
ble, because it is secreted in significant 
amounts from the infected cells (4) and . , 
can also easily be demonstrated in the sera 
of infected animals (12). Secreted mem- 
bers of the RNase superfamily are the focus 
of growing attention as a result of their 
involvement in diverse biological pro- 
cesses, including organogenesis, cancer, 
and immunomodulation (1 3-1 5). Cvto- , , 
toxic action of EO against the host im- 
mune system would be in agreement with 
known properties of other RNases, such as 
pancreatic-type bovine seminal RNase 
(13, 16, 17) and the S-RNases of plants 
(10). In vivo studies on the biological 
functions of EO will require either defined 
EO mutants of CSFV or large amounts of 
active protein from heterologous expres- 
sion systems. 

The structural EO protein is apparently 
important for virus growth for several rea- 
sons: (i) EO remesents a well-conserved . , 
structural glycoprotein within the Pestiui- 
rus genus; (ii) immunization with EO alone 
mediates a protective immune response 
against lethal CSF (18); and (iii) EO has 
retained its intrinsic catalvtic activitv dur- 
ing evolution despite its large divergence 
from classical RNases. Because RNases are 
among the best studied proteins with re- 
spect to their structure and catalytic 
mechanistics, the EO RNase activity 
should serve as a convenient target for the 
development of antiviral drugs. The unex- 
pected finding that a viral glycoprotein is a 
potent RNase will thus not only further 
our understanding on the pathogenesis of 
diseases caused bv mammalian viruses but 
may also provide us with the means to 
combat them. 
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Lack of N Regions in Antigen Receptor Variable 
Region Genes of TdT-Deficient Lymphocytes 

Toshihisa Komori, Ami Okada, Valerie Stewart, Frederick W. Alt 
During the assembly of immunoglobulin and T cell receptor variable region genes from 
variable (V), diversity (D), and joining (J) segments, the germline-encoded repertoire is 
further diversified by processes that include the template-independent addition of nucle- 
otides (N regions) at gene segment junctions. Terminal deoxynucleotidyl transferase 
(TdT)-deficient lymphocytes had no N regions in their variable region genes, which shows 
that TdT is responsible for N region addition. In addition, certain variable region genes 
appeared at increased frequency in TdT-deficient thymocytes, which indicates that N 
region addition also influences repertoire development by alleviating sequence-specific 
constraints imposed on the joining of particular V, D, and J segments. 

Immunoglobulin (Ig) and T cell receptor 
(TCR) variable region genes are created by 
the assembly of V, D, and J segments 
[V (D) J recombination] in developing lym- 
phocytes. V(D) J recombinase activity is 
targeted by conserved recognition se- 
quences (RS's) that flank each germline 
gene segment. The reaction involves recog- 
nition of RS's, introduction of double-strand 
breaks at RS-coding junctions; potential 
loss, addition, or both of nucleotides at 
coding junctions; and polymerization-liga- 
tion activities to complete joining (1, 2). 
The initiation of the reaction is probably 
mediated by one or two tissue-specific com- 
ponents, whereas most other events are car- 
ried out by more generally expressed activi- 
ties (2). 

Variable region diversity is created both 
by combinatorial assortment of V, D, and J 
segments as well as by the loss or addition of 
nucleotides at their junctions. Additions 
fall into two categories: template-depen- 
dent (P nucleotides) (3, 4) and template- 
independent (N regions) (5). N region 
addition has been hypothesized to be effect- 
ed by TdT (5), which can add deoxynucle- 
otides to available 3' ends (6). In support of 
this notion, TdT is found in immature 
lymphocytes (7) and leukemic cells (B), but 
not in nonlymphoid cells. Likewise, the 
abundance of N regions in V(D)J junctions 

T. Komori and V. Stewart, Howard Hughes Medical 
Institute, Children's Hospital, Boston, MA 021 15. 
A. Okada, Department of Genetics and Center for 
Blood Research. Haward Universitv Medical School. 

in adult as compared to fetal lymphocytes 
also correlates with substantial TdT expres- 
sion in precursors of the former but not the 
latter populations (4, 9-1 1). N region ad- 
dition to V(D)J junctions in cell lines also 
has been correlated with TdT expression 
(12-14). However, some cell lines that 
lacked readily detectable TdT activity were 
found to add N regions (1 3, 14), leading to 
speculation that N regions also may be 
added by other mechanisms (1 5). 

