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Cytotoxic T lymphocyte (CTL) responses are crucial for the control of human and simian immunodefi-
ciency virus (HIV and SIV) replication. A promising AIDS vaccine strategy is to induce CTL memory result-
ing in more effective CTL responses post-viral exposure compared to those in natural HIV infections. We
previously developed a CTL-inducing vaccine and showed SIV control in some vaccinated rhesus maca-

KBYWOTdS-'_ ques. These vaccine-based SIV controllers elicited vaccine antigen-specific CTL responses dominantly
M["),S vaccine in the acute phase post-challenge. Here, we examined CTL responses post-challenge in those vaccinated
?IV animals that failed to control SIV replication. Unvaccinated rhesus macaques possessing the major

L histocompatibility complex class [ haplotype 90-088-Ij dominantly elicited SIV non-Gag antigen-specific
CTL responses after SIV challenge, while those induced with Gag-specific CTL memory by prophylactic
vaccination failed to control SIV replication with dominant Gag-specific CTL responses in the acute
phase, indicating dominant induction of vaccine antigen-specific CTL responses post-challenge even in
non-controllers. Further analysis suggested that prophylactic vaccination results in dominant induction
of vaccine antigen-specific CTL responses post-viral exposure but delays SIV non-vaccine antigen-specific
CTL responses. These results imply a significant influence of prophylactic vaccination on CTL immuno-
dominance post-viral exposure, providing insights into antigen design in development of a CTL-inducing
AIDS vaccine.

Immunodominance

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In human and simian immunodeficiency virus (HIV and SIV)
infections, cytotoxic T lymphocyte (CTL) responses exert strong sup-
pressive pressure on viral replication but fail to control viremia lead-
ing to AIDS progression [1-5]. A promising AIDS vaccine strategy is
to induce CTL memory resuiting in more effective CIL responses
post-viral exposure compared to those in natural HIV infections. It
is important to determine how prophylactic CTL memory induction
affects CTL responses in the acute phase post-viral exposure.

We previously developed a prophylactic AIDS vaccine (referred
to as DNA/SeV-Gag vaccine) consisting of DNA priming followed by
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boosting with a recombinant Sendai virus (SeV) vector expressing
SIVmac239 Gag [6]. Evaluation of this vaccine’s efficacy against a
SIVmac239 challenge in Burmese rhesus macaques showed that
some vaccinees contained SIV replication [7]. In particular,
vaccination consistently resulted in SIV control in those animals
possessing the major histocompatibility complex class I (MHC-I)
haplotype 90-120-la  [8]; Gagyps-216 (IINEEAADWDL) and
Gagaa1-249 (SSVDEQIQW) epitope-specific CTL responses were
shown to be responsible for this vaccine-based SIV control [9].
Furthermore, in a SIVmac239 challenge experiment of 90-120-Ia-
positive macaques that received a prophylactic DNA/SeV vaccine
expressing the Gag,si-249 epitope fused with enhanced green
fluorescent protein (EGFP), all the vaccinees controlled SIV replica-
tion [10]. This single epitope vaccination resulted in dominant
Gaga41-249-specific CTL responses with delayed Gagjos_216-specific
CTL induction after SIV challenge, whereas Gagsos_216-specific and
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Gagya1-249-specific CTL responses were detected equivalently in
unvaccinated 90-120-Ia-positive animals.

These previous results in vaccine-based SIV controllers indicate
dominant induction of vaccine antigen-specific CTL responses
post-challenge, implying that prophylactic vaccination inducing
vaccine antigen-specific CTL memory may delay CTL responses
specific for viral antigens other than vaccine antigens (referred to
as non-vaccine antigens) post-viral exposure. In these SIV control-
lers, the reduction of viral loads could be involved in delay of SIV
non-vaccine antigen-specific CTL responses. Then, in the present
study, we examined the influence of prophylactic vaccination on
immunodominance post-challenge in those vaccinees that failed
to control SIV replication. Our results showed dominant induction
of vaccine antigen-specific CTL responses post-challenge even in
these SIV non-controllers.

2. Materials and methods
2.1. Animal experiments

The first set of experiment used samples in our previous exper-
iments of six Burmese rhesus macaques (Macaca mulatta) possess-
ing the MHC-I haplotype 90-088-]j (macaques R02-004, R02-001,
and R03-015, previously reported [7,11]; R04-014, R06-022, and
R04-011, unpublished). Three of them, R02-001, R04-011, and
R03-015, received a prophylactic DNA/SeV-Gag vaccine [7]. The
DNA used for the vaccination, CMV-SHIVAEN, was constructed
from env-deleted and nef-deleted simian-human immunodefi-
ciency virus SHIVupiave [12] molecular clone DNA (SIVGP1) and
has the genes encoding SIVmac239 Gag, Pol, Vif, and Vpx,
SIVmac239-HIV chimeric Vpr, and HIV Tat and Rev. At the DNA
vaccination, animals received 5 mg of CMV-SHIVAEN DNA intra-
muscularly. Six weeks after the DNA prime, animals received a
single boost intranasally with 6 x 10° cell infectious units (CIUs)
of F-deleted replication-defective SeV-Gag [13,14]. All six 90-088-
Jj-positive animals including three unvaccinated and three vacci-
nated were challenged intravenously with 1000 50% tissue culture
infective doses (TCID50) of SIVmac239 [15] approximately
3 months after the boost. At week 1 after SIV challenge, macaque
R03-015 was inoculated with nonspecific immunoglobulin G as
previously described [11].

In the second set of experiment, unvaccinated (R06-001) and
vaccinated (R05-028) rhesus macaques possessing the MHC-I
haplotype 90-120-Ib were challenged intravenously with 1000
TCID50 of SIVmac239. The latter R05-028 were immunized intra-
nasally with F-deleted SeV-Gag approximately 3 months before
the challenge.

In the third, three rhesus macaques received FMSIV plus mCAT1-
expressing DNA vaccination three times with intervals of 4 weeks.
The FMSIV DNA was constructed by replacing nef-deleted SHIVy.
p14ave With Friend murine leukemia virus (FMLV) env, carrying the
same S[Vmac239-derived antigen-coding regions with SIVGP1, as
described before [16]. Vaccination of macaques with FMSIV and a
DNA expressing the FMLV receptor (mCAT1) [17] three times with
intervals of a week was previously shown to induce mCAT1-depen-
dent confined FMSIV replication resulting in efficient CTL induction
while vaccination three times with intervals of 4 weeks in the pres-
ent study resulted in marginal levels of responses (data not shown).
These three DNA-vaccinated animals were challenged intrave-
nously with 1000 TCID50 of SIVmac239 approximately 2 months
after the last vaccination.

Some animal experiments were conducted in the Tsukuba Pri-
mate Research Center, National Institute of Biomedical Innovation,
with the help of the Corporation for Production and Research of
Laboratory Primates, in accordance with the guidelines for animal
experiments at the National Institute of Infectious Diseases, and
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Fig. 1. CTL responses after SIVmac239 challenge in 90-088-lj-positive macaques.
(A) Plasma viral loads after SIV challenge in unvaccinated (R02-004, R04-014, and
R06-022) and DNA/SeV-Gag vaccinated animals (R02-001, R04-011, and R03-015).
The viral loads (SIV gag RNA copies/ml) were determined as described previously
[7]. (B) Vaccine antigen Gag-specific (upper panel) and pseudotyped SIV-specific
CD8" T cell frequencies (lower panel) at week 2 after SIV challenge.

others were in Institute for Virus Research, Kyoto University in
accordance with the institutional regulations.

