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Abstract. Transgenic mice carrying functionally rearranged T cell receptor genes have contr ibuted significantly to our 
knowledge o f  T cell development  and thymic positive and negative selection processes. In addit ion,  TCR-transgenic  
mice have been used to investigate muta t ions  affecting thymocyte  development,  like scid and lpr. Gene targeting by 
homologous  recombinat ion will al low to analyze more specifically the molecular  mechanisms underlying thymic 
selection and peripheral  tolerance. 
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1. Control o f  T cell receptor ( T C R )  gene rearrangement 
in TCR transgenic mice 

The enormous  diversity of  T C R  specificities enables the 
immune system to mount  a specific immune response to 
virtually any given antigen the host  may encounter.  This 
diversity is generated by somatic  rearrangements  of  dis- 
tinct germ line gene segments during T cell development  
and the addi t ion of  N regions 17. Thymocyte  precursors 
from the bone marrow colonize the thymus at day 14 of  
gestat ion 9, are induced to proliferate and start  to rear- 
range their T C R  loci. Rearrangement  and expression of  
T C R  loci is temporal ly  ordered and lymphocytes ex- 
pressing ~6 or aft TCRs appear  sequentially during 
thymic development  25.76 T cells are found in the thymus 
and peripheral  lymphoid  organs at  relatively low fre- 
quencies and consti tute about  5 - 1 5  % of  peripheral  T 
cells. However,  they are present more  abundant ly  in cer- 
tain ephithelia like skin a4, 62 and small intestine 7, z2. Lit- 
tle is known about  their function (for review see ref. 26). 

They have been implicated in defence against  mycobacte-  
ria and other infectious organisms and shown to be 
specific for heat  shock proteins (reviewed in ref. 8). 
Whether  76 T cells are subject to thymic selection pro-  
cesses is still under  investigation. 
The major i ty  of  T cells express an eflTCR. The TCRfl  
locus is composed o f  about  30 variable (Vfl) gene seg- 
ments and two tandemly arranged clusters each coding 
for 1 diversity (Dfl), 6 functional  jo ining (Jfl), and 1 
constant  (Cfl) gene segment 14. The ~ locus consists of  
about  50 V~, 50J~, and a single Ca gene segment v2. 
Rearrangement  starts on the TCRfl  locus at  about  day 15 
in gestat ion 9 by jo in ing  a Dfl segment to one of  the Jfl 
elements. In a second Step a Vfl region is fused to the 
DflJfl joint.  TCR~ rearrangement  takes place a few days 
later and is a one-step process by which a V~ segment is 
combined directly to one of  the Jet regions. 
Sequence analysis o f  TCRfl  loci of  cloned T cells has 
revealed that  functional  rearrangements  occur only on 
one chromosome leaving the other allele non-functional-  
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ly rearranged 13, z3. This process, known as allelic exclu- 
sion, leads to the expression of only one TCR/~ chain on 
every developing T cell and is a prerequisite for the clonal 
distribution of different TCR specificities on mature T 
cells. Initially these results were interpreted in terms of a 
stochastic model, meaning that the probability for two 
functional rearrangements is too low to occur on both 
alleles in a given T cell 2' as, sa. Analysis of transgenic 
mice carrying a functional TCR/~ gene, however, has 
shown that allelic exclusion is a regulated event 67. Intro- 
duction of a productively rearranged TCR/? gene into the 
germ line of transgenic mice completely suppressed en- 
dogenous rearrangements at the V to D J, but not at the 
D to J level. Suppression of endogenous genes was found 
to depend on the amount of transgenic // chain expressed. 
In mice where the surface expression of the transgene was 
low, both transgenic and endogenous TCR/~ chains were 
detected on the surface of the same cell 53. In normal T 
cells, violation of allelic exclusion of the TCR/? locus was 
reported in two cases so far 43' 56. An accessibility model 
was proposed v3 to account for the control of Ig and 
TCR variable region gene rearrangements in 
lymphocytes. In this model stage-, tissue-, and allele- 
specific V gene assembly is controlled by modulating the 
accessibility of the loci to a common VDJ recombinase 
through changes of their chromatin structure. 
