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The aim of this study was to generate maraviroc (MVC)-resistant viruses in vitro using a human
immunodeficiency virus type 1 subtype B clinical isolate (HIV-1xp_5) to understand the
mechanism(s) of resistance to MVC. To select HIV-1 variants resistant to MVC in vitro, we
exposed high-chemokine (C-C motif) receptor 5 (CCR5)-expressing PM1/CCRS5 cells to HIV-
1kp-5 followed by serial passage in the presence of MVC. We also passaged HIV-1xp.5 in PM1
cells, which were low CCR5 expressing to determine low-CCR5-adapted substitutions and
compared the Env sequences of the MVC-selected variants. Following 48 passages with MVC
(10 uM), HIV-1¢p.s acquired a resistant phenotype [maximal per cent inhibition (MPI) 24 %], whilst
the low-CCR5-adapted variant had low sensitivity to MVC (ICso ~200 nM), but not reduction of
the MPL. The common substitutions observed in both the MVC-selected and low-CCR5-adapted
variants were selected from the quasi-species, in V1, V3 and V5. After 14 passages, the MVC-
selected variants harboured substitutions around the CCR5 N-terminal-binding site and V3
(v200l, T2971, K305R and M434l). The low-CCR5-adapted infectious clone became sensitive to
anti-CD4bs and CD4i mAbs, but not to anti-V3 mAb and autologous plasma IgGs. Conversely,
the MVC-selected clone became highly sensitive to the anti-envelope (Env) mAbs tested and the
autologous plasma IgGs. These findings suggest that the four MVC-resistant mutations required
for entry using MVC-bound CCRS5 result in a conformational change of Env that is associated with
a phenotype sensitive to anti-Env neutralizing antibodies.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) entry
into target cells is triggered by the interaction of the viral
envelope glycoproteins (Env) with its receptor CD4 and
one or two major coreceptors, chemokine (C-C motif)
receptor 5 (CCR5) or chemokine (C-X-C motif) receptor 4
(CXCR4), and culminates in fusion of the viral and cell
membranes. Env is organized into trimers on virions, and
consists of the gpl20 surface and gp4l transmembrane
subunits (Wyatt & Sodroski, 1998). The small-molecule
CCR5 antagonist maraviroc (MVC) was the first CCR5
inhibitor licensed for clinical use (Gulick et al., 2008). CCR5
inhibitors work by allosterically altering the conformation

tThese authors contributed equally to this work.

The GenBank/EMBL/DDBJ accession numbers for the envelope
sequences of KP-5 are AB742145-AB742167.

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

of CCRS5 at the cell surface, thereby disrupting its interac-
tion with HIV gp120 (Berger et al.,, 1999; Dorr et al, 2005).
Although MVC and another CCR5 inhibitor, vicriviroc
(VCV), can efficiently suppress HIV-1 replication, resistant
variants can arise both in vitro and in vivo, and these
resistant viruses are adapted to use drug-bound CCR5 for
entry (Berro et al., 2009; Kuhmann et al., 2004; Marozsan
et al., 2005; Ogert et al., 2009, 2010; Ratcliff et al., 2013;
Roche et al., 2011b; Tilton et al., 2010; Tsibris et al., 2008;
Westby et al, 2007; Yuan et al., 2011; Yusa et al., 2005).
Current models of gp120 binding to a coreceptor suggest
that the crown of the gp120 V3 loop interacts principally
with the second extracellular loop region of the coreceptor,
whilst the gp120 bridging sheet, which is formed after CD4
binding, and the stem of the V3 loop interact with the N
terminus of the coreceptor (Brelot et al, 1999; Cormier &
Dragic, 2002; Farzan et al., 1999; Huang et al., 2005). The
development of resistance is an important issue for HIV
treatment regimens incorporating MVC, as is the case for
any antimicrobial agent.
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HIV-1 can develop clinical resistance to CCRS antagonists
by two routes. The first pathway is through emergence
of pre-existing CXCR4-using viruses (Fitkenheuer et al,
2008; Landovitz et al, 2008; Westby et al., 2006). CCR5
inhibitor evasion can also occur by the accumulation of
multiple mutations in gp120 and/or gp41 without a switch
in coreceptor usage (Dragic et al., 2000; Maeda et al., 2006,
2008a; Roche et al., 2011b; Tsamis et al., 2003). The resistant
pathway is characterized not by shifts in ICs (a competitive
inhibitor), but rather by reductions in the maximal per cent
inhibition (MPI). Reductions in MPI are due to the resistant
virus developing the ability to bind to the antagonist-
modified form of CCR5 (Westby et al., 2007). However, one
study reported that chimeric clones bearing the N425K
mutation in C4 replicated at high MVC concentrations
and displayed significant shifts in ICsgs, characteristic of
resistance to all other antiretroviral drugs, but not MVC
(Ratcliff et al., 2013).

Escape mutants to the CCR5 inhibitor, AD101 (SCH-
350581), have been found to be more sensitive than the
parental isolate to a subset of neutralizing mAbs against V3
and a CD4-induced (CD4i) epitope (Pugach et al., 2007;
Berro et al., 2009). To date, however, it is not clear which
mutation(s) induced by MVC affect the accessibility of
neutralizing mAbs to the epitopes in Env.

Therefore, to determine the resistance mechanisms to
MVC, we passaged a primary CCR5-tropic (R5) subtype B
isolate in the high-CCRS-expressing T-cell line PM1/CCR5
in the presence of MVC (Fig. S1, available in the online
Supplementary Material) and compared the Env sequences
of variants with those cultured in the low-CCR5-expressing
parental PM1 cell line (Fig. S1). We also investigated the
phenotypic change in the MVC-resistant clone against anti-
Env antibodies, especially for anti-V3 neutralizing mAbs and
autologous plasma IgGs, and compared the results with the
low-CCR5-adapted clone to determine the key mutations
for accessibility of neutralizing mAbs to the epitopes in Env.

RESULTS

Anti-HIV-1 activities of MVC toward laboratory
strains and primary HIV-1 isolates

Initially, we determined the MPI and the ICsy values of
MVC against different laboratory-adapted and primary
HIV-1 isolates, including both CXCR4-tropic (X4) and R5
viruses. MVC inhibited the laboratory-adapted HIV-1 R5
strains HIV-1p,; and HIV-1g_gp with MPIs of 98 and 97 %,
respectively, but did not inhibit the X4 virus HIV-1yp or
dual-tropic virus HIV-1gg ¢ (MPI <20 %, Table 1). We also
tested MVC against 14 R5 primary isolates, including
subtypes B, C and G, and the circulating recombinant form
CREF08_BC. MVC effectively inhibited all of these primary
isolates at concentrations of 1.2-26 nM (MPI 92-100 %),
but did not inhibit three primary X4 isolates (two
CRF01_AE and one subtype B) with MPI <20 % (Table 1).

