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WEFEWIC, BE, HIV-1Rd4o07 v =7 (M,
N, O, P) icH¥ETE, VY V—7 M KPS HANRE
DRFOERE B2 TV 5, —H, HIV-2 18202
V=7 (A~H) BPRZENTED, TDHI3B7NV—
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Hote. THITHLFRLA22009 (FH21) #£2 Al
BE L7 BRALED HIV-2 Biflciz, BAEMR
ErfEeC b b, HIV-2 0BRFENRTHREEE D
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DIANVAREA—OBIEA T4 VATH B T LHEHE
KREN, RICWEZ LTz 1312A KA TH
AL 3ODE—HIRA YA NADBHER IR LY
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tagEh: (M1)9,
5. #bDDHIT: HIV-2 CRFOI_AB DEEH, 5 RE
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TWwhZ LERHECET 3, 272, Effdiw
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a single case report

Raltegravir, the first approved HIV integrase inhibitor,
has demonstrated an excellent safety and tolerability
profile in several clinical trials [1] and is currently used
widely as one of the key components of salvage regimens.
However, the duration of clinical use is relatively short,
and unknown adverse effect may occur. Here, we report
one case of peritonitis associated with use of raltegravir.
Abdominal symptoms appeared within 2 weeks of
commencement of treatment, and raltegravir had to be
stopped due to worsening of clinical condition.

Case report

The patient was a 49-year-old Japanese hemopbhiliac
coinfected with HIV and hepatitis C virus (HCV). HIV-
RNA was undetectable, and CD4" cell count was above
500 cells/pul for more than 5 years under the combination
of abacavir, nevirapine and lopinavir/ritonavir. In January
2009, lopinavir/ritonavir was replaced with raltegravir
because of bleeding tendency related to the use of a
protease inhibitor. Abacavir and nevirapine were con-
tinued, and no other drugs were modified. The patient
visited the hospital on day 18 after the use of raltegravir,
complaining of a gradually worsening pain in the right
upper abdomen and lower chest wall for 3 days. A
nonsteroidal anti-inflammatory drug was not effective,
and a computed tomography (CT) scan performed 11
days after the onset of the symptom revealed contrast
enhancement of the liver surface (Fig. 1a) and fatty
stranding of the greater omentum (Fig. 1b), which are

findings compatible with perihepatitis and peritonitis. Oral
prednisone (60 mg/day for 3 days, then 30mg/day for
3 days) was prescribed, and all the symptoms resolved
immediately. However, abdominal symptoms developed
again after withdrawal of prednisone, necessitating its
reintroduction on day 31 at 30 mg/day. Attempts to taper
prednisone led to worsening of abdominal pain and
development of stomatitis, resulting in continuation of
treatment at 20 mg/day. Raltegravir was switched to
lopinavir/ritonavir 11 weeks after the onset of abdominal
pain and, finally, all antiretroviral drugs were terminated
4 days later because of diarrhea and bleeding related to
lopinavir/ritonavir. Abdominal symptoms gradually im-
proved, and prednisone could be tapered to 10mg/day
within 2 weeks. A CT scan performed 10 days after
cessation of antiretroviral therapy showed an improvement
of perihepatic enhancement. C-reactive protein levels
increased to 1.42mg/d] during raltegravir use and fell to
normal levels 6 days after discontinuation of raltegravir.
Other laboratory data including transaminase levels
showed no changes, and CD4" cell count and HIV-
RNNA were stable throughout the course.

This 1s the first reported case of severe peritonitis
associated with raltegravir use. Although not described
here, we have experienced several other cases with similar
abdominal symptoms that disappeared after raltegravir
termination. Several case reports have recently described
previously unknown adverse effects related to raltegravir,
such as rhabdomyolysis |2] and exacerbation of depression
[3]. However, to our knowledge, raltegravir-associated
peritonitis has not been reported. In the BENCHMRK
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Fig. 1. A computed tomography scan performed 11 days after the onset of the symptoms. A computed tomography scan shows
contrast enhancement around the liver surface (a) and fatty stranding of the greater omentum (b).

(Blocking integrase in treatment Experienced patients
with a Novel Compound against HIV: MeRcK, MK-
0518) study [1], abdominal symptoms, such as diarrhea
and nausea, were noted in patients on raltegravir, and
some of which might be associated with mild peritonitis.

Fortunately, raltegravir-associated peritonitis seemed
reversible, at least to some extent. However, the longer
use of raltegravir after onset of symptoms may lead to
irreversible and lethal sequelae. Cessation of antiretroviral
therapy as a result of severe abdominal symptoms is
a potential risk for re-emergence of acute retroviral
syndrome or the further accumulation of HIV-resistant
mutations.

Whether the described side effects are universal or related
to Asians, hemophiliacs or those who have underlying
liver disease is unknown at present. Careful monitoring
of abdominal symptoms and the consideration of an
appropriate radiographic examination are warranted after
commencement of raltegravir-containing regimens.

Acknowledgements

The authors thank all clinical staff of the AIDS Clinical
Center.

All authors contributed to the conception, design and
performance of this submission.

194

This study was supported in part by the Ministry of
Health, Labour, and Welfare of Japan.

All authors report no potential conflict of interests.

Kunihisa Tsukada, Katsuji Teruya, Daisuke Tasato,
Hiroyuki Gatanaga, Yoshimi Kikuchi and Shinichi
Oka, AIDS Clinical Center, International Medical
Center of Japan, Tokyo, Japan.

