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T-20 (enfuvirtide) resistance is caused by the N43D primary resistance mutation at its presumed binding
site at the N-terminal heptad repeat (N-HR) of gp41, accompanied by the S138A secondary mutation
at the C-terminal HR of gp41 (C-HR). We have discovered that modifying T-20 to include S138A (T-
20s1384) allows it to efficiently block wild-type and T20-resistant viruses, by a mechanism that involves
improved binding of T-20s7384 to the N-HR that contains the N43D primary mutation. To determine
how HIV-1 in turn escapes T-20s;334 we used a dose escalation method to select T-20s1334-resistant

gz&rﬁ; HIV-1 starting with either wild-type (HIV-Twr) or T-20-resistant (HIV-1n43pjs13ga) virus. We found that
HIV-1 when starting with WT background, 137N and L44M emerged in the N-HR of gp41, and N126K in the
gp4l C-HR. However, when starting with HIV-Ty43p/si3sa, L33S and 169L emerged in N-HR, and E137K in C-

T-20 HR. T-20s1384-resistant recombinant HIV-1 showed cross-resistance to other T-20 derivatives, but not
Mutation to C34 derivatives, suggesting that T-20s13g4 suppressed HIV-1 replication by a similar mechanism to
Fusion inhibitor T-20. Furthermore, E137K enhanced viral replication kinetics and restored binding affinity with N-HR
containing N43D, indicating that it acts as a secondary, compensatory mutation. We therefore introduced
E137Kinto T-20s;384 (T-20g1371/51384 ) and revealed that T-20g137x/s1354 moderately suppressed replication
of T-20s13a-resistant HIV-1. T-20g;37i/s1384 retained activity to HIV-1 without L33S, which seems to be a
key mutation for T-20 derivatives.

Our data demonstrate that secondary mutations can be consistently used for the design of peptide

inhibitors that block replication of HIV resistant to fusion inhibitors.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) fusion to host
cell membrane is mediated by formation of a six-helix bundle of
the transmembrane subunit gp41 (Chan et al., 1997). Peptides cor-
responding to amino acid sequences of the gp41 carboxyl-terminal
heptad repeat (C-HR) inhibit the HIV-1 fusion by acting as decoys

* Corresponding author at: Division of Emerging Infectious Diseases, Tohoku Uni-
versity School of Medicine, Sendai 980-8575, Japan. Tel.: +81 22 717 7199;
fax: +8122 717 7199.
E-mail addresses: kodama515@med.tohoku.acjp,
kodausa21@gmail.com (E.N. Kodama).

1357-2725/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocel.2013.01.015

and interfering with the formation of the six-helix bundle (Chan
et al., 1998; Malashkevich et al., 1998). Aithough modified pep-
rides such as SC34EK (Nishikawa et al., 2009), T-2635 (Dwyer et al.,

2008), and D-peptides (Welch et al., 2007), and small molecules
(Debnathetal., 1999) have been developed, T-20(enfuvirtide)isthe
only fusion inhibitor approved for HIV therapy. It is a 36 amino acid
peptide derived from the sequence of C-HR of gp41. It is thought to
bind at the N-HR domain of gp41and interfere with the C-HR-N-HR
interactions required for membrane fusion and injection of virus
into the host cell. T-20 has potent anti-HIV-1 activity and effec-
tively suppresses replication of HIV-1 in vivo (Kilby et al., 1998;
Lalezari et al.,, 2003; Lazzarin et al., 2003). However, HIV-1 rapidly
develops resistance through mutations in the amino-terminal HR
(N-HR)of gp41, especially in the region between L33 and L45, which
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isthought to be the binding site of T-20 (Aquaro et al., 2006; Cardoso
et al,, 2007; He et al., 2008). Among these residues, N43D in the N-
HR is one of the representative mutations for resistance to T-20
(Bai et al., 2008; Cabrera et al., 2006; Oliveira et al., 2009; Izumi
et al., 2009; Ueno et al., 2009). Interestingly, most variants show
impaired replication fitness, and thus often go on to acquire sec-
ondary mutations, such as S138A (Xu et al., 2005), in the C-HR
region of gp41 that corresponds to the sequence of T-20. We and
others have recently demonstrated that S138A functions as sec-
ondary resistance mutation and enhances resistance to T-20 by
restoring impaired replication kinetics of T-20-resistant variants
that contain primary mutations in the N-HR region, most notably
N43D (Izumi et al., 2009; Watabe et al., 2009).

To preempt this escape strategy, we have previously designed
a peptide analog of T-20 with the S138A change incorporated in
it (T-20s13g4; Fig. 1A) and showed that this peptide significantly
suppresses replication of T-20-resistant HIV-1 through enhance-
ment of binding affinity to mutated N-HR, such as N-HRya43p (Izumi
et al,, 2009). Using circular dichroism (CD) and structural analyses,
we also demonstrated that the S138A change provided increased
stability to the six-helix bundle (Watabe et al., 2009). In subse-
quentstudies, we validated our approach on another peptide-based
fusion inhibitor, C34. In this case, we designed a variant of C34
carrying a secondary escape mutation, N126K, selected for the
induction of C34 resistance (Nameki et al., 2005) and also presentin
HIV-1 isolates from T-20 experienced patients (Baldwin et al., 2004;
Cabrera et al., 2006; Svicher et al., 2008). We showed that this C34
variant can effectively inhibit replication of C34-resistant HIV-1.
These studies provided the proof of principle that it is possible to
design improved peptide-based fusion inhibitors that are efficient
against a major mechanism of drug resistance through introduction
of resistance-associated mutation(s).

It remains unknown to this date how HIV-1 develops further
resistance to T-20s;3g4. Moreover, it is not known whether we can
expand our strategy and modify T-20s73g4 to include the secondary
mutation(s) that emerge during the selection of T-20s13ga-resistant
HIV, resulting in a strategy that is applicable to the design of pep-
tides customized to address viral resistance mutations. Hence, in
the current study we selected T-20g13g4-resistant HIV-1 in vitro by
a dose-escalating method. We revealed that the resistance muta-
tions that emerged during selection experiments with wild-type
or T-20-resistant HIV-1 are located in both the N-HR and the C-HR
regions. Furthermore, the 137N and L33S mutations appeared to
act as primary mutations for wild-type and T-20-resistant HIV-1,
respectively. E137K, a C-HR mutation located in the T-20 sequence,
improved replication kinetics and enhanced affinity to N-HR, indi-
cating that E137K acts as a secondary mutation. Introducing the
E137K change into the T-20s138a (T-20g137x)s1384) resulted into
a peptide inhibitor effective against T-20sy3ga-resistant variants,
suggesting that secondary or compensatory mutations can be
widely applicable to the design of next generation peptide-based
inhibitors that are active against HIV-1 resistant to earlier genera-
tion fusion-targeting drugs.

2. Materials and methods
2.1. Cells and viruses

MT-2 and 293T cells were grown in RPMI 1640 medium and
Dulbecco’s modified Eagle medium-based culture medium, respec-
tively. HeLa-CD4-LTR-[3-gal cells were kindly provided by Dr. M.
Emerman through the AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, National Institute of Allergy and Infectious
Disease (Bethesda, MD), and used for the drug susceptibility assay,
as previously described (Nameki et al,, 2005; Nishikawa et al.,

2009). Recombinant infectious HIV-1 clones carrying various muta-
tions were generated through site-directed mutagenesis of the
pNL4-3 plasmid, as previously described (Nameki et al., 2005;
Nishikawa et al., 2009). Each molecular clone was transfected into
293T cells with TransIT (Madison, WI). After 48 h, the supernatants
were harvested and stored at —80°C.

2.2. Antiviral agents

The peptides used in this study (Fig. 1A) were chemically syn-
thesized using standard Fmoc-based solid-phase techniques, as
previously described (Oishi et al.,, 2008; Otaka et al., 2002). An HIV-
1 reverse transcriptase inhibitor, 2’,3’-dideoxycytidine (ddC) was
purchased from Sigma-Aldrich Japan (Tokyo, Japan) and used as a
control.

