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Mice infected with vesicular stomatitis virus (VSV), a cytopathic
virus closely related to rabies virus, mount a virus-neutralizing
antibody response protecting against lethal disease. VSV-
neutralizing monoclonal IgGs isolated from primary immune
responses were devoid of somatic mutations, whereas most sec-
ondary and all hyperimmune response IgGs tested were hypermu-
tated. A comparative analysis of recombinant single-chain
antibody fragments (scFv-Ck) revealed that even the germ-line
precursor of one hypermutated antibody bound and neutralized
VSV. Four somatic amino acid substitutions in VH increased by
300-fold the binding strength of monovalent scFv-Ck. The multi-
valent binding avidity of germ-line scFv-Ck was increased by more
than 10-fold compared with the monovalent binding strength. In
contrast, hypermutated scFv-Ck did not show such avidity effects.
Thus the overall binding difference between the germ-line and the
hypermutated VSV-neutralizing antibody was only 10- to 15-fold.
This may explain why primary germ-line antibodies and secondary
hypermutated antibodies directed against pathogens such as
viruses and bacteria expressing repetitive antibody determinants
show rather similar binding qualities, whereas monovalently
binding hapten-specific antibodies can show ‘‘affinity maturation’’
effects of up to 1000-fold.

Neutralizing antibodies against many human pathogenic vi-
ruses such as polio virus, influenza virus, and rabies virus

are generated early—i.e., within the first week after infection
(1–7). Similarly, after infection of mice with vesicular stomatitis
virus (VSV), a cytopathic unsegmented negative-strand RNA
virus closely related to rabies virus (8), an early antibody
response is observed, which can prevent dissemination of the
virus to neuronal tissues and protects the host from a lethal
progressive paralytic disease (9, 10). Within the first hours after
VSV infection, when neutralizing antibodies are not yet induced,
the interferon system critically contributes to the survival of mice
(11, 12). As early as 2 days after infection, neutralizing antibodies
are detectable in the serum (13). By 4 days after infection,
hybridomas have been isolated that secrete VSV-neutralizing
germ-line IgGs (14). All VSV-neutralizing antibodies analyzed
were directed against one major antigenic site of the protein
moiety of the viral glycoprotein (VSV-G) (14, 15).

The majority of primary response IgGs isolated 4 and 5 days
after infection used V gene fragments of the heavy and the k light
chain (VH and Vk) belonging to the VHQ52 and the Vk19–28
gene families. These antibodies bound one defined subsite within
the major antigenic site of VSV-G. In contrast, IgGs isolated
from VSV-specific secondary and hyperimmune responses were
predominantly VH7183-positive and VHJ558-positive (14). The
comparison of VSV-specific monoclonal antibodies isolated
from secondary and hyperimmune responses did not reveal
evidence of further, drastic avidity increases or enhanced specific
neutralizing capacities (16). The neutralizing capacity of prima-
ry-response IgGs isolated 4 and 5 days after immunization was
reduced by 10- to 100-fold compared with secondary and
hyperimmune response IgGs (14). Because no genealogically
related germ-line and hypermutated antibodies were identified,
it was unclear whether the increased neutralizing capacity of
secondary and hyperimmune response IgGs was due to newly

appearing antibody specificities binding to more efficiently neu-
tralizing epitopes, or whether hypermutation had improved
VSV-specific binding and neutralization of secondary and hy-
perimmune response IgGs.

To address this question, somatic variation of VH7183-positive
VSV-neutralizing monoclonal antibodies was analyzed. VH se-
quence comparison of VH7183yJH2-positive antibodies revealed
some amino acid substitutions, which were identical in different
clones. The influence of these substitutions on VSV-specific
binding and neutralization was studied in a comparative analysis
of recombinant single-chain Fv-Ck antibody fragments (scFv-
Ck) derived from one hypermutated antibody.

Materials and Methods
Mice and Viruses. Eight-week-old severe combined immunodefi-
cient (SCID) BALByc mice kept under specific pathogen-free
conditions were obtained from Iffa Credo. VSV-IND (Mudd–
Summers isolate) was originally obtained from D. Kolakofsky
(University of Geneva, Switzerland) and was grown on BHK-21
cells (17).

