The results of Table 5 support this speculation. In spite of more
sites being  detected under positive  selection for  between-host
evolution for the recent group than for the early group, none of
those sites was in the V1-V5 regions, suggesting that some mutations
in these epitopes, although needed for a new infection in the 1980s,
may have become fixed in the population in the 2000s. In a recent
study, Kawashima et al. [43] demonstrated strong evidence of HIV
adaptation to HLA at a population level. The authors pointed out
that the process of viral adaptation might alter currently established
HLA associations with slow disease progression to AIDS. Although
pol and gag genes were analyzed in their study, it appears sensible to
expect similar adaptive evolution to occur on the env gene as well.
Collection of more clinical data may shed light on this issue.

While the size of our data for the early samples is relatively
small, our search in the HIV Sequence Database [44] did not
locate any full-length env genes collected in the 1980s from the
Japanese population. Instead, we found 21 partial sequences
covering V2, V3, C2 and part of C3 regions of the env gene. These
sequences were sampled from two Japanese subjects in 1988:
subject 9 (AB002885-AB002894) and subject 20 (AB002922-
AB002932) [45]. Subject 9 was infected through HIV contami-
nated blood products during 1983-1985 and subject 20 was
infected through sexual transmission in 1986. Those partial
sequences were aligned with the same region of our 142 full-
length env genes using ClustalW to form a new dataset of 163
sequences, each of 693 bp. This V2-V3 dataset was analyzed in
the same way as the dataset for the full-length env genes. The
phylogeny was reconstructed using the NJ method, which was
further used to detect positive selection using the branch-site and
extended clade models. The reconstructed phylogenetic tree
showed that the sequences obtained from:each subject most
tightly clustered together and were divergent from those of other
subjects (Fig. S1). The codon-based analysis produced similar
results to those from the full-length dataset. For example, the
branch-site model suggested that the positive selection pressure
along the 2000s-between branches (wg = 3.462) was significantly
weaker than for 1980s-between (w5 =7.124), with 2A€=6.24.
However, the V2-V3 dataset is less informative due to its smaller
size (231 codons vs. 926 codons in the full-length dataset), and did
not lead to significant results in some tests (results not shown).

The present study also highlights the utility of the branch-site
and extended clade models in analysis of viral samples when the
viral gene may be under different positive selection pressures
during different time periods or in different viral populations. By
using pre-specified branch types, to represent viral evolution
within hosts and transmission between hosts, we can estimate @
ratios for different branch types and test potential differences in
selective pressure during different periods of viral evolution.
Notably, the extended clade model appears to be considerably
useful to detect positive selection in the case that multiple viral
lincages in the phylogeny may have been evolving under different
selective pressures. In our study, the model performed well in both
analysis of the full-length gene and the V2-V3 region datasets.

Materials and Methods

Viral samples

All the blood samples were preserved in the National Institute of
Infectious Discases (NIID) in Tokyo. Transmission routes and
sampling times were available for all subjects but detailed clinical
information was unavailable for the subjects collected in 1980s
(Table 1). All subjects were Japanese and did not receive ant-HIV
therapy. Both PBMC and blood plasma were available for early
samples (continuously stored at —130°C), whereas blood plasma
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only was available for recent samples. This study was conducted
according to the principles expressed in the Declaration of
Helsinki. The study was approved by the Institutional Review
Board of the NIID. All patients provided written informed consent
for the collection of samples and subsequent analysis.

Sequencing and phylogenetic analysis

Proviral DNA was extracted from PBMC using the QIAamp
DNA Blood Mini Kit. Viral RNA was extracted from blood
plasma using the MagNa Pure Compact Nucleic Acid Isolation
Kit I (Roche Applied Science). RNA products were used for
cDNA synthesis, using Superscript I RT Kit and random
hexamer (Invitrogen).

DNA products were sequenced using the Single-Genome
Sequencing (SGS) method (25). For full-length env gene amplifica-
tion, they were PCR amplified using a set of primers (Env-6116F:
5 - geaatagtigtgtggweyatag -3” and Env-1M: 5’ - tagcecttceagteccce-
cttttettrea - 3') followed by nested amplification (Env-SF1: 5 - ctaa-
tagaaagagcagaagacagtgg -3’ and Env-PR2: 5’ - gciscetirtaagt-
cattggtct -3"). The PCR products sequenced with an ABI PRISM
3730 automated DNA sequencer (Applied Biosystems).

To identify the subtypes of the viral samples sequenced in this study,
we used Subtype Reference Alignments [18]. We also tested for
recombination using the program RIP 3.0 (Recombinant Identification
Program) available at the same Website. Moreover, since the infection
time of some subjects was unknown (Table 1), we used WebPSSM [46]
to predict the co-receptor usage, as it has been known that CCR3-using
viruses are important during early stages of the HIV infection, whereas
CXCR4-using viruses emerge later in the progression to AIDS [47].
The default option, x4r5 matrix, was used for the prediction.

The sequences were aligned using ClustalW. First, the 142
nucleotide sequences were translated into amino acid sequences
using MEGA4, which were aligned using ClustalW implemented
in MEGAA4. Then the aligned amino acid sequences were used to
construct the nucleotide alignment. There are 926 codons
(2778 bp) in the alignment. We used the software FindModel
[48] to find the appropriate substitution model. Models GTRA+G,
HEY+G, K80+G and TrN+G were suggested to have better AIC
scores and likelihoods. Then we reconstructed the phylogenetic
tree using the ML method (PhyML) [21] under GTR+G and the
NJ method (MEGA4) [19] under K80+G [20] (the GTR+G model
is not available in MEGA4). As the resultant trees were similar, we
used the NJ tree for further analysis. However, the ML tree under
the GTR+G model was used to duplicate the analyses to confirm
the robustness of our results to possible topological errors.

Inferring the genetic diversity of the envelope gene

To investigate the diversity change, we inferred within- and
between-host mean diversities for the 1980s and the 2000s,
respectively, using the nucleotide diversity, m, implemented in
MEGA4 under the K80+G model again. As the sequences are
highly similar, the choice of the substitution model makes little
difference to the distance calculation. For Setup Data, the viral
sequences obtained from the same subject were grouped as one
subpopulation. Then, the within-host diversity was calculated by
Mean Diversity within Subpopulations, whereas the between-host
diversity was calculated by Mean Interpopulational Diversity.

