The EMBO Journal vol.5 no.10 pp.2459—2468, 1986

Clonal recruitment and somatic mutation in the generation of

immunological memory to the hapten NP

Ana Cumano and Klaus Rajewsky

Institute for Genetics, University of Cologne, Weyertal 121, D-5000
Cologne 41, FRG

Communicated by K.Rajewsky

The nucleotide sequences of the variable regions of \1 chain
bearing anti-NP antibodies from the secondary response of
CS7BL/6 mice were determined. The data indicate that the
V186.2 V4 gene which dominates the primary anti-NP re-
sponse is expressed in nine out of 10 secondary response anti-
bodies and is extensively mutated. In the VA1 regions somatic
mutations are less frequent. While point mutations predomi-
nate, there is suggestive evidence for two conversion events,
one involving a one-codon deletion. Most, but not all, second-
ary response antibodies have a higher affinity (up to 10-fold)
for the hapten than is seen in the primary response. The
increase in affinity correlates with ‘parallel’ mutations in
CDRs of H and L chains, likely to play a role in hapten bind-
ing. The analysis of VDJy rearrangements demonstrates that
the secondary response \1 chain-bearing antibodies are pro-
duced by a diverse set of B cell clones, which are only rarely
expressed in primary responses. These clones are character-
ized by N-sequence-mediated heterogeneity in the 3’ half
of CDR3, where the germ line sequence of the D element
DFI16.1 predominates in primary response antibodies. The
antibodies analyzed in this and in previous work were iso-
lated from idiotypically suppressed mice in order to evaluate
whether, intraclonally, idiotype suppression selects antibody
mutants into the memory pool, through suppression of the
wild-type. A selection of this type was not detectable. How-
ever, idiotype suppression may control the pattern of clono-
types expressed in the primary versus the secondary response.
Key words: affinity maturation/clonal selection/idiotypic control/
immunological memory/somatic mutation

Introduction

The V regions of primary response antibodies are often encoded
by germ line genes, whereas the genes encoding antibodies of
secondary and hyperimmune responses are usually extensively
mutated (Gearhart et al., 1981; Bothwell er al., 1981, 1982;
Griffiths et al., 1984; Sablitzky and Rajewsky, 1984; McKean
et al., 1984; Cumano and Rajewsky, 1985; Wysocki et al.,
1986). In addition, a broader range of antibody V genes is ex-
pressed in secondary as compared with primary responses (Reth
etal., 1978; Berek et al., 1985). Considering that somatic muta-
tions accumulate in B cell clones at a high rate in a stepwise man-
ner during proliferation (McKean et al., 1984; Rudikoff et al.,
1984; Sablitzky et al., 1985a,b), a picture emerges in which B
memory cells are generated through a distinct pathway of dif-
ferentiation. This pathway is characterized by extensive prolifera-
tion in the absence of differentiation into plasma cells, somatic
mutation and selection of cells expressing high affinity antibodies.
Since the development of B cell memory is usually observed in
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T cell-dependent responses, the hypothetical pathway of memory
B cell differentiation could be controlled by regulatory T cells.

The primary antibody response to the hapten 4-hydroxy-3-nitro-
phenylacetyl (NP) coupled to the T cell-dependent carrier chicken
gamma globulin (CG) is dominated in C57BL/6 mice by \1 chain-
bearing antibodies (Jack et al., 1977; Mikela and Karjalainen,
1977) expressing the V186.2 Vy gene together with the DF116.1
D segment (Bothwell ez al., 1981; Cumano and Rajewsky, 1985).
V186.2 is a Vy gene of group 1 in the classification of Dildrop
(1984). In secondary and hyperimmune responses to NP,
however, the average affinity of the antibodies increases and a
shift to » chain-bearing antibodies is observed, although anti-
bodies with A1 chains are still present (Reth et al., 1978). In the
present study we ask whether the latter antibodies represent the
somatically mutated progeny of the primary response antibodies.
Specifically, we investigate whether regulatory T cells recogniz-
ing idiotypic determinants of those antibodies are involved in the
selection of somatic antibody mutants into the memory com-
partment.

Results

Serological analysis of antibodies derived from a secondary anti-
NP response in idiotypically suppressed C57BL/6 mice

When newborn C57BL/6 mice receive a single injection of anti-
idiotypic antibodies recognizing certain idiotopes associated with
primary response anti-NP antibodies, they develop a state of
chronic idiotype suppression which is at least partly controlled

Table I. Serological characterization of monoclonal secondary response anti-NP
antibodies from idiotypically suppressed C57BL/6 mice

Hybridoma® Ac38® Acl46® Isotype

3B62 —¢ - IgG1 (A1)
3B - - IgG1 (A1)
3A183 +¢ - IgGl (\1)
3A112 - - IgGl (\D)
3D61 + - IgGl (A1)
3B5 - - IgGl (\1)
3C13¢ + - IgGl (A1)
3Cs2¢ - - IgGl (A1)
Cc32¢ - - IgGl (\1)
B423¢ - - IgGl (\1)

4Designation of hybridoma line.

YAc38 and Acl46 are idiotypic markers recurrently expressed in the anti-NP
response of C57BL/6 mice and defined by monoclonal anti-idiotope
antibodies (Reth et al., 1979). Subset a antibodies (see text) are defined by
co-expression of the two idiotopes (Takemori and Rajewsky, 1984).

