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Summary

Positive and negative selection of a lymphocytic
choriomeningitis virus (LCMV) peptide-specific, H-2D*-
restricted T cell clone (P14) was studied using TAP1
and TAP1* mice transgenic for P14 T cell receptor
(TCR) a and p genes. Positive selection of transgenic
CD8* P14 cells was impaired in TAP1~ mice. Addition
of the LCMV peptide to TAP1~ fetal thymic organ cul-
tures (FTOCs) at low and high concentrations induced
positive and negative selection of CD&8~ P14 cells, re-
spectively, while addition of the same peptide to
TAP1* FTOCs induced negative selection even at low
concentrations. Both types of selection were peptide
specific. Thus, a critical parameter that controls the
fate of a thymocyte seems to be the number of TCRs
engaged with complexes of peptide and major histo-
compatibility complex. When this number is low, posi-
tive selection occurs, and when it is high, negative
selection takes place. These findings support a differ-
ential avidity model of T cell selection.

Introduction

The repertoire of antigen specificities of T cells of an indi-
vidual animal is shaped by two types of cellular selection
that take place in the thymus. Positive selection (Bevan,
1977; Zinkernagel et al., 1978) ensures that T cells leaving
the thymus are capable of major histocompatibility com-
plex (MHC)-restricted recognition of antigen; that is, they
possess the capacity to recognize antigen presented by
products of self-MHC (Zinkernagel and Doherty, 1974;
Fink and Bevan, 1978). Positive selection is thought to
involve engagement of T cell receptors (TCRs) on imma-
ture CD3" low CD4"CD8" thymocytes with self-MHC prod-
ucts expressed on the surface of thymic epithelial cells
(Lo and Sprent, 1288): only those thymocytes expressing
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TCHs with sufficient affinity for zeli-MHC are thought to
be given the signal to avoid programmed cell death and
to mature (Kisielow et al., 1988; Sha et al., 1988). Er'lgage
ment of TCRs with MHC class | molecules leads o the
differentiation into CD4-CD&* (hereafter referred

CDe") cytotoxic T cells, whereas engagement of
with MHC class || molecules leads to differentiati
CD4'CD&" (hereafter referred to as CD4") T ha-ipa c&lls
(Teh et al., 1988). Negative selection eliminates th augh
clonal deletion those T cells that are potentially autjreao

o as
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tive (for reviews see Schwartz, 1989; Hugo et al., 1993).
Negative selection is also thought to involve engagament

of TCRs on immature thymocytes; however, in thi
cess seli-peptide-MHC complexes expressed on th sur
face of bone marrow-derived thymic stromal cells are
thought to be recognized (macrophages and dendritic
cells). Those thymocytes expressing TCRs with relatively
high affinity for the self-peptide-MHC complexes are
thought to be given the signal to undergo programmed
cell death. One of the central questions that remains to
be solved is how the similar interactions that lake place
between TCRs and self-MHC or self-peptide-MHC nm-

plexes trigger two very different cell fates during th
types of selection.
It is well established that in MHC-restricted recognition
of antigen, a TCR interacts not only with an MHC praduct
but also with an antigen-derived peptide entrenched in the
groove of the MHC product (Ziegler and Unanue, 1881;
Townsend et al., 1986; Bjorkman et al., 1987). Sin
peptide is essential for the stable expression of an
class | molecule on the surface of cells (Townsend et al.,
1889, 1980, Schumacher &t al., 1930; Ljunggren et al.,
1880), it is expected that the self-MHC class | mﬂla%llas
by

expressed on thymic epithelial cells and recogniz
TCRs during positive selection also contain peptide
deed, the analyses of CDB™ T cell development in mice
expressing mutant class | molecules with altered peplide-
binding grooves suggested a role of peptides in determin-
ing the specificity of TCR-MHC interaction during the gosi-
tive selection of CD8* T cell precursors {Nimlib?_'ugi:& d
Bevan, 1990; Sha et al., 1990; Jacobs et al., 1990; Ohashi
et al., 1993).

To address this issue more directly, we exploited TAP1
{for transporter associated with antigen processing 1) mu-
tant mice (Ashton-Rickardt et al., 1993) that were
duced using embryonic stem cell technology (Cappechi,
1989; Van Kaer et al., 1992). The TAPT gene encoges
an ATP-dependent peptide pump (Shepherd et al., 1993),
which translocates peptides from the cytosol into the lu-
men of the endoplasmic reticulum. Peptides then asséoi-
ate with newly synthesized class | heavy chain and p2-
microglobulin to form stable class | molecules that are
then transported to the cell surface (Townsend et al., 1989,
1980; Nuchtern et al., 1989; Schumacher et al., 1990), In
TAP1 mutant mice, this major route of peplide loading
of class | molecules is blocked. Conseguently, sud%ca
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expression of MHC class | molecules is reduced, and posi-
tive selection of CDE& T cells is severly hampered. Only
a few “empty,” ill-folded, and heat-sensitive class | mole-
cules appear on the surface of cells in TAP1 mutant mice
(Van Kaer et al., 1992). These empty class | molecules
could be loaded and stabilized with peptides that were
provided extracellularly in the presence of B2-micro-
globulin. Thus, addition of peptides to cultured fetal thymi
from TAF1 mutant mice rescued class | expression on
thymic stromal cells, but only some of these peptides pro-
moted the positive selection of CD8" T cell precursors
(Ashton-Rickardt et al., 1993). Furthermore, as observed
in a fetal thymus organ culture (FTOC) system (Hogquist
et al., 1993) from p2-microglobulin-deficient mice (Zijistra
et al., 1990), complex mixtures of class |-binding peptides
(synthetic or thymus derived) were more efficient than sin-
gle peptides in promaoting the positive selection of CDE™ T
cells (Ashton-Rickardt et al., 1993). These data confirmed
that peptides contribute to the specificity of positive selec-
tion of CD8* T cells in the thymus.

In the present study, we crossed TAP1 mutant mice
(Van Kaer et al., 1992) with a TCR o and | transgenic
mouse (P14) to study the role of peptides in thymic selec-
tion in greater detail. The P14 TCR recognizes a peptide
from the lymphocytic choriomeningitis virus (LCMV) glyco-
protein (amino acids 33-41) presented by H-20° mole-
cules (Pircher et al., 1989, 1930). As expected, positive
selection of CDB* T cells expressing the P14 TCR was
hampered in mice deficient in TAP1. Analyses of cultured
fetal thymi from P74 TAP7™ transgenic and P14 TAPT”
transgenic mice that were supplemented by various
H-20"-binding peptides allowed us to draw two major con-
clusions. First, peptides determine the specificity of TCR-
MHC interaction during positive selection, most probably
by being directly recognized by TCRs. Second, the critical
parameter that controls the fate of thymocytes is the num-
ber of TCRs engaged with peptide-MHC complexes that
is determined by the avidity between these two cell surface
components; regardless of the intrinsic affinity of the TCR-
peptide/MHC interaction, when the number of engaged
TCRs is moderate, positive selection takes place, and

when the number is high, negative selection occurs.
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Results

