Effect of ARV therapy on the HIV-1 genetic bottleneck

@©

PC11p5 07———;J
poﬂve"')”f"'\)
oG\

~lRAL24p 12

R 2g,
.W&ha
%,
o

2
oaRA- 24P
1.RAL 24p 1

first CCR5 inhibitor (Gulick et al., 2008). One important
advantage associated with this drug is the absence of
cross-resistance with previously available ARV com-
pounds (Gulick et al, 2008; Steigbigel et al, 2008).
However, as is usual with anti-HIV drugs, resistant
variants with mutations in the Env, gpl120 and gp4l
sequences are induced both in vivo and in vitro
(Anastassopoulou et al.,, 2009; Berro et al, 2009; Tilton
et al., 2010; Yoshimura et al., 2009, 2010a). As shown in
the present study, distinct Env sequences from each quasi-
species might be selected by the different anti-HIV drugs
(e.g. length of the V1/2 and/or V4 regions, V3 region
depletion and the number of PNGs). Moreover, many of
the novel anti-retroviral drugs in pre-clinical trials are
viral entry inhibitors (e.g. PRO140, ibalizumab, BMS-
663068 and PF-232798; Jacobson et al., 2010; McNicholas
et al., 2010; Nettles et al., 2011; Stupple et al,, 2011; Toma
et al., 2011). Therefore, it is necessary to examine whether
such entry inhibitors are effective when used alongside
conventional drugs.

In conclusion, we studied the genetic bottleneck in bulk
primary HIV-1 isolates from untreated patients and drugs
targeting the Env (and other) regions. The results showed,
for the first time, the presence of drug-selected Env
sequences in these isolates. Although our observations were
based on a limited number of HIV-1 isolates and need to
be confirmed by independent studies, we believe that they

provide a new paradigm for HIV-1 evolution in the new
combination ARV therapy era.

METHODS

Patients and isolates. Primary HIV-1 isolates were isolated from
four drug-naive patients in our laboratory (KP-1-4) and passaged in
phytohaemagglutinin-activated PBMCs. Infected PBMCs were then
co-cultured for 5 days with PM1/CCR5 cells (a kind gift from Dr Y.
Maeda; Maeda et al, 2008; Yusa et al, 2005) and the culture
supernatants were stored at —150 °C (Hatada et al, 2010; Shibata
et al., 2007; Yoshimura et al., 2006, 2010b).

After isolation of the primary viruses, we checked the sensitivity of
each primary isolate to MVC. The KP-1 isolate was relatively MVC-
resistant compared with KP-2 and KP-3 (54 vs 5.9 and 8.7 nM,
respectively). KP-1 became MVC sensitive after eight passages in
PMI/CCR5 cells [ICsp, 3.4 nM; Geno2pheno value (see below),
41.2%], whilst under the pressure of MVC, KP-1 became highly
resistant to MVC after eight passages (ICsq, >1000 nM; Geno2pheno
value, 1.7 %). These results indicated that the bulk KP-1 isolate used
in this study harboured primarily R5 viruses with X4- or dual-tropic
viruses as a minor population.

Cells, culture conditions and reagents. PM1/CCR5 cells were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated FCS (HyClone Laboratories), 50 U penicillin ml™", 50 pg
streptomycin ml™" and 0.1 mg G418 (Nacalai Tesque) ml™%. MVC,
RAL and SQV were kindly provided by Pfizer, Merck & Co. and
Roche Products, respectively. 3TC was purchased from Wako Pure
Chemical Industries.
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The laboratory-adapted HIV-1 strain 89.6, which was obtained
through the NTH AIDS Research and Reference Reagent Program, was
propagated in phytohaemagglutinin-activated PBMCs. The viral-
competent library pJR-FL-V3Lib, which contains 176 bp V3-loop
DNA fragments with 0-10 random combinations of amino acid
substitutions, was introduced into pJR-FL, as described previously
(Yusa et al., 2005).

