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Abstract

We analyzed the structural correlates underlying the insulin-dependent selection of the specific
anti-insulin 1IgG1 x mAb13-producing cell clone, derived from a patient with insulin-dependent
diabetes mellitus treated with recombinant human insulin. First, we cloned the germ-line genes
that putatively gave rise to the expressed Vy and V x segments and used them to generate the full
(unmutated) “germ-line revertant” of the “wild-type” (somatically mutated) mAb13, using
recombinant PCR methods and an in vitro human Cy1 and Cx expression system. The full “germ-
line revertant” bound insulin specifically and in a dose-saturable fashion, but with a relative
avidity (Avye)) more than three-fold lower than that of its wild-type counterpart (Avye), 1.69 x 1078
vs 4.91 x 1079 g/ul). Second, we established, by reassorting wild-type and germ-line revertant
forms of the mAb13 Vi and V x segments, that the increased Av,g| for insulin of mAb13 when
compared with its full “germ-line revertant” counterpart was entirely dependent on the mutations
in the V not those in the V « chain. Third, we determined, by site-directed mutagenesis
experiments, that of the three mutations in the mAb13 Vy segment (Ser—Gly, Ser—Thr, and
Ser—Arg at positions 31, 56, and 58, respectively), only Arg58 was crucial in increasing the
mAb13 Avje (from 1.44 x 1078 t0 5.14 x 1079 g/ul) and affinity (K4, from 189 to 59 nM) for
insulin. The affinity enhancement mediated by the Vi segment Arg58 residue reflected about a
threefold decrease in dissociation rate constant (Kogf, from 4.92 x 1073 to 1.54 x 1073 s~1)but not
an increase in association rate constant (K, from 2.60 x 104 to 2.61 x 10* M1 s71), and it
contrasted with the complete loss of insulin binding resulting from the substitution of the V4
segment Asn52 by Lys. The present findings suggest that human insulin, a self Ag, has the
potential to recruit a natural autoantibody-producing cell precursor expressing a specific surface
receptor for Ag in unmutated configuration, and drive it through affinity maturation. They also
show that binding of insulin by such a receptor can be enhanced or completely abrogated by a
single amino acid change.
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Some human autoimmune disease-related autoantibodies, such as anti-DNA Abs in SLE
patients (1-4) and rheumatoid factors (RF) in rheumatoid arthritis patients (5-8), display
point-mutations in the Vi and V| segments that are consistent in nature and distribution
with clonal selection by Ags. However, the structural features and the specificity and high
affinity of these autoantibodies for the relevant self Ag do not necessarily point at the self
Ags themselves as instrumental in the clonal selection process. The ability of self Ag to
induce affinity maturation in autoantibodies has been questioned, and it has been suggested
that autoantibodies might be selected by unrelated cross-reacting perhaps foreign Ags, such
as those on microbial agents (reviewed in 9, 10). A stronger evidence for selection by self
Ag of an autoantibody-producing cell precursor would entail the demonstration that the
germ-line template 1g progenitor of the somatically mutated autoantibody is capable of
specifically binding the relevant self Ag, and that some of the point mutations observed in
the “affinity mature” autoantibody are crucial in enhancing this binding.

The administration of recombinant human insulin for therapeutic purposes provides a unique
opportunity for the structural analysis of specific autoantibodies actually induced by a self
Ag, to which naturally occurring Abs exist in the normal B cell repertoire (10-12). Recently,
we have reported the complete Vi and V x gene sequences of human-specific anti-insulin
lgG autoantibodies derived from patients with insulin-dependent diabetes mellitus (IDDM)#
treated with human recombinant insulin (12, 13). When compared with those of the closest
germ-line genes, the IgG mAb Ig Vi and V x genes displayed a number of differences that
are consistent in nature and distribution with those resulting from an Ag-driven clonal
selection (13). In one IgG mADb, designated mAb13, these nucleotide differences were
formally proved to represent somatic point-mutations by differentially targeted PCR
amplification and Southern blot hybridization of the genomic DNA from the mAb13-
producing cell line and autologous PMN (13). The higher and lower numbers of amino acid
replacement (R) mutations in the Vi segment CDRs and FRs, respectively, than those
expected by chance alone, were consistent with exertion of a positive antigenic pressure to
mutate the structure of the CDRs and to preserve that of the FRs (14-17).

To analyze the structural correlates underlying the insulin-dependent emergence of the
specific anti-insulin mAb13-producing cell clone, we constructed the germ-line revertants of
the somatically mutated anti-insulin 1gG mAb13 V and V x genes, and analyzed the Ag-
binding activity of the gene products. The full germ-line revertant of mAb13 bound
specifically to insulin, although with lower affinity than that of the wild-type mAb13. In
addition, we analyzed the affinity for insulin of recombinant IgG1 Abs constructed by site-
directed mutagenesis and consisting of partial germ-line revertants of mAb13. We found that
the somatic point mutations in the mAb13 V, in particular the Arg at position 58, but not in
the V x segment, were crucial in increasing the binding affinity for insulin. The increased
affinity for insulin mediated by the mutated Arg58 residue contrasted with the complete loss
of insulin-binding resulting from the substitution of Asn52 with Lys in the same V

4Abbreviations used in this paper: IDDM, insulin-dependent diabetes mellitus; Avre|, relative avidity; CDR, complementarity-
determining region; FR, framework region; K, dissociation equilibrium constant; Koff, dissociation (off) rate constant; Kgn,
association (on) rate constant; NP, 4-hydroxy-3-nitrophenyl-acetyl; phOx, 2-phenyl-5-oxazolone; PMN, polymorphonuclear cell; R,
replacement (mutation); RF, rheumatoid factor; S, silent (mutation); H chain, heavy chain; L chain, light chain.
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segment. Thus, human insulin has the potential to recruit and drive through affinity
maturation natural autoantibody-producing cell clones expressing surface receptor for Ag in
unmutated configuration.

