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Prevalent Polymorphisms in Wild-Type HIV-1 Integrase Are Unlikely
To Engender Drug Resistance to Dolutegravir (S/GSK1349572)
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The majority of HIV-1 integrase amino acid sites are highly conserved, suggesting that most are necessary to carry out the criti-
cal structural and functional roles of integrase. We analyzed the 34 most variable sites in integrase (>10% variability) and

showed that prevalent polymorphic amino acids at these positions did not affect susceptibility to the integrase inhibitor dolute-
gravir (S/GSK1349572), as demonstrated both in vitro (in site-directed mutagenesis studies) and in vivo (in a phase Ila study of
dolutegravir monotherapy in HIV-infected individuals). Ongoing clinical trials will provide additional data on the virologic ac-

tivity of dolutegravir across subject viruses with and without prevalent polymorphic substitutions.

uman immunodeficiency virus type 1 (HIV-1) integrase
(IN), which incorporates reverse-transcribed HIV-1 DNA
into the host cell, is an essential enzyme for HIV replication (1),
making the inhibition of IN an attractive target for new HIV ther-
apies. Prevalent polymorphisms can affect the antiviral activity of
some HIV antiretrovirals, as has been shown recently for the mat-
uration inhibitor bevirimat (2) and historically for nonnucleoside
reverse transcriptase inhibitors in HIV-2 infection. Thus, an ex-
amination of the effects of polymorphic sites of the IN gene on
susceptibility to integrase inhibitors (INIs) is important.
Integrase inhibitors are a new class of antiretroviral agents that
overall possess relatively complex constellations of primary and
secondary resistance mutations and cross-resistance profiles; con-
sequently, different studies have used different lists for defining
INT resistance-associated mutations, with different frequency def-
initions for what constitutes a polymorphic residue in HIV IN
(3-7). Lataillade et al. (4) analyzed the prevalence of natural poly-
morphisms for IN genes sequenced from INI treatment-naive
HIV-1 clade B clinical strains. They used a low-stringency poly-
morphism cutoff: the occurrence of a single mutation in a single
sequence out of their 243 IN sequences analyzed. They found that
major INT resistance-associated mutations, including those asso-
ciated with high-level resistance to the previous INIs (i.e., ralte-
gravir [RAL] and elvitegravir [EVG]), occurred infrequently in
samples from INT treatment-naive patients. More specifically, the
major amino acid substitutions located within the catalytic do-
main known to contribute to high-level INT resistance were not
generally found to occur as natural polymorphisms; however, two
unique samples containing N155H and Q148H were identified in
samples originating from Australia. Rhee et al. (7) evaluated the
prevalence of natural HIV-1 IN polymorphisms from clinical
group M (multiple clades) strains from >1,500 INI treatment-
naive subjects. In their analyses, the defined INI resistance muta-
tions were overall nonpolymorphic (defined as a cutoff of 0.5%
frequency), with the exception of E157Q, which was present at a
1.1% frequency and was considered to be a primary mutation for
elvitegravir (4). In the Rhee study, secondary resistance mutations
(e.g., L74M, T97A, V1511, G163R, and S230N) possessed poly-
morphism rates between 0.5% and 2.0%. In another study, Cec-
cherini-Silberstein et al. (3) carried out a detailed review of RAL

March 2013 Volume 57 Number 3

Antimicrobial Agents and Chemotherapy p. 1379-1384

and EVG clinical resistance-associated mutations and compared
these with polymorphisms in naive IN sequences. In concordance
with the Lataillade and Rhee studies, the INI resistance-associated
mutations were found to be similarly infrequent in untreated pop-
ulations. Furthermore, the authors showed that the majority of
amino acid positions (sites) in treatment-naive IN (180 of 288
[62.5%]) are highly conserved (<1% variability) and consist of
sites involved in critical functions of the protein. Overall, these
findings highlight the relative lack of natural polymorphisms in
the HIV-1 IN gene that facilitate drug resistance pathways and
reinforce the potential advantage of pursuing IN as a target for the
treatment of HIV; however, clinical efficacy data are required to
further examine the effects of any naturally occurring IN poly-
morphisms on clinical responses in patients.