Correspondence to Kunihisa Tsukada, MD, AIDS
Clinical Center, International Medical Center of Japan,
1-21-1 Toyama, Shinjuku-ku, Tokyo 162-8655, Japan.
Tel: +81 3 3202 7181; fax: +81 3 3202 7198;
e-mail: ktsukada@imcj.acc.go.jp

Received: 29 September 2009; accepted: 2 October
2009.

References

1. Steigbigel RT, Cooper DA, Kumar PN, Eron JE, Schechter M,
Markowitz M, et al. Raltegravir with optimized background
therapy for resistant HIV-1 infection. N Fngl | Med 2008;
359:339-354.

2. Zembower TR, Gerzenshtein L, Coleman K, Palella FJ Jr. Severe
rhabdomyolysis associated with raltegravir use. A/DS 2008;
22:1382-1384.

3. Harris M, Larsen G, Montaner JS. Exacerbation of depression
associated with starting raltegravir: a report of four cases. AIDS
2008; 22:1890-1892.

DOI:10.1097/QAD.0b013e328333d28d

161



FAST TRACK

Impact of human leukocyte antigen-B*51-restricted
cytotoxic T-lymphocyte pressure on mutation patterns
of nonnucleoside reverse transcriptase
inhibitor resistance

Hiroyuki Gatanagaa'b, Hirotaka Ode?, Atsuko Hachiya™*,
Tsunefusa Hayashida®®, Hironori Sato®, Masafumi Takiguchi®
and Shinichi Oka®*®

Objective: The objective of this study is to determine the impact of human leukocyte
antigen (HLA)-B*51-restricted cytotoxic T-lymphocyte (CTL) pressure on the develop-
ment of nonnucleoside reverse transcriptase inhibitor (NNRTI) resistance.

Design: The prevalence of HIV-1 harboring an escape mutation, 1135X, in a major
epitope of HLA-B*51-restricted CTL located in reverse transcriptase is increasing
worldwide. We analyzed the effects of escape mutations on the emerging mutation
patterns of NNRTI resistance.

Methods: Monoclonal HIV-1 sequences harboring each of the escape mutations,
inClUding 1135L (HIV-1|135|_), 1135V (HIV-1[135\/), 1135T (HlV-1]135T), and I135R
(HIV-1}135g) in reverse transcriptase, and a wild-type monoclonal HIV-1 (HIV-1y1)
were cultured in the presence of increasing concentrations of efavirenz. Induced
mutations during culture passages of the culture were analyzed.

Results: E138K emerged during the cultural passages of HIV-1;35y, HIV-11357, and
HIV-1,135g, but not during the passages of HIV-11. The combination of 1135T, the most
frequent escape mutation, and E138K (HIV-1,1351/£138x) conferred significant resistance
to efavirenz, nevirapine, and etravirine. The HIV-1,1351 k138 and HIV-1,135re138¢ Were
significantly resistant to nevirapine and etravirine, respectively, though each solo of
escape mutations and E138K did not confer significant resistance to NNRTI. Compu-
tational analysis indicated that 1135T and E138K cooperatively extend the gap between
the binding site of reverse transcriptase and NNRTI.
Conclusion: HLA-B*51-restricted CTL can induce novel mutation patterns of NNRTI
resistance by selecting escape mutations. The spread of CTL escape variants may alter
the mutation patterns of drug resistance.
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Introduction

Cytotoxic T lymphocytes (CTLs) are one of the
antiretroviral host factors that can modify the clinical
course of HIV-1 infection [1]. However, HIV-1 evades
these cells by acquiring escape mutations in recognized
epitopes, and some of the CTL-escape variants remain
stable without reversion even in the absence of such
selective pressure [2]. TAFTIPSI (reverse transcriptase
128—135) is a major epitope recognized by human
leukocyte antigen (HLA)-B*51-restricted CTL [3], and
we recently reported that its escape mutation, 1135X, is
detected in the majority of HLA-B*51-positive infected
individuals and also in a significant proportion of HLA-
B*51-negative individuals, and that [135X can exist
persistently even in HLA-B*51-negative individuals
probably because it does not cause a significant fitness
cost [4]. Consequently, 1135X can spread as a poly-
morphic mutation among infected individuals and has in
fact accumulated in the HIV-positive populations,
especially among the Japanese, in whom HLA-B*51 is
highly prevalent. Previous studies reported that 1135X
was associated with low-level resistance to nonnucleoside
reverse transcriptase inhibitors (NNRTIs) [5-7] and
suggested that 1135X may be a determinant of evolutional
patterns of NNRTT resistance [8,9], though it has also
been reported that there is no correlation between the
presence of I135X at baseline and efficacy of NNRTI
[10]. To determine whether CTL escape mutations alter
the development of drug resistance, we focused on I135X
and induced NNRTT resistance from I135X-harboring
HIV-1s by cultural passages in the presence of increasing
concentrations of efavirenz (EFV).

Materials and methods

HIV-1 sequences and human leukocyte antigen
types in treatment-naive patients

We recently reported the frequent prevalence of 1135X
mutations in Japan [4]. To confirm the same and to
determine the frequency of each mutation, we used
another cohort that included 575 treatment-naive newly
diagnosed HIV/AIDS patients recruited from across
Japan between January 2003 and December 2004 [11].
Among them, data of HLA typing were available for
97 patients.