2.2. Analysis of virus-specific CTL responses

We measured virus-specific CD8" T-cell levels by flow cytomet-
ric analysis of gamma interferon (IFN-y) induction after specific
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Fig. 2. CTL responses after SIVmac239 challenge in 90-120-Ib-positive macaques.
(A) Plasma viral loads after SIV challenge in unvaccinated R06-001 and SeV-Gag-
vaccinated macaque R05-028. (B) Vaccine antigen Gag-specific (upper panel) and
pseudotyped SIV-specific CD8" T cell frequencies (lower panel) at weeks 2 (white
bars) and 12 (black bars) after SIV challenge.

stimulation as described previously [18,19]. Peripheral blood
mononuclear cells (PBMCs) were cocultured with autologous her-
pesvirus papio-immortalized B-lymphoblastoid cell lines (B-LCLs)
infected with a vaccinia virus vector expressing SIVmac239 Gag
for Gag-specific stimulation or a vesicular stomatitis virus G
protein (VSV-G)-pseudotyped SIV for pseudotyped SIV-specific
stimulation. The pseudotyped SIV was obtained by cotransfection
of COS-1 cells with a VSV-G-expression plasmid and SIVGP1
DNA. Alternatively, PBMCs were cocultured with B-LCLs pulsed
with peptide pools using panels of overlapping peptides spanning
the entire SIVmac239 Tat, Rev, and Nef amino acid sequences.
Intracellular IFN-vy staining was performed with a CytofixCytoperm
kit (Becton Dickinson, Tokyo, Japan) and fluorescein isothiocya-
nate-conjugated anti-human (D4, peridinin chlorophyll
protein-conjugated anti-human CD8, allophycocyanin-conjugated
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Fig. 3. CTL responses after SIVmac239 challenge in DNA-vaccinated macaques. The
DNA used for the vaccination has the SIVmac239-derived region encoding Gag, Pol,
Vif, and Vpx and is expected to induce pseudotyped SIV-specific CTL responses. (A)
Plasma viral loads after SIV challenge in DNA vaccinated macaques R-421, R-431,
and R-438. (B) Vaccine antigen (pseudotyped SIV)-specific (top panel), Tat-plus-
Rev-specific (middle panel), and Nef-specific CD8" T cell frequencies (bottom panel)
at weeks 2 (white bars) and 12 (black bars} after SIV challenge. In macaque R-438,
CTL responses at week 5 instead of week 12 are shown.

anti-human (D3, and phycoerythrin-conjugated anti-human
IFN-y monoclonal antibodies (Becton Dickinson). Specific CD8" T-
cell levels were calculated by subtracting nonspecific [IFN-y* CD8*
T-cell frequencies from those after Gag-specific, pseudotyped
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Fig. 4. Viral mutations in DNA-vaccinated macaques, Plasma viral genome sequencing was performed as described previously [18] to determine mutations resulting in amino
acid substitutions in SIV Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, and Nef antigens (except for Env) at weeks 5 and 12 in DNA-vaccinated macaques. The amino acid positions showing
mutant sequences dominantly (++) or equivalently with wild type (+) are shown. While we found a mutation leading to a lysine-to-arginine alteration at the 40th amino acid
in Rev in all animals, this mutation is not shown because the wild-type sequence at this position in the SIVmac239 molecular clone is considered to be a suboptimal

nucleotide that frequently reverts to an alternative sequence in vivo [18,23].

SIV-specific, or peptide-specific stimulation. Specific CD8" T-cell
levels lower than 100 per million PBMCs were considered negative.

3. Results and discussion

In our previous SIVmac239 challenge experiments, the prophy-
lactic DNA/SeV-Gag vaccination did not result in viral control in
rhesus macaques possessing the MHC-I haplotype 90-088-Ij. These
vaccinated animals showed similar levels of plasma viral loads as
those in unvaccinated 90-088-lj-positive animals after SIV chal-
lenge (Fig. 1A). Analysis of virus-specific CD8" T-cell responses
using PBMCs at week 2 after challenge showed equivalent Gag-
specific and pseudotyped SIV-specific (Gag-, Pol-, Vif-, and Vpx-
specific) CTL responses in all three vaccinees (Fig. 1B). Pseudotyped
SIV-specific CTL responses were also detected in all three unvacci-
nated animals, but Gag-specific CTL responses were undetectable
in two out of the three; even the Gag-specific CTL responses de-
tected in macaque R04-014 were much lower than pseudotyped
SIV-specific CTL responses, indicating dominant induction of CTL
responses specific for SIV antigens other than Gag (Fig. 1B). Thus,
in the acute phase of SIV infection, SIV non-Gag antigen-specific
CTL responses were dominantly induced in unvaccinated 90-088-
[j-positive macaques, whereas vaccine antigen (Gag)-specific CTL
responses were dominant in 90-088-lj-positive vaccinees,

We then analyzed another vaccinees that failed to control a SIV-
mac239 challenge; these macaques were vaccinated with SeV-Gag
alone or DNA alone. First, we compared post-challenge CTL
responses in unvaccinated and SeV-Gag-vaccinated macaques

. possessing the MHC-I haplotype 90-120-ib. Both macaques failed
to control SIV replication after challenge (Fig. 2A). In the
unvaccinated animal R06-001, Gag-specific CTL responses were
undetectable but pseudotyped SIV-specific CTL responses were
induced efficiently at weeks 2 and 12 (Fig. 2B). In contrast,
Gag-specific CTL responses were induced efficiently at week 2 in
the SeV-Gag-vaccinated animal R05-028 (Fig. 2B). At week 12,
Gag-specific CTL responses became undetectable while pseudo-
typed SIV-specific CTL responses were still detectable in this
animal. These results indicate that, in the acute phase after
SIVmac239 challenge, the unvaccinated 90-120-Ib-positive
macaque dominantly elicited SIV non-Gag antigen-specific CTL
responses whereas the SeV-Gag-vaccinated 90-120-Ib-positive ma-

caque dominantly induced vaccine antigen (Gag)-specific CTL
responses.

Next, we analyzed post-challenge CTL responses in three DNA-
vaccinated macaques. These animals failed to control SIVmac239
replication after challenge (Fig. 3A). The DNA used for the vaccina-
tion and the pseudotyped SIV genome both have the same SIV-
mac239-derived region encoding Gag, Pol, Vif, and Vpx, thus
expected to induce pseudotyped SIV-specific CTL responses.
Pseudotyped SIV-specific CTL responses, namely vaccine antigen-
specific CTL responses, were induced efficiently at week 2 but
diminished after that in all three animals (Fig. 3B). In contrast,
Tat/Rev- and Nef-specific CTL responses were undetectable at
week 2 but induced later (Fig. 3B). Again, vaccine antigen-specific
CTL responses were dominantly induced in the acute phase after
SIV challenge and non-vaccine antigen-specific CTL responses were
elicited later.

All three animals showed viral genome mutations leading to
amino acid substitutions in Gag or Vif at week 5 (Fig. 4). Further
analysis indicated that viral mutations in vaccine antigen-coding
regions appeared earlier than those in other regions. These results
may reflect selective pressure on SIV by vaccine antigen-specific
CTL responses dominantly induced in the acute phase, although
it remains undetermined whether these mutations are CTL escape
ones. Disappearance of vaccine antigen-specific CTL responses at
week 12 may be explained by rapid selection of CTL escape muta-
tions in vaccine antigen-coding regions. However, analysis using
peptides found Gag-specific CTL responses in macaques R-421
and R-431 that had no gag mutations at week 5 (data not shown),
suggesting involvement of immunodominance [20] in the disap-
pearance of vaccine antigen-specific CTL responses at week 12.

In summary, the present study indicates that vaccine antigen-
specific CTL responses are induced dominantly in the acute phase
after viral exposure, with delayed induction of CTL responses
specific for SIV non-vaccine antigens (SIV antigens other than
vaccine antigens). While this delay previously-observed in
vaccine-based SIV controllers [10} can be explained not only by
immunodominance but also by reduction in viral loads, the delay
in vaccinated non-controllers in the present study might reflect
the immunodominance in CTL responses. Thus, in development
of a prophylactic, CIL-inducing AIDS vaccine, it is important to se-
lect vaccine antigens leading to effective CTL responses post-viral
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exposure [21,22]. These results imply a significant influence of pro-
phylactic vaccination on the immunodominance pattern of CTL re-
sponses post-viral exposure, providing insights into antigen design
in development of a CTL-inducing AIDS vaccine.
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Abstract

The humoral immune response is a mechanism that potently suppresses or prevents viral infections. However,
genetic diversity and resistance to antibody-mediated neutralization are serious obstacles in controlling HIV-1
infection. In this study, we isolated monoclonal antibodies from an SIV-infected macaque by using the phage
display method to characterize antibodies in SIV infection. Variable regions of immunoglobulin genes were
amplified by rhesus macaque-specific primers and inserted into the phagemid pComb3X, which produced the
Fab fragment. Antibodies against SIV proteins were selected by biopanning using an SIV protein-coated 96-well
plate. A total of 20 Fab clones obtained included 14 clones directed to gp41, four clones to gp120, and two clones
to p27. The anti-gpl20 Fab clones completely neutralized the homologous neutralization-sensitive
SIVsmH635FC and the genetically divergent SIVmac316, and showed at least 50% inhibition against the neu-
tralization-resistant strain, SIVsmE543-3. Competition ELISA revealed that these anti-gp120 Fab clones recognize
the same epitope on gpl120 including the V3 loop. Identification of antibodies with potent neutralizing activity

will help to elucidate the mechanisms for inducing broadly neutralizing antibodies.

