Immunity, Vol 1, 261-267, July, 1984, Copyright © 1994 by Cell Press

148

An Activated Ick Transgene Promotes
Thymocyte Development in RAG-1 Mutant Mice

Peter Mombaerts,™ * * Steven J. Anderson," *
Roger M. Perimutter,’ **® Tak W. Mak,’

and Susumu Tonegawa'?

"Howard Hughes Medical Institute

“Center for Cancer Research

Department of Biology

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139
*Department of Immunology

SDepartment of Biochemistry

*Department of Medicine (Medical Genetics)
University of Washington

Seattle, Washington 98185

"The Amgen Institute

Ontario Cancer Institute

Departments of Immunology and Medical Biophysics
University of Toronto

Toronto, Ontario M4X 1K8

Canada

Summary

Expression of the T cell receptor | (TCRp) chain is
necessary for the transition from the CD4"CD8 stage
inthe major aff thymocyte lineage. The protein tyrosine
kinase p56** has been implicated in the regulation of
early thymocyte differentiation and of allelic exclusion
at the TCR} locus. Using mice overexpressing an acti-
vated /ck transgene and mice with a disruption of the
Ick gene, we demonstrate that p56* participates in a
pathway that regulates the expansion of the pool of
CD4+CD&* thymocytes to wild-type levels. In addition,
p56"* may be involved in the down-regulation of the
putative pre-TCR on CD4+CD&* thymocytes.

Introduction

The main pathway of aff thymocyte differentiation consists
of a series of stages that can be defined by expression of
various surface markers (von Boehmer, 1988). The major
stages are characterized by the presence or absence of
the coreceptors CD4 and CD8. Immature thymocytes
progress from the CD4 CD8&" (double negative, or DN) to
the CD4°CD&" (double positive, or DF) stage. At the DP
stage, apf thymocytes interact through their heterodimeric
ap TCR with class | or class || major histocompatibility
complex molecules expressed on thymic stromal cells,
Subsequent TCR-driven positive and negative selection
mechanisms permit the exportof CD4-CD&* or CO4"CDA"
single positive T cells to the periphery. The TCRof afp T
cells is a clonally variable heterodimer of o and [ chains
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(Davis and Bjorkman, 1988). TCRa and TCRE genes, like
immunoglobulin genes, are assembled from variable (V),
diversity (D), and joining (J) gene segments through the
process of V(D)J recombination (Tonegawa, 1983), which
is dependent on the recombination activating gene 1
(RAG-1) and RAG-2 (Schatz et al., 1989; Oettinger et al.,
1980; Mombaerts et al., 1992a; Shinkai et al., 1992). Anal-
ysis of mice with mutations in RAG-1 or RAG-2, or in
TCRa, TCRR or TCRS genes, revealed that TCAP gene
rearrangement or expression is an important regulator of
the progression of DN thymocytes to the DP stage and
the expansion of the pool of DP cells (Mombaerts et al.,
1991, 1992a, 1992b; Philpott et al., 1992; Shinkai et al.,
1982, 1993; Mombaeris and Tonegawa, 1994).

The DN TCR-negative thymocyte population can be sub-
divided into four populations, based on surface expression
of CD44 (phagocytic glycoprotein-1) and CD25 (IL-2-recep-
tor-a chain) (Godfrey and Zlotnik, 1993). The pathway of
differentiation has been defined as follows: CD44"CD25" —
CD44°CD25" — CD44 CD25" — CD44-CD25 (Godfrey et
al., 1993). In wild-type mice, TCRp gene rearrangaments
occur at the CD44-CD25" stage, and thymocyte develop-
ment is blocked at this stage in RAG-T mutant mice or
in TCRE x& double mutant mice (Godfrey et al., 1984)
Surface expression of a pre-TCR, containing TCRB with-
out TCRe, on immature thymocytes may be depgndent
on a putative surrogate TCRa chain, gp33 (Groettrup et
al., 1993).

