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Amplification and Sequencing of Full-Length HEV
Genomes

Total RNA was subjected to RT-PCR for amplification
of the nearly full-length 7kb sequence of the HEV genome.
The RNA was reverse-transcribed with PrimeScript Reverse
Transcriptase (TaKaRa Biomedicals, Shiga, Japan) and
subjected to a first round of amplification using PrimeSTAR
GXL DNA Polymerase (TaKaRa Biomedicals). The primers
used for reverse transcription, the first round of PCR, and
any second round of PCR are indicated in Fig. (1). Nearly
full-length cDNA of G3;p, G35p and G3ys could be generated
in the first round. That of G4;p was generated in the second
round. The 5’-end sequence was determined by an RNA
ligase-mediated rapid amplification of ¢cDNA ends (RLM-
RACE) technique with the First Choice RLM-RACE kit
(Ambion, Austin, TX). RNA was treated with calf intestinal
alkaline  phosphatase followed by tobacco acid
pyrophosphatase, and then ligated to an RNA adaptor
supplied in the kit. RT-PCR was pertformed with an OneStep
RT-PCR Kit (QIAGEN, Hilden, Germany). The second
round of PCR was performed using Hot Start Taq DNA
Polymerase (QIAGEN). The primers for these PCRs are also
shown in Fig. (1). The 3’-end sequence was determined with
a 3°-Full RACE Core Set (TaKaRa Biomedicals) according
to the directions. Primers for 3’-end amplification are shown
in Fig. (1). The 5’-terminal and 3’-terminal PCR products
were ligated with pT7Blue (Novagen, San Diego, CA) and
cloned into E. coli DH50.(TOYOBO, Osaka, Japan).

The ¢cDNAs of nearly full length were sequenced directly
using the BigDye Terminator verl.l cycle sequencing kit
(Applied Biosystems, Foster City, CA) on an ABI PRISM
3100-Avant Genetic Analyzer (Applied Biosystems). The
cloned 5’-end and 3’-end cDNAs were also sequenced using
this kit.

Sequence Analysis of PCR Products

The amplification products were extracted from agarose
gels using a QIAEX™I Gel Extraction Kit (QIAGEN). Both
strands of the products were sequenced using the BigDye
Terminator Cycle Sequencing Ready Reaction Kit (PE
Applied Biosystems). Sequence analysis was performed
using Genetyx version 7.0 (Genetyx, Tokyo, Japan).
Sequence alignments were generated by CLUSTAL W
(version 1.8) [12]. A phylogenetic tree was constructed by
the neighbor-joining method, as described previously [13],
based on the entire nucleotide sequence of the HEV genome.
Bootstrap values were determined on 1,000 re-samplings of
the data sets [14]. The final tree was obtained using the Tree
View program (version 1.6.6) [15].

Sequence Comparison

The individual sequences after alignments were
compared at the nucleotide level using the *“Average
Difference of All pairwise comparisons” mode in the
DitferencePlot (http://www.gen-info.osaka-u.ac.jp/~uhmin/
study/difterencePlot/index.html) with a window size of 30
and 6 slides. Similarly, amino acid sequences were compared
using a window size of 1 and 1 slide. Briefly, the “Average
Difterence of all pairwise comparisons” calculates match
rates of each window for all possible sequence pairs, and
then calculates the average match rate of all the pairs for
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each window. Finally, a DifferencePlot displays the average
match rate as two types of graph (A. Yamashita and T.
Yasunaga, Personal Communication).

RESULTS

Full-Length Sequencing of Four Representative HEVs
Derived from Swine Fecal Samples in Japan

A total of 320 fecal samples were collected from 32
commercial farms in Japan. Among them, the 159 HEV
positive samples were subjected to genotyping by RT-PCR
with primers at ORF2 followed by sequencing [11]. All the
HEV sequences, except for several unclassified types, were
classified into four clusters, G35, G3sp, G3ys and Gd4yp.
Therefore, we selected a representative sample from each of
the clusters: swJR-P5 (G3p), sWwIB-E10 (G3gp), swIB-M8
(G3ys) and swIB-H7 (G4yp).

The original fecal samples used for genotyping were also
used for partial purification of these four HEVs. Extracted
nucleic acid samples were used to sequence the products of
RT-PCR (Fig. 1). The ftull-length sequences showed
heterogeneous populations, i.e., swJB-E10 having nucleotide
variation at 17 sites; swJR-P5 and swJB-H7 having
nucleotide variation at 1 site; and swJB-M8 with no variation
(data not shown). Therefore, we selected the predominant
nucleotide sequences. Sequence accession numbers are
shown in Fig. (2).

Comparison of Full-Length Sequences within Each
Genotype and Cluster

Full-length genomic sequences of HEVs belonging to G1
@®=3), G2 (»=1), G3 (n=23) and G4 (n=13) that were
available in the GenBank database were used for the
comparison. Consistent with our previous analysis using
sequences for part of ORF2 [11], a phylogenetic tree of the
full-length genomic sequences showed that our HEV
samples are located within the four individual clusters, G3yp,
G‘3sp, G3US and G‘4JP (Flg 2)

