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Are subtype differences important in HIV drug resistance?
RJ Lessells'?, DK Katzenstein® and T de Oliveira’*

The diversity of human immunodeficiency virus type 1 (HIV-1)
has given rise to multiple subtypes and recombinant strains.
The majority of research into antiretroviral agents and drug
resistance has been performed on subtype B viruses, yet non-
subtype B strains are responsible for 90% of global infections.
Although it seems that combination antiretroviral regimens are
effective against all HIV-1 subtypes, there is emerging evidence
of subtype differences in drug resistance, relevant to
antiretroviral strategies in different parts of the world. For this
purpose, extensive sampling of HIV genetic diversity, curation
and analyses are required to inform antiretroviral strategies in
different parts of the world.
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Introduction

The past decade has seen substantial global scale-up of
antiretroviral therapy (ART) for HIV infection and more
than six million people are receiving ART in low-income
and middle-income countries [1]. Antiretroviral drug
resistance is one of the main threats to global control
of HIV [2]. The majority of persons living with HIV
infection are infected with non-subtype B variants of
HIV type 1 (HIV-1) [3]. There is increasing evidence
that polymorphisms that occur naturally in different HIV-
1 subtypes impact on drug resistance and susceptibility to
antiretroviral drugs.

Here, we outline the latest developments in subtyping
tools, drug resistance databases and review recent evi-
dence from 7z vitro and clinical studies regarding drug
resistance among HIV-1 subtypes (Box 1).

HIV-1 origin, subtypes and recombinants
HIV-1 main group (group M) originated in West-Central
Africa approximately 100 years ago [4,5°°]. It has since
diversified into a large number of variants, including nine
subtypes (A-D, F-H, J-K), six subsubtypes (A1-A4, F1-
F2), multiple (>48) circulating recombinants forms
(CRFs) and thousands of unique recombinant forms
(URFs) (Los Alamos HIV Sequence Database; URL:
htep://www.hiv.lanl.gov) [5°%,6]. The classification of
recombinant viruses is based on complete genome
analysis: CRFs are widespread, whereas URFs are
restricted to a limited number of individuals [6]. The
high number of existing HIV-1 variants is caused by both
biological and epidemiological factors, which have been
recently reviewed [4,5°%,7].

HIV-1 variants are continually introduced into new popu-
lations by mobility and migration [3,5%%,6,7]. As HIV-1
variants intermix in different part of the world, the like-
lihood of generating new recombinant viruses increases
[6]. For example, a recent study in Quebec, Canada
identified four subtypes, three CRF's and two new URFs.
One of the new URFs is a recombinant of A/B (the R'T/
protease region was largely of subtype A, the integrase
was subtype B), which is spreading and may be classified
as a new CRF once complete genomes are sequenced [8].
Studies in LLondon have detected all HIV-1 subtypes, the
majority of CRFs and many previously undetected URFs
[9,10]. Identification of individuals infected with differ-
ent subtypes is increasing in metropolitan areas [8,11].

Subtyping tools and drug resistance
databases

HIV-1 subtyping can be achieved by automated subtyp-
ing tools. At the time of this review, over 400 000 isolates
have been subtyped using the Rega HIV-1 subtyping
tool. This tool uses phylogenetic analysis to identify
subtypes and CRFs. A recent upgrade has allowed the
identification of many new CRFs and, for the first time,
the classification of URFs [Rega HIV Subtyping Tool V3;
URL: htep://www.bioafrica.net]. Figure 1 shows a new
feature of Rega Subtyping Tool V3, which is the phylo-
genetic identification of recombinant segments. A large
comparison study of over 6000 sequences, carefully sub-
typed by phylogenetic methods, was conducted to evalu-
ate the accuracy of REGAvV3 and six other subtyping tools
(ACP Pena ¢t a/. 17th International Bioinformatics Work-
shop on Virus Evolution and Molecular Epidemiology,
Belgrade, Serbia, August 2012). The comparison tools
included two new, sophisticated tools: SCUEL [12] and
COMET V2 (D Struck er a/. 8th European HIV Drug
Resistance Workshop, Sorrento, Italy, March 2010). The
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Box 1 Summary of main concepts

e HIV-1 diversity has given rise to numerous subtypes and
recombinant forms.

New subtyping tools (e.g. Rega HIV-1 Subtyping Tool version 3,
SCUEL and COMET) can accurately identify the most important
HIV-1 variants.

National and international public drug resistance databases are
useful resources to trace the evolution of drug resistance in
different subtypes.

HIV-1 subtype genetic variation can influence the development of
drug resistance and the susceptibility to certain antiretroviral
drugs.

e KB65R is an example of a clinically relevant mutation that emerges
more frequently and more rapidly in subtype C viruses compared
to subtype B; this has been shown to be related to the different
template nucleotide sequence.

Evidence from recent clinical trials and cohort studies suggests
that response to combination antiretroviral regimens does not
differ substantially by HIV-1 subtype.