There have been multiple analyses looking at the response in the
clinic based on natural variation. In the case of RAL, two different
analyses have been presented (8, 9). Marcelin et al. (9) concluded
that “HIV-1 subtype and baseline integrase polymorphisms do
not influence the virologic response to RAL,” whereas Armenia et
al. (8) concluded that “among all integrase polymorphisms, only
T122I and S119P were associated with poorer virologic response
to raltegravir either at 24 or 48 weeks during treatment.” Overall,
these studies indicate that the effect of polymorphisms on re-
sponse and resistance in the INI class is not as clear as has been
observed for bevirimat (2) and suggest that additional investiga-
tion may be needed.

Dolutegravir (DTG; S/GSK1349572) is being developed for
INI-naive patients as a once-daily, unboosted, HIV INI. To date,
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limited cross-resistance to clinically relevant RAL- and EVG-re-
sistant mutants has been demonstrated in vitro (10). In the in vitro
resistance profiling of DTG produced by passage of HIV-1 strain
IIIB (from a chronically infected cell line), IN substitutions L1011,
T124A, S153F, and S153Y were observed; notably, however, the
HIV-1 HIB viral population contains ~40% T124A at baseline
(11). Interestingly, the resistance profile of DTG generated by in
vitro passage of HIV-1 NL432 (starting virus from an infectious
clone) demonstrated that the only IN substitutions observed were
E92Q and G193E, and neither substitution reduced DTG suscep-
tibility (12, 13).

The antiviral activity of DTG has been evaluated in a phase IIa,
multicenter, randomized, parallel, double-blind, placebo-con-
trolled study investigating three doses of DTG (2, 10, and 50 mg)
monotherapy compared with placebo for 11 days in HIV-infected
subjects (14). All DTG dose groups had significant reductions in
plasma HIV-1 RNA from baseline (P < 0.001), with median
changes of —1.5 log,,, —2.0 log,o, and —2.5 log,, for the 2-mg,
10-mg, and 50-mg dose groups, respectively (compared to +0.05
log,, in subjects receiving placebo), with low variability in either
pharmacokinetics or virologic response within each dosing group;
these results led us to hypothesize that naturally prevalent
polymorphisms in IN do not affect virologic response to therapy
with DTG.

Accordingly, we aimed to characterize the prevalent polymor-
phisms in IN gene sequences obtained from HIV-1-infected pop-
ulations collected before the broad use of INIs and to assess the
effect of these natural IN polymorphisms on fold change (FC) to
DTG using two methods: resistance determination in vitro and
antiviral responses after DTG monotherapy in subjects with and
without IN polymorphisms.

(These data were presented in part at the 50th Interscience
Conference on Antimicrobial Agents and Chemotherapy, Boston,
MA, September 2010.)

MATERIALS AND METHODS

Generation of a master INI treatment-naive reference sequence align-
ment. Integrase inhibitor-naive coding sequences were extracted from two
major online repositories: the Los Alamos National Laboratory (LANL)
HIV  Sequence Database (http://www.hiv.lanl.gov/content/sequence
/HIV/mainpage.html) and the Stanford Resistance Database (SRD) (6,
15). The LANL sequences generated after 2005 (when late-stage clinical
development of RAL was initiated) were excluded, whereas INI-naive
sequences from SRD were identified as defined by database annotations
and were included. Data from both sources were refined by filtering for
full-length IN sequences (=800 bp) and retaining only those that were
mapped to a patient ID. Sequences from both databases were subse-
quently merged, and only nonredundant sequences were retained. A mas-
ter reference alignment was then generated after sequence alignment us-
ing MUSCLE (16).