Next, we estimated the variation at the nucleotide and
amino acid levels, with all the sequences used for the
phylogenetic analysis (Fig. 3A). The variation was estimated
by comparing sequences every 30 nucleotides window as
well as every amino acid. The regions highly conserved
(>90% identity) among G3 and G4 at the nucleotide level
were located around ORF3. This result indicates that
although the HEV sequences belonging to G3 formed
independent sub-clusters, significant parts remained highly
conserved at the nucleotide level. In contrast, the variable
regions (<60% and 60-74% identity) were concentrated in
the ORF1 V region in both genotypes. Although most of the
regions were conserved at the amino acid level, the V region
of ORF1 was highly variable in both G3 and G4. Further, the
variation within clusters at the nucleotide level was
examined using individual HEV isolates based on the full-
length sequences used for Fig. (2) (Fig. 3B). The results
clearly showed for all four clusters that although the V
region of ORF1 was variable, all the other regions were
feirly well conserved. Comparisons among individual
clusters revealed that the highly conserved regions spread
over the full-length sequence were smaller in G3;p. Thus, the
mndividual isolates in a cluster showed some variation.
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HE61 (7-31) CACRTATGTGGTCGAYGCCATGGAG
HEG61 (7-31) CACRTATGTGGTCGAYGCCATGGAG
TIE42 (7-31) CACGTATGTGGTCGATGCCATGGAG
HE61 (7-31) CACRTATGTGGTCGAYGCCATGGAG

HE44 (7150-T127) GACTCCCGGGTITTRCCTACCTTC
HE44 (7150-7127) GACTCCCGGGTTTTRCCTACCTTC
HE43(7150-7127) GACTCCCGGGTTTTRCCTACCTTC
HE196 (7150-7127) TACTCCCGGGTTTTACCCACCTTC

Second PCR - G4
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: HES1 (131-111) GCCKRACYACCACAGCATTCG
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auter primer GCTGATGGCGATGAATGAACACTG
inner primer CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG
outer primer GCTGATGGCGATGAATGAACACTG
inner primer CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG
outer primer GCTGATGGCGATGAATGAACACTG
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HE3-1 (6681-6698) GCCACTGGTGCTCAGGCT
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3-site Adaptor primer CTGATCTAGAGGTACCGGATCC
3-site Adaptor primer CTGATCTAGAGGTACCGGATCC
3-site Adaptor primer CTGATCTAGAGGTACCGGATCC
3-site Adaptor primer CTGATCTAGAGGTACCGGATCC

Fig. (1). Location and direction of the primers used for the sequence analysis of full-length HEV genomes. A) The primers for RT-PCR
amplify nearly all of G31p, G3sp and G3ys. B) G4sp was subjected to nested RT-PCR. For the 5°- and 3’-ends, the analysis was performed as
described in Materials and Methods. C) Nucleotide sequences of primers and nucleotide positions are shown. The numbers in parentheses are
the nucleotide positions of swI570 (Accession No. 073912).
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Fig. (2). Phylogenetic tree with full-length sequences of the four HEVs, together with reference HEVs. The name and accession number of
individual isolates belonging to G1 to G4 are shown. The four representative HEVs in this study are boxed. The number on each branch is a

bootstrap value from 1,000 re-samplings.

Comparison of Full-Length Sequences Across Clusters
and Genotypes

Next, we tried a similar approach across the three clusters
within G3 at the nucleotide level (Fig. 4A). Comparisons of
swIB-P5 (G3;p) vs swIB-E10 (G3gp), swIB-E10 (G3gp) vs
swIB-M8 (G3ys), and swIB-P5 (G3p) vs swIB-M8 (G3ys),
revealed a clear distribution of variable and conserved
regions over the entire sequence. Interestingly, highly
conserved regions (identity in >90%) were more frequent
between G3jpp and G3yg than the other combinations. In
contrast, variable regions (<60% and 60-74% identity) were
identified in the V region of ORF1, but signiticantly smaller
between G3;p and G3ys. These results indicate that G3;p and
G3ys are more closely related than the other strains.

Further, we applied a similar approach to the cross-
genotype variation between G3 and G4 (Fig. 4B). As
expected, positions of highly conserved and variable regions
were consistent with those of the previous combinations
shown above. However, for all three combinations [swJB-H7

(G4yp) vs swlB-P5 (G3y3p), swIB-H7 (G4yp) vs swIB-E10
(G3sp), and swIB-H7 (G4yp) vs sw-JB-M8 (G3ys)], the
highly conserved regions (identity in >90%) were
significantly narrower, whereas the variable regions were
apparently wider, throughout the genomic sequence,
compared with the above comparisons within genotypes
(Fig. 3A), within clusters (Fig. 3B), and between clusters
(Fig. 4A).

As summarized in Table 1, comparison of the full-length
sequences showed similar results, i.e., G3yp is very similar to
G3uys, somewhat difterent to G3sp, and very difterent to G4;p
at the nucleotide level. This tendency was also observed at
the amino acid level in ORF1 and ORF3. However, for
ORF2, G3jp was very similar to G4y as well as G3ys and
G3sp.

Variation in the Sequences for the Primers and Probes
Used for Detection of the HEV Genome by RT-PCR

The comparison among the four clusters in G3 and G4
showed that the overlapping region of ORF2 and ORF3 was
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Fig. (3). Conservation within genotypes and clusters. A) A total of 23 isolates belonging to G3, including three HEV's from this study, and a
total of 13 isolates belonging to G4 including one HEV from this study, were used. For the sequence comparison, the average rate of
conservation (%) every 30 nucleotides or every amino acid was calculated and values are shown with different colors. B) Ten isolates

including swJR-PS in the G3jp cluster, 4 isolates including swJB-E10 in the G3 sp cluster, 6 isolates including swJB-M8 in the G3ys cluster
and 7 isolates including swJB-H7 in the G4;p cluster were used,
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Fig. (4). Conservation across clusters in G3 and between G3 and G4 at the nucleic acid level. Two of the four isolates in this study, G3p,
G3sp, G3ys and G4yp, were compared. Sequences with different conservation rates are shown in different colors, as in Fig. (3).
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Table1. Homology of Individual ORF Sequences of Four

