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Lymphoid Development in Mice Congenitally
Lacking T Cell Receptor ap—Expressing Cells

Karen L. Philpott,* Joanne L. Viney, Graham Kay,
Sohaila Rastan, Edith M. Gardiner, Sarah Chae,
Adrian C. Hayday, Michael J. Owen

Vertebrate T cells express either an af or vd T cell receptor (TCR). The developmental
relatedness of the two cell types is unresolved. aB* T cells respond to specific pathogens
by collaborating with immunoglobulin-producing B cells in distinct lymphoid organs such
as the spleen and Peyer’'s patches. The precise influence of aB* T cells on B cell
development is poorly understood. To investigate the developmental effects of ap* T cells
on B cells and v8* T cells, mice homozygous for a disrupted TCR« gene were generated.
The homozygotes showed elimination of aB™ T cells and the loss of thymic medullae.
Despite this, yd* T cells developed in normal numbers, and there was an increase in

splenic B cells.

I all vertebrates examined, T cells express
either an af TCR or a yd TCR (1). The
better understood, af TCR, is expressed by
most systemic T cells (I). It recognizes
specific peptides within a polymorphic cleft
of major histocompatibility (MHC) anti-
gens (2). af T cells that populate the
peripheral immune system of adult animals
are mostly specific for MHC complexed
with peptides encoded by foreign agents or
pathogens. The effector response to this
recognition is variable, depending on large-
ly uncharacterized factors, but the end re-
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sult is that af T cells contribute to the
eradication of foreign pathogens by direct
cytotoxicity toward infected cells and by
the stimulation of B cell production of
antigen-specific antibodies (3). However,
the degree to which B cell development is
uniformly dependent on af T cells is un-
clear. Some B cell responses are apparently
T cell-independent (4), and there may also
be a negative influence of T cells on B cell
development (5). Experiments that exam-
ine B cell development in congenitally
athymic, nude mice have frequently yielded
conflicting results (6), presumably because
this mutant does not eliminate afp* T cells
comprehensively.

In contrast to cells that bear the of
TCR, the biological function of y8 TCR~
bearing cells is unknown. There is strong
similarity between the structures of af and
v3 TCR (7), and cell surface expression of
both occurs in association with a cluster of
proteins termed CD3. yd T cells that rec-
ognize peptides and MHC antigens have



been isolated (8). However, it is difficult to
place such cells into a physiologic context
until the major biological role of the y3
TCR is determined.

Interestingly, af* and y3* T cells show
developmental dissimilarities. For example,
the early murine thymus produces predom-
inantly y3 cells, but this decreases precipi-
tously coincident with the development of
af thymocytes (9), which suggests their
developmental relatedness. Furthermore,
particular lymphoid tissues appear to be the

A % B neom
R
Input construct

domain predominantly of one T cell type or
the other (10, 11). For example, y3+ cells
comprise the major population of the mu-
rine skin (12) but are almost entirely absent
from Peyer’s patches and lymph nodes (13).
Again, the basis of this may be develop-
mental regulatory interactions between
aB* and y8* T cells, in which case elim-
ination of one type of T cell should lead to
compensatory increases in the other.

To clarify the influence of T cells on T
and B cell development, several attempts
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Fig. 1. Disruption of the TCRa gene by homologous recom-
bination. (A) The Tn5 neomycin resistance gene (neo), under
the control of a eukaryotic promoter, was cloned into an Eco ¢

RV site (RV) of a cloned Eco Rl (R)-Bam HI (B) fragment
isolated from a genomic library of embryonic BALB/c DNA
that contained the TCRa constant region locus (317). The

++ -/- +-
H+  4H- -/-

herpes simplex virus thymidine kinase (tk) gene was cloned
into an Eco RV site (RV), deleting a 0.5-kb RV fragment that
was subsequently used as a Southern probe, detecting a
4-kb Eco Rl fragment on Southern blots of GK129 cells and

an additional band of 2.8 kb on blots of DNA that carried a

<4kb

disrupted C, gene. The positions of PCR primers used to

detect homologous recombination between input, neo*, -

<« 28kb

TCRa DNA and the ES cell, neo—, TCRa locus are shown. (B)
DNA from pools of G418-resistant GK129 ES cells was
analyzed by PCR, blotting, and hybridizing with a neo probe
[the pool marked with an asterisk contains clone 530, see
(C)] (C) Eco RI cut DNA—from the progeny of a mating of two
heterozygotes derived from a germ line—transmitting chimera generated from clone 530—analyzed
by Southern blot with the 0.5-kb Eco RV probe shown in (A). Representative +/+, +/—, and —/—

littermates are shown.

