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FTC, this pilot study is the first randomized study conducted
in Asia to elucidate the efficacy and safety of fixed doses of
these two regimens each administered in combination with
ATV/r for initial HIV-1 therapy. Viral efficacy, safety, and
tolerability were not significantly different in the two arms
of Japanese patients with a baseline HIV viral load
<100,000 copies/mL over 96 weeks. Both regimens showed
favorable viral efficacy, as in the ITT population, 72.2% and
78.2% of the patients in the ABC/3TC and TDF/FTC arms,
respectively, had HIV-1 viral loads of <50 copies/mL at 96
weeks. Both regimens were also well-tolerated, as only
11.1% and 10.9% of the patients in the ABC/3TC and TDF/
FTC arms, respectively, discontinued the allocated regimen
by 96 weeks. Clinically suspected (not immunologically-
confirmed) ABC-associated hypersensitivity reaction oc-
curred in only one (1.9%) patient in the ABC/3TC arm, con-
firming that ABC hypersensitivity is rare in populations in
which HLA-B*5701-positive patients are uncommon. Thus,
this trial suggests that ABC/3TC may be an efficacious and
safe regimen for use in HLA-B*5701-negative populations,
such as the Japanese, with a baseline HIV viral load
<100,000 copies/mL.

The usefulness of ABC/3TC has recently received higher
recognition for two reasons. One, a meta-analysis by the
FDA did not confirm the association between ABC use and
myocardial infarction (9). Two, it became clear that TDF-
induced renal tubulopathy results in decreased bone mineral
density due to phosphate wasting and a decreased renal
function, both of which might develop into serious compli-
cations with long-term TDF use (12-14, 29, 30). On the
other hand, greater deteriorations in the levels of lipid mark-
ers were noted in ABC/3TC than in TDF/FTC in clinical tri-
als comparing these two agents (16, 17). The present study
also demonstrated that the increases in the LDL-cholesterol
and triglyceride levels were higher in the ABC/3TC arm
than in the TDF/FTC arm.

TDF-induced nephrotoxicity is of particular interest in
this study because a low body weight is an important risk
factor, and body stature was much smaller in this study
population (median baseline body weight 64 kg), than in the
ASSERT study (72 kg), which compared the renal function
between patients receiving ABC/3TC and TDF/FTC with
efavirenz in Europe (17, 18, 20). This study showed that
changes in the renal function from baseline were not signifi-
cantly different between the two arms, similar to the find-
ings of the ASSERT study. None of the patients in the TDF/
FTC arm exhibited progression of CKD stage. On the other
hand, the levels of urinary 2 microglobulin deteriorated
significantly from baseline in the TDF/FTC arm, whereas
improvements were observed in the ABC/3TC arm. This is
also similar to the findings reported by the ASSERT trial.
This suggests that urinary B2 microglobulin is a more sensi-
tive marker for evaluating TDF nephrotoxicity than the renal
function calculated by serum creatinine, as also demon-
strated in our previous work (31). Tubular resorption of
phosphate, another marker examined to evaluate the renal

tubular function, did not exhibit any changes from baseline
or between the two arms, suggesting that urinary 2 mi-
croglobulin may be a better marker for evaluating TDF
nephrotoxicity than tubular resorption of phosphate. Of note,
in both arms, the renal function did significantly decrease
from baseline. To our knowledge, this is the first random-
ized trial comparing ABC/3TC and TDF/FTC that observed
deterioration of the renal function after the initiation of
ART. This result highlights the importance of regular moni-
toring of renal function after initiation of ART, although it is
difficult to draw a firm conclusion on the prognosis of the
renal function from this study, due to the limited length of
the observation period and the small number of enrolled pa-
tients.

Only one patient (1.9%) in the ABC/3TC arm developed
a clinically suspected ABC-associated hypersensitivity reac-
tion, which was diagnosed based on the appearance of a
skin rash and fever six weeks after commencement of the
study drug. The patient fully recovered after discontinuation
of the drugs. The ASSERT trial of HLA-B*5701-negative
patients reported a similar incidence (3%) of clinically sus-
pected ABC hypersensitivity reactions (17). The one case
observed in our trial could be a false positive, because ABC
hypersensitivity reactions commonly occur 9-11 days after
the initiation of therapy (32), and ABC hypersensitivity was
not confirmed immunologically. Nonetheless, immediate dis-
continuation of ABC is highly recommended even in HLA-
B*5701-negative patients suspected of ABC hypersensitivity,
since ABC hypersensitivity can occur in such patients (33)
and errors in genotyping for HLA or reporting a genotype
might occur in practice (34).

Several limitations of this trial should be acknowledged.
First, due to the shortage of enrolled patients, the trial was
insufficiently powered to test non-inferiority of the viral effi-
cacy of ABC/3TC against TDF/FTC, as initially planned.
However, the safety and tolerability data of these regimens
in Asia are a valuable asset for patients from this region,
and efficacy data could be utilized as part of a meta-analysis
in the future. Second, the enrolled subjects were mostly men
(primarily men who had sex with men and very few injec-
tion drug users). Further studies are needed to examine the
efficacy and safety of these regimens in women and patients
with different routes of transmissions in Asia.

In summary, this randomized trial demonstrated high effi-
cacy and safety of fixed-dose ABC/3TC and TDF/FTC in
combination with ATV/r over 96 weeks for treatment-naive
Japanese patients with a baseline HIV-1 viral load <100,000
copies/mL, although it was insufficiently powered to show
non-inferiority of the viral efficacy of ABC/3TC compared
with TDF/FTC. ABC/3TC with ATV/r is a safe and effica-
cious initial regimen for treating HLA-B*5701-negative pa-
tients with a baseline HIV-1 viral load <100,000 copies/mL.
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Inducing neutralizing antibodies (NAb) is the key to developing a protective vaccine against human immunodeficiency virus
type 1 (HIV-1). To clarify the neutralization mechanism of simian immunodeficiency virus (SIV), we analyzed NAb B404, which
showed potent and broad neutralizing activity against various SIV strains. In 4 SIVsmH635FC-infected macaques, B404-like
antibodies using the specific VH3 gene with a long complementarity-determining region 3 loop and X light chain were the major
NAbs in terms of the number and neutralizing potency. This biased NAb induction was observed in all 4 SIVsmH635FC-infected

macaques but not in 2 macaques infected with a SIV mix, suggesting that induction of B404-like NAbs depended on the inocu-
lated virus. Analysis using Env mutants revealed that the V3 and V4 loops were critical for B404 binding. The reactivity to the
B404 epitope on trimeric, but not menomeric, Env was enhanced by CD4 ligation. The B404-resistant variant, which was in-
duced by passages with increasing concentrations of B404, accumulated amino acid substitutions in the C2 region of gp120. Mo-
lecular dynamics simulations of the gp120 outer domains indicated that the C2 mutations could effectively alter the structural
dynamics of the V3/V4 loops and their neighboring regions. These results suggest that a conformational epitope consisting of
the V3 and V4 loops is the target for potent and broad neutralization of SIV. Identifying the new neutralizing epitope, as well as
specifying the VH3 gene used for epitope recognition, will help to develop HIV-1 vaccines.

Neutralizing antibodies (NAb) against human immunodefi-
ciency virus type 1 (HIV-1) protect against viral challenge in
nonhuman primate models (1-5), suggesting that NAb induction
may be an important key to the development of vaccines against
HIV-1. The role of NAbs in prevention of infection and control of
viral replication has been suggested in several studies using candi-
date vaccines (6-8). However, the difficulties in inducing NAbs,
especially those that are broadly reactive to various HIV-1 strains,
have hampered the development of such vaccines (9-11). Mono-
clonal antibodies (MAb) with broad neutralizing activity that
were recently isolated from HIV-1-infected patients have been
characterized to understand the specificities and mechanisms of
broad neutralization (12-16). The epitopes of these potent and
broad NAbs, such as PG9, PGT128, VRCO1, and 10E8, have been
determined precisely (17-19) and provide an opportunity for
structure-based vaccine design to develop antibody-based vac-
cines for HIV-1 (11, 20-23).

Nonhuman primate models of simian immunodeficiency vi-
rus (SIV) infection are commonly used to develop vaccines
against HIV-1 (6, 8, 24). Various immunogens, vectors, and reg-
imens have been evaluated by challenge infection with SIV. More-
over, immune factors associated with prevention of infection have
been explored in the SIV model. However, epitopes for potent and
broad neutralization of SIV remain unclear because few MAbs
that neutralize a wide range of SIV strains have been available.
Recently, we isolated MAbs from a rhesus macaque infected with
SIVsmH635FC, which was isolated from a rapid progressor ma-
caque (25). Infection with SIVsmH635FC, a highly neutraliza-
tion-sensitive molecular clone, resulted in a vigorous and potent
antibody response in all the infected macaques together with viral
mutations to escape antibody recognition (26, 27). MAb B404
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bound to a conformational epitope on gpl120 of various SIV
strains and did not react to overlapping peptides of SIV Env. The
V3 region was shown to be important by competition enzyme-
linked immunosorbent assay (ELISA) with anti-V3 antibodies
(25). The neutralizing activity of B404 against homologous
neutralization-sensitive SIVsmH635FC, genetically divergent
SIVmac316, and neutralization-resistant SIVsmE543-3 was ob-
served.

In this study, we analyzed the epitope of B404 and the induc-
tion of B404-like NAbs in SIV-infected macaques. Analysis of
more than 400 anti-Env MAbs demonstrated that B404-like NAbs
with the same gene usage and specificity were mainly induced in 4
SIVsmH635FC-infected macaques. The B404 epitope was
mapped to a conformational epitope consisting of the V3 and V4
loops exposed on a trimeric Env structure after CD4 binding. The
identification of the new neutralizing epitope and vigorous anti-
body response to this epitope in SIV-infected macaques will help
us to understand broad neutralization in a macaque model of STV
infection.

MATERIALS AND METHODS

Cells and viruses. PM1 (28) and PM1/CCRS5 (29) cells were maintained in
RPMI 1640 medium containing 10% fetal bovine serum (FBS). TZM-bl
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(30-33) and 293T (34) cells were maintained in Dulbecco’s modified Ea-
gle medium containing 10% FBS. Infectious molecular clones,
SIVsmE543-3 (35), SIVsmH635FC (27), SIVmac239 (36), SIVmac316
(37), SIVsmE660FL14, STVsmH805-24w-3, and SIVsmH807-24w-4 (38)
were transfected into 293T cells. After 2 days, the supernatants were fil-
tered (0.45 wm) and stored at —80°C as virus stocks.