HEYV Isolates

% Identity in Nucleotides; Full-Length

swJR-P5 swJB-MS8 swJB-E10
(G35) (G3es) (G3sp)
swJB-M8 (G3ys) 87.4
swJB-E10 (G3g) 81.7 813
swIB-H7 (G4r) 75.6 77.4 75.5
% Identity in Amino Acids; ORF1
swJR-P5 swJB-M8 swJB-E10
(G3z) (G3ue) (G3sp)
swJB-M8 (G3ys) 96.8
swJB-E10 (G3g) 93.9 93.6
swJB-H7 (G4;) 85.7 853 85.7
% Identity in Amino Acids; ORF2
swJR-P5S swJB-M8 swJB-E10
(G3w) (G3us) (G3s)
swJB-M8 (G3ys) 98.5
swJB-E10 (G3g) 97.4 973
swJB-H7 (G4r) 91.8 91.5 92.1
% Identity in Amino Acids; ORF3
swJR-P5 swJB-M8 swJB-E10
(G3x) (G3ys) (G3sp)
swJB-MS8 (G3ys) 96.5
swJB-E10 (G3g) 93.8 92.0
swJB-H7 (G4yp) 82.5 83.3 825

highly conserved. This makes the region a potential target
for detecting HEV RNA by RT-PCR. Therefore, we next
focused on the appropriateness for this region as a target for
detecting HEV RNA. Several groups have performed
amplification in the overlapping region of ORF2 and ORF3
[16-19]. We quantified the amount of HEV RNA according
to the method of Jothikumar et al. [17]. Sequences from the
GenBank database were used for the examination: 72
sequences from animals including pigs and 107 sequences
from humans at HE86 and HE87; and 72 sequences from
animals including pigs and the same 107 sequences from
humans at FHE88, as shown in Table 2. HE86, FHES8 and
HE87 correspond to JVHEVF, JVHEVP and JVHEVR,
respectively, in Jothikumar et al. [17]. Some 96.3%, 94.4%
and 96.3% of the human-derived HEV sequences were
conserved in HE86, FHE88 and HE87, respectively. Slightly
less conservation, except for the region at HE87, was
observed in the sequences from animals: 91.7%, 88.9% and
97.2% in HE86, FHE88 and HE87, respectively.
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DISCUSSION

The transmission of HEV to humans in Japan is mostly
food-borne [1-5]. Full-length sequences of four HE Vs in fecal
samples from pig farms in Japan were analyzed in this study.
The four representatives were located in independent clusters
in a phylogenetic tree constructed with these sequences
together with full-length reference sequences from the
GenBank database: G3;p, G3sp, G3ys and G4;p covered most
of the HEVs distributed among swine as well as humans in
Japan. A comparison of these four sequences with the
reference sequences revealed highly conserved regions that
overlap between ORF2 and ORF3, as well as variable regions
in the ORF1 V region. Positions of the variable as well as
conserved regions were virtually conserved across clusters and
genotypes, as well as within clusters and genotypes.

Comparisons between clusters revealed higher genetic
similarity between G3;p and G3ys, which were slightly more
distant from G3sp. We also found that the regions highly
conserved among G3 and G4 occur within smaller areas in
the overlapping region of ORF2 and ORF3. In addition, not
only V but also P regions of ORF1 were highly variable.
Interestingly, the ORF1 P region is unlikely to code for a
papain-like protease [20], because only a part of the HEV
sequence can encode the protease (see the sequences listed
by their accession numbers in Fig. 2).

Finally, we examined how efficiently the primer and
probe sets could amplity HEV RNA. The G3g and G3ys
HEVs arrived in Japan through the importation of pigs from
the United Kingdom [21] and United States [8], respectively.
G3gp and G3ys, in addition to G3;p and G4y, are currently
distributed in pigs and humans in Japan. These HEV clusters
were highly conserved at the amino acid level, but highly
variable at the nucleotide level. Therefore, a sensitive
method of detecting the genome is urgently needed. Several
groups have used primer and probe sets at similar sites [17-
19]. The results suggest that most of the sequences from
GenBank (>88%) that were derived from humans and
animals would be amplified with the primers HER6
(JVHEVF)HER7 (JVHEVP) and probe FHE88 (JVHEVR).
G3ys differs by one nucleotide from the other three isolates
in the region of the probe. The sequence of probe FHE100
for G3ys was found in only 0.9% and 2.8% of the sequences
from humans and animals, respectively. Based on our
experience with the detection of G3ys, FHE100 was
necessary for the detection of G3ys, because FHE88 was
more than 10-times less sensitive than FHE100. Thus, most
of the heterogeneous genomic sequences among HEVs in
humans in Japan would be covered by these primer and
probe sets, although this needs to be confirmed with
experimental analyses. These four HEVs could be useful as a
standard for heterogeneous HEV genomic sequences.
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Table2. Nucleotide Variation in Regions Used for Primer and Probe Sets to Detect the HEV Genome with High Sensitivity

Sense Primer
. - Nucleotide Position 5286 -5303 of swJ570 Sequence | Appearance .
Virus Origin (AB073912) Number | Ratio(%) | Lrimer Name
Swine, Wild boar, Deer and others, GGT GGT TTC TGG GGT GAC 66 91.7% HE86 (JVHEVF)
including of unknown origin 2 A 6 83%
GGT GGT TTC TGG GGT GAC 103 96.3 % HE86 (JVHEVF)
Human 2 3 2.8%
cee eee eee ..o Al L. 1 0.9%
Probe
. . Nucleotide Position 5309 —5326 of swJ570 Sequence | Appearance
Virus Origin (AB073912) Number Ratio (%) Probe Name
TGA TTC TCA GCC CTT CGC 64 88.9 % FHE88 (JVHEVP)
e Col il el 2 2.8% FHE100
B 2 28%
Swine, Wild boar, Deer and others,
including of unknown origin cee - Te 1 14%
ceo Al L L. 1 1.4%
LCoen el 1 1.4%
Cov Cov vt vee vee onn 1 1.4 %
TGA TTC TCA GCC CTT CGC 101 94.4 % FHES8 (JVHEVP)
D 1 0.9% FHE100
e e Al Ll L 1 0.9%
Human . . LT . . 1 0.9%
Y o 1 0.9 %
vee Yo il el L. ... Y =T /C 1 0.9%
P § 1 0.9%
Anti-Sense Primer
X . Nucleotide Position 5338 —5355 of swJ570 Sequence | Appearance .
Virus Origin (AB073912) Num ber Ratio (%) Primer Name
TTC ATC CAA CCA ACC CCT 70 972 % HE87 (JVHEVR)
Swine, Wild boar, Deer and others, including
of unknown origin DS N 1 1.4%
Cho v e i e 1 14%
TTC ATC CAA CCA ACC CCT 103 96.3 % HES87(JVHEVR)
Human D 3 2.8%
e T 1 0.9%
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Abstract

