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Abstract

Induction of antibodies (Abs) against the conformational CD4-induced (CD4i)

epitope is frequent in HIV-1 infection. However, the mechanism of development

of anti-CD4i Abs is unclear. We used anti-idiotypic (aID) monoclonal Abs (mAbs)

of anti-CD4i mAbs to isolate anti-CD4i mAbs from infected subjects and track the

causative antigens. One anti-aID mAb sorted from infected subjects by aID mAbs

had the characteristics of anti-CD4i Abs, including IGHV1-69 usage and ability to

bind to HIV-1 Env enhanced by sCD4. Critical amino acid sequences for the bind-

ing of six anti-aID mAbs, with shared idiotope to anti-CD4i mAbs, were analysed

by phage display. The identified amino acid sequences showed similarity to pro-

teins from human microbiota and infectious agents. Peptides synthesized from

Caudoviricetes sp and Vibrio vulnificus based on the identified sequences were

reactive to most anti-aID and some anti-CD4i mAbs. These results suggest that

anti-CD4i Abs may evolve from B cells primed by microorganisms.
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INTRODUCTION

Since its discovery in 1983 [1], numerous attempts to
develop a protective vaccine for human that induces
neutralising antibodies (Abs) against human immuno-
deficiency virus type 1 (HIV-1) have remained largely
unsuccessful. Only the RV144 trial showed the signifi-
cant decrease in HIV infection risk, and the Abs against
the V2 region were identified as a correlate of reduced
infection risk [2, 3]. The reasons behind the failure to
develop an effective vaccine include the lack of corre-

lates of protective immunity, presence of viral reservoirs
in the form of provirus in various tissues, genetic vari-
ability of HIV-1, and inability to induce broadly reactive
Ab responses [4]. The induction of broadly neutralising
Abs is a key factor for the development of an effective
vaccine, but it is challenging to develop vaccines against
HIV-1 [5]. Instead of broadly neutralising Abs, which
are difficult to induce by vaccination, the induction of
non-neutralising Abs is an alternative option in vaccine
development [6]. Non-neutralising Abs are relatively
easy to induce by immunisation and they mediate Fc-
dependent functions, such as antibody-dependent cellu-
lar cytotoxicity (ADCC).Shuzo Matsushita is the lead contact.
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An important epitope on HIV-1 Env is the
CD4-induced (CD4i) epitope, which contains the co-
receptor binding site. The interaction between CD4 on
the host cell surface and the CD4 binding site (CD4bs)
on the gp120 of Env initiates conformational changes
of gp120 that expose the co-receptor binding site on the
Env trimer by the rearrangement of the V1, V2 and V3
loops [7–11]. Finally, gp41 mediated membrane fusion
occurs after the binding of chemokine receptors to the
bridging sheet region on gp120 [12–15]. The bridging
sheet is comprised of two double-stranded β-sheets
formed with β2 and β3 at the stem of the V1/V2 loops
and β20 and β21 at the C4 region [11–16]. These β
sheets are highly conserved among various HIV-1
strains because the structure and amino acid
(aa) sequence of this region are critical for the interac-
tion with CCR5 [17, 18]. Hence, Anti-CD4i single-
chain variable fragments, which consist of variable
regions of antibody, bind and inhibit most HIV-1
strains from various clades, although only the small
fragments of antibody are accessible to CD4i epi-
tope [19]. In addition, anti-CD4i Abs mediate ADCC
against various HIV-1 strains, especially in the pres-
ence of CD4-mimetic compound [20–23].

In HIV-1 infection, Abs against the CD4i epitope—
the conformational epitope consisting of β sheets from
the V1/V2 loops and C4 region—are frequently
observed; however, what triggers the induction of the
anti-CD4i Abs remains unclear. To examine the possibil-
ity of priming of B cell precursors against CD4i epitope
by antigens other than HIV-1, we obtained anti-idiotypic
(aID) monoclonal Abs (mAbs) that may mimic the tar-
get antigen structures [24] and therefore provide us with
the opportunity to search for antigens with common
structures. The identification of antigens that prime
anti-CD4i Abs may help in designing immunogens for
future vaccine studies.

We previously reported several anti-CD4i mAbs iso-
lated from an elite controller [19, 25]. Binding site
analysis revealed that the anti-CD4i mAbs—4E9C and
916B2—have highly specific binding to the β20/β21
and β2/β3 sheets, respectively [19]. To isolate aID
mAbs that mimic the antigenic structures, we immu-
nised mice with 4E9C and 916B2, isolated antigen-
specific B cells by single-cell sorting, and screened the
isolated mAbs for specificity using several methods to
select appropriate candidates. The selected aID mAbs
were used as probes to isolate anti-aID mAbs from
HIV-1-infected subjects. Analysis of anti-aID mAbs
indicated that a fraction of anti-CD4i Abs may be
primed by antigens from human microbiome and
infectious agents.

METHODS

Study subjects

This study received ethical approval from the Ethics
Committee for Clinical Research and Advanced Medical
Technology at the Kumamoto University (Approval
No. 1637). All participants gave written, informed con-
sent prior to inclusion.

Animals

This study was approved by the Committee of Animal
Experimentation at Kumamoto University, and was con-
ducted in strict accordance with the Guidelines of the
Japanese Pharmacological Society for the Care and Use
of Laboratory Animals.

Mouse immunisation and collection of
spleen cells

BALB/c mice were immunised by 4E9C and 916B2
mAbs, and 100 μg immunoglobulin (IgG) was adminis-
tered to each mouse by intramuscular (i.m.) injection on
days 0, 14, 28, 42 and 56. Mice were sacrificed on day
61, and spleen cells were collected in Ficoll-Paque™ Plus
(GE Healthcare, Cat#17–1440-03) after straining using a
100-μm strainer. Cells were stored at �80�C in serum-
free freezing medium Bambanker (GC Lymphotec Inc.,
Cat# CS-04-001).

Sorting aID-expressing mouse spleen cells

Approximately 107 frozen cells were washed in Dulbec-
co’s phosphate buffered saline (D-PBS) (Wako, Cat#045–
29 795) and B cells were magnetically separated by using
a Mojosort™ Mouse Pan B Cell Isolation Kit (Biolegend,
Cat#480052). The separated cells (CD90.2, CD11c, Gr-1,
CD49b and TER-119/erythroid negative cells) were resus-
pended in 0.2% bovine serum albumin (BSA) (Nacalai
tesque, Cat#01859–47) in PBS, blocked with 100 μg/mL
Normal Human IgG (NHG) (Sigma-Aldrich,
Cat#I2511-10MG) for 30 min and stained with biotiny-
lated 4E9C and 916B2 at 10 μg/mL for 40 minutes. Fol-
lowing washing, Phycoerythrene (PE) anti-mouse IgG2ab
(Miltenyi Biotec, Cat#130–117-787) and IgG1 (Miltenyi
Biotec, Cat#130–119-585), Brilliant Violate (BV421) anti-
mouse IgM (Biolegend, Cat#406517), Fluorescein isothiocy-
anate (FITC) anti-mouse CD19 (Biolegend, Cat#115505)
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and Allophycocyanin (APC) streptavidin (Biolegend,
Cat#405207) were added to the cell suspension at recom-
mended volumes and incubated for 40 min. All incubations
were carried out on ice. Cells were washed and subjected to
single-cell sorting by a FACS Aria II (BD Biosciences) cell
sorter using a 100-nm nozzle after adding 7AAD
(BD Biosciences, Cat#559925). 7AAD-CD19+ IgM-IgG+
cells that bound to biotinylated anti-CD4i Abs (APC+) were
sorted and single cells were collected in 96-well PCR plates,
each well containing 5 μL of 50 μM guanidine thiocyanate
(Invitrogen, Cat#AM9422) as a lysis agent. Plates contain-
ing the sorted cells were stored at �80�C until further use.