Materials and Methods

Cloning and sequencing of the mAb13 V and Vx genes

The anti-human insulin IgG1 x* mAb13 was generated by EBV-transformation and somatic
cell hybridization of peripheral B cells from an IDDM patient treated with human
recombinant insulin (12). The nucleotide and deduced amino acid sequences of the mAb13
VyDJy and V xdx genes have been reported (13), and are depicted in Figure 1, A and B,
respectively. The germ-line Vi gene that gave rise to the expressed mAb13 Vy gene was
cloned and sequenced from genomic DNA of autologous PMNs (13G12 sequence) (13). To
isolate the putative germ-line gene that gave rise to the mAb13 V x segment, we performed
PCR amplification of genomic DNA from autologous PMNSs using the x-Ov2 and «l11-FR3
B primers encompassing FR1 (residues 1-21) and FR3 sequences (residues 241-268) (Fig.
1A and Table I). The amplified products were cloned and sequenced using reported
procedures (13).

Expression vectors

The features of the pcDNAIG and pSXRDIG plasmid vectors used for the in vitro
expression of the human Ig VyDJy and V xd x gene segments, respectively, have been
reported (18, 19). Briefly, pcDNAIG is a mammalian expression vector derived from
pcDNAI/Neo (Invitrogen Corp., San Diego, CA), and encodes a whole human IgG1 H
chain, preceded by a murine leader sequence. The H chain leader sequence (including the
leader intron), the VyDJy gene segment, and the Cy1 gene are accommodated in a 2.3-kbp
segment between Hindlll and Xbal sites, and are driven by a human CMV promoter. The
vector contains an RSV LTR-driven neomycin resistance gene. pPSXRDIG is a mammalian
expression vector derived from pUC18, and encodes a whole human Ig x L chain, preceded
by a murine leader sequence. The x L chain leader sequence (including leader intron), the Ig
V rd i gene segment, and the human C gene are accommodated in a 1.3-kbp segment
between Hindlll and Xbal sites, and are driven by a SV40 promoter. The vector also
contains the DHFR gene for selection by methotrexate.

Introduction of the mAb13 VyDJy gene segment into pcDNAIG vector

The unique HindlIl and Xhol sites, 5" and 3’, respectively, of the leader-VyDJy gene
segment in the pcDNAIG vector were utilized for the introduction of the rearranged mAb13
VyDJH gene segment, as reported (19). Briefly, the mouse H chain leader sequence of
pcDNAIG and the VyDJy gene segment of mAb13 were amplified in separate PCR (PCR 1
and PCR 2), and joined by recombinant PCR to yield the recombinant “leader-VyDJy13”
gene segment (Fig. 2A). Table | lists the sequences of the H leader and H-Ov1 primers used
to amplify the vector leader sequence, and the H-Ov2 and H-FR4 primers used to amplify
the mAb13 VDJy gene segment. The primers used at the ends to be joined (H-Ov1 and H-
Ov2) were made complementary to one another by including a sequence complementary to
the 3’ portion of the other primer. This made the products of PCR 1 and PCR 2 overlap at

J Immunol. Author manuscript; available in PMC 2015 October 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ichiyoshi et al.

Page 4

the end to be joined, and allowed for the recombinant PCR by addition of excess H leader
and H-FR4 primers (19). The recombinant fragment was sequenced to ensure that no
unintended mutations were introduced during PCR amplification (4, 8, 13), digested with
Hindlll and Xhol, and then ligated into pcDNAIG previously digested with HindlIl and
Xhol and freed of its original VyDJy gene segment. The recombinant pcDNAIG plasmid
was amplified by transformation of competent MC1061/P3 cells (Invitrogen Corp.), and
selection with ampicillin and tetracycline. The plasmid DNA was isolated using the Qiagen
plasmid kit (Qiagen Inc., Chatsworth, CA).

Introduction of mAb13 VxJx gene segment into pSXRDIG vector

The unigue HindlIl and Xhol sites, 5" and 3/, respectively, of the leader-V xJx gene segment
in the pSXRDIG vector, were utilized for the insertion of the mAb13 V xJx gene segment.
The murine r-leader sequence of pSXRDIG and the mAb13 V xdJ x gene segment were
amplified in separate PCR and joined by recombinant PCR (Fig. 2A). The sequences of the
primers used for these PCR are listed in Table 1. The recombinant leader-V xJx13 gene
segment was inserted into pSXRDIG after digestion with Hindlll and Xhol. Recombinant
pSXRDIG plasmids were amplified by transformation of competent DH5¢ cells and
selection with ampicillin.

Construction of the “germ-line revertant” Vy13G12-DJy13 and Vx13K20-Jx13 gene

segments

The method used to construct the leader-V13G12-DJ13 or leader-V x13K20-Jx13 gene
segment is schematized in Figure 2B. The FR1 through FR3 area of the autologous germ-
line Vi 13G12 gene sequence was PCR amplified using the H-Ov2 and GI1I1-FR3 B primers
(Fig. 1A and Table I). The FR3 through FR4 area of mAb13 VyDJy gene segment was
PCR-amplified using the GI1I-FR3 A (the reverse complement of GllI-FR3 B) and H-FR4
primers (Table I). The two amplified fragments were purified and joined by recombinant
PCR. The recombinant gene fragment was purified and then juxtaposed to the mouse H
chain leader sequence by another recombinant PCR to yield the leader-V13G12-DJy13
gene segment sequence. Analogously, the FR1 through FR3 area of the autologous germ-
line V k13K20 gene segment was PCR-amplified using the x-Ov2 and «111-FR3 B primers
(Fig. 1A and Table 1), and the FR3 through FR4 area of mAb13 VxJx gene segment was
PCR amplified using the rd11-FR3 A (reverse complement of «d11-FR3 B) and «-FR4
primers (Table I). The two amplified fragments were purified and joined by recombinant
PCR, and then juxtaposed to mouse x leader sequence by another recombinant PCR to yield
the leader-V k13K20-Jx13 gene segment.

