The EMBO Journal vol.10 no.12 pp.3647 — 3654, 1991

A special repertoire of o:3 T cells in neonatal mice

Molly Bogue', Serge Candéias'?,
Christophe Benoist and Diane Mathis

Laboratoire de Génétique Moléculaire des Eucaryotes du CNRS, Unité
184 de Biologie Moléculaire et de Génie Génétique de I'INSERM.,
Institut de Chimie Biologique, Faculté de Médecine, 67085 Strasbourg
Cedex, France

!Authors contributed equally to this study

2Present address: National Jewish Center for Immunology and
Respiratory Medicine, 1400 Jackson Street, Denver, CO 80206, USA

Communicated by D.Mathis

According to several functional criteria, the mature
thymocytes of neonatal and adult mice are distinctly
different. We wondered whether these differences in
function might have a structural correlate: do neonates
have a distinct repertoire of a:3 T cells? In this study,
we have exploited the power of polymerase chain reaction
technology to generate large numbers of T cell receptor
sequences from sorted thymocyte populations from
newborn and adult mice. The newborn-derived sequences
show very few N nucleotide additions, usually the major
source of diversity in T cell receptors. Most interestingly,
the paucity of N insertions appears to be exaggerated by
selection events that operate during T cell differentiation
in the thymus. The significance of these results is largely:
(i) that they parallel recent findings on the B cell
repertoire in neonates, raising questions about the
reactivities specified by such a special repertoire; and
(ii) that they suggest a means to ‘tag’ T cells exported
perinatally, allowing one to test the premise that
autoreactive T cells derive preferentially from the
newborn repertoire.
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Introduction

Thymocytes undergo a programmed series of differentiation
events before emerging into the periphery as competent
effector T cells (for reviews, see Boyd and Hugo, 1991;
Nikolic-Zugic, 1991). These events can be monitored by
assaying expression of the T cell antigen receptor (TCR)
along with the CD4 and CD8 co-receptor molecules. The
most immature thymocytes do not display surface TCRs and
are found within the CD478~ (DN) population. They
progress through a CD4*8* (DP) stage, during which they
express their receptors, initially at rather low levels.
Eventually, they differentiate into CD4*8~ or CD4 8%
(SP) cells that express high levels of surface TCR and are
the direct precursors of the MHC class II- or class I-restricted
effector cells populating the periphery.

Several experiments, some performed over twenty years
ago, have suggested that the mature thymocytes of newborn
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and adult mice are somehow different. First, it was
discovered that neonatal, but not adult, thymocytes
proliferate vigorously and manufacture II-2 when challenged
in vitro with syngeneic spleen cells (Howe et al., 1970; von
Boehmer and Byrd, 1972; Lattime and Stutman, 1986).
Second, it was found that adult, but not neonatal, SP
thymocytes have been ‘purged’ of certain self-reactive
specificities. In adult mice expressing the class I E complex
and one of various retroviral-encoded ‘superantigens’, almost
all cells displaying particular TCR 3-chain variable regions
(VBs) are absent from the peripheral repertoire, having been
expunged in the thymus at or just before the SP stage
(e.g. Kappler er al., 1987a, 1988; Bill et al., 1988;
MacDonald et al., 1988; Pullen et al., 1988). However, in
newborn mice of the same strains, these potentially self-
reactive cells remain part of the repertoire (Schneider et al.
1989; Smith et al., 1989; Ceredig, 1990; Jones et al., 1990).
Third, it has been reported that neonatal SP thymocytes are
a proliferating population of blast cells in vivo, and that they
expand in the presence of IL-2 and IL-7 in vitro. Adult SP
thymocytes do not exhibit these features (Ceredig, 1990;
Ceredig and Waltzinger, 1990). And finally, it has recently
been demonstrated that SCID mice—which have a defect in
the machinery involved in TCR and Ig gene rearrange-
ment—are provoked to produce significant levels of host-
derived serum immunoglobulins when populated with
neonatal, but not adult, thymocytes (Riggs er al., 1991).

Intrigued by these observations, we wondered whether
neonatal mice might have a special repertoire of o:3 T cells.
Thus, we have made use of polymerase chain reaction (PCR)
technology to compare the sequences of TCRs expressed in
thymocyte populations prepared from newborn and adult
mice. The comparisons indicate that neonatal mice do have
a special a:8 T cell repertoire that is shaped noticeably by
selection events in the thymus.

Results

Sequencing strategy

Our initial approach to determining whether neonatal mice
employ a distinct set of a:8 TCRs was to compare Vg
usage in SP thymocytes from newborn and adult animals.
Thymuses from C57Bl/6 (B6) X SJL F, mice were
disrupted and stained with differentially conjugated anti-CD4
and anti-CD8 monoclonal antibodies (mAbs) together with
one of a variety of specific anti-V; reagents. No striking
differences were observed in the relative frequencies of SP
thymocytes carrying Vgs 2, 4, 6, 8, 14, or 17a (data not
shown).

A second approach was to focus on the junctional diversity
associated with one particular B-chain variable region.
Vzl7a was chosen because we had already generated a
large database characterizing its diversity in various adult
T lymphocyte populations: CD4* versus CD8* lymph
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node cells, peripheral versus thymic CD4 single-positives,
SP versus DP thymocytes, cells from mice expressing or
not expressing the E complex (Candéias er al., 1991a).
According to these data, the diversity associated with
Vgl7a, like that characteristic of any TCR B-chain, is
multifaceted. There are contributions from the particular J4
and Dy segments used and from the frame of the Dy
segment utilized. There can be exonucleolytic chewing of
the 3’ end of V, both ends of D, and the 5’ end of J. So-
called P nucleotides are sometimes present at undigested V,
D or J termini, almost certainly as a by-product of the nor-
mal recombination process. Finally, so-called N nucleotides
are often inserted at the V—D or D—J joints by a template-
independent polymerase, probably terminal deoxynucleotidyl
transferase (TdT). Any one of these facets might be distinct
in neonatal mice; this can best be revealed through sequence
analysis.