Viral entry is one of the most important targets for the efficient treatment of Human immunodeficiency virus
type 1 (HIV-1)-infected patients. The entry process consists of multiple molecular steps: attachment of viral gp120
to CD4, interaction of gp120 with CCR5 or CXCR4 co-receptors, and gp41-mediated fusion of the viral and cellular
membranes. Understanding the sequential steps of the entry process has enabled the production of various antiviral
drugs to block each of these steps. Currently, the CCRS inhibitor, maraviroc, and the fusion inhibitor, enfuvirtide, are

| clinically available. However, the emergence of HIV-1 strains resistant to entry inhibitors, as commonly observed
for other classes of antiviral agents, is a serious problem. In this review, we describe a variety of entry inhibitors
targeting different steps of viral entry and escape variants that are generated in vitro and in vivo.

Keywords: CD4-gp120 binding inhibitor; CCR5 antagonist; CXCR4
antagonist; Fusion inhibitor; Resistance; HIV-1

Introduction

The development of chemotherapy with antiretroviral agents has
reduced the morbidity and mortality of Human immunodeficiency vi-
rus type 1 (HIV-1)-infected individuals. Successful treatment of HIV-
I-infected patients using chemotherapy is partly due to a combination
of different classes of antiviral agents against the viral protease or re-
verse transcriptase. However, successful eradication of the virus from
infected individuals has not been achieved by antiviral treatment, and
is often limited by the emergence of drug-resistant HIV-1 strains [1-3].
These problems highlight the need to develop novel anti-HIV-1 drugs
that target different steps of the viral replication process. Viral entry is
currently one of the most attractive targets for the development of new
drugs to control HIV-1 infection. Viral entry proceeds through Env

HIV-1
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Figure 1: Molecular targets of inhibitors of HIV-1 entry into the target cell.
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(gp120, gp41)-mediated membrane fusion, and consists of sequential
steps: (i) attachment of viral gp120 to the CD4 receptor; (ii) binding of
gp120 to CCR5 or CXCR4 co-receptors; and (iii) fusion of the viral and
cellular membranes (Figure 1). A large number of inhibitors targeting
different steps of the viral entry process have been developed, including
peptides/peptide mimics, small molecules, and monoclonal antibodies
(MAD).

Enfuvirtide (also known as T-20) was the first of a new class of
drugs known as fusion inhibitors, which was approved by the U.S.
Food and Drug Administration (FDA) in 2003. Approval was given for
the use of this drug in combination with other anti-HIV-1 medications
to treat advanced HIV-1 infection in adults and children aged six years
and older. The drug is an antiviral peptide that prevents HIV-1 entry by
blocking gp41-mediated fusion [4-6]. Small compounds that can bind
to the pockets of the extracellular loops of a coreceptor are expected
to be potent antiviral agents. Several small-molecule CCRS5 inhibitors
have progressed through clinical development [7]. Maraviroc [8,9], a
CCR5 antagonist, is the second entry inhibitor approved by the FDA in
2007 for treatment-experienced patients infected with a CCR5-tropic
(R5-tropic) virus. Extensive research is currently underway to develop
the next generation of entry inhibitors, however, the emergence of viral
strains resistant to entry inhibitors, as well as other classes of antiviral
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agents, has been reported in vitro and in vivo [7,10]. In this review, we
describe the current status of in vitro and in vivo resistance to HIV-1
entry inhibitors.

Resistance to CD4-gp120 binding inhibitors

Inhibition of CD4-gp120 binding: Entry of HIV-1 into target cells
is mediated by the trimeric envelope glycoprotein complex, each mono-
mer consisting of a gp120 exterior envelope glycoprotein and a gp41
transmembrane envelope glycoprotein [11]. Attachment of HIV-1 to
the cell is initiated by the binding of gp120 to its primary CD4 recep-
tor, which is expressed on the surface of the target cell. The gp120-CD4
interaction induces conformational changes in gp120 that facilitate
binding to additional coreceptors (for example, CCR5 or CXCR4). At-
tachment inhibitors are a novel class of compounds that bind to gp120
and interfere with its interaction with CD4 [12]. Thus, these agents can
prevent HIV-1 from attaching to the CD4+ T cell and block infection
at the initial stage of the viral replication cycle (Figure 1). There are two
primary types of HIV-1 attachment inhibitors: nonspecific attachment
inhibitors and CD4-gp120 binding inhibitor [13].

In this section, we focus on the CD4-gp120 binding inhibitors, the
soluble form of CD4 (sCD4), a fusion protein of CD4 with Ig (PRO542),
a monoclonal anti-CD4 antibody (Ibalizumab, formerly TNX-355),
CD4 binding site (CD4bs) monoclonal antibodies (b12 and VRCO01),
small-molecule HIV-1 attachment inhibitors (BMS-378806 and BMS-
488043), and a new class of small-molecule CD4 mimics (NBD-556
and NBD-557) and a natural small bioactive molecule (Palmitic acid)
(Figure 2). We also describe the resistance profiles against these CD4-
gp120 binding inhibitors in vivo and/or in vitro.