Sorting B cells from infected subjects’
peripheral blood mononuclear cells
(PBMCs)

PBMCs were isolated from infected subjects’ blood sam-
ples by gradient centrifugation using Ficoll-Paque™ Plus.
Cells were resuspended in mojosort buffer (Biolegend,
Cat#480017) and allowed to react with recommended vol-
umes of biotin CD3 monoclonal antibody (eBioscience,
Cat#13–0038-82), biotin mouse anti-human CD8 (BD Bio-
sciences, Cat#555365) and biotin CD14 monoclonal anti-
body (eBioscience, Cat#13–0149-82) for 15 min. Following
wash, streptavidin nanobeads (Biolegend, Cat#480015)
were added to the cell suspension and incubated for
15 min. After washing, unlabelled fraction of the cells
(CD3-CD8-CD14-population) were collected using a
Mojosort magnet (Biolegend, Cat#480019). Magnetically
sorted cells were stained with BV 421 mouse anti-human
IgG (BD Biosciences, Cat#562581) for 40 min. After
washing, cells were blocked by 1 mg/mL of NHG for
30 minutes and biotinylated 4G8D and 9J6C aID
mAbs were added at 20 μg/mL followed by incubation
for 40 min. FITC anti-human CD19 (BioLegend,
Cat#302206), APC/Cy7 anti-human IgM (BioLegend,
Cat#314520), PE anti-human CD27 (BioLegend, Cat#356406)
and APC streptavidin were added to cells after washing and
incubated for 40 min. After a final wash, cells were stained
with 7AAD. All incubations were carried out on ice in the
dark. 7AAD-CD19 + IgM-IgG + CD27+ cells that bound to
biotinylated aIDmAb (APC+) were sorted.

Cloning of IgG variable region genes
from mice

cDNA was synthesized by reverse transcription according
to a previously described method [26, 27] using

Superscript III reverse transcriptase (Invitrogen,
Cat#18080085). IgG variable region genes were amplified
from cDNA by nested PCR using hot star taq polymerase
(Qiagen, Cat#203605). Purified DNA was inserted into
pcDNA3.1 based human IgG heavy (pIgGH) and light
chain (pKVA2) expression vectors by homologous recom-
bination using Gibson assembly master mix (New
England Biolabs, Cat#E2611). Plasmids were amplified
by transforming top 10 chemically competent Escherichia
coli (ThermoFisher Scientific, Cat#C404010) cultured in
LB broth (Nacalai tesque, Cat#20068–75) and purified
using plasmid extraction kit (Sigma-Aldrich,
Cat#PLN350-1KT). Sanger sequencing was performed for
the heavy and light chains of each sample using an
AB3500XL (Applied Biosystems) sequencer. The nucleo-
tide sequences of the IgGs and germline gene verification,
framework, and CDR mapping were performed as previ-
ously described [28] using IMGT vquest [29].

Production and purification of
mouse-human chimeric aID mAbs

Heavy and light chain plasmids were co-transfected using
TransIT-LT1 transfection reagent (Mirusbio, Cat#-
MIR2300) into Human Embryonic Kidney (HEK) 293 T
cells maintained in Dulbecco’s Modified Eagle’s Medium
(Nacalai tesque, Cat#08458–16) supplemented with 10%
heat inactivated Fetal Bovine Serum (FBS; Sigma,
Cat#173012) and after 48 h, IgG expression was checked
and quantified by human IgG assay. First, 96-well poly-
styrene microtiter plates were coated with 100 μL
(1:1000) goat anti-human IgG (γ chain specific) (Sigma-
Aldrich, Cat#I3382) in carbonate bicarbonate buffer
(CBB) pH 9.6 and incubated at 4�C overnight. After
washing, culture supernatants and standards were added
at three times serial dilution in ELISA buffer (0.03%
Tween 20 and 1% FBS in PBS) and plates were incubated
for 1 h at 37�C followed by another wash. Goat anti-
human IgG (γ-chain specific) alkaline phosphatase conju-
gated secondary antibody (Sigma-Aldrich, Cat#A3150)
was added (1:1000) to each well followed by incubation
at 37�C for 1 h. After a final wash, phosphatase substrate
solution (Sigma-Aldrich, Cat#S0942-200TAB) was added
to each well. The optical density (OD) value was mea-
sured at 405 nm by a microplate reader (Bio-Rad). Sam-
ple concentrations were calculated from standard curve.
aID mAbs from HEK 293 T cells were used for the
screening of inhibitory properties. Selected mAbs were
purified from stably IgG-expressing HEK 293A cells. Cells
were cloned from colonies selected by G418 (1 mg/mL)
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(Millipore, Cat#345812) and hygromycin B (150 μg/mL)
(Nacalai tesque, Cat#07296) after transfection with heavy
and light chain plasmids. Supernatants were collected
every alternate day and purified by a HiTrap rProtein A
FF Column (Cytiva, Cat#17508002). In short, IgG expres-
sing supernatant was passed three times through the col-
umn with the help of a peristaltic pump and bound IgGs
were eluted from the column using Glycine (Wako,
Cat#077–00735)-HCl buffer pH 2.6 and collected in frac-
tion collector tubes containing 1 M tris buffer pH 9.1 in
sufficient volume to neutralise the pH of resultant frac-
tion. All fractions were collected and dialyzed against
PBS. After concentrating by PEG 6000 (Fujifilm,
Cat#169–09125), the eluate was again dialyzed against
PBS, filtered by 0.2 μm syringe filter and stored at �80�C
until further use. 4G8D and 9J6C were also expressed in
ExpiCHO-S cells (Gibco, Cat#A29127) maintained
in ExpiCHO expression medium (Gibco, Cat#A29100-01)
after transient transfection using ExpiFectamine™ CHO
Transfection Kit (Gibco, Cat#A29129) and Optipro SFM
(Gibco, Cat#12309–050). Expressed mAbs were purified
using a HiTrap rProtein A FF Column as described
above.

