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Arginine insertion and loss of N-linked
glycosylation site in HIV-1 envelope V3
region confer CXCR4-tropism
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Shinichi Oka'# & Hiroyuki Gatanaga'
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4600001, Japan, “Center for AIDS Research, Kumamote University, 2-2-1 Honjo, Chuoku, Kumamoto 860-0811, Japan.

The third variable region (V3) of HIV-1 envelope glycoprotein gp120 plays a key role in determination of
viral coreceptor usage (tropism). However, which combinations of mutations in V3 confer a tropism shift is
still unclear. A unique pattern of mutations in antiretroviral therapy-naive HIV-1 patient was observed
associated with the HIV-1 tropism shift CCR5 to CXCR4. The insertion of arginine at position 11 and the
loss of the N-linked glycosylation site were indispensable for acquiring pure CXCR4-tropism, which were
confirmed by cell-cell fusion assay and phenotype analysis of recombinant HIV-1 variants. The same pattern
of mutations in V3 and the associated tropism shift were identified in two of 53 other patients (3.8%) with
CD4* cell count <<200/mm”. The combination of arginine insertion and loss of N-linked glycosylation site
usually confers CXCRA4-tropism. Awareness of this rule will help to confirm the tropism prediction from V3
sequences by conventional rules.

# ince the introduction of maraviroc, a specific CCR5 antagonist, into clinical practice, scientific and clinical
studies have focused on the coreceptor usage of human immunodeficiency virus type 1 (HIV-1)'. Evidence
indicates the presence of a homogeneous population of predominantly CCR5-tropic variants™ early in
HIV-1 infection®™. CXCR4-tropic variants®’, against which specific CCR5 antagonists are inefficient, can be
distinguished from R5-tropic variants by their tendency for higher replication kinetics and a broader target cell
range®. Their presence in vivo has been associated with accelerated fall in CD4™ cell count and rapid disease
progression”'®. CXCR4-tropic variants evolve from CCR5-tropic ones in the natural course of HIV-1 infection,
though the exact mechanism of viral tropism evolution is not known yet. Long-term observation of natural
course, which is indispensable for understanding the mechanism of tropism evolution, is usually difficult, because
early use of antiretroviral therapy (ART) is highly recommended''. In this study, untreated natural course of one
hemophiliac, who acquired HIV-1 infection through contaminated blood product before 1985 and exhibited slow
disease progression, was followed until a rapid fall in CD4" cell count in 2007. The sequence change in the HIV-1
envelope (Env) glycoprotein gp120 V3 region (V3), the main determinant of HIV-1 tropism'?, was analyzed
between 2003 and 2007. The results identified a unique change in 2007 associated with change in HIV-1 tropism.
The same kind of sequence change in V3 was also identified in two other patients and in some of the registered
sequences in the Los Alamos HIV sequence database.

Resulis

V3 sequence changes in Case 1. Case 1 was an ART-naive Japanese hemophiliac who acquired HIV-1 subtype B
infection through contaminated blood product before 1985 and exhibited a slow disease progression. We
reported previously the emergence of an escape mutation in HIV-1 Pol from cytotoxic T-lymphocyte (CTL)
response in association with a mild increase in viral load in 1999 in this patient (KI-127)". The HIV-1 viral load
was steady around 10* copies/mL between 2002 and 2006 (Figure 1a). However, at the end of 2006, the viral load
began to increase, coupled with a rapid fall in CD4* cell count. Since the emergence of CXCR4-tropic variants was
suspected, changes in the V3 region were analyzed at five time points (June 2003, April 2006, and January, April,
and November 2007) by sequencing 19-27 clones. Originally, most of the clones had identical or resembled V3
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Figure 1 | (a).Clinical course of Case 1. The CD4" cell count (diamonds and solid lines) and HIV-1 load (circles and broken lines) from 2002 to 2008 are
plotted. Arrows at the top indicate the five time points when V3 sequences were analyzed. Open diamonds and circles indicate the CD4" cell counts and
HIV-1 loads at the same five time points. (b). V3 sequence changes in Case 1.Cloned sequences analyzed at the five time points are shown. The V3

sequence of HIV-1 JRFL is shown at the top column as a reference. Amino acids identical to those of HIV-1 JRFL are indicated as dashes. The numbers of

clones harboring the corresponding V3 sequences are shown on the right.

sequences with CCR5-tropic HIV-1 JRFL (Figure 1b). Interestingly, a
unique clone, harboring arginine insertion at position 11 of V3
(Ins11R), one amino acid deletion at position 25 (Del25), and
other multiple amino acid substitutions, was identified at a
frequency of 1/22 in January 2007, and the frequency of the same
kind of the clones subsequently increased to 2/23 in April 2007, and
9/27 in November 2007, which was considered to be associated with
the rapid fall in CD4™ cell count.

Insertion and deletion confer CXCR4-tropism. In the next step,
cell-cell fusion assay was performed to analyze the effect of the
observed V3 changes on viral tropism, using Env-expressing 293 T
cells and CD4* and CCR5*/CXCR4" COS-7 cells. One V3 clone

harboring Ins11R and Del25 identified in November 2007, named
CL8-V3 (Figure 1b), was incorporated into JRFL Env-expressing
plasmid. The cell-cell fusion assay demonstrated that CL8-V3 was
purely CXCR4-tropic whereas JRFL was purely CCR5-tropic
(Figure 2a). Ins11R occurred by the insertion of ‘ACA’ between ‘G’
and "T° of ‘AGT at position 11 at nucleotide sequence level, and
therefore, the substitution of serine (S) with histidine (H) at
position 12 (S12H) was also associated with Ins11R in Case 1
(‘AGT” — ‘AGACAT at nucleotide level; ‘S — ‘RH’ at amino acid
level [Ins11R/S12H]). To identify the determinant of observed
tropism change, the plasmids harboring Ins11R/S12H, Del25, and
Ins11R/S12H/Del25 were also constructed using JRFL backbone. In
the cell-cell fusion assay, Ins11R/S12H decreased CCR5-tropism of
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Figure 2| Effect of Ins11R/S12H and Del25 in cell-cell fusion assay (a). Cell-cell fusion assay was performed using Env-expressing 293 T cells and CD4*
and CCR5*/CXCR4" COS-7 cells. Data are mean=SD values in relative luminescent unit (RLU) of six experiments (performed in duplicate and repeated
three times). Analysis of two elements of Ins11R in cell-cell fusion assay (b and ¢). Effects of placing R at position 11 (b) and one amino acid elongation of
V3 (c) were analyzed. Cell-cell fusion assay was performed using Env-expressing 293 T cells and CD4" and CCR5"/CXCR4* COS-7 cells. Data are
mean=SD values in relative luminescent unit (RLU) of six experiments (performed in duplicate and repeated three times).
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JRFL-V3 and conferred CXCR4-tropism, resulting in dual-tropic
(Ins11R/S12H vs. JRFL). Del25 further decreased the CCR5-
tropism of Ins11R/S12ZH-V3 and increased CXCR4-tropism
(Ins11R/S12H/Del25 vs Ins11R/812H), though Del25 alone did not
significantly change the JRFL-V3 tropism (Del25 vs JRFL).
Considered together, the results suggest that InsIIR/SI2H is
indispensable for CXCR4-tropism of CL8-V3 and that Del25
strengthened the CXCR4-tropism in the presence of Ins11R/S12H.
However, their combination was not enough to confer JRFL-V3 pure
CXCR4-tropism (Ins11R/S12H/Del25-V3-expressing 293 T cells
still fused with CD4"/CCR5% COS-7 cells at low level), and some
other mutations were necessary for pure CXCR4-tropism of CL8-V3.

Which is important, substitution or elongation? The above results
suggested that Ins11R/S12H was indispensable for CXCR4-tropism
of CL8-V3. According to the 11/25 rule, a basic amino acid residue (R
or lysine [K]) at either position 11 or 25 of V3 is associated with
CXCR4-tropism, whereas acidic or neutral amino acid residues at
these positions are associated with CCR5-tropism''™'®. Insl11R/
S12H has two elements: one is to place R at position 11 and the other
is one amino acid elongation of V3. To determine whether position-
ing Rat 11 is sufficient for conferring CXCR4-tropism or whether V3
elongation is also necessary for this process, S at position 11 of JRFL-
V3 was substituted with R (S11R) and alanine (A) (S11A) as
reference. However, both substitutions did not alter the pure
CCR5-tropism of JRFL (Figure 2b), indicating that not only R at
position 11 but also one amino acid elongation was indispensable
for dual tropism caused by Ins11R/S12H.