To unequivocally evaluate the role of 
TdT in V(D)J recombination and reper- 
toire development, we used gene-targeted 
mutation to generate chimeric mice in 
which all mature lymphocytes develop from 
precursors lacking TdT expression. We pre- 
pared a targeting vector that eliminated the 
TdT promoter and first exon and allowed 
for both positive and negative selection 
(1 6) (Fig. 1A). We generated 43 indepen- 
dent TdT knockout (TdTf/-) clones of the 
CCE line of embryonic stem (ES) cells (Fig. 
1B; representative data are shown). We 
then selected with increased G418 (17) and 
obtained independent homozygous TdT 
knockout clones (TdT-I-) from four differ- 
ent TdTf/- clones (Fig. 1B; representative 
clones are shown). 

All mature lymphocytes in chimeras 
formed by injection of ES cells into RAG- 
2-deficient blastocysts derive from the in- 
jected ES cells [RAG-2-deficient blastocyst 
complementation (1 B)]. Complementation 
of RAG-2-deficient blastocysts with either 
TdT-'- ES cells or TdT+'- ES cells gener- 

Boston, MA 021 15. ated chimeras with substantial numbers of 
F. W. Alt, Howard Hughes Medical Institute, Children's ES cell-derived B and T cells in primary 
Hospital, Boston, MA 021 15, and Department of Ge- 
netics and Center for Blood Research, Harvard Uni- and peripheral lymphoid Organs (Fig- l, 
versity Medical School, Boston, MA 02115. and C). However, we did not detect either 
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TdT enzymatic activity or transcripts from 
the mutated TdT gene (by RNA blotting 
analyses) in TdT-/- thymocytes (19). 
Therefore, inability to express TdT has no 
gross effect on lymphocyte differentiation. 

To characterize V(D)J junctions in 
TdT-/- and TdT+/- lymphocytes, we used 
various specific primers (20) to amplify and 
sequence multiple TCR P, y, and 6 chain 
V-D-J or V-J junctions from RNA or ge- 
nomic DNA of 2.5- to 6-week-old mouse 
thymuses (Fig. 2) and Ig heavy chain (IgH) 
V-D-J junctions from genomic DNA of 
2.5-week-old mouse spleens (Fig. 3). In 
contrast to junctions from TdT+/- lympho- 
cytes, those from TdT-/- lymphocytes con- 
tained virtually no N regions (Figs. 2 and 3 
and Table 1). Thus, TdT is the only major 
activity involved in physiological N region 
addition. Other activities speculated to be 
involved in this process, primarily based on 
V(D)J recombination substrate studies and 
illegitimate recombination studies in lym- 
phoid and nonlymphoid cell lines (1 5), are 
not a significant source of N regions in 
normal developing lymphocytes. Also, P 
nucleotides occurred at similar frequencies 
in TdT+/- and TdT-/- junctions (Table 
I) ,  confirming that P nucleotide addition is 
independent of N nucleotide addition and 
TdT activity. 

Short homologies at or near coding se- 
quence breakpoints have been proposed to 
mediate V(D)J joining and lead to the 
appearance of certain variable regions at 
increased frequency in fetal repertoires (5, 

10. 2 1 ). The low TdT exvression in devel- . , 

oping fetal lymphocytes has been speculat- 
ed to promote this phenomenon (10). 
However, the overall role of such homolo- 
gies in the V(D) J joining process (leading 
to "overlapping" junctional nucleotides) 
has been difficult to evaluate because N 
regions may have provided occult homology 
in junctions where none was evident (for 
example, in most junctions of adult reper- 
toires). In this context, 45% (2861583) of 
TdT-/- junctions (V-D, D-D, D-J, or V-J) 
had homologies of two or more nucleotides 
as compared with 18% (561306) of TdT+/- 
junctions (Figs. 2 and 3 and Table 1) (1 9). 
Therefore, the occurrence of homology- 
mediated joins is enhanced in TdT-/- 
adult lymphocytes-confirming the pro- 
posed role of TdT expression on the relative 
occurrence of such joins in fetal as com- 
pared to adult repertoires. However, over 
25% of TdT-/- junctions lacked even one 
base pair of overlap (Table I), indicating 
the existence of a V(D)J joining pathway 
that is homology-independent. 

