(90 chains each for A-78 and C-78).

The system with unmatched polymer length
pairs (A-18/C-78 and A-78/C-18) had a M,
somewhat greater than the simple average of
constituent block copolymers (3.9 X 10* g/mol
and 4.3 X 10* g/mol for the A-18/C-78 and
- A-78/C-18 combinations, respectively), indicat-
ing anassociation of ionomeric block copoly-
mers, yet much smaller than that of PIC mi-
celles. Block copolymers in these combinations
may assume a minimum number of anion-cat-
ion associations to compensate for their charge.
If aggregates formed consisting of one longer
chain (DP = 78) with four shorter chains
(DP = 18), then the M, of such an association
would be ~4 X 10* g/mol, which is similar to
the observed value for the A-18/C-78 and A-78/
C-18 systems. As shown in Fig. 2, unmatched
pairs form only the minimal charge-neutralized
polyion complex, which is unable to grow fur-
ther into larger PIC micelles, whereas matched
length pairs of block copolymers spontaneously
assembled into PIC micelles with a consider-
able association number. Polymer complexes
formed between unmatched pairs should be less
stable than those formed between matched
pairs, and consequently, in the coexisting com-
petitive condition of matched and unmatched
pairs, only the matched pairs form bimolecular
complexes that grow into PIC micelles. The
remaining block copolymers of unmatched
length are left in isolated form.

Circular dichroism spectra of resulting
PIC micelles indicated that the poly(L-lysine)
block, which is optically active (9), assumed
no particular secondary structure in the mi-
celle. Thus, both poly(a,B-aspartic acid) and
poly(L-lysine) segments in the block copoly-
mer behave as polymer strands without any
ordered structures during the process of mi-
cellization, which indicates that the charge-
neutralizing selective recognition observed
here is indeed due to the difference in the
chain length itself.

The key determinant in this recognition pro-
cess is the strict phase separation between the
PEG corona and the PIC core domain, requiring
regular alignment of the molecular junctions
between PEG and poly(amino acid) segments
at the interface of the two domains. The require-
ment for charge stoichiometry (neutralization)
in the core is another essential factor in this
recognition process. This eventually determines
the number ratio of participating polyanion and
polycation strands in the core and restricts the
spatial arrangement of segments in the core. Ion
pairs should have an uniform distribution in the
PIC core, and unmatched length pairs cannot
achieve this without phase mixing of PEG co-
rona and PIC core domains.

The length selection system demonstrated
with these flexible ionomer polymer strands
provides a new approach for controlling su-
pramolecular assembly. Recently, higher or-
dered assembly of block copolymers in selec-
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tive solvents to form spherical, rodlike, and
univesicular or lamellar structures was reported
(10, 11). Assembly of charged block copoly-
mers in aqueous medium may lead to the for-
mation of similar higher ordered structures
through precise recognition based on the chain
lengths of charged segments, which may be
useful for constructing self-assembled layers
based on electrostatic interaction (/2). Chain
length recognition based on PIC formation at
two-dimensional interfaces may yield self-as-
sembled layers of block copolymers with defi-
nite layer thicknesses modulated by chain
lengths in the charged segments of the block

copolymer.
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Requirement for Diverse,
Low-Abundance Peptides in
Positive Selection of T Cells

Gregory M. Barton and Alexander Y. Rudensky*

Whether a single major histocompatibility complex (MHC)-bound peptide can
drive the positive selection of large numbers of T cells has been a controversial
issue. A diverse population of self peptides was shown to be essential for the
in vivo development of CD4 T cells. Mice in which all but 5 percent of MHC class
Il molecules were bound by a single peptide had wild-type numbers of CD4 T
cells. However, when the diversity within this 5 percent was lost, CD4 T cell
development was impaired. Blocking the major peptide-MHC complex in thy-
mus organ culture had no effect on T cell development, indicating that positive
selection occurred on the diverse peptides present at low levels. This require-
ment for peptide diversity indicates that the interaction between self peptides
and T cell receptors during positive selection is highly specific.

