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form of CXCR4. The first mechanism comprises a shift in coreceptor
usage from CXCR4 to CCR5, which is induced by selective pressure
from CXCR4 antagonists. However, this is unlikely to occur frequently
because coreceptor switching from CCR5 to CXCR4, and vice versa,
requires multiple mutations throughout gp160 via transitional inter-
mediates with poor replication fitness [77].

There is an evolutionary gap in viral fitness between viruses using
CXCR4 and those using CCR5. However, an R5X4 dual-tropic virus
can shift from X4-dominated tropism to R5-dominated tropism [83].
The R5X4 dual-tropic 89.6 mainly uses CXCR4 as a coreceptor, but af-
ter selection with the CXCR4 antagonist T140, coreceptor usage shifted
from a phenotype that mainly used CXCR4 to one mainly using CCR5
due to a single amino acid substitution (R308S) in the V3 loop in vitro.
These results indicated that the R5X4 virus could shift its main corecep-
tor usage due to a low genetic barrier to the development of resistance.
In contrast, an outgrowth of the pre-existing minority of the R5 virus
caused by CXCR4 antagonists, is expected to lead to virologic failure.
AMD3100 is a small molecule compound called a bicyclam that has
potent antiviral activity against a variety of X4-tropic strains [94-99].
However, it is not clinically available because of low oral bioavailability
[100]. After treatment of clinical isolates in vitro with AM3100 for 28
days, the major population of viruses using CXCR4 was promptly re-
placed by the pre-existing minor population using CCR5 with multiple
mutations in the V3 loop in vitro [101].

The third possible pathway results from accumulation of mutations
in the viral envelope that allow interaction between gp120 and the co-
receptor in the presence of the inhibitor. AMD3100-resistant viruses
selected in vitro from NL4-3 strain still used CXCR4 as a coreceptor
and contained several mutations in the V3 loop and showed poor fit-
ness [102]. In contrast, other viruses resistant to POL3026, a specific
B-hairpin mimetic CXCR4 antagonist, did not show any fitness cost

and contained four mutations (Q310H, 1320T, N325D, and A329T)
in the gp120 V3 loop [70]. These four mutations were shared by viral
strains resistant to SDF-1a [103] and T134 [104], indicating that the
V3 loop is a crucial region for the acquisition of CXCR4 antagonist
resistance.

The fourth possible mechanism involves acquisition of the abil-
ity to utilize the inhibitor-bound form as well as the drug-free form
of CXCR4 for viral entry. Several clinical isolates demonstrate infec-
tion through the AMD3100-bound form of CXCR4, indicating a non-
competitive mode of drug resistance [99]. The V1/V2 region of one
of the isolates is responsible for this property, suggesting that baseline
resistance to this kind of CXCR4 antagonist should be considered while
developing CXCR4 antagonists. Recent advances have led to the de-
velopment of orally-active CXCR4 antagonists, including AMD11070
[105], KRH-3955 [106], and GSK81297 [107]. Therefore, to prevent the
possible emergence of pre-existing forms of the CCR5 virus, it is likely
that CXCR4 antagonists will be effective only in combination with a
CCRG5 antagonist or other antiviral drugs.

Fusion inhibitory peptides and their mechanisms of action

Fusion inhibitors: Enfuvirtide (T-20) was approved by the FDA in
2003 as the first fusion inhibitor that efficiently suppresses the replica-
tion of HIV-1 resistant to available classes of anti-HIV-1 drugs (Fig-
ure 1), such as reverse transcriptase inhibitors (RTIs) and protease in-
hibitors (PIs). Hence, it has been widely used for treatment of HIV-1
infected patients where treatment with other antiretroviral drugs has
failed [108]. T-20 comprises a 36 amino acid peptide derived from the
gp41 HIV-1 C-terminal heptad repeat (C-HR), as shown in Figure 7.

During HIV-1 entry, binding of gp120 to CD4 and either CCR5
or CXCR4 initiates penetration of the hydrophobic fusion peptide do-
main at the N-terminal heptad repeat (N-HR) of gp41 into the target
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Figure 7: Schematic view of HIV-1 gp41 functional domains and mutation map for T-20. Putative hydrophobic pocket region of the N-HR is shown (green) and
may form a leucine-zipper-like domain. In the C-HR, two tryptophan-rich domains (TRD; pink) are located at the N- and C-terminal regions (N-TRD and C-TRD,
respectively). The N-TRD binds to the hydrophobic pocket in the N-HR, whereas the C-TRD plays a key role in membrane association. FP; fusion peptide domain,
which penetrates into the target cell membrane. TM; transmembrane region. The amino acid sequence of the HXB2 clone is shown as a representative HIV-1 se-
quence. Only mutations located in the extracellular domain of gp41 are shown. Mutations observed in in vitro and in vivo selections are indicated by an asterisk (*).
137T was only selected in vitro. Primary and secondary mutations were most frequently associated with T-20 resistance (red and blue, respectively). In addition,
T25S/A, S35A/T, R46K, L55F, Q56R/K, V72L, A101I/T/V/G, L108Q, N109D, D113G/N, E119Q, L130V, 1135L, N140I, and L158W were selected in patients under
T-20 containing regimens, but observed in some drug-naive HIV-1 strains (Los Alamos HIV Sequence Data Bank, hitp://www.hiv.lanl.gov/content/index (natural
polymorphisms). Corresponding regions of T-20, SC34EK, and T2635 are shown. T-20 is comprised of the original sequence but others are extensively modified.
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cell membrane [6]. In the gp41 extra-cellular domain, the a-helical re-
gion at the C-HR begins to fold and interact with a trimeric form of the
N-HR in an anti-parallel manner. This intramolecular folding forms a
stable six-helix bundle and facilitates the fusion of the virus envelope
and cellular membranes. During the fusion step of HIV-1 replication,
T-20 can interfere with the formation of the six-helix bundle consisting
of a trimeric N-HR/C-HR complex.

