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Background. The dynamics of raltegravir-resistant variants and their impact on virologic response in 23 HIV-1-
infected patients, who started a salvage raltegravir-containing regimen, were investigated.

Methods. Integrase population sequencing and Ultra-Deep-454 Pyrosequencing (UDPS) were performed on
plasma samples at baseline and at raltegravir failure. All integrase mutations detected at a frequency =1% were
considered to be reliable for the UDPS analyses. Phylogenetic and phenotypic resistance analyses were also
performed.

Results. At baseline, primary resistance mutations were not detected by both population and UDPS genotypic
assays; few secondary mutations (T97A-V1511-G163R) were rarely detected and did not show any statistically
association either with virologic response at 24-weeks or with the development of resistant variants at failure. At
UDPS, not all resistant variants appearing early during treatment evolved as major populations during failure; only
specific resistance pathways (Y143R-Q148H/R-N155H) associated with an increased rate of fitness and phenotypic
resistance were selected.

Conclusions. Resistance to raltegravir in integrase strand transfer inhibitor—naive patients remains today a rare
event, which might be changed by future extensive use of such drugs. In our study, pathways of resistance at failure
were not predicted by baseline mutations, suggesting that evolution plus stochastic selection plays a major role in
the appearance of integrase-resistance mutations, whereas fitness and resistance are dominant factors acting for the
late selection of resistant quasispecies.

The extreme variability and the high evolution rate of =~ may already exist as minor viral populations before the

human immunodeficiency virus (HIV ) type 1 support initiation of any antiretroviral therapy [1-3]. Such
the hypothesis that some drug resistance mutations presence can be attributable to the natural background

of mutations in the HIV-1 quasispecies, or vice versa, as

an indication of transmission of drug-resistant HIV-1
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strains. Several studies demonstrated that minority
drug-resistant HIV-1 species, undetectable by standard
genotyping assays, might increase the risk of virologic
failure for the first-line highly active antiretroviral
therapy (HAART) regimens, especially for patients
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treated with nonnucleoside reverse-transcriptase in-
hibitors (NNRTIs) [4-9].

Raltegravir is the first integrase strand transfer in-
hibitor (InStI) approved for use in clinical practice
against HIV-1 infection [10-12]. For this reason,
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current use of this drug has created a requirement for resistance
monitoring on the HIV-1 integrase gene [13]. Although it is an
extremely potent antiretroviral drug, raltegravir showed a low-
intermediate genetic barrier for drug-resistance development.

The resistance patterns associated with raltegravir failure in-
clude 7 primary mutations (E92Q, Y143C/R, Q148H/K/R, and
N155H) directly involved in the development of resistance,
and often associated with secondary mutations (L74M, T97A,
E138A/K, G140A/C/S, Y143H, S147G, V151I, N155S, E157Q,
G163K/R, 1203M, and S230N/R), mostly able to reestablish the
impaired fitness of resistant viruses [14—16].

Recent studies performed using standard sequencing reported
the complete absence of primary InStl resistance mutations and
the extremely infrequent detection of secondary resistance
mutations in InStl-naive patients [15, 17-21]. Overall, a deep
exploration of the natural resistance in InStl-naive patients
needs further investigation, with special regard to whether
natural polymorphisms and/or minority resistant variants
may contribute to the efficacy and evolution of resistance
under the InStI pressure. At present, the new technology of
Ultra-Deep 454 Pyrosequencing (UDPS) is considered to be an
ideal tool for investigating the presence of HIV-1 drug re-
sistance mutations at frequency below the detection limit of
standard genotyping assays [1, 22-26].

Therefore, on the basis of all these considerations, the goal of
this study was to investigate and quantify, using UDPS, the
presence of both primary and secondary resistance mutations
and to evaluate their impact on the virologic response in a set of
23 HIV-1-infected InStI-naive patients who started a raltegravir-
containing regimen.

MATERIALS AND METHODS

Patients

The study included 23 HIV-1-infected treatment-experienced
patients followed up at 4 clinical centers in Italy who were
mostly infected by subtype B strains and received raltegravir
plus optimized background therapy. For patients with an
available protease and reverse-transcriptase sequence at ralte-
gravir therapy baseline, the genotypic sensitive score (GSS)
according to the protease inhibitor (PI), NNRTIL, or nucleoside
reverse-transcriptase inhibitor (NRTI) coadministered with
raltegravir was calculated using the Rega 8.02 algorithm (http://
regaweb.med.kuleuven.be/sites/default/files/algorithms/Rega_
HIV1_Rules_v8.0.2.pdf).