2.3. Determination of drug susceptibility

Peptide sensitivity of infectious clones was determined by the
multinuclear activation of galactosidase indicator (MAGI) assay
as previously described (Nameki et al., 2005; Nishikawa et al.,
2009). Briefly, the target cells (HeLa-CD4-LTR-B-gal; 10 cells/well)
were plated in flat 96-well microtiter culture plates. On the fol-
lowing day, the cells were inoculated with the HIV-1 clones (60
MAGI units/well, resulting into 60 blue cells after 48h incuba-
tion) and cultured in the presence of various concentrations of
drugs in fresh medium. Forty-eight hours after virus exposure, all
the blue cells stained with X-gal (5-bromo-4-chloro-3-indolyl--
D-galactopyranoside) were counted in each well. The activity of
test compounds was determined as the concentration that reduced
HIV-1 infection by 50% (50% effective concentration [ECsp]).

2.4. Induction of HIV-1 variants resistant to T-20s;334

MT-2 cells were exposed to HIV-1 and cultured in the presence
of T-20s13ga. Cultures were incubated at 37 °C until an extensive
cytopathic effect (CPE) was observed. The culture supernatants
were used for further passages in MT-2 cells in the presence of two-
fold increasing concentrations of T-20s133a When massive CPEs
were seenin the earlier periods. Each passage usually took 5-7 days.
The timing is highly dependent on the type of specific mutations
introduced, as previously reported (Nameki et al., 2005; Shimura
et al.,, 2010). For example, a passage that follows introduction of
novel mutation(s) should shorten the passage period to perhaps
4-5 days. However, there will be longer delays for passages where
there are no novel mutations or when there is appearance of only
secondary mutations. The dose-escalation process was repeated
until resistant variants were obtained. This selection was carried
out for a total of 60 passages (approximately 1 year). At the indi-
cated passages (Fig. 1B and C), the sequence of the env region was
determined by direct sequencing of the proviral DNA extracted
from the infected MT-2 cells.

2.5. Viral replication kinetics assay

MT-2 cells (105 cells/1 mL) were infected with each virus prepa-
ration (500 MAGI units) for 16 h. Infected cells were then washed
and cultured in a final volume of 3 mL. The culture supernatants
were collected on day 2 through day 5 post-infection, and amounts
of p24 antigen were determined.

2.6. CD spectroscopy

Each peptide was incubated at 37 °C for 30 min (the final concen-
trations of peptides were 10 wM in phosphate buffered saline [PBS];
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Fig. 1. Domains of gp41 and induction of T-20s33s4-resistant HIV-1. (A) Domains of gp41, substitutions observed during in vitro passage with T-20s53g4, and amino acid
sequences of T-20- and C34-based peptides used in this study. The locations of the fusion peptide (FP), amino-terminal heptad region (N-HR), carboxyl-terminal heptad
region (C-HR), transmembrane domain (TM), and C-HR-derived peptides are shown. The residue numbers of T-20 and C34 correspond to their positions in gp41. Substitutions
of N-and C-HR in gp41 of wild-type (WT) and T-20s1384-resistant HIV-1 are shown. Res.-WT and Res.-NDSA indicate resistant HIV-1 that were initially selected from wild-type
and HIV-Ty43p/s1384, respectively. (B and C) Induction of T-20s;335-resistant HIV-1 by dose-escalating selection in MT-2 cells. Induction of resistant HIV-1 was carried out for a
total of 60 passages of HIV-1wry (B) and HIV-Ty43p/s1384 (C), in 0.1 nM and 1 nM of T-20s;334, respectively. At the indicated passages, proviral DNA was sequenced, and the ECso
values of the HIV-1 variants were determined using the MAGI assay. To improve the replication kinetics, substitution of D36G was introduced into the NL4-3 background

used in this study (wild-type virus) (Izumi et al.,, 2009; Mink et al., 2005).

pH 7.4).CD spectra were recorded on an AVIV model 202 spectropo-
larimeter (Aviv Instruments, Proterion Corporation, Piscataway, NJ)
with a 1 mm path-length cuvette at 25°C as the average of eight
scans. The thermal stability was assessed by monitoring the change
in the CD signal at 222 nm. The midpoint of the thermal unfolding
transition (melting temperature [Ty ]) of each complex was deter-
mined as previously described (Izumi et al., 2009).

3. Results
3.1. Selection of HIV-1 resistant to T-20s;3g4

An HIV-1y14-3 strain containing a D36G substitution, which
improves replication kinetics, was used as a wild-type virus (HIV-
1wr) and for the construction of various mutants, as described
(Izumi et al., 2009; Mink et al,, 2005). HIV-1wrt or T-20-resistant
HIV-Tn43pjs138a Were used for selection of T-20g13g4-resistant HIV-
1. MT-2 cells were infected with HIV-1yr and HIV-1n43p/s138a. and
incubated in the presence of T-20513g4 at the initial concentrations
of 0.1nM and 1nM, respectively. At the indicated passages, the
sequence of the env region was determined by direct sequencing
of the proviral DNA extracted from the infected MT-2 cells. During
the selection, mutations in the gp41 were observed and are shown
in Fig. 1B and C.

In the selection with HIV-1yr (Fig. 1B), at passage 28 (P-
28), when T-20s13ga concentration was 51.2nM (P-28, 51.2nM),
isoleucine at position 37 in the gp41 was substituted to asparagine
(I37N). At P-60 (3.3 uM), 144 M and N126K in the gp41 further
emerged. On the other hand, in the selection with T-20-resistant
HIV-Tnaspjsizsa (Fig. 1C), at P-28 (512nM) and at P-40 (2 wM),

E137Kin the gp41, and L33S and I69L in the gp41 emerged, respec-
tively. The emergence of the I69L mutation in diverse HIV-1 strains
has been previously reported (Eshleman et al., 2007). At P-60, the
resistance of selected viruses from HIV-Twr and HIV-1na3p/si3sa
to T-20s138a, reached approximately 110- and 200-fold, respec-
tively. These results indicate that even though T-2051384 Was active
against T-20 resistant variants, resistant HIV-1 emerged relatively
rapidly compared with the next generation fusion inhibitors, such
as SC34EK, which required 120 passages to acquire the resistance
(Shimura et al., 2010).

3.2. Susceptibility of T-20s13g4-resistant HIV-1 to T-20 and C34
derivatives

To validate our resistance data we used site-directed mutagen-
esis to prepare recombinant HIV-1 with the T-2051334-resistance
mutations and examined its susceptibility to T-20 and C34 deriva-
tives with MAGI assay (Table 1). We also used as controls the
modified a-helix T-20- and C34-peptide inhibitors, T-20EK (Oishi
et al,, 2008) and SC35EK (Nishikawa et al., 2009; Shimura et al.,
2010), respectively, which are more efficient in vitro replication
inhibitors of T-20-resistant HIV-1 than T-20 or C34. Finally, we
also used as a control C34y126k, @ modified version of C34 that
includes the resistance-associated N126K substitution that effec-
tively suppress replication of C34-resistant HIV-1 in vitro (Izumi
et al., 2009).