Table 1. Inhibitory activities of MVC toward infection by
laboratory-adapted and primary strains of HIV-1

Virus Subtype 1Cs0* (nM) MPI (%)
Laboratory

adapted
R5
HIV-1g,0 B 26 98
HIV-1jp g1, B 6.9 97
Dual
HIV-1g04 B >1000 <20
X4
HIV- 1y B >1000 <20
Primary
R5
HIV-1gp.s B 26 92
HIV-1gp.o CRF08_BC 24 95
HIV-1gp.g G 20 95
HIV-1gp.s B 18 95
HIV-1gp.g B 14 97
HIV-1gp.o B 13 96
HIV-1gp.10 B 9.2 98
HIV-1gp.1y C 8.6 96
HIV-1gp 1 B 5.1 98
HIV-1kp.13 B 4.0 96
HIV-Igp.14 B 3.0 95
HIV-1kp.1s B 3.0 94
HIV-1gp16 B 22 100
HIV-1gp.1 B 1.2 98
X4/mix
HIV-1gp.1s CRFO1_AE >1000 <20
HIV-1gp 1o CRF01_AE >1000 <20
HIV-1kp.a0 B >1000 <20

*PM1/CCRS cells (2 x 10%) were exposed to 100 TCIDsg of each virus
and then cultured in the presence of various concentrations of MVC.
The ICsq values were determined by the WST-8 assay using a Cell
Counting kit-8 on day 7 of culture. All assays were conducted in
duplicate or triplicate.

Selection of MiVC-resistant variants

To select MV C-resistant HIV-1 variants in vitro, we exposed
PM1/CCR5 cells to HIV-1gp_s, which had the highest ICs,
value (26 nM) and lowest MPI (92 %) among the primary
isolates tested, and serially passaged the viruses in the presence
of increasing concentrations of MVC. As a control, HIV-1yp_5
was passaged under the same conditions without MVC in
PM1/CCR5 cells (designated the passage control). Moreover,
to compare the differences between the MVC-resistant variant
and low-CCR5-expressing-cell-adapted variant, we passaged
HIV-1gp.s in low-CCR5-expressing parental PMI1 cells
(designated low-CCR5-adapted). The selected virus was
initially propagated in the presence of 1 nM MVC and
during the course of the selection procedure the concentration
of MVC was increased to 10 pM over 48 passages (Fig. 1a).

Resistance to small-molecule CCR5 inhibitors is known
to vary according to the cell type used (Anastassopoulou
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et al., 2009; Ogert et al., 2008; Pugach et al., 2007; Westby
et al, 2007). To characterize the resistance profiles of
the passaged variants, we tested the sensitivities of the
three variants and HIV-1g, to MVC in phytohaemag-
glutinin (PHA)-activated PBMCs (Fig. 1b). The MPI of
the MVC-resistant variant was lower than the MPIs of
the passage control, low-CCR5-adapted variant and
HIV-1g,; (MPI 80.3 versus 92.3, 94.5 and 95.7 %,
respectively).

The MVC-selected variant became highly resistant to MVC
(Fig. 2), with an MPI of 24 % at 48 passages. However, the
low-CCR5-adapted variant, which was passaged in PM1
cells, became low sensitive to MVC compared with the
passage control (ICso 279 versus 26.3 nM), but we did not
find a reduction in the MPL

We also determined the sequential MPIs and ICs, values
of each passaged variant to MVC (Fig. 2). From passages
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Fig. 1. Selection of MVC-resistant and low-CCR5-adapted virus variants. (a) The selection was carried out in PM1/CCR5 and
PM1 cells as described in Methods. (b) Sensitivities of the MVC-selected (48 passages), low-CCR5-adapted (48 passages),
passage control (48 passages) variants and HIV-1g, (Bal) to MVC as determined by p24 antigen measurement. PHA-
activated PBMCs (1x10° cells mi™") were exposed to 100 TCIDsq of each variant and cultured in the presence or absence of
various concentrations of the drug in 96-well microculture plates. The amounts of p24 antigen produced by the cells were
determined on day 7. All assays were performed in triplicate.
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Fig. 2. Susceptibility of passaged variants to MVC. The sensitivity and MPI of each passaged variant to MVC was determined
by a multi-round assay using the WST-8 assay as described in Methods. The x-axis shows the passage number,
concentration of MVC (uM) and MP! values. The mutations observed in the highly MVC-resistant variants are shown above

the graph,

1 to 14, the MVC-selected and low-CCR5-adapted
variants had almost equal I1Cs, values and the MPIs were
high. After 16 passages, the ICso values of the MVC-
selected variants continued to increase to >10 uM, whilst
the MPIs decreased to 24% at 48 passages, especially
after 27 passages. The low-CCR5-adapted variants main-
tained an ICsy value of ~200 oM and high MPIs (90—
100%) until the end of the experiment (passage 48).
Conversely, the passage control variants did not show
remarkable changes in their ICsy values and MPIs
throughout the passages (ICsq values of ~20 nM, MPI
95-1009%). The low-CCR5-adapted variant was also
resistant to two other CCR5 inhibitors, APL and TAK-
779 (data not shown).

These findings suggested that the phenotype of the MVC-
selected variants under low concentrations of the drug
corresponded with that of the low-CCR5-adapted variants
until 14 passages; then, under high concentrations, the
MVC-selected variants acquired additional mutations for
high resistance to the CCR5 inhibitor.

Comparison of the Env region sequences of the
MVC-selected and low-CCR5-adapted mutants

To determine the genetic basis of the resistance in the HIV-
1xp.s variants and compare the substitutions between the
MVC-selected and low-CCR5-adapted variants, the Env
genes were sequenced (Figs 3, 4 and S2). At 17 passages, all
substitutions in both the MVC-selected and low-CCR5-
adapted variants were selected from the baseline viruses.
Five of these substitutions in gp120, i.e. K8R, C1IW (signal
peptide), D141N (V1), E321D (V3) and 1463T (V5), were
observed in both passaged variants. Conversely, at posi-
tions 137 (K or E), 148 (Q or K) and 187 (G or D),
the amino acids differed between the MVC-selected and
low-CCR5-adapted variants. After 16 passages, the MVC-
selected variants acquired four additional mutations, i.e.
T2971 (V3), M4341 (C4), V2001 (C2) and K305R (V3), at
passages 17, 21, 34 and 41, respectively, which were not
observed in the low-CCR5-adapted variants (Figs 2—4 and
S2). After acquisition of M434I in C4 (21 passages),
the MPI of the MVC-selected variants decreased gradually
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Fig. 3. Comparison of the locations of the mutations in the MVC-selected and low-CCR5-adapted gp120. The side chains of
the mutated residues that appeared during the MVC selection (left) and low CCR5 adaptation (right) are shown in yellow (only
MVC selection), pink (only low CCR5 adaptation) and green (both). A summary schema is also provided.

(from 74 to 24 %) (Fig. 2). The most important amino acid
substitution for the reduction in the MPI might be K305R,
because the MPI of the variant cultured without MVC after
48 passages increased by reverting from R to K at position
305 (data not shown). Three additional mutations, i.e.
F317W (V3), V841 (C1) and A436T (C4), were observed in
the low-CCR5-adapted variants at 17, 21 and 48 passages,
respectively. These mutations might be compensatory for
viral fitness following culture in the low-CCR5-expressing
cells, because the MPIs of the variants with these three
mutations did not differ from those of the variants prior to
the acquisition of these mutations (>90 %).

These findings suggest that under low concentrations of
MVC, the variants were selected from the baseline viruses
similarly to the low-CCR5-adapted variants (ICs, shift and
high MPI), whilst under high concentrations of the drug,
the selected variants required additional mutations to use
drug-bound coreceptors for entry into the target cells.