Whereas allelic exclusion seemed to be rather complete 
for the TCR// locus, it was found to be less strictly 
controlled for TCRc~ genes. Several T cell clones 
were isolated with two productively rearranged 
chains. 19, 21, 39, 40. Moreover, in cq~TCR transgenic mice 
rearrangements were found to occur on endogenous 
TCRc~ loci 6. It seems that functional rearrangement and 
expression of one allele is not sufficient to shut off VDJ 
recombinase activity. The results also indicate that a 
clonally distributed TCR repertoire might not be con- 
trolled exclusively at the level of gene rearrangement. 
Transgenic mouse models have been designed to study 
the requirements for allelic exclusion. Krimpenfort et 
al. 33 used as a transgene a functional TCR/? gene from 
which the V region was deleted, leaving the remainder 
including the promotor  and the leader sequence of the V 
region intact. They found that also the mutated TCR/~ 
gene imposed allelic exclusion on the endogenous loci. 
This inhibition was mediated by the truncated TCR/~ 
protein as no allelic exclusion was found when a 
frameshift mutation blocked translation of the trans- 
gene. Since functional/~ chains could not be expressed in 
these mice, neither from the transgene nor from the en- 
dogenous loci, they were unable to express any cq~TCR at 
all. As a consequence, maturation of thymocytes was 
arrested at the immature double positive (CD4+CD8 +) 
stage and mice were completely deficient of functional cq? 
T cells. 
To further analyze the mechanism of allelic exclusion at 
the molecular level, transgenic mice were generated that 
carried a TCR/? minilocus as a substrate for gene rear- 
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rangement 69. The TCR/~ minilocus was composed of 
three V/~ gene segments fused to the two tandemly repeat- 
ed D/?, J/~, C/~ clusters in germ line configuration, includ- 
ing the 13 gene enhancer. Analysis of these mice revealed 
that VDJ rearrangements of minilocus gene segments 
were specifically induced in T cells and not in B cells, 
indicating that the minilocus contained all sequence ele- 
ments required for rearrangements. Moreover, V/~ re- 
gions encoded by the minilocus were expressed on the 
surface of peripheral T cells at high frequencies. Allelic 
exclusion can be studied in this transgenic mouse model 
by introducing into their germ line an already functional- 
ly rearranged TCR/~ gene in addition to the minilocus. 
Similar experiments were reported by Ferrier et al. is 
using chimeric TCR/~ minilocus-IgH constructs, in which 
the C/~ region and the TCR/~ enhancer were replaced by 
the IgHCp region including or excluding the IgH en- 
hancer. Employing these constructs as recombination 
substrates in transgenic mice, they demonstrated that the 
IgH enhancer served as a recombination enhancer but 
that additional controlling elements also exist. These are 
apparently associated with the TCR V/~ region and 
provide lineage specificity of V/~D]~J/~ assembly. 

2. Thymocyte development in TCR transgenic mice 

The combinatorial joining of different gene segments and 
the association of different ~ and/~ chains leads to an 
immature TCR repertoire that is shaped in the thymus by 
positive and negative selection events to render mature T 
cells both functional and self-tolerant. The tremendous 
diversity of the T cell repertoire makes it very difficult to 
follow a given T cell with defined specificity during on- 
togeny in order to study these selection processes. The 
transgenic mouse model, however, allows to reduce the 
complexity of the repertoire drastically so that a trans- 
genic TCR of known specificity is expressed on the ma- 
jority of T cells and can easily be followed throughout 
development with specific antibodies. 
Transgenic mice were generated with functionally rear- 
ranged TCR~ and/? genes isolated from a cytotoxic T cell 
clone specific for the male antigen HY and restricted by 
D b MHC class I molecules 6. Backcrossing of the H-2 ba 
heterozygous founder mice with either strain C57L (H- 
2 b) or  DBA/2 (H-2 a) established two transgenic lines 
which differed in the expression of the restriction element 
D b. In addition, maturation of transgenic T cells could be 
studied in the presence or absence of the nominal antigen 
HY by comparing male and female littermates. 
