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Abstract

To date, there has been no systematic study of the process of
affinity maturation of human antibodies. We therefore se-
quenced the variable region genes (V genes) of 14 human mono-
clonal antibodies specific for the erythrocyte Rh(D) alloanti-
gen and determined the germline gene segments of origin and
extent of somatic hypermutation. These data were correlated
with determinations ofantibody affinity. The four IgM antibod-
ies (low affinity) appear to be derived from two germline heavy
chain variable region gene segments and one or two germline
light chain variable region gene segments and were not exten-
sively mutated. The 10 IgG antibodies (higher affinity) appear
to be derived from somatic hypermutation of these V gene seg-
ments and by use of new V gene segments or V gene segment
combinations (repertoire shift). Affinity generally increased
with increasing somatic hypermutation; on average, there were
8.9 point mutations in the V gene segments of the four IgM
antibodies (K. = 14 x 107/M-') compared with 19 point
mutations in the V gene segments of the 10 IgG antibodies. The
four highest affinity antibodies (K. = 0.9-3 X 109/M-') aver-
aged 25.5 point mutations. The use of repertoire shift and so-
matic hypermutation in affinity maturation of human alloanti-
bodies is similar to data obtained in inbred mice immunized
with haptens. (J. Clin. Invest. 1992. 90:2481-2490.) Key
words: polymerase chain reaction - immunoglobulin heavy
chain variable region * immunoglobulin light chain variable re-
gion * human hybridomas * affinity maturation

Introduction

The variable regions of the heavy (VH)l and light (VK or VX)
chains of antibodies secreted by B lymphocytes are coded for
by genes that have been derived by rearrangement of germline
gene segments. The rearranged VH gene is derived from a
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1. Abbreviations used in this paper: PCR, polymerase chain reaction;
Rh(D), erythrocyte rhesus (D) antigen; VH, heavy chain variable re-
gion; VK, kappa light chain variable region; VL, light chain variable
region; VX, lambda light chain variable region.

germline V gene segment, diversity (D) segment, and joining
(J) segment, and the rearranged VK or VX from a V gene seg-
ment and J segment. In humans, it has been estimated that
there are - 75-100 VH germline gene segments ( 1, 2), > 32 D
segments (3), 6 JH segments (4), - 50 VK gene segments (5),
5 JK segments (6), and probably 4 functional JX segments (7,
8). There is little information on the total number of VX light
chain gene segments but seven germline sequences have been
reported (9-15).

Analysis ofhuman V gene segment usage indicates that VH
and VK gene families are used approximately in proportion to
the number ofgermline members in unselected B cells ( 16) but
that V gene segment usage may be restricted in response to
self-antigens ( 17, 18). In three different murine models using
inbred mice immunized with haptens (19-25), there is re-
stricted V gene segment usage in the primary antibody re-
sponse with few mutations in the V genes. The secondary and
tertiary responses in mice are associated with higher affinity
antibodies and somatic hypermutation of the original V gene
partners together with a shift to new V gene partners (reper-
toire shift). However, there are no data available on the process
of affinity maturation in a genetically diverse human popula-
tion or in either mice or humans in response to protein or
carbohydrate antigens.

Therefore, we have examined the process ofaffinity matura-
tion of human antibodies generated in response to immuniza-
tion with the erythrocyte rhesus (D) antigen [Rh(D)] (26). Spe-
cifically, we sequenced the V genes of 14 human monoclonal
anti-Rh(D) antibodies and compared them to a database of
germline sequences to determine V gene segment usage and
extent of somatic hypermutation. The analysis indicates that
there is preferential use ofparticular VH, VL, and JH germline
gene segments, especially by the IgM antibodies, in this anti-
gen-antibody system. By correlating affinity constant, isotype,
germline gene ofderivation, and extent of somatic hypermuta-
tion, we demonstrate that affinity maturation in this system
occurs by somatic hypermutation and a repertoire shift to V
genes or V gene combinations not seen in the IgM response.

Methods

Human monoclonal antibodies. The monoclonal anti-D antibodies
were derived from hyperimmunized Rh-negative blood donors Fo
(Fog-l, Fog-3, Fom-l, Fom-A), Ha (Ham-B), Hs (Gad-2, Mad-2),
and Re (Reg-A) as previously described (27) and also from donor Oa
(Oak-3, Og-3 1 ). All these antibodies were produced by EBV transfor-
mation and the formation of human-mouse heterohybridomas. The
antibodies Brad-3 and Jac- 10 were obtained from two different donors;
they were derived from EBV-transformed B lymphocytes and were
kindly supplied by Dr. Belinda Kumpel (United Kingdom Transplant
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Service, Bristol, United Kingdom) (28). All the cell lines were clonal.
All donors had been immunized . 1O times with D-positive red cells at
approximately yearly intervals. The functional affinity constants of all
of these antibodies, except Jac-10, have been previously determined
(references 29 and 30, and Gorick, B., and N. Hughes-Jones, unpub-
lished data).

Cloning and sequencing ofantibody V genes. The cloning and se-
quencing of the V genes of the antibodies Fog- 1, Fom- 1, and Fom-A
was carried out as previously described (31). For the antibodies Brad-
3, Fog-3, Gad-2, Ham-B, Jac-10, Mad-2, Oak-3, Og-31, and Reg-A,
total RNA was prepared from 107 cells using the method of Fava-
loro et al. (32). For first-strand cDNA synthesis, 10 g oftotal RNA in
20,gl water was heated at 70'C for 3 min, cooled on ice, and added to a
30-,ul reaction mixture containing 140 mM KCl, 50 mM Tris HCG
(pH 8.1, at 420C), 8 mM MgCl2, 10mM DTT, 500,gM deoxythymi-
dine triphosphate, 500,gM deoxycytidine triphosphate, 500 Mudeoxy-
adenine triphosphate, and 500 gM deoxyguanine triphosphate (nu-
cleotide triphosphate [500 1AM dNTPs]), 80 U of human placental
RNAse inhibitor, and 10 pmol ofHuVH1FOR (5'-CTT GGTGGAG/
TGC TGA G/TGA GAC GGT GAC C-3') (33) or HUVK1FOR (5'-
GGT GCA GCC ACA GTA CGT TAG ATC TCC A-3') (33) or
HuVAFOR (5'-GGA ATT CTT ATG AAG ATT CTG TAG GGG
CCA C-3') as appropriate. 2 ul (50 U) of avian myeloblastosis virus
reverse transcriptase was added, the mixture was incubated at 42°C for
I h, heated to 100°C for 3 min, cooled on ice, and centrifuged for 2
min. For polymerase chain reaction (PCR) amplification, a 50-JAl reac-
tion mixture was prepared containing 5,ul ofthe supernatant from the
cDNA synthesis; 20 pmol ofHuVHlFOR, HuVKlFOR, orHuVXFOR
as appropriate; 20 pmol ofan equimolar mixture ofHuVH1 /5BACK
(5'-CAG CTG CAG CTG CAG CAG TCT GG-3'), HuVH2BACK
(5'-CAG GTC AAC CTG CAG GAG TCT GG-3'), HuVH3BACK
(5'-GAG GTG CAG CTG CAG GAG TCT GG-3'), HuVH4BACK
(5'-CAG GTG CAG CTG CAG GAG TCG G0-3'), and
HuVH6BACK (5'-CAG GTA CAG CTG CAG CAG TCA GG-3')
(33), or HuVKl/4BACK (5'-GAC ATC CAG CTG ACC CAG TCT
CC-3'), HuVK2BACK (5'-GAT ATT CAG CTG ACT CAG TCT CC-
3'), and HuVK3BACK (5'-GAA ATT CAG CTG ACG CAG TCT
CC-3') (33); or HuVAlBACK (5'-AAC CAG CCA TGG CCC AGT
CTG TGT TGA CGC AGC C-3'), HVX3ABACK (5'-AACCAG CCA
TGG CCT CCT ATG TGCTGA CTC AGC C-3'), and HVA3BBACK
(5'-AAC CAG CCA TGG CCT CTG AGC TGA CTC AGG ACC
C-3') as appropriate; 250 gM dNTPs; 50 mM KC1; 100mM Tris* HC1
(pH 8.3); 1.5 mM MgCl2; 175 jg/ml BSA; and 1 ,ul (5 U) Thermus
aquaticus (Taq) DNA polymerase (Cetus Corp., Emeryville, CA). The
reaction mixture was overlaid with paraffin oil and subjected to 30
cycles of amplification. The cycle was 94°C for 1 min (denaturation),
55°C for I min (annealing), and 72°C for 1 min (extension). The
product was analyzed by running 5 ,il on a 1.8% agarose gel. The re-
mainder was run on a 1.8% agarose gel in Tris-acetate EDTA buffer,
purified with GeneClean (BIO 101, Inc., Vista, CA) and the amplified
DNA was end-filled, phosphorylated, ligated into Smal-cut dephos-
phorylated pUC18 vector, and used to transform DH5a-competent
Escherichia coli (34). At least two clones from separate PCR amplifi-
cations for each hybridoma were sequenced and in every case the dupli-
cates gave identical results (apart from nucleotides within the primer
region in some cases).

