 10° hybrids with 10° irra-
diated B6 or B6.K splenocytes in triplicate. Culture of 10° hybrids with 0.1-pg—
plate-bound anti-TCRp and anti-CD28 (37.51) mAbs (Biolegend) was used as
positive control. IL-2 concentrations were calculated from concurrent stan-
dard curves by nonlinear regression using Prism 4 software.

Nonalloreactive T-Cell Hybrids. Nonalloreactive T-cell hybrids were gener-
ated from B6.Ca™~ and B6.Ca*'~.fixed TCRp mice by immunization with ir-
relevant antigen [I-AP-restricted Listeriolysin O (LLO)190-201], fusion with
BW5147TCRa B~ fusion partner, and subcloned by limiting dilution. TCR
were identified by DNA sequence analysis. Alloreactivity was assessed by
measuring IL-2 production by ELISA following 24-h culture of 10° T-cell
hybrids with 10° irradiated B6, B6.K, or B6.P splenocytes, 106 CH27 (H-2*) or
B6P.C3 (H-2°) B-cell hybrid cells, or 10°> Chinese hamster ovary (CHO) cells
expressing I-EX, I-EP, or a panel of I-EX with single disruptive mutations along
the MHC surface in triplicate.

Peptide Mimotopes. Peptides were synthesized by Fmoc chemistry on a Rainin
Symphony/Multiplex multiple peptide synthesizer (Protein Technologies).
Peptide pools were generated by thr addition of multiple amino acids at the
P2, P3, P5, and/or P8 positions during synthesis. Aminobutyric acid was used in
substitution of cysteine for peptide synthesis. Peptide pools were used as
crude preparations. Individual peptides were purified by reverse phase HPLC
on a C18 column (Vydac), and peptide composition and purity were con-
firmed by MALDI mass spectrometry (Washington University Mass Spec-
trometry Facility). All peptides were sterilized by 0.45-uM filtration and
suspended at stated concentrations in culture medium.

Peptide-I-E* Surface Model. A representative model of the surface of the I-EX
molecule in complex with presented peptide antigen was generated by us-
ing PyMOL (DeLano Scientific) based on the crystal structure of I-EX com-
plexed with hemoglobing; 76 peptide (Protein Data Bank accession code
1FNG). MHC surface helices are represented as ribbons, with the panel of
disruptive mutations represented by coloring of the residues.
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