In vitro selection of HIV-1 variants using anti-HIV drugs. The
four primary HIV isolates (KP-1-4), strain 89.6 and JR-FL-V3Lib
were treated with various concentrations of RAL and used to infect
PM1/CCR5 cells to induce the production of RAL-selected HIV-1
variants, as described previously, with minor modifications (Hatada
et al., 2010; Shibata et al., 2007; Yoshimura et al, 2006, 2010b).
Briefly, PM1/CCR5 cells (4 x 10* cells) were exposed to 500 TCIDso
HIV-1 isolates and cultured in the presence of RAL. Virus replication
in PM1/CCRS5 cells was monitored by observing the cytopathic effects.
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 RAL. When the virus began to propagate
in the presence of the drug, the compound concentration was
increased further. Proviral DNA was extracted from lysates of infected
cells at different passages using a QlAamp DNA Blood Mini kit
(Qiagen). The proviral DNAs obtained were then subjected to
nucleotide sequencing. In vitro selection of the KP-1 isolate using
SQV, 3TC and MVC was also performed using the procedure
described above.

Amplification of proviral DNA and nucleotide sequencing.
Proviral DNA was subjected to PCR amplification using
PrimeSTAR GXL DNA polymerase and Ex-Taq polymerase
(Takara), as described previously (Hatada et al., 2010; Shibata et al.,
2007; Yoshimura et al., 2006, 2010b). The primers used were 1B and
H for the gp120 region (Hatada et al, 2010; Shibata et al, 2007;
Yoshimura et al., 2006, 2010b), IN IF (5'-CAGACTCACAATAT-
GCATTAGG-3') and IN 1R (5'-CCTGTATGCAGACCCCAATATG-
3') for the IN region, and IN 1F and H for the IN-gp120 region. The
first-round PCR products were used directly in a second round of
PCR using primers 2B and F (Hatada et al., 2010; Shibata ez al., 2007;
Yoshimura et al., 2006, 2010b) for gp120, IN 2F (5'-CTGGCATGG-
GTACCAGCACACAA-3') and IN 2R (3'-CCTAGTGGGATGTGT-
ACTTCTGAACTTA-3') for IN, and IN 2F and F for IN~-gp120. The
PCR conditions used were as described above. The second-round
PCR products were purified and cloned into a pGEM-T Easy
Vector (Promega) or pCR-XL-TOPO Vector (Invitrogen), and the
env and IN regions in both the passaged and selected viruses were
sequenced using an Applied Biosystems 3500xL Genetic Analyzer
and a BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). Phylogenetic reconstructions were generated using
the neighbour-joining method embedded in the MEGA software
(http://www.megasoftware.net) (Tamura et al, 2007). Overall,
mean distances for viral diversity were also calculated using MEGA
software. The number and location of putative PNGs were
estimated using N-GlycoSite (http://www.hiv.lanl.gov/content/
sequence/ GLYCOSITE/glycosite.html) from the Los Alamos
National Laboratory database.

Susceptibility assay. The sensitivity of the passaged viruses to
various drugs was determined as described previously with minor
modifications (Hatada et al., 2010; Shibata et al., 2007; Yoshimura
et al., 2006, 2010b). Briefly, PM1/CCR5 cells (2 x 10? cells per well) in
96-well round-bottomed plates were exposed to 100 TCIDs, of the
viruses in the presence of various concentrations of drugs and
incubated at 37 °C for 7 days. The ICs, values were then determined
using a Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

Predicting co-receptor usage by the V3 sequence. HIV-1
tropism was inferred using Geno2pheno [coreceptor] program, with
a false rate positive (FPR) value of 5.0 %, which is freely available
(http://coreceptor.bioinf.mpi-inf.mpg.de/index.php). This genotyp-
ing tool more accurately predicts virological responses to the CCR5
antagonist MVC in ARV-naive patients than a reference phenotypic
tropism test (Sing et al., 2007).