The immune systems of higher vertebrates gen-
erate a diverse population of potential T cell
receptors (TCRs) through random rearrange-
ment of gene segments within the TCR loci.
The dilemma is in choosing which T cells will
contribute to protective immunity without
knowing the antigens that they may eventually
encounter (/). This problem is addressed by
evaluating the TCRs of developing thymocytes
based on their recognition of the thousands of
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different self peptides bound to MHC mole-
cules in the thymus. Potentially autoreactive T
cells with TCRs that bind with too high an
affinity to self peptide-MHC complexes are
eliminated by a process called negative selec-
tion. The process of positive selection, by
which T cells are chosen to mature, results in a
population of T cells that interacts with MHC
molecules with sufficient, albeit weak, affinity
to permit a strong interaction with a particular
nonself peptide presented by self MHC.
Whether specific interaction with the self
peptide is needed to select such a T cell
repertoire has been hotly debated. Of partic-
ular interest is whether a given self peptide
selects a limited number of different TCRs
and thus truly shapes the specificity of T cells
during positive selection.

A role for particular self peptide-MHC li-

gands during positive selection of T cells was

demonstrated when specific peptides or increas-
ingly complex peptide mixtures were added to
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fetal thymic organ cultures (FTOCs), resulting
in increasing numbers of CD8 T cells (2). In
contrast, a number of recent reports analyzing
selection of CD4 T cells in vivo have concluded
that the recognition of peptide during positive
selection is quite degenerate (3, 4). These stud-
ies used two strains of mice with a single
peptide bound to nearly all of their MHC class
IT molecules. H-2M knockout mice fail to re-
move a peptide fragment (CLIP) of the chaper-
one protein invariant chain (Ii) from class II
molecules, resulting in almost exclusive surface
expression of this peptide (5). A second strain
of mice (AEp) express an altered MHC class 11
molecule to which a peptide from the MHC
class I I-Ea chain, Ea(52—68) (pEa), has been
- covalently tethered (6). On the basis of the
significant number of CD4 T cells that develop
in H-2M knockout and APEp mice, it has been
argued that numerous TCRs can be selected on
a single peptide and, therefore, that recognition
of peptide during positive selection is degener-

A

[-AD pEo-I-AD

CLIP-|-AP
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ate. Although it is clear that the T cell repertoire
in these mice is not identical to the wild-type
repertoire, it has been reported that the range of
specificities selected on the single peptide is
very broad (3, 4).

Evidence that non-CLIP peptides are
present in H-2M knockout mice (4, 7) and that
these peptides may contribute to positive selec-
tion (7) led us to question whether the T cells in
these mice were actually selected on a single
peptide. Consequently, we generated transgenic
mice to address directly the efficiency of posi-
tive selection on a single peptide. We have
previously described a system in which specific
peptides can be loaded onto MHC class II
molecules by insertion into the CLIP region of
Ii (8). Peptide loading occurs in the endoplas-
mic reticulum when the Ii-peptide fusion pro-
tein binds class II dimers. As the Ii-peptide
fusion protein is proteolytically processed, the
peptide remains bound in the class II groove
and is presented at the cell surface (§). We now

report the generation of mice expressing a hu-
man Ii genomic transgene, in which residues 86
to 102 of Ii have been replaced with pEa (9).
When expressed in li-knockout mice (Tgli%®),
this transgene restored surface expression of the
class 1II allele, I-A®, to wild-type levels on
splenocytes (Fig. 1A). The Ea peptide was
efficiently loaded onto I-A® molecules, as mea-
sured by the pEa-I-AP-specific monoclonal an-
tibody (mAb), YAe. Immunohistochemical
analysis revealed comparable expression of
these complexes in the thymus (70).

Although H-2M does not promote dissoci-
ation of Ea52-68) from I-A® (/1), it is in-
volved in peptide loading, even in the absence
of Ii (12, 13). To decrease expression of any
potential non-Ea peptides, we bred the li-pEa
transgene onto the Ii, H-2M double-knockout
background (Tg:dbl¥®). Splenocytes from
these mice expressed levels of I-A® similar to
those in Tg'Ti*® and wild-type mice and stained
brightly with YAe (Fig. 1A). We compared the
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pEa occupancy between Tgli%® and Tg-dbl*©
mice by depleting cell lysates of pEa-I-AP
complexes and of I-A® bound to the hybrid Ii
protein and quantitating the remaining I-A®
molecules by enzyme-linked immunosorbent
assay (ELISA) (Fig. 1B). I-A® molecules re-
maining after YAe depletion represent the frac-
tion of class II bound by non-Ea peptides. This
approach revealed that Tgli® and Tg-dbl*®
mice had equivalent pEa occupancy, ~95% of
total MHC class II molecules.