Is one amino acid elongation sufficient to induce CXCR4-tropism
or is positioning R at 11 is also necessary? To answer this question,
two V3-expressing plasmids were constructed; one harbored Ins11A
only and the other harbored Ins11A and S12H (Ins11A/S12H). The
cell-cell fusion assay indicated that Ins11A decreased and Ins11A/
S12H further decreased infectivity with CCR5 though neither of
them conferred CXCR4-tropism (Figure 2¢). These results indicate
that not only one amino acid elongation of V3 but also positioning R
at 11 is indispensable for dual tropism caused by Ins11R/S12H.

Effect of net charge of V3. Ins11R/S12H conferred CXCR4-tropism
and Del25 strengthened it. However, Ins11R/S12H/Del25-V3 was
still dual-tropic, though CL8-V3 was purely CXCR-4 tropic. The
next question was which mutation is necessary for Ins11R/S12H/
Del25-V3 to become purely CXCR4-tropic, like CL8-V3 (to lose
CCR5-tropism)? There are six amino acid substitutions in CL8-V3
(substitution of asparagine [N] with tyrosine [Y] at position 5 [N5Y],
substitution of threonine [T] with valine [V] at position 8 [T8V],
substitution of K with isoleucine [I] at position 10 [K101I], sub-
stitution of Y with H at position 22 [Y22H], substitution of V with
glycine [G] at position 26 [V26G], and substitution of aspartic acid
[D] with N at position 29 [D29N]), compared with Ins11R/S12H/
Del25-V3. According to the net charge rule, the higher net charge of
V3 is associated with CXCR4-tropism when calculated by
subtracting the number of negatively charged amino acid residues
(D and glutamic acid [E]) from the number of positively charged
ones (K and R)">™. D29N was the only amino acid substitution that
increased the net charge of V3 among the six amino acid
substitutions described above. Therefore, we analyzed the effect of
D29N by adding D29N to Ins11R/S12H/Del25-V3 (Ins11R/S12H/
Del25/D29N) and reverting it in CL8-V3 (CL8/N29D). In the cell-
cell fusion assay, D29N reduced CCR5-tropism of Ins11R/S12H/
Del25-V3 though it remained dual-tropic (Ins11R/S12H/Del25/
D29N vs Ins11R/S12H/Del25), and the reversion of D29N did not
change CL8-V3 tropism (CL8/N29D vs CL8) (see Supplementary
Figure S1). These results indicate that D29N does not cause
tropism difference between Ins11R/S12H/Del25-V3 and CL8-V3,
indicating that the net charge rule did not work well.

In silico prediction of the effect of substitutions. Adding D29N
failed to alter the tropism of Ins11R/S12H/Del25-V3 from dual-
tropic to purely CXCR4-tropic. There were five other amino acid
substitutions between Ins11R/S12H/Del25-V3 and CL8-V3. Because
the V3 conformation is important for coreceptor interactions' and
because conformation of V3 loop is sensitive to V3 mutations'”**, we
examined how these V3 mutations could influence conformation of
V3 in solution using molecular dynamics (MD) simulation'. In our
MD simulation study, V3-loops of JRFL and Del25 (both CCRS5-
tropic) were placed in the opposite direction from the B20-B21
loop (Figure 3a), while CL8-V3 loop (CXCR4-tropic) was closed
to and in the same direction with the B20-p21 loop (Figure 3c).
The results were consistent with those obtained with gp120p,;
recombinant outer domains containing CCR5-tropic and CXCR4-
tropic V3 loop, respectively'”'. The loops of dual-tropic Ins11R/
S12H-V3 and Ins11R/S12H/Del25 were located between Del25-V3
and CL8-V3 (Figure 3b). In fact, when the structural differences at
the tip of the V3 tip region, i.e,, the ‘GPGR’ amino acid residues were
quantitatively measured with the root mean square deviation
(RMSD) of the main chain'’, CL8-V3 was found to be located far
from the loop of JRFL-V3 and Del25-V3, while those of Insl11R/
S12H-V3 and Ins1IR/S12H/Del25-V3 were between them
(Table 1). These results suggest that our MD simulation could
predict the V3 tropism based on the magnitude of the RMSD
values of the V3 loop tip. In the next step, each of the six amino
acid substitutions of CL8-V3 was incorporated into Ins11R/S12H/
Del25-V3, and the location and conformation of the constructed
loop was analyzed. When D29N was incorporated, the RMSD
from JRFL-V3 decreased and that from CL8-V3 increased
(Table 2), and the loop orientation was still similar to that of
Ins11R/S12H/Del25 (Figure 3d), suggesting that D29N does not
seem to change the tropism, compatible with the results of the
cell-cell fusion assay (see Supplementary Figure S1). Among other
single amino acid substitutions, only T8V was found to increase the
RMSD from JRFL-V3 and decrease that from CL8-V3 (Table 2), and
caused a positional shift of the V3 resembling that of the CL8-V3
(Figure 3e). N5Y did not change the orientation of the V3 loop (see
Supplementary Figure S2a) though the RMSD from CL8-V3
increased and that from JRFL-V3 decreased (Table 2). K101,
Y22H, and V26G decreased the RMSD from JRFL-V3 and
increased that from CL8-V3 (Table 2), and the V3 loop orien-
tation was distinct from both Ins11R/S12H/Del25-V3 and CL8-V3
(see Supplementary Figure S2b, S2¢, and S2d). These results suggest
that among the six amino acid substitutions, T8V has the greatest
impact on the tropism shift toward CXCR4-tropic.

Impact of T8V. Our in silico modeling predicted that T8V could alter
the tropism of Ins11R/S12H/Del25-V3. In the next series of experi-
ments, we incorporated T8V into JRFL-V3 (JRFL/T8V) and Ins11R/
S12H/Del25-V3 (Ins11R/S12H/Del25/T8V), and analyzed the effect
of such incorporation on their tropism using the cell-cell fusion assay.
The incorporation of T8V into JRFL-V3 increased CCR5-tropism
though it did not confer CXCR4-tropism (Figure 4a and 4b).
However, T8V abrogated CCR5-tropism of Ins11R/S12H/Del25-V3
and converted it to purely CXCR4-tropic, although it did not
increase CXCR4-tropism and Ins11R/S12H/Del25/T8V-V3 still had
smaller CXCR4-tropism than CL8-V3 (Figure 4a). The combination
of Insl1R/SI2H/T8V was sufficient to confer CXCR4-tropism,
although Del25/T8V did not (Figure 4b). T8V breaks the N-linked
glycosylation motif ‘NXT” at position 6-8 of V3, the loss of which was
reported with tropism shift towards CXCR4-tropic®”'. Our results
indicated that T8V was indispensable for pure CXCR4-tropism of
CL8, which seemed to support the previous findings of the impor-
tance of the loss of N-linked glycosylation motif for CXCR4-tropism.
The loss of the glycan moiety in V3 stem might lead to change gp120
interaction surface for coreceptor binding and influence coreceptor
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Figure 3 | Structural models of V3 loops on HIV-1 gp120 outer domains (a, b and c). MD simulations were performed for the HIV-1 JRFL gp120 outer
domain with various V3 loops for CCRS5 (a), dual (b), and CXCR4 (¢) tropism. The most frequently appeared structures during 5~10 ns of MD
simulations were extracted, and the top and side views of the structures around V3 loops are highlighted. (a) JRFL (gray) and Del25 (navy). (b) Ins11R/
S12H/Del25 (gray) and Ins11R/S12H (navy). (c) CL8 (gray). Structural models of V3 loops of Ins11R/S12H/Del25-derived mutants (d and e). MD
simulations were performed for the HIV-1 Ins11R/S12H/Del25 gp120 outer domain with D29N (d) or T8V (e) substitution in V3 loop. The most
frequently appeared structures during 5-10 ns of MD simulations were extracted and superimposed with those of Ins11R/S12H/Del25 and CLS.

(d) Superimposition of D29N (green), Ins11R/S12H/Del25 (gray), and CL8 (navy). (e) Superimposition of Ins11R/S12H/Del25/T8V (green), Ins11R/
S12H/Del25 (gray), and CL8 (navy). Top and side views of the structures around V3 loops are shown.

tropism. However, available structural information was against this
possibility, because the glycosylation site was exposed toward an
opposite direction from the putative coreceptor binding site on
V3622, Accordingly, presence or absence of the glycan moiety in
V3 stem did not cause significant differences in V3 configuration in
our MD simulation system'”*. Probably, amino acid substitution
itself altered V3 configuration and coreceptor tropism.