The nonreceptor protein tyrosine kinase p56< is ex-
pressed in thymocytes from the time that hematopoiatic
progenitors first colonize the thymic anlage, and ick tran-
scripts continue to be present throughout thymocyte de-
velopment (reviewed by Perlmutter et al., 1993). This ki-
nase is also involved in signaling in mature T cells, in part
through its interactions with the cytoplasmic tails of CD4
and CD8. Recently, several studies have implicated
P56 in signal transduction during TCRp chain-depen-
dent early thymocyte differentiation (reviewed by Owen,
1993, Anderson et al., 1994). First, mice carrying & tar-
geted mutation in the lck gene manifest thymic abnormali-
ties analogous to those seen in TCRE mutant mice, al-
though the reduction in the numbers of DP thymocytes
is somewhat less (Molina et al., 1982). Second, in mice
expressing a dominant negative ick transgene, few DP
thymocytes exist, and in the transgenic lines expressing
the highest levels of this catalytically inactive form of p5&™,
only DN thymocytes are observed (Levin et al., 1933a).
TCRP loci but not TCRa genes were extensively re-
arranged in these thymocytes(Levin etal., 1983a). Expres-
sion of a functionally rearranged TCR[ transgene was un-
able either to induce differentiation beyond the block or
to exert allelic exclusion at the TCRP locus (Andersan et
al., 1993). Third, in transgenic mice overexpressing either
wild-type or constitutively aclive p56™, DP thymocytes
lacking V-D-J TCRfE gene rearrangements bul express-
ing V=J TCRa transcripts were generated in near-normal
numbers, suggesting that p56** can deliver a signal analo-
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Figure 1. Flow Cytometric Analysis of Thymocytes

(Top) Staining with COAe~FITC and TCAR-PE.

(Bottom) Staining with CO8-FITC and CD4-PE. Four littermates of
approximately 3 weeks of age are shown. The transgene was pLGCA,
line 7120, The numbers of total thymocytes are indicated at the bottom
of sach type of mouse.

gous to that which follows TCRp expression (Abraham et
al., 1992; Anderson et al., 1992). Transgenes encoding a
form of pS&=* that is unable to bind to either CD4 or CD8
exerted similar effects on thymocyte development and
TCR gene rearrangements, demonstrating that the signal
transmitted via pS6= acts independently of coreceptor ex-
pression (Levin et al., 1983b). Taken together, these stud-
ies strongly suggest that p56 may transduce, at least
in part, the signal that emanates from expression of a
rearranged TCRp chain, a signal that induces both differ-
entiation beyond the CD44 CD25" stage and clonal ex-
pansion,

The data reported in this paper reinforce the view that
p56= participates in a pathway required for TCRE chain-
mediated differentiation beyond the DN stage, and is
probably essential for subsequent clonal expansion of DP

thymocytes. p56* also appears to be required to down-
regulate surface expression of the pre-TCR that is postu-
lated to direct maturation to the DP stage. These signaling
properties of pS6 are independent of its ability to interact
with CD4 or CDB.

Results

Ick Transgenic RAG-1 Mutant Mice

To find out whether pS6= can substitute for the effect of
TCRpP on the maturation of DN thymocytes, we crossed
saveral lines of transgenic mice overexpressing an acti-
vated form of p56 with RAG-7 mutant mice. The ick
transgenes contain a tyrosine to phenylalanine mutation at
codon 505, which yields protein with approximately 7-fold
greater catalytic activity. We employed both transgenes
encoding activated pE6** capable of binding to CD4 and
CD8 (construct pLGF) (Abraham et al, 1992), or a
transgene with additional cysteine to alanine substitutions
at positions 20 and 23, which together render the protein
unable to bind to CD4 and CD8 (construct pLGCA) (Levin
et al., 1993h).

When the /ck transgenes were introduced into the
RAG-1 mutant background, DP thymocytes appeared in
large numbers. More than 90% of the thymocytes were DP
in these mice (Figure 1). The total number of thymocytes in
Ick transgenic mice or Ick transgenic RAG-1 mutant mice
was equal to or slightly larger than the number in wild-type
littermates (Table 1). The previously published numbers of
thymocytes in TCRP transgenic mice or TCRP transgenic
RAG-7 mutant mice (Mombaerts et al., 1992b) are given
for comparison, as well as the number for TCRP transgenic
mice that are homozygous for the severe combined immu-
nodeficiency (scid) mutation. These experiments show
that an activated fck transgene can mimic the action of a
TCAP transgene in the RAG-7 mutant background, al-