Selected mutations 137N and L33S provided various levels of
resistance to T-20 and its derivatives, T-20573g4 and T-20EK, appar-
ently acting as primary mutations to peptides with a T-20 backbone
(Table 1). Other mutations, L44M, I69L, and E137K, which were
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Table 1
Antiviral activity of C-HR-derived peptides against gp41 recombinant viruses.
ECso (nM)
T-20 T-20s138a T-20EK C34 C34n126K SC35EK

HIV-1wr? 2.4+0.6 0.6+0.1 1.9+0.5 2.1+0.7 1.6+05 24+09

HIV-Tj37y 47+69 (20) 4341.3(7.2) 21+£24 (11) 3.3+1.1(1.6) 1.940.1(1.2) 1.0+ 0.4(0.4)
HIV-114am 4.1+1.2 (1.7) 0.7+0.2(1.2) 2.2+06(1.2) 1.1£0.3(0.5) 0.84+0.2(0.5) 0.6+0.2(0.3)
HIV-1n126K 4.4+1.3 (1.8) 1.2£04(2.0) 2.8+£0.2(1.5) 6.3:+1.2(3.0) 1.5+£0.2(0.9) 3.3+02(14)
HIV-Ti37njn126K 660 +180(275) 16+4.8 (27) 14+5.1(74) 20+:4.5(9.5) 344+04(2.1) 29+0.3(1.2)
HIV-1137n/144MN126K >1000 (>417) 130£40(220) 240 +95(126) 6623 (31) 4.0:£0.8(2.5) 1.1+£0.1(0.5)
HIV-11335 23455 (9.6) 3.1+£0.6(5.2) 13+2.6 (6.8) 324+1.1(1.5) 2.1+£0.1(1.3) 3.0:+08(1.2)
HIV-Tna3p 49+10 (20) 3.54+09(5.8) 4.1+£12(22) 4.4:+04(2.1) 1.4+£0.1(0.8) 0.4+£0.2(0.2)
HIV-1i691 2.1+0.5 (0.9) 0.5+0.2(0.8) 22+04(1.2) 2.7+0.2(1.3) 22+05(1.4) 2.7+0.5(1.1)
HIV-Tg137% 20403 (0.8) 0.7+0.1(1.2) 25+0.4(1.3) 2.6+£02(1.2) 23+£0.7(1.4) 3.1+0.8(1.3)
HIV-1na30/51384 8416 (35) 324+1.0(5.3) 34+1.1(1.8) 2.7+£02(1.3) 1.6+0.5(1.0) 0.340.1(0.1)
HIV-T1335/n43D/5138A >1000 (>417) 550 +72(174) 330494 (14) 30+£9.2(2.6) 42+1.2(04) 0.9+0.3(0.4)
HIV-1n430/21371/5138A 110+31 (46) 14+4.7 (23) 7.0+2.4(3.7) 7.4+1.9(3.5) 2.140.7(1.3) 1.940.6(0.8)
HIV-11335/Na30/E137K/5138A >1000 (>417) >1000(>1667) >1000 (>526) 314£5.0(15) 6.7+£1.7(4.2) 1.240.2(0.5)
HIV-11335/N43D/1691/E137K/5138A >1000 (>417) >1000(>1667) >1000 (>526) 5012 (24) 28+7.1(17.5) 1.0x:0.9(0.4)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECsg ) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECsq value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

4 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wy) (Izumi et al., 2009; Mink et al., 2005).

observed in wild-type HIV-1 as polymorphisms (Kuiken et al.,
2010; Loutfy et al., 2007), conferred little resistance to all pep-
tide fusion inhibitors tested. However, introduction of L44M to
HIV_1B7N/N126K (HIV'1137N/LA4M/N12GK) remarkably enhanced resis-
tance to T-20 derivatives. This was consistent with previous
studies that also reported a resistance enhancement (1.8-fold) by
L44M to T-20 (Loutfy et al., 2007). Collectively, these data sug-
gest that L44M has as a role in HIV-1 resistance as a secondary
mutation. All peptides sufficiently suppressed HIV-1j591, suggest-
ing that I69L may be a secondary mutation or a polymorphism.
N126K conferred only marginal resistance (<3-fold) to all peptide
fusion inhibitors, but in the background of I37N (HIV-1j37n/n126K)
it enhanced resistance to T-20, T-20s13g4, and C34. L33S, which
was originally reported as a C34 resistance associated mutation
(Armand-Ugon et al., 2003), significantly enhanced resistance in
the background of N43D/S138A mutations (HIV-1;335/n43p/s138A )
Similar to the N126K mutation, E137K also enhanced resistance by
N43D/S]38A (HIV'1N43D]E]37K/S]38A) and L335/N43D/S]38A (HIV-
ILBBS/NLIBD/EI 371(/5138/\) to T-20513ga, T-20, and T-20EK. These results
indicate that L33S and I37N appear to be primary mutations for
T-20 derivatives.

3.3. Effect of substitutions in the gp120 on peptide susceptibility

Polymorphisms in the gp120 that influence co-receptor usage
may influence T-20 susceptibility (Labrosse et al., 2003; Reeves
et al., 2002). Meanwhile, others reported that T-20 susceptibility
was not influenced by co-receptor usage (Cilliers et al., 2004; Melby
et al., 2006). Resistance induction experiments performed in this
study revealed that most laboratory strains with in vitro resistance
to fusion inhibitors acquired substitutions in both the gp120 and
the gp41 (Armand-Ugon et al,, 2003; Eggink et al., 2011; Fikkert
et al., 2002; Izumi et al., 2010; Nameki et al,, 2005; Shimura et al,,
2010). However, most substitutions showed little impact on resis-
tance, and only contributed to a small enhancement of replication
capacity (Eggink et al., 2011; [zumi et al., 2010; Nameki et al., 2005;
Shimura et al., 2010). In the present study, we examined peptide
susceptibility of cloned viruses that contain all Env substitutions
observed in the selection (both gp120 and gp41). Most substitutions
in the gp120 attenuated resistance to fusion inhibitors (Table 3).
Therefore, in vitro experiments showed that substitutions in the
gp120 are not likely associated with resistance.

3.4. Influence of mutations in the gp41 on HIV-1 replication

To address the effects of mutations on HIV-1 replication, we
examined the replication kinetics of T-20gy3ga-resistant HIV-
1na3pjsi3sa variants. Consistent with a previous report (Lohrengel
et al., 2005), the L33S mutation did not significantly affect the
replication kinetics and infectivity compared with those of
HIV-1wr (Fig. 2A). The S138A mutation restored the replication
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Fig. 2. Replication kinetics of T-20s354-resistant variants. Replication kinetics of
T-20g3g5-resistant recombinant variants that introduced L33S mutation (A), or
combinations of L33S, E137K, and S138A mutations in HIV-1n43p (B). To improve
replication kinetics, the D36G polymorphism was introduced into the NL4-3 back-
ground used in this study (HIV-1wr). Supernatants from infected MT-2 cells were
collected on days 2-7 and the amount of p24 produced was determined. Represen-
tative results are shown as mean values with standard deviations estimated from
three independent experiments.
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kinetics of HIV-1yng4sp (Fig. 2B), as previously described (Izumi
et al., 2009). E137K was also associated with N43D mutation
in vivo (Svicher et al,, 2008), and restored infectivity impaired
by N43D (Tolstrup et al, 2007). Introduction of E137K into
N43D/S138A enhanced the replication kinetics, and further
addition of L33S to N43D/E137K/S138A resulted in equivalent
replication kinetics COmpared with HIV—1N43D/E137K/5138A (Flg‘ ZB)
as observed in HIV-1ywr based mutants. During the passage of
HIV-1n43pjs138a, @ Synonymous mutation at amino acid posi-
tion 144, TTG to CTG, was observed. Interestingly, Lyrg44Llerg
enhanced viral replication kinetics through enhanced stabil-
ity of the Rev-responsive element (RRE) secondary structure
(Ueno et al.,, 2009). Therefore, we examined the viral replication
kinetics of mutants with Lipg44Lcrg, and compared HIV-Twr,
with HIV-1pga-crg, and HIV-1i335/n43D/L44L-cTGE137K/5138A  With
HIV-11335/N43D/L44L-CTG/169L/E137K/S138A- AS €Xpected, the presence
of Ltrg44Lcre enhanced replication in all viruses. Surprisingly,
mutants with resistance mutations showed enhanced replication
kinetics as determined by the p24 production assay of culture
supernatants (Fig. 4A). Therefore, we further examined infectivity
using the MAGI assay and determined that the infectivity of
resistance variants containing Ltrg44Lcrc was reduced compared
with HIV-1wr (Fig. 4B). These results indicate that the primary
mutation, L33S, possesses less ability to attenuate HIV-1 replica-
tion, while 169L, S138A, and E137K enhance replication kinetics of
T-20-resistant HIV-1 to a comparable level of HIV-1yr.