The self peptide repertoires of both Tgli%°
and Tg-dbl®® mice appeared equally skewed
toward a single peptide, but the development of
CD4 T cells in these two strains of mice was
markedly different. Whereas normal numbers
of CD4 T cells developed in Tg-li® mice, the
percentage of CD4 T cells in Tg-dbI®*© mice
was reduced by more than 70% in both the
thymus [8.2 = 1.6% in wild type (n = 6),9.8 =
24% in Tglhi*® (n = 6), 2.8 = 04% in
Tg-dbl®® (n = 8)] and the spleen [19.8 = 4.4%
in wild type, 23.7 + 3.9% in TgLi¥®, 5.1 =
1.8% in Tg-dbI*°] (Fig. 2). The specificities of
these CD4 T cells were altered from wild type
as they proliferated in response to wild-type
splenocytes in a mixed lymphocyte reaction
(14, 15). In addition, two different transgenic
TCRs that were selected in wild-type mice
failed to be selected in Tg i mice, confirm-
ing that the CD4 T cell repertoire is altered in
Teli®° mice in spite of the normal number of
cells that develop (14, 16).

To explain the difference in CD4 T cell
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Fig. 3. Non-Ea peptides present in Tgli*® mice
are not detectable in Tg-dbl® mice. The relative
expression of different endogenous peptide-I-A®
complexes on splenocytes from C57BL/6 (CJ),
Tgli“ (A), Tg-dblk® (O), liKO (A), dblKO (@), and
H-2M KO (M) mice was measured with T cell
hybridomas specific for the following peptides:
I-Ea(52-68), y-actin(157-171), 1gM(377-392),
CD22(25-39), and B,M(48-58) (73). Titrated
numbers of splenocytes were cultured with 105
T cell hybrids for 18 to 20 hours. Interleukin-2
(IL-2) production was measured with the IL-2—
sensitive HT-2 cell line in a colorimetic Alamar
Blue assay. Data are presented as the mean
absorbance (A) at 570 nm minus Ay, (A570/600)
of duplicate cultures.
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development between Tgli*© and Tg-dbl<®
mice, we focused on the small percentage of
I-A® molecules in TgTi*© mice that are not
loaded with Ea peptide. To evaluate the peptide
component of these I-A® molecules, we com-
pared the ability of Tgli¥® and Tg-dbl*®
splenocytes to stimulate T cell hybridomas spe-
cific for different endogenous peptide-I-A®
complexes (13). As expected, both Tg-li*® and
Tg-dbI®® splenocytes could stimulate pEa-I-
AP-specific T cells (/0). However, only
TgTi%© splenocytes stimulated each of the oth-
er endogenous peptide—specific T cell hybrids
(Fig. 3). Thus, in Tg-Ti*° mice, there is a small
population of I-A® molecules loaded with di-
verse, high-affinity non-Ea peptides that are
dependent on H-2M and therefore not detect-
able in Tg-dbl*® mice. These peptides appear to
be critical for positive selection of the normal
number of CD4 T cells seen in Tg'li*® mice.
This dependence on non-Ea peptides for
CD4 T cell development in Tg-li*© mice brings
into question whether the Ea peptide contrib-
utes significantly to the positive selection of
CD4 T cells in these mice. To address this issue
we cultured Tg'li%® fetal thymi in the presence
of mAbs that block either all I-A® complexes
(Y3P) or only pEa-I-A® complexes (YAe).
Both of these mAbs prevent T cell interaction
with the I-A® molecules to which they bind (17,
18). As expected, blocking I-AP molecules with
Y3P substantially reduced selection of mature
CD4"CD8~TCRY thymocytes (mean, 53% of
control lobes) (Fig. 4). However, blocking only
pEa-I-A® complexes did not reduce the number
of CD4 thymocytes. YAe-treated Tg1li%® lobes
had consistently increased percentages of
CD4*CD8 TCRM thymocytes (mean, 142%
of control lobes), perhaps indicative of de-

-creased negative selection due to blocking of

the highly abundant pEa-I-A® complexes. This

inability to block selection was not due to poor
binding because YAe is a higher affinity mAb
than Y3P (77). Similarly, in FTOC blocking
experiments with Tg:dbI®® mice Y3P signifi-
cantly blocked CD4 T cell development,
whereas YAe had little effect (Y3P, 57% of
control; YAe, 95% of control).