To compare the two mutation profiles obtained from
the MVC-selected and low-CCR5-adapted variants at 48
passages, the crystal structure of gpl20 was used (Figs 3
and 4). Comparison of the sequences of the two passaged
variants based on the Protein Data Bank (PDB ID: 2B4C)
crystal structure of gpl20 showed that the MVC-selected

variant harboured many substitutions within and around
the V3 region, ie. the CCR5 N-terminal-binding site,
compared with the low-CCR5-adapted variant in the three-
dimensional (3D) position. In a magnification of the CCR5
N-terminal-binding site (Fig. 4), three of four mutations,
i.e. T2971, M434I and V200I, were concentrated around the
V3 base and finally K305R appeared in the V3 stem region
after 41 passages.

To determine the positions of MVC-selected mutations in
the gp120 trimer form, we illustrated the sites of mutations
on the structure of the BG505 SOSIP trimer obtained from
the PDB (ID: 3]5M) (Fig. S3) (Lyumkis et al, 2013). Almost
all of the MVC-selected mutations occurred at the upper and
outer side of the trimer. Several MVC-selected mutations,
i.e. V65K, V2001, K305R, M3091, F317L and M434l, lay
relatively close to the neighbouring gp120. These findings
demonstrated that these mutations may affect trimer
formation and expose neutralizing antibody epitopes.

Susceptibilities of the infectious clones with
mutant Env to anti-Env mAbs

In a previous study, a CCR5 inhibitor (AD101)-resistant
infectious clone was sensitive to neutralization via V3 and
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Fig. 4. Enlargement of the area of the CCR5 N-terminal-binding site and V3 loop in gp120. The side chains of the mutated
residues that appeared during /n vitro selection with MVC at 17 (upper left), 21 (upper right), 34 (lower left) and 41 passages
(lower right) are shown. The crystal structure of gp120 was retrieved from the Protein Data Bank (PDB ID: 2B4C).

CDu4i epitopes (Berro et al., 2009). To examine whether our
three passaged variants became sensitive to anti-Env mAbs,
we constructed three infectious clones with each 48-
passaged Env (Fig. 5). The clone with the Env of the MVC-
selected variant showed a low MPI (56 %) under a high
concentration of MVC, which was also seen with the
passage control and low-CCR5-adapted clones (Fig. 5a).
Using these infectious clones, we tested the susceptibilities
to the anti-Env mAbs bl12 [anti-CD4 binding site (anti-
CD4bs)], 4E9C (anti-CD4i) and KD-247 (anti-V3). As
shown in Fig. 5(b), the MVC-selected and low-CCR5-
adapted clones showed higher sensitivity to b12 than the
passage control clone, with ICsq values of 0.22, 0.31 and
0.86 ug ml™", respectively. The MVC-selected and low-
CCR5-adapted clones became highly sensitive to 4E9C
compared with the passage control clone (ICso values of
0.08, 0.41 and >5pg ml™', respectively) (Fig. 5c).
Moreover, the clone with the MVC-selected Env was highly
sensitive to anti-V3 mAb KD-247, while the low-CCRS5-
adapted and passage control clones were not (ICsq values of
0.04, >100 and >100 pg ml~’, respectively) (Fig. 5d).

These findings indicated that the MVC-selected clone
with its greater number of mutations might contribute to

exposure of neutralizing epitopes for these three mAbs,
whilst the low-CCR5-adapted mutations could change the
conformation of Env to become sensitive to anti-CD4i and
CD4bs mAbs, but not anti-V3 mADbD.

Susceptibilities of the infectious clones with
mutant Env to autologous plasma lgGs

We also examined whether the infectious clones with the
passaged Env mutations were neutralized by autologous
plasma IgGs. As shown in Fig. 6(a), none of the autologous
plasma IgGs could neutralize the passage control clone
at concentrations up to 100 pg ml™". In the low-CCRS5-
adapted clone, some of the plasma IgGs slightly inhibited
the replication of the virus under high concentrations,
but did not reach the 50% inhibition level (Fig. 6b).
Conversely, all seven plasma IgGs were able to completely
neutralize the clone with the MVC-selected Env (ICsq 2.6—
37 ug ml™", MPI 79-97 %) (Fig. 6c).

These findings show that the MVC-selected clone with the
greater number of mutations also might contribute to
exposure of neutralizing epitopes for autologous plasma
IgGs.
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Fig. 5. Sensitivities of infectious clones with the passage control, low-CCR5-adapted and MVC-selected Env mutations to
MVC and anti-Env mAbs. The sensitivities of the infectious clones with the passage control (filled symbols), low-CCR5-adapted
(filled symbols and dotted lines) and MVC-selected (open symbols) Env mutations to (a) MVC, (b) b12, (c) 4E9C and (d) KD-
247 are shown. The sensitivities of each infectious clone to MVC and mAbs were determined by the WST-8 assay as described
in Methods. All assays were conducted in duplicate.
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Fig. 6. Sensitivities of infectious clones with the passage control, low-CCR5-adapted and MVC-selected Env mutations to
autologous plasma IgGs. The sensitivities of the infectious clones with the (a) passage control, (b) low-CCR5-adapted and (c)
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determined by the WST-8 assay as described in Methods. All assays were conducted in duplicate.
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DISCUSSION

The CCRS5 inhibitors, MCV and VCV, are allosteric inhibi-
tors of virus entry, hence resistance to these drugs is
evidenced by a reduction in the plateau of virus inhibition
curves rather than by increases in ICsy (Dragic et al., 2000;
Maeda et al., 2006, 2008a; Roche et al., 2011b; Tsamis et al.,
2003). One study reported that resistant mechanisms
contribute to the altered recognition of drug-bound CCR5
by an MVC-resistant HIV-1 strain. This study demon-
strated very efficient usage of drug-bound CCRS5, char-
acterized by increased dependence on the CCR5 N terminus
(Tilton et al., 2010). Another report demonstrated a similar
yet distinct mechanism of escape from MVC by MVC-
resistant Env, with comparatively less efficient usage of
drug-bound CCR5 (Roche et al,, 2011b). In the absence of
the drug, MVC-resistant Env maintains a highly efficient
interaction with CCRS5, similar to that of MVC-sensitive
Env, and displays a relatively modest increase in dependence
on the CCR5 N terminus (Roche et al., 2011b). However, in
the presence of the drug, MVC-resistant Env interacts much
less efficiently with CCR5 and becomes critically dependent
on the CCR5 N terminus. In the current study, we induced
MVC-resistant HIV-1, which harboured many substitutions
within and around the V3 region, i.e. the CCR5 N-terminal-
binding site in vitro. In order to determine whether the
resistant variant displayed an increased CCR5 N-terminal
dependence, we determined the sensitivity of each variant to
anti-CCR5 N-terminal mAb, CTC-5. All passaged variants
were completely resistant to CTC-5; however, the MVC-
selected variant became sensitive to CTC-5 when MVC
(1 uM) was added in the assay, as reported previously
(Berro et al., 2009). These results suggest that the four
mutations associated with the CCR5-binding site in the
MV C-selected variant might create an increased depend-
ency on interaction with the CCR5 N terminus.