¢+ means binding of antibody to anti-idiotope coated plates under saturating
conditions 50% of high control, determined by ELISA. — means binding
under the same conditions 2% of high control. The high control was
antibody N1G9 (Cumano and Rajewsky, 1985) which carries the V region
against which the anti-adiotope antibody were raised. At concentrations of
~ 10 pg/ml plateau binding was obtained in all cases.

9These four hybridomas were isolated from one mouse, and the other six
hybridomas from another mouse.
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Table II. Relative affinities of secondary and primary anti-NP antibodies to NP
and NIP

K.NIP (uM) K.NP (uM)
Primary immune response
B1-8* 0.1 2.0
N1G9* 0.1 2.0
NICI12¢ 0.5 25
S2E9® 0.1 0.95
SIF12° 0.1 2.0
S2G7° 0.1 2.0
SIF2* 0.5 22
S2Dg° 0.8 3.0
S2H5P 1.0 3.6
Secondary immune response
3B62 0.016 0.5
3B44 0.02 0.5
3A183 0.02 0.9
3A112 0.03 0.8
3D61 0.03 0.6
3B5 0.03 1.0
3C13 0.5 5.4
3CS52 1.0 8.0
C32 0.06 0.8
B23 0.015 0.4

4Primary response antibodies from control mice.
®Primary response antibodies from idiotypically suppressed mice (Cumano
and Rajewsky, 1985).

by regulatory T cells. This state is defined by the absence, in
the primary anti-NP response, of an idiotypically defined subset
of anti-NP antibodies (subset a) recurrently expressed in the anti-
NP response of untreated animals (Takemori and Rajewsky,
1984).

Through sequence analysis of primary response antibodies in
normal and idiotypically suppressed mice, we have previously
identified the structural correlate of the idiotypic specificity of
subset a: a TACG sequence at the border of the V186.2 Vy
region and the DF116.1 segment, resulting in the ‘insertion’ of
an aspartic acid into a stretch of three germ-line-encoded tyro-
sines (Cumano and Rajewsky, 1985).

In this study, 15-week-old idiotypically suppressed mice were
primed with 100 ug alum-precipitated NP —CG. Serum collected
from the animals 12 days after immunization contained high
titers of anti-NP antibodies, but none of subset a (data not shown).
Five weeks after priming, the animals received 20 ug NP—-CG,
a dose which does not elicit an immune response in naive mice.
Three days later, the mice were bled out and the spleen cells
of two animals were separately fused to X63.Ag8.653 myeloma
cells. The sera again contained large amounts of anti-NP anti-
bodies, but the idiotypic markers of subset a were still undetect-
able (data not shown). Ten hybridomas secreting M1
chain-bearing, NP-binding antibodies, four from one and six from
another mouse, were randomly selected from 180 hybridomas
secreting such (A1 chain-bearing) antibodies. Table I shows the
isotypes and idiotypic specificity of these 10 antibodies. All anti-
bodies belong to the IgG1 class and none bears the idiotypic
marker characteristic for subset a. This marker was not detected
in any of the remaining 170 hybridomas (data not shown). Table
IT shows the relative affinities of the 10 antibodies for the haptens
NP and NIP (4-hydroxy-3-nitro-5-iodo-phenylacetyl) to which
the antibodies bind more strongly than to NP itself, similar to
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primary response antibodies (‘heteroclicity’; Imanishi and Ma-
keld, 1973). The relative affinities of some primary response anti-
bodies are given for comparison. As expected, most of the
secondary response antibodies exhibit 5- to 10-fold higher affinity
than antibodies from the primary response. However, there are
two notable exceptions: antibodies 3C13 and 3C52 bind NP with
a lower affinity than all primary response antibodies.

Sequence analysis of the secondary response antibodies

The sequences encoding the VJ regions of the A1 chains of the
10 secondary response hybridomas are shown in Figure 1, with
the germ line VA1 sequence (Blomberg and Tonegawa, 1978)
given as a reference. Five of the 10 sequences are unmutated;
the other sequences carry between one and three point mutations.
Of a total of eight point mutations six are replacement mutations,
and of these five are located in complementarity determining
regions (CDR1 and CDR2) (Table II). That this is due to selec-
tion is underlined by the finding that four chains carry an ident-
ical mutation in position 57, changing a C to a T and, at the amino
acid level, an alanine to a valine.

The sequences encoding the VDJy regions of the secondary
response antibodies appear in Figure 2. The Vy gene V186.2
and the DF116.1 segment (both dominating the primary anti-NP-
response) are given as reference sequences, together with Jy2.

All antibodies except B423 express Vy genes which are
strongly homologous to V186.2. The Vy region of antibody
B423 differs from V186.2 by 49 nucleotides and has 90% hom-
ology to another Vy gene of the same group (V130) isolated by
Bothwell (1984). The other nine Vy regions differ from V186.2
at a minimum of two and a maximum of 12 nucleotide substi-
tutions (Table IIT). Both silent and replacement substitutions are
seen in relation to the reference sequence, and the replacement
substitutions are concentrated in CDR1 and CDR2. As in the
case of the V| regions, parallel mutations are seen in several
positions, leading to the same amino acid change either by the
same (positions 26, 33, 38, 61, 64 and 66) or by different
nucleotide substitutions (positions 35 and 84). Four of these posi-
tions are in CDRs. A search among all available Vi sequences
revealed that (i) 20 out of the 50 substitutions are not found in
any other known Vy gene sequence of group 1, and (ii) if a
substitution is found in another sequence, that sequence differs
from the one carrying the substitution in many more positions
than the V186.2 gene. In addition, there are only two cases (boxed
in Figure 2) where more than one substitution seen in a given
sequence is also present in another Vi sequence. Finally, all nine
V186.2- related sequences carry, in positions 74 and 75, codons
which had so far only been seen in those positions in V186.2.
Together with the Southern blot analysis (see below) and a
positive correlation between mutations in VA1 and divergence
from the V186.2 sequence (Table III), these findings lead to the
conclusion that the Vg regions of nine out of 10 A1 chain-bearing
secondary response antibodies express a somatically mutated
V186.2 gene.