Determination ofthe germline origin ofthe VH, D, JH, VL, andJL
segments and extent ofsomatic hypermutation. Computer analysis of
DNA sequencing data was performed using the sequence analysis soft-
ware package of the Genetic Computer Group (version 6.2) of the
University of Wisconsin (35). The VH genes were compared with the
84 germline gene segments present in the VH directory compiled by
Tomlinson et al. (36); VL genes were compared with 28 published
kappa germline gene segments (37-53), seven published lambda gene
segments (9-15), and one unpublished lambda gene segment (J. D.
Marks and G. Winter). The germline gene with the closest homology
was considered to be the origin of the rearranged gene. D regions, de-
fined as the nucleotides not clearly derived from the VH or JH genes,
were compared with the 32 D segments and two DIR segments that

have been described (3, 54-60) using Bestfit and Gap programs. The
JH genes were compared with the six JH segments (4). The JL genes
were compared with either the published JK (6) or the JA (7, 8) seg-
ments.

Results
Assignment ofgermline gene segments. Heavy chain germline
gene segment assignments could be confidently made for all
the IgM antibodies and 7 ofthe 10 IgG antibodies (Table I). In
these antibodies, the next most homologous germline gene seg-
ment differed by at least five additional nucleotides. Further-
more, the additional differences were at exactly the same posi-
tion for the multiple antibodies derived from either VH4-21
(61) or hv3O19b9 (62). In three of the IgG antibodies, Oak-3,
Pag- 1, and Fog-B, the germline VH segment assignment was
less certain since the germline gene segment with the next clos-
est homology differed by only 1 or 2 bp. Light chain germline
gene segment assignments could be confidently made for all
the IgM antibodies and for all but three of the IgG antibodies
(Table I).

Anti-Rh(D) VH gene sequences: germline gene segment
usage and extent of somatic hypermutation. The nucleotide
and deduced amino acid sequences ofthe expressed VH genes
ofthe 14 anti-Rh(D) antibodies are shown in Figs. 1, 2, and 3.
The VH genes belong to both the VH3 (seven antibodies) and
the VH4 families (seven antibodies) and were derived from a
small number of germline gene segments. The VH genes from
the four IgM antibodies appear to be derived from only two
germline VH gene segments, hv3O19b9 (VH3) and VH4-21
(VH4) (or its polymorphic allelic form, Tou-VH4-21 [63]),
with an average of only 3.3 point mutations per gene. In con-
trast, the VH genes from the 10 IgG antibodies appear to be
derived not only from the original two germline gene segments
used by the IgM antibodies (six antibodies) but from an addi-
tional four germline gene segments as well (hv3005 [64], V71-
4 [65], V2-1 [66], and Hl l [67]). In addition, the VH genes
of the IgG antibodies were more somatically mutated, with an
average of 9.6 point mutations per gene.

JH segment usage also appears to be restricted with 11 of
the VHs using the JH6 segment and three using the JH4 seg-
ment (Fig. 4). Two polymorphic forms of the JH6 segment
were used that correspond to the JH6b and JH6c forms (68)
and that differ from the JH6 gene originally described (4).

There does not appear to be an obvious restriction in D
segment usage. All 14 D regions could be partially matched to
one of 17 different D segments (Fig. 5), and the only D seg-
ment used more than once was DN1 (four times).

Anti-Rh(D) VL gene sequences: germline gene segment
usage and extent of somatic hypermutation. The nucleotide
and deduced amino acid sequences of the expressed VL genes
of 12 of the 14 anti-Rh(D) antibodies are shown in Figs. 3, 6,
and 7 (two of the VA genes, from hybridomas Ham-B and
Oak-3, could not be amplified). The eight VA genes and four
VK genes sequenced appear to be derived from a small number
of germline gene segments. Thus the VL genes from three IgM
antibodies were derived from a single germline VA gene seg-
ment, IGLV3S 1 (14), with an average of 6.0 point mutations
per gene. The VL genes from nine IgG antibodies appear to be
derived from IGLV3S1 (two antibodies) and from an addi-
tional five germline gene segments as well (Humkv325 [48],
L1 [52], 02 [53], VXIII. I [13], and DPXI A). In addition, the
VL genes of the IgG antibodies were more somatically mu-
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Table I. Germline V Gene Segment Derivation ofHuman Anti-Rh(D) Antibodies

Additional nucleotide differences of
V genes with next closest homology

Assigned Germline Additional Germline Additional
germline gene Antibody Isotype gene differences gene differences

Heavy chain
VH4-21 Fom-A IgM V58 13 VH4-11 21

Mad-2 IgM V58 13 VH4-11 18
Fom-I* IgM V58 14 VH4-11 22
Og-31 IgG V58 13 VH4-11 18
Fog-I IgG V58 13 VH4-11 21

3019b9 Ham-B IgM 1.9III 5 hv3005f3 7
Reg-A IgG 1.911I 5 hv3005f3 7
Gad-2 IgG 1.911I 5 hv3005f3 7
Fog-3 IgG 1.9III 5 hv3005f3 7
Brad-3 IgG 1.9III 5 hv3005f3 7

Hll Jac-10 IgG DP-58 25 DP-51 26
hv3005t Oak-3 IgG GL-SJ2 2 1.9111 4
V71-4 Pag-l IgG VH4-11 1 VH4-16 2
V2-1 Fog-B IgG VH4-18 1 DP-65 12

Light chain
IGLV3S1 Fom-A IgM VXIII.1 69 IGLV1S2 83

Mad-2 IgM VXIII.1 61 IGLV1S2 79
Fom-1 IgM VXIII.1 67 IGLV1S2 87
Og-31 IgG VXIII.1 64 IGLV1S2 77
Gad-2 IgG VXIII.1 67 IGLV1 S2 81

VXIII.I Pag-1 IgG IGLV3SI 26 IGLV 1S2 44
Jac-10 IgG IGLV3S1 63 Humlvl 17 65

02 Fog-3 IgG Lii 13 Va' 15
Humkv325 Reg-A IgG Humkv3O5 6 Vh 17

Brad-3 IgG Humkv3O5 6 Vh 15
DPX1A Fog-B IgG HumIvl 17 2 VX1.1 19
LII Fog-I IgG HK137 4 Vd 4

References for germline genes are as follows: heavy chains: 1.9III (1). DP-5 1, DP-58, and DP-65 (36); hv3005 (61); V71-4 (62); V58 and V2-1
(63); VH4-2 1, VH4- 11, VH4-18, and VH4-16 (64); 3019b9 and hv3005f3 (65); H 11 (67); GL-SJ2 (76). Light chains: VX 1.1 (9); IGLV 1 S2 (11);
VXIII.1 (13); IGLV3S1 (14); humIvI 17 (15); HK137 (38); Va' and Vd (39); Vh (41); Humkv305 (46); Humkv325 (48); LI 1 (52); 02 (53).
* Fom- I is derived from Tou-VH4-2 1, which is an allele of the gene VH4-2 1.
hv3005 and hv3005f3 are polymorphisms.

tated, with an average of 9.4 mutations per gene. Pag-I was
excluded from these calculations since the number of nucleo-
tide differences from the germline gene with the closest homol-
ogy, VXIII.1 (52 differences), suggests a different and un-
known germline gene segment of origin.