Our sequencing strategy relied on the power of PCR
technology. Thymocyte suspensions were prepared from
newborn or adult mice and stained with differentially
conjugated anti-CD4, -CD8 and V417a mAbs. The triple-
stained cells were visualized by cytofluorimetry, as
exemplified in Figure 1, and were electronically sorted to
produce populations of 1000 to 100 000 cells. RNA was
isolated from the sorted populations, was converted to
cDNA, and the TCR c¢DNAs subject to PCR amplification
using primers from the constant and variable regions. The
amplified material was cloned into an M13 vector and
multiple clones from each mouse sequenced. The use of
amplifications from two to six independent animals for each
cell population precluded PCR artefacts; elaborate controls
were also performed to rule-out the amplification of
contaminant sequences (see Materials and methods).

Vs17a* TCRs from neonatal SP thymocytes have
little N nucleotide addition

Figure 2 presents the junctional region sequences of
Vg17a* TCRs from CD4*8~ thymocytes prepared from
neonatal and adult mice. One feature is strikingly dissimilar
in the two data sets: the sequences derived from newborn

CD4

Fig. 1. Cytofluorimetry of triple-stained cells. Thymocytes were
stained with anti-CD4, -CD8 and -V17a reagents as described in
Materials and methods. Results from a typical experiment aimed at
sorting CD4*CD8~ V317a+ cells are shown. The cytogram (A)
shows the separation of thymocyte populations based on the expression
of CD4 and CD8. The CD4*CD8" cells were gated as indicated and
further analysed according to Vg17a expression. The histogram (B)
represents the fluorescence profile for Vfl7a negative and positive
(double-headed arrow) cells in the CD47CD8~ population. Cells that
were CD4*CD8"~ and Vg17a* were collected and RNA prepared
immediately.
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animals show very little diversity resulting from N nucleotide
addition, while the adult-derived sequences are rich in this
source of variability. The average number of N nucleotides
per sequence is only 0.3 in the former case and is 3.0 in
the latter.

The data in Figure 2 were subject to a variety of analyses
in an attempt to reveal other, perhaps more subtle,
differences between the two sets of sequences. As illustrated
in Figure 3, there is a slight shift in the average length of
the junctional region: the absence of N additions in the TCRs
of newborn mice often results in shorter CDR3 segments.
Although this shift is rather small (one amino acid on
average), it could have a significant influence on the structure
of the antigen-recognizing CDR3 loop (Chothia et al., 1988;
Davis and Bjorkman, 1988; Claverie er al., 1989).

All other analyses, including plots of D usage, extent of
exonucleolytic chewing, amino acid composition and amino
acid diversity at each position, failed to reveal any substan-
tial differences between the two sequence sets (not shown).

Other TCRs from neonatal SP thymocytes lack N
insertions

To determine whether the under-representation of N
nucleotides in neonatal Vgl7a* TCRs is a peculiarity of
that particular variable region, we generated sequences from
receptors carrying other Vgs and V,s. Figure 4 lists the
junctional region sequences of Vg6*, V510" and V17
TCRs from the CD4*8~ thymocytes of newborn and adult
mice. Again, the newborn-derived sequences show a paucity
of N insertions. The average number of N nucleotides per
sequence is 0.1 for Vg(6+10)™ and 0.3 for V,1* TCRs
from neonates versus 3.4 for V4(6+10)* and 2.6 for V,1*
TCRs from adults.

The lack of N region diversity is not due to selection
during the DP to SP transition

The relative lack of N region diversity in neonatal TCRs
could result from repertoire selection events that take place
in the thymus, either positive selection for sequences that
carry no or few N nucleotides or negative selection against
sequences that carry more. Positive selection to achieve
MHC restriction is considered by most to take place during
the DP to SP thymocyte transition, coincident with an
up-regulation of surface TCR levels (Guidos et al., 1990;
Ohashi et al., 1990; Borgulya et al., 1991; Robey et al.,
1991; Shortman er al., 1991). Negative selection of some
self-reactive T cells also occurs around this time (Hengartner
et al., 1988; Pircher et al., 1989; Guidos et al., 1990; Hugo
et al., 1991; Shortman et al., 1991); C.Benoist, unpubished;
K.Signorelli, unpublished) although others appear to be
eliminated somewhat earlier (Kisielow er al., 1988; Sha
et al., 1988; Berg et al., 1989; Pircher et al., 1989; White
et al., 1989). Thus, we decided to compare N region
diversity in the CD4*8" thymocyte populations from
newborn and adult mice.

Figure 5 shows a clear dichotomy in the number of N
additions characteristic of Vzl17a* TCRs from DP
thymocytes from the two sets of mice. There is on average
0.4 N nucleotides per sequence for newborn animals versus
2.6 for adults; only 1.5% of the newborn set have >2 N
nucleotides versus 32% of the adult set. This dichotomy is
highly reminiscent of the one observed with SP thymocytes,
arguing against a role for selection forces that operate during
these two stages.




V;17a* TCRs from neonatal CD4-8*3~"°
thymocytes show substantial N nucleotide addition
With the aim of generalizing our findings, we also sorted
CD478" T cells from a neonatal thymus and sequenced
some of their TCRs. Surprisingly, we discovered substan-
tially more N nucleotide addition than was seen in TCRs
from the equivalent CD4*CD8~ population: 32 of 63
sequences (51%) had N insertions, several as long as five
nucleotides. An explanation for this unexpected result might
lie in the heterogeneity of the CD4~8" thymocyte popula-
tion. As has been described (Bluestone et al., 1987; Crispe
et al., 1987; Fowlkes et al., 1987; Paterson and Williams,
1987) there are, in fact, two major components to this
population: a mature subset expressing high levels of CD3
and TCR «:8 and an immature subset displaying low or
undetectable levels of these two markers. Therefore, we
refined our analysis by sequencing Vz17a® TCRs from the
CD37° and CD3* components of the CD4~CD8*
population.

Figure 6 reveals that N nucleotide addition to V417a*
TCRs is restricted to the CD4~8%3 71 subset of neonatal

Selection against N region diversity in neonate TCRs

thymocytes. That the number of N nucleotides characteristic
of this immature population differs significantly from that
characterizing the more mature DP and SP populations is
illustrated in Figure 8 (panel ¢ versus b and a), which
graphically emphasizes the difference in frequency of N
additions that are greater than two nucleotides and thus
encode at least one additional amino acid.