Generation of recombinant HIV-1 sequences
The desired mutations were introduced into the Xmal-
Nhel region of pTZNX, which encodes Gly-15 to
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Ala-267 of HIV-1 reverse transcriptase (strain BH10) [12].
The Xmal-Nhel fragment was inserted into pNLy100,
which was modified from pNL101 and encoded the full
genome of HIV-1. Each molecular clone was transtected
into COS-7 cells, and the obtained virions were harvested
48 h after transfection and stored at —80°C until use.

Induction of efavirenz-resistant HIV-1

The infectious HIV-1 clones were propagated in MT-2
cells in the presence ofincreasin% concentrations of EFV
[12]. Briefly, MT-2 cells (1 x 10”) were exposed to 500
blue cell-forming units (BFUs) in MAGIC-5 cells
(CCRS5-expressing and CD4-expressing HeLa-LTR-[3-
D-gal cells) of each monoclonal HIV-1 and cultured
in the presence of EFV at an initial concentration of
3 nmol/l. The culture supernatant was harvested on day 7
of culture and used to infect fresh MT-2 cells for the next
round of culture. When the virus began to propagate in
the presence of the drug, the drug concentration was
increased by half-log fold. This selection was carried out
until the EFV concentration reached 1000nmol/lL
Proviral HIV-1 reverse transcriptase gene in the infected
MT-2 cells was amplified and sequenced at several
passages.

Drug susceptibility assay

EFV and nevirapine (NVP) were generously provided by
Merck Co., Inc. (Rahway, New Jersey, USA) and
Boehringer Ingelheim Pharmaceutics Inc. (Ridgefield,
Connecticut, USA), respectively. Etravirine (ETR) was
purchased from Toronto Research Chemicals Inc. (North
York, Ontario, Canada). Recombinant HIV-1 suscepti-
bility to EFV, NVP, and ETR was determined in triplicate
using MAGIC-5 cells [12]. The drug susceptibility assay
was performed in triplicate and repeated three times. Fold
resistance was calculated by comparing viral ICs, with
that of monoclonal wild-type HIV-1 (HIV-1y). Drug
resistance was considered significant when it was higher
than three-fold.

Structural modeling

We constructed structural models of the HIV-1 reverse
transcriptase and NNRTI complex by computational
analysis. First, we constructed the initial models of wild-
type reverse transcriptase with one of the three NNRTIs
by homology modeling using Molecular Operating
Environment (MOE) 2007.09.02 (http://www.chem
comp.com/). The crystal structures of reverse transcrip-
tase with NNRTT (PDB code: 1IKW [13], 1VRT [14],
and 1SV5 [15]) were used for template structures. The
94 force field and distance-dependent electrostatic
energy function were applied in the modeling. Next,
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we refined the initial models by energy minimization
using sander module of AMBERY software package
through two steps. In the first step, energies for the
NNRTI in the complex models were minimized at
the gas phase by the conjugated gradient method. In the
second step, energies of whole structures were converged
up to 0.5kcal/mol/A by 50 steps of the steepest descent
method and the subsequent conjugated gradient method
at implicit water solvent condition. In each minimization,
the AMBER ff03 [16,17], the general AMBER force
field (gaft) [18], and the generalized Born implicit solvent
surface area (GBSA) method (IGB = 2) [19] were applied
for potential energy calculations. The charges and atom
types of every atom in NNRTI were automatically assigned
using the AMBERY Antechamber module. We also
constructed the respective mutant reverse transciptases
with the NNRTT by considering every possible conformer
of the respective mutant models. The possible conformers
were generated from the wild-type homology models
using PyMOL version 0.99rc6 (http://www.pymol.org).
The structural model of each conformer was refined by a
method similar to that used in the wild-type models.
Among the refined conformers, we selected those with the
lowest energy as each mutant model.

Results

The 135th amino acid in HIV-1 reverse

transcriptase and human leukocyte antigen-B*51
We analyzed the relationship between HLA-B*51 and the
135th amino acid of HIV-1 reverse transciptase in 97
infected individuals newly diagnosed in Japan between
January 2003 and December 2004 (Table 1). As expected,
CTL escape mutations 135X, including I135T, I135L,
and I[135V, were observed in all but one HLA-B*51-
positive patient (94.1%), representing a significantly
higher prevalence than in the HLA-B*51-negative
patients (Fishers exact test; P=0.01). However, in the
HLA-B*51-negative patients, escape mutations were still
observed at a high frequency (62.5%), indicating that
1135X variants can transmit from HLA-B*51-positive
patients to HLA-B*51negative individuals and can persist
even in the absence of HLA-B*51-restricted CTL
pressure. Overall, 1135X mutations were observed at a
high frequency in the treatment-naive patients in Japan,
and the most frequent amino acid was I135T (35.1%),

which was more frequent than the wild-type 1135
(32.0%).