Appreciation of subtype differences is important in the develop-
ment of new drugs and in the formulation of antiretroviral
strategies.

three tools identified most of the pure subtypes in po/
with  high sensitivity and specificity (>95%).
COME'Tv2 and REGAvV3 identify the two most import-
ant CRFs (CRF01_AE and CRF02_AG) in more than
95%. Given that the great majority (>90%) of the
infections in the world are owing to subtypes A, B C,
CRF01_AE and CRF02_AG [3,5°°,7], these recent sub-
typing tools can accurately identify most of the epide-
miologically important HIV-1 variants and classify new
recombinants.

International and country specific drug resistance data-
bases are important repositories of HIV-1 genetic data
[13]. The UK Drug Resistance Database contains over
10 000 non-B subtype isolates and proposals can be sub-
mitted for the use of data [UK HIV Drug Resistance
Database; URL: http://www.hivrdb.org.uk]. The Stan-
ford HIV Drug Resistance Database (HIVDB) curates
all published data and contains nearly 150 000 sequences.
"T'his is presented in many statistical and graphical formats
[Stanford HIV Drug Resistance Database; URL: http://
hivdb.stanford.edu]. HIVDB data and analyses have
shown that, in spite of the large genetic variation found
within subtypes, no major drug resistance mutation natu-
rally occurs in naive sequences [14,15]. However, a num-
ber of treatment-experienced mutation differences have
been highlighted in the literature and are stored and
curated in HIVDB. Table 1 summarises HIV drug resist-
ance mutations associated with subtypes and CRFs in
treatment experienced samples.

Nucleoside and nucleotide reverse
transcriptase inhibitors

The lysine to arginine mutation at position 65 (K65R) is a
major mutation that confers broad high-level resistance to
most nucleoside/nucleotide reverse transcriptase inhibi-
tors (NRTI/NtRTIs), except zidovudine. There is a
substantial body of evidence that K65R emerges more
frequently and more rapidly in subtype C viruses than in
subtype B.

It has now been demonstrated that the difference in
selection of K65R between subtypes B and C is related
to the template nucleotide sequence and preferential
pausing of reverse transcription at position 65. The
nucleotide sequence at codons 64-65-66 differs between
subtypes B and C and subtype C viruses contain a
homopolymeric stretch of adenine bases. This leads to
RT pausing during the synthesis of double-stranded
DNA from the single-stranded DNA intermediate tem-
plate, a process that is template-specific but independent
of the RT enzyme [16]. Subsequent misalignment of the
template and primer leads to the AAG to AGG change
responsible for the K65R mutation [17°].

Several recent studies have used ultra-deep pyrosequen-
cing (UDPS) or allele-specific PCR (AS-PCR) to explore
the frequency of low-level K65R mutants in both ART-
naive and ART-experienced individuals [18-22]. In one
study using UDPS; the frequency of K65R at both >1% and
>0.4% levels was higher in subtype C compared to subtype
B and non-B/non-C subtypes [18]. In another study, the
K65R mutation was detected ata higher frequency in ART-
naive subtype C individuals compared to those infected
with subtype CRFO01_AE (6% vs. 1%) and subtype B [19].
In ART-experienced patients with virological failure and
without K65R on conventional Sanger sequencing, one
study detected the presence of K65R by AS-PCR in
13% (4/30) of patients [20]; conversely other groups using
UDPS detected no additional mutations in those without
K65R on Sanger sequencing [21]. Itis important to note the
limitations of these highly sensitive sequencing techniques
and spurious detection of the K65R mutation through
PCR-induced mutation has been demonstrated [22].

T'here is recent clinical evidence demonstrating frequent
and early emergence of K65R on tenofovir-based first-line
AR'T regimens in South Africa [23°]. Recent analysis of
large scale implementation of TDF, 3TC and NVP
indicates a higher rate of virological failure with this
regimen [24°]. In addition, a case report has documented
the presence of low-level K65R mutants pre-treatment by
clonal analysis, with enhancement of K65R variants
within two months of treatment [25]. There is an urgent
need for further research to determine the prevalence and
impact of low-level K65R mutants, especially in settings
where subtype C predominates and where tenofovir is
now a component of first-line ART regimens.
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Recombination profile and phylogenies of recombinant regions of a CRFO3_AB isolate 03 AB,RU,97,KAL153 2 [Rega HIV Subtyping Tool V3; URL:
http://www.bioafrica.net]. One of the new features of Rega Subtyping Tool version 3.0 is that it can perform detailed recombination analyses. The tool
detects recombination, identifies the recombinant fragments and creates a phylogenetic tree fragments (Query sequence is at the top of the
phylogenies). This figure shows a CRF recombinant A/B sequence (CRF03_AB, Genbank accession number AF193276). The subtype A region is from
position 2252 to 2782 (Protease amino acid position 1-99 and RT 1-78) and subtype B from 2782 to 4822 (RT amino acid position 79-440 and
Integrase amino acid position 1-198). Numbering is performed based on the complete genome reference sequence HXB2.