A cutoff of >10% variation at the amino acid level was used to define
a position as polymorphic. This conservative cutoff ensured that an iden-
tified polymorphism would be relevant to clinical data and would not be
identified on the basis of sequencing error or sporadic mutations, as a
public data set was used in this analysis. Percentage conservation for each
site in the master reference alignment was calculated with respect to the
most prominent residue at that position. An additional bootstrap analysis
was also carried out to ensure that the conservation estimates were repro-
ducible and robust with respect to the addition of new data. This was done
by randomly sampling 50 subalignments (with replacement) from the
master alignment and calculating the error in the sample estimates. To
remove the bias associated with patient sampling, each subalignment had
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50 randomly sampled sequences and only 1 representative sequence per
patient.

For positions with amino acid mixtures, the weights of the corre-
sponding amino acids were adjusted downward. For example, if a certain
mixture position was coded for serine or threonine, then serine and thre-
onine would each be given a weight of 0.5. In comparison, an unambigu-
ous codon coding for serine would be given a weight of 1.

Determination of the influence of polymorphisms on in vitro DTG
susceptibility using site-directed molecular clones. A panel of site-di-
rected molecular clones (SDMs) was constructed from pNL432 with sin-
gle, double, and triple mutants. This panel comprised IN substitutions
identified during in vitro passage with DTG as well as IN polymorphic
sites. Fold change susceptibility (FC in ICs, relative to wild-type control
virus) to DTG and RAL was measured using HeLa CD4 cells (11, 17), and
IC5s are defined as the half-maximal effect.

Evaluation of the effect of polymorphisms on HIV-1 RNA response
to DTG. In the phase IIa dose-ranging study of DTG monotherapy, HIV-
infected subjects were randomized to receive DTG (2, 10, or 50 mg) as
monotherapy or placebo every 24 h for 10 days. The primary efficacy
endpoint was the change from baseline in plasma HIV-1 RNA at day 11 as
determined by the COBAS Amplicor HIV-1 monitor test, version 1.5,
ultrasensitive preparation (Roche Molecular Diagnostics, Branchburg,
NJ) (14). Secondary endpoints included the analysis of viral IN genotypes
and phenotypes using the GeneSeq and PhenoSense assays for INIs
(Monogram Biosciences, Inc., South San Francisco, CA) (18). Results
from this testing are reported as FC in IC, relative to that of the wild-type
control virus. The PhenoSense Integrase assay (Monogram Biosciences,
Inc.) has biological cutoffs in FC of 2.5 for DTG and 1.5 for RAL.

This study was conducted in accordance with good clinical practice
procedures, all applicable regulatory requirements, and the guiding prin-
ciples of the Declaration of Helsinki. The study protocol was reviewed and
approved by the Copernicus Group Institutional Review Board. All pa-
tients provided written informed consent before entry in the study.

Change from baseline in log,, HIV-1 RNA was examined at day 11
after adjusting for the effect of dose in a linear analysis of variance model
at polymorphic sites, and conserved changes were identified in passage
(e.g., S153, G193). Residuals from this model (i.e., the difference between
a subject’s observed response and the average response at the dose the
subject received) were categorized by the presence of a non-wild-type
amino acid at each of the codons identified as polymorphic (and for which
there was at least 1 nonconsensus amino acid). The effect of polymor-
phism at each position was assessed for the day 11 response using a mul-
tivariate linear model that adjusted for dose and for the presence of non-
reference amino acids at each of the identified positions. This model was
fitted once for each position. The P value for the effect of each polymor-
phism at each position was calculated from the linear model’s Wald test of
the estimated effect of the presence of nonreference amino acids. The P
values for these 30 assessments of the effect of polymorphism were not
adjusted for multiplicity.

RESULTS

Prevalence of IN variability and polymorphisms. A total 0f 2,997
IN sequences were identified and aligned. The major genomic
subtypes provided in this data set (n = 1,954) included B (33%),
Al (5.78%), C (24%), and CRF01_AE (5%). Analysis of naive
sequences obtained from LANL and SRD revealed a high degree of
conservation across the 288 amino acid residues (Fig. 1). The ma-
jority of positions (59%) were found to vary by <<1% at the amino
acid level (i.e., >99% conservation). These highly conserved po-
sitions spanned long regions across the IN protein.