Induction of efavirenz-resistant HIV-1

As described above, 1135L, 1135V, 1135T, and I135R
mutations were detected in treatment-naive patients. In
order to analyze their effects on the mutation pattern for
NNRTT resistance, EFV resistance was induced from
monoclonal HIV-1s harboring each of these mutations by
culturing them in the presence of increasing concen-
trations of EFV. These induction experiments were
performed independently in triplicate. In one of the three
induction experiments on HIV-1j;35;, V179D emerged
when EFV concentration reached 100 nmol/1, as well as
emergence of KI103R in the presence of EFV at
1000 nmol/1 (Fig. 1a). We previously reported that the
combination of K103R and V179D confers significant
resistance to NNRTIs [12]. In another experiment,
V1081 emerged at an EFV concentration of 100 nmol/1
and L100I atan EFV of 1000 nmol/1 (Fig. 1b). Both L1001
and V108I are listed in the International AIDS Society
(IAS)-USA Resistance Table [20] as EFV resistance
mutations. In the last experiment on HIV-1;;35;, G190A
emerged followed by V106A (Fig. 1¢). The latter two are
also listed in the IAS-USA Table. In one of the three
induction experiments on HIV-1y135y E138K emerged
at an EFV of 100nmol/l and L100I at an EFV of
1000 nmol/1 (Fig. 1d). E138K is a rare mutation and not
listed as a resistance mutation in the IAS-USA Table. It
was reported that E138K alone did not alter drug
susceptibility significantly, though it emerged during
resistance induction experiments with ETR and other
experimental NNRTIs (Brillant ef al. 13th International
HIV Drug Resistance Workshop, 2004; Su et al. 16th
International HIV Drug Resistance Workshop, 2007)
[21-23]. L100I emerged first followed by Y188H in
another experiment, and L1001 emerged first followed by
V1081 in the last experiment (Figure 1e and f). In one of
the three induction experiments on HIV-1j351, V108I
emerged at an EFV of 100 nmol/l and K101E at an EFVof
1000 nmol/l (Fig. 2a). In another experiment, V106I
emerged first followed by V179D (Fig. 2b). The
combination of V1061 and V179D was confirmed to
confer a significant NNRTI resistance by our group
(unpublished data). In the last experiment, V108l
emerged first followed by E138K and L100I (Fig. 2c).
In one of the three induction experiments on HIV-
11135r, L100I emerged at an EFV of 100 nmol/1 followed

Table 1. Frequency of amino acids at codon 135 of HIV-1 reverse transcriptase in human leukocyte antigen-B*51-positive and human leukocyte

antigen-B*51-negative patients.

135th amino acid | L \% T R
B%51 (+)/17 (%) 1(5.9) 3(17.6) 1(5.9) 12 (70.6) 0 (0)
Bx51 (—)/80 (%) 30(37.5) 13 (16.3) 11 (13.8) 22 (27.5) 4 (5.0)
Total/97 (%) 31 (32.0) 16 (16.5) 12 (12.4) 34 (35.1) 4 (4.1)

HLA type was determined by standard sequence-based genotyping. HLA, human leukocyte antigen.

197

F17



F18

AIDS 2010, Vol 24 No 5

1000 [ (a) (b) \ ©  Gro0n
V179D \ \

L100!

100 K103R V108l
V179D \ V106A
G190A
10 V108!
5
E 1
c (d) f
© 1000 “
E138K L1001
100 L100l
V108l
L1001
10 E138K

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Weeks

Fig. 1. Induction of efavirenz resistance from HIV-1,135. and HIV-1,35y. HIV-1,135. (a—c) and HIV-1};35y (d—f) were propagated
in MT-2 cells in the presence of increasing concentrations of EFV. The induced amino acid substitutions were analyzed at several
passages by sequencing proviral HIV-1 RT gene in MT-2 cells. EFV, efavirenz; RT, reverse transcriptase.

by E138K at an EFV of 1000 nmol/1 (Fig. 2d). In another induction experiments, all the induced mutations were
experiment, E138K emerged first then G190A and V108I already known NNRTI-resistance mutations except for
(Fig. 2e). In the last experiment, L100I emerged first E138K, which emerged in one of the three induction
followed by K101E (Fig. 2f). In summary, during the experiments on HIV-1y35y; in one of the three induction
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Fig. 2. Induction of efavirenz resistance from HIV-1,35t and HIV-1435g. HIV-1,1357 (a—c) and HIV-1/35; (d-f) were propagated
in MT-2 cells in the presence of increasing concentrations of EFV. The induced amino acid substitutions were analyzed at several
passages by sequencing proviral HIV-1 RT gene in MT-2 cells. EFV, efavirenz; RT, reverse transcriptase.
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experiments on HIV-1j551, and in two of the three
induction experiments on HIV-1j355. We also per-
formed EFV-resistance induction experiments on HIV-
Iwr in triplicate using the same procedure. All the
induced mutations were already known NNRTI-
resistance mutations, whereas E138K did not emerge
in any of the three induction experiments on HIV-1y,
(data not shown).

Nonnucleoside reverse transcriptase inhibitor
resistance conferred by E138K combined with
1135X

During the induction experiments on HIV-1s harboring
135X, the emergence of E138K, which is usually a rare
mutation, was often observed. To analyze the effects of
E138K alone and its combination with I135X on
NNRTTI susceptibility, a panel of recombinant HIV-1
clones was constructed and their I1Cs, values for EFV,
NVP, and ETR were determined. As expected, 1135X
alone did not confer significant NNRTT resistance (Table
2). The combination of I135T and E138K (I135T/
E138K) conferred significant resistance to EFV, NVP, and
ETR, though E138K alone did not change NNRTI
susceptibility as reported previously (Su et al. 16th
International HIV Drug Resistance Workshop, 2007)
[22,23]. T135L/E138K and I135R/E138K conferred
significant resistance to NVP and ETR, respectively. In
summary, E138K conferred significant resistance when
combined with some of the 1135X mutations, especially
[135T, which is the most prevalent in treatment-naive
individuals in Japan (Table 1).

