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ABSTRACT Both positive and negative selection of im-
mature T cells rely on engagement of their antigen-specific
receptors (TCR) by peptide in association with proteins
encoded in the major histocompatibility complex (MHC)
protein. The decision made between these two outcomes seems
to be determined by the number of TCR engaged by peptide–
MHC complexes. It has been unclear how such a mechanism
can be reconciled with evidence that positive and negative
selection occur in different thymic compartments and are
mediated by different antigen-presenting cells (APCs). In this
study we demonstrate that the level of class I MHC protein is
10-fold higher on thymic dendritic cells, which mediate the
negative selection of immature T cells, than on thymic epi-
thelial cells, which mediate for positive selection. We also
demonstrate that as little as a 3-fold increase in the level of a
particular cognate peptide–MHC ligand is sufficient to result
in negative rather than positive selection. The results suggest
that quantitative differences in the level of expression of class
I MHC proteins on thymic epithelial and dendritic cells
contribute to the opposing roles these cells play in forming the
repertoire of mature class I MHC restricted (CD81) T cells.

Studies of T cell development indicate that T cell maturation
in the thymus is largely driven by the extent to which antigen-
specific receptors (T cell receptors or TCR) on immature
thymocytes are engaged by peptide–major histocompatibility
complex (MHC) complexes on thymic antigen-presenting cells
(APCs; ref. 1). When TCR interact with complexes that are
present at relatively low levels, the corresponding thymocytes
are stimulated to proceed along the maturation pathway
(positive selection); if, however, the complexes are relatively
abundant the thymocytes undergo cell death (negative selec-
tion). The thymic APCs also have been the subject of many
studies. Most reports indicate that positive selection is pro-
moted by thymic epithelial cells whereas negative selection is
mediated largely by hemopoietic dendritic cells (DC; ref. 2).
Studies of thymocyte maturation in the absence of thymic DC
indicate that some T cells can be positively selected by the
thymic epithelial cells even when they would otherwise be
negatively selected by DC (3). In an attempt to understand the
basis for the different outcomes mediated by thymic epithelial
and dendritic cells, we used reaggregated thymic organ cul-
tures to investigate cellular requirements for the selection of T
cells that express the antigen-specific receptor (TCR) of the
CD81 CTL clone known as 2C.

The 2C clone was generated from an H-2b mouse (Balb.B)
that had been immunized with H-2d-bearing cells (4). It
recognizes the allogeneic class I protein Ld in association with

a naturally processed peptide, LSPFPFDL (p2Ca; ref. 5). The
class I protein Kb has been identified as the positively selecting
restriction element (6), and the 2C CTL line was also found to
recognize the p2Ca peptide in association with Kb, albeit
weakly (7, 8). More recently another naturally processed
peptide, EQYKFYSV (dEV8), that can be recognized weakly
in association with Kb by the 2C TCR has been identified (9).

In this study we followed the transition of double-positive
(CD41, CD81) to single-positive (CD42, CD81) 2C TCR1

thymocytes from peptide-transport-defective (TAP12y2)
mice, in the presence of various concentrations of peptides,
and APCs with different MHC haplotypes. Our results en-
compass three principal findings. First, although the presence
of the allogeneic MHC protein Ld in the thymus normally
results in negative selection of 2C thymocytes, we show here
that these cells are positively selected by Ld bearing thymic
epithelial cells, if Ld-bearing dendritic cells are absent. Second,
we have identified a remarkably small range (3-fold or less) of
cell surface peptide–MHC (epitope) densities on thymic epi-
thelial cells that define the ‘‘epitope density threshold’’ amount
of ligand above which thymocytes are negatively selected and
below which they are positively selected. Finally, we found a
10-fold higher expression of class I MHC on thymic dendritic
cells than on thymic epithelial cells and propose that this
difference contributes to the disparate roles these cells play in
thymocyte selection.

