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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 af3 but not yS 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 y6 or a p  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+TCR1" 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 TCRaP 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). ~ f t e r  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 a$ T cell develop- 
ment, because an increase in the propor- 
tion of y6 T cells was observed in mAb 
2F7-treated FTOCs (Fig. 1B). The in- 
creased percentage of yS T cells reflects 
the absence of a$ T cells. Most of the cells 
in the mAb 2F7-treated cultures remained 
CD4-CD8-CD25+, 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. ID). As expected, very few a p  T 
cells could be recovered from mAb 2F7- 
treated cultures, whereas the absolute 
number of yS T cells was only slightly re- 
duced compared with control cultures (Fig. 
ID). 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 

cell lysates in the presence o i  m i b  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 rnAb 2F7 (27). (A) Monoclonal anti- 
body 2F7 precipitates a unique 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; lg, 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. Tvr. 

Fig. 1. Monoclonal antibody 2F7 A . - 

blocks the development of ( ~ p  but Is 1 . .781 10.7 I 41 13 1 101 

not yS T cells (26). Fetal thymus 
lobes at 14.5 days of gestation were ,;: :".f.'?: - 
cultured for 7 days in FTOC in (A) 0 ::;:.:.'>:''<,'':'- 

,, . , :"g 
. .. 813 media alone or (B) in the Dresence of . . > .a3 

mAb 2F7 (25 ;g/m~). Thym~cytes CD8 
were recovered from FTOCs and 
stained with FITC-anti-ap TCR B 
(mAb H57-597) or FITC-anti-$5 
TCR (mAb GL3), phycoerythrin-an- u 
ti-CD4 (PharMingen), and Red 613- 8 

anti-CD8 (Life Technologies) and 
analyzed by FACS. (C) CD25 ex- 
oression on CD3- cells obtained af- CD8 

ier culture for 7 days in the presence C D 
of mAb 2F7. Thymocytes were re- 
covered from FTOCs and stained 
with biotin-anti-CD25 (PharMingen) 
followed by phycoerythin-streptavi- 0 

din (Biomeda), FITGanti-CD3 (mAb 
500 A2), and Red 6lhnti-CD8. 
Percentages of CD25 negative, dim, 
and bright cells are marked. (D) Ab- CD25 

Total TCRaP TCR@ 

solute number of cells per thymus 
lobe recovered after 7 days of culture in the presence of either media alone (striped bars) or rnAb 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- 

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) 

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 f3 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 f3 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 af3, 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- 
ma1 cells form a functionallv 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 

Control staining performed in the absenceof m ~ b  signaling components in a functional man- 
2F7. ner (18, 19). The idea that an extracellular 

Fig. 4. CD81 -transfected cells allow 
progression of CD4-CD8- precursor T A B 
cells to the CD4+CD8+ developmental 
stage (29). (A) Surface stainlng with = 
rnAb 2F7 of CHO-Kl cells before and 
after transfection with a CD81 cDNA. 
(B and C) CD4 and CD8 staining of 
thymocytes recovered from reaggre- K 

CD81 CD8 CD8 

gation cultures with untransfected 
CHO-K1 cells (B) or with CD81t CHO-Kl cells (C). Results are representative of SIX experiments. 

