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Development and
characterization of a panel
of anti-idiotype antibodies to
1C10 that cross-neutralize
HIV-1 subtype B viruses

Yu Kaku1†, Kaho Matsumoto1†, Takeo Kuwata1,
Hasan Md Zahid1, Shashwata Biswas1, Miroslaw K. Gorny2

and Shuzo Matsushita1*

1Clinical Retrovirology, Joint Research Center for Human Retrovirus Infection, Kumamoto
University, Kumamoto, Japan, 2Department of Pathology, New York University (NYU) School of
Medicine, New York, NY, United States
The V3 loop of the human immunodeficiency virus type 1 (HIV-1) envelope

protein (Env) is one of the conserved immunogenic regions targeted by

neutralizing antibodies (nAb). Two different binding modes of anti-V3 abs

have been reported in studies using two V3 mimotopes: the ladle-type and

cradle-type. We previously isolated a ladle-type nAb, 1C10, that potently and

broadly neutralized clade B viruses. Despite its potent neutralization activity,

1C10 possesses no unique features in its amino acid sequence. We

hypothesized that the neutralization potency of 1C10 is derived from its

antigen-binding characteristics, which are not a consequence of the two

previously reported binding modes of anti-V3 nAbs. To analyze epitope-

paratope interactions between 1C10 and the V3 loop, we produced five anti-

idiotypic antibodies (anti-Id abs) from mice immunized with 1C10 nAb. The

idiotopes of the anti-Id Abs on the 1C10 heavy chain were estimated by alanine

scanning, germline reversion mutagenesis, and a 1C10 sibling clone. Next-

generation sequencing combined with homology modeling revealed contact

between R315 at the tip of the V3 loop and 1C10 by D53 of CDRH2 and Phe/Asp

of CDRH3. These amino acids were enriched in the anti-Id-ab-reactive B cell

receptors encoded by the IGHV3-30 gene. We also found that 20% of HIV-

infected individuals had abs specific to the anti-Id abs, as well as both of the V3

mimotopes, that did not respond to the linear V3 peptide. Our findings showed

that the anti-Id abs induced by 1C10 recognized a key amino acid formation

essential for steric interactions between the ladle-type nAb and the V3 loop. We

also revealed the coexistence of anti-V3 ab reactivity to V3 loop mimotopes

and to the anti-Id abs in HIV-positive individuals.

KEYWORDS

HIV-1, neutralizing antibody, vaccine, anti-idiotypic antibody, anti-V3 antibody
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fviro.2022.932187/full
https://www.frontiersin.org/articles/10.3389/fviro.2022.932187/full
https://www.frontiersin.org/articles/10.3389/fviro.2022.932187/full
https://www.frontiersin.org/articles/10.3389/fviro.2022.932187/full
https://www.frontiersin.org/articles/10.3389/fviro.2022.932187/full
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fviro.2022.932187&domain=pdf&date_stamp=2022-08-30
mailto:shuzo@kumamoto-u.ac.jp
https://doi.org/10.3389/fviro.2022.932187
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/virology#editorial-board
https://www.frontiersin.org/journals/virology#editorial-board
https://doi.org/10.3389/fviro.2022.932187
https://www.frontiersin.org/journals/virology