MATERIALS AND METHODS

Mice. C57BLy6 (B6) mice were purchased from Taconic
Farms. DBAy2 mice were purchased from The Jackson Lab-
oratory. TAP1 knockout (10) and 2C TCR transgenic mice (6)
were bred in our colony (Center for Cancer Research, Mas-
sachusetts Institute of Technology).

Flow Cytometric Analyses. The following mAbs were used:
R-phycoerythrin (PE)-labeled RM4–5 (anti-CD4, PharMin-
gen), f luorescein isothiocyanate (FITC)-labeled 53-6.7 (anti-
CD8a, PharMingen), PE-labeled MR5–2 (anti-Vb8.1, 8.2,
PharMingen), biotin-labeled anti-1B2 [anti-2C TCR clono-
typic (4)], FITC-labeled HL3 (anti-CD11c, PharMingen), PE-
labeled AF6–120.1 (anti-I-Ab, PharMingen), PE-labeled
AMS-32.1 (anti-I-Ad, PharMingen), FITC-labeled 30-H12
(anti-Thy-1.2, PharMingen), FITC-labeled M1y70 (anti-
Mac-1, PharMingen), MTS5 (anti-thymic epithelium, Phar-
Mingen), and FITC-labeled G53–238 (anti-rat IgM, Phar-
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Mingen). Thymocyte and lymphocyte suspensions were pre-
pared from cultured lobes or dissected tissue and analyzed as
described previously (10, 11).

Cell Isolation and Reaggregated Thymic Organ Culture
(RTOC). RTOC experiments were performed as described
previously (12). TAP12y2, B6, and DBAy2 thymic epithelial
cells (MHC haplotype H-2b, H-2b, and H-2d, accordingly) were
prepared by disaggregating deoxyguanosine (dGuo, Sigma)-
treated fetal thymic lobes using 0.05% trypsin (GIBCO),
0.02% EDTA in Ca21, and Mg21-free Hanks’ balanced salt
solution (GIBCO). The resulting cells were analyzed with
anti-I-A, anti-Mac-1 (macrophage specific), anti-CD11c (den-
dritic cell specific), anti-thymic epithelium (TE), and anti-Thy-
1.2 antibodies. They were found to be approximately 80%
I-A1, 80% TE1, 5% Mac-11, 10% Thy-1.21, and less than 1%
CD11c1, and are referred to as thymic epithelial cells (TEC).

CD41CD81 (‘‘double positive’’) 2C1 thymocytes were ob-
tained by gently grinding freshly isolated newborn 2C trans-
genic TAP12y2 thymus lobes. The resulting suspensions were
enriched for double-positive 2C cells with biotinylated anti-
CD4 antibody coupled to streptavidin-bound magnetic mi-
crobeads (Miltenyi Biotec, Auburn, CA); their purity, checked
by fluorescence-activated cell sorter (FACS) analysis, was
usually more than 95%. Reaggregates were formed by mixing
together the desired epithelial cells and double-positive thy-
mocytes (at a ratio of 1:2). After pelleting the cell mixture by
gentle centrifugation and removing the supernatant, the pellet
was dispersed into a slurry, drawn into a fine glass pipette, and
placed as a standing drop on the surface of a nucleopore filter
suspended over complete medium (RPMI 1640 medium sup-
plemented with 10% fetal calf serum) with or without added
peptide. Cultures were incubated for 3 days at 37°.

Thymus- and spleen-derived dendritic cells were purified
from B6 and DBAy2 tissues as described previously (13).
Purity was checked by staining with anti-CD11c, anti-I-Ab, and
anti-I-Ad antibodies and analyzing by FACS. Splenic prepa-
rations typically were 90% dendritic cells, whereas thymic
preparations usually were 70% dendritic cells, the primary
contaminants being T cells.