Integrase Population Sequencing

Integrase genotype analysis was performed at baseline and at
raltegravir failure on plasma samples with use of a research-use
protocol, as described elsewhere [18]. All integrase sequences
were submitted to GenBank (accession No. JN544083-
JN544122).

Massively Parallel Sequencing (UDPS)

Integrase UDPS was also performed at baseline and at raltegravir
failure on plasma samples. Viral RNA was extracted from 1 mL
of plasma (QIAamp Viral RNA kit; Qiagen). The same amount
of viral RNA (21 pL), regardless of viral load, was reverse
transcribed to ¢cDNA, and the integrase region spanning
amino acids 66—163 was amplified (HXB2 positions: forward
primer, 4400 — 4423; reverse primer, 4743 —4719). Amplicon
primer pairs were tailed at their 5’end with the 454 specific
sequencing primers, followed by a barcode. Addition of bar-
code sequences to the primers allowed the simultaneous pro-
cessing of amplicons originating from multiple individuals in
a single experiment [27]. To maximize the number of input
templates and to minimize variation owing to polymerase
chain reaction (PCR) drift, 7 parallel reverse-transcriptase
PCR analyses were performed per patient sample and pooled
[28-30]. Barcoded amplicons were equimolarly pooled and
sequenced on the GS-FLX instrument, according to the man-
ufacturer’s amplicon sequencing protocol (454 Life Sciences;
Roche). Sequences were analyzed using Amplicon Variant
Analyzer (AVA) software (454 Life Sciences; Roche), and
haplotypes were extracted from the AVA alignments.

Mutations

Consensus B (http://hivdb.stanford.edu/) was used as a ref-
erence strain for the definition of mutations. Primary and
secondary mutations associated (by in vitro or in vivo studies)
with resistance to InStls [12, 14, 16, 17, 19, 31-35], in addition
to all other integrase mutations, were analyzed.

With use of UDPS, only mutations present in the integrase
region (amino acids 66—163 ) were analyzed. In accordance with
another study [30], mutations were accepted as real variants
when present at a frequency of =1% among the total number of
reads. In cases when the total number of reads was <5000, a
fixed cutoff of 50 reads was used. The prevalence of each
integrase mutation was calculated for each specific position
according to all available sequences (range, 1189-16 300
sequences/residue) and to established reliability cutoffs. The
linkage of resistance mutations was evaluated calculating their
prevalence in unique overlapping sequences obtained by
UDPS with a prevalence =1% (haplotypes spanning amino
acids 90-163).

Phylogenetic Analyses

The phylogenetic analysis was performed for each patient on
unique overlapping sequences obtained using UDPS (hap-
lotypes spanning amino acids 90-163) and integrase population
sequences. Phylogenetic trees were estimated using a maximum
likelihood approach in PAUP, version 4.0 [36], using the
transversion model (GTR + I + G) manually modified to op-
timize parameter settings. The statistical robustness and re-
liability of branching order were confirmed through a bootstrap
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analysis using 1000 replicates on a maximum likelihood tree
produced by the PhyML 3.0 algorithm [37, 38] and through the
Zero Branch Length Test.

Production of Recombinant Viruses and Replication Capacity
Assays

Replication-competent recombinant viruses were generated
by Amaxa nucleofection (Amaxa Biosystems) and tested for
replication capacity in human T lymphocytic C8166 cells, as
described elsewhere [18]. Integrase amplicons were cloned in
an HXB2D-based integrase-deleted backbone with use of the
In-Fusion Dry-Down PCR cloning technology (Clontech-
Westburg), according to the manufacturer’s protocol [39, 40].
Cloning mixes were transformed into MAX Efficiency Stbl2
cells (Invitrogen) using the manufacturer’s procedure. Re-
combinant bacteria colonies populations from patients’ sam-
ples were washed and cultured to prepare DNA. Plasmid DNA
was prepared using the QiaPrep Spin Miniprep system (Qiagen).

Drug Susceptibility Testing of Recombinant Viruses
Recombinant viruses were titrated and phenotypically tested in
terms of drug susceptibility to raltegravir and elvitegravir, as
described elsewhere [39, 40]. Biological cutoff values were 2.1
for raltegravir and 2.0 for elvitegravir [40]. Raltegravir and
elvitegravir were obtained from Merck and Gilead Sciences,
respectively.