Table 1. Numbers of Total Thymocytes in Crosses between lck Transgenic Mice and RAG-1 Mutant Mice

Average Number of thymocyles

Line Type Number of mice as percentage of wild-type (= 3D)
AAG-1 26 0.95 [ £ 0.67)
pLEF™= ek Tg 4 12 (+x22)
RAG-1™, Ick Tg g 126 (£41)
PLGEF*™ ick Tg 8 101 (=29)
RAG-1™", ick Tg 11 125 (2 31)
pLGF= lck Tg 6 121 [ 244)
RAG-1, lck Tg g 126 (£22)
pLGCA™= lek Tg ] 183 (= 289)
RAG-17", ick Tg 12 163 [+ 48)
TCRE Ta 17 92 (£32)
RAG-1" x TCRp Tg 15 102 [ =31)
scidfscld x TCRB Tg 6 13 (=2.4)

WT, wild-type; Tg, transgenic. Mice were analyzed between 19 and 46 days of age. Only liflers with a1 least two wild-type mice were included,
The wild-type mice are either RAG-17" or RAG-1"", The number of total thymocyles was calculated by counting an aliquot using a hemacytomeatar,
and the numbers for the fittermates were converted into a percentage of wild type. The average number of 26 RAG-1 mutant mice present in the
four types of crosses is given at the top. For comparison, the data for RAG-1" x TCRP Tg and TCRP Tg mice are given (taken from Mombaaeris
&t al., 1992h). The numbars for scid/scid « TCRP Tg are new; the same TCR[ transgens was used as for the cross with the RAG-1 mutant mice.
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Table 2. Mumbers of Total Thymocytes in Crosses between ok Mutant Mice and TCRE Transgenic RAG-1 Mutant Mice

Mumber of to1al thymocytes

Litter number and age Mouse number Type (in 10* cells)
1 1 WT 140
34 days 2 WT 160
3 WT 182
4 TCRp Tg 168
5 TCRB Tg 232
B RAG-1"-, TCRR Tg 228
7 RAG-1"", TCRE Tg 280
B k™ aan
] ek, RAG-1", TCRp Tg 34
2 1 WT 106
19 days 2 WT 196
3 TCRB Tg 200
4 TCRp Tg 224
5 TCRB Tg 224
] RAG-17-, TCRB Tg 288
7 fck™ 23
8 ki, TCAB Tg 6.0
a RAG-1" 0.4
10 ek, RAG-1--, TCRp Tg 10

Numbers are given for individual mice from two litters. The parents were both RAG-1"" and lck™", and one of them was also TCR[ transgenic.

Any offspring can be heterozygous for either of the two mutations,

though the former seems to cause some “overshooting”
in the numbers of DP cells.

TCRp Transgenic /ck Mutant and RAG-1

Mutant Mice

We next sought to determine whether lck is an essential
component of the TCRA-mediated transition of DN cells
to DP cells, by crossing ok mutant mice (Molina et al.,
1992) to TCRP transgenic RAG-7 mutant mice. In the latter
mice, more than 95% of the thymocytes are DP, and the
total number of thymocytes is close to wild-type levels (Ta-
ble 1) (see also Mombaerts et al., 1992b). When the lck
mutation was crossed in, the total number of thymocytes
was reduced to approximately 5% of wild-type levels, Of
these cells, two thirds were DP and they were predomi-
nantly small (Table 2; Figure 2). Thus, although the TCRE-
mediated DN to DP transition can proceed without the
noermal function of p56*™, expansion of the DP thymocytes
seems to require it.

pS6= May Down-Regulate Surface

Pre-TCR Expression

Flow cytometric analysis of TCRp transgenic ick mutant
and RAG-1 mutant thymocytes uncovered another, as yet
undescribed, TCRE-mediated differentiation event in
which p56= appears to play a role.