Defective V; 17b TCR transcripts also show
substantial N insertions

The observation that immature thymocytes from neonatal
mice show substantially more N insertions than mature
thymocytes could have two explanations: (i) it may be that
the difference reflects waves of dissimilar T cell precursors
populating the thymus; (ii) it may be that the difference
reflects positive or negative repertoire selection events. To
distinguish between these explanations we compared the
number of N nucleotides in the Vzl17a and Vgl7b
transcripts of B6 X SJL F; mice. Vgl7a mRNA
(transcribed from the SJL chromosome) is translated and
gives rise to cell-surface protein; Vzl7b transcripts

CD4+CD8- Vs17a

v P N P D P N P J v P N P D 4 N P J
OCCAICAITC TS ACAQIG A AroTc Jo1.1 GCCAGCAGTCIG TR CAGGOG MACA J81.1
CAOCATTC™G ACAGGO0G CACAG OGCCAGCAGTC C  GOGACAGGG A G CAMC
GCCAACAITCTS oA CAAC Jet.2 evevi ™ €€ Booe ™ cACKG
S ™ & s = ? i =
fodovawid T aeaca et OCCAGCAGTCTGTR T GooA GAGOG GAAGT
peod - GCCAGCAGTC CAGGOG0C G CACAG
yvaeiitd AchG e GCCAGCAG CC  GGGACAGOGG T GAAGT
Creaad GCCAGCAGTCT CAGOGG o ACACA
GCCAACATCT A CARAC GCCAGCAGTCT kS ACAGOGG ™6 AAACA
accaocaore ACAGGG00C o caaceaens fovered Coemaaccea fosnaand et e
GCCAICATTCTS AcA A ATMAT  J81.6
podmadiadd aoac DT gcoagca A ACAGOG0G ™ acTee FIIE
GCCACAITCTS aAcAGs TR GACAOGI0G et
GCCAGCAGICTG ACA M TTCCT GCCAGCAGTC o R GOGACA cerr TICK 81.9
GCCAGCAGTCTITR ©7300006 ATOCT  J82.t OCCAACAGTCTC! Praired T hiaz.d
podipioiy - GACTI00 putpss GCCAGCAGTETS o GaGAC CToGA
OGCCAGCAIT GAC AACTA SRR prosh pheaiioy
occwc::w ACA A ATCT T » bevdhad
OCCAICAGTCTITR ¢ AT GCCAGCAGTCTG ™A TICCT K
geacaorem 006 ow ™ agaAcA ™o e
GCCAGCATTC TS GAC ACTR OCCAGCAGTCIOTR TA A 2 ATTOS
aCCAICATICTIT T T ™I GCCAGCAGTC ceac oa0s ™ %I X
GCCACAITCT c c ACTAT GCCAQCAGTE cagas AGGAGGS ACTAT
accaacAs aACTaaG AR GCCAGCAGT T GGACAG ACTAT
GCCAICATICIITR T GGACAGOGG ocTaA GCCAGCAGTCTGTA T ™ aaco ACTAT
GCCAGCATTE c e W GCCAGCAGTCTGTR T oc cAG0G A ME™
aCCAICAS 9GACAGG AT GCCAGCAGTCTGT crc o T oTAm
GCCAICATTCTS GAC AT OCCAGCACT ACTO0G < ACTAT
GCCAGCATICIT GGACAGGG TR
GCCAICAITCTS o O™ GCCAGCAGTCTS A ACA T AACAC FLITE]
GCCAGCAGTCTS 000600C A TACT
aA GacA [ GTOCA FITE]
GCCACATTS Acace FITYY GCCAGCAGTC crc GACTO000GG b GCT
c ACAGSG ™ ™G
GCCAGCATTCTITA CT000006 €T AcToC FITXY GCCAGCAGTCT cece GACTOGA000G A6 GAARG
GCCAICAITCITIR T cAGG oTcA GCCAGCAGTC CcA ¢ OGGACAGGG BN
GCCAICAITCS ACAGOG QCAGA GCCAGCAGTC cco CC QOGACAG T AcToC
GCCACATICTS G GTOCA GCCAGCAG’ cos A AcT AGTC
GCCAICATTS QUBACAIG acAGA OGCCAGCAGTCTGTR TA T 09096 TIeTS GAMT
GCCAICATTE ©  GIGACAGG T T0CAG GCCAGCAG' cr A T AGTC
GCCACAITCT GACTIG OCAGA GCCAGCAGTCTG GGACTO030000C  OC A CAGMA
o ™ 824 mm'r“ o o3 “‘w m
OCCAICATTCTS CT000G CAAM OCCAGCACTCTIOD: T T TO00000G GA TOCAA
OCCAGCATTCIOTR 008 AAACA
GCCAGCAGTC TG G00geC CAMA GCCAGCAG ‘GGGAC TAGG ATT TCAAA Jeg.4
GCCACATTCTS aac AGTCA OCCAGCAGTCT cA00G GTCAA
aCCAICIITET ACTO000G AMAC GCCAGCAGTCT 000 AACAC
OCCACMITCTS %06 [ OCCAGCAGTCTGT c cAGaG m AcACC
OCCAACATTCITIR caaas ACACC GCCAGCAG 006 ™ CAAMA
OCCAICAITC GACAGG oTCAA GCCAGCAGTCIG 000G A CAAMA
OCCAGCATTCTT @ GACAC 28 GCCAGCAGTCT oA GOGACAGOG AGACA P
OCCAGCAGTC TS GACAGG GACAC GCCAGCAGTCTGTR TA A G000 A AAGAC
GCCAGCAITC c196 CCMG OCCAGCAGTCIBT o G CAAGA
GCCAICATTE c  aaoAc ACCAA OCCAGCAGTE c GACA M CAMGA
BCCAICATTE TS GACA TT  AACCA
"G c M CTCCT  Jene
OCCACIITCTD 0006 T BN e OCCAGCAGTCTG » 0000000C ac ATGA
QGCCANITC 96 A OCCAGCAGTCTGT © cAm0G o ATGNG
GCCACATTCTII Th ccmT GCCAGCAG ot €C GAOACAGGG ™ Al
CCACAITC ACTO00000G aarr TATGA GCCAGCAGTCTG o T creer
GCCACATTCTITR e creer OCCAGCAGTCT © GGGACA A creeT
OGCCAGCAOTCTI T ACAGQOG T T@AC ACCAGCAG TS 0a00GC 3 A GAGCA
GCCAGCAGTCTOT a0e6 mAC OCCAGCAGTCT T cc  GOGACA A CD
GCCAGCATICTS GACTO0GAG WA OCCAGCAG cc oc oy GAGCA
GCCAICAITCTS ACTG000GG TATGA OCCAGCAGTCTGTA T oc Gac GGATT ACTAT
GCCAICATTC C  GaGACA WS TGAC GCCAGCAG aaac Aa00G b A
GCCACAITCTIT ca ™A GCCAGCAG GACA T creeT
GCCACAITCTS ACAGG 3.5 OCCAGCAGTCTO TR crecT
GCCAGCAG crect
‘GCCAGCAG TCTG ACAGGOG T TGAOC
GCCAGCAGTCTG G = AT ™A