Statistical Analyses

To assess the potential role of all integrase baseline mutations
on raltegravir virologic response (in terms of frequency for
interpatient comparisons and median percentage of variants
for intrapatient comparisons), Fisher’s exact test and median
test were used to compare mutations among patients who
achieved or did not achieve HIV-1 RNA levels <50 copies/mL
at 24 weeks of raltegravir treatment. Wilcoxon matched-pairs
signed rank test was used to compare the median number of
mutations among patients detected using UDPS or population
sequencing at baseline genotypes.

RESULTS

Patient Characteristics

Overall, 69.5% of the 23 study patients were male, with a mean
age of 44 years; 91.3% were infected by HIV-1 B strains. All
patients were heavily pretreated with antiretroviral therapy,
including a median of 11 regimens containing NRTIs (inter-
quartile range [IQR], 9-14), 2 with NNRTIs (IQR, 2-3), 10
with PIs (IQR, 5.5-11), and 1 with Enfuvirtide (T20) (IQR,
1-4). At baseline, among patients with available protease and
reverse transcription sequences, the median GSS was 1 (IQR,
0—1.75). The median baseline CD4 cell count was 170 cell/mm?
(IQR, 21-276 cell/mm?), and the median HIV-1 RNA level was
5.1 log;o copies/mL (IQR, 4.7-5.4 log;, copies/mL). Fourteen

of 23 patients did not achieve an HIV RNA level <50 copies/mL
at 24 weeks of raltegravir treatment and were then considered
as having experienced virologic failures (Table 1). No difference
in demographic, viro-immunologic, GSS, and preexposure
therapy data was observed among responding and non-
responding patients (data not shown). At raltegravir therapy
baseline, both integrase population sequencing and integrase
UDPS were performed for all patients. For 3 of 14 patients
experiencing treatment failure, the HIV RNA level at failure
was <500 copies/mL. For these patients, genotyping was not
successful.

Baseline Presence of Raltegravir Resistance Mutations and
Virologic Response
No primary resistance mutations E92Q, Y143 C/R, Q148 H/K/R,
and N155H were detected either by population sequencing or
by UDPS. Secondary resistance mutations T97A, V1511, and
G163R were detected in few patients as major and/or minor
variants (Table 2). At baseline, as expected, UPDS was able to
detect a higher number of integrase polymorphisms (median,
6; IQR, 5-11), compared with population sequencing (median,
3; IQR, 2-5; P < .001, by Wilcoxon test). However, no statis-
tically significant difference was observed in the number of
raltegravir resistance mutations between the 2 techniques used.
None of the integrase mutations (found with UDPS or pop-
ulation sequencing) was statistically associated with virologic
response or failure to raltegravir (median test, Fisher’s exact
test; data not shown). However, the baseline secondary mu-
tations T97A and V1511 were found only in nonresponding
patients. On the contrary, the G163R secondary resistance
mutation was detected at baseline only in 1 responding patient
(with a prevalence of 8.6%) (Table 2).

Dynamics of Raltegravir Resistance Mutations During Failure
The development of either primary or secondary resistance
mutations at treatment failure did not statistically correlate with
any baseline preexistent mutation. Among the 11 patients who
experience treatment failure and were analyzed using UDPS at
failure, the primary resistance mutations Y143R, Q148 H/R, and
N155H, appeared in 1, 2, and 5 patients, respectively (Table 3).
The other 3 patients experienced failure without any primary
resistance mutation (data not shown).

One patient immediately experienced treatment failure within
the first month of raltegravir treatment, with the acquisition
of primary Y143R mutation. At baseline, this patient harbored
the secondary mutation T97A as the major variant (99% viral
population) (Table 3). After 6 months, while still receiving
raltegravir treatment despite failure, secondary mutations
L74M, E157Q, and the novel T112A also gained their prev-
alence among other variants. At the latest time (M12), the
mutations T97A, T112A, and Y143R were associated in 33.6%
of haplotypes (Table 3)
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Table 1.

Patient Characteristics

Genotypic Tests, No.?