Structural modeling of reverse transcriptase
harboring 1135T and E138K

The in-vitro drug susceptibility assay described above
showed that I135T/E138K conferred the most efficient
resistance to EFV and significant resistance to NVP and
ETR. To analyze the molecular mechanisms by which
E138K combined with 1135 T alter NNRTT susceptibility,
we conducted a structural analysis that included
computational methods. A total of 12 structural models
of reverse transcriptase-NNRTI complexes were con-

structed with four reverse transcriptases (wild-type,
[135T, E138K, and 1135T/E138K) and three NNRTIs
(EFV, NVP, and ETR). We first calculated the binding
energies between reverse transcriptase and NNRTIL.
Differences in the binding energies between mutant and
wild-type complexes (AAGb) were calculated using the
models. The AAGb value correlated positively with the
logarithm of fold resistance value obtained by our in-vitro
drug susceptibility assay described above: a greater
reduction in the binding energy correlated with a greater
resistance (r=0.77, P<0.02) [24], suggesting that our
modeling appropriately reflects the actual binding mode
between the reverse transcriptase molecule and NNRTT.
In the 12 models tested, the AAGD value of the [135T/
E138K RT-NNRTI complex was persistently larger than
wild-type and single mutation reverse transcriptases,
indicating that I135T/E138K caused a larger loss of
interactions between reverse transcriptase and NNRTI
than the single mutations. We then examined the
structural changes in the loss of interactions by [135T/
E138K. In the wild-type reverse transcriptase, the E138
positioned relatively closely to the EFV, which could
contribute to the generation of van der Waals and
electrostatic interactions between reverse transcriptase
and NNRTTI (Fig. 3a). The I135T single substitution
caused no significant changes in the steric position of the
E138 side chain (Fig. 3b). E138K substitution caused
significant changes in the steric position of the E138 side
chain (Fig. 3c), whereas the calculated van der Waals
energy was similar to that of wild-type reverse
transcriptase. I1135T/E138K also caused significant
changes in the steric position of the K138 side chain,
but the orientation of the side chain was different from
that of the E138K single mutant reverse transcriptase,
possibly due to the interactions between T135 and K138
(Fig. 3d). The K138 conformation in the RT13571/5138x
generated a steric gap between K138 and EFV, and
significantly reduced van der Waals energy. In addition,
the conformational change necessitated increased elec-
trostatic energy of the reverse transcriptase—EFV com-
plex. These data suggest that an appropriate steric
position of the 138th residue is critical for the generation

Table 2. Nonnucleoside reverse transcriptase inhibitor susceptibility of recombinant HIV-1 sequences.

Mean ICsq (wmol/l) £ SD (fold resistance™)

HIV-1 EFV NVP ETR

Wild-type 0.002 +0.0007 0.05+0.01 0.0012+0

1135L 0.003 £0.0005 (1.5) 0.07 £0.01 (1.4) 0.0012 +0.0002 (1)
1135V 0.0024 £0.0003 (1.2) 0.04+£0.01 (0.8) 0.001140.0001 (0.9)
1135T 0.002 +£0.001 (1) 0.06£0.01 (1.2) 0.001640.0002 (1.3)
1135R 0.003 £0.001 (1.5) 0.03£0.01 (0.6) 0.0012 +0.0002 (1)
E138K 0.004 +0.0004 (2) 0.08+0.01 (1.6) 0.0026 +0.0001 (2.2)
1135L/E138K 0.003 £0.001 (1.5) 0.23+0.02 (4.6) 0.0033 +0.0006 (2.8)
1135V/E138K 0.006 £0.001 (3) 0.04+0.01 (0.8) 0.0033 4 0.0006 (2.8)
1135T/E138K 0.014 £0.002 (7) 0.19+£0.06 (3.8) 0.005 £0.0002 (4.2)
1135R/E138K 0.005 +£0.002 (2.5) 0.14+0.04 (2.8) 0.0047 +0.0003 (3.9)

The drug susceptibility assay was performed in triplicate and repeated three times. EFV, efavirenz; ETR, etravirine; NVP, nevirapine.
*Fold resistance was calculated by comparing viral 1Cs, with that of wild-type HIV-1.
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Fig. 3. Structural models of HIV-1 reverse transcriptase—efavirenz complexes. The binding clefts of four complex models are
shown. (a) RTyiig-ypes (b) RTiy357, (€) RTgy38¢ and (d) RTi1351/6138- Sticks indicate the amino acids at positions 135 and 138 of RT,
and the atoms of EFV. The mutated residues (1135T and E138K) and the EFV atoms are highlighted with orange and cyan sticks,
respectively. The dotted circle in panel D indicated the enlarged gap by 1135T/E138K mutations. EFV, efavirenz; RT, reverse

transcriptase.

of an optimal EFV binding pocket, and that 1135T/
E138K, but not the single mutations, eftectively break the
binding pocket for EFV.