Construction of Fab libraries from SIV-infected macaques. The Fab
library from SIVsmH635FC-infected rhesus macaque H723 was de-
scribed previously (25). The Fab libraries from SIV-infected rhesus ma-
caques H704, H709, H714, H711, and H725 (26, 27, 39) were similarly
constructed using the pComb3X system according to the instructions of
Barbas et al. (40). Four macaques, H723, H704, H709, and H714, were
infected with SIVsmH635FC. H711 was infected with a combination of
SIVsmES543-3 and SIVsmH635FC. H725 was infected with plasma sam-
ples from 2 SIVsmH445-infected macaques, H631 and H635. Rhesus ma-
caques of Indian origin were used in this study. RNA was extracted from
Iymphocytes from the lymph nodes of these macaques using an RNeasy
minikit (Qiagen, Hilden, Germany) and used for subsequent RT-PCR
using oligo(dT)20 primer, ReverTra Ace (Toyobo, Osaka, Japan), and
Platinum high-fidelity Tag DNA polymerase (Invitrogen, Carlsbad, CA).
Two libraries, k and A light chains, were constructed for each macaque to
examine the frequency of NAbs in each population, although only one
library, containing both k and X light chains, was constructed for H723.
Immunoglobulin (Ig) genes were inserted into pComb3X, and the liga-
tion mix was used for transformation of XL1-Blue (Stratagene, La Jolla,
CA) by electroporation. Transformed cultures were incubated in super-
broth medium with 50 p.g/ml carbenicillin, 10 pg/ml tetracycline, and 1.4
pg/ml kanamycin overnight at 37°C after addition of VCSM13 helper
phage (Stratagene). Library phage stock was obtained from the culture
medium by polyethylene glycol 8000 -NaCl precipitation. Library size was
determined by assessing the number of CFU after infection of XL1-Blue
with a diluted phage sample.

Biopanning to obtain anti-Env antibodies. Biopanning was per-
formed using SIV antigen (Ag), which was prepared by infection of PM1
cells with SIVsmE543-3 as previously described (25). To obtain Fab clones
against Env, we selected Fab clones from the H723 library using a 96-well
plate in which Env was conjugated with anti-Env Fab clones B404, B408,
and H301, which recognize gp120 (conformational), gp41 cluster I and
gpl120 V1, respectively (25). A MaxiSoap 96-well plate (Thermo Fisher
Scientific, Waltham, MA) was incubated with 100 pl of 1.25 pg/ml B404,
0.625 pg/ml B408, and 10 pg/ml H301 for 1 h at 37°C. The wells were
washed with phosphate-buffered saline (PBS) containing 0.05% Tween 20
(PBS-T) and blocked with 5% skim milk (Wako Pure Chemical Indus-
tries, Osaka, Japan) in PBS (MPBS) for 1 h at 37°C. After the blocking
solution was discarded, the wells were incubated with 100 nl 40-fold-
diluted SIV Ag for 1 h at 37°C, washed with PBS-T, and used for panning.
After incubation with 50 pl of phage library for 2 h at 37°C, the wells were
washed 5 times with PBS-T, and bound phage was eluted with 50 pl 100
mM glycine (pH 2.2). Amplified phage was used for the next round of
panning, and 3 or 4 rounds of panning were performed. To isolate Fab
clones specific to Env, we transformed phagemid DNA into TOP10F'
Escherichia coli cells (Invitrogen), and supernatants from isopropyl-8-p-
thiogalactopyranoside (IPTG; Wako Pure Chemical Industries)-induced
cultures were screened for reactivity to SIV Env using ELISA. Fab clones
were purified using a His GraviTrap column (GE Healthcare, Bucking-
hamshire, United Kingdom), as described previously (25).

Construction of a single-chain variable fragment (scFv) form of
B404. B404 Fab was previously converted into complete rhesus IgG pro-
duced from a stable cell line carrying heavy- and light-chain plasmids
pHCG-B404 and pLL-B404 (25). From these plasmids, B404 scFv was
constructed using the pComb3X system (40). The heavy-chain variable
region (VH) was amplified using pHCG-B404 as a template and primers
HSCVH35-FL (5'-GGT GGT TCC TCT AGA TCT TCC TCC TCT GGT
GGC GGT GGC TCG GGC GGT GGT GGG GAG GTG CAG CTG GTG
SAG TCT GG-3') and RhSCG404-B (5'-CCT GGC CGG CCT GGC CAC
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TAG TGA CCG ATG GGC CCT TGG TGG AGC C-3'). The light-chain A
variable region (VL) was amplified from pLL-B404 using primers
HSCLam3 (5'-GGG CCC AGG CGG CCG AGC TCG AGC TGA CTC
AGC CAC CCT CAG TGT C-3’) and RhSCJLam404 (5'-GGA AGA TCT
AGA GGA ACC ACC GCC TAG GAC GGT CAG CCG GGT CCC-3').
The amplified products were combined by overlapping PCR using prim-
ers RSC-F (5'-GAG GAG GAG GAG GAG GAG GCG GGG CCC AGG
CGG CCGAGCTC-3") and RSC-B (5'-GAG GAG GAG GAG GAG GAG
CCT GGC CGG CCT GGC CAC TAG TG-3'), digested with Sfil, and
inserted into pComb3X in a manner similar to that of Fab construction.
The resultant plasmid had the B404 VL and VH regions, which were
connected with an 18-amino-acid linker, a histidine tag, and a hemagglu-
tinin (HA) tag. This plasmid was transformed into Rosetta 2 (Merck,
Darmstadt, Germany), and B404 scFv was purified from the cell pellet
using a His GraviTrap column.

ELISA. ELISA was performed to detect antibodies specific to SIV Ag as
previously described (25, 41). Briefly, a MaxiSoap 96-well plate was coated
with PBS containing 50 ng/ml concanavalin A (Sigma, St. Louis, MO) for
1 h at 37°C, and SIV Env was conjugated by incubation with 50 pl/well
10-fold diluted SIV Ag for 1 h at 37°C. Samples were added to each well at
50 pl/well with 50 pl of MPBS, and the plate was incubated for 1 h at 37°C.
When the enhancement effect of soluble CD4 (sCD4) was examined, 25 pl
of sample, 25 pl of sCD4, and 50 pl MPBS were added to each well. Fabs
specific to SIV Env were detected with anti-HA—peroxidase (1:1,000
dilution; 3F10, Roche Molecular Biochemicals, Mannheim, Germany)
and ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid)] solution
(Roche Molecular Biochemicals).

Competition ELISA was performed similarly using B404 IgG as a com-
petitor. Ag-coated wells were incubated with 50 .l MPBS and 25 pl serial
dilutions of B404 IgG for 1 h at 37°C. After incubation with 25 pl subsatu-
rating concentrations of Fab clones, Fab clone binding was detected by
anti-HA—peroxidase (1:1,000) and ABTS solution.

Analysis of neutralizing antibody titers. The neutralizing capability
of Fab samples was measured as the reduction in luciferase activity after
infection of TZM-bl cells with various SIV strains (6, 25). In addition to
Fab samples, plasma samples from SIVsmH635FC-infected macaque
H704 (26) and SIVmac239-infected macaque MM324 (42) and MAb
M318T (43), which recognizes the V2 region of SIV Env, were used to
examine the sensitivity of SIV variants to antibody-mediated neutraliza-
tion. Briefly, 100~ portions of serially diluted samples in duplicate were
incubated with 50 pl containing 200 50% tissue culture infectious doses
(TCIDs,) of virus in a 96-well plate. After incubation for 1 h at 37°C, 100
wl containing 1 X 10° TZM-bl cells/ml with 37.5 pg/ml DEAE dextran
was added. Infected cultures were incubated for 2 days, but cultures in-
fected with SIVsmH635FC were incubated for 3 days. After incubation,
cells were lysed with 30 pl cell lysing buffer (Promega, Madison, WI) for
15 min at room temperature (RT), and 10 pl 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 lumi-
nometer (Promega) and a luciferase assay system (Promega). The 50 and
90% inhibitory concentrations (IC, and IC,,, respectively) were calcu-
lated with nonlinear regression using PRISMS5 and defined as the concen-
tration that caused 50 and 90% reductions in luciferase activity, respec-
tively, compared to that in virus control wells after the subtraction of
background.

