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We have investigated the possibility that the costimulatory signals required for activation of
mature T cells also play a role in providing differentiation signals for positive selection
during T-cell development. We show that purified MHC Class II thymic epithelial cells are
able to support positive selection in vitro but lack both the functional capacity to deliver
costimulatory signals and expression of the costimulatory ligand B7. Our results suggest that
the additional signals provided by costimulatory ligands are not required for TCR-mediated
positive selection, although other ancillary signals provided by thymic epithelial cells may
be involved.
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INTRODUCTION

T-cell precursors entering the thymus undergo a
program of proliferation and differentiation to pro-
duce a population of CD4+8+ cortical thymocytes
expressing low levels of the T-cell receptor (TCR).
Further maturation into single positive CD4 or
CD8 cells requires positive selection and is trig-
gered by signaling through the TCR in those cells
recognizing major histocompatibility complex
(MHC) molecules on the thymic epithelium (re-
viewed in von Boehmer, 1992). However, engaging
the TCR on CD4/ 8 cells can also lead to negative
selection, by the induction of apoptosis or pro-
grammed cell death (Smith et al., 1989). Thus,
TCR-mediated signaling can have at least two dif-
ferent consequences in CD4+8 cells, suggesting
that additional factors may be involved in regulating
the consequences of TCR engagement at this stage
of development.

In mature T cells, activation and proliferation in
response to antigen requires dual signaling involv-
ing both TCR ligation and costimulatory signals
mediated by interactions between CD28 on T cells
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and B7 on antigen-presenting cells (reviewed in Lui
and Linsley, 1992; Jenkins and Johnson, 1993). In
contrast, CD28-B7 mediated costimulation does not
appear to be required for negative selection (Tan et
al., 1992; Jones et al., 1993). However, a possible
role for costimulatory signals in positive selection
has been raised by the finding of a number of
similarities between this process and activation
(Bendelac et al., 1992).

Recently, we have developed a reaggregate organ
culture system that supports the differentiation of
CD4/ 8 cells in vitro when they are combined with
selected thymic stromal cells (Jenkinson et al., 1992).
This has enabled us to address directly the role of
costimulatory signals in positive selection by exam-
ining the ability of thymic epithelium to provide
these signals under conditions where it is competent
to support positive selection. We show that purified
MHC Class II epithelial cells can supply all the
signals required for positive selection but lack both
the ability to provide functional costimulatory sig-
nals and expression of the costimulatory ligand B7.
These results provide direct evidence that the co-
stimulatory signals involved in the activation of
mature T cells are not required for the positive
selection and consequent differentiation of CD4 8
thymocytes.
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RESULTS AND DISCUSSION

Purified MHC Class II Epithelial Cells
Support Positive Selection Resulting in
Phenotypic and Functional Maturation of
CD4/ 8 Thymocytes In Vitro

We have previously shown that dGuo treated fetal
thymus lobes consist of a mixture of cortical and
medullary epithelial cells, fibroblasts, and macroph-
ages, and contain all the components required to
support the maturation of CD4 8+ thymocytes into
functionally competent single positive CD4/ or
CD8 cells (Jenkinson et al., 1992). To determine
whether purified MHC Class II/ cortical epithelial
cells can act as the sole source of signals required for
maturation, we looked at their ability to support the

generation of TCR/ single positive CD4/ or CD8
cells from TCR- CD4/ 8 precursors in reaggregate
cultures. This approach excludes the involvement of
other stromal cell types as source of additional
differentiation signals, unlike studies where thymic
epithelial cell lines (Hugo et al., 1992; Vukmanovic
et al., 1992) or bone marrow-derived cells (Bix and
Raulet, 1992) have been shown to mediate positive
selection when introduced into the thymus in vivo
where endogenous stromal components are still
present.
As shown in Fig. 1, purified MHC Class II

epithelial cells support both the phenotypic and
functional maturation of CD4/ 8 cells, resulting in
the appearance of CD4 or CD8 single positive
cells with upregulated levels of TCR and the ability
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FIGURE 1. Purified MHC Class II thymic epithelial cells support positive selection in vitro. Three-color flow cytometry analysis
shows the phenotype of cells developing in reaggregate cultures of purified epithelium and TCR-CD4 8 cells. Cultures harvested
after 4 days contain about 30% of the original input number of thymocytes. (A) In comparison with normal adult thymocytes (inset),
the majority of these cells display upregulated levels of TCR expression and (B)have a single positive CD4 or CD8 phenotype,
indicating that they have undergone positive selection. (C) This conclusion is further supported by the ability of cells recovered from
these cultures to make a specific proliferative response when stimulated with the V,88 specific superantigen SEB, indicating that
functional as well as phenotypic maturation has taken place.
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to respond to stimulation by antigen. These matu-
rational changes parallel those occurring as a result
of positive selection in vivo (reviewed in Hugo et al.,
1990; von Boehmer, 1992), indicating the MHC
Class II/ thymic epithelial cells, under the condi-
tions of reaggregate cultures, can supply all the
signals required for this process.