Introduction

HE HUMORAL IMMUNE RESPONSE is an important com-

ponent of the adaptive immune response necessary to
prevent viral infection and limit replication. Induction of these
responses plays a key role in vaccine strategies against viral
infection. Antibodies against human immunodeficiency virus
type 1 (HIV-1), similar to those against other viruses, are ca-
pable of clearing HIV-1 virions.! Passive transfer of neutral-
izing antibodies (NAb) against HIV-1 to rhesus macaques
provides sterilizing immunity against challenge with simian
immunodeficiency virus (SIV)/HIV-1 chimeric viruses bear-
ing the HIV-1 Env.>® Although antibodies against a specific
strain of HIV-1 can be highly potent, antibodies that neu-
tralize a broad spectrum of HIV-1 strains are rarely induced in
HIV-1-infected patients.®” Since broad neutralization is criti-
cal for the development of a prophylactic vaccine against
HIV-1, individuals who develop broadly NAbs are the subject
of intense research.*'? In addition to the wide genetic diver-
sity of HIV-1 limiting cross-neutralization, some strains of
HIV-1 appear to be highly resistant to antibody-mediated
neutralization. Many primary HIV-1 strains are resistant to
neutralization, likely due to the structure of HIV-1 Env, which
protects conserved regions from antibodies.>**® Consistent

with the model of shielding of neutralizing epitopes, no
broadly NADb has been obtained by immunization of mice or
other animals with HIV-1 Env. Therefore, broadly neutraliz-
ing monoclonal antibodies (MAb) from HIV-l-infected pa-
tients are an essential but rare tool to understand the
mechanism of neutralization against a broad spectrum of
HIV-1 strains, including neutralization-resistant strains.

Macaques infected with SIV, which is genetically and bio-
logically similar to HIV-1, are widely used as an animal model
for HIV-1 infection.' The humoral immune response to SIV
has been studied in the development of vaccine candidates
and for exploration of antibodies that efficiently control viral
infection. However, some SIV strains are known to be highly
resistant to antibody neutralization, similar to the most re-
sistant primary isolates of HIV-1.">"7 The lack of MAbs that
can neutralize these neutralization-resistant SIV strains is a
major obstacle in the study of the mechanism of efficient
neutralization using the SIV model.

Because conventional hybridoma technology is problem-
atic in nonhuman primates, MAbs have been generated from
rhesus macaques by the phage display method®?" or by
transformation of B cells using rhesus Epstein-Barr virus-like
virus.2? In the present study, we used the phage display
method to obtain MAbs against SIV antigens from an

!Priority Organization for Innovation and Excellence, Kumamoto University, Honjyo, Kumamoto, Japan.
2Laboratory of Primate Model, Experimental Research Center for Infectious Diseases, Institute for Virus Research, Kyoto University,

Sakyo-ku, Kyoto, Japan.
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SIV-infected rhesus macaque with robust envelope-specific
antibody responses. By panning with whole SIV antigen, we
retrieved MAbs specific for SIV Env gp120, gp4l, and Gag
P27, and demonstrated the neutralization of a neutralization-
resistant strain, SIVsmE543-3, by the gp120-specific MAbs.

Materials and Methods
Cells and viruses

PMI cells* were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS), 2mM r-glutamine,
100U/ml penicillin, and 100ug/ml streptomycin.
TZM-b1, %2 GHOST(3) Hi-5,%° and 293T% cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM) con-
taining 10% FBS, 2 mM r-glutamine, 100 U/ml penicillin, and
100 ug/ml streptomycin. Lymphocytes from inguinal lymph
nodes of SIVsmH635FC-infected rhesus macaque, H723,%7%
were provided by Dr. Vanessa M. Hirsch. This animal died at
68 weeks postinfection with thrombus, bacterial endocarditis,
and lymphadenopathy.® Peripheral blood samples were ob-
tained from naive rhesus macaques, MM327, MM464, and
MM449. These macaques were treated in accordance with the
institutional regulations approved by the Committee for Ex-
perimental Use of Non-human Primates in the Institute for
Virus Research, Kyoto University, Japan. Lymphocytes were
isolated from blood samples by Ficoll gradient, and stored in
liquid nitrogen until RNA preparation.

Infectious molecular clones SIVsmE543-3,'° SIVsmH635FC,*
SIVmac239, SIVmac316,%® and HIV-2¢y12:° were transfected
into 293T cells. After 2 days, the supernatants were filtered
(0.45 uM) and stored at —~80°C as virus stocks. The SIV antigen
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(Ag) used for panning was prepared by infection of PM1 cells
with SIVsmE543-3. The culture supernatant was collected daily
after 1 week postinfection and centrifuged at 12,000rpm for
90min at 4°C. After discarding the supernatant, the antigen
pellet was resuspended in the remaining medium, treated with
the same volume of PBS containing 1% Triton X-100, and stored
at —80°C as SIV Ag.

Construction of Fab libraries

The Fab library was constructed using the pComb3X sys-
tem according to instructions by Barbas et al. ¥ The phagemid
vector pComb3X was designed to express Fab or other pro-
teins on the surface of phage with HA-tag and His-tag. Total
RNA from lymphocytes was prepared using the RNeasy Mini
Kit (QIAGEN, Hilden, Germany). First-strand cDNAs were
synthesized using oligo(dT),q primer and ReverTra Ace
(TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. Polymerase chain reaction (PCR) was performed
by Platinum Taq DNA Polymerase High Fidelity (Invitrogen,
Carlsbad, CA). The first round of PCR was performed to
amplify immunoglobulin (Ig) heavy chain variable region
(VH), and light chain x and A variable regions (Vk and Vi)
from cDNA sample using primers shown in Table 1 using the
following condition: 94°C for 30s, followed by 30 cycles of
94°C for 155, 55°C for 155, and 68°C for 60s. Ig heavy chain y
constant domain 1 (CH1) and Ig light chain « and A constant
domains (Cx and C1) were similarly amplified using phage-
mid pComb3X with rhesus Ig genes as templates. These
template phagemids were constructed by inserting PCR
products that were amplified from rhesus macaque cDNA
using primers, VHla-Xhol (5-CAG GTG CAG CTC GAG

TaBLE 1. OLIGONUCLEOTIDE PriMERS Usep T0 CoNSTRUCT FAB LIBRARIES

VH 5’ sence primers

RhFabVH17-F
RhFabVH2-F
RhFabVH35-F
RhFabVH46-F

VH 3’ reverse primers
RhFabVH]J1-B
RhFabVH]2-B
RhFabVH]36-B
RhFabVH]45-B

Vi 5 sence primers
RhSCK1-F

RhSCK2-F
RhSCK23-F
RhSCK5-F

Vi 3 reverse primers
RhCK5-B

VA5 sence primers
RhSCLam131011
RhSCLam2
RhSCLam15
RhSCLam3a
RhSCLam4
RhSCLam59
RhSCLamé
RhSCLam?78

VA 3 reverse primers
HCL5-B

GCTGCCCAACCAGCCATGGCCCAGGTSCAGCTGGTGCAGTCYGG
GCTGCCCAACCAGCCATGGCCCAGGTGACCTTGAAGGAGTCTGG
GCTGCCCAACCAGCCATGGCCGAGGTGCAGCTGGTGSAGTCTGG
GCTGCCCAACCAGCCATGGCCCAGGTGCAGCTGCAGGAGTCRGG

CGATGGGCCCTTGGTGGAGGCTGAGGAGACGGTGACCAGGGCGCC
CGATGGGCCCTTGGTGGAGGCTGAGGAGATGGTGATTGGGGTGCC
CGATGGGCCCTTGGTGGAGGCTGAGGAGACGGTGACSMYGASCCC
CGATGGGCCCTTGGTGGAGGCTGAGGAGACGGTGACCAGGACTCC

GGGCCCAGGCGGCCGAGCTCCAGATGWCCCAGTCTCC
GGGCCCAGGCGGCCGAGCTCGTGATGAYCCAGACTCC
GGGCCCAGGCGGCCGAGCTCGTRATGACKCAGTCTCC
GGGCCCAGGCGGCCGAGCTCATACTCACACAGTCTGC

GAAGACAGATGGTGCAGCCACAGC

GGGCCCAGGCGGCCGAGCTCGDGCTGACWCAGCCACCCTC
GGGCCCAGGCGGCCGAGCTCGCCCYGACTCAGYCTCCCTCTGT
GGGCCCAGGCGGCCGAGCTCGTGCTGACSCAGCCKCCYTC
GGGCCCAGGCGGCCGAGCTCGAGCTGACTCAGGAGCCTGCATTIGTC
GGGCCCAGGCGGCCGAGCTCGTGCTGACTCAGTCGCCYTC
GGGCCCAGGCGGCCGAGCTCGTGCTGACTCAGCCRDCCTC
GGGCCCAGGCGGCCGAGCTCGTGTTCACTCAGCCCCATTC
GGGCCCAGGCGGCCGAGCTCGTRGTGACYCAGGAGCCMTC