Isolation and Sequencing of VH and VL Genes. The 7.8-kb EcoRI
fragment encoding the functionally rearranged VH of VI24
(pVH-VI24) was cloned from a l-Zap library (Stratagene). VHs
of other VH7183yJH2-positive hybridomas were isolated from
cDNA by PCR, using the 59 primer 1229 (59-GAGTCTGGGG-
GAGGCTTAGT-39) and the 39 Cg primer 1411 (59-CCGAT-
GGGGCTGTTGTTTTG-39). VL genes of VI26, VI30, VI22,
and VI20 were amplified by using the 59 Vk21 primer 2225
(59-TCCAGCTTCTTTGGCTGTGTCTCT-39) and the 39 Ck

primer 2236 (59-ATGCTGTAGGTGCTGTCTTTGCTGT-39).
For VL amplification of VI24, the 59 Vk8 primer 2224 (59-
GACATTGTGATGTCACAGTCTCCATCCTCCCTA-39) and
the 39 Ck primer 2335 (59-TGTCGTTCATACTCGTCCTTG-
GTC-39) were used. PCR products were gel purified and se-
quenced automatically (Applied Biosystems). The reliability of
the reverse transcription–PCR approach was verified by identical
VH sequences obtained for VI24 by PCR cloning and genomic
cloning.

Generation of scFv-Ck Expression Constructs. VH of VI24 was PCR
amplified from pVH-VI24 by using the 59 primer 1211
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(59-TTTTGAGCTCACCATGGACTTCAGGCTCAATTTA-
GTTTTCCTTGTCCT-39) and the 39 primer 3015
(59-TAGGGAGGATGGAGACTGTGACATCACAATGT-
CGTCGACTGAGGAGACTGTGAGAGTGGTGCC-39). VL
was PCR amplified from cDNA, using the 59 primer 2224 and the
39 primer 2238 (59-TTTTAAGCTTATACTTACGTTTTATT-
TCCAGCTTGGTCCCCCCT-3). Using the flanking primers
1211 and 3015, we assembled the VH and VL PCR fragments and
cloned them into pGEM-T (Promega). After sequence verifica-
tion, the SstIyHindIII fragment was ligated into a Ck expression
vector (18, 19). To construct a flexible linker between VH and
VL, the primers 2119 (59-TCGAAGGTGGAAGTGGAGGT-
TCTGGTGGAAGTGGAGGTTCAGGTGGAG-39) and 2120
(59-TCGACTCCACCTGAACCTCCACTTCCACCAGA-
ACCTCCACTTCCACCT-39) (18) were annealed and ligated
into the unique SalI site between VH and VL (pscFv24-Ck).
Hypermutated VH was reverted to germ-line by an oligonucle-
otide-directed mutagenesis approach. PCR fragments generated
with the 59 primer 1211 and a 39 mutagenesis primer, consisting
of the desired mutation flanked by 18 nucleotides at the 59 and
39 sides, and with the reverse complementary 59 mutagenesis
primer and the 39 primer 1214 were PCR assembled and cloned
into pGEM-T (Promega). After sequence verification the SstIy
SalI fragment of pscFv24-Ck was replaced by the mutagenized
fragment. Complete germ-line sequence and the different in-
termediates were obtained by consecutive mutagenesis of VH
codons 31, 35, 58, and 99.

Expression of Recombinant scFv-Ck Antibody Fragments. Stable
transfectants were generated by protoplast fusion of J558L
myeloma cells with Escherichia coli K803 transformed with
various scFv-Ck expression constructs. After subcloning, the
transfectants were expanded in Iscove’s modified Dulbecco’s
medium (10% FCS), and supernatant was collected. The
scFv-Ck concentration in the supernatant was determined by an
ELISA, using affinity-purified scFv-Ck protein as a standard.
The concentration of purified scFv-Ck was determined by A280
measurement and was verified by PAGE analysis. Proper splicing
of recombinant scFv24-Ck was validated by N-terminal protein
sequencing, yielding the amino acid sequence DVQLV.