In this study, we attempted to determine the difference
between the MVC-selected and low-CCR5-adapted vari-
ants in parallel using an in vitro passage system. Under
low concentrations of MVC, the MPI reduction was not
observed in either the MVC-selected variant or the low-
CCR5-adapted variant, although both passaged variants
had common substitutions in the V1, V3 and V5 regions
from quasi-species. Compared with the baseline viruses,
under high concentrations of MVC, the resistant variants
acquired mutations within the area of the CCR5-binding
site in gp120 by evolution and/or selection from minor
subsets. Following acquisition of the latter mutations, the
variants with mutant Env showed a considerably reduced
MPI (24 %). These results indicate that mutants arising
from passage in low-CCR5-expressing cells can influence
the ICsq shift, but not a reduction in the MPIL.

One previous study showed that although numerous
changes were observed in V3 and other regions of gp160,
genotypic analysis of the cloned env sequences revealed no
specific mutational pattern associated with reduced sus-
ceptibility to VCV in a phase 2 clinical trial (Pantophlet &

Burton, 2006). Using the Los Alamos Database, we found
that the frequencies of the four mutations occurred in
<10% of 1501 subtype B viruses (V2001, 5.1 %; T297],
5.9%; K305R, 9.5%; M4341, 2.5%). Assays for these
mutations might provide useful clinical markers for
determining the sensitivity of HIV-1 to MVC. One
limitation of the present study was that only one primary
isolate was used and a single in vitro passage series was used
for variant selection. Further studies using multiple isolates
and multiple passage cultures are required to determine
if this MVC-susceptibility model applies to other HIV
subtypes and cell systems. Ogert et al. (2009) and Anastasso-
poulou et al (2009) reported that multistep resistance
mutations during in vitro selection that reduced the MPI
values to VCV were driven by the K305R substitution and
the H308P substitution was related to a reduction in the
MPI plateau level to VCV resistance. Henrich ef al. (2010)
also reported such mutations in vivo, as S306P was not
detected in the baseline virus population, but was necessary
for maximal resistance when incorporated into V3 back-
bones that included pre-existing VCV resistance mutations.
Our in vitro study also showed that the K305R mutation
contributed to maximal resistance to MVC when incorp-
orated into V3 and CCR5 N-terminal-binding site back-
bones that included pre-existing MVC resistance mutations.
Moreover, our MVC-selected variant with MVC (1 uM)
became sensitive to the CCR5 N-terminal mAb (data not
shown). Conversely, Roche et al. (2011a) reported that the
MVC-resistant variants increased reliance on sulfated
tyrosine residues in the CCR5 N terminus without common
gp120 resistance mutations. One resistant clone (17-Res)
harboured 1317F, A322D and [323V substitutions in the V3 .
loop, whilst the other resistant clone (24-Res) had P308S
and Ala inserted at the 313 position in the V3. In our MVC-
resistant variant, we found some mutations at the same
positions (305, 309, 317 and 321) in the V3 region as those
of 17-Res and 24-Res clones (Roche et al., 2011a). It is still
not clear whether such mutations around the V3 loop stem
region contribute to increased reliance on the CCR5 N
terminus, and further studies are needed to determine the
relationship between each mutation and CCR5 N terminus
dependency.

HIV Env evades antibody recognition of conserved epitopes
by several means, including decoration with a dense glycan
shield, hypervariable loops that mask conserved features
and high intrinsic conformational dynamics that render it a
poorly defined antigen (Pantophlet & Burton, 2006). In
the present study, the infectious clone with the Env of the
low-CCR5-adapted virus became sensitive to anti-CD4i
mAb, but not anti-V3 mAb and autologous plasma IgGs.
Conversely, the clone with the highly MVC-resistant Env
was neutralized by the anti-V3 mAb at low concentrations
(<0.1 pg ml™") and also by the autologous plasma IgGs.
These findings suggest that the low-CCR5-adapted muta-
tions are related to accessibility of the anti-CD4i mAb to its
epitopes, whilst the greater number of mutations in the
MVC-selected virus may provide access to the epitopes of
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not only anti-CD4bs and anti-CD4i mAbs, but also the anti-
V3 mAb and autologous plasma IgGs. In preliminary data,
we have confirmed the presence of such anti-CD4i and anti-
V3 antibodies in plasma samples from the subject from
whom HIV-1gp_s was isolated (unpublished data). In vivo,
where potent levels of Env neutralizing antibodies may be
present, the MVC-selected variants may become neutral-
ization-sensitive and not survive. For this reason, it is
possible that CCRS5 inhibitors, such as MVC, suppress HIV
replication for long periods, especially in patients with high
levels of circulating anti-Env neutralizing antibodies prior
to treatment with MVC.

As some of the mutations in the MVC-selected variant are
close to the epitope for KD-247, those mutations might
influence the sensitivity and/or binding affinity to KD-247.
Moreover, the mutations around and within the V3 loop
may also affect the association with the V2 loop by opening
of the trimer. Our study did not allow us to distinguish this
possibility. Thus, further studies with single and combina-
tions of mutations in Env to determine the binding affinity
to the neutralizing antibodies by FACS and/or ELISA are
ongoing.

Following CD4 binding, the CD4-binding site on gp120
becomes ordered and the bridging sheet subdomain forms,
drawing the V1/V2 loops into a ‘down’ orientation and
positioning them alongside CD4 (Guttman et al, 2012).
The MVC-selected variant in our study became highly
sensitive to anti-CD4i and V3 neutralizing mAbs compared
with the passage control virus. Further analysis of the
effect of the CCR5 inhibitor-resistant Env to neutralizing
antibodies would be of interest because, as reported in our
previous work (Yoshimura et al., 2006), the anti-V3 mAb
KD-247-resistant variant became highly sensitive to CCR5
inhibitors.

METHODS

Viruses. Primary HIV-1 viruses were isolated from patients and
passaged in PHA-activated PBMCs. Infected PBMCs were co-cultured
for 5 days with PM1/CCR5 cells and the culture supernatants were
stored at =150 °C until use (Yoshimura et al, 2010). HIV-1¢p_5 was
isolated from a subject prior to MVC therapy but who has subsequently
been taking combination antiretroviral therapy containing MVC since
September 2009. The HIV-1gps was isolated before starting the
combination antiretroviral therapy.

Cells, culture conditions and reagents. The CD4" T-cell line
PM1 (Lusso et al., 1995) was obtained through the AIDS Research
and Reference Reagent Program (ARRRP). The PM1/CCR5 cell line
was a kind gift from Dr Yosuke Maeda (Kumamoto University,
Kumamoto, Japan) (Maeda et al, 2008b). The CCR5 inhibitor MVC
was kindly provided by Pfizer (Groton, CT, USA).

Flow cytometric analysis. PM1 and PM1/CCRS5 cells were analysed
for surface expression of CCR5 and CXCR4. The cells (5x 10°)
were incubated with phycoerythrin-labelled anti-CCR5 mAb 2D7,
phycoerythrin-labelled anti-CXCR4 mAb 12G5 or isotype-matched
control mAbs (BD Biosciences) and analysed using a FACSCalibur
(Becton Dickinson).

In vitro selection of HIV-1 variants using anti-HIV drugs. HIV-
1kp.s was infected into PM1/CCR5 cells and treated with various
concentrations of MVC to induce the production of MVC-resistant
variants as described previously (Harada et al., 2013; Hatada et al,
2010; Yoshimura et al, 2006, 2010), with minor modifications.
Briefly, PM1/CCR5 cells (4 x 10*) were exposed to 500 TCIDs, HIV-
Igp.s and cultured in the presence of MVC. The culture supernatant
was harvested on day 7 and used to infect fresh PM1/CCR5 cells for
the next round of culture in the presence of increasing concentrations
of MVC. We also passaged the virus in the absence of MVC in PM1/
CCR5 cells and the parental cell line PMI1. Proviral DNA was
extracted from lysates of infected cells at different passages and
subjected to nucleotide sequencing.