CGAGGGGGCAGCCTTGGGCTGACC
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CAGTCT GGG-3') and CH-Spel (5-AGG TTT ACT AGT ACC
ACC ACA TGT TTT TAT CTC-3') for Ig heavy chain, VKla-
Sacl (5'-GAC ATC GAG CTC ACC CAG TCT CCA-3) and
CK-Xbal (5'-GCG CCG TCT AGA ATT AAC ACT CTC CCC
TGT TGA AGC TCT TTG TGA CGG GCG AAC TCA G-3') for
Ig light chain x, and VL1-SacI (5-GGG CCC AGG CGG CCG
AGC TCGTGC TGA CGC AGC CTC CCT C-3') and CL2-Xbal
(5-GCGCCGTCT AGACCT ATG AACATT CTG CAG G-3')
for Ig light chain 4. Sequence data of Ig clones were submitted
to GenBank under accession numbers F]795797-F]795868.
The phagemids pComb3X-327w4LK10-327w4HC12 and
pComb3X-327w4LL8 were used for this amplification as
templates (GenBank accession numbers FJ795816, FJ795838,
and FJ795863) using the following primers: HIgGCH1-F (5'-
GCC TCC ACC AAG GGC CCA TCG GTC-3), dpseq (5'-
AGA AGC GTA GTC CGG AAC GTC-3'), RhKC-F (5-CGA
GCT GTG GCT GCA CCA TCT GTC-3), HLC-F (5'-GGT
CAG CCC AAG GCT GCC CCC-3'), and Lead-B (5'-GGC
CAT GGC TGG TTG GGC AGC-3'). In second-round PCR,
the heavy and light chains were constructed from the purified
VH and CHI, Vk and Ck, and VA and CA fragments by
overlap extension PCR using primers LeadVH (5'-GCT GCC
CAA CCA GCC ATG GCC-3'), dpseq, RSC-F (5-GAG GAG
GAG GAG GAG GAG GCG GGG CCC AGG CGGCCGAGC
TC-3"), and Lead-B: 94°C for 30s, followed by 15 cycles of
94°C for 15, 55°C for 15 s, and 68°C for 90 s. Third-round PCR
generated final Fab products by overlap extension PCR of
heavy and light chains using primers RSC-F and dp-EX (5'-
GAG GAG GAG GAG GAG GAG AGA AGC GTAGTCCGG
AAC GTC-3): 94°C for 30s, followed by 10 cycles of 94°C for
155, 55°C for 15, and 68°C for 3 min. All PCR products were
purified using the QIAquick Gel Extraction Kit or QIAEX II
Gel Extraction Kit (QIAGEN) after loading them on an aga-
rose gel. The final Fab fragments were ligated with pComb3X
after digestion with Sfil. The ligation mix was used for
transformation of XL1-Blue (Stratagene, La Jolla, CA) by
electroporation. Transformed cultures were incubated in SB
medium with 50 ug/ml carbenicillin, 10 ug/ml tetracycline,
and 1.4 ug/ml kanamycin overnight at 37°C after adding
VCSM13 helper phage (Stratagene). Library phage stock was
obtained from the culture medium by PEG 8000/NaCl pre-
cipitation. Library size was determined by colony-forming
units (CFU) after infection of XL1-Blue with a diluted phage
sample.

Biopanning using SIV Ag

Panning was performed using SIV Ag. Briefly, a MaxiSoap
96-well plate (Thermo Fisher Scientific, Waltham, MA) was
coated with 50 ul/well of SIV Ag, which was 5-fold diluted
with phosphate-buffered saline (PBS), for 1h at 37°C. The 5-
fold dilution was used because the signal by enzyme-linked
immunosorbent assay (ELISA) was the strongest at this di-
lution. Wells were washed twice with PBS containing 0.05%
Tween 20 (PBS-T) and were blocked with 5% skim milk
(Wako Pure Chemical Industries, Osaka, Japan) in PBS
(MPBS) for 1 h at 37°C. After discarding the blocking solution,
50 pl of phage library was added to each well, and the plate
was incubated for 2h at 37°C. After washing five times with
PBS-T, bound phage were eluted with 50 ul 100 mM glycine
(pH 2.2), and amplified for the next round of panning. A total
of seven rounds of panning was performed.
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To select Fab clones to SIV, phagemid DNA was trans-
formed into TOP10F cells (Invitrogen). Bacterial colonies
were cultured for 5 h at 37°C and Fab production was induced
by adding isopropyl-8-p-thiogalactopyranoside (IPTG, Wako
Pure Chemical Industries) at a final concentration of 2mM
and shaking overnight at 37°C.

Large-scale Fab production and purification

A single colony was selected and cultured in 10ml SB with
50 pug/ml carbenicillin at 30°C overnight. The bacterial culture
was added to 200 ml to 1 liter SB medium with 20 mM MgCl,
and 50 ug/ml carbenicillin and cultured for 8h at 37°C. Fab
production was induced by culturing overnight after adding
IPTG at 1mM. The bacterial pellet was resuspended in
BugBuster Master Mix (Novagen, Madison, WI), and the
soluble fraction was extracted according to the manufactur-
er’s instruction. The clarified extract was loaded onto His
GraviTrap (GE Healthcare, Buckinghamshire, UK) to purify
histidine-tagged Fab. Purified Fab was concentrated and
buffer exchanged to PBS by Vivaspin 6, 10kDa MWCO (GE
Healthcare).

ELISA assay to detect anti-SIV Fab

ELISA was performed to detect anti-SIV Fab. A MaxiSoap
96-well plate was coated with 50 ul/well of the 10-fold diluted
SIV Ag for 1h at 37°C. Wells were washed three times with
PBS-T and blocked with MPBS for 1h at 37°C or overnight at
4°C. Samples were added to each well at 50 ul/well, together
with 5041 of MPBS, and the plate was incubated for 1h
at 37°C. After washing three times with PBS-T, 10041 of
anti-HA-peroxidase (1:1000 dilution; 3F10, Roche Molecular
Biochemicals, Mannheim, Germany) was added to each well,
and the plate was incubated for 1h at 37°C. After washing
three times with PBS-T, 100 ul/well ABTS solution (Roche)
was added, and the plate was incubated for 30 min at 37°C.
The optical density (OD) at 405nm was measured with ref-
erence ODyg using microplate reader (Model 550, Bio-Rad,
Hercules, CA). The dilution of SIV Ag was determined from
the result of ELISA using serially diluted SIV Ag. A sufficient
signal was confirmed at the 40-fold dilution, and the 10-fold
dilution was used for assays.

Con A SIV ELISA was performed to efficiently detect Fabs
against gp120.%® The plate was coated with PBS containing
50ng/ml Con A (Sigma, St. Louis, MO) for 1h at 37°C before
adding SIV Ag to immobilize gp120, and processed similarly
with SIV ELISA.

Competition ELISA

To determine the epitope specificity of Fab clones against
gp120, a competition assay was performed using Con A ELISA.
Ag-coated wells were incubated with 50 yl MPBS and 25 ul of
serial dilutions of competitor, IgG-B404, for 1h at 37°C. Sub-
saturating concentrations of Fab clones or murine MAbs, KK8,
KK17, KK42, KK45, KK46, KK65, KK68,% % and VM.18S, were
added to each well at 25 ul/well, and the plate was incubated
for 1h at 37°C. After washing three times with PBS-T, 100 ul of
anti-HA-peroxidase (1:1000) for Fab clones or antimurine IgG
peroxidase (1:2000 dilution, Santa Cruz Biotechnology, Santa
Cruz, CA) for murine MAbs was added to each well, and the
plate was processed similarly with Con A ELISA.
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Nucleic acid sequence analysis

For analysis of the Ig variable region, phagemid clones
were sequenced using primers ompseq and pelseq.¥” Identical
clones and defective clones were not used for further study.
Complementarity-determining region 3 (CDR3) and the
closest V gene allele were determined by comparison with
human Ig genes using IMGT/V-QUEST in the International
Immunogenetics Database (IMGT, http://imgt.cines.fr/).4!
Sequence data of Ig clones obtained were submitted to Gen-
Bank under accession numbers HM044964-HMO045003.