In the C-HR, two tryptophan-rich domains (TRDs) are located in
close proximity to the connection loop (N-TRD) and the membrane-
spanning or transmembrane region (C-TRD). Both TRDs resemble a
leucine zipper structure and are believed to be important for interac-
tions of the N-HR and the C-HR. T-20 contains the amino acid se-
quence of the C-TRD, whereas C34-based peptides, such as SC34EK
and T2635, contain the N-TRD. T-20 is believed to bind to the N-HR
as a decoy and prevents the formation of the six-helix bundle [109],
resulting in the inhibition of HIV-1 entry. This mode of action has been
well documented with another fusion inhibitory peptide, C34, and re-
mains controversial whether the mechanisms of action of T-20 and
C34 are in fact the same.

Primary and secondary mutations for fusion inhibitors: Although
some fusion peptides, such as N36 [110] and IQN 17 [111], are designed
using the N-HR sequence, most have been designed using the C-HR se-
quence. Primary mutations for a representative C-HR derived peptide,
T-20, are generally introduced within the N-HR, a putative binding site
of T-20 [112,113]. Mutations frequently reported in vivo are located
at amino acid positions 36-45 of the gp41, including G36D/S/E/V,
V38A/M/E, Q40H, N42T, and N43D/K (Figure 7) [114]. Using circu-
lar dichroism analysis, others and we clearly demonstrated that these
primary mutations reduce the binding affinity of C-peptides with the
N-HR [112,115]. This mutation also impairs physiological intra-molec-
ular binding of the C-HR with the N-HR, providing a replication cost
[116]. Therefore, HIV-1 develops secondary or compensatory muta-
tions in the C-HR to restore the reduced stabilities of the six-helix bun-
dle by the introduction of primary mutations. N126K, E137K/Q, and
S138A [115,117] have been reported in vivo, usually in combination
with N-HR mutations. Mutations in the C-HR restore the intra-mo-
lecular folding/interaction of the C-HR with the N-HR. The enhanced
binding affinity by the secondary mutations can be applied to peptide
design, such as C34 with N126K and T-20 with S138A, which maintain
anti-HIV-1 activity, even to drug-resistant HIV-1 [115].

Secondary mutations of the N-HR are not only non-synonymous,
but also synonymous. A part of the RNA coding region for the env
gene, including gp41, also encodes the Rev-responsible element (RRE),
which is an RNA secondary structure important for unspliced RNA
export from the nucleus that is required for efficient viral protein syn-
thesis and packaging of genomic RNA [118,119]. Primary mutations
at positions 36 and 38 for stem II and at 43 for stem III affect the RRE
structure. Synonymous and non-synonymous mutations introduced
into the gp41 compensate for RRE structure stability, such as T18A for
V38A [120] and A30V for G36D [116], and Q41 (CAG to CAA) and
L44 (UUG to CUG) for N43D [121]. This association between the gp41
and RRE results in some genetic restrictions.

Impact of mutations on clinical potency: Only one or two amino
acid substitutions in gp41 appear to be sufficient for clinical treatment
failure, where after the emergence of mutations, viral load gradually
increases [122]. For example, G36E, V38A, Q40H, and N43D were
shown to confer 39.3-, 16-, 21-, and 18-fold reductions in suscepti-
bility to T-20, respectively [123]. Double or triple substitutions have
also been identified in clinical isolates from patients undergoing ther-
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apy with T-20. Mutations such as N42T+N43S, V38A+N42D, and
Q40H+L45M confer 61-, 140-, and 67-fold reductions in susceptibility
to T-20, respectively [123]. Mutations at codons 36 (G36E/D/S) and 38
(V38A/G/M) seem to emerge relatively rapidly in vivo, whereas Q40H
and N43D emerge more slowly [122]. After prolonged therapy, HIV-1
has been shown to develop secondary mutations and may confer more
apparent resistance with improved replication kinetics. Therefore,
combination regimens with other inhibitors, such as RTIs and PIs, are
indispensable for sufficient positive viral responses.

T-20 appears to inhibit replication of HIV-1 subtype independent-
ly [124-126], since T-20 has mainly been used for subtype B HIV-1
infected patients. Based on the mechanism of action of T-20, interfer-
ence of N-and C-HR interactions may be expected, where amino acid
sequences are highly conserved across all subtypes. However, in non-B
subtype HIV-1, N42S predominantly emerged as a resistance-related
mutation [124,125].

Resistance to the next generation inhibitors: Next generation inhibi-
tors have been designed using several strategies, such as the introduc-
tion of specific amino acid motifs and secondary mutations into the
sequence of the original peptide inhibitors [115] to enhance the sta-
bility of the a-helical structure between inhibitors and fusion domain
at the N-HR. In contrast to T-20, primary mutations to third genera-
tion inhibitors were not selected in vitro [127,128]; therefore, the ac-
cumulation of multiple mutations is likely necessary for the develop-
ment of resistance. In the case of SC34EK, 13 amino acid substitutions
(D36G, Q41R, N43K, A96D, N126K, E151K, H132Y, V182I, P203S,
L2041, S241F, H258Q, and A312T) were introduced and single amino
acid substitutions only conferred weak resistance (<6-fold) [127]. For
another peptide, T-2635, 12 amino acids in 10 positions (A6V, L33S,
Q66R/L, K77E/N, T94N, N100D, N126K, H132Q, E136G, and E151G)
were selected, and single mutations did not confer resistance to T-2635
[128]. Interestingly, some of these mutations were located outside the
N-HR and C-HR. Cross-resistance between SC34EK and T-2635 was
only examined for the SC34EK-resistant virus and revealed little cross-
resistance [127]. Further studies of resistance profiles might be helpful
in defining new strategies for the design of fusion inhibitors that can
suppress the replication of resistant variants of HIV-1.