Construction of Env mutants. The env gene was amplified by PCR
using primers SRev-F (5'-GGT TTG GGA ATA TGC TAT GAG-3') and
SEnv-R (5'-CCT ACT AAG TCATCATCT T-3’) and SIVsmE543-3 plas-
mid as a template. The PCR product was inserted into pcDNA3.1/V5-His-
TOPO vector (Invitrogen). After Xbal digestion, the plasmid was ligated
with an Nhel-Xbal fragment from pLP-IRES2-EGFP (Clontech Labora-
tories Inc., Mountain View, CA) to generate a plasmid designated RE543-
EGFP that expressed both enhanced green fluorescent protein (EGFP)
and Env. Mutants were constructed from RE543-EGFP using PCR mu-
tagenesis. Deletion mutants AV1, AV2, AV3, and AV4 were created by
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deleting amino acid residues 115 to 149 in the V1 loop, 153 to 209 in the
V2 loop, 313 to 342 in the V3 loop, and 404 to 430 in the V4 loop and
replacing them with Gly-Ala-Gly, Gly, Gly-Ala, and Gly-Ala-Gly, respec-
tively. These mutations were introduced into RE543-EGFP using primers
DVI1F (5-ATG TAA TGG AGC CGG CTC TTG CAT AAA AAA-3') and
DVIR (5'-AAG AGC CGG CTC CAT TAC ATC TCA TTG CTA-3') for
AV1, DV2F (5'-ATA GGA GCC GGC CAT TGT AACACC AGT-3’) and
DV2R (5'-ACA ATG GCC GGC TCC TAT GCA AGA ATC ACC-3') for
AV2, DV3E (5'-TGT AGA GGA GCC GGC TGG TGC CGG TTT GGA-
3'yand DV3R (5'-GCA CCA GCC GGC TCC TCT ACATTT CAT TGT-
3') for AV3, and DV4F (5'-AAG AAT TCT TAT ACT GCA AAG GAG
CCG GCCCAT GTCATA TTA GACAAA-3’) for AV4. Mutant AGly was
constructed using primers N306AFw2 (5'-TAT TAT GCT CTAACA ATG
AAA TGT AG-3"), N306ARv (5'-CAT TGT TAG AGC ATA ATA CTT-
3’), N316AFw (5'-AGA CCA GGA GCT AAG ACA GTT-3'), N316ARv
(5"-AAC TGT CTT AGC TCC TGG TCT-3'), N349AFw (5'-GGT TTG
GAG GAG CCT GGA GCG-3'), and N349ARv (5'-CGC TCC AGG CTC
CTC CAA ACC G-3') to introduce the mutations N306A, N316A, and
N349A at potential N-linked glycosylation sites. Mutant D385R was con-
structed using primers S-D368RFw (5'-CCA GCA GGA GGA CGT CCA
GAA GTC AC-3’) and S-D368RRv (5'-TTC TGG ACG TCC TCC TGC
TGG AGC TGT-3’). The D385R substitution in SIVsmE543-3 corre-
sponds to D368R in HIV-1, which interferes with CD4 binding site
(CD4bs) antibodies (13, 44, 45). Mutant 1434R was constructed using
primers S-I420RFw (5'-GCCATG TCATCG TAG ACA AAT AATCAAC
—3')and S-1420RRv (5'-GAT TAT TTG TCT ACG ATG ACATGG CAC
—3'). The I434R substitution in SIVsmE543-3 corresponds to I420R in
HIV-1, which interferes with CD4-induced (CD4i) antibodies (13, 45,
46). Amino acid numbering of Env was based on that of STVmac239, the
reference sequence of SIV, and the HIV-2 sequence in the Los Alamos HIV
databases (http://www.hiv.lanl.gov/).

Flow-cytometric analysis. Plasmids to express wild-type and mutant
Env were transfected into 293T cells using X-tremeGENE 9 DNA trans-
fection reagent (Roche Molecular Biochemicals) according to the manu-
facturer’s instructions. After incubation for 2 days, the transfected cells
were detached with PBS containing 0.05% trypsin and 0.53 mM EDTA
and adjusted to 1 X 107 cells/ml in PBS containing 0.2% bovine serum
albumin (BSA). To examine the reactivity of Fab, we incubated 50 pl
cells with 10 pl 50 ng/p.l Fab for 40 min at RT. After washing with PBS
containing 0.2% BSA, the cells were incubated with 50 ul anti-HA
antibody (1:200; 3F10; Roche Molecular Biochemicals) for 20 min at
RT, followed by incubation with 50 pl allophycocyanin (APC)-conju-
gated AffiniPure goat anti-rat IgG (H+L) F(ab’), fragment (1:200;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 20 min
at RT. When enhancement with sCD4 was examined, cells were resus-
pended in PBS containing 0.2% BSA in the presence or absence of 2 jug/ml
sCD4 at 1 X 107 cells/ml before staining. After incubation with sCD4 for
15 min at RT, 20 p.l of cells was mixed with 10 wl 25 ng/pl Fab and stained
with anti-HA and anti-rat antibodies. Murine MAb KK46 (1:200) was
used as a control antibody against the linear V3 epitope (47). KK46-incu-
bated cells were stained by APC-conjugated goat anti-mouse Ig (1:200;
BD Biosciences, Franklin Lakes, NJ). The stained cells were analyzed using
a FACSCalibur flow cytometer (BD Biosciences). The reactivity of Fab to
Envwas determined by comparison with an unstained control after gating
EGFP™ cells. Data analysis was performed using FlowJo (TreeStar, San
Carlos, CA).

Isolation of B404-resistant variants from SIVmac316. The selection
of B404-resistant variants from SIVmac316 was performed as described
previously (48, 49). Briefly, 5,000 TCID,, SIVmac316 was incubated with
5 ng/ml Fab B404 for 30 min at 37°C. Then, 5 X 10* PM1/CCRS5 cells were
added to the virus-Fab mixture. After incubation for 5 h, cells were
washed with PBS and resuspended in RPMI 1640 medium supplemented
with 10% FBS without Fab B404. The culture supernatant was harvested
on day 7 and used to infect fresh PM1/CCRS5 cells for the next round of
culture in the presence of increasing concentrations of Fab B404. A B404-
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resistant virus, P26B404, was recovered from the cell culture supernatant
at passage 26 at 400 jug/ml Fab B404. SIVmac316 was also passaged for the
same period in PM1/CCRS cells in the absence of Fab B404, and the
resulting virus was designated P26C. Proviral DNA samples were ex-
tracted from PM1/CCR5 cells infected with P26B404 and P26C using a
QIAamp DNA blood minikit (Qiagen). The gp120 region was amplified
by PCR using primers SEnv-F (5'-ATG GGA TGT CTT GGG AAT CAG
C-3") and SER1 (5'-CCA AGA ACC CTA GCA CAA AGA CCC-3'),
cloned using a TA cloning kit (Invitrogen), and subjected to sequencing.

Nucleic acid sequence analysis. The Ig variable regions were se-
quenced using the primers ompseq and pelseq (40), and analyzed with
V-QUEST in the International Immunogenetics Database (IMGT; http:
/lwww.imgt.org/) (50). The germ line sequence of the VH gene, from
which B404 originated, was determined using the genome database of
rhesus macaque (51). Sequences were aligned and phylogenetically ana-
lyzed using Molecular Evolutionary Genetics Analysis version 5 (MEGA5)
(52).

The gp120 region from P26B404 and P26C was sequenced using prim-
ers M13F and M13R in the vector and SE1 (5'-ATA ATA CAG TCA CAG
AAC A-3'). Predicted amino acid sequences were aligned using CLC Se-
quence Viewer 6 (CLC Bio, Aarhus, Denmark), together with other SIV
sequences.

Molecular dynamics (MD) simulation of gp120 from B404-resistant
variants. MD simulations of the gp120 outer domain of SIVmac316 and
the mutants with a F277V or N295S substitution were performed essen-
tially as described for MD simulations of the HIV-1 gp120 outer domain
(53). SIV gp120 outer domain structures with various V3 regions were
constructed using the homology modeling technique with the Molecular
Operating Environment (MOE) 2011.10 (Chemical Computing Group
Inc., Montreal, Quebec, Canada). The modeling template was the crystal
structure of HIV-1 gp120 containing the entire V3 region at a resolution
of3.30 A (PDB code, 2QAD [54]) and the SIV gp120 core at a resolution
0f4.00 A (PDB code, 3FUS [55]). The 195 amino-terminal and 7 carboxyl-
terminal residues were deleted to construct the gp120 outer domain struc-
tures. Glycans were added to the gpl20 outer domain structures using
Online Glycoprotein Builder (56). MD simulations were performed using
the SANDER module in the AMBER 10 program package (57, 58) and the
AMBER force field (59) and GLYCAMO06 (60) with the TIP3P water
model (61). Bond lengths involving hydrogen were constrained with
SHAKE (62), and the time step for all MD simulations was set to 2 fs. A
nonbonded cutoff of 12 A was used. After heating calculations for 20 ps
until 310 K using the NVT ensemble, the simulations were executed using
the NPT ensemble at 1 atm and at 310 X for 50 ns. To map structurally
fluctuating sites in the gp120 outer domain, we calculated the root mean
square fluctuation (RMSF) of the main chains of individual amino acid
residues as described previously (53). Briefly, the RMSF were calculated
using the 90,000 snapshots obtained from MD simulations of 5 to 50 ns.
The average structures during these MD simulations were used as refer-
ence structures for the calculation of the RMSF using the ptraj module in
AMBER 10.

Nucleotide sequence accession numbers. Sequence data for Ig clones
obtained from SIVsmH635FC-infected macaques were submitted to
GenBank under accession numbers JF925337 to JF925378 and JF925380
to JF926116.

RESULTS

Potent and broad neutralizing activity of NAb B404 against var-
ious SIV strains. SIV-specific Fab clones were previously isolated
from the Fab library from SIVsmH635FC-infected macaque H723
through panning against whole SIV Ag (25). Four Fab clones spe-
cific to gp120, represented by B404, showed similar gene usage,
epitope specificity, and neutralizing activity that covered homol-
ogous and heterologous SIV strains. To define the neutralizing
potency of B404 further, IgG, Fab, and scFv with B404 variable
regions were constructed and examined for their neutralizing ac-
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FIG 1 Potent and broad neutralization by monoclonal antibody B404 from a SIVsmH635FC-infected macaque. (A) The neutralizing potencies of IgG, Fab, and
scFv of B404 are shown by inhibition kinetics against SIVsSmE660FL14, SIVsmH805-24w-3, and SIVmac239. (B) The neutralizing potencies of IgG, Fab and scFv
of B404 are shown by IC;, and ICy, (ug/ml). Seven SIV strains, HIV-2,y,,5 and HIV-1y, ,3, were examined for their neutralizing sensitivities against B404 in
TZM-bl cells. The ICg, and ICy, values are shown in dark gray (<1.0 X 10™2 wg/ml), medium gray (1.0 X 1072 to 1.0 X 10° wg/ml), light gray (1 to 100 wg/ml)
and white (>100 p.g/ml). Percent amino acid differences were calculated by pairwise comparison with SIVsmH635FC.

tivity against 7 SIV strains (Fig. 1). These SIV strains were classi-
fied into 2 lineages, lineage 1 (SIVsmE660, SIVsmH635FC,
SIVsmES543-3, SIVsmH805, and SIVsmH807) and lineage 8
(SIVmac316 and SIVmac239), according to the phylogenetic
analysis by Apetrei et al. (63), which identified nine divergent
lineages in SIVsm/mac corresponding to HIV-1 subtypes. Sensi-
tivity to neutralization was known to be high in SIVmac316,
SIVsmE660, and SIVsmHG635FC (25, 38). Infection with these
neutralization-sensitive SIV strains was almost completely
blocked by low concentrations of all forms of B404. Although the
potency to inhibit infection was similar among IgG, Fab, and scFv,
B404 IgG was slightly more effective against these SIV strains, as
shown by the neutralizing kinetics of STVsmE660 (Fig. 1A). Neu-
tralization of SIVsmES543-3, SIVsmH805, and SIVsmH807
reached a plateau at 10 to 100 ng/ml IgG B404 and Fab B404, as
represented by neutralization kinetics against SIVsmH805
(Fig. 1A). These viruses were moderately sensitive to B404-medi-
ated neutralization, although the IC,ys were variable among these
SIV strains (Fig. 1B). Interestingly, B404 scFv was more effec-
tive at high concentrations than B404 IgG and B404 Fab in neu-
tralization of these moderately neutralization-sensitive viruses
and SIVmac239, which is a highly neutralization-resistant strain
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(Fig. 1). Infection with SIVmac239 was unaffected by the presence
of any form of B404 at a concentration of less than 1 pg/ml but was
inhibited more than 90% by 100 pg/ml B404 scFv. Neutralization
of 7 of 7 SIV strains, including genetically diverse, neutralization-
resistant SIVmac239, by B404 scFv indicates that B404 is a potent
and broad NAD against SIVsm/mac strains.