Analysis of the Costimulatory Capacity of MHC
Class II Thymic Epithelial Cells

If costimulatory signals are a requirement for posi-
tive selection, the results in the previous section
imply that thymic epithelial cells should be able to
provide them. Previous attempts to investigate the
costimulatory properties of thymic epithelial cells
have been based on the ability of monolayer cul-
tures of either epithelial cell lines or thymic nurse-
cell preparations to present antigen to mature T cells
(Kyewski et al., 1984; Marrack et al., 1989; Lorenz
and Allen, 1989). However, none of these prepara-
tions has been shown to mediate positive selection
and in some cases they actually mediate negative
selection (Iwabuchi et al., 1992; Pircher et al., 1993),
suggesting either that they are not representative of
cells mediating positive selection in vivo or that they
have lost the capacity to deliver the signals required
for this process. This latter possibility is reinforced
by the change in surface phenotype seen when
epithelial cells are gro,wn in monolayer cultures.
(Nonoyama et al., 1989; our unpublished observa-
tions).
To investigate the costimulatory function of epi-

thelial cells under conditions where they can medi-
ate positive selection, we examined their ability to
stimulate the proliferation of mature (peripheral)
V,88 T cells when presenting the superantigen SEB
in reaggregate cultures. Proliferation in response to
SEB, like that to conventional antigens, has been
shown to require costimulation (Jones et al., 1993).
As shown in Fig. 2, no evidence of proliferation,
either in terms of increased cell number or of entry
of cells into the G2/M phases of the cell cycle, was
observed when SEB was presented on thymic epi-
thelial cells in reaggregate cultures. In contrast,
marked proliferation in response to SEB was ob-
served in reaggregates of V,88 cells and thymic
dendritic cells. This difference was not due to the
inability of epithelial cells to bind SEB (Jenkinson et
al., 1992) or to differences in the level of Class II
antigens available to present SEB on epithelial and
dendritic cells (not shown), suggesting that thymic

epithelial cells lack the ability of dendritic cells to
provide costimulatory signals.

Thymic Epithelial Cells Mediating Positive
Selection Do Not Express the Costimulatory
Ligand B7

Recent studies have shown that interactions be-
tween CD28 on T cells and B7 on antigen-
presenting cells play an important role in providing
costimulatory signals for activation (Liu and Linsley,
1992; Jenkins and Johnson, 1993). To determine
whether the failure of epithelial cells to provide
costimulatory signals was associated with the ab-
sence of B7, we examined purified epithelial cells for
both B7 mRNA and B7 surface expression. B7 was
not detectable in thymic epithelial cells by either
technique but was expressed by thymic dendritic
cells (Fig. 3) correlating with the differing ability of
these two cell types to provide functional costimu-
lation. These findings confirm those recently re-
ported by Jones et al. (1993). In addition, because
B7-mediated costimulation has been shown to be a
requirement for allograft rejection (Turka et al.,
1992), they are consistent with our previous obser-
vation that grafts of MHC Class II/ thymic epithe-
lial cells are capable of prolonged survival in
immuno-competent histoincompatible recipients
(Ready et al., 1984).

Overall, our results suggest that costimulatory
signals of the type involved in the activation of
mature T cells are not involved in positive selection.
However, because TCR signaling alone is insuffi-
cient to trigger the maturation of CD4+ 8 thymo-
cytes (Swat et al., 1993), it seems likely that other
types of costimulatory or additional signals are
involved. Our current studies, using reaggregate
cultures of CD4/8 thymocytes and a variety of
epithelial and nonepithelial stromal components,
suggest that the provision of such signals is
uniquely associated with thymic epithelial cells
(Anderson et al., in preparation). Identifying these
signals should provide an important insight into the
control mechanisms for positive selection.