Table 1. Generation of overt chimeras with ES clones 530 and 399.

Cell line
Clone 530 Clone 399

Blastocysts injected (n)* 67 27
Progeny born (% blastocysts transferred) 32 (48%) 2 (7.5%)
Chimeras (% of progeny born) 8 (25%) 2 (100%)
Sex (male, female) 53 1,1
Individual transmitting chimeras 530/1 530/2 530/5 399/

(approximate % coat-color chimerism)t (90%) (20%) (20%) (40%)
ES cell-derived progeny/total progeny 26/27 2/21 712 1111

(% transmission)t (96%) (9.5%) (58%) (100%)
TCRa~/* genotype$§ 70 (0] 1 5

*Ten to 15 ES cells were injected into BALB/c blastocysts and transferred to the uteri of pseudopregnant

recipients.
pigment genes A*Bcehp).
F1 progeny of chimeras mated to BALB/c females.

tAssessed by the contribution of pale yellow color from GK129 cells (129/0la/Hsd strain carrying
tAssessed by the contribution of pigment genes carried by 129/0la/Hsd strain in the
§Assessed by Southem analysis (Fig. 1C).

ITCRa~"*

mice were subsequently sibling-mated to yield homozygous TCRa~/~ mice, from which breeding pairs have been

established.
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have been made to disrupt the T cell
repertoire, such as the depletion of af T
cells by injection of antibodies specific for
aB T cells (14) and the exclusion of certain
types of TCRs by the expression of pre-
rearranged TCR transgenes (15). However,
the first rarely gives complete depletion and
is difficult to do at early times in lymphoid
development. Similarly, the second suffers
from variable expressivity of the transgene.

Instead, the most direct way to address
these problems is to genetically delete the
capacity to make either set of T cells. We
disrupted the murine TCRa gene (Fig.
1A). The coding potential of the first C,
exon (CI) was disrupted by insertion of the
transposon Tn5 neomycin resistance gene
driven by a eukaryotic promoter. A herpes
simplex virus thymidine kinase gene was
included to permit negative selection
against nonhomologous integration events,
although the frequency of homologous in-
tegration events (2.5 to 4%) rendered neg-
ative selection unnecessary. Embryonal
stem (ES) cells (16) were electroporated
with the linearized construct, and neomy-
cin-resistant clones with a disrupted TCRa
allele were identified by polymerase chain
reaction (PCR) analysis (Fig. 1, A and B)
and by detection of a novel 2.8-kb Eco RI
fragment with Southern (DNA) analysis
(Fig. 1, A and C). Two such clones,
129TCRA399 and 129TCRAS530, that car-
ried no additional input DNA integrated
nonhomologously (17) were injected into
BALB/c blastocysts and ten overtly chimer-
ic pups were derived (Table 1). After mat-
ing male chimeras generated from the two
ES lines to BALB/c females, we scored
transmission of the ES cell genome by the
birth of agouti/chincilla offspring. Founders
transmitted to the germ line with a frequen-
cy ranging from 9 to 100% (Table 1).
Southern blot analysis of tail DNA (Fig.
1C) showed that about 30% of the agouti
offspring inherited a copy of the mutated
TCRa allele (Table 1). Such mice were
sibling-mated to homozygosity, which was
also confirmed by Southern blot analysis
(Table 1 and Fig. 1C).

Mice homozygous for the mutant TCRa
gene (TCRa~/~) were outwardly indistin-
guishable from heterozygous (TCRa~/*) or

Table 2. Cell yields.

Cell type
Organ
+/+ —/+ —=/-
Thymus* 1.3 x10® 1.3 x10°® 8.8 x 107
Spleen* 1.1 x10% 1.1 x10® 9.6 x 107
Peyer's 22x10° 21x10° 88 x 10°
patchest

*Average number per animal.
per Peyer's patch.

tAverage number
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wild-type (TCRa*/*) littermates. Thymi
and spleens from TCRo™/~ mice were of
approximately normal size and contained
normal numbers of cells (Table 2). In con-
trast, Peyer’s patches in TCRa™~ mice
were smaller, shriveled in appearance, and
barely discernible in comparison to those in
TCRa~'* or TCRa*'* siblings (Table 2).
We examined the phenotypes of cells in the
thymus, spleen, and Peyer’s patches with
fluorescence-activated cell sorter (FACS)

Table 3. Percentage of hematopoietic cells in
spleens and Peyer's patches that stained for
surface antigens. Blank spaces indicate that
double stainings were not performed on Pey-
er's patch samples.

analysis, using monoclonal antibodies
(MADbs) to a variety of lymphocyte cell
surface proteins.