The two cases in which multiple substitutions are shared be-
tween a Vg gene in Figure 2 and a known Vy gene of group
1 are of particular interest since they may represent gene con-
version events (see Discussion).

The CDR3s of the H chains exhibit pronounced heterogeneity,
although several of them (3B5, C32, 3A183, 3C13, 3B44) may
express sequences of the DF116.1 segment (Kurosawa and Tone-
gawa, 1982). Sequence heterogeneity is particularly pronounced
at the D—Jy border where the joining process has generated N
sequences in most clones. Somatic mutations may have introduced
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Fig. 1. Nucleotide sequences of the VX regions expressed in the hybridomas 3B62, 3B5, 3B44, C32, 3C13, 3D61, 3C52, 3A183, 3A112 and B423. The
sequences are compared with VA1 and JX1 germ line sequences. Nucleotides identical to the reference sequence are indicated by dashes, sequence ambiguities
by x. Marked in black circles are the amino acid substitutions relative to the reference sequence.

additional variability. The antibodies express Jy1, 2, 3 or 4, and
in the Jy segment somatic mutations are present only in positions
belonging to CDR3.

The sequences of the D and Jy regions establish that all 10
secondary response antibodies in Figures 1 and 2 are products
of different B cell clones. (Two further secondary response anti-
bodies whose sequences were identical to those of antibodies
3A112 and 3A183, respectively, and which also came from the
same fusion experiment as the latter antibodies are eliminated
from the analysis. These ‘repeat’ clones may or may not have

arisen in vitro, after cell fusion.) None of these clones could have
originally produced an antibody of subset a for which the mice
were idiotypically suppressed: subset a antibodies are character-
ized structurally by a TACG sequence at the Vy—D border, in
front of the DF116.1 element (Cumano and Rajewsky, 1985).

Restriction analysis of the VDJy loci of the secondary response
antibodies

To confirm that the V186.2 gene is indeed expressed in most
of the 10 secondary response antibodies, genomic DNA was pre-
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Fig. 2. Nucleotide sequences of the VDJy regions of the hybridomas 3B62, 3BS, 3B44, C32, 3C13, 3D61, 3C52, 3A183, 3A112 and B423. The sequences
are compared with the germ line V186.2 gene, the DF116.1 segment and the J;2 gene. Nucleotides identical to the reference sequence are indicated by
dashes, sequence ambiguities by x. * indicates the Jy gene expressed by the antibodies. Marked in black circles are the amino acid substitutions relative to the
reference sequence in antibodies expressing the V186.2 gene. The segments involved in putative gene conversion events are boxed. CDR, complementary

determining region; gl, germ line.

pared from seven of the hybridomas, cut with restriction enzymes
and subjected to Southern blot analysis, using a probe comp-
lementary to sequences downstream of the Jy locus (Boersch-
Supan et al., 1985) to identify rearranged VDJy loci. DNA from
the hybridoma B1-8, and the fusion partner X63.Ag8.653 served
as controls. The results obtained after digestion with the enzyme
EcoRlI are shown in Figure 3. A single band of 6.4 kb is seen
in the case of cell line X63.Ag8.653 (lane 8), as reported earlier
(Sablitzky ez al., 1982). A similar band appears in the case of
most of the other cells. The hybridoma B1-8 expresses the V186.2
Vy gene in combination with Jy2 (Bothwell et al., 1981), rep-
resented by a 4.3-kb band (lane 9) (Sablitzky et al., 1982). A
similar band is seen in the case of the hybridomas 3B62 and 3B44
(lanes 5 and 7), consistent with the expression of V186.2 and
Jy2 in these cells (Figure 2; an additional band seen in these and

