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Thymic Selection of Cytotoxic T Cells Independent 
of CD8a-Lck Association 

Iris T. Chan, Andreas Limmer, Marjorie C. Louie, Eric D. Bullock, 
Wai-Ping Fung-Leung,* Tak W. Mak, Dennis Y. Loh-i- 

The CD8a cytoplasmic domain associates with p56Ick, a nonreceptor protein-tyrosine 
kinase. The biological relevance of CD8a-Lck association in T cell development was tested 
with transgenic mice generated to express a CD8a molecule with two amino acid sub- 
stitutions in its cytoplasmic domain, which abolishes the association of CD8a with Lck. The 
CD8a mutant was analyzed in a CD8-I- background and in the context of the transgenic 
2C T cell receptor. The development and function of CD8+ T cells in these mice were 
apparently normal. Thus, CD8a-Lck association is not necessary for positive selection, 
negative selection, or CD8-dependent cytotoxic function. 

During the course of thymic development, 
selection events occur in the thymus to 
eliminate self-reactive T cells (negative se- 
lection) and retain T cells reactive to for- 
eign antigens (positive selection) (1 ) .  
Among the cell surface molecules involved 
in these processes are the T cell receptor 
(TCR) and CD8 or CD4 glycoproteins on 
the T cells and the major histocompatibility 
complex (MHC) proteins bound to anti- 
genic peptides on antigen-presenting cells 
in the thymus. T cell precursors are initially 
CD4-CD8-TCR- double negative (DN) 
but differentiate to a C D ~ + C D ~ + T C R ' "  
double positive (DP) stage. These DP cells 
are thought to be susceptible to selection. 
Mature T cells that are positively selected 
are phenotypically CD4+CD8- or CD4-- 
CD8+ single positive (SP). 

The CD8 surface glycoprotein is in- 
volved in the outcome of thymic selection 
(2-4). In mouse thymocytes, CD8 is a 
disulfide-linked homodimer of 38-kD a 
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(Lyt2) chains or a heterodimer of a and 
30-kD P (Lyt3) chains. In peripheral T 
cells, CD8 occurs predominantly as an a p  
heterodimer ( 5 ) .  CD8 functions as an ad- 
hesion molecule by binding to the nonpoly- 
morphic a 3  domain of MHC class I mole- 
cules. CD8 may also function in intracellu- 
lar signal transduction, because the cyto- 
plasmic domain of CD8a associates 
noncovalently with p56Gk, a Src family 
nonreceptor tyrosine kinase (6). Substitu- 
tion of two cysteines in the CD8a cytoplas- 
mic domain with alanine or serine residues 
abolishes its association with Lck (7, 8). 

To assess the role of CD8a-Lck associa- 
tion during T cell development, we ana- 
lyzed transgenic mice that contained muta- 
tions at the two cysteines in the CD8a 
cytoplasmic domain (CD8C"). Peripheral 
blood T lymphocytes from the founders 
(CD8'"8+'+) demonstrated only CD4+- 
CD8+ and CD4-CD8+ cells. The CD4+- 
CD8+ population consisted of cells that 
would normally have been CD4+ but now 
expressed the CD8'" transgene; no CD4+- 
CD8- cells were found in the peripheral 
blood of these mice (9). In the founder 
lines analyzed, CD8'" transgene expres- 
sion was two to three times that of endog- 
enous CD8a. To study the effects of the 
CD8C" mutation without endogenous wild- 
type CD8 molecules, we mated CD8'" 
mice to CD8-deficient mice [CD8-,'- ( 3 ) ]  
to obtain CD8C"8- - mice (10). The 
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thymi of age-matched C57BLl6 (CD8+/+), 
CD8-I-, and CD8CA8-1- mice all con- 
tained -5 x lo7 cells. 