Positive Selection of P14 Transgenic T Cells Is
Impaired in TAP1-Deficient Mice

We have shown previously that positive selection of CD8"
T cells, but not CD4* T cells, is severely hampered in the
thymus of TAP1 mutant mice (Van Kaer et al,, 1992; Ash-
ton-Rickardt et al., 1993). Transgenic mice (P14) express-
inga TCH (Va2, VP8.1) specific for the LCMV glycoprotein
peptide (33-41) (hereafter referred to as LCMV peptide
or nominal antigen peptide) presented by H-2D* (Pircher
et al., 1989, 1990) were crossed to TAP1-deficient mice.
We analyzed thymocytes and lymph node cells derived
from the P14 TAP1- mice as well as the cells from the
control P14 TAP1™ mice by flow cytometry. Typical results
are shown in Figure 1. The thymi of P14 TAP1~ mice con-
tained as many thymocytes as those of P14 TAP1™ mice.
However, the percentage of CD8' cells was reduced in
P14 TAP1™ mice (n = 4; range, 3%—-4%) comparad with
P14 TAP1" mice (range, 7%-10%). In contrast, the per-
centage of CD4" cells was augmented in P14 TAP1™ mice
(range, 30%-40%) compared with P14 TAP1" (range,
2%p-4%). Most of the few remaining CD8" thymocytes in
the P14 TAP1~ mice did not express the P14 TCR as indi-
cated by the low percentage of Va2® CDE" thymocytes
for P14 TAP1™ mice (range, 206-4%) compared with P14
TAP1* mice (range, 19%-23%). Similar results were ob-
tained with peripheral T cells. The mesentric lymph nodes
of P14 TAP1™ mice also contained as many cells as those
of P14 TAP™ mice. However, a substantial reduction in the
percentage of CD8" cells was observed in P14 TAP1- mice
(range, 5%-B8%) compared with P14 TAP1* control mice
(range, 40%-45%). Here again, the percentage of CD4*
cells was increased in P14 TAP 1™ mice (range, 55%-46%)
compared with P14 TAP1* mice (range, 11%—-14%:). Most
of the remaining CD8" cells in the P14 TAP1™ mice did
not express the P14 TCR, as indicated by the relatively low
percentage of Va2' CD8" cells (range, 2%0-3%) compared
with P14 TAP1* control mice (range, 26%%-29%). These
data indicate that the development of CD8* transgenic
P14 cells is seversly impaired in the TAP1- background.
Most of the CD4 thymocytes or lymph node T cells ex-
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Figure 2. Positive Selection of COB* Transgenit
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foeM) |T JGres {’”"’M ) ing for CD4 and CDB. The percentage of this
| .-_,'r-;'.:. 'E'.'::‘if-_. gated population positive for CD8 and negafive
il for CD4 is shown next to the window. The ofer-

press non-P14 (i.e., nontransgenic) TCR (data not shown),
The proportional increase of CD4* cellsin P14 TAP1™ mice
compared with P14 TAP1* mice can be explained by pref-
erential selection of these cells by class Il MHC molecules
whose cell surface expression is not affected by the lack
of TAP1.

When we cultured day 16 fetal thymic lobes from P14
TAP1~ mice (hereafter referred to as TAP1™ FTOC) or P14
TAP1* mice (TAP1* FTOC) for 9 days, we also observed
areduction in numbers of CD8* P14 thymocytes recovered
from TAP1- thymi compared with similarly cultured TAP1*
thymi. Figure 2 shows a representative result of multiple
(n = 8) experiments. We determined the proportion of
CD8' P14 cells by multiplying the percentage of Va2* high
V[B.1,8.2° high cells (which are virtually equivalent to P14
cells) among the total recovered thymocytes with the per-
centage of CD8" cells among the P14 cells. Thus, for the
experiment shown in Figure 2, in TAP1* FTOC the percent-
age of CD8™ P14 cells was 12% (Va2 high VAB.1,8.2" high
[18%)] x CD8* [66%)], andin TAP1~FTOC, the percentage
was 1% (Va2" high VP8.1,8.2" high [8%] x CD8" [14%]).
In all experiments performed, the percentage of CD8" P14
cells ranged from 1%-2% in TAP1~ FTOC to 12%%—19%
in TAP1* FTOC. Using these percentages and the total
numbers of thymocytes recovered from FTOCs, we calcu-
lated the absolute numbers of CD8" P14 cells per thymic
lobe. Thus, in the representative experiment shown in Fig-
ure 2, we observed a deficit in positive selection of these
cells in TAP1~ FTOC (5 x 10° CD8" P14 cells per thymic
lobe) compared with TAP1T FTOC (37 = 10° CD8” P14
cells per thymic lobe). In all experiments performed, the
number of CD8* P14 cells per thymic lobe ranged from

all percentage of cells determined as Va2” Wgh
VP8.1.8.2" high (CD8™ P14) was calculated by
multiplying the percentage of cells V2™ High
VB8.1,6.2° high by the percentage of CD&"
celis of the gated population.

5 x 10°to 7 x 107 in TAP1- FTOC and 35 x 10° 1d 45
® 10%in TAP1" FTOC (n = 8).

Positive Selection of CD&* Transgenic P14 T Cel
Is Induced by Addition of Nominal Antigen Peptide
To understand the role of peptides in T cell development
in greater detail, we examined the selection of QD&
transgenic P14 cells in TAP1- FTOC in the presen
various peptides. To this end we first examined the ability
of the peptides to stabilize H-2D° expression on the surface
of TAP2-deficient RMA-S cells (Ljunggren and Karre,
1985; Attaya et al., 1992). The data in Table 1 indjcate
that LCMV peptide stabilized H-2D° on the surface t
cells about 300 times less efficiently than the Hp2D®-
binding (Townsend et al., 1986) influenza virus 1934 nu-
cleoprotein peptide (366-374) (hereafter referred to s IF
peptide). To estimate relative affinity of the two pegtides
for the P14 TCR, we examined the proliferation of P14
splean cells in vitro in response to the LCMV and I pep-
tides. The IF peptide was at least 10° times less effjcient
than the LCMV peptide in inducing the proliferation gf P14
spleen cells in vitro (Table 1). A third peptide, DB-S, retains
asparigine and methioning at positions 5 and 9, r
tively, which are thought to be required for binding with
H-2D" (Falk et al., 1881), but contains serine at all other
positions. This peptide stabilized H-2D* as efficiently as
the LCMV peptide but failed to induce the proliferation of
P14 spleen cells in vitro (Table 1).
The LCMV peptide supported the development of CD8"
P14 precursor cells when added to TAP1- FTOC at con-
centrations as low as 10 uM, whergas at similar congentra-
tions neither the IF nor the DB-S peptide was effective
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Tabile 1. Relative Abilities of Peptides 1o Stabilize Surface H-20F
and to Stimulate P14 Spleen Cells In Vitro

Peptide Sequence 50ms H-20F (M) 50, P14 (M)
LCMV KAVYNFATM 2 x 10 6 x 10r™
LOMV-81  KAMYNFATM ax 10 2 x 107
LCMV-8T HKALYNFATM B x 10® -1 x 10
LCMW-M KAVYNFATM 2 x 10° 2 = 107
RGIF YGS

