A Role for CD81 in Early T Cell Development
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Early stages of T cell development are thought to include a series of coordinated inter-
actions between thymocytes and other cells of the thymus. A monoclonal antibody specific
for mouse CD81 was identified that blocked the appearance of af but not yd T cells in fetal
organ cultures initiated with day 14.5 thymus lobes. In reaggregation cultures with CD81-
transfected fibroblasts, CD4-CD8~ thymocytes differentiated into CD4+CD8* T cells.
Thus, interactions between immature thymocytes and stromal cells expressing CD81 are
required and may be sufficient to induce early events associated with T cell development.

Hematopoietic stem cells colonizing the thy-
mus are eventually committed to express ei-
ther y8 or a8 T cell antigen receptors (TCRs)
(1). Immature thymocytes present in the out-
er cortex are CD4~"CD8 TCR™. These pre-
cursors mature into CD4*CD8*TCR" cells,
which are then subjected to positive and neg-
ative selection events resulting in the emer-
gence of single-positive CD4* or CD8* T
cells in the thymic medulla. Although thymic
stromal cells appear to be necessary for the
transition of immature thymocytes to the
CD4*CD8" stage, limited information is
available on the stromal cell surface molecules
involved in this process (2, 3). We generated
monoclonal antibodies (mAbs) to cell surface
determinants expressed by the PAM 212 ep-
ithelial cell line and identified one mAb
(2F7) that abrogated the appearance of
CD4*CD8* thymocytes bearing TCRaf in
fetal thymus organ cultures (FTOCs). These
cultures were performed with thymus lobes
isolated at day 14.5 of gestation, a develop-
mental stage when only CD4~CD8™ cells can
be detected (4, 5). After 7 days, fetal thymus
lobes cultured in media- alone (Fig. 1A) or
in the presence of control mAb 1F3 (6)
contained about 80% CD4*CD8" cells, as
evaluated by fluorescence-activated cell
sorting (FACS) analyses. In marked con-
trast, FTOCs in the presence of mAb 2F7
had less than 0.5% CD4+*CD8" cells (Fig.
1B). This strong inhibitory effect of mAb
2F7 affected mainly aff T cell develop-
ment, because an increase in the propor-
tion of ¥y T cells was observed in mAb
2F7—-treated FTOCs (Fig. 1B). The in-
creased percentage of y& T cells reflects
the absence of af T cells. Most of the cells
in the mAb 2F7—treated cultures remained
CD4-CD87CD25"*, a characteristic of
early precursor T cells (Fig. 1C). The total
number of thymocytes recovered from
mAb 2F7-treated cultures decreased dra-
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matically, suggesting a lack of prolifera-
tion by CD4"CD8 CD25* thymocytes
(Fig. 1D). As expected, very few aff T
cells could be recovered from mAb 2F7-
treated cultures, whereas the absolute
number of y8 T cells was only slightly re-
duced compared with control cultures (Fig.
1D). T cell development proceeded normal-
ly after removal of mAb 2F7 from day 5
FTOCs, indicating that cytotoxicity was not
a likely explanation for our observations (6).
Thymocytes isolated from disrupted day 14.5
thymus did not react with mAb 2F7 as
judged from FACS analyses (6). Collective-

ly, the FTOC data suggest that the molecule -

recognized by mAb 2F7 is expressed by thy-
mic stromal cells and is therefore critical for
the generation of CD4*CD8" thymocytes.
Moreover, mAb 2F7 prevented the cellular
proliferation usually associated with the de-
velopmental transition of thymocytes from
the CD4~CD8" stage to the CD4+*CD8*
stage (7, 8).