Statistical analyses. Pairwise comparisons of the different param-
eters between variants in the two groups was calculated using the
homoscedastic t-test. A P value of <0.05 was considered statistically
significant.
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Fig. S1. The IN and gp120 sequences of baseline, RAL-selected and control-passaged viruses of
KP-1. The IN and gp120 sequences of baseline, RAL-selected and the passage-control viruses were
aligned against KP-1. Each amino acid is numbered relative to the HXB, reference sequence. Filled
cells denote the most dominant amino acids observed in RAL-selected variants at the latest passage,
open cells denote the most dominant amino acids observed in the passage-control variants at the
latest passage and shaded cells show amino acids deleted by the end of both passages, whilst ‘-’
indicates a deletion mutation.

Fig. S2. Comparison of the gp120 sequences between ARV drug-selected and control-passaged
viruses. The gp120 sequences of baseline, ARV drug (RAL, 3TC, SQV and MVC)-selected and the
passage-control viruses were aligned against KP-1. Each amino acid is numbered relative to the
HXB, reference sequence. Filled cells denote the most dominant amino acids observed in RAL-
selected variants at the latest passage, open cells denote the most dominant amino acids observed in
the passage-control variants at the latest passage, dark grey-shaded cells denote the amino acids
observed in anti-retroviral drug (3TC, SQV or MVC)-selected variants and light grey-shaded cells
show amino acids deleted by the end of both passages, whilst ‘-’ indicates a deletion mutation.
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virus type 1 envelope sequences in vitro. J Gen Virol 94, 933-943,
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ARTICLE INFO ABSTRACT

HIV-1 entry into cells is mediated by interactions between the envelope (Env) gp120 and gp41 proteins
with CD4 and chemokine receptors via an intermediate called the viral fusion complex (VFC). Here, mAbs
were used to find the dynamic changes in expression of antigenic epitopes during vFC formation. A CD4-
specific mAb (R275) and anti-vFC mAbs, designated F12-1, F13-6 and F18-4 that recognize the epitopes
only appeared by the co-culture of env-transfected 293FT and CD4-transfected 293 cells, were developed
by immunizing ganp-gene transgenic mice with an vFC-like structure formed by the same co-culture.
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léeD};W ords: The epitopes recognized by the mAbs appeared at different time points during vFC formation: F18-4
High-affinity antibody appeared first, followed by F13-6, and finally F12-1. The anti-vFC mAbs had little effect on vFC formation
HIV-1 or virus neutralization; however, interestingly F12-1 and F18-4 increased exposure of the OKT4-epitope

on the domain 3 in the extracellular region of CD4. R275, which recognizes the epitope closely associated
with the OKT4-determinant on the domain 3, showed the marked inhibition of vFC formation and viral
neutralization activity. The Ab binding to the epitopes appeared during viral membrane fusion might

Viral membrane fusion
Virus neutralization

reinforce the appearance of the target epitopes for effective neutralization activity.

© 2011 Elsevier GmbH. All rights reserved.

Introduction

HIV-1 infection occurs through attachment of the gp160 (gp120
and gp41 complex) trimeric envelope (Env) protein with CD4 and
CXCR4/CCR5 molecules expressed on human T cells (Berger et al.
1999; Sattentau and Weiss 1988). The process of viral infection

Abbreviations: Env, envelope; RT, room temperature; RL, renilla luciferase; vFC,
viral fusion complex; Tg, transgenic; spGFP, split GFP; PH, pleckstrin homology.
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involves dynamic changes in the structure of this Env trimer (Doms
and Moore 2000; Eckert and Kim 2001). Virus attachment is ini-
tiated by the binding of gp120 to CD4, which causes changes in
the gp120/gp41 trimer structure, pushing gp41 towards the target
cells. This creates the viral fusion complex (vFC), which interacts
with the cell membrane and promotes viral entry by inserting
the viral peptide sequence into CD4 T cells (Chan and Kim 1998;
Sattentau et al. 1993).