Immunoprecipitation and in vitro kinase 
assays verified that the cytoplasmic domain 
of CDgCA does not bind Lck (Fig. 1A). In 
CD8+/+ thymocytes, almost equal amounts 
of Lck activity were associated with CD4 
and CD8a. In CD8-/- thymocytes, Lck 
activity was associated only with CD4. 
Similarly, in CDgCA8-/- thymocytes, sub- 
stantial kinase activity was associated with 
CD4, whereas none was associated with 
CDgCA, as expected from data in transfec- 
tants (7, 8). The other phosphoproteins 
(migrating at about 97 and 50 kD) were not 
reproducibly seen. Excess amounts of acid- 
denatured enolase were used in the kinase 
reaction (Fig. 1B) so that even extremely 
low amounts of coprecipitated Lck could be 
detected by the phosphorylation of enolase. 
The conditions of the kinase reaction fa- 
vored the phosphorylation of enolase over 
Lck autophosphorylation (11). In the 
CD8+/+ sample, Lck autophosphorylation 
was not evident (although it was detected 
with longer autoradiography), but Lck ac- 
tivity was detectable indirectly by enolase 
phosphorylation. In the CD8CA8-1- sam- 
ple, enolase was not phosphorylated, and 
thus no detectable Lck activity was associ- 
ated with CD8. Therefore, mutation of the 
cysteine motif in the CD8a cytoplasmic 
domain disrupted CD8a-Lck association in 
the T cells of CD8CA8-1- transgenic mice. 

We analyzed CD8+/+, CD8-/-, and 
CD8CA8-1- thymocytes by flow cytometry 

Fig. 1. In vitro (A) autophosphorylation and (B) 
transphosphorylation activities of anti-CD8a im- 
munoprecipitates from CD8+/+, CD8-I-, and 
CD8CA8-1- thymocyte lysates. In vitro kinase 
assays were conducted in the absence and 
presence of enolase (27). The sizes of the 
molecular standards (M) are indicated in kilo- 
daltons. The arrow indicates the position of 
autophosphorylated Lck, which migrates as a 
protein of -60 kD. 

(Fig. 2A). The percentage of CD4+CD8+ 
and CD4-CD8+ cells was comparable be- 
tween CD8+/+ and CDgCA8-/- thymocytes. 
The DP population in the CDgCA8-/- thy- 
mus consisted of CD4+CD8+ cells (81%) and 
cells that would have been CD4+CD8- 
(15%) but now expressed the CDgCA tram- 
gene (Fig. 2A). Of the CD8CA8-1- thymo- 
cytes, 83% were CD8a+P+ and 16% were 
CD8a+ P-. Therefore, CD8CA co-expressed 
with CD8P in thymocytes and CD8CA8-/- 
thymocytes formed a population similar to 
that seen in CD8+/+ thymi. 

When Thyl-positive lymph node cells 
from CD8+/+, CD8-/-, and CD8CA8-/- 
mice were analyzed (Fig. 2B), 33% of 
CD8+/+ and 17% of CD8CA8-1- peripheral 

T cells were CD4-CD8+. The CD8CA 
transgene was co-expressed with endoge- 
nous CD8P molecules; all CD4-CD8+ 
cells were CD8a+P+. Because CD8P can 
only be expressed on the cell surface with 
CD8a (12), these CD8a+P+ cells originate 
from CD4-CD8+ cells that survived posi- 
tive selection. The CD4+CD8a+PP cells 
(82%) in CDgCA8-/- mice are the result of 
CDgCA transgene expression on CD4+ 
cells. Functionally, CD8CA can substitute 
for CD8a, because positive selection oc- 
curred in CD4-CD8+ cells expressing the 
CD8CA transgene with CD8P. Therefore, 
CD8a-Lck association was not necessary in 
the signaling pathway for CD8+ T cells to 
differentiate and populate the periphery. 

A Fig. 2. Expression of the CD8CA 
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transgene on (A) thymocytes and 
(B) lymph node cells. Cells from 6- 
to 1 2-week-old C57BU6 (CD8+If ), 
CD8-I-, and CD8CA8-1- mice 
were stained with the following re- 
agents: phycoerythrin (PE)-conju- 
gated anti-CD4 (clone GK1.5, Bec- 
ton Dickinson), fluorescein isothio- 
cyanate (FITC)-conjugated anti- 
CD8a (clone 53-6.7, Becton 
Dickinson), PE- or FITC-conjugated 
antibody to CD8P (clone 53-5.8, 
PharMingen), biotinylated antibody 
to 2C TCR clonotype (1 82, purified 
from ascites), biotin-, PE-, or FITC- 
conjugated antibody to Thyl.2 
(clone 53-2.1, PharMingen), and 
streptavidin-Red 613 (Gibco BRL). 
Dead cells were eliminated from 
acquisition by propidium iodide 
gating. Thymic T cells were gated 
by forward scatter (FSC) and side 
scatter (SSC) parameters; lymph 
node T cells were gated by FSC 
versus SSC parameters and by 
Thyl.2+ staining. We collected 
10,000 to 15,000 events per sam- 
ple on a FACScan flow cytometer 
(Becton Dickinson) and analyzed 
them with FACScan software. In 
CD8+/+ mice, CD&+ cells ex- 
pressed endogenous CD8a mole- 
cules and in CD8CA8-/- mice, 
CD8a+ cells expressed the CD8CA 
transgene. The numbers in each 
quadrant represent the percentage 
of cells in each subpopulation (28). 
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We explored positive selection of 
CD8CA cells in class I MHC-restricted 2C 
TCR transgenic mice in the H-2b MHC 
haplotype. T cells expressing the 2C TCR 
are preferentially CD4~CD8+ cells (13) 
and are detected with the monoclonal an
tibody (mAb) 1B2, which specifically rec
ognizes the 2C TCR (J4). Thymocytes 
from 2C+ CD8 + / + (H-2b) and 2C+ 