Profile of CD4—gp120 binding inhibitors

Soluble CD4 (sCD4) and PRO542: In the late 1980s, various recom-
binant, soluble proteins derived from the N-terminal domains of CD4
were shown to be potent inhibitors of laboratory strains of HIV-1 [14].
Based on the potential of sCDA4 to inhibit HIV-1 infection in vitro, this
protein was tested for clinical efficacy in HIV-1-infected individuals;
however, no effect on plasma viral load was observed [14]. Further ex-
amination revealed that doses of sCD4 significantly higher than those
achieved in the clinical trial were required to neutralize primary clini-
cal isolates of HIV-1, in contrast to the relatively sensitive, laboratory-
adapted strains [15].

The first report of sCD4-resistant variants induced by in vitro selec-
tion showed that the resistant variant had a single mutation (M434T)
in the C4 region [16]. During selection with sCD4, it was also reported
that, seven mutations (E211G, P212L, V255E, N280K, S375N, G380R,
and G431E) appeared during in vitro passage [17]. Further, a recom-
binant clone containing a V255E mutation was found to be highly
resistant to sCD4 compared with the wild-type virus (114-fold higher
50% inhibitory concentration [IC, ] value). To determine the mutation
profiles obtained during in vitro selection with sCD4, the atomic coor-
dinates of the crystal structure of gp120 bound to sCD4 was retrieved
from public protein structure database (PDB entry: 1RZ]). From these
analyses, it was determined that almost all the described resistance mu-
tations were located the inside the CD4-binding cavity of gp120 [17].

Recently, a novel recombinant antibody-like fusion protein (CD4-
1gG2; PRO542) was developed in which the Fv portions of both the
heavy and light chains of human IgG2 were replaced with the D1D2
domains of human CD4 [18]. PRO542 was shown to broadly and po-
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Figure 2: Profile of CD4-gp120 binding inhibitors including molecular structures of selected small molecular inhibitors.
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tently neutralize HIV-1 subtype B isolates, and was also able to neutral-
ize strains from non-B isolates with the same breadth and potency as
for subtype B strains. PRO542 blocks attachment and entry of the virus
into CD4+ target cells and were mainly developed for the prevention
and transmission of HIV-1 through external application agents, such
as microbicides.

Ibalizumab (TNX-355): Monoclonal anti-CD4 antibodies block the
interaction between gp120 and CD4 and, therefore, inhibit viral entry
[19]. Ibalizumab (formerly TNX-355) was a first-in-class, monoclo-
nal antibody inhibitor of CD4-mediated HIV-1 entry [20]. By block-
ing CD4-dependent HIV-1 entry, ibalizumab was shown to be active
against a broad spectrum of HIV-1 isolates, including recombinant
subtypes, as well as both CCR5-tropic and CXCR4-tropic HIV-1 iso-
lates. Many clinical trials with HIV-1-infected patients have demon-
strated the antiviral activity, safety, and tolerability of ibalizumab. A
nine-week phase Ib study investigating the addition of ibalizumab
monotherapy to failing drug regimens showed transient reductions in
HIV-1 viral loads and the evolution of HIV-1 variants with reduced
susceptibility to ibalizumab. Further, clones with reduced susceptibil-
ity to ibalizumab contained fewer potential N-linked glycosylation sites
(PNGSs) within the V5 region of gp120. Reduction in ibalizumab sus-
ceptibility due to the loss of V5 PNGSs was confirmed by site-directed
mutagenesis [21].

Monoclonal antibodies, b12 and VRCO1: Several broadly neutraliz-
ing MAbs isolated from HIV-1-infected individuals define conserved
epitopes on the HIV-1 Env. These include the membrane proximal
external region of gp41 targeted by MAbs 4E10 and 2F5 [22]; the car-
bohydrate-specific outer domain epitope targeted by 2G12 [23]; a V2-
V3-associated epitope targeted by PG9/PG16 [24]; and the CD4bs [25]
targeted by b12 and VRCO1. The CD4bs overlaps with the conserved
region on gp120 that is involved in the engagement of CD4. The proto-
typical CD4bs-directed MAb, b12, neutralizes around 40% of primary
isolates, and its structure (in complex with the core of gp120) has been
defined [26]. However, Mo et al. [27] reported the first resistant variant
induced by in vitro selection with b12 that showed a P369L mutation in
the C3 region of HIV-1 . Further, several bi2-resistant viruses com-
monly display an intact b12 epitope on the gp120 subunits [28], sug-
gesting that quaternary packing of Env also confers resistance to b12.

A recently described CD4bs-directed MAb, VRCOI1, had been
shown to be able to neutralize over 90% of diverse HIV-1 primary
isolates [29]. The structure of VRCO1 in complex with the gp120 core
reveals that the VRCO1 heavy chain binds to the gp120 CD4bs in a
manner similar to that of CD4 [30]. The gp120 loop D and V5 regions
contain substitutions uniquely affecting VRCO1 binding, but notb12 or
CD4-Ig binding. In contrast to the interaction of CD4 or b12 with the
HIV-1 Env, occlusion of the VRCO1 epitope by quaternary constraints
was not a major factor limiting neutralization. Interestingly, many Ala
substitutions at non-contact residues increased the potency of CD4- or
b12-mediated neutralization; however, few of these substitutions en-
hanced VRCO1-mediated neutralization [31]. This study suggests that
VRCO01 approaches its cognate epitope on the functional spike with less
steric hindrance than b12 and, surprisingly, with less hindrance than
the soluble form of CD4 itself. These differences might be related to
the distinctly different angle of approach to the CD4bs employed by
VRCO1, in contrast to the more loop-proximal approach employed by
CD4 and b12.