Non-nucleoside reverse transcriptase
inhibitors

The emergence of non-nucleoside reverse transcriptase
inhibitor (NNR'TT) resistance mutation occurs after
single dose nevirapine (sdNVP) for the prevention of
mother-to-child HIV transmission. Previous work has
suggested that this occurs more frequently with subtype
C viruses [26,27]. One more recent study showed that

resistance mutations could be demonstrated using AS-
PCR in 25% of patients more than 24 months after sdNVP
exposure (C Yang ¢z a/. 17th Conference on Retroviruses
and Opportunistic Infections, San Francisco, California,
February 2010). However, the clinical significance of this
is uncertain as the same study demonstrated no associ-
ation between the presence of resistance mutations and
virological failure on a subsequent NNRTI-based
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Table 1

Recently described drug resistance mutations between HIV-1 subtypes and CRFs and impact on antiretroviral drug resistance and

susceptibility

Position Mutation Comments Reference

Reverse transcriptase

RT65 K65R Subtype C — AAG (K); subtype B — AAA (K): preferential pausing of reverse transcription, [16,17°]
related to homopolymeric stretch of adenine bases

RT138 E138K E138K the first mutation to emerge in subtype C during etravirine therapy [30]

RT181 Y181C Preferential selection of Y181C for subtype A and B during etravirine therapy [31]

RT348 N348lI Reduces susceptibility to etravirine in subtypes A, B and C. High prevalence in subtype C [32,33°]
samples from patients failing first-generation NNRTIs

Protease

PR17 G17E CRF2_AG hypersusceptibility to nelfinavir, atazanavir and indinavir [38]

PR36 M36l1 Subtype C — ATA (l); subtype B — ATG (M): affects susceptibility to protease inhibitors and [36]
viral replication capacity

PR64 164M CRF2_AG hypersusceptibility to nelfinavir, atazanavir and indinavir [38]

PR89 M89T Subtype C — ATG (M); subtype B — CTG (L): leads to preferential emergence of M89T in [37]
subtype C

Integrase

IN92 E92Q E92Q/N155H double mutant 10-fold more resistant to raltegravir and elvitegravir in subtype [47]
B versus subtype C

IN101 L1011 Present more frequently in non-B subtypes compared to subtype B (both INI-naive and [48]
RAL-experienced)

IN118 G118R Most common resistance pathway during dolutegravir therapy in subtype C [50]

IN124 T124A Present more frequently in INI-naive non-B subtypes compared to subtype B [48]

IN155 N155H Subtype B with this mutation more resistant to raltegravir (and elvitegravir) than subtype C [47]

IN263 R263K Most common resistance pathway during dolutegravir therapy in subtype B [49°]

regimen (P] Weidle ¢ a/. 17th Conference on Retro-
viruses and Opportunistic Infections, San Francisco,
California, February 2010).

Etravirine is a second-generation NNR'TT which retains
activity against strains with some resistance to nevirapine
and efavirenz and which might therefore be an option as a
component of a salvage regimen for antiretroviral-experi-
enced patients. It has demonstrated good efficacy across
subtypes [28]. There are a number of etravirine resist-
ance-associated mutations (RAMs) which reduce the
response to etravirine. These mutations are commonly
present as polymorphisms in ART-naive individuals
infected with non-B subtypes, especially CRF02_AG
[29]. There is conflicting evidence on the resistance
pathways selected by etravirine therapy. One study found
E138K the first mutation to emerge in subtypes B, C and
CRFO02_AG [30]. A separate study found the same for
subtype C but demonstrated preferential selection of
Y181C for subtype B virus [31].

A novel mutation in the C-terminal domain of RT
(N348I) has recently been reported to reduce suscepti-
bility to etravirine in subtypes A, B and C [32]. One
clinical trial in South Africa found the N348I mutation
present in 24% of patients failing first-line NNR'TT regi-
mens with subtype C virus, most commonly with nevira-
pine [33°]. This mutation is not included in standard
mutation lists or algorithms but more data are urgently
required to determine clinical relevance.

Rilpivirine (RPV) is another second-generation NNR'TT
with equal efficacy and similar patterns of resistance
across subtypes [34,35]. However, regardless of subtype,
RPV has suboptimal efficacy compared to efavirenz in
ART-naive individuals with HIV RNA >100 000 copies/
ml [35].

Protease inhibitors

Non-polymorphic mutations in the protease gene have a
greater impact on baseline susceptibility to protease
inhibitors than polymorphic mutations [15]. However,
recent evidence has suggested that the polymorphism
at codon 36 in the protease gene (M36 in subtype B and
136 in most other subtypes) affects both the patterns of
resistance that emerge under drug pressure and viral
replication capacity [36]. Similarly, the M89 polymorph-
ism in subtypes A, C, and CRF01_AE (1.89 in subtype B)
preferentially leads to the emergence under drug pressure
of the M89T mutation, which confers high-level resist-
ance to nelfinavir, atazanavir and lopinavir [37]. There is
also iz vitro evidence that CRF2_AG viruses with the
17E/64M polymorphisms demonstrate hypersusceptibil-
ity to certain protease inhibitors (nelfinavir, atazanavir
and indinavir) [38].