Thymectomized, Irradiated, and Bone Marrow-Reconsti-
tuted (TIR) Mice and Thymus Transplants. B6 mice were
thymectomized as described previously (14). They were then
lethally irradiated (1,100 rad) and reconstituted with 2C
transgenic TAP12y2 bone marrow as described (15). In brief,
bone marrow cells were isolated by flushing the tibia and femur
of adult mice with ice-cold PBS. After subjecting the cells to
two rounds of complement lysis using anti-CD4, anti-CD8, and
anti-Thy1 antibodies and rabbit complement, approximately
5 3 106 cells in 0.5 ml PBS were injected intravenously into the
TIR mice. Thymic transplants were performed by placing two
or three dGuo-treated fetal thymic lobes under the left kidney
capsule of these TIR animals as described previously (16).
Donor thymi came from E14 embryos of either B6, DBAy2, or
TAP12y2 strains.

Quantitation of Kb and Ld Complexes. To measure the
number of Kb and Ld molecules on cells from B6 and DBAy2
mice, we used a monoclonal anti-Kb antibody, Y3 (17), and a
monoclonal anti-Ld antibody, 30-5-7 (18), respectively. We
used bivalent antibody molecules, whose apparent affinity for
the multivalent antigenic determinants on a cell surface is
higher than the intrinsic affinity of monovalent Fab fragments
(19), to overcome problems of sensitivity and background. We
determined apparent equilibrium-binding constants (Ka) for
the Y3 antibody to Kb and the 30-5-7 antibody to Ld by using
Kb1 EL4 and Ld1 P815 cells, respectively. Various concentra-
tions of 125I-labeled antibody were incubated with 2–4 3 105

cells in a total volume of 50 ml of complete medium for 30 min
at room temperature (22–25°C). All reactions were carried out
in duplicate. Cell-bound and unbound 125I-antibody were
separated by centrifugation on fetal calf serum and measured.

The concentration of specifically bound 125I-antibody was
determined as the difference between cell-bound radiolabeled
antibody in the presence and absence of a 100-fold molar
excess of unlabeled antibody. The binding data were analyzed
according to Klotz (20). The concentration of specifically
bound antibody (B) was plotted as a function of the logarithm
of the unbound (free) concentration (F), and experimental
points were fitted to the equation:

B 5 KazBmaxy~Ka 1 102logF!, [1]

where Bmax is the concentration of class I bound antibody at
saturation, i.e., as F approaches infinity. Values of Bmax and Ka
were derived from the best fit. The Ka values were found to be
3 3 108 M21 for the Y3 antibody and 2 3 108 M21 for the 30-5-7
antibody (the Fab9 fragment of the Y3 antibody to cell surface
Kb on the same cells had an approximately 30-fold lower Ka
than the bivalent antibody, unpublished observation).

The fractional occupancy (a) of class I for any given free
antibody concentration was determined from:

a 5 KazFy~1 1 KazF! [2]

From the specific radioactivity of the radioiodinated antibod-
ies and the number of cells in the analyzed samples we
determined the number (Nf) of antibody molecules specifically
bound to class I MHC molecules per cell at a given free
antibody concentration (F). The maximal number of class I
MHC bound antibody molecules per cell was taken to be Nfya
and is reported as a measure of the total number of class I
molecules per cell (Table 1); the actual number of the corre-
sponding MHC molecules per cell lies between Nfya and twice
this value.

To measure the number of peptide–Kb complexes formed on
thymic epithelial cells at positively and negatively selecting
peptide concentrations, cells from TAP12y2 thymi were in-
cubated for 2 hours at 37° in complete medium with or without
peptide followed by analysis with 125I-Y3 as described (Table
2).

RESULTS

Positive Selection of 2C Cells by Alloantigen in Reaggrega-
tion Cultures in the Absence of Thymic Dendritic Cells.
Thymocytes carrying the 2C TCR have been shown to be
negatively selected in the thymus of H-2d mice (6). To identify
the thymic cells involved in 2C cell selection we set up RTOCs.
These cultures consisted of two cell populations: (i) immature
CD41 CD81 2C thymocytes (.95% pure) and (ii) cells from
deoxyguanosine-treated thymic lobes, which consist of
trypsinized thymic stromal cells (largely TEC) depleted of
dendritic cells. The epithelial cells were obtained from H-2d,
H-2b, and TAP12y2 (i.e., MHC class I deficient; ref. 10) H-2b

