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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 c:,B 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 ofN 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.
Key words: repertoire selection/sequence diversity/T cell
differentiation/T cell receptor/thymus

and adult mice are somehow different. First, it was
discovered that neonatal, but not adult, thymocytes
proliferate vigorously and manufacture I1-2 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 II E complex
and one of various retroviral-encoded 'superantigens', almost
all cells displaying particular TCR ,B-chain variable regions
(V3s) are absent from the peripheral repertoire, having been
expunged in the thymus at or just before the SP stage
(e.g. Kappler et 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 et al., 1991).

Intrigued by these observations, we wondered whether
neonatal mice might have a special repertoire of a:f 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 a43 T cell repertoire that is shaped noticeably by
selection events in the thymus.

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 CD4-8- (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 H- 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

Results

Sequencing strategy
Our initial approach to determining whether neonatal mice
employ a distinct set of ca:3 TCRs was to compare V:
usage in SP thymocytes from newborn and adult animals.
Thymuses from C57BI/6 (B6) x SJL F1 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 Vos 2, 4, 6, 8, 14, or 17a (data not
shown).
A second approach was to focus on the junctional diversity

associated with one particular (-chain variable region.
V017a 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 (Candeias et al., 1991a).
According to these data, the diversity associated with
V,17a, like that characteristic of any TCR 3-chain, is
multifaceted. There are contributions from the particular Jo
and Do segments used and from the frame of the Do
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 V017a 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 cDNAs 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).

VA 1 7a + TCRs from neonatal SP thymocytes have
little N nucleotide addition
Figure 2 presents the junctional region sequences of
V017a+ 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

Fig. 1. Cytofluorimetry of triple-stained cells. Thymocytes were
stained with anti-CD4, -CD8 and -V,317a reagents as described in
Materials and methods. Results from a typical experiment aimed at
sorting CD4+CD8- V017a+ 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 V 17a expression. The histogram (B)
represents the fluorescence profile for V 17a negative and positive
(double-headed arrow) cells in the CD4 CD8- population. Cells that
were CD4+CD8- and V,117a+ 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 ofN 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 et al., 1989).

All other analyses, including plots of Do 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 V,17a+ TCRs is a peculiarity of
that particular variable region, we generated sequences from
receptors carrying other Vfls and V,as. Figure 4 lists the
junctional region sequences of V06+, V,10+ and V,, +
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 V,(6+10)+ and 0.3 for VaI+ TCRs
from neonates versus 3.4 for VO(6+ 10)+ and 2.6 for V,, I +
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 et 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 et 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 V017a+ 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.



Selection against N region diversity in neonate TCRs

V,317a TCRs from neonatal CD4 -8 +3 -//o
thymocytes show substantial N nucleotide addition
With the aim of generalizing our findings, we also sorted
CD4-8+ 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 c:3 and an immature subset displaying low or
undetectable levels of these two markers. Therefore, we
refined our analysis by sequencing V17a+ TCRs from the
CD3-/1o and CD3+ components of the CD4-CD8+
population.

Figure 6 reveals that N nucleotide addition to V017a+
TCRs is restricted to the CD4-8+3-/to subset of neonatal

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 c 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,3 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 Vo 17a and V, I 7b
transcripts of B6 x SJL Fl mice. V017a mRNA
(transcribed from the SJL chromosome) is translated and
gives rise to cell-surface protein; V317b transcripts

CD4+CD8- VB17a

NEWBORN

P D P N P J

ADULT

V P N P D P N P J

OCCAOChAQ7m7 zCAG AACA J61.1

OCCAMMSCSO UACAN aS CAA
GCCAOCAGTC-Z TAWGOGCGA AAACA5
GCAM-,- CC AGGCOOG 7T CACAGS
GCCAOCAGSCT SC GGDW ltlG AiCACA
OCCAOCAG7 l CCGWCC OMA AAGO GAASOT
OCCAaACAA7 CAGGOC 0 AACACAO
OCCAOCAG CC GOOGGG SG GACTC U.
GCCJAOCAG CCCAGJGGG AG ACA
0CCAGOCAG7cT GGtACAGOr CeS SIAACA 1
OCCAOCAGSGA CCSS OCCTCAGGG SW AWG7
OCCJAGC5G CCA AGGGC AsaAAC