Quantification of VSV-Specific Binding of Recombinant scFv-Ck Pro-
teins. Supernatant of transfected hybridomas was serially 2-fold
diluted and transferred to plates coated with purified VSV. After
incubation for 1 h at room temperature, bound scFv-Ck protein
was detected by affinity-purified polyclonal horseradish
peroxidase-labeled goat anti-mouse Ck antibody (Southern Bio-
technology Associates). To analyze binding avidity, supernatant
containing scFv-Ck protein was crosslinked by affinity-purified
polyclonal horseradish peroxidase-labeled anti-mouse Ck anti-
body (Southern Biotechnology Associates) for 30 min at room
temperature before serial 2-fold dilution and transfer to VSV-
coated plates.

VSV Neutralization Test. Samples were serially diluted by 2-fold
and mixed with equal volumes of 50 plaque-forming units (pfu)
of VSV. After incubation for 90 min at 37°C in an atmosphere
containing 5% CO2, 100 ml of the mixtures was transferred onto
Vero cell monolayers in 96-well plates and incubated for 1 h at
37°C. The monolayers were overlaid with 100 ml of Dulbecco’s
modified Eagle’s medium containing 1% methylcellulose. After
incubation for 24 h at 37°C, the monolayer was stained with
crystal violet. The dilution step reducing the number of plaques
by 50% was taken as the titer (14).

Determination of in Vivo Protective Capacity of VSV-Neutralizing IgGs.
SCID mice were i.p. injected with graded doses of purified
monoclonal antibody in 13 PBS. After 5 h, when the antibody

had disseminated in the diffusion volume of the mouse (about 3
ml), mice were infected i.v. with 108 pfu of VSV-IND. Four days
later brains of surviving mice were assessed for the presence of
virus. For this purpose brain tissue was homogenized in balanced
salt solution, and serial 3-fold dilutions were plaqued on Vero
cell monolayers in 96-well plates. Viral titers were calculated by
multiplying counted plaques by the dilution factor. Mice without
detectable virus in the brain (,103 pfu per brain) were scored
as being protected (9).

Results
VH and VL Sequence Comparison of VSV-Specific Monoclonal IgGs. To
analyze somatic variation of IgGs representative for secondary and
hyperimmune responses, the VH and some VL genes of 11 VH7183y
JH2-positive VSV-neutralizing IgGs were isolated (Table 1). Se-
quence comparison revealed that all VH7183yJH2-positive IgGs
used the same VH61-1P germ-line gene fragment (20). Despite the
use of the same VH and JH gene fragments, no common VH-CDR3
motif was identified (Fig. 1A). The analyzed clones expressed
various light chains consisting of three different Jk segments and Vk

gene fragments belonging to four different Vk gene families (Fig.
1B) (14). One clone (VI55) expressed a l light chain (Table 1). The
VH sequence of the primary response clone 41.6 isolated 4 days
after infection was devoid of somatic mutations (Fig. 1A). Similarly,
the two sibling clones VI26 and VI30 isolated from a secondary
response on day 12 after a booster infection on day 9 expressed
germ-line sequences in both VH and VL (Fig. 1). The VH and VL
regions of the secondary-response IgGs VI22 and VI20 were
hypermutated, whereas only VH but not VL of VI24 showed somatic
point mutations (Fig. 1). On average the analyzed secondary-
response IgGs showed 1.6 somatic mutations per VH region (range
from 0 to 5). The VH regions of all hyperimmune-response IgGs
isolated on day 150 after repeated booster infections every 3 weeks
were hypermutated and showed on average 8.8 somatic mutations
(range from 3 to 18; Fig. 1A). Some of the somatic mutations
encoded the same amino acid substitution at the same residue
positions in different clones—i.e., mutations at codon 31 of VH-
CDR1 encoded a Ser31-to-Asn substitution in the clones VI24,
VI52, and VI43, and mutations at codon 55 in VH-CDR2 encoded
a Ser55-to-Arg substitution in the clones VI22, VI53, VI51, VI55,
and VI43 (Fig. 1A). It is interesting that the serine residues at
positions 31 and 55 of the germ-line segment VH61–1P are encoded
by the putative mutational hotspot sequence AGCyT (25, 26).