These experiments further demonstrate that
non-Eo peptides select the majority of CD4 T
cells in Tg'li%© mice. In addition, the difference
between blocking with Y3P versus YAe in
Tg-dbl®® FTOCs suggests that non-Ea pep-
tides contribute to selection in Tg-dbI*® mice as
well. Our inability to detect non-Ea peptides in
Tgdbl®® mice does not mean that such pep-
tides are absent. Peptides can contribute to both
positive and negative selection when present at
levels below thresholds for peripheral activa-
tion (79). Still, we cannot exclude the possibil-
ity that some T cells are selected on pEa-I-AP
complexes in TgTi%° and Tg-dbl*© mice. We
believe, however, that many of the CD4 T cells
in Tg-dbl*® mice are likely selected by small
numbers of non-Ea peptides still present in
these mice. It is possible that low-abundance
peptides are also responsible for a significant
percentage of the positive selection seen in
H-2M knockout and APEp mice.

Our results provide in vivo evidence that a
diverse population of MHC-bound self peptides
is essential for positive selection of T cells.
This conclusion agrees with early in vitro work
in the class I system, which described a critical
role for peptide diversity in positive selection of
CD8 T cells (2). Not surprisingly, CD4 and
CD8 T cells appear to recognize peptide-MHC
complexes in a similar manner during positive
selection. The importance of diversity within
MHC-bound self peptides for efficient positive
selection in vivo demonstrates that the recogni-
tion of peptide by a TCR is not promiscuous. In

versus CD8 plots of
TCR" gated thymo-
cytes are shown for
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pg/ml did not increase the efficiency of blocking. One lobe from each thymus was cultured in 15G4
(control) and the other lobe in either Y3P (I-A°) or YAe (pEa-I-AP). Media and antibody were replaced
daily. On day 7, thymocytes from each culture were stained for CD4, CD8, and TCRP and analyzed by
flow cytometry (24). For each thymus, the percentage of blocking was calculated by dividing the
percentage of CD4"CD8~TCRM thymocytes in the treated lobe by the percentage of these cells in the
control lobe. Tg!li¥®: Y3P, 53 = 11% (n = 10); YAe, 142 = 25% (n = 9). Tg:dbl*?: Y3P, 57 = 5% (n =

3); YAe, 95 = 15% (n = 3).
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a normal thymus, a.single peptide does not

select millions of different TCRs, as has’

been suggested in the analyses of H-2M
knockout and A®Ep mice (3, 4). Instead, the
signal through the TCR that eventually
leads to positive selection is driven by and
dependent on specific interactions with self
peptides. This degree of selectivity may be

similar to the recognition of peptide during

T cell activation. Indeed, it would be rea-

sonable for the immune system to evaluate -

T cells during development on the basis of
the rules of recognition that are required in
the periphery.

The specific recognition of peptides ap-

- pears so central to-the generation of a com-

70

plete T cell repertoire that even peptides
present at very low levels can contribute to
positive selection of T cells. These peptides
generate the bulk of the diversity within
MHC-bound peptides and probably support
the development of the majority of selected
thymocytes. This requirement for diverse,
low-abundance peptides suggests that speci-
ficity during positive selection is fundamental
to the generation of a broad, functional T cell
repertoire.
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Programmed cell death (apoptosis) occurs during normal development of the
central nervous system. However, the mechanisms that determine which neu-
rons will succumb to apoptosis are poorly understood. Blockade of N-methyl-
D-aspartate (NMDA) glutamate receptors for only a few hours during late fetal
or early neonatal life triggered widespread apoptotic neurodegeneration in the
developing rat brain, suggesting that the excitatory neurotransmitter gluta-
mate, acting at NMDA receptors, controls neuronal survival. These findings may
have relevance to human neurodevelopmental disorders involving prenatal
(drug-abusing mothers) or postnatal (pediatric anesthesia) exposure to drugs

that block NMDA receptors.

_ Glutamate promotes certain aspects of neuro-

nal development, including migration, differ-
entiation, and plasticity (/). In the first 2
weeks of neonatal life in the rat, the NMDA
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subtype of glutamate receptor undergoes a
period of hypersensitivity, in which neurons
bearing NMDA receptors are rendered highly
sensitive to excitotoxic degeneration (2).
During this period, NMDA receptors are pri-
mary mediators of glutamatergic fast excita-
tory neurotransmission in the brain (3). Al-
though NMDA receptor activation can pro-
mote survival of cerebellar granule cells in
vitro (4) or dentate granule neurons in vivo
(5), evidence that even transient inactivation
of NMDA receptors can be lethal for many
neurons has not been described. We now
report that during a specific stage in onto-
genesis coinciding with the period of
NMDA receptor hypersensitivity, transient
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