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ABSTRACT Interaction of the a8 T cell receptor (TCR)
with major histocompatibility (MHC) molecules occupied
with any of a large collection of peptides derived from self
proteins is a critical step in driving T cell “positive” selection
in the thymus. Interaction with this same pool of self-peptide/
MHC ligands deletes T cells with potential self-reactivity. To
examine how T cells survive both of these processes to form a
self-tolerant mature repertoire, mice were constructed whose
entire class I MHC IE* specific repertoire was positively
selected on a single peptide covalently attached to the IE*
molecule. In these mice T cells were identified that could
respond to a variant of the positively selecting peptide bound
to IEX, The affinities of the TCRs from these T cells for the
positively selecting ligand were extremely low and at least
10-fold less than those for the activating ligand. These results
support the theory that positive selection is driven by TCR
affinities lower than those involved in T cell deletion or
activation and that, if present at high concentration, even very
low affinity ligands can positively select.

Thymocytes are positively selected to become mature T cells
by interaction of their aff T cell receptors (TCRs) with
combinations of peptides derived from self proteins and major
histocompatibility complex (MHC) proteins expressed in the
thymus (1-5). Paradoxically, interactions with this same set of
ligands is required to remove self-reactive T cells from the
selected repertoire (negative selection) (6, 7). Some difference
between these two processes allows a cadre of positively
selected T cells to escape negative selection to form the mature
T cell peripheral repertoire, enriched in T cells whose TCRs
are specific for the same MHC alleles occupied by peptides
derived from foreign proteins.

The favored hypothesis to explain these processes proposes
that positive selection is driven by weaker TCR/ligand inter-
actions than is negative selection or mature T cell activation
(3-5, 8). Therefore, a window is created allowing survival of T
cells whose reactivity with self peptide/MHC is strong enough
to drive positive selection, but not to trigger negative selection
or activation. Replacement of the self peptide with the appro-
priate foreign peptide can increase the strength of interaction
to a level required for T cell activation.

There have been two ideas about which quality of the
TCR/MHC interaction determines the distinction between
positive and negative selection, each based on a different set
of experimental data. The first idea is that the kinetics of TCR
interaction with the selecting ligand determines the outcome
and that the half-life of the complex is particularly important
(3, 9). Complexes with a relatively short half-life trigger
positive selection through incomplete signaling, while those
with longer half-lives trigger negative selection via a more
complete signal. Because TCR signaling outcome is deter-
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mined by TCR dissociation rate, the process is predicted to be
relatively insensitive to ligand concentration. The second idea
is that total receptor occupancy is the key to signaling outcome,
i.e., the same qualitative signal can be achieved from a low
affinity or high affinity TCR engagement with ligand by an
adjustment in ligand concentration (4, 5). Low total occupancy
results in positive selection, while high occupancy results in
negative selection.

Even though the techniques for measuring TCR affinities
and binding kinetics accurately have improved markedly (10—
12), it has been difficult to test these hypotheses because the
positively selecting combinations of MHC and peptide are
known for only a few T cells. To rectify this problem we created
a collection of transgenic mice in which the peptide/MHC
combination involved in positive selection was known because
the grooves of a particular MHC molecule were totally occu-
pied with a single, covalently bound peptide (13, 14). We have
studied several T cells that developed in such a mouse and
compared the interaction of their TCRs with either a positively
selecting or activating class II MHC/peptide ligand.

MATERIALS AND METHODS

Peptides. Peptide 88—103 from moth cytochrome ¢ (MCC),
peptide 6476 from the d allele of mouse hemoglobin B chain
(Hb), and the MCC peptide with position 99 changed from
lysine to alanine (MCC99A) were produced and purified in the
Biological Resource Center at the National Jewish Medical
Research Center.

T Cell Hybridomas and Production of Interleukin (IL)-2.
The T cell hybridomas used in this study were produced by
standard techniques (15). KMAC-19, KMAC-92, and KMAC-
126, specific for IEX + MCC, were described previously (14).
KC99A and KH-2 were produced from B10.BR mice immu-
nized with MCC99A or Hb, respectively. T cell hybridomas
were stimulated with peptide presented by the IEX-bearing B
cell lymphoma CH12 (16), or by immobilized soluble IEX-
peptide in microtiter wells. The IL-2 produced was assayed at
24 hr (15, 17).