LCMy RGIFNYGSM 2 x 10 >1 % 10
IF ASNENMETM B x 107 1 x 10
D&-3 SSS5NSS5M 6 x 10 >1 = 10

Compared with the LCMV peptide (Pircher et al., 1991), the LCMV-8.1
and LCMV-8.7 variants have single amino acid changes al position 3
{underlined). The LCMV' peptide has every amino acid substituted
with the mast chemically related residue except for the H-20° anchor
residues at positions 5 and 9 (Falk et al., 1991). The LCMV-M mix of
peptides (128 peptides) was synthesized by incorporating the relevant
aming acid from either the LCMY or LOMV' peptide at each position.
The resulting mixture thus includes a spectrum of peptides differing
In relatedness to LOMV or LCMVY, Baoth the IF (Towsend et al., 1986)
and DB-5 peplides differ from the LCMV peptide at every position
except the H-2D° anchor residues. The relative abilities of peptides
to stabilize H-20° molecules i expressed as the 50.. H-2D° value.
This is defined as the concentration of peptide required to rescue the
surface expression of H-20F on AMA-S to a level that is 50% of maxi-
mum (maximum being about 35% of AMA) in an overnight in vitro
experiment. Surface expression of H-20° was detected by staining
with an anti-H-20°-biotin MAD (B22.249.R1, a1 specific) and then with
streptavidin-PE and by FACS analysis. The relative ability of peptides
to stimulate P14 spleen cells in vitro is expressed as the 50.. P14
valug. This is defined as the concentration of peplide reguired 1o in-
duce the proliferation of P14 TAP1* spleen cells to a level of 50%
of the maximum value observed using the nominal antigen peptide.
Proliferation was assessed by culturing P14 spleen cells (2 = 10F)
with peptide for 36 hr and then measuring the rate of cell division by
pulzing with [Hjthymidine for 12 hr and determining the amount of
cell-associated label by counting the rate of f particle emission.

(Figures 2 and 3). The LCMV peptide-mediated selection
increased when we increased the concentration of the
peptide, reaching a maximum level of selection at 30 uM.
However, above this concentration, selection decreased
with increasing peptide concentrations. When added at a
high concentration (300 uM), the IF peptide also induced
a moderate level of positive selection of CDE™ P14 cells,
whereas the DB-S peptide did not (Figure 3).

We attempted to determine the relative level of H-2D*
expression induced by peptides on the surface of thymic
stromal cells in P14 TAP1™ FTOC (see Experimental Pro-
cedures). The IF peptide, which is a relatively potent H-2D°
stabilizer (Table 1), induced H-2D° expression on the sur-
face of I-A*positive thymic stromal cells at levels that were
5% (30 uM added IF peptide) and 35% (300 uM added
IF peptide) of the level observed on the same type of cells
from P14 TAP1" thymi. However, the LCMV peptide is a
less potent H-2D° stabilizer (Table 1) and at 30 or 300 pM
did not induce the H-2D* expression above the back-
ground level on the surface of thymic stromal cells. These
data indicate that the positive selection by the LCMV pep-
tide of CD8" P14 cells in TAP1~- FTOC requires a very
low density of peptide—H-2D* complexes on the surface
of thymic stromal cells, whereas the selection by the IF

1 Cog*P14

; ) T
PEPTIDE CONCENTRATION [uM)

NUMBER OF CELLS/LOBE (x10-7)
& » 82
>
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Figure 3, CD&" Transgenic P14 Cells Generated in TAP1 FTOC in
the Prasence of Various H-20*-Binding Peptides

P14 TAP1" ar TAP1™ thymic lobes were cultured as describad in the
legend to Figure 2 with or without peptide at the concenirations shown.
Thymocyte suspensions were prepared from FTOC treated with LCMY
(closed circles), IF (closed sguares), or DB-5 (closed triangles) and
analyzed for surface markers. The percentage of CD8" P14 cells was
determined as describad in the legend 1o Figure 2. The levels for the
number of CD8” P14 cells per lobe is the mean (= S5EM) of values
determined from the analysis of between three and seven indepen-
dently cultured thymic lobes (points without ermor bars had an SEM
of <0.25 x 10°). TAP1' FTOC gave 38 = 5 = 10° CD&" P14 cells
per lobe and TAP1- FTOC without peptide gave 5 = 1 x 107, Similar
data was obtained from two other experiments performed at differant
timas.

peptide requires a very high density of peptide-H-20"
complexes.
We wanted to examine the possibility that the majority
of CD8* P14 thymocytes that appeared in TAP1™ FTOC
supplemented with the LCMV peptide arose by prolifera-
tion of a small number of preexisting of CD8™ P14 cells
rather than by differentiation of CD4°CD8" cells. To this
end, we sorted CDB" P14 cells from TAP1~ FTOC treated
with 10 uM LCMV peptide and, as a control, from TAP1"
FTOC. We then estimated the size of the sorted cells by
determining the mean forward light scattering value of
cells (after fluorescence-activated cell sorting [FACS]
analysis) as well as the percentage of cells in S phase.
For comparison we also analyzed the cell cycle status and
size of CO8" P14 spleen cells that had been stimulated
in vitro with the LCMV peptide. The data shown in Table
2 (experiment 1) indicate that the CD8" P14 cell population
recovered from TAP1~ FTOC supplemented by 10 uM
LCMV peptide is similar to that recovered from TAP1~
FTOC without added peptide in both cell size and percent-
age of dividing cells. In contrast, CDB™ P14 c2lls recovered
from a proliforating spleen cell culture exhibited a larger
average cell size as well as a higher percentage of dividing
cells. The data from Table 2 (experiment 2) show that at
day 7 and day 8 in P14 TAP1- FTOC, the proportion of
CDE" P14 cells in the S phase of the call cycle is 20%
and 11%, respectively. On the other hand, 51% of CD8"
P14 spleen cells proliferating in response to the LCMV
antigen are in S phase. Assuming that the proliferatin
celis in FTOC are equivalent to those in the spleen cel
culture, we calculate that about 40% and 22% of the CD8
P14 cells are in the cell cycle at day 7 and day 8, resp
tively, in P14 TAP1~ FTOC. We therefore conclude th
the majority of the CD8* P14 cells that appeared in TAP1
FTOC upon an addition of the LCMV peptide arose
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Table 2. CDB* P14 T Cells Selected by LCMV Peptide in TAP1- FTOC Are Not Proliferating

Concentration of

Duraticn of FTOC

Experiment LCMY Peptide (pM) (Days) Mean Forward Scatier S Phase (39)
Expariment 1
P14 TAP1* FTOC - 9 373 £ 24 16 =6
P14 TAP1" FTOC 10 ] 377 = 24 138
P14 TAP1" spleen cell culture 10 MA 5256 = 17 3T =5
Experiment 2
P14 TAP1- FTOC 30 ¥ MND 20 = 4
P14 TAP1" FTOC 30 - ND 11 = 4
P14 TAP1* spleen cell culture 10 HA ND 51 % 4

In experiment 1, P14 TAP1* (n = 56) or TAP1 (n = 48) thymic lobes were cultured with 10 uM LCMV peptide for 8 days as described previously