Analysis of neutralizing antibody titers

A neutralization assay for kinetic analysis of antibody re-
sponse in H723 was performed using GHOST(3) Hi-5 cells as
previously described.®” The highest dilution of plasma that
resulted in a reduction in the number of GFP* cells by more
than 90% is shown as the neutralization titer.

For screening of Fab clones, neutralizing ability was mea-
sured as the reduction in SIV* cells after infection to TZM-bl
cells with SIVsmH635FC. Briefly, 100 ul of 10- and 30-fold
diluted crude Fab samples in duplicate was incubated with
50 ul of 200 50% tissue culture infectious dose (TCIDsg) of
virus in a 96-well plate. After incubation for 1h at 37°C, 100 ul
of 1x10° TZM-b] cells/ml containing 18.75 ug/ml DEAE-
dextran was added to each well. After 3 days, cells were
washed with PBS, and fixed with PBS containing 2% formalin
and 0.2% glutaraldehyde for 10min at room temperature
(RT). After washing twice, cells were stained with 0.5 mg/ml
5-bromo-4-chloro-3-indolyl -$-p-galactopyranoside (X-Gal) in
PBS containing 5 mM potassium hexacyanoferrate trihydrate,
5 mM potassium hexacyanoferrate, and 2 mM MgCl, for more
than 1h at 37°C. Fab clones that showed the reduction of
stained cells were selected.

For the neutralization assay using purified Fab and plasma
samples, the neutralizing ability was measured as the reduc-
tion in luciferase activity after infection to TZM-bl cells with
various SIV strains, as previously described.*? Briefly, 100 ul
of serially diluted Fab samples in duplicate was incubated
with 50 ul of 200 TCIDsg of virus in a 96-well plate for 1h at
37°C, following addition of 100 ul of 1x10° cells/ml TZM-bl
cells containing 37.5 ug/ml DEAE. Infected cultures were in-
cubated for 2 days, but cultures infected with SIVsmH635FC
were incubated for 3 days. After incubation, cells were lysed
with 30 ul of cell lysing buffer (Promega, Madison, WI) for
15min at RT, and 10 ul of cell lysate was transferred to a 96-
well black solid plate (OptiPlates-96F, Perkin-Elmer, Boston,
MA) for measurements of luminescence using a GloMax 96
Microplate Luminometer (Promega) and the luciferase assay
system (Promega). The 50% and 90% inhibitory concentra-
tions (ICqy and ICsy) were defined as the Fab concentration
that caused a 50% and 90% reduction in luciferase activity
compared to virus control wells after subtraction of back-
ground, respectively. -

Western blot assay

Reactivity of plasma antibodies to SIV proteins was as-
sessed by immunoblotting. SIV Ag was diluted with twice the
volume of sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS,
25% glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol
blue), boiled for 5 min, and separated by SDS-polyacrylamide
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gel electrophoresis on 10% gel. Proteins were transferred to a
Hybond-P PDVF membrane (GE Healthcare). The membrane
was blocked with MPBS containing 0.1% Tween 20 for 1h at
RT, washed four times with PBS-T, and air dried on a filter
paper. SIV strips were made by cutting the membrane, and
stored at 4°C. For immunodetection, the SIV strip was incu-
bated overnight at RT with 2ml plasma from H723 (1:5000
dilution with MPBS containing 0.1% Tween 20), washed twice
with PBS-T, and incubated for 1h at RT with 2ml protein A/
G, and alkaline phosphatase conjugated (1:10,000 dilution
with 0.5% milk PBS containing 0.1% Tween 20; Thermo Fisher
Scientific). After washing three times with PBS-T, 1 ml BCIP/
NBT solution (KPL, Gaithersburg, MD) was added to develop
color.

Reactivity of Fab clones to SIV was also assessed using SIV
strips. SIV strips were incubated overnight at 4°C with 1.8 ml
MPBS containing 0.1% Tween 20 and 200 ul crude bacterial
supernatant or purified Fab, washed twice with PBS-T, and
incubated for 1h at RT with 2ml anti-HA-peroxidase (1:500
dilution; Roche). After washing three times with PBS-T, 1ml
TMB solution (KPL) was added to develop color. Bands for
viral proteins were identified using SIV-positive sera and
Donkey anti-IgG (H+ L)-peroxidase (1:20,000 dilution; 709-
035-149, Jackson ImmunoResearch, West Grove, PA) and
confirmed by commercial kit (SIV Blot; ZeptoMetrix Corp.,
Buffalo, NY).

Flow cytometric analysis

The ability of Fabs to bind virus-infected cells was ana-
lyzed by flow cytometric analysis. Briefly, PM1 cells were
infected with SIVsmE543-3, SIVmac239, SIVmac316, or HIV-
2cH123 and cultures were kept for 3 weeks by adding
PM1 cells. Infected and uninfected cells were washed with
PBS and adjusted to 5x 10° cells/ml. For cell surface staining,
50 ul cells in PBS containing 0.2% BSA were incubated with
10 41 of 20ng/ ul Fab for 40 min at RT. After washing with
PBS containing 0.2% BSA, cells were incubated with 50 ul
of anti-HA (1:200; Roche) for 20min at RT, followed by
incubation with 50 ul of anti-rat-FITC (1:500; Santa Cruz
Biotechnology) for 20 min at RT. For both surface and in-
tracellular staining, 50 ul of 5x10° cells/ml PM1 cells was
fixed by IC Fixation Buffer (eBioscience, San Diego, CA)
for 20 min at RT and washed with permeabilization buffer
(eBioscience) twice before incubation with Fab. Cells were
stained similarly to the surface staining process, but per-
meabilization buffer was used for washing and dilution of
antibodies. The stained cells were analyzed by guava
easyCyte 8HT (Millipore, Billerica, MA). Percentages of
Fab™ cells were determined by gating cells with high
FITC intensity using unstained cells as a negative control.
Data analysis was performed using FlowJo (TreeStar, San
Carlos, CA).

Conversion of Fab B404 into a complete rhesus IgG

Rhesus macaque heavy chain Ig genes were amplified from
H723 cDNA by RT-PCR using primers, SPH-F (5-GAG CTA
GCG CCG CCA CCA TGG ACT GGA CCT GGA-3') and
SPH-R (5-CGA AGC TTG CAC CGG TGG CTG CTG CCA
CCA AG-3) for the leader region and HIgCHI-F (5-GCC
TCC ACC AAG GGC CCA TCG GTC-3'y and CH-R (5'-TTG
TTT AAA CTA TCA TTT ACC CGG AGA CAC GGA GA-3)
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FIG. 1. Ig heavy chain and light chain x and 1 variable regions were successfully amplified by PCR using primers shown in
Table 1. (A) The Ig heavy chain variable region was amplified using the following primer pairs: lane 1, RhFabVH17-F and
RhFabVH]J1-B; 2, RhFabVH17-F and RhFabVH]2-B; 3, RhFabVH17-F and RhFabVH]36-B; 4, RnFabVH17-F and RhFabVH]J45-B;
5, RhFabVH?2-F and RhFabVH]1-B; 6, RhFabVH2-F and RhFabVH]2-B; 7, RhFabVH2-F and RhFabVH]36-B; 8, RhFabVH2-F and
RhFabVH]J45-B; 9, RhFabVH35-F and RhFabVH]1-B; 10, RhFabVH35-F and RhFabVH]2-B; 11, RhFabVH35-F and RhFabVH]36-
B; 12, RhFabVH35-F and RhFabVHJ45-B; 13, RhFabVH46-F and RhFabVHJ1-B; 14, RhFabVH46-F and RhFabVH]J2-B; 15,
RhFabVH46-F and RhFabVH]36-B; and 16, RhFabVH46-F and RhFabVHJ45-B. (B) The Ig light chain « variable region was
amplified using RhCK5-B and the following primers: lane 1, RhSCK1-F; 2, RhSCK2-F; 3, RhSCK23-F; and 4, RhSCK5-F. (C) The
Ig light chain / variable region was amplified using HCL5-B and the following primers: lane 1, RhSCLam131011; 2, RhSCLam2;
3, RhSCLam15; 4, RhSCLam3a; 5, RhSCLam4; 6, RhSCLam59; 7, RhSCLamé; and 8, RhSCLam78. Template cDNA samples from
four rhesus macaques were tested, and the representative result, which was obtained from macaque H723, is shown. M,
molecular weight marker. The bands for 300bp, 500bp, and 700bp are indicated on the left.

