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Inhibition of T Cell Receptor Expression and 
Function in Immature CD4+CD8+ Cells by CD4 

Most immature CD4+CD8+ thymocytes express only a small number of T cell 
receptor (TCR) molecules on their surface, and the TCR molecules they do express are 
only marginally capable of  transducing intracellular signals. TCR expression and 
function was not intrinsically low in immature CD4+CD8+ thymocytes, but was 
found to be actively inhibited by CD4-mediated signals. Indeed, release of 
CD4+CD8+ thymocytes from CD4-mediated signals resulted in significant increases 
in both TCR expression and signaling function. These results suggest that, in 
CD4+CD8+ cells developing in the thymus, increased TCR expression and function 
requires release fkom CD4-mediated inhibition. 

T HYMIC SELECTION OF THE DEVEL- 

oping T cell repertoire occurs in 
immature CD4+CD8+ thymocytes, 

with the fate of individual thymocytes deter- 
mined by the T cell antigen receptors (TCR) 
they express (1). Thus, it seems paradoxical 
that most CD4+CD8+ thymocytes express 
few TCR molecules that are only margkally 
capable of transducing intracellular signals 
(2). Identifying the regulatory mechanisms 
involved in either inducing or inhibiting 
TCR expression and function in developing 
CD4'CD8+ thymocytes would enhance 
our understanding of T cell differentiation. 
The TCR" phenotype of CD4'CD8+ thy- 
mocytes is due to the low fractional survival 
of newly synthesized and assembled TCR 

complexes in these cells, which can be quan- 
titatively increased by in vivo administrition 
of monoclonal antibody (MAb) to CD4 (3). 
CD4, when cross-linked, activates tyrosine 
kinases that phosphorylate various intracel- 
lular substrates, including TCR-I (4, 5), a 
subunit of the TCR complex that appears to 
be important for both TCR expression and 
TCR signal transduction (6). We now di- 
rectly assess the influence of CD4-mediated 
signals on TCR expression and function in 
immature CD4'CDgt thymocytes. TCR 
expression and function in immature 
CD4+CD8+ thymocytes was inhibited by 
CD4-mediated signals, and the presence of 
these inhibitory signals correlated with the 
reported phospho&lation status of TCR-I 
in these cells (5). 

T. Nakavama, T. I. Munitz. M. Sheard, S. A. ~ c ~ a r t h v ,  Experimentally, TCR expression can be 
S. 0.  harrow, A. Singer, Experimental ~mmunolob  polycionally incieased in C D ~ + C D ~ +  thy- 
Branch, National Cancer Institute, Building 10, Room 
4B.17, ~ ~ t i ~ ~ a l  ~~~~i~~~~ of ~ ~ ~ l ~ h ,  Bethes&, MD mocytes either by in vivo administration of 
20892. 
C. H. June, Immunobiology and Transplantation De- 

MAb to CD4 (7) or by in vitro culture of 
Damlent. Naval Medical Research Institute. Bethesda. t h ~ m o c ~ e s  in single-cell (8) .  In 
MD zosi4.  vitro, TCRIO thyiocytes sp~ntaneously in- 
L. E. Samelson, Cell Biology and Metabolism Branch, 
National Institutes of Child Health and Human Devel- their of TCR when 
opment, ----- National Institutes of Health, Bethesda, MD tured in single-cell suspension at 37°C but 
LU8YL. not at 4°C < ~ i ~ .  1~ ) ;  with TCR profiles 
*To whom correspondence should be addressed. of thymocytes from suspension cultures at 
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4°C identical to those of fieshly explanted 
thymocytes. Three-color flow cytomcay 
(FCM) of cultured thymocytes revcaled that 
TCR expression increased only in 
CD4+CD8+ cells, with no signi6cant 
change in any other thymocyte subset (Fig. 
1A). CD4+CD8+ thymocytes in suspension 
culture at 37°C fbr a short time not only 
increased surfice expression of TCR but 
increased their total cellular expression of 
TCR as well (Fig. 1B). This increase in TCR 
expression required mRNA and protein syn- 
thesis, as it was blocked by actinomycin D, 
an inhibitor of transcription, and by cydo- 
hexhide and anisomycin, inhibitors of pro- 
tein synthesis (9). 