Kaku et al. 10.3389/fviro.2022.932187
Introduction

Eliciting potent neutralization antibodies (nAbs) is the

ultimate goal of the development of vaccines against human

immunodeficiency virus type 1 (HIV-1). To date, various

vaccines have been developed to induce nAbs targeting the

conserved regions of the virus (1–7). The V3 loop of the HIV-1

envelope protein is a target for nAbs, of which glycan epitopes

are specifically targeted by broadly neutralizing antibodies

(bnAbs) and glycan-independent epitopes are recognized by

most anti-V3 antibodies (abs) (8–14). Two types of the latter

epitopes have been identified thus far, ladle-like and cradle-like

epitopes, which are recognized by V3 mimotopes (15–17). In

the binding of anti-V3 Abs to the two epitopes, ladle-type abs

recognize the hydrophobic face of the circlet region, in which

Gly-Phe-Gly-Arg/Gln (GPGR/Q) at the tip of the V3 loop is

found along heavy chain complementarity-determining region

3 (CDRH3) (18–20). Conversely, cradle-type abs attach to the

epitope by binding to the band and circlet regions on both sides

of the V3 loop. In other words, the former type of binding

mode requires a long CDRH3, which forms the handle of the

“ladle”, and the latter type requires a binding cavity consisting

of both a heavy chain and a light chain, which form the

“cradle.” In fact, cradle-type abs are predominantly derived

from the IGHV5-51 gene paired with light chain variable

region (VL) lambda gene, and are detected in vaccinees’

plasma as non- or weak-nAbs (15, 16, 21, 22). However, it

remains unclear if ladle-type abs possess any unique structural

features other than the longer-length CDRH3, especially those

that are derived from the same immunoglobulin gene segment

and can be elicited by vaccination.

From an elite controller, we previously isolated 1C10,

which is a potent ladle-type anti-V3 Ab capable of

neutralizing 80% of clade B viruses, including 30% of

primary isolates of a major subtype in Japan (23). Despite its

potent and broad-spectrum neutralization ability, 1C10, which

is encoded by the major immunoglobulin gene IGHV3-30, has

features common to many antibody types, including an 18-

amino-acid-long CDRH3 region. In contrast, bnAbs possess a

higher somatic hypermutation (SHM) rate, longer length

CDRH3, and novel nucleotide insertions or deletions

compared with most antibodies (12, 24–32). Although the

details of 1C10’s neutralization potency have not yet been

revealed, the induction of 1C10 requires no specific

conditions and can be elicited by a vaccine (23, 33, 34). In

this study, we generated anti-idiotypic abs that bound to the

paratope (or binding cavity) of 1C10 to analyze the key

characteristics that make 1C10 a potent anti-V3 nAb. We

also aimed to discover the steric structures shared by

subgroups of ladle-type abs.
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Materials and methods

Immunization of mice by 1C10 and
generation of anti-Id abs

We injected 200 mg of 1C10 into the tail vein of each 6-week-

old BALB/c mouse in a prime immunization and the same

amount into the peritoneal cavity in further immunizations.

After five immunizations at 2-week intervals, the mice were

sacrificed and the spleens were extracted. We isolated

B220+IgM-IgG+ B cells positive for 1C10 as single cells from

the spleens by FACS AriaII (BD, NJ, USA). Following the

method reported previously (35), we amplified variable regions

of IgG heavy and light chains by RT-PCR and inserted each of

the regions into respective expression vectors by means of

murine IgG-specific primer pairs.
Competitive inhibition ELISA

After incubating a Maxisorp plate (Invitrogen, MA, USA)

coated with 0.2 mg NNT-20 JR-FL overnight, which is V3

peptide of HIV-1 clade B strains JR-FL consisting of 20 amino

acids (AAs) started from NNT (NNTRKSIHIGPGRAFYTTGE),

the plate was blocked by adding 0.1% BSA/PBS for 30 minutes.

Anti-Id abs were dispensed into each well at various

concentrations from 1 mg to 39 ng and incubated for 30

minutes followed by the addition of 0.1 ng biotinylated 1C10

and 1 hour of incubation. Binding of 1C10 to NNT-20 JR-FL was

detected by measuring the OD value (405 nm) following the

addition of streptavidin-HRP and 2,2 ’-azino-bis(3-

ethylbenzothiazoline)-6-sulfonic acid (ABTS).
Binding ELISA using 1C10 mutants and
anti-Id abs

Germline reversion of 1C10 was achieved by AA-

replacement of the 1C10 heavy chain variable region (VH)

with IGHV3-30 AAs by overlap-extension PCR as we

previously described (36). Purified germline 1C10 was

dispensed onto a Maxisorp plate (Invitrogen, MA, USA) at 2

mg/well and incubated overnight. After blocking by the addition

of 0.1% BSA/PBS, biotinylated anti-Id abs were added to each

well as serially diluted concentrations from 1 mg to 39 ng and 1

hour of incubation. Binding of anti-Id abs to germline-reverted

1C10 was detected by measuring the OD value at a wavelength of

405 nm following the addition of streptavidin-HRP

(ThermoFisher, MA, USA) and ABTS (Roche, Switzerland).