Table 1. Neutralizing activity of VH7183yJH2-positive VSV-specific
IgG monoclonal antibodies

Clone Ig subclass

Neutralizing
activity,

titerzmg21zml21*

Primary day 4
41.6 IgG2ayk 3

Secondary day 12
VI26 IgG2ayk 100
VI30 IgG2ayk 100
VI22 IgG2ayk 820
VI20 IgG3yk 1,200
VI24 IgG2ayk 800

Hyperimmune day 150
VI53 IgG2ayk 760
VI51 IgG3yk 850
VI55 IgG2byl 330
VI52 IgG2ayk 850
VI43 IgG2ayk 680

*Neutralizing activity is expressed as the standardized neutralizing titer of
monoclonal antibodies with a starting concentration of 1 mg/ml.
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VSV-Specific Binding of scFv-Ck Antibody Fragments. To determine
the influence of the VH substitutions Ser31 to Asn and Ser55 to Arg
on VSV-specific binding and neutralization, recombinant
scFv24-Ck were generated. The 38-kDa recombinant proteins
consisted of the Fv portion of the mAb VI24 and the constant (C)
domain of the k light chain (Fig. 2 A and C). VI24 was chosen for
this analysis because (i) VI24 expressed four somatic amino acid
substitutions in VH, one of which was the VH Ser31-to-Asn substi-
tution; (ii) VI24 did not express the VH Ser55-to-Arg substitution,
which allowed us to determine the influence of this substitution on
the specificity of the VI24 germ-line precursor; and (iii) VL of VI24
was devoid of somatic mutations, facilitating the mutational anal-
ysis. In parallel with scFv24-Ck, related proteins were generated
that expressed the complete germ-line sequence (M0), the VH

Ser31-to-Asn substitution (M31), the VH Ser55-to-Arg substitution
(M55), or both substitutions (M31.55) (Fig. 2B).

VSV-specific binding of the different scFv-Ck antibody frag-
ments was quantified in a standard solid-phase ELISA, using the
cell culture supernatant of transfected myeloma cells. The germ-
line scFv-Ck M0 showed half-maximum binding at a concentration

of approximately 3 mgyml. Crosslinking by polyclonal anti-Ck
antibody improved binding of M0 by about 20-fold (Fig. 3A).
Hypermutated scFv24-Ck showed half-maximal VSV binding at a
concentration of approximately 8 ngyml, and crosslinking did not
substantially improve the binding (Fig. 3A). Thus hypermutated
scFv24-Ck bound about 300-fold better than the putative germ-line
precursor. However, crosslinked binding imitating binding of the
complete antibody differed by only 10- to 15-fold.

The VH Ser31-to-Asn substitution in M31 reduced VSV-
specific binding to an undetectable level. Crosslinked M31
showed a binding comparable to that of crosslinked M0 (Fig. 3B).
The VH Ser55-to-Arg substitution in M55 not found in VI24
increased monovalent binding by about 10-fold compared with
M0. Crosslinking improved the binding of M55 by 10-fold,
resulting in an overall 3-fold reduced binding compared with
hypermutated scFv24-Ck (Fig. 3C). When both the Ser31-to-Asn
and the Ser55-to-Arg substitutions were expressed, binding of
M31.55 remained below that of M55; however, binding of
crosslinked M31.55 was comparable to that of crosslinked M55
(Fig. 3D).

Fig. 1. Comparison of VH and VL sequences of VH7183yJH2-positive VSV-neutralizing antibodies. VH and some VL sequences of hybridomas are shown isolated
from BALByc mice 4 days after infection (41.6), isolated 12 days after primary infection and a booster infection on day 9 (VI26, VI30, VI22, VI20, and VI24), and
isolated on day 150 after repeated booster infections every 3 weeks (VI53, VI51, VI55, VI52, and VI43). CDR, complementarity-determining region. (A) VH