CD8 C A 8- 7 - (H-2b) mice had selective 
clonotype expression on their CD8+ T cells 
(9). There were no CD8+1B2+ T cells in 
the thymus or periphery of 2C+ CD8~ / -

(H-2b) mice (9, 15). In the periphery of 
2C+ CD8 C A 8- / - (H-2b) mice, the popula
tion skewed toward mature CD8+ cells 
(Fig. 3, A and B). The CD8+ cells were 
61% C D 8 a + 0 + l B 2 + and 32% 
C D 8 a + ( T l B 2 + (Fig. 3B). Whereas the 
CD8a+(3~lB2+ cells are the previously 
observed CD4~CD8-1B2+ cells (16) ex
pressing the CD8C A transgene, the 
CD8a+(3+ lB2+ cells were positively select
ed. The CD8a-Lck association was not 
required for positive selection of 2C TCR-
bearing cells and skewing toward the CD8 
population. 

Negative selection was assessed in 2C+ 

CD8 C A 8- 7 - (H-2d/b) mice in which H-2Ld 

functions dominantly as the negative selec
tion element (13). In 2C+ CD8 C A 8- 7 -
(H-2d/b) mice, almost all the CD80+1B2+ 

thymocytes (9) and CD80+1B2+ lymph 
node cells (Fig. 3B) were deleted. The 
CD8a-Lck association was not required for 
negative selection of the CD8(3+1B2+ 

cells. This result was expected because neg
ative selection still occurred in 2C+ 

CD8"/- (H-2d/b) mice (15) and was consis
tent with in vitro studies with tyrosine 
kinase inhibitors showing that Lck is not 
involved in the signal for antigen-stimulat
ed clonal deletion (17). 

Cytotoxic T cells that are CD8-depen-
dent are required for a primary allogeneic 
response (18). We investigated whether 
CD8a-Lck association was required for cy
totoxic function in a mixed-lymphocyte 
reaction (Fig. 4). Splenocytes from 
CD8 C A 8- / - (H-2b) and CD8 + / + (H-2b) 
mice mediated comparable allogeneic re
sponses against 51Cr-labeled BALB/c (H-
2d) splenocytes; splenocytes from CD8 - / ~ 
or BALB/c mice did not lyse the BALB/c 
targets. The cytotoxic activity of 
CD8 C A 8- 7 - cells was CD8-dependent; 
more than 90% of the activity was inhibited 
by first incubating the effectors with a mAb 
to CD8a. The CD8a-Lck association was 
not required for CD8-dependent allogeneic 
responses. 

Compared with CD8 + / + mice, the effi
ciency of positive selection and cytotoxic 
function was decreased in CD8 C A 8 - / ~ 
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Fig. 3. Expression of the CD8CA transgene (A) and the 2C TCR (B) on lymph node cells. Cells from 
6- to 12-week-old 2C+ CD8+/+ (H-26) and 2C+ C D S 0 ^ - (H-26 or H-2^ mice were stained with 
the same procedures and reagents described in Fig. 2. In addition, biotinylated 1B2 antibody 
(purified from ascites) was used to detect the 2C TCR. 

mice. Although twofold overexpression of 
normal CD8 in transgenic mice does not 
significantly affect the positive selection of 
CD8+ cells (4), the two- to threefold over-
expression of CD8C A may have subtle ef
fects on positive selection that cannot be 
easily quantitated. Therefore, we cannot 
rule out the possibility that a minor subset 
of cells requires CD8a-Lck association for 
thymic development and cytotoxic func
tion. However, the conclusion that CD8a-
Lck association is not essential for thymo
cyte selection and T cell activation remains 
the same. 