Overdll sfructurai dlfferences befwee the two V3'iloop
ious HIV-1 vqncmfs ‘ ' '

RMSD (A)* |

InsT1R/S12H/
ID of V3 JRFL  Del25 Inst1R/ST2H Del25
Del25 13.8 . - -
Ins11R/S12H 17.4 8.6 . .
Ins11R/S12H/Del25 294 287 23.6 .
Cl8 389 375 33.1 14.2

*RMSD values of the main chain atoms at V3 tips (GPGR) of two gp 1 20 outer domain models from
MD simulations. A smaller RMSD value means a closer conformation between two gp120s.

GHOST cell infection assay. Our cell-cell fusion assay indicated that
Ins11R/S12H and T8V were indispensable for pure CXCR4-tropism
of CL8. The next series of experiments were designed to confirm the
findings using HIV-1 infection assay in GHOST cells*?*. HIV-1
JRFL and the recombinant HIV-1 variants harboring Del25-V3
and T8V-V3 had the same level of CCR5-tropism, although none
could infect CXCR4"™ GHOST cells (Figure 4c). In comparison,
Ins11R/S12H-V3- and Ins11R/S12H/Del25-V3-harboring variants
had lower levels of CCR5-tropism. The latter variant, but not the
former, infected CXCR4" GHOST cells though at low level. The
Ins11R/S12H/Del25/T8V-V3-harboring variant lost the CCR5-
tropism and acquired CXCR4-tropism, although the level of
CXCR4-tropism was still lower than those of CL8-V3-harboring
variant and HIV-1 NL4-3 (a CXCR4-tropic experimental strain).
These results were compatible with the abovementioned results of
the cell-cell fusion assay, though the CCR5-tropism of Ins11R/S12H/
Del25-V3 seemed stronger in the cell infection assay. Dual-tropic
Ins11R/S12H/Del25-V3 might have decreased susceptibility to
AMD?3100 used in the CCR5" GHOST Hi5 assay compared with
pure CXCR4-tropic CL8-V3 and NL4-3-V3.

Same V3 pattern in two other cases. The analysis of V3 sequence
changes in Case 1 demonstrated that Ins11R and the loss of N-linked
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fTable 2 | Eff tof asi ingle amin:
ture of the gp120 V3 tip - -
RMSD (A)*

Added
IDofV3 mutations* JRFL @k
ins11R/S12H/Del25 None 29.4 14.2
InsT1R/S12H/Del25/N5Y N5Y 32.5 14.1
Ins11R/S12H/Del25/T8V T8vY 33.6 12.6
Ins11R/S12H/Del25 /K101 K101 26.3 39.4
InsT1R/S12H/Del25/Y22H Y22H 28.6 27.0
InsT1R/S12H/Del25/V26G V26G 28.4 19.6
InsT1R/S12H/Del25/D29N D29N 28.4 17.0
*Added amino acid substitution in the V3 loop of the Ins1 1R/S$12H/Del25 gp120.
*RMSD values of the main chain atoms at V3 tips (GPGR) of two gp1 20 outer domain models from
MD simulations.

glycosylation site indispensably contribute to a shift toward CXCR4-
tropism. To determine whether this finding was true only in Case 1 or
could be generalized to other cases, HIV-1 subtype B V3 sequences
were analyzed in 53 other treatment-naive patients with CD4" cell
count < 200/mm?. The same pattern of mutations was identified in
two cases (3.8%). In one case (Case 2), four of twenty analyzed sub-
clones of V3 sequences harbored Insl1R associated with S12H,
Del25, and N6A resulting in the loss of N-linked glycosylation site,
compared with JRFL-V3 (Figure 5). In the other case (Case 3), three
of twenty-two sub-clones harbored Ins11R associated with S1IR,
Del25, and T8V, resulting in the loss of N-linked glycosylation site.
To delineate the tropism of the V3 abovementioned clones, two V3
clones in each case, one harboring Ins11R and the loss of N-linked
glycosylation site (KF6 in Case 2, T16 in Case 3 [see Figure 5]) and
the other harboring none of them (KF8 in Case 2, T02 in Case 3 [see
Figure 5]), was incorporated into JRFL Env-expressing plasmid. As
expected, cell-cell fusion assay indicated that the clones harboring
Ins11R and the loss of N-linked glycosylation site (KF6 and T16)
were purely CXCR4-tropic, although the clones harboring none of
them (KF8 and T02) were purely CCR5-tropic (Figure 6a and 6b).
The results of the GHOST cell infection assay using V3-incorporated
HIV-1 JRFL (Figure 6¢) were similar to those of the cell-cell fusion
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assay. Accordingly, it was concluded that the findings of the
indispensability of Ins11R and the loss of N-linked glycosylation
site for CXCR4-tropism were not only true in Case 1 but also in
other cases.

Discussion

The phenotypic assay Trofile™ (Monogram Bioscience, South San
Francisco, CA), which is based on recombinant virus technology, has
been the most widely used diagnostic test for the detection of
CXCR4-tropic HIV-1 variants”. However, this method has logistical
and technical limitations that make it far from convenient as a dia-
gnostic test in clinical practice. Genotypic methods based on V3
sequence represent a more feasible alternative™ and are progressively
replacing phenotypic assays, though their clinical use requires good
genotypic-phenotypic correlations. The 11/25 rule and the net
charge rule were proposed for the tropism prediction from V3
sequence' "', although they show only a moderate correlation with
the results of phenotypic assays'>'**. The results of specific geno-
typic tools, such as geno2pheno (Max-Planck Institute, Munich,
Germany)®?’ and position-specific scoring matrix (PSSM)*"* are
comparable to those of phenotypic assays, suggesting that there
should be some more genetic determinations for viral tropism. In
this study, we successfully demonstrated two rules other than the 11/
25 rule and the net charge rule on the association with CXCR4-tropic
variants. One was that R insertion at position 11 of V3, not just
placing R at position 11 but also one amino acid elongation, strongly
shifted the HIV-1 tropism towards CXCR4-tropic. The other was
that the loss of N-linked glycosylation site in V3 also shifted viral
tropism towards CXCR4-tropic, which was previously described in
some reports®™?., In the V3 analysis in our index case, R insertion at
position 11 conferred dual-tropism to originally CCR5-tropic V3,
and the loss of N-linked glycosylation site altered it totally
CXCR4-tropic (see Supplementary Figure $3). We identified these
mutation patterns not only in the index case but also in two other
cases. When we surveyed V3 sequences with tropism confirmed by
phenotypic assay registered at the Los Alamos HIV sequence data-
base (Los Alamos National laboratory, Los Alamos, NM) (http://
www.hiv.lanl.gov. as of September 25, 2012), 28 sequences had R
insertion at position 11; 7 of 199 (3.5%) CXCR4-tropic, 14 of 513
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experiments (performed in duplicate and repeated three times).
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(2.7%) dual-tropic, and 7 of 3301 (0.2%) CCRS5-tropic sequences.
Their frequency was significantly higher in CXCR4-tropic and
dual-tropic sequences than CXCRS5-tropic ones (p << 0.0001; Chi-
square test). (All of the 7 CCR5-tropic sequences with R insertion at
position 11 were sub-clones derived from one pair of a transmitter
mother and her transmitted child*, and the sequences were so unique
that it was actually difficult to determine the exact site of one amino
acid insertion). Interestingly, all of the 28 V3 sequences with R inser-
tion at position 11, had lost the N-linked glycosylation site and had
one amino acid deletion in the C-terminal half of V3 (one amino acid
deletion at position 24 or 25 in 18 sequences [64.3%]), similar to our
three cases. No other amino acid elongation patterns were found in
the N-terminal half of V3 in the Los Alamos database. There were
3,301 CCR5-tropic V3 sequences registered in the database. Among
them, 18 sequences had a basic amino acid residue at position 11 and
therefore they were misjudged as CXCR4-tropic by the 11/25 rule.
Only 7 of them had R insertion and the other 11 were recognized as
CCRS5-tropic by our rules. Therefore using our rules increased the
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specificity from 99.5% [(3,301-18)/3,301] to 99.8% [(3,301-7)/3,301]
in identifying CXCR4- or dual-tropic V3 sequences in the Los
Alamos database.

Considered together, amino acid elongation may be a rare event,
but R insertion at position 11 sometimes occurs. The occurrence of
such insertion seems to be always accompanied by loss of the N-
linked glycosylation site and deletion of one amino acid in the C-
terminal half of V3. The combination of these mutations usually
confers CXCR4-tropism. Awareness of this rule will help to confirm
the tropism prediction from V3 sequences by conventional rules.