3.5. Circular dichroism

To clarify the effect of E137K substitutions on peptide bind-
ing, we examined the binding affinities of E137K-containing C-HR
peptides to N-HR using CD analysis. CD spectra reveal the pres-
ence of stable a-helical structures of six-helix bundles that are
required for biological activity and are thought to mechanistically
and thermodynamically correlate with HIV-1 fusion (Bianchi et al.,
2005). Since in vitro T-20 does not interact with the N36 peptide
(amino acid positions 35-70 of the N-HR), we used instead peptide
C34 with E137K and/or S138A substitutions (Fig. 1A). We found
that mixtures of C34g137x, C34s51384, OF C34E137K/Sl38/\ with N36
or N36yn43p showed sufficient and comparable a-helicity at 25°C
(Fig. 3A and B). We also determined the thermal stability of the heli-
cal complexes formed by the N36 and C34 peptides, which is also
an indication of the binding affinity of these peptides. Hence, we
measured and compared the melting temperatures (T ) of various
complexes, which indicates the 50% disruption of the six-helix bun-
dle (Fig. 3C). Complexes of N36 and C34 containing the S138A and
E137K/S138A substitutions (N36/C3451334 and N36/C34E137Kls1 38A,
respectively), showed higher thermal stability than N36/C34. Sim-
ilarly, S138A and E137K/S138A restored the binding affinity of C34
to N36n43p. These results indicate that E137K acts as a compen-
satory mutation for the T-20g73ga-re€sistance primary mutation,
causing enhancement of replication kinetics.

3.6. Antiviral activity of E137K-modified peptides

Recently, we demonstrated that introduction of the S138A sec-
ondary mutation to T-20 (T-20s133a) enhanced binding to mutated
N-HR and suppresses resistance of T-20-resistance variants (Izumi
et al., 2009). Similarly, as shown in Fig. 3, E137K enhanced binding
affinity with N-HR, suggesting that introduction of E137K to T-20
may enhance the antiviral activity of T-20. We synthesized T-20
and T-20s13g4 variants containing the E137K change (T-20g137x
and T-20gq37x/s51384) (Fig. 1A) and examined their anti-HIV activity
against T-20g73ga-resistant HIV-1 (Table 2). All peptides exhibited
potent antiviral activity against HIV-lwr. HIV-1;335n43p/51384
and HIV-1j37n/L4amjn126x Showed high resistance to T-20gq37k,
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Fig. 3. CD spectra (A and B) and thermal stability (C) of N36/C34 complexes. Peptide
sequences used in this study are shown in FIG 1A and have also been previously
described (Izumi et al., 2009). CD spectra of C34gy37x, C34s138a, and C34g37i5138a
complexes with N36 (A) and N36wa3p (B) are shown. Equimolar amounts (10 wM)
of the N- and C-HR peptides were incubated at 37°C for 30min in PBS. The CD
spectra of each mixture were then collected at 25°C using a Jasco (Model J-710)
spectropolarimeter. (C) Thermal stabilities, defined as the midpoint of the thermal
unfolding transition (T ) values, of the potential six-helix bundles of N~ and C-HR
peptides, were determined.

indicating that the resistance mechanism of T-20g137¢ is similar
to that of T-2051384. On the other hand, T"2OE137K/5138A (Table 2)
maintained some antiviral activity against HIV-1i335/n43p/51384
HIV-11335/N43D/E137K/51384, ad HIV-T137L440m/N126x COMpared with
other T-20 derivatives including electrostatically constrained
T-20EK (Table 1 and Fig. 1). C34g1371 and C34E137K/S‘138A signif—
icantly suppressed all HIV-1 variants tested except for HIV-1
137N/L44M/N126K by C34g137¢. These results indicate that peptides
with resistant mutations may sustain their activity against
particular resistant variants.

4. Discussion

The current study describes the introduction of resistance
changes into the original and meodified (T-20s3g4) versions of
the T-20 peptide-fusion inhibitor. We analyzed the new T-20
derivatives using both wild-type and T-20-resistant strains. We
also identified through dose escalation experiments, T-20s13ga~
resistants. We found that T-20si3ga-resistant HIV-1 showed
cross-resistance only to the T-20 derivatives, but not to C34
derivatives. Through the CD analysis, the N126K and E137K muta-
tions in the C-HR may act as compensatory mutations for impaired
interaction by a primary mutation, 137N and N43D in the N-HR,
respectively. Since E137K is located within the T-20 sequence, we
synthesized and characterized the activity of novel T-20-based
peptides containing E137K (T-20g137¢ ). Here we demonstrate that
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Table 2
Antiviral activity of E137K-induced C-HR peptides against T-20s3g-resistant variants.
ECso (nM)
T-20g1371 T-201371/5138A C34g1371 C34g137K/51380
HIV-1yr @ 08+0.2 0.5+0.1 1.0+£03 0.740.2
HIV-133 13£32  (16) 22404 (4.5) 0.7 4+0.2(0.7) 0.5+0.1(0.7)
HIV-1n43p/s138a 42407 (5.3) 0.7+02(1.4) 0.3+0.1(0.3) 0.4+0.1(0.6)
HIV-11335/n43D/51384 700+ 150 (880) 45+9.9 (90) 2.3+0.4(2.3) 0.5+02(0.7)
HIV-1na3pje137K/51384 124+3.6 (15) 2.4+0.8 (4.8) 0.2+£0.1(0.2) 0.4+0.1(0.6)
HIV-11335/n43D/E137K/5138A 48047 (600) 36+£3.1 (72) 3.841.3(3.8) 1.0£0.4(1.4)
HIV-1335/N43D/169L/E137K/5138A 1808 4 852(2260) 157 +£83(314) 4+2 (4) 1.0+04(1.4)
HIV-1137n/14amN126K 200+24 (250) 30+8.7 (60) 17+3.8(17) 2.2+0.3(3.1)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECsg ) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECsg value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

@ To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wr) (Izumi et al., 2009; Mink et al., 2005).

A so ¢
140
120
- 100 |
£
IS
2 o
<
N 60
Q.
40
20
0o L
2 3 4 5
Days post-infection
B
HV-1yy
V-1,
o Saenn:
169L/E137K/S138A
HIV-1\ 335/N43D/L441/
I6OL/E137K/S138A _-|
[} 1 1 ]
0 05 1.0 15

Blue cell counts/ng p24

Fig. 4. Effect of secondary mutations in the N-HR on (A) replication kinetics and
(B) infectivity. Lrrg44Llcre was introduced into HIV-1wr and T-20s3334 resistant
HIV-1 (HIV-11335/n43p/1441-cTG801E1 37K /51384 )- Replication kinetics were determined
by measuring p24 production in culture supernatants. HIV-1wr (open circles),
HIV-144 (closed circles) HIV-1i33s/na3ppi601/E137K/s138a (OPen squares), and HIV-
11335/N43D/L44L-CTG/IB0L/E137K/5138A (Closed squares). Lrrg 44Lcrg introduction statistically
enhanced both replication of HIV-Twr and HIV-1;335/n43p/144L-cTG 1691/E137K 51384 (StU-
dent’s t-test, p<0.01 on day 4 and 5). Relative infectivity (blue cell counts in MAGI
cells divided by amount of p24) was calculated (B). Error bars indicate SD of three
determinations. Decrease of infectivity between HIV-1y335/n43pjigor/e137k/s1384 and
HIV-11335/N43Dj1441-CTG1691/ET137K/5138a WeTE statistically significant (Student's f-test,
p<0.05).

the introduction of a secondary resistance mutation (E137K) in
the backbone of a peptide fusion inhibitor is a useful change that
results into more potent fusion inhibitors, even for HIV-1 strains
that are resistant to peptide fusion inhibitors.