Discussion

As the HIV-1 pandemic progresses, viral genetic diversity
is increasing and becoming geographically heterogeneous
[25,26]. We recently indicated that HIV-1 adapts to CTL
by acquiring escape mutations in the CTL epitopes, and
that such escape variants are increasing in the populations
at an alarming high rate of corresponding HLA alleles [4].
When escape mutations occur in drug target proteins,
they may alter the mutation patterns of drug resistance
even if they do not confer drug resistance themselves. In
this study, we focused on 1135X in reverse transcriptase,
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which are escape mutations of HLA-B*51-restricted
CTL, because 1135X are the prevailing mutations and
accumulating in Japan, where the frequency of HLA-
B*51 is high (~20%). Cultural passages of HIV-1
sequences harboring [135X in the presence of increasing
concentrations of EFV induced the emergence of E138K,
which is not listed as a resistance mutation in the IAS-
USA Table. The analysis of recombinant HIV-1
sequences showed that the combination of E138K and
some of the 1135X, especially 1135T, which is most
frequent, conferred significant resistance to INNRTI,
though solo E138K did not alter drug susceptibility
significantly. However, E138K did not always emerge in
triplicate experiments of EFV-resistance induction from
HIV-1 sequences harboring 1135X, whereas the already
known NNRTI-resistance mutations emerged. Impor-
tantly, variable mutation patterns emerged under the
same conditions of resistance induction experiments,
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indicating that the drug selective pressure is one of the
driving forces making the genetic diversity of HIV-1 at
population levels as CTL pressure does (HLA-B*51-
restricted CTL pressure selects not only 1135T but also
other 1135Xs).

In clinical data, Richard et al. [27] examined HIV-1
reverse transcriptase sequences in treated Ugandans. In
their longitudinal cohort, the HIV-1 infecting one patient
(JLT05) acquired 1135T/E138K during EFV-containing
treatment without any other NNRTTI resistance-associ-
ated mutations (GenBank: AY556834). Marconi et al.
[28] performed genotypic resistance testing in patients
who experienced virologic failure during their first
antiretroviral therapy, and the HIV-1 in one patient
(SW065) was found to have I135T/E138K after the
failure of EFV-containing treatment (EU308076). In
tipranavir clinical trials, the HIV-1s of seven cases
who experienced NNRTI treatment failure harbored
[135T/E138K (DQ880123, DQ880358, DQ879290,
DQ880378, DQ877823, DQ878145, and DQ878874)
[29]. These data indicate that [135T/E138K confers
significant NNRTT resistance in vivo also, suggesting that
HLA-B*51-restricted pressure may alter the mutation
patterns of NNRTI resistance by inducing escape
mutations.

Evidences for the interactions between CTL and drug
resistance mutations are accumulating [30-34]. Con-
sidering that HIV-1 adapts to particular human HLA
alleles and evolves among infected individuals, drug
mutation patterns may be aftected and altered in currently
prevailing viruses. Analysis of drug resistance mutations
and development of new antiretroviral agents against
laboratory HIV-1 strains derived from isolates obtained
decades ago may not always be a suitable strategy. The use
of recently obtained clinical isolates may be critical and
indispensable in some studies.
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Etravirine (ETV) is a second-generation nonnucleoside reverse transcriptase (RT) inhibitor (NNRTI)
introduced recently for salvage antiretroviral treatment after the emergence of NNRTI-resistant human
immunodeficiency virus type 1 (HIV-1). Following its introduction, two naturally occurring mutations in HIV-1
RT, V1061 and V179D, were listed as ETV resistance-associated mutations. However, the effect of these
mutations on the development of NNRTI resistance has not been analyzed yet. To select highly NNRTI-
resistant HIV-1 in vitro, monoclonal HIV-1 strains harboring V1061 and V179D (HIV-1y,,¢; and HIV-1y,,4p)
were propagated in the presence of increasing concentrations of efavirenz (EFV). Interestingly, V179D emerged
in one of three selection experiments from HIV-1y,,,; and V1061 emerged in two of three experiments from
HIV-1y,,4p- Analysis of recombinant HIV-1 clones showed that the combination of V1061 and V179D conferred
significant resistance to EFV and nevirapine (NVP) but not to ETV. Structural analysis indicated that ETV can
overcome the repulsive interactions caused by the combination of V1061 and V179D through fine-tuning of its
binding module to RT facilitated by its plastic structure, whereas EFV and NVP cannot because of their rigid
structures. Analysis of clinical isolates showed comparable drug susceptibilities, and the same combination of
mutations was found in some database patients who experienced virologic NNRTI-based treatment failure. The
combination of V1061 and V179D is a newly identified NNRTI resistance pattern of mutations. The combina-
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tion of polymorphic and minor resistance-associated mutations should be interpreted carefully.

Human immunodeficiency virus type 1 (HIV-1) sequences dif-
fer among infected individuals, and there are a number of natu-
rally occurring amino acid changes commonly found in treatment-
naive patients (3, 23, 28). These polymorphic changes can occur
even in genes that encode drug target proteins, and in fact, some
drug resistance-associated mutations in protease genes are of-
ten present in treatment-naive individuals, especially in non-
subtype B clade-infected individuals (13, 15, 22). Minor resis-
tance mutations, which are considered to compensate for the
impaired replication fitness of viruses containing major resis-
tance mutations, do not have a substantial effect on the viral
phenotype by themselves (14, 27). In the reverse transcriptase
(RT) coding region, drug resistance-associated mutations were
detected at a low frequency in treatment-naive individuals re-
gardless of the HIV-1 clade. However, etravirine (ETV), a
second-generation nonnucleoside RT inhibitor (NNRTI), has
been available in the clinical setting and the following have
been listed as ETV resistance-associated mutations in RT:
V901, A98G, L1001, K101E/H/P, V1061, E138A, V179D/F/T,
Y181C/1/V, G190S/A, and M230L (14). V106I and V179D are
often found in treatment-naive individuals but are considered
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to have no substantial impact on NNRTI-containing treatment
by themselves. ETV exhibits activity against many viruses that
are resistant to first-line NNRTIs, including efavirenz (EFV)
and nevirapine (NVP), and shows clinical efficacy in salvage
treatment after NNRTI treatment failure (18, 21). However, it
is possible that EFV- and NVP-resistant viruses derived from
HIV-1 harboring V106I or V179D could compromise the ef-
ficacy of ETV. To determine the impact of these polymorphic
mutations on the mutation patterns of NNRTI resistance,
EFV-resistant HIV-1 strains were selected in vitro from mono-
clonal viruses harboring V1061 and V179D, respectively. The
virologic effects of selected specific mutation patterns were
analyzed by constructing recombinant HIV-1 clones, and their
clinical relevance was confirmed by analysis of isolates from
infected individuals.