BMS-378806 and BMS-488043: BMS-378806 (Figure 2) is a recently
identified small-molecule HIV-1 attachment inhibitor with good anti-
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viral activity and pharmacokinetic properties [32]. BMS-378806 binds
directly to gp120 with a stoichiometry of approximately 1:1 and with
a binding affinity similar to that of soluble CD4. The potential BMS-
378806 target site was localized to a specific region within the CD4
binding pocket of gp120 using HIV-1 gp120 variants carrying either
compound-selected resistant substitutions or gp120-CD4 contact site
mutations [32]. M426L (C4) and M475I (V5) substitutions located at
or near gp120/CD4 contact sites were shown to confer high levels of
resistance to the in vitro mutated HIV-1 variants, suggesting that the
CD4 binding pocket of gp120 was the antiviral target. M434I and other
secondary changes (V68A and I595F) also affect the drug susceptibility
of recombinant viruses, presumably by influencing the gp120 confor-
mation [33]. BMS-378806 (Figure 2) exhibited decreased, but still sig-
nificant activity against subtype C viruses, low activity against viruses
from subtypes A and D, and poor or no activity against subtypes E, F,
G, and Group O viruses [33].

BMS-488043 (Figure 2) is a novel and unique small-molecule that
inhibits the attachment of HIV-1 to CD4* lymphocytes. BMS-488043
exhibits potent antiviral activity against macrophage-, T-cell-, and
dual-tropic HIV-1 laboratory strains (subtype B) and potent antiviral
activity against a majority of subtype B and C clinical isolates [34]. Data
from a limited number of clinical isolates showed that BMS-488043
exhibited a wide range of activity against the A, D, F, and G subtypes,
with no activity observed against three subtype AE isolates [34]. The
antiviral activity, pharmacokinetics, viral susceptibility, and safety of
BMS-488043 were evaluated in an eight-day monotherapy trial that
demonstrated significant reductions in viral load. To examine the ef-
fects of BMS-488043 monotherapy on HIV-1 sensitivity, phenotypic
sensitivity assessment of baseline and post-dosing (day 8) samples were
performed. The analyses revealed that four subjects showed emergent
phenotypic resistance. Population sequencing and sequence determi-
nation of the cloned envelope genes revealed five gp120 mutations at
four loci (V68A, L1161, S375I/N, and M426L) associated with BMS-
488043 resistance; the most common (substitution at the 375 locus)
located near the CD4 binding pocket [35].

NBD-556 and NBD-557: Targeting the functionally important and
conserved CD4bs on HIV-1 gp120 represents an attractive potential
approach to HIV-1 therapy or prophylaxis. Recently, a new class of
small-molecule CD4 mimics was identified [36-38]. These compounds,
which include the prototypic compound, NBD-556, and its deriva-
tives, mimic the effects of CD4 by inducing the exposure of the co-
receptor-binding site on gp120 [17,39]. NBD-556 and -557 (Figure 2)
show potent cell fusion and virus-cell fusion inhibitory activity at low
(micromolar) concentrations. A mechanistic study showed that both
compounds target viral entry by inhibiting the binding of gp120 to its
cellular receptor, CD4. A surface plasmon resonance study showed that
these compounds bind to unliganded HIV-1 gp120, but not to CD4
[37]. Another recent study identified NBD-analogs as CD4 mimetics
that were used for the prophylaxis and treatment of HIV-1 infection
[39]. These compounds inhibited HIV-1 transmission by inhibiting the
binding of the natural ligand, CD4, and prematurely triggering the en-
velope glycoprotein to undergo irreversible conformational changes.
NBD-556 binds to the F43 cavity, which is formed by binding of gp120
to the CD4 receptor in a highly conserved manner [17,39].

Recently, our group reported that NBD-556 has potent neutral-
izing antibody-enhancing activity toward plasma antibodies that can-
not access neutralizing epitopes hidden within the trimeric Env, such
as gp120-CD4 induced epitope (CD4i) and anti-V3 antibodies [17].
Therefore, to investigate the binding site of NBD-556 on gp120, we in-
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duced HIV-1 variants that were resistant to NBD-556 in vitro. Two
amino acid substitutions (S375N in C3 and A433T in C4) were identi-
fied at passage 21 in the presence of 50 uM NBD-556. The profiles of the
resistance mutations after selection with NBD-556 and sCD4 were very
similar with regard to their three-dimensional positions.

Elucidation of the detailed molecular mechanisms governing the
interaction between gp120 and NBD compounds will enable the op-
timization and evaluation of this strategy in more complex biological
models of HIV-1 infection. Consequently, we will continue to synthe-
size NBD analogs and search for drugs with greater potency to change
the tertiary structure of the envelope glycoproteins and reduce host
cytotoxicity [40,41].

Palmitic acid : Previous studies with whole Sargassum fusiforme (S.
fusiforme)-extract and with the bioactive SP4-2 fraction demonstrated
inhibition of HIV-1 infection in several primary and transformed cell
lines [42]. Palmitic acid (PA), which was isolated from the SP4-2 bio-
active fraction, specifically block productive X4 and R5-tropic HIV-1
infection [43]. PA occupies a novel hydrophobic cavity on the CD4
receptor that is constrained by amino acids F52-to-L70 [44], which
encompass residues that have been previously identified as a region
critical for gp120 binding. PA is mainly developed as microbicides [45].