The molecular size of the mAb 2F7 ligand

Fig. 1. Monoclonal antibody 2F7

was determined after surface iodination of
PAM 212 cells and immunoprecipitation of
cell lysates in the presence of mAb 2F7 and
protein A beads. Immune complexes were
collected and subjected to SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). An
autoradiograph of the resulting gel revealed a
major band of an apparent molecular size of

25 kD under reducing conditions (Fig. 2A).
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Fig. 2. Identification of the TM4 protein CD81 as
the ligand for mAb 2F7 (27). (A) Monoclonal anti-
body 2F7 precipitates a unigue 25-kD protein at
the cell surface of PAM cells. (B) The 25-kD pro-
tein recognized by mAb 2F7 could be purified after
large-scale immunoprecipitation, as evaluated by
SDS-PAGE and silver stain. The arrow indicates
the position of the 25-kD protein. Sequence anal-
ysis of a tryptic peptide from the 25-kD protein
yielded the sequence QFYDQALQQAVMDDD-
ANNA (mouse CD81 residues 125 to 143). I.P.,
immunoprecipitation; Ig, immunoglobulin. Abbre-
viations for the amino acid residues are as follows:
A, Ala; D, Asp; F, Phe; L, Leu; M, Met; N, Asn; Q,
Gln; V, Val; and Y, Tyr.

blocks the development of af but
not yd T cells (26). Fetal thymus
lobes at 14.5 days of gestation were

cultured for 7 days in FTOC in (A)

media alone or (B) in the presence of

mAb 2F7 (25 wg/ml). Thymocytes
were recovered from FTOCs and
stained with FITC-anti-aB TCR

(mAb H57-597) or FITC-anti-yd
TCR (mAb GL3), phycoerythrin—an-

ti-CD4 (PharMingen), and Red 613—
anti-CD8 (Life Technologies) and
analyzed by FACS. (C) CD25 ex-

pression on CD3~ cells obtained af-

ter culture for 7 days in the presence c D

of mAb 2F7. Thymocytes were re- & 1o o 50T

covered from FTOCs and stained E 41 68 95> 400

with biotin-anti-CD25 (PharMingen) ~ E 2.0

followed by phycoerythin-streptavi- g, 3§

din (Biomeda), FITC-anti-CD3 (mAb 2 o 200 o

500 A2), and Red 613-anti-CD8. & 21 & 8100140 813
Percentages of CD25 negative, dim, @& o5 7et oz 105 | ot 0 3

and bright cells are marked. (D) Ab-
solute number of cells per thymus

Total TCRap TCRYS

CD25

lobe recovered after 7 days of culture in the presence of either media alone (striped bars) or mAb 2F7 (black
bars). The data are representative of 27 independent experiments.
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The ligand recognized by mAb 2F7 was ob-
tained in quantities sufficient for sequence
determination (Fig. 2B). The NH,-terminal
sequence of a tryptic fragment unambiguous-
ly identified the 25-kD protein as the murine
equivalent to CD81, also known as TAPA-1
(9). CD81 is a member of the transmem-
brane 4 integral membrane protein family; it
has broad tissue distribution but no identi-
fied function (9-12). Immunohistologic
staining of day 14.5 thymus with mAb 2F7
revealed that CD81 was expressed predomi-
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Fig. 3. Localization of CD81™* cells in the fetal
thymus (28). (A) Staining reveals that CD81* cells
are expressed predominantly in the subcapsular
region and less frequently in the more central re-
gion of the fetal thymus. (B) Higher magnification
of CD81™ cells localized to the cortical region. (C)
Control staining performed in the absence of mAb
2F7.

Fig. 4. CD81-transfected cells allow
progression of CD4~CD8~ precursor T
cells to the CD4*+CD8* developmental
stage (29). (A) Surface staining with
mAb 2F7 of CHO-K1 cells before and
after transfection with a CD81 cDNA.
(B and C) CD4 and CD8 staining of
thymocytes recovered from reaggre-
gation cultures with untransfected
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nantly in the subcapsular region by cells that
formed distinguishable clusters (Fig. 3).