sequences are aligned with germ-line sequences of the VH61–1P gene (20) and the JH2 segment (39). Only codons differing from the germ-line sequence are
shown. VH nucleotide sequence identity with reference sequences is indicated by - - -. Differences are marked by the respective nucleotide, and a change in the
deduced amino acid is shown by the single-letter code. Codons are numbered according to ref. 22. (B) VL sequences are aligned with the germ-line sequences
of the Vk21B16 gene (23), the Vk8–220GL gene (24), and the Jk2 segment (21). The Vk consensus sequence of VI20L and VI22L (VkVI20y22) is identical to an
unrelated Vk sequence (accession no. AF045518) and presumably represents a previously undescribed germ-line gene of the Vk21 family. The sequence data are
available from the European Molecular Biology Laboratory nucleotide sequence database (accession nos. AJ400966–81).
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VSV-Specific Neutralization by scFv-Ck Antibody Fragments. To an-
alyze whether the antibody VI24 gained the virus-neutralizing
quality by ‘‘affinity maturation,’’ various purified scFv-Ck pro-
teins and the parental antibody VI24, adjusted to a starting
concentration of 50 mgyml, were tested in a standard neutral-
ization assay. Hypermutated scFv24-Ck showed a neutralization
titer of 5–6, which improved by 20-fold after crosslinking (Fig.
3E). Because crosslinking did not substantially increase binding,
the enhanced neutralization of crosslinked scFv24-Ck was prob-
ably due to the reduced viral cell adsorption, caused either by the
induction of conformational changes in the viral envelope or
simply by thickening of the protein layer covering the viral
surface. Crosslinked scFv24-Ck showed a 4-fold reduced neu-
tralization compared with the parental antibody VI24, indicating
that crosslinking by anti-Ck antibody is a good approximation but
not a complete imitation of steric conditions of bivalent IgG
binding of VI24. Germ-line scFv-Ck M0 showed a neutralizing
titer of 3, whereas crosslinking improved neutralization by about
8-fold (Fig. 3E). Thus even the germ-line precursor of VI24
bound and neutralized VSV, and hypermutation improved neu-
tralization of VI24 by about 15-fold. The neutralizing activity of
monovalent M31 was below the detection level, which was in
accordance with the absence of VSV-specific binding of mono-
valent M31 (Fig. 3B), whereas crosslinked M31 showed a neu-
tralization that was 4-fold reduced compared with crosslinked
M0. The VH Ser55-to-Arg substitution in M55 increased the
neutralizing activity of crosslinked M55 by about 4-fold com-
pared with crosslinked M0 (Fig. 3E). The neutralizing activity of
M31.55 was comparable to that of M55 (Fig. 3E).

In Vivo Protective Capacity of Hypermutated vs. Germ-Line IgGs. To
test whether hypermutation played a role in reaching protective
antibody serum levels, the in vivo protective capacity of hyper-
mutated and germ-line IgGs was analyzed. Because of the short
serum half-life, single-chain Fv antibody fragments were not
suitable for in vivo analysis (11). Therefore SCID mice were
reconstituted with graded doses of purified monoclonal IgGs,
and 5 h later mice were infected i.v. with 108 pfu of VSV-IND.
After 4 days, brains of surviving mice were assessed for the

presence of virus. Surviving SCID mice lacking detectable virus
titers in the brain were scored as being protected.

As shown earlier, hypermutated VSV-neutralizing antibodies
isolated from secondary and hyperimmune responses protected
50% of the SCID mice at concentrations between 5 and 10 mg
per mouse (Fig. 4, closed symbols; see also ref. 9). Similarly, the
germ-line antibody VI26 isolated from a secondary response
protected 50% of the SCID mice at a concentration of approx-
imately 10 mg per mouse (Fig. 4B, open squares). Germ-line
antibodies isolated from early primary responses protected
SCID mice at concentrations ranging from 20 mg per mouse
(antibody 51.3, Fig. 4B, open triangles) to .100 mg per mouse
(antibody 41.11, Fig. 4A, open squares). Similar conditions were
found for VHQ52yVk19-28-positive and VH7183yJH2-positive
VSV-neutralizing IgGs (Fig. 4).