Selection of T-20s73g4-resistance starting with wild-type HIV-1
resulted in the emergence of 137N and L44M substitutions, which
were located in the N-HR region that is thought to interact with
T-20. Other substitutions at position 37 (I37T or I37K) also con-
ferred resistance to T-20 and C34 (Nameki et al., 2005), suggesting
that 137 in N-HR is critical for the attachment of C-HR-derived pep-
tide fusion inhibitors. The L44M mutation has only been observed
in subtype B HIV-1-infected patients treated with T-20 (Carmona
et al., 2005), and conferred weak resistance to T-20 (Loutfy et al.,
2007). In this study, L44M did not confer resistance to all peptide
inhibitors; however, L44M in combination with other mutations
(I37N/N126K) remarkably enhanced resistance to T-20513g4, Sug-
gesting that L44M serves as a secondary mutation to enhance
resistance to T-20s1334. N126K also enhances resistance to some
fusion inhibitors (Baldwin et al., 2004; Nameki et al., 2005; Eggink
et al,, 2008) by helping recover losses in intra-gp41 interactions
that were caused by primary mutations, such as N43D.

When we selected T-20s;3ga-resistant HIV-1 (HIV-1y43p/s1384)
we obtained a somehow different set of mutations that included
L33S, whichislocated at the presumed T-20 binding site at N-HR, as
wellasI37N,N43D, and L44M. L33S was previously reported in HIV-
1 variants resistant to T-20 (Fikkert et al., 2002), C34 (Armand-Ugon

Table 3
Antiviral activity of C-HR-derived peptides against gp160 recombinant viruses.
Compound ECsp (nM)
ddC 771£272
T-20 derivatives
T20 >10,000 (NA)
T20EK 2729+1113 (NA)
T205138a 3126453 (NA)
T20g137¢ 276141477 (NA)
T20k137/51384 203 +54 (0.6)
C34 derivatives
C34 171.0£ 106 (3.4)
C34n126K 259446 (NA)
SC34EK 1.0+08 4}
C34g137¢ 7.0+44 (0.4)
C34g1375/51384 03+0.1 (0.3)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective con-
centration (ECso) values and SD were obtained from the results of at least three
independent experiments. Shown in parentheses are the fold-increases in resistance
(increase in ECsg value) calculated by comparison to the resistant clone with muta-
tions only in gp41 (HIV-1y335/n430/1691/E137K/s138a )- TO improve the replication kinetics,
substitution of D36G, observed in majority of HIV-1 strains, was introduced into the
NL4-3 background used in this study (Izumi et al., 2009; Mink et al., 2005). NA, not
available; ddC, dideoxycytidine.
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et al., 2003), and a membrane-anchored C-HR-derived peptide,
M87 (Lohrengel et al., 2005). Although our work clearly demon-
strates that L33S is involved in resistance to T-20 derivatives, it
was not possible to discern whether L33S affected binding affinity
to C-HR in the CD analyses because L33 was not in the sequence
of the N36 N-HR peptide that we had to use in this study. As
shown in Fig. 2, L33S did not significantly affect replication kinet-
ics compared with HIV-1yr, suggesting that L33S might sustain
binding affinity with C-HR to form a stable six-helix bundle. The
L33S mutation is located in the loop of stem Iic of the RRE (Ueno
et al., 2009). Hence, nucleotide changes for L33S do not require
compensatory mutations to maintain secondary structure of the
RRE. Therefore, it is likely that L33S has little effect on replication
kinetics. In this study, L33S conferred little resistance to C34 in
this study, while it was previously reported to confer up to 10-
fold resistance (Armand-Ugon et al., 2003), suggesting that some
other viral background might affect the resistance, since Armand-
Ugon et al. (2003) examined bulk virus samples obtained from the
selection.

A prevalent polymorphism, E137K, which was associated with
N43D in vivo (Svicher et al., 2008), has been proven to restore
infectivity that has been impaired by N43D (Tolstrup et al., 2007).
E137K did not affect susceptibility to all peptide fusion inhibitors
by itself, but in combination with primary mutations, it remark-
ably enhanced resistance to T-20s13g4. Moreover, introduction of
the E137K change into N43D/S138A enhanced the viral replication
kinetics as shown in Fig. 2. A possible hydrogen bond between K137
and D43 may partially restore the reported loss in six-helix bundle
stability conferred by the N43D mutation (Bai et al., 2008), sug-
gesting that E137K can compensate for losses in the interactions
between N-HRn43p and C-HR. This hypothesis is consistent with
our CD results presented in Fig. 3.

Because E137K restored binding affinity with N-HR similar to
the S138A mutation, we expected thatintroduction of E137Kinto T-
20 would effectively suppresses replication of T-20-resistant HIV-1.
We examined the antiviral activity of E137K- and E137K/S138A-
containing T-20 and C34 to T-20s13g4-resistant HIV-1. We found
that T-20g 37k had similar antiviral activity with other T-20 deriva-
tives such as T-20sy3ga and T-20gq37x/s138a- Hence, we believe
that the combination of few substitution secondary mutations can
enhance the antiviral activity of peptide fusion inhibitors. There-
fore, it is possible to design peptides that include the secondary
mutations in the C-HR and use them by themselves and/or in com-
binations to block fusion inhibitor resistant viruses. Importantly,
we have successfully applied this strategy to suppress HIV-1 resis-
tance to next generation fusion inhibitor SC34EK (Shimura et al,,
2010).

In this study, we identified two distinct pathways to escape pres-
sure of T-20s71334. Emergence of drug resistance mutants under drug
pressure involves a stochastic selection. Nonetheless, the makeup
of the final population depends on both the ability of specific popu-
lations to evade the drug, as well as their fitness that determines
their representation in the escape population. There are several
examples in the literature where HIV becomes resistant to the same
drug by different mechanisms. For example, in the case of the most
commonly used drugs that target HIV reverse transcriptase (RT),
the virus can develop multidrug resistance by either the Q151M
complex pathway (Kavlick et al., 1998; Shirasaka et al., 1995) or by
accumulation of thymidine associated mutations (TAMs) (Hachiya
et al., 2008; Kosalaraksa et al., 1999). We recently report some
of background polymorphisms can also influence resistance path-
ways, such 172R/K in the RT region (Hachiya et al., 2012). In the
case of the T-20S138A inhibitor, the N43D/S138A may also act as
such polymorphisms despite the presence of primary mutations
(Izumi et al., 2009) and preferentially affect the emergence of spe-
cific mutations.

5. Conclusion

As previously discussed (Izumi et al., 2009), although other
developed peptide-based fusion inhibitors need many amino acid
additions and/or substitutions for the enhancement of their antivi-
ral activity (Chinnadurai et al., 2007; Eggink et al., 2008; Dwyer
et al., 2007; Otaka et al,, 2002), application of secondary muta-
tions similar to T-20s1354 and T-20gq37x/s1384 1 straightforward.
It is based on information from viral evolution studies under drug
pressure that help design improved inhibitors.
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The initiation of drug therapy results in a reduction in the human immunodeficiency virus type 1
(HIV-1) population, which represents a potential genetic bottleneck. The effect of this drug-
induced genetic bottleneck on the population dynamics of the envelope (Env) regions has been
addressed in several in vivo studies. However, it is difficult to investigate the effect on the env
gene of the genetic bottleneck induced not only by entry inhibitors but also by non-entry inhibitors,
particularly in vivo. Therefore, this study used an in vitro selection system using unique bulk
primary isolates established in the laboratory to observe the effects of the antiretroviral drug-
induced bottleneck on the integrase and env genes. Env diversity was decreased significantly in
one primary isolate [KP-1, harbouring both CXCR4 (X4)- and CCR5 (R5)-tropic variants] when
passaged in the presence or absence of raltegravir (RAL) during in vitro selection. Furthermore,
the RAL-selected KP-1 variant had a completely different Env sequence from that in the passage
control (particularly evident in the gp120, V1/V2 and V4-loop regions), and a different number of
potential N-glycosylation sites. A similar pattern was also observed in other primary isolates
when using different classes of drugs. This is the first study to explore the influence of anti-HIV
drugs on bottlenecks in bulk primary HIV isolates with highly diverse Env sequences using in vitro
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) shows a
high degree of genetic diversity owing to its high rates of
replication and recombination and the high mutation rate of
the HIV-1 reverse transcriptase (Néjera et al., 2002). Even in
a single infected individual, the virus can best be described as
a population of distinct, but closely related, genetic variants
or ‘quasi-species’ (Eigen, 1993; Nijhuis et al, 1998). The
quasi-species behaviour of viruses is recognized as a key
element in our understanding and modelling of viral
evolution and disease control (Vignuzzi et al., 2006).