Detecting temporal changes of positive selection
pressure using codon models

We used codon models of coding sequence evolution to detect
positive selection operating on the HIV-1 env gene. In particular,
we are interested in differences in positive selection pressure on the
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virus between the 1980s and the 2000s, and between within-host
evolution and between-host evolution. We use the branch-site
model [23,49] to detect such temporal changes in positive selection
pressure, as implemented in the CODEML program in the PAML
package [25]. The likelihood ratio test compares the branch-site
model A with a null model that fixes wy =1, with one degree of
freedom used. This phylogeny-based analysis assumes that there is
no recombination with the sequence so that all sites in the
sequence are related by the same phylogenetic tree and that the
substitution process has been stationary. The codon frequencies
are described using the F3x4 model, which uses the nucleotide
frequencies at the three codon positions to describe the codon
usage, with 9 free parameters used. The frequency parameters are
estimated using the frequencies observed in the data. The branch-
site model makes rather stringent assumptions about the selective
pressures acting on the foreground and background branches.
Simulations, however, suggest that the test is quite robust if the
real selective scheme is far more complex [23].

The assumption, made in the branch-site model, of no positive
selection on the background branches and of only two branch types
may be too restrictive for the HIV-1 env genes. Thus we extend the
clade model C of Bielawski and Yang [26] to allow for more than
two branch types. Clade model C was developed to detect divergent
evolution in two clades (two branch types): with site class 0 to
include conserved sites with wg<1, class 1 to be neutral sites with
w;=1 and class 2 represent sites undergoing divergent evolution
with different sclective pressures (e and s) in the two clades. We
extend this model to allow for more than two branch types, which
have different rate ratios wy and ws, ..., for site class 2, where
0<wy, s, ...<0. The model thus accounts for conserved sites,
nearly neutral sites, as well as positive-selection sites that are under
different levels of selection among the branch types. We have also
extended the Bayes empirical Bayes (BEB) method to calculate the
posterior probabilities for the site classes when there are more than
two branch types [24]. The extended clade model has been
implemented in the CODEML prograin in the PAML package [25]. For
the analysis of our data, we used five branch types: 1980s-within,
2000s-within, 1980s-between, and 2000s-between, with all other
branches grouped into one branch type.
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using the neighbour-joining method (MEGA4). The 2 subjects
found in the database are indicated as “S_88JP9” and
“S_88JP20” respectively. The red represents viral samples from
the 1980s group while the blue represents those from the 2000s

group.
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Figure 82 The foreground branches in the different analyses
under the branch-site model. The tree topology is the same as in
Fig. 1, but different foreground branches are assumed in four
analysis: (a) within-1980s (red), (b) within-2000s (blue), (c) between-
1980s (red), and (d) between-2000s (blue).
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Table 81 Log-likelihood values and parameter estimates under
the branch-site models using the Fcodon model (Codonkreq = 3).
DOC)
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In this arficle, we summarize recent knowledge on drug-resisfance mutations
within HIV reverse transcriptase (RT). Several large-scale HIV-1 genotypic analyses
have revealed that the most prevalent nuclecs(t)ide analog RT inhibitor
(NRTD-resistance mutation is M184V/l followed by a series of thymidine
analog-associated mutations: M41L, D67N, K70R, L210W, T215Y/F and K219Q/E.
Among non-nucleoside RT inhibitor (NNRTI)-resistance mutations, K103N was
frequently observed, followed by Y181C and G190A. Interestingly, V106M was
identified in HIV-1 subtype C as a subtype-specific mulfi-NNRTI-resistance
mutation. Regarding mutations in the HIV-1 RT C-terminal region, including the
connection subdomain and RNase H domain, their clinical impacts are still
controversial, although their effects on NRTI and NNRTI resistance have been
confirmed in vitro. In HIV-2 infections, the high prevalence of the Q151M mutation

More than 25 years have passed since the dis-
covery of HIV-1 and HIV-2 as the pathogens of
AIDS (1-4]. According to the latest report from
the United Nations Programme on HIV/AIDS,
the number of HIV infections worldwide
in 2008 was estimated at 33.4 million, with
2.7 million new infections and 2.0 million HIV-
related deaths [201]. The data clearly indicate that
HIV/AIDS still remains a major worldwide
health issue.

In the absence of an effective vaccine, the
only hope for HIV-infected individuals has
been antiretroviral chemotherapy. The prog-
nosis of HIV-infected patients has been greatly
improved by the advent of HAART, a combina-
tion therapy of at least three antiretrovirals 5,6].
However, the virus has not been eradicated
owing to the persistence of latently infected
CD4* T cells, which are recognized as a viral
reservoir (7-9]. Therefore, after HAART is initi-
ated, therapy should be continued throughout
the patient’s lifetime to maintain undetectable
viral replication [10]. However, lifelong treat-
ment is a challenge owing to obstacles, such as
adverse effects of HAART and the emergence
of drug-resistant viruses.

In this article, we focus on the first developed
class of antiretroviral drugs and the backbone of
HAART, HIV reverse transcriptase (RT) inhibi-
tors. To date, 11 RT inhibitors are available, of
which the latest (approved in 2008) is etravir-
ine (Tass 1). We review the recent knowledge

associated with multi-NRTI resistance has been frequently observed.

on drug-resistance mutations within HIV RT
and discuss their clinical significance, molecular
mechanisms and differences in HIV-1 subtypes
or in HIV-2 infections.

;Mqior characteristics of HIV-1 RT
HIV-1, a plus-strand RNA virus, is 2 member
of lentiviruses within the Retroviridae family.
After the viruses attach and enter into targeted
CD4* cells, viral genomic ssRNAs are converted
to dsDNAs by HIV-1 RT through reverse tran-
scription, the processes of RNA-dependent
DNA polymerization, template RNA digestion
and DNA-dependent DNA polymerization.
HIV-1 RT is well characterized as an error-
prone DNA polymerase owing to the lack of
exonucleolytic proofreading activity {11,12], and
the HIV-1 mutation rate has been estimated at
1.4 x 107°-5.4 x 10~° mutations/base pair/cycle in
cell assay systems [13-17]. In addition to this high
mutation rate, the robust production of viral par-
ticles, at least 1.03 x 10" virions/day/individual,
enables HIV-1 to generate sufficient genetic
diversity to evade host immune responses
and antiretroviral drug pressure (18,39). HIV-1
RT is a heterodimer enzyme with two related
subunits, p66 and p51, produced from gag-
pol polyproteins through proteolytic cleavages
(Ficurs 1) [20-22]. Whereas p66 (residues 1-560)
contains both 2 DNA polymerase domain and
an RNase H domain and exhibits enzymaric
activities, p51 (residues 1-440) contains only
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Generic name Trade name Approval (year) Note

NRTIs

Zidovudine Retrovir® 1987

Didanosine Videx 1991

Zalcitabine Hivid 1992 Discontinued in 2006

Stavudine Zerit 1994

Lamivudine Epivir 1995

Abacavir Ziagen 1998

Tenofovir Viread® 2001 Supplied as a prodrug, tenofovir
disoproxil fumarate

Emtricitabine Emtriva® 2003

NNRTIs

Nevirapine Viramune® 1996

Delavirdine Rescriptor 1997

Efavirenz Sustiva®, Stocrin 1998

Etravirine Intelence® 2008

Protease inhibitors

Saquinavir Invirase 1995

Indinavir Crixivan® 1996

Ritonavir Norvir 1996

Nelfinavir Viracept® 1997

Amprenavir Agenerase® 1999 Discontinued in 2007

Lopinavir/ritonavir Kaletra®, Aluvia® 2000

Atazanavir Reyataz® 2003

Fosamprenavir Lexiva®, Telzir 2003 Prodrug of amprenavir

Tipranavir Aptivus® 2005

Darunavir Prezista® 2006

Integrase inhibitors :

Raltegravir Isentress® 2007

Fusion & entry inhibitors s

Enfuvirtide Fuzeon® 2003

Maraviroc Selzentry, Celsentri® 2007

'Drugs combined with NRTIs or NRTIS/NNRTIs are not listed.