fetuses.
As one should expect, TAP12y2 TEC did not induce either

positive or negative selection of 2C TCR1 immature T cells.
Interestingly, we found that mature CD81 2C cells were
generated not only in RTOCs having H-2b epithelial cells, as
expected, but also in those with H-2d epithelial cells (Fig. 1).
Positive selection was less pronounced in H-2d RTOCs than in
H-2b RTOCs, but was clearly above the background level seen
in H-2b TAP12y2 RTOCs (Figs. 1 and 2). The observed
positive selection was mediated by the TCR, because clono-
typic anti-TCR Fab9 fragments (1B2, ref. 4) blocked the
appearance of mature CD81 2C cells in the RTOC (data not
shown). These findings suggest that the negative selection of
2C cells that is observed in vivo in H-2d mice is mediated largely
by deoxyguanosine-sensitive cells, presumable thymic den-
dritic cells. To examine this possibility, we set up the same
RTOC as above and added dendritic cells from spleens of H-2d
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mice. As shown in Fig. 2, the dendritic cells promoted deletion
of 2C cells in all cultures. We conclude that 2C cells are
positively selected by thymic epithelial cells, which are deoxy-
guanosine-insensitive, and negatively selected by H-2d den-
dritic cells.

Positive Selection of 2C Cells in Vivo by Alloantigen in
Absence of Class I1 Dendritic Cells. To exclude the possibility
that the positive selection of 2C cells by H-2d epithelial cells
was an artifact of the reaggregation cultures, we examined the
selection of 2C thymocytes in vivo in thymectomized mice that
were transplanted with intact deoxyguanosine-treated lobes.
The same types of deoxyguanosine-treated thymus lobes that
had been used for the RTOCs (H-2d, H-2b, TAP12y2 H-2b)
were transplanted to thymectomized H-2b mice that had been
irradiated and reconstituted with 2C transgenic, TAP12y2

bone marrow cells. The bone marrow-derived dendritic cells
therefore were deficient in MHC class I expression and of the
b haplotype and thus should have no (or minimal) impact on
selection. Three months after transplantation very few CD81

2C cells were found in the lymph nodes of mice bearing H-2b

TAP12y2 thymus lobes (Fig. 3) or mice that had not received
any thymus lobes (data not shown). However, a considerable
number of CD81 2C1 cells accumulated in the lymph nodes of
mice receiving intact H-2b or H-2d thymus lobes. These CD81

2C cells did not express the activation markers CD25 or CD44
(data not shown), indicating that they have been selected
positively but have not been significantly expanded in the
periphery by antigenic stimulation.

Differences in the Level of Expression of Class I MHC
Proteins on Thymic Epithelial and Dendritic Cells. Many
endogenous peptides are likely to be generated at the same
levels in different cells (21), and it is conceivable that differ-
ential expression of MHC, and therefore of cell-surface den-
sities of peptide–MHC complexes, may be responsible for the
opposing roles that epithelial and dendritic cells play in
positive and negative selection, respectively. Dendritic cells are
well known to express MHC proteins at high levels (3).
However, a direct quantitative comparison of MHC expression
on thymic epithelial and dendritic cells has not been reported.
Using 125I-labeled antibodies specific for class I proteins, we
determined the number of Kb and Ld MHC molecules on
thymic dendritic cells and dGuo-resistant thymic epithelial
cells. Both proteins were found at about 10-fold higher den-
sities on thymic dendritic cells (2.8 3 105ycell) than on
epithelial cells (2.5 3 104ycell) (Table 1). We also examined
the number of Kb MHC molecules on splenic dendritic cells
and found that these cells express class I MHC proteins at an
intermediate level (Table 1), which is consistent with previous
observations made with flow cytometry (13).