Ampilification of proviral DNA and nucleotide sequencing.
Proviral DNA was subjected to PCR amplification using PrimeSTAR
GXL DNA polymerase and Ex-Tag polymerase (Takara) as described
previously (Harada et al., 2013; Hatada et al., 2010; Yoshimura et al.,
2006, 2010). Primers 1B and H were used for the gp120 region (Harada
et al., 2013; Hatada et al, 2010). The first-round PCR products were
used directly in a second round of PCR using primers 2B and F for
gpl120 (Harada er al, 2013; Hatada et al, 2010). The second-round
PCR products were purified and cloned into the pGEM-T Easy Vector
(Promega), and the env region in each passaged virus was sequenced
using a 3500xL Genetic Analyzer (Applied Biosystems).

Susceptibility assay. The sensitivities of the passaged viruses to
various drugs were determined as described previously (Harada et al.,
2013; Hatada et al., 2010; Yoshimura et al., 2006, 2010), with minor
modifications. Briefly, PM1/CCRS5 cells were plated in 96-well round-
bottom plates (2 x 10® cells per well), exposed to 100 TCIDs, of
the viruses in the presence of various concentrations of drugs and
incubated at 37 °C for 7 days. The ICs, values were then determined
using a Cell Counting kit-8 (WST-8 assay; Dojindo Laboratories). All
assays were performed in duplicate or triplicate.

PHA-activated PBMCs (1x10% cells ml™!) were exposed to
100 TCIDs, of each HIV-1 strain and cultured in the presence or
absence of various concentrations of drugs in 96-well microculture
plates. The concentration of p24 antigen produced by the cells was
determined on day 7 using a Lumipulse F system (Fujirebio) (Maeda
et al., 2001). ICs; values were determined by comparison with the p24
production level in drug-free control cell cultures (Shirasaka ef al,
1995). All assays were performed in triplicate.

Construction of chimeric NL4-3/KP-5 env proviruses. Chimeric
proviruses were constructed from the pNL4-3 proviral plasmid
(ARRRP) by overlapping PCR as described previously (Shibata et al.,
2007), with minor modifications. Briefly, the gp160 coding sequences
were amplified from the cloning vectors using the primers EnvFv (5'-
AGCAGAAGACAGTGGCAATGAGAGCGAAG-3") and EnvR (5'-
TTTTGACCACTTGCCACCCATCTTATAGC-3'). A portion of the
NL4-3 provirus spanning nt 5284-6232 was amplified with primers
NL(5284)F (5'-GGTCAGGGAGTCTCCATAGAATGGAGG-3’) and
NL(6232)Rv  (5'-CTTCGCTCTCATTGCCACTGTCTTCTGCT-3').
This fragment encompasses the unique EcoRI restriction site in
pNL4-3. Another fragment from the NL4-3 provirus spanning nt
8779-9045 was amplified using the primers NL(8779)F (5-
GCTATAAGATGGGTGGCAAGTGGTCAAAA-3) and NL(9045)R
(5-GATCTACAGCTGCCTTGTAAGTCATTGGTC-3). This fragment
includes the unique Xhol restriction site in pNL4-3. Overlapping PCR
was used to join the gp160 coding sequence from the desired clone to
the fragment encompassing nt 8779-9045 that had been amplified
from pNL4-3. The resulting fragment was then similarly joined to the
amplified fragment encompassing nt 5284-6232 from pNL4-3.

The sensitivities of the three infectious clones to KD-247 (anti-V3
mAb) (Eda et al, 2006), b12 (anti-CD4bs mAb; kindly provided by
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Dr Dennis Burton, Scripps Research Institute, La Jolla, CA) (Kessler
et al., 1997), 4E9C (anti-CD4i mAb) (Yoshimura et al., 2010) and
autologous plasma IgGs were also determined by the WST-8 assay.
Plasma samples were collected from the patient seven times from
January 2010 to April 2011 and purified using Protein A Sepharose
Fast Flow (GE Healthcare) (Kimura et al., 2002; Yoshimura et al.,
2010). The purified plasma IgGs were designated KP-5-I1gG-1 to KP-
5-1gG-7.

Crystal structure of gp120. To compare the sequences of the MVC-
selected and low-CCR5-adapted variants in 3D space, the crystal
structures of the gp120 monomer and trimer were obtained from the
PDB (IDs: 2B4C and 3J5M). Figures were generated using ViewerLite
version 5.0 (Accelrys).
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Tertiary Mutations Stabilize CD8" T Lymphocyte Escape-Associated
Compensatory Mutations following Transmission of Simian
Immunodeficiency Virus
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Compensatory mutations offset fitness defects resulting from CD8" T lymphocyte (CD8,, )-mediated escape, but their im-
pact on viral evolution following transmission to naive hosts remains unclear. Here, we investigated the reversion kinetics
of Gag,g,_130CM9 CD8,; escape-associated compensatory mutations in simian immunodeficiency virus (SIV)-infected ma-

caques. Preexisting compensatory mutations did not result in acute-phase escape of the SIVmac239 CD8TL epitope
Gagl81-189CM9 and instead required a tertiary mutation for stabilization in the absence of Gag,5,_;3,CM9 escape muta-
tions. Therefore, transmitted compensatory mutations do not necessarily predict rapid CD8, escape.

seversion of particular CD8" T lymphocyte (CD8yy) escape
‘mutations is well documented following human immunode-
ficiency virus (HIV) transmission between HLA-discordant indi-
viduals and is dependent upon the fitness cost of the escape mu-
tation. Escape mutations that exact a high fitness cost often revert
following HIV transmission to an HLA-discordant individual,
while those that impose a low fitness cost do not (1-3). Two
epitopes targeted by CD8; responses associated with long-term
HIV control, HLA-B*27-bound Gag,g3,7,,KK10 and HLA-B*57-
bound Gag, 49 _,4sTW10, lie within a conserved region of Gag, and
escape mutations within these epitopes reduce viral fitness. How-
ever, while the codon 242 threonine-to-asparagine (T,,,N) escape
mutation within Gag,,_,40TW10 reverts readily following trans-
mission to an HLA-disparate host, the Ry¢,K escape mutation
within Gag,s;_,7,KK10 does not (3, 4). This finding is surprising
given that the R,¢,K mutation reduces viral replicative fitness to a
significantly greater extent than the T,,,N mutation (5). Compensa-
tory mutations that maintain viral fitness while allowing for intra-
epitopic variation have been described for both Gag,;_,,,KK10 and
Gag,0.240T W10, and the difference in reversion kinetics between
these epitopes is likely dependent on these compensatory mutations
(4,6,7).

In simian immunodeficiency virus mac239 (SIVmac239)-in-
fected rhesus macaques, the Mamu-A1*001:01-bound CD8y
epitope  Gagg;_150CM9 is analogous to Gagyes ,7,KKI0 and
Gag, 40240 T W10 in that it lies within a conserved region of Gag and
has associated compensatory mutations that increase the fitness of
viral variants containing Gag,s,_;50CM9 escape mutations. We, and
others, have previously shown that the canonical Gag, g;_;50CM9 es-
cape mutation Tg,A is frequently linked with the flanking down-
stream mutation I,V and reverts following transmission to Mamu-
ATI*001:01-negative rhesus macaques (8-10). Additionally, the LoV
compensatory mutation is consistently associated with a subsequent
upstream mutation, I, V. This mutation is not necessary for the
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emergence of viruses with the T'4,A escape mutation, but it is be-
lieved to further increase viral fitness following mutations atboth T g,
and L.