Construction of the partial germ-line revertants of the mAb13 VDJy gene segment

The method used to construct the partial germ-line revertant “Gly31” (identical to the
Vp13G12-DJy13 except for the replacement of Ser31 by Gly) is schematized in Figure 2C.
The leader through FR2 area of the leader-VDJy13 gene segment was PCR-amplified
using the H leader and the FR2 B primers (Table I). The FR2 through FR4 area of the
leader-V{13G12-DJy13 gene segment was PCR amplified using the FR2-A and the H-FR4
primers (Table I). The two amplified fragments were purified and joined by recombinant
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PCR. The same primers and recombinant PCR were used for the construction of the “Thr56,
Arg58” (identical to the V313G12-DJy13 except for the replacement of Ser56 and Ser58 by
Thr and Arg, respectively). The partial germ-line revertants “Thr56” and “Arg58” were
constructed by recombinant PCr using the mutagenized primers listed in Table I and the
leader-V13G12-DJy13 gene segment as a template. The variant of full germ-line revertant
“Lys52” (identical to the V13G12-DJ13 except for the replacement of Asn52 by Lys) was
generated by misincorporation of G instead of T at position 156 in one of the experiments
aimed at the construction of the leader-V{13G12-DJ413 gene segment.

Cell culture and transfection

Mammalian F3B6 cells were used for all transfection experiments. F3B6 is the Ig
nonsecretor human-mouse heterohybridoma used as fusion partner for the generation of
mAb13 (12, 19). F3B6 cells were cultured in RPMI 1640 (BioWhittaker, Walkersville, MD)
with 10% FCS, 1% L-glutamine and antibiotics (FCS-RPMI), washed and then resuspended
in FCS-RPMI at 107/ml. Cell suspension (750 pl) containing pcDNAIG (4 pg) and
pSXRDIG (4 ug) vector DNA was transferred into an ice-cold electroporation cuvette with a
0.4 cm gap (Invitrogen Corp.). An electric pulse of 750 V/cm with a capacitance of 1000 puF
was applied to the cell suspension using an Electroporator (Invitrogen Corp.) and a BRL
Model 4000 power supply (Life Technologies, Inc., Gaithersburg, MD) (19). After
electroporation, the cuvette was kept on ice for 10 min. Cells were then transferred to a flask
containing 10 ml of pre-warmed FCS-RPMI. After a 48-h culture, the cell suspension was
changed to selective medium containing 0.4 mg/ml of G418 (Geneticin, Life Technologies,
Inc.), and cells were distributed into 96-well flat-bottom plates. Neomycin only was used as
selecting agent, because in transfectants expressing only pcDNAIG (H chain), the
accumulation of unsecretable H chain molecules leads to cell death. Clumps of transformant
cells were detected within 7 to 10 days. After 2 wk, culture fluids were tested by ELISA
using plates coated with goat F(ab”), fragment to human Ig p + ¥+ a H chains. Double 1
and # chain producer cells were identified by developing separate ELISA plates with
peroxidase-conjugated affinity-purified goat anti-human Ig »- and x-chain (Cappel, Organon
Teknika Corp., Durham, NC) (8, 12, 19, 20). In each transfection, 5 to 12 clones secreting
IgG xwere generated. The three most efficient secretors were expanded and frozen.

Ab purification and ELISA

IgG mADb were purified from culture supernatant by 50% ammonium sulfate precipitation
followed by absorption of solubilized 1gG onto a GammaBind G-Sepharose column
(Pharmacia LKB Biotechnology, Piscataway, NJ), and elution with 200 mM glycine-HCI
buffer (pH 2.7). Eluates were brought to pH 7.5 by addition of neutralizing buffer (pH 9.0),
dialyzed against PBS, and stored in aliquots at 4°C. mAb concentration and binding to
human recombinant insulin (Eli Lilly Research Laboratories, Indianapolis, IN), ssSDNA,
human recombinant IL-143 (BASF Biotech Corp., Worcester, MA), tetanus toxoid, and
Escherichia coli f-galactosidase were measured using appropriate ELISA, as previously
described (12, 20, 21). Binding of the recombinant Abs to soluble insulin was analyzed by
an ELISA-based competitive inhibition assay (4, 8, 12, 20, 21), and expressed as relative
avidity (Avyep). Avyel represents concentration of soluble insulin, which inhibited by 50% the
Ab binding to solid-phase insulin.
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Measurement of IgG on-rate (Kon) and off-rate (Kqff) for and from, respectively,
immobilized insulin

Rate constants (Ko, and Kqgf) of the interaction between recombinant 1IgG molecules and
immobilized human insulin were measured using a real-time biospecific interaction
analytical system (BIAcore system, Pharmacia Biosensor AB, Uppsala, Sweden) (22).
Immobilization of human recombinant insulin to sensor chip CM5 was performed as
follows: 1) a continuous flow (5 pl/min) of HBS (10 mM HEPES, 0.15 M NaCl, 3.4 mM
EDTA, 0.05% surfactant P20) (pH 7.4) over the sensor surface was established and
maintained; 2) the carboxylated dextran matrix was activated by injection of 20 pl of a
solution containing 0.2 M N-ethyl-N %3 diethyl-aminopropyl-carbodiimide (EDC) and 0.05
M N-hydroxysuccinimide (NHS); and 3) 20 ul of human recombinant insulin (100 pg/ml in
10 mM C,H3NaO;, buffer pH 4.2) were injected followed by 20 pl of 1 M ethanolamine-
hydrochloride pH 8.5 to block remaining NHS-ester groups, and achieved an immobilization
level of 300 to 350 RU (resonance unit). Abs were analyzed in six different cycles of
injection at six different concentrations (20 to 600 nM), to obtain sensograms that reflect the
real-time Ab binding to immobilized insulin on the surface. Each analytical cycle was as
follows: 1) purified Ab in HBS was injected and allowed to react with immobilized insulin
for 20 min at a flow rate of 2 pl/min (Ab injection phase); 2) after injection, HBS was
allowed to flow over the surface for 10 min (Ab dissociation phase); and 3) the surface was
then regenerated by a 2-min injection of 100 mM NaOH. On-rate constant (Kqp,) was
calculated based on the analysis of the Ab injection phase curve of the sensogram. In each
analytical cycle, binding rates (dR/dt (RU/s)) were plotted vs relative responses (R (RU)).
For example, binding rate at the time point of n (s) was calculated according to the equation
dR/dt = (Rn+1 + Rn+2 + Rn+3 = Rn-1 — Rn-2 — Rn-3)/12, where Rn+1, Rn+2, Rn+3, Rn
-1, Rn-2, and Rn-3 are the RU at the time point of n+1, n+2, n+3, n—-1, n—-2, and n-3,
respectively. Based on the plotting, the slope value (K (1/s)) was obtained according to the
equation dR/dt = constant — K¢R. Slope values (K (1/s)) from six cycles were plotted vs Ab
(C (nM)), and the Ky, was derived from the slope of this plotting curve according to the
equation Kg = KynC + K. Off-rate constant (Kqf) was calculated based on the analysis of
the Ab dissociation phase curve of the sensogram. In the analytical cycle involving the
highest Ab concentration, log(R1/Rn) were plotted vs tn-t1, where R1 and t1 are the
response level and time, respectively, at the beginning of dissociation, and Rn and tn are
those at the time point of n. The Kq¢ was derived from the slope of the plotting curve,
according to the equation log(R1/Rn) = K¢ (tn-t1).