Human CD4, the primary receptor for HIV-1, has four domains
(D1, D2, D3, and D4) in its extracellular region (Ryu et al. 1990;
Wang et al. 1990; Wu et al. 1997). The primary binding site for
HIV-1 comprises residues 40-60 within the D1 domain (Arthos
et al. 1989). Earlier studies using mutant CD4 molecules identi-
fied residue 87 within D2 domain as the most crucial region for
cell fusion (Camerini and Seed 1990). The D2 domain forms a loop
structure in close proximity to the primary gp120 binding site.
Extensive studies of CD4 interactions using mAbs against the Env
protein show that various epitopes interact with CD4 and may serve
as targets of HIV-1 neutralization (Burton et al. 1994; Eda et al.
2006a,b; Muster et al. 1993; Trkola et al. 1995; Zolla-Pazner et al.
1995). Initial binding to CD4 occurs via all components of the vFC:
the V3-epitope of gp120, the CD4 binding site (CD4bs), and the
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Fig. 1. A model system for monitoring the formation of VFC using spGFP. (A) 293FT-env®™!! cells were prepared by transfecting 293FT cells with vectors for Env expression
(driven by LTR promoter elements in conjunction with the tandem oriented HcRed protein and the nuclear localization signal (NLS) sequence required to localize the HcRed
protein to the nucleus) and a fragment of GFP (GFP;;) linked to PH. 293CD4S71-10 was prepared by transfecting pCMV-human CD4 (extra-membrane region) and pCMV-
PH-GFP;-10 into 293 cells expressing CXCR4. The schematic diagram shows virus/membrane fusion mediated via the interaction between Env and CD4/chemokine receptors
during the viral entry process. (B) Fusion of the transfectants resulted in the expression of the HcRed signal in the nuclei and the appearance of the GFP signal at the membrane.

Bars=50 pm.

gp41 transmembrane proximal epitope. Many mAbs disrupt these
interactions and have a substantial neutralizing effect upon HIV-1
infection.

Further studies identified a so-called “hidden epitope” on the
membrane of CD4" T cells, which is induced by gp120-CD4 bind-
ing (Thali et al. 1993; Wyatt et al. 1995; Xiang et al. 2002), and is
recognized by mAbs (possessing broadly neutralizing activity) that
inhibit infection by various HIV-1 virus clades (Choe et al. 2003;
Decker et al. 2005; Labrijn et al. 2003). Recent studies demonstrate
the feasibility of mAbs directed against vFC as neutralizing agents
that prevent HIV-1 infection (Finnegan et al. 2001; Haim et al.
2007). Epitopes may be detected by mAbs produced by memory
B cells isolated from the peripheral blood lymphocytes of patients
showing long-term survival after HIV-1 infection (Diskin et al.
2010).

To further identify target epitopes that appear or alter during
the process of viral attachment and entry into cells, we pre-
pared vFCs formed between Env- and CD4/CXCR4-transfectants
after optimization of the culture conditions by using a split Green
Fluorescent Protein (spGFP) system targeted to the plasma mem-
branes (Wang et al. 2009). The complex of the co-culture containing
vFC was immunized to ganp-transgenic (GANP'8) mice (Sakaguchi
et al. 2005), which can generate extraordinarily high-affinity mAbs
against various kinds of Ags (Ono et al. 2009; Sakaguchi et al. 2009).
GANP is a nuclear protein that is upregulated in germinal center B
cells afterimmunization with T cell-dependent Ags (Sakaguchietal.
2011). Interactions between activation-induced cytidine deami-
nase (AID) and GANP induce the nuclear localization of cytidine
deaminase, increasing its access to IgV-region genes, a process nec-
essary for the generation of high-affinity Abs (Maeda et al. 2010).

In this study, we obtained various kinds of mAbs that recognize
VvFC, and investigated the changes in appearance of antigenic epi-
topes during the vFC and the effectiveness of mAbs directed at these
epitopes in preventing vFC formation and viral infection in vitro.

Materials and methods
Cells

The 293 cells and 293CD4 cells (293 cells constitutively express-
ing human CD4) (Miyauchi et al., 2005) were maintained separately
in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, Carls-
bad, CA) with 10% (v/v) heat-inactivated fetal bovine serum (FBS;
Sigma Aldrich, St. Louis, MO) at 37 °C with 5% CO, in a humidified
incubator.