In TCRP transgenic scid, RAG-1, or RAG-2 mutant mice,
the expression of the transgenic TCRBE and CD3e chains
is not stoichiometric; the former is expressed much more
than the latter on the thymocyte surface (Kishietal., 1991;
Mombaerts et al., 1992b; Shinkai et al., 1993). This is in
contrast with the TCR-CD3 complexes expressed on the
surface of DP or single positive thymocytes in wild-type
mice, in which TCRE and CD3e are stoichiometric. It has
been suggested that overexpression of the TCRB on the

thymocytes of these transgenic mice is unphysiological
and reflects a transgenic mouse artifact (Groettrup and
von Boehmer, 1993a, 1993b). A small fraction of thymo-
cytes in TCRp transgenic RAG-T mutant mice, however,
expresses low levels of TCRE and CD3k in stoichiometric
amounts (see also Mombaerts et al., 1992b): these cells
are larger than the bulk of thymocytes in these mice (Fig-
ure 3A). Similarly, in TCRa mutant mice, a small fraction
of the thymocytes expresses low levels of TCRB and CD3:
on the surface (see also Mombaerts et al., 1992b), and
most of these cells are also large (Figure 3B). These
TCRp-CD3e complexes seem to be distinct from the arti-
factual complexes and could be pre-TCR complexes.

Unlike the thymocytes in TCRE transgenic RAG-7 mu-
tant mice, virtually all thymocytes in TCRB transgenic fck
mutant and RAG-7 mutant mice expressed CD3e and
TCRp chains in stoichiometric amounts, and at higher lev-
els than TCRa mutant or in TCRp transgenic RAG-7 mu-
tant thymocytes (Figure 2A, bottom). This result suggests
that p56= may also play a role in regulating assembly or
expression of a pre-TCR complex.

Discussion

DN to DP Transition Depends on TCRp

The role of TCRE in early thymocyte differentiation was
first suggested by the cbservation that a functionally re-
arranged TCRP transgene causes an appearance of some
DP thymocytes in scid mice (Kishi et al., 1991). Since the
number of these DP thymocytes was at least an order of
magnitude lower than that in the wild-type mice, it was
suggested that TCRp is involved only in the differentiation
to the DP stage and that expansion of the DP thymocyte
pool requires TCRa expression (von Boehmer, 1880).
However, this latter hypothesis was challenged by our ob-
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Figure 2. Flow Cytometric Analysis of Thymocyles

(&) Cross between jck mutant mice and TCAP transgenic RAG-7 mu-
tant mice. Staining with CD3e-FITC and TCRE-PE. These seven mice
are 3-week-old litermates, of a cross between a double heterozygous
mouse with a double heterozygous, fransgenic mouse. WT, wild-type
could be heterozygous for either mutation. The total number of thyme-
cytes is indicated in the lower righl cornes of each panel. In the
trensgenic double mutant mouse, most thymocytes express CO3e and
TCAB in stoichiometric levels, unlike in the ransgenic RAG-7 mutant
MOUSa,

(B) Top, staining with CO4=FITC and CDE-PE. Bottom, forward and
side scatter, of selected mice represented in part (A). In the transgenic
double mutant mouse, most thymocytes are double positive and small,
but their numbers are much reduced compared with the transgenic
AAG-1 mutant mouse.

servation that the same functionally rearranged TCRB
transgene can result in an appearance of DP thymocytes
in wild-type numbers in the RAG-7 mutant background
(Mombaerts at al., 1992h). It was subsequently shown that
another TCRP transgene had the same effect in RAG-2
mutant mice (Shinkai et al., 1993). In the present study,
we confirmed that the scid background as opposed to the
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Figure 3, Flow Cytometric Analysis of Tthymocyles

(&) TCAR transgenic RAG-7 mutant mouse. Staining with CD3e-FITC
and TCRE-PE. Forward scatter (FSC) and side scatter (S5C) for total
and gated poputations are shown, The galed population is indicated
in the leftmost panel with lines.

(B) TCRe mutant mouse. (Top) Sequentially shown are the following:
sample not subjected to any antibodies and run in parallel; staining
with CD3z-FITC and TCR-PE, with gates on all thymocytes; staining
with CD3=-FITC and TCRE-PE, with gates only on CD3e-TCRE-
expressing thymocytes. The rightmost panel (lck transgenic AAG-T
mutant mouse) is a negative contred for the specificity of the antibady
staining: these thymocytes are comparable to TCRa mutant thymao-
cytes with regard 1o size (data not shown), number and expression of
CD4 and CD&.