Combination antiretroviral (ARV) therapy results in a
contraction of the viral population, which represents a

The GenBank/EMBL/DDBJ accession numbers for the env sequences
of HIV-1 KP-1, KP-2 and KP-4, are AB640872-AB640881,
ABB41341-AB641351 and AB641335-AB641340, respectively.

Two supplementary figures are available with the online version of this
paper.

potential genetic bottleneck (Charpentier et al, 2006;
Delwart et al., 1998; Ibanez et al., 2000; Kitrinos et al., 2005;
Nijhuis et al., 1998; Nora et al., 2007; Sheehy et al., 1996;
Zhang et al, 1994). Whilst this bottleneck has a direct
effect on the region that is being targeted by the drugs (e.g.
protease or reverse transcriptase), it also affects other
regions of the viral genome. Indeed, the effect of the drug-
induced genetic bottleneck on the population dynamics of
the envelope (Env) regions has been addressed in several in
vivo studies (Charpentier et al, 2006; Delwart et al, 1998;
Ibanez et al., 2000; Kitrinos et al., 2005; Nijhuis et al., 1998;
Nora et al., 2007; Sheehy et al., 1996; Zhang et al., 1994).

Virus bottleneck evolution of the HIV-1 env gene might be
important when choosing the optimal drugs to treat a
particular patient. Indeed, a CCR5 antagonist (maraviroc,
MVC) and a fusion inhibitor (enfuvirtide, T-20) have now
been approved for use as HIV-1 entry inhibitors. Analysing
the dynamics of drug-induced genetic bottlenecks and
studying drug-resistant mutation profiles in response to

047167 © 2013 SGM  Printed in Great Britain
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HIV-1-specific ARV drugs are both important if we are to
understand fully HIV-1 drug resistance and pathogenesis.

The aim of the present study was to understand better the
effect of in vivo drug-induced genetic bottlenecks. In vitro
selection of different primary HIV-1 isolates was per-
formed using the recently approved HIV integrase
inhibitor raltegravir (RAL) (Steigbigel et al, 2008). Two
R5-, one X4-, one dual- and one mixed R5/X4-tropic
isolates were passaged through a RAL-induced genetic
bottleneck. We also performed in vitro selection of the R5/
X4 isolate using lamivudine (3TC), saquinavir (SQV) and
MVC, and compared the results with those from the RAL-
selected isolate.

RESULTS

Genotypic profiles of the HIV-1 primary isolates

Four genetically heterogeneous HIV-1 primary isolates
(KP-1-4) from Japanese drug-naive patients were used to
assess the extent to which RAL affected the selection of
bulk primary viruses in vitro. A laboratory isolate, strain
89.6, was also used in the study (rather than a molecular
clone) to allow escape mutants to be selected from each
quasi-species pool and to be generated de novo. First, the
sequences of the integrase (IN) regions of the four primary
isolates were determined. Table 1 shows the detailed
evaluation of the R5/X4 mixture subtype B (KP-1), R5-
CRF08_BC (KP-2), R5 subtype B (KP-3) and X4-
CRF01_AE (KP-4) primary isolates, and the dual-tropic
subtype B laboratory virus (89.6). Although some naturally
occurring polymorphisms were observed within the IN
regions of these isolates compared with the subtype B
consensus sequence available from the Los Alamos
National Laboratory HIV sequence database, we did not
identify any primary resistant mutations to RAL. Three
baseline viruses (KP-1, KP-4 and 89.6) were sensitive to
RAL, with ICs, values ranging from 1.2 to 4 nM, which are
comparable with those reported previously (Kobayashi
‘et al., 2008). However, KP-2 and KP-3 showed minor
resistance to RAL, with ICs, values of 16 and 32 nM,
respectively. These two isolates contained amino acid
mutations at positions 72, 125 and 201 within the IN
region [previously reported as L-870,810 and S-1360
resistance mutations (Hombrouck et al., 2008; Rhee et al,,
2008), but not as RAL-resistance mutations]. KP-2 also
contained a unique insertion at position 288 (NQDME) at
the C-terminal end of the IN region.

In vitro selection of variants of the primary
isolates and 89.6 using RAL

To induce RAL-selected HIV-1 variants in vitro, PM1/
CCR5 cells, a T-cell line expressing high levels of CCRS5,
were exposed to the four primary isolates and strain 89.6.
The viruses were then serially passaged in the presence of
RAL. As a control, each isolate was passaged under the

same conditions, but without RAL, to allow monitoring of
spontaneous changes occurring in the viruses during
prolonged PM1/CCRS5 cell passage (the passage control).
The selected viruses were initially propagated at a RAL
concentration equal to each ICs, value. The RAL
concentrations were then increased from 20 to 85 nM
during the course of the selection procedure (Table 1).

Only small shifts in the IC5, to RAL were observed in four
of the five isolates (KP-1, KP-2, KP-4 and 89.6), with fold
changes in ICs, values of 3.4, 6.5, 16 and 9.2, respectively.
KP-3 did not show resistance to RAL. ICs, values in all the
passage controls were comparable with those of the
baseline viruses (Table 1).

IN region sequences in RAL-selected variants

The full-length IN genes were amplified and cloned to
determine the genetic basis of selection in the presence or
absence of RAL. Ten to 12 clones from each sample were
sequenced.

Substitutions within IN were observed at passages 30
(G189R) and 29 (T210I) in two RAL-selected isolates (KP-
2 and KP-4, respectively). Neither of these has been reported
as IN inhibitor-resistant mutations. No substitutions in the
IN regions of KP-3 and 89.6 were found. However, A125T
and V1801 substitutions were observed in the KP-3 and 89.6
control variants at the last passage. No previously reported
mutations were identified in the IN region of KP-1 (an R5/
X4 mixture isolate) after 17 passages. However, four amino
acids (K7/K111/H216/D278) were selected by RAL from the
baseline quasi-species, whereas different amino acids (R7/
R111/Q216/N278) were selected in the control-passage
variants (Table 1).

Taken together, these findings showed that RAL-induced
selection pressure causes adaptation within the IN regions
of bulk primary viruses during in vitro passage in the target
cells, and confirmed that this system can be used to analyse
drug-selected variants in vitro.

Comparison of env gene sequences in RAL-
selected and passage-control isolates

A highly diverse gp120 region was observed in the baseline
R5/X4 mixture isolate, KP-1; however, the viral diversity of
variants passaged in the presence or absence of RAL
decreased significantly during in vitro selection (overall
mean distance after RAL selection of 0.056 at baseline to
0.007 after passage 17; mean overall distance in the passage
control of 0.01 after 20 passages, Table 2). Moreover, the
RAL-selected and control variants utilized CCR5 to enter
the target cell; neither variant used CXCR4 (Table 3).