Monitoring membrane fusion with a Split Protein reporter

The engineered spGFP (composed of GFP'-10 and GFP!!) was
used in the cell-cell fusion system to enable real-time monitoring
of membrane fusion as previously described (Wang et al., 2009;
Kondo et al. 2010). 293FT cells (Invitrogen) and 293CD4GFF1-10
cells expressing endogenous CXCR4 (Wang et al., 2009) were main-
tained in G418 (500 pg/ml; Nacalai Tesque, Kyoto, Japan). 293FT
cells were transfected transiently with the Env-expressing vector
(pNHcRedEluc HXB2 Env) and the pdPH-GFP!! expression vector
(Wang et al. 2009) to generate 293FT-envCP11 cells.

293CDACFPI-10 celis (5 x 10%) were layered over 293FT-env&FP11
cells (5 x 104, prepared 35h prior to co-culture) in Lab-Tek® II
Chamber Slides (Nalge Nunc International, Rochester, NY) at 37°C
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Fig. 2. Generation of mAbs directed against the extracellular region of CD4 expressed on the cells. MAb-producing hybridoma cells were screened by ELISA with soluble
human CD4 and re-cloned individually. (A) Specificity for the cell surface CD4 epitope was confirmed by FACS analysis of 293 and 293CD4 cells. (B) Analysis of epitopes
expressed on the extracellular portion of CD4. Recombinant (r)CD4 constructs were prepared by RT-PCR of total RNA isolated from CD4* T cells. The extracellular region
of CD4 was truncated, and the proteins expressed as fusion proteins with GST (covering D1-D2, D1-D3, and D2-D4). (C) Reactivity with the different mAbs was examined
by ELISA. R240 and R275 did not bind to any domains within CD4 produced in Escherichia coli, but did bind full-length soluble CD4 produced using a Baculovirus vector,
which suggests that these epitopes do not recognize primary amino acid sequences but rather conformation-dependent epitopes. These results are representative of three

independent experiments.

with 5% CO,. After co-culture for specified periods, supernatants
were removed and cells were fixed with 4% paraformaldehyde-
phosphate buffered saline (PBS) for 15 min, washed gently three
times with cold PBS and observed using a BZ-8000 fluores-
cence microscope {(Keyence, Osaka, Japan). Data were obtained
at identical times and under identical conditions for all groups
by observing whole cultures. Env-signal was detected as red
HcRed signal in the nucleus and green fused GFP (GFP!-10 + GFP!)
signal was detected on the surface of cells surrounding the
Env-positive cells. Purified mAbs (0.5 mg/ml) were used to deter-
mine their effect in mAb-dependent inhibition of membrane
fusion.

Preparation of hybridomas producing mAbs

vFCs were prepared by co-culturing 293CD4¢FP1-10 (2 4 x 106
cells) and 293FT-envCFP11 (245106 cells) in temperature-
responsive RepCell 10cm dishes (CellSeed Inc., Tokyo, Japan)
for 15min at 37°C with 5% CO, and fixed overnight with
0.2% formaldehyde-PBS at 4°C. vFCs were washed with

PBS and emulsified with Complete Freund Adjuvant (CFA;
DIFCO Laboratories, Detroit) in 1:1 volume ratio to obtain
a 15x107 cells/ml immunogen. 100l of VFC immunogen
was used to immunize GANPTE/BALB/c mice (n=5) (Sakaguchi
et al. 2005). Boosts were given three times using Incomplete
FA (DIFCO Laboratories) at three-week intervals. vFCs were
freshly prepared for each immunization. Establishment of mAb-
producing hybridomas was performed by standard procedures
with polyethylene glycol (PEG1500; Roche Applied Science,
Mannheim, Germany) using mouse myeloma P3U1 cells. Fol-
lowing hypoxanthine-aminopterin-thymidine (HAT; Invitrogen)
selection, cells were screened by ELISA to detect secretion of Igs
from the hybridoma cells. All positive clones were expanded in 24
well-plates, harvested and stored at —80°C. Culture supernatants
from hybridomas were used for screening of the mAbs.

mAbs

More than 630 clones were generated and their supernatants
examined for binding to 293CD4G6FP1-10 or 293FT-envCFP11 ysing
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