Discussion
This study evaluated the influence of single and combined
somatic amino acid substitutions in VH of one hypermutated
VSV-neutralizing antibody on VSV-specific binding and neu-
tralization. Primary-response VSV-neutralizing IgGs were de-
void of somatic mutations, whereas most secondary and all
hyperimmune-response IgGs tested showed somatic mutations
(on average 1.6 and 8.8 mutations per VH region, respectively).
The analysis of VH7183yJH2-positive IgGs representative for
secondary and hyperimmune responses against VSV indicated
that all neutralizing IgGs tested used one particular VH germ-
line gene fragment (VH61–1P). Because of the particle nature of
VSV (diameter of 65 nm and length of 180 nm) and the
repetitiveness of the glycoprotein on the viral surface (1,200
VSV-G per virion) (8), on and off rates of VSV-specific antibody
binding could not be determined directly by in-solution equilib-
rium methods. To determine the influence of two commonly
found amino acid substitutions in VH on virus-specific binding in
a solid-phase ELISA, recombinant antibody fragments display-
ing one antigen-specific site per molecule were generated (scFv-
Ck). Crosslinking of scFv-Ck by anti-Ck antibody before analysis
in a solid-phase ELISA allowed quantification of avidity effects
by multivalent binding.

Fig. 2. Structural characteristics of the IgG VI24 and of recombinant scFv-Ck. (A) Schematic diagram of a prototypical IgG (heavy chain, black; light chain, white)
and of recombinant scFv-Ck. In scFv-Ck the carboxyl terminus of the VH domain (black) is linked via the 18-aa linker [VE(GGS)4GGVD] to the amino terminus of
the k light chain, consisting of the Vk and the Ck domains (white). (B) Sequence alignment of scFv24-Ck derived from the parental antibody VI24 and of the scFv-Ck

derivatives M0, M31, M55, and M31.55. With the exception of the shown VH codons 31, 35, 55, 58, and 99, sequences were identical (for notation and numbering
see the legend of Fig. 1). The sequence data are available from the European Molecular Biology Laboratory nucleotide sequence database (accession nos.
AJ400982–6). (C) SDSyPAGE analysis of purified VI24 and of purified scFv-Ck proteins. Four micrograms of purified protein was separated by SDSy12% PAGE under
reducing conditions and was visualized by silver staining (Bio-Rad). The IgG2a antibody VI24 gave rise to two bands, at 50 kDa for the heavy chain and at 25 kDa
for the light chain. In contrast, the different scFv-Ck proteins showed one major band at approximately 38 kDa, verifying the single-chain character of the
proteins. In the last lane a prestained low-molecular-mass protein standard (Bio-Rad) was run.
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VSV-specific binding of the hypermutated scFv24-Ck was
improved by 300-fold compared with the germ-line precursor
M0. Crosslinking improved binding of the germ-line precursor
M0 by about 20-fold but did not substantially change binding of
hypermutated scFv24-Ck. Thus, avidity effects enhancing only
the binding of the VI24 germ-line precursor led to an overall 10-
to 15-fold improved binding of the hypermutated antibody VI24.

The Ser55-to-Arg substitution, not found in the parental antibody
VI24 but expressed by 50% of the analyzed secondary and hyper-
immune IgGs, was achieved by either an A-to-C transition at the
first base (clones VI51 and VI55) or a T-to-G transition at the third

base (clones VI22, VI53, and VI43). These mutations differed from
intrinsic hypermutation patterns (25) and therefore might have
been antigen driven. Indeed, the Ser55-to-Arg substitution im-
proved binding and neutralization of the VI24 germ-line precursor
antibody by 10- to 15-fold, indicating an independent second
way of improving the VI24 germ-line precursor. Similar to the
VH-Trp33-to-Leu substitution in V186.2VHyVl1-positive 4-
hydroxy-3-nitrophenylacetyl (NP)-specific antibodies (27), the
Ser55-to-Arg substitution presumably is indicative of ‘‘affinity
maturation’’ of VH7183yJH2-positive VSV-specific antibodies.