Peptide-Induced Class I MHC Expression Required for
Positive and Negative Selection. Both positive and negative
selection of 2C thymocytes can be achieved with the addition
of appropriate amounts of peptide ligand. Fig. 4 shows FACS
analyses of RTOCs in which optimal positive and negative
selection of 2C cells occurred at 10 and 100 nM of SIYRYYGL
peptide (22), respectively, whereas no selection occurred with-

FIG. 1. CD81 2C cells are positively selected in H-2d TAP11y1 RTOC. Reaggregate thymic organ cultures consisting of H-2b TAP12y2, H-2b
TAP11y1, or H-2d TAP11y1 epithelial cells and 2C1 CD41 CD81 thymocytes are shown. Numbers indicate percentage of cells in the respective
gated areas. Similar numbers of thymocytes were recovered from each lobe.

FIG. 2. Allogeneic dendritic cells mediate deletion of 2C cells in
RTOC. Reaggregate thymic organ cultures consisting of dGuo-treated
epithelial cells from H-2b TAP12y2, H-2b TAP11y1, or H-2d
TAP11y1 mice, and 2C1 CD41 CD81 thymocytes, with or without the
addition of H-2d TAP11y1 spleen-derived dendritic cells, were cul-
tured and analyzed as before. Where indicated, the equivalent of 1.5 3
104 dendritic cells per lobe was added to equal 5% of the total
epithelial cell number. The total mean number of thymocytes recov-
ered from each lobe (n 5 4) in Fig. 2 reading from left to right was
(31023) 9.0, 10.9, 10.1, 9.4, 2.3, and 4.5, respectively. Error bars
indicate the SE in each category.
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out added peptide or with an irrelevant peptide (data not
shown). The concentrations were determined from several
peptide titration experiments. Peptide concentrations were
considered to be optimal for positive selection at the dose at
which the most CD81 2C T cells developed and optimal for
negative selection at the lowest dose that eliminated nearly all
double-positive cells and resulted in near-background levels of
CD81 2C T cells. Two other peptides also were found to elicit
positive and negative in RTOC although at very different
concentrations. The peptide p2Ca (LSPFPFDL) could posi-
tively and negatively select at 30 and 500 mM, respectively,
whereas dEV8 (EQYKFYSV) did so at 100 and 3,000 mM
(data not shown). We compared the levels of peptide-
stabilized Kb on purified thymic epithelium at these concen-
trations by using 125I-labeled antibody specific for Kb. The
increase in the number of peptide-stabilized Kb complexes
from positively to negatively selecting concentrations of pep-

tide was only 3-fold for p2Ca and even less for dEV8 (Table 2).
We could not reliably detect SIYRYYGL-induced Kb expres-
sion above the background level with the peptide at a total
concentration of either 10 or 100nM (Table 2). Thus, as little
as a 3-fold difference in the density of a particular peptide–
MHC ligand on the APC surface can determine whether a cell
is positively or negatively selected.

DISCUSSION

Studies of thymocyte development have shown that the fate of
double-positive thymocytes can be altered in peptide trans-
port-deficient thymic organ cultures by varying concentrations
of peptide, which presumably stabilize proportional amounts
of MHC proteins on thymic APCs (1). At relatively low
concentrations peptides promote positive selection and at high
concentrations they lead to negative selection. These effects
can be accounted for by an ‘‘avidity’’ model, which assumes
that the cell’s fate is determined by the extent to which its TCR
are engaged by peptide–MHC complexes in the thymic envi-
ronment (1). This view stresses the importance of the affinity
of the developing cell’s TCR for peptide–MHC complexes and
the abundance of these complexes in the thymic environment.
At first glance, it does not account for the finding that different
types of APC have divergent effects on thymocytes; i.e., thymic
epithelial cells mediate positive selection and dendritic cells
mediate negative selection (3). Indeed, thymic epithelium-
bearing H-2 Ld, an alloreactive restriction element for the 2C
TCR, will positively select 2C thymocytes, whereas H-2 Ld-
bearing dendritic cells will induce negative selection both in
vitro and in vivo (Figs. 1–3). The disparate effects of epithelial
and dendritic cells have been attributed to differences in
various cell surface molecules involved in cell–cell interac-
tions, such as LFA-1yICAM-1 (23–25), CD28yB7.1 (26, 27),
CD40ygp39 (28, 29), FasyFasL (30), and CD30yCD30L (31).
Experiments with knockout mice and specific inhibitors have
suggested a role for these molecules in thymic selection, but
also revealed that they are not always absolutely necessary
(23–32).