Isolation of Env-specific Fab clones from SIVsmH635FC-in-
fected macaques. To analyze the induction of B404-like antibod-
ies in SIV-infected macaques, Env-specific Fab clones were iso-
lated from 4 SIVsmH635FC-infected macaques: H723, H704,
H709, and H714 (26, 39). Env-specific Fab clones from H723 were
isolated from the previously constructed phage library (25)
through panning against Env, which was conjugated by coating
plate wells with the anti-Env Fab clones B404 (anti-gp120 confor-
mational), B408 (anti-gp41 cluster I), and H301 (anti-gp120 V1).
Together with anti-Env Fab clones from the previous study, 98
anti-Env Fab clones, including 33 NAbs (33.7%), were obtained
from H723. From 3 other SIVsmH635FC-infected macaques,
and A light-chain phage libraries were separately constructed, and
2 panning series were performed using B404 and H301 to conju-
gate Env. After 4 series of panning in each macaque, we obtained
155, 102, and 53 independent Fab clones from H704, H709, and
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TABLE 1 Preferential gene usage and competition with B404 of NAbs

0 ithe
Frequency (%) No. of 7% of NAbs with: Avg CDRH3 Competition (%)

Inoculated virus Animal of NAbs® NAbs VH3 genes A light chains length” with B404°
SIVsmHG635FC H723 33.7 33 81.8 93.9 20.0 81.8

H704 30.3 47 95.7 97.9 18.7 100

H709 7.8 8 75.0 100 17.8 100

H714 52.8 28 96.4 92.9 18.7 100
SIV mix? H711 17.2 15 26.7 40.0 15.2 86.7

H725 2.2 1 0.0 100 12 100

“ Frequencies of Fab clones with the VH3 gene and X\ light chain are shown as percentages of NAbs.

b Average number of amino acids in CDRH3.

¢ Competition ELISA with 2 pg/ml B404 IgG was performed. The frequency of Fabs showing more than 50% inhibition is shown as a percentage of NAbs.
4 H711 was inoculated with a mixture of SIVsmE543-3 and SIVsmH635FC. H725 was inoculated with plasma samples from 2 SIVsmH445-infected macaques, H631 and H635.

H714, respectively. Neutralizing activities were observed in 47
clones (30.3%) from H704, 9 clones (8.8%) from H709, and 28
clones (52.8%) from H714 (Table 1). Phylogenetic analysis of VH
genes revealed that 105 NAbs formed a major NAD cluster with
B404 (Fig. 2). The remaining NAbs were separated into 3 minor
clusters containing 3 or 4 NAbs. Fab clones in the major group,
designated the B404 group, were isolated from all 4 macaques
analyzed.

Although Fab clones in the B404 group were genetically similar
to one another, several small clusters were observed in the B404
group, suggesting multiple B cell origins generated by VD] recom-
bination in these B404-like NAbs. Sequence analysis using the
International Immunogenetics Database (50) indicated that the
VH genes of Fab clones in the B404 group were close to human
pseudogene IGHV3-h (approximately 90% identity), but no

FIG 2 B404-like NAbs formed a major group in anti-Env antibodies from 4
SIVsmH635FC-infected rhesus macaques. NAbs were separated into 4 groups
in the phylogenetic tree, which was generated using MEGAS (70) from heavy-
chain genes of 98, 155, 102, and 53 Fab clones from H704, H709, H714, and
H723, respectively.
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functional VH gene showed >90% identity. Analysis using the
genome database of the rhesus macaque (51) revealed a significant
relationship (>95% identity) between Fab clones in the B404
group and the rhesus macaque VH3 gene in the chromosome 7
scaffold (GenBank accession number NW_001122023). These re-
sults suggest that a major group of NAbs in SIVsmH635FC-in-
fected macaques preferentially use the same rhesus VH3 germ line
that lacks a human counterpart.

Bias in gene usage of NAbs from SIVsmH635FC-infected
macaques. The genetic features of anti-Env Fab clones are sum-
marized in Fig. 3 and Table 1. As mentioned above, a major pop-
ulation of NAbs from SIVsmH635FC-infected macaques used the
same VH3 gene as B404, resulting in a high rate of NAbs using the
VH3 gene (Fig. 3A and Table 1). A high occupancy of A light
chains was also characteristic of NAbs from SIVsmH635FC-in-
fected macaques (Fig. 3B and Table 1). Moreover, a long comple-
mentarity-determining region 3 loop of the heavy chain (CDRH3)
was characteristic of the NAbs (Fig. 3C and Table 1). CDRH3 of
most NAbs had 19 or more amino acids, although the length of
CDRH3 was usually less than 18 amino acids in nonneutralizing
Fab clones. These results clearly showed that B404-like NAbs with
the VH3 gene-encoded heavy chain with along CDR3 and A light
chain are the main NAb population in SIVsmH635FC-infected
macaques. In contrast, Fab clones from macaques H711 and H725
lacked these remarkable features of B404-like NAbs (Fig. 3, bot-
tom; Table 1). These 2 macaques were inoculated with a mixture
of SIVs (SIV mix). H711 was infected with a combination of
SIVsmE543-3 and SIVsmH635FC. H725 was infected with plasma
samples from 2 SIVsmH445-infected macaques, H631 and H635,
which SIVsmH635FC was isolated from. Although anti-Env Fab
clones were similarly isolated from these macaques, the frequency
of NAbs from H711 (17.2%) and H725 (2.2%) was lower than that
from SIVsmH635FC-infected macaques (8.8 to 52%). NAbs from
H711 and H725 preferentially used VH1 gene-encoded heavy
chains with a short CDRH3 and « light chains, but NAbs from
these macaques showed a genetic variation, similarly to those in
HIV-1-infected patients (64). These results suggested that B404-
like NAbs are induced exclusively in SIVsmH635FC-infected
macaques.

Potent neutralizing activity and the same specificity of NAbs
in the B404 group. To analyze the epitopes recognized by these
NAbs, we first separated Fabs with neutralizing activity into 2
groups according to the results of competition ELISA with B404
IgG. All the NAbs in the B404 group and group II (Fig. 2) com-
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FIG 3 Bias in the Ig gene usage and CDR3 length of neutralizing Fab clones from SIVsmH635FC-infected macaques. The proportions of IgH (A) and Igk and
Ig\ (B) repertoires and heavy-chain CDR3 length (C) are shown as percentages of NAbs and non-NAbs. In addition to Fabs isolated from 4 SIVsmH635FC-
infected macaques, 87 Fab clones from H711, which was infected with a combination of SIVsmE543-3 and SIVsmH635FC, and 45 Fab clones from H725, which
was infected with plasma samples from 2 SIVsmH445-infected macaques, H631 and H635, were similarly analyzed. Usage of Ig genes was analyzed using

V-QUEST in the International Immunogenetics Database (44).

peted with B404 IgG (Fig. 4A), suggesting that epitopes for these
NAbs overlap or are close to that for B404. Despite the differences
in gene usage, competition with B404 IgG was also observed in
most NAbs from macaques infected with SIV mix (Table 1). NAbs
belonging to groups III and IV, with the exception of 1 Fab in
group III, did not compete with B404 IgG (Fig. 4A). The binding
ability of these Fabs was even enhanced by the addition of B404.
Competition of the Fabs in groups Il and IV with biotinylated K8
in group III suggested that the Fabs in group III and IV share the
same epitope (data not shown). The neutralizing activity of these
Fabs was examined against the genetically divergent SIVmac316
and the neutralization-resistant SIVsmE543-3 (Fig. 4B). All of the
Fabs tested showed at least 50% inhibition against both viruses,
and the B404 group included Fabs with potent neutralizing activ-
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ity that showed efficient inhibition at low concentrations. Accord-
ingly, the IC,ys of the 4 Fabs in the B404 group ranged from 0.8 to
316 ng/ml (average ICsg, 79 ng/ml) against SIVmac316, indicating
the presence of NAbs comparable to B404 (IC;, against
SIVmac316, 0.6 ng/ml) (Fig. 1). In contrast, IC;, against
SIVmac316 ranged between 32 and 908 ng/ml (average 1Cs,, 243
ng/ml) in groups III and IV. This result suggests that B404-like
NAbs are the main NAb population in terms of number and neu-
tralizing potency.

Epitope mapping of NAb B404. To define the region of the
Env targeted by B404, we examined reactivity against mutants of
SIVsmE543-3 Env. Because the V3 loop has been shown to be
important for B404 binding (25), mutants with deletions in the
V1, V2, V3, and V4 loops (AV1, AV2, AV3, and AV4) and a mu-
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FIG 4 The specificity and potency of Fab clones in the B404 group are similar
to those of B404. (A) Competition ELISA was performed using serially diluted
B404 IgG as a competitor. B404 IgG significantly inhibited the binding of the
Fabs in the B404 group (L6, L22, O9, and O19). In contrast, B404 IgG did not
compete with the Fabs in groups III (K8 and K10) and IV (K12, K40, and K47)
and even enhanced the binding of these Fabs. (B) Neutralization potencies of
Fabs in the B404 group (left) and groups III and IV (right) are shown by
inhibition of infection to TZM-bl cells with neutralization-resistant
SIVsmE543-3 and genetically divergent STVmac316.

tant lacking 3 glycosylation sites flanking the V3 loop (AGly) were
constructed. In addition, mutants carrying single mutations in the
CD4bs (D385R) and CD4i (1434R) sites, corresponding to D368R
and 1420R in HIV-1 gp120 (13, 44-46), were examined to clarify
the relationship of the B404 epitope to the CD4bs and CD4i sites.
Flow cytometry analysis using cells expressing these Env mutants
revealed that the reactivity of B404 was completely lost in AV3 and
AV4 mutants, though B404 bound to other mutants even better
than it did to the wild type (Fig. 5A). These results suggested that
B404 recognizes a conformational epitope consisting of the V3
and V4 loops.