ioo  

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 CD81 to reach the CD4+CD8+ 
stage. Thus, it may be noteworthy that 
functional CD3 com~lexes can be ex~ressed 
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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sstng of 50 mM trls (pH 8.01, I?' NP-40. 6 mM 
CHAPS, 150 mM NaCI, 5 mM EDTA, 0.5 mM Pefa- 
bloc SC (Boehrnger Mannhem), and aprotnn (50 
p.g1mI; Slgma). Cell ysates were precleared w ~ t h  
proteln G-Sepharose (S~gma) and Incubated w~ th  
mAb 2F7 at a f ~ n a  concentraton of 0.5 Kgfml for 6 
hours at 4°C. Proten G-Sepharose was added to a 
f ~ n a  concentraton of 1 k l i m  and Immune compex- 
es were allowed to form overnght at 4°C. Immune 
complexes were collected by centr~fugaton, and the 
pellets were washed 20 tlnes w th  1 m of y s s  buffer 
and resuspended In SDS-PAGE buffer contalnlng 
dthothretol. After ncubaton at 100°C for 5 m n ,  the 
supernatants were transferred to new tubes and 
kept at 2 0 ° C  for further anayss. Standard SDS- 
PAGE was performed w~ th  10% to 12.5"o polyacryl- 
amide gels. When requred, protens were sver -  
staned w~ th  the Sver  Stan Plus system (60-Rad). 
For sequence determnaton the mAb 2F7 Igand 
vJas mmunoprecp~tated from PAM cells 12 x 10"). 
resolved by SDS-PAGE, and transferred to a po l \ p~ -  
nydene d~fluor~de membrane (Mlpore).  The elec- 
troblotted 25-kD proten was excsed after vsuaza-  
ton w~ th  Amdo black 106 (60-Rad) In s tu  dgeston 
wth  trqpsn was performed as descrbed pre\iously 
(23). Brefly the excsed band was treated w th  poy- 
v~nypyrrol~done to prevent bndng  of the enzyme to 
the membrane. Dgeston w~ th  trypsn {I ~g of 30 @ I  
of 0.1 M TES [N-tr1s(hydroxymethyl)methyl-2-am1no- 
ethanesulfonc a c ~ d  (pH 8.0)]) was allowed to pro- 
ceed overnght. The supernatant was then fracton- 
ated by reversed-phase h~gh-performance q u ~ d  
chromatography. Fractons were collected manually 
based on absorbance at 210 nm A fracton corre- 
spondng to a symmetrca peak was subjected to 
chemca sequence analyss on an ABI 470A proten 
sequencer (Appl~ed B~osystelns Foster C~ty .  CA). 
and a unlque sequence was obta~ned The se- 
quence was compared to other known protein se- 
quences w~ th  the BLAST program (24). 

28. Paraformaldehyde-fxed and polyester wax-embed- 
ded (25) day 14.5 whole embryo sectons (10 p.m) 
were hydrated n ethanol, soaked In 0.1 M c~trate 
buffer (pH 6.0). and subjected to microwave treat- 
ment for 2 m n  on the hghest settng (Radarange 
1 OOOW, Amana. A) .  Ths treatment substantally m -  
proved the stanng ntens~ty obtaned w ~ t h  mAb 2F7. 
The endogenous peroxdase actvty was blocked, 
and the sectons were Incubated for 30 m n  n 2O10 
FBS. The sectons were then staned for 2 hours w ~ t h  
botnylated mAb 2F7, adjusted to 10 ~ g i m l  n lo6 
FBS, and washed. B~nd~ng  was v~suazed w ~ t h  
streptav~d~n-labeled perox~dase (Jackson lmmu- 
noResearch), followed by ncubat~on n metal-en- 
hanced diamnobenzdne (Perce). No stanng was 
obserded when mAb 2F7 was omtted from the pro- 
cedure The sectons were counterstaned w~ th  he- 
matoxyl~n, dehydrated n ethanol, cleared w~ th  
Herno.De (F~sher Sc~ent~f~c.  P~ttsburgh, PA), and 
mounted w th  DPX reagent (Br~tsh drug house). 

29. A comolete murlne CD81 cornolementan/ DNA 
(cDNA) has  encoded by RT-PCR wth ol~gonu~leot~de 
prlmers 5'-CGGAATTCATGGGGGTGGAGGGCTG- 
3 '  and 5'-CGGAATTCTCAGTACACGGAGCTGTT- 
C-3' .  These prlmers were desgned from the pub- 
shed murlne CD8l gene sequence (9) and contaned 
Eco RI restricton stes for clonng purposes. The com- 
plete CD81 cDNA was Introduced n to  the eukaryotc 
expresson plasmd pcDNA3 (In\i~trogen) at the Eco RI 
ste n the correct orentaton for expresson. We es- 
tabshed stable CD81expresslng cells w~th  L~po- 
fectamne-medated (L~fe Technologes) transfecton 
of CHO-KI cells followed by G418 select~on. CD81 
transfectants were selected by FAGS after sequential 
ncubatons wth  botnylated mAb 2F7 and fuorescen 
soth~ocyanate (FITC)-streptav~d~n (B~omeda, Foster 
City, CA) Reaggregaton cultures were performed as 
descrbed (5) In bref, thymocytes (2 x lo5) isolated 
from day 14 5 fetal thymus lobes were mixed w~ th  
untransfected or CD81t CHO-KI cells (1 x 10" cen- 
tr~fuged at 2000 rpm for 2 mln In a m~crocentr~fuge 
(Eppendori), and the pellet resuspended In complete 
DMEM-10"'~ FBS (4 ~ l )  Before reaggregatlon, thy- 
mus cell preparatons typcaly contaned 989' CD25- 
cells and 2% CD81 ' cells, as evaluated by FACS 
analyses. Cells were deposted n 1 -bI drops on the 