Interestingly, the low-diversity RAL-selected variant con-
tained a completely different Env sequence from that of the
passage-control variant (data not shown). Different regions
spanning the whole envelope sequence [from the signal
peptide (SP) to V5] were compared in the RAL-selected

2
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Table 1. Susceptibility of HIV-1 isolates to RAL and distinct differences in IN region sequences between RAL-selected and control-passaged viruses

Isolate Subtype = Tropism IPassage no. RAL-selected variant* Passage control
Conen (nM) IN sequence RAL ICsy (nM) IN sequence RAL ICs¢ (nM)
KP-1 B Mix 0 0 K/R7, K/R111, Q/H216, D/N278% 4 K/R7, K/R111, Q/H216, D/N278 4
8 20 K111, H216, D278% 31 R7, R111, Q216, N278 4.5 (1.2)
17+ 20 K7, K111, H216, D278 26 (6.5) R7, R111, Q216, N278 0.4 (0.1)
KP-2 CRF08_BC R5 0 0 1201, ins289NQDME 16 1201, ins289NQDME 16 (1)
18 40 G189G/R, 1201, ins289NQDME 32 (2) 1201, ins289NQDME 16
30 85 GI189R, 1201, ins289NQDME 55 (3.4) 1201, ins289NQDME 25 (1.6)
KP-3 B R5 0 0 V72, A125 32 V72, Al125 32
11 25 V72, A125 25 V72, A125 33 (1)
22 27.5 V72, A125 37 (1.2) V72, A125T 13
Kp-4 CRFO1_AE X4 0 0 - 2.1 - 2.1
8 40 - 33 (16) R166R/K, D279N 4.4 (2.1)
29 40 T2101 22 (10) G163E, R166R/K, D279N/S 4.1 (2)
89.6 B R5X4 0 0 - 1.2 - 1.2
8 15 - 34 (28) . 4.4 (3.7)
34 20 - 11 (9.2) V1801 1.2 (1)

*Amino acid changes in each passage variant are shown. Italicized letters represent mutations relative to the consensus subtype BC or B present in the baseline isolates. Bold letters represent amino
acids selected out of the quasi-species cloud. The fold increase in RAL ICs, values is shown for in vitro-selected variants compared with those in the baseline isolates.
+The RAL variant selected after 17 passages was compared with the control selected after 20 passages.
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Table 2. Comparison of amino acid length and number of PNGs between RAL-selected and control-passage KP-1 variants

Mean V4 length  Mean PNGs (range)

Mean ENV _47, length  Mean V1/V2 length (range) Mean V3 length (range)

Genetic diversity*

Passage no.

(range)

(range)t

24 (22-28)
27 (25-28)

30 (29-31)
31 (29-31)%

34 (33-34)
34 (33-34)%

69 (60-74)

472 (461-480)
479 (472-480)%

0.056
0.038

Base line

74 (71-74)%

RAL-selected virus

28 (26-29)
27 (26-27)$

31

34
34
34 (33-34)%

74
74
64 (60-74)%

480

0.0070
0.0070
0.045

31
29 (29-31)%

480
464 (461-466)+
463 (462-463)

17

24 (22-27)%

Passage control

23 (22-23)
23 (22-23)
23 (22-23)§

29

29

29
0.0048%

34

34

34
0.91%

0.0070 62

0.0080
0.010

62

462 (459-463)

10
20

62
<0.0001%

463
<0.0001%

0.0019%

P value

<0.0001§

*Qverall mean distance.

tSequence from gp120 SP to the V5 region (aa 1-474).

1, § P values were calculated using the homoscedastic #-test between the RAL-selected and the passage-control variants indicated by the same symbols above.

and passage-control viruses. The results showed that, after
only two passages, the gp120, V1/V2 and V4-loop regions
within RAL-selected variants were longer than those in the
control variants, and the number of putative N-linked
glycosylation sites (PNGs) was significantly higher than
that in the control-passage viruses (Table 2). This
phenomenon was seen consistently in two independent
experiments.

We also analysed the gpl120 sequences in the other four
isolates. Although the number of positional differences
between the RAL-selected and passage-control variants for
these four isolates was lower than that in KP-1 (between
three and nine, compared with >40), there was a similar
pattern of separation between the Env sequences (Fig. 1).
In three of the four isolates (KP-2, KP-3 and KP-4),
positional differences were observed in SP, Cl and all the
variable regions of gpl20 (Fig. 1b-d). In strain 89.6,
differences were observed in the C2, C3 and V4 regions
(Fig. le).

These results suggested that RAL treatment of target cells
causes a decrease in viral diversification within quasi-
species Env regions via a route different from that in
untreated target cells.

In vitro induction of RAL-selected V3-loop library
virus variants

To investigate further the effects of RAL on viral Env
sequences, we used the V3-loop library virus (JR-FL-
V3Lib) developed by Yusa et al. (2005), which carries a set
of random combinations from zero to ten substitutions
(27 648 possibilities) in the V3 loop (residues 305, 306, 307,
308, 309, 317, 319, 322, 323 and 326; V3 loop from Cys**®
to Cys™'). The variants contained in the library were
polymorphic mutations derived from 31 R5 clinical isolates
(Yusa et al., 2005). PM1/CCR5 cells were exposed to the
JR-FL-V3Lib and serially passaged in the presence of RAL.
After two passages, the V3 sequence within the RAL-
selected variant was completely different from that in the
passage control (Fig. 1f). This suggested that, under
pressure from RAL, the infectious clone harbouring
different V3 region sequence from the passage control
had adapted to the target cells, despite containing the same
IN sequences.

Phylogenetic analysis of the Env regions after
passage with or without RAL

To confirm the temporal and spatial differences observed
in each of the RAL-selected and passage-control viruses,
phylogenetic analyses were conducted using complete SP—
V5 sequences. The neighbour-joining phylogenetic tree
showed a clear and distinct branching between RAL-
selected and passage-control KP-1 viruses (Fig. 2a). We
also identified a similar pattern in all the other isolates
tested (Fig. 2b—e).
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Table 3. Comparison of amino acid length, number of potential N-linked glycosylation sites, V3 sequences and co-receptor usage between anti-retroviral drug-selected and
control-passaged KP-1 variants

Passage  Genetic Mean ENV, 4;; Mean V1/V2 Mean V3 Mean V4 Mean V3 region Geno2
no. diversity* length (range)t length (range) length (range) length (range) PNGs pheno
(range) (%)$
Prevalence Sequencef
(%)
Base line 0 0.056 472 (461-480) 69 (60-74) 34 (33-34) 30 (29-31) 24 (22-28) 41.9 CTRPNNNTRKGIHIGPGKFYATGAIIGDIRQAHC 41.2
22.6 s Voo 41.2
16.1 el T.RLUT.RD.LNLK... 1.7
13.0 veeme Lo TRUTKT..N.KK... 2.9
3.2 eermedec s 7.4
32 s Do 55.3
Passage 8 0.0070 463 (462-463) 62 34 29 23 (22-23) 100.0 e Voo 41.2
control
RAL- 8 0.0070 480 74 34 31 28 (26-29) 100.0 e 41.2
selected
virus
3TC- 6 0.020 478 (475-480) 74 34 31 (29-31) 27 (25-28) 83.3 e 41.2
selected
virus
SQV- 11 0.0040 474 71 34 31 26 100.0 e 41.2
selected
virus
MVC- 7 0.0080 469 (468-469) 69 33 29 24 (23-24) 100.0 oLl RUTURUGTKTLLNLKK. 1.7
selected
virus

*Overall mean distance.
tSequence from gp120 SP to the V5 region (aa 1-474).

$V3 sequences of each variant are shown. Dots denote sequence identity and dashes indicate a deletion mutation.