The results showed that T cell maturation is strictly de- 
pendent on the interaction of the TCR with thymic MHC 
molecules and proceeds in the absence of the nominal 
antigen 32, 64. Only D b expressing female mice supported 
the development of mature T cells expressing the trans- 
genic TCR from their CD4 + 8 + precursors. In addition, 
the CD8 phenotype of the mature T cell was determined 
by the specificity of the TCR for class I MHC molecules. 
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Mature T cells bearing the transgenic receptor are found 
in the CD4-8  + but not in the CD4+8 - subpopulation. 
The results can be interpreted in terms of a regulated loss 
of one accessory molecule induced by the engagement of 
the other in the TCR/MHC interaction. However, it is 
also possible that loss of expression of one accessory 
molecule is stochastic and only appropriate TCR-core- 
ceptor combinations are finally selected. 
Positive selection of thymocytes driven by the specificity 
of the TCR for class I MHC molecules was also observed 
by Sha et al. 58. They analyzed mice transgenic for an 
alloreactive e/3TCR specific for the L d antigen and re- 
stricted by K b MHC molecules. Maturation of transgenic 
T cells occurred only in mice expressing the K b allele. As 
seen before, the bias for CD4-8  + cells in the periphery 
demonstrated the participation of the CD8 molecule in 
the selection process. With a series of H-2K bm mutants 
they found that positive selection is sensitive to minor 
changes in the structure of the K b molecule, indicating 
that the affinity between the TCR and MHC molecules 
is critical for this process 37. This concept for positive 
selection was confirmed using transgenic mice which car- 
tied an eflTCR specific for MHC class II (I-E k) molecules 
plus a peptide derived from cytochrome c 4' 3o. Also in 
this model, transgenic thymocytes only emerged in the 
periphery of mice which expressed I-E k molecules on 
their thymic epithelium and were found to be of  the 
MHC class II restricted CD4+8 - phenotype. To define 
the requirements for positive selection more precisely, 
eflTCR(cytochrome c/E k) transgenic mice with defective 
endogenous E k genes were crossed with two different E, 
transgenic strains, which expressed I-E molecules specif- 
ically either in the medulla or in the cortex 35, 68. From 
these experiments it is clear that expression of MHC 
molecules on thymic cortical epithelium is essential for 
positive selection 4. 
Tolerance induction in ~flTCR(HY/D b) transgenic mice 
was studied in male littermates of H-2 b haplotype 3x, 63. 
It was shown that in the presence of the nominal antigen 
HY and the correct restriction element D b autoreactive 
thymocytes were deleted at the immature CD4+8 + stage 
leading to a 10-fold reduction in the total number of  
thymocytes. The level of CD8 expressed on thymocytes 
turned out to be crucial in this deletion process as T cells 
bearing only low amounts of CD8 together with the 
transgenic TCR were not eliminated and released into the 
periphery. In vitro experiments demonstrated that these 
cells were not male reactive. It was argued that the low 
surface density of CD8 prevented them from being au- 
toreactive. 