The binding ELISA was also performed to assess the effect of
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alanine-scanning mutagenesis of the 1C10 CDRH3 contact

residues on binding to the anti-Id abs.
Single-cell sorting for 1C10
lineage analysis

Single-cell sorting was performed to isolate abs reactive to

the anti-Id ab clones, as previously reported (35), from an HIV-

infected patient who was an elite controller and had a plasma

viral load constantly below the detection level. Briefly, after

CD3-CD8-CD14-cells were negatively sorted from peripheral

blood mononuclear cells (PBMCs) using a MojoSort magnet

(BioLegend, CA, USA), CD19+CD27+7AAD-IgM-IgG+ B cells

that bound to the anti-Id abs were sorted as single cells. The IgG

variable regions from the sorted cells were amplified as described

above and used for both sequence analysis and cloning into

expression vectors for functional analysis. The sequence of the

variable region was analyzed by International ImMunoGeneTics

(IMGT) and Basic Local Alignment Search Tool (BLAST)

searching. Functional analysis was performed using

binding ELISA.
NGS analysis of anti-Id-ab-reactive
B cell receptors

CD19+CD27+IgM-IgG+ B cells reactive to anti-Id abs #87

and #102 were isolated by single-cell sorting as a biased group

and CD19+CD27+IgM-IgG+B cells were negatively sorted by

MojoSort Magnet (BioLegend) as an unbiased group from

PBMCs of the elite controller. Single-cell RNA-seq was

performed using 10X Chromium (10X Genomics, CA, USA)

following the manufacturer’s protocol.
AlphaScreen for antigen-antibody
binding

AlphaScreen (PerkinElmer, Switzerland) was performed to

examine the binding between either 1C10 or 3-32 and the looped

V3 mimotopes. Mixtures of 2 mg/ml and 20 mg/ml, respectively,

were incubated for 40 minutes room temperature. Binding was

detected by anti-hIgG acceptor beads and streptavidin donor

beads 40 minutes after the addition of the analyte mixture.

Anti-Id-ab Fabs and plasma IgGs obtained from HIV-

positive patients’ plasma at 2 mg/ml and a 1:1000 dilution,

respectively, were incubated for 40 minutes room temperature.

Binding was measured by anti-6x His acceptor beads and protein

A donor beads 40 minutes room temperature after the addition

of the analyte mixture.
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Statistics

Correlation coefficients (CC) were calculated by Pearson’s

correlation. The network map of CC among the contact residues

was drawn using NetworkX.
Homology modeling and
data visualization

A 1C10 homology model was constructed as described in

our previous report (36). In detail, we selected four ladle abs,

three unclassified abs, and two cradle abs for which the crystal

structures were available as templates for homology modeling of

1C10. Homology models of 1C10 were generated with the

SWISS-model (37). First, screening was completed using rigid-

body docking simulations with a native V3 loop in zdock (38).

Second, flexible-docking simulation by Rossie (39) was

performed on the first and second ranked ladle abs and

unclassified abs by zdock score. Among the four homology

models, we chose the 1C10 homology model using 1334 as the

template based on the highest Rossie score of 1369.64. A 1C10-

V3 loop complex model was created using 1334 (PDB: 6DB7)