NNRTIs: Non-nucleoside reverse-transcriptase inhibitors; NRTIs: Nucleos(tide analog reverse-transcriptase inhibitors.

the DNA polymerase domain and functions as
a structural component. Specifically, the DNA
polymerase domain contains four subdomains:
fingers, palm, thumb and connection (Freurs 1).
The fingers, palm and thumb subdomains of
p66 form a large cleft for binding to a tem-
plate-primer, the palm subdomain of p66 has
the DNA polymerase catalytic site defined as a
triad of aspartic acid residues at positions 110,
185 and 186 [20-22), and the outer part of the
fingers subdomain (fingertips) functions as a
crucial part of the deoxynucleotide triphosphate
(dNTP)-binding site [22].

Since the discovery of HIV-1, RT has been rec-
ognized a key target for developing antiretroviral
therapy (ART). All 12 approved RT inhibitors
belong to one of two classes, nucleos(t)ide ana-
log RT inhibitors (NRTIs) or non-nucleoside

RT inhibitors (NNRTTIs). The two classes of RT
inhibitors differ distinctly in the mechanisms by
which they inhibit RT and in inducible patterns
of drug-resistance amino acid mutations.

|NRTIs & their mechanism of RT inhibition

Many of the eight NRTTs developed from 1987
to 2003 are still used today. They are zidovu-
dine [23), didanosine [24], zalcitabine [24], stavu-
dine 125], lamivudine [26), abacavir [27], tenofo-
vir [28] and emtricitabine [29) (Ficurs 2). Among
these RT inhibitors, seven are nucleoside ana-
logs, whereas tenofovir is a nucleotide analog
RT inhibitor. This drug has a unique acyclic
structure linked with a phosphate group, and
thus requires only two phosphorylation steps for
conversion to its active 5’-triphosphate form [28).
Today, zalcitabine is not available, and a few
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drugs are less frequently used; however, most are
recommended as a backbone combination of two
NRTIs in the latest first-line regimens [202-204].
As for the mechanism by which NRTTs inhibit
RT, the drugs are first metabolized inside cells
and then converted to their active 5'-triphos-
phate forms, which compete with the natural
substrates (ANTPs) for HIV RT and inhibit its
DNA polymerization (30-32). In addition, after the
drugsare incorporated into a growing viral DNA,
they function as a chain terminator owing to lack
of a 3"-hydroxyl group (present in natural dN'TPs)
necessary for further DNA synthesis (Pioure 2) (32).

NRTl-resistance mutations & their
mechanism of drug resistance

In 1989, drug-resistant HIV-1 was isolated from
patients treated with zidovudine (33,34], leading to
identification of the first cluster of drug-resistance
amino acid mutations (D67N, K70R, T215F/Y
and K219Q) in RT @35]. Thereafter, no anti-
retroviral has been found to successfully avoid the
emergence of drug-resistant variants. According
to the latest list of drug-resistance mutations
for HIV clinical practitioners [3¢], 16 amino
acid positions associated with NRTT resistance
are mapped in the 3D structure of HIV-1 RT
(Fiure 3). Interestingly, all 16 amino acid positions
are located in the fingers and palm subdomains of
RT, which surround the incoming nucleotide [22].

Figure 1. Stereogram ,f»

The most prevalent NRTI-resistance muta-
tion recently identified in large-scale analyses of
drug-resistant viral genotypes was the M184V/1
mutation (>38%, M184V predominant) [37-40].
This high prevalence of the M184V/I mutation
in therapy-failure cases was explained by the fre-
quent first-line therapy use of lamivudine, emtric-
itabine and abacavir (drugs corresponding to the
M184V/I mutation). In addition, acquisition of the
M184V mutation alone is sufficient for the virus
to exhibit high-level resistance to both lamivudine
and emtricitabine (41-43]. The M184V/I mutation
was first identified in the course of viral passages
with lamivudine or emtricitabine, and simultane-
ously characterized as the mutation that restored
susceptibility of zidovudine-resistant variants to
zidovudine (4344]. While the M184V-mediated
zidovudine resensitization was confirmed in vivo
during 6 months of zidovudine plus lamivudine
therapy (41], the resensitization was transiently
observed in most zidovudine-experienced patients
(69%,20/29) during 1 year of combination ther
apy [45). Furthermore, M184V-containing RT was
shown in most biochemical studies to have drasti-
cally reduced binding activity to lamivudine- or
emtricitabine-5"-triphosphate [46-49]. Concerning
the molecular mechanism of resistance, structural
studies show that the M184V/I mutation creates
steric hindrance that interferes with lamivudine-5'-
triphosphate binding to the active site of RT [22,50].

1 reverse transcnptase has two domains:

aDNA polymenase domain (with fmgers pa!m thumb and connection subdomams) and an RNase H
domain, The four subdomains and the RNase H domain are shown in blue, green, light purp

orange and brown, respectively. The p51 subunit is shown in white. The DNA template-primer and
dTTP are shown in dark gray and magenta, respectively. A triad of aspart:c -acid residues at positions
110,185 and 186 within the DNA polymerase catalytic site are shown in yellow.

dTTP: Deoxythymidine-5™triphosphate.

This figure was prepared from the Protein Data Bank ID code 1RTD [22].
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The second most prevalent NRTI-resistance
mutation in drug-resistant viral genotypes was
identified as a series of thymidine analog-associ-
ated mutations (TAMs): M41L, D67N, K70R,
L210W, T215Y/F and K219Q/E (37-40]. The