Production of recombinant IgGs from
HIV-1-infected subjects

cDNA was synthesized by reverse transcription as previ-
ously described [28]. IgG variable region genes were
amplified from cDNA by nested PCR. Purified DNA was
inserted into pcDNA3.1 based human IgG heavy (pIgGH)
and light chain (pKVA2 for kappa chain and pLSH for
lambda chain) expression vectors by homologous recom-
bination. Recombinant IgGs were expressed in HEK
293 T transfected supernatant and those with IGHV 1–69
germline usage were purified using Protein A spin col-
umn (Cosmo Bio Co. Ltd., Cat#APK-10A) for screening
of binding activity and competitive binding inhibition
analyses. The six selected anti-aID mAbs were purified
from ExpiCHO-S cells.

Competitive binding inhibition assay by
aID mAbs

First, 96-well polystyrene microtiter plates were coated
with 100 μL of 10 μg/mL KD247 IgG (anti-V3 tip specific)
in CBB and incubated for 1 h at 37�C followed by block-
ing with 175 μL 2% BSA-PBS. After washing, 50 μL HIV-
1BAL gp120 supernatant (diluted in ELISA buffer) was
added at 1 μg/mL per well and plates were incubated at
4�C overnight. After washing, aID mAbs were added in

serial dilution followed by biotinylated anti-CD4i mAbs
and then plates were incubated at 37�C for 1 h. Biotiny-
lated anti-CD4i mAb concentrations used in this assay
were the concentration at which ≥95% binding to cap-
tured HIV-1BAL gp120 occurred in a separate ELISA assay
system. aID mAbs were added at concentrations ≥30
times in excess of that of biotinylated anti-CD4i mAbs.
Horseradish peroxidase conjugated streptavidin
(SA-HRP) (ThermoFisher, Cat#N100) was added
(1:20 000) to wells after washing followed by incubation
at 37�C for 1 h. After washing five times, 100 μL of 2,20-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
substrate solution (Roche, Cat#11112597001 and
11 112 422 001) was added to each well and the OD value
was measured at 405 nm.

Binding of aID mAbs to anti-CD4i and
KD247 Fab

Anti-CD4i Fab were expressed in supernatants of HEK293A
stable cells and purified by His 60 Ni Superflow Resin
(Takara, Cat#635662) using a 6� His tag attached to the
heavy chain expression plasmid [19] and KD247 Fab was
purified by collecting protein A column flow-through from
the digested product of IgG by immobilised papain
(Thermo Scientific, Cat#20341). In this assay, wells of
microtiter plate were coated with 5 μg/mL Fab in PBS
(37�C for 1 h) followed by blocking with 2% BSA-PBS (37�C
for 1 h). After washing, aID mAbs were added at 5 μg/mL
followed by 10 times serial dilutions and incubation for 1 h
at 37�C. Goat anti-human IgG Fc HRP (Invitrogen,
Cat#A18817) was added (1:10 000) to each well followed by
incubation at 37�C for 1 h. ABTS was added as a substrate
and the OD value was measured at 405 nm.

Competitive binding inhibition assay by
anti-aID mAbs (ELISA)

First, a 96-well polystyrene microtiter plate was coated with
50 μL of 10 μg/mL 4G8D IgG in CBB overnight. After
washing, anti-aID mAbs and NHG were added to the top
well followed by three times serial dilution in the lower
wells in 50 μL ELISA buffer and incubated for 1 h. Then,
50 μL biotinylated anti-CD4i mAbs (4E9C and 17b) were
added to all wells at a concentration determined by a prior
assay system and incubated for 1 h. The final concentration
of anti-aID mAbs/NHG in the top well was 3 μg/mL, and
for 4E9C and 17b it was 0.03 and 0.3 μg/mL, respectively.
Following washing, SA-HRP was added to wells at 1:20 000
dilution and after 1 h incubation and washing, ABTS was
added. OD value was recorded at 405 nm.
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Screening of mAbs isolated from infected
subjects for gp120 binding

Monomeric HIV-1BAL gp120 was captured on a microtiter
plate by KD247 Fab. Following blocking with 2% BSA-
PBS, Infected subjects’ IgG expressing supernatants were
added at �3 μg/mL followed by three times serial dilu-
tion in the presence or absence of 2 μg/mL of recombi-
nant human soluble CD4 (sCD4) (R&D systems, Cat#
514-CD-050/CF). Finally, binding or sCD4 mediated
binding enhancement was detected by Goat anti-human
IgG Fc HRP (1:10 000) and ABTS as the substrate.

Biotinylation of aID mAbs

All aID mAbs were biotinylated by EZ link NHS-LC–LC-
biotin (Thermo Scientific, Cat#21343) according to the
manufacturer’s protocol. In short, 200 μL of 2 mg/mL
antibody solution (in PBS) was mixed with 5.5 μL of
10 mM biotin reagent (in dimethylsulfoxide) and incu-
bated for 2 h on ice. The mixture was dialyzed against
PBS to get rid of excess biotin.

Binding activity of biotinylated aID mAbs
to B cells from a healthy donor

PBMCs were isolated from a healthy donor by gradient cen-
trifugation using Ficoll-Paque™ Plus and � 107 cells were
stained with BV 421 mouse anti-human IgG for 40 min.
After washing, cells were blocked with 1 mg/mL of NHG
for 30 min and biotinylated aID mAbs were added at 20 μg/
mL followed by incubation for 40 min. FITC anti-human
CD19, APC/Cy7 anti-human IgM, and APC streptavidin
were added to cells after washing and incubated for 40 min.
After a final wash, cells were stained with 7AAD before
analysis by FACS Canto II. All incubations were carried out
on ice in the dark. Binding of biotinylated Abs (APC+) to
7AAD-CD19 + IgM-IgG+ cells (B lymphocytes) was ana-
lysed using FlowJo (TreeStar) software.

Binding activity of 1F4F to Env
expressing cells

HEK 293 T cells were transfected with JR-FLL175P and JR-
FL envelope (Env) expressing plasmids. Both plasmids
also expressed enhanced green fluorescent protein
(EGFP). Then, 48 h post transfection, JR-FL Env expres-
sing cells were detached and reacted to 2 μg/mL of sample
(supernatant) or control IgGs for 30 min in the presence
or absence of sCD4 at 2 μg/mL. JR-FLL175P Env expressing

cells were analysed for sample or control antibody binding
in the absence of sCD4. The cells were incubated with
APC-conjugated AffiniPure F(ab0)2 Fragment Goat Anti-
Human IgG (H + L) (Jackson ImmunoResearch,
Cat#109–136-088) at 1:200 dilution for 15 min at room
temperature, and analysed using the FACSCanto II
(BD Biosciences). The reactivity of the Abs was analysed
after gating the EGFP+ cells using FlowJo software.

Surface plasmon resonance (SPR) analysis

After 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
mediated activation (contact time 7 min twice) of the
Series S CM5 sensor chip (Cytiva, Cat#29149603) surface,
4G8D aID and NHG were immobilised in different flow
cells at 20 μg/mL (contact time 5 min) followed by block-
ing with ethanolamine (contact time 7 min twice). EDC,
NHS and ethanolamine are components of amine cou-
pling kit (Cytiva, Cat#BR100050). Protein A spin column
purified recombinant human mAbs were allowed to con-
tact immobilised IgGs at 2 μg/mL for 1 min. The sensor
chip surface was regenerated by glycine-HCl (pH 2.0)
(Cytiva, Cat# BR100355). Percent binding was calculated
from the absolute response unit of each sample.