and the JRFL V3 loop sequence. Structure models were depicted

with Pymol (40), and interactions between the heavy chain and

R315 at the tip of the V3 loop in the model were detected using

AppA (41). The interface residues of the heavy chain and the V3

loop were identified with the Pymol script, InterfaceResidues.
Results

Specific inhibition of binding of 1C10 to
V3 peptide by five anti-Id abs

Using mice immunized with 1C10, we created anti-Id abs

against 1C10 as mouse-human chimeric antibodies consisting of

murine variable regions and human constant regions. Of these,

anti-Id abs specific to the paratope of 1C10 were selected by

competitive inhibition against biotinylated anti-V3 abs showing

binding to NNT-20 JR-FL (NNTRKSIHIGPGRAFYTTGE) in

ELISA. Five different anti-Id ab clones showed interference, not

between the V3 peptide and other ladle-type anti-V3 abs, such as

KD-247, 5G2, 1D9, 19F8, and 717G2, but between the V3

peptide and 1C10 (Figure 1 and Supplementary Table 1).
Three predicted idiotopes of anti-Id abs
determined by germline-reverted 1C10

We first assessed the region of the 1C10 paratope targeted by

the anti-Id abs using 1C10 mutants. For this purpose, we
frontiersin.org
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constructed germline-reverted forms of the 1C10 heavy chain

VH (Supplementary Figure 1, Figure 2A). We found that all five

anti-Id abs bound to the germline-reverted 1C10 mutants in

various patterns but did not react to the inferred germline. The

result indicated that #87, #102, and #103 had decreased

binding potency to the CDR2 mutat ion, #92 had

decreased binding potency to the FR3 mutation, and #G46 had

decreased binding potency to the CDR1 mutation (Figure 2B).

We next assessed the effects of alanine substitutions at the

contact residues of 1C10 CDRH3 that we previously predicted

(36) on the anti-Id abs by binding ELISA. Among the contact

residues (D95, D97, P100a, and D100b), interactions were

observed between D95 and #103, D97 and #102, either or both

P100a and D100b, and #87 and #92. While most of the alanine

substitutions resulted in a reduced or unchanged interaction

strength with anti-Id abs, all substitutions, other than D95,

enhanced the affinity of #102 to 1C10 (Figure 2C).
Lineage specificity of the anti-Id abs for
1C10 lineage

To identify the conformation shared by abs in the 1C10

lineage, antibody-expressing B cells (CD19+CD27+IgM-IgG+)

were sorted as single cells using all five anti-Id ab clones from

PBMCs of the HIV-1-positive patient, who produced 1C10.

From 326 antibody-expressing B cells, we extracted 35

antibody clones, including one 1C10 sibling clone, 3-32. The
Frontiers in Virology 04
same AA sequence was shared between 3-32 and 1C10 CDR3,

other than 23 AAs of the heavy chain and one AA of the light

chain. This also corresponds to the fact that both ab clones are

encoded by the same V gene and have the same CDR3 length

(Figure 3A). The binding of 3-32 to both looped V3 peptides and

the linear V3 peptide (NNT-20) significantly decreased in

strength compared with that of 1C10 (Figure 3B).

According to our previous prediction (36), there is one

contact residue in CDRH1 (N31), two contact residues in

CDRH2 (D53 and D56), and one contact residue in FR3

(D61), in addition to the four contact residues in CDRH3. Of

these positions, 3-32 possessed N31 and D56, which are mutated

from germline AAs, as in 1C10, and V100b, which is different

from the D100b of 1C10 (Figure 3A). Furthermore, 3-32

enhanced the binding of #102, despite the decreased

interactions with the other four anti-Id ab clones (Figure 3C).
Deviation caused by the anti-Id abs
explored by NGS

We analyzed the idiotopes that were shared by abs produced

by an individual who produced 1C10 that were targeted by the

anti-Id abs. On the basis of idiotopic analysis of 1C10 VH, we

selected two CDRH2-specific anti-Id abs for NGS analysis, #87

and #102, with opposing affinities to mutations of the contact

residues. We isolated CD2-CD14-CD16-CD36-CD43-Cd235a-B

cells (unbiased B cells) as total B cells with magnet beads for
FIGURE 1

Five anti-Id abs inhibited only 1C10 among six anti-V3 abs. Binding-inhibition ability of five anti-Id abs (87, 92, 102, G46, and 103), which
interfere with interactions between anti-V3 abs and NNT-20, was determined by binding-inhibition ELISA using five anti-V3 abs (1C10, KD-247,
5G2, 1D9, 19F8, 717G2) conjugated to biotin. Unconjugated 1C10 was used as a control binding inhibitor for all anti-V3 abs.
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analysis of the whole BCR repertoire of the individual. We also