OCCAWOCAOWMST CGAA 71'1CC J61.4

OCCAaChAs7CW1f T GOI^CA %'DUT
GCCAOCAO7m TR A AG ATMC

GCCAOAlDC CCAC GOGS SGS J82.1
OccAQAGc45 CAGOO GG hOGG ACTAT
OCCAOCAOT T OrU4CAG AC7RT
OCCAOCAiGSCSGT T SCS GO ACSAS
OCCAOCAGSCSGT T OC CAWGGO A AACSS
OCCAOChGWSCST CSC CAG T CTAXG
OCCAOCACT ACOG C AC7TA

OCCAOCAGIVM CA AsCA T AACAC J02.2

OCCAOCA0GNS GA GOGA a G7WCA Jus.*
OCCAOCAGTC CS GACa0GGG SC COCSG
GCCAAG7`T C ACAODG 'ITCA

GCCAGASC CCA C G3AaCAaGM SJCA
OCCAOCA07C cOG CC aGWCAG CT AoWC
OCCAGCAGSCT cao CAW ACT AGWC
OCCcACAG7=srs TR T Gamqsscs AAAS
GcCA,acAGscC CA T AOSnC
GCCAOCAGSCS mA _ ae A CAAM
OCCAOCAGSeSGS CAO na A
eCCAOCAG7=sT CT ciwaGOG AG AGSGC

OCCAOCJIGS7GSS T STG GA SGCAA

OCCAOCAG oaUiACSG AST SCA JG2.4
OCCAGCAG7CT CAOGG GSqCA
GCCAGChG7CTw AAG G AACAC
GCCGSCSG7T C CAOGG CSG ACACC
OCCAGCAOSCS GGGG SC CAAA
OiCCAaCAGSS GGOGG A CoAAA

OCCAOCAGCT ?G a x z ICAow AGACA jt.$
iOCCAQCAGSCSGSTA AC aGAAaeCCAQChG7C G c G ACA AR CAAG

aCCAOCA07CT AGO C AG c7,c`s is*4
OCSACASCG AA aaOGaeG QC AsBao

-2CC SOA7CT 1t cAO A7QW
OccAoscA CIT CC GGOACOa SS CSi^W

OCCAQChGscT SGGGnCA G A CAecs
OCCAOCAG7CT T CC GOWACA G C 7cm^

GCCAQCG7CT CCG CAWIDGG
OCCAOCAG7CWG GACA T c7`C`es
OCCAOCAG7='Ms Ccscs
OCCAOCAG GG SCT

OCCAOCAG7=S a CID AT TRW

Fig. 2. Junctional region sequences of V,317a TCRs from CD4+CD8- thymocytes of newborn (left panel) and adult (right panel) mice. Sequences
were obtained from sorted CD4+CD8-Vj17a' populations individually derived from the thymuses of four newborn and three adult SJL mice.

Germline sequences are known for V317a (Cazenave et al., 1990), D,3 (Kavaler et al.. 1984), and J4 (Gascoigne et al., 1984; Malissen et al., 1984).

Nucleotides in each sequence are assigned to V. D. or J segments that comprise the junctional region of the rearranged TCR gene. Mono- or di-

nucleotides representing inverted repeats of undigested termini are grouped as P nucleotides according to Lafaille et al.. 1989. Although the addition

of more than two P nucleotides at a single TCR joint has been reported in SCID mice (Schuler et 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 corresponding to the

adult sequence set are to appear elsewhere (Candeias ct al.. 1991). The nucleotide sequences are shown here to permit direct comparison with the

newborn sequences.
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V P N
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a ACAGOODO CACAO
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CAG CAAAC
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a ACAG CAW
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ACAQGOGW a CAACC J61.5
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Wm CIGOIGOOG A70M J62.1
T amclsow mkwc