The reactivity of another Fab, K8, which targets an epitope
other than that of B404 (Fig. 4A), was lost in AV4 and 1434R
mutants (Fig. 5A). No reactivity to I434R strongly suggested that
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FIG 5 B404 recognizes a conformational epitope, including the V3 and V4
loops, and sCD4 enhances the exposure of the epitope in trimeric Env. (A)
Reactivity of B404, K8, and H301 (anti-V1 Fab) to Env mutants was examined
using 293T cells transfected with plasmids to express SIVsmE543-3 Env (wild-
type), mutants with deletions in the V1 (AV1), V2 (AV2), V3 (AV3), and V4
(AV4) loops, an N306A/N316A/N349A mutant lacking glycosylation sites
near the V3 loop (AGly), a D385R mutant interfering with CD4bs antibodies
(D385R), and an I434R mutant interfering with CD4i antibodies (1434R). The
transfected cells were stained with Fabs B404, K8, and H301, and the reactivity
of Env mutants was analyzed using flow cytometry. The percentage of Fab*
cells is shown. (B) Reactivity of Fabs B404, K8, and H301, and murine anti-V3
MAD KK46 to sCD4-treated trimeric Env on the cell surface. Cells transfected
with the plasmid to express SIVsmES543-3 Env were incubated with 2 pg/ml
sCD4 for 15 min, and the reactivities of antibodies were similarly examined.
The tinted histogram represents cells stained by antibody in the absence of
sCD4. The dotted line shows the unstained control. (C) Reactivity of Fab
clones B404 and K8 to sCD4-treated monomeric Env. The reactivity of serially
diluted Fab to Env was examined by ELISA using SIVsmE543-3 as an antigen
in the absence or presence of 0.5 or 2.0 wg/ml sCD4.

K8 is a CD4i antibody. Therefore, the effect of sCD4 ligation on
antibody binding to Env trimers and monomers was examined
using flow cytometry and ELISA, respectively. The reactivity of
B404, K8, and KK46 (murine anti-V3 MADb) to Env on the cell
surface was enhanced by the addition of sCD4, although no effect
was observed in anti-V1 Fab H301 (Fig. 5B). This suggested that
epitopes for B404, K8, and KK46 are exposed in the open confor-
mation of the Env trimer triggered by CD4 binding. Consistent
with the analysis of mutant Envs, the reactivity of K8 to Env
monomer was enhanced by the addition of sCD4, but B404
showed no enhancement of reactivity (Fig. 5C).
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FIG 6 Isolation of variants resistant to B404 and amino acid substitutions in gp120. The B404-resistant variant was induced from SIVmac316 by passages of
viruses in PM-1/CCR5 cells with increasing concentrations of B404 Fab. A B404-resistant variant, P26B404, was obtained from the supernatant of passage 26.
P26C was obtained after 26 passages without B404. (A) The sensitivities of P26B404, P26C, and parental SIVmac316 to neutralization are shown by inhibition
of infection of TZM-bl cells. B404 and K8 Fabs, murine MAb M318T, which recognizes the V2 of gp120, and plasma samples from SIVsmH635FC-infected
macaque H704 and SIVmac239-infected macaque MM324 were used for the neutralization assay. (B) Amino acid sequences of the N-terminal and C2 regions
of gp120 from P26C and P26B404 are aligned with those of parental STVmac316 and SIV strains, SIVmac239, SIVsmE543-3 and STVsmH635FC. The number of
clones per total number of clones is given in parentheses. Identical amino acids are shown as dots, and potential glycosylation sites in SIVmac316 are indicated

with underlining.

The enhancement by sCD4 of reactivity to both monomeric
and trimeric Env and the interference in binding by the [434R
(I420R in HIV-1) mutation in Env, which are features of so-called
CD4i antibodies against HIV-1 (13, 45, 46), indicate that K8 tar-
gets the CD4i epitope. The enhanced reactivity of B404 by sCD4 to
trimeric but not monomeric Env is analogous to the reactivity of
anti-V3 antibodies (65). These results suggest that B404 recog-
nizes a conformational epitope consisting of the V3 and V4 loops,
which are intensely exposed on the Env trimer after CD4 ligation.

Selection of variants resistant to NAb B404. To select B404-
resistant variants in vitro, we passaged SIVmac316, which is the
most sensitive to B404 of the SIV strains tested (Fig. 1), in PM1/
CCR5 cells in the presence of increasing concentrations of B404.
As a control, passage under the same conditions without B404 was
also performed to monitor spontaneous changes during infection
in PM1/CCRS5 cells. The concentration of B404 was increased
from 5 ng/ml to 400 png/ml at passage 26. Viruses recovered at
passage 26 in the presence and absence of B404, which were des-
ignated P26B404 and P26C, respectively, were examined for their
sensitivity to antibodies and plasma samples from SIV-infected
macaques (Fig. 6A). The IC;, for B404 against SIVmac316, P26C,
and P26B404 were 2.8, 4.1, and 240 ng/ml, respectively, showing
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an 86-fold resistance of P26B404 to B404 compared with that of
wild-type SIVmac316. P26B404 was also resistant to neutraliza-
tion by MAbs K8 (CD4i) and M318T (V2), which target epitopes
other than that of B404, and plasma samples from SIV-infected
macaques (Fig. 6A). These results suggested that P26B404 ac-
quired resistance to antibody-mediated neutralization compara-
ble to that observed in neutralization-resistant SIV strains, such as
SIVmac239 and SIVsmE543-3. Sequence analysis of gp120 re-
vealed 3 amino acid substitutions specific to P26B404: V17L in the
N-terminal region and F277V and N295S in the C2 region
(Fig. 6B). Of these substitutions, the two in the C2 region were
highly conserved among SIVsm/mac and HIV-2 strains. These
substitutions were independently observed, and no variant with
both F277V and N295S was found in the 15 clones sequenced.
MD simulation of gp120 outer domains from B404-sensitive
and B404-resistant variants. To address structural impacts of
the 2 mutations in the C2 region, we performed MD simulation
of unliganded gpl120 outer domains from B404-sensitive
(SIVmac316) and B404-resistant (F277V and N295S) variants. To
map the sites at which structural dynamics were influenced by C2
mutations, we calculated the RMSF of the main chains of individ-
ual amino acid residues using 90,000 snapshots from 5 to 50 ns of
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FIG 7 Effects of F277V and N295S mutations on the structural dynamics of
the gp120 outer domain. (A) Distribution of RMSF in the gp120 outer domain.
MD simulations of gp120 outer domains of SIVmac316, F277V, and N295S
were carried out at 1 atm and 310 K for 50 ns as described in Materials and
Methods. The RMSF values, which indicate the atomic fluctuations of the
main chains of individual amino acids during MD simulations, were calculated
using 90,000 snapshots from 9 to 50 ns of each MD simulation. The numbers
on the horizontal axes indicate amino acid positions in gp120. The RMSF
values of the mutants are significantly different from those of parental
SIVmac316 at the V3 loop, the V3 flanking regions (indicated by asterisks), the
V4 loop, the $20B321/LF loop, and the V5 loop regions. {B) A structure at 50 ns
of MD simulation of the SIVmac316 gp120 outer domain is shown as a repre-
sentative to indicate the stericlocation of mutation sites and various loops. The
regions that are proximal to the V3/V4 loops and displayed fluctuations that
differed from those of parental SIVmac316 (Fig. 7A) are highlighted in orange
(*), blue (**), and purple (***). Green sticks indicate glycans.
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each MD simulation (Fig. 7A). RMSF values provide key informa-
tion about the atomic fluctuations of the individual amino acids of
a protein in solution (57). These values were maximal at the tip of
the V3 loop and prominent at other loop regions, including LD,
LE, CD4 binding, V4, B20B21/LF, and V5 (Fig. 7A), suggesting
that these loops fluctuate in solution. Notably, the F277V and
N295S mutations were found to induce changes in RMSF values
mainly at the V3, V4, B20B21/LF, and V5 loop regions (Fig. 7A,
blue and green lines, respectively). Interestingly, these regions are
located far from the C2 mutation sites compared with the loca-
tions of other loops, such as LD, LE, and CD4 binding, which had
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RMSF values that were similar among wild-type and B404-resis-
tant variants (Fig. 7B; F277V in LD and N295S in the proximal
region of LD). In particular, RMSF changes by the C2 mutations
were the most prominent at the V3/V4 loops and their neighbor-
ing regions (Fig. 7). These results suggested that the F277V and
N295S mutations could alter the structural dynamics of V3/V4
loops and their neighboring regions in solution. The structural
alterations would lead to changes in entropy of the regions, which
affect the binding affinity to B404. The finding is consistent with
the results of an epitope mapping study of B404.

DISCUSSION

Potent and broadly neutralizing MAbs have recently been isolated
from HIV-1-infected patients and analyzed to understand the
mechanism of neutralization against a broad spectrum of HIV-1
strains and to design vaccines against their neutralizing epitopes
(12-16). Although the SIV-macaque model has been used as an
animal model for HIV-1 infection for vaccine development (6, 8,
24), no potent and broadly neutralizing monoclonal antibody
against SIV was available. Therefore, the epitopes and mechanism
for broad neutralization of SIV remained uncertain. Many mono-
clonal antibodies against STVsm/mac were isolated from SIV-in-
fected macaques (66, 67) and mice immunized with SIV Env (43,
47, 68), but few of them showed neutralizing activity against
various SIV strains, including highly neutralization-resistant
SIVmac239 (68). In comparison with these monoclonal antibod-
ies against SIV identified so far, B404 apparently has a broadly
neutralizing activity, which enables it to neutralize multiple, di-
verse SIV isolates, and can be defined as the first generation of
broadly NAbs against SIV. The broad and potent neutralizing ac-
tivity of B404 shown in this study indicates that B404 can be used
to analyze broad neutralization against SIV. The B404 epitope, the
newly identified broadly neutralizing epitope against SIV, will fur-
ther understanding of the mechanism of broad neutralization
effective for protection from SIV infection.