Fig. 2. Junctional region sequences of V;17a TCRs from CD4*CD8"~

thymocytes of newborn (left panel) and adult (right panel) mice. Sequences

were obtained from sorted CD4*CD8~V;17a™ populations individually derived from the thymuses of four newborn and three adult SJL mice.
Germline sequences are known for V;17a (Cazenave et al.. 1990). D; (Kavaler er al.. 1984), and J; (Gascoigne et al.. 1984; Malissen er al.. !984).
Nucleotides in each sequence are assigned to V. D. or J segments that comprise the junctional region of the rearranged TCR gene. Mono- or dl.-'
nucleotides representing inverted repeats of undigested termini are grouped as P nucleotides according to Lafaille er al.. 1989. Although the addition
of more than two P nucleotides at a single TCR joint has been reported in SCID mice (Schuler er al.. 1991). possible additions of three P
nucleotides were observed so infrequently in these analyses that no more than two P nucleotides at a single joint were assigned. Nucleotides that
cannot be assigned to another category are template independent and are thus designated N nucleotides. Only the 3’ end of the V and the 5' of the J
segments are shown. Sequences are grouped according to their J usage. as shown at the right of each panel. Protein sequences con‘espondmg to the
adult sequence set are to appear elsewhere (Candéias er al.. 1991). The nucleotide sequences are shown here to permit direct comparison with the

newborn sequences.
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Fig. 3. CDR3 loop lengths. From the newborn and adult sequences
presented in Figure 2, the length of the CDR3 segment was
determined based on the alignment of TCR variable regions with
immunoglobulin variable structures (McCormack et al., 1991). The
exact position of CDR3 was defined on the basis of Vy; CDR3,

e.g. between positions 95 and 107 (residue numbering and V,; CDR3
definition according to Kabat ez al., 1987). For each population, the
average length is indicated by a bar.

(contributed by the B6 chromosome) carry a point mutation
specifying a stop-codon and so do not engender cell-surface
protein (Wade et al., 1988). Thus, T cells expressing
V;17b transcripts are unselectable, and a difference in the
number of N nucleotides inserted into the V417b versus
V;17a transcripts of neonatal mice would argue for the
influence of selection forces and against a difference in the
rearrangement machinery of successive precursor waves.

Figure 7 lists V4l7b sequences from the CD4*8*
thymocytes prepared from neonatal B6 X SIL mice; it was
not technically feasible to obtain a similar set of sequences
from CD4%8~ thymocytes (see Materials and methods).
These data are to be compared with the Vg17a sequences
from DP and SP cells already presented in Figures 5 and
2, respectively. Examination of the three data sets reveals
that the defective V17b transcripts show significantly more
N region diversity than do the normal Vz17a transcripts,
particularly those from fully mature SP cells. This point is
illustrated graphically in Figure 8 (d versus b and a), where
the comparison of sequences carrying greater than two N
nucleotides is most striking: <3% of Vgl7a sequences
versus 16% of Vgl7b.

Discussion

Two major points emerge from our analysis of junctional
region sequences from the «:3 TCRs of neonatal and adult
mice. First, it is clear that the newborn-derived sequences
carry far fewer N nucleotide additions, and second, this
paucity of N insertions is exaggerated by selection events
that operate during T cell differentiation in the thymus. Both
of these points merit further comment.

Reduced N nucleotide addition
Our observation that the receptors on neonatal «:3 T cells
show only very limited N region diversity—and parallel
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observations made simultaneously by others (Feeney, 1991;
McCormack er al., 1991)—are reminiscent of recent findings
on the B cell repertoire of newborn animals. Several reports
have established that the Ig heavy chain transcripts from fetal
and neonatal mice have few if any N nucleotide additions
while adult IgH transcripts almost always have N additions,
often as long as 12 nucleotides (Gu er al., 1990; Carlsson
and Holmberg, 1990; Feeney, 1990; Meek, 1990; Bangs
et al., 1991).

The v:6 T cell repertoire appears similarly dichotomous.
It was recognized several years ago that adult & chain
transcripts carry substantially more N nucleotide additions
than the corresponding fetal transcripts (Elliott ez al., 1988).
This observation has more recently been extended to adult
versus fetal/newborn +y chain transcripts (Lafaille er al.,
1989; Aguilar and Balmont, 1991). However, it is important
to note for y:6 T cells (though not for a:3 T cells nor for
B cells) that the diminished level of N addition to the joints
of perinatal TCRs is coupled with a near-complete absence
of exonuclease digestion. Consequently, for any particular
V,—=J, or Vs—J; combination, the junctional regions are
essentially homogeneous in perinatal animals.