Results

Cloning of the mAb13 V4 and Vx segment-related autologous germ-line genes

We have previously reported the isolation of the germ-line Vi gene sequence, designated as
13G12, that putatively gave rise to the somatically mutated mAb13 V gene (13). The
13G12 gene sequence is identical to that of the human germ-line H11 gene (23) except for
GC instead of CG at residues 176-177. When compared with the sequence of the 13G12
gene, that of the mAb13 Vi segment displayed four somatic point-mutations, resulting in
three amino acid replacements: Gly31 in CDR1, Thr56 and Arg58 in CDR2 (Fig. 1, A and
B).
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The mAb13 Vx gene sequence displayed the highest degree of identity (97.9%, excluding
the leader) to that of the germ-line kv3g gene, originally reported as Vg (24, 24a). Compared
with this germ-line gene sequence, that of the mAb13 V xsegment (residues 1 through 285)
displayed a total of six putative point mutations, all resulting in amino acid replacements
(Figs. 1, A and B). One replacement was in CDR1 and five in FR. To verify that kv3g, the
germ-line gene that putatively gave rise to the expressed mAb13 V xlll segment, was
actually present in the genome of the patient source of mAb13, we PCR amplified DNA
from autologous PMNSs using the k-Ov2 and the 111-FR3 B primers, encompassing FR1 and
FR3 sequences shared by the kv3g and mAb13 VIl genes. Amplified DNA was cloned.
The sequences of the 10 independent clones (13K04, 13K07, 13K09, 13K11, 13K12,
13K16, 13K17, 13K18, 13K20, 13K23) analyzed are depicted in Figure 3. Because eight
clones yielded four discrete pairs of identical sequences (13K07 identical to 13K09; 13K11
identical to 13K12; 13K 16 identical to 13K17; 13K20 identical to 13K23), a total of six
different sequences were identified (13K04 and 13K18 were different and unique). Five
sequences from eight clones (13K16 and 13K17; 13K18; 13K04; 13K07 and 13K09; 13K11
and 13K12) were 93.2 to 98.6% identical to that of kv3g, and 90.5 to 95.9% identical to that
of the mAb13 Vx gene segment (Fig. 3 and Table I1). The 13K11/13K12 and 13K18
sequences were identical throughout the overlapping area to those of the germ-line kv3g”
(24,24a) and kv325 genes (24b), respectively. The sixth sequence, that of clones 13K20 and
13K23, was identical to the sequence of the germ-line kv3g gene throughout the 219
nucleotide overlapping area (Fig. 1A and Table I1). We assumed the isolated 13K20/13K23
germ-line V x sequence to be identical to that of the kv3g gene throughout the FR1 and
CDR3 areas, and we regarded it as that of the gene that gave rise to the mAb13 V x segment.

Insulin binding by the revertant mAb13 encoded by autologous germ-line genes

To investigate the possibility that insulin was the Ag originally responsible for the selection
of the mAb13-producing cell clone, we set up to test the hypothesis that insulin could be
specifically bound by the unmutated Ig gene product expressed by a B cell that was the
putative progenitor of the mAb13-producing cell. To this end, we designed the full germ-
line revertant of mAb13, utilizing the autologous germ-line 13G12 Vy and 13K20 V«
genes, to be expressed in vitro as a human IgG1. First, to verify the effectiveness of our gene
recombination and in vitro expression systems, we inserted the mutated VyDJy and V rd
gene segments of mAb13 into the pcDNAIG and pSXRDIG vectors, respectively, and
expressed these gene segments by co-transfection of F3B6 cells. Nine stable transformant
clones secreting human 1gG1 x were generated, three of which were expanded for Ab
production. The recombinant IgG1 xmolecule, designated as V{DJ{13/V xJ k13, bound to
insulin in a dose-saturable fashion and with an efficiency similar to that of the original
somatic cell hybrid-produced mAb13 (13), but to none of the other Ags tested (Fig. 4A).

In order to generate the full germ-line revertant of mAb13, we constructed the V13G12-
DJy13 gene segment by juxtaposing the autologous germ-line 13G12 gene sequence with
the mAb13-derived DJy sequence, and the V x13K20-Jx13 gene segment by juxtaposing the
autologous germ-line 13K20 gene sequence with the mAb13-derived Jx gene segment. The
deduced amino acid sequences of these constructs are depicted in Figure 1B. The
recombinant VyDJy and V xJ x gene segments were inserted into pcDNAIG and pSXRDIG,
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respectively, and expressed by co-transfection to F3B6 cells to yield the recombinant 1IgG1
molecule designated as VH13G12-DJ{13/V x13K20-Jx13, and representing the full germ-
line revertant of mAb13. Like the VuDJI{13/Vdx13 1gG1, the V{13G12-DJH13/V x13k20-
jx13 1gG1 bound to insulin in a dose-saturable fashion, but bound to none of the other Ags
tested (Fig. 4B). To compare the insulin-binding activity of the germ-line revertant IgG1 to
that of the wild-type somatically mutated mAb13, we performed competitive inhibition
experiments using the recombinant V{13G12-DJy13/V x13K20-Jx13 1gG1 and
VyuDJy13/V 13 1gG1 molecules. The relative binding of these recombinant 1gG1 to
solid-phase insulin in the presence of different concentrations (2.5 x 10710 t0 2.5 x 10~/
g/ul) of soluble insulin are depicted in Figure 5. The Av, for insulin of the somatically
mutated VDJ{13/V k13 IgG1 (Table 111) was about three-fold higher than that of the
unmutated V13G12-DJIy13/V x13K20-Jx13 1gG1 (1.69 x 1078 g/ul). Thus, reversion to
germ-line configuration of the somatically mutated mAb13 resulted in an Ab of lower
binding affinity but still highly specific for insulin.