Metheods

Patients. Case 1 was an ART-naive Japanese hemophiliac who acquired HIV-1
subtype B infection through contaminated blood product before 1985 and exhibited
slow disease progression, as described previously (KI-127)*. The study also included
53 other treatment-naive HIV-1 subtype B-infected patients with CD4" cell count <
200/mm?, who were newly diagnosed in 2008. The ethics committee of The National
Center for Global Health and Medicine approved the study and all participants
provided written informed consent.
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Figure 6 | Tropism of cloned V3 incorporated into JRFL gp120 backbone (a and b). Two distinct V3 clones from each of Case 2 (a) and Case 3 (b) were
analyzed with the reference of JRFL-V3 and CL8-V3. Cell-cell fusion assay was performed using Env-expressing 293T cells and CD4* and CCR5*/
CXCR4* COS-7 cells. Data are mean*SD values in relative luminescent unit (RLU) of six experiments (performed in duplicate and repeated three times).

Tropism of recombinant HIV-1 variants harboring V3 sequences derived

from Cases 2 and 3 (c). Tropism of HIV-1 variants was assessed in CCR5*

GHOST Hi5 and CXCR4" GHOST CXCR4 cells. The mean fluorescent intensity (MFI) of infected cells expressing green fluorescent protein (GFP) was
measured. Data are mean=SD values of six experiments (performed in duplicate and repeated three times).
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Cells. The 293 T and COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Grand Island, NY) with 10% fetal bovine serum (FBS;
Equitech-Bio, Kerrville, TX). Parental GHOST cells” were cultured in DMEM
supplemented with 10% FBS, 500 pg/ml G418 and 100 pg/ml hygromycin B, CCR5”
GHOST Hi5 and CXCR4 " GHOST CXCR4 cells™ were cultured in DMEM
supplemented with 10% FBS, 500 pg/ml G418, 100 pg/ml hygromycin Band 1 pg/ml
puromycin.

Amplification, cloning and sequencing of Env V3 region. Total RNA was extracted
from 200 pl of plasma using High Pure Viral RNA Kit (Roche, Indianapolis, IN)
according to the instructions supplied by the manufacturer. HIV-1 cDNA was
obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) using the One
Step RNA PCR kit (TaKaRa Bio, Kyoto, Japan). The DNA fragments were amplified
by using the Ex Taq Hot Start Version (TaKaRa Bio) with the primer sets as follows,
The Env fragment containing V3 region was amplified by RT-PCR with primers of C2
(5" - AATGTCAGCACAGTACAATGTACAC - 3") and C3 (5" - ACAATTTCTGG
GTCCCCTCCTGAGGA -37). 81 (5" - ATGGAATTAGGCCAGTAGT - 3") and Al
(5" - CTCTTAATTTTATAACTATC - 3") primer sets were used for nested PCR. The
amplified PCR products were purified using QlAquick PCR purification kit (Qiagen,
Valencia, CA) and cloned by using the TOPO TA Cloning Kit (Invitrogen, Carlsbad,
CA) according to the protocol provided by the manufacturer. At least 19 colonies
were selected, inoculated into 4 ml of L broth, and incubated at 37°C overnight under
vigorous agitation. In the next step, plasmids were isolated by using the QIAprep Spin
Miniprep Kit (Qiagen). The purified plasmids were sequenced by using the ABI
BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA) and processed with an automated ABI 3730 DNA Analyzer (Applied
Biosystems).

Plasmid construction, The pcDNA6.2-CCR5 and pcDNA6.2-HIV-tat plasmids
were constructed as described previously™. Briefly, the entire human CCR5 gene
including a stop codon was amplified using pZeoSV-CCR5% as a template. The PCR
product was ligated into pcDNA6.2/cLumio-DEST vector (Invitrogen), cloned using
the method recommended by the manufacture, and termed as pcDNAG6.2-CCR5. The
CD4 expression vector (pcDNA6.2-CD4) and CXCR4 expression vector (pcDNA6.2-
CXCR4) were generated using the same method. The CCR5-tropic HIV-1 JRFLY Eny
expression vector (pCXN-JRenv) and pLTR-LucE were used as described
previously™. The full length Env and part of the Nef encoding regions of the HIV-1
genome was amplified using pHIV-1 JRFL. The PCR product was ligated into pGEM-
T Easy Vector System (Promega, Madison, W1), cloned using the protocol supplied
by the manufacturer, and termed as pGEM-T Easy-Env. Amino acid substitutions,
insertion and deletion were introduced into the V3 region of pGEM-T Easy-Env
using the Quikchange Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA) and
applying the protocols supplied by the manufacturer. The V3 regions of pGEM-T
Easy-Env containing mutations were digested with Stul and Xhol, and the obtained
fragments were introduced into pCXN-JRenv or pHIV-1 JRFL.

Cell-cell fusion assay. The assay was conducted as described in detail previously™.
Briefly, the JRFL Env expression vector (W'T or mutant) and Tat expression vector
(0.5 pg each) were cotransfected into 293 T cells (2 X 10%) using Lipofectamine 2000
(Invitrogen), while the CD4, CCR5 or CXCR4 expression vector and a reporter
(luciferase) gene containing plasmid, pLTR-LucE (0.5 pg each) were cotransfected
into COS-7 cells (2 X 10°). On the next day, both cotransfected cells were harvested
and mixed in a well of 96-well plates (2 X 10% cells each). The cotransfected cells were
incubated further for 6 hrs and the luciferase activity in each well was detected using
Bright-Glo Luciferase Assay Systermn (Promega) and its luminescence level was
measured using Wallac ARVO Sx 1420 multilabel counter (Perkin-Elmer, Waltham,
MA).

MD simulation. MD simulation of gp120 outer domain containing V3 loop was
performed as described previously'”'* with some modifications. Initially, the gp120
outer domain structures with various V3 elements were constructed by homology
modeling™* using the Molecular Operating Environment (MOE) ver. 2008.10
(Chemical Computing Group Inc., Montreal, Quebec, Canada), as described
previously'”'®. As a modeling template, we used the crystal structure of HIV-1 gp120
containing the entire V3 element (PDB code: 2B4C)". Subsequently, MD simulations
were performed for individual models using the SANDER module in the AMBER 9
program package’™'. Heating calculations were achieved for 100 picoseconds until
310 Kand MD simulations were subsequently executed at 310 K for 10 nanoseconds.
The time step was set to 2.0 femtoseconds. The AMBER ff03ua force field™ and the
GB implicit solvent function by Hawkins, Cramer, and Truhlar** were applied. The
"no cutoff” calculation was applied for the non-bonded energy calculation. In this
study, we analyzed most frequently observed conformation among 5,000 snapshots
obtained from 5.0-10.0 ns of MD simulation, which was selected by the Bayesian
clustering algorithm*,

Calculation of the RMSD. We compared the orientation of V3 loop between two
gp120 outer domain models by the following procedure. We first superimposed two
models by coordinating main chain atoms (N, Ca, and C) in amino acid residues
other than those in the V3 loop using PyMOL ver. 0.99 rc6 (Schrodinger LLC,
Portland, OR, http://www.pymol.org/). Subsequently, the RMSD values for the V3
loop tip (GPGR) between the two models were calculated using the coordinates of the
main chain atoms using the in-house program.

Viral tropism assay. The wild type CCR5-tropic HIV-1 strain, pHIV-1 JRFL,
CXCR4-tropic HIV-1 strain, pHIV-1 NL4-3%, and each pHIV-1 JRFL Env derived
from mutations containing the V3 region of pGEM-T Easy-Env were transfected into
293 T cells with Lipofectamine 2000 (Invitrogen), and the obtained infectious clonal
viruses were harvested 48 hrs after transfection and stored at —80°C until use. The
GHOST cell infection assay™"” was performed by incubating 1 ml containing 20 ng
of p24 antigen of each virus with GHOST cells (2 X 10%). Parental GHOST, CCR5"
GHOST Hi5, and CXCR4" GHOST CXCR4 cells were infected for 72 hrs and then
harvested. The mean fluorescent intensity (MFI) of infected cells expressing green
fluorescent protein (GFP) was measured on a flow cytometer (FACSCalibur; BD
Bioscience, San Jose, CA). GHOST cells express low levels of CXCR4 and therefore
infection of GHOST Hi5 alone was performed in presence of the CXCR4 antagonist
AMD3100 (Sigma-Aldrich, St. Louis, MO) at dose of 1 uM.
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Naturally Selected Rilpivirine-Resistant HIV-1
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Background. Rilpivirine is listed as an alternative key drug in current antiretroviral therapy (ART) guidelines.
E138G/A/K in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) are rilpivirine resistance-
associated mutations and can be identified in a few ART-naive patients, although at low frequency. The 138th posi-
tion in HIV-1 RT is located in one of the putative epitopes of human leukocyte antigen (HLA)-B*18-restricted
cytotoxic T lymphocytes (CTLs). CTL-mediated immune pressure selects escape mutations within the CTL epitope.
Here we tested whether E138G/A/K could be selected by HLA-B*18-restricted CTLs.