Analysis of binding activity to 9J6C by
AlphaLISA

Binding of recombinant human mAbs to 9J6C Fab
(Expressed and purified from supernatants of transfected
ExpiCHO S cells) was analysed by AlphaLISA, because of
peculiar physico-chemical property of 9J6C. 4E9C (nega-
tive control) and 9J6C Fabs were incubated with anti-6�
His tag coated acceptor beads (Perkin Elmer, Cat#-
AL178C) for 1 h. Protein A spin column purified recom-
binant human mAbs and control Abs were added to the
mixture and incubated for 1 h. Finally, protein A donor
beads (Perkin Elmer, Cat#AS102) were added and incu-
bated for 1 h. In a 20 μL reaction mixture, the final con-
centrations of Fab, acceptor beads, IgG, and donor beads
were 7.5, 20, 0.5, and 20 μg/mL respectively. Percent
binding was calculated from the AlphaLISA score
obtained from an Enspire luminometer (Perkin Elmer).

Competitive binding inhibition assay by
anti-aID mAbs (AlphaLISA)

First, 5 μL 6X His tagged 9J6C Fab and 5 μL anti-6X His
tag acceptor beads were incubated in a white 384-well
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assay plate for 1 h. Then, 5 μL of anti-aID mAbs or NHG
were added to the previous mixture in three times serial
dilution followed by addition of 5 μL of biotinylated 916B2
and the mixture was incubated for 1 h. Finally, streptavi-
din donor beads (Perkin Elmer, Cat#6760002S) were
added and luminescence was measured by a luminometer
after 1 h incubation. The final concentrations of all experi-
mental components were as follows: 9J6C Fab = 2.5 μg/
mL, anti-6X His tag acceptor beads = 20 μg/mL, anti-aID
mAbs/NHG = 3 μg/mL followed by three times serial
dilution, 916B2 biotin = 0.1 μg/mL, and streptavidin
donor beads = 20 μg/mL.

Synthesis of peptides

Peptides were commercially synthesized by Scrum Incor-
porated. N-terminus biotin was conjugated during pep-
tide synthesis.

AlphaLISA binding assay to peptides

Biotin conjugated peptides were incubated with streptavi-
din donor beads and anti-aID mAbs were incubated with
protein A acceptor beads (Perkin Elmer, Cat#AL101C)
separately for 1 h at room temperature in the dark. Both
reaction mixtures were mixed together and incubated for
1 h at room temperature in the dark before taking a read-
ing using a luminometer. Final concentrations of pep-
tides were 10 μg/mL and that of each bead was 20 μg/
mL. mAbs were tested at 3 μg/mL followed by three
times serial dilutions.

Screening of antigens by phage display

A 12-mer random peptide displayed phage library Ph.
D.™-12 (New England Biolabs, Cat#E8110) with a com-
plexity of 109 clones was selected for this analysis. The
experiment was carried out with slight modifications to
the manufacturer’s instructions. Briefly, for the first pan-
ning, anti-aID mAbs at 300 μg/mL (2 μM) in 0.1 M
NaHCO3, pH 8.6, were coated on polystyrene microtiter
plate wells overnight at 4�C. After blocking with 2% BSA
in tris buffered saline (TBS) for 1 h at 4�C and washing
with 0.1% Tween-20 TBS (0.1% TBST), 1011 library phages
(100-fold representation of the library) were panned on
the coated wells in 100 μL 0.1% TBST for 2 h at room
temperature. Following 10 washes with 0.1% TBST,
bound phages were eluted by 100 μL of elution buffer
(0.2 M glycine-HCl, pH 2.2 in 1 mg/mL BSA) and neutra-
lised by 15 μL of 1 M Tris–HCl, pH 9.1. Eluted phages

were amplified by infection in early log phase ER2738
E. coli strain and purified by PEG precipitation. Purified
phages were titrated in LB/IPTG/Xgal plates. For succes-
sive panning, washed and blocked protein A-agarose
resin (Thermo Scientific, Cat#20333) was used to absorb
non-specific phages for 1 hour followed by panning of
the absorbed phages in polypropylene microcentrifuge
tubes for 2 hours. Anti-aID bound phages were captured
on washed and blocked protein A-agarose and eluted after
washing with 0.5% PBST. Eluted phages were neutralised
and amplified as described previously. Eluates were
titrated and monoclonal phages from the third panning
eluate (pre-amplified) were screened for binding to target
anti-aID mAbs by ELISA (see below). Clones with specific
binding were sequenced to check the selection of consen-
sus sequences. After further amplification and purification
of clones with specific binding and a consensus sequence,
a binding assay was performed in duplicate.

Phage ELISA

Microtiter plate wells were coated with 5 μg/mL of
anti-aID mAbs or NHG or BSA. After blocking with 2%
BSA-TBS for 1 h and washing, amplified phage clone
supernatant (for screening) or 1011 purified virions (for
confirmation) were added to wells followed by five times
serial dilution and incubated for 1 h. Following washing
with 0.5% TBST, anti-M13 phage rabbit polyclonal anti-
body (Invitrogen, Cat#PA1-26758) was added at 1 μg/mL
and incubated for 1 hour. Binding was detected by anti-
rabbit HRP conjugated antibody (Invitrogen, Cat#A16096)
and ABTS. OD value was measured at 405 nm.

Quantification and statistical analyses

Data from SPR analysis, and binding and inhibition
ELISA and AlphaLISA were processed by Microsoft Excel
software. GraphPad Prism (Version 10.0.2) was used to
prepare graphs and perform statistical analyses.

RESULTS

Isolation of aID mAbs from mice
immunized with anti-CD4i mAbs

To obtain aID mAbs against anti-CD4i Abs, mice were
immunized with the mAbs, 4E9C and 916B2. After five
immunizations, IgM�IgG+B cells reactive to the immu-
nized anti-CD4i Ab were sorted as single cells
(Figure S1A), and recombinant mAbs were constructed
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by the RT-PCR of IgG variable regions and cloning into
human IgG expression vectors (Figure 1a). On the basis
of the ability of recombinant mAbs to inhibit the binding
of the corresponding anti-CD4i mAbs to HIV-1BAL gp120,
eight aID mAbs against 4E9C (Figure 1b) and 10 aID
mAbs against 916B2 were identified (Figure 1c). These
aID mAbs were classified into three groups depending on
their inhibition curve patterns. A typical sigmoid curve
suggests the complete blockade of the paratope of
anti-CD4i mAb with high affinity. Partial and straight
inhibition curves may result from partial blockade of the
paratope or weaker affinity of aID mAbs to the respective
anti-CD4i mAb possibly because of the existence of

idiotopes outside the paratope of anti-CD4i mAb. Analy-
sis of the inhibitory activity of the aID mAbs against a
panel of anti-CD4i mAbs revealed that three anti-4E9C
mAbs—4G8D, 4G5G and 2A1—cross-inhibited the bind-
ing of gp120 and anti-CD4i mAbs other than 4E9C
(Figure S1B). The cross-inhibition activity was not
observed for the anti-916B2 mAbs (Figure S1C).