(Bottom) Forward and side scatter of the total and gated TCRa mutant
thymocyte population.

ARAG-7 mutant background does not allow complete resto-
ration of DP thymocyte numbers by the TCRp transgene
(Table 1). The discrepancy in DP thymocyte numbers be-
tween TCRP transgenic RAG-T mutant mice and TCRp
transgenic scid mutant mice can be explained by pleiotro-
pic effects of the poorly understood scid mutation, or lethal
aberrant rearrangement events (Bosma and Carroll,
1891). Whersas these experiments showed that a func-
tionally rearranged TCRE gene can promote early thymo-
cyte development, they did not prove that TCR[ is required
for this process. Formal proof of the essential nature of a
TCRP gene in promoting early thymocyte development
could only be obtained by analysis of TCRE mutant mice
(Mombaerts et al., 1982b).

Involvement of p56™ in Early

Thymocyte Development

The use of genetically manipulated mice has supported
the view that the tyrosine kinase p56 participates in
TCRB-mediated sarly thymocyte differentiation (reviewed
by Owen, 1993; Anderson et al., 1994). The ick mutation
(10% of wild-type thymocyte numbers) (Molina et al., 1982)
blocked thymocyte differentiation at a stage earlier than
a double CD4 and CDE mutation (100% of wild-type num-
bers) (Schilham et al., 1993). It appeared, therefore, that
p56=* functions at an early stage of thymocyte develop-
ment independent of these coreceptor molecules.
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In this paper, we have shown that overexpression of an
activated form of pS6*, even if it is unable to bind to CD4
and CD8, is able to restore numbers of DP thymocyles to
wild-type (or slightly higher) levels in RAG-7 mutant mice.
Thus, overexpression of p56™ seems to be able to deliver
the signal for differentiation to the DP stage and subse-
guent expansion of DP cells that is normally delivered by a
V=D-J TCRP chain. However, the phenotype of the TCRE
transgenic lck mutant and RAG-1 mutant thymus suggests
that pS&=*is not required for differentiation to the DP stage.
Rather pS6=* appears to be required for expansion of DP
cells.

These data and their interpretations are consistent with
the earlier observation that DP thymocytes appear in small
numbers in the lck mutant mice (Molina et al., 1992). How-
ever, they are not necessarily in line with the previous
observations made with dominant negative lck transgenic
mice. In these mice, the number of DP thymocytes was
inversely correlated with the expression level of the
transgene, and in the mice expressing the highest levels,
no DP thymocyte were detectable (Levin et al., 1993a).
As previously noted, the apparent discrepancy may be
explained by one of the following several possibilities.
First, the ick mutation (Molina et al., 1992) may not be a
null mutation; truncated protein with some activity may be
produced at low levels from the disrupted allele. Second,
other kinases such as itkdsk (Siliciano et al., 1892; Heyek
and Berg, 1993) or ZAP-70 (Chan et al., 1992) may act in
pathways parallel to pS8*. Functional overlap in the src
family of tyrosine kinases has recently been proposed for
hek and fgr (Lowell et al., 1984). According to this hypothe-
sig, the failure of the putative parallelly acting kinases to
promote the DN to DP transition of thymocytes in the domi-
nant negative lck transgenic mice argues that the excess
catalytically inactive pS6* sequesters one or more &ssen-
tial components of the signalling pathway that are needed
for the functioning of the parallely acting kinases. Crossing
ek mutant mice with other targeted mutant mice (Mom-
baerts, 1993) may reveal the role of such Kinases in the
DN to DP transition. Third, it is also possible that compen-
satory signaling pathways emerge in lck mutant thymo-
cytes that do not ordinarily act to contral thymocyte devel-
opment. Finally, catalytically inactive pS6= may interfere,
when overexpressed at high levels, with the function of
other kinases or even of unrelated signaling pathways,
perhaps by inhibiting interactions with partners upstream
or downstream in the pathway that are shared with other
signaling cascades.