Complete elimination of af* T cells
from TCRa™/~ mice was evident from the
failure of any cells to react with an off
TCR-specific MAb (H57.597) that recog-
nized the Cg region (18) (Fig. 2, A and B,
and Table 3). The residual CD3* cells in
these mice were yd* T cells that occurred
in approximately normal numbers in com-
parison to those from TCRa™* or
TCRa*'* siblings (Fig. 2B and Table 3).
Furthermore, the splenic yd* cells in
TCRa ™'~ mice had a normal cell surface
phenotype, in that they were double nega-
tive (DN) for CD4 and the CD8 glycopro-
tein co-receptors (Table 3). No alternative

Peyers f f TCR, such as the B3 heterodi
Spleen orms of , such as the Bd heterodimer
Surface patches in a human cell line (19), were detectable
antigens . /=
+/+ —/— +/+ —/— by FACS analysis among TCRa ™"~ cells.
Furthermore, an extensive immunohisto-
Ig 56.3* 809 29.6 80.0 logical analysis with enzyme-linked and flu-
CD3 32.5 42 614 29  orescence-labeled antibodies failed to de-
“BB TTSS 328 ;é 62? <1 ; tect unequivocally CD3* cells that ex-
Y : ‘ : pressed surface TCR B chain, either alone
CD4 19.8 1.5 496 <1 X X
cD8 88 <1 54 <1  or together with TCR3. Hence, the engi-
CD4, y3 TCR <1 <1 neered mutation in TCR C, congenitally
CD4-,vdTCR 26 3.7 eradicated murine af cells without creating
CD8, v3 TCR <1 <1 any other obvious perturbations of the ma-
Thy-1 352 24 ture T cell repertoire.
*Values are means of five samples. The thymi of TCRa™/~ mice were ap-
A ++ +/- -/- ++ +/- -/-
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Fig. 2. Phenotypes of TCRa~/~ lymphocytes compared with those in normal littermates. (A)
Thymocytes isolated from TCRa*/+, TCRa~/*, and TCRa ™/~ mice were stained with phycoerythrin
(PE)-conjugated GK1.5 (rat MAb to mouse CD4) (32); fluoresceinated 53-6.72 (rat MAb to mouse
CD8) (33); biotinylated H57.597 (hamster MAb to mouse TCRB) (78) or GL3 (hamster MAb to
mouse TCRY) (34) and then with PE-streptavidin; or fluoresceinated rat MAb to mouse CD3
(YCD3-1) (35) or MAb YTS154 (rat anti-mouse Thy-1) (36) and then with PE-conjugated antibodies
to rat Ig. Stained and unstained cells were distinguished with a FACScan cytofluorograph. (B)
Splenocytes stained with MAb 2C11 (anti-CD3) and with either MAb H57 (pan anti-TCRa) or MAb
GL3 (pan anti-TCRy3). (C) Splenocytes from TCRa*/+ and TCRa~/~ mice were stained for surface
IgM and for surface IgD and analyzed with a FACScan cytofluorograph.
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proximately normal in size in comparison to
those of TCRa~’* and TCRa*/* siblings.
FACS analysis of TCRa™/~ thymocytes
showed that this was because there was no
reduction in the number of cells double
positive (DP) for CD4 and CD8, ordinarily
the most abundant cell type in the thymus
(Fig. 2A). DP cells, which arise after the
CD4'*, DN, and CD8'"°" stages, occur in a
mid to late stage of T cell development
during which the cell surface expression of
aff TCR matures from negative through
low to high (20). Cells in the last of these
categories are then subject to selection,
coincident with which they switch to being
single positive (SP) for either CD4 or CD8
alone (20, 21). The predominance of DP
cells in the TCRa ™/~ thymus confirms that
this stage of T cell development is efficiently
reached in the absence of productive TCRa
expression. However, there is no evidence
for progression of these TCR™,DP cells to
become TCR™,SP cells (Fig. 2A).