{Ashton-Rickarct et al., 1883), and then thymocyte suspensions were prepared. The suspensions were pooled before staining for cell

9 x 10° cells; TAP1- FTOC with LOMY 10 uM, 1.8 x 10° callg). We then estimated the size of the sorted cells by determining the me
{ = variance of histogram) of the forward light scatter from a histogram of forward scatter versus cell number. These cells were then pe
and chromasomal DNA stained overnight with P, Quantitation of Pl staining intensity was performed by FACS analysis. Statistical analysi

program) of the histogram of Pl staining intensity versus cell number then allowed the determination of the percentage of cells in GG (n P

staining intensity), G2/M (2n Pl staining intensity), and S phases of the cell cycle (intermediate staining intensity). P14-positive TAP1* §
suspensions were prepared and incubated for 36 hr (1 x 108mi) with the LCMV peptide at 10 uM. The sorted CD&" P14 cells (4 x 1
then stained with Pl, and the percentage of cells in the 5 phase of the cell cycle and the mean forward light scatter of the sorted populati
determined as above, In experiment 2, P14 TAP1- thymi were cultured for 7 or 8 days with or without 30 uM LCMV peptide. As in experi
at the end of culture, thymocyte suspensions were prepared and CD&* P14 cells purified by appropriate staining with MADs and FACS

In this experiment the number of CDB* P14 cells per P14 TAP1- lobe treated with 30 uM LCMY peptide after 7 days of FTOC was 7 = 3 x 10°

and after B days was 30 = 4 x 10° P14 TAP1™ lobes incubated without peptide gave 4 = 0.7 x 107 after T days and 7 = 2 = 107 after

days

of FTOC. The level of CDB* P14 cells per thymic lobes is the mean (= SEM) of values determined from the analysis of between four anfl eight
seperately cultured lobes. Soried CDB* P14 cells (P14 TAP1- FTOC with 30 pM LCMV peptide on day 7, 1 = 10° cells; on day 8, 8 x 10F cells)
were stained with Pl, and the percentage of cells in the S phase of the cell cycle was determined as in experiment 1. Proliferating P14 [TAP1*
spleen cells were prepared, and CDB* P14 cells were sorted (1 x 10° cells) and stained with Pl as described in experiment 1. NA, ddta not

applicable; MD, data not determined.

differentiation of CD4"CDE" cells rather than by the prolif-
eration of a small population of preexisting CDB™ P14 cells.

Analogs of the Nominal Antigen Peptide Induce

the Positive Selection of CD8* Transgenic P14

T Celis in TAP1- FTOC

From the data described in the previous section, it would
appear that positive selection of CD8" P14 cells is peptide
specific in that at input concentrations of between 10 and
100 uM, LCMV peptide is effective in inducing the positive
selection while neither the IF nor the DB-5 peptide is. To
examing the peptide specificity of CD8~ P14 cell selection
in greater detail, we tested the ability of several LCMV-
related peptides to drive the positive selection of CD8*
P14 cells in TAP1~ FTOC. Two naturally occurring LCMY
peptide variants, LCMV-8.7 and LCMV-8.1 (Pircher et al.,
1991}, both stabilized H-2D* on the surface of AMA-S cells
to similar extents (more precisely, LOCMV-8.1 is 1.5-fold
better than LCMV, and LCMV-8.7 is 3-fold better than
LCMV), but only LCMV-8.1 could induce the proliferation
of CD8™ P14 spleen cells in vitro to a detectable (albeit
low) level, These peptides differ from the LCMV peptide
by a single amino acid replacement at position 3 (see Table
1). We also tested a synthetic peptide, LCMV', which still
has the anchor residues necessary to bind to H-2D*° (Falk
et al., 1991) but is replaced at every other position with
the residue that is most chemically related to the corre-
sponding residue of the LCMV peptide. The LCMV' pep-
tide stabilized H-2D° as well as the LCMV peptide but failed
to induce the proliferation of CD8" P14 spleen cells in

vitro (see Table 1). We also synthesized a mixture of 128
peptides, called LCMV-M, by incorporating during th

spleen cells in vitro to a level distinctly lower tha
level attained by the LCMVY peptide but similar to the |

positive selection of CDB™ P14 cells, albeit at levels
tinctly lower than those attained by the LCMV peptide
ure 4). In contrast, neither LCMV-8.7 nor LOMV" at 30luM
induced the positive selection of CD&* P14 cells to a|de-
tectable level (Figure 4). At 300 uM the LCMV-8.1 peplide
induced the positive selection of CDB” P14 cellstoal
that iz about 15% greater than the level attained at 30 pM
(data not shown).

Negative Selection of Transgenic P14 Cells
by the Nominal Antigen Peptide

As described above, when we increasaed the concentration
of the LCMV peptide in TAP1~ FTOC beyond 30 uM jup
to 300 uM, we observed a decrease in the number of CO8"
P14 cells compared with the cultures supplemented
30 uM of the same peptide (see Figure 3). We wanted|to
determine whether the decline in the number of CD8*
cells was due to negative selection. Negative selection|of
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Figure 4, Effecis of LCMVY Peptide Anzlogs Added to TAP1- FTOC
on the Positive Selection of CO8* Transgenic P14 Cells

P14 TAP1* or TAP1- thymic lobes were incubated with or without
peplide as described in the legend to Figure 2. The plus sign desig-
nates the data obtained with TAP1" FTOC with no added peptide, and
the minus sign designates the data obtained with TAP1- FTOC with
no added peptide. All other data wera obtained with TAP1- FTOC
supplemented with 30 uM of the indicated peptide. The numbers of
salected CDB* P14 cells were determined by staining for the appro-
priate cell surface markers and by subseguent FACS analysis as de-
scribed in the legend to Figure 2. The levels for the number of CD&”
P14 cells per lobe is the mean (= SEM) of values determined from
the analysis of between five and seven independently cultured lobes.
Similar data was obtained from two other experiments performed at
different times.

CD8" transgenic P14 cells by nominal antigen has pre-
viously been described both in vivo (Pircher et al., 1989,
18890) and in vitro (Pircher et al., 1993). In these studies,
negative selection led to a drastic reduction in the number
of total thymocyte numbers and in the percentages and
absolute numbers of CD8" P14 cells and their CD4"CD&"
pracursor cells,