Spontaneous induction of TCR in 
CD4+CD8+ thymocytes in suspension cul- 
ture at 37'C results either h m  the release of 
CD4+CD8+ thymocytes h m  inhibitory in- 
trathymic si& or h m  their active stimu- 
lation by a reagent present in culture medi- 
um. Release h m  intrathymic inhibition 
seemed likely, because TCR induction does 
not occur in organ fhgment cultures at 
37°C fbr a short time in which thymocytes 
encounter culture medium but remain in 
their thymic miaoenvironment (Fig. 2A). 
TCR induction might specifically be due to 
release from CD4-mediated inhibitory sig- 
nals, as MAb to CD4 administered in vivo 
increases TCR expression in CD4+CD8+ 
thymocytes resident in situ (7). Release h m  
Cwmediated intrathymic signals would 
also be consistent with the phosphorylation 

pattern of TCR-t; in CD4+CD8+ thymo- 
cyres, in that TCR-t; chains are phosphory- 
lated in CD4+CD8+ thymoqtes resident in 
the thymus but spontaneously dephosphor- 
ylate upon culture in single-cell suspension 
at 37°C (5). Thus, because a known ligand 
fbr CD4 is Ia (lo), the addition of Ia+ 
stimulator cells to thymocyte suspension 
cultures would be predicted to engage thy- 
mocytc CD4 molecules and to generate 
signals inhibiting spontaneous TCR induc- 
tion, as they do generate signals inhibiting 
spontaneous TCR-F, dephosphorylation (5). 
Indeed, Ia+ stimulator cells blocked the 
spontaneous increase in both surface and 
total cellular amounts of TCR occurring in 
thymocyte suspension cultures at 37°C (Fig. 
2, B and C). 

To determine whether stimulator cell Ia 
molecules were involved in the inhibition of 
thymocyte TCR induction, we used an Ia+ 
cell line fbr which an Ia- variant existed. 
Thymocyte TCR induction was more &- 
tively inhibited by the Ia+ B lymphoma cell 
line M12.4.1 than by its Ia- variant 
M12.C3 (1 1) (Fig. 2D), even though both 
cell lines expressed equivalent amounts of 
cell surface major histocompatibility com- 
plex dass I (9). In addition, MAb to Ia 
significantly blocked the inhibitory dect of 
Ia+ M12.4.1 cells on TCR induction, 
whereas control MAb did not (Eig. 2D). 
The Ia-induced inhibitory e&ct on TCR 
expression was neither donally restricted 
nor haplotype-specific, as TCR induction in 

Unseparated Flg. 1. In vitro induction of 
TCR in CD4+CD8+ thv- 
mocvtes. (A) Induction of 

97.4- surface TCR on CD4 and , ) +TCRaP CD8 thyITI0cr~e subpopula- 
69.0- (2'9) tions was assessed by three- 

color FCM on unseparated 
46.0- . +TCRa C57BLI10 (B10) thyno- 

(1.7) E)'tes cultured for 4 hours 
in single-cell suspension (5 

30.0- X 10" cells per milliliter) at 
either 37°C (solid Lines) or 
4°C (dashed lines). Surface 
TCR expression was deter- 

*CD3-< mined bv staining I<-ith 
18.3. ( )  MAb to C D ~ ,  with shaded 

areas reoresentine back- 
C 

ground staining by control 
MAb (13). (B) Total cellular 
amounts of TCR in purified 

CD4+CDgf th!mocytes from 6-week-old C57RU6 (R6) 
mice after 16 hours in culture at either 4°C or 37°C \\.ere 
determined by electrophoresis of detergent-solubilited cell 
lysates and immunoblotting with MAbs specific for TCRa 
(H28-710) and CD3-c (HMT3-1) (14). The positions of 
molecular weight markers are indicated on the left, and 
arrows indicate the positions of TCRa (either in TCRaP 

0 1 2 dimen or TCRa monomer) and CD3-r. The relative 
intensity of each band from CD4'CDS' thynoqtes 

log,, Fluorescence cultured at 37°C versus 4°C is expressed in parentheses. 

all TCRb CD4+CD8+ thymocyres h m  all 
strains was inhibited by all Ia+ stimulator 
cells tested, regardless of the haplotype or 
subregion encoding the Ia molecules they 
expressed. Thus, these data are most consist- 
ent with inhibition of TCR induction result- 
ing h m  Ia engagement of donally invariant 
cD4 molecules. 