The G-to-A transition at the second base of the VH codon 31
of VI24, VI52, and VI43 encoding the Ser31-to-Asn substitution
was introduced at a mutational hot spot sequence and resembled
a pattern found at codon 31 of the VkOX1 transgenic light chain,
which was caused by the preferred intrinsic specificity of the
hypermutation mechanism (25). This suggested that the VH
Ser31-to-Asn mutation in VI24 might not have been selected on
the basis of improved VSV binding. Indeed, expression of the
Ser31-to-Asn substitution reduced monovalent binding below the
detection level, whereas multivalent binding remained unal-
tered. The more peripheral localization of VH Asn31 might have
caused a paratope twist during monovalent binding, whereas
during multivalent binding the paratope was forced into a better
fitting position, thus allowing binding.

A computer model of the solvent-accessible surface of the Fv
domain of VI24 showed a combining site forming a shallow
groove along the VH–VL interface (data not shown). The central
area of the groove was located between VH-CDR2 and VL-
CDR1. The relatively short lengths of VH-CDR3 and VL-CDR3
caused VH-CDR1 and -2 and VL-CDR1 to ‘‘stick out,’’ whereas
VL-CDR2 seemed to be too remote to be a significant part of the
binding site. The VH Asn31, Ser55, and Phe58 residues were
solvent exposed and probably were part of the anticipated
binding domain, whereas VH Tyr35 was only partially accessible.
The VH Ser99 residue was buried and packed against the base of
VL-CDR1 and -CDR2. VH Ser99 presumably is not part of the
binding domain and probably has an indirect role in inducing or
stabilizing the VH-CDR3 conformation.

Fig. 3. VSV-specific binding and neutralization of scFv-Ck antibody frag-
ments. Supernatant containing scFv-Ck protein was serially 2-fold diluted and
transferred to VSV-coated plates. Bound scFv-Ck was detected by horseradish
peroxidase-labeled anti-Ck antibody (closed symbols). To determine avidity
effects, supernatant containing scFv-Ck was crosslinked by horseradish
peroxidase-labeled anti-Ck antibody before serial 2-fold dilution and then
applied to VSV-coated plates (open symbols). (A) VSV-specific binding of
hypermutated scFv24-Ck (circles) and of germ-line scFv-Ck M0 (squares). (A–D)
Half-maximal binding of scFv24-Ck and M0 is indicated by dotted lines. (B) The
VH Ser31-to-Asn substitution did not improve scFv-Ck binding. (C) Despite the
fact that the VH Ser55-to-Arg substitution was not expressed by the parental
antibody VI24, it improved the binding of M55. (D) Coexpression of the VH

Ser31-to-Asn and the VH Ser55-to-Arg substitutions improved binding of
M31.55. (E) VSV-IND neutralization by various scFv-Ck antibody fragments was
tested with untreated reagents (black bars) and after crosslinking (open bars).
For crosslinking, 2.5 mg of purified scFv-Ck protein was incubated with 1.25 mg
of anti-Ck antibody in a total volume of 100 ml for 30 min at room temperature.
The crosslinked and untreated scFv-Ck protein and the purified antibody VI24
were serially 2-fold diluted and analyzed in a standard neutralization assay.
The protein dilution reducing the number of plaques by 50% is indicated as
the titer.