Baseline Follow-up  Overall

CD4 Cell  HIV RNA HIV RNA
Patient Count, Level, logqg <50 Copies/mL
ID Sex Cells/mm® Copies/mL Subtype  GSS° Therapy With Raltegravir at 24 wk UDPS Pop® UDPS Pop® UDPS Pop®
12 F 24 5.1 B 0 3TC, DRV/r, T20 No 1 1 5 4 6 5
27 M 231 3.6 B 1.75 DRV/r, TDF, ETR No 1 1 1 1 2 2
49 F 21 4.5 B 2.5 DRV/r, FTC, TDF No 1 1 1 1
56 M 1 5.5 B 0 3TC, DDI, DRV/r, T20 No 1 1 1 1
69 F 328 4.4 B 0 3TC, DRV/r No 1 1 2 2 8 8
80 M 2 47 F ND 3TC, AZT, DRV/r No 1 1 1 1 2 2
81 M 83 5.3 B ND 3TC, ETR No 1 1 1 1 2 2
84 M 14 5.5 B 0.5 3TC, MVC, TDF No 1 1 7 4 8 5
141 M 276 4.9 B 1 3TC, AZT, DRV/r, ETR No 1 1 1 1 2 2
142 M 7 5.7 B ND DRV/r, ETR, FTC, T20, TDF No 1 1 1 1
145 M 480 5 B 0 3TC, DRV/r No 1 1 1 1 2 2
156 F 320 5.4 B 1.5 EFV, LPV/r No 1 1 1 2 1
162 M 192 5.1 B 2.5 ETR, SQV/r No 1 1 2 3 1
229 F 8 4.7 B 1.5 DRV/r, ETR, FTC, TDF No 1 1 3 2 4 3
5 F 315 5.3 F 2.5 DRV/r, ETR Yes 1 1 1 1
15 M 178 5.2 B 0 DRV/r, FTC, MVC, TDF Yes 1 1 1 1
16 M 132 4.6 B 0.5 3TC, DRV/r, TDF Yes 1 1 1 1
45 F 106 5.7 B ND 3TC, DRV/r, EFV Yes 1 1 1 1
57 M 105 5.3 B ND DRV/r, FTC, TDF Yes 1 1 1 1
58 M 563 4 B 0.75 DRV/r, FTC, TDF Yes 1 1 1 1
63 M 170 5.6 B 1.75 DRV/r, FTC, TDF Yes 1 1 1 1
151 M 207 47 B ND DRV/r, FTC, TDF Yes 1 1 1 1
155 M 11 5.7 B 1 ETR, T20 Yes 1 1 1 1
Total Median: 170 Median: 5.1 Median: 1.0 23 23 25 16 48 40
(n = 23) (IQR, 21-276) (IQR, 4.7-5.4) (IQR, 0-1.75)

Abbreviations: 3TC, lamivudine; AZT, zidovudine; DDI, didanosine; DRV/r, darunavir/ritonavir boosted; ETR, etravirine; FTC, emtricitabine; GSS, genotype sensitive
score; HIV, human immunodeficiency virus; IQR, interquartile range; MVC, maraviroc; ND, not determined; Pop, population; SQV/r, saquinavir/ritonavir boosted;

T20, enfuvirtide; TDF, tenofovir; .UDPS, Ultra-Deep-454 Pyrosequencing.

@ UDPS and population sequencing were not available for patients at failure D49, ID56, D142 (because with HIV-RNA levels < 500 copies/ml) and for all patients

with HIV-RNA levels < 50 copies at 24 week.

® The GSS to optimized background therapy was calculated for patients with an available protease and reverse-transcriptase sequence at raltegravir baseline,
according to the coadministration of protease inhibitors, nonnucleoside reverse-transcriptase inhibitors, and nucleoside reverse-transcriptase inhibitors, obtained by

using the Rega 8.02 algorithm.
¢ Population sequencing.

Two patients developed the Q148H/R resistance pathway, in-
cluding other secondary mutations (G140A/S, V151I) (Table 3).
Patient ID84 showed a gradual increase in prevalence of
Q148R, starting from month 1 (month 1, 1.5% of variants;
month 2, 15.8%; month 3, 63.3%; month 4, 70.7%; month 5,
76.3%). Viruses harboring G140S+Q148R were detected at
month 3, with an increase in prevalence of the G140S mutation
during the failure (months 1 and 2, 0% of variants; month 3,
34.0%; month 4, 66.7%; month 5, 68.1%). Of interest, after
raltegravir suspension, raltegravir-resistant viruses rapidly
decreased over time: indeed, after 3 months of interruption,
both G140S and Q148R mutations were still detectable but only
by UDPS and at low frequency (<2%).