Regardless of the precise mechanism involved, psg™
clearly plays a pivotal role in the generation of DP thymo-
cytes in normal numbers,

p56™ May Down-Regulate Surface

Pre-TCR Expression

The analysis of the thymocytes from TCRp transgenic re-
arrangement-deficient mice (scid, RAG-1, or RAG-2 mu-
tant mice) with respect to the nature of TCRE containing
surface complexes resulted in some confusion. In these
mice, many of the transgenic TCRP chains are expressed
as monomers, without CD3g, and in a phosphatidyl inosi-

tol-linked form (Groettrup and von Boehmer, 1893a,
1993b). Such complexes seem to be an artifact of the
transgenic mice and have not been observed in immature
T cell lines (Punt et al., 1991; Groettrup et al., 1992, Ber-
nard et al., 1993; Mombaerts et al., unpublished data). In
this study, a careful analysis of our TCRpE transgenic
RAG-7 mutant thymocytes revealed that a minor subset
(less than 5%) expressed TCRP and CD3e in stoichiomet-
ric amounts (see also Mombaerts etal., 1992b); these cells
differ from the bulk of thymocytes by their larger size. We
also showed that a minor (about 5%) thymocyte subset
composed of relatively large cells in the TCRa mutant
mice, expresses CD3: and TCRE in stoichiometric
amounts. That this low level staining is specific was dem-
onstrated with two appropriate negative controls (see leg-
end to Figure 3B). Others have noticed a similar thymocyte
subset in another strain of TCRa mutant mice (Groettrup
et al., 1993). Taken together, these data suggest that a
small subset of relatively large thymocytes expresses sur-
face complexes that contain TCRP and CD3e in stoichio-
metric amounts, but no TCRa. As there is no TCRa anti-
body useful for flow cytometry, it remains to be seen
whether such a subset of cells also exists in wild-type mice.

We observed that the putative pre-TCR is expressed on
the surface of virtually all thymocytes in TCRp transgenic
Ick mutant and RAG-7 mutant mice. The high expression
level of the complexes on these thymocytes compared
with the thymocytes from TCRa mutant mice can be ex-
plained by the presence of the TCR transgene in multiple
copies. Similar surface exprassion is seen in thymocytes
exprassing both dominant negative /ck and TCRB chain
transgenes (Anderson et al., 1993). One interpretation of
this phenomenon invokes the well-described ability of
p56™ to regulate the assembly of TCR-CD3 complexes
in DP thymocytes (Nakayama et al., 1993). In this model,
p56™ would direct catabolism of CD3 subunits in the endo-
plasmic reticulum compartment, and thereby down-
regulate surface expression of CD3. Thus, the absence
of pS6= activity in the TCRp transgenic lck mutant and
RAG-T mutant thymocytes may lead to up-regulation of the
assembly of TCRE-CD3 complexes and hence increased
levels of their expression on the cell surface. A second
and more provocative possibility is that p56= acts to block
expression of a “chaperone” molecule that accompanies
the TCRp chain to the cell surface. This molecule could
be, for example, a surrogate TCRa chain that might be
coexpressed with TCRp in a pre-TCR complex. A candi-
date for such a surrogate TCRa chain has recently been
described (Groetirup et al., 1993). In the TCRa mutant
thymus, signaling through p56* would lead to down-
regulation of surface TCR expression on the more mature
small thymocytes. Likewise, in the TCRp transgenic
RAG-7 mutant thymus, p56™ signaling would also down-
regulate pre-TCR surface expression. Consequently, the
TCRE chains, which are produced in large amounts from
the multiple transgenic copies, would find their way onto
the surface of the small thymocytes in a nonphysiological
manner. The more profound implication of this hypothesis
is that pS6= may normally regulate pre-TCR expression
in developing thymocytes.
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Experimental Procedures

Mice

RAG-T mutant mice and TCRE transgenic AAG-? mutant mice wers
as described before (Mombaerts et al,, 1992a, 1992b). The pLGF
trangganic lings were described in Abraham et al., 1982, and the
pLGCA transgenic line was first reported In Levin et al, 1993b, A
description of the phenctype of ok mutant mice can be found in Malina
et al., 1992, The TCRP transgene was ariginally described in Uematsu
et al., 1988, and mice of ling 101 (Krimpenfort &t al., 19859) were used.

Flow Cytometry
Flow cylometry was parformed as described in detail (Mombasrs et
al., 18592h).
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