2462

other cases corresponds to the rearranged non-expressed VDIy
locus present in the cells). The hybridomas 3D61, 3A112 and
3BS5 are assumed to express V186.2 in combination with Jy4.
A 3.3-kb band is expected for this rearrangement and is found
in all three cases (lanes 3, 4 and 6). Rearrangement of V186.2
to Jy3 would generate a 4.0-kb band which is found in the case
of hybridoma 2C52 (lane 2). Only one of the 10 secondary re-
sponse antibodies was identified by sequence analysis as not
expressing the V186.2 gene. Indeed, restriction analysis of the
DNA from this hybridoma (B423, lane 1) reveals two bands (7.8
and 5.2 kb) not predicted for any productive rearrangement of
the V186.2 gene (this hybridoma has lost the VDJy locus of the
fusion partner). Further restriction analysis was carried out with
the restriction enzymes Xbal and HindIII (data not shown). As
in the case of EcoRlI, the results were consistent with our con-
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™
Table I1I. Silent and replacement mutations in the heavy and light chain variable ~T o T 3 R e A v =
regions of secondary anti-BP antibodies expressing the V186.2 gene I I XL I I I I © I
333 3333 9 3
Heavy chain® Light chain? m N = N o < ©
§a v © © v < ‘
CDR FR CDR FR ¢ O 0o ; m o o o oL
R S R S R S R S m ® ® o ™ o o X o kb
3B62 6 0 5 1 1 0 0 0
3BS 2 0 3 4 1 0 1 1
3B44 4 1 2 1 1 1 0 0
3C32 3 1 2 1 2 0 0 0
3C13 3 0 3 1 0 0 0 0
3D61 2 0 1 0 0 0 0 0
3C52 2 0 1 0 0 0 0 0
3A183 2 0 0 0 0 0 0 (]
3A112 2 0 0 0 0 (] 0 0
26 2 17 8 5 1 1 1 d
e - —~3.3
Ratio of silent/replacement mutations
CDR Expected® FR Expected® —23
Heavy chain 1/13 1/6 1/2 1/3.1
Light chain 1/5 1/3.5 1/1 112.7

The calculations do not include possible nucleotide exchanges in the D
region and in VH—D, D—JH and VA1—JA1 joining regions.
®Calculated from the nucleotide composition of the V186.2 and the VA1
gene. R, replacement mutation; S, silent mutation; CDR, complementary
determining region; FR, framework region.

clusion from the sequence analysis, namely that the second-
ary response antibodies, excluding antibody B423, express the
V186.2 Vy gene.

Discussion
Most N1 chain-bearing anti-NP antibodies from the secondary
response express the V186.2 gene in somatically mutated form

In previous work (Bothwell et al., 1981), a A1 chain-bearing anti-
NP antibody produced by a hyperimmune C57BL/6 mouse was
analyzed and appeared to express the V186.2 Vi gene as most
primary response anti-NP antibodies (Cumano and Rajewsky,
1985), but the gene carried 10 somatic point mutations. The
identification of any particular Vy gene as a somatic mutant of
V186.2 is complicated by the fact that the latter belongs to the
largest Vi gene group [group 1 in the classification of Dildrop
(1984)]. However, this problem has been largely overcome be-
cause a large number of group 1 Vy sequences is now known
(see Dildrop, 1984; and Schiff et al., 1985; Bothwell, 1984;
Sablitzky and Rajewsky, 1984; Sablitzky ez al., 1985a; Maizels
and Bothwell, 1985; R.Dildrop and M.Siekevitz, unpublished
results) and because a series of randomly picked hybridomas was
analyzed in terms of both Vy gene rearrangement and nucleotide
sequence of the expressed Vy and Vi genes. By doing so we
can identify the expressed Vy genes as somatic mutants of
V186.2 on the basis of the following pieces of evidence: (i) se-
quence homology to V186.2, which is closer to this gene than
to any other known Vy gene and includes the ‘diagnostic’ pos-
itions 74 and 75; (ii) pattern of substitutions, of which one-third
is not found in any other known gene of the family and which,
with two exceptions, do not occur in the same combination in
any other known Vy sequence; (iii) positive correlation between
number of substitutions in Vy and Vp; (iv) consistency of the

Fig. 3. Southern blot analysis of cell lines B423, 3C52, 3D61, 3A112,
3B62, 3B5, 3B44, the fusion partner X63.Ag8.653 and B1-8. Genomic
DNA was digested with EcoRI, electrophoresed, blotted and hybridized with
a Jy specific probe (Jy 3—4 probe).

restriction analysis with the predictions of V186.2 rearrangements
to different Jy segments. By these criteria the majority of the
secondary response antibodies, presumably nine out of 10, ex-
press a somatically mutated V186.2 gene.

Gene conversion may contribute to somatic antibody diversifi-
cation

Most of the nucleotide exchanges in the genes encoding the sec-
ondary response V regions appear to represent point mutations.
However, in two cases more than one of the substitutions was
detected in a given Vy gene (Figure 2) in another known Vy
sequence (excluding the sequences in Figure 2) in the same pos-
itions. Significantly, both repeats involved substitutions in close
vicinity (Figure 4). In the first, one (silent) nucleotide substi-
tution in codon 80 and two substitutions in codon 82 (i.e. in the
third framework) are shared between the Vy genes of antibody
3C13 (Figure 2) and antibody A31.90 (Sablitzky and Rajewsky,
1984). Another closely related antibody (A25.9) shares two of
the three substitutions. The Vy gene of A31.90 differs from the
V186.2 gene in 55 positions. The situation could be obscured
by somatic mutation of the A31.90 and A25.9 antibodies. How-
ever, Blankenstein et al. (1984) have isolated a non-rearranged
Vy gene of BALB/c origin (VAR36) which carries two of the
three substitutions in codons 80 and 82 and is strongly hom-
ologous to the A31.90 Vg gene. The second case of shared sub-
stitutions involves the Vi gene of antibody 3B62, the only gene
in the collection carrying a deletion (codon 56). Downstream of
this deletion, in codons 57 and 58, two nucleotide substitutions
are seen which are also found in the germ line Vy gene H17
isolated by Schiff ez al. (1985) from the BALB/c genome. Over-
all, the Vy genes H17 and V186.2 differ from each other by
44 nucleotides. Codon 56 is the upstream border of a region of
particularly strong homology. It is flanked in H17 by a short
palindrome around codon 53 (pos. 51, 52, 54, 55) which could
have promoted a conversion event (Krawinkel et al., 1986). The
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50 60