surface of polycarbonate fters supported w~th  surgl- 
c a  Gelfoam (Upjohn) 11 complete DMEM-I 0% FBS (5 
ml) and cultured for 5 days After culture, cell pellets 
were d~saggregated by resuspenslon n complete 
DMEM-lo0' FBS and staned w~ th  phycoeryihrin an- 
tbody to CD4 (antCD4) and Red 613 antbody to 
CD8 before FACS anayss. 

30 We thank S. Aaronson and L Feng for proji~d~ng cell 
nes:  A. M. Gonzaez for advce and T. Wu for techncal 
assstance wth hstochemst~], H. Shao for advce on 
reaggregaton cultures, and J. Waters, J. Kaye, and J. 

Sprent for cr~tcal readng of the manuscrpt. Supported 
by a grant from the Luc le  P. Markey Chartable Trust 
and by N H  grant A32751 (W.L.H ). W L H 1s a Lu- 
c~lle P Markey Scholar and R B, 1s a fellov~ of the 
Strohm Inflammatory B O V J ~  D~sease Center at the 
Scrpps Clinc and Research Foundaton. W.H F, was 
supported n part by the Foundaton for Medcal Re- 
search, n c .  Ths 1s manuscrpt 9491-MM from the 
Scrpps Research lnsttute. 

19 September 1995 accepted 9 November 1995 

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, 
a molecular 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. 

T h e  specification of segineiltal identity in 
Drosophila depends o n  the  coordiilation of 
complex expression patterns of hoineotic 
genes in  the  Ailtennapedia and Bithorax 
complexes ( 1 ) .  This specification must also 
be a highly stabilizeii 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- 
ineotic transforlnations caused by mutations 
in  the  regulatory regions of the  L7bx gene 
(3). Waddington later sho~ved, by selecting 
populations that exhibit increased or de- 
creased phrnocopy frequencies, that genetic 
variation affects this process (4). 

Starting with a n  outbred population of 
flies (5), we perforined a selection experi- 
ment  si~nilar to that described by Wadding- 
ton. T h e  Ives strain is free from inversions 
and has been deliberately lnaintailled with 
a high degree of heteroiygosity (6). Embryos 
were collected at room temperature over a 
1-hour period, and 2.5 hours later ( that  is, 
3.0 -t 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 (TS) ,  ranging from ectop- 
ic stemopleurae to near-complete replace- 
ment of halteres by wings (Fig. 1 A ) ,  \\,ere 
selected for the  next generation. Flies ex- 
hibiting such phenocopies were selected for 
eight generations. A steady increase in  phe- 
ilocopy frequency was observed in each 
generation (Fig. 2A, experiment I ) ,  accu- 
mulating from 13% in the  starting popula- 
tion to  a plateau of 45%. Similar results 
were obtained in renetitions of the  exoeri- 
ment 3 months later (Fig. 2A, experinlent 
2) and 2 years later (7). By contrast, the 
f r e q ~ ~ e n c y  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. T h e  results show that genetic 

u 

variation exists for the  propensity to  exhibit 
ether-induced bithorax phenocopies in  the  
Ives strain of D. melanogaster (8). 

Several observatioils implicate the  L!bs 
gene in the  response to selection. ( i )  Many 
loss-of-f~~nction mutations in  Ubx produce 
bithorax transformations similar to the  
ether-induced phenocopies (9) .  (ii) Flies 
heterozygous for m ~ ~ t a t i o n s  in genes that 
regulate the  activation and maintenance of 
LTbs expression (including huncitback and 
Polycomb) exhibit altered bithorax pheno- 
copy frequencies (10). ( i i ~ )  Ether ~nduced 
loss of UBX expression ~n within 
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