Immature CD4 +8 + cortical thymocytes as the target for 
negative selection were also identified by Sha et al. 58 in 
their transgenic mouse model, resulting in a severe deple- 
tion of thymocytes in mice expressing the L d antigen 
together with H-2 b MHC alleles. The MHC class II re- 
stricted ~flTCR used by Berg et al. 3 contained Vfl3 as the 
variable region gene of the fl chain. It has been demon- 

strated that Vfl3 on its own conferred to the TCR an 
intrinsic affinity to minor lymphocyte stimulating anti- 
gens Mls-2~/3 a and caused deletion of thymocytes bear- 
ing such receptors in strains expressing these anti- 
gens 1, 2o, 54. This was also found for other combinations 
of Vfl regions and MHC class II I-E alleles and for super- 
antigens, like staphylococcal enterotoxin 27, 28, 38, 66, 71 
In normal mice, superantigen-induced deletion takes 
place at the transition from the immature CD4 +8 + to the 
mature single positive CD4 +8- or CD4-8  + stage. Trans- 
genic mice, however, expressing a Vfl3 containing TCR 
together with Mls-2~/3 a antigens, showed massive dele- 
tion of autoreactive T cells already at the CD4 +8 + stage 
in agreement with what was found in other transgenic 
systems. The early and high expression of TCRs in trans- 
genic mice might be the reason for their early deletion in 
the thymus. Different results were obtained by Pircher et 
al. 52 with a transgenic TCR displaying two specificities, 
for lymphocytic choriomeningitis virus (LMCV) - H- 
2D b as well as for the Mls a antigen. Tolerance to LMCV 
was shown to be induced by deletion of CD4 +8 + thymo- 
cytes, whereas tolerance to Mls ~ antigen was mediated by 
deletion of only mature thymocytes without reducing the 
number of immature CD4 + 8 + thymocytes. The matura- 
tion stage of thymocytes affected by clonal deletion 
seems to be antigen-dependent in this transgenic mouse 
model49. Using mice transgenic for a VflS.l beta chain 
Blackman et al. 5 showed that a significant fraction of 
CD4 +8- peripheral T cells survived clonal deletion in the 
thymus induced by Mls-1" antigens. As these cells were 
unresponsive in vitro to any stimulus tested, induction of 
tolerance in the thymus is not only established by clonal 
deletion but also by clonal anergy. Clonal anergy, rather 
than clonal deletion, as a tolerance mechanism induced 
by the Mls a antigen was found already previously by 
Rammensee et al. 55 in non-transgenic mice. 
Although TCR expression in transgenic mice as well as 
repertoire studies in normal mice clearly have identified 
immature cortical CD4+8 + thymocytes as targets for 
positive selection and induction of self-tolerance, little is 
known about the molecular mechanism by which the 
interaction of TCRs with MHC molecules in the thymus, 
together with the accessory molecules CD4 and CD8, 
either promotes further maturation or leads to cell death. 
It has been proposed that selection and deletion require 
different levels of avidity of the thymocyte/MHC interac- 
tion 36. Alternatively, the receptor on thymocytes may 
couple to different signal transduction pathways between 
both events 41. It is also possible that both processes are 
mediated by different cell types in that interaction of the 
thymocyte with MHC on thymic cortical epithelium in- 
duces maturation whereas interaction with MHC plus 
self-peptide on hemopoietic or other cells in the thymus 
results in deletion 44, 59, 70. In addition, different versions 
of setf-MHC plus self-peptides may be expressed on both 
cell types 42. Clearly, thymic positive and negative selec- 
tion need further analysis to unravel their molecular basis 
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and eventually identify defects that lead to failure of 
tolerance induction and may cause autoimmune disease. 

3. Mutations affecting thymocyte development 

Several mutations which occurred spontaneously in mice 
have been shown to affect thymocyte development and 
were used to shed more light on the processes which 
govern T cell maturation. 
a) scid 
Mice carrying the scid (severe combined immune defi- 
ciency) mutation in homozygous form are largely unable 
to productively rearrange their Ig and TCR loci lo (for 
review see ref. 11). As a consequence, scidmice lack func- 
tional T and B cells and develop only a rudimentary 
thymus containing about 1 -2  % of the normal number 
of thymocytes. They express high levels of the Thyl anti- 
gen, but no CD3, nor CD4 or CD8 molecules on their 
surface. Upon introduction of the transgenic 
c~flTCR(HY/D b) into these mice, the thymus developed 
in H-2 b female littermates to about its normal size and 
contained about normal numbers of thymocytes, which 
expressed both CD4 and CD8 molecules 5v. As in non- 
scid mice, maturation of thymocytes strictly depended on 
the expression of the appropriate restriction element D b 
in the thymus. Transgenic thymocytes of CD4-8  + phe- 
notype matured only in D b expressing c~flTCR transgenic 
scid mice, but not in D b negative ones. Virtually no 
CD4+8 - cells were detectable in the thymus because the 
scid mutation prevented the generation of endogenous 
TCR~ chains almost completely which, in association 
with the transgenic fl chain, could be positively selected 
by MHC class II molecules. In the presence of the scid 
mutation, the complexity of the T cell repertoire is fur- 
ther reduced in c~flTCR transgenic mice and leads to a 
virtually ~flTCR monoclonal mouse. The results show 
that functionally rearranged TCR transgenes can com- 
plement the effect of the scid mutation on T cell develop- 
ment, demonstrating that it is inherent to the T cell af- 
fecting only gene rearrangement. The formation of a 
TCR leads to expression of CD4 and CD8 molecules and 
to extensive proliferation of thymocytes in scid mice. 