As discussed by Davis and Bjorkmann (1988), the
complexity of the Ig and TCR repertoires is enormously
dependent on N region diversity, especially in the latter case
where the combinatorial diversity is not so impressive. Thus,
the marked reduction in N nucleotide addition to neonatal
TCR and Ig transcripts is bound to have a significant
influence on the newborn mouse’s repertoire gestalt. One
has to wonder whether the reduction is pure ontogenetic
happenstance or whether it has a purpose. Certainly, there
have been reports of increasing TdT activity through
ontogeny (Gregoire et al., 1979; Rothenberg and Triglia,
1983) although these deal with complex mixtures of
lymphocytes and are therefore difficult to evaluate in the
present context. Certainly, one can not argue with the fact
that all of the sequencing studies, including our own,
document an overall increase in the number and size of N
additions with age. Yet, we have seen clear indications that
the lack of N nucleotides in neonates is exaggerated by
selection and therefore presumably with some purpose.

Selection on the level of N insertions

The initial indication that there might be selection on the
degree of N region diversity in neonatal mice was the
demonstration that all N nucleotides found in the Vg17a*
TCRs from CD4~CD8" thymocytes were confined to the
CD3 7" subset. This subset is generally considered to be
rather immature, a poorly understood interjection between
the DN and DP populations (Bluestone ez al., 1987; Crispe
et al., 1987; Fowlkes et al., 1987; Paterson and Williams,
1987). Thus, progression through different stages of
thymocyte differentiation in the neonate (CD3~"° SP — DP
— CD3" SP) is accompanied by a reduction in N
insertions, particularly those which are > 2 nucleotides long
and therefore increase the CDR3 length by at least one amino
acid (20% — 1.5% — 3%). This suggests that some type
of selection may be occurring at the immature SP — DP
transition or soon afterwards. There is, however, an
alternative explanation: that DP cells represent the end of
a first wave of thymocytes impoverished in TdT activity
while immature SP cells lead off a second wave of cells that
have ample TdT. Such an explanation is not consistent with
the claim of Jotereau er al. (1987) that the initial seeding




Selection against N region diversity in neonate TCRs

CD4+CD8"
Vsé P N P ) P N P Vsé P N ] ) P N P J
GCCAGCAGTATAG ‘GOGOC GAAOT 901.1 OCCAGCATT ‘QAGACAG ACACA J81.1
OCCAGCAGTA ‘CAGGGG CAMAC
AT cc ‘OGGACAAG GG TCCGA J81.2
‘GCCAGCATRT CAMC E
bsiond e e cA0000 WGAA  J81.8
x fored Rossnmosres bt c cA A CCAAC J81.4
accacrom comc I8t - - Cam—r
CMTNTA boond bortieati bt ccr GACAG T Momc  Jeas
accAICATIDG cmm Jeed GCCAOCATTATA A AcTOgG amca
x Soted Kasiond CAT CAOGG AN AMAC J08.4
* sdortd kot TN Jor-4 cece GGAC'TI0000G ™ GACAC J82.8
QCCAGCAOTATR cmeomoxc 6 cona Jees
accaaca AT 0GGACA0G00G Iy ™A Je8
‘GCCAGCAGTATAG GRGATIC ac G AGACA - T
T GGACTG CTATG Jes.6 GCCAGCAG ACA GGGACTGA00G A CTATG
‘GCCAOGCAGIN' 'ACTOGGGI0G CTATO
GCCAOCATTATAG ‘OGACAQGG TATGA
GCCMICAG ACTOGG CTI
GCCAGCAGTATRA AT M0G TATGA
Vs10 Vs10
GCCAGCAGCTA < AGTCA Jeg.4 ‘GCCAGCAGC c cc ‘GAGACA M AMACA 811
‘GCCAGCAGC c CC  GGGACAOOOGG CACCT AT T Y]
GCCAGCAG T CAAGA J028 GCCAGCA ccer GACIOG TG OCTCA
@ccAaCICTR 70000 ™wmA | 4828 0CCAICAOCT aa000c ) o ccaos  Jea.p
eccaacaoc aacane Toaac e o o Tois
OCCAGCAG ‘GGACTOGGI00G - TCCTA J8s.8
occaacAs A GACTO00G coTToos G
OCCAGCAGCT cce ACTUOGGAG0C A CTCCT
accAaCAaCT T * A cmTo
accaacaacT QoaACA A crcer
Va1 P N P J o da Vai P N P J e Ja
8N GCAOTGAGC AGAGG TTCAGCCTTAGGGAGGC TOCA TTTT (8 1] SH  acac G ‘GACACAM TOCTTACAMOGTCATC TTT ':"
e T
0.1 GCAGCTROTGAGC 3 “PAATACAGGAM CTRC AAMA TACOTCTTT JALS
OCAICDG G ATTATOGGAGCATIGGCANC AAGC TCA' hasll 8.1 GCAOCTRG G \TATTT A0
GCAICTNG ‘GAACATIGOCTAC AMC TIAC CTIC 147 GCAGCBOT AATRCAGGAGG TOCAGATRGACTCACCTIT  JASS
GCAGCTNOTS .:“ ‘GCAGC TROTGAGCA (-] TIT TASY
ocrcmom CAGGAOGTOCAGATIGACTCACCTTT !
GCAGCTAGIGMICA ‘GOOTIACCAGACTICTN' A GCAGTGA cT TCRIGCAGCTIGCAMCTCATCTTT T
TrrT JASE Tase
A oot A ACAGOCANTACIMGAMMCTCATCTTT Tas? acroman ccc CAAATTCTI0GACTTACCAGAGO TTT
aca Maos CAATRACAGAATCTICTTT D18
s oo ACACAAATOCTIRCAMG TCATCTTT TA1S A e
° GCABCANGC ACAAATOC TIRC AMG TCATCTTT TAtY ‘GCAGCANICG G0GGA0 JATTI
‘GCAGCANC AoT TAS?
®  ochsrasac ATIGAIGCAICANTINC AACTIACATTT 07 aCAICANICO T TN
ecrs 3 TACTIOAGOCAN TrrT 14 acAacANGC ar A08
‘GCAOCANGC
T ocrormor ‘GACACAAATOCTINC AMAG TCATCTTT TATS oonae 54 P i edsuppanpei et il
o  ocagaaac orc ANTMCATACAGAATCTICTTT MO 13
1 occworpoTea o CACTIGAGCTRACACTOGAAAGCTCACGTTT 08
r oo aG MMOGTCTITCTIC  14.4