V186.2 AGG ATT GAT CCT AAT AGT GGT GGT ACT AAG TAC AAT GAG AAG TTC AAG GGC

3B62 mmm mem cee cee Pan e A= =T- —o= ——— —G= === === ——= ——= -A-

H17 TAT -—= TC- ==C GGA -A- —==|-A- =T —oc —oc oo oo —oe —om oo o
80 90

V186.2 CCC TCC AGC ACA GCC TAC ATG CAG CTC AGC AGC CTG ACA TCT GAG GAC

3¢13 mme mem mem cem o} —T -—= GC - B —o- cee mme cem eem -

A31.90 T-- -=- -C- -—-= -T} --T --= G-C AP —-T --A T-- =-- ——= --A ---

VAR 36 T-- —-— ——— === —-T= == -—= G== —=T =T --A T-= ——- ——— ——A ---

A25.9 Tee - —oc —cc —T= =T -== G-A ==T =T =-A Te- - —=c ——c ——o

Fig. 4. Comparison between nucleotide sequences of antibodies 3B62 and 3C13 and the germ-line genes acting as putative donors in a gene conversion event.
The sequence of H17 was taken from Schiff e al. (1985). the sequence of VAR36 was taken from Blankenstein er al. (1982). The sequences of A31.90 and
A25.9, two antibodies from C57BL/6 mice which express the VAR36 gene, are also shown. The nucleotides involved in gene conversion are boxed.

deletion at codon 56 could have occurred in the process of mis-
match repair (Szostock et al., 1983). The downstream border
of the conversion cannot be determined with accuracy since the
C57BL/6 counterpart of H17 has not yet been isolated and so-
matic point mutations have occurred in the 3B62 sequence.

A case of mitotic gene conversion between Vy genes in a
hybridoma line has been reported previously (Dildrop et al.,
1982; Krawinkel et al., 1983). In addition, there is a strong
indication that mitotic gene conversion plays a major role in the
somatic diversification of antibodies in the chicken (Reynaud and
Weill, 1985; and personal communication). The present data sug-
gest that it may also contribute to somatic antibody diversification
in the mouse, to a limited extent.

Replacement and silent mutations are more frequent in the re-
arranged V186.2 than in the rearranged VAl gene

The analysis in Table I demonstrates that somatic mutations are
less frequently observed in the V| than the Vy regions, by a
factor of 7 for replacement and of 5 for silent mutations. It there-
fore appears that the mechanism of somatic hypermutation is less
active in the rearranged VA1 as compared with the rearranged
V186.2 gene. This could represent a V gene or a locus-specific
difference. The finding of extensive somatic mutation in several
Vy and also Vx genes (Pech ez al., 1981; McKean et al., 1984,
Griffiths er al., 1984; Sablitzky et al., 1985a) is in accord with
the latter possibility.

Distribution of silent and replacement mutations in frameworks
suggests that every fourth mutation randomly introduced into a
rearranged VI186.2 gene is deleterious for the V domain

The 12 silent mutations identified in the present collection of se-
quences (Table III) show a distribution over CDRs and frame-
works proportional to their physical length, i.e. three (25%) are
in CDRs and nine (75%) in frameworks. This result supports
the view that the accumulation of replacement mutations in the
CDRs (see below) is indeed due to cellular selection. For the
frameworks, a ratio of replacement to silent substitutions of 2:1
(Table III) is found, in contrast to 2.9:1 as would be predicted
for the V186.2 gene in a model of random mutation. The same
tendency has been observed in other systems of somatic mutation
(Griffiths e al., 1984; Berek et al., 1985; Sablitzky er al., 1985a;
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Clark et al., 1985) and when related Vi genes in the germ line
were compared (Loh ez al., 1983. Blankenstein et al., 1984).
The 2:1 ratio is interpreted to mean that roughly one-third of
the possible replacement mutations in the V186.2 framework are
incompatible with the overall three-dimensional structure of the
V domain, which is guaranteed by the 3 sheets of the frameworks
(see Novotny and Haber, 1985). Therefore, since (i) the frame-
works constitute around 75% of the Vi domain, (ii) replacement
mutations in CDRs lead to the collapse of the V domain less fre-
quently (see Ohno et al., 1985) and (iii) nonsense mutations (5%)
have also to be considered, it is concluded that ~ 25% of all
mutations in the rearranged V186.2 gene are ‘lethal’ for the an-
tibody and cells carrying such mutations will consequently be
lost from the system. Even at a rate of 0.5 mutations per cell
per generation such losses would not seriously affect B cell clone
sizes.

Selection for replacement mutations in CDRs

The replacement substitutions found in the nine antibodies (Table
II) are preferentially localized in the CDRs (31 out of 49, the
CDRs representing roughly 25% of the total sequence). This is
in general agreement with the data from the other systems, al-
though the preference is not always seen in both H and L chains
as in the present case. In addition, the rate of replacement to
silent substitutions is 13:1 in CDRs 1 and 2 of the V186.2 gene.
This ratio is significantly higher than the 6:1 ratio expected on
the basis of random mutation in these CDRs. The discrepancy
between the calculated and the observed ratio suggests that a mini-
mum of 50% of the somatic replacement mutations in CDRs 1
and 2 were subject to selection, presumably of the cells express-
ing them. The stringency of this selection process is evident from
the fact that, of the 26 replacement mutations seen in CDRs 1
and 2, 11 (close to 50%) generate an amino acid substitution
which is found in one or more other secondary response anti-
bodies in the same position, through the same or a different
nucleotide exchange (parallel mutations, Figure 2).