Conclusion

The emergence of viruses resistant to entry inhibitors, as well as
other classes of antiviral agents (reverse transcriptase or protease in-
hibitors), has been reported in vitro and in vivo. Resistance to entry
inhibitors, including attachment inhibitors and coreceptor antagonists,
is mainly conferred as a result of missense mutations within the gp120
subunit of the env gene, which differ from one inhibitor to another.
Alternatively, treatment failure can occur through the expansion of
pre-existing CXCR4-using virus for CCR5 antagonists, and vice versa.
Agents that target gp41-dependent fusion select for HIV-1 variants
with mutationswithin the gp41 envelope gene. These resulis indicate
the incredible flexibility of the HIV-1 genome to escape from a variety
of entry inhibitors. Therefore, the development of novel entry inhibi-
tors for clinical use is needed to limit escape mutants by effective com-
bination therapy.
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Maraviroc binds to the pocket of extracellular loops of the cell surface CCR5 and prevents R5 HIV-1 from using
CCRS5 as a coreceptor for entry into CD4-positive cells. To evaluate the contribution of the V3 loop structure in
gp120 to maraviroc resistance, we isolated maraviroc-resistant variants from the V3 loop library virus
(HIV-1y3,) containing a set of random combinations of 0-10 polymorphic mutations in vitro. HIV-1y3,;, at
passage 17 could not be suppressed even at 10 pM (>1400-fold resistance), while HIV-1jz . at passage 17
revealed an 8-fold resistance to maraviroc. HIV-1y3yip-p17 contained T199K and T275M plus 5 mutations in the
V3 loop, 1304V/F312W/T314A/E317D/1318V. The profile of pseudotyped virus containing 1304V/F312W/
T314A/E317D/1318V in V3 loop alone revealed a typical noncompetitive resistance, although T199K and/or

CCR5 T275M could not confer noncompetitive resistance. This type of library virus is useful for isolation of escape

gp120

V3 loop

Viral entry

Maraviroc
Noncompetitive resistance

viruses from effective entry inhibitors.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The entry of human immunodeficiency virus type 1 (HIV-1) in
target cells is a feasible step where small compounds could be used to
block viral replication (Donzella et al., 1998; Dragic et al., 2000; Strizki
et al., 2001; Trkola et al., 2002). To completely suppress viral entry in
vivo, various antiviral agents have been developed that target unique
viral proteins and receptors (Kuhmann and Hartley, 2008; Tsibris and
Kuritzkes, 2007; Westby and van der Ryst, 2010). Enfuvirtide
(Fuzeon) is an antiviral peptide that prevents HIV entry by blocking
gp41-mediated fusion through interaction with the gp41 N-heptad
repeat domain to form a heterologous trimer of heterodimer complex
(Chan et al., 1997; Chan and Kim, 1998; Wild et al., 1993). Another
target to block viral entry is CCR5. Small compounds that can bind to
the pockets of the extracellular loops of CCR5 are expected to be
potent antiviral agents. Several small-molecule CCR5 inhibitors have
progressed through clinical development (Westby and van der Ryst,
2010). Maraviroc (Dorr et al., 2005; Fatkenheuer et al., 2005) is the
first and only CCR5 antagonist approved by the U.S. Food and Drug
Administration in 2007 for treatment-experienced patients with an
R5-tropic virus.

* Corresponding author. Fax: 481 3 3700 9084.
E-mail address: yusak@nihs.go.jp (K. Yusa).

0042-6822/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2011.02.019

The emergence of viruses resistant to entry inhibitors as well as
other classes of antiviral agents has been reported in vitro and in vivo
(Moore and Kuritzkes, 2009; Westby and van der Ryst, 2010). The
intuitive manner of resistance to small-molecule CCR5 inhibitors
depends on coreceptor switching from a CCR5-using virus to a dual-
tropic virus or a CXCR4-using virus, but these are rare cases in vitro
and in vivo (Maeda et al., 2008; Westby and van der Ryst, 2010).
Virologic failure in clinical aspects is an outgrowth of the pre-existing
minority population of the CXCR4-using virus (Gulick et al., 2007;
Moore and Kuritzkes, 2009; Westby and van der Ryst, 2010). These
results indicate that the acquisition of the other type of resistance
occurs preferentially in R5 viruses because coreceptor switching
requires multiple mutations throughout gp160 through transitional
intermediates with poor replication fitness (Pastore et al., 2004). Two
types of genetic pathways for virus escape have been reported in vitro
(Marozsan et al., 2005; Pugach et al., 2007; Trkola et al., 2002). The
first is the accumulation of multiple amino acid substitutions in Env
including 2-4 substitutions in the gp120 V3 domain. Unique changes
have been detected in different isolates (Baba et al., 2007; Kuhmann
et al., 2004; Marozsan et al., 2005; Ogert et al., 2008; Pugach et al,,
2007; Trkola et al., 2002; Westby et al., 2007). Some of these resistant
viruses revealed noncompetitive resistance (Kuhmann et al., 2004
Trkola et al., 2002; Westby et al., 2007). In noncompetitive resistance,
the escape variants could use the inhibitor-bound form of CCR5 as well
as free CCR5 for entry. The second is a genetic pathway independent of
V3 mutations. Resistance to vicriviroc has developed through multiple
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amino acid substitutions throughout gp160 without any changes in the
V3 loop (Marozsan et al., 2005). The determinants of resistance induced
by vicriviroc have been mapped on a 200-residue stretch of gp120
spanning the C2-V5 region (Ogert et al., 2008). These reports indicate
that resistance to small-molecule CCR5 inhibitors is complicated and
there appears to be no common key mutations.