Zidovudine S :‘Didanosine Gt '~Zalcitabine ol e b Stavidine

Emtricitabine

Gk

inhibit rs. (A) Structures of eight nucleos(t)ide analog. reverse-transcriptase inhibitors are
and the others are nuc!eosxde anaiogs (B) Structures of four non- nucleosrde

prevalence of TAMs ranges from 19 to 42% (37],
7-20% 138) and 13-25% (40}, and T215Y/F com-
monly shows the highest prevalence. Focusing
on the T215 mutation patterns, several stud-

ies proposed two different TAM pathways:
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TAM-1 (M41L+L210W+T215Y) and TAM-2
(K70R+T215F+K219Q) i51-55]. However, the
significance of these two pathways is still con-
troversial, and indeed the definition of TAM-1
and -2 differs among the studies. Regarding
the clinical impact of the pathways, two stud-
ies reported a relationship between the TAM-1
profile and poor virological responses to tenofo-
vir-containing salvage therapy [s3,54]. In another
study, patients with the TAM-2 profile demon-
strated a better virological response to stavudine-
containing therapy than to zidovudine-contain-
ing therapy [ss]. Importantly, the accumulation
of TAMs leads to a progressive decrease in
drug susceptibility for all the approved NRTIs,
referred to as multi-NRTT resistance [56,57]. The
mechanism of drug resistance by TAMs has
been well studied, with zidovudine resistance
as a model. TAM-containing RT demonstrated
enhanced activity for dinucleoside polyphos-
phate synthesis, a pyrophosphorolysis-related
reaction in which an incorporated zidovudine-5"-
monophosphate is removed from the end of ter-
minated DNA [58,59] (Freure 4). TAM-containing
RT can continue elongating viral DNA, even in
the presence of NRTIs, through a mechanism
termed ‘excision’. Excision has only been shown
in structural studies when the chain-terminated
end is positioned at the nucleotide-binding site
(N site) of RT (Ficure 4) [60,61). Interestingly, the
most prevalent TAM, T215Y/F, appeared to
be the key mutation to make a direct contact
with ATP, the most likely pyrophosphate donor
for the excision reaction [58]. Of note, adding
the M184V mutation to the complex of TAMs
increased viral susceptibility to zidovudine, sta-
vudine and tenofovir (56,62,63]. This favorable
interference may explain in part why the com-
bination of two NRTTIs, a TAM-inducible drug
(zidovudine, stavudine and tenofovir), and an
M184V-inducible drug (lamivudine and emtric-
itabine) has functioned well as the backbone
of HAART. RT containing both M184V and
TAMs demonstrated a relatively reduced activ-
ity for excision of the chain terminator, but the
number and/or combination of TAMs seemed
to impact the M184V-mediated increase in drug
susceptibility (64-66].

Most of the other NRTI-resistance mutations
were identified as low prevalence (<5%) (37-40].
Among these, the K65R mutation (prevalence:
2.5-4.9%) should be noted owing to its inter-
esting characteristics. K65R was first identified
as a mutation conferring resistance to didanos-
ine, zalcitabine, lamivudine (67.68], and its wide
spectrum of cross-resistance to all approved

NRTIs except for zidovudine has been well
characterized (69-73]. Although the frequency
of K65R had been very low among therapy-
failure cases before the approval of tenofovir,
this mutation was recently reconfirmed as a pri-
mary mutation conferring tenofovir resistance.
In a large clinical trial of 299 therapy-naive
patients on a tenofovir/lamivudine/efavirenz
regimen, the K65R mutation appeared to be
the only pathway to tenofovir resistance (17%,
8/47 therapy-failure cases) (74]. By contrast, no
K65R mutation was detected in any of the 12
therapy-failure cases reported in another large
clinical trial of 258 therapy-naive patients on a
tenofovir/emtricitabine/efavirenz regimen (73]
Since RT residue 65 is located at the tip of the
fingers subdomain, which functions as a crucial
part of the dNTP-binding site (Fieurs 3C), the
K65R mutation enables HIV-1 RT to discrimi-
nate against NRTIs by decreasing the incorpo-
ration rate of their 5’-triphosphate forms more
than that of natural ANTP substrates [49,76-79].
Interestingly, K65R inhibited TAM-mediated
excision, and the decreased excision rate was
responsible for the hypersusceptibilicy of K65R-
containing RT to zidovudine (73.79-s2]. In fact,
TAMs demonstrated a lower prevalence in
viral genotypes containing the K65R muta-
tion [40,82-86]. K65R-containing RT was shown
in a recent structural study to be able to discrimi-
nate drugs from natural substrates owing to a
molecular platform formed by two arginines at
positions 65 and 72 that force a conformational
restriction on TAM-mediated excision [87].
The complex of TAMs described above is one
of three patterns resulting in multi-NRTT resist-
ance; the remaining two patterns are termed the
‘69 insertion complex’ and ‘Q151M complex’.
The insertion mutation at position 69 was first
identified in a zidovudine-experienced patient
receiving subsequent combination therapy with
didanosine and hydroxyurea (8s]. The preva-
lence of insertion mutations at position 69 was
recently reported to be low (0-0.6%) 37,38.40].
The insertion mutations consist of one to three
amino acids, and a two-amino acid insert is the
most frequently observed pattern. The region
with the 69th amino acid, the tip of the fin-
gers subdomain, appears to be structurally
vulnerable for acquiring insertion mutations.
Interestingly, higher numbers of insertions have
been reported, ranging from four to 11 amino
acids (89,90]. Usually, the insertion mutation
accompanies other NRTI-resistance mutations,
such as M41L, A62V, K70R, L210W, T215Y/F
and K219Q/E. This 69 insertion complex

@ ftiirs cminnes mees

Venanas Fod reaea s Aliadeos A

200



105

Review

Ibe & Sugiura

Figure 3. Nuci‘eos(t)ldeanalog reverse-transcnptase inhibitor-resisi
positions in the 3D structure of Hlv~1 reverse transcnptase. See legend on next page




106

Clinical significance of HIV reverse-iranscriptase inhibifor-resistance mutations RéView

confers cross-resistance to all approved NRTTs
(57.6291-95]. RT with the 69 insertion complex
had a decreased binding or incorporation rate for
some NRTT triphosphate forms, with simulta-
neously enhanced activity for removing a chain
terminator from the end of DNA ([64,96-100].
Therefore, the key mutation essential for ATP-
mediated excision, T215Y/F, was found in most
viruses with the 69 insertion complex (97%) {o¢).

A complex of the Q151M mutation with
four other mutations (A62V, V751, F77L and
F116Y) was first identified in a patient receiving
long-term therapy with an alternating regimen
of zidovudine and zalcitabine [101]. Soon after
this identification, Q151M complex-mediated
cross-resistance to zidovudine, didanosine,
zalcitabine and stavudine was well character-
ized 102,103]. The Q151M complex alone still
retained moderate susceptibility to lamivudine,
emtricitabine and tenofovir (<2.7-fold change),
but the Q151M complex combined with the
KG65R mutation dramatically decreased sus-
ceptibility to drugs (>13.5-fold change) (57.63].
In fact, although the Q151M mutation had a
low prevalence (0.9-1.4%) [37.38.40], it tended
to emerge more frequently in the viral genotype
with the K65R mutation {82,84-86]. Concerning
the mechanism of multi-NRTT resistance, the
QI51M complex is unlike the other two pat-
terns (TAMs and 69 insertion complexes)
because it does not rely on ATP-mediated exci-
sion of chain terminators [64,104]. The Q151M
complex did not change RT binding affinities
for NRTT triphosphate forms, but selectively
reduced NRTT incorporation rates at the cata-
lytic step (104,105]. To date, the crystal structure
of RT with either the Q151M or the 69 inser-
tion complex has not been published; such a
structure would provide valuable information
for understanding the molecular mechanism of
multi-NRTT resistance.