We hypothesized that preexisting I,V and LoV compensatory
mutations would facilitate rapid, acute-phase escape within the con-
served Gagyg;_150CM9 CD8y epitope upon transmission to Mamu-
AI*001:01-positive rhesus macaques. To test this hypothesis, we en-
gineered an SIVmac239 variant harboring the 1,4,V and LV
compensatory mutations associated with Gagyg,_150CM9 escape
(SIVmac239-2V) by site-directed mutagenesis of SIVmac239 plas-
mid DNA using the QuikChange XL kit (Stratagene, La Jolla, CA)
and generated a virus stock as previously described (2). Following
intravenous infection of a Mamu-AI*001:01-positive rhesus ma-
caque, r98003, with 100 ng Gag p27“*, SIVmac239-2V replicated
efficiently, peakingat 3.96 X 107 viral RNA (VRNA) copies/ml plasma
at 10 days postinfection (d.p.i.), as measured by quantitative reverse
transcription-PCR (RT-PCR) using previously described techniques
(11) (Fig. 1A). This level of viral replication is consistent with a large
body of data collected from wild-type SIVmac239-infected Mamu-
AI*001:01-positive rhesus macaques (12, 13). Additionally, major
histocompatibility complex (MHC) class I tetramer staining of
freshly isolated peripheral blood mononuclear cells (PBMC)
revealed that STVmac239-2V elicited a strong CD8 response
against Gag,g;.,30CM9, with 3.5% of all circulating CD8y, tar-
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Reversion of Compensatory Mutations
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FIG 1 Compensatory mutations in SIVmac239-2V revert rapidly to wild type despite a Gag,q,_,50CM9-specific CD8, response. (A) Replication of the
engineered SIVmac239 mutant STVmac239-2V in r98003 was monitored in plasma over the first 15 weeks postinfection (w.p.i.). During the same period,
the magnitude of the Gagg;_,5CM9-specific CD8, response was assessed by Mamu-A1*001:01/Gag,g,_;55CM9 tetramer staining. (B) The Gagys,_
1839CM9 region from the SIVmac239-2V-infected, Mamu-A1*00101-positive rhesus macaque r98003 was Roche/454 pyrosequenced at the indicated w.p.i.
Each consensus sequence indicates all mutations present in 1% or more of total sequence reads (limit of detection). Amino acid substitutions are shown
above the reference sequence; the frequencies of the mutations are shown both as percentages and as shaded boxes according to prevalence, as indicated
by the key at the bottom right. Boxed amino acids within the reference sequence comprise the Gag;s,_150CM9 epitope. The consensus sequence of the
SIVmac239-2V virus stock used to infect r98003 is shown below the sequences from r98003. (C) Times to Gag,4;_,50CM9 escape (as defined by the first
of two consecutive time points showing amino acid substitutions within the epitope at a frequency of >1% of total sequence reads) in nine Mamu-
AI*00101-positive rhesus macaques (filled circles) and animal r98003 (open circle). The means and standard deviations of times to Gag,5,_,50CM?9 escape

are shown.

geting this epitope at 14 d.p.i. (Fig. 1A). Importantly, this
Gag,g,.,50CM9-specific CD8p response remained at high fre-
quency in r98003 through 15 weeks p.i. (w.p.i.).

Next, we monitored viral evolution within gag by performing
Roche/454 pyrosequencing on plasma samples as described pre-
viously (8). Unexpectedly, instead of observing rapid, acute-phase
escape of Gag,g,_;50CM9, we detected high-frequency reversions
of both the I,V and LoV compensatory mutations (Fig. 1B).
The frequency of revertant viruses in plasma increased through
8.5 w.p.i., when 98.3% of plasma virus sequences were wild-type
SIVmac239 at I,o4 and 84% were wild-type STVmac239 at I,4,.
Subsequently, we detected two Gag,g;.,50CM9 escape mutations,
C,5:Gand T 5,A, only after the I,V compensatory mutation had
reverted almost entirely to wild type, with I,,cV present in only
1.7% of all pyrosequencing reads (Fig. 1B). The C,5,G mutation is
rare but is a previously described Gag,5,_,30CM9 escape mutation
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that also associates with the I,V and L,V compensatory muta-
tions in Mamu-AI1*001:01-positive, SIVmac239-infected rhesus
macaques (8, 9). These three mutations increased in frequency
together and were tightly linked, with 87% of sequences contain-
ing one or both escape mutations also harboring the I,V com-
pensatory mutation (data not shown). While we failed to observe
rapid acute-phase CD8y escape, r98003 did manifest the earliest
Gagl81-189CM9 escape mutations of nine Mamu-AI*001:01-
positive rhesus macaques that we have investigated previously via
Roche/454 pyrosequencing (8) (Fig. 1C).

The SIV compensatory mutations Gagl,4; Vand 1,4,V do not
always revert following transmission to Mamu-A1*001:01-neg-
ative rhesus macaques. Given the surprising reversion of the
compensatory mutations following infection of a naive host, we
next investigated additional animals infected with SIVmac239
harboring the preengineered I,4,V and I,,sV mutations. Friedrich

jviasm.org 3599

Sv3SIAa SNOILO3ANI 40 LSNI TLYN Ad 102 ‘|1 IsnBny uo /Bio°wse IAl:diy wioly pepeojumoq



Burwitz et al.

A 1.V T

163 l?;é'A IBG»‘?V I?d"lY
w.p.l. IKSKKFGAEWPGFC’ALSENC‘JGDHC}M&MQIIRX)IINEEIM\DWDLQE{?QPAEQQGQLREE’SGSDIRGT‘ISSVQEQ“LQNM
200 BB
99.6% 99.6% 100%
A1 /. BB
98.6% 99.3% 100%
L0 P
8 99.5% 99.5% 100%
RUEA2 1B oo BB 0.
@ 100% 100% 100% 3.1%
14 . B B
99.4% 100% 100%
24 [ B B B
100% 100% 100%
TR T B B
100% 100% 100%
B I‘mv T:s;‘b’ TQMV I’:acY Isz
W.p.L] TEEKKFGAEVVPGFOALSECETPY DINOHLNCYGDHOAAMOT IRDT INEEAADWDLON POPAPQOGOLREPSGEDIAGT TS SVDEQIONM
2B R
99% 100% 100%
A B Bl
99.4% 99.4% 100%
N1 T BB D
© 100% 93.2% 99.3% 2.5%
=| 8 B....ooooo ] - B
© 98.8% 52.2% 96.9%
VA0 B e B Oooeernnnn
98.9% 24.5% 66.5% 2.1%
2B Do, B Do
86% 12.3% 41,3% 3.9%
18 1 1 TR OO ETR
25.9% 5.2%
2 N
C ? f:lv T)’HA IEOEV Izmy
w.p.i] TEEKKFGAEVVPGFOALSECETPYDINGMLNCVGDHOAAMOT TRDT INEEAADWDLOE PQPAPQOGOLREPSGSDIAGTTSSVDEQIQWM
3 B BB
100% 100% 100%
6B ..-..o.oii BB o...
99.6% 99.4% 99.6% 1%
of 8B BB
Y 100% 98.7% 100%
QL1218 .. BB
b 100% 59.8% 100%
16 ] B
5.
24
30