Mutations in the gag cleavage sites and gag matrix protein
are known to contribute to protease inhibitor resistance.
Polymorphisms in this region may be more common in
non-B subtypes [39,40] and have been shown to
affect virological outcomes with lopinavir/ritonavir
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monotherapy [41]. The importance of the subtype differ-
ences in gag are not well defined but may be more
important in boosted PI monotherapy, which is under
investigation for second-line therapy in resource-limited
settings [42].

Integrase inhibitors

Raltegravir, a first-generation integrase inhibitor (INT),
has demonstrated good efficacy in ART-naive and ART-
experienced individuals infected with different HIV-1
subtypes [43]. However, both raltegravir and the other
first-generation INI elvitegravir have a relatively low
genetic barrier to resistance. The primary mutations in
the integrase gene associated with INI resistance are
E92Q, Y143R/C, Q148K/R/H and N155H. The residues
associated with primary resistance seem to be highly
conserved across subtypes, but polymorphisms at the
sites of secondary mutations are more common in non-
B subtypes [8,44-46]. There is some evidence that the

Table 2

effect of certain integrase mutations might differ accord-
ing to subtype. Subtype B integrase enzyme with the
N155H mutation (£E92Q) exhibited increased resist-
ance to raltegravir compared to the subtype C enzyme
[47].

Dolutegravir and MK-2048 are second-generation inte-
grase inhibitors in development that have higher genetic
barriers to resistance and retain activity against viruses
with resistance to raltegravir or elvitegravir. There is
some early evidence to suggest subtype differences could
modulate the emergence of resistance to these drugs. In
both INI naive and raltegravir-experienced individuals,
polymorphisms at codons 101 and 124 were more fre-
quent in non-B subtypes than subtype B; these mutations
were particularly prevalent in subtypes Cand CRF02_AG
[48]. Whilst the R263K mutation seems to be the most
common mutation selected during dolutegravir therapy in
subtype B, the G118R mutation previously associated

Virological outcomes with specific antiretroviral drugs across different HIV-1 subtypes. Virological outcomes reported only for regimen
including investigational drug, except for ARTEMIS where lopinavir and darunavir both reported

Clinical trials
Drug name Clinical trial(s) Patient population Participants (by subtype) Virological outcomes? Reference
Lopinavir ARTEMIS ART naive 208 subtype B 78% subtype B Dierynck 2010 [53]
50 subtype C 82% subtype C
87 other subtypes 78% other subtypes
Darunavir ARTEMIS ART naive 210 subtype B 81% subtype B Dierynck 2010 [53]
39 subtype C 87% subtype C
983 other subtypes 88% other subtypes
Etravirine DUET-1, DUET-2 ART experienced 561 subtype B 60% subtype B Vingerhouts 2010 [28]
33 non-B subtypes 73% non-B subtypes
(no subtype C)
Rilpivirine ECHO, THRIVE ART naive 485 subtype B 84% subtype B Cohen 2012 [34]
76 subtype C 86% subtype C
125 other subtypes 86% other subtypes
Maraviroc MERIT ART naive Not reported 70% subtype B Cooper 2010 [54]
61% subtype C
57% other subtypes
Raltegravir STARTMRK ART naive 219 subtype B 89% subtype B® Rockstroh 2011 [43]
19 subtype C 95% non-B subtypes®
32 other subtypes
Raltegravir BENCHMRK-1, ART experienced 416 subtype B 61% subtype BP Rockstroh 2011 [43]
BENCHMRK-2 3 subtype C 67% non-B subtypes®

Cohort studies

33 other subtypes

Cohort Drug regimens Patient population Participants (by subtype) Virological outcomes Reference
UK CHIC 2 NRTI + NNRTI ART naive 1550 subtype B 89% subtype B° Geretti 2009 [51]
2 NRTI + boosted PI 272 subtype C 94% subtype C°
66 subtype A 97% subtype A°
Swiss HIV Various ART naive and 2166 subtype B 89% subtype B Scherrer 2011 [52°]
cohort mono/dual-NRTI 383 non-B subtypes 90% non-B subtypes®

experienced

@ Outcome HIV RNA <50 copies/ml at week 48 unless otherwise stated.

 HIV RNA <50 copies/ml at week 96; data not reported separately for subtype C.
¢ HIV RNA <50 copies/ml at 12 months.
9 HIV RNA <50 copies/ml 90-365 days after ART initiation; results only shown for those who started ART 1999-2009.
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with MK-2048 resistance might be a more common path-
way in subtype C [49°,50].

Clinical efficacy of new antiretroviral agents
by HIV-1 subtype

Clinical evidence of different subtype responses to anti-
retroviral therapy (ART) might be the first indicator of
subtype differences in the development of drug resist-
ance. Inclusion of individuals infected with different
subtypes is increasingly the norm in clinical trials of
new antiretroviral agents, although the numbers infected
with some non-B subtypes are quite low. Table 2 shows
the virological responses by HIV-1 subtype in recently
published clinical trials of new antiretroviral agents.

Cohort studies can also provide evidence of subtype
differences in ART responses, although this is compli-
cated by the use of different ART regimens. A collabora-
tive group in the UK found that virological outcomes were
broadly similar between subtypes A, B and C [51], while a
more recent study from the Swiss HIV Cohort Study,
which restricted analysis to white Caucasians, reported
that those infected with non-B subtypes, had a lower risk
of virological failure which was particularly apparent for
subtypes A and CRF02_AG [52°].