The binding activity of aID mAbs to the correspond-
ing anti-CD4i mAb was examined by enzyme-linked
immunosorbent assay (ELISA). Among eight anti-4E9C
mAbs, 4G8A and 2A1 had slightly weaker binding
activity to 4E9C Fab than the others (Figure 1b). Two anti-
4E9C mAbs, 4G8D and 4G5G, which had a sigmoid
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F I GURE 1 Isolation of aID mAbs from mice immunized with anti-CD4i mAbs. (a) BALB/c mice were immunized with the anti-CD4i

mAbs, 4E9C and 916B2, and the recombinant mouse-human chimeric aID mAbs were produced by B cell sorting (See also Figure S1) and

cloning of immunoglobulin genes. (b) Ability of aID mAbs of 4E9C to inhibit binding between 4E9C and gp120 and the binding activity of

these aID mAbs to 4E9C Fab are shown. (c) Ability of aID mAbs of 916B2 to inhibit binding between 916B2 and gp120 and the binding

activity of these aID mAbs to 916B2 Fab are shown. (d,e) Heatmaps summarising the binding activity, cross reactivity and specificity

analyses of all aID mAbs (indicated in rows) of 4E9C and 916B2 to Fabs of the indicated anti-CD4i mAbs (in columns) by ELISA (See also

Figure S1). Normal human IgG (NHG) was used as a negative control. Both 9J8D and 9J2E were excluded from these analyses because of

their low-to-moderate binding activity to 916B2. An OD 405 nm value of ≤0.50 was defined as no binding, 0.51–1.00 as low binding, and

1.01–2.50 as high binding activity at the highest concentration (5 μg/mL) of aID mAbs used. All ELISA experiments were performed at least

three times and representative data are shown. [Correction added on 12 January 2024, after original publication: Figure 1 was incorrect and

has been replaced in this version]
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inhibition pattern (Figure 1b), cross-inhibited the binding
of 17b to gp120 (Figure S1B) and bound to 17b Fab
(Figures 1d and S1D). In addition, 4G5G weakly cross-
inhibited the binding of 5D6S to gp120, and bound to
5D6S very weakly (Figures 1d and S1B,D). Weak cross-
inhibition activity was also observed for 2A1 against
916B2, and 2A1 bound to 916B2 very weakly (Figure
S1B,D). A9 showed weak cross reactivity to 17b without
cross-inhibition activity (Figures 1d and S1B,D). Two anti-
4E9C mAbs—4G7H and 4F2A—showed binding activity
to most of the anti-CD4i Fabs tested and KD247 Fab [30],
the mAb against the V3 tip of HIV-1 Env (Figures 1d and
S1D). These data indicated that the binding of 4G7H and
4F2A was not specific to the idiotope of 4E9C.

Among 10 anti-916B2 mAbs, eight strongly bound to
916B2 Fab (Figure 1c). However, only marginal binding
activity was observed for the remaining two mAbs, 9J8D
and 9J2E, which showed partial inhibition pattern
(Figure 1c). Most anti-916B2 mAbs did not show any
cross-reactivity to the other anti-CD4i mAbs, but B49 and
9G10H bound to 917B11 (Figures 1e and S1E). In addi-
tion, two other anti-916B2 mAbs—F8 and 9J7A—bound
to anti-V3 mAb (Figures 1e and S1E), indicating the poly-
reactivity of these four mAbs.

Differences in the inhibitory and binding patterns
suggested that various aID mAbs were induced against
distinct idiotopes by the immunisation of mice. The anti-
4E9C mAbs (A9, 4G7H, and 4F2A) and anti-916B2 mAbs
(9J8D, 9J2E, F8, B49, 9G10H and 9J7A) were excluded
from further study because they showed polyreactivity to
Abs other than anti-CD4i mAbs, or had low binding or
inhibition activity to the corresponding anti-CD4i
Ab. The remaining aID mAbs were tested for their bind-
ing activity to live IgM-IgG+ B cells obtained from a
healthy donor to further exclude polyreactivity
(Figure S1F,G). From these analyses, we selected 4G8D
from the anti-4E9C mAbs and 9J6C from the anti-916B2
mAbs as representative aID mAbs, which potentially
mimic the β20/β21 and β2/β3 sheets of the CD4i epitope,
respectively (Table S1). The mAbs—4G8D and 9J6C—
strongly inhibited (Sigmoid pattern) the binding of the
corresponding anti-CD4i Ab to gp120, and they did not
bind to antigens other than anti-CD4i Abs.

Characterisation of mAbs reactive to aID
mAbs that mimic the CD4i epitope

The representative aID mAbs against anti-CD4i mAbs—
4G8D and 9J6C—were used as probes, as a mixture of
two mAbs or 9J6C alone, to sort B cells expressing anti-
CD4i Abs and their related clones from three HIV-
1-infected subjects. IgG+ IgM-CD27+ B cells that bound

to 4G8D or 9J6C were sorted as single cells (Figure S2A),
and 415 mAbs were isolated from three subjects (168 from
subject 1, 221 from subject 2, and 26 from subject 3). All
mAbs isolated by aID mAbs were examined for binding
to HIV-1BAL gp120 by ELISA, and we identified one mAb
reactive to gp120, 1F4F, which was isolated using a mix-
ture of 4G8D and 9J6C as a probe (Figure 2a). Moreover,
the binding of 1F4F to gp120 was significantly enhanced
by human sCD4 (Figure 2a), indicating that 1F4F has a
critical property of anti-CD4i mAbs. The binding of 1F4F
against Env on the cell surface was much weaker than
that of the anti-CD4i Ab, 4E9C, perhaps due to the mask-
ing of CD4i epitope by formation of Env trimer [31]. The
binding of 1F4F was apparent by addition of sCD4, which
resulted in a conformational change of Env trimer
(Figures 2b and S2D). The binding of 1F4F was also
observed against JR-FLL175P Env mutant, which exposes
the CD4i epitope in the absence of CD4 [32], but was not
observed against non-transfected HEK 293 T cells
(Figure S2B,C). These findings suggest that 1F4F is a typi-
cal anti-CD4i Ab, although the binding activity of 1F4F to
the Env was not strong compared with that of the anti-
CD4i Ab, 4E9C. Sequence analyses showed that 1F4F uses
the IGHV1-69 germline gene similar to most anti-CD4i
mAbs. The somatic hypermutation (SHM) in variable
region of heavy chain (VH) was higher (12.5%) in 1F4F
than 4E9C (7.1%) (Figure 3a). The heavy chain comple-
mentary determining region 3 (HCDR3) length of 1F4F
(14 aa) was shorter than that of 4E9C (22 aa) (Figure 3a).
Binding between 4E9C and 4G8D or HIV-1BAL gp120 was
not inhibited by 1F4F (data not shown), probably because
of the low binding affinity of 1F4F compared with 4E9C.