MATERIALS AND METHODS

Animals

All material was obtained from Balb/c (H2d)
mice. Embryonic material was obtained from timed
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FIGURE 2. Mature V]/8 T cells fail
to proliferate in response to SEB pre-
sented on MHC Class II thymic epi-
thelial cells in reaggregate cultures
but respond to SEB presented on thy-
mic dendritic cells. Proliferation in
reaggregate cultures was determined
by the increase in cell number and by
the cell cycle status of recovered cells
(insets). Increased cell yields with
cells in the G2/M phase of the cycle
were observed only when SEB was
presented on dendritic cells. Cultures
where SEB was presented on epithe-
lial cells resembled control cultures
without SEB and showed no increase
in cell number and minimal numbers
of cycling cells. Similar ’results were
obtained in three separate experi-
ments.
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Isolation of MHC Class II/ Thymic Epithelial
Cells

Purified MHC Class II thymic epithelial cells were
prepared by immunomagnetic selection from disag-
gregated fetal thymus lobes as described in detail
previously (Jenkinson et al., 1992; Anderson et al.,
1993). Briefly, isolated lobes from day 14 fetuses
were cultured for 6 days in medium containing
dGuo to eliminate lymphoid and dendritic cells,
disaggregated and depleted of any residual cells of
hemopoietic origin using magnetic beads (Dynal)
coated with anti-CD45 (clone M1-9, ATCC). Further
depletions were carried out to remove cells express-

ing the medullary marker A2B5 before MHC Class
II/ cells were positively selected on beads coated
with anti-Iad (clone MK-D6, Becton Dickinson).
Beaded cells were collected and washed four times
on a magnet to remove unbound cells and the beads
removed enzymically by resuspension in 200/1 of
ice-cold Pronase (10 mg/ml, Sigma), followed by a
1-2 min incubation at 37C. After addition of 1 ml
of medium containing 10% FCS, liberated cells and
beads were separated on a magnet and the cells
washed and collected by centrifugation and sub-
jected to a further round of depletion with A2B5
coated beads. Cells isolated in this way express high
levels of MHC Class II together with the cortical
epithelium markers ERTR-4 and 4F11E and are free
of cells expressing macrophage and fibroblast mark-
ers (Anderson et al., 1993).
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FIGURE 3. B7 expression is not de-
tectable on MHC Class II thymic
epithelial cells (A, B) but is present on
thymic dendritic cells (C, D). B7 sur-
face expression was detected by bind-
ing of CTLA-4Ig (A,C) and B7
mRNA by RT-PCR (B, D). FACS pro-
files were generated by two-color la-
beling for B7 and MHC Class II. B7
profiles of cells positive for MHC
Class II are shown. Background levels
(vertical lines) were obtained by omit-
ting CTLA-4Ig from control tubes.
Purified cell populations provided the
source material for RT-PCR. PCRs
were analyzed at cycles 17, 20, 26,
and 29 for ,8-actin and cycles 24, 28,
32, and 36 for B7. Both ethidium
bromide-stained gels and data ob-
tained by densitometry are shown. In
this experiment, dendritic and epithe-
lial preparations were analyzed in
parallel. Similar results were obtained
in three separate experiments.

Preparation of Thymic Dendritic Cells

Thymic dendritic cells were generated from precur-
sors obtained from fetal thymus lobes using a
modification of a method described by Inaba et al.
(1992) for adult mouse blood. Day 14 fetal thymus
lobes were organ cultured for 7 days, teased apart,
and the resultant cell suspensions placed in 24-well
plates at I x 106 cells/well in medium containing
40 U/ml of recombinant murine GM-CSF (Gen-
zyme). Colonies growing on a monolayer of adher-
ent cells were evident after 1 week and were
harvested after 2 to 3 weeks by gentle pipetting.
Cells harvested in this way were greater than 90%
positive for MHC Class II and expressed the
dendritic cell markers NLDC-145 and MIDC-8
(Breel et al., 1987).

Preparation of Reaggregate Cultures

TCR-, CD4+ 8+/CD4-8+ cells were prepared from
suspensions of newborn thymocytes by depletion of

CD3 cells followed by positive selection on CD8
using antibody coated magnetic beads as described
in detail elsewhere (Jenkinson et al., 1992; Ander-
son et al., 1993). These cells were mixed with
purified MHC Class II epithelial cells at a ratio of
2-3:1 and placed as standing drops on nucleopore
filters supported on sponge rafts to allow reaggre-
gation into intact thymus lobes. Intact lobes formed
within 12 hr and phenotypic maturation, as shown
by the appearance of single positive CD4 or CD8
cells with high levels of TCR expression (that is,
positively selected cells), was determined after 4
days by three-color flow cytometry on cell suspen-
sions liberated by teasing the lobes apart.

Functional maturation of cells recovered from
reaggregate cultures was determined by their ability
to proliferate in response to stimulation by antigen.
Cells were released from reaggregate lobes by gentle
mechanical disruption and were mixed with MHC
Class II/ B7/ antigen-presenting cells, and cultured
for 4 days in the presence or absence of SEB.
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Proliferation was assessed by comparing total cell
yields and the proportion of SEB specific V,88+ cells.

viable cells were excluded by forward and side
scatter gating.