GAC AAM
ACA A A23M

Wm c AACIR
WM T loom cmkln
WM T AC70000M mkloc

Oftc AAC7R
7r T IT IRWC

c c AC7RT
ORCIOGG AAC7R

WIR T GOACAGOOG OCVA
c OMAC'EDODOOGW 0 C7Rw

OGACAM AAC'IR
OAC AAC7R

17T OGACAQW mkwc
OG 7OCIG

a agooooc A TNACT

ACACC ist.s

Wm c 30000 CT AG'WC JWS
WM T Chao OWCA
2 ACAGM OCAGA
I; a GICICA

OCAGA
c OMACAGO T IOCAG

c.ACWO OCAGA

Wm 7k AGOG CACCT J82.4
CIGOOG CAAAA

m CIGOOO AAACA
cooooc CAAAA
GAC A07CA
AC700=0 AAAAC
GGOG 07cm

Wm CAGOO ACACC
GACAOG allr-m

7r 00 GAChC J82.5
CACAGG GACAC
CIGG CCAAr,

c OMAC ACCAA
GWA TT AACCA

OGOG T TOADC J62.6
AGOG IMAOC

Wm 7k Cc7RT
GATT 7kmh

Wm Cho C7CCT
M T ACAONG T 7ow
7r GOOG lmw

IRWA

c OGOACA C7RWG 7CAOC
7r CA w0m
r. ACAGO CUM
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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 VH CDR3,
e.g. between positions 95 and 107 (residue numbering and VH CDR3
definition according to Kabat et 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
V0 17b transcripts are unselectable, and a difference in the
number of N nucleotides inserted into the V017b 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 V017b sequences from the CD4+8+
thymocytes prepared from neonatal B6 x SJL 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 V,17a sequences
from DP and SP cells already presented in Figures 5 and
2, respectively. Examination of the three data sets reveals
that the defective V, 17b transcripts show significantly more
N region diversity than do the normal V017a 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: s 3 % of V, 17a sequences
versus 16% of V,17b.

Discussion

Two major points emerge from our analysis of junctional
region sequences from the at:f3 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 ct:3 T cells
show only very limited N region diversity-and parallel
3650

observations made simultaneously by others (Feeney, 1991;
McCormack et 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 et al., 1990; Carlsson
and Holmberg, 1990; Feeney, 1990; Meek, 1990; Bangs
et al., 1991).
The 'y:6 T cell repertoire appears similarly dichotomous.

It was recognized several years ago that adult 6 chain
transcripts carry substantially more N nucleotide additions
than the corresponding fetal transcripts (Elliott et al., 1988).
This observation has more recently been extended to adult
versus fetal/newborn 7y chain transcripts (Lafaille et al.,
1989; Aguilar and Balmont, 1991). However, it is important
to note for -y:6 T cells (though not for ct: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
VY-Je or V6 -J6 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 Va17a'
TCRs from CD4-CD8+ thymocytes were confined to the
CD3-/1o subset. This subset is generally considered to be
rather immature, a poorly understood interjection between
the DN and DP populations (Bluestone et 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-/o 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 et al. (1987) that the initial seeding
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Selection against N region diversity in neonate TCRs

CD4+CD8-

NEWBO RN

Vs6 P N P D P N P J

ACCMOCAMU0 C002000000C 0 CCAMC J02.i
0CCIIACM3.A 0000=0 QC 0 MAaCA

OCCAMCWRT 00ACTO 10010 JG2.S

OCCMOCAMC0 OCAMICA JOO
OCCMDCAC CACCO00M CACC
OCCAMCMU A AG CAlMA .

VolCM0A0 l

0CAAC00C cCA00M00CMA¶MACCACCT? JA

0COCCAC0AIC~¶A¶1?1CAG TAll5

O -MOCAM?CC00AAI'1 SO

*CAWUG0 A AOOCMA00DCA1'AGC¶CA1CT1C TAII

ADULT

Vs6 P N P D P N P J

OCCAMAM GOOACM ACACA JOIl.

OC MM0 AT cc 1.2000 VCA Jl

0CC00CAWT C CA A CCAAC JSI.4

0CCMCAGU00 AG 00 CC2kT J6OtS

OCCAMCAT CCT AC T AMUC Jill

OCCMDCA ATOA0ACMOOM 00A JS.
OCCAMAMT CATCAM CIVCT
0CCAMCA AcA 000A0TIC0 aC0010 t.