Most anti-CD4i mAbs, including 1F4F, use the
IGHV1-69 germline gene as a VH gene. The frequency of
IGHV1-69 usage in mAbs isolated using 4G8D and 9J6C
as probes was highest in subject 1, but was <5% in the
other two subjects (Figure 2c). SPR analysis of mAbs
using IGHV1-69 revealed that most mAbs isolated using
a mixture of 4G8D and 9J6C, including 1F4F, bound to
the 4G8D IgG, whereas the reactivity of several other
mAbs was not strong and non-specific (Figure 2d). Five
of the six mAbs isolated by 9J6C and two mAbs isolated
using a mixture of 4G8D and 9J6C specifically bound to
the 9J6C Fab, among which 1G3C, 1G5B, 1G6B and
1C6H had a higher binding activity to 9J6C than 916B2,
which is the original target of 9J6C (Figure 2e). In addi-
tion, one mAb, 1G6B, which was isolated using 9J6C as a
probe, bound to 4G8D and 9J6C (Figure 2d,e), indicating
the presence of common idiotope on 1G6B, which is
recognised by both aID mAbs.

Screening of anti-aID mAbs with the IGHV1-69 gene
revealed that four anti-4G8D mAbs (1A2A, 3B5A, 1C9E
and 1A5A) and two anti-9J6C mAbs (1G3C and 1G5B)
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inhibited binding between the corresponding aID mAb
and anti-CD4i mAb (Figure S2E). The inhibition of these
anti-aID mAbs was dose dependent, and all four
anti-4G8D mAbs also inhibited the binding of 4G8D to
17b (Figure 2f,g). The IGHV1-69 gene usage and inhibi-
tion of binding between anti-CD4i mAbs and aID mAbs,
which mimic the CD4i epitope, suggest that these anti-
aID mAbs share idiotopes with anti-CD4i Abs (Table S2).
However, no sequence homology was found in the CDR
region of these anti-aID mAbs (Figures 3a and S3A–D).
Notably, the longer HCDR3 length of anti-aID mAbs

correlated with a stronger inhibition of the binding
between anti-CD4i mAbs and aID mAbs in anti-4G8D
and anti-9J6C mAbs (Figures 2f,g and 3a).

Anti-aID mAbs that share idiotopes with
anti-CD4i mAbs bind to epitopes from the
human microbiome and infectious agents

To identify antigens that anti-aID mAbs target, biopan-
ning of phage library, which displays a 12-mer random
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F I GURE 2 Characterisation of mAbs reactive to aID mAbs that mimic the CD4i epitope in HIV-1 infected subjects. Binding of mAb,

1F4F, to the gp120 monomer (a) and Env on the cell surface (b) was examined in the presence or absence of sCD4. The binding to gp120

monomer was analysed by ELISA using HIV-1BAL gp120 as an antigen. Simple linear regression analysis showed that the effect of sCD4 was

statistically significant in 1F4F (p = 0.0495) and 4E9C (p = 0.0155). The binding to Env on the cell surface was analysed by flow cytometry

using 293T cells transfected with the plasmid expressing HIV-1JR-FL Env. The mAbs, 4E9C and 8D11, were used as positive and negative

controls, respectively. The mAb 8D11 is a mAb of unknown specificity and non-reactive to HIV-1 Env [25]. (c) Germline usage of all the

mAbs isolated from three subjects is shown. (d) Anti-aID mAbs with the IGHV1-69 gene were analysed for their binding activity to aID

mAb, 4G8D. The binding activity was analysed by SPR, and is shown by relative values with 4E9C as 100%. HBS-EP, NHG, and the anti-

CD4i mAbs, 4E9C, 17b and 916B2 were used as controls. (e) Binding activity of anti-aID mAbs with the IGHV1-69 gene to 9J6C Fab was

analysed by AlphaLISA. The binding activity is shown by relative values with 916B2 as 100%. NHG, 4E9C and 916B2 were used as controls.

(f) The ability of anti-4G8D mAbs to inhibit binding and cross binding between 4G8D and 4E9C or 17b was analysed by ELISA. (g) The

ability of anti-9J6C mAbs to inhibit binding between 9J6C and 916B2 was analysed by AlphaLISA. ELISA, AlphaLISA, and flow cytometry

experiments were performed at least three times and representative data are shown. [Correction added on 12 January 2024, after original

publication: Figure 2 was incorrect and has been replaced in this version]
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peptide at the N terminus of pIII, was performed using six
anti-aID mAbs, which inhibited binding between the cor-
responding aID mAb and anti-CD4i mAb. After three
rounds of biopanning, we identified two consensus peptide
sequences selected by 1G5B and one sequence by 1A2A,
which specifically bound to the corresponding anti-aID
mAb (Figure S3E). We could not identify consensus pep-
tide sequences reactive to other four anti-aID mAbs.

We performed a homology search for the three
selected consensus peptide sequences using Basic Local
Alignment Search Tool (BLAST). First, we searched for
sequences with high homology to the selected 12-mer
peptides. Then, virus sequences were explored in detail.
For the peptide EAHTPLGWLTRS, clone 1 selected by
1G5B, we found the longest homology of 11 aa with a
sequence from Nocardioidaceae bacterium, which was
obtained from oxisol soil [33] and 8 aa homology with a
sequence from a clinically significant bacterium in the

marine habitat, Vibrio vulnificus [34, 35]. We selected
proteins from these two bacteria to synthesize peptide
14 (Nocardioidaceae) and peptide 13 (Vibrio vulnificus)
(Figure 4a). Two other peptides—DIYLPLGRFTRN
(clone 2 selected by 1G5B) and GYSWFDVLFPSA (pep-
tide selected by 1A2A)—did not show high sequence
homology to any organism (data not shown). Because
various sequences from many organisms were obtained
by homology searches using short peptides, we applied
filters to the search results (Tax ID 10239 designating
viruses only, percent identity 100% and query coverage
50%–100%). Interestingly, all three peptides had maxi-
mum (>50%) hits to the bacteriophage Caudoviricetes
sp. in the Caudoviricetes class (Figure 3b). From these
results, a maximum of 7 aa homology was observed for
the input sequences EAHTPLGWLTRS and
GYSWFDVLFPSA with proteins of the Caudoviricetes
class of phages from fresh water [36] or the human

EAHTPLGWLTRS DIYLPLGRFTRN GYSWFDVLFPSA

1G5B 1A2A

Caudoviricetes

Unclassified 

Caudoviricetes

n=63

n=35

n=26

n=146

n=94

n=49

n=20

n=12

n=9

Viruses

mAbs Subject Characteristics SHM VH 

(%)

SHM VL 

(%)

HCDR3 aa sequence (Length) LCDR3 aa sequence 

(Length)