MATERIALS AND METHODS

HIV-1 sequences and clinical i from treat t-naive individ
HIV-1 RT sequences were analyzed in 364 antiretroviral treatment-naive in-
fected individuals who visited the outpatient clinic of the AIDS Clinical Center,
International Medical Center of Japan, in 2007 and 2008 and gave written
informed consent to this study. Viral RNA was extracted from stocked plasma
samples, and the HIV-1 RT coding region was amplified by RT-PCR and nested
PCR using previously published primer pairs (7, 10, 11). Direct sequencing was
performed using dye terminators, and the HIV-1 subtypes of the sequences
obtained were determined by the neighbor-joining method. Clinical HIV-1 iso-
lates were obtained using MAGIC-5 cells (CCRS- and CD4-expressing HeLa-
LTR-B-D-gal cells) from fresh plasma samples collected from seven of the
above-mentioned treatment-naive patients and stored at —80°C until use (9).
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TABLE 1. Frequencies of amino acids at positions associated with NNRTI resistance mutations in HIV-1 RT in treatment-naive patients

Position Amino acid, frequency [n (%)/364)°
90 V, 361 (99.2) I,3(0.8)
98 A, 344 (94.5) S,20(5.5)
101 K, 352 (96.7) Q,8(22) R, 3 (0.8) E, 1(0.3)
103 K, 353 (97.0) R,7(1.9) N, 2(0.5) Q,2(05)
106 V, 355 (97.5) I,9 (2.5)
108 V, 362 (99.5) 1,2 (0.5)
138 E, 361 (99.2) K.1(0.3 A,1(0.3) G, 1(03)
179 V, 312 (85.7) D, 21° (5.8) I,21(5.8) E,4(1.1) A,4(1.1) T, 1(0.3) N, 1(0.3)

“ Only wild-type amino acids (L, Y, Y, G, P, and M, respectively) were identified at the 100th, 181st, 188th, 190th, 225th, and 230th positions of HIV-1 RT.

b Including two cases with V90/A98/K101Q/K103/V1061/V108/E138/V179, two cases with VI0/A98/K101/K103/V1061/V108/E138/V1791, one case with V90/A98/
K101/K103/V1061/V108/E138/V179D, and four cases with V90/A98/K101/K103/V1061/V108/E138/V179.

¢ Including 2 cases with V90/A98S/K101/K103/V106/V108/E138/V179D, 1 case with V90/A98/K101E/K103R/V106/V108/E138/V179D, 1 case with V90/A98/K101/
K103R/V106/V108/E138/V179D, 1 case with V90/A98/K101/K103/V1061/V108/E138/V179D, and 16 cases with V90/A98/K101/K103/V106/V108/E138/V179D.

Generation of recombinant HIV-1 strains. The desired mutations were intro-
duced into the Xmal-Nhel region of pTZNX, which encodes Gly-15 to Ala-267
of HIV-1 RT (strain BH 10), by the oligonucleotide-based mutagenesis method
(10, 16). The Xmal-Nhel fragment was inserted into pNLy, 90, Which was
modified from pNL101 and encoded the full genome of HIV-1 strain BH 10.
PNLyy2190 harbors the H219Q mutation in the HIV-1 Gag region, which facili-
tated HIV-1 replication in MT-2 and H9 cells (6, 8). HIV-1 derived from
PNLjj2190 Was used as the wild type. Determination of the nucleotide sequences
of the plasmids confirmed that each clone had the desired mutations but was
devoid of unintended mutations. Each molecular clone was transfected into
COS-7 cells with the GenePORTER Transfection Reagent (Gene Therapy Sys-
tems, San Diego, CA), and the virions obtained were harvested 48 h after
transfection and stored at —80°C until use.

Selection of EFV-resistant HIV-1. The infectious HIV-1 clones harboring the
V106l (HIV-1y46;) and V179D (HIV-1y,,59p) mutations in their RTs were
propagated in MT-2 cells in the presence of increasing concentrations of EFV (7,
8, 31). Briefly, MT-2 cells (1 X 10°) were exposed to 500 blue-cell-forming units
(BFU) in MAGIC-5 cells containing HIV-1y,,0¢; and HIV-1y, 59 and cultured
in the presence of EFV at an initial concentration of 3 nM. Viral replication was
monitored by observation of the cytopathic effect in MT-2 cells. The culture
supernatant was harvested on day 7 of culture and used to infect fresh MT-2 cells
for the next round of culture. When the virus began to propagate in the presence
of the drug, the drug concentration was increased by 0.5-log-fold. This selection
was carried out for a total of 14 passages. The proviral HIV-1 RT coding region
in infected MT-2 cells was amplified and sequenced at several passages.