Conclusions

There is no compelling evidence that HIV-1 subtype
needs be considered in the choice of ART regimens for
first-line or second-line therapy, and other considerations
of cost, effectiveness, toxicities and tolerability are more
important in low-income and middle-income countries.
However, recent evidence of subtype differences in drug
resistance could potentially impact on antiretroviral strat-
egies. The large amount of resistance data produced as
part of surveillance studies and clinical care can be used to
explore the differences in drug resistance between HIV-1
subtypes. National HIV drug resistance databases such as
the ones in the UK, Switzerland and, recently, the
Southern African Treatment and Resistance Network
(SATuRN) Stanford and Rega public drug resistance
databases are very useful national strategic resources to
tackle the spread of drug resistance. The appreciation of
subtype differences is also important to the development
of new drugs, treatment strategics, drug sequencing,
assessing response to treatment and surveillance for the
transmission of resistance. In each of these areas, and in
tracking the evolution of the HIV-1 pandemic, differ-
ences among subtypes continue to play an important role.

Acknowledgements

RJL is supported by the Wellcome Trust [grant number 090999]. TdO is
supported by the Wellcome Trust [grant number 082384] and the grant
entitled “Swiss-Prot/South Africa: Protein Bioinformatics Resource
Development for Important Health-related Pathogens” under the
Switzerland-South Africa Collaborative Research Program. European
Commission (SANTE 2007 147-790).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Joint United Nations Programme on HIV/AIDS (UNAIDS): World
AIDS Day Report 2011. Geneva, Switzerland: UNAIDS; 2011.

2. Hamers RL, Kityo C, Lange JM, Wit TF, Mugyenyi P: Global threat
from drug resistant HIV in sub-Saharan Africa. BMJ 2012,
344:e4159.

3. Hemelaar J, Gouws E, Ghys PD, Osmanov S: Global trends in
molecular epidemiology of HIV-1 during 2000-2007. A/DS 2011,
25:679-689.

4. Sharp PM, Hahn BH: The evolution of HIV-1 and the origin of
AIDS. Philosophical Transactions of the Royal Society of London,
Series B: Biological Sciences 2010, 365:2487-2494.

5. Tebit DM, Arts EJ: Tracking a century of global expansion and

ee evolution of HIV to drive understanding and to combat
disease. Lancet Infectious Diseases 2011, 11:45-56.

Excellent overview of HIV-1 evolution, with particular focus on recombi-

nation.

6. Peeters M, Aghokeng AF, Delaporte E: Genetic diversity among
human immunodeficiency virus-1 non-B subtypes in viral load
and drug resistance assays. Clinical Microbiology and Infection:
The Official Publication of the European Society of Clinical
Microbiology and Infectious Diseases 2010, 16:1525-1531.

7. Hemelaar J: The origin and diversity of the HIV-1 pandemic.
Trends in Molecular Medicine 2012, 18:182-192.

8. Brenner BG, Lowe M, Moisi D, Hardy I, Gagnon S, Charest H,
Baril JG, Wainberg MA, Roger M: Subtype diversity associated
with the development of HIV-1 resistance to integrase
inhibitors. Journal of Medical Virology 2011, 83:751-759.

9. Chilton DN, Castro H, Lattimore S, Harrison LJ, Fearnhill E,
Delpech V, Rice B, Pillay D, Dunn DT: HIV type-1 drug resistance
in antiretroviral treatment-naive adults infected with non-B
subtype virus in the United Kingdom. Antiviral Therapy 2010,
15:985-991.

10. Fox J, Castro H, Kaye S, McClure M, Weber JN, Fidler S:
Epidemiology of non-B clade forms of HIV-1 in men who have
sex with men in the UK. AIDS 2010, 24:2397-2401.

11. Wainberg MA, Zaharatos GJ, Brenner BG: Development of
antiretroviral drug resistance. New England Journal of Medicine
2011, 365:637-646.

12. Kosakovsky Pond SL, Posada D, Stawiski E, Chappey C, Poon AF,
Hughes G, Fearnhill E, Gravenor MB, Leigh Brown AJ, Frost SD: An
evolutionary model-based algorithm for accurate
phylogenetic breakpoint mapping and subtype prediction in
HIV-1. PLoS Computational Biology 2009, 5:e1000581.

13. de Oliveira T, Shafer RW, Seebregts C: Public database for HIV
drug resistance in southern Africa. Nature 2010, 464:673.

14. Melikian GL, Rhee SY, Taylor J, Fessel WJ, Kaufman D, Towner W,
Troia-Cancio PV, Zolopa A, Robbins GK, Kagan R et al.:
Standardized comparison of the relative impacts of HIV-1
reverse transcriptase (RT) mutations on nucleoside RT
inhibitor susceptibility. Antimicrobial Agents and Chemotherapy
2012, 56:2305-2313.