Assessment of Costimulatory Function by
Thymic Epithelial Cells

Purified mature V,88 T cells, for use in costimula-
tion assays, were obtained by immunomagnetic
selection from cell suspension prepared by mechan-
ical disruption of axial and inguinal lymph nodes
from 4-5-week-old Balb/c mice. Liberated suspen-
sions were first depleted of phagocytes, B cells, and
dendritic cells by three rounds of depletion with
anti-Iad coated magnetic beads, followed by positive
selection of V,88 cells using beads coated with
anti-V]/8 (clone F23.1) at a ratio of 3:1. Beaded cells
were washed four times on a magnet to remove
unbound cells and then incubated at 37C for 2 hr
in flat-bottom 96-well plates, during which time
most cells shed their beads. Following removal of
the beads, liberated cells were collected by centrif-
ugation and counted.
To determine the ability of purified epithelial cells

to provide costimulatory signals under conditions
where they are known to support the positive
selection of developing thymocytes, epithelial cell
suspensions were mixed with purified V]/8 lymph
node T cells at a ratio of 2:1 and allowed to reform
reaggregate lobes on nucleopore filters, as described
in the previous section. SEB (Sigma) at 10 mg/ml
was added to experimental cultures at the outset or
omitted in the case of control cultures. For compar-
ison, V]/8 cells were also reaggregated with MHC
Class II/ thymic dendritic cells in either the pres-
ence or absence of SEB. Cultures were harvested
after 4 days, mechanically disrupted with fine
knives, and counted to determine the total yield of
V88 cells.
As a further measure of proliferation, the cell

cycle status of T lymphocytes recovered from re-
aggregate cultures was assessed using the DNA
binding dye 7AAD in conjunction with surface
labeling for CD4 and CD8 (Rabinovitch et al., 1986).
Cell suspensions were incubated in a mixture of
CD4-PE and CD8-FITC (Becton Dickinson), fixed in
80% ethanol, and resuspended in PBS containing
0.1% Tween 20, 0.1 mM EDTA, and 25/g/ml
7AAD (Sigma) 30 min .before analysis. Three-color
flow cytometry was carried out on an Elite Dual
Laser machine (Coulter) to determine the cycling
status of cells expressing either CD4 or CD8. Non-

Detection of B7 mRNA by Semiquantitative
PCR

Expression of B7 mRNA in either purified thymic
MHC Class II+ epithelial cells or purified (MHC
Class II selected) thymic dendritic cells was deter-
mined using semiquantitative PCR performed as
described in detail elsewhere (Moore et al., 1993). In
short, cytosolic RNA was extracted from 1-3 x 105
cells, treated with DNase I (Pharmacia), and re-
versed transcribed using M-MLV reverse tran-
scriptase (Gibco-BRL). B7 and ]%actin sequences
were amplified using one cycle at 94C for 5 min
and 17-50 cycles at 94C for 30sec, 50C for
60 sec, and 72C for 60 sec. Ten microliters of
reaction mix was removed at regular intervals dur-
ing PCR to encompass the exponential phase of the
amplification. PCR fragments, visualized by agarose
gel electrophoresis and ethidium bromide staining,
were positively identified by size and/or partial
DNA sequencing. The intensity of the ethidium
bromide stained bands was determined using a gel
documentation system (Image Store 5000, UVP,
Cambridge, GB) followed by scanning densitometry
(E.A.S.Y, UVP). Primer sequences for -actin have
been published before (Moore et al., 1993) and the
primer sequences for B7 correspond to bases 474-
492 and 1084-1102 of the published murine B7
cDNA sequence (Freeman et al., 1991). The ,8-actin
was used as an internal control for both reverse
transcription and the PCR. A negative control incor-
porating all reagents except cDNA was included in
every batch of PCR.

Detection of B7 Surface Expression by
Immunolabeling

Cell-surface expression of B7 on MHC Class II
thymic epithelial or thymic dendritic cells was de-
termined by dual labeling, using a mixture of anti-
Iad (Clone MK-D6, Becton Dickinson) and a B7
binding fusion protein between murine CTLA-4 and
human Ig (a kind gift from Dr. P. Lane) followed by
anti-human Ig-Biotin (Binding Site, Birmingham,
U.K.) and a mixture of anti-mouse Ig-FITC (Caltag)
and streptavidin-APC (Becton Dickinson). Analysis
was by two-color flow cytometry with side and
forward scatter gates set to exclude nonviable cells.
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