1F4F Subject 1 Gp120 binder 12.5 4.5 ADRHLGTGNYAFDI (14) QQRSNWPTF (9)

1A2A Subject 1

4G8D and 4E9C or 

17b binding inhibitor

16.5 7.6 ATSEIVVLPAAPSQDVFDI (19) QQYTAWPRLS (10)

3B5A Subject 3 9.1 2.8 ARGGPAGGNYYYYYMEV (17) QQYNSWPRT (9)

1C9E Subject 1 6.8 4.2 AREPDYGYSYHGMDV (15) QQYNDWPRT (9)

1A5A Subject 1 8.1 5.6 AREDAVTTGYYMDV (14) QHYNNWPQA (9)

4E9C KTS376 Anti -CD4i 7.1 5.2 VGGRDNDYYDSSDISSYYAMDV (22) QHYNNWPLLYT (11)

1G3C Subject 1 916B2 and 9J6C 

binding inhibitor

5.7 4.6 AREGRSSSAGRHNYYYMDV (19) QQYYNTPLT (9)

1G5B Subject 1 7.1 6.6 SRADTVVTRNGFYY (14) QESYSTPYT (9)

916B2 KTS376 Anti -CD4i 8.4 5.8 ARDSDLYCSGGSCFEI (16) LLSYSGARV (9)

Caudoviricetes

Unclassified Caudoviricetes
Bixzunavirus
Betterkatzvirus
Amigovirus
Schitoviridae
Uncultured Caudovirales phage
Mycobacterium phage
Vibrio phage

Caudoviricetes sp.

Cressdnaviricota
Riboviria
Orthornavirae
Mimiviridae
Bacteriophage sp.
Others

Others

Others

(a)

(b)

F I GURE 3 Properties of the anti-aID mAbs and results of BLAST analysis. (a) anti-aID mAbs with inhibition ability were analysed for

SHM and CDR3 lengths (heavy and light chains). The effect correlated with heavy chain CDR3 length. (b) Peptide sequences obtained from

consensus phage clones (See also Figure S3) selected by 1G5B and 1A2A were subject to homology search by BLAST analysis (Filters: Tax ID

10239, percent identity 100%, query coverage 50%–100%). For each peptide sequence analysed, homology to proteins from Caudoviricetes

viruses were predominant. Further analysis of taxonomic classification of these viruses showed maximum homology to proteins from

Caudoviricetes sp. under unclassified Caudoviricetes.
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metagenome [37]. Peptides 11, 12 and 31 were synthe-
sized from these protein sequences (Figure 4a). To select
protein sequences for peptide synthesis, we prioritised
those that spanned a maximum length of the input
sequence with 2 aa overlap (Peptides 11 and 12)
(Figure 4a) over those having the longest homology to
the input sequence. For the DIYLPLGRFTRN input
sequence, a protein with 7 aa homology (Accession
number–DAU46052.1 from Caudoviricetes sp.) was not
selected because peptides 21 and 22 together span a 10 aa
region homologous to the input sequence (Figure 4a).
Moreover, these two peptides had homology with pro-
teins from phages belonging to the Caudoviricetes class
(Figure 4a) isolated from humans [37] and the environ-
mental metagenome [38]. For the GYSWFDVLFPSA
input sequence, no overlapping sequence was found
within the Caudoviricetes class of phages.

All synthesized peptides were examined for their
reactivity to the six anti-aID mAbs and anti-CD4i mAbs,
including 1F4F. Peptides 21 and 31, synthesized from
proteins of Caudoviricetes sp. from the human metagen-
ome, showed reactivity to most anti-aID mAbs and anti-
CD4i mAbs (Figure 4b). Two anti-aID mAbs—1A5A and
3B5A—showed a stronger reaction to these peptides com-
pared with 1G5B and 1A2A, which selected these pep-
tides by phage display (Figure 4a,b). The reactivity to
these two peptides suggests that the peptides have a simi-
lar configuration recognised by anti-CD4i mAbs and anti-
aID mAbs, although the amino acid sequences were
different among the peptides (Figure 4a). Moreover,
mAbs reactive to the peptides from Caudoviricetes
sp. showed a relatively high frequency of SHM, indicating
maturation by repeated antigen stimulation (Figure 3a).
These results suggest that a fraction of Abs, including

Phage display Synthesized peptides

mAbs sequence Name Sequence Hit length

(No. of aa)

Source Organism Accession 

number

1G5B

EAHTPLGWLTRS

(Clone 1)

Peptide 11 Biotin -DQDILGWLTRSAEGR 7 Fresh water 

metagenome

Freshwater phage ANH49402.1

Peptide 12 Biotin -MQEIEAHTPLGLTAQ 7 Human metagenome Caudoviricetes sp. DAL64111.1

Peptide 13 Biotin -KGKNTPLGWLTRILGF 8 Marine (Clinically 

significant bacterium)

Vibrio vulnificus BAC97118.1

Peptide 14 Biotin -PVAHTPLGWLTRS ATI 11 Soil metagenome Nocardioidaceae 

bacterium

NUR07706.1

DIYLPLGRFTRN

(Clone 2)

Peptide 21 Biotin -TKDIYLPLDNPVEMV 6 Human metagenome Caudoviricetes sp. DAT83460.1

Peptide 22 Biotin -DALDNPLGRFTVEEL 6 Aquatic metagenome Unclassified 

Caudoviricetes

CAB4180599.1

1A2A GYSWFDVLFPSA Peptide 31 Biotin -ATFASWFDVLFTVRD 7 Human metagenome Caudoviricetes sp. DAG12613.1

Conc. (µg/ml)

Caudoviricetes sp.

e
c

n
e

c
s

e
ni

m
u

L Vibrio vulnificus Nocardioidaceae Fresh water phage

Unclassified 
Caudoviricetes sp.

Peptide 12

3000

2000

1000

15000

10000

5000

0

15000

10000

5000

3000

2000

1000

0

3000

2000

1000

0

3000

2000

1000

00

15000

20000

1A2A

3B5A

1C9E

1A5A

1G3C

1G5B

4E9C

916B2

17b

1F4F
8D11

anti-4G8D

anti-9J6C

anti-CD4i

10000

5000

00
0·001 0·01 0·1 101

0·001 0·01 0·1 101 0·001 0·01 0·1 101 0·001 0·01 0·1 101 0·001 0·01 0·1 101

0·001 0·01 0·1 101 0·001 0·01 0·1 101

Peptide 13 Peptide 14 Peptide 11 Peptide 22

Peptide 21 Peptide 31

(a)

(b)

F I GURE 4 Reactivity of anti-aID mAbs sharing idiotopes with anti-CD4i mAbs to peptides from the human microbiome or infectious

agents. (a) Details of the peptides synthesized from proteins of various organisms from various sources are shown. (b) Reactivity of anti-aID

mAbs and anti-CD4i mAbs to biotin-conjugated peptides 12, 21, and 31 from Caudoviricetes sp., peptide 13 from Vibrio vulnificus, peptide

14 from Nocardioidaceae, peptide 11 from a fresh water phage, and peptide 22 from unclassified Caudoviricetes. Reactivity was examined by

AlphaLISA using streptavidin donor beads and protein A acceptor beads, and 8D11 was used as a negative control. All experiments were

performed at least three times and representative data are shown.
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anti-CD4i Abs, might be induced by multiple proteins of
Caudoviricetes sp., which have a conformation commonly
contained in peptides 21 and 31.