In contrast with our results, others have 
proposed that CD8a-Lck association is im
portant for positive selection (19). In that 
model, CD4 transgene overexpression af
fects the positive selection of a class I 
MHC-restricted TCR by altering the com
petition between the CD4 and CD8a cyto
plasmic domains for Lck. An alternative 
explanation is that the excess CD4 seques
tered a yet unidentified protein from the 
CD8a cytoplasmic domain that is crucial 
for efficient CD8+ cell positive selection. In 
contrast with our conclusion that CD8a-
Lck association is not necessary for mature 
CD8+ cell activation, another group 
showed that a CD8a cysteine mutant was 
unresponsive to mAb-induced CD3-CD8 
cross-linking (20). However, the mixed-
lymphocyte reaction may be more physio
logically relevant than antibody stimulation 
of a transfected T cell line. 

The Lck protein is important in early T 
cell development (21) and is also required 
for cytotoxic activity (22). However, the 
association of Lck with CD8a may not be 
the critical aspect of Lck's involvement in 
these processes. If intracellular signaling by 
means of CD8 is important, perhaps an as 
yet identified protein associates with the 
CD8a cytoplasmic domain to transduce the 
signals for T cell development. This puta
tive protein would recognize a distinct mo
tif on the mutated CD8C A cytoplasmic 
domain. A 32-kD guanosine triphosphate-
binding protein, p32, co-immunoprecipi-
tates with CD4-Lck and CD8a-Lck com
plexes (23) and could be a candidate for 
transducing signals through the CD8a cy
toplasmic domain. 

Fig. 4. Mixed-lymphocyte 
cytotoxicity assay. Spleno
cytes from CD8+/+, CD8-7-
and CDS 0 ^ - / - (all in an 
H-2b background) were as
sayed for in vitro allogeneic 
response to 51Cr-labeled 
BALB/C (H-2°) targets (29). 
Closed symbols represent 
cytolytic T lymphocyte (CTL) activity of the effectors in the absence of blocking by anti-CD8; open 
symbols represent the CTL activity of the effectors in the presence of blocking by anti-CD8. E:T, 
effector to target ratio. 
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Disappearance of the Lymphoid System in Bcl-2 
Homozygous Mutant Chimeric Mice 

Kei-ichi Nakayama,* Keiko Nakayama,* lzumi Negishi, 
Keisuke Kuida, Yoichi Shinkai, Marjorie C. Louie, 
Larry E. Fields, Phillip J. Lucas, Valerie Stewart, 

Frederick W. Alt, Dennis Y. Lohj- 
The bcl-2 proto-oncogene can prevent the death of many cell types. Mice were gen- 
erated that were chimericfor the homozygous inactivation of bcl-2. Lymphocytes without 
Bcl-2 differentiated into phenotypically mature cells. However, in vitro, the mature T cells 
that lacked Bcl-2 had shorter life-spans and increased sensitivity to glucocorticoids and 
y-irradiation. In contrast, stimulation of CD3 inhibited the death of these cells. T and B 
cells with no Bcl-2 disappeared from the bone marrow, thymus, and periphery by 4 weeks 
of age. Thus, Bcl-2 was dispensable for lymphocyte maturation, but was required for a 
stable immune system after birth. 

T h e  bcl-2 proto-oncogene was initially iso- pression i n  B cells is aberrantly increased 
lated from the breakpoint of the t(14;18) (2). The deregulated Bcl-2 promotes cell 
chromosomal translocation found in over survival and prevents programmed cell 
60% of human follicular lymphomas (1). death in many, but not all, types of cells 
As a result of the translocation, Bcl-2 ex- (3). The topographical distribution of Bcl-2 

protein in  tissues characterized by apoptotic 
K.-i Nakayama, K Nakayama, I Negish~, K Kuida, M, cell death also suggests a potential role for 
C Loue, L. E. Fields, P. J, Lucas, D. Y. Lob, Howard Bcl-2 in  programmed cell death (4). Cells 
Hughes Med~ca  Institute, Departments of Medicine, 
Genet~cs, and Molecular Microbiology, Washington derived from transgenic mice that have 
University School of Medc~ne, St. Louis, MO 631 10, deregulated and overexpressed bcl-2 dis- 
Y. Shinkal, V. Stewart F W. Alt, Howard Hughes played extended B and T cell survival (5, 
Medical Inst~tute, Chdren's Hosptal, Department of 
Genet~cs, Haward Medcal School, and Center for 6). These transgenic studies suggested that 
Blood Research. Boston. MA 021 15 Bcl-2 may play an important role in  B cell 
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TTO whom correspondence should be addressed maintenance of B cell memory (6, 7). 
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