The most important finding in this study is that the cell-
surface level of class I MHC molecules on dendritic cells is
approximately 10-fold higher than on epithelial cells (Table 1).
Taken in conjunction with the avidity model, this finding could
account for the different roles of these APC in shaping the
TCR repertoire of newly developed single-positive CD81 T
cells. Thus, if the pool of peptides produced in these APC was
similar, those with the higher total MHC level would be
expected to have a correspondingly higher level of any partic-
ular peptide–MHC complex and to be more likely to elicit
negative selection than APC with lower levels. The MHC class
I level on thymic dendritic cells is not only higher than that on
thymic epithelial cells, but also higher than that on splenic
dendritic cells (Table 1). It is conceivable that the very high
MHC class I expression in the thymus increases the likelihood
that potentially autoreactive immature T cells are eliminated
by negative selection in the thymus. There are other precedents
for the natural exploitation of differential MHC expression.
The down-regulation of MHC levels by a variety of mecha-
nisms helps many cancer cells and virus-infected cells to escape
destruction by cytotoxic T cells (33–35). Large differences in

FIG. 3. Allogeneic thymic epithelium positively selects 2C cells in
vivo. Lymph nodes were collected and analyzed (see Materials and
Methods) from animals having received either TAP12y2 H-2b (A),
TAP11y1 H-2b (B), or TAP11y1 H-2d (C) thymic transplants. The
high proportion of CD41 cells observed may be because of either the
expansion of some mature CD4 cells present in the transplanted bone
marrow or of cells that arose from some surviving host bone marrow.
For each type of transplant two mice were studied with similar results.

Table 1. dGuo-resistant thymic epithelial cells express fewer class I molecules than thymic and
splenic dendritic cells

Thymic epithelial cells Thymic dendritic cells Splenic dendritic cells

Kb Ld Kb Ld Kb

25,581 6 8,907 26,513 6 1,216 375,553 6 140,195 212,600 6 43,439 132,994 6 30,064

Average no. MHC class I molecules per cell and standard deviations shown are based on at least two
independent measurements.
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the levels of MHC proteins between cells in the periphery may
favor antigen presentation by some cells and minimize the risks
of inadvertent immune injury of other cells (36).

Although thymic dendritic cells are largely responsible for
negative selection, it is important to note that negative selec-
tion can occur in their absence (2). Thus, using thymic cell
preparations consisting essentially of just double-positive thy-
mocytes and epithelial cells, we observed both positive and
negative selection, depending on the concentration of added
peptide. With this simplified system, we were able to examine
closely the effects of small changes in the abundance of
peptide–Kb complexes (‘‘epitope density’) on the surface of
thymic epithelial cells. The results are of particular interest
with peptides p2Ca and dEV8, because both are naturally
processed peptides derived from ubiquitous proteins (5, 9).
The finding that approximately 700 p2Ca-Kb complexes per
cell was associated with positive selection of 2C TCR1 thy-
mocytes (Table 2) may be compared with an earlier estimate
of about 100–200 p2Ca peptide molecules per mouse thymus
cell (5). The former value (700 complexes) is probably an
overestimate (because it is based on incubation of cells with
peptide for 2 hr whereas the RTOC assays were carried out
over 3 days, during which time peptide concentrations drop,
perhaps because of proteases in the culture medium), and the
latter value (100–200 peptide molecules) was probably too low,
because it did not take into account losses incurred during
peptide isolation. It is thus possible that the p2Ca peptide
normally exists in the thymus at a level where it contributes to
positive selection under natural conditions. The natural abun-
dance of the dEV8 peptide has not been estimated (9), but it
is doubtful that it is anywhere near the levels needed to
approach the epitope density values shown in Table 2.