Of the 5 patients who developed the primary mutation
N155H at raltegravir failure (Table 3), none had any secondary
mutation at baseline, with the exception of a single patient
who presented at baseline with the V1511 secondary mutation
(98.3% prevalence) (Table 2). The development of the N155H
mutation was in nearly all patients, accompanied by the
presence of other secondary mutations (L74M, E92Q, T97A,
Y143C, V1511, E157Q, and/or G163R). In particular, the V1511
mutation was selected in 3 of 5 N155H-failing patients, with
a prevalence ranging from 6.5% to 41.6% of the total viral
population. Of note, the patient already carrying the muta-
tion V1511 at baseline maintained it during raltegravir
therapy failure.
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Table 2. Baseline Ultra-Deep-454 Pyrosequencing (UDPS) Prevalence of Raltegravir Resistance Mutations and Virologic Response

HIV RNA Level =50 Copies/mL at 24 wk (n = 14)

HIV RNA Level <50 Copies/mL at 24 wk (n = 9)

Frequency, No. (%) Frequency Range,

Frequency, No. (%)

Overall

Frequency Range, Frequency, No. (%)

Mutation?® of Patients No. (%) of Variants of Patients No. (%) of Variants of Patients (n = 23)
T97A 1(7.1) 6491 (99.0) 0 (0) 1(4.3)
V1511 2 (14.3) 156-6106 (1.5-98.3) 0 (0) 2 (8.6)
G163R 0 (0) 1(11.1) 500 (8.6) 1(4.3)

Abbreviation: HIV, human immunodeficiency virus.

Data are from http://hivdb.stanford.edu/cgi-bin/INIResiNote.cgi [16] and Johnson et al (2010) [14].
@ All primary raltegravir resistance mutations (E92Q, Y143C/R, Q148H/K/R, N155H) and the secondary mutations (L74M, F121Y, E138A/K, G140A/S, Y143H,

S147G, N155S, E157Q) were absent.

Phylogenetic Analyses of Integrase Haplotypes During
Raltegravir Treatment

To better understand the evolution of integrase variants during
raltegravir therapy failure, a phylogenetic analysis was per-
formed for 3 representative patients who experienced treatment
failure (ID12, ID69, ID84) on unique overlapping sequences
obtained using UDPS and population sequencing of the
integrase region spanning amino acids 90-163. Baseline se-
quences obtained by population sequencing were always found
to be highly similar to the corresponding predominant viral
strains, as determined by UDPS (Figure 1).

Patient ID12

The baseline (at T,) viral population consisted of different
haplotype strains, all carrying T97A mutation. From the 1 with
higher prevalence (53.4%), 3 different strains harboring specific
resistance mutations (E92Q, N155H, or Y143R) developed after
1 month of failing raltegravir treatment. However, viral T,
strains expressing E92Q or N155H mutations were at low fre-
quency and did not further evolve, because they were absent
at later times. On the other hand, viral strains harboring the
Y143R mutation rapidly took the advantage over all other T,
populations. Viral evolution since the third month was, thus,
exclusively based on viral strains expressing T97A+Y143R.
Several strains in T3, T, Ty, and T}, populations also developed
the T112A mutation in addition to Y143R (Figure 1A).
Patient ID69

The baseline viral population consisted of different wild-type
strains, from which subsequently, after 5 months of raltegravir
treatment, different strains harboring the N155H resistance
mutation developed. In N155H viral populations, mutations
E92A, E92Q, and V1511 were further developed at month 7,
through different evolutionary pathways (prevalence, 11.6%,
22.1%, and 41.8%, respectively) (Figure 1B).

Patient ID84

In addition, in this case, the baseline viral population consisted
of different wild-type strains. Major viral populations during
the first 2 months were still mainly constituted by wild-type

strains, even if some viral strains carrying Q148R were detected
(at T1 and T2). Starting from month 3, a further acquisition of
G140S mutation on QI148R resistant variants was observed.
These resistant viruses were identified as the major viral
populations starting from Tz, Ty, and Ts sampling times.
Of interest, after raltegravir suspension, wild-type viruses
dominated again in later time sampling, with resistant variants
remaining detectable only at low frequency (haplotype
Q148R+G140S after interruption at month 3, 1.3%) (Table 3;
Figure 1C).