In this study, we used the V3 loop library virus (HIV-1y31;p), which
carries a set of random combinations from 0 to 10 substitutions
(27,648 possibilities) in the V3 loop (residues 302, 303, 304, 305, 306,
312, 314, 317, 318, and 321; V3 loop from Cys?** to Cys3??) (Yusa
etal., 2005) (Fig. 1A). They were polymorphic mutations derived from
31 R5 clinical isolates. To further elucidate the contribution of the V3
loop to resistance to small-molecule CCR5 inhibitors, we selected
maraviroc-resistant variants from HIV-Tyz,. We describe the
isolation of maraviroc-resistant variants after 17 passages with a
gradual increase in maraviroc concentration in vitro, and discuss the
finding that the resistant variants from HIV-1ysp, revealed noncom-
petitive resistance to maraviroc.

Results
Selection of maraviroc-resistant variants from HIV-1jg g and HIV-1yzp

We used the replication-competent HIV-1yz;, for selection of
maraviroc-resistant viruses. Each virus clone in the library contains a
set of 0-10 amino acid substitutions in the gp120 V3 loop from Cys®>
to Cys**’ (Fig. 1A). We used PM1/CCR5 cells for virus passages
because they have two advantages. First, PM1/CCR5 cells are highly
sensitive to the R5 virus compared to the parental PM1 cells; second,
prominent cell fusion caused by viral infection is a straightforward
sign of virus proliferation. ECsgs of HIV-1jgp and HIV-1ysp to
maraviroc were 0.0069 + 0.0019 pM and 0.0055 + 0.0007 pM, respec-
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Fig. 1. (A) Amino acid substitutions in HIV-1ys. . Residues in boldface indicate the
substitutions that were randomly incorporated in HIV-1ys. . Underlined residues
indicate the substitutions that were not detected in 31 R5 viruses (Yusa et al., 2005).
F312C, E317H, and E317P were inevitably incorporated in HIV-1ys, due to
combinations of nucleotide substitutions. (B) Induction of maraviroc-resistant variants
from HIV-1ysiip. HIV-1jg.p and HIV-1ys, Were passaged in PM1/CCR5 cells in the
presence of maraviroc increasing from 0.003 pM to 0.1 uM for HIV-1jr ;. and from
0.003 pM to 0.7 pM for HIV-1yspib.

tively (Table 1). The susceptibility of HIV-1ys to maraviroc was
similar to that of the wild type. To select maraviroc-resistant variants,
PM1/CCRS cells were infected with HIV-1j g or HIV-1ysy, in the
presence of 0.003 uM maraviroc in passage 1 (Fig. 1B). After infection,
4 to 7 days were required for the viruses to sufficiently replicate for
the next passage. During the passages, the concentration of maraviroc
was gradually increased up to 0.1 uM until passage 14 for HIV-1jr.p
and HIV-1ysyp in the same manner. At passage 15, the library virus
could replicate in 4 days in the presence of 0.2 uM maraviroc, but the
wild type could not. The concentration of maraviroc was increased up
to 0.7 pM for HIV-Tyayi, and up to 0.1 pM for HIV-1jg grp17 at passage
17.

We determined the drug susceptibilities in the passaged viruses
(Table 1). HIV-1g f1..p17 revealed an 8-fold higher resistance than the wild
type without drug selection. It should be noted that replication of HIV-
Tyatib-p17 could not be blocked with even 10 puM of maraviroc, indicating
that HIV-1y3yipp17 Was > 1449-fold more resistant than the wild type with
selection. HIV-1yzy-p17 could replicate at extremely high concentrations
of maraviroc; we designated this full resistance as complete resistance.
Furthermore, HIV-1y3;ip.p17 revealed a cross-resistance of >230-fold to
TAK-779, although HIV-1jg.q.p17 showed only a 3.5-fold resistance
compared with the wild type without selection. These results suggested
that a certain intrinsic change occurred in HIV-1y3,, after passage 14. The
viral fitness of HIV-1jg_r.-p17 and HIV-1yzy, p17 Was compared with that of
viruses without selection by measuring p24 Gag in the supernatant
(Fig. 2A). Before selection with maraviroc, HIV-1ys revealed lower
fitness than HIV-1jr s Replication of HIV-1jg g.p17 Was almost compa-
rable to that of HIV-1jg_g, while the viral fitness of HIV-1ysyip p17 Was
higher than that of HIV-1jg g_or HIV-Tys;3, on day 2 or 4. These results
indicated that not only more resistant but also more fitness-adapted
variants dominantly overgrew during the passages for selection.

HIV-1y36 did not inherently contain V3 mutants that could use
CXCR4 as a coreceptor (Yusa et al.,, 2005). To address whether coreceptor
switching occurred in HIV-1y3p4p17, MT-2 cells, which could support X4
virus HIV-Tnz4 3 but not R5 virus HIV-1jr g (Fig. 2B), were infected with
the virus. It was clearly shown that HIV-1ysgi-p17 could not replicate in
MT-2 cells using CXCR4, indicating that the high resistance to maraviroc
in HIV-1y3yib-p17 Was not due to coreceptor switching.