§Prediction of viral co-receptor tropism using Geno2pheno based on a selectable ‘false positive rate’.
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Fig. 1. Comparison of the gp120 sequences between RAL-selected and control-passaged viruses. The gp120 sequences of
baseline, RAL-selected and the passage-control viruses were aligned for KP-1 (a), KP-2 (b), KP-8 (c), KP-4 (d) and strain 89.6
(e). Each amino acid in (a)-(e) is numbered relative to the HIV-1 HXB,, reference sequence. The V3 sequences from the JR-FL-
V3Lib baseline library, RAL-selected and passage-control viruses were aligned (f). 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. The number of passages is indicated, e.g. 17p for passage 17.
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Fig. 2. Phylogenetic analyses of the Env regions from in vitro-passaged viruses selected with or without ARV drugs. (a—e)
Phylogenetic trees were constructed using gp120 SP-V5 sequences from RAL-selected and passage-control variants of KP-1

(a), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6 (e). An ‘<’

represents baseline (BL) variants, and closed and open symbols

represent RAL-selected (RAL) and passage-control (PC) variants, respectively. In (a), the results of the second experiment are
indicated RAL2 and PC2, respectively. (f) A phylogenetic tree was constructed using gp120 SP-V5 sequences from RAL-,
3TC-, SQV-, MVC-selected and control-passaged variants of KP-1 (). O, Control variants after eight passages; @, RAL-
selected variants after eight passages; A, 3TC-selected variants after six passages; &, SQV-selected variants after 11
passages; B, MVC-selected variants after seven passages. The trees were constructed using the neighbour-joining algorithm

embedded within the MEGA software.

In vitro selection of KP-1 variants by 3TC, SQV
and MVC

To determine whether other HIV drugs also changed the
route of adaptation to the target cells, we attempted to

select KP-1 variants using a reverse transcriptase inhibitor
(3TC), a protease inhibitor (SQV) and a CCR5 inhibitor
(MVC). As shown in Fig. 2(f), the pattern of clustering at
distinct positions between the selected isolates and the
passage-control variants was similar to that observed for
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the RAL-selected variants. The selected variants showed
decreased diversity in the gp120 sequences; however, the
length of the gpl120, V1/V2 and V4 sequences increased
(apart from in the MVC-selected variants). In addition, the
number of PNGs within gp120 was higher than that in the
control (Table 3). We also compared the V3 sequences
between the passage-control and each of the drug-selected
variants. The V3 sequences in all the SQV-selected variants
and 83.3% of those in the 3TC-selected variants, were
comparable with those in the RAL-selected variants. This
was not the case for the passage controls. Comparison of
variants passaged with RAL and 3TC showed that the
length of the V1/V2 and V4 regions and the number of
PNGs was similar; however, these parameters were
different in the SQV-selected variants (Table 3). This
indicated that the time at which a drug acts (e.g. during the
early or late phase of the HIV life cycle) influences the
selection of Env sequences. During selection with MVC,
CXCR4-tropic variants were selected from the baseline
mixture after seven passages.

Taken together, these results suggested that, in treated cells,
different classes of anti-HIV drugs may suppress the
variability of quasi-species during in vitro selection via a
route different from that in untreated cells.

DISCUSSION

This study evaluated the impact of anti-HIV drugs on the
Env bottleneck in bulk HIV-1 primary isolates during
selection in vitro. RAL-, 3TC- and SQV-selected variants of
the unique viral isolate, KP-1, harbouring both X4 and R5
variants and with a very high level of baseline viral diversity,
were used to study the final destination (genetic bottleneck)
of a large variety of Env sequences. Interestingly, the
phylogenetic clustering of RAL-selected KP-1 variants was
completely different from that of non-drug-treated controls
(Fig. 2). Our results also confirmed differences in the length
of the gp120, V1/V2 and V4-loop regions and in the number
of PNGs (Tables 2 and 3).

It is not clear why viruses cultured under pressure from the
non-Env-directed drug RAL result in different env
genotypes compared with those without the drug. Thus,
we cloned the IN-env region of the proviral genome from
passaged viruses and sequenced the env and IN regions on
the same cloned plasmid, and compared them among the
baseline and passages 1, 2, 8 and 17 of the KP-1 virus.
Under low concentrations of the IN inhibitor RAL, K7 was
selected for at a late passage after accumulation of the other
three amino acids, K111, D278 and H216, in IN. During
the sequential accumulation of these four amino acids
(K111, D278, H216 and K7), the RAL-selected Env
sequences at passage 17 (the Env sequences shown as filled
boxes shown in Fig. 1) sequentially accumulated mutations
in the same proviral genome. However, we did not find a
clone including both the RAL-selected Env at passage 17
and RAL-selected IN at passage 17 in the baseline or each

passaged virus, except for in the last passage. We also
examined the gp120 and IN sequences of the 3TC- and
SQV-selected KP-1 variants. Compared with the RAL-
selected region, the variable regions of gp120 in these
selected variants were very similar to each other, except for
the V1/V2 region (Fig. S2). However, the passage-control
variant was very different from the drug-selected variants
(Fig. la). Furthermore, the IN sequences were different in
each passaged virus: K111/D278/H216/K7 in RAL-selected,
R111/D278/Q216/R7 'in 3TC-selected, K111/D278/H216/
R7 in SQV-selected and R111/N278/Q216/R7 in virus
without drug treatment (underlined residues indicate
amino acids different from those in viruses without drug
treatment). To explain these results, we believe that, under
pressure from anti-HIV drugs (non-entry ARVs), the virus
might show a primitive reaction to select for the Env
sequence and recombine from quasi-species to gain
advantage for entry and/or enhance replication in target
cells. Meanwhile, IN was selected from quasi-species by a
direct and/or indirect effect of RAL-induced pressure. The
combination of both selective pressures may affect the
selection for Env and IN during adaptation in drug-treated
conditions (Figs 1a and S2). These results suggest that non-
entry inhibitors, such as RAL, 3TC and SQV, might also
affect cell adaptation to PM1/CCR5 cells.

Many in vivo studies have reported the effects of the anti-
HIV drug-induced bottleneck on the env gene (Charpentier
et al., 2006; Delwart et al., 1998; Ibanez et al., 2000; Kitrinos
et al., 2005; Nijhuis et al., 1998; Nora et al., 2007; Sheehy et al.,
1996; Zhang et al., 1994). However, these studies had several
limitations. Because viruses were placed under in vivo
selective pressure using at least two anti-HIV drugs and by
the host immune response, it is difficult to separate the
different effects and to draw clear conclusions, particularly in
vivo. Delwart et al. (1998) and Kitrinos et al. (2005) avoided
some of these limitations by employing a heteroduplex
tracking assay, although in vivo peculiarities still remained.
Therefore, we used an in vitro selection system using unique
bulk primary isolates established in our laboratory (Hatada
et al, 2010; Shibata et al, 2007; Yoshimura et al, 2006,
2010b) to observe the effects of the anti-retroviral drug-
induced bottleneck on the IN and env genes.

This selection provides a sensitive approach for analysing
virus population dynamics. The effectiveness of ARV drugs
can be examined during the in vitro passage of a single
variant or mixture of variants without being affected by
many of the factors encountered in vivo. In addition,
differences in the Env sequences between the baseline and
selected variants can be compared after any number of
passages. The results of the present study provide
important information that will enhance our understand-
ing of the drug-induced genetic bottleneck. This phenom-
enon can be examined in vitro using bulk primary isolates
treated with or without drugs.

Recently, several new ARV drugs have been licensed for use
in HIV-1-infected patients. MVC, approved in 2006, is the

8
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first CCR5 inhibitor (Gulick et al., 2008). One important
advantage associated with this drug is the absence of cross-
resistance with previously available ARV compounds
(Gulick er al., 2008; Steigbigel er 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

Patienis 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 er 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
PMI1/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 (ICsp, >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 mi™" 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.

The laboratory-adapted HIV-1 strain 89.6, which was obtained
through the NIH 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 TCIDsq
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 QIAamp 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-Tagq polymerase
(Takara), as described previously (Hatada et al, 2010; Shibata er al,
2007; Yoshimura et al., 2006, 2010b). The primers used were 1B and
H for the gpl20 region (Hatada et al, 2010; Shibata et al, 2007;
Yoshimura et al, 2006, 2010b), IN 1F (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 et al., 2007;
Yoshimura ef 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.]anl.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/CCRS5 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 ICsy 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
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antagonist MVC in ARV-naive patients than a reference phenotypic
tropism test (Sing et al., 2007).

Statistical analyses. Pairwise comparisons of the different para-
meters between variants in the two groups was calculated using the
homoscedastic -test. A P value of <0.05 was considered statistically
significant.
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