The y6 T cells of epidermis mostly have 
a single in-frame V 3J 1 junction that also 
is the predominant ('canonical") V 3J 1 

. Y  join in fetal thymocytes; these repertomes 
also have two predominant out-of-frame 
Vy3Jy1 joins as well (4, 22-24). The fre- 
quency of these joins in particular reper- 
toires was suggested to result from cellular 
selection (25). However. ex~eriments with . , , . 
transgenic TCRy recombination substrates 
(23) and TCRG-/- mice (24), coupled with 
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I I I - 

PG K-neo 2 8 4  5 6 
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I 

observations on fetal Ig and TCR reper- 
toires (9-1 I), indicated that canonical 
joins are favored as a result of biased joining 
by the recombination machinery in fetal 
thymic progenitors (26). 

In TdT-/- thymuses, 30 of 40 in-frame 
Vy3Jy1 joins were canonical, and 42 of 65 
out-of-frame joins were one of the two joins 
that predominate in fetal thymocytes (Fig. 
2). Taken together, these three junctions 
represented 70% of all Vy3Jy1 junctions in 
TdT-/- thymocytes, a number comparable 
to that observed in fetal repertoires (4, 22). 
In contrast these same three junctions rep- 
resented only 32% of the Vy3Jy1 joins in 
the TdT+/- thymocytes, in agreement with 
the percentage previously observed in adult 
thymocytes (4, 1 1 ) . Therefore, both produc- 
tive and nonproductive Vy3Jy1 predomi- 
nant joins occurred at increased frequency 
in TdT-/- thymocytes. Our data strongly 
support the biased recombination model 
and indicate that lack of TdT, as opposed 
to either some other property of the V(D)J 
recombinase or to cellular selection, pro- 
motes appearance of predominant junctions 
in fetal thymocytes. Homology-mediated 
joining has been proposed to promote the 
frequent occurrence of particular junctions 
(1 0, 26); canonical Vy3Jy1 joins may be 
promoted by two short overlaps (AT, 
TAG) that appear in the majority of 
Vy3Jy1 junctions (26) (Fig. 2). If so, the 
lack of use of other nearby potential over- 
laps (TC, CT, TA) in TdT-/- thymocytes 
(Fig. 2) suggests that other factors, such as 

B T~T+I. TdT+,. T ~ - I -  ~ ~ ~ - 1 .  Fig. 1. Generation of 
a b a b ---- TdT-deficient lympho- 

8 % cytes. The TdT gene was 
0 

2 1. u k i  j. . C . 2 m 
targeted in ES cells that 

2 6 5 5 5 were then used for RAG- 
O C P - C c n ~ L O Y + V i Y ~ ~ Y  *. -* - - .  

2-deficient blastocyst 
complementation (29). 
(A) Structure of the tar- 

16 kb, --. - - geting vector and partial 
14kb' ' " 

--- - restriction map of ge- 
nomic TdT locus and 
mutated allele after ho- 
mologous recombina- 
tion. Exons 1 to 4 and 6 
are depicted as black 

boxes. The location of exon 5 (white box) has not been determined. RI, Eco 
RI; H, Hind Ill; X, Xba I; S, Sal I; Xh, Xho I; K. Kpn I. (8) Contribution of the 
TdT+/- and TdT-I- ES cells to lymphoid tissues. Eco Rl-digested DNA 
prepared from the indicated cell lines and tissues of 2.5-week-old mice 
was assayed by Southern blotting for hybridization to the Sal I-Xba I probe 
described in (A). Bands that correspond to the wild-type (16 kb) and 
mutant (1 4 kb) genes are indicated. (C) Flow cytometric analysis (FACS- 
can; Becton Dickenson) of thymus and spleen from control (129. Rag-2-I-) 
and chimeric (TdT+/-, TdT-I-) mice. Thymocytes and splenocytes were 
stained for the indicated surface markers as described previously (18). 
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M O 5  10B1 4/23 4/15 5/21 7/15 *TGTOCCTGCTGGG= AGCTCAGGTTIT + 
11105 IP TGT OCC TGC TGG GAT CT AT ATAGCTCAGGTTTT + 
21105 I D  1/21 TGTOCCTGCTGGGATC G C T C A G m T ' I T  + 
11105 UJI TGTOCCTGCTGGO GCTCAGGTTIT + 
11105 m 1  TGT OCCTGCTGG GAT C A T A G C T C A G G T m  + 
1n05 1/15 TGTOCCTGCTGGOATCT rn crm + 
Z105 1/21 TGTOCCTGCTGGGAT CT CTCAGGTTIT + 
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14105 41)l 6'23 2/15 ?R1 *TGTGCCTGCTGGG AT ATAGCTCAGGTTTI - 
1/IM l m  TGTOCCTGCTGG ATAGCTCAGGTTTT - 
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Fig. 2. Lack of N regions in V(D)J junctions from TdT-I- T lymphocytes. 
Polymerase chain reaction (PCR)-amplified products (20) from thymic 
genomic DNA of two 4-week-old mice (a and b), two 6-week-old mice (d 
and e) and three 2.5-week-old mice (c, f, and g) are shown. Two 
independent PCR amplification reactions were analyzed from one 2.5- 
week-old chimera (g l  and 92). The frequency of each junction is listed to 
the left of the sequence. Overlapping nucleotides that could be encoded 
by either germline segment (including P nucleotides) are underlined. The 
reading frame [(+) or (-)I and canonical in-frame and predominant 
out-of-frame sequences (4, 22-24) are indicated by an asterisk. 