We first examined whether we could induce negative
selection of CD&* P14 cells by addition of the nominal
antigen peptide to TAP1* FTOC. In one experiment the
total numbers of thymocytes recovered from S-day-old
TAP1* FTOC supplemented with the LCMV peptide at 3,
30, and 300 pM were 100%, 42%, and 37%, respectively,
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of the control FTOC (no peptide). Intwao other experimants,
the range of the total number of thymocytes recovered
from 9-day-old TAP1* FTOC supplemented with the LCMV
peptide at 3 uM was 100%%-50%, at 30 uM was 47%-
42%, and at 300 uM was 37%-18% of the number of
thymocytes generated in FTOC without peptide. In TAP1”
FTOC with 30 uM LCMVY peptide, the percentages of CD8”
P14 cells were clearly reduced compared with the control
FTOC. In the representative experiment shown in Figure
5, the CD8" P14 cells were 5% (20% x 25%) with the
peptide versus 20% (27% = 73%) without the peptide.
The absolute number of CD8™ P14 cells was also reduced
by the addition of the LCMV peptide (Figure 8). The reduc-
tion was by 7- to B-fold at the three input LCMV peptide
concentrations tested (3, 30, and 300 pM) compared with
the control FTOC with no added peptide. About a 4-fold
reduction of the number per lobe of precursor CD47CDE*
cells was also observed in TAP1® FTOC supplemented
with 30 or 300 uM LCMV peptide, but no reduction was
seen in the cultures supplemented with 3 uM LCMVY pep-
tide (Figure 6). In another experiment, similar results were
obtained. However, in a third experiment, the number per
lobe of CD4"CD8" cells in the presence of 3 uM LOMV
peptide was reduced by about 3-fold compared with the
control FTOC without added peptide. We also quantitated
the CD4* cell subset, most of which does not express the
P14 TCR, and found that its number per lobe was reduced
by up to 2-fold in TAP1* FTOC supplemented with 30 or
300 pyM LCMVY peptide, but not in the culture supple-
mented with 3 uM LCMVY peptide (Figure 6). The reduction
in the number of the CD4* cells is probably due to the fact
that in the absence of the added peptide many of these
cells arise from CD4°CDB™ cells whose TCRs have
switched from the transgenic type to nontransgenic types
by the lack of allelic exclusion in the TCR a locus. Deple-
tion of CD4*CDE" cells with P14 TCR by the added peptide
will reduce the number of CD4*CD8* cells with additional
non-F14 TCRs and hence the number of CD4° cells,

Figure 5. Flow Cytometric Data Showing Neg-
ative Selection of CD8* Transgenic P14 Cells
by the Mominal Antigen Peptide in TAP1*
FTOC

P14 TAP1* thymic lobes were incubaled with
or without the LCMV (30 uM) peptide or the IF
peptide (300 uM) as described in the legend
ta Figura 2. Cell surface markers weare stained
and subsequently analyzed by FACS as de-
seribed in the legend to Figure 2, except that
&ll of the cells recovered from individual lobes
werg analyzed. Thus, the TAP1® lobe without
peptide gave 8 = 10° stained cells, TAP1*
lobes with the LCMV peptide (30 pM) gave
2 x 10" stained cells, and TAP1" lobes with
the IF peptide (300 M) gave 1 x 10° stained
cells. The percentages of cells in each quad-
rant of window are indicated.
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Figure &, Histograms Showing Negative Selection of CD8° Transgenic
P14 Cells by the Mominal Antigen Peptide in TAP1* FTOC

P14 TAP1* thymic lobes were cultured as described in the legend
to Figure 2 with or without peptide at the concentrations indicated.
Thymocyte suspensions wereé prepared, and the presence of the ap-
propriate surface markers was detected by staining with the appro-
priate MAbs and subsequent analysis by FACS. The percentages of
CDa* P14, CO4°CDE°, and CD4” cells were then determined as de-
scribed in the legend 10 Figure 2. The level for the absolute number
of a given cell type per lobe is the mean (= SEM) of values determined
from the analysis of between three and five independently cultured
thymic lobes. Similar data was obtained from two other experiments
performed at difterent limes

The LCMV peptide—mediated reduction in the total num-
ber of thymocytes and in the numbers of cells in CD8*
P14, CD4°CD8", and CD4" subsets in P14 TAP1™ FTOCs
seemed to be peptide specific. Thus, neither the IF paptide
(see Figure 5) nor the DB-5 peptide (Figure &), even at
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300 pM, caused a reduction in the numbers of the total
thymocytes or any of the three thymocyte subsets. The
overall results demonstrate that the added LCMV peptide
can induce negative selection of CD8" P14 cells imn TAP1~
FTOC. We suspect that not only the bulk TCR* low
CD4°CD8" cells but also a subset of cells that are derived
from the CD4"CD8&" subset with somewhat up-requlated
levels of TCR are susceptible to negative selection| In the
presence of a low concentration (3 uM) of the LCMV pep-
tide. only the latter subset will undergo negative selection,
leading to a reduction in the number of CDB* P13 cealls
but not in the number of the bulk CD4"CD8* subset (Figure
). It should be noted that the concentrations of the LCMV
peptides required for negative selection of CD8” P14 pre-
cursor cells in TAP1* FTOC is considerably greater than
those required for negative selection of these cells |n thy-
mocyte suspension cultures (Pircher et al.,, 1993} This
most probably reflects ineffective diffusion of peptides into
thymic lobes during FTOC,

Having characterized the changes in the levels of total
thymocytes and thymocyte subsets that accompany hega-
tive selection of CD8* P14 cells by the nominal antigen
peptide in TAP1® FTOC, we then analyzed thymacytes
from TAP1~ FTOC supplemented with a relatively) high
concentration (300 uM) of the peptide. The total nu

thymocyte subset as a reliable measure for negative
tion in TAP1™ FTOC by added LCMV peptide. Indee
numbers of CD8* P14 cells in the peptide-supplem
FTOC fell within the background range (i.e., the nu
for peptide-negative FTOC) (see Figures 3 and 8).

subsets was clearly observed in TAP1- FTOC su
mented with 300 uM LCMVY peptide (Figures 7 and 8).
reduction was notobserved in TAP1- FTOC suppleme
with 3 or 30 uM LCMV peptide or in the similar cultyres
supplemented with 3, 30, or 300 uM DB-S peptide (Figure
8). We conclude that at a high concentration (300
the LCMV peptide causes negative selection of CD8" P14
thymocytes in TAP1- FTOC. It is interesting to note
the negative selection was induced in TAP1* FTQC

Figure 7. Flow Cytometric Data Showing

FTOC

P14 TAP1™ thymic lobes were cultured wit
without LCMV peptide (300 uM) as descni
in the kegend 1o Figure 2. Thymocyte pre
tions were preparsd and analyzed (4 x
stained cells for lobes cultured without peptide
and 3 = 10° for lobes cultured with 300 (M
LCMVY pegptide) for the expression of surfage
markers as described in the legend 1o Figyre
2. The percentages of cells in each quads;
or window aré indicaled
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Figure 8. Histograms Showing Negative Selaction of CD8* Transgenic
P14 Cells by the Nomingl Antigen Peptide in TAP1 FTOC

P14 TAP* or TAP1- thymic lcbes were cultured as described in the
legend 1o Figure 2 with or without peplide at the concentrations shown.
The plus sign designates the data obtained fram P14 TAP1* FTOC
with na added peptide, and the minus sign designates the data ob-
tained from P14 TAP1 FTOC with no added peptide. All gther data
were oblained from FTOC supplementad with the peplides indicated,
Thymocyte suspensions were prapared and the presence of the appro-
priate surface markers was detected by staining with the appropriate
MAbs and by subsequent analysis by FACS as described in the legend
to Figure 2. The percentages of CD8* P14, CD4*CDE*, and CD4" cells
were then determined as described in the legend to Figure 2. The
lewel for the absolute number of a given cell typa per lobe is the mean
[+ SEM)of values determingd from the analysis of between three and
seven independently cultiured thymic lobes., Similar data was oblained
from bwo ather experiments performed at differant times.

distinctly lower concentrations of the LCMY peptide than
in TAP1~ FTOC (see below for a discussion on this point).