It is likely that some of the somatic mutations seen contribute
to more efficient hapten binding, since most secondary anti-NP
antibodies have a higher affinity for the hapten than antibodies
from the primary response (Table II). An example is position
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A W D Jn
Primary immune response
g.l. AGA .TT TAT TAC TAC GGT AGT AGC TAC TAC TTT GAC TAC *2
a)s2G7 -—- i I I T ]
S1F12 -— R “X= —== —-- - *2
S1F2 --G GGG ——— e mmm mem oo P —— )
S2E9 -— TAC A== === —oc —oc —o- -T- TAT GCT A-G === -== *4
S2HS .. CGT ——= me- mee ece —ee ——- cCCT “Ge mmm mee e *2
5208 -— --- -GT TAC TAT GCT A-G --- ~-- *4
b)N1C12  --- BT UV U *2
G100.16 --- I ettt ACT A-G --- --- *4
B1-8 -— TAC G== === =o= ——e —oe oo ——— e e e %2
N1G9 -— TAC G== === === e —cc —oo B Y/
G100.24 --- TAC ACT C-= === ==c —cec —oc o= ——— e e mee #2
B1-48 --- --- CTA CTG G-G T-G === —= C --T GT- *1
Secondary immune response
a)3B5 —— == === === --G GC- GCT A-G --- --- *4
C32 —— === === === -=-A --G = ee- - C --T GT- *1
3D61 —— -=C === == T --A G-- GCT A-G === --- *4
3B62 —— -== ATT === -- C TAC ——— mmm —em - *2
3A183 -——- -== === === --G G-- TCT A-G --- --- *4
3C52 -CT === -- T -CC TCC G-G X-= =CT --- *3
3C13 === TAC TCC === === === - -oc -T- ——-- == =T- *2
3A112 —-——— --T === TTC CTT TAC TCT GCT A-G === =-=- *4
3B44 -C- === === =T= === C-- --T -T= === === =T- *2
[3 Primary immune response
a)Ss2G7 Y Y Y G S S Y F D Y
S1F12 - - - - - - x - - -
S1F2 G - - - - - X - - -
S2E9 Y N - - - - I - A M D Y
S2H5 - - - - - - P C F D Y
S2D8 Y C Y - A M D Y
b)N1C12 - - - - - - F D Y
G100.16 - - - - - T M D Y
B1-8 Y D - - - - - - - - -
N1G9 Y D - - - - - - - - -
G100.24 Y T H - - - - - - - -
B1-48 - L L - W Y F D Y
Secondary immune response
a)3B5 - - - - A A M D Y
Cc32 - - - - R Y F D v
3D61 - - - - G A M D Y
3B62 - I - - Y Y F D Y
3A183 - - - - G - M D Y
3C52 Y - A S - X A -
3C13 Y S - - - - - I - D F
3A112 Y G F L Y - A M D Y
3B44 - - \ S R Y F - - F

Fig. 5. Nucleotide (A) and deduced amino acids sequences (B) of CDR3 of anti-NP antibodies from primary and secondary responses in C57BL/6 mice. (a)
Antibodies from idiotype-suppressed mice. (b) Antibodies from normal mice. The sequences of G100.16 and G100.24 were communicated to us by H.Sakano
and K.Karjalainen. The B1-8 and B1-48 sequences are from Bothwell et al. (1981), and A.Bothwell (personal communication). The sequences of S2G7,
S1F12, S1F2, S2E9, S2HS5, N1C12 and N1G9 are taken from Cumano and Rajewsky (1985). S1 and S2 represent different donor mice. * indicates the Jy

gene expressed by the antibodies.

33 of the H chain in which a tryptophan is replaced by a leucine
in six of 9 antibodies [Figure 2; note that this replacement had
already been seen in antibody S43 studied by Bothwell et al.
(1981), where it was generated by a substitution of two nucleo-
tides]. Position 33 of the H chain is considered to be of key im-
portance for antigen-binding specificity (Ohno et al., 1985), also
in this particular system (Reth ez al., 1981).

Antibodies 3C13 and 3C52 are distinguished from the others
by their exceptionally low affinity (Table II), suggesting that the
cells producing them had either not yet accumulated favorable
mutations sufficiently or had been hit by an unfavorable mutation.
With respect to the latter possibility there is evidence that somatic
mutants which have lost antigen-binding specificity are generated
upon priming with antigen (M.Siekevitz, R.Dildrop, C.Kocks
and K.R., in preparation).

Different B cell clones in primary and secondary anti-NP re-
sponses: primary response homogeneity versus secondary re-
sponse heterogeneity

It is known that in the memory response to NP, B cell clones
are selected which are not seen in the primary response, namely
clones expressing high affinity x chain-bearing antibodies (Reth
etal., 1979). A similar phenomenon was also observed recently
in the anti-oxazolone response (Berek et al., 1985). Together with
previous evidence (Cumano and Rajewsky, 1985) the present data
demonstrate that in the NP system the same holds true even when
cells expressing the same Vy and Vi genes, namely VAl and
V186.2, are considered. The evidence is given in Figure 5, in
which the CDR3s of the secondary response antibodies charac-
terized in this paper are compared with those of primary response
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anti-NP antibodies from normal and idiotypically suppressed
mice.