The infection of rhesus macaques with SIVsmH635FC, a
highly neutralization-sensitive clone, was chosen for this study
because this SIV strain induced a vigorous and potent antibody
response in all the infected macaques and acquired many viral
mutations to escape antibody recognition (25, 26). The kinetics of
B404 neutralization against various SIV strains were similar to
those observed in the plasma sample of the macaque from which
B404 was isolated, suggesting that B404-like NAbs are representa-
tive of the neutralizing activity in SIVsmH635-infected macaque
H723 (25). Consistent with this observation, B404-like NAbs were
shown to be a major group in NAbs genetically and functionally.
Most of the NAbs in the 4 SIVsmH635FC-infected macaques an-
alyzed had the same features, including the use of a specific VH3
germ line and A light chains, along CDRH3 loop, and competition
with B404. The bias in the specificity and gene usage may be par-
tially enhanced by the screening process, because B404-like NAbs
were predominantly isolated from A light-chain libraries by pan-
ningagainst H301-conjugated Env. In addition, isolating antibod-
ies against quaternary epitopes constituted by the Env trimer
through panning using monomeric Env was difficult. However,
the presence of many independent B404-like NAbs strongly sug-
gests that B404-like NAbs compose a significant fraction of NAbs
in 4 SIVsmH635FC-infected macaques. Moreover, the vigorous
induction of B404-like NAbs in SIVsmH635FC-infected ma-
caques was also supported by the multiple B cell origins apparent
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from several subgroups in B404-like NAbs (Fig. 1). These sub-
groups originated from distinct B cell precursors generated by
VD] recombination, because they were often distinguished by the
length and nucleotide sequences of CDRH3.

The observation of few B404-like NAbs from macaques in-
fected with the SIV mix clearly indicates that induction of B404-
like NAbs depends on infection with SIVsmH635FC. The exclu-
sive induction of B404-like NAbs only in SIVsmH635FC-infected
macaques also raises the possibility that Env from SIVsmH635EC
is a highly immunogenic protein that induces antibodies against
the B404 epitope. The use of Env from SIVsmH635FC for vacci-
nation may be advantageous for the induction of broadly neutral-
izing antibodies, because the Env from an HIV-1-infected patient
with broadly neutralizing antibodies induced cross-reactive anti-
HIV-1 NAbs in an animal model (69). The Env in this vaccination
study is capable of mediating CD4-independent infection. Since
the Env of SIVsmH635FC has a mutation in the CD4-binding
region (D385N), NAb induction may be affected by CD4 indepen-
dency of Env. The development of vaccines aimed at inducing
B404-like NADs in rhesus macaques will be useful in establishing
models for development of antibody-based vaccines targeting spe-
cific epitopes for broad neutralization.

Biased usage of a specific VH3 germ line gene and A light chain
are remarkable genetic features of B404-like NAbs. The induction
of NAbs with specific germ line genes, such as VH1-69 for CD4i
(70) and VH5-51 for V3 (64), is frequently observed in HIV-1-
infected patients. A close relationship between VH germ line genes
and target epitopes suggests the importance of Ig gene usage in the
induction of broadly neutralizing antibodies. Therefore, rational
design of vaccines has been undertaken based on reactivity to an-
tibodies with the germ line genes used by known broadly neutral-
izing antibodies (11, 71, 72). Unfortunately, the VH3 germ line
gene of B404 is divergent from all human VH3 germ line genes,
suggesting the absence of a human counterpart. This may partially
explain why B404-like NAbs have not been identified in HIV-
infected humans, although the structure of HIV-1 Env, which is
different from that of SIV, significantly affects immunogenicity of
the B404 epitope. Rhesus macaque-specific germ line genes were
also used by NAbs against the quaternary epitope of HIV-1 Env
from simian and human immunodeficiency virus (SHIV)-in-
fected macaques, but their germ line genes were different from the
VH3 germ line gene used by B404 (73). Even in the presence of a
human VH gene counterpart, the antibody response to a neutral-
izing epitope may differ between rhesus macaques and humans
(74). In addition to the genetic diversity of germ line genes, the
rhesus macaque CDRH3 repertoire differs from that of humans,
resulting in species-specific antibody repertoires (75). This species
specificity in antibody induction is a problem in the evaluation of
HIV-1 vaccines in animal models, especially those designed for
specific neutralizing epitopes of HIV-1. Conversely, K8, the CD4i
NAb from a SIV-infected macaque, used the rhesus VH1 germ line
gene, an analog of human VH1-69 frequently used by CD4i NAbs
in HIV-1-infected humans (70). Thus, the mechanism of induc-
tion of CD4i NAbs with VH1-69 may be common in both humans
and rhesus macaques. To analyze vaccine candidates properly in
nonhuman primates, similarities and differences in antibody re-
sponse between rhesus macaques and humans should be consid-
ered.

B404 recognizes a conformational epitope consisting of the V3
and V4 loops. The enhanced exposure of the epitope in trimeric
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Env by sCD4 and efficient neutralization of neutralization-resis-
tant SIV strains by the scFv form of B404 suggests that the B404
epitope is sterically masked by the V1/V2 loops and glycans, anal-
ogous to CD4i and V3 epitopes (46, 65, 76). Consistent with this
interpretation, B404 reacted more intensely to Env mutants lack-
ing the V1 and V2 loops than to the wild-type Env. MD simulation
supported these observations by indicating changes in the struc-
tural dynamics of V3/V4 loops and their neighboring regions in
gp120 of resistant variants with F277V and N295S mutations in
the C2 region. The acquisition of resistance to the broadly neu-
tralizing antibodies b12, PG9, and PG16 due to C2 mutations far
from the target epitopes was also observed in HIV-1 CRFO1_AE
(77, 78). MD simulation is a powerful computational method for
analyzing structural dynamics of proteins in solution on the basis
of theoretical and empirical principles in physical chemistry (79)
and has been applied to research on viruses (80). The structural
dynamics of protein surfaces in solution plays a key role in protein
interactions, and MD simulation is advantageous in speculation
about interactions between proteins containing flexible regions,
such as V3 and V4 loops. Analysis of fluctuation changes in mu-
tant proteins is useful to identify the regions which affect protein-
protein interaction.

Although the V3 and V4 loops are known to contain linear
epitopes for antibody-mediated neutralization in SIV infection,
no conformational MAD against SIV with characteristics similar
to those of B404 has been reported (43, 47, 66—68). Several MAbs
to conformational epitopes that include the V3 region, such as
PGT antibodies, represented by PGT128 (15, 19), 3BC176, and
3BC315 (81), were isolated from HIV-1-infected patients. The
PGT128 epitope consists of the short segment of the V3 loop and
2 neighboring glycans (19), but the binding of B404 is indepen-
dent of these glycans near the V3 region. The epitope of 3BC176
and 3BC315 is close to the V3 loop, and their binding is partially
enhanced by CD4 binding, similar to that of B404 (81). However,
in contrast to B404, 3BC176 and 3BC315 do not bind to mono-
meric Env and compete with CD4i antibodies, suggesting that
their epitope is different from that of B404. Although we have not
determined the precise B404 epitope, the characteristics of B404
that are similar to those of CD4i and V3 antibodies suggest that
B404 recognizes a conserved region important for binding to the
CCRS5 coreceptor (46, 65, 76, 82).

Despite recent progress in understanding the broad neutraliza-
tion of HIV-1, epitopes for potent and broad neutralization have
not been analyzed in an SIV model because NAb analysis using
SIV cannot be directly applied to HIV-1. The main disadvantage
of SIV is the antigenicity difference relative to HIV-1, which
makes examination of neutralizing epitopes of HIV-1 impossible.
Although the use of SHIV expressing HIV-1 Env enables the eval-
uation of vaccine candidates designed for target epitopes of HIV-1
in nonhuman primates, an SIV model was more predictive of
vaccine efficacy than a SHIV model in clinical trials of a T-cell-
based vaccine (83, 84). For comprehensive assessment of immu-
nity induced by vaccine candidates, proof-of-concept trials using
the SIV model should be considered before further efficacy trials.
The identification of B404 with its potent and broad neutralizing
activity against SIV will be a useful adjunct for evaluating the
mechanism of neutralization in an SIV-macaque model and will
contribute to the development of HIV-1 vaccines.
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A Synthetic C34 Trimer of HIV-1 gp41 Shows Significant Increase in

Inhibition Potency

Wataru Nomura,® Chie Hashimoto,® Aki Ohya,® Kosuke Miyauchi,”™ Emiko Urano,® Tomohiro Tanaka,”
Tetsuo Narumi,” Toru Nakahara,®! Jun A. Komano,® Naoki Yamamoto," and Hirokazu Tamamura*®

The development of new anti-HIV-1 drugs such as inhibitors of
protease and integrase has been contributed to highly active
anti-retroviral therapy (HAART) for the treatment of AIDS." The
entry of human immunodeficiency virus type 1 (HIV-1) into
target cells is mediated by its envelope glycoprotein (Env), a
type | transmembrane protein that consists of surface subunit
gp120 and noncovalently associated transmembrane subunit
gp41.% Sequential binding of HIV-1 gp120 to its cell receptor
CD4 and a co-receptor (CCR5 or CXCR4) can trigger a series of
conformational rearrangements in gp41 to mediate fusion be-
tween viral and cellular membranes.® The protein gp41 is
hidden beneath gp120, and its ectodomain contains helical N-
and C-terminal leucine/isoleucine heptad repeat domains, N-
HR and C-HR. Particular regions of N-HR and C-HR are involved
in membrane fusion, and 36-mer and 34-mer peptides, which
are derived from N-HR and C-HR, have been designated as the
N-terminal helix (N36) and C-terminal helix (C34), respectively.
In the membrane fusion of HIV-1, these helices assemble to
form a six-helical bundle (6-HB) consisting of a central parallel
trimer of N36 surrounded by C34 in an antiparallel hairpin
fashion. Synthetic peptides derived from these helices have
potent antiviral activity against both laboratory-adapted strains
and primary isolates of HIV-1%® They inhibit the membrane
fusion stage of HIV-1 infection in a dominant-negative manner
by binding to the counterpart regions of gp41 (N-HR or C-HR),
blocking formation of the viral gp41 core.