All of the JA segments were derived from the JX2 or 3 seg-
ment, which have identical sequences, except for Og-3 1, which
was derived from the JA segment (Fig. 4). Three of the JK
segments were derived from the JK2 segment and one was de-
rived from the JK3 segment (Fig. 4).

Correlation between antibody affinity, isotype, germline
derivation, and extent ofsomatic hypermutation. The four IgM
anti-Rh(D) antibodies (lowest affinity) appear to be derived
from only two VH germline gene segments and one or two
germline VX gene segments, and on average there were 15.7
mutations/ 1,000 bases (Tables II and III). In contrast, the IgG
antibodies were of higher affinity, were more somatically mu-
tated (34.6 mutations/ 1,000 bases) (Tables II and III), and
showed evidence of repertoire shift in V gene segment usage
(an additional four VH and five VL germline gene segments

used). The mutations occurred with greater frequency in the
CDRs (Table III) than in the framework regions and fre-
quently resulted in amino acid changes in the antigen-binding
loops (Fig. 3).

The change in the derivation ofVH and VL genes, which is
characteristic of repertoire shift, is illustrated by the five anti-
bodies from the donor Fo. The two IgM antibodies (Fom-A
and Fom- 1) appear to be derived from VH4-2 1 and IGLV3S 1
(Table IV). The heavy chains of the three IgG antibodies ap-
pear to be derived either from the same VH gene (Fog-I ), the
hv3019b9 VH gene (Fog-3), or a VH gene (V2-l ) not seen in
the IgM response (Fog-B) (Table IV). The light chains of the
three IgG antibodies appear to be derived from a VX gene (Fog-
B) and two VK genes (Fog-I and Fog-3) not seen in the IgM
response (Table IV).

Within the IgG antibodies, the V genes tended to be more
somatically mutated and/or paired with a different V gene
partner as their affinity increased (Table II). This pattern is
clearly seen in both the five antibodies derived from the donor
Fo (Table IV) and also in the four highest affinity antibodies;
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Heavy chain VH3 genes

DP-50
Brad-3
Fog-3
Gad-2
Ham-B
Reg-A

1 CDR1 100
CAGGTGCAGC TGGTGGAGTC TGGGGGAGGC GTGGTCCAGC CTGGGAGGTC CCTGAGACTC TCCTGTGCAG CGTCTGGATT CACCTTCAGT AGCTATGGCA
---------- --ca-c---- w--------- ---------- ---------T ---------- ---------- ---------- ---------- ----------

----- a-ca-c---- ---------- ---------- ---------- ---------- ---------- ---------- ---------A GA--------
---- --ca------g--------- ---------- ---------- ---------- ---------- ---------- ------r--- ----------

---------- --ca-s---- r--------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

---------- -- ca-c -------------- ---------- ---------- ---------- ---------- ---------- ------- A- -AT-------

Hil GAGGTGCAGC TGGTGGAGTC CGGGGGAGGC TTAGTTCAGC CTGGGGGGTC CCTGAGACTC TCCTGTGCAG CCTCTGGATT CACCTTCAGT AGCTACTGGA
Jac-10 ------- -- ca------T------------------- ---------- ---------- ---------- ---------- ---------- --T-------

hv3005 CAGGTGCAGC TGGTGGAGTC TGGGGGAGGC GTGGTCCAGC CTGGGAGGTC CCTGAGACTC TCCTGTGCAG CCTCTGGATT CACCTTCAGT AGCTATGCTA
Oak-3 ----- --ca------ 9--------- ---------- ---------- ---------- --T------- ---------- ---------- ------A---

DP-50
Brad-3
Fog-3
Gad-2
Ham-B
Reg-A

101 CDR2 200
TGCACTGGGT CCGCCAGGCT CCAGGCAAGG GGCTGGAGTG GGTGGCAGTT ATATGGTATG ATGGAAGTAA TAAATACTAT GCAGACTCCG TGAAGGGCCG
- -- -- -- - -- - -- -- -- --- --- -- -- - -- - -- -- -- - -- -- -- - -- C--- - -- -- -- --- - -- -- -- - -- - ----G-A---- - -- -- - -T- - - -- -- -- -- -

---------- ---------- ---------- -- T------- ---------- ---------- ---------- -----G-T -- ---------- ----------

- -- -- -- - -- - -- -- -- --- - -- -- -- - -- --- -- -- - -- -- -- -- ----G - -- -- -- - -- - -- -- -- - -- ----G- -- --- -- - --G- - -- - -- -- -- -- -

---- ----- -- - -- -- -- - -- - --T-- -- - -- - -- -- -- - -- - -- -- -- - -- - -- -- -- - -- - -- -- -- -- ------------------------------------------A----G ------------
Hl1 TGCACTGGGT CCGCCAAGCT CCAGGGAAGG GGCTGGTGTG GGTCTCACGT ATTAATAGTG ATGGGAGTAG CACAACGTAC GCGGACTCCG TGAAGGGCCG
Jac-10 ------ ---- ---------- ---------- ---------- ---------- ---------T ----A-T--- -----GT--- ---A------ ----------

hv3005 TGCACTGGGT CCGCCAGGCT CCAGGCAAGG GGCTAGAGTG GGTGGCAGTT
Oak-3 ---------- ---------- ---------- ---------- - C----- T--

DP-50
Brad-3
Fog-3
Gad-2
Ham-B
Reg-A

AATLATATIb ATGGFAAGTAA TAAATACTAC GCAGACTCCG TGAAGGGCCG
- -G-C----C- - -- -- -- - -- - -- -- -- -- -

201 294
ATTCACCATC TCCAGAGACA ATTCCAAGAA CACGCTGTAT CTGCAAATGA ACAGCCTGAG AGCCGAGGAC ACGGCTGTGT ATTACTGTGC GAGA
---------- ---------- ---------- T--A------ ---------- ---------- ---------- ---------- ---------- --C-
---------- ---------- ---------- ---------- ------ G--G ---------- ---------- ---------- ---------- ----

Hil ATTCACCATC TCCAGAGACA ACGCCAAGAA CACGCTGTAT CTGCAAATGA ACAGTCTGAG AGCCGAGGAC ACGGCTGTGT ATTACTGTGC AAGA
Jac-10 ---------- ---------- ---------- ---------- ---------- --- ------ ---------- ---------- ----- --

hv3005 ATTCACCATC TCCAGAGACA ATTCCAAGAA CACGCTGTAT CTGCAAATGA ACAGCCTGAG AGCTGAGGAC ACGGCTGTGT ATTACTGTGC GAGA
Oak-3 -- ---------- ------G ---A--A---T--------- ---------- -C-------- ---------- ---T---- ----

Figure 1. Nucleotide sequences
of VH3 family genes of anti-
Rh(D) antibodies compared
with the most homologous
germline gene. Dashes indicate
identity, and nucleotide differ-
ences shown in lower case were
coded for by the primer used in
the PCR. w, A or T; r, A or G;
and s, C or G. CDRs are under-
lined. References for germline
genes are as follows: hv3019b9
(65), hv3005 (61), and Hl l
(67). These sequence data are
available from EMBL/Gen-
bank/DDBJ under accession
numbers: X64149, X64151,
X64158, X64154, X64157,
X64148, and X64155.