WenextusedMAbtoCD4todirectly 
examine the dect of CD4-mediated signals 
on thymocyte TCR expression. Bivalent 
MAb to CD4, without fhther cross-linking, 
had no dFect on TCR induction by thymo- 
cytes in suspension culture. We then added, 
as an immunoglobulin (Ig) cross-linker, low 
numbers of M12.C3 cells, which are FcR+ 
but are Ia- and noninhibitory at the cell 
numbcrs used. In the presence of FcR+ 
M12.C3 cells, immunoglobulin G (IgG) 
MAb to CD4 significantly inhibited TCR 
induction, whereas isotype matched MAb to 
CD8 did not, as determined both by FCM 
analysis of cell s d c e  TCR expression and 
by immunoblotting for total cellular TCR 
expression (Fig. 3). Similar inhibition of 
TCR induction was observed with polyva- 
lent IgM MAb to CD4, but not with poly- 
valent IgM MAb to CD8, in the absence of 
FcR+ M12.C3 cells (9). 

Finally, we wished to examine whether 
release of CD4+CD8+ thymocytts h m  
CD4-mediated inhibition was accompanied 
by improved TCR signaling, which is other- 
wise margid in CD4+CD8+ thymocytes 
(2). We d signaling by measuring 
intracellular calcium mobilization generated 
by cross-linking of MAb to TCR-ap (Fig. 
4). TCR signaling was marginal in unin- 
d u d  CD4+CD8+ thymocytes h m  either 
organ fragment cub (9) or 4°C suspen- 
sion cultures, but was si@cantly enhanced 
in CD4+CD8+ thymocytes h m  37°C sus- 
pension cultures (Fig. 4, A and B) (12). The 
increased peak [CaZ+li in 37°C suspension 
cultures was due to markedly increased re- 
sponses by individual cells as well as to a 
somewhat greater fraction of cells respond- 
ing. However, the addition of Ia+ M12.4.1 
cells to 37°C suspension cultures of 
CD4+CD8+ thymocytes inhibited the im- 
provement in TCR signaling and did so 
more dfectively than the addition of Ia- 
M12.C3 cells (Fig. 4A), indicative of Ia- 
induced negative regulation of TCR signal- 
ing ability. Improved TCR signaling ability 
in induced CD4+CD8+ thymocytes could 
be related to increased TCR d c e  expres- 
sion, d d  TCR-I, phosphorylation, or 
both. Consequently, we examined TCR- 
signaling in CD4+CD8+ thyrnocytcs that 
had been cultured in the presence of the 
transaiption-inhibiting drug actinomycin 
D, which prevents TCR induction (9) but 
does not block TCR-I, dephosphorylation 
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or organ fragments ( 
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37°C (solid line) I 

(dashed line) and : 
for surface CD3 exp 
Cell sunrival was >95% in 
all cultures. Quantitation of 
CD3 fluorescence in fluores- 
cence units (FU) (15) re- 
vealed that CD3 fluores- 

o i 
log,, Fluoresc 

0.5 cence changed + 17,400 FU 
stimulator cellslculture in suspension culture (A, 

upper panel), whereas CD3 
.cacc,,c, LLLmged -800 FU in orgal L L ~ ~ , , , , , , ~  culture (A, lower panel). (B) 
:le-cell suspensions of t h v m q ~ e s  were cultured alone for 8 hours at either 
(dashed lines with left peak) or 37°C (dashed lines with right peak), or were 
~ltured with Ia+ stimulator cells for 8 hours at 37°C (solid lines), and then 