INNRTIs & their mechanism of RT inhibition
The name of NNRTIs cleatly indicates that
they do not have a typical nucleoside analog
structure and show a diversity of chemical

structures (Foure 2). Four NNRTIs were devel-
oped between 1996 and 2008: nevirapine [106],
delavirdine [107], efavirenz [108) and etravir-
ine [109]. In the latest clinical guidelines,
nevirapine or efavirenz is recommended as
a part of first-line regimens (202-204]. On the
other hand, delavirdine is rarely used owing
to inconvenient dosing (three times daily) and
a relatively inferior efficacy in viral suppres-
sion [203]. Although little clinical evidence sup-
ports the use of etravirine in first-line therapy,
the efficacy of etravirine-containing HAART
on therapy-naive patients is currently being
assessed in randomized clinical trials.

The NNRTIs differ from NRTIs in their
mechanism of RT inhibition. First, NNRTIs
require no intracellular metabolism [106-109].
Second, they bind directly to a hydropho-
bic pocket near the catalytic site of HIV-1
RT, also referred to as the ‘NNRTI-binding
pocket’ [20,110-112). Third, NNRTIs block the
chemical reaction step of DNA polymeriza-
tion (113]. Although further details remain to
be elucidated for the molecular mechanism of
RT inhibition by NNRTIs, structural studies
explain that NNRTTs distort the caralytic site
by shifting the three key aspartic acid residues
at positions 110, 185 and 186 [114), and that
NNRTTIs restrict the flexibility of a key loop
between positions 183 and 186 (referred to as
‘the YMDD loop’), and prevent the catalyrtic site
from attaining the metal-binding conformation
necessary for DNA polymerization [115].

NNRTI-resistance mutations & their
mechanism of drug resistance

The latest list of drug-resistance mutations for
HIV clinical practitioners (36] indicates that
NNRTT resistance is associated with 14 amino
acid positions mapped in the 3D structure of
HIV-1 RT. As shown in Fieuze 5, all 14 amino
acid positions surround the NNRTT-binding site.
A total of 13 positions are in the palm subdomain
of the p66 subunit, whereas the remaining posi-
tion (138) is in the p51 subunit. Recent large-
scale analyses of drug-resistant viral genotypes
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identified three prevalent NNRTI-resistance
mutations: K103N (prevalence: 43-57%),
Y181C (17-27%) and G190A (17-20%) (37,38,116].

The highest prevalence of the K103N muta-
tion is likely explained by four observations: first,
nevirapine and efavirenz are frequently used in
first-line therapy (202-204]; second, the mutation
alone confers high-level resistance to both nevi-
rapine and efavirenz (>19-fold change) (116,117];
third, K103N does not have any major incom-
patibility with other RT inhibitor-resistance
mutations; and fourth, K103N has only minor
effects on viral replication fitness (118]. K103N-
containing RT had slightly decreased RNase H
activity 18], but no substantial changes in nucle-
otide binding affinity and the catalytic rate of
nucleotide incorporation were observed [119,120].
These biochemical data help to explain the lit-
tle interference of the K103N mutation with
viral replication fitness. In a structural study
of K103N-containing RT in complex with
efavirenz, the K103N mutation was shown to
induce rearrangement of the NNRTI-binding
pocket, thus altering some contacts between efa-
virenz and the NNRTI-binding pocket (111]. In
another structural study of unliganded K103N-
containing RT, the NNRTI-binding pocket of
mutated RT was shown to form a new network of
hydrogen bonds with the potential to stabilize the
closed form of the NNRTI-binding pocket and
decrease the rate of NNRTI-binding to RT [121].

Either the Y181C or G190A mutation alone con-
fer high-level resistance to nevirapine (>41-fold
change), but low- or intermediate-level resistance
to efavirenz (1.1- to 6.8-fold change) [16,117).
This difference could explain the finding that
both Y181C and G190A mutations were more
frequently found in therapy-failure cases treated
with nevirapine-containing regimens than in
those treated with efavirenz-containing regi-
mens [122,123]. Interestingly, the Y181C mutation
was shown to restore the susceptibility of zido-
vudine-resistant variants to zidovudine 7 vitro
[124]. Furthermore, a clinical study clearly demon-
strated that nevirapine-zidovudine combination
therapy prevented the emergence of the Y181C
mutation and increased that of other nevirapine-
resistance mutations at positions 103, 106, 188
and 190 (125), suggesting severe incompatibility
between the Y181C mutation and TAMs. This
incompatibility was confirmed at the enzyme
level; introducing the Y181C mutation to TAMs
did not change nucleotide selectivity but dimin-
ished ATP-mediated excision of zidovudine-5'-
monophosphate from the end of terminated DNA
(126]. Y181C-containing RT had dramatically
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lower affinity for nevirapine (>132-fold change)
but still retained DNA polymerization activity
similar to that of wild-type RT [127]. In addition,
Y181C-containing RT had slightly decreased
RNase H activity [118]. These biochemical data
help to explain the little interference of the Y181C
mutation with viral replication fitness [118,128). A
structural study demonstrated that the main con-
tribution of the Y181C mutation to nevirapine
and efavirenz resistance is the loss of interaction
between the amino acid at position 181 and the
drugs (129). Concerning the G190A mutation,
no reports were found for severe incompatibility
with other RT inhibitor-resistance mutations.
G190A-containing RT did not differ significantly
in nucleotide binding and incorporation kinetics
(120], but it had lower RNase H activity than wild-
type, Y181C-containing and K103N-containing
RTs [us). These biochemical data are highly
consistent with the relatively low iz vitro replica-
tion fitness of G190A-mutated virus [118]. As the
crystal structure of G190A-containing RT has
not been published, the molecular mechanisms
by which GI190A confers resistance to approved
NNRTTIs are still unknown. In contrast to other
previously approved NNRTTs, etravirine dem-
onstrated potent antiretroviral activity against
most clinical and laboratorial NNRT I-resistant
HIV-1 variants (109,130}, and a high genetic barrier
to developing resistance in vitro 130). The potent
antirerroviral activity of etravirine against both

wild-type and NNRTI-resistant HIV-1 strains
was clearly shown in a structural study to be
owing to the great flexibility and compact struc-
ture of etravirine and other diarylpyrimidine
analogs, enabling the drug to access and adapt to
various conformations of the NNRTI-binding
pocket (112]. The etravirine-resistance profile in
clinical settings has been examined in only a few
reports. One study of the virological response of
199 therapy-experienced patients to etravirine-
containing regimens at month 2 (131] found that
the Y181V and E138A murations were inde-
pendently associated with a lower virological
response. Interestingly, in the final multivari-
ate model, the K103N muration was associ-
ated with a favorable virological response [131).
Another study of the virological response of
406 treatment-experienced patients to etravi-
ine-containing regimens at week 24 [(132) iden-
tified 17 etravirine-resistance-associated muta-
tions: V90I, A98G, L1001, K101P/E/H, V1061,
E138A, V179F/D/T, Y1811/V/C, G190S/A and
M230L. These mutations were used to construct
a weighted genotypic scoring algorithm for the

virological response to etravirine (132). Of note,

the K103N mutation did not affect virological
response to etravirine in this study [132). The
fact that Y181C and G190A mutations were fre-
quently found in nevirapine-containing regimens
and the K103N mutation in efavirenz-contain-
ing regimens {122,123] allows us to speculate that
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efavirenz is a better choice than nevirapine in
current first-line therapy from the viewpoint of
using etravirine in salvage therapies.