A functional fl transgene alone is also able to induce 
surface expression of CD4 and CD8 molecules on scid 
thymocytes, but is inadequate to effectively promote pro- 
liferation 7~ (and H. Bluethmann, unpublished). The 
number of thymocytes is only slightly increased in flTCR 
transgenic scid/scid mice compared to non-transgenic lit- 
termates. They acquire a CD4+8 § phenotype but do not 
develop further. Surprisingly, thymocytes express the 
transgenic fl chain on their surface, but apparently with- 
out the CD3 complex, as staining with a CD3~-specific 
monoclonal antibody was negative. It seems that expan- 
sion of thymocytes is effectively triggered only by a com- 
plete c~flTCR/CD3 complex. 
As in non-scid mice, thymocyte development is arrested 
at the CD4+8 + stage in D b negative c~flTCR transgenic 
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scid/scid mice. They express an c~flTCR/CD3 complex, 
however, with inappropriate specificity for positive selec- 
tion on, for instance, H-2 a MHC alleles. The number of 
thymocytes was reduced to about 10 % of the level found 
in D b positive mice (H. Bluethmann, unpublished). This 
argues that TCR/MHC interaction not only induces mat- 
uration but also promotes proliferation of thymocytes. 
Although mature CD4-  8 + T cells develop in the thymus 
of D b positive c~flTCR transgenic scid/scid mice, their 
lymph nodes were clearly underdeveloped 57. They con- 
tained about 5 times as many lymphocytes as non-trans- 
genic scid mice, but still 10 times less than transgenic 
non-scidlittermates. A transgenic c~flTCR, although pro- 
moting thymic development, is apparently not sufficient 
for the accumulation of normal numbers of peripheral T 
cells. This failure may be due to the very limited T cell 
repertoire in these mice. 
The expression of the HY antigen and D b molecules in 
male eflTCR transgenic scid/scid mice leads, as in non- 
scid mice, to the deletion of most of their thymocytes at 
the CD4+8 + stage, except those with low levels of CD8. 
It appears that the deletion process is neither anti-idio- 
typic nor does it require the presence of other regulatory 
T cells. 
b) lpr 
The lpr (lymphoproliferation) mutation causes in ho- 
mozygous form lymphadenopathy and autoimmunity in 
MRL and C57BL/6 mice 60. The autoimmune syndrome 
develops with age and T cells of an unusual phenotype 
(CD4- 8 - B220 + CD3 +) accumulate in the periphery 45. 
They have been shown to be of polyclonal origin 48 and 
may eventually constitute up to 90 % of all T cells in 
older mice. Although the defect is inherent to T cells 29, 
the disease is also thymus dependent in that neonatal 
thymectomy markedly retards the development of the 
symptoms 61. Reimplantation of a normal thymus even 
of different genotype restores the autoimmune syn- 
drome 65, indicating that thymocytes carrying the lpr mu- 
tation can in fact develop on allogeneic thymic MHC 
molecules. The high frequency of autoreactive T cells in 
the periphery suggests a failure in thymic tolerance in- 
duction. However, T cells using Vfl segments with intrin- 
sic affinity to Mls antigens or I-E molecules were deleted 
from the mature TCR repertoire also in lpr/lpr mice 46. 
Alternatively, a defect in peripheral T cell tolerance 
mechanisms for the suppression of autoreactive T cell 
clones could be invoked as an explanation. 