Methods. The amino acid variation at the 138th position was compared between ART-naive HIV-1-infected
patients with and without HLA-B*18. The optimal epitope containing the 138th position was determined and the
impact of E138G/A/K on CTL response was analyzed by epitope-specific CTLs. The effect of E138G/A/K on drug
susceptibility was determined by constructing recombinant HIV-1 variants.

Results.  The prevalence of E138G/A/K was 21% and 0.37% in 19 and 1088 patients with and without HLA-B*18,
respectively (odds ratio, 72.3; P=4.9 x 107?°). The CTL response was completely abolished by the substitution of
E138G/A/K in the epitope peptide. E138G/A/K conferred 5.1-, 7.1-, and 2.7-fold resistance to rilpivirine, respectively.

Conclusions.

E138G/A/K can be selected by HLA-B*18-restricted CTLs and confer significant rilpivirine resis-

tance. We recommend drug resistance testing before the introduction of rilpivirine-based ART in HLA-B*18-positive

patients.

Keywords.

rilpivirine; E138G/A/K; HLA-B*18; CTL.

Rilpivirine is a new-generation nonnucleoside reverse
transcriptase inhibitor (NNRTI), with noninferior
clinical efficacy demonstrated in large clinical trials,
compared with efavirenz [1, 2], and is listed as an alter-
native key drug in current antiretroviral therapy (ART)
guidelines [3, 4]. In those clinical trials, rilpivirine
showed more-favorable safety and tolerance profiles
compared with efavirenz, although it was also associat-
ed with a higher virological failure rate. The most com-
monly observed NNRTI resistance-associated mutation
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in rilpivirine-treated patients with virological failure
has so far been E138 K [1, 2]. Not only E138 K, but
also other substitutions at the 138th position in human
immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT), might confer significant rilpivirine re-
sistance [5-7]. The glutamic acid at the 138th position
(E138) is well conserved among HIV-1 strains and clin-
ical isolates throughout clades [8]. However, some
ART-naive patients are infected with HIV-1 variants
harboring other amino acids at the 138th position
(E138X), although the proportion of such patients is
low [9]. The 138th position is located in one of the pu-
tative epitopes of human leukocyte antigen (HLA)-
B*18-restricted cytotoxic T lymphocytes (CTLs) [10, 11].
Because CTL immune pressure often selects escape
mutations within the epitope [11], E138X may be se-
lected by HLA-B*18-restricted CTLs. In this study, we
analyzed the frequency of amino acid variations at the
138th position in ART-naive patients with or without
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Table 1. Amino Acid Variations at the 138th Position of HIV-1
Reverse Transcriptase and Human Leukocyte Antigen—B*18

HLA-B*18(+) HLA-B*18(-)

Amino Acid

E138G 2 1

E138K 1 1

Abbreviation: HLA, human leukocyte antigen.

HLA-B*18, determined the impact of E138X on CTL response,
and analyzed the drug susceptibility of recombinant HIV-1
variants harboring E138X.

METHODS

Sequences of HIV-1 Reverse Transcriptase

HIV-1 RT sequences were analyzed using viral RNA extracted
from plasma samples [12], and HLA type was determined by
standard sequence-based genotyping in 1107 ART-naive infect-
ed individuals who visited the Outpatient Clinic of the AIDS
Clinical Center, National Center for Global Health and Medi-
cine, Tokyo, between 2003 and 2012. The amino acid variation
at the 138th position of HIV-1 RT was compared between indi-
viduals with and those without HLA-B*18, and the statistical
significance of the difference was analyzed by Fisher exact test
using the Statistical Package for Social Sciences, version 17.0
(SPSS, Chicago, Illinois). This study was approved by the insti-
tutional ethical committee of the National Center for Global
Health and Medicine, and written informed consent was ob-
tained from all the participants according to the Declaration of
Helsinki.

Intracellular Cytokine Staining Assay

HIV-1-derived peptides and mutant peptides were synthesized
using an automated multiple peptide synthesizer and purified
by high-performance liquid chromatography. Peripheral blood
mononuclear cells (PBMCs) from chronically HIV-1-infected
HLA-B*18-positive patients were stimulated with the peptide
(100 nM) in culture medium (RPMI 1640 medium supple-
mented with 10% fetal calf serum and 200 U/mL recombinant
human interleukin 2). After 14 days in culture, the cells were
assessed for interferon (IFN)-y production activity using a
FACSCanto II (BD Biosciences, San Jose, California) [13, 14].

Drug Susceptibility Assay

The desired mutations were introduced into the Xmal-Nhel
region of pTZNX, which encodes the 15th-267th positions of
HIV-1 RT (strain BH10) [15, 16]. The Xmal-Nhel fragment was
inserted into pNLip10q, which was modified from pNL101 and
encoded the full genome of HIV-1. Each molecular clone was
transfected into COS-7 cells, and the obtained virions were har-
vested 48 hours after transfection and stored at —80°C until use.
Efavirenz and nevirapine were generously provided by Merck Co,
Inc (Rahway, New Jersey) and Boehringer Ingelheim Pharmaceu-
tics Inc (Ridgefield, Connecticut), respectively. Etravirine and ril-
pivirine were purchased from Toronto Research Chemicals Inc
(North York, Ontario, Canada). The susceptibility of recombinant
HIV-1 variants to efavirenz, nevirapine, etravirine, and rilpivirine
was determined in triplicate and repeated 3 times [16]. Fold resis-
tance was calculated by comparing the viral 50% inhibitory con-
centration (ICsp) with that of monoclonal wild-type HIV-1.

Structural Modeling
We constructed structural models of the HIV-1 RT and rilpivir-
ine complex by computational analysis, as described in our

Am < 12 B Katoss p— C 2
32 * Ki-1428 3 Py
28 3 Ki-4139 28
g . Ki-1140 5 -
28 K150 38
‘;_ o 4 O nve K ;%
ﬁ g 2 & Nvs Ki-4170 § g
g Ki-1126 T
3 10 100 o 1 2 310 15 20 04 " 1 108

Peptide concentration {nil)

Figure 1.

IFN-y-producing cells among CDE* T celis (%

Peptide concentration (ni)

Recognition of human leukocyte antigen (HLA}-B*18-restricted CD8" T cells. A, Identification of the optimal epitope of HLA-B*18-restricted

CD8* T cells. Peripheral blood mononuclear cells (PBMCs) from an HLA-B*18-positive individual chronically infected with human immunodeficiency virus
type 1 (HIV-1) were stimulated with NYS peptide and cultured for 2 weeks. Recognition of the bulk CD8* T cells toward each peptide was measured by the
intracellular cytokine staining (ICS) assay. B, Induction of NY8-specific CD8" T cells in HLA-B*18-positive individuals chronically infected with HIV-1.
PBMCs from 8 chronically HIV-1-infected HLA-B*18-positive individuals were stimulated with NY9 peptide and cultured for 2 weeks. Recognition of the
bulk CD8* T cells toward NY8 peptide were measured by the ICS assay. C, Effects of E138G/A/K substitutions on the recognition of HLA-B*18-restricted
CD8" T cells. Recognition of the bulk CD8" T cells toward each wild-type or mutant peptide was measured by the ICS assay. Abbreviations: IFN-y, interfer-
on gamma; NY8, NETPGIRY; NY8-2G, NGTPGIRY; NY8-2A, NATPGIRY; NY8-2 K, NKTPGIRY; NY3, NNETPGIRY.
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Table 2. Susceptibility of Recombinant HIV-1 Variants to 4 Nonnucleoside Reverse Transcriptase Inhibitors

iCso (NM), Fold Resistance®

Amino Acid EFV NVP ETR

E138 (wil i2s0z0) sy 1As00 () (
E138G 1.6+0.2(1.3) 30 +10(0.97) 24:03(22) O82+009( )
E138A [ 20808 730£2(097) 26402 2.4 113020 (7.1)
E138K 2.4+0.4(2.0) 50 10(1.6) 2.4£0.1(2.2) 0.43+0.10(2.7)

Data are presented as mean = standard deviation.

Abbreviations: EFV, efavirenz; ETR, etravirine; 1Csg, viral 50% inhibitory concentration; HIV-1, human immunodeficiency virus type 1, NVP, nevirapine; RPV,

rilpivirine.