15. Rhee SY, Taylor J, Fessel WJ, Kaufman D, Towner W, Troia P,
Ruane P, Hellinger J, Shirvani V, Zolopa A et al.: HIV-1 protease
mutations and protease inhibitor cross-resistance.
Antimicrobial Agents and Chemotherapy 2010, 54:4253-4261.

16. Coutsinos D, Invernizzi CF, Xu H, Brenner BG, Wainberg MA:
Factors affecting template usage in the development of K65R
resistance in subtype C variants of HIV type-1. Antiviral
Chemistry and Chemotherapy 2010, 20:117-131.

17. Coutsinos D, Invernizzi CF, Moisi D, Oliveira M, Martinez-Cajas JL,
. Brenner BG, Wainberg MA: A template-dependent dislocation
mechanism potentiates K65R reverse transcriptase mutation

www.sciencedirect.com

Current Opinion in Virology 2012, 2:636-643



642 Antivirals and resistance

development in subtype C variants of HIV-1. PLoS ONE 2011,
6:€20208.
Provides clear and detailed explanation for emergence of K65R in sub-
type C.

18. Kozal MJ, Chiarella J, St John EP, Moreno EA, Simen BB,
Arnold TE, Lataillade M: Prevalence of low-level HIV-1 variants
with reverse transcriptase mutation K65R and the effect of
antiretroviral drug exposure on variant levels. Antiviral Therapy
2011, 16:925-929.

19. Li JF, Lipscomb JT, Wei X, Martinson NA, Morris L, Heneine W,
Johnson JA: Detection of low-level K65R variants in nucleoside
reverse transcriptase inhibitor-naive chronic and acute HIV-1
subtype C infections. Journal of Infectious Diseases 2011,
203:798-802.

20. Toni TA, Brenner BG, Asahchop EL, Ntemgwa M, Moisi D,
Wainberg MA: Development of an allele-specific PCR for
detection of the K65R resistance mutation in patients infected
with subtype C human immunodeficiency virus type 1.
Antimicrobial Agents and Chemotherapy 2010, 54:907-911.

21. Recordon-Pinson P, Papuchon J, Reigadas S, Deshpande A,
Fleury H: K65R in subtype C HIV-1 isolates from patients failing
on a first-line regimen including d4T or AZT: comparison of
Sanger and UDP sequencing data. PLoS ONE 2012, 7:e36549.

22. Varghese V, Wang E, Babrzadeh F, Bachmann MH, Shahriar R,
Liu T, Mappala SJ, Gharizadeh B, Fessel WJ, Katzenstein D et al.:
Nucleic acid template and the risk of a PCR-induced HIV-1
drug resistance mutation. PLoS ONE 2010, 5:e10992.

23. Sunpath H, Wu B, Gordon M, Hampton J, Johnson B, Moosa MY,

. Ordonez C, Kuritzkes DR, Marconi VC: High rate of K65R for ART
naive patients with subtype C HIV infection failing a TDF-
containing first-line regimen in South Africa. AIDS 2012,
26:1679-1684.

Concerning report from South Africa of very early development of K65R

associated with virological failure of first-line ART regimens.

24. Tang MW, Kanki PJ, Shafer RW: A review of the virological

e efficacy of the 4 world health organization-recommended
tenofovir-containing regimens for initial HIV therapy. Clinical
Infectious Diseases 2012, 54:862-875.

A systematic review which finds evidence that regimens containing

tenofovir and nevirapine might have suboptimal potency.

25. Bansal V, Metzner KJ, Niederost B, Leemann C, Boni J,
Gunthard HF, Fehr JS: Minority K65R variants and early failure
of antiretroviral therapy in HIV-1-infected Eritrean immigrant.
Emerging Infectious Diseases 2011, 17:1966-1968.

26. Eshleman SH, Hoover DR, Chen S, Hudelson SE, Guay LA,
Mwatha A, Fiscus SA, Mmiro F, Musoke P, Jackson JB et al.:
Nevirapine (NVP) resistance in women with HIV-1 subtype C,
compared with subtypes A and D, after the administration of
single-dose NVP. Journal of Infectious Diseases 2005,
192:30-36.

27. Kantor R: Impact of HIV-1 pol diversity on drug resistance and
its clinical implications. Current Opinion in Infectious Diseases
2006, 19:594-606.

28. Vingerhoets J, Azijn H, Tambuyzer L, Dierynck I, De Meyer S,
Rimsky L, Nijs S, De Smedt G, de Bethune MP, Picchio G: Short
communication: activity of etravirine on different HIV type 1
subtypes: in vitro susceptibility in treatment-naive patients
and week 48 pooled DUET study data. AIDS Research and
Human Retroviruses 2010, 26:621-624.

29. Maiga Al, Descamps D, Morand-Joubert L, Malet I, Derache A,
Cisse M, Koita V, Akonde A, Diarra B, Wirden M et al.: Resistance-
associated mutations to etravirine (TMC-125) in antiretroviral-
naive patients infected with non-B HIV-1 subtypes.
Antimicrobial Agents and Chemotherapy 2010, 54:728-733.