Mutations in HIV- ]]R~I-'LvPI7 and HIV—1v3Lib,p17 at passage 17

To identify the mutations responsible for complete resistance to
maraviroc, we sequenced env genes at passage 10 and 17 (Table 2). At
passage 10, S303G was partially detected in HIV-1jg g p10 gp120 by
direct sequencing. Actually, 2 of 4 clones of HIV-1 JR-FL-P10 CONtained
S303G alone in the V3 loop, and no other common mutations were
detected in the other regions of gp120 and gp41 (data not shown).
Virus clones containing $303G did not become a major population
after further selection at passage 17. T314P (4 of 8 clones), S303G (2 of
8 clones), N299S (2 of 8 clones), K302E (1 of 8 clones),and A311L (1 of
8 clones) were detected in the V3 loop, indicating that the V3

Table 1
Susceptibility of the viruses selected with maraviroc.
ECsq™ (uM)
Maraviroc” TAK-779"
HIV-1jr-r 0.0069 £ 0.0019° (1.0) 0.043 +£0.009 (1.0)
HIV-1jg_pL-p17 0.055 4 0.0055 (8.0) 0.1540.033 (3.5)
HIV-1y31i 0.0055+0.0007 (0.80) 0.025 +0.007 (0.58)
HIV-1ysiibp17 >10 (>1400) >10 (>230)

¢ PM1/CCRS cells were infected at 100 TCID50 of viruses in the presence of the CCR5
inhibitor on day 0. Cytopathic effect was determined on day 6 by MTT method.

® Drug concentration of 50% growth inhibition of the cells (CC50) was >10 pM.

¢ Mean+SD (n=3).
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Fig. 2. Replication of HIV-1jg_fi.p17 and HIV-1y3yi.p17 in PM1/CCRS cells (A) or MT2 cells (B). Cells (5% 10") were infected with 10 ng of p24 Gag. Viral replication was monitored by

measuring p24 Gag in the supernatant. Experiments were performed in triplicate.

structure was not strictly focused on the selection pressure. Instead,
T199K in the C2 region was the only mutation detected by direct
sequencing, and the mutation was confirmed in 7 of 8 clones. The
mixture of these clones (HIV-1jr_pp17) revealed 8-fold resistance to
maraviroc (Table 1), suggesting that T199K may be a responsible
mutation for the low resistance in HIV-1jr_f.p17.

The mutation profile of HIV-1y3;, at passage 10 was different from
that at passage 17. In passage 10, S303G (4 of 4), [306M (3 of 4), F312W
(3 of 4), T314A (3 of 4), and [322N (4 of 4) were detected in a major
population, and 1 of 4 clones contained G149R/T199A in the non-V3
region. Thus, suggesting that the low concentrations of maraviroc from

Table 2
Mutations in gp120 of V3 loop library virus selected with maraviroc.

0.003 to 0.01 uM compelled the condensation of the V3-mutant mixture
to a small number of V3 structures. After further selection, the V3
structures detected in passage 10 were lost at passage 17, and 5
mutations in the V3 loop, 1304V/F312W/T314A/E317D/I318V (desig-
nated as V3-M5) and T199K/T275M (all 8) were detected by direct
sequencing. The amino acid substitutions of V3-M5 were polymorphic
mutations inherently incorporated into the library virus. All of the
clones from HIV-1yspi,.p17 contained these 7 common mutations,
although some of them contained minor mutations such as T262L (3
of 8). There were no other mutations detected in the other regions of
gp120 and gp41 (data not shown). HIV-1y3y,.p17 revealed a > 1400-fold

maraviroc (uM) non-V3 mutations

V3 mutations®

293 300 310 320
BIV-1 5 5. éTRPNNNfRKsIHIGPG&AEYETGEEIéQIRQAHC
P10P 0.03 = i maEwaE s A
CL#01 D227V e e ettt e et e
CL#02 = e R E R G S RE R E SIS E NS R SE E R Rd N e
CL#03 V2671 e L
CL#04 Y1T74H/TIO9K e e e e e e e e
P17k 0.1 TI99K e e e e P ..
CL#01 L124F/V197A/T199K/E220L/S240G ot veureeenenanenennnn =
CL#02 V83L/N87Y/T199K/G442E iiteeneeenananaeasans Pitmmemon oo ae
CL#03 V83T/T199K/CA36R/NA52D = simssssssissassssiess Paimanasmind e
CL#04 V83L/TL199K/F378Y e e =
CL#05 V166A/T199K/P209L/L256R/N351D .+ .uveennnenn P Tiais bk m e omm o s el
CL#06 - Gaaaaa Bl sici 6 % 25 5 58 W A § R e e e o
CL#07 N140D/T199k il B e tiie mieie mia e i e e v ey g R
CL#08 N134I/T199K/K233E i BiGs i 5.5 5 o 6 me e W m me e m oy
HIV—lJR—FL—V3Lib
P10 0.03 - e e G..M..... W.A...... N......
CL#01 - e G..M..... W.A...... N......
CL#02 G149R/T199A i G..M..... L.A..A N......
CL#03 - e e e G..M..... W.A...... N......
CL*04 — GV.L..... W....Q...N......
P17 0.7 T199K, T275M e Vs s s W.A..DV.........
CL#01 T199K/T275M e Vs 5 5 moe W.A..DV.........
CL#02 T199K/T275M e e e e e Veeounon. W.A..DV.........
CL#03 T199K/T275M e i e e Waic & wm i W.A..DV.........
CL#04 T199K/E265K/T275M e Vo wsans W.A..DV.........
CL#05 T199K/T262L/T275M e Veeunn. GW.A..DV.........
CL#06 T199K/E208K/G219S/T262L/T275M tevunwennnnn Veeounnn W.A..DV.........
CL#07 T199K/T262L/T275M e Veeuouunn W.A..DV.........
CL#08 T199K/T275M e Veeuounonn W.A..DV.........