A total of 34 positions met the criteria for a polymorphic site
(>10% amino acid diversity) and were found to be distributed
across IN, with some positions directly adjacent to each other
(e.g., sites 134, 135, and 136; Fig. 2; see also Table S1 in the sup-
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FIG 1 Integrase amino acid conservation of 2,997 sequences from the Los Alamos National Laboratory HIV Sequence Database and the Stanford Resistance
Database (http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html) (6, 15).

plemental material). A bootstrap analysis indicated that the con-
servation estimates of these 34 polymorphic sites were highly re-
producible, with site 119 recording the highest error rate
(75.53% = 1.05%). Both sites 101 and 124 were found to be highly
polymorphic (58.20% = 0.94% and 52.24 = 0.94% error rate,
respectively). Mutations at site 74 that add or modulate resistance
to RAL and EVG (when present with other primary mutations)
(11, 19) were found in 11.5% of sequences. Frequencies of each
amino acid identified were as follows: L74L, 88.57%; L741, 8.94%;
and L74M, 2.19%. No other position identified as a major INI
mutation or INI resistance-associated substitution was found to
be polymorphic at =10%.

Effect of polymorphisms on INI susceptibility in vitro. In
addition to the polymorphic substitutions identified from the sur-
vey of LANL and SRD sequences, this study also investigated pre-
viously identified substitutions that arose during in vitro passage
(11). The SDMs with polymorphic amino acid changes T124A and

% Conservation

L1011 had DTG FC values below the assay cutoff for reduced sus-
ceptibility. Fold change for SDMs ranged from 0.91 for the L1011/
T124A double substitution to 2.5 for the nonpolymorphic substi-
tution S153Y, which arose during in vitro passage of DTG ( Table
1). The mean FC for L1011 was 1.4 for DTG and 1.2 for RAL, each
of which is within the assay’s variability. The addition of polymor-
phisms L101T and T124A to the S153F mutation had an FC within
the assay’s variability of 2. It is important to note that the DTG
trough concentrations were 19-fold above the protein-adjusted
inhibitory concentration at 90% (ICy,) of 152 nM that was ob-
served at the once-daily, 50-mg dose (20); this is well above the
maximum FC for all SDMs tested in this study.

Effect of polymorphisms on response to DTG. Of the 34
codons identified as polymorphic, 6 were not represented in the base-
line isolates from participants in the phase Ila study. Virus from all 28
subjects receiving DTG had wild-type amino acids at codons 21, 84,
100, 269, and 278 and a non-wild-type amino acid at codon 234.

- ™ N © O N~ ©
N N N N N N N N

FIG 2 Integrase amino acid distribution at 34 polymorphic sites (>10%) from the Los Alamos National Laboratory HIV Sequence Database and the Stanford
Resistance Database (http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html) (6, 15). The color of amino acids reflects their chemical properties: polar
amino acids, green; basic amino acids, blue; acidic amino acids, red; hydrophobic amino acids, black.
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TABLE 1 In vitro drug susceptibility for site-directed mutants with
polymorphisms and substitutions observed during DTG passage”

TABLE 2 Fold change response to DTG and RAL for day 1 isolate
samples (n = 35) with variation at amino acids 101 and 124

Amino acid

substitution(s) in DTG EC, RAL FC,
NL432 Where observed mean = SD  mean * SD
L1011 Polymorphism/passage  1.40 = 0.36  1.20 £ 0.12
T124A Polymorphism/passage  0.95 = 0.19  0.82 + 0.08
L101I/T124A Polymorphism 0.91 0.77

S153F Passage 1.60 = 0.20 1.30 £ 0.14
S153Y Passage 2.50 = 1.1 1.30 £ 0.19
L1011/S153F Polymorphism/passage  2.00 = 0.11  1.30 * 0.54
L1011/T124A/S153F  Polymorphism/passage  1.90 = 0.24  1.40 * 0.14
E92Q Passage 1.60 £ 0.12 350* 1.4
G193E Passage 1.30 1.30

@ Assay variability of 2-fold changes. Data were previously presented (11) and are results
from 3 to 5 independent experiments.