Several potent anti-HIV-1 peptides based on the C-HR region
have been discovered,”® and T20 was subsequently devel-
oped as the clinical anti-HIV-1 drug enfuvirtide (Roche/Trime-
ris).® %" |t is a 36-mer peptide derived from the gp41 C-HR
sequence and can bind to the N-HR to prevent formation of
the 6-HB in a dominant-negative fashion."” 720 therapy has
brought safety, potent antiretroviral activity, and immunologi-
cal benefit to patients, but its clinical application is limited by
the development of resistance. The C-terminal helix C34 is also
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a C-HR-derived peptide, and contains the amino acid residues
required for docking into the hydrophobic pocket, termed the
“deep pocket”, of the trimer of the N-HR region. This peptide
potently inhibits HIV-1 fusion in vitro.'¥ To date, several gp41
mimetics, especially those of N36 regions, which assemble
these helical peptides with branched peptide linkers, have
been synthesized as antigens.'*'?

Recently, by using a novel template with C3-symmetric link-
ers of equal length, we synthesized a three-helix bundie mim-
etic that corresponds to the trimeric form of N36.2” The anti-
sera obtained from mice immunized by the peptide antigen
showed strong recognition against the N36 trimer peptide
with structural preference. At the same time, the trimer pep-
tide was also investigated as a fusion inhibitor. However, the
trimer N36 showed only a threefold increase in inhibition of
HIV-1 fusion relative to the N36 monomer.”” In terms of N36
content, the trimer and monomer have nearly the same inhibi-
tory potency. This phenomenon is consistent with the results
from other studies.”"” The multimerization of the functional
unit, such as synthetic ligands against receptors, show syner-
gistic binding and strong binding activity. Thus, we hypothe-
sized that our strategy using C3-symmetric linkers in the
design of trimer mimics of gp41 could be applied to the (34
peptide, which shows significant inhibition potency in the
monomeric form. In the present study, we designed and syn-
thesized a novel three-helical bundle structure of the trimeric
form of C34. This equivalent mimic of the trimeric form of C34
was evaluated as a novel form of fusion inhibitor.

The C-terminal region of gp41 is known to be an assembly
site involving a trimeric coiled-coil conformation. In the design
of the C34-derived peptides C34REG-thioester (Figure 1A) and
C34REG (Figure 1B), the triplet repeat of arginine and glutamic
acid (RERERE) was added to the C-terminal end of the C34 se-
quence (residues 628-661) to increase aqueous solubility, and
for C34REG-thioester, a glycine thioester was fused to the
C terminus. To form a triple helix corresponding precisely to
the gp41 pre-fusion form, we designed the novel C3-symmet-
ric template depicted in Figure 1C. This designed template
linker has three branches of equal length, a hydrophilic struc-
ture, and a ligation site for coupling with C34REG-thioester.
The template was synthesized as shown in Scheme 1. This ap-
proach uses native chemical ligation for chemoselective cou-
pling of unprotected C34REG-thioester with a three-armed cys-
teine scaffold to produce triC34e (Figure 2).*%%

Circular dichroism (CD) spectra of C34REG and triC34e are
shown in Figure 3A. The peptides were dissolved in 50 mm
sodium phosphate buffer with 150 mm NaCl, pH 7.2, Both
spectra display minima at ~200 nm, indicating that these pep-
tides form random structures. We previously reported that the
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Scheme 1. Synthesis of the equivalently branched template 5. Reagents and
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TFA.

helical content of the trimer triC34e and N36RE mixture is
lower than that of the monomer C34REG and N36RE mixture.
This is evidence that relative to the monomer C34REG, the
trimer triC34e interacts with N36 only with difficulty, due to
the assembly of three peptide strands by covalent bonds.

As the trimeric C34 was proven to interact with N36 helices,
the potential HIV-1 inhibitory activities of the C-terminal pep-
tides, C34REG and triC34e, were evaluated. The C34 peptide
without the solubility-increasing sequence (3 x[Arg-Glu], ob-
tained from NIAID) was used as the monomeric control.?” All
peptides showed potent inhibitory activity in the viral fusion
assay (Table 1), with the potency of triC34e being 100- and 40-
fold higher than that of C34REG and C34 peptides,
respectively. Notably, the triC34e trimer peptide is re-
markably more potent in anti-HIV-1 activity than the
monomer, indicating that a trimeric form is critical
for inhibitory activity. Cytotoxicity from the peptides
was not observed at concentrations of 15pum for

+ templat
HN : C34REG and C34, and 5 pm for triC34e.
We next carried out an assay for the inhibition of
2 iral replication. As shown in Table 2, triC34e showed
o 5 Nty viral rep . .
. N _migration Hz“ 30- and 20-fold higher inhibitory activity than pep-
¢ H g HN tides C34 and C34REG, respectively. In the two anti-

Q

Figure 2. The native chemical ligation used for assembly of the C34REG-thioester on the

template.

N36 monomer N36RE and the N36 trimer triN36e form a highly
structured a helix, and that the helical content of triN36e was
greater than that of N36RE.?*?¥ These results suggest that in
contrast to N36-derived peptides, C34-derived peptides tend
to form random structures both in the monomeric and trimeric
forms. To assess the interaction of triC34e with N36, CD spectra
of a mixture of triC34e with an N36-derived peptide, N36RE,
were measured (Figure 3B). The spectrum of the C34REG and
N36RE mixture and that of the triC34e and N36RE mixture
showed double minima at A 208 and 222 nm, indicating that
the peptide mixture forms an o-helical structure and that the

HIV-1 assays, triC34e showed a great enhancement
of activity over the C34 monomers. The ICg, values
obtained in the assays are different, and this can be

C34 peptide® C34REG 1riC34e
1Csq []..LM]“’l 0.044 0.12 0.0013
CCsp [pm]™ >15 >15 >5

[a] HIV-1 1lIB C34 peptide. [b] ICs, values are based on luciferase signals in
TZM-bl cells infected with HIV-1 (NL4-3 strain). [c] CCs, values are based
on the decrease in viability of TZM-bl cells. All data are the mean values
from at least three experiments.

206

www.chemmedchem.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2012, 7, 205 - 208

— 116 —



Table 2. ICy, values determined by inhibition assay based on p24 ELISA.

C34 peptide C34REG triC34e

1Cso [m]®™ 1.59 1.06 0.0547

[a] ICs, values are based on the production of p24 in MT-4 cells infected
with HIV-1 (NL4-3 strain). All data are the mean values from at least three
experiments.

explained through differences in experimental procedures. In
the fusion inhibition assay, cells were treated with peptides
before viral infection. In contrast, in the viral replication inhibi-
tion assay, peptides were treated after viral adsorption to cells.
Therefore, in the latter case, the infection by HIV-1 might pre-
cede peptide binding to gp41.

It has been shown that T-1249, an analogue of enfuvirtide,
and its hydrophobic C-terminal region inhibit HIV-1 fusion by
interacting with lipid bilayers.”® The tryptophan-rich domain
of T-1249 was shown to play important roles in HIV-1
fusion.”*" As enfuvirtide shows weak interaction with the
gp41 core structure, and the C34 sequence lacks the C-termi-
nal lipid binding domain, it has been suggested that C34 has a
mechanism of action distinct from that of enfuvirtide.®? Thus,
it is of interest to discern the mechanism of the enhanced in-
hibition observed with triC34e relative to the monomer. Two
explanations can be envisaged: 1) the o helicity of the C34
trimer is higher than that of the monomer, as shown in Fig-
ure 3A, and as a result, the C34 trimer binds more strongly to
the N36 trimer; and 2) in the mixture with the N36 monomer,
the C34 trimer shows less a helicity than its monomer (Fig-
ure 3B). As shown in Figure 3 A, the molar ellipticity at 222 nm
is similar for both the C34 trimer and the monomer. Thus, the
decrease at 222 nm in the mixture with N36 might be due to a
decrease in the o helicity of N36. These results suggest that
the C34 trimer might destabilize helix formation in N36 and
thus exert potent inhibitory activity. It has been shown that a
dimeric C37 (residues 625-661) variant does not show a signifi-
cant difference in IC5, value against HIV-1 from wild-type C37,
although the dimeric peptide shows tighter binding to the
gp41 N-HR coiled-coil than the C37 monomer®® Thus, the
mechanism of action of the C34 trimer could be different from
that of the dimeric C-peptide. The detailed action mechanism
of the trimer as a fusion inhibitor and the reasons behind its
remarkable increased anti-HIV-1 activity will be the subjects of
future studies in our research group.

A C-terminal helical peptide of HIV-1 gp41 has been de-
signed as a new HIV fusion inhibitor and was synthesized with
a novel template and three branched linkers of equal length.
The native chemical ligation proceeded by chemoselective
coupling in an aqueous medium of an unprotected C34 deriva-
tive containing a C-terminal thioester with a three-cysteine-
armed scaffold. This process led to the production of triC34e.
As a fusion inhibitor, triC34e has potent anti-HIV-1 activity, 100-
fold greater than that of the C34REG monomer, although the
anti-HIV-1 activity of the N36 trimer is threefold higher than
that of the N36 monomer, and the N36 content is the same in
both cases.?® A trimeric form of C34 is evidently critical as the
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Figure 3. A) CD spectra of C34REG (monomer, -----, , 6 um) and triC34e

(trimer, —, 2 pm). B) CD spectra in the presence or absence of the N36 mo-
nomer N36RE:® ... , [C34REG (6 um) + N36RE (6 pm)]; ——, [triC34e (2 pm)
+ N36RE (6 um)]; «+2--, , N36RE (6 pum). In the amino acid sequence of N36RE,

the triplet repeat of arginine and glutamic acid is located at the N-terminus
of the original N36 sequence.™ C) Amino acid sequence of N36RE: FP and
TM represent the hydrophobic fusion peptide and transmembrane domains,
respectively.

active structure of the fusion inhibitor. The soluble C34 deriva-
tive, SC34, retains potent inhibitory effects against enfuvirtide-
resistant viruses,®¥ and this suggests that the present highly
potent trimeric inhibitor could be effective for enfuvirtide-re-
sistant HIV-1 strains. The design of inhibitors that target the
dynamic supramolecular mechanism of HIV-1 fusion will be
useful for future studies of anti-HIV-1 agents.