Spleens in TCRa.™/~ mice were also
approximately normal in size compared to
those in TCRa™/* and TCRa*/* mice.
This was surprising, given that ordinarily a
substantial fraction of splenocytes are af*
T cells. Analysis by FACS showed that the
elimination of af™* T cells was compensat-
ed for by a significant increase in the num-
ber of splenic immunoglobulin (Ig)—posi-
tive cells (Table 3). Essentially all of these
B cells were surface-positive for both IgM
and IgD (Fig. 2C), a state regarded as a
precursor of antigen-activated, germinal
center B blasts (22). Hence, in the com-
plete absence of af™ T cells and the cyto-
kines that they make, B cells of this devel-
opmental stage both developed and ex-
panded. The capacity of [gM*IgD" B cell
expansion to compensate for the reduction
in numbers of splenic af* T cells in
TCRa ™/~ mice stands in stark contrast to
the maintenance of normal numbers of
peripheral y8* T cells (Fig. 2B).

A small number of CD4* cells could
frequently be found in TCRa ™/~ spleens
(Table 3). However, both by FACS and by
immunohistochemistry, we determined that
these cells were CD3~, TCRB~, TCRYy%™,
and Ig~. Therefore, they must be included
in the splenic “non-T, non-B” population
that is slightly enlarged in TCRa™/~ mice,
accounting for up to 15% of cells.

Elimination of aB™ T cells in TCRa ™/~
mice resulted in Peyer’s patches that were
less than half the size of those in TCRa™/*
and TCRa*/* siblings (Table 2). Analysis
by FACS showed that Peyer’s patch B cells
that had surface Ig were present in approx-
imately normal numbers (Table 3). The
degree to which T cell help is required for
Peyer’s patch B cell expansion and matura-
tion is contentious (23). For example, in
congenitally athymic, nude mice, B cells



expand, and the Peyer’s patches are close to
normal size. However, Peyer’s patches in
nude mice additionally contain aff T cells
(5, 24), which may or may not drive Peyer’s
patch B cell expansion. By contrast, our
findings in the TCRa™/~ mice showed that
in the complete absence of af T cell help,
normal numbers of Peyer’s patch B cells
developed but that, unlike in the spleen,
they did not expand to compensate for the
deficiency in af T cell numbers.

The effects of congenital deficiency in
af* T cells on the internal anatomy of the
thymus, spleen, and Peyer’s patches were
examined histologically and immunohis-
tochemically (Fig. 3). The most dramatic
changes were evident in the thymi of
TCRa ™/~ mice that, compared to wild-
type thymi, had grossly expanded cortices
packed with DP cells (detected with a MAb
to CD8) and no detectable medullae that
would ordinarily be scattered with mature,
CD8* cells. In contrast, the TCRa™/~
spleens and Peyer’s patches retained grossly
normal internal anatomy. In TCRa~/~ and
TCRa*/* spleens, darkly staining lym-
phoid areas of white pulp occurred among
lightly staining blood cell areas of red pulp.
However, MAbs to CD3 revealed that the
densely populated, periarteriolar T cell ar-

eas of TCRa*/* mice were only sparsely
populated in TCRa ™/~ mice with residual
CD3*,48* cells. Similarly, the regions be-
tween the B cell follicles in the Peyer’s
patches of TCRa*/* mice that stained
densely for CD3 were anatomically discern-
ible but pootly stained with anti-CD3 in
TCRa ™/~ mice.

The construction by homologous recom-
bination of mice that lack the TCRa gene
product has allowed several conclusions
about thymic development and peripheral
lymphoid anatomy to be drawn. Unlike
nude mice, in which an epithelial defect
leads to serious alterations in af and 3
repertoires (25), the lymphoid phenotype
in TCRa™/~ mice can be attributed to an
inability to produce af T cells. First, in the
absence of functional C,, essentially no
mature CD3* cells form other than
CD3*,y8* cells. Most TCRa™/~ thymo-
cytes arrest at a CD4*CD8™* stage. Arrest
of cells at a DP stage was seen in mice
transgenic for TCRs that could not be
positively selected (21). However, those
TCR* cells may have been subject to pro-
grammed cell death, to which there is no
evidence that DP,TCR™ cells are suscepti-
ble. Instead, our results suggest that in the
absence of ap TCR expression, there is no
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developmental clock measured in time or
cell divisions (26) that directs DP cells to
SP cells.

The confinement of arrested TCR~,DP
cells to the thymic cortices of TCRa™/~
mice is similar to the cortical localization of
TCR*,DP cells that cannot be positively
selected (21). Beyond this, however, the
TCRa™/~ mice demonstrate that in the
congenital absence of mature af* T cells,
there are no discernible thymic medullae. It
may be that the thymic medulla is directly
induced by ap™* T cells.