Phenotypic Resistance at Failure
Finally, to analyze the in vitro susceptibility to raltegravir in all
patients who experienced treatment failure, phenotyping assays
were performed on samples from both patients who developed
and patients who did not develop the genotypic resistance.
Phenotypic resistance was found only in samples with primary
resistance mutations and it increased with further acquisition
of other resistance mutations (Table 4). Indeed, the resistance
associated with Y143R mutation, further increased by the
presence of T112A and E157Q mutations during failure, was
higher for raltegravir than for elvitegravir (fold change range,
28.2-205.5 for raltegravir and 4.6-14.2 for elvitegravir). On the
contrary, the resistance associated with N155H alone was
higher for elvitegravir than for raltegravir (fold change, 29.5
for elvitegravir and 4.5 for raltegravir). Of note, when N155H
was associated with the novel mutation E92A, the resistance
was =4-fold increased for both drugs (see patient 69 in Table 4).
A very high phenotypic resistance to both drugs was observed
in a single patient (ID 229) harboring N155H together with
Y143C and S230R mutations (fold change, 1255.3 = 297.1 for
raltegravir and 625.3 * 382.9 for elvitegravir). Finally, the
Q148 pathway conferred high phenotypic resistance to both
drugs (50—-450-fold), especially for a combination of Q148H
and G140S mutations (250-450-fold) (Table 4).

To analyze the replication capacity of each recombinant virus
that showed InStI resistance mutations, p24 gag antigen
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Table 3. Dynamics of Raltegravir Resistance Mutations Detected by Ultra-Deep-454 Pyrosequencing (UDPS)

A: Patient Who Developed Primary Resistance Y143R Mutation

Mutations® Linked Mutations
Patient and HIV RNA, Reads Analyzed, Haplotypes,
Time, mo logqo copies/mL L74M E92Q T97A T112AP Y143R E157Q Mean * SD Mutations® Haplotypes, % No.
12 0 4.9 0 0 99.0 0 0 0 5266 = 991 97A 99.6 2746
1 5.0 0 1.9 9938 0 95.0 0 9591 = 3496 97A, 143R 97.9 2986
92Q, 97A 1.8
3 5.2 0 0 99.6 0 99.8 0 10 809 + 3912 97A, 143R 100.0 3368
7 5.1 1.7 0 994 31.0 997 0 12 805 = 3083 97A, 143R 100.0 427
9 4.8 33 0 99.4 4041 99.7 1.1 11 963 = 3059 97A, 143R 97.8 808
97A, 112A, 143R 2.2
12 4.8 9.0 0 99.7 66.9 99.6 6.9 12 154 = 3199 97A, 143R 65.7 487
97A, 112A, 143R 33.6
B: Patients Who Developed Primary Resistance Q148H/R Mutations
Mutations?® Linked Mutations
Patient and HIV RNA, Reads Analyzed, Haplotypes,
Time, mo logyo copies/mL  G140A G140S Q148H Q148R Q140K V1511  Mean = SD Mutations® % No.
27 0 3.5 0 0 11 286 + 2893 Wild type 100.0 4522
10 3.6 99.4 994 10 604 + 2618 140S, 148H 100.0 5241
84 0 5.7 0 0 0 0 6312 = 2047 Wild type 100.0 1771
1 3.2 0 0 1.5 0 11 012 + 2973 Wild type 100.0 5678
2 2.7 0 0 15.8 1.6 13480 + 3494 148R 15.7 7488
3 4.7 4.3 34.0 63.3 0 6870 = 2603 148R 69.8 1443
140S, 148R 12.0
4 5.4 1.0 66.7 70.7 0 7116 £ 2363 140S, 148R 76.1 2362
5 5.1 3.7 68.1 76.3 0 5647 * 2275 140S, 148R 84.3 1198
3d 5.5 0 1.6 1.8 0 6089 = 1595 140S, 148R 1.3 1810
9d 5.8 0 0 1.2 0 10 909 + 2952 Wild type 100.0 2908

C: Patients Who Developed Primary Resistance N155H Mutation

Mutations® Linked Mutations
HIV RNA,
Patient and logqg Reads Analyzed, Haplotypes,
Time, mo copies/mL L74M E92AP E92Q T97A Y143C V1511 N155H E157Q G163R  Mean + SD Mutations® % No.
69 0 4.4 0 0 0 0 0 5014 = 2215 Wild type 100.0 28
155H 51.3
5 3.8 306 4.1 6.5 98.1 2.2 4501 = 768 92A, 155H 38.6 2767
1511, 155H 6.4
92Q, 155H 4.3
1511, 155H 41.8
92Q, 155H 221
7 3.6 8.7 212 416 974 4.3 5704 + 1443 155H 21.0 1766
92A, 155H 11.6
155H, 163R 24
81 0 5.3 0 1190 = 430 Wild type 100.0 856
3 5.1 65.3 9861 + 4011 155H 64.5 2767
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Table 3 continued.