A complete gene for mouse CD81 was
obtained by reverse transcriptase—polymerase
chain reaction (RT-PCR) with total RNA
isolated from PAM 212 cells. Transfected
Chinese hamster ovary (CHO) cells express-
ing CD81 were isolated by FACS with mAb
2F7 as a probe (Fig. 4A). Reaggregation cul-
tures (5) consisting of CD4~CD8~ thymo-
cytes and CD81" CHO cells were used to
evaluate directly the contribution of CD81
in early T cell development. In these cul-
tures, most CD4~CD8~ thymocytes transit-
ed to a CD4"CD8™ phenotype (Fig. 4C). In
contrast, CD4"CD8™" thymocytes were not
observed in reaggregation cultures with un-
transfected CHO cells (Fig. 4B). These ob-
servations established that CD81 represents
a stromal cell surface protein that is required
for early T cell development.

The tissue distribution, molecular size,
and function of CD81 suggest that it is not
identical with any of the previously defined
molecules that function in T cell develop-
ment. A complex called the pre-TCR,
which is composed of a TCR B chain and a
glycoprotein, pTa, has been identified at
the surface of precursor T cells (13, 14).
Several lines of evidence suggest a role for
the pre-TCR in allelic exclusion at the
TCR B locus as well as in the observed
proliferation of CD4~CD8~ cells as they
differentiate into CD4*CD8* thymocytes
(7,8, 15, 16). The similarities between the
events promoted by CD81 and those pro-
moted by the pre-TCR place them in the
same functional category (13, 14, 17, 18).
Both molecules affect T cells at a similar
stage of development. Moreover, the devel-
opment of af, but not ¥3, T cells is severely
blocked under conditions in which the
function of these molecules is disrupted
(17), as shown here for CD81. One possi-
bility is that the pre-TCR expressed by
precursor T cells and CD81 present on stro-
mal cells form a functionally relevant recep-
tor-ligand pair. Indeed, previous studies
have identified a.requirement for stromal
cells in the CD4~CD8~ to CD4*CD8*
thymocyte transition (5). Furthermore,
cross-linking experiments have demonstrat-
ed that the pre-TCR associates with CD3
signaling components in a functional man-
ner (18, 19). The idea that an extracellular
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CHO-K1 cells (B) or with CD81+ CHO-K1 cells (C). Results are representative of six experiments.

SCIENCE -«

VOL. 271 « 12 JANUARY 1996

REPORTS

ligand is needed for pre-TCR function is
consistent with these observations. An al-
ternative possibility is that precursor T cells
need independent signals from the pre-
TCR and CD8I to reach the CD4*CD8™*
stage. Thus, it may be noteworthy that
functional CD3 complexes can be expressed
at the surface of immature thymocytes in
the apparent absence of the pre-TCR (20).
Although the exact mechanism by which
CD81 and its putative thymocyte ligand
interact remains to be clarified, our results
add to the molecular foundation needed to
elucidate the cell-cell interactions that me-
diate early events in T cell development.
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26. The generation of mAb 2F7 will be described in detail
elsewhere (6). Briefly, an Armenian hamster was im-
munized with the PAM epithelial cell line and spleen
cells were fused with SP2/0 myeloma cells. Hybrid-
omas secreting mAb reactive with PAM cells were
isolated and cloned for further study. FTOC was per-
formed as described (27). Briefly, fetal thymus lobes
were removed from embryos at day 14.5 of gestation
and cultured on polycarbonate filters supported on
surgical Gelfoam (Upjohn, Kalamazoo, M) in 5 ml of
complete Dulbecco’s minimum essential medium
(DMEM) containing 10% fetal bovine serum (FBS)
at 37°C. After 7 days of culture in medium alone or
with mAb (25 ug/ml), the lobes were disrupted and
the live cells were counted and then stained with
the appropriate conjugated antibodies followed by
FACS analysis.