OCCA0C00 C CATAA A MACA JOlt6
OCCAOCMC ATAC2O MU? JOl
OCCAMCAG ACAC A10 0100

VillMC WII CII Jl

OCCAMCMCC Ccc AA MAA JOIS1

OCCAMCMW ATC GACAG=A0IC'ZTA JO2I

OCCACAOCT a a 10010
OCCMDCMC CCACA AG 1CC

OCCAWICM 0 00ACC0CMMC¶C OA00TIc £1
0.1 OCMOCT T OO0MOAGC0A01IA
OCMCCA0CMD0CMAMGOACAA C7CCWI JA

A OCIAD co I?U0CMAICTICMC10CA1C¶¶? TAIO

OCMQCWMC AA00 00AA00C¶AC JA00

GCAGIMC CIIGAh AA0C~MA ICTWf T01

A GCAGYMOA CT CATOOAAC0AMIMO1 01
CM M WDAMCAACIIIC27MCT 14.4

Fig. 4. Junctional region sequences of V06 (upper), V,3 10 (middle), and VJ (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
SJL F1 mice. The following germ-dine sequences are known: VOIO (Hirama et at., 1991), Va1-5H (Winoto et at., 1985), Va,1-8. 1 (Hirama et at.,
1991), and several J. segments: AlO0, 39, TT1 1 (Malissen et at., 1988; M.Malissen, personal communication), JA19, JA65, JA80, JA84, JATT1 1
(Winoto et at., 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 V06 (Smith et al., 1990) and additional J., segments: TA28, TA57 (Arden et al., 1985), 2B4,
C5, LB2, MD13 (Becker et at., 1985), TA13 (Wilson et at., 1988); 14.4 (Winoto et at., 1986) and 3DT (Yague et at., 1988). Nucleotides from
Vd36 and Vd 10 sequences were assigned as described in the legend to Figure 2. Since V. genes do not contain D regions, nucleotides in Va 1
sequences were assigned as V, J, P or N. Members of the V.1 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 Va 1 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 V06 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
V,317b transcripts with their expressed Vfll7a 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 a:f3 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 'y: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 x:f3 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 ao3
TCR. Secondly, it is difficult to envisage a mechanism by
which such a diverse set of receptors could be selected. Size
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CD4+CD8 VB17a

NEWBORN

V P N P D P N P J

OCCAOCACnX a T MACA J6l.!
OCCACCAC ACAGM0 CACa

OCCaCCAIMOACA ¶0 CAMAC
OCCACMACM T MGAC ACjCC
ACCAOCAOIC C OMACAaO CAMAC

OCCAOCMIM AC TICCA JSI.0

OCCAOCAO 0A.CMIIOOI MC Jill1

OCCAOCACICACAC CACO CAC
OCCACCACIC A MOAC MAC
ACCCAOC A C OMCCOMCAG
OCCAOCAO GACACa MACC
OCCACCAC CC MOACAOMAC
OCCACCAMCM OGACA ACM?OCCAaCAMICM ACAo CACT J6.

OC AGAOs:iB AGOW cw J62.1

OCCAOCAOT C ACoo AC CACC

OMCMICAM OIIC OCAACA J

0CCAMCMAM A0MM MACAR l

OCCAOCAOC aT A MiCA

OCCAaCACIC OOACT ACCAi JS.l
OCCACCACCCII aMaM AMAC
OCCACCACIM la ACAM
0CCAOCOCMIC O OMACACOG CTACC J*S.6
OCCACAGC C 0MAOCM0MM
OCCACCAOCIS ACAGMM CACCT
OCCACCAIC C mACAMOO ACCC O AOCA
OCCAOCMMC MoaMC 0 CTAG=

ADULT

V P N P D P N P J
0CCAMG CC CMAOG AACAC J8t.I

OCCAOCAco CoA A CC.....................................................
OCCAaCCaC OACAC A ^CC Jil.4
0CCAoCAC¶C C MC CA CAOGA
OCCA0CA CCAT ACA CcC CCAT J.

aCCAocA T s Woowa AAcw WC MA

0CCAOCMGR AOACCM AC AICTC

0CCABoCAC¶C mM A T MIAC
OCCAOCA o C C¶G A ACA

0CCACMM¶C 1 CACAOMTOC AMCCA J82.l
0CCA0CAC ACa ACc O TM ACCA

OCCAOCAM A A CAAcA

0CCA0ClGC CA CC MaCMoMC sro GACAC

OCCAGCAo CC MacMM CA ACAOA....__.
I=csr aaoGh7x 7oaaA JOIA

GbCCA0CM¶CW CaM CC ACCACOCCAICA0c A 000ACTMMT MACA

0CCACAC 0CA AC Moa AAC CCTw
0CCAOCAO ACMW AT MaCA
0CC0CA¶rC C ACMOAAGC AACCA

CCAow0CM CACM CA ACAaccaOC s7 CM 70= CAAJA S
OCAGCcw AC ACACK# AG ACCAACa

TCGCAG7T CATs CC OGOACAGGGWaC ST OWACA

OCACA7M CCCT OOMWTDO= T CCAAr.
OCAtCTJ TO CAAOO C ACCAAOcAoCA A aOIAsc700= T AACCA
OCCAOCAG A osa caom CCTAT J62S. 6
=OCC SAI C OAC1WG AT AID C7CTOCAOCAr CT co CAG CA TATO0

Fig. 5. Junctional region sequences of V017a 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 SJL F1) 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
cc: 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 Vfll 1+ 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 et 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

NEWBORN CD4-CDB+ CD3+ Vsl7a
V P N P D P N P J

0CCAGCMICM CAOM CAAAC Ji1.!
0CCAGC0ICWAC T CAocMC CACAG

_...................................