Production of Soluble MHC-Peptide and TCR Molecules.
Soluble IE¥ covalently bound to MCC, MCC99A, or Hb was
produced and purified as described (18, 19).

The genes for the Va and VB portions of the TCRs of three
T cell hybridomas (KMAC-19, KMAC-92, and KMAC-126)
were synthesized by PCR using, as template, cDNA prepared
from RNA isolated from the hybridomas. As shown in Fig. 1,
the 5'-oligonucleotides used in the PCRs introduced restric-
tion enzyme sites (Xhol, EcoRI or Sall) just 5’ to the V region
start ATGs. The 3’-oligonucleotides introduced restriction
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KMAC Alpha Chains:

XhoI BspEI KpnI

AV
19¢. ATCCTCGAGGCCATGCAGAGGAAC/ /TGTGCTGCTGAGGCTTCTGGCAGCTGGCAACTCATCTTTGGATCTGGAACCCAACTGACAGTT, ATGCCTGACATCCAGAATCCGGAA/ / GACG'I'I'CCCTG'ITAGGT ACC
Q CAAEASGSWAQLIFGSGTQLTVMPDTINAGQ

<—~—~————————/ /-AV11S52 AJ17 —— Ca ————— / / ——————————— >

XhoI BspEI KpnI

AV AV -\

92& ATCCTCGAGGCCATGCAGAGGAAC/ /TGTGCTGCGGGGGCCTCCTCCTTCAGCAAGCTGGTGI GGGCAGGGGACATCCTTATCAGTCGTTCCAAACATCCAGAATCCGGAA/ /GACGTTCCCTGTTAGGTACC
M R Q GTSLSVVPNTIAG QNTPE DV C
<----------/ /- Av1152 N AJ42 ><——— Co ———, / /----—----—->

XhoI BspEI KpnI

___\/

1260 ATCCTCGAGGCCATGCAGAGGAAC/ /TGTGCTGCTGAGGCGGCTAACAACAATGCCCCACGATTTGGAGCGGGAACCAAA'I'I'ATCAGTAAAACCAAACATCCAGAATCCGGAA/ /GACG'I'I'CCCTGTI'AGGI'ACC
M Q CAAEAANNNAPRFGAGTI KTLSVKZPNTIAQGQ

< / /-AV11S1l N AJ35

KMAC Beta Chains:
Sall Bg1IL SphI
N \/__ _\V
1 9 B AATTCGGGTCGACCACCATGGCTACAAGG/ /TGTGCCAGCAGTCTGAACTGGGGGGGCGGGGAACAGTACTTCGGTCCCGGCACCAGGCTCACGGTTTTAGAAGATCTG/ /CGAGCAGACTGTGGTTAACAGTAGCATGC
M A TR C ASSLNWOGGGEUGQYFGPGGTRLTUVLET DL R ADCG *

[

><———— Cu —————/ / ——————————— >

< / /~——— BV3S1l-——> N<-——BD2~~~><N><——muu————— BJ2S¢ ————--————<— (B2 -/ [——————————— >
Sall Bgl1II SphI
N (VA o\
92 B AATTCGGGTCGACCACCATGGCTACAAGG/ /TGTGCCAGTAGTCTTAACTGGGGGGGAGACACCCAGTACTTTGGGCCAGGCACTCGGCTCCTCGTGTTAGAAGATCTG/ /CGAGCAGACTGTGGT TAACAGTAGCATGC
M A TR CASSLNWGGDTOQYFGPGTRLILVYVLETDIL R ADCG *
<-—--—-—-—-—/ /-—— BV3S51———> N<—BD2-—><-————————- BJ2S5 B2 —/ /

EcoRI BglII Sphl

L

N
126[3 CGAATTCGAGAGGAAGCATGTCTAACACT/ /TGTGCCAGCAGTGATGCTCAAAACACCGGGCAGCTCTACTTIGGTGAAGGCTCAAAGCTGACAGTGCTGGAAGATCTG/ /CGAGCAGACTGTGGTTAACAGTAGCATGC
CASSDAQNTOGQLYFGEGSI KTLTVLETDHL R ADCG
<———————————/ /-—— BV8S3 N BJ2S2 cp2 —/ /- >