FIG 2 Consensus sequences of the Gag,s,_,50CM9 region in rhesus macaques infected with 3XSIVmac239. The Gag,g;_,30CM9 regions from three rhesus
macaques infected with 3XSIVmac239 were Roche/454 pyrosequenced at the indicated w.p.i. (A) r97089 (Mamu-A1*001:01 positive); (B) 196115 (Mamu-
AT*001:01 negative); (C) r98020 (Mamu-A1*001:01 negative). Each consensus sequence indicates all mutations present in 1% or more of total sequence reads
(limit of detection). Amino acid substitutions are shown above the reference sequence; the frequencies of the mutations are shown both as percentages and as
shaded boxes according to prevalence, as indicated by the key at the bottom right. Boxed amino acids within the reference sequence comprise the Gag,g;_;5,CM9

epitope.

et al. previously described three rhesus macaques infected with
3XSIVmac239, a virus encoding the Gag,s;_,5,CM9 escape muta-
tion T,gA and the two compensatory substitutions 1,4,V and
LoV (2). We Roche/454 pyrosequenced virus from plasma sam-
ples obtained from these three animals, spanning the first 8
months of infection, to make direct comparisons with virus se-
quences from r98003 and to glean additional insight into why
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SIVmac239-2V reverted at positions I,V and LV before
Gagg,_150CM9 escape. Two of these rhesus macaques were
Mamu-A1*001:01 negative (198020, r96115), and one was Marmu-
AI*001:01 positive (r97089). The 3XSIVmac239 circulating in
197089 retained all three (I;4,V, Ti4,A, and L,o4V) preengineered
mutations, most likely due to low-frequency Mamu-A1*001:01-
restricted, Gag,g,_36CM9-specific CD8; (14) (Fig. 2A). In con-
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FIG 3 The Gag A;,,P mutation stabilizes the compensatory mutations Gag 1,5,V and I,,cV. Consensus Sanger sequences spanning Gag I, 4, through I,os-and the
tertiary mutation site Gag A,,, at the indicated w.p.i. are shown. (A) Eighteen STVmac239-infected rhesus macaques (seven Mamu-AI1*001:01 positive and eleven
Mamu-A1*001:01 negative). *, 103035 was infected with the SIVmac239 variant B¥008:01 8 X SIVmac239 described in reference 21. (B) Five 3XSIVmac239-
infected rhesus macaques (three Mamu-A1*001:01 positive and two Mamu-AI1*001:01 negative). (C) One Mamu-A1*001:01-positive, SIVmac239-2V-
infected rhesus macaque. (D) One Mamu-AI1*001:01-negative rhesus macaque infected by transfer of plasma and PBMC from rh1937 at 166 w.p.i. (see the
arrow). Reference sequences for respective infecting SIV strains are shown across the top.

trast, 3XSIVmac239 evolution diverged between the two Mamu-
AI*001:01-negative animals. The 3XSIVmac239 circulating in
r96115 reverted completely to wild type at all three positions (I,4;,
T g and L) by 24 w.p.i.,, supporting our data from r98003 (Fig.
2B). Surprisingly, 3XSIVmac239 in r98020 reverted completely to
wild type at position T g, by 24 w.p.i. but maintained the compensa-
tory mutations I, ¢,V arid I,V in 100% of sequence reads through 30
w.p.i. (Fig. 2C). This finding is in contrast to our data from r98003
and r96115, in which compensatory mutations I,V and LV re-
verted in the absence of a Gag,g,_;30CM9 escape mutation (Fig. 1B
and 2B).

The downstream Gag mutation A;,,P stabilizes SIV contain-
ing compensatory mutations I,V and I,V in the absence of a
Gag51-150CM9 escape mutation. The divergent viral evolution
between 98003, r96115, and r98020 raised the possibility that a
tertiary mutation was maintaining viral fitness while allowing for
the retention of the I;4,V and L4,V compensatory mutations. To
test this hypothesis, we analyzed Gag sequences from a cohort of
25 chronically SIV-infected rhesus macaques, including r98003,
r97089, and 198020, at various time points postinfection (11
Mamu-A1*001:01-positive, 14 Mamu-A1*001:01-negative ma-

March 2014 Volume 88 Number 6

caques) using consensus Sanger sequencing as previously de-
scribed (15). We found that viral sequences from five of seven
SIVmac239-infected, Mamu-AI1*001:01-positive animals con-
tained mutations I, V, T13,A/C, 1,44V, and a downstream muta-
tion, Gag A;,,P (Fig. 3A). Virus from the two remaining Mamu-
A1*001:01-positive animals (r98001 and r99084) harbored the
A;,,P mutation alone, suggesting that this mutation can precede
thel,,V, T 5,A/C, and I,V mutations. In contrast, none of these
mutations were observed in Mamu-AI1%*001:01-negative animals
(Fig. 3A). Thus, it appeared that A,,,P was associated with
Gag,g1_150CM9 escape. Next, we examined the association of
A;;,P with the maintenance of the I,4,V and 1,4,V compensatory
mutations following transmission of our engineered viruses to
naive hosts. In two out of the three Mamu-AI1*001:01-positive
animals infected with 3XSIVmac239 (r97089 and r97035), the
A;,,P mutation arose following infection, which again suggested
that A,,,P stabilizes the Gag,g;_,50CM9 escape-associated com-
pensatory mutations (Fig. 3B). In the two Mamu-A1*001:01-neg-
ative animals infected with 3XSIVmac239 (r98020 and r96115),
Aj,,P was present only in 198020, where the compensatory muta-
tions persisted in the absence of Gag5,_;50CMD9 escape. In r98003,

jviasm.org 3601

SV3ASIA SNOILOIANI 40 1SNI T1LVYN Ad #102 ‘L 1 1snbBny uo /Bio wise’1al/:diy woly pepeojumod



Burwitz et al.

A 200, B
Oth2095
= 1800 [th2125
'é A A 197089 £ g7 1507 Viris
1600 £198001 S8
Q& 800 S B sivmacz3o-2v
] 5] @ 24686 E BEE siVmac239-2v-P
o @ Br25873 2 100
o B 6007 A126136 @ B Slvmac239-P
= 3 %“ : Uninfected
Q5 400{ ® >
& % ® 28 504
@ Lod 2 g
£ 2004 g5
g
L —i}@-— - —— - — w o~ il -
L " eham—ohim——eliim— -
* g o G G 14 21
ag 501315 FRYa05.319 C@ 300,129 Days Post-Infection
Peptides
C DAY 14 SlVmac239 CA (Top view)
Amino acld position
Input virus 182 20 312
SIVmac239
SIVmac239-2V
SIVmac239-2V-P
SIVmac239-P
100 - ap
Ca (27 tw‘Fl Virus
- 46910 g SIVmac239
5 80+ O»E‘f‘j)f 19‘% A SIVmac239-2V
o L4190 g SIVmac239-2V-P
E 60 - (883X 10 ) g SIvmac239-P
@
x”
S 40
=z
=]
520 A
0 (B § L T 1 A
0102 1% 1% 10®
Gag p27 5 [