2 Amino acid residues underlined are the mutation positions in HIV-1jg_f-vaLib.
b P10, P17 direct sequencing was performed to detect mutations (in bold) in Env.
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resistance to maraviroc compared with HIV-1jr g (Table 1). These
results strongly suggested that T199K/T275M plus V3-M5 conferred
complete resistance to maraviroc.

Susceptibilities of recombinant viruses to maraviroc

To confirm which mutations were responsible for complete resistance,
we constructed molecular clones containing combinations of T199K,
T275M, and/or V3-M5, and measured their susceptibilities to maraviroc
(Fig. 3). EC5p of HIV-1jg_m was 0.018 4- 0.004 pM, while those of HIV-11991
and HIV-Tpy75v were 0.0424+0.007 pM and 0.07440.011 pM. Thus
HIV-111909¢ and HIV-11275m were 2.3- and 4.1-fold more resistant than
HIV-1jg . HIV-T119091/1275m Was 3.3-fold more resistant, indicating that
without V3 mutations, T199K, T275M, or T199K/T275M could confer low
resistance, but not lead to complete resistance. On the other hand, the
V3-M5 alone could confer complete resistance to maraviroc, although its
viral fitness was lower than that of HIV-1jg_g_(Fig. 4). p24 Gag produced in
the absence of maraviroc in HIV-1y3.»s was 1040 pg/ml and that in
HIV-1jr.m. was 8600 pg/ml. T199K combined with V3-M5 can confer
complete resistance, and increase its viral fitness. p24 Gag production in
HIV-T71991v3-ms in the absence of maraviroc was 8.5-fold higher than that
in HIV-1y3.vs. T275M was detected in all 8 clones at passage 17, however,
the combination of T275M with V3-M5 resulted in marked decrease of
viral fitness (Fig. 4), although the viral replication could not be suppressed
by 3 or 10 pM maraviroc. These results indicated that T275M with V3-M5
could confer complete resistance. T275M/V3-M5 plus T199K restored the
decreased viral fitness with complete resistance. The replication of
HIV-111991/m275Mmam-m5 in the presence of 3 or 10 uM maraviroc was
comparable to that of HIV-1jz_p. Taken together, V3-MS5 is responsible for
the acquisition of complete resistance, and T199K and/or T275M have a
strong effect on viral replication under drug selection pressure.

Susceptibilities of pseudotyped viruses: single-round entry assay

To confirm the noncompetitive resistance mechanism, we determined
the susceptibilities of the recombinant viruses with a single-round entry
assay using MAGIC-5 cells (Hachiya et al,, 2001). ECso of pseudotyped
HIV-1gnyjr-m Was 0.00035 £ 0.00007 uM. The pseudotyped viruses HIV-
TEnv-T19ok/m275MA3-Ms, HIV-Tgnyt199k, HIV-1gnv-275m HIV-Tgny-t190K/
1275M HIV-Tgnyvzams, HIV-Tenyt19okvz-ms, and HIV-1 gnymzsmvaavs

—— HIV-1,,

100 =0 HIV-14,00¢

—h— H|V'1T?/LM

—¥— HIV-Tr000ma75m
- HIV-Ty0

=O— HIV-Tri00kva s
== HIV-Tr g0 marsmvans

504

Cell viability (%)

10 102 101 10° 10!
Maraviroc (uM)

Fig. 3. Susceptibilities of replication-competent recombinant viruses. PM1/CCR5 cells
were infected with recombinant virus at 100 TCIDs in the presence of maraviroc and
cultured for 6days, and the cytopathic effect was determined by the MTT assay.
Susceptibility of HIV-11275m/v3-m5 could not be examined because of its low replication.
Mean +SD (n=3).
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Fig. 4. The effect of 3 or 10 uM of maraviroc on the production of p24 Gag in the
recombinant viruses. Cells (5 x 10*) were infected with 10 ng of p24 Gag in the presence of
3 or 10 pM of maraviroc. After 6 days, the amount of p24 Gag in the supernatant was
measured with HIV-1 p24 Gag ELISA. Mean + SD (n=3).

revealed a <3.4-fold resistance compared with HIV-1gnyjrm. The
competent molecular clones containing T199K/T275M/V3-MS5, V3-MS5,
T199K/V3-MS5, and T275M/V3-MS5 could not be blocked by 3 or 10 uM
maraviroc (Fig. 4), while single-round entry of these pseudotyped viruses
could be inhibited by 50% with <0.0012 pM of maraviroc (Table 3).
However, in the presence of 0.1 or 1 pM maraviroc, inhibition of viral entry
could not be completely blocked (Fig. 5), indicating that the viruses could
utilize the maraviroc-bound form of CCR5. HIV-1y3.pms, HIV-11109103.m5,
and HIV-1790x/m275mpv3-ms Tetained 19, 26, and 36%, respectively, of their
entry ability at 1 uM maraviroc than those of the pseudotyped virus in
drug-free conditions. These results indicated that these viruses acquired
noncompetitive resistance by interacting with the maraviroc-binding
CCRS5 complex as a second receptor.

Discussion

Maraviroc is a highly potent antiviral agent targeting CCR5 to block
the viral entry step (Kuhmann and Hartley, 2008; MacArthur and
Novak, 2008). Primary R5 isolates cultured in stimulated PBMC are
usually used to induce CCR5 inhibitor-resistant variants (Baba et al.,
2007; Kuhmann et al., 2004; Marozsan et al., 2005; Ogert et al., 2008:
Pugach et al,, 2007; Trkola et al., 2002; Westby et al., 2007). Here we
used PM1/CCR5 cells with the HIV-1ys, constructed from a
laboratory strain to further focus on the contribution of the V3 loop
in gp120 in acquisition of maraviroc resistance. If HIV-1ysy;, originally
contained maraviroc-resistant viruses without additional mutations,

Table 3
Susceptibility of recombinant viruses to maraviroc determined by single-round entry
assay.