sorted B cells (CD19+CD27+IgM-IgG+) expressing idiotypic

abs capable of binding to #87 and #102 to analyze the BCRs

expressed on the responder B cells (biased B cells). Single-cell

RNA-seq of BCRs was performed on 21,179 BCRs of unbiased B

cells and 2,164 BCRs of biased B cells by 10X chromium, and we

found 1,008 CDRH3s and 1,253 CDRH3s from each BCR group.

In the IGHV3 BCR, we focused on five Asp residues and one Asn

residue at the same positions as the predicted contact residues of

1C10 shown in Figure 3A. Of interest, Phe/Asp (PD) at any place

in CDRH3 were analyzed as residues corresponding to the P100a

and D100b of the 1C10 CDRH3. We obtained BCRs containing

35 and 64 N31, 165 and 212 D53, 4 and 5 D56, 138 and 209 D95,

and 9 and 19 PD from the unbiased and biased groups,

respectively (Figure 4A). In addition to CDRH3 length and the

mutation ratio of the IGHV gene, IGHV3 usage was also

increased in the biased group compared to the unbiased group

(55.7% vs 32.8%) (Figure 4B).

Although there were no correlations among the contact

residues, once both BCR groups were classified by the

possession of a single contact residue, several correlations

appeared among the other contact residues. In the unbiased

group, D56 and D97, and D53 and D95 correlated with the

possession of N31 and D95, respectively. In the biased group,

D53 and D97 were associated with PD when one of the two

residues existed. Furthermore, in biased BCRs containing either
Frontiers in Virology 05
D56 or PD in their CDRH3 region, N31 and D95 were correlated

(Figure 5, Supplementary Figure 2). The results indicate the

coexistence of these AAs in individual BCRs of each group; the

AA pairs in the biased group, especially, implied the presence of

epitopes for the anti-Id abs.
1C10 homology model

We selected a ladle-type ab, 1334, as a template for homology

modeling based on its zdock score and Rossie score. The V and D

segments of 1C10 and 1334 are encoded by IGHV3-30 and

IGHV1-3, and IGHD2-21 and IGHD3-9, respectively, while the

J segments of both antibodies are encoded by IGHJ4. The root

mean square deviation of the 1C10 homology model and 1334

was 0.315, which was the lowest value among ladle-type abs,

though it was higher than the unclassified and cradle-type abs.

This difference was attributed to the longer CDRH3 of the ladle-

type abs compared with other ab types (Supplementary

Table 2, Figure 6A).

The 1C10-homology model constructed using SWISS-model

exhibited a negatively charged binding cavity consisting of both

heavy and light chains. More than half (57.0%) of this binding

pocket is formed by the heavy chain, especially by CDRH3

(23.9%), and the remaining area (42.9%) is formed mainly by

CDRL1 (23.2%) (data not shown).
A

B C

FIGURE 2

Idiotope classification. Germline reversion of 1C10 was created by overlap PCR to replace five portions of the heavy chain variable region (VH),
including framework regions (FR)1-3 and complementarity determining regions (CDR)1-2, with their germline amino acid (AA) sequences.
Germline sequences are shown in blue boxes, with replaced AAs as red letters, and the 1C10 sequence is shown below the blue box. (A) Binding
of anti-Id abs to germline-reverted 1C10, including inferred germline (IG) and human polyclonal IgG (Ctrl IgG), was tested by binding ELISA and
expressed as percentage affinity change, calculated as a relative value based on binding to 1C10. The binding patterns of the anti-Id abs resulted
in three types: CDR1-, CDR2-, and FR3-specific types. (B) Alanine scanning mutagenesis was applied to four contact residues of 1C10 CDRH3
(D95, D97, P100a, and D100b). Binding ELISA was used to examine the binding of the anti-Id abs to the 1C10 mutants containing alanine (C).
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In this model, correlated contact residues detected by NGS