@ Fold resistance was calculated by comparing viral ICgq with that of monoclonal wild-type HIV-1,

previous reports [15, 16]. In brief, the initial models of wild-
type RT with rilpivirine were first constructed by homology
modelling. The crystal structures of RT with NNRTI (PDB
code: 2ZD1 [17]) was used for template structure. We also con-
structed the respective mutant RTs with rilpivirine by consider-
ing every possible conformer of the respective mutant models.
The possible conformers were generated from the wild-type ho-
mology models using PyMOL software (http://www.pymol.
org). Among the conformers, we selected those with the lowest
energy as each mutant model.

RESULTS

First, we analyzed the frequency of amino acid variations at the
138th position of HIV-1 RT in 1107 ART-naive individuals. As
expected, E138 was found in the majority (1099 cases [99%]) of
the analyzed patients. However, 8 cases showed amino acid
substitutions, including 3 cases of substitution with glycine
(E138G), 3 cases with alanine (E138A), and 2 cases with lysine
(E138 K). The frequency of E138G/A/K substitutions was 21%
and 0.37% in 19 and 1088 individuals with and without HLA-
B*18, respectively (Table 1). There was a significant difference
in the frequency of the substitutions (odds ratio, 72.3; P =4.9 x
1072°), suggesting that E138G/A/K could be selected by HLA-
B*18-restricted CTLs.

Next, we delineated the impact of E138G/A/K on the re-
sponse of HLA-B*18-restricted CTLs. The putative HLA-B*18-
restricted CTL epitopes containing the 138th position of HIV-1
RT were NETPGIRYQY (NY10; position 137-146), NETPGIR-
YQ (NQ9; position 137-145), and NNETPGIRY (NY9; posi-
tion 136-144) [10, 11]. These 3 peptides were used to stimulate
PBMCs of 8 ART-treated HLA-B*18-positive patients chroni-
cally infected with HIV-1. IFN-y production activity was de-
tected in PBMCs from 1 of the 8 patients when stimulated with
NY9. To determine the optimal epitope, the bulk CD8" T cells

were further analyzed for NY9 and NETPGIRY (NY8; position
137-144). The bulk CD8" T cells more efficiently recognized
NY8 than NY9 at 1-nM, 10-nM, and 100-nM concentrations
(Figure 1A). These findings indicate that NY8 was the optimal
epitope of HLA-B*18-restricted CTLs. Indeed, NY8-specific
CD8" T cells were induced in 3 of the 8 patients (Figure 1B). A

[ N :‘%i

Figure 2. Structural models of human immunodeficiency virus type 1
reverse transcriptase (RT) and rilpivirine. The binding clefts of 4 complexes

are shown: RTgysguwitd-ypel (A) RTe13sg (B), RTeraga {C). and RTgpage (D).
Sticks indicate the amino acids at positions 101 and 138 of RT, and the

- atoms of rilpivirine. The mutated residues (E138G, E138A, and E138 K) and

rilpivirine atoms are represented by orange and greenish-blue sticks, re-
spectively. Abbreviation: RPY, rilpivirine.
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previous study showed that HLA-B*18-binding peptides have 2
anchor residues, E at position 2 and Y/F at the C-terminus [18].
NY8 also had these 2 anchor residues, supporting that this
peptide is a HLA-B*18-restricted CTL epitope. To analyze the
effect of E138G/A/K on the CTL response, 3 mutant peptides,
NGTPGIRY (NY8-2G), NATPGIRY (NY8-2A), and NKTPGIRY
(NY8-2 K), were synthesized, and the recognition of the bulk
CTLs for these mutant peptides was compared with that for
NY8. The bulk CTLs failed to recognize these peptides at 0.1-nM,
1-nM, 10-nM, and 100-nM concentrations, although it effectively
recognized NY8 (Figure 1C). These substitutions at the 138th po-
sition may affect peptide binding to the HLA-B*18 molecule
because the second position of HLA-B*18-binding peptides is an
anchor for HLA-B*18 [18]. These findings indicate that each of
the E138G/A/K affected CTL recognition and allow escape from
the HLA-B*18-restricted CTLs.

Finally, we analyzed the effect of E138G/A/K on viral sus-
ceptibility to NNRTIs by constructing recombinant HIV-1 var-
iants. Each HIV-1 variant harboring one of E138G/A/K
showed comparable replication fitness with wild-type HIV-1.
Although the substitutions of E138G/A/K did not confer >2-
fold resistance to efavirenz and nevirapine, they conferred mild
resistance (2.2- to 2.4-fold) to etravirine. With regard to rilpi-
virine, E138 K, which was commonly observed in patients with
virological failure under rilpivirine-based ART [1, 2], conferred
mild resistance, whereas E138G and E138A conferred >5-fold
resistance (Table 2). These findings indicate that in addition to
E138 K, E138G and E138A can also reduce the clinical response
to rilpivirine. The structural modeling suggests that substitu-
tion of E138 changes interactions around the rilpivirine-
binding cleft (Figure 2). The side chain of E138 in the wild-
type RT forms a salt bridge with the lysine at the 101th position
(K101) at the edge of the cleft and establishes direct interactions
with the pyrimidine moiety of rilpivirine, as seen in the crystal
structure of RT with rilpivirine [17]. Meanwhile, mutant RTs
with E138G/A/K substitutions could not create such a salt
bridge, resulting in changes in the morphology of the binding
cleft. In particular, RTs with E138G or E138A can reduce inter-
actions with rilpivirine by creating large gaps between rilpivir-
ine and the substituted 138th residues with small side chains,
which seems to cause significant resistance to rilpivirine.

DISCUSSION

The major findings of the present study were as follows: (1)
E138G/A/K substitutions were escape mutations of HLA-B*18-
restricted CTLs and they were observed more frequently in
HLA-B*18-positive patients than HLA-B*18-negative patients;
and (2) we confirmed that these substitutions conferred signifi-
cant resistance to rilpivirine, demonstrating that drug resis-
tance-associated mutations can be selected naturally by CTL

when its epitope is located in the viral protein of antiretroviral
targets.

Studies of cellular immunology in HIV-1 have focused
mainly on Gag [19, 20]. However, considering that many of the
recently identified CTL epitopes are located in Pol [13, 14, 21],
analysis of the interaction between CTL and drug susceptibility
is warranted. Some escape mutations can persist after viral
transmission to other hosts even if the new hosts do not have
the corresponding HLAs [22]. Therefore, HIV-1 can adapt to
HLA at a population level [23]. In fact, we identified E138G/A/
Kin ART-naive HLA-B*18-negative patients, although the fre-
quency of such variations was extremely low. However, the
same analysis performed in areas with higher prevalence of
HLA-B*18, such as Eastern Europe [24], would probably detect
higher frequency of E138G/A/K.

HIV drug resistance testing is recommended not only after
treatment failure but also before the introduction of the initial
treatment, considering the risk that the patient may have ac-
quired drug-resistant viruses from those with treatment failure
[3,25]. The present study may add another reason for drug re-
sistance testing of ART-naive patients: drug resistance-
associated mutations may have evolved in the patients selected
by their own immunity even if the original transmitted viruses
were drug sensitive. At the very least, drug resistance testing
should be performed before the introduction of rilpivirine-
based ART in HLA-B*18-positive patients.
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recent studies suggested potential adverse effects associated with
ATV/r, including nephrolithiasis and cholelithiasis [3,4].