Fig. 3. Lack of N regions in V(D)J junctions from TdT-I- B cells. PCR 
products of genomic DNA from spleens of 2.5-week-old mice (two 
independent spleens each) are shown. Nucleotide sequences are 
aligned with the germline sequence (22, 30, 31). Overlapping nucleo- 
tides and reading frame are as in Fig. 2. 
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M2.19 TOTOCAA 
84d-12 TGTGCAAOAC 

84.2.17 TOTGCAAGACA TO 

84b2-7 TOT GCAAGA CA TG 
846-6 TGTOCAAG 
84.2-13 TOTGCAAGACA TO 
84b2-1 TOT GCAAGA C 

M2-2 TOT OCA AOAC 
M2-3 TOT GCAAGA C 
~ 2 . 1 3  TOTGCAAGACA TO 

M2-17 TGTOCAAGA 
84b2-18 TOTOCAAGACA 

84b2-8 TOTGCAAOAC 
84.24 TOTGCAAGACA 

84.2.7 TOT GCA AGACA m 
84.2-8 TOTGCAAOA 
84b2-14 TOTOCAM 
M 2 . Z  TOT GCA AGA C 
M2-21 TGTGCA 
84.2-21 TOT OCA AGA CA TO 
W - 1  TGTOCAAGACA T 
84d-5 TOT OCA AGA 
84.2.9 TGTOCAAO 
845.11 TGTGCA AGAC 
84.2.14 TOT GCAAGA CA 
-6 TOT GCA AOA CA I 
84.2.10 TOTOC 

W - 1 8  TOT GCAAGA C 
846.2 TGTGCAAG 
84.2-15 TOT GCAAGA 

84b2-9 TOT GCA AOAC 
M2.10 TOT OCA AGAS 
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Table 1. V(D)J junctions of TCR and lg genes. Thymocyte cDNA (V,), the frequency of canonical joins; Fig. 2). Identical sequences detected in 
thymocyte genomic DNA (Vy and V,), and spleen genomic DNA (V,) were products from the same PCR reaction are counted only once, except 
used as templates to amplify junctions of the indicated rearrangements by when they were found multiple times in independent amplifications (which 
PCR. Two 2.5-week-old mice were analyzed in each set (except for only occurred for Vy3-J,l reactions). 
Vy3-Jyl sequences, where older mice were also used to further evaluate 

Number of Average Number of overlapping junctions (%)$ Number of Number of of N +  number sequences sequences of Ni 
P+ junctions overlapping P 

analyzed (%)* V-D D-J Total ("A)§ em 

Total 

Total 

*Percentage of complete junctions (V-D-J or V-J) with N regions. ?The numberwas calculated based on the sequences that have N regions. $Percentage of individual 
overlapping junctions (V-D, D-D, and D-J); potential P nucleotides that overlap with germline sequences are included. §Percentage of individual junctions (V-D, D-D, and 
DJ)  with P nucleotides. (IPercentage of P nucleotides with overlap. #D-D junctions are included in the total. 

sequence context, must contribute to this may reveal important immunological con- 
sequences of the limited variable region 
repertoire in TdT-I- mice. 
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Mice Lacking TdT: Mature Animals with an 
l mmature Lymphocyte Repertoire 

Susan Gilfillan, Andree Dierich, Marianne Lemeur, 
Christophe Benoist, Diane Mathis 

In adult animals, template-independent (or N) nucleotides are frequently added during the 
rearrangement of variable (V), diversity (D), and joining (J) segments of lymphocyte 
receptor genes, greatly enhancing junctional diversity. Receptor genes from adult mice 
carrying a mutation in the terminal deoxynucleotidyl transferase (TdT) gene have few N 
nucleotides, providing proof that this enzyme is essential for creating diversity. Unlike those 
from normal adults, receptor genes from adult mutant mice show extensive evidence of 
homology-directed recombination, suggesting that TdT blocks this process. Thus, switch- 
on of the TdT gene during the first week after birth provokes an even greater expansion 
of lymphocyte receptor diversity than had previously been thought. 