Relative contribution of the Vy and Vx segments to the enhanced insulin binding by

mAb13

To analyze the contribution of the mutated V and/or V x segments to the increased Av,g of
mAb13 for insulin, we constructed: 1) the recombinant V313G12-DJy13/V rd k13 1gG1,
consisting of the unmutated V' segment paired with the mutated (mAb13) V x segment, and
2) the recombinant VyDJ13/V k13K20-Jx13 1gG1, consisting of the mutated V segment
paired with the unmutated V x segment. The binding of these recombinant IgG1 molecules
to soluble insulin was measured by competitive inhibition assays. The curve derived from
the experiments involving the V313G12-DJy13/V k%13 1gG1 was similar to that derived
from the analysis of the V313G12-DJ413/V k13K20-Jx13 1gG1, whereas the competitive
inhibition curve derived from the analysis of the VuDJy13/V k13K20-Jx13 1gG1 was
similar to that derived from the analysis of the VRDJq13/V xd k13 IgG1 (Fig. 5). The Avyg
for insulin of the VyDJI{13/V x13K20-Jx13 IgG1 (5.70 x 1079 g/ul) was comparable to that
of the VHDJH13/V 13 1gG1 (Table 11), and was about threefold that of the V13G12-
DJ413/V k13 1gG1 (Table I11) or that of the V13G12-DJ13/V x13K20-Jx13 1gG1 (1.69
x 1078 g/pl). These results suggest that the somatic mutations in the Vy; segment, not those
in the V xcsegment, predominantly contributed to the increased insulin affinity of mAb13
when compared to its full germ-line revertant counterpart.

To further analyze the contribution to insulin binding by the wild-type mutated and the
germ-line revertant H chains, we performed kinetic analyses of the interaction between
immobilized insulin and recombinant IgG1 molecules with different Vi mutational
configurations. We calculated the insulin association rate constant (Kyp), dissociation rate
constant (Kqff), and affinity (Kq) for the VyDJIH13/Vidx13 1gG1 and VH13G12-
DJy13/V k13 1gG1l utilizing the BlAcore system. The Ky from insulin of the
VHDJIH{13/V k13 1gG1 was three- to fourfold lower than that of the Vi;13G12-
DJy13/V K13 1gG1, whereas the Kqy, for insulin of these two recombinant Abs were
virtually identical (Table I11). Accordingly, the Ky value (=Kq#/Kop) for insulin of the of the
VuDIH13/V K13 1gG1 was about threefold lower (higher affinity) than that of the
VH{13G12-DIy13/V 13 1gG1 (Table 11). These results show that the increased affinity
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for insulin of the recombinant IgG1 containing the mutated mAb13 V segment reflects its
decreased Ky from insulin.

Impact of individual replacement mutations in the mAb13 Vy segment on insulin binding

To determine whether the replacement mutation in the mAb13 V segment CDR1 or those
in the CDR2 were responsible for the increased affinity of the mAb13 for insulin, we
constructed the recombinant “Gly31” VDJy gene segment which was identical to
VH13G12-DJy13 except for the replacement of Ser31 by Gly, and the “Thr56, Arg58”
VyDJy gene segment, which is identical to V{13G12-DJy13 except for the replacement of
Ser56 and Ser58 by Thr and Arg, respectively. These recombinant VyDJy gene segments
were inserted into the pcDNAIG vectors, and were separately expressed by transfection of
F3B6 cells in conjunction with the V xJx13 gene segment to yield the “Gry31”/V ki k13
1gG1 and “Thr56, Arg58”/V kJ k13 1gG1 molecules. As shown in Table I11, the Av,g, rate
constants, and Kq of the “Gly31”/V xJ 13 IgG1 and “Thr56, Arg58”/V rxJx13 1gG1 were
comparable to those of the V{13G12-DJy13/Vdx13 1gG1l and VDJIH13/V rd k13 1gG1,
respectively, indicating that the mutations in the CDR2, i.e., Thr56 and Arg58, not those in
the CDR1, played a crucial role in increasing the affinity of mAb13 for insulin.

To determine the relative contribution of the V segment CDR2 Thr56 and Arg58 amino
acid replacements to the increased affinity for insulin, we constructed two additional
recombinant VyDJy gene segments, the “Thr56” which is identical to V13G12-DJ{13
except for the replacement of Ser56 by Thr, and the “Arg58” which is identical to the
VH{13G12-DJy13 except for the replacement of Ser58 by Arg. These recombinant Vi DJy
gene segments were inserted into the pcDNAIG vectors and were separately expressed by
transfection of F3B6 cells in conjunction with the V xJx13 gene segment to yield the
recombinant “Thr56”/V xJx13 IgG1 and “Arg58”/VxJx13 1gG1 molecules. As shown in
Table 111, the Av,g, rate constants, and Ky of “Thr56”/V rJx13 1gG1 and “Arg58”/V rJ k13
IgG1 (whose binding curve to insulin is depicted in Figure 4C) were comparable to those of
the VH{13G12-DJy13/Vidx13 IgGl and VDJH13/V xIx13 1gG1, respectively, indicating
that the replacement of Ser58 by Arg, not that of Ser56 by Thr, was responsible for the
increased affinity of mAb13 for insulin.

We further explored the role of a single amino acid replacement in insulin binding by the
putative germ-line progenitor of mAb13. During the procedures aimed at constructing the
full germ-line revertant mAb13, we generated, as a result of PCR misincorporation, the
variant “Lys52” VDJy segment, which is identical in sequence to V{13G12-DJy13 except
for the replacement of Asn52 by Lys in CDR2. The “Lys52” VyDJy segment was expressed
in conjunction with the VxJx13 gene to yield the “Lys52”/V rJ k13 IgG1 molecule. The
single Lys52 amino acid replacement completely abrogated the binding of the V313G12-
DJy13/V k13 1gG1 molecule to insulin (Fig. 4D).