Fic. 1. Sequences of the cloned KMAC TCRs. The figure shows part of the sequences of the KMAC « and B chains as they were cloned into
a baculovirus transfer vector. The restriction enzyme sites introduced by the 3’ and 5’ oligonucleotides used to amplify the Vo and V3 segments
are shown. The Ca and Cf gene segments were truncated as shown just past the codons for cysteines forming the interchain disulfide. In addition
the codons for asparagines at position 5 and 118 of Cg and 80 of Ca were changed to those for aspartic acid to eliminate three N-linked glycosylation

sites (not shown).

enzyme sites described (18-21) at the 5’ end of either Ca
(BspEI) or CB (BglII). The genes were cloned in a baculovirus
transfer vector (18-21) in frame with sequences encoding Ca
and CB. These C region sequences were truncated just past the
codons for the cysteines forming the interchain disulfide, thus
removing sequence encoding the transmembrane and cyto-
plasmic tail regions. Using this two promoter vector both the
« chain and B chain of each TCR was then introduced into a
single baculovirus. Using high titered stocks of these viruses
the KMAC soluble TCRs were produced by infection of High
Five insect cells (Invitrogen) in TMN-FH culture media. The
receptors were purified from culture supernatants by immu-
noaffinity chromatography with an anti-Cg mAb, H597 (22).
The eluted TCRs were further purified by size exclusion
chromatography. A control soluble TCR (20, 21) from the T
cell hybridoma DO-11.10, specific for an ovalbumin peptide
plus TAY, was also prepared.

Surface Plasmon Resonance Studies. Interactions between
soluble KMAC TCRs and IE-peptide complexes were eval-
uated by surface plasmon resonance by using the BIAcore
system (Piscataway, NJ). TCRs purified as described above
were immobilized in flow cells of a CM-5 BIAcore biosensor
chip by capture with a hamster anti-mouse Ca mAb, ADO-304,
which had previously been covalently attached to the dextran
matrix of the flow cell. Because the original immunoaffinity
purifications of the TCRs were performed with an anti-C
mADb only complete aTCRs were captured in the flow cell
and the small amount of B chain dimers contaminating the
preparations were not retained. Because of the very slow
dissociation rate of TCR from this antibody (k4 ~ 107%/s),
binding of subsequently injected soluble IE*-peptide to the
immobilized TCR could be followed. The running buffer was
phosphate buffered saline (pH 7.2) supplemented with 5 mM
NaNj; and 0.005% P20 surfacant. All measurements were
performed at 25°C. Binding kinetics were analyzed with the
standard BIAcore BIAEVALUATION software. To correct for
differences in bulk refractive index, all IEX-peptide prepara-
tions were also injected through a flow cell with an irrelevant

immobilized TCR (DO-11.10). These control data were sub-
tracted from the experimental data.

RESULTS

Properties of the 99ATg Transgenic Mouse and IEX-MCC
Reactive Hybridomas Derived from Its T Cells. We have
previously described a mouse (99ATg) that carried a trans-
genic TEX molecule attached covalently to its B chain N
terminus (14). In this peptide the lysine at position 99 of MCC,
a key residue in T cell recognition, was changed to an alanine.
These mice also had the normal H-2f MHC encoding a class 11
IAf molecule and had the invariant chain locus knocked out.
The 99ATg mice were characterized extensively to assure that
the occupancy of IEX by MCC99A was virtually 100%. For
example, antigen presenting cells from these mice are 10,000
100,000 times worse than those from wild-type IE¥ expressing
mice in presenting exogenously added TEX binding peptide
antigens to T cells.

To introduce functional IEX bearing antigen presenting cells
into the 99ATg mice, they were irradiated and repopulated
with fetal liver from mice bearing wild-type IE¥ transgenes.
Thus, in these chimeric mice the IEX restricted repertoire was
selected on IEX~MCC99A expressed in the radioresistant
thymus, but the peripheral antigen promoting cells were
capable of presenting other IE¥ binding peptides. These mice
were immunized with the wild-type MCC peptide to produce
aset of MCC-specific T cell hybridomas (14). Extensive control
experiments established the importance of MCC99A in the
thymus for the development of this MCC reactive repertoire.