491

— 168 —



492

for the constant region. The leader and constant regions were
inserted into pcDNA3.1(+) using restriction enzymes Nhel
and HindIIl and Apal and Pmel, respectively. The resultant
plasmid, designated as pHCG, has an Ig heavy chain gene
lacking the VH region. The VH region was amplified from Fab
B404 using primers VH35-F (5-GCC ACC GGT GCC CAC
TCC GAG GTG CAG CTG GTG-3') and VH-R (5-CGA TGG
GCC CTT GGT GGA G-3') and inserted into pHCG after di-
gestion with SgrAl and Apal. The B404 light chain gene, which
was amplified using primers, Lam131011-F (5-GDG CTG
ACW CAG CCA CCC TC-3') and CL2-Xbgl, was combined
with the light chain leader region, which was amplified using
primers SPLa-F (5-GAA AGC TTG CCG CCA CCA TGG
CCT GGR CTC CWC-3') and SPL131011-R (5-GAG GGT
GGC TGW GTC AGC HC-3) by overlapping PCR using
primers SPLa-F and CL2-Xbal. The PCR product containing
the complete light chain gene was inserted into pcDNA3.1/
Hyg(+) after digestion with HindIII and Xbal. The stable cell
line expressing IgG-B404 was obtained by transfection of
these plasmids into 293A cells and selection with 400 ug/ml
G418 and 100 g/ml hygromycin. The culture supernatant was
concentrated by Vivaflow 50, 30,000 MWCO (Sartorius Ste-
dim Biotech, Goettingen, Germany), and IgG was purified by
HiTrap rProtein A FF (GE Healthcare). Purified IgG was
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concentrated and buffer exchanged to PBS by Vivaspin 6,
10kDa MWCO (GE Healthcare).

Results

Amplification of immunoglobulin V regions
from macaque monkeys

Primers used to amplify variable regions of Ig genes were
newly designed for rhesus macaques based on the primers for
construction of a combinatorial library of human Ig genes,*”
germline sequences of rthesus Ig genes, 5" and the genome
database of thesus macaque® (Table 1). The Ig variable re-
gions were amplified from lymphoid cells of SIVsmH635FC-
infected macaque H723 and three uninfected macaques using
these primers detailed in Table 1 (Fig. 1). Although most
primers successfully amplified the Ig variable regions, some
primers did not work well. For example, the reverse primer
for the heavy chain, RhFabVH]45-B, was not effective in
amplifying a product in combination with the RhFabVH2-F
and RhFabVH35-F primers (Fig. 1A, lanes 8 and 12). In ad-
dition, the sense primer for light chain x, RhSCK5-F, was not
effective (Fig. 1B, lane 4), even though this primer was de-
signed based on a rhesus genome sequence that was similar
to germline sequence of human IGKV5. Nevertheless, the
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FIG. 2. Antibody response in SIVsmH635FC-infected macaque H723. (A) Western blot analysis showed that antibodies in
plasma from H723 at death recognized Env gp120 and gp41 and Gag p55 and p27. (B) H723 maintained a high NAD titer
during the course of infection. Neutralizing titer was determined by 90% inhibition of infection to GHOST(3) Hi-5 cells with

SIVsmH635FC.
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Panning

FIG. 3. Reactivity of phage to SIV Ag increased from the
fourth round of panning. Phage samples that were eluted
after panning were examined by ELISA for their ability to
bind SIV proteins.

majority of these primer pairs worked with efficiency suffi-
cient for the construction of the Ig library.

Construction of Fab library from SIVsmHE635FC-
infected macaque H723

The Fab library was constructed using the pComb3X sys-
tem * from RNA extracted from lymph nodes of rhesus ma-
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caque H723, which was infected with a derivative of
SIVsmE543-3, SIVsmH635FC.%*? This animal was used as a
source of RNA since previous studies demonstrated that it
mounted a vigorous antibody response.®' Plasma collected at
the time of death from H723 contained abundant antibodies
against viral structural proteins Env and Gag (Fig. 2A). The
NAb titer of plasma from this macaque sharply increased in
acute infection and remained high until death (Fig. 2B),
making this an attractive source of Ig genes for this study. The
Ig variable regions, VH, Vi, and V4, which were amplified
from a lymph node of H723 (Fig. 1), were joined to conserved
domains, CH1, Ck, and C4, by overlap extension PCR, re-
spectively. The final Fab gene fragment, which was generated
by overlap extension PCR of heavy and light chains, was in-
serted into pComb3X after digestion with Sfil. The resultant
ligation mix was transformed into XL1-Blue Escherichia coli
cells, and the phage library was prepared by adding helper
phage. The size of the Ig library from macaque H723, esti-
mated by the ability to transform XL1-blue, was 2.1x10® CFU.

Selection of SIV-specific Fab clones by panning

Biopanning was performed on a whole, Triton X-100-
disrupted SIVsmE543-3 Ag-coated 96-well plate. The ability
of phage to bind SIV Ag increased from the fourth round of
panning, indicating successful selection of SIV-specific Fab
(Fig. 3). Phagemid DNA was prepared from the fourth and
fifth round of panning, and transformed into TOP10F' E. coli
cells to select clones that produce SIV-specific Fabs. Colonies
were screened for reactivity of bacterial supernatants to SIV
Ag using ELISA. SIV-specific Fab clones were sequenced, and
a total of 20 independent clones were obtained (Table 2). Se-
quence analysis revealed that Fab clones expressed VH alleles,
IGHV3 and IGHV4; Vi alleles, IGKV1 and IGKV2; and V4

TaBLE 2, CHARACTERISTICS OF FAB CLONES FROM AN SIV-INFECTED RHESUS MACAQUE

Clone VH allele VH CDR3 Vic or VA allele Vk or VA CDR3 wB? NAP
B404 IGHV3-h*01(P)° TTGLQISEWESTDGDEYFEF IGLV3-25*02 QSSSGYHWV gpl120 >90%
B406 IGHV3-h*02(P) VSGLQVSEWFSTDGDEYFEF IGLV6-57*01 QSVDGTYNRL gp120 >90%
B433 IGHV3-h*01(P) SRGADFWSGSDRYFDF IGLV3-25*02 HSVDSSAHHWYV gpl120 >90%
B448 IGHV3-h*01(P) TTGLQISEWFSADGDEFFEF IGLV6-57*01 QSIDGYNRL gpl120 >90%
B402 IGHV4-4*07 IKQSYGRTV IGKV2-40*01 MQGLDFPFT gp4l —d
B405 IGHV4-28*01 ARRGGGPRARWEFDV IGKV2-40*01 MQALGFPPT gp4l —
B407 IGHV4-4*07 ARRGVLRTSRIFDF IGKV2-40*01 MQALGFPPT gp4l —
B408 IGHV4-4*02 IKQSYGRTI IGKV2-40*01 MQALQFPFT gp4l —
B416 IGHV4-28*01 ARRGVYAGSRVFDF IGKV2-40*01 MQAREFPPT gp4l —
B417 IGHV4-4*02 VRRGVSAPAGTMLYFDL IGKV2-40*01 MQGIESPPT gp4l —
B418 IGHV4-4*07 IKQSYGRTI IGKV2-40*01 MQGLDFPFT gp4l —
B431 IGHV4-30-2*01 ARRGSYCSGNQCSRIFDS IGKV2-40*01 MQALGFPPT gp4l —
B434 IGHV4-4*02 VRRGVSAPAGTMLYFDL IGKV2-40*01 MQGIESPPT gp4l —
B438 IGHV4-28*05 ARRGVYAGSRVFDF IGKV2-40*01 MQSLEFPPT gp4l1 —
B442 IGHV4-28*01 ARRGVYAGSRVFDF IGKV2-40*01 MQALGFPPT gp4l _—
B444 IGHV4-39*07 ARRGSICSGNQCSRIFDY IGKV2-40*01 MQALGFPPT gp4l —
B503 IGHV4-4*07 IKQSYGRTV IGKV2-40*01 MQGLDFPFT gp4l —
B505 IGHV4-b*01 ARRGVIGTSRIFDF IGKV2-40*01 LQGLGFPPT gp4l —
B450 IGHV4-39%07 ARQGPAAGVDS IGKV1-17*01 LQHYSYPLT p27 —
B455 IGHV4-4*07 ASHNFWSGPDY IGLV4-69%01 QTWDTGIVL p27 —_

*Western blotting analysis was performed to determine the target viral protein.
PNeutralization assay was performed by infection of TZM-bl cells with SIVsmH635FC. Neutralization was shown by % inhibition of

infection.
(P) pseudogene.
4, < 50% inthibition.
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alleles, IGLV3, IGLV4, and IGLV6. Fourteen clones with the
IGKV2-40*01 allele showed homologous CDR3 sequences,
suggesting that these clones had the same origin.