Discussion

In the present studies, we generated the full germ-line revertant of the somatically mutated
antiinsulin 1gG mAb13 using autologous germ-line Vi and V x gene sequences. Our
experimental system therefore enabled us to recreate the unmutated Ig gene product of the
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putative mAb13-producing cell clone B cell progenitor, although we had no clues whether
somatic mutations, if any, were present in the mAb D gene segment. The recombinant germ-
line revertant V{13G12-DJ113/V x13K20-Jx13 Ab bound specifically to insulin, suggesting
that unmutated human Ig V genes can encode an insulin-specific binding site. In previous
studies, we demonstrated that both polyreactive and monoreactive natural Abs binding
foreign Ag and encoded by unmutated or minimally mutated genes can be isolated from the
normal human B cell repertoire (6, 11, 25, 26). The anti-self Ag reactivity of most natural
Abs in germ-line configuration so far reported has been thought to be a function of their
polyreactivity (5, 6, 11, 25-29). The expressed insulin-specific Vi13G12-DJy13/V k13K 20-
Jx13 constructs, reported here, possibly represent the first direct evidence of a monoreactive
self Ag-binding site encoded by unmutated human V and V|_genes, and offer a structural
basis for our previous demonstration of naturally occurring monoreactive autoantibodies to
insulin in the normal B cell repertoire (12).

In a B cell, the unmutated Ig receptor for Ag needs to display binding specificity for the
selecting ligand to allow for clonotype recruitment toward affinity maturation (14, 15, 30—
32). The ability of the full germ-line revertant of mAb13 to bind insulin specifically, as
demonstrated here, provides indirect evidence that insulin was the Ag responsible for the in
vivo activation, amplification, and selection of the specific anti-insulin mAb13-producing
cell clone. Once Ab producing cell progenitors enter the Ag-dependent phase of B cell
differentiation, they come under strong selective pressure. Somatic point-mutations arise and
accumulate in the Ig V genes, and give rise to relatively large numbers of clones with a
nonpermissive structure or reduced affinity for Ag (32, 33). Based on the number of
invariant and conserved residues compiled by Kabat et al. (34), Shlomchik et al. (35)
estimated that half the mutations in FR would be deleterious to the preservation of a sound
Ab structure. Based on the structural analysis of the Abs derived from immune responses to
influenza virus hemagglutinin (36) and 4-hydroxy-3-nitrophenylacetyl (NP) (37), it was
estimated that 25 to 50% of randomly acquired mutations would be detrimental to Ag
binding. Experiments by Chen et al. (38) of random mutagenesis of the Vj segment CDR2
of murine anti-posphocholine (PC) T15 Abs revealed that 43% of randomly mutated,
unselected Abs lost their Ag-binding ability. The present demonstration that only one amino
acid replacement in the V segment CDR2 (Asn—Lys at position 52) totally abolishes the
ability of the putative germ-line mAb13 precursor to bind insulin further emphasizes the Ab
susceptibility to binding loss resulting from somatic mutations.

The present study is, to the best of our knowledge, the first direct delineation of intraclonal
affinity maturation of a human autoantibody response through somatic mutation and Ag-
driven selection. Although the difference in affinity between the unmutated and somatically-
mutated mAb13 was relatively small (about three-fold), it might have led to substantial
changes in receptor cross-linking, Ag processing, and presentation, which are crucial early
stages in the process of B cell recruitment, Ab production, and affinity maturation. Site-
directed mutagenesis experiments by Sharon (39) have demonstrated that a 200-fold
increase in affinity of a murine anti-p-azophenylarsonate Ab can be achieved in a stepwise
manner by three amino acid replacements in the Vi segment. A 10-fold increase in affinity
resulting from only one amino acid replacement has been observed in murine anti-NP and
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anti-2-phenyl-5-oxazolone (phOx) Abs (32, 40). These drastic changes in affinity as a result
of single or few amino acid substitutions are likely a feature of hapten binding, which is
mediated by a very small number (one to about four) of amino acid residues (41).
Crystallographic analysis of different Ag-Ab complexes involving peptides or proteins has
revealed that the Ag/Ab interface includes multiple contact CDR residues (up to about 20)
accommodated in a relatively large surface (42-45). Accordingly, the impact of individual
amino acid replacements on the binding affinity should be much smaller. Thus, the small
difference in affinity between the unmutated and the wild-type mAb13 for insulin would
reflect the light load of somatic mutations in relation to the relatively large Ag size (insulin
molecular mass approximately 6,000 Da).

Consistent with the traces of Ag selection displayed by the mAb13 Vi segment (13), the
present studies demonstrated that somatic mutations in the V segment, but not the V«
segment, of mAb13 contributed to the increased affinity of mAb13 for insulin. The finding
that the Vy segment was the primary target of insulin-driven selection is consistent with the
notion that the H chain plays in many cases a primary role in determining the Ag specificity
of Abs and autoantibodies (46-48). Although in some cases the L chain seems to play a
critical role in defining epitope specificity (31, 49, 50), individual Ig H chains can bind Ag
independently of the contribution of any L chain, as originally shown by Utsumi and Karush
(51) in an isolated rabbit H chain to p-azophenyl-#-lactoside, and by Jaton et al. (52) in an
isolated rabbit H chain to the 2,4-dinitrophenyl group. These early findings have been
extended by recent experiments showing efficient Ag binding by cloned murine Vi
domains, “single domain Abs”, to lysozyme or keyhole-limpet hemocyanin (53), and by the
observation that a broad Ag-binding repertoire is provided by naturally occurring Ig H chain
dimers in the camel (54). Finally, x-ray crystallography has demonstrated in at least three
Ag-Ab systems that the number of H chain residues contacting Ag far exceeds that of the
Ag-contacting residues in the L chain (41, 42, 45).