analysis formed a part of the 1C10 binding pocket. In the

complex model with the V3 loop, the R315 at the tip of the

V3 loop was placed close to D53 or D100b of PD, which were

correlated AAs in the biased group (Figure 6B). Interactive
Frontiers in Virology 06
contact analysis of these close AAs by AppA also suggested

the formation of strong interactions comprising hydrogen

bonds, VdW interactions, and ionic interactions. This is

comparable to the binding of 1334 to the V3 loop, which uses

CDRH2, including N52, D53, and D54, and CDRH3, including
A

B C

FIGURE 3

Antibody of 1C10 lineage bound weakly to V3 loops. Amino acid (AA) sequence alignment of heavy chain variable regions of 1C10, germline
(IGHV3-30), and a sibling antibody of 1C10 lineage (3-32). The different AAs are highlighted as pink, and predicted contact residues detected by
deep learning (DL) are indicated by red arrow heads. Gene usage of the two antibody clones was analyzed with the Basic Local Alignment
Search Tool (BLAST) and results are in the table on the right (A). Binding of 1C10 and 3-32 to two looped V3 mimotopes (447-52D and VH5-51)
was tested by AlphaScreen, and binding to the linear V3 loop peptide (JRFL-NNT20) was assayed with ELISA (B). Interaction between anti-Id
antibodies and 3-32 were examined using AlphaScreen (C).
A B

FIGURE 4

IGHV3 BCR responded to anti-Id abs. BCRs were analyzed in CD2-CD14-CD16-CD36-CD43-Cd235a B cells (unbiased BCRs) as total BCRs and
in CD19+CD27+IgM-IgG+ B cells with response to anti-Id ab #87 and #102 (biased BCRs) respectively sorted from an elite controller. We
obtained 1,253 CDRH3s from unbiased BCRs and 1,008 CDRH3s from biased BCRs. Finally, we analyzed five aspartic acid (Asp) residues and one
asparagine (Asn) residue at the same positions as contact residues of 1C10 in IGHV3 abs. Amino acids (AAs) in orange boxes are mutated AAs
from germline, of which N31 is located in CDR2, and sequential phenylalanine (Phe) and Asp residues (PD) are considered mutated AAs
corresponding to P100a and D100b. The table at the bottom shows the number of IGHV3 CDRH3 regions containing each residue (A).
Unbiased and biased BCRs were compared for genes encoding immunoglobulin heavy chain variable (IGHV) regions, mutation ratio of AAs of
IGHV, and length of CDRH3 (B).
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D99. Intriguingly, the D99 of 1334 CDRH3 comprises a PD

sequence with P98 (Figure 7, Table 1).
Correspondence between anti-Id abs
and V3 peptides

We tested the polyclonal ab responses of HIV-positive

patients’ plasma samples and anti-Id ab binding to V3
Frontiers in Virology 07
peptides with AlphaScreen. We used the linear V3 peptide and

cyclic V3 mimotopes (447-D and VH5-51 type peptides), which

were reported to be involved in the differentiation into the two

binding modes of anti-V3 abs (cradle-type and ladle-type) (15).

Among the 44 plasma samples, there were 12 (27.2%) with

reactivity to the anti-Id abs mixture, 10 (22.7%) with reactivity to

the cyclic V3 peptides, and 5 (11.3%) with reactivity to the linear

peptide. No correlation in reactivity was found between anti-Id

abs and the linear peptide (NNT-20 JR-FL). Responders to the
FIGURE 5

Correlated AAs in both samples. Within six subgroups of both unbiased and biased BCRs classified using one of the contact residues (N31, D53,
D56, D95, D97, and PD), correlations among other contact residues were calculated by Pearson’s correlation. Two correlations were detected in
subgroups containing either N31 or D97 in unbiased BCRs. In biased BCRs, D53 and D97 were correlated to PD when the subgroup was chosen
by the other residue. The correlation between N31 and D95 was seen in both PD and D56 subgroups. Amino acids are annotated by Kabat
numbering.
A B