Digcussion

Inan earlier paper, we demonstrated that some, but nat all,
single H-2D- or K"-binding peptides can induce positive
selection of a diverse set of CDB T cell clones when thay
are added at a relatively high input concentration (500 uM)
to TAP1™ (non-TCRH transgenic) FTOC (Ashton-Rickardt &t
al., 1993). That study as well as another study performed
using p2-microglobulin mutant mice (Hogguistetal., 1933)
alsc showed that diverse mixtures of synthetic ¢r natural
H-20% or KP-binding peptides are effective positive selec-
tors. Since the activity of a peptide (or a peptide mixture)
to induce the positive selection and its activity 1o restore

stable cell surface expression of class | H-2 molecules on
thymic cells did not correlate, we concluded that the role
of peptide in positive selection is not just to stabilize the
class | expression (the stability model); peptides also con-
tribute to the specificity of positive selection of CDB* T
calls in the thymus (the specificity model).

In the present paper, we extended our study on the role
of peptides during thymic selection by examining the de-
velopmeant of cells expressing a transgenic TCR. We draw
two major conclusions, First, peptides shape the T cell
repertoire, most probably by being directly recognized by
the TCR during the positive selection. Second, the avidity
of the interaction betwesn TCRs and peptide-MHC com-
plexes determines the fate of the immature (CD4*'CD&")
thymocytes by inducing either positive or negative se-
lection.

Peptides Have a Specificity-Determining Role

in Positive Selection

The mast striking finding made in the present study is that
evan the nominal antigen peptide, the LCMV glycoprotein
[amino acids 33—-41), can induce the positive selection of
the P14 clone along the CD8' T cell pathway as long as the
peptide is provided to the TAP1- FTOC at an appropriate
concentration (10-100 uM). The selection is peptide spe-
cific in that its extent depends on the sequence of the
peptide. The LCMV peptide and its three analogs possess
similar H-2D"-stabilizing activities. However, at 30 uM in-
put concentration, the LCMY peptide induces the positive
selection of CDB8” P14 cells at a high level (about 40% of
the level observed in TAP1* FTOC) and LCMV-8.1 peptide
at an intermediate level (about 25%), whereas neither
LCMV-8.7 nor LCMV' peptide induces the positive selec-
fion 1o a detectable level. Therefore, the substitution of
just one amino acid has the potential either to abolish or
to reduce the ability of a peptide to select. We also exam-
ined two other peptides, IF nucleoprotein (366-374) and
DB-S, which have no sequence similarity to the LCMY
peptide except for the two H-2D° anchor residuss. Al-
though these peptides are clearly either more effective (IF
peptide) than or about as effective (DB-5 peptide) as the
LCMV peptide in stabilizing the surface expression of
H-2D" molecules, they could not induce positive selection
of CD8* P14 cells at 30 uM.

We have not directly measured the affinity of P14 TCR
to any of the peptide-H-2D* complexes. However, assum-
ing a similar strength of binding to H-20", the ability of a
peptide to promate the proliferation of P14 spleen cells in
vitro provides an indirect measure of the affinity. We found
that among the LCMY peptide and its analogs with similar
H-2D* gtabilizing activities, CD8* P14 cell selecting activi-
ties roughly correlate with P14 spleen cell stimulating ac-
tivities. Thus, it is likely that the affinity between a TCR
and a peptide-MHC complex is an impeortant parameter
in positive selection.

The second impaortant parameter is the density of a pap-
tide—MHC complex on the surface of selecting cells. This
is suggested by the dose-responss curve of positive selec-
tion of CD3” P14 cells by the LCMV peptide. At an input
concentration below 3 pM or less, no CD8" P14 cells were
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generated in TAP1- FTOC above the background level.
Between 3 uM and 30 uM, increasing levels of positive
selection could be observed. It is reasonable to assume
that with increasing concentrations of the LCMV peptide
in TAP1~ FTOC, the density of peptide-MHC complexes
on thymic sslecting cells increases since we have pre-
viously demonstrated a dose-response relationship for a
peptide added to TAP1- FTOC and H-2D° stabilization on
thymic stromal cells (Ashton-Rickardt et al., 1993).

It is interesting that the IF peptide can induce a detect-
abile level of positive selection of CDB* P14 ceils at a high
input concentration (300 uM) (Figure 3). This peptide ex-
hibited no detectable P14 spleen cell stimulatory activity
but is highly effective in stabilizing the surface expression
of H-2D" molecules not only on RMA-S cells (Table 1) but
also on thymic stromal cells in FTOC (see above). The
observation that the IF peptide can induce positive selec-
tion of CDE&* P14 cells if it is given at a high concentration
{Figure 3) suggests that even a low affinity peptide (so low
that it cannot stimulate mature P14 T cells to a detectable
level) has the capacity to promote positive selection of T
cells as long as it is expressed at a very high density in
association with an appropriate MHC molecule on select-
ing cells. These data thus illustrate the importance of pep-
lide—MHC density as a parameter for positive selection.

It has been shown that the positive selection of a TCR
transgenic clone restricted to class || MHC is enhanced in
mice expressing higher than normal levels of the selecting
thymic MHC molecules (Berg et al., 1980). This observa-
tion also supports the view that peptide-MHC densities
are a critical parameter in determining positive selection.

Specificity Models of Positive Selection

It is now quite clear that peptide has a repertoire-shaping
role during positive selection. A remaining question is
whether peptide is directly recognized by TCR during this
process as it is during the activation of mature T cells in
the periphery. An alternative notion is that peptide plays
a repertoire-shaping role by an indirect means without di-
rectly being racognized by TCR. Our finding that the same
peptides that are recognized by mature T cells promote
the positive selection of their precursor thymocytes argues
for a direct role of peptide.

One way in which peptide can indirectly shape the T
cell repertoire during positive selection is through steric
hindrance of the interaction between TCR and MHC mole-
cules (Ashton-Rickardt et al., 1993). According to this
maodel, a T cell clone is positively selected only when its
TCR interacts with MHC molecules without interference
from the MHC-bound peptide. However, our data with the
DB-S peptide does not support this model. Except for the
anchor residues at positions 5 and 8, this peptide is com-
posed of serines that carry less-bulky side chains than the
corresponding amino acid residues of the LCMV peptide
in & out of 7 positions. For each of the remaining two posi-
tions, the LCMV residue is alanine, whose side chain is
only slightly less bulky than that of serine. Thus, it is very
likely that the DE-S peptide when presented by H-2D° mol-
ecules will sterically hinder the interaction between MHC
and TCR less than the LCMV peptide. However, we found

that the DB-5 peptide did not select CD8™ P14 cells, while
the LCMV peptide did. These data do not support the steric
hindrance model.