In the present study we have selected three representative T
cell hybridomas from this series to examine in detail, KMAC-
19, KMAC-72, and KMAC-126. Because the IE¥ + MCC
reactive T cells that gave rise to these hybridomas developed
by positive selection on TEX-MCC99A, they should be reactive
to IEX plus MCC, but tolerant to IEX plus MCC99A. These
points are established in Fig. 2. The three hybridomas pro-
duced IL-2 in response to IEX bearing cells in the presence of
MCC. They failed to respond to even very high concentrations
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FIG. 2. The KMAC T cell hybridomas respond to IEX/MCC, but
not IEX/MCC99A. Shown is the IL-2 produced by the three IEX+MCC
specific KMAC T cell hybridomas and the T cell hybridoma, KC99A,
specific for IEK+MCC99A in response to IEX-bearing CH12 B lym-
phoma cells in the presence of no antigen (m ), 4 ug/ml of MCC peptide
(@), or 100 pg/ml MCC99A peptide (0I).

of MCC99A, although this peptide stimulated very well a T cell
hybridoma, KC99A, produced from conventional IEX mice
immunized with MCC99A. Therefore, T cells bearing these
TCRs were fully tolerant to IE* bound to the positively
selecting MCC99A peptide.

Binding of IEX-MCC and IEX-MCC99A to Soluble a3STCRs.
As described in Materials and Methods, the genes for the Vo
and VB portions of the TCRs of the three KMAC hybridomas
were amplified by PCR and cloned into baculovirus. The virus
was used to produce soluble versions of each of the TCRs.
Surface plasmon resonance was then used to assess the kinetics
of binding of various IEX-peptides to the soluble «FTCRs from
the KMAC hybridomas. The soluble TCR was immobilized in
the flow cell of a biosensor chip via an anti-Ca mAb and a
bolus of various concentrations of soluble IEX with covalently
attached MCC, MCC99A or, as a negative control, Hb, were
passed through the flow cell and the binding kinetics recorded.

Soluble IEX with covalently bound MCC bound to each of
the immobilized KMAC TCRs in a dose dependent manner
(Fig. 3 A-C). Each receptor showed characteristic binding
kinetics. The average association rates were all quite slow at
3,400 1/mols for the KMAC-92 TCR, 5,100 1/mol's for
KMAC-19 TCR, and 8,800 1/mol-s for the KMAC-126 TCR.
The complexes with the KMAC-19 and KMAC-126 TCRs had
extremely rapid dissociation rates of 0.47/s and 0.35/s, respec-
tively. Thus the half lives of these complexes were only 1.5 s and
2.0 s. These are among the shortest dissociation rates yet
measured for T cell activating ligands (9-12, 21, 23-27). The
dissociation rate for the complex with KMAC-92 was some-
what slower at 0.087/s for a complex half life of 8.0 s. These
kinetic data led to calculated dissociation constants of 93, 26,
and 40 uM, respectively for the KMAC-19, KMAC-92, and
KMAC 126 TCRs. These values are within the range reported
for other TCR interactions with activating MHC/peptide
ligands (9-12, 21, 23-27).