Analysis of the partial Vi germline revertants of mAb13 revealed that the Ser—Arg
replacement at position 58 in the Vi segment CDR?2 is responsible for the increased affinity
of mAb13 for insulin. According to the conformational modeling of human Ig V segments
by Chothia et al. (55), residue 58 would be located at the bottom portion of CDR2 loop of
the Vi segment, and faces the cleft between the V| CDR3 and the Vi CDR2 loops.
Although the insulin specificity seems to be an inherent property of the mAb13 Vi segment
(13), we have shown that replacement of the V| CDR3 of mAb13 by that of some unrelated
Ab results in the complete loss of insulin-binding activity (13, 19), suggesting that the
region around the cleft between the VxCDR3 and the Vi CDR2 is involved in the insulin
binding by mAb13. Thus, an amino acid replacement, particularly a nonconserved
replacement, at residue 58 of mAb13 V segment can potentially affect the interaction
between the mAb13 and insulin. Although we cannot formally exclude the possibility that
the Ser—Arg replacement at position 58 resulted in an altered conformation of Vi segment
CDR2, we prefer an alternative possibility, i.e., that amino acid replacement by positively
charged Arg increased the electrostatic potential of the combining site, and consequently
increased the attractive force for the negatively charged insulin molecule (13). Basic amino
acids, particularly Arg, are known to bind insulin, and this interaction is the rationale for the
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clinical use of protamine to delay insulin absorption. The H chain CDR3 of mAb13
displayed two single Arg and that of the mAb48, another human anti-insulin 1gG, displayed
an Arg triplet (13). The H chain CDR3s of two human anti-insulin IgM mAbs and in those
of two mouse anti-insulin 1IgG mAD also display a number of Arg residues (56, 57). Arg
residues are also characteristic of anti-DNA autoantibodies and are thought to play a major
role in DNA binding (58, 59). In vitro mutagenesis experiments by Radic et al. (59)
demonstrated that increased DNA binding affinity goes hand in hand with increased positive
electrostatic potentials in the region of H chain CDR3 and along the V and V| segment
interface, suggesting that in anti-DNA autoantibodies, the major molecular mechanism of
the increased affinity resulting from somatic point mutation could be the change in
electrostatic potential.

Kinetic analysis of the recombinant 1gG1 consisting of the wild-type V x chain and variably
mutated V' chains has revealed that affinity increase by Ser— Arg replacement at position
58 was attributed to the decrease in the off-rate (Kq¢f). This phenomenon is reminiscent of
the observations by Foot and Milstein (60) showing that in the murine response to phOx the
intraclonal affinity maturation brought about by somatic mutations entails mainly a decrease
in Ab off-rate (Kyff), and virtually no change in on-rate (Kgp). The authors suggested that
there is a structural constraint on the on-rate (Ko,), detectable as an “energy barrier”, which
may be an intrinsic property of the conformation of the phOx-binding site, and that the
inability to escape this constraint through point-mutation leads to the recruitment of new and
kinetically superior (higher Kqn) Vi/V clonotypes (60). Similar constraints may also
influence the human Ab response to insulin. Whether such putative constraints in the human
anti-insulin response are eventually overcome by recruitment of different and kinetically
superior V/V|_ clonotypes remains to be determined. The recruitment of these different
clonotypes may be a crucial factor in the events leading to resistance and/or higher forms of
resistance to insulin therapy in IDDM patients.
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FIGURE 1.

Nucleotide sequences of the wild-type and germ-line mAb13 Vy, D-Jy, Vxand Jx gene
segments (A); and deduced amino acid sequences of the wild-type and recombinant mAb13
VyDJy and V xdx gene segments (B). The top sequence in each cluster is that of the germ-
line gene sequence to which the remaining sequences of the cluster are compared. 13G12
and 13K20 are the autologous germ-line sequences. Dashes indicate identities. Solid lines on
top of each cluster depict CDR. Small letters denote untranslated sequences. The sequences
or reverse complementary sequences encompassed by the H-Ov2, 13-FR2, GIII-FR3, x-
Ov2, and xl11-FR3 primers are underlined. The 13G12, mAb13 Vy segment, and mAb13

V k segment gene sequences are available from EMBL/GenBank under accession numbers
D-16832, D-16833, and D-16834, respectively. For the EMBL/GenBank accession number
of the germ-line 13K20 gene sequence see legend to Figure 3.
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FIGURE 2.
Construction of the recombinant leader-V(D)J13 gene segment (leader-VyDJy13 or leader-

VdJx13) (A), of the recombinant “leader-Vgerm.line(D)J13” gene segment (B), and of the
recombinant gene segment encoding the mutant “Gly31” (C). Open boxes depict restriction
sites. Broken arrows indicate nucleotide chain elongation by DNA polymerase. Solid ( =),
hatched ( 22), and shaded ( E3) segments depict the sequences of the expression vectors
(pcDNAIG or pSXRDIG), that of the V(D)J gene segment of mAb13, and those of
autologous germ-line genes, respectively. To construct the recombinant leader-V(D)J13
gene segment (leader-VyDJy13 or leader-V «J x13), the mouse leader Ig V gene segment in
the expression vector and the ViDJy or V xd k gene segment of mAb13 were amplified in
separate PCR (PCR 1 and PCR 2), and joined by recombinant PCR. Primers (Ov1 and Ov2)
used at the end to be joined were made complementary to one another by including
nucleotides at the 5” end that are complementary to the 3’ portion of the other primer (see
Table I). Primers, leader, and FR4 were designed to yield final recombinant products
bearing HindlIl and Xhol sites used for the introduction into the expression vectors. To
construct the recombinant leader-Vgerm-line(D)J13 gene segment, the gene segment
amplified from the autologous germ-line gene using the sense Ov2 and antisense FR3 B
primers (GI11-FR3 B or x111-FR3 B) (PCR 1) and that amplified from the mAb13 V(D)J
gene using the sense FR3 A (GIII-FR3 A or rd1I-FR3 A) and antisense FR4 (PCR 2) were
joined by recombinant PCR. This recombinant gene segment was fused to the mouse Ig
leader sequence (amplified by PCR 3) by recombinant PCR. To construct the recombinant
gene segment encoding the mutant “Gly31”, the DNA segment amplified from the leader-
VyDJy segment using the leader and 13-FR2 B primers (PCR 1) and that amplified from the
recombinant leader-VH13G12-DJy13 segment using the 13-FR2 A and FR4 primers (PCR
2) were joined and amplified by recombinant PCR. See Table | for sequences of the sense
13-FR2 A and the antisense 13-FR2 B primers.
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k-Ov2 primer —*

. . FR2 . . CDR2 . . . .
13K20 TAGCCTGGTACCAACAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGATGCATCCAACAGGGCCACTGGCATCCCAGCCAGGTTCAGTGGCAGTGG 20(
13K23  mmomm o m mm o o o e