Differences in the group median FC values were calculated for
DTG and RAL at sites 101 and 124 (Table 2). All 101 and 124
genotypes had similar ICs,s and overlapping variance ranges for
DTG and RAL. The average FC to DTG was 0.79, and the average
FC to RAL was 0.89. No polymorphism showed an average shift in
susceptibility of >2-fold to either DTG or RAL, and no median FC
observed was greater than the FC assay variability (i.e., FC = 2).

The residuals (i.e., differences in change from baseline in log;,
HIV-1 RNA at day 11 after adjusting for the effect of dose in a
linear model) at positions of polymorphic substitution and con-
served changes identified in passage (i.e., S153, G193) are shown
in Fig. 3. These observed medians were consistent with random
variation from a mean of zero and a small variance (<0.3 log,,
copies/ml).

The effect of substitutions at each position was tested using a
multivariate linear model that adjusted for dose and the presence
or absence of substitutions at each position (1 position at a time).
Figure 4 shows the 30 Pvalues for tests of the effect of substitutions
at each of the 30 positions analyzed. The P values ranged from
0.035 to 0.99 (median, 0.56; interquartile range, 0.21 to 0.70). The
P values shown in Fig. 4 are not adjusted for multiple compari-
sons, because any such adjustments rendered even the smallest P
value observed (P = 0.035) nonsignificant. When plotted against
the corresponding quantiles from a uniform distribution, the dis-
tribution of P values shows a close approximation to such a dis-
tribution (i.e., numbers randomly and evenly sampled between 0
and 1). For example, the dashed line shows that just under 5% of
codons (1 of 30 tested) had a P value of =0.05 in a test of the
significance of their effect on the day 11 response. The dotted line
shows that just over 20% of codons (7 of 30 tested) had a P value of
=0.2. This pattern of P values is consistent, with no position ex-
amined having an effect on the day 11 response to DTG. In sum-
mary, the results of the in vivo analysis support the hypothesis that
the polymorphisms had no impact on the day 11 response to DTG.

DISCUSSION

Although the majority (59%) of IN amino acids from the large
sample data set (~2,997 sequences) of carefully selected INI-naive
sequences were >99% conserved, 34 positions in this data set were
polymorphic based on having >10% variation at the amino acid
level. This cutoff provided a reasonable number of polymorphic
sites for studying DTG susceptibility, and the number of polymor-
phic sites identified compares well with previous studies that
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Variation at site:

No. of DTG FC, median  RAL FC, median
101 124 subjects  (range) (range)
LI0IL  TI24T 6 0.64 (0.47-0.89)  0.72 (0.5-0.95)
LI101L TI124A 5 0.97 (0.63-1.17) 0.91 (0.58-1.05)
L101L T124N 7 0.78 (0.66-0.82) 0.92 (0.83-1.41)
LI101L T124S 2 0.825 (0.79-0.86)  0.965 (0.96-0.97)
L101L T124T/N 1 0.89 0.82
L101L T124T/N/D/A 1 0.89 1.15
LI0II  TI24T 5 0.79 (0.72-0.88)  0.86 (0.84—1.16)
L1011  TI124A 3 0.81 (0.78-0.89) 0.79 (0.76-0.97)
L1011  Ti124N 3 0.85 (0.46-0.86) 0.97 (0.89-0.98)
L1011 T124S 1 0.74 0.64
L1011  T124T/N 1 0.8 1.16

probed smaller numbers of sequences from targeted HIV-1 clini-
cal samples (3, 4, 6). Our analysis identified position 74 as a
polymorphic site. The L74M substitution is a recognized INI re-
sistance-associated substitution that does not decrease INI sus-
ceptibility alone but that can significantly reduce RAL and EVG
susceptibility when present with major INI mutations (11). In this
analysis, L74M was detected in our panel of sequences at a fre-
quency of 2.9%; other studies have confirmed this low frequency
of L74M in antiretroviral therapy-naive patients (3, 21).