30. Asahchop EL, Oliveira M, Wainberg MA, Brenner BG, Moisi D,
Toni T, Tremblay CL: Characterization of the E138K resistance
mutation in HIV-1 reverse transcriptase conferring
susceptibility to etravirine in B and non-B HIV-1 subtypes.
Antimicrobial Agents and Chemotherapy 2011, 55:600-607.

31. Lai MT, Lu M, Felock PJ, Hrin RC, Wang YJ, Yan Y, Munshi S,
McGaughey GB, Tynebor RM, Tucker TJ et al.: Distinct mutation
pathways of non-subtype B HIV-1 during in vitro resistance

selection with nonnucleoside reverse transcriptase inhibitors.
Antimicrobial Agents and Chemotherapy 2010, 54:4812-4824.

32. McCormick AL, Parry CM, Crombe A, Goodall RL, Gupta RK,
Kaleebu P, Kityo C, Chirara M, Towers GJ, Pillay D: Impact of the
N348I mutation in HIV-1 reverse transcriptase on
nonnucleoside reverse transcriptase inhibitor resistance in
non-subtype B HIV-1. Antimicrobial Agents and Chemotherapy
2011, 55:1806-1809.

33. Brehm JH, Koontz DL, Wallis CL, Shutt KA, Sanne |, Wood R,

. Mclntyre JA, Stevens WS, Sluis-Cremer N, Mellors JW: Frequent
emergence of N348l in HIV-1 subtype C reverse transcriptase
with failure of initial therapy reduces susceptibility to reverse-
transcriptase inhibitors. Clinical Infectious Diseases 2012,
55:737-745.

N348l is a mutation in the connection domain of reverse transcriptase not

normally covered by standard genotyping methods. Here it was found

frequently in patients failing first-line NNRTI-based therapy and was
associated with reduced susceptibility to etravirine.

34. Cohen CJ, Molina JM, Cahn P, Clotet B, Fourie J, Grinsztejn B,
Wu H, Johnson MA, Saag M, Supparatpinyo K et al.: Efficacy and
safety of rilpivirine (TMC278) versus efavirenz at 48 weeks in
treatment-naive HIV-1-infected patients: pooled results from
the phase 3 double-blind randomized ECHO and THRIVE
Trials. Journal of Acquired Immune Deficiency Syndromes 2012,
60:33-42.

35. Rimsky L, Vingerhoets J, Van Eygen V, Eron J, Clotet B,
Hoogstoel A, Boven K, Picchio G: Genotypic and phenotypic
characterization of HIV-1 isolates obtained from patients on
rilpivirine therapy experiencing virologic failure in the
phase 3 ECHO and THRIVE studies: 48-week analysis.
Journal of Acquired Immune Deficiency Syndromes 2012,
59:39-46.

36. Lisovsky I, Schader SM, Martinez-Cajas JL, Oliveira M, Moisi D,
Wainberg MA: HIV-1 protease codon 36 polymorphisms and
differential development of resistance to nelfinavir, lopinavir,
and atazanavir in different HIV-1 subtypes. Antimicrobial Agents
and Chemotherapy 2010, 54:2878-2885.

37. Martinez-Cajas JL, Wainberg MA, Oliveira M, Asahchop EL,
Doualla-Bell F, Lisovsky I, Moisi D, Mendelson E, Grossman Z,
Brenner BG: The role of polymorphisms at position 89 in the
HIV-1 protease gene in the development of drug resistance to
HIV-1 protease inhibitors. Journal of Antimicrobial
Chemotherapy 2012, 67:988-994.

38. Santos AF, Tebit DM, Lalonde MS, Abecasis AB, Ratcliff A,
Camacho RJ, Diaz RS, Herchenroder O, Soares MA, Arts EJ:
Effect of natural polymorphisms in the HIV-1 CRF02_AG
protease on protease inhibitor hypersusceptibility.
Antimicrobial Agents and Chemotherapy 2012, 56:2719-2725.

39. Doyon L, Croteau G, Thibeault D, Poulin F, Pilote L, Lamarre D:
Second locus involved in human immunodeficiency virus type
1 resistance to protease inhibitors. Journal of Virology 1996,
70:3763-3769.

40. Parry CM, Kolli M, Myers RE, Cane PA, Schiffer C, Pillay D: Three
residues in HIV-1 matrix contribute to protease inhibitor
susceptibility and replication capacity. Antimicrobial Agents
and Chemotherapy 2011, 55:1106-1113.

41. Ghosn J, Delaugerre C, Flandre P, Galimand J, Cohen-Codar |,
Raffi F, Delfraissy JF, Rouzioux C, Chaix ML: Polymorphism in
Gag gene cleavage sites of HIV-1 non-B subtype and
virological outcome of a first-line lopinavir/ritonavir single
drug regimen. PLoS ONE 2011, 6:e24798.

42. Bartlett JA, Ribaudo HJ, Wallis CL, Aga E, Katzenstein DA,
Stevens WS, Norton MR, Klingman KL, Hosseinipour MC,
Crump JA et al.: Lopinavir/ritonavir monotherapy after virologic
failure of first-line antiretroviral therapy in resource-limited
settings. AIDS 2012, 26:1345-1354.