3 Muiations in the C-ferminal region of
%HIVJ RT
The acquisition of RT-inhibitor resistance has
recently been discussed in several publications
in terms of the potential contribution of amino
acid mutations in the C-terminal region of HIV-1
RT (the thumb and connection subdomains and
the RNase H domain). However, their clinical
significance is poorly understood at the moment.
A recent clinical study reported that the pres-
ence of at least one of 13 mutations in the con-
nection subdomain (E312Q), Y318F, G333D/E,
G335C/D, N348I, A3601/V, V3651, A371V,
A376S and E399G) was significantly associated
with poor virological response to therapy (viral
load decrease: <1 log, copies/ml at week 24) in
a step-wise multivariate analysis (p = 0.045) (133].
By contrast, another recent clinical study reported
no significant association in adjusted Cox regres-
sion models between six mutations tested in the
connection domain (N348I, R356K, R358K,
A360V, A371V and A376S) and virological
therapy-failure (viral load: >50 copies/ml) [134].
At present, the best studied mutation in the
connection subdomain is N348I. This mutation
was first identified as one of several murations
(E312Q, G335C/D, N348I, A3601/V, V3651
and A376S) that contributed to enhancing zido-
vudine resistance in the presence of TAMs [13s).
Interestingly, the N348I mutation was identified
again as a unique mutation with the potential to
develop dual-class resistance to NRTIs (zidovu-
dine and didanosine) and NNRTIs (nevirapine,
efavirenz and delavirdine) in the absence and pres-
ence of well-known RT inhibitor-resistance muta-
tions, TAMs and K103N [136,137]. Furthermore,
a subsequent 77 vitro study recently reported that
the N348I mutation, in combination with Y181C
and three TAMs, enhanced the level of resistance
to etravirine and tenofovir, respectively [13s].
Regarding its mechanism of NRTT resist-
ance, the N348I mutation was proposed in
recent studies to reduce the RNase H activ-
ity of RT and prolong the half-life of viral
template RNA, providing more time to excise
zidovudine-5"-monophosphate from the end of
terminated DNA (135,136). Interestingly, another
study noted the RNase H-independent contri-
bution of double mutations, N3481 and A360V,
in combination with TAMs, to the excision of
zidovudine-5-monophosphate 139]. Concerning
the mechanism of NNRTI resistance, one

group proposed that the lower RNase H activ-
ity provided more time for the NNRTT to dis-
sociate from a polymerization-incompetent
NNRTI/RT/template-primer complex, leading
to more efficient resumption of viral DNA syn-
thesis (140]. On the other hand, another group
proposed that the N348I mutation counteracted
the removal of primer mediated by RNase H
and enhanced by NNRTTIs during initiation of
plus-strand DNA synthesis, especially in the
presence of nevirapine [141].

% HIV-1 subtype-specific differences in
{genetic barrier o RT-inhibitor resistance
Among the four genetic HIV-1 groups (M, N,
O and P) (142-144], HIV-1 group M is respon-
sible for the global epidemic of HIV/AIDS. In
HIV-1 group M, nine subtypes (A, B, C, D, F,
G, H, J and K)) have been identified to date, along
with 48 circulating recombinant forms (CRFs;
inter-subtype recombinant strains) [20s). Unuil
now, the majority of information on HIV-1 drug
resistance has been obrained from HIV-1 sub-
type B, the predominant subtype in developed
countries. However, subtype B is responsible
for only 10% of HIV-1 infections in the world-
wide pandemic (145]. On the other hand, the
most prevalent HIV-1 worldwide is subtype C
(50%, predominant in South Africa, India and
Ethiopia) followed by subtype A (12%, predomi-
nant in Eastern Europe and Central Asia), sub-
type G (6%, predominant in West Africa), and
subtype D (3%, predominant in North Africa
and the Middle East) [14s]. In addition, 18% of
HIV-1 infections worldwide are from recom-
binant forms (predominant in West Africa,
South, East and Southeast Asia) [145].

At this moment, there is no consensus about
the clinical impact of HIV-1 subtype on the viro-
logical response to ART. No evidence of different
virological response (change in viral load) at 24
and 48 weeks was found in a European network
study of 108 children infected with different
subtypes (A, B, C, D, F, G, H, CRF01_AE and
CRF02_AG) (14¢]. Similarly, 172 patients infected
with subtypes A, B, C, D, G and CRF01_AE
were followed for 6 months by a Swedish study
group, and their virological responses (viral load
<500 copies/ml) were not associated with HIV-1
subtype in a univariate analysis, but were associ-
ated with ethnicity 147]. By contrast, in a Brazilian
study, 84 patients infected with subtype B were
found to acquire primary NRTI- and protease
inhibitor-resistance mutations more frequently
than 52 patients infected subtype C, and that
significant differences were observed from 4 years
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after initiating ART {148]. However, this study
also noted no significant difference between sub-
type B and C infections in average time for viral
rebound (15.6 and 19 months, respectively) [148].
Similarly, a recent large scale study in the UK
(2116 patients infected with subtypes A, B, C, D,
CRF02_AG and others) reported that patients
infected with subtype C and A showed more rapid
suppression of viral load (<50 copies/ml) than
those infected with subtype B within 12 months
(hazard ratios: 1.16, p = 0.04 and 1.35, p = 0.02,
respectively) (149]. In addition, virological
rebounds (viral load >1000 copies/ml) were more
rapid in patients infected with subtype C (hazard
ratio, 1.40; p = 0.05) than in those infected with
subtype B (149]. On the other hand, another UK
study reported no significant difference berween
patients (n = 374) infected with subtypes A,
B, C, D and CRF02_AG in the time for viral
suppression (viral load <400 copies/ml) after
initiation of HAART [150]. However, that study
reported a significantly higher rate of virological
rebound (viral load >400 copies/ml) in patients
infected with subtype D (70%) than in those
infected with A (35%), B (45%), C (34%) and
CRF02_AG (44%) at 6 months after initial viral
load suppression [150].