T h e  repertoire of B and T cell antigen 
receptors expressed in adult animals is 
more diverse than that in perinates (I) .  
One major difference is the amount of N 
region diversity at the junctions of rear- 
ranged immunoglobulin (Ig) and T cell 
receptor (TCR) gene segments. N nucle- 
otides are rare in V(D)J junctions from 
fetal or newborn animals, but constitute a 
major component of the diversity of Igs 
and TCRs from adults (2-7). This dissim- 
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ilarity may be due to differential expres- 
sion of TdT. Terminal deoxynucleotidyl 
transferase catalyzes template-indepen- 
dent addition of nucleotides in vitro (8), 
and the amount ex~ressed in vivo corre- 
lates with the degree of N region diversity 
in antigen receptors (9, 10). Another 
difference between adult and perinatal 
repertoires lies in the diversity of V-J, 
V-D, and D-J junctional sequences. Exam- 
ination of large sets of fetal and newborn 
Ig and yS TCR sequences revealed over- 
representation of some junctions, coinci- 
dent with short stretches of homolow -, 
between abutted gene segments (3-5, 11- 

13). In the case of yS TCRs, certain 
dominant junctions (termed "canonical") 
are functionally significant because they 
give rise to the quasi-monoclonal recep- 
tors in specific anatomical locations such 
as the skin. Overrepresented joints were 
not generally observed in adult sequences, 
only in some of those lacking N nucleo- 
tides. Initially, the presence of dominant 
junctions of yS TCRs was attributed to 
cellular selection (5, 14), but a preference 
for rearranging at short stretches of homol- 
ogy is more probable (1 5, 16). Why such 
homology-directed recombination is pro- 
nounced in perinates but rare in adults is 
an open question. 

One approach to better understanding 
the adult-perinate dichotomy is to artifi- 
cially produce mature animals with reper- 
toires having immature features. Thus, we 
generated, through homologous recombi- 
nation in embryonic stem cells, a strain of 
mice lacking TdT (1 7). The mutation of 
TdT we obtained was an insertion of the 
neomycin gene into exon 4, as illustrated 
in Fig. 1 and confirmed by extensive 
Southern (DNA) blot analysis. Given the 
predicted location of the TdT active site 
and its presumed globular nature (18), 
exons 4 to 7 are probably critical for TdT 
function. No mRNA corresponding to 
regions 3' of the neomycin insert was 
detected in thymus RNA from homozy- 
gous mutant mice after polymerase chain 
reaction (PCR) amplification, for which 
we used a primer pair on the 3' side of the 
insertion; nor was any revealed by in situ 
hybridization of the appropriate probe to 
thymic sections (1 9). Abrogation of pro- 
tein expression was confirmed by staining 
of thymocytes with a polyclonal antiserum 
to TdT (1 9). 

Homozygous mutant TdT-'- mice breed 
well and appear healthy in a conventional 
animal facility, are of normal size, and do 
not have increased susceptibility to infec- 
tion, as is common for immunodeficient 
animals in our colony. The mutants show 
no marked abnormalities in the major T or 
B cell compartments and are capable of 
mounting T and B cell responses to com- 
plex antigens like keyhole limpet hemocy- 
anin and ovalbumin (20). 

To evaluate the effect of a TdT defi- 
ciency on the lymphocyte repertoires of 
adult mice, we sequenced the V(D)J junc- 
tions of more than 300 rearranged Ig and 
TCR genes from adult animals (most from 
6 to 8 weeks of age) (2 1 ) . Representative 
sets of V,3 DNA sequences from total 
thymocytes (Fig. 2), VH7183 DNA se- 
quences from splenocytes (Fig. 3),  and 
V 8 RNA sequences from CD4+- 
c ~ ~ + c D ~ ' o  thymocytes (Fig. 3) are 
shown. The enzyme TdT was responsible 
for the bulk of N region diversity because 
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