the Fog-3, Fog-B, Fog- 1, and Brad-3 VHs are heavily mutated Discussion
derivatives (48 mutations/ 1,000 bases) of either the VH genes
used in the IgM response (Fog-3, Fog- 1, and Brad-3) or a VH VH, JH, and VL gene segment usage is restricted in the human
gene not used in the IgM response (Fog-B) whereas the VLs are anti-Rh(D) response. There are - 75-100 human germline
heavily mutated derivatives (40 mutations/ 1,000 bases) ofVL VH gene segments (2), 50 human germline VK gene segments
genes not used in the IgM response. (5), and 2 8 human germline VX gene segments (9-15, and

Heavy chain VH4 genes

VH4-21
Fog-1
Foe-1
Fom-A
Mad-2
Og-31

1 CDR1 100
CAGGTGCAGC TACAGCAGTG GGGCGCAGGA CTGTTGAAGC CTTCGGAGAC CCTGTCCCTC ACCTGCGCTG TCTATGGTGG GTCCTTCAGT ......GGTT

T------ --A----G ------------------------C---------A-.....T-
......
......

g-g ---c-
----- - -9-- 9---c -------- - T --------- -T-- - - ------------------- ----------

V71-4 CAGGTGCAGC TGCAGGAGTC GGGCCCAGGA CTGGTGAAGC CTTCGGAGAC CCTGTCCCTC ACCTGCACTG TCTCTGGTGG CTCCGTCAGT
Pag-1 ---------- ---------- ---------- ---------- ---------- ------- G-- ---------- ---------- ---------- -

V2-1 CAGCTGCAGC TGCAGGAGTC GGGCCCAGGA CTGGTGAAGC CTTCGGAGAC CCTGTCCCTC ACCTGCACTG TCTCTGGTGG CTCCATCAGC
Fog-B ------- G-- ---------- ---------- ---------- ---------- ---------- ------- G ---G------------ G----- -

VH4-21
Fog-i
Fom-i
Fom-A
Mad-2
Og-31

101 CDR2
ACTACTGGAG CTGGATCCGC CAGCCCCCAG GGAAGGGGCT GGAGTGGATT GGGGAAATCA ATCATAGTGG AAGCACCAAC TACAACCCGT
--------- C ---------- ---------- - A----C--- ---------- ---------- ----------- G--G ---- ----- T---- -
-A---------- ---------- T---------

---------- ---------- ---------- ---------- ---------- ---------- G--G-C---- ---------- ----------

-----T-------- - ---------- ---------- ---------- --- G------ ---------- -

T--------- ---------- ---------- ---------- ---------- -------- -

V71-4 ACTACTGGAG CTGGATCCGG CAGCCCCCAG GGAAGGGACT GGAGTGGATT GGGTATATCT ATTACAGTGG GAGCACCAAC TACAACCCCT
Pag-1 C--------- ---------- ---------- --------- C ---------- ---------- ---------- ---------- ----------

V2-1 ACTACTGGGG CTGGATCCGC CAGCCCCCAG GGAAGGGGCT GGAGTGGATT GGGAGTATCT ATTATAGTGG GAGCACCTAC TACAACCCGT
Fog-B T--------- ----G----- ---------- ---------- C--A------ --C-----A- T--------- ---------- -----T--C-

VH4-21
Fog-1
Fom-1
Fom-A
Mad-2
09-31

201
TCGAGTCACC ATATCAGTAG ACACGTCCAA GAACCAGTTC TCCCTGAAGC TGAGCTCTGT GACCGCCGCG GACACGGCTG TGTATTACTG
---------- --G- C-- -- - ----------C- ----- A- ---C ----- ---------- ---------- --- T-- -T--
---------- -- G------- ---------- ---------- ---------- --

-------G-- ---------- ---------- ---------- ---------G ----G----- ---------- ---------- ----------

-T---------- - --- T- --
----C----G -------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

V71-4 _CGAGTCACC ATATCAGTAG ACACGTCCAA GAACCAGTTC TCCCTGAAGC TGAGCTCTGT GACCGCTGCG GACACGGCCG TGTATTACTG
Pag-i1 ---------- ---------- ---------- ---------- ---------- -- G------- ---------- ---------- ----------

V2-1 TCGAGTCACC ATATCCGTAG ACACGTCCAA GAACCACTTC TCCCTGAAGC TGAGCTCTGT GACCGCCGCA GACACGGCTG TGTATTACTG
Fog-B C--------- ---------- ------TG-- ---TA----- ---------- ----T----- ---------- ---------- -T--------

......AGTT

Figure 2. Nucleotide sequences
AGTAGTAGTT
---G--G--C of VH4 family genes of anti-

Rh(D) antibodies compared
200 with the most homologous

CCCTCAAGAG germline gene. A gap of six nu-
---------- cleotides has been introduced at
---------c positions 91-96 where necessary

to align the sequences. Dashes
CCCTCAAGAG indicate identity, and nucleotide
------G--- differences shown in lower case
CCCTCAAGAG were coded for by the primer

used in the PCR. CDRs are un-

297 derlined. References for germline
TGCGAGA gene are as follows: VH4-21

(64), Tou-VH4-21 (66), V71-4
------- (62), and V2-1 (63). These se-

:::--- quence data are available from

TGCGAGA EMBL/Genbank/DDBJ under
------- accession numbers: X64150,
TGCGAGA X64153, X64159, X64156,
-A----- X64152,X52111, and X52110.
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FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4
DP50 QVQLVESGGGVVQPGRSLRLSCAASGFTFS SYGM4 WVRQAPGKGLEWVA VIWYDGSNKYYADSVKG RFTISRDNSKNTLYLQMNSLRAEDTAVYYCAR
Ham-B ----qx------------------------ ----- -------------- ----------------- -------------------------------- EVTMVRGVRRYYGMDV WGPGTTvtvsw
Reg-A ----qq----------------------N N---- -------------- ---------N------- -------------------------------- ERTTMSGVIIPRRYFDY WGQGTRvtvss
Gad-2 --qe------------------------ ----- -------------- ------------E---- -------------------------------- WSSNRYSLSYYYYYMDV WGKGTTvtvss
Fog-3 --qq-----------------------R D---- -------------- ---------D------- ----------------VD-------------- EGRRPAARKLIPSSYLDY WGQGTLvtvss
Brad-3 ----qq----------F------------- ----- ----------- L--------E---F--- -T----------------------------- DSPKMRAGSMFRYYYMDV WGKGTTvtvss

H1l EVQLVESGGGLVQPGGSLRLSCAASGFTFS SYWMH WVRQAPGKGLVWVS RINSDGSSTrTADSVKG RFTISRDNAKNTLYLQMNSLRAEDTAVYYCAR
JAC-l10 ---q------------------------- ----- ------------------OY-I--S--N---- ------------------T------------- GERIAARLLSGGYGMDV WGQGTTvtvss
hv3005 QVQLVESGGGVVQPGRSLRISCAASGFTFS SYAMH WVRQAPGKGLEWVA VISYDGSNKYYADSVKG RFTISRDNSKNTLYLQMNSLRAEDTAVYYCAR
Oak-3 --q------------------------- --T-- ------------L- F-------RHS------ ----------S----------P------F--- EAAARLRYLYYYYMDV WGKGATvtvss