Resistance to CCRS5 antagonists

CCRS5 antagonists: 'The binding of HIV-1 to CD4 molecules induces
conformational change in gp120, resulting in the recognition of either

Profile of CCRH antagonist-resistant mutants

CCR5 or CXCR4 as a coreceptor for HIV-1 (Figure 1). It has been
shown that CCR5-utilizing HIV-1 (R5 virus) is associated with hu-
man-to-human transmission that predominate throughout the infec-
tion, while CXCR4-utilizing HIV-1 (X4 virus) emerges during the late
stage of infection in approximately half of HIV-1-infected individuals
and is associated with disease progression [46]. Most strikingly, it had
been shown that homozygous individuals having a 32-bp deletion in
the CCR5 coding region (CCR5A32) were found to be resistant to R5
HIV-1 and remained apparently healthy [47,48]. These findings sug-
gested that CCR5 would be an attractive therapeutic target for treating
HIV-1 infection, although it is a host factor. Several small molecule
compounds have been developed and were found to bind CCR5 and
inhibit R5 virus replication [49-53]. Molecular studies using CCR5
mutants indicated that these compounds bind to a cavity formed by
transmembrane helices of CCR5, and thereby inducing the conforma-
tional change in an allosteric manner that is not recognized by gp120
of HIV-1 [54-58]. Among these, TAK-779 (Figure 3) was the first com-
pound developed [49] that could inhibit not only HIV-1 infection, but
also binding of RANTES (CCRS5 ligand) to CCR5-expressing cells at
nanomolar concentrations, but was terminated due to poor oral bio-
availability. Maraviroc (MVC, UK427, 857) (Figure 3), however, has
been approved and used in the clinic for the treatment of HIV-1 in-
fection [8]. Another promising drug, vicriviroc (VCV, SCH-D, SCH-
417690) (Figure 3), recently completed phase III trials but has not yet
been approved [53].

Resistance to CCR5 antagonists: Although CCR5 antagonists target
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Figure 3: Profile of CCR5 antagonist-resistant mutants. The CCR5 antagonist-resistant mutants were isolated in vitro and in vivo across different subtypes of
HIV-1. Resistance-related mutations were found in the V3 and non-V3 regions including the C2, V4, C4, and gp41. Chemical structures of representative CCR5

antagonists are shown.
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a host cell receptor, the in vitro [59-64] and in vivo [65-67] emergence
of viruses resistant to CCRS5 antagonists in different subtypes has been
reported, as shown in Figure 3. The most intuitive mechanism of re-
sistance to CCR5 antagonists is likely to be the acquisition of CXCR4
use or selection of minority variants of CXCR4- or dual/mixed-tropic
viruses [61,68-70]. Numerous studies showed that coreceptor selectiv-
ity of HIV-1 is primarily dependent on the third hypervariable region
(V3 loop) of gp120 [71-74]. Furthermore, there is a simple rule to pre-

dict HIV-1 coreceptor usage called the 11/25 rule: if either the 11th

or 25th amino acid position of V3 is positively charged, the virus will
use CXCR4 as the coreceptor, otherwise it will use CCR5 [75]. Thus,
a single amino acid substitution in the V3 loop is sufficient to acquire
usage of CXCR4. However, these are rare cases when the viruses exclu-
sively use CCR5.

Indeed, escape variants from selective pressure by natural ligand
for CCRS5, such as MIP-1a (CCL3) [76], or CCR5 antagonists [60],
still use CCR5 and do not involve acquisition of CXCR4 usage. These
studies indicate that acquisition of CXCR4 usage conferred by muta-
tions in the V3 loop of gp120 results in the loss of replication fitness,
as previously described [77]. However, the escape variants from CCR5
antagonists usually retain CCR5 usage [60,61,69,78], and recognize the
antagonist-bound form of CCRS5 as well as the free CCR5 form for en-
try by the accumulation of multiple amino acid mutations, called non-
competitive resistance [61,79]. In non-competitive resistance, once
saturating concentrations of antagonists were achieved, further inhi-
bition was not observed, resulting in the plateau of inhibition, while
competitive resistance can achieve inhibition of viral replication by a
sufficient inhibitor concentration, resulting in a shift in the IC | value
(Figure 4). A principal determinant for the reduced sensitivity to CCR5
antagonists has been shown to be the V3 loop of gp120 although the
mutations appear to be isolate-specific and antagonist-dependent [33].

In general, primary R5 viruses or laboratory-adapted R5 infectious
clones cultured in stimulated peripheral mononuclear cells (PBMCs)
have been used for the selection of CCR5 antagonist-resistant variants.
However, the use of PBMCs for virus passage is donor-dependent and
labor-intensive. Additionally, the use of a single clone for selection
would need long-term passage to induce resistant viruses. To overcome
these problems, we constructed R5-tropic infectious clones containing
a'V3loop library, HIV-1_, .. To construct replication competent HIV-
1,,,,,» We chose 10 amino acid positions in the V3 loop and incorporat-
ed random combinations of the amino acid substitutions derived from
31 subtype B R5 viruses into the V3 loop library (Figure 5). This novel

Competitive resistance

in vitro system enabled the selection of escape variants from CCR5 an-
tagonists over a relatively short time period.

In addition to the V3 library, we are currently using PM1/CCR5
cells for virus passages. The PM1/CCRS5 cell line was generated by stan-
dard retrovirus-mediated transduction of parental PM cell line with the
CCRS5 gene, as previously described [63,76], and is highly sensitive to
the R5 viruses compared to the parental PM1 cell line. Remarkably, the
infection of PM1/CCRS5 cells with R5 viruses induces prominent cell
fusion, which is clear sign of virus proliferation. Thus, the use of PM1/
CCRS cells with the HIV-1,, . allows us to focus on the contribution
of the V3 loop in gp120 in CCR5 antagonist-resistance with a short-
ened selection period compared to the use of PBMCs with wild-type
virus. As expected, we were able to isolate TAK-779- [63] and MVC-
resistant [62] variants using replication competent HIV-1,, .. Indeed,
TAK-779- and MVC-resistant variants were determined to contain
several amino acid substitutions within the V3 loop sequence. Howev-
er, MV C-resistant variants also contained several amino acid substitu-
tions in non-V3 regions (T199K and T275M), such as elsewhere in the
gp120 to retain infectivity [80,81]. However, these mutations could not
confer non-competitive resistance, indicating the importance of the V3
loop for non-competitive resistance.