With few exceptions, the primary response antibodies express
a germ line DF116.1 element with little or no N-sequence vari-
ability at its borders (Cumano and Rajewsky, 1985). In the sec-
ondary response antibodies, the 5’ half of CDR3 resembles that
seen in the primary response. However, downstream of the germ-
line-encoded stretch of tyrosines followed by a glycine, the se-
quences deviate from the germ-line-encoded Ser-Ser-Tyr/Phe
sequence expressed in most primary response antibodies. The
pronounced sequence heterogeneity seen in this area is best ex-
plained in most cases by the substitution of the 3’ half of DF116.1
(antibodies 3B5, C32, 3A183, 3C13 and 3B44) or DSp2 (anti-
bodies 3C52, 3A112 and 3D61) by N sequences generated in
the D—Jy joining process. The structural distinction between
primary and secondary response antibodies in CDR3 does not
appear to be an artefact of individual variation, or to depend upon
whether the animals were idiotypically suppressed [note the simi-
larity of primary antibodies from normal and suppressed mice
and of secondary antibodies produced by different suppressed
mice; an anti-NP antibody from a non-suppressed hyperimmune
CS57BL/6 mouse, antibody S43, lacked DF116.1 sequence al-
together (Bothwell ez al., 1981)]. However, antibodies fitting into
the secondary response pattern are also represented as a minor
fraction in the primary response (antibodies B1-48 and S2D8,
Figure 5).

The data in Figure 5 is interpreted as follows: the germ line
sequences of V186.2, DF116.1 and a Jy element, together with
VIAI1, encode NP-binding V regions which are most frequently
expressed in the pre-immune repertoire, perhaps because they
are the only germ-line-encoded V regions with a good affinity
for the hapten. Hence, antibodies of this type, with minor vari-
ations at the borders of D, dominate the primary response. How-
ever, other rearrangements of V186.2, involving substitution of
part of the DF116.1 sequence by N sequences, occasionally also
result in NP specificity. At the Vy—D boundary, little variation
is seen because the tyrosine in position 99 appears to be essential
for NP binding (Reth ez al., 1980; Cumano and Rajewsky, 1985;
Boersch-Supan et al., 1985; and the present data). In contrast,
towards the D—Jy boundary, sequences other than those encoded
by the DFI116.1 element are permissible, although the length of
CDR3 is not allowed much variation (average length 10, range
8—12 amino acids in the primary and 9, range 8 —11 in the pri-
mary response, Figure 5). Thus, through the substitution of 3’
sequences of DF116.1 or related D elements by certain N se-
quences, NP binding antibodies not expressing the DF116.1 germ-
line sequence are also generated in the pre-immune repertoire.
This heterogeneous set of antibodies represents a minor portion
(2/12) of the primary response, presumably because rearrange-
ments of this type only rarely result in good NP-binding speci-
ficity. However, in the secondary response these antibodies
dominate, together with x chain-bearing antibodies. Antibodies
bearing x chains are also rare in the primary response, and anti-
bodies of this type with reasonable affinity for the NP hapten
appear to be expressed at very low frequency in the B cell popu-
lation of non-immunized C57BL/6 mice (Smith er al., 1985).

Antigenic and idiotypic interactions in the selection of secondary
response antibodies

How can the dominance of rare B cell clones in the secondary
antibody response be explained? One possibility is that they are
selected at the expense of the primary response clones on the
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basis of a higher affinity for the antigen, or the potential for higher
affinity through somatic mutations (Berek et al., 1985; Manser
et al., 1985). The extensive variability of the secondary response
antibodies at the 3’ end of CDR3 argues against this interpre-
tation.

A second mechanism potentially involved in the selection of
the secondary response rests on the assumption that, in the idio-
typic network (Jerne, 1974), every B-cell clonotype can occupy
a certain maximum space, controlled by idiotype suppression.
Consequently, clones arising in the system at high frequency (and
thus dominating the primary response) will expand only moder-
ately upon antigenic stimulation and therefore have little chance
to generate high-affinity mutants. Clones occurring at low fre-
quency are allowed substantial clonal expansion, in the course
of which mutants producing high-affinity anti-NP antibodies are
generated and dominate the secondary response. An implication
of this model in the present system is that structures in CDR3
by which the primary response antibodies are distinguished from
those of the secondary response are important for the recognition
of a ‘clonotype’ in the idiotypic network. This notion is supported
by experimental evidence in this and other idiotypic systems
(Rajewsky and Takemori, 1983; Pollock and Kearney, 1984;
Cumano and Rajewsky, 1985; Radbruch et al., 1985).

Idiotype control of this type would help the immune system
to display in a response its full potential in terms of binding sites.
Obviously, in responses with an extremely restricted repertoire,
such as the anti-arsonate response (Capra and Nisonoff, 1979),
such control mechanisms cannot be seen (Wysocki ez al., 1986).