Previous studies suggested a possible causal relation between

Introduction

Ritonavir-boosted atazanavir (ATV/r) is a widely used
protease inhibitor (PI) in combination with other antiretroviral

drugs for patients with human immunodeficiency virus-1
(HIV) infection (URL: http://aidsinfo.nih.gov/contentfiles/
Ivguidelines/adultandadolescentgl.pdf) ~ (URL:  http://www.
europeanaidsclinicalsociety.org/images/stories/ EACS-Pdf/Eacs
Guidelines-v6.1-2edition.pdf). ATV/r is one of the first-line
antiretroviral drugs based on its high efficacy, tolerability,
favorable lipid profile, and once-daily dosing [1,2]. However,

PLOS ONE | www.plosone.org

protease inhibitors and cholelithiasis [4-8]. Of the 20 previously
reported patients with PI-associated cholelithiasis, 16 (80%) were
associated with the use of ATV [4-8]. In one of these studies,
which reported 14 patients with ATV-associated cholelithiasis, the
median duration of atazanavir exposure was 42 months,
suggesting that prolonged exposure to ATV is a possible risk for
cholelithiasis [4]. However, there is virtually no information on the
incidence of ATV/r-related cholelithiasis compared to other PlIs
although ATV/r is one of the most frequently prescribed Pls.
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Initiation of a new ART regimen between
2004 /01/01 and 2010/06/30
n=1,498

Incidence of ATV/r-Related Cholelithiasis

> Initiation of ART without ATV or other Pls

n=164

A
Initiation of ATV- or other Pls-containing
ART regimen
n=1,334

v
Included in the analysis

+ Initiation of ART at other facilities (n=67)
Age <18 years (n=2)

Previous exposure to the same Pls (n=3)
Unboosted ATV (n=20)

Excluded n=92

n=1,242

}

ATV/r group Other Pls group
n=466 n=776
FPV  (n=45)

FPV/r (n=93)
LPV/r (n=547)
DRV/r (n=91)

Figure 1. Flow diagram of patient selection. ART, antiretroviral treatment; ATV, atazanavir; Pls, protease inhibitors; LPV/r, lopinavir/ritonavir;
ATV/r, ritonavir-boosted atazanavir; FPV, fosamprenavir; FPV/r, ritonavir-boosted fosamprenavir; DRV/r, ritonavir-boosted darunavir.

doi:10.1371/journal.pone.0069845.g001

Thus, we conducted a retrospective study to compare the
incidence of complicated cholelithiasis in patients on ATV/r-
containing antiretroviral treatment (ART) and those on other
commonly used Pls [unboosted fosamprenavir (FPV), ritonavir-
hoosted fosamprenavir (FPV/x), lopinavir/ritonavir (LPV/r), and
ritonavir-boosted darunavir (DRV/rj}.

Table 1. Baseline demographics and laboratory data of
patients who received ATV/r- and other-Pls-containing
antiretroviral therapy (n=1,242).

Other Pls

(n=776) P value

Male gender (%) 434 (93.1) 714 (91.9)

Race (East Asian origin) (6) 449964~ 722(930)
Body weight (kg)* [SD] 65.0 [10.5] 62111071
M (kg/m?) (D] 7B 2732

C’D4'c0L'mt (/uly* [SD] 304.0 [184.5]
HIV. viral load (logo/ml)* [SD] 358 [1.38]
282 (60.5)

176.2 [170.8]

Treatment naive (%) 556 (71.6)

eGFR (ml/min/1.73 m?* [SD] 117.4 [38.1]
57022

121.7 [33.7]
ey

Hepsts B or C 6

*Arithmetic mean.

ATV/r: ritonavir-boosted atazanavir, Pl: protease inhibitor, SD: standard
deviation, BMI: body mass index, TDF: tenofovir, eGFR: estimated glomerular
filtration rate.

doi:10.1371/journal.pone.0069845.t001
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Methods

Ethics statement

This study was approved by the Human Research Ethics
Committee of National Center for Global Health and Medicine,
Tokyo. All patients included in this study provided a written
informed consent for their clinical and laboratory data to be used
and published for rescarch purposes. This study has been
conducted according to the principles expressed in the Declaration
of Helsinki (http://www.wma.net/en/30publications/ 10policies/
b3/17c.pdf).

Study Subjects

This is a retrospective, single-center cohort study of patients
with HIV-1 infection using the medical records at the National
Center for Global Health and Medicine, Tokyo, Japan. Our
facility is one of the largest clinics for patients with HIV infection
in Japan with more than 2,700 registered patients. The study
population was HIV infected patients, aged >17 years, who
commenced treatment with ATV/r, FPV/r, FPV, LPV/r, or
DRV/r-containing ART between January 1, 2004 and June 30,
2010. Both treatment-naive and treatment-experienced patients
were included. The follow-up period started at the time of
commencement of ART for the first time during the study period,
and ended June 30, 2011. Patients were excluded; 1) if they had
started the abovementioned ART during the study period at other
facilities, 2) if they were prescribed unboosted ATV, Patients with
previous exposure to one of the abovementioned drugs before the
present study and commenced the same drug in this study were
also excluded from the analysis.

The attending physician selected the PI drug at baseline, based
on the Japanese guidelines, which placed all of the above-
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cholelithiasis.
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Table 2. Uni-and multi-variate analyses to estimate the risk of ATV/r use over other Pls-containing antiretroviral therapies for

ATV/r use

Male gender 0.446

Weight per 1 kg increment 0.990

Baseline eGFR 10 ml/min/1.73 m? decrement 1.140

Model 2 was adjusted for age and body weight.
HR: hazard ratio, CI: confidential interval, ATV/r: ritonavir-boosted atazanavir, BMI: body mass index, eGFR: estimated glomerular filtration rate.
doi:10.1371/journal.pone.0069845.t002

mentioned drugs as the preferred choice, at least for 3 years during
the study period (http://www.haart-support.jp/guideline2011.

pdf. in Japanese). The attending physician also selected the
concurrent drugs, including nucleoside reverse transcriptase
inhibitors (NRTI), non-NRTI, integrase inhibitors, and CCRS
inhibitors. None of the patients received two PlIs during the study
period.

Measurements

Complicated cholelithiasis was defined as follows: 1) cholelithi-
asis diagnosed by computed tomography or abdominal ultraso-
nography, together with cholecystitis, cholangitis, or pancreatitis,
or 2) symptomatic cholelithiasis or choledocholithiasis requiring
invasive procedures, such as cholecystomy or endoscopic retro-
grade cholangiopancreatography. Before the initiation of ART
and until suppression of HIV-1 viral load, patents visited our
clinic every month. However, after viral load suppression, the visit
interval was extended up to every three months.

In this study, the primary exposure variable was ATV/r use
over other PIs (FPV, FPV/r, LPV/r, and DRV/r). The potential
risk factors for cholelithiasis were determined according to
previous studies and collected from the medical records, together
with the basic demographics [4,9,10]. They included age, sex,
body weight, body mass index (BMI), baseline laboratory data
[CD4 cell count, HIV viral load, estimated glomerular filtration
rate (¢GFR)], and presence or absence of other medical conditions
[concurrent use of tenofovir (TDF), co-infection with hepatitis B,
defined by positive hepatitis B surface antigen, and co-infection
with hepatitis C, defined by positive hepatitis C viral load]. eGFR
was calculated as described previously [11]. At our clinic, weight
was measured on every visit whereas other variables were
measured in the first visit and at least once annually. We used
the data on or closest to and preceding the day of starting ART by
no more than 180 days.

Statistical analysis

Baseline characteristics were compared using the unpaired
Student’s ttest or y’test (Fisher’s exact test) for quantitative or
qualitative variables, respectively. The time to the diagnosis of
complicated cholelithiasis was  calculated from the date of

PLOS ONE | www.plosone.org

Model 1 crude (n=1,242)

0.052-3.831

0.914-1.073

0.842-1.557

Model 2 adjusted (n=1,203)

0.463

0.807

0.394

commencement of pre-defined PI-containing ART to the date of
diagnosis of cholelithiasis. Censored cases represented those who
discontinued the Pls, dropped out, were referred to other facilities,
or at the end of follow-up period. The time from the start of ART
to the diagnosis of cholelithiasis was analyzed by the Kaplan Meier
method for patients who started ATV/r (ATV/r group) or other
PIs (other PIs group), and the log-rank test was used to determine
the statistical significance. The Cox proportional hazards regres-
sion analysis was used to estimate the impact of ATV/r use over
other PIs on the incidence of cholelithiasis. The impact of each
parameter listed above was also estimated by univariate Cox
proportional hazards regression. We conducted multivariate
analysis adjusted for age and body weight only, because of the
small number of cases that were diagnosed with complicated
cholelithiasis.

Statistical significance was defined as two-sided p value <0.05.
We used the hazard ratio (HR) and 95% confidence interval
(95%CI) to estimate the impact of each variable on cholelithiass.
All statistical analyses were performed with The Statistical Package
for Social Sciences ver. 17.0 (SPSS, Chicago, IL).

Results

A total of 1,498 patients commenced or switched key drugs (PIs,
non-NRTIs, or integrase inhibitor) between January 1, 2004 and
June 30, 2010. Of the 1,242 patients who were included in the
analysis, 466 (37.5%) started ATV/r-containing ART while 776
(62.5%) started other Pls-containing ART (Figure 1). Table 1
shows the demographics, laboratory data, and medical conditions
of the study population at baseline. The majority of the study
population was males, of East Asian origin, and comparatively
young. The ATV/r group included significantly more patients of
East Asian origin (p = 0.015) with significantly higher body weight
(P<0.001), higher CD4 count (pP<0.001), lower viral load
(p<<0.001), and lower eGFR (P =0.012), compared with other PI
groups. In contrast, patients of the other PIs group were
significantly more likely to be treatment naive (p<<0.001).
However, all other major background parameters were similar
in the two groups.