Fig. 4. Protective capacity of hypermutated and germ-line IgGs in mice. SCID
mice were reconstituted with graded doses of monoclonal antibodies of the
IgG2a subclass, which were either devoid of somatic mutations (open symbols)
or hypermutated (filled symbols). Five hours later mice were i.v. challenged
with 108 pfu of VSV-IND. After 4 days the brains of surviving mice were
assessed for the presence of virus. Mice without detectable virus were scored
as being protected. Groups of three mice were tested; deviating numbers of
tested animals are given in parentheses. (A) Analysis of IgGs using V gene
fragments belonging to the VHQ52 and the Vk19–28 families. The germ-line
antibodies 41.11 (h), 41.2 (‚), and 41.9 (E) were isolated from primary
responses 4 days after infection. The hypermutated antibodies VI10 (■) and
VI49 (F) were isolated, respectively, from a secondary response 12 days after
infection and from a hyperimmune response 150 days after infection. (B)
Analysis of IgGs using the VH61–1P germ-line gene fragment belonging to the
VH7183 family and the JH2 segment. The germ-line antibodies 41.6 (h) and
51.3 (‚) were isolated from primary responses 4 and 5 days after infection,
respectively. The germ-line antibody VI26 (h) was isolated from a secondary
response 12 days after infection. The hypermutated antibody VI43 (F) was
isolated from a hyperimmune response 150 days after infection.
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The antigen-combining site of protein-specific antibodies usually
comprises a surface of about 700 Å2 (28). Affinity maturation of
protein-specific antibodies typically results in a 10-fold (29) and, in
a few cases, in about a 100-fold improved binding strength (30). In
contrast, the antibody surface involved in hapten-specific binding
usually is considerably smaller (approximately 25%). Therefore
hapten-specific antibodies may accumulate replacement mutations
in the V region, including parallel ones, which do not contribute to
binding and thus do not affect the binding strength (27, 28). A
10-fold affinity increase after one amino acid substitution was
observed for a phenyloxazolone-specific antibody (31), whereas
three amino acid substitutions in VH of a p-azophenylarsonate-
specific antibody increased the affinity 200-fold (32). We found a
300-fold-improved binding strength of the hypermutated Fv do-
main of an antibody binding the protein moiety of VSV-G and an
overall improvement of the complete antibody by 10- to 15-fold. It
is interesting that even the VI24 germ-line precursor antibody
neutralized VSV, as did all other primary-response germ-line
antibodies analyzed (14). This observation raised the question of
whether germ-line antibodies were effective in protection against a
lethal VSV infection and what role affinity maturation may have in
controlling cytopathic viral infections.

Protection experiments indicated that three hypermutated anti-
bodies tested protected at concentrations of about 2.5 mgyml, which
was in accordance with previous results (9) and similar to prophy-
lactic antibody doses against rabies virus and mouse influenza virus
infection (3 mgyml and 1–20 mgyml, respectively; refs. 33 and 34).
Four of the analyzed primary-response VSV-neutralizing germ-line
antibodies protected at concentrations of 15 mgyml, and one (51.3)
protected at a concentration of about 4 mgyml. Thus five of six
primary-response antibodies tested in this study protected from a
lethal VSV infection at about a 10-fold higher concentration than
secondary- and hyperimmune-response antibodies. Because in the
acute phase of the Ig response up to 10% of the total Ig theoretically
can be antigen-specific (35), critical serum levels sufficient for
protection can be reached by germ-line antibodies at early times
after infection. For later times, when lower percentages of serum Ig
are antigen-specific, it can be advantageous that the protective
capacity of antibodies is increased.

Since this study focused on the analysis of one particular antibody
isolated form one specific mouse strain (BALByc), further exper-
iments are required to draw general conclusions. However, our data
are compatible with previous results (14), including the observation
of natural VSV-neutralizing antibodies in the serum of uninfected
mice (36, 37), suggesting the following scenario taking place after
VSV infection in vivo: Free virus particles bind and crosslink B cell
receptors of naive red pulp B cells, leading to secretion of mostly
VHQ52yVk19–28-positive VSV-neutralizing germ-line antibodies.
The stimulation of primarily one B cell subpopulation correlates
with the skewed expression of VHQ52 in the naive B cell repertoire
(14) and might be driven by VSV-G subepitopes expressed on the
surface of free virus particles particularly accessible for VHQ52y
Vk19–28-positive antibodies. Later and after repeated immuniza-
tions, VSV-specific B cells expressing antibodies composed of
various VH elements belonging to different gene families, including
the VH7183 and VHJ558 gene families, are predominantly found in
germinal centers. B cell receptors of germinal center B cells are
hypermutated and selected for retained or improved VSV-specific
binding by VSV-G presented on follicular dendritic cells (38).
Because on the surface of free virus particles VSV-G is expressed
in a highly organized form, whereas on follicular dendritic cells
VSV-G is presented in a less ordered form (38), it is likely that
hypermutated B cell receptors with improved monovalent binding
properties are selected in the germinal centers. A mechanism
replacing early neutralizing antibodies with new types of hypermu-
tated antibodies with only marginally improved binding qualities
could be that VH7183-positive and VHJ558-positive precursors
sustained extensive hypermutation better than VHQ52-positive
precursors without losing VSV specificity.
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