Failure to detect mutant selection through idiotype suppression

Idiotype suppression might in addition provide a general mech-
anism, by which somatic antibody mutants are selected through
suppression of the wild-type. Such a mechanism could operate
in the pre-immune repertoire, generating mutants before contact
with antigen, and/or in the course of an antigen-driven immune
response. In the latter case, idiotype suppression would mainly
serve the purpose of preventing terminal differentiation into
plasma cells, allowing antigen to drive the target B cell into a
pathway of proliferation — a prerequisite for mutant selection.
Suppression of this type could be exerted by regulatory T cells,
which have indeed been shown to be involved in chronic idiotype
suppression (see Rajewsky and Takemori, 1983) and to control
antibody secretion (Milburn ef al., 1984) and, in a general way,
the generation of B-cell memory. Regulatory T cells could be
particularly efficient in mutant selection if they themselves would
trigger the hypermutation mechanism in B cells.

In order to test these possibilities, the secondary response anti-
bodies analyzed in this study and the primary response antibodies
previously investigated (Cumano and Rajewsy, 1985) were iso-
lated from animals chronically suppressed for the expression of
a particular subset of antibodies (subset a; Takemori and Rajew-
sky, 1984), characterized by a TACG sequence at the Vy—D
border (see Figure 4). This sequence leads to an ‘insertion’ of
an aspatrtic acid in position 100 of the H chain. The aspartic acid
residue is essential for the recognition of subset a antibodies by
both anti-idiotypic antibodies and regulatory T cells (Cumano
and Rajewsky, 1985) which are believed to control the suppressed
state.

The predictions are as follows: if idiotype suppression is di-
rectly involved in the selection of mutants escaping suppression
in the pre-immune repertoire, mutant antibodies carrying a TACG
sequence, or a variation of it, at the Vy—D border should appear



in the primary response. If suppression is involved in the gener-
ation of mutated secondary response antibodies binding antigen
with high affinity, then antibodies resembling primary response
antibodies and carrying a TACG sequence at the Vi —D border
should be selected in the secondary response. In structural terms,
these predictions are based on previous work showing that NP-
binding antibodies which have lost the idiotypic characteristics
of subset a can be generated from subset a antibodies by single
point mutation (Radbruch et al., 1985). It might be argued that,
in the case of the secondary response, subset a antibodies could
not be available for selection in neonatally suppressed animals.
However, assuming that the entire population of primary response
clones is suppressed in the course of memory generation (see
above), the mutant selection model would predict the appearance
of mutated primary response antibodies beyond those of subset
a in the secondary response.

Clearly, the data in Figure 5 do not fulfil either of the two
predictions. Thus, while T-cell-mediated idiotype suppression
may still select somatic mutants in the immune system to some
extent, it does not appear to be a major driving force in mutant
selection.

Materials and methods

NP-specific hybridomas and antibodies

C57BL/6 mice from our colony were injected within 24 h of birth with 100 ug
Ac38 antibody as described previously (Takemori and Rajewsky, 1984). At the
age of 15 weeks the mice were immunized with 100 pg of alum-precipitated NP-
CG (Imanishi and Mikeld, 1973) and allowed to rest for 5 weeks before being
boosted with 20 ug soluble NP—CG. Three days after boosting, spleen cells from
three individual mice were fused to the myeloma cell line X63.Ag8.653 (Kearney
et al., 1979). The fusion, screening and cloning procedures have been described
previously (Cumano and Rajewsky, 1985).

Measurement of antibody affinity

Antibody affinities for the haptens NIP and NP were determined by a method
described by Herzenberg er al. (1980). Details of the adaptation of this method
to the NP system have been described (Cumano and Rajewsky, 1985). Briefly,
wells of plastic plates were coated with NIP4-BSA, NIP15-BSA, NP8-BSA,
NP14-BSA at a concentration of 35 ug/ml. The plates were saturated with BSA
(10 mg/ml), at 4°C overnight. Serial dilutions of the monoclonal antibody were
applied to the plates in triplicate followed by an incubation of 3 h at room tem-
perature. After extensive washing, specific binding of 1?5I-labelled anti-\1 anti-
body Ls136 was counted in a gamma counter. The affinity for hapten of the mAb
was read from the standard curve generated by the previously determined affinities
of the following antibodies: B1-48, K = 4.5 x 1077 for NIP and 5.4 X 107¢
for NP, NIG9 K = 1077 for NIPand 2 X 107¢ for NP, S43 K, = 2.4 x 1078
for NIP and 2.8 x 1077 for NP.

Isolation of poly(A)* RNA

Total RNA of the hybridoma cell lines was isolated as described previously
(Siekevitz et al., 1983) and poly(A)* RNA was enriched by passing total RNA
over an oligo(dT) column (Edmonds ez al., 1971).

mRNA sequencing

Poly(A)* RNA was directly sequenced using synthetic oligonucleotide primers
specific for certain regions of the mRNA to initiate reverse transcription (Cumano
and Rajewsky, 1985). Sequences were determined by denaturing polyacrylamide
gel electrophoresis. Confirmation of the sequences was achieved by performing
sequence reactions with both [3PJATP and [*2P]CTP.

Southern blot analysis

Genomic DNA isolated from the hybridoma cell lines and from C57BL/6 liver
was digested with the restriction enzymes EcoRI, HindIll and Xbal (Boehringer
Mannheim GmbH, Mannheim, FRG), separated on agarose gels and blotted
(Southern, 1975; Wahl et al., 1980). The nitrocellulose filters were hybridized
with a Jy3., probe (a gift of M.Boersch-Supan), labelled with [*2P]JATP by nick
translation. Filters were exposed to Kodak XAR.5 film at —70°C.
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