VH4-21 QVQLQQWGAGLLKPSETLSLTCAVYGGSl' GYYWS WIRQPPGKGLEWIG EINHSGSTNYNPSLKS RVTISVDTSKNQFSLKLSSVTAADTAVYYCAR
Fom-A ---------------------------- --------------- -- SRR----------- --A------------- VR-------------- ALDYISLDYGMDV WGQGTTVTVSS
Mad-2 ---es----------------------- ----- -------------- ------R --------T -------------------------------- LWLDGHGYKFDY WGQGTLvtvss
Fom-1 ----------------------------- ---- N -------------- -- I ------------- ----M---------------------------- GLERPIRNQLLNRLGYYMDV WGKGTTVTVSS
Og-31 ---es----------------------- -F--- -------------- ---------------- -L------------------------------ SVAWYSSSWYKNYYYYSMDV WGKGTTvtvss
Fog-i --H-----T---------------H----N V---T --------A----- ------GA-------- ---M-A-----------T----------F--- GRSRYSGYGFYSGMDV WGPGTTVTVSS

V71-4 QVQLQESGPGLVKPSETLSLTCTVSGGSVS SYYWS WIRQPPGKGLEWIG YIYYSGSTNYNPSLKS RVTISVDTSKNQFSLKLSSVTAADTAVYYCAR
Pag-1 ----------------V---------- -S--- ---------P---- H-----------G-------------- VLVSRTISQYSYYMDV WGKGTTVTVSS

V2-1 QLQLQESGPGLVKPSETLSLTCTVSGGSIS SSSYYWG WIRQPPGKGLEWIG SIYYSGSTYYNPSLKS RVTISVDTSKNHFSLKLSSVTAADTAVYYCAR
Fog-B --R------------------ S-----V- -GGL--- -V ------------ -F------------- --------L--N------------------T- PGYGDTSVRKRVWNMDL WGQGTTVTVSS

LIGHT CHAINS
FRI

IGLV3Si SSELTQDPAVSVALGQTVRITC
Fom-A ----------------------

Mad-2 ----------------------

Fom-1 ----------------------

Og-31 a---------------------
Gad-2 a-------V-------------

CDR1 FR2
QGDSLRSYYAS WYQQKPGQAPVLVIY

------RS--- -------------MF
------G---T ---------------

--GG----S-T ---------------
---R-----V- - -----R-- ---- --

CDR2
GKNNRPS

-N-----

FR3
GIPDRFSGSSSGNTASLTITGAQAEDEADYYC

-__T___-___----------------

-T--------------______ _____ _

CDR3
NSRDSSGNH
-------ITNVV

----- T--PPVL
-----I -S-RV

------N---YV
--------- LL

FR4

FGGGTKLTVLG
FGGGTKLTVLG
FGGGTKLTVLG
FGTGTKVTVLg
FGGGTKLTVLg

VXIII.1 SYELTQPPSVSVSPGQTASITC SGDKLGDKYAC WYQQKPGQSPVLVIY QDSKRPS GIPERFSGSNSGNTATLTISGTQAMDEADYYC QAWDSSTA
Jac-10 v---------------R--- ---E--N--P- --------------- --T---- ------------S----I -------------- -------- V FGGGTKLTVLg
Pag-1 --V---------A-----R--- G-NNI-R-SVH --------A----V- GA-D--- --------------------RVA-G------- -V----S-HPGW FGGGTKLTVLG

DP)1A QSVLTQPPSVSAAPGQKVTISC SGSSSNIGNNYVS WYQQLPGTAPKLLIY DNNKRPS GIPDRFSGSKSGTSATLGITGLQTGDEADYYC GTWDSSLSA
Fog-B ---------------------- --T---------- --------------- ------- R---------------------R--------- A--------W FGGGTKLTVLS

kv325 EIVLTQSPGTLSLSPGERATLSC RASQSVSSSYLA WYQQKPGQAPRLLIY GASSRAT GIPDRFSGSGSGTDFTLTISRLEPEDFAVYYC QQYGSSP
Reg-A q-------------------- --N---M--N--- ----------V--- ------- -------------------------- S ----- --F-G-FT FGPGTTVDIKR
Brad-3 q-------------------- ----IT---F - --------------- ------- -------------------------------- -H-R---RKYT FGQGTklei*r

Va ' AIQLTQSPSSLSASVGDRVTITC RASQGISSALIA WYQQKPGKAPKLLIY DASSLES GVPSRFSGSGSGTDFTLTISSLQPEDFATYYC QQFNSYP
Fog-3 ------------------ -T--S-R-S-N --------------- A----Q- -------------------------------- L-SY-NLYT FGQgtkiel*r

Vd DIQLTQSPSFLSASVGDRVTITC RASQGISSYLA WYQQKPGKAPKLLIY AASTLQS GVPSRFSGSGSGTEFTLTISSLQPEDFATYYC QQLNSYP
Fog-i --------S------------- ----V-RND-V -F--- I----R-S-----S--- ----------F--- --- L-HF---YT FGQGTKLEIKR

Figure 3. Deduced amino acid sequences ofVH and VL regions of anti-Rh ( D) antibodies compared with the most homologous germline gene.
Dashes indicate identity, and differences shown in lower case were coded for by the primer used in the PCR reaction. References for the germline
genes can be found in Figs. 1, 2, 6, and 7.

our unpublished data). Despite the large number ofgermline V
gene segments, we have shown that V gene segment usage in
the human antibody response to the Rh(D) alloantigen is re-
stricted. This repertoire restriction seems remarkable consider-
ing that the donors were hyperimmunized and antibodies were
made from seven different donors; however, the true heteroge-
neity of an antigen-specific immune response is unknown. 10
of the 14 VH genes appear to be derived from one of two VH
germline gene segments (hv3019b9 and VH4-2 1) and these
germline gene segments were used by the antibodies from five
of the seven donors. 5 of the 12 VL genes were derived from
one VX germline gene segment (IGLV3S 1) and this germline
gene segment was used by antibodies from three of the seven
donors. The V gene segment usage of the 1gM antibodies is
even more restricted with all four VH genes using hv30 1 9b9 or
VH4-21 and the three VX genes that were sequenced using
IGLV3S 1. The restriction does not result from EBV transfor-
mation of B cells nor is it present in V genes not subjected to
antigen stimulation (69).

Our results confirm and clarify previous observations on
VH gene segment usage ofanti-Rh( D) antibodies. Natvig et al.
(70) used family-specific antisera to determine that polyclonal
anti-Rh(D) from 40 of 45 donors used the VH2 family; how-
ever, the serologic reagents would not have distinguished be-
tween VH2s and the closely related VH4s, a family whose exis-
tence was unknown at that time. More recently, Thompson et

al. (71) isotyped human monoclonal anti-Rh(D) antibodies
and analyzed VH gene segment usage with a monoclonal anti-
body (9G4) against the VH4-21 idiotype. All 13 IgM anti-
Rh(D) antibodies expressed lambda light chains and 9 of the
13 expressed the 9G4 idiotype (VH4.21 V gene segment). In
contrast, only 3 of 13 IgG antibodies expressed lambda light
chains and, unlike our results, none expressed the 9G4 idio-
type. However the use of an anti-idiotype antibody to deter-
mine V gene segment usage of IgG antibodies is unreliable
since somatic hypermutation might abolish the interaction
with the monoclonal antibody. Thus, Thompson et al. (71 )
found that Fog- 1 lacks the 9G4 idiotype whereas our sequence
analysis indicates that the Fog- 1 antibody is derived from the
VH4.2 1 germline gene segment. Presumably, the large number
of mutations in the VH gene of Fog- 1 has led to a loss of the
idiotype recognized by the 9G4 monoclonal antibody.

The expressed VH genes selectively use the JH6 segment
( 1/ 14, 79% ). This contrasts with other examples ofexpressed
VH genes where only 15/99 (22%) (68) and 10/52 (19%) (33)
used the JH6 segment. Preferential JH6 segment usage could
be due to structural requirements since in 9 of 11 instances it
results in the protein sequence tyr-x-met-glu-val in the CDR3
loop (Fig. 3).