27. Cell surface proteins were iodinated as described
(22). PAM cells were incubated in lysis buffer con-
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sisting of 50 mM tris (pH 8.0), 1% NP-40, 6 mM
CHAPS, 150 mM NaCl, 5 mM EDTA, 0.5 mM Pefa-
bloc SC (Boehringer Mannheim), and aprotinin (50
rg/ml; Sigma). Cell lysates were precleared with
protein G-Sepharose (Sigma) and incubated with
mAb 2F7 at a final concentration of 0.5 pg/ml for 6
hours at 4°C. Protein G-Sepharose was added to a
final concentration of 1 wl/ml and immune complex-
es were allowed to form overnight at 4°C. Immune
complexes were collected by centrifugation, and the
pellets were washed 20 times with 1 ml of lysis buffer
and resuspended in SDS-PAGE buffer containing
dithiothreitol. After incubation at 100°C for 5 min, the
supernatants were transferred to new tubes and
kept at —20°C for further analysis. Standard SDS-
PAGE was performed with 10% to 12.5% polyacryl-
amide gels. When required, proteins were silver-
stained with the Silver Stain Plus system (Bio-Rad).
For sequence determination, the mAb 2F7 ligand
was immunoprecipitated from PAM cells (2 X 1079),
resolved by SDS-PAGE, and transferred to a polyvi-
nylidene difluoride membrane (Millipore). The elec-
troblotted 25-kD protein was excised after visualiza-
tion with Amido black 10B (Bio-Rad). In situ digestion
with trypsin was performed as described previously
(23). Briefly, the excised band was treated with poly-
vinylpyrrolidone to prevent binding of the enzyme to
the membrane. Digestion with trypsin {1 wg-of 30 wl
of 0.1 M TES [N-tris(hydroxymethyl)methyl-2-amino-
ethanesulfonic acid (pH 8.0)]} was allowed to pro-
ceed overnight. The supernatant was then fraction-
ated by reversed-phase high-performance liquid
chromatography. Fractions were collected manually
based on absorbance at 210 nm. A fraction corre-
sponding to a symmetrical peak was subjected to
chemical sequence analysis on an ABI 470A protein
sequencer (Applied Biosystems, Foster City, CA),
and a unique sequence was obtained. The se-
quence was compared to other known protein se-
quences with the BLAST program (24).

28. Paraformaldehyde-fixed and polyester wax—embed-
ded (25) day 14.5 whole embryo sections (10 um)
were hydrated in ethanol, soaked in 0.1 M citrate
buffer (pH 6.0), and subjected to microwave treat-
ment for 2 min on the highest setting (Radarange
1000W; Amana, IA). This treatment substantially im-
proved the staining intensity obtained with mAb 2F7.
The endogenous peroxidase activity was blocked,
and the sections were incubated for 30 min in 2%
FBS. The sections were then stained for 2 hours with
biotinylated mAb 2F7, adjusted to 10 pwg/ml in 1%
FBS, and washed. Binding was visualized with
streptavidin-labeled peroxidase (Jackson Immu-
noResearch), followed by incubation in metal-en-
hanced diaminobenzidine (Pierce). No staining was
observed when mAb 2F7 was omitted from the pro-
cedure. The sections were counterstained with he-
matoxylin, dehydrated in ethanol, cleared with
Hemo-De (Fisher Scientific, Pittsburgh, PA), and
mounted with DPX reagent (British drug house).

29. A complete murine CD81 complementary DNA
(cDNA) was encoded by RT-PCR with oligonucleotide
primers 5'-CGGAAT TCATGGGGGTGGAGGGCTG-
3" and 5'-CGGAATTCTCAGTACACGGAGCTGT T-
C-8'. These primers were designed from the pub-
lished murine CD81 gene sequence (9) and contained
Eco Rl restriction sites for cloning purposes. The com-
plete CD81 cDNA was introduced into the eukaryotic
expression plasmid pcDNA3 (Invitrogen) at the Eco RI
site in the correct orientation for expression. We es-
tablished stable CD81-expressing cells with Lipo-
fectamine-mediated (Life Technologies) transfection
of CHO-K1 cells followed by G418 selection. CD81
transfectants were selected by FACS after sequential
incubations with biotinylated mAb 2F7 and fluorescein
isothiocyanate (FITC)-streptavidin (Biomeda, Foster
City, CA). Reaggregation cultures were performed as
described (5). In brief, thymocytes (2 X 105) isolated
from day 14.5 fetal thymus lobes were mixed with
untransfected or CD81+ CHO-K1 cells (1 X 10%) cen-
trifuged at 2000 rpm for 2 min in a microcentrifuge
(Eppendorf), and the pellet resuspended in complete
DMEM-10% FBS (4 wl). Before reaggregation, thy-
mus cell preparations typically contained 98% CD25+
cells and 2% CD81+* cells, as evaluated by FACS
analyses. Cells were deposited in 1-ul drops on the
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surface of polycarbonate filters supported with surgi-
cal Gelfoam (Upjohn) in complete DMEM-10% FBS (5
ml) and cultured for 5 days. After culture, cell pellets
were disaggregated by resuspension in complete
DMEM-10% FBS and stained with phycoerythrin an-
tibody to CD4 (anti-CD4) and Red 613 antibody to
CD8 before FACS analysis.
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Effect of Polymorphism in the
Drosophila Regulatory Gene
Ultrabithorax on Homeotic Stability