2 ised for surface TCR expression (16). B6 (H-2b) thymoq~es  were cocul- 
wescence tured with 3 x lo7 B10 t~u/nu spleen cells (B, upper panel); C3H (H-2k) 

thymocytes were cocultured with 3 x lo6 LK35.2 (H-2dxk) cells (B, middle 
:I); Balblc (H-2d) thymocytes were cocultured with 3 x lo6 M12.4.1 (H-2d) cells (B, lower panel). 
Total cellular amounts of TCRaP in purified B6 CD4+CD8' thymoq~es cocultured with Iaf 
ulator cells were determined by immunoprecipitating and immunoblotting TCR from cells lvsed 
8 NP-40 with MAb to H28-710 (anti-TCRa). The relative intensity of the TCRaP band (arrow) is 
A under each lane. Exposure time was 16 hours. (D) DBAI2 (H-2d) thymocytes (1 x lo7) were 
~ltured for 8 hours at 37°C with graded doses of either Iad-expressing M12.4.1 (H-2d) cells (closed 

symbols) or Ia- M12.C3 (H-2d) cells (open symbols) without antibody (solid lines) or with 20 1 
MAb per milliliter specific for either Iad (MAb M5-114) (long dash) or Fc receptor (FcR) ( 
2.4G2) (short dash), both of which are rat IgG2b antibodies. To compare the effects of diff 
stimulator cells on TCR induction, CD3 fluorescence for each cunre was quantitated in FU (15) 
percent induction was defined as the increase in CD3 fluorescence of thpmoq~es coculturc.' 

(17). 
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stim 
with 
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.ere CocU (Fig. 4B). TCR-induced calcium nuxes w. . 
significantly higher in actinomycin D-treat- 
ed CD4+CD8+ thymocytes than in untreat- 
ed 4°C cultured thvmocytes (Fig. 4B) whose 
surface TCR levels were similar but whose 
TCR-I; chains remained phosphorylat 
however, TCR-induced calcium flwes 
actinomycin D-treated CD4+CDSf t 

mocytes were not a in untrea 
CD4+CD8+ thymoc 37°C susp 
sion cultures (Fig. 4 surface Tc 
levels were greater. lhus, release ,. 
CD4'CDS' thymocytes from intrathymic 
inhibition results in markedly improved 
TCR signaling, and that improvement is 
correlated with decreased TCR-I; phospho- 
rylation and with increased TCR expression. 
In fact, the improvement in TCR signaling 
is probably underestimated in these experi- 
ments, as uninduced CD4+CDgf thvmo- 
cytes must be placed in single-cell suspen- 
sion cultures at 31°C to be loaded with 
calcium-sensitive dyes, during which time 
some increase in TCR expression and some 
decrease in TCR-I; phosphorylation occurs. 

Our data demonstrate that CD4-mediated 
signals in CD4+CD8+ thvmocytes, induced 
either by Ia engagement or multivalent 
cross-linking of MAb to CD4, mimic the in 
vivo thymic microenvironment in inhibiting 
TCR expression and function, possibly to 
avoid premature deletion of developing thy- 
mOcyte clones. Release of developing 
CD4+CD8+ thymoqrtes from CD4-medi- 
ated inhibition would then result in in- 
creased TCR expression and function for 
s diated selection events 
i 

 ether the presence of 
phosphorylated 1 LR-5 chains in TCR'O 
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rrent 
, and ... &h 

,d; stim 
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4+CD8+ thymocytes simply reflects the 
ience of CD4-mediated signals or wheth- 
tyrosine phosphorylation of TCR-I; 

,,.,.ns is itself responsible for the low TCR 
expression and TCR signaling in these cells. 
In either case, the in vivo inductive effects of 
MAb to CD4 on thymoq~e  TCR expres- 
sion (7) can now be understood as resulting 
from blockade of intrathymic CD4-ligand 
interactions that generate inhibitory signals 
in CD4+CD8+ thymoqrtes, presumably be- 
cause efficient multivalent cross-linking of 
MAb to CD4 on TCR'O CD4+CD8+ thy- 
mocvtes does not occur in vivo. An explana- 