Surprisingly, the difference between an epitope level that led
to optimal positive selection and one that led to near-total
negative selection was only 3-fold in the case of the peptide
p2Ca and even less for the peptide dEV8. These remarkably
small differences suggest that we have defined for each of these
peptides a narrow epitope density zone, below which thymo-
cytes are stimulated to make the transition from double-
positive to single-positive cells and above which they are
triggered to undergo cell death. If we consider the midpoint
between positively and negatively selecting values for a given
peptide as a ‘‘threshold’’ value for the corresponding pep-
tide–Kb complex, we see that the threshold is about 1,500
complexes per cell for the p2Ca peptide and around 16,000
complexes per cell for the dEV8 peptide. For the SIYRYYGL
peptide, the epitope density threshold could not be defined
because the concentrations used to elicit positive and negative
selection were too low. It is apparent, nevertheless, that in
terms of required peptide concentrations, the order of effec-
tiveness was SIYRYYGL . p2Ca . dEV8. This order matches
the efficacy of these peptides in cytolytic assays (Y.S. and H.E.,
unpublished data).

For the SIYRYYGL and p2Ca peptides the differences are
in accord with the large differences in the affinity of the 2C
TCR for these peptide–MHC complexes. Measured on intact
CD81 2C cells, the values are 1 3 107 M21 for SIYRYYGL-Kb

(Y.S. et al., unpublished data) and 3 3 103 M21 for p2Ca-Kb

(8). The corresponding affinity value for dEV8-Kb has not
been measured under the same conditions, but recently has
been reported to be 1.2 3 104 M21, as determined by surface
plasma resonance using immobilized 2C TCR and soluble
dEV8-Kb complexes (37). Equilibrium constants measured by
the two methods so far have differed considerably, being 10-
to 300-fold higher on intact cells (presumably because of the
contribution of CD8 coreceptors, which are absent in the
cell-free system). Thus, the affinity of the 2C TCR on intact
cells is likely to be much greater for dEV8-Kb than for
p2Ca-Kb. Given this difference, it is notable that dEV8-Kb is
far less effective than p2Ca-Kb in promoting the maturation of
2C thymocytes. A possible explanation is suggested by the
relative instability of the complex formed by the 2C TCR with
dEV8-Kb (37). If the corresponding TCR bond with p2Ca-Kb

were more stable, the disparity between the epitope density
thresholds for p2Ca-Kb and dEV8Kb might be accounted for.
Alternatively, the explanation may be structural rather than
kinetic: it is possible that different conformations of the TCR,
resulting from ligation with different peptide–MHC ligands,
could have confounding effects that are responsible for the
dEV8yp2Ca disparity.

We thank Dennis Y. Loh for contribution of 2C transgenic mice,
Channel Lovett and Carol McKinley for technical assistance, Chris-

FIG. 4. Peptide-induced positive and negative selection in RTOC. Reaggregate thymic organ cultures consisting of H-2b TAP12y2 epithelial
cells and 2C1 CD41 CD81 thymocytes with or without positively and negatively selecting concentrations peptide as indicated. Numbers indicate
the percentage of cells in the respective gated areas.

Table 2. Level of Kb expression on TAP12y2 dGuo-resistant
thymic epithelial cells in the presence and absence of exogenously
added peptides

Peptide
Concentration,

M
Thymic

selection*

No.
peptide-induced

Kb molecules
per cell

None None None None
LSPFPFDL 3 3 1025 Positive 718 6 428
LSPFPFDL 5 3 1024 Negative 2,318 6 1,243
EQYKFYSV 1 3 1024 Positive 12,400 6 1,500
EQYKFYSV 3 3 1023 Negative 18,900 6 4,040
SIYRYYGL 1 3 1028 Positive ND
SIYRYYGL 1 3 1027 Negative ND

Average numbers and standard deviations shown are based on at
least three independent measurements. ND, not detectable by assay.
*As observed in independent RTOC experiments.
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