Cholelithiasis was diagnosed in 3 patients (0.64%) of the ATV/r
group and 3 (0.39%) in the other PIs group, with an estimated
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Table 3. Clinical characteristics of patients who developed cholelithiasis.

hypertriglyceridemia

Cholecystormy

Cholelithiasis

ABC, 3TC

LPV/r

hypertriglyceridemia

19.3

40

BMI: body mass index, Pi: protease inhibitor, ATV/r: ritonavir-boosted atazanavir, LPV/r: lopinavir/ritonavir, ABC: abacavir, 3TC: lamivudine, ERCP: endoscopic retrograde cholangiopancreatography, PTGBD: percutaneous

transhepatic gall bladder drainage.

doi:10.1371/journal.pone.0069845.t003
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incidence of cholelithiasis of 2.23 and 1.65 per 1000 person-years,
respectively. The incidence was not statistically different in the two
groups by log-rank test (P=0.702). Univariate analysis showed
that ATV/r use was not associated with the development of
cholelithiasis (HR = 1.365; 95% CI, 0.275-6.775; p=0.704)
(Table 2). Furthermore, other variables, including gender, body
weight, race, BMI, co-infection with hepatitis B or C, eGFR, CD4
count, and viral load were not associated with cholelithiasis. On
the other hand, older age was associated with increased risk of
cholelithiasis (per one year, HR =1.072; 95% CI, 1.021-1.127;
p = 0.006). Multivariate analysis adjusted for age and body weight
indicated that ATV/r use was not associated with the develop-
ment of cholelithiasis (HR =1.390; 95% CI, 0.276-7.017;
p =0.690) (Table 2).

Table 3 shows the clinical characteristics of the patients
diagnosed with cholelithiasis in the present study. For the three
patients of the ATV/r group, the time to the diagnosis of
cholelithiasis was 18, 34, and 39 months, respectively. They were
diagnosed with gallstone pancreatitis, symptomatic choledochole-
lithiasis, and cholecystitis, respectively, and all patients required
invasive therapies. The median observation period was 31.7
months IQR 16.0-49.7 months) for the ATV/r group and 23.0
months (IQR 10.4-42.5 months) for the other-Pls group.

Discussion

To our knowledge, this is the first study that compared the
incidence of complicated cholelithiasis between patients receiving
ATV/r and those on other Pls. The incidence of cholelithiasis in
the ATV/r group was low at 2.23 per 1000 person-years and was
not statistically different from that in the other Pls groups based on
uni- and multi-variate analyses.

Previous reports suggested the association between ATV/r use
and cholelithiasis  [4-6]. However, the association was not
demonstrated in this cohort study of 1,242 patients. Rakoton-
dravelo et al. reported 14 cases of Pl-related cholelithiasis [4].
Although their study was not designed to calculate the incidence,
the estimated incidence was 2.3 cases per 1000 person-years,
which is similar to our result. This incidence is 10 times lower than
that of ATV/r-associated renal stones reported in our previous
study [3]. In fact, only 16 cases with ATV/r-induced cholelithiasis
have been reported to date [4-6], compared with substantial
number of ATV/r-associated renal stone reported by several
groups {3,12-16]. Thus, the potential risk of cholelithiasis in
patients on Pls seems low compared to urolithiasis and may not be
a major factor in the selection of ART.

Siveke et al. suggested that all Pls could cause cholelithiasis
based on 3 cases that developed cholelithiasis while on Pls-
containing ART. It is possible that PIs other than ATV/r also
contribute to the development of cholelithiasis [8]. However, this
cannot be confirmed at this stage and further studies are needed to
address this issue.

The exact mechanism of ATV/r-induced cholelithiasis is not
fully understood, although several theories have been suggested.
One such theory is the precipitation of ATV in the bile with
associated ATV-induced hyperbilirubinemia [4]. Another pro-
posed mechanism relates to end-stage liver disease, which results in
increased plasma ATV concentration and subsequent ATV/r-
induced cholelithiasis [4]. In this study, however, we could not
identify any risk factor associated with cholelithiasis.

There are several limitations to our study. First, we could not
investigate asymptomatic cholelithiasis and symptomatic gallstone
without complications. Thus, the risk of developing cholelithiasis
associated with ATV/r might have been underestimated in the
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present study. Second, the prevalence of gallstones is generally
lower in East Asians than in European descent and since most of
the patients in this study were of East Asian origin, the effect of
ATV/r might have been underestimated in our study [17]. Lastly,
although prolonged exposure to ATV has been suggested as a
possible etiology of ATV-induced cholelithiasis, the median
observation period in our study (31.7 months) was shorter than
the median latency between commencement of ATV-based
therapy and the development of cholelithiasis reported in a
previous study (42 months) [4]. Therefore, the short observation
period in our study may have underestimated the risk of
cholelithiasis. However, it remains to be determined whether
ATV has a cumulative effect on the development of cholelithiasis
due to the limited information available.

In conclusion, on the contrary to a substantially higher
incidence of renal stones in the ATV/r group (23.7 cases per
1000 person-years) than in other PIs groups reported in the same
cohort [3], the incidence of complicated cholelithiasis was low of
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2.23 per 1000 person-years in the ATV/r group, and was not
different between the two groups of Pl-treated patients. Although
the number of patients in our study might not have been large
enough to show differences in the incidence of complicated
cholelithiasis, the study at least suggested that the incidence of
ATV/r-related cholelithiasis is low. Thus, on the contrary to
ATV /r-associated nephrolithiasis, possible risk of cholelithiasis
should not preclude the use of ATV/r.
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Abétract

‘ Background Lcss to follow tp (LTFU) isan mportant prognosﬂc factor i in pat ents wnth H V-1 mfect!on The zmpact
of illicit drug use on LTFU of patients with HIV-1 infection is unknown in Japan.

Methods: A smgle center observational study was conducted fo elucidate the impact of illicit drug use on LTEU at.a..-
large HIV clinic in Tokyo. LTFU was defined as those who discontinued their visits to the clinic for at least 12 months
‘and were not known to‘*be under the care of other facilities or have died within 12 months of their last visit. Patients
who first visited the clinic between January 2005 and August 2010 were enrolled. Information on illicit drug use was
_ collected in a structured interview. and medical charts. Comparison of the effects of illicit drug use and no use on
 LTFU was. conducted by uni- and mult ~var iate Cox hazards modeis as the pr mary exposure

_ Results: The study sub;eots were 1 208 patlents, mostiy Japanese men, of relatwey young age and m‘ected
through homosexual contact. A total of 111 patients (9.2%) were LTFU (incidence: 24.9° per 1,000 person- years).
Among illicit drug users and non users, 55 (13.3%) and 56 (7. 1%) patients respectlvety, were LTFU with incidence
‘of 35.7 and 19.2 per 1,000 person-years, respectwely Uni- and multi-variate analyses showed that illicit. drug use

was a significant risk for LTFU (HR=1.860; 95% Cl, 1.282-2.699; p=0.001) (adjusted HR=1.544; 95% Cl,
1.028-2.318; p=0.036). Multivariate analysis also ldentn‘" ed young age, h;gh Cbhb4 count no antlretrowrai therapy, and

“ino healthi insurance as nsk factors for: LTFU

'Conclus:ons The inci dence of LTFU among slhcnt drug users was a%most twsce hlgher than that among non users.
- Effective nterventton for !lllCIt drug use in th:s popuiatlon is warranted to ensure proper treatment and prevent the
'spread of’ Hf\/ o . ;
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defining iliness and die, compared to those who continue their
visits [5,8]. Thus, loss to follow up (LTFU) influences prognosis
of patients with HIV-1 infection [7—11].

Among patients with HIV-1 infection, those who use illicit
drugs are associated with lower ART uptake and inferior
adherence to treatment [12-15], which lead to suboptimal

Introduction

The introduction of highly-active antiretroviral therapy
(HAART) has markedly improved the prognosis of patients with
HIV-1 infection [1,2]. Patients with HIV-1 infection need to
maintain a good level of adherence to antiretroviral therapy

(ART) and frequent visits to the health facilities for monitoring
treatment efficacy and safety, with regard to the suppression of
HiIV-1 viral load, recovery of immune function, and
improvement of prognosis and survival [3,4]. Those who
discontinue medical follow up are likely to develop AIDS-
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treatment outcome, compared with patients with other risk
categories [16-18]. However, illicit drug users are one of the
“difficult to reach” populations and it is difficult to obtain
accurate data on them [19]. It is especially difficult in Japan to
collect data on illicit drug users, because of a strong
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