FIGURE 6

1C10 homology model illustrates contact residues on the adapted structure located close to the V3 tip region. The crystal structure of 1334
(PDB: 6db7) is superposed onto the 1C10 homology model. Heavy and light chains of 1334 are drawn as orange and light blue ribbons,
respectively, and those of 1C10 are light green and light blue, respectively, and the V3 loop is magenta (A). The structures composed by the
correlated amino acids (AAs) in biased BCRs and unbiased BCRs are drawn in the 1C10 homology model as graduated dark orange triangles
consisting of D53, D97, and PD, and yellow triangles consisting of N31, D56, and D97, and D53, D95, and D97, respectively (left). The positions
of D53 of 1C10 CDRH2, D100b of 1C10 CDRH3, and R315 of the V3 loop are also depicted in the homology model (right) (B). AAs are annotated
by Kabat numbering.
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anti-Id abs also bound to the cyclic peptides (Figure 8).

Interestingly, the plasma IgG responses of the responders to

each V3 mimotope were equally strong, other than the response

of the elite controller who produced 1C10. This result suggests

that the anti-Id abs form a structure similar to the steric

structure shared by both cyclic V3 mimotopes but not by the

linear V3 peptide.
Discussion

The purpose of this study was using anti-Id abs to investigate

the structural features of 1C10 as a potent ladle-type anti-V3

nAb without a long CDRH3 and as an ab originated from the

IGHV3 gene. Our data demonstrated that components of

the 1C10 paratope shared among IGHV3 abs corresponded to

the response to the V3 loop. For this purpose, we generated five

anti-Id antibodies specific for the 1C10 paratope without cross-

reactivity against other anti-V3 abs. The results of binding to

germline-reverted 1C10s revealed that the five anti-Id ab clones

should have unique steric structures that consist of at least two

epitopes: an epitope bound by 1C10 contact-residue-like AAs on
Frontiers in Virology 08
CDRH2 and CDRH3 and an epitope shared with the cyclic V3

loop of a mimotope. The anti-Id abs were specific to 1C10 and

predominantly recognized the idiotopes on CDRH2. In addition,

alanine replacement at contact residues also showed the

existence of the idiotopes of 1C10 CDRH3 based on changes

to the anti-Id ab binding potency. More evidence was provided

by a 1C10 sibling clone showing many different AAs of CDR3 in

3-32, especially N31S, D56N, and D100bD, at contact residues,

leading to a loss of affinity to the V3 loop and alterations to anti-

Id ab recognition (Figures 4A, B). Our NGS data suggested that

the anti-Id abs recognized the same AAs at the same positions or

order as the contact residues of 1C10 CDRH3. In particular, D53

of CDRH2 correlated to D97 and PD of CDRH3 in the biased

IGHV3 BCRs. Other combinations were found in D56 of

CDRH2 or PD, N31 of CDRH1, and D95 of CDRH3. The

homology model postulated strong interactions between D53 or

D100b and R315, which is known to be a conserved

immunogenic AA on the tip of the clade B virus V3 loop (11).

The crystal structure determined for 1334 yielded evidence for

the involvement of D53 and PD in contact between the V3 loop

and ladle-type abs. This also gave rise to our interest in the

interaction between 1334 and the anti-Id ab clones, which

should be explored in more detail.

In the binding assay, 27.2% (12/44) of HIV-infected patients

were shown to possess plasma IgGs reactive to the anti-Id abs, of

which 75% (9/12) also bound to both types of V3 mimotopes

equally. Interestingly, only the elite controller, who produced

1C10, had plasma IgG that bound to the NNT-20 JRFL peptide,

namely the linear peptide, and preferentially bound to the 447-

52D mimotope rather than the VH5-51 mimotope. The

relatively low plasma response, namely 22% (2/9, to the linear

peptide in the anti-Id abs and V3 mimotope responders was

considered to be a specific immune response in the moderately

inflammatory chronic phase of HIV-1 infection, as opposed to a

non-specific immune response in the acute phase. This plasma

response specific to the V3 mimotopes consisted of both a
FIGURE 7

Contact residues between the V3 loop and 1C10 and 1334. Contact residues of the 1C10 heavy chain are numbered with down forward arrow
heads and those of 1334 are indicated by asterisks. Different amino acids are highlighted in pink, and the same residues are shown by dots.
Amino acids are annotated by Kabat numbering. The single asterisk and the double asterisk indicate the elite controller who produced 1C10 and
a healthy donor, respectively.
TABLE 1 Contact residues of interface between R315 and 1C10 or
1334.