Western blot assay was performed using crude bacterial
supernatants to determine the target protein recognized by
the each of these Fab clones (Table 2). Four Fab clones, B404,
B406, B433, and B448, recognized Env gpl120. Two clones,
B450 and B455, recognized Gag p27. The other 14 clones,
which had the predominant IGKV sequence, recognized Env
gp4l. The four anti-gp120 Fab clones were closely related to
one another, but two anti-p27 Fab clones had distinct origins
(Table 2). Identification of Fab clones against multiple pro-
teins with multiple V gene alleles suggests that the library
from SIVsmH635FC-infected macaque, H723, contains a wide
variety of Fab genes against SIV.

Reactivity of Fabs to SIV or HIV-2-infected cells

Four anti-gp120 Fabs (B404, B406, B433, and B448), one
anti-gp41 Fab (B408), and two anti-p27 Fabs (B450 and B455)
were affinity purified and examined for their ability to bind
virus-infected cells. Anti-gp120 and anti-gp41 Fabs efficiently
bound cells infected with SIVsmE543-3, SIVmac239, and
SIVmac316. However, reactivity to HIV-2gup3 differed
among the Fab clones (Fig. 4A). B404 and B408 showed sig-
nificant reactivity to HIV-2¢p123, whereas very weak to no
reactivity was observed for B406, B433, and B448 (Fig. 4A and
B). Anti-p27 Fab™ cells were observed only after permeabili-
zation, consistent with the cytoplasmic localization of the Gag
protein (Fig. 4A). These Fabs cross-react with all the SIV
strains and HIV-2gpy123, though the fluorescence intensity of
B455 was low against HIV-2Gp123 (Fig. 4B). Results showed
that these Fabs efficiently bound diverse strains of SIVsm/
mac, and some of them were cross-reactive with HIV-2.

Neutralizing activity of anti-gp 120 Fabs against various
SIV strains

The neutralizing activity of the Fab clones was tested using
aneutralization assay against SIVsmH635FC (Table 2). All the
crude bacterial supernatants from anti-gp120 Fab clones had
high neutralizing activity, though anti-gp41 and anti-Gag Fab
clones did not show any inhibitory effect. To analyze the
spectrum and potency of neutralizing activity, we examined
the capacity of purified Fabs to neutralize other SIV strains,
SIVsmE543-3, SIVmac239, and SIVmac316, and HIV-25123
(Fig. 5). Consistent with the results from crude bacterial
supernatants, purified anti-gp120 Fabs, B404, B406, B433,
and B448, efficiently neutralized SIVsmH635FC, whereas
the anti-gp41 Fab, B408, had no effect. Neutralization of
SIVsmH635FC was achieved at a concentration of 16-80ng/
ml for ICy and at 3.2-16 ng/ml for ICs (Fig. 5A).

-
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SIVsmE543-3, which is genetically close to SIVsm
H635FC but considerably more resistant to antibody neu-
tralization, was also neutralized by these anti-gp120 Fabs
(Fig. 5B). The maximum inhibition of SIVsmE543-3 ranged
from 60% to 80%, indicating that its neutralizing activity
was moderate compared with that of SIVsmH635FC.
However, ICsy against SIVsmE543-3 was 3.2 ng/ml, which
was the same level as that of SIVsmH635FC. Furthermore,
the broad spectrum of these anti-gp120 Fabs was shown
by neutralization of the genetically heterologous, neu-
tralization-sensitive SIV strain, SIVmac316 (Fig. 5D).
Neutralization of SIVmac316 was similar to that of
SIVsmH635FC. The low ICsy value against various
SIV strains (3.2-16ng/ml) demonstrated the potency of
these Fabs since broad-spectrum anti-HIV-1 NAbs did not
neutralize most of the primary HIV-1 strains at less than
10ng/ml”

SIVmac239, another heterologous strain, and HIV-2gp123
were not neutralized by any Fab (Fig. 5C and E). HIV-2Gp123
was not neutralized, perhaps because of its low cross-
reactivity, though B404 bound HIV-2gui.s (Fig. 4). Un-
successful neutralization of STVmac239 may be related to the
Env structure, which is highly resistant to antibody neutrali-
zation,'®” as well as the antigenic difference between SIV-
mac239 and SIVsmH635FC.

The neutralization pattern of these anti-gp120 Fabs was
similar to that of the plasma sample of the macaque from
which the library was constructed (Fig. 5, right panels). The
neutralizing activity of H723 plasma was markedly high
against SIVsmH635FC and SIVmac316, moderate against
SIVsmHb543, and extremely low against SIVmac239 and HIV-
2cHi12s- This similarity suggests that anti-gp120 Fabs, B404,
B406, B433, and B448, may be representative NAbs in the host
macaque.

Anti-gp120 Fab clones share the same epitope on gp120

To identify the epitope recognized by anti-gp120 Fab
clones, we performed competition ELISA using IgG-B404,
which was converted from Fab B404 to a complete rhesus IgG.
The binding and neutralizing ability of IgG-404 was shown to
be similar to Fab B404 by ELISA and neutralizing assay (data
not shown). In the first experiment, the binding of anti-gp120
Fabs, B404, B406, B433, and B448, was examined in competi-
tion with IgG-B404 to determine whether these Fabs recognize
the same epitope. As shown in Fig. 6A, all the anti-gp120 Fabs
were inhibited with similar kinetics by IgG-B404. This com-
petition suggests that these Fabs recognize the same epitope,
or that there is an overlap in their epitopes. In the second
experiment, murine MAbs were examined for their binding
ability in competition with IgG-B404 to identify the epitope of
B404. IgG-B404 competed with three murine MAbs, KK42,

FIG. 4. Ability of Fabs to bind virus-infected cells. Uninfected PM1 cells and PM1 cells that were infected with SIVsmE543-3,
SIVmac239, SIVmac316, and HIV-2¢u123 were incubated with Fab, B404, B406, B433, B448, B408, B450, and B455, and the
reactivity of Fab was analyzed by flow cytometry. (A) Percentages of cell-surface Fab™ cells without permeabilization (upper)
and Fab™ cells after staining both surface and intracellular staining by permeabilization (lower) are shown. (B) Flow cyto-
metry profiles of PM1 cells infected with SIVsmE543-3, SIVmac239, and HIV-2yy123 are shown as representative samples. The
results of surface staining were shown in Fab clones against gp120 and gp41, and those of surface and intracellular staining
were shown in Anti-p27 Fab, as indicated on the right. The tinted histogram represents cells stained by the Fab indicated on

the left. The dotted line shows unstained control.
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FIG. 6. Identification of epitope specificity of anti-gp120 Fab
clones by competition ELISA. (A) IgG-B404 inhibited the
binding of anti-gp120 Fabs, B404, B406, B433, and B448, but did
not inhibit anti-gp41 Fab B406. (B) IgG-B404 competed with the
binding of murine MAbs, KK42, KK45, and KK46, which rec-
ognize a linear epitope in the V3 loop of gp120. (C) IgG-B404
did not compete with murine MAbs, KK8 (V1/V2), KK17
(AA8-303), KK65 (V1), KK68 (C1), and VM.18S (unknown).
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KK45 and KK46, which all recognize a linear epitope in the V3
loop of gp120 (Fig. 6B). In contrast, IgG-B404 did not compete
with murine MAbs that target other epitopes (Fig. 6C). The
results suggest that anti-gp120 Fabs, B404, B406, B433, and
B448, recognize an epitope containing the V3 loop of gp120.

Discussion

We obtained a panel of MAbs against SIV from an SIV-
infected rhesus macaque by using the phage display method.
The use of a combinatorial library displayed on the phage
surface is an efficient, fast, and well-established strategy to
generate MAbs from infected or vaccinated donors.*” The
genomic structure of macaque Ig genes closely resembles that
of human and germline sequences of macaque V, D, and ]
segments and shows high identity with those of humans. -
Therefore, oligonucleotide primers for human Ig variable re-
gions were used to amplify macaque variable regions. In this
study, we modified primers for human Ig genes to improve
their specificity for rhesus macaques. The successful selection
of 20 monoclonal Fabs with multiple targets and origins, one
of which is close to the human IGHV pseudogene, suggests
that rhesus-specific primers were effective in amplifying suf-
ficiently diverse Ig genes to select antibodies from rhesus
macaque. Although identification of unknown germline se~
quences of rhesus macaque Ig genes is required for further
improvement of the amplification system specific to rhesus Ig
genes, the primers used in this study would clearly be valu-
able for constructing libraries to generate new MAbs from
rhesus macaques.