Drug susceptibility assay. EFV, NVP, and ETV were generously provided by
Merck Co., Inc. (Rahway, NJ), Boehringer Ingelheim Pharmaceutics Inc.
(Ridgefield, CT), and Tibotec Pharmaceuticals (Little Island, Co., Cork, Ire-
land), respectively. Recombinant and isolated HIV-1 susceptibility to EFV,
NVP, and ETV was determined in triplicate using MAGIC-5 cells (10, 12, 16).
Briefly, MAGIC-5 cells were infected with an adjusted virus stock (300 BFU) in
various concentrations of NNRTISs, cultured for 48 h, fixed, and stained with
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (Takara Shuzo, Ohtsu, Ja-
pan). The blue-stained cells were counted under a light microscope. The drug
concentrations that inhibited 50% of the stained cells of a drug-free control
(ECsps) were determined by referring to the dose-response curve. The drug
susceptibility assay was performed in triplicate and repeated three times. Fold
resistance was calculated by comparing the viral ECs, with that of monoclonal
wild-type HIV-1 (HIV-1y). Drug resistance was judged significant when it was
higher than threefold.

Viral replication kinetics assay. MT-2 cells (1 X 10°) were exposed to each
infectious virus preparation (500 BFU) for 2 h, washed twice with phosphate-
buffered saline (PBS), and cultured in the presence or absence of 10 nM EFV,
100 nM NVP, or 10 nM ETV. The culture supernatants were harvested every
other day, and p24 Gag amounts were determined with a chemiluminescence
enzyme immunoassay kit (Fuji-Rebio, Tokyo, Japan). Replication assays were
performed in triplicate and repeated three times using independently generated
virus preparations (7).

Competitive HIV-1 replication assay. Freshly prepared H9 cells (3 X 10°) were
exposed to mixtures of paired virus preparations (300 BFU each) to be examined
for their replication ability for 2 h, washed twice with phosphate-buffered saline
(PBS), and cultured in the absence or presence of 10 nM EFV or 100 nM NVP
as described previously (7, 17). On day 1, one-third of the infected H9 cells were
harvested and washed twice with PBS, and proviral DNAs were sequenced (0
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week). Every 7 days, the supernatant of the virus culture was transferred to new
uninfected H9 cells; the cells harvested at the end of each passage were subjected
to direct DNA sequencing of the HIV-1 RT coding region, and the change in the
viral population was determined by the relative peak height on the sequencing
electrogram. The persistence of the original amino acid substitution was con-
firmed at the end of the assay.

Structure modeling. We constructed 18 structural models of the HIV-1 RT
and NNRTI complex by computational analysis. First, we constructed the initial
models of wild-type RT with one of three NNRTIs by homology modeling using
Molecular Operating Environment 2007.09.02 (Chemical Computing Group,
Montreal, Quebec, Canada). The crystal structures of RT with NNRTIs (Protein
Data Bank codes 1IKW [20], IVRT [26], and 1SV5 [4]) were used as template
structures. The homology modeling enabled the building of missing atoms in
template structures. The ff94 force field and distance-dependent electrostatic
energy function were applied in the modeling. Next, we refined the initial models
by energy minimization using the sander module of the AMBERY software
package in two steps. In the first step, energies for the NNRTIs in the complex
models were minimized in the gas phase by the conjugated gradient method.
When the energy was not converged until 10,000 steps, this step was ignored. In
the second step, energies of whole structures were converged up to 0.5 kcal/
mol/A by 50 steps of the steepest-descent method and the subsequent conjugated
gradient method under implicit water solvent conditions. In each minimization,
the AMBER ff03 (5, 19), the general AMBER force field (30), and the gener-
alized Born implicit solvent surface area method (IGB = 2) (24) were applied for
potential energy calculations, The cutoff for long-distance interaction energy was
setat 15.0 A. The charge and type of every atom in NNRTIs were automatically
assigned using the AMBERY Antechamber module. We also constructed five
mutant RTs with the NNRTIs by considering every possible conformer of the
respective mutant models. The possible conformers were generated from the wild-
type homology models using PyMOL ver. 0.99rc6 (http://www.pymol.org). V106A,
V1061, and V179D mutants had one, three to five, and five possible conformers,
respectively. The structural model of each conformer was refined by a method
similar to that used in the wild-type models. Among the refined conformers, we
selected the conformer with the lowest energy as each mutant model.

RESULTS

Frequencies of NNRTI resistance mutations in treatment-
naive individuals. To determine the frequency of NNRTI re-
sistance-associated mutations, the HIV-1 RT coding region
was analyzed and the viral subtype was determined in 364
treatment-naive infected individuals. The most frequent sub-
type was clade B (n = 334; 91.8%), followed by clade AE (n =
20; 5.5%). Clades C and G were also found and at similar low
frequencies (n = 5; 1.4%). Variable amino acid substitutions
were identified at the positions of NNRTI resistance-associ-
ated mutations, including the 90th, 98th, 101st, 103rd, 106th,
108th, 138th, and 179th, though only the wild-type amino acids
were observed at the 100th, 181st, 188th, 190th, 225th, and
230th positions of HIV-1 RT (Table 1). K103N and V108I are