Fig. 4. Junctional region sequences of V36 (upper), V;10 (middle), and V1 (lower) TCRs from CD4*CD8" thymocytes of newborn (left panel)
and adult (right panel) mice. Sequences were obtained from sorted CD4*CD8~ populations from the thymuses of two newborn and two adult B6 X
SIL F; mice. The following germline sequences are known: V10 (Hirama er al., 1991), V,1-5H (Winoto et al., 1985), V,1-8.1 (Hirama et al.,
1991), and several J, segments: A10, 39, TT11 (Malissen er al., 1988; M.Malissen, personal communication), JA19, JA65, JAS0, JA84, JATTII
(Winoto er al., 1985). Additional sequences were assigned with a high level of confidence through extensive analysis of numerous sequences along
with the availability of non-germline sequence data for V36 (Smith er al., 1990) and additional J, segments: TA28, TAS7 (Arden er al., 1985), 2B4,
C5, LB2, MD13 (Becker er al., 1985), TA13 (Wilson et al., 1988); 14.4 (Winoto et al., 1986) and 3DT (Yague et al., 1988). Nucleotides from
Vg6 and V10 sequences were assigned as described in the legend to Figure 2. Since V,, genes do not contain D regions, nucleotides in V1
sequences were assigned as V, J, P or N. Members of the V1 family which have not been previously described are designated A to F. J regions
are aligned at the conserved phenylalanine (PHE) residue; nucleotide differences from published J, segments are underlined. It should be noted that
the paucity of P nucleotides in the newborn and adult V1 sequences may not reflect the actual frequency of P nucleotide addition in these
populations due to the constraints in assigning V and J regions without known germline sequence data. The newborn V46 sequences that are shown

were chosen randomly from a larger set.

of a fetal thymus by lymphocyte precursors gives rise to all
of the Thyl™ thymocytes present until ~7 days after birth.

Nonetheless, we sought a completely independent
indication that the level of N insertion is subject to selection
in neonates. This was obtained by comparing defective
V17b transcripts with their expressed Vz17a counterparts.
The former had more N nucleotides per sequence and more
sequences with >2 nucleotides. Thus, we conclude that the
paucity of N insertions in neonatal «:3 TCRs is exaggerated
by selection forces operating during thymocyte differentia-
tion. This may entail either positive selection for those cells
displaying TCRs with no or few N nucleotides or negative
selection against those cells expressing TCRs with more N
additions.

These observations are, once again, reminiscent of recent
findings on the B cell repertoire. L.Carlsson, C.Overmo and
D.Holmberg (submitted for publication) compared N
nucleotide insertions in the non-productive versus productive
IgH rearrangements of neonates and discovered significantly

more inserts in the former. However, this was true for the
7183 but not the J558 family, raising the interesting
possibility that this type of selection may operate only on
a subset of variable regions.

There has been much discussion about positive selection
of fetal v:6 T cells expressing TCR transcripts essentially
devoid of N nucleotides (Lafaille et al., 1990; Aguilar and
Belmont, 1991). But, as noted in the previous section, these
TCR transcripts also show essentially no exonuclease
nibbling, resulting in near-identical TCR junctional regions
and quasi-monoclonal T cells. It is very likely that the
selection forces on these T cells are unrelated to those
influencing neonatal «:8 T cells and B cells.

Indeed, the mechanics of selection on N region diversity
at the time of the immature SP — DP transition appear rather
enigmatic. First of all, this selection appears to operate on
cells expressing almost undetectable levels of CD3 and a:f3
TCR. Secondly, it is difficult to envisage a mechanism by
which such a diverse set of receptors could be selected. Size

3651



M.Bogue et al.

CD4+CD8* VB17a

v P N P D P N P J v P N P D P N P J
OCCAGCATTCTS s T MACA Jo1.1 accaacas cc ©AGOG AACAC PR
accacas ACAGOG CACAG

accACAG 003G 300006 MCTC Js1g
GCCAOCATTCTS @A GACAG caMC Jetg ACCAGCATTCTD GGGACA A CAARC
GCCAGCAITE 0GGACMS ™ CAMC
GCCACATTCII T agAC ACTEC GCCAICAGTE ¢ ACAIGG0G A CMCS  J8te
¢ 0oGACNGG CAAAC GCCAGCAGTC ¢ Caa0aG CAACG
accaocas ACAGIG WA I8 accAacA coat GAGACA cc ADAT  J818
accaacarTe ¢ QaGACA s
GCCAGCA T 7000003 Aaag wCw It
GCCAACAITCTS ac TICA  J8t.4 c GaACTO000G A AmCT
aac oc TACT
acerncrs GACT000G00GC a0C  Jeg.t GCCAGCACTCIS c caoas ™ macr
GCCAUCAITCTS 000000¢ e oI
GCCAICAITC T oG M accAaCAs ¢ aoaAcas aTT cr aomc  Jens
GCCAICAITS A aaAC MR QCCAGCAOTC e CC  GGGACAGOG ™ oA
GCCAICAITC 3 TG OCCAGCA A A roroc
OCCAICAG GACAGGG TR GCCAGCAGTC C  GaGAC CA OCAGA
accACAS o QUGACTOG0aG ™RC
acCAICATTCTOT Q0AC MR GCCAGCAGTCTS GGACTO0G ao0ac TCAM Jen.4
GCCAOCATICTO™M %000 ACTAT GCCAGCAGTCTIT 00000 T Y
GCCAOCAG cocATI ACT00G A ccrI
OCCAOCATTC TS ACAGIG MCAC Jen.2 CCAICAG ACTS » AOTCA
OCCAGCAITCT C  GUGACAGOS " CACOD CCAICAGTCTOT € GOGACAGOG AACA
LY AGOGaC TCAM
occaCAITT ‘agagoc ocAGA 4828 000 2 T amA
GCCAICAINCTD 00000 MACA  J8.4 acchacAaTe To0%5 A TN
:‘”‘h o ™ T ¢ A or AITCA GCCAGCAGTCTOT €'700000G AACCA Je.s
caac Q00ACTO0000 AOTCA ACCAA
accaac ACTo000G00C G A TCAA prosiavd x Iy d CAAGA
aCCAGCATTC Q0GACT Accan  Jeas AT & gaarcadaoaac ™ ancac
GCCACAG CC  GGGACTO00GG MCCA
geeaacaareor 393003 Marc GCCAGCAGTCTOTR ccer 0GGACTIN0G T ccarG
OcehCAINCTS 9%, Shaar caoe c AccAA
GCCAGCAGTCTOT G GOGACTOGG I Je2.6 accaacas A GAGACTO000G T Mcaa
¢ GGGACTOG000G Tmr0c
probmvpy oata000 e GCCAACAG A G0GACI000G ccTAT  Jer.e
GCCAACAGTCTS Acxe aT TCA
GCCAICAITC C  0GGACAGOOC aocee GAGCA CCRGROTE ¢ prv= a x  omer
GCCAGCATTCTOT ey e ™I SeCROCROTT b s = iy