We found no evidence for restricted JK, JX, or D segment
usage. It appears that 17 different D or DIR segments may have
been used and although the DN I segment was used four times,

Affinity Maturation ofHuman Anti-Rh(D) Antibodies 2485



Heavy chains. J region genee

JH4 gene
Fog-3
Mad-2
Reg-A

JH6b gene
Fog-1
Fog-B
Fom-A
Ham-B
Jac-10

JH6c gene
Brad-3
Fom-1
Gad-2
oak-3
Og-31
Pag-i

Jx2 gene
Brad-3
Fog-1
Fog-3

JK3 gene
Reg-A

47
ACTACTTTGACTACTGGGGCCAAGGAACCCTGGTCACCGTCTCCTCA

-----A--------------G- ------------- ----------

ATTACTACTACTACTACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCTCCTCA
--T-----C---C----------------C-------------------------

ATTACTACTACTACTAC***ATGGACGTCTGGGGCAAAGGGACCACGGTCACCGTCTCCTCA

391
TACACTTTTGGCCAGGGGACCAAGCTGGAGATCAAACGT
.-__----_--_--------------------t-----

----------------------C---------------A

JA1i gene TATGTCTTCGGAACTGGGACCAAGGTCACCGTCCTAGGT
Og-31 -----------------------_________

JA2/3 gene GTGGTATTCGGCGGAGGGACCAAGCTGACCGTCCTAGGT
Fog-B -----G----------------------------- A--
Fom-1 ---G---------------------------------
Fom-A ------------------------T--------------
Gad-2 -C----------------------------------
Jac-10 C--G---------------------------------
Mad-2 --AC-T---------------------------------
Pag-1 ---------------------------------------

Figure 4. Nucleotide sequences of the JH and JL regions of anti-
Rh(D) antibodies compared with the most homologous germline
gene. w, A or T; and m, A or C. Asterisks indicate deletions, and nu-
cleotide differences shown in lower case were coded for by the primer
used in the PCR. References for the germline genes are as follows:
JH4and6(4),JK2and3(6),JX land2or3(7).

it is also overpresented in unselected VHs (72). However, as-
signation of an expressed D region to its germline D origin
cannot always be made with certainty because of the high rate
of somatic mutation, N segment addition, and the probability
that not all ofthe D segments have been sequenced (72). There
were seven instances where the D region may have been de-
rived by the joining of two separate D segments (68, 72) and
three instances where the expressed D regions may have been
derived from inverted D-D fusions (72).

Affinity maturation ofthe human anti-Rh (D) response oc-
curs by somatic hypermutation of V gene segments used in the
IgM response and by a repertoire shift to Vgene segments not
seen in the IgM response. To date, there has been no analysis of
the genetic mechanism of affinity maturation of antibodies
generated in response to glycoprotein immunogens. The
Rh(D) antigen is a protein complex known to be one of the
most immunodominant structures on the erythrocyte mem-
brane. We have shown that the maturation of the human al-
loantibody response to the Rh(D) antigen occurs by somatic
hypermutation and by a repertoire shift to V gene partners not
used in the IgM (primary) response. Since the donors had re-
ceived at least 10 immunizations before the time B lympho-
cytes were obtained, it is not clear whether the IgM antibodies
arose during an earlier primary response and were perpetuated
as memory cells or whether they arose during the most recent
antigen challenge (usually 14-28 d before harvesting the B
cells). Whatever the mechanism, it is reasonable to suppose
that they are representative of the primary response structure.

The IgM antibodies that were sequenced (low affinity) used
only two germline VH gene segments (hv3O19b9 and VH4-21 )
and one VL germline gene segment (IGLV3S 1). Although we

have sequenced only four IgM antibodies, our results are proba-
bly representative since an analysis of an additional nine anti-
Rh(D) IgM antibodies using isotyping and an antibody recog-
nizing the VH4-2 1 idiotype demonstrated that six heavy chains
used the VH4-2 1 germline gene segment and all nine used a X
light chain (71 ).

The higher affinity IgG antibodies arose as a result ofboth a
repertoire shift to V gene segments not used in the IgM re-
sponse and by somatic hypermutation. Repertoire shift oc-
cuffed for both the light chain (7 of 10 antibodies, including
the 6 with the highest affinity) and the heavy chain (4 of 10
antibodies). The fact that repertoire shift can be observed
within the five antibodies made from the donor Fo (Table IV)
indicates that it is not an artifact resulting from the use of
different donors.

Affinity generally increased with increasing somatic hyper-
mutation: 8.9 point mutations in the V gene segments of the
IgM antibodies ( 15.7 mutations/ 1,000 bases) compared with
19.0 point mutations in the V gene segments ofthe IgG antibod-

D regions

Brad-3
D22/12inv
DM1

Foca-i
DK1

Fog-3
DIR2
D21/10

Fog-B
DN1
DWA1

Fom-1
DLR5inv
DLR4

Fom-A
DA1/4

Gad-2
DN1

Ham-B
DXP'1

Jac-10
DN4

Mad-2
DIRlinv
DK4

Oak-3
DN1
DHFL16

Oc-31 1
DN1

Pac-1
D6--38
DXP4

Rec-A
DXP4

GATAGTCCcAAAATgAGGGCTGGAAciTATGTTTCG
-AGTCCAAAAATCA-

-CTGGAACTA-

GGCCGGTCCCGtTATAGTGGtTACGG
-GATATAGTGGCTACG-

GAbAGGCCG ACCCQCCGCCAGGAaGLSLACTATACC TlS
-CCGCAGAGACCCCGCC-

-ATGCTTATACC

CCAGGcTATaGCoaCAcCTcGGTACGGAAGAGGGTTTGGAA
GGGTATAGCAGCAGCTGG-

-GGAAGAGGGT-

GGCtTAGAAcGTCCGATTAGGaACCAGCTGCTAaaCCGTCTCGGT
GGCATAGAAAGT-

-GTACCAGCTGCTATGCC

GCCTTGGACTACAtctcCTTGG
-GACTACAGTAACT-

GTCGTTAGCAGCAaCcGGTACTCTCTAAGC
-TAGCAGCAGCTGGTAC

GAAGTTACTATGGTTCGGGGAGTTAGGCGT
-TTACTATGGTTCGGGGAGTTA-

GAGTATAGCAGCTCGTC-

CTGTGGCTCGaTGGacATGGQTACAAG
-CTGTGGCTCGTT-

-GCTATGGTTAC

GAGGCAGCAGCTCGACTACGGT
-GCAGCAGCT-

-GACTACGGT-

lCGGTAGCCTGTAATAGCGAGCTGGTAThAAGA
-GGTATAGCAGCAGCTGGTA-

GTTTTGGTTTCCCGTACGATTTCACAG
TGGTTTC-

-TACGATTT-

GAACGTAcTACGATgTcTGGAGTGaTcATTCCTCGCCGG
GTATTACGATTTTTGGAGTGGTTATT-

Figure 5. Nucleotide sequences of the D segments of anti-Rh(D) an-

tibodies compared with the germline D gene segments that have the
highest homology. Mismatches in the expressed gene are shown in
lower case letters. Dashes at the end of the germline gene indicate
that nucleotides have been omitted beyond this point. Inv indicates
that the D gene is inverted. One of the matches for Fog-B, DA 1,
may be a pseudogene but this assignment has been included as other
matches show considerably less homology. References for the germ-
line genes are 3, 55, and 56.
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Lambda gigl

I GLV3S 1
Fom-1
Foe-A
Gad-2
Mad-2
Og-31

VA III .1
Jac-10
Pag- 1

ht chain genes

1 CDR1 100
TCTTCTGAGC TGACTCAGGA CCCTGCTGTG TCTGTGGCCT TGGGACAGAC AGTCAGGATC ACATGCCAAG GA......GA CAGCCTCAGA AGCTATTATG
--------