Greg Gibson* and David S. Hogness

Development is buffered against unpredictable environmental and genetic effects. Here,
amolecular genetic analysis of one type of developmental homeostasis, the establishment
of thoracic segmental identity under the control of the Ultrabithorax (Ubx) gene in Dro-
sophila melanogaster, is presented. Flies were artificially selected for differential sensitivity
to the induction of bithorax phenocopies by ether vapor. The experiments demonstrated
that increased sensitivity to ether correlated with a loss of expression of UBX in the third
thoracic imaginal discs and that a significant proportion of the genetic variation for
transcriptional stability can be attributed to polymorphism in the Ubx gene.

The specification of segmental identity in
Drosophila depends on the coordination of
complex expression patterns of homeotic
genes in the Antennapedia and Bithorax
complexes (1). This specification must also
be a highly stabilized process, because mor-
phological uniformity is produced despite
environmental and genetic variation. How-
ever, as was shown by Gloor (2), the spec-
ification of segmental identity can never-
theless be disrupted by exposure of early
embryos to ether vapor, which induces
bithorax phenocopies that resemble ho-
meotic transformations caused by mutations
in the regulatory regions of the Ubx gene
(3). Waddington later showed, by selecting
populations that exhibit increased or de-
creased phenocopy frequencies, that genetic
variation affects this process (4).

Starting with an outbred population of
flies (5), we performed a selection experi-
ment similar to that described by Wadding-
ton. The Ives strain is free from inversions
and has been deliberately maintained with
a high degree of heterozygosity (6). Embryos
were collected at room temperature over a
1-hour period, and 2.5 hours later (that is,
3.0 £ 0.5 hours after eggs were laid) they
were exposed to ether vapor for 10 min.
More than 20 groups of about 400 embryos
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were treated each generation; upon emer-
gence, the adults were scored for bithorax
phenocopies. More than 1500 adults show-
ing identity transformations of the third
thoracic segment (T3), ranging from ectop-
ic sternopleurae to near-complete replace-
ment of halteres by wings (Fig. 1A), were
selected for the next generation. Flies ex-
hibiting such phenocopies were selected for
eight generations. A steady increase in phe-
nocopy frequency was observed in each
generation (Fig. 2A, experiment 1), accu-
mulating from 13% in the starting popula-
tion to a plateau of 45%. Similar results
were obtained in repetitions of the experi-
ment 3 months later (Fig. 2A, experiment
2) and 2 years later (7). By contrast, the
frequency of bithorax phenocopies dropped
steadily when flies were selected for resis-
tance to ether treatment (Fig. 2A, experi-
ment 3) by breeding only from nontrans-
formed flies. The results show that genetic
variation exists for the propensity to exhibit
ether-induced bithorax phenocopies in the
Ives strain of D. melanogaster (8).

Several observations implicate the Ubx
gene in the response to selection. (i) Many
loss-of-function mutations in Ubx produce
bithorax transformations similar to the
ether-induced phenocopies (9). (ii) Flies
heterozygous for mutations in genes that
regulate the activation and maintenance of
Ubx expression (including hunchback and
Polycomb) exhibit altered bithorax pheno-
copy frequencies (10). (iii) Ether induced
loss of UBX expression in patches within