FIG 4 GagA,,,P is atertiary compensatory mutation stabilizing STVmac239 CA expressing Lo, V. (A) Seven Mamu-A1*00101-positive rhesus macaques infected
with SIV were screened for T cell responses against three overlapping 15-mer peptides spanning the A, region by IFN-y ELISpot. Animals harboring SIV with
the A,;,P mutation are represented with open red symbols. SFC, spot-forming cells. The dashed line at 50 SFC is the limit of detection for this assay. (B)
Frequency of Gag p27" CD4™ T cell targets infected with engineered mutant viruses in vitro. Values were normalized to the frequency of Gag p27™ targets
infected with SIVmac239. (C) Table showing Sanger sequencing results from vRNA taken at day 14 of the in vitro replication assay. (D) Structural modeling of
SIVmac239 capsid, showing positions of the I, T}g5, Log and Aj;, amino acid residues. (Top) Top view of the SIVmac239 CA hexamer, with one monomer
colored light blue and a second monomer colored dark blue. (Bottom) Magnified side view of the potential interaction between A;,, (within the light-blue
monomer) and Ly, (within the dark-blue monomer). (E) Representative Gag p27-staining histogram, showing the mean fluorescent intensity of intracellular
Gag p27-fluorescein isothiocyanate (FITC) staining for each virus at day 21 of our in vitro replication assay. Results are indicative of separate assays performed

with two different Gag p27-specific antibodies.

the Mamu-A1*001:01-positive animal infected with SIVmac239-
2V, the lack of A;,,P was associated with reversion of the compen-
satory mutations to wild type (Fig. 3C).

To further test if the tertiary mutation A, ,P would stabilize the
L,V and L,V compensatory mutations during reversion of
Gag,5,_,59CM9 epitope mutations, we infected a Mamu-AI1*001:
0I-negative animal, r00033, with virus from rh1937 that con-
tained the T,4,C Gag,5;.150CM9 escape mutation, the 1,5,V and
LosV compensatory mutations, and the tertiary A;,,P mutation
(Fig. 3A and D). In agreement with our previous observations, the
As,,P mutation stabilized the I,,V and I,V compensatory mu-
tations, while the T,4,C escape mutation reverted to wild type
(Fig. 3D). Cumulatively, these data suggest that A, ,P is necessary
for the maintenance of 1,4,V and I,V compensatory mutations
in the absence of Gag,g;_,55CM9 escape.

3602 jviasm.org

Gag A,,,P is a bona fide compensatory mutation. We ob-
served that AP consistently associated with the Gag,g,_;30CM9
escape-associated compensatory mutations, but we wanted to fur-
ther assess the compensatory characteristics of the A;;,P muta-
tion. We first investigated the possibility that A,,,P could be a
CD8. escape mutation but found no evidence of T cells targeting
this region of Gag. Using in silico binding algorithms (http://www
.chs.dtu.dk/services/NetMHC/) we found that no 8-, 9-, or 10-
mer peptides between SIVmac239 Gag residues 301 and 323 are
predicted to bind Mamu-A1*001:01 with physiologically relevant
affinity (50% inhibitory concentration [ICso] = 500 nM) (16). In
addition, we detected no CD8y responses to the A;, region by a
gamma interferon (JFN-v) enzyme-linked immunosorbent spot
assay (ELISpot) in 7 Mamu-AI*001:01-positive rhesus macaques
with detectable Gag,q,_;150CM9-specific CD8yy responses, 4 of
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which also had circulating virus harboring the A;,,P mutation
(Fig. 4A, red symbols). These results, in combination, support the
conclusion that CD8y, pressure does not drive the emergence of
A;,,P in Mamu-A1%001:01-positive animals.

Next, we performed an in vitro SIVmac239 replication assay to
compare the growth kinetics and levels of stability of viruses con-
taining the I;¢,V, LosV, and A;,,P mutations. We engineered two
SIVmac239 mutants (in addition to SIVmac239-2V) containing
the 1,5V, LV, and A;,P mutations together (SIVmac239-
2V-P) or the A;;,P mutation alone (SIVmac239-P). We infected
separate cultures of staphylococcal-enterotoxin B-stimulated
rhesus macaque CD4™ T cells with 2 X 107 virus particles of either
SIVmac239 or amutant virus in complete medium containing 100
IU interleukin 2 (IL-2)/ml and cultured them for 7 days. On days
7 and 14, virus-containing cell supernatant was diluted 1:4 with
medium and used to infect additional activated CD4™ T cells. We
compared the frequencies of infected targets for each mutant virus
on days 14 and 21 by intracellular Gag p27 antibody staining,
normalizing to the frequency of STVmac239-infected targets (Fig.
4B). Mutant viruses showed replication kinetics similar to that of
SIVmac239 over the first 14 days but exhibited a higher replicative
capacity by day 21. We Sanger sequenced the mutant viruses from
our replication assay at day 14 and found that SIVmac239-2V, but
not SIVmac239-2V-P, showed a prominent double peak indicat-
ing reversion of the I,V mutation (Fig. 4C).

Finally, we generated structural models of the STVmac239 cap-
sid (CA) hexamer as previously described (17) and assessed loca-
tions and potential interactions of the I,4;, Tigs, Lgs and Asj,
amino acid residues (Fig. 4D, top). The 1,4, residue is found in
helix 1 of CA, and its side chain protrudes into helix 4, where the
Lo residue is located, supporting the observed linkage between
the 1,4,V and I,V mutations. Importantly, the A;,, residue lies
within CA helix 9, near the I,¢-containing helix 4 of the adjacent
CA monomer (Fig. 4D, bottom). Thus, SIVmac239 CA structural
data suggest that the A;,,P mutation may influence the intermo-
lecular interactions and stability of the CA hexamer. In support of
this hypothesis, we consistently detected higher levels of intracel-
lular Gag p27 CA in cells infected with viruses containing the
A,,,P mutations (Fig. 4E). Taken together, our structural and in
vitro sequencing data strongly support our conclusion that A;,,P
is a tertiary compensatory mutation that stabilizes STVmac239
expressing the Gag,g;_;150CM9-associated compensatory muta-
tion.

The association of Aj;,P with the I;4,V and 1,4,V compensa-
tory mutations has not previously been described in studies of
Gag;51159CM9 escape but is not altogether an unexpected find-
ing. In fact, the data presented herein contribute to a growing
body of evidence that HIV and SIV variation within Gag is highly
organized, both in terms of mutation kinetics and constrained
patterns of escape (18-20). These structural restraints have con-
tributed to the identification of Gag as a premier target for T
cell-based HIV vaccine design.

As HIV circulates in human populations, there is concern that
CD8.; epitopes will be “lost” as escape substitutions accumulate
in transmitted viruses. While the finding that such escape muta-
tions frequently revert in the absence of selecting HLA alleles ame-
liorates this concern, the persistence of compensatory mutations
in transmitted viruses may facilitate rapid escape when the virus
next encounters CD8 restricted by the selecting HLA molecule.
However, our data indicate that transmitted compensatory muta-
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tions do not necessarily facilitate rapid, acute-phase immune es-
cape from CD8p; responses. Further study of additional compen-
satory mutations, in terms of their frequency in circulating HIV
strains and their effect on posttransmission CD8y responses, is
warranted to fully understand their impact on the adaptation of
HIV to HLA molecules present at high frequency within the hu-
man population.
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