The presence in TCRa ™/~ mice of ap-
proximately normal numbers of y3* T cells
suggests that such cells can mature from the
thymus in the absence of significant medul-
la. This may be related to the fact that
subsets of ¥8* T cells may mature from the
murine fetal thymus at a time (embryonic
day 16) when the medulla is barely discern-
ible (9). The TCRa™/~ mice therefore add
genetic foundation to the concept that aff
T cells and ¥8 T cells have distinct devel-
opmental and physiological phenotypes
(10, 27). This is reinforced by the absence
of any yd expansion in the spleen and
Peyer’s patches that might compensate for
the elimination of af* T cells. The reten-
tion of essentially normal numbers of yd+ T

. 3. Immunohistochemical analysis of frozen sections of thymus,
spleen, and Peyer's patches. (A and B) Thymus (x200) stained with
hematoxylin and eosin (h and €). (C and D) Thymus (x600) stained with
immunoperoxidase-linked MAbs to CD8. (E and F) Spleen (x200) stained
with h and e. (G and H) Spleen (x400) stained with immunoperoxidase-
linked MAbs to CD3. (I and J) Peyer's patches (x200) stained with
immunoperoxidase-linked anti-CD3 MAbs. (K) Thymus (x600) stained
with immunoperoxidase-linked MAb to TCRB (H57.597). (L) Spleen
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(x400) stained with immunoperoxidase-conjugated MAb to TCRB
(H57.597). (A), (C), (E), (G), and (l) are from TCRa*/* mice; (B), (D), (F).
(H), (), (K), and (L) are from TCRa—/~ mice; c, cortex; m, medulla. Arrow
in (G) shows densely populated, periarteriolar T cell areas of TCRa*/*
mice; arrow in (H) shows same area sparsely populated in TCRa~/~ mice.
Arrow in (l) shows regions between B cell follicles in the Peyer's patches
of TCRa*/+ mice that stained densely for CD3; arrow in (J) shows poor
staining of same area with anti-CD3 in TCRa~/~ mice.
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cells renders the TCRa™~ mouse an in-
valuable animal model for the study of yd
cell function. In particular, these mice can
potentially resolve whether yd cells pro-
vide, as hypothesized, a response to a broad
range of epithelial insults (10) and whether
‘hey respond, as suggested, to specific
pathogens such as mycobacteria (28), or
both.

The development of B cells in the ab-
sence of af™ T cells is consistent with the
mdependent development of the humoral
and cell-mediated immune systems (29).
However, the de facto influence of T cells
on B cell development is poorly under-
stood. Our data indicate that TCRa ™/~
mice will be useful in resolving this; unlike
in nude mice, in which spleens and Peyer’s
patches are approximately normal in size,
the complete elimination of aB* T cells
has dichotomous effects on B cell develop-
ment in the spleen and Peyer’s patches.
Whether this dichotomy is a result of anat-
omy or whether it is a result of direct effects
of aB* T cells on B cell development (for
example, negative regulation) that are dif-
ferent in the two organs can now be directly
tested.
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NF-kB Subunit Regulation in Nontransformed
CD4™ T Lymphocytes

Sang-Mo Kang,* Annie-Chen Tran, Mariagrazia Girilli,t
Michael J. Lenardot

Regulation of interleukin-2 (IL-2) gene expression by the p50 and p65 subunits of the DNA
binding protein NF-kB was studied in nontransformed CD4* T lymphocyte clones. A
homodimeric complex of the NF-kB p50 subunit was found in resting T cells. The amount
of p50-p50 complex decreased after full antigenic stimulation, whereas the amount of the
NF-kB p50-p65 heterodimer was increased. Increased expression of the IL-2 gene and
activity of the IL-2 kB DNA binding site correlated with a decrease in the p50-p50 complex.
Overexpression of p50 repressed IL-2 promoter expression. The switch from p50-p50 to
p50-p65 complexes depended on a protein that caused sequestration of the p50-p50

complex in the nucleus.

T umor cell lines have proven vital to the
study of gene regulation because they are
easily grown and manipulated. However,
nontransformed T cells exhibit biological
characteristics that are not manifested by T
cell tumor cell lines, including proliferative
responses to antigen, costimulatory require-
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ments, clonal anergy, and propriocidal reg-
ulation (I-5). Therefore we used major
histocompatibility complex (MHC)-re-
stricted T lymphocyte clones that faithfully
recapitulate the in vivo cellular response to
peptide antigen (I-5). These clones are
neither transformed nor immortalized and
survive in culture by stimulation with anti-
gen and antigen-presenting cells (APCs). T
cell clones have not been widely used for
gene regulation studies because they ap-
peared to be refractory to DNA transfection
and because natural antigen stimulation
requires a two-cell interaction with anti-
gen-presenting cells. We devised methods