Subtype-dependent differences in genetic bar-
riers to acquiring RT-inhibitor resistance could be
a candidate that affects the virological response
to ART. Among NNRTT-resistance mutations,
V106M in subtype C was the first identified
subtype-specific mutation that conferred multi-
NNRTT resistance to efavirenz, nevirapine, and
delavirdine (151]. Although both wild-type subtype
C and B strains generally possess valine at posi-
tion 106, subtype C and B strains have different
codon usages, such as ‘GTG’ and ‘GTA), respec-
tively. To obtain the V106M mutation, subtype C
strains need one transition, GTG (valine) to ATG
(methionine), whereas subtype B strains require
at least two transitions, GTA (valine) to ATG
(methionine) [151]. Therefore, subtype B strains
tend to acquire alternative NINRT I-resistance
amino acid mutations, V106A/I, through one
transition; GTA (valine) to GCA (alanine), and
GTA (valine) to ATA (isoleucine). Thus far, no
other resistance mutation has been identified
whose vulnerability to acquiring resistance can
be explained by nucleotide substitution number
or type. However, several subtype-dependent bar-
riers to resistance acquisition have been reported,
(e.g-, V108l in subtype G, QI51M in subtypes D
and F, L210W in subtypes C, F, G and CRF02_
AG, and P225H in subtype A [152,153]). On the
other hand, in an i vitro study, subtype C strains

were found to acquire K65R, a NRTT-resistance
mutation, more rapidly than subtype B strains
under pressure from tenofovir, suggesting the need
for careful attention to the efficacy of tenofovir-
containing regimens in subtype C infections [154].
However, the difference between subtype Cand B
strains was unlikely due to the number and type of
nucleotide substitutions because both strains gen-
erally require the same transition: AAG (lysine) to
AGG (arginine) in subtype C, and AAA (lysine)
to AGA (arginine) in subtype B. Interestingly, a
subsequent 7 vitro study demonstrated that the
adenine hexamer between codons 63-65 in the
RT-coding region of subtype C enabled HIV-1 RT
to pause at codon 65 during plus-strand DNA syn-
thesis [155], suggesting that misaligned DNA syn-
thesis enhanced nucleotide substitutions, which
led to a high prevalence of K65R mutation [155-157].
In addition, the A98S mutation is considered a
subtype C-specific nevirapine-tesistance mutation
by one expert panel on HIV-1 drug resistance [206].
However, as the A98S mutation was also reported
in Israel as a frequently observed natural poly-
morphism (prevalence of 25%) in subtype C [158],
further studies are needed to clarify the impact of
this mutation in nevirapine resistance.

i Characteristics of NRTI-resistance
{pathways in HIV-2

In contrast to the global pandemic of HIV-1, the
distribution of HIV-2 has been mainly restricted
to the original endemic area of West Africa and
several related European and Asian countries,
with the number of HIV-2 infections world-
wide estimated at one or two million. Among
the eight genetic HIV-2 groups (A-H), groups
A and B appear to be the major groups circu-
lating in endemic areas [159-163]. Recently, the
first CRF of HIV-2, CRF01_AB, was identi-
fied [164). HIV-2 has been characterized as less
pathogenic than HIV-1, with lower rates of
AIDS development and mortality (165-169]. The
plasma viral load in HIV-2 infection was signifi-
cantly lower than that in HIV-1 infection, but
the same plasma viral load resulted in a similar
rate of CD4* T-cell decline either in HIV-1 or
HIV-2 infection (170]. As antiretroviral drugs
have primarily been developed against HIV-1,
several approved drugs are less effective against
HIV-2. In particular, all four approved NNRTTs
were demonstrated to be less effective for HIV-2
strains iz vitro (109,171,172), meaning limited treat-
ment options for HIV-2-infected patients. In
addition, optimal antiretroviral regimens for
HIV-2-infected patients have not been well
established owing to the lack of randomized
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clinical trials (173). These insufficient therapeutic
preparations for HIV-2-infected patients are the
major reasons for their poorer responses to ART
compared with HIV-1-infected patients [174-177].

HIV-2 and HIV-1 RT amino acid sequences
have approximately 60% identity 175, However,
their overall 3D structures appear similar, sug-
gesting that amino acids at positions 101, 106,
138, 181, 188, and 190 known as NNRTI-
resistance loci, are in an unfavorable pattern
for NNRTT binding (Tase 2) (179]. In addition,
five HIV-2-specific amino acids, 69N, 75I,
210N, 2158 and 219E, at the positions known as
NRTT-resistance loci (Tasie2), suggest that these
amino acid differences affect the drug-resistance
pathways of HIV-2 RT.

Clinical studies on HIV-2-infected patients
created with ART demonstrated both the high
prevalence of the QI51M murtation associ-
ated with multi-NRTT resistance (9-50% in
NRTT-experienced patients) and the low preva-
lence of TAMs identified in HIV-1-infected
patients [180-18s]. A structural comparison of
HIV-2 RT with HIV-1 RT found important
differences between their DNA polymerization
domains, especially in the ATP-binding site in
the HIV-1 RT ps9). In fact, HIV-2 RT demon-
strated markedly less efficient activity in excising
zidovudine-5"-monophosphate from the end of
terminated DNA [189]. These findings suggest
that the main mechanism of NRTT resistance
in HIV-2 RT is based on its enhanced ability to
discriminate between NRTT triphosphate forms
and natural dNTP substrates rather than the
ATP-mediated excision of chain terminarors.
In addition, a recent site-directed mutagenesis
study clearly demonstrated that the QI51M
mutation alone was sufficient for HIV-2 RT to
exhibit multi-NRTT resistance to zidovudine,
didanosine, stavudine and emtricitabine, and
that Q151M combined with the other two prev-
alent mutations, K65R and M184V, conferred
resistance to all currently available NRTTs 1190].

Conclusion

Although HIV has not been eradicated by even
the most potent combination ART, the prognosis
of HIV/AIDS cases has been improved by recent
progress in antiretrovirals, such as enhanced
antiviral potency, better pharmacokinetics and
higher genetic barriers to resistance acquisi-
tion. However, no antiretroviral has successfully
avoided the emergence of drug-resistant variants,
as the high capacity of HIV to generate escape
Vafiﬂnts overcomes [he PfCSSUre Of antifetrO"
viral drugs. Thérefore, drug-resistance mutation

patterns have been changing with the introduc-
tion of new antiretrovirals (191). Thus, develop-
ing antiretrovirals against current prevalent
drug-resistant variants is still important to pre-
pare sufficient treatment options for second- and
third-line, as well as furcher therapies.