Maraviroc

ECso” (M)
HIV-1gny jrp 0.00035 + 0.00007" (1.0)
HIV-1gny-T198K m275M/V3-M5 , 0.00090 + 0.00014 (2.6)
HIV-1gny.i90k 0.00050 -+ 0.00007 (1.4)
HIV-1gny.1275m 0.00085 +0.00015 (2.4)
HIV-1gny-T199k/1275M 0.00064 + 0.00018 (2.6)
HIV-1gny.v3-ms 0.00071 £ 0.00022 (2.0)
HIV-1gqy-1199k/v3 M5 0.0012 4 0.0005 (3.4)
HIV-1gny-1275Mv3-M5 0.00064 +0.00021 (1.8)

* MAGIC-5 cells (2 x 10*) were infected with pseudotyped virus on day 0, and 48
h postinfection luciferase activity was measured to determine effective concentration of
50% entry inhibition (ECsp).

® Mean+SD (n=3).
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Fig. 5. Inhibition of viral entry. Pseudotyped viruses were prepared with 293T cells by transfection with pNL-luc and pCNX-FLenv. MAGIC-5 cells were infected with pseudotyped

viruses in the presence of 0.0001-1 pM of maraviroc. Mean £ SD (n = 3).

the selection periods could be shortened compared to the use of the
wild type for selection of the virus in vitro. In reality, it took more than
15 passages until we obtained the resistant variants that could replicate
in the presence of >0.10 uM, while resistant variants could not be
isolated using HIV-1jgp in the same manner. The library virus
inherently confers lower viral fitness in various virus clones replicating
in PM1/CCR5 cells compared to the wild type; 36% of replication-
deficient virus clones (<0.5% p24 Gag generated of that of wild type on
day 6 after infection), 17% of 0.5-10% replication-competent virus
clones, 38% of 10-50% replication-competent virus clones, and 9% of
>50% replication-competent virus clones (Monde et al., 2007). From
selection with 0.003 to 0.1 pM for HIV-1jr.m, mutations including T199K
that conferred low resistance were condensed in the viral population,
and a similar condensation of variants carrying such mutations occurred
in HIV-1yzp5p (1 of 4 clones contained T199K at passage 10). Maraviroc
from 0.1 to 0.7 uM (passage 11 to 17) could suppress the proliferation of
relatively low-resistant variants and enabled the chance for a variant
containing V3-M5 combined with T199K/T275M to command a
majority of the viral population. These sequential events needed more
than 15 passages to obtain highly resistant variants.

HIV-1 y3i.p17 contained 5 amino acid substitutions in the V3 loop.
We have reported the resistant virus from the same V3 library virus with
TAK-779, which contained five mutations [304V/H305V/1306M/F312L/
E317D in V3 loop (Yusa et al, 2005). The TAK-779 isolated virus
revealed relatively low resistance (15-fold). Two of the five mutations,
1304V and E317D were common mutations of V3-M5, and additional
F312L, T314A and 1318V in V3 loop could confer noncompetitive
resistance to maraviroc and TAK-779. A preclinical precursor of
vicriviroc AD101-resistant variants from the CC1/85 clinical isolate
revealed noncompetitive resistance, which contained 4 amino acid
substitutions - K305R (K302R numbering from HV-1jz.. gp120), H308P
(H305P), A316V (A311V), and G321E (G316E) - in the V3 region (Berro
et al, 2009; Kuhmann et al., 2004). These substitutions were not
included in the V3-M5 mutations. They introduced the 4 mutations in
the V3 region of HV-1jr.m, but the mutant V3 did not affect AD101
susceptibility in the different context (Moore and Kuritzkes, 2009).
Another study reported that A316T (A311T numbering from HV-1jg.r,
gp120) and 1323V (I1318V) were particularly influential on resistance to
vicriviroc (Westby et al., 2007). 1323V (1318V) was also included in the
V3-M5 mutations in HIV-1ysyp.pi7 It has been proposed that the
multiple mutations at both sides of the V3 loop in vicriviroc-resistant
HIV-1 CC101.19 decreased interactions between the V3 tip and the
second extracellular loop (ECL2) of CCR5 and interactions with the CCR5
N-terminus were enhanced (Berro et al., 2009). Similarly vicriviroc-
resistant HIV-1 subtype C carried K305R (K302R numbering from
HV-1jz g gp120), S306P (S303P), T3071 (T304l), F318I (F313I), T320R

(T315R), G321E (G316E) and H330Y (H326Y) accumulated sequentially
on both sides of the V3 stem; particularly incorporation of S306P and/or
K305R is crucial for efficient usage of the compound-CCR5 complex
(Henrich et al., 2010; Tsibris et al., 2008). In HIV-1 subtype D, Q315E
(Argses in HV-1jg ;. gp120) and R321G (Glusys) are essential for
resistance to vicriviroc, which is supposed to influence interaction of
gp120 with both the N-terminus and the ECL-2 region of CCR5 (Ogert
et al,, 2010). Our results also revealed that 5 amino acid substitutions at
both sides of the V3 stem could confer noncompetitive resistance,
conceivably through modified interactions of the V3 loop with the ECL2
and the N-terminus of CCRS5. Further experiments are necessary to
elucidate the contribution of each amino acid substitutions of V3-MS5 for
noncompetitive resistance.