------ --------....................................--G G---------
g-c----- --------...........................--
g-c-------------T----------------------------------A -

g -c--- ---- --- --------------- --- ---------------- -- -- ------------- -- --.........----------.........----------........----------.-GG------

G
- -C----------g-c-------------------------------------------G-GC-

TCCTATGAGC TGACTCAGCC ACCCTCAGTG TCCGTGTCCC CAGGACAGAC AGCCAGCATC ACCTGCTCTG GA......GA TAAATTGGGG GATAAATATG
yms-m--t-y ----k----- ------G-------------C-A - C
-------T-- ------G--- --A---G-G-----G--T -----TGGG .........A- C--CA-T--A CG----AG--

DPOAlA CAGTCTGTGT TGACGCAGCC GCCCTCAGTG TCTGCGGCCC CAGGACAGAA GGTCACCATC TCCTGCTCTG GAAGCAGCTC CAACATTGGG AATAATTATG
Fog-B ----- - ---------- -- ----------C- ---C------ ---------- ----------

101 CDR2 200
CAAGCTGGTA CCAGCAGAAG CCAGGACAGG CCCCTGTACT TGTCATCTAT GGTAAAAACA ACCGGCCCTC AGGGATCCCA GACCGATTCT CTGGCTCCAG
--C-

T- -- -- -- --- - -- -- -- - -- - -A--- -- --- --- -- -- - -- - -- -- ----- - -- -- -- - -- - -- -- - --- - - -- -- -- - -- - -- -- -- - -- - -- -- -- -- -

----- -- - -- - -- -- -- - -- - -- -- -- --- -- -- ----T-- - -- ----G-T - --------T- ------- --- --- -- -- - -- - -- -- -- - -- - -- -- -- -- -

-- -C- -- - -- - -- -- -- --- - -- -- -- - -- --- -- -- - -- - -- -- -- - -- -- ----T----- - -- -- -- - -- - -- -- -- - -- - -- -- -- - -- -- -- -- - -- C

VA1111.1 CTTGCTGGTA TCAGCAGAAG CCAGGCCAGT CCCCTGTGCT GGTCATCTAT CAAGATAGCA AGCGGCCCTC AGGGATCCCT GAGCGATTCT CTGGCTCCAA
Jac-10 ---------- ---------- ---------- ---------- ---------- -------C-- ---------- ---------- ---------- ----------

Pag-1 TGCA------ C--------- ---------G ---------- ----G----- GGT-C----G -C-------- ---------- ---------- ----------

DPAlA TATCCTGGTA CCAGCAGCTC CCAGGAACAG CCCCCAAACT CCTCATTTAT GACAATAATA AGCGACCCTC AGGGATTCCT GACCGATTCT CTGGCTCCAA
Fog-B ---------- T--------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

201 CDR3 2
CTCAGGAAAC ACAGCTTCCT TGACCATCAC TGGGGCTCAG GCGGAAGATG AGGCTGACTA TTACTGTAAC TCCCGGGACA GCAGTGGTAA CCATCT
- -- -- -- - -- - -- -- -- --- - -- -- -- - -- --- -- -- - -- - -- -- -- - -- - -- -- -- - -- - -- -- -- - -- - -- -- -- - -- ----T-- - --G -- ----G
------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------T TACGAAT

---------- ---------- ---------- ----A---------------- ---------- --------- T --A------ --- C------ -- C--CT
-------------- - ---------- -----G------ - - ----- ---A------ ----

VAIII.1 CTCTGGGAAC ACAGCCACTC TGACCATCAG CGGGACCCAG GCTATGGATG AGGCTGACTA TTACTGTCAG GCGTGGGACA GCAGCACTGC A
Jac-10 T-------G-----------T---T-----------------------------------------------------------------
Pag-1 ---------- --G-----C- ---------- -A--GT-GCA --CGG----- ----C----- ---------- -T------T- -T--T-G--- TCATCCGGGG

DPA1A GTCTGGCACG TCAGCCACCC TGGGCATCAC CGGACTCCAG ACTGGGGACG AGGCCGATTA TTACTGCGGA ACATGGGATA GCAGCCTGAG TGCTTG
Fog-B ---------- ---------- ---------- -------- G- ---------- ---------- -------- C- ---------- ---------- ----

Figure 6. Nucleotide sequences
ofthe VX genes of anti-Rh(D)
antibodies compared with the
most homologous germline gene.
Dashes indicate identity, and
nucleotide differences shown in
lower case were coded for by the
primer used in the PCR. m, A
or C; s, C or G; and y, C or T.
CDRs are underlined in the
germline gene. Nucleotides
probably derived from joining
diversity or N segment addition
are underlined in the rearranged
gene. References for germline
genes are as follows: IGLV3S1

6 (14), VXIII.1 (13), and DPX1A
(J. D. Marks and G. Winter, un-
published results). These se-
quence data are available from
EMBL/Genbank/DDBJ under
accession numbers: X64165,

G X64166, X64161, X64160,
X64167, X64169, X52112, and
X52109.

Kappa light chain genes

1 CDR1 100
GAAATTGTGT TGACGCAGTC TCCAGGCACC CTGTCTTTGT CTCCAGGGGA AAGAGCCACC CTCTCCTGCA GGGCCAGTCA GAGTGTTAGC AGCAGCTACT
- -xr-yca-c - - --y--------------- ---------- ---------- ---------- ---------- ---------- --T-AC-- T --T---- T--
--wr--ca-c - - ---k--------------------- ---------- ---------- ---------- --- -A-G--- -A--A ----

Vd GACATCCAGT TGACCCAGTC TCCATCCTTC CTGTCTGCAT CTGTAGGAGA CAGAGTCACC ATCACTTGCC GGGCCAGTCA GGGCATTAGC AGT ... TATT
Fog-1 ---------A ---------- --------C - ---------- ---------- ---------- ---------- ----A----- --T------A -A-...G---

GCCATCCAGT TGACCCAGTC TCCATCCTCC CTGTCTGCAT CTGTAGGAGA CAGAGTCACC ATCACTTGCC GGGCAAGTCA GGGCATTAGC AGT... GCTT
-t ----- ---------- ---------- ---------- ---------- ---------- --A------- -A------- A --C ...T---

101
HLunkv325 TAGCCTGGTA CCAGCAGAAA CCTGGCCAGG CTCCCAGGCT CCTCATCTAT
Brad-3 ---------- ---------- ---------- ---------- ------ T---
Reg-A ---------- ---------- ---------- -------- G- ----------

CDR2 200
GGTGCATCCA GCAGGGCCAC TGGCATCCCA GACAGGTTCA GTGGCAGTGG

Vd TAGCCTGGTA TCAGCAAAAA CCAGGGAAAG CCCCTAAGCT CCTGATCTAT GCTGCATCCA CTTTGCAAAG TGGGGTCCCA TCAAGGTTCA GCGGCAGTGG
Fog-1 -G-T-----T ------G--- -------T-- ---------G ---------- ---------- G--------- ---------- ---------- -T--------

Va' TAGCCTGGTA TCAGCAGAAA CCAGGGAAAG CTCCTAAGCT CCTGATCTAT GATGCCTCCA GTTTGGAAAG TGGGGTCCCA TCAAGGTTCA GCGGCAGTGG
Fog-3 --MT----- ---------- ---------- - C----- A-- ---------- - AC---A--T- -----C-G-- ---------- ---------- - T -------

Hunkv325
Brad-3
Reg-A

201 CDR3 288
GTCTGGGACA GACTTCACTC TCACCATCAG CAGACTGGAG CCTGAAGATT TTGCAGTGTA TTACTGTCAG CAGTATGGTA GCTCACCT
---------- ---------- ---------- ---------- ---------- ---------- --------- A --C---C--- -T ----- CGGAAG
---------- ---------- ---------- ---------- ---------- C--------- ---------- ----T----G -----

Vd ATCTGGGACA GAATTCACTC TCACAATCAG CAGCCTGCAG CCTGAAGATT TTGCAACTTA TTACTGTCAA CAGCTTAATA GTTACCCT
Fog-1 --T------- ---------- ---------- ---------- ---------- ---------- -------- T- ----A-TTC- -------G

Va' ATCTGGGACA GATTTCACTC TCACCATCAG CAGCCTGCAG CCTGAAGATT TTGCAACTTA TTACTGTCAA CAGTTTAATA GTTACCCT
Fog-3 ---------- ---------- ---------- ---T-A -T- ---AG-T-C- --A---TG

Figure 7. Nucleotide sequences of the VK genes of anti-Rh(D) antibodies compared with the most homologous germline gene. A gap has been
introduced at positions 94-97 where necessary to align the sequences. Dashes indicate identity, and nucleotide differences shown in lower case

were coded for by the primer used in the PCR. k, G or T; w, A or T; y, C or T; and x, ambiguous. CDRs are underlined in the germline gene.