gFufure perspective

Etravirine, the latest NNRTT to be approved,
demonstrates potent antiretroviral activity
against prevalent NNRTT-resistant viruses with
the K103N mutation. Therefore, etravirine is
expected to be a key drug in salvage therapy for
efavirenz- or nevirapine-resistant cases. At this
moment, limited information is available on
the clinical profile of etravirine resistance, and
further findings from several ongoing clinical
studies are awaited. In addition, a new investi-
gational drug, rilpivirine (TMC-278), has been
submitted for approval to the US FDA. Like
etravirine, rilpivirine is a diarylpyrimidine com-
pound showing potent antiretroviral activity
against 62% of NNRTT-resistant clinical isolates
in vitro (192]. As etravirine and rilpivirine possess
similar chemical structures, both new antiretro-
virals showed cross-resistance in in vitro drug-
resistance analyses [192]. Since these two new
NNRTIs appear to have a high genetic barrier
to resistance acquisition, improved outcomes are
also expected in first treatment of therapy-naive
patients. Another new NNRTT, lersivirine (UK-
453,061), a pyrazole compound, is in Phase I
and II studies [207]. Interestingly, lersivirine was
shown 7n vitro to have a unique resistance profile
containing two key mutations, V1081 and F227L
(193]. Lersivirine also showed improved antiretro-
viral activity against NNRTI-resistant clinical
isolates 772 vitro [193].

In NRTT resistance, the most prevalent
current mutations are M184V/I and TAMs.
Although antiretrovirals have been continu-
ously developed against the prevalent NRTI-
resistant variants, no investigational NRTT is
currently in any active Phase III clinical tri-
als. On the other hand, the molecular basis
of zidovudine-5"-monophosphate excision by
TAM-containing HIV-1 RT has been clarified
in detail in a very recent structural study 194].
Importantly, this study provides the crystal
structure of TAM-containing HIV-1 RT in a
complex with a DNA template-primer and an
excision product, zidovudine adenosine dinu-
cleoside tetraphosphate. As suggested by the
authors, appropriately designed mimics of the
excision product are expected to become potent
inhibitors ofTAM—containing HIV-1 RT 94].
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The development of new classes of anti-
retroviral drugs, such as integrase inhibitors
and CCR5-antagonistic entry inhibitors, has
opened the possibility of considering regimens
without NRTTs (Tasie 1). An ongoing Phase IV
pilot study, TERCETO, is evaluating the safety
and efficacy of a maraviroc plus raltegravir plus
darunavir/ritonavir regimen in HIV-l-infected
patients with triple-class resistance to NRTTs,
NNRTTs and at least one protease inhibitor (except
for darunavir) [207]. Eventually, such a regimen
can also be considered in therapy-naive patients
to avoid the adverse effects of RT inhibitors.

Recently, knowledge has been rapidly accumu-
lating on drug-resistance-associated mutations
in the C-terminal region of HIV-1 RT. Although
information on their clinical significance is
limited, more detailed information will hope-
fully be available in the near future. At present,
full-length RT genotyping is not involved in
general drug-resistance testing. However, when
a consensus is reached on the clinical signifi-
cance of mutations in the C-terminal region of
HIV-1 RT, full-length RT genotyping will also
be required in routine drug-resistance testing.

The number of HIV-infected individuals
receiving ART in low- and middle-income
countries increased to approximately 4 million
at the end 0f 2008 (tenfold from 2003) through
improved access to antiretroviral drugs, an effort
that is driving a decline in HIV-related mortality
in these countries [201). However, a drawback of
improved access in these countries may be more
drug-resistant cases. As non-B subtypes are major
circulating HIV-1 strains in these countries, it is
important to obtain more detailed information
on the clinical significance of HIV-1 subtypes
and on the efficacy of current ART, including
in HIV-2-infected individuals.
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Nucleos(t)ide analog reverse-transcriptase inhibitors & their mechanism of reverse-transcriptase inhibition

@ Eight nucleos(t)ide analog reverse-transcriptase (RT) inhibitors (NRTIs) were developed from 1987 to 2003. NRTIs, in a combination of
two NRTIs, are recommended as a backbone of the latest first-line regimens.

s NRTIs are converted to their active 5-triphosphate forms inside cells and compete with dNTPs for HIV RT. In addition, as NRTIs lack a
3"-hydroxyl group, they function as a chain terminator and inhibit reverse transcription.

NRTI-resistance mutations & their mechanism of drug resistance
= M184V/l is the most prevalent mutation. M184V alone confers high-level resistance to both lamivudine and emtricitabine.

s A series of thymidine analog-assaciated mutations (TAMs) is the second most prevalent mutation. Accumulation of TAMs leads to
multi-NRTI resistance. TAM-containing RT demonstrates enhanced excision activity.

= The prevalence of the other most NRTI-resistance mutations is less than 5%.
= K65R is a primary mutation in tenofovir resistance. K&65R decreases TAM-mediated excision activity.
NNRTIs & their mechanism of RT inhibition

# Four non-nucleoside RT inhibitors (NNRTIs) were developed between 1996 and 2008. Nevirapine and efavirenz are recommended as
key drugs in the latest first-line regimens.

2 NNRTIs bind to a hydrophobic pocket near the catalytic site of HIV-1 RT and inactivate enzymatic activity.
NNRTI-resistance mutations & their mechanism of drug resistance

= The most prevalent NNRTI-resistance mutations are K103N, Y181C and G190A. Y181C and G190A were found more frequently in
nevirapine-containing regimens, whereas more K103N was found in efavirenz-containing regimens.

= Etraviring, the latest approved NNRTI, shows potent antiretroviral activity against most nevirapine- and efavirenz-resistant HIV-1 strains,
and demonstrates a high genetic barrier to resistance acquisition in vitro.

= The NNRTI-resistance mutation patterns allow us to speculate that efavirenz is a better choice than nevirapine in current first-line
therapy from the viewpoint of using etravirine in salvage therapies.

Mutations in the C-terminal region of HIV-1 RT
= The clinical significance of mutations in the C-terminal region of HIV-1 RT is still controversial.
HIV-1 subtype-specific differences in genetic barrier to RT-inhibitor resistance
@ To date, there is no consensus about the clinical impact of HIV-1 subtypes on virological response to ART.
Characteristics of NRTI-resistance pathways in HIV-2

= NNRTIs are less effective against HIV-2 than in HIV-1.

4 Q151M has a high prevalence in HIV-2-infected patients treated with ART.
= Q15TM+K65R/M184V confer resistance to all currently available NRTIs.

# Further research efforts should be undertaken to develop new antiretrovirals effective against multiclass-resistant viruses.

s Etravirine is expected to improve the outcomes of ART regardless of pre-exposure to other antiretrovirals.
= Rilpivirine (TMC-278) has been recently submitted to the US FDA for approval.
“ Appropriately designed mimics of excision products are expected to become potent inhibitors for TAM-containing HIV-1 RT.

= Whether or not to involve the C-terminal region of RT in routine drug-resistance testing is still controversial. More information is needed

® Itis important to obtain more information on the efficacy of current ART against HIV-1 subtypes, including HIV-2 infections.
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