MAbs to Ia that are administered in 
increase TCR expression in CD4+ 

vivo to 
CD8' 
)uld be 
,.I..,-:,- 

thynoqtes (7), as-such antibodies wc 
expected to  block inhibitory i n t r a ~ ~ ~ ~ ~ ~ ~ ~  
CD4-Ia interactions. One interesting possi- 
bility is that there may exist on thymic 
stromal cells an alternative, possibly primi- 
tive, CD4 ligand in addition to Ia. I 

on of TCR expression and fu 
ndeed, 
~nction inhibiti 

tion , however, for the inabillnr of 
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Flg. 4. TCR-induced calcium mobilization in 
CD4+CD8+ thymocytes in response to TCR 
cross-linking by MAb to TCRap, and its relation 
to TCR expression and TCR-I phosphorylation. 
(A) Purified B6 CD4+CD8+ thymocytes were 
cultured alone for 4 hours in single-cell suspen- 
sion at either 37°C (solid line) or 4°C (dotted 
line) and then assessed for TCR-induced calcium 
mobilization by MAb to TCRap (MAb H57- 
597) (19) that was cross-linked by avidin (25 pg) 
at the indicated times (arrow) (20). Alternatively, 
cells from the same purified B6 CD4+CD8+ 
thymocytc populations were d m e d  at 37°C 
with 1 x lo6 Ia+ M12.4.1 (dashed line) or Ia- 
M12.C3 (dash-dot) cells, and then assessed for 
TCR-induced calcium fluxes (21). Mean intracel- 
lular Ca2+ concentrations are displayed versus 
time. (B) Effect of actinomycin D on TCR signal- 
ing and TCR-I phosphorylation in cultured 
CD4+CD8+ thymocytes. Purified B6 
CD4+CD8+ thymocytes were cultured for 4 
hours in suspension at either 37°C (solid line) or 
4°C (dotted line), or were cultured at 37°C in the 
presence of actinomycin D (10 pglml) (dashed 
line), and then assessed for TCR-induced calcium 
mobilization. (Inset) The same cell populations 
were also assessed for tyrosine-phosphorylated 
TCR-I; (arrow) by imrnunoblotting with anti- 
body to phosphotyrosine (22) (Act. D, actinomy- 
cin D). 

in developing CD4+CD8+ thymocytes is 
probably the earliest function performed by 
CD4 and appears to be unique to immature 
CD4+CD8+ thymocytes, as CD4 performs 
other functions in more differentiated T 
cells. 
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ccl?uren Human Hematopoietic Progenitors: 
Permissive Action of Basic Fibroblast Growth Factor 

Methodology has been developed that enables virtually complete purification and 
abundant recovery of early hematopoietic progenitors from normal human adult 
peripheral blood. A hction of the pure progenitors is multipotent (generates mixed 
colonies) and exhibits self-renewal capacity (gives rise to blast cell colonies). This 
methodology provides a fundamental tool for basic and clinical studies on hematopoie- 
sis. Optimal in vitro cloning of Virtuay. pure progenitors requires not only the 
stimulatory d e c t  of interleukin-3, grand--macrophage colony-stimulating factor, 
and erydwopietin, but also the permissive action of basic fibroblast growth factor. 
These findings suggest a regulatory role for this growth factor in early hematopoiesis. 

H EMATOPOIESIS IS SUSTAINED BY A 

pool of stem cells that can self- 
renew and differentiate into pro- 

genitors. These progenitors are committed 
to specific lineages and are functionally de- 
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fined as, colony- or burst-forming units 
(CFUs, BFUs), that is, progenitors of the 
erythroid series (CFU-E, BFU-E), the gran- 
ulocyte-monocytic lineage (CFU-GM), and 
multipotent CFU for the GM, erythroid, 
and megakaryocytic series (CFU-GEMM) 
(1). The progenitors, in turn, differentiate 
into morphologically recognizable precur- 
sors that mature to terminal elements circu- 
lating in peripheral blood. 

Proliferation and differentiation of early 
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