Nucleotides probably derived from joining diversity or N segment addition are underlined in the rearranged gene. References for germline genes

are as follows: Humkv325 (48), LI1 (52), and 02 (53). These sequence data are available from EMBL/Genbank/DDBJ under accession
numbers: X64162, X64168, X64163, and X64164.
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Table 11. Correlation between Antibody Affinity, Isotype, Germline Derivation and Extent ofSomatic Hypermutation

VH gene VL gene

Differences Differences Total VH and VL
Antibody Isotype K. Germline from germline Germline from germline point mutations

M-'

Fom-A IgM/X 1.0 X 107 VH4-21 6 IGLV3SI 0 6
Mad-2 IgM/X 1.4 X 107 VH4-21 4 IGLV3SI 12 16
Ham-B IgM/X 1.9 X 107 hv3019b9 1 ND* ND* It

Fom-I IgM/X 4.0 X 107 Tou-VH4-21 2 IGLV3SI 6 8
Oak-3 IgG/X 1.3 X 10' hv3005 13 ND* ND* 13t
Reg-A IgG/K 2.0 X 108 hv3019b9 4 Humkv325 7 11
Og-31 IgG/X 2.2 X 108 VH4-21 5 IGLV3Sl 8 13
Gad-2 IgG/X 3.9 X 108 hv3019b9 4 IGLV3SI 6 10
Pag-I IgG/X 6.0 x 10" V71-4 5 VXIII.1§ 52§ 57§
Fog-3 IgG/K 9.0 x 108 hv3019b9 8 02 11 19
Fog-B IgG/X 2.0 X 109 V2-4 23 DPXIA 5 28
Fog-I IgG/K 2.2 X 109 VH4-21 18 LlI 18 36
Brad-3 IgG/K 3.0 X 109 hv3019b9 8 Humkv325 11 19
Jac-10 IgG/X ND11 Hll 8 VXIII.1 9 17

* The sequences of Ham-B and Oak-3 could not be determined but the light chains were shown to be of the lambda class by serological means
(our unpublished data).
t The total only includes the value for the heavy chain.
§ The number of point mutations is an overestimate since VX1III. 1 is probably not the germline gene from which Pag- I is derived.
The Ka value for Jac-10 has not been determined.

ies (34.6 mutations/ 1,000 bases) and 25.5 point mutations for
the four highest affinity antibodies. The higher rate ofmutation
seen in the antigen-binding CDRs (63.1 mutations/ 1,000
bases) compared with the framework regions ( 17.3 mutations/
1,000 bases) is consistent with antigen-driven selection.

For individual V gene segments, however, there are excep-
tions to affinity increasing with an increasing number ofmuta-
tions, presumably because of the effect of different V gene
partners or neutral or detrimental point mutations (73). For
example, the VH gene segments of Fom-A and Oak-3 have
multiple replacement substitutions in CDR2 not seen in the
VH gene segments of higher affinity antibodies, which might
be detrimental to antigen binding. It is also possible that in
some instances the extent of somatic hypermutation has been
overestimated due to incomplete knowledge of the germline
sequences or polymorphism. Although this may be true for the
VX genes, where only eight germline gene segments have been
sequenced (references 9-15; J. D. Marks and G. Winter, un-
published data), it is less likely for the VK and VH genes. Ofthe
estimated 50 functional VK germline gene segments (5), 28
functional gene segments have been sequenced (37-53), and

of the 75-100 estimated VH gene segments (1, 2), 83 have
been sequenced (for review see reference 36). Although five of
the IgG rearranged genes could have been derived from a dif-
ferent germline gene, reassignment to the second- or thirdmost
homologous gene would not have affected the degree of reper-
toire shift and would have increased the degree of somatic hy-
permutation.

The process of affinity maturation we have observed in ge-
netically diverse humans in response to a highly immunogenic
protein appears to be similar to that observed in inbred mice
immunized with haptens ( 19-25). For example, in the murine
response to phenyloxazolone, the low affinity antibodies ap-
pearing early in the primary response are predominantly de-
rived from only two germline genes (VK-OXl and VH-Ox- 1)
and are either unmutated or minimally mutated from germline
( 19). In contrast, antibodies of higher affinity arise during the
secondary and tertiary responses and result from somatic hy-
permutation of the primary response VK-OXl and VH-Ox-l
genes and from a repertoire shift to different VH and VK germ-
line genes than those dominating the primary response
(20, 21).

Table III. Rates ofSomatic Mutation in the Frameworks and CDRs ofIgM and IgG anti-Rh(D) Antibodies

Framework CDR Total

Mutations/ Mutations/ Mutations/ Mutations/ Mutations/ Mutations/
1,000 bases total bases 1,000 bases total bases 1,000 bases total bases

IgM 7.5 11/1,467 39.7 20/504 15.7 31/1,971
IgG 21.3 78/3,658 72.4 93/1,285 34.6 171/4,943

Data include the V gene only and not nucleotides contributed by the D or J segments.
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Table IV. Correlation between Antibody Affinity, Isotype, Germline Derivation and Extent ofMutation ofthe Five Antibodies Obtained
from the Donor Fo

VH gene VL gene

Differences Differences Total VH and VL
Antibody Isotype K, Germline from germline Germline from germline point mutations

M-1

Fom-A IgM/X 1.0 x 107 VH4-21 6 IGLV3SI 0 6
Fom-1 IgM/X 4.0 x 107 Tou-VH4-21 2 IGLV3S1 6 8
Fog-3 IgG/K 9.0 x 108 hv3019b9 8 02 11 19
Fog-B IgG/X 2.0 X 109 V2-1 23 DPX1A 5 28
Fog-I IgG/K 2.2 x 109 VH4-21 18 Lii 18 36

In summary, we have demonstrated that a small number of
V gene segments are used in the human antibody response to
immunization with the Rh( D) protein and that affinity matu-
ration occurs as a result of somatic hypermutation and reper-
toire shift. The applicability of this result to other protein im-
munogens is unknown since no other systems have been stud-
ied in detail; however, studies of human autoimmune
antibodies indicate that IgG but not IgM V genes are somati-
cally mutated (74). It is unclear why the V gene segments that
appear later during the affinity maturation process are not seen
in the primary response. One possible explanation is that the
pool of unstimulated B cells is biased towards the V gene seg-
ments seen in the IgM response. For example, Walter et al. (75 )
have shown by deletion mapping that 77% of rearrangements
in EBV-transformed human B cells occur within the D-J-C
proximal third ofthe VH locus. Alternatively, bias could result
from the presence of enhancer-like sequences associated with
some V gene segments (61). More detailed mapping and se-
quencing ofthe human V gene locus may help clarify this ques-
tion.
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