Contact
AA

Hydrogen
Bond

Hydrophobic VdW Ionic

1C10 D53 2 0 7 4

D100b 1 0 5 4

1334 N52 0 0 2 0

D53 1 0 3 4

D54 1 0 4 4

D99 1 0 4 3
Interactions between either D53 or D100b and R315 and 1334 heavy chains and R315
were analyzed by AppA. Amino acids are annotated by Kabat numbering.
frontiersin.org

https://doi.org/10.3389/fviro.2022.932187
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org


Kaku et al. 10.3389/fviro.2022.932187
response to the 447-52D (ladle-type) mimotope and a response

to the VH5-51 (cradle-type) mimotope. However, cradle-type

abs specific to the VH5-51 mimotope have been reported to be

vaccine-inducible abs with cross-neutralizing activities due to

binding to conserved residues. Conversely, the ladle-type abs

may be potent but are more specific to viruses with R315 at the

tip of the V3 region (15, 21, 42–44).

Despite the current study’s lack of crystal structural analyses,

bioinformatic analysis using the anti-Id abs asserted that the

anti-Id abs specifically recognize the D53 and D100b that form

solid bonds between the 1C10 heavy chain and R315 of the V3

tip region. This contributed to results showing that the anti-Id

abs targeted IGHV3-30 abs with higher SHM rates and a longer

CDRH3 length, and the anti-Id abs derived a synchronized

response to cyclic V3 mimotopes from HIV-infected

individuals. These findings concur with the idea that, in

addition to cradle-type abs, subgroups of ladle-type abs lacking

the typical feature of a long CDRH3 are induced by vaccines.
Conclusion

In this report, we first described the remarkable features of

mouse anti-Id abs raised against the potent cross-neutralizing

human anti-V3 mAb 1C10. Our data indicate that the anti-Id

abs target not only the distinctive AAs shared among 1C10-like

abs but also the conformational epitope corresponding to
Frontiers in Virology 09
epitopes of anti-V3 ab specific to cyclic V3 mimotopes. Of

note, 20% of individuals chronically infected with HIV-1

produced anti-V3 abs cross-reactive to the anti-Id abs. These

results help to confirm our hypothesis that subgroups of ladle-

type abs are derived from a certain immunoglobulin gene and

can be elicited by vaccination.

The findings may also lead to a strategy to induce 1C10-like

anti-V3 nAbs in HIV-1-infected individuals using anti-Id abs,

based on the idea that anti-Id abs mimic an antigen of their

target antibody, which first appeared in the “idiotypic network

theory” (45–47). By way of illustration, a recent study

demonstrated bnAb precursor B cells can be activated by BCR

cross-links with anti-Id abs (48). Further studies are needed to

complete our comprehension of the effects of these anti-Id abs

on responsive B cells; such studies may include structural

analyses to investigate the interfaces within complexes of anti-

Id abs and 1C10 as well as the V3 loop and 1C10, in vivo

experiments to examine the abs induced by the anti-Id abs, and

experiments to test the neutralization ability of 1C10-like abs.
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FIGURE 8

Affinity of 44 patients’ plasma to anti-Id abs correlated to that to looped V3 peptides. Plasma samples from 44 HIV-positive patients were
collected to investigate the binding of IgG in sera to a mixture of the five anti-Id abs, the looped V3 peptides (447-52D and VH5-51), and a
linear V3 peptide (JRFL NNT20). The former two affinities were examined by AlphaScreen, and the latter affinity was shown by ELISA.
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