Fig. 5. Junctional region sequences of Vg17a TCRs from CD4*CD8* thymocytes of newborn (left panel) and adult (right panel) mice. Sequences
were obtained from sorted CD4*CD8" thymocytes from the same newborn and adult mice (B6 X SIL F)) as in Figure 4. Nucleotide assignments
were made as described in the legend to Figure 2. The newborn sequences that are shown were chosen randomly from a larger set.

of the CDR3 segment might be the determining feature, but
the CDR3s of neonatal TCRs are on average only one amino
acid shorter than those of adult TCRs. A more subtle feature
might instead be determinant, e.g. the alignment of particular
amino acid pairs in the CDR3 loop. These hypotheses are
testable in transgenic mouse system.

Implications
The observation that neonates have a special repertoire of
o T cells is both provocative and of practical value.

It is provocative in view of the aforementioned parallel
findings on the neonatal B cell repertoire: IgH transcripts
from fetal or newborn mice also have little N region
diversity, and this paucity seems also to be exaggerated by
selection events. Interestingly, neonatal B cells have been
reported to exhibit a distinct profile of reactivities. The
antibodies which they produce tend to show multireactive,
‘connective’, and autoreactive specificities of generally low
affinity (for reviews and references, see Hayakawa and
Hardy, 1988; Casali and Notkins, 1989; Coutinho et al.,
1989; Kearney et al., 1989). By analogy, one is led to
question whether neonatal T cells might also display low-
affinity, multireactive or autoreactive receptors—the shorter
CDR3 loop perhaps reducing contacts with peptides in the
groove of the MHC molecule. Any such cells might be more
prone to recognize simple, recurring epitopes on bacteria
and parasites, or might provide some form of non-specific
help to encourage development of the B cell repertoire, or
both. It is intriguing, then, that the VBll+ T cells which
expand in neonatally thymectomized mice show an enhanced
reactivity to the 65 kDa heat shock protein from Myco-
bacterium bovis (Iwasaki et al., 1991).

Our observation that neonate TCRs have few N additions
is of practical importance because it may allow one to ‘tag’
T lymphocytes produced perinatally, just as has been done
recently for B lymphocytes (Gu er al., 1990). T cells
populating the periphery of newborn mice include potentially
autoreactive cells that have escaped intrathymic clonal
deletion. It has been hypothesized that the autoreactive T
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NEWBORN CD4-CD8+ CD3+ Vs17a
v P N P D P N P J

[ ed CAAAC FUIRY
OCCAGCAOTCIOTA T CAGGG0OC CACAG
‘GCCAGCAGTCIG GGACAG TATAA Jer.e
(GCCAGCATTC c©  GaaAc ACTAT FITN]
‘GCCAGCAGTCTG ACAGGGOGC OCTaA
(GCCAGCAGTC C  GGGACTO00GATAC G g
OCCAGCAOTCTG GGACAIG Jee.9
GCCAGCAG GACTOGG AoTOC
OCCAGCA CT000G000C TCAM Jon.4
(GCCAGCAOTCTO 0as AOTCA
GCCAGCAGTCTD ACTO0GA000C AGACA Jons
GCCAGCAGTC CC  GGGACAGGG
(GCCAGCAGTCTOTA TaAGC Jon.e

00006 A cTcCT
NEWBORN CD4-CD8+ CD3-o Vsi7a
accaacas cce ™ CMAC FI1N ]
OCCAGCAIT T e Ac e
OCCAGCATC Q000G coTaT J81.8
QCCAGCATC € 0OGACTI00000G AT Jnn.1
QCCAGCAOTC GACTOGG TAACT
OCCAGCAGTCIO™ T ac ACA A A TMCT
(GCCAGCAGTCTS QCTOA
(OCCAGCAOTCTG 3 CACCO Jor.g
accAacAaTC ACAGG OTBCA Jen.s
OCCAGCATTCTG Y ACT000a00G AoTaC
GCCAGCAITCTG AcTooaG GTCA
GCCAGCATTC GTOCA
GCCAGCAITCTS 0a0000C oc GCAGA
(GCCAGCAGTCIOT cc ACTO0G AOTCA Jen.s
(GCCAGCAGTCIOT TO00GG: cacos AGTCA
(GCCAGCAGTCT €C GAGACAGIS ACACC
(GCCAGCAGTCT m ACT00G GTCAA
GCCAGCAGTCTOT 0as AAAAC
GCCAGCAOTCTS o ACACC
GCCAGCAOTC € GGGACTO000000C c AMCA
GCCAGCAITCTS GACAGGG GTCAA
GCCAGCAGTC GACTO AOTCA
GCCAGCAGTC A €C  GGGACA A TCAM
GCCAGCAG CC  0GGACAGG0GG CAAGA Jons
\GCCAGCAGTCTG 00000G.
GCCAGCATTC c (GGACTO000G A TT  MCCA
(GCCAGCAOTCT € 0QGACAGOS Ao GAGCA Jere
GCCAGCAITCTS oc CAGGGG T TATGA
(GCCAGCAGTCIOT © C'T00000C AgcA GAGCA
GCCAGCAGTCTS 00000 TAAGC
GCCAGCAOTCTS GGACAGOG TGAGC
GCCAGCAITCG GACA CCTAT
GCCAGCAGTCTOTA aac A TATGA
GCCAGCAGTCTOTA ™ oaaacAG crecT
(GCCAGCAGTCTOTA