Experimental Section

Conjugation of C34REG-thioester and the template to produce
triC34e

TCEP-HCI (773 pg, 2.67 pmol) and thiophenol (9 ul, 89 umol) were
dissolved in 0.1 M sodium phosphate buffer (60 pl) containing 6 m
urea and EDTA (pH 8.5, 2 mmM) under a nitrogen atmosphere. Com-
pound 5 (100 pug, 0.0899 pmol), C34REG-thioester (1.77 mg,
0.297 pmol), and CH;CN (20 ul) were added. The reaction was
stirred for 5 h at 37°C and monitored by HPLC. The ligation prod-
uct (triC34e) was separated as an HPLC peak and characterized by
ESI-TOF-MS (m/z caled for CoosHii08N20502455¢ [IM+HI': 16533.9,
found: 16543.8). Purification was performed by reversed-phase
HPLC (Cosmosil 5C,-AR Il column, 10x250 mm, Nacalai Tesque,
Inc.) with elution using a 33-43% linear gradient of CH,CN (0.1%
TFA) over 40 min. Purified triC34e, obtained in 17 % yield, was iden-
tified by ESI-ToF-MS. Details of the synthesis of these peptides are
described in the Supporting Information.
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CD spectra

Circular dichroism measurements were performed with a J-720 CD
spectropolarimeter equipped with a thermoregulator (Jasco). The
wavelength dependence of molar ellipticity [6] was monitored at
25°C from A 195 to 250 nm. The peptides were dissolved in PBS
(50 mm sodium phosphate, 150 mm NaCl, pH 7.2).

Virus preparation

For virus preparation, 293FT cells in a 60 mm dish were transfected
with the pNL4-3 construct (10 pg) by the calcium phosphate
method. The supernatant was collected 48 h after transfection,
passed through a 0.45 pm filter, and stored at —80°C as the virus
stock.

Anti-HIV-1 assay

For the viral fusion inhibition assay, TZM-bl cells (2x10* cells per
100 pL) were cultured with the NL4-3 virus (5 ng of p24) and serial-
ly diluted peptides. After culture for 48 h, cells were lysed, and the
luciferase activity was determined with the Steady-Glo luciferase
assay system (Promega, Fitchburg, Wi, USA).¥ For the viral replica-
tion inhibition assay, MT-4 cells (5 x 10* cells) were exposed to HIV-
1 NL4-3 (1 ng of p24) at 4°C for 30 min. After centrifugation, cells
were resuspended with 150 pl. medium containing indicated con-
centrations of serially diluted peptides. Cells were cultured at 37°C
for 3 days, and the concentration of p24 in the culture supernatant
was determined by HIV-1 p24 antigen ELISA kit (ZeptoMetrix, Buf-
falo, NY, USA).

Cytotoxicity assay

The cytotoxic effects of peptides were determined by the CellTiter
96 AQueous One Solution Cell Proliferation assay system (Promega)
under the same conditions, but in the absence of viral infection.

Acknowledgements

The following reagent was obtained through the US National In-
stitutes of Health (NIH) AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: HIV-1 liIB C34 Peptide
from DAIDS, NIAID. This work was supported in part by a Grant-
in-Aid for Scientific Research from the Ministry of Education, Cul-
ture, Sports, Science, and Technology of Japan, and Health and
Labour Sciences Research Grants from the Japanese Ministry of
Health, Labor, and Welfare. C.H. is supported by JSPS research fel-
lowships for young scientists.

[11 C. Hashimoto, T. Tanaka, T. Narumi, W. Nomura, H. Tamamura, Expert
Opin. Drug Discovery 2011, 6, 1067 -1090.

[2] E.O. Freed, M. A. Martin, J. Biol. Chem. 1995, 270, 23 883 - 23 886.

[3]1 D. M. Eckert, P. S. Kim, Annu. Rev. Biochem. 2001, 70, 777 -810.

[4] R. Wyatt, J. Sodroski, Science 1998, 280, 1884 1888.

[5] E. A. Berger, P. M. Murphy, J. M. Farber, Annu. Rev. Immunol. 1999, 17,
657-700.

[6] M. Ly, S. C. Blacklow, P. S. Kim, Nat. Struct. Biol. 1995, 2, 1075-1082.

[7]1 S. Jiang, K. Lin, N. Strick, A. R. Neurath, Nature 1993, 365, 113.

[8] C.T. Wild, D.C. Shugars, T. K. Greenwell, C. B. McDanal, T. J. Matthews,
Proc. Natl. Acad. Sci. USA 1994, 91, 9770~-9774.

[91 C.T. Wild, T. Oas, C. McDanal, D. Bolognesi, T. Matthews, Proc. Natl.
Acad. Sci. USA 1992, 89, 10537 - 10541.

[10] J. M. Kilby, S. Hopkins, T. M. Venetta, B. DiMassimo, G. A. Cloud, J. Y. Lee,
L. Alldredge, E. Hunter, D. Lambert, D. Bolognesi, T. Matthews, M.R.
Johnson, M. A. Nowak, G. M. Shaw, M. S. Saag, Nat. Med. 1998, 4, 1302~
1307.

[11] J. M. Kilby, J. J. Eron, N. Engl. J. Med. 2003, 348, 2228-2238.

{12] J. P. Lalezari, K Henry, M. O'Hearn, J. S. Montaner, P. J. Piliero, B. Trottier,
S. Walmsley, C. Cohen, D. R. Kuritzkes, J. J. Eron, Jr., J. Chung, R. DeMasi,
L. Donatacci, C. Drobnes, J. Delehanty, M. Salgo, N. Engl. J. Med. 2003,
348, 2175-2185.

[13] S. Liu, W. Jing, B. Cheng, H. Lu, J. Sun, X. Yan, J. Niu, J. Farmar, S. Wy, S.
Jiang, J. Biol. Chem. 2007, 282, 9612-9620.

[14] D.C. Chan, D. Fass, J. M. Berger, P. S. Kim, Cell 1997, 89, 263-273.

[15] E. De Rosny, R. Vassell, R. T. Wingfield, C. T. Wild, C. D. Weiss, . Virol.
2001, 75, 8859-8863.

[16] J.P. Tam, Q. Yu, Org. Lett. 2002, 4, 4167-4170.

[171 W. Xu, J. W. Taylor, Chem. Biol. Drug Des. 2007, 70, 319-328.

[18] J. M. Louis, I. Nesheiwat, L. Chang, G.M. Clore, C. A. Bewlet, J. Biol.
Chem. 2003, 278, 20278 -20285.

[19] E. Bianch, J. G. Joyce, M. D. Miller, A. C. Finnefrock, X. Liang, M. Finotto,
P. Ingllinella, P. McKenna, M. Citron, E. Ottinger, R. W. Hepler, R. Hrin, D.
Nahas, C. Wu, D. Montefiori, J. W. Shiver, A. Pessi, P.S. Kim, Proc. Natl.
Acad. Sci. USA 2010, 107, 10655 - 10660,

[20] T. Nakahara, W. Nomura, K. Ohba, A. Ohya, T. Tanaka, C. Hashimoto, T.
Narumi, T. Murakami, N. Yamamoto, H. Tamamura, Bioconjugate Chem.
2010, 21, 709-714.

[21]1 M. Ly, H. Ji, S. Shen, J. Virol. 1999, 73, 4433 -4438.

[22] D. M. Eckert, P.S. Kim, Proc. Natl. Acad. Sci. USA 2001, 98, 11187-11192.

[23] E. Bianchi, M. Finotto, P. Ingallinella, R. Hrin, A.V. Carella, X.S. Hous,
W. A, Schleif, M. D. Miller, Proc. Natl. Acad. Sci. USA 2005, 102, 12903 -
12908.

[24] P.E. Dawson, T. W. Muir, I. Clark-Lewis, S. B. H. Kent, Science 1994, 266,
776-779.

[25] P.E. Dawson, M.J. Churchill, M. R. Ghadiri, S.B. H. Kent, J. Am. Chem.
Soc. 1997, 119, 4325-4329.

[26] D.C. Chan, C.T. Chutkowski, P. S. Kim, Proc. Natl. Acad. Sci. USA 1998,
95, 15613-15617.

[27] S. A. Gallo, K. Sackett, S.S. Rawat, Y. Shai, R. Blumenthal, J. Mol. Biol.
2004, 340, 9~ 14.

[28] A.S. Veiga, N. C. Santos, L. M. Loura, A, Fedorov, M. A. Castanho, J. Am.
Chem. Soc. 2004, 126, 14758 -14763.

[29] M.K. Lawless, S. Barney, K.l. Guthrie, T. B. Bucy, S.R. Petteway, Jr., G,
Merutka, Biochemistry 1996, 35, 13697 -13708.

[30] K. Salzwedel, J. T. West, E. Hunter, J. Virol. 1999, 73, 2469 -2480.

[31] S.G. Peisajovich, S. A. Gallo, R. Blumenthal, Y. Shai, J. Biol. Chem. 2003,
278, 21012-21017.

321 S. Liy, H. Lu, Y. Xu, S. Wy, S. Jiang, . Biol. Chem. 2005, 280, 11259-
11273,

[33] K. M. Kahle, K. Steger, M. J. Root, PLoS Pathog. 2009, 5, €1000674.

[34] A. Otaka, M. Nakamura, D. Nameki, E. Kodama, S. Uchiyama, S. Naka-
mura, H. Nakano, H. Tamamura, Y. Kobayashi, M. Matsuoka, N. Fuijii,
Angew. Chem. 2002, 114, 3061-3064; Angew. Chem. Int. Ed. 2002, 41,
2937 -2940.

[35] E.J. Platt, K. Wehrly, S. E. Kuhmann, B. Chesebro, D. Kabat, J. Virol. 1998,
72, 2855-2864.

Received: November 22, 2011
Revised: December 15, 2011
Published online on January 13, 2012

208

www.chemmedchem.org

© 2012 Wiley-VCH Verlag GmbH.& Co. KGaA, Weinheim

ChemMedChem 2012, 7, 205-208

— 118 —