Peptide 13 from Vibrio vulnificus reacted to the anti-
CD4i mAbs, 4E9C, 17b and 1F4F, anti-4G8D mAbs,
1A2A, 3B5A, 1C9E and 1A5A, and anti-9J6C
mAbs, 1G3C and 1G5B (Figure 4b). However, 916B2 did
not react to peptide 13, although two anti-9J6C mAbs,
which share the idiotope with 916B2, reacted to peptide
13. These data explain the possible role of microbial
infection in the development of Abs directed against con-
formational epitopes.

The reactivity of mAbs to peptide 14 from Nocardioi-
daceae bacterium was very weak (Figure 4b) compared
with peptide 13, although these peptides contained an
eight aa sequence overlap (Figure 4a). Peptides 11 and
22 from phages in fresh water and peptide 12 from the
human metagenome did not react to any mAbs tested
(Figure 4b).

These data suggest that antigens from the human
microbiome or infectious agents can prime and induce B
cells to produce Abs sharing idiotope with anti-CD4i
mAbs. A fraction of these Abs may evolve to anti-CD4i-
Abs (1F4F) upon infection by HIV-1.

DISCUSSION

We used the aID tool, which was previously used for
VRC01-class Abs [39], to trace priming antigens for Abs
targeting a conformational CD4i epitope. We demon-
strated that a fraction of Abs against the CD4i epitope of
HIV-1 share idiotopes with Abs against proteins of Cau-
doviricetes sp. and Vibrio vulnificus. The cross-reactivity
between the CD4i epitope and proteins from bacterio-
phages from human sources or infectious agents suggests
that Abs primed by bacteriophages or infectious agents
may evolve into anti-CD4i Abs during HIV-1 infection.
Commensal microbes have an important role in the
development of autoantibodies [40, 41] and Abs with
antigen specificity [42]. Bacteriophages are abundant in
human body, especially in gut, and members of Caudo-
virales order (Podoviridae, Siphoviridae and Myoviridae—
recently classified as Caudoviricetes sp. by NCBI which
are equivalent to Caudovirales sp.), which were identified
as antigens targeted by Abs including anti-CD4i mAbs,
are one of the major viruses in human metagenomic sam-
ples [43, 44]. Gut phageome contributes dynamically to
the modulation of the immune system of the host
[43–46]. Once in the circulatory system, these phages can
interact with antigen presenting cells directly and con-
tribute to the development of the immune system [43].
Moreover, this interaction can lead to the production of

IgGs in contrast to the production of IgM and IgA by T
cell independent [47] antigen recognition. Some of our
hit sequences were from proteins of Caudoviricetes
sp. isolated from human sources (stool, skin, mouth, nose
and vagina) [37] and others belonged to environmental
phages under the same (Caudoviricetes) class [36]. The
binding activity of the examined anti-aID/anti-CD4i Abs
to proteins derived from abundant bacteriophages in
human metagenomic sources supports the possibility of B
cell priming by these organisms, which results in high
prevalence of anti-CD4i Abs in HIV-1 infected
patients [48].

One of our anti-aID mAbs (1F4F) from subject
1 attained CD4i epitope binding activity and its binding
activity to different peptides where applicable was com-
parable with other anti-CD4i mAbs (4E9C and/or 17b)
(Figure 4b). Moreover, 1A5A, from the same subject, with
IGHV 1–69 germline usage and that inhibits binding
between 4E9C and its aID mAb 4G8D, bound to peptides
from bacteriophages of human origin (possible priming
antigens) with a considerably higher activity than that of
1F4F (Figure 4b). These findings suggest the possibility
of antibody evolution from primed B cells.

As previously mentioned, the HIV-1 CD4i epitope is a
conformational epitope, and the priming of B cells to pro-
duce anti-CD4i Abs may require a similar antigenic con-
formation. Peptides 21 and 13 may have a conformation
similar to that of the β20/β21 sheet as indicated by 4E9C
binding to these peptides (Figure 4b). However, 916B2
(β2/β3 sheet binder) did not bind to any of the peptides
tested (Figure 4b), suggesting that this antibody has
evolved to recognise the specific and rigid conformation
of the β2/β3 sheet rather than the conformation pre-
sented by all the peptides. The detailed analysis of mAb
affinity is required to understand the antigenic feature of
these mAbs, but the interaction between these mAbs and
peptides were too weak to measure precisely.

Vibrio vulnificus is a Gram negative bacteria from the
family Virionaceae that is responsible for seafood related
gastroenteritis, wound infection, and sepsis [35]. Infec-
tion with Vibrio vulnificus is limited in the subtropical
seashore area, and is not common in other parts of the
world. An outbreak of Vibrio vulnificus was reported in
Kumamoto, the subject 1’s geographic area [34].
Although we do not have any medical record of this sub-
ject from that time point, Vibrio vulnificus infection may
prime B cells in this subject. During the Vibrio vulnificus
outbreak in Kumamoto, only patients with a hepatic dis-
order were reported, and there might be undiagnosed
individuals with mild or no symptoms of Vibrio vulnificus
infection.

The inhibitory ability of most anti-aID mAbs corre-
lated with HCDR3 length rather than the rate of SHM,
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suggesting that V(D)J recombination in an immune rep-
ertoire [49] is important for the development and antigen
specificity of these Abs. Analysis of the germline-reverted
version of these mAbs will be useful to understand the
role of CDRH3 and the priming potential. Our final data
suggest that B cells in these repertoires may have been
primed by antigens of a similar conformation presented
by the complex system of the human microbiome or by
the processing of antigens during infection. Similar cross
reactivity of anti-gp41 Abs to gut commensal bacteria
and intestinal microbiota was observed in acute HIV-1
infection [50] or after HIV-1 vaccination [51]. The evolu-
tion of anti-CD4i Abs from primed B cells may be attrib-
uted to Ab responses to other viruses. Moreover, our data
may provide important information for HIV-1 vaccine
design strategies to induce Abs against conformational
epitopes. Stimulation of B cell populations, which are
triggered by human microbiome, and their maturation to
anti-HIV-1 Abs may be one of the potential strategies for
HIV-1 vaccine development.

Limitations of the study

In this study, we suggest that anti-CD4i antibody-
expressing B cells might be primed by antigens with a
similar conformation from the human microbiome or
infectious agents. Our claim is based upon shared idio-
topes of the anti-aID mAbs and not antigen specificity,
except for one antibody. Moreover, no structural analysis
has been performed to examine the interaction between
anti-aID mAbs and peptides.
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