Another way in which peptide may shape T ce|l reper-
toire indirectly is by inducing conformational changes in
MHC molecules, which might be preferentially rec
by TCR during positive selection. Our data do n
against this possibility, and the occurrence of such

found that these structural changes are relatively|limited
(Madden &t al., 1983). In contrast, the structure of MHC-
bound peptide was found to be a highly complex function
of its entire sequence, potentially sensitive to eveh small
sequence differences (Madden et al., 1993). It is Tiﬁicull
to imagine how TCR will ignore the structural vatiability
of bound peptide and simply focus on relatively minpr con-
formational changes induced in MHC molecules,| either
during positive selection or peripheral activation.

Differential Avidity Model of T Cell Selection
That apparently similar TCR-MHC interactions result ei-
ther in the positive selection of MHC-restricted thym

study begins to identify some of these parameters.
results suggest that a single thymocyte clone can be pi

the intrinsic affinity between a TCR and a peptide
complex, the density of the TCR on the thymocyte
the density of the peptide-MHC complex on the sele

selection occurs,
Several observations made in this study suppo
differential avidity model of T cell selection. We hawe

Conversely, the LCMV peptide that presumably has a
affinity for P14 TCR can also positively select CD8" ¢e
in TAP1~ FTOC when its expression on thymic cells is
at a relatively low density so that the avidity is withi
range for appropriate positive selection. However,
the same peptide is expressed at a higher density &
hence the avidity exceeds a certain threshold, negati
selection occurs. We have identified another peptide,
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LCMY-8.1, which can induce both positive (this work) and
negative (Pircher et al., 1991) selection. It is likely that
the different outcomes observed are due to differences in
avidity under the two experimental conditions.

Another observation that supports the differential avidity
model of T cell selection is that different fates are taken
by the precursors of CD8* P14 in TAP1~ FTOC and TAP1*
FTOC supplemented by relatively low concentrations
(3-30 pM) of the LCMVY peptide. In TAP1* FTOC without
the exogenous peptide, an avidity sufficiently high for the
positive selection of CD8™ P14 cells is already reached by
a variety of endogenous peptides. Hence, the system is
vary sensitive for negative selection when the high affinity
LCMV peptide is added to the culture. By contrast, in
TAP1™ FTOC, the avidity is lower than the minimal level
necessary for the positive selection in the absence of the
exogenous peptides. When we add increasing concentra-
tions of the LCMV peptide, the avidity necessary for posi-
tive selection is first reached, and then, upon a further
increase in concentration, the avidity sufficient for nega-
tive selection is reached.

When transgenic mice that overexpress the CD8 corecep-
tor were crossed to class |-restricted TCR transgenic
mice, negative selection of the transgenic CD8" T cells
was observed (Robey et al., 1992; Lee et al., 1992). Thase
observations are consistent with negative selection being
determined by an increase in TCR-MHC avidity over that
needed for positive selection. In those cases the increase
in avidity was afforded by overexpression of the TCR-
MHC class | coreceptor CD3.

In the past, a large amount of work on T cell selection
was devoted to the identification of thymic stromal cell
subsets that induce positive or negative selection. Initial
studies seemed o indicate that radioresistant cortical epi-
thelial cells and radiosensitive bone marrow—derived cells
(macrophages and dendritic cells) specialize in positive
and negative selection, respectively (for review see
Schwartz, 1989). However, recent studies challenge these
earlier notions and suggest that wider arrays of cell types,
including fibroblasts, have the capacity to induce positive
selection, negative selection, or both (Pircher et al., 1993;
Pawlowski et al., 1993; also for review see Hugo et al.,
1893). Our differential avidity model, in its minimal form,
does not depend on distinct thymic stromal cells specializ-
ing in each of the two types of selection. If distinct cell
types are responsible for positive or negative selection
&and some adhesion molecules are differentially expressad
on the positively and negatively selecting cells, they may
modulate the avidity of interactions. However, the obser-
vation that a single peptide (the LCMV peptide) can induce
gither positive or negative selection depending on the con-
centration (Figure 3) indicates that the role of adhesion
molecules in differentially influencing cellular interactions
in positive versus negative selection is limited. This cbser-
vation also argues against the notion that different sets
of self-peptides must be produced by different selecting
cells that, when recognized by thymocyte TCRs, lead to
positive or negative selection (Marrack and Kappler,
1987).

As to the target of selection, thymaocytes, the differential
avidity model again does not depend on the occurrence of
distinct subsets of cells for positive and negative selection,
However, at least for the selection of thymocytes invalving
superantigens, it has been suggested that the thymocytes
undergoing negative selection express TCRs at higher
density than the thymocytes undergoing positive selection
{Guidos et al., 1980). When we supplemented P14 TAP1~
FTOC with the LCMV peptide, we found that only a 10-fold
difference (30 pM versus 300 pM) in the input peptide
concentration resulted in distinct cell fates. Even if the
TCR density is only slightly higher on thymocytes undergo-
ing negative selection than those undergoing positive se-
lection, that difference would amplify the discriminative
power of the avidity difference resulting from differences
in affinity and peptide-MHC density.

A differential affinity model was previously formulated
to explain the thymic paradox (Sprent et al., 1988). In this
model it is the affinity of TCR for a self-MHC or a peptide-
self-MHC complex that is critical in the determination of the
fate of thymocytes: low affinity results in positive selection
and high affinity in negative selection, The differential avid-
ity model (Janeway et al., 1982} is distinct from the differen-
tial affinity model in that it incorporates as the critical pa-
rameters not only the intrinsic affinity of the TCR (perhaps
including its coreceptor) for a peptide-MHC complex but
also the cell surface density of the TCR as well as the
density of the peptide-MHC complexes. In the thymus,
TCRs of an immature thymocyte encounter MHCs loaded
with a variety of peptides that have different binding affini-
ties to the TCR and are expressed at different densities
on the surface of selecting cells. In addition, it is possible
that thymocytes with different levels of TCR density are
invalved in positive and negative selection. In the differen-
tial avidity model, it is the avidity or the summation of the
interactions of the multiple but homogeneous TCRs with
multiple and heterogenecus peptide-MHC complexes
that determines the fate of an individual thymocyte. Thus,
a relatively high affinity TCR-peptide/MHGC interaction can
lead to positive selection as long as the density of the TCR
and that of the peptide-MHC complex are below certain
levels. Conversely, a low affinity TCR-peptide/MHC in-
teraction can theoretically lead to negative selection,
although in practice the required high density of peptide—
MHC is unlikely to be reached under physiclogical condi-
tigns. Of course, there is a minimal affinity below which
no signal can be delivered through the TCR. In this case,
the density of neither TCR nor peptide-MHC complexes
will be able to compensate the lack of sufficient affinity.

The nature of differential signals delivered to thymo-
cytes during positive and negative selection remains un-
known. Two possibilities can be considered. Owing to
higher numbers of engaged TCRs, cells undergoing nega-
tive selection may receive maore of the same signals than
the cells undergoing positive selection. Alternatively, en-
gaged TCRs at high densities may generate signals that
are gualitatively different from the signals generated by
engaged TCHs at low densities. For example, engaged
TCRs at high densities may dimerize and thereby activate
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attached effector molecules (e.g., protein kinase) into a
form that differs from the form generated by an engaged
monomeric TCR.