. . FR3 . . . .CDR3
13K20 GTCTGGGACAGACTTCACTCTCACCATCAGCAGCCTAGAGCCTGAAGATTTTGCAGTTTATTACTGTCAGC 271

" <«— KIII-FR3 B primer

FIGURE 3.
Nucleotide sequences of the germ-line 13K20, 13K23, 13K04, 13K07, 13K09, 13K11,

13K12, 13K16, 13K17, and 13K18 V x gene segments isolated from PMN of the patients
whose B cells were utilized for the generation of the mAb13-producing cell line. The top
sequence (13K20, identical to that of the germ-line kv3g gene) is that to which the remaining
sequences are compared. Dashes indicate identities. Solid lines on top of each cluster depict
CDR. The sequences and reverse complementary sequences encompassed by the H-Ov2 and
rI11-FR3 primers, respectively, are underlined. The germ-line 13K20/13K23, 13K04,
13K07/13K09, 13K11/13K12, 13K16/13K17, and 13K18 V x gene sequences are available
from EMBL/GenBank under accession numbers L-37726, L-37728, L-37727, L-37725,
L-37730, and L-37729, respectively.
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Binding of the recombinant VyDJy13/VxdJx13 (A), VH13G12-DJy13/V x13K20-Jx13 (B),
Lys52/V rJ k13 (C), and Arg58/VrdJx13 (D) IgG1 Abs to human recombinant insulin (@),
sSDNA (&), tetanus toxoid (M), human recombinant IL-1/5 (A), E. coli f~galactosidase (<),
and BSA (0O). The Ag-binding activity of each Ab to solid-phase Ag is expressed as optical

absorbance at 492 nm.
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FIGURE 5.
Inhibition of the binding of the recombinant Vy-DJH13/VxJx13 (@), V413G12-

DJH13/V k13 (O), VHDIH13/V k13K20-Jx13 (), and V{13G12-DIH13/V k13K20-Jx13
(&) 1gC1 Abs to solid-phase insulin by increasing amounts of soluble insulin. Vertical bars
depict standard deviations.
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Table |

Sequences of the oligonucleotide primers used for the construction of recombinant Ig V genes?

Leader-mAB13Vy-D-Jy gene segment

H-leader (sense)
H-FR4 (antisense)
H-Ov1 (antisense)

H-Ov2 (sense)

5’ gggaagcttctcaccatgggatgg 3
5’ gggctcgagactcaccTGAGGAGACAGTGACCA 3/

5 GCTGCACCTCacactggacacctgcagagaaag 3’
5’ ttctctgcaggtgtccagtgt GAGGTGCAGCTG 3

Leader-mAb13V x-Jx gene segment

r-leader (sense)
x-FR4 (antisense)
1-Ov1 (antisense)

1-OVv2 (sense)

5’ gggaagcttatcaagatgaagtca 3’

5’ gggctcgagacttacgTTTGATCTCCACCTTGG ¥

5 CAACACAATTTCgcatctggaacctgcagtcagaga 3’

5’ gcaggttccagatgcGAAATTGTGTTGACGCAGTCT 3/

Recombination of germline and mutated V gene segments

GIII-FR3 A (sense)
GII1-FR3 B (antisense)
13-FR2 A (sense)
13-FR2 B (antisense)
1d11-FR3 A (sense)
x111-FR3 B (antisense)
Mutagenized primers
Thr56 A (sense)
Thr56 B (antisense)
Arg58 A (sense)
Arg58 B (antisense)

5 GCAATGAACAGTCTGAGAGCCG 3

5 CGGCTCTCAGACTGTTCATTGC 3’

5 CCAGGGAAGGGGCTGGTGTGGGTCTC 3
5 GAGACCCACACCAGCCCCTTCCCTGG ¥

5 GAAGATTTTGCAGTGTATTACTGTCAGC 3
5 GCTGACAGTAATACACTGCAAAATCTTC 3/

5 GGGAGTACCACAAGCTACGCGG 3’
5 CCGCGTAGCTTGIGGTACTCCC 3’
5 GGGAGTAGCACAAGGTACGCGG 3’
5 CCGCGTACCTTGTGCTACTCCC ¥

a. . . .
Capital letters denote the sequences derived from the 1g V gene sequence of mAb13. Small letters denote the sequences derived from the

Page 22

expression vectors. Sequences of restriction sites are underlined. Codons of replacement mutations in the mutagenesis primers are indicated by

underlined italic letters.

J Immunol. Author manuscript; available in PMC 2015 October 30.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Ichiyoshi et al. Page 23

Table Il

Identity of the sequences of the 10 autologous germ-line V rd 1l genes to those of the germ-line kv3g, kv3g”,
and kv325 genes, and to the sequence of mAb13 V x gene segment

Heterologous Germ-line Genes (% Identity)b

Autologous Germ-line Genes& kv3g kv3” kv325 mADb13, Vx Segment
13K20, 13K23 100¢ 98.6 95.5 97.3
13K11, 13K12 98.6 100 95.0 95.9
13K07, 13K09 98.2 99.4 96.4 95.4
13K04 97.3 96.3 95.0 94.5
13K18 95.5 95.5 100 92.8
13K16, 13K17 93.2 92.8 96.4 90.5

aThe 10 autologous germ-line V x111 genes were isolated from the PMN DNA of the IDDM patient whose B cells were used for the generation of
mADb 13 (Casali et al., J. Immunol. 144:3741, 1990; Ikematsu et al., J. Immunol. 152:1430, 1994).

bThe germ-line kv3g and kv3g” genes were originally reported by Pech and Zachau (Nucleic Acids Res. 12:9292, 1984) as Vg and Vg”,
respectively. The germ-line kv325 was originally reported by Kipps et al. (Proc. Natl. Acad. Sci. USA 84:2916, 1987).

cPercent of identity was calculated for the sequence spanning residues 22 to 243 (Fig. 3). Such sequence may (219 nucleotides in genes kv3g, kv3g

7, 13K20/13K23, 13K11/13K12, 13K07/13K09) or may not (222 nucleotides in genes kv325, 13K16/13K17, 13K18) include the AGC triplet
deletion in the CDR1 (Fig. 3).
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