0CCAGCMCCM AOCAG TATAA Jai.$
GCCAOCC C OMOAC ACTA? Jil.!
OCCAOCMICM ACAGJOOC OCTGA
GCCA0CMTC C 0A0C 000C a CMAlt

GCCAGCAC¶VAC OGACAO GIOCA J8l.l
GCCAOCAO OACOaM ACMC
OCCA0CA CoomMC TCAMA JG.4

OCCAOACATC7MA AOACA J82.5
OCCACCACIC CC oMACMM OAAC
0CCAGCMIcAT AcC Js*.$
0CCA0CAICC` GoM AC CTCC?

NEWBORN CD4-CDS+ CD3-/lo Vol7a
OCCAGCC CCC OGACAG M CMAC Jll.l
OCCAGCAT T CAG AC AACIC

GCCAOCACIC MM0G CCTAT Jl.l

GCCACCACIC C MACIMMaO AACSM Ji.ll
OCCAGC.IC OACMGM M^ACC
GCCA0CMITACM AC AC ACA A A TAACT

CCACCM A CACC J.

OCLCA0CoCACAOG CACCA J62.2
0CACICAC CA ACCOCI MAOSCC
0CCAGCMICAC ACACOM GOCCA
OCCAGTCM MA CA
CCACCA MMMC AC OCAOA

GCACCACIrT CC AClGOG AMICA J6l.4
ACCA0CMCCW! ¶00000 CAOM AMTCA
0CCAGCMICT ~~~~~~~~~CCM00ACMOM ACACC

ACCACCAC? M ACTW 01JAM
0CCACCICM 000 AAAC
OCCACCACA oMM AACC
0CCA0CMIT C ooAC... C ACA

ACCA0CMIC ~~~~~~~~~~~~GACACAOCA
OCCAGCMTC A CC OACA A 1CAM

ACCA0CMI? CC 000ACMM M CAA J62.9

oACCACCAC OA T ACCA

oCCOenTC Qc cFaow T IROA
0CCACCACCr A C A MACA

0~CAGCMCCWCA M OACAC CC?T

Fig. 6. Junctional region sequences of V,317a TCRs from
CD4-CD8+CD3+ (upper panel) and CD4-CD8+CD3-1° (lower
panel) thymocytes from newborn mice. Sequences were obtained from
sorted CD4-CD8+ cells that were CD3+ or CD3-/1o from four
independent experiments representing six newborn B6 x SJL F1 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
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Fig. 7. Junctional region sequences of V017b TCRs from CD4+CD8+
thymocytes of newborn mice. Sequences were obtained from
CD4+CD8+ thymocytes from five newborn B6 x SJL Fl mice.
Sorted thymocytes from three of these mice were also used for
experiments shown in Figures 4, 5 and 6. The germline sequence of

V017b is known (Cazenave et 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-V 17a (KJ23; Kappler et 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 103 to 1 x 105 were routinely obtained and
one or two million HeLa cells were added to each as a carrier.

In one set of experiments anti-V,17 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,17a+ TCRs (Candeias et al., 1991a) and for diverse TCRs

(Candeias et al., 1991b). For Vatl + TCRs, we followed the same

procedures using the oligonucletoides OT68 [GTCCTGACCTCGCATGCC-
AGCAGAGCCCAGAATTCCCTC] and NJ109 [CGGCACATTGATTTG-
GGAGTC] for the first amplification and OT68 and NJ1 10 [TCTCGA-
ATTCAGGCAGAGGGTGCTGTCC] for the second.

N NUCLEOTIDE jo tA-lTKiNS TO NEWBORN TCRs

CD4+8-

CD4+8+ vrll
so -

©

©

21

21

IC

0 1 2 0.2

CD4-8+ CD3-Io

CD4 8+ V1317b

0 1 2 >2

Fig. 8. N nucleotide additions in different thymocyte populations of

newborn; CD4+CD8- V017a (A), CD4+CD8+ V,B17a (B),
CD4-CD8+CD3-/o V017a (C), and CD4+CD8+ V017b (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+ V017b (D) includes data from 5 out of 73

CD4+CD8+ V017a 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'817b 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 oligonucleotide ACAGAGCTACAGTG

permitted discrimination between the V 17a and V 17b products derived

from B6 x SJL F1 mice. Hybridization was performed at 400C in 6x

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 V017b clones were obtained from the DP population that we did

not screen for clones from the much smaller SP population.
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