Because of the fast dissociation of TEX-MCC from the
KMAC TCRs the binding reactions all reached equilibrium
rapidly. Therefore, the plateau binding values were used to
construct a Scatchard plot (Fig. 4) as a check of the dissociation
constants calculated from the kinetic data. The dissociation
constants calculated from these plots were 90, 29, and 56 uM
for KMAC-19, KMAC-92, and KMAC-126, respectively,
which were in good agreement with those calculated from the
kinetic data.
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FiG. 3. Kinetics of the interaction of soluble IEX-peptide with
immobilized KMAC TCRs. Various concentrations (5-40 puM) of
soluble TEX-MCC (solid line) were injected at 10 ul/min for 60 s
through biosensor flow cells in which (4) KMAC-19, (B) KMAC-92,
or (C) KMAC-126 TCR had been immobilized and the binding
kinetics recorded. As a control for bulk fluid phase refractive index the
IEX-MCC preparations were also injected through a fourth flow cell
with an immobilized irrelevant TCR from the IA4/ovalbumin specific
T cell hybridoma, DO-11.10. The differences between these two curves
are shown for each IEX-MCC concentration. Average association and
dissociation rates were derived from the data by using standard
BIAcore BIAEVALUATION software, and these were used to calculate
the half-life (¢'2) and dissociation constant (Kq) of the TCR/MHC
complex. (D-F) A single concentration of 40 pM IEX-MCC99A
(dashed line) or IEX-Hb (dotted line) was injected through the same
flow cells containing immobilized the KMAC TCRs. The data were
corrected for bulk fluid phase refractive index as above.

We did not detect any significant binding to the KMAC
TCRs of IE* occupied by the positively selecting peptide,
MCC99A, when compared with an irrelevant Hb peptide, at
any dose tested up to 40 uM (Fig. 3 D-F). If we assumed the
same number of potential binding sites in the KMAC TCR
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FIG. 4. Scatchard analysis of the interaction of soluble IEX-peptide
with immobilized KMAC TCRs. The equilibrium resonance units
values in Fig. 3 (A-C) were used to construct Scatchard plots. The Kq
of the KMAC-126 TCR interaction with IEK-MCC was estimated from
—1/m, where m was the slope of the least squares regression line (solid
line) fit to the data. The maximum binding capacity of the flow cells
was estimated from the intercept of this line with the x axis. Assuming
this potential binding capacity and a minimum significant binding of
30 resonance units at a 40 uM injection (X) the minimal K4 for
IEX-MCC99A was estimated at >800 uM (dashed line).
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FiG. 5. Stimulation of T cell hybridomas by immobilized IEX
bearing appropriate covalently bound peptides. Various amounts of
IEX-MCC, IEK-MCC99A, or IEX-Hb were immobilized by absorption
to the surface of tissue culture microtiter wells. A constant number of
T cell hybridoma cells of the appropriate specificity (®) was added and
the stimulation of IL-2 secretion assessed 24 hr later. As a negative
control, similar wells containing a T cell hybridoma of inappropriate
specificity (a) were assayed. Each panel is labeled with the immobi-
lized IEX molecule at the top. The names of the T cell hybridomas are
shown with their known MHC peptide specificity given in parentheses.

flow cells, and a conservative minimal significant binding of 30
resonance units, the dissociation constants of these interac-
tions could be estimated at >800 uM (Fig. 4 A-C). In control
experiments we demonstrated that all the soluble TEX-peptide
proteins were functional, because they could all, when immo-
bilized, specifically activate T cell hybridomas bearing the
TCRs of the appropriate specificity (Fig. 5).

DISCUSSION

The idea that the extent of TCR occupancy determines
signaling outcome derives from two sets of experiments. In the
first, cultures of fetal thymuses taken from TAP knockout
mice were studied (4, 5). Because of the defect in peptide
transport, these thymuses lacked MHC class I expression and
failed to support mature CD8 T cell development. Positive
selection of T cells bearing a transgenic TCR taken from a
mature T cell clone of known peptide/MHC class I specificity
was restored by the rescue of MHC class I expression by
introduction into the cultures of very low doses of the activat-
ing peptide. Higher doses of the peptide resulted in negative
selection of the developing T cells. An in vivo study with CD4
T cells (28) was consistent with these results. In this case the
IEX molecule in invariant chain knockout mice was shown to
lack the appropriate self-peptides for the positive selection of
mature CD4 T cells capable of responding to IEX/MCC.
Introduction of apparently very low levels of the MCC peptide
itself into the thymus via a viral vector restored positive
selection of the IEX/MCC reactive cells.