To gain new insight into the nature of the Ipr mutation, 
the potentially autoreactive transgenic eflTCR (HY/D b) 
was crossed into MRL-lpr/lpr and C57BL/6-lpr/lpr 
mice 47. The experiments were designed to address the 
question whether the overproduction of self-reactive T 
cells in the thymus leads to development of  ex- 
cessive numbers of CD4-8-B220+CD3 + T cells and 
lymphadenopathy. Unexpectedly, the presence of the 
transgenic TCR completely inhibited the formation of 
abnormal T cells and development of lymphadenopathy 
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in ~flTCR transgenic lpr/lpr mice. This drastic effect was 
independent of the specificity of the transgenic TCR and 
occurred both in male and female mice, as well as in the 
presence or absence of D b MHC molecules. The trans- 
genic TCR, however, did not reduce hypergammaglobu- 
linemia and autoantibody production, demonstrating 
that !ymphoproliferation and autoimmunity can be dis- 
sociated in lpr/lpr mice. Moreover, it was shown that 
production of autoantibodies did not depend on the pres- 
ence of CD4-8-B220+CD3 § T cells in lpr/lpr mice. T 
cell help for autoantibody production in B cells probably 
comes predominantly from the CD4 + mature T cell pop- 
ulation. Interestingly, ~flTCR transgenic D b male Ipr/lpr 
mice showed an increased Ig and RF production, but not 
anti-DNA antibody production, compared to non-trans- 
genic lpr/lpr mice. Therefore, in the transgenic lpr/lpr 
mice, some B cell help might be derived from the HY 
reactive and D b restricted CD8 + T cells. 
The mechanism by which the transgenic TCR eliminates 
development of abnormal T cells and lymphadenopathy 
remains to be elucidated. It is possible that the early and 
high expression of the transgenic TCR on the majority of 
thymocytes overcomes an intrinsic thymic maturation 
defect of T cells in lpr/lpr mice. 
Amelioration of all aspects of the autoimmune syndrome 
was obtained by infecting lpr/lpr mice with a recombi- 
nant vaccinia virus expressing the human interleukin IL- 
2 gene 24. Providing the mice with a long-lasting supply 
of IL-2 not only reduced the titer of circulating autoanti- 
bodies but also improved thymic differentiation and sup- 
pressed the amount of abnormal CD4-  8-  B220 § CD3 + 
T cells. Although IL-2 treatment improved all aspects of 
the disease, none were completely eliminated. 

4. Outlook: Gene targeting in the immune system 

Gene targeting by homologous recombination (for re- 
view see ref. 12) has opened up new ways to analyze the 
immune system. Instead of lengthy screening for useful 
mutations which occur spontaneously or are randomly 
induced, gene targeting allows the introduction of de- 
signed mutations by homologous recombination into 
any given gene once it is cloned. Gene targeting will be of 
increasing importance in dissecting the immune system 
further, for instance for the analysis of molecular mecha- 
nisms underlying thymic selection and peripheral toler- 
ance. 
Known genes with well-documented functions have been 
targeted to study the consequence of their inactivation 
and to generate mouse models with designed defects. 
Using this method, it was shown that ablation of/~2-mi- 
croglobutin eliminates the expression of MHC class I 
molecules in mice homozygous for the mutation 7 s. Con- 
sequently, no mature CD4-  8 § cytot0xic ctfl T cells devel- 
oped in these mice as no appropriate restriction elements 
necessary for positive selection of MHC class I restricted 
T cells were expressed on thymic epithelium 74. The ~6 T 
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cell lineage, however, seems to be unaffected by the mu- 
tation. Interestingly, embryonic development proceeds 
normally, showing that MHC class I molecules are not 
essential for embryogenesis 16. In addition, fl2-mi- 
croglobulin is not a necessary chemotactic molecule s~ 
for the attraction of T cell precursors to the thymus as 
normal numbers of thymocytes develop in mutant mice. 
More recently, additional genes have been addressed. 
Interleukins, for example, are known to play a key role 
in T cell activation. Deletion mutants will be of invalu- 
able help in further clarifying their function in vivo. 
Most importantly, homologous recombination will give 
cloning of hitherto unknown genes new impetus. T h e y  
may be identified by differential screening for develop- 
mental or stage specific genes. Once they have been 
cloned, designed mutations may be introduced by ho- 
mologous recombination to analyze the processes they 
are involved in. 
Gene targeting by homologous recombination does not 
necessarily imply ablation of the targeted gene but it 
allows the introduction of more subtle modifications up 
to the exchange of a few nucleotides. 
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