Although we generated a diversity of Fab clones to SIV
envelope and Gag proteins, Fab clones against gp41 com-
prised the majority. In addition, anti-gp41 Fab B402 and B405
were repeatedly obtained during the screening. One possible
reason for the dominance of anti-gp41 Fab could be a bias in
the panning procedure toward Fabs that bound this particular
antigen. Apparently, the amount of gp120 was low in the
absence of Con A,™ consistent with the very low signal of
anti-gp120 Fabs in ELISA. The signals of two anti~p27 Fabs in
ELISA were also low compared with anti-gp41 Fabs, sug-
gesting inefficient binding of p27 on the well. The repeated
amplification of phage during panning, which excludes minor
populations, might result in the dominance of anti-gp41 Fab,
which was advantageous for binding to Ag coated on the
plate. Selection of Fabs against particular epitopes may also
result from the biased panning. Despite the biased selection,
identification of Fabs against Env gp120, gp41, and Gag p27 in
this study suggests that panning partially reflects antibody
response i1 vivo because these viral proteins are major targets
for antibodies in macaque H723 (Fig. 2).

Anti-gp120 Fabs, B404, B406, B433, and B448, showed
neutralizing activity against three of the four SIV strains used
in this study. Of these SIV strains, SIVsmH543-3 was shown to

&

FIG. 5. Anti-gp120 Fabs, B404, B406, B433, and B448, neutralized various SIV strains. Neutralizing activity against
SIVsmH635 (A), SIVsmE543-3 (B), SIVmac239 (C), SIVmac316 (D), and HIV-2G123 (E) was measured using Fabs (left panels)
and plasma samples (right panels). Titration curves of percent inhibition of virus infectivity by anti-gp120 Fab clones, B404
(circles), B406 (squares), B433 (diamonds), and B448 (inverted triangles), are shown with anti-gp41 Fab B408 (triangles) as a
negative control. A plasma sample from SIVsmH635-infected macaque H723 (black circles), from which the phage library was
constructed, is compared with that from normal macaque MM464 (crosses). The 50% and 90% inhibitory doses are shown by

the dotted line.
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be resistant to antibody neutralization through analysis usin§
sera that broadly neutralize genetically diverse SIV strains.’

Fab B404, B406, B433, and B448 are the first MAbs that can
neutralize SIVsmH543-3. The successful selection of these
NAbs against neutralization-resistant SIV may be due to the
robust antibody response in H723 from which the Fab library
was constructed. H723 was inoculated with SIVsmH635FC, a
derivative of SIVsmH543-3. The genomes of SIVsmH543-3
and SIVsmH635FC differ by only 15 nucleotides, but their
sensitivities to neutralization are significantly different.*>?
Inoculation of macaques with neutralization-sensitive
SIVsmH635FC resulted in the emergence of revertants to
SIVsmH543-3 and variants with diverse V1/V2 and V4 re-
gions.®" Antibody response to these mutant viruses is con-
sistent with the identification of NADbs against SIVsmH543-3
in H723, though we did not analyze the neutralizing activity
of plasma samples from H723 against these mutant viruses.

The relationship between SIVmac239 and SIVmac316 is
similar to the relationship between SIVsmH543-3 and
SIVsmH635FC in terms of genetic homology and sensitivity to
neutralization. SIVmac239 is highly resistant to neutralization
by polyclonal antisera or MAbs, though SIVmac316, which is
genetically close to SIVmac239, is highly sensitive to neu-
tralization.®'7 Anti-gp120 Fabs, B404, B406, B433, and B448,
showed efficient neutralization against SIVmac316, but no
neutralization was observed against STVmac239. Neutraliza-
tion of SIVmac316 suggests that B404, B406, B433, and B448
have a broad neutralizing activity against diverse SIV strains
because the similarity of the Env amino acid sequence is only
83.1% between SIVsmH635 and SIVmac316. Recognition of a
conformational epitope by these anti-gp120 Fabs may make it
possible to neutralize various SIV strains. Although the anti-
gp120 Fabs were shown to recognize an epitipe including the
V3 loop, amino acid sequences in the V3 loop was signifi-
cantly different among SIV strains and HIV-2, to which these
Fabs bound. The panning using antigen by Triton X-100
treatment, which did not cause the destruction of the protein
secondary structure, may prompt an efficient selection of Fabs
against conformational epitopes. Unsuccessful neutralization
of SIVmac239 by these Fabs, despite their ability to bind
SIVmac239, simply confirms that this virus is resistant to
antibody neutralization. The mechanism of resistance may be
similar to that observed in primary HIV-1 strains®*'® and the
Env structure would be important for resistance.’s*”

The present study demonstrates that the phage display
method is a powerful tool to obtain MAbs from rhesus ma-
caques. This approach will help to identify antigens and epi-
topes recognized by the immune response during SIV
infection. The use of the SIV virion as an antigen and mono-
clonal antibodies to capture viral protein will improve the
efficiency of obtaining potent neutralizing antibodies. Fab
clones with neutralizing activity will be useful to analyze the
mechanism of broad neutralization using the SIV macaque
model.
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Derivatives of CD4 mimics were designed and synthesized to interact with the conserved residues of the
Phe43 cavity in gp120 to investigate their anti-HIV activity, cytotoxicity, and CD4 mimicry effects on con-
formational changes of gp120. Significant potency gains were made by installation of bulky hydrophobic
groups into the piperidine moiety, resulting in discovery of a potent compound with a higher selective index
and CD4 mimicry. The current study identified a novel lead compound 11 with significant anti-HIV activity
and lower cytotoxicity than those of known CD4 mimics.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The dynamic supramolecular mechanism of HIV cellular inva-
sion has emerged as a key target for blocking HIV entry into host
cells.! HIV entry begins with the interaction of a viral envelope gly-
coprotein gp120 and a cell surface protein CD4.% This triggers
extensive conformational changes in gp120 exposing co-receptor
binding domains and allowing the subsequent binding of gp120
to a co-receptor, CCR5%/CXCR4. Following the viral attachment
and co-receptor binding, gp41, another viral envelope glycoprotein
mediates the fusion of the viral and cell membranes, thus complet-
ing the infection. Molecules interacting with each of these steps are
potential candidates for anti-HIV-1 drugs. In particular, discovery
and development of novel drugs that inhibit the viral attachment
are required for blocking the HIV infection at an early stage.’

In 2005, small molecular CD4 mimics targeting the viral attach-
ment were identified by an HIV syncytium formation assay and
shown to bind within the Phe43 cavity, a highly conserved pocket
on gp120,% which is a hydrophobic cavity occupied by the aromatic
ring of Phe43 of CD4.” These molecules are comprised of three
essential moieties: an aromatic ring, an oxalamide linker, and a
piperidine ring (Fig. 1) and show micromolar order potency against
diverse HIV-1 strains including laboratory and primary isolates.
Furthermore, they possess the unique ability to induce the confor-
mational changes in gp120 required for binding with soluble CD4.%
Such CD4 mimicry can be an advantage for rendering the envelope

* Corresponding author. Tel.: +81 3 5280 8036; fax: +81 3 5280 8039.
E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura),
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more sensitive to neutralizing antibodies.® While such properties
are promising for the development of HIV entry inhibitors and
the use combinatorially with neutralizing antibodies, cytotoxicity
is one of the drawbacks of CD4 mimics.

To date, we and others have performed structure-activity rela-
tionship (SAR) studies of CD4 mimics based on modifications of the
aromatic ring, the oxalamide linker, and the piperidine moiety of
CD4 mimics. In an initial survey of SAR studies of NBD-556 and
NBD-557, Madani et al. revealed that potency (i.e., CD4 binding
and mimicry) was highly sensitive to modifications of the aromatic
ring, which is thought to bind in the Phe43 cavity of gp120 (Fig. 1).
The CD4 mimic analogs (JRC-II-191) with a para-chloro-meta-
fluoropheny! ring had significantly increased affinity for gp120.'°
Our SAR studjes also revealed that a certain size and electron-
withdrawing ability of the para-substituents are indispensable
for potent anti-HIV activity.!' Furthermore, the replacement of
the chlorine group at the para position with a methyl group which
is almost as bulky as a bromine atom leads to improvement of sol-
ubility of the compounds in buffer to provide the reproducibility in
the biological studies with comparable biological activities.

Further SAR studies were focused on the piperidine moiety of
CD4 mimics to investigate its contribution to biological activities,
and we found that the piperidine ring is critical for the CD4 mim-
icry on the conformaticnal changes in gp120 and that substituents
on the nitrogen of the piperidine moiety can contribute signifi-
cantly to both anti-HIV activity and cytotoxicity.'? Based on these
SARs and our modeling study, we speculate that interactions of the
piperidine moiety with several amino acids in the vicinity of the
Phe43 cavity in gp120, specifically an electrostatic interaction with
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