HIV-1y3.ms, HIV-111901v3.m5, and HIV-1ty99k/1275mp3-m5 displayed
full resistance with maximum concentration of maraviroc (10 pM),
suggesting noncompetitive resistance (Pugach et al, 2007; Westby
et al., 2007). In the case of noncompetitive resistance, the inhibitor
concentration no longer has any further inhibitory effect on viral
replication. The escape variant uses the inhibitor-bound form of CCR5
for entry, as well as a free receptor usually with lower efficiency. Single-
entry assays with the three pseudotyped viruses showed that 19-36%
viral entry activity was retained at 1 pM of maraviroc. HIV-11190133-m5
could use the maraviroc-bound form of CCRS with 26% of efficiency,
whereas HIV-11ig9x/m275mva-ms could use it with 36% efficiency,
indicating that T199K/T275M with V3-MS5 finally prevailed for selection
at passage 17. These results indicate that V3-M5 mutations alone can
confer complete resistance, and non-V3 mutations like T199K and/or
T275M in the C2 domain intensively modify viral fitness.

In these experiments, we obtained a combination of multiple
mutations in the V3 loop containing V3-M5, 1304V/F312W/T314A/
E317D/1318V from HIV-1y3p. Other types of V3 mutations in
combination with non-V3 mutations may be selected to support
their viral fitness. To test this possibility, we may be able to select
various combinations of V3 mutants from a V3 library constructed
with HIV-1gy9gi OF HIV-11199k/m275m as a vector. We could not fully
explain the condition of the V3 structure that confers noncompetitive
resistance. To address this question, further studies involving the
analysis of mutants containing various combinations of mutations in
the V3 loop are necessary.

Materials and methods
Cells and viruses

PM1/CCRS5 cells were generated from the human CD4™" T-cell line
PM1 (Lusso et al., 2005) by standard retrovirus-mediated transduction
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with pG1TKneo-CCR5 (Maeda et al., 2000). The cells were maintained in
RPMI1640 (Invitrogen) supplemented with 10% heat-inactivated fetal
calf serum (FCS; Vitromex). MAGIC-5 cells (HeLa-CD4*-CCR5*-LTR-R-
galactosidase) (Hachiya et al., 2001), used as reporter cells for HIV-1
infection, and 293T cells were maintained in Dulbecco's modified Eagle's
medium (ICN Biomedicals) supplemented with 10% heat-inactivated
FCS.

For construction of the viral competent library of pJR-FLyzyi, 176-bp
V3-loop DNA fragments containing 0-10 random combinations of
amino acid substitutions were introduced in pJR-FL, as previously
described (Yusa et al., 2005). For virus preparation, 293T cells (2x 10%)
were transfected with 10 pg of pJR-FL or pJR-FLyayp using the calcium
phosphate ProFection Mammalian Transfection System (Promega). The
supernatant was collected 28 h after transfection, filtered through a
0.22-pm filter (Millipore), and stored at —80 °C until further use. p24
Gag in the supernatant was measured using a p24 Gag ELISA
(Zeptometrix).

Selection of maraviroc-resistant variants

Maraviroc was provided by the NIH AIDS Research and Reference
Reagent Program, Division of AIDS National Institute of Allergy and
Infectious Diseases. For selection of maraviroc-resistant viruses,
5x10° of PM1/CCR5 cells were infected with 300 ng of p24 Gag in
passage 1. After washing twice with phosphate-buffered saline (PBS),
the infected cells were incubated with 0.003 pM of maraviroc at 37 °C
in 5% CO,. Virus passages were performed at 4- to 7-d intervals using
1x10° PM1/CCR5 cells from passage 2 to 17 in the presence of
maraviroc gradually increasing up to 0.7 pM for HIV-1y3p;5 and 0.1 pM
for HIV-1jg g at passage 17.

Sequencing

The nucleotide sequences of env genes in the virus selected with
maraviroc at passage 10 and 17 were determined as follows. The virus
mixture was precipitated and subjected to reverse transcription-PCR
using the ImProm-II Reverse Transcription System (Promega). A
2.5-kb fragment of the env gene including a viral envelope-encoding
sequence in 50 pl reaction volume consisting of 50 mM KCl, 10 mM
Tris-HCl (pH 8.3), 2mM MgCl,, 0.01% gelatin, and 2 U AmpliTaq
(Applied Biosystems Inc.) was amplified by PCR with primers JREnvF1
(5'-GAGAGAGAGCAGAAGACAGTGGCAATGA-3’) and JREnvR2 (5'-
CACTACGTTTTGACCACTTGCCACCCA-3'). For direct sequencing, a
1/100 volume of the first PCR mixture was amplified with primers
tagged with M13 tails, and the products were purified using a PCR
purification kit (Marlingen). Then, the second batch of PCR products
was used as the sequencing template. To sequence the virus clones,
the first PCR products were purified by 1% agarose electrophoresis and
subcloned in the pCR-TOPO vector (Invitrogen). The cloned DNA was
sequenced using an ABI Prism 310 (Applied Biosystems Inc.).

Determination of drug susceptibilities

Susceptibilities of the viruses to the entry inhibitor was deter-
mined by the MTT assay using PM1/CCR5 cells for replication-
competent viruses as previously described (Pauwels et al., 1988).
Susceptibilities in the single-round viral entry assay were determined
using previously titrated pseudotyped virus preparations using
MAGIC-5 cells. Briefly, MAGIC-5 cells were plated in 48-well tissue
culture plates 1day prior to infection. After absorption of the
pseudotyped virus for 2h at 37 °C in the presence or absence of
0.0001-10 pM maraviroc, the cells were washed twice with PBS, and
then further incubated for 48 h in the presence or absence of the
inhibitor in fresh medium. ECso was determined by measuring
luciferase activity.
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Vesivirus 2117 CHO cells contaminated FBS (BoehringerIngelheim Oehming, et al, 2003 (ref 12)
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