Several groups have considered the role of polymorphisms in
terms of implications for resistance to DTG (22-24). The preva-
lence data showed similar frequencies as previously described (7),
and it was concluded that L101I and T124A were present in ap-
proximately 50% of subjects examined. Of note, these studies
evaluated only the prevalence of polymorphisms L101I and
T124A and did not have data on clinical response or in vitro drug
susceptibility for their analyses. The Métifiot et al. study (23) ex-
amined these two polymorphisms from a structural standpoint
and again could find no supporting evidence for their impact on
DTG susceptibility.

Variability at polymorphic sites 101 and 124 was significant in
our study (>50% for L1011 and T124A). However, testing of
SDMs at sites 101 and 124 as either single or double mutants
demonstrated no effect on DTG susceptibility. Baseline clinical
samples taken from participants in our phase IIa study showed no
differences in DTG susceptibility in the presence or absence of
L101Tor T124A (Table 2). Most importantly, subjects receiving 10
days of DTG monotherapy demonstrated no apparent difference
in viral load decline with any polymorphism, including those in-
volving sites 101 and 124 (Fig. 3). Notably, virologic responses
have also been excellent in the phase IIb SPRING-1 study; 90% of
treatment-naive subjects on DTG plus two nucleoside reverse
transcriptase inhibitors (NRTIs) had HIV-1 RNA of <50 cop-
ies/ml after 48 weeks of therapy, compared with 82% treated with
efavirenz plus two NRTTs (20). Given the high prevalence of poly-
morphisms at these positions, one would expect lower short- or
long-term responses if such polymorphisms were associated with
response.

Although this analysis focused only on the presence of nonref-
erence amino acids at the 34 polymorphic positions, all subjects
had multiple, additional amino acid substitutions compared with
the reference. No attempt was made in this analysis to factor out
their contributing influence to response. Thus, these results indi-
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FIG 3 Dose-adjusted differences in viral load (log,,) response at day 11 by polymorphisms present at day 1 from a phase Ila study (# = 28). The number within
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interquartile range of residuals are plotted. Box plots are provided on the right to show the random variation from the mean of zero for the polymorphisms tested.

cate that no single polymorphism led to a substantial increase or
decrease in clinical response, a finding confirmed by the nonsig-
nificant effects of the presence of nonreference amino acids in
multivariate models of that day 11 response. The high response
rates through 48 weeks observed in the phase IIb SPRING-1 study
and two large phase III studies (20, 25, 26) further underscore the
consistent and potent activity of DTG across INI-naive patients
despite polymorphisms, such as those at positions 101 and 124 in
HIV-1IN.

1.0 9 ---- pvalues <0.05 -
—— Pvalues <0.2 o
o
o
o
c 0.8 1 o
o o
= o
:g o
= o
2 o
T 0.6
g a
:g o
c o
=]
£ 0.4 a
° a
£ o
g p— -— - ?
G 0.2 - a
"/
o
|
0.0 | : . : :
0.0 0.2 0.4 0.6 0.8 1.0
P values

FIG 4 Theoretical quantile distribution of P values for tests of the effect of
amino acid substitutions using a multivariate linear model adjusted for dose
and the presence or absence of substitutions at each position.
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Our data from INI-naive patients suggest that polymorphisms
at the most variable positions in wild-type IN do not reduce sus-
ceptibility to DTG. Ongoing trials will provide additional data on
the virologic activity of DTG across subject viruses with and with-
out prevalent polymorphic substitutions.
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