Mechanisms of resistance: It is thought that docking of gp120 to
CCR5 without CCR5 antagonists involves interactions of both the
V3 tip with the second extracellular loop of CCR5 (ECL2) and the
V3 stem-C4 region (bridging sheet) with the CCR5 N-terminus (NT)
[82]. Since small molecule inhibitors interact with the pocket formed
by transmembrane helices, thereby inducing allosteric conformational
change in the ECL2, the wild-type virus can no longer interact with
the ECL2. It is assumed that binding of small molecule inhibitors al-
ters orientation between the ECL2 and NT regions, disrupting multi-
point binding sites for gp120, thereby impeding gp120-CCR5 interac-
tion [83]. Indeed, studies using CCR5 mutants showed that the escape
variants were more dependent on tyrosine-sulfated CCR5 NT than
wild-type viruses [65,66,84]. Furthermore, these escape variants were
more sensitive to monoclonal antibodies recognizing the NT portion
of CCR5 [65]. These studies indicated that the escape variants from
CCR5 antagonists showed enhanced interactions with the NT that may
be a consequence of a weakened interaction with the ECL2 (Figure 6).

Another genetic pathway is independent of V3 mutations. Vicri-
viroc-resistant mutants have been developed with multiple amino
acid substitutions throughout the gp120 spanning the C2-V5 region
without any changes in the V3 loop [69]. Recently, three amino acid
changes in the fusion peptide domain of gp41 have been shown to be
responsible for resistance although the effect of these mutations was
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Figure 4: Typical competitive and non-competitive resistance profiles. Competitive resistance can achieve inhibition of viral replication by a sufficient inhibitor concentra-
tion, resulting in a shift in the IC50 value (left panel). In non-competitive inhibition, increasing concentrations of inhibitors have no effect, resulting in no increase in the

inhibitory effect (right panel).
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Figure 5: Schematic structure of HIV-1 V3 loop library showing introduced mutations in V3 for the analysis of escape mutants. Residues in boldface indicate the
substitutions that were randomly incorporated in the V3 loop, possible >2 x 104 combinations. The amino acid substitutions were detected in 31 R5 clinical isolates.

antagonist-sensitive

antagonist-resistant

CCRS

CCRS antagonists

Figure 6: Resistant HIV-1 viruses can enter host cells in the presence of the CCRS antagonist. The successful viral fusion requires the interaction of the V3 loop
in gp120 with the ECL2 and NT of CCR5. CCRS5 antagonists bind to the pocket formed by TM helices and induce allosteric conformational changes in the ECL2,
thereby disrupting the interaction of gp120 with CCRS5. The CCR5 antagonists-resistant viruses containing multiple amino acid substitutions in the V3 loop can

recognize antagonist-bound forms of CCRS by enhanced interaction with the NT.

context-dependent [84,85]. Thus, the mechanisms by which changes
in the fusion peptide alter the gp120-CCR5 interaction still remain to
be determined.

As previously mentioned, the patterns of mutations in escape vari-
ants against CCR5 antagonists were hypervariable and context-depen-
dent, due in part to extensive sequence heterogeneity of HIV-1 env.
Resistance to CCR5 antagonists was also found to be dependent upon
cellular conditions such as cell tropism and the availability of CCRS5.
The differential staining of CCR5-expressing cells by various CCR5
monoclonal antibodies suggested that CCR5 exists in heterogeneous
forms [86] and compositions of these multiple forms differed in cell
type [87]. These findings suggested that different conformations of
CCR5 with CCR5 antagonists might induce different substitutions in
gp120. Moreover, the development of cross-resistance to other CCR5
antagonists is inconsistent, where some studies suggest that it may oc-
cur [69,78,79] and some suggest that it may not occur [61]. Additional
data from in vitro and in vivo studies will be needed to elucidate the
meaning of these studies.

Resistance to CXCR4 antagonists

CXCR4 as a target: CXCR4 is a coreceptor that is used for entry by
X4-tropic viruses [88]; however, it is not always regarded as a suitable
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therapeutic target molecule for HIV-1 infection (Figure 1). R5 and X4
HIV-1 variants are both present in transmissible body fluids; however,
R5-tropic HIV-1 transmits infection and dominates the early stages
of HIV-1 pathogenesis [89], whereas X4-tropic HIV-1 evolves during
the later stages and leads to acceleration of disease progression due to
faster decline in CD4* T lymphocytes [90,91]. Coreceptor switching
from CCR5 to CXCR4 occurs in approximately 40-50% of infected in-
dividuals [92]; in addition, the R5 virus is still present as a minor viral
population even after emergence of the X4 virus. Furthermore, CXCR4
deletion in mice was shown to induce a variety of severe disorders and
resulted in embryonic lethality [93], suggesting that CXCR4-targeting
drugs may be less well tolerated than CCR5 inhibitors. These studies
indicate that administration of CXCR4 inhibitors is relatively restricted
to the later stage of infection after coreceptor switching. Therefore, the
development of CXCR4 antagonists has proceeded at a deliberate pace
when compared with that of other types of entry inhibitors.

Escape from CXCR4 antagonists: Based on the manner of escape of
R5-tropic HIV-1 from CCRS5 antagonists, four main resistance path-
ways may be intuitively possible for X4 HIV-1 escape from CXCR4
antagonists: (i) coreceptor switching from CXCR4 to CCR5; (ii) out-
growth of the pre-existing R5 virus; (iii) decrease in CXCR4 suscep-
tibility by mutation(s) in Env; and (iv) utilization of the drug-bound
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