43. Rockstroh JK, Teppler H, Zhao J, Sklar P, Miller MD, Harvey CM,
Strohmaier KM, Leavitt RY, Nguyen BY: Clinical efficacy of
raltegravir against B and non-B subtype HIV-1 in phase Il
clinical studies. AIDS 2011, 25:1365-1369.

44. Fish MQ, Hewer R, Wallis CL, Venter WD, Stevens WS,
Papathanasopoulos MA: Natural polymorphisms of integrase

Current Opinion in Virology 2012, 2:636-643

www.sciencedirect.com



HIV-1 subtypes and drug resistance Lessells, Katzenstein and de Oliveira 643

among HIV type 1-infected South African patients. AIDS
Research and Human Retroviruses 2010, 26:489-493.

45. Garrido C, Geretti AM, Zahonero N, Booth C, Strang A, Soriano V,
De Mendoza C: Integrase variability and susceptibility to HIV
integrase inhibitors: impact of subtypes, antiretroviral
experience and duration of HIV infection. Journal of
Antimicrobial Chemotherapy 2010, 65:320-326.

46. Sierra S, Lubke N, Walter H, Schulter E, Reuter S, Fatkenheuer G,
Bickel M, da Silva H, Kaiser R, Esser S: The SnoB study:
frequency of baseline raltegravir resistance mutations
prevalence in different non-B subtypes. Medical Microbiology
and Immunology 2011, 200:225-232.

47. Bar-Magen T, Donahue DA, McDonough El, Kuhl BD,
Faltenbacher VH, Xu H, Michaud V, Sloan RD, Wainberg MA: HIV-
1 subtype B and C integrase enzymes exhibit differential
patterns of resistance to integrase inhibitors in biochemical
assays. AIDS 2010, 24:2171-2179.

48. Garrido C, Soriano V, Geretti AM, Zahonero N, Garcia S, Booth C,
Gutierrez F, Viciana |, de Mendoza C: Resistance associated
mutations to dolutegravir (S/GSK1349572) in HIV-infected
patients — impact of HIV subtypes and prior raltegravir
experience. Antiviral Research 2011, 90:164-167.

49. Quashie PK, Mesplede T, Han YS, Oliveira M, Singhroy DN,

. Fujiwara T, Underwood MR, Wainberg MA: Characterization of
the R263K mutation in HIV-1 integrase that confers low-level
resistance to the second-generation integrase strand transfer
inhibitor dolutegravir. Journal of Virology 2012, 86:2696-2705.

This study suggests that the next-generation integrase inhibitor dolute-

gravir might have different resistance pathways in subtype B and C.

50.

51.

52.

Bar-Magen T, Sloan RD, Donahue DA, Kuhl BD, Zabeida A, Xu H,
Oliveira M, Hazuda DJ, Wainberg MA: Identification of novel
mutations responsible for resistance to MK-2048, a second-
generation HIV-1 integrase inhibitor. Journal of Virology 2010,
84:9210-9216.

Geretti AM, Harrison L, Green H, Sabin C, Hill T, Fearnhill E,
Pillay D, Dunn D: Effect of HIV-1 subtype on virologic and
immunologic response to starting highly active antiretroviral
therapy. Clinical Infectious Diseases 2009, 48:1296-1305.

Scherrer AU, Ledergerber B, von Wyl V, Boni J, Yerly S, Klimkait T,
Burgisser P, Rauch A, Hirschel B, Cavassini M et al.: Improved
virological outcome in White patients infected with HIV-1 non-
B subtypes compared to subtype B. Clinical Infectious Diseases
2011, 563:1143-1152.

This large cohort study was able to demonstrate that virological out-
comes in non-B subtypes are at least as good as, if not better than,
subtype B.

53.

54.

Dierynck I, De Meyer S, Lathouwers E, Vanden Abeele C, Van De
Casteele T, Spinosa-Guzman S, de Bethune MP, Picchio G: In
vitro susceptibility and virological outcome to darunavir

and lopinavir are independent of HIV type-1 subtype in
treatment-naive patients. Antiviral Therapy 2010,
15:1161-1169.

Cooper DA, Heera J, Goodrich J, Tawadrous M, Saag M,
Dejesus E, Clumeck N, Walmsley S, Ting N, Coakley E et al.:
Maraviroc versus efavirenz, both in combination with
zidovudine-lamivudine, for the treatment of antiretroviral-
naive subjects with CCR5-tropic HIV-1 infection. Journal of
Infectious Diseases 2010, 201:803-813.

www.sciencedirect.com

Current Opinion in Virology 2012, 2:636-643



	Are subtype differences important in HIV drug resistance?
	Introduction
	HIV-1 origin, subtypes and recombinants
	Subtyping tools and drug resistance databases
	Nucleoside and nucleotide reverse transcriptase inhibitors
	Non-nucleoside reverse transcriptase inhibitors
	Protease inhibitors
	Integrase inhibitors
	Clinical efficacy of new antiretroviral agents by HIV-1 subtype
	Conclusions
	Acknowledgements
	References and recommended reading