Fig. 6. Junctional region sequences of Vz17a TCRs from
CD4~CD8*CD3* (upper panel) and CD4~CD8*CD3~""* (lower
panel) thymocytes from newborn mice. Sequences were obtained from
sorted CD4~CD8™ cells that were CD3* or CD3 ™" from four
independent experiments representing six newborn B6 x SJL F, mice.
See legend to Figure 2 for additional information.

cells dormant in normal adult mice (e.g. MBP-reactive, islet
cell-reactive, collagen-reactive) may derive from these early
emigrants (Schneider et al., 1989; Smith et al., 1989; Jones
et al., 1990). Such a scenario would be consistent with the
observation that neonatally thymectomized mice develop




NEWBORN CD4+CD8+ Vp17b
v P N P D P N P J

GCCACATICTS aac o CAMC  Jetg
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oC  GAGACTO000G GTCAA

aceaacae agac CAMA
A ACT990 o ANCCA Je2s
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‘GGACAGOGS AGACA

T ‘CAGGRAGC ac c ACACC

GGACAGO0G coana

GACTI00000 ceama

‘GCCAGCAOT ‘GACAGGOGG 090006 CAMGA

‘GCCAOGCAOT or ‘GAC'IO00AG AGMCA
T GAACA F Y]

e ATGAA

XCCAGCA TAMC

c e ° GAACA

TAC

CCAICAG oc  GaGACT TATGA

G00ACIIAIGIC B

QGACTS M CTCT

GAACT000 comT

ACCAICATICTOT T 100900 M0G GAACA

Fig. 7. Junctional region sequences of V17b TCRs from CD4*CD8”*
thymocytes of newborn mice. Sequences were obtained from
CD4*CD8* thymocytes from five newborn B6 X SJL F1 mice.
Sorted thymocytes from three of these mice were also used for
experiments shown in Figures 4, 5 and 6. The germline sequence of
V;17b is known (Cazenave e al., 1990). Nucleotides were assigned as
described in the legend to Figure 2.

multiple organ-specific autoimmune diseases (Tung et al.,
1987; Sakaguchi and Sakaguchi, 1990). It is now possible
to test this hypothesis, although such an analysis will have
to be performed at the population level since the normal adult
repertoire does include some TCRs devoid of N insertions
(Figure 2).

A major goal should now be to establish experimentally
the precise functional consequences of a special a:3 T cell
repertoire in neonatal mice.

Materials and methods

Mice

SJL or B6 x SJL mice were maintained in our animal facility at Strasbourg.
Neonatal mice were almost always taken within 24 h of birth. Adults were
5—8 weeks of age.

Thymocyte populations
Thymocytes were prepared from individual mice and were stained with a
cocktail of mAbs: anti-Vg17a (KJ23; Kappler ez al., 1987b) followed by
Texas red-tagged anti-mouse IgG, phycoerythrin-conjugated anti-CD4
(Becton-Dickenson) and fluorescein-conjugated anti-CD8 (Becton-
Dickenson). Staining and subsequent sorting of the triple-labelled cells were
performed as previously described (Lemeur et al., 1985; Benoist and Mathis,
1989). Populations of 3 X 10° to 1 X 10° were routinely obtained and
one or two million HeLa cells were added to each as a carrier.

In one set of experiments anti-Vz17 was replaced by an anti-CD3 mAb
(KT-3; Tomonari, 1988).

PCR amplification and sequencing

Details of the amplification and sequencing procedures have recently been
published for V,317a+ TCRs (Candéias et al., 1991a) and for diverse TCRs
(Candéias et al., 1991b). For V1% TCRs, we followed the same
procedures using the oligonucletoides OT68 [GTCCTGACCTCGCATGCC-
AGCAGAGCCCAGAATTCCCTC] and NJ109 [CGGCACATTGATTTG-
GGAGTC] for the first amplification and OT68 and NJ110 [TCTCGA-
ATTCAGGCAGAGGGTGCTGTCC] for the second.

Selection against N region diversity in neonate TCRs

N NUCLEOTIDE ADDITIONS TO NEWBORN TCRs

@ CDa*s @

n=66 n=35

cD4- g+ cD3"/'°

%

@ cDa* g* VB17b

+ ot
so cD4* 8* VB17a

n=68 n=51

Fig. 8. N nucleotide additions in different thymocyte populations of
newborn; CD4*CD8~ V;17a (A), CD4*CD8"* Vgl7a (B),
CD4-CD8*CD3 ' Vgl7a (C), and CD4*CD8* V417b (D).
Newborn sequence data from Figures 2, 5, 6 and 7 are represented
graphically according to the percentage of samples with 0, 1, 2 or >2
N nucleotide additions. Sample size (n) is shown and may be greater
than the number of sequences shown in the corresponding figure. The
graph of CD4*CD8* V;17b (D) includes data from 5 out of 73
CD4*CD8" V,l17a sequences that were out-of-frame (not shown)
since the resulting transcripts would also be non-functional and thus
non-selectable.

We would like to emphasize that elaborate precautions were taken to
prevent sample contamination, a major problem of PCR-based techniques.
All solutions were aliquoted, and aliquots used only once. Aside from the
customary negative controls, a mock sample was processed along with each
set of experimental samples: droplets of PBS without any cells were sorted
and the entire procedure continued, including the screening of M13 plaques.
This control ruled out contamination at any step along the way.

In all figures except Figure 7, only in-frame sequences are presented.

Screening for V;17b transcripts
Since we found that untranslated transcripts are much rarer than translated
ones (1:100), we were obliged to screen for clones carrying V;17b
amplification products. The oligonucleotidle ACAGAGCTACAGTG
permitted discrimination between the V317a and V17b products derived
from B6 x SJL F, mice. Hybridization was performed at 40°C in 6Xx
SSC/2 X Denhardt’s for 3 h and the filters were washed at 37°C or 40°C
in 6x SSC for at least 1.5 h.

So few Vg17b clones were obtained from the DP population that we did
not screen for clones from the much smaller SP population.
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