In these examples the level of the restored positively select-
ing MHC/peptide complex in the thymus was below the level
of detection. The conclusion from these experiments was that
ligands with high affinities can positively select T cells provided
that their concentrations are low enough to keep TCR occu-
pancy low. Therefore, a particular type of receptor binding
kinetics was not required for positive selection. Along the same
lines, other experiments have shown that the levels of CDS8 (29,
30) or CD4 (31) in the thymus can determine whether a T cell
clone will be positively or negatively selected in a thymus
bearing particular MHC alleles. These experiments again
suggest that some integration of total TCR complex signal
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determines the fate of the developing T cell, rather than a
specific type of TCR/ligand kinetics.

Our results are consistent with this view. The level of
expression of IEK-MCC99A in the thymuses of our transgenic
mice was very high (14) and comparable to those of IEX in
normal mice. This placed the concentration of the MCC99A
peptide on the cell surface of 9ATg mice at a much higher
level than that of even the most abundant peptides in wild-type
class II MHC molecules (32-34). Therefore, if low receptor
occupancy is required for positive, rather than negative selec-
tion, we could predict that only T cells bearing TCRs with very
low affinities for TEX-MCC99A should be selected in these
mice. This perhaps explains why the KMAC TCRs had affin-
ities for IEX-MCC99A below the limits of detection (Kq > 800
uM) and yet still were positively selected on this ligand.

The alternate view is that TCR signaling outcome is con-
trolled by the kinetics of TCR interaction with its MHC +
peptide ligands, with different kinetics leading to qualitative,
not just quantitative, differences in signaling (3). This idea has
its roots in experiments with mature T cells. For some CD4 or
CDS8 T cell clones that are specifically activated by a particular
peptide/MHC pair, variant peptides have been identified that
can only partially activate the T cell even when used at very
high concentration (35-37). Furthermore, exposure to these
variant peptides often renders the T cell clone refractory to
subsequent or simultaneous activation by the original peptide,
a phenomenon often referred to as antagonism.

Several studies have shown that the TCRs from these clones
have lower affinities for these variant MHC/peptide ligands
than for the fully activating MHC/peptide complex. One study
with a TCR from a CD4 T cell specific for TEX/MCC suggested
that the difference between activation and antagonism is
related to the dissociation rate of the TCR from the MHC/
peptide complex (9). Antagonism was associated with half-
lives of TCRs bound to the MHC + peptide ligands shorter
than ~10 s. It was concluded that 10s may be the minimum
time required for receptor multimerization and assembly of all
of the secondary molecules required for a complete intracel-
lular signal and that shorter half lives for TCR-ligand inter-
actions led to partial, inhibitory signals to the mature T cell.
Our results do not support this view, because for two of the
three IEX/MCC specific TCRs we examined the fully activating
agonist ligand dissociated from the receptor with half-life of
<2s.

This idea of receptor kinetics controlling signaling outcome
was extended in one set of experiments studying positive
selection in cultures of fetal thymuses taken from J,-
microglobulin knockout mice that lack MHC class I expression
(3). In these thymuses positive selection of T cells bearing a
transgenic TCR taken from a mature T cell clone specific for
a peptide from ovalbumin bound to the MHC class I molecule,
KP, was studied after restoration of K" expression by intro-
duction into the cultures of B,-microglobulin and peptides
related to the activating peptide. There was a direct relation
between the activity of the peptide on mature T cells bearing
the TCR and the fate of the T cell in the thymic cultures. Those
with the ability to activate fully the mature T cell led to
negative selection of the T cell in the thymus while those that
acted as antagonists with the mature T cell led to positive
selection of the T cell in the thymus. Subsequent experiments
showed that affinity of the TCR of this T cell for these
peptide/KP complexes showed a similar hierarchy, i.e., highest
affinities were seen with activating/deleting peptides and while
lower, but clearly measurable affinities, were seen with antag-
onizing/positively selecting peptides (12).

These results suggested the appealing idea that positive
selection may require a precise intermediate TCR affinity so
that only a partial signal is sent to the developing T cell. Higher
affinities may then lead to negative selection as a more
complete signaling complex assembles, while lower affinities
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may not produce the minimum signal required for positive
selection. Our results do not formally disprove this hypothesis.
However, taken together with the data from other laboratories
described above they support the view that positive selection
can be driven by TCR ligands of widely varying affinities.
There appears to be an inverse relationship between this
affinity and the ligand concentration that allows positive
selection without negative selection.
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