After submission of this paper, Hogquist et al. (1994)
reported positive selection of another transgenic T cell
clone by peptides in FTOC derived from p2-microglobulin
mutant mice. Contrary to our findings, these authors re-
ported that the nominal antigen peptides do not induce
positive selection. We suggest that a range of peptide con-
centrations appropriate for positive selection was not
tested in this study. Hogquist et al. (1994) emphasize the
correlation between the selecting peptides and so-called
TCR antagonist peptides. However, we believe that this
correlation is only apparent and is probably attributed to
the fact that these peptides have a suitable range of affinity
for promoting positive selection at the concentration (20
pM) the authors employed. Our view is that antagonicity
is not a required property of positively selecting peptides.
Rather, an appropriate range of the avidity as defined
above is the critical parameter.

Experimental Procedures

Mice

Control CETBL'S mice (obtained from The Jackson Laboratory, Bar
Harbar, Maine), TAP1-deficient mice ([129/3v) x CS5TBLBIF2; Van
Kaer et al., 1592). and P14 transgenic mice (C5TBLG; Pircher et al.,
1289) ware maintained and bred under standard conditions. Mice ho-
mezygous for the TAPT mutated allele and for the P14 transgene ware
crassed, and the progeny (F1) were then intercrossed to produce F2
animals. TAPT P14 F2 animals wera typed by screening peripharal
blood for the absence of class | MHC expression by monocional anti-
body (MAb) staining and FACS analysis (Van Kaer et al,, 1292) to detect
TAP1" mice and by PCR analysis (V8.7 primer, S-CATGGAGG-
CTGCAGTCACCC-3, Cf2 primer, 5“GTTTGTTTGCGAGCTCTG-
TTTTGATGGECTC-3) of genomic DA prepared from tail biopsies to
detect P14 transgenes. These mice were then intercrossed to produce
TAPT"P14™ F3 mice, which were typed by backcrossing to normal
C57BLS mice and screening the progeny for the presence of the
transgens. F3 mice that gave 20 conseculive P14 progeny on back-
crossing were considered to be homozygous for the transgene.

FTOCs

TAP1 P14 males were mated with TAPT- females to produce P14
TAP1~ fetal thymi, while TAPT*" (C5TBLE) P14~ males weare mated
with C57BLG females 1o produce TAP1® P14 fetal thymi. Fatal thymi
(day 16 postcoitum) were cultured according to the method described
previously (Ashton-Rickardt et al., 1993) except that RPMI, 10%; fetal
calf serum (FCS) medium was used.

Flow Cytometric Analyses

The following MAbs were used: ant-CD4 (allephycocyanin [APC] or
R-phycoarythrin [PE] labeled), anti-CD8a (flusrescein isothiocyanate
[FITC] lzbeled), anti-Vp8.1,8.2 (biotin labeled), anti-Va2 (R-PE la-
beled), anti-H-2D° (baotin-labeled B22-249R1, a1 specific, American
Type Culture Collection), and anti-l-A* (PE labeled). Thymocyte sus-
pensions were prepared from cullured fetal thymi and analyzed as
describad praviously (Ashion-Rickardl et al.. 1993). Thymocyte and
mesenteric lymph node cell suspensions were prepared and analyzed
as previously described (Van Kaer et al., 1992). Chromosomal DNA
of FACS-sorted cells was stained with propidium iodide (PI). In brief,
cells were washed in phosphate-buffered saline (PBS) and then fiwed
in 70% ethanol (1 mi at —20°C) for 30 min. Ater washing in PBS,
cells (1 = 10°mi) were permeabilized by incubation in 3 M HCI, 0.5%
Tween 20 for 20 min at 20°C and then neutralized by the addition of
3 mlof 0.1 M sedium borate. Washed cells (2 x PBS) were incubated
with RMAase (150 pg/mi, 0.5 ml) for 20 min at 37*C, washed, and

resuspended overnight with PI (50 ugiml in PBS) at 4°C ir] the dark.
Quantitation of the intensity of P| staining was performed|by FACS

determined by statistical analysis (Modfit program) of the Ristogram
of Pl staining intensity versus cell number

stromal cells from FTOC, total thymic stromal cell suspens
six whole fetal thymi were prepared exactly as described |
Rickardt et al. (1993). Stromal cells were analyzed for surface
sian of 1-4* and H-20° molecules, To quantitate the surface expression

observed on cells from TAP1- thymi incubated without peptide.

Peptides
Amino acid sequences of synthetic peplides are as follows LCMY

Hughes Medical Institute, Massachusetts Institute of Tecl
Cambridge, Massachusetts), the LCMV-8.1 and LCMV-8.7
thesized by Neosystem Laboratoire (Strasbourg, France), 2

LCMV' paptide and LCMY-M peptides were synthesized by Rase

high pressure liquid chromatography (HPLC) and the conce
determined by quantitative Minhydrin colorimetric assay. All p
used ware over 99% pure as determined by HPLC analysis,| Three
separate preparations of LCMV (from three different syntheses) were
used in FTOC experiments. All gave similar results.

H-2D° Stabilization Assay for Peptides
The relative abilities of peptides 1o stabilize H-20° surface expression
was determined using the procedures described préviously (Town-
send et al., 1989), Aflerincubation for 16 hr, AMA-S (duplicate cultures
with peptide dilutions 107 M to 107 M) cells (1 x 10%ml, 002 mi)
were washed, and the surface expression of H-20* was deterfnined
by staining with B22-249R1-biolin (then streptavidin-PE} and FACS
analysis. The relative level of surface H-20° expressed in artitrary
flucrescence units (RMA, 3251; RMA-S zlone, B0} was determhined
after FACS analysig. The relative ability of peptice to stabilize surface
H-20F wes expressed as the concentration necessary to give 50% of
maximurm rescus (maximum rescue was 35% of RMA).

P14 Spleen Cell Proliferation Assay for Peptides
Spleen cell suspansions (1 x 10° cells/mi) were prepared from P14
transgenic mice (C5TBLE) and incubated with peptide (triplicate weils,
2 x 10° cells) diluted from 10~ M to 107" M for 36 hr in RPMI, 10%
FCS medium. Cultures were pulsed with tritiated thymidine {1 p(i per
wall) for 18 hr, the cedls in the walls ware harvested, and the umnt
of radicactivity was determined by detection of § particle emisgion.
The relative abilities of peplides to induce the proliferation of (P14
spleen cells were expressed as the concentration of peptide n
to give 50% of the maximum ["Hithymidine incorporation (1.1 x| 10°
cpm) observed for the LOMV peptide. With the exception of the LGMY,
LCMV-8.1, LCMV-8.7, and LCMV-M peptides, all other peptides tefied
failed to inguce proliferation of P14 spleen cells at mncm\trmionr up
to 107 M.
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Note Added in Proof

Recently, it was shown that some antagonist peptides can negatively
select a cytochrome c-specific T cell clone (Page, D. M., Alexander,
J., Snoke, K., Appalia, E., Sette, A., Hedrick, 5. M., and Gray, H. M,
[1994], Megative selection of CO4 CO8* thymocyies by T cell receptar
peptide antagonists, Proc, Natl. Acad. Sei. USA, in press),