Mutations?® Linked Mutations
HIV RNA,
Patient and logio Reads Analyzed, Haplotypes,
Time, mo  copies/mL L74M E92AP E92Q T97A Y143C V1511 N155H E157Q G163R  Mean = SD Mutations® % No.
141 0 4.9 98.3 0 0 0 9261 + 2439 1511 100 5832
1511, 155H 62.5
6 4.3 99.8 98.7 2.0 37.2 10088 = 2542 151, 155H, 35.6 6433
163R
1511, 155H, 1.8
157Q, 163R
145 0° 5.0 0 0 0 11 820 = 3254 Wild type 100.0 6514
155H 85.0
10° 3.2 96.5 149 99.6 9195 + 2522 151, 155H 15.0 5580
229 0° 4.7 0 0 0 0 0 9300 * 2361 Wild type 100 5164
143C, 155H 89.2
7° 5.7 15.0 88.9 10.2 98.0 0 12 615 = 3555 1511, 155H 8.7 8922
143C, 1511, 1.1
155H
143C, 155H 89.9
9° 5.7 15.1 88.3 10.6 983 0 11 999 + 3271 151, 155H 8.9 8201
143C, 1511, 1.2
155H
143C, 155H 90.6
11° 4.1 0 99.2 103 994 10.0 12 231 = 3263 143C, 1511, 9.4 8790
165H, 157Q

Data include percentage of reads of raltegravir resistance mutations (as percentage ratio of number of reads mutated /total number of reads detected at each
specific position) from integrase positions 66-163 (http://hivdb.stanford.edu/cgi-bin/INIResiNote.cgi [16]; Johnson et al, 2010 [14]) over time, relative mean =
standard deviation of reads detected at each specific position and HIV RNA level for patients with raltegravir failure. Linkage of resistance mutations is given as
prevalence in unique overlapping sequences obtained with UDPS (haplotypes spanning amino acids 90-163) with the number of haplotypes reconstructed for each
time point/patient.

@ Only raltegravir resistance mutations found in each patient are reported. Mutations F121Y-E138A/K-Y143H-S147G-Q148K were never detected. The first letter

represents the wild type aminoacid (according to consensus B), followed by the integrase position and finally the mutated aminoacid.

° Novel mutations.

c

4 Samples obtained after raltegravir interruption.

Raltegravir-resistance and novel mutations found in haplotypes; “‘wild type'" indicates haplotype without mutations.

¢ For these patients, only haplotypes spanning amino acid 130-163 integrase positions were available.

production in human C8166 T lymphocytes was also analyzed
and compared with each baseline virus. After 5 days of in-
fection, p24 production of recombinant viruses containing
the primary mutations was, as expected, lower than the of
the baseline virus. Of interest, in some cases, the replication
capacity increased over time, according to the accumulation
of mutations able to restore viral fitness, such as T112A and
E157Q for the virus with T97A+Y143R (ID12) and S119T
and T125A for the virus with Q148H+G140S (ID27).

DISCUSSION

In this study, with use of both population sequencing and
UDPS, with a cutoff of reads of 1%, baseline primary resistance
mutations for raltegravir (E92Q, Y143R/C, Q148H/K/R, and
N155H) were absent in InStI-naive patients receiving ralte-
gravir as a new drug in the context of a salvage regimen.

Few secondary resistance mutations, such as T97A, V1511,
and G163R, were rarely detected at baseline, and their presence
was not significantly associated with virologic response or failure
to raltegravir at 24 weeks. In addition, the development of re-
sistance at the time of failure did not statistically correlate with
any baseline preexistent mutation but was associated only with
the appearance of primary resistance mutations and further
selection of specific pathways.

Nevertheless, mutations T97A and V1511 were detected only
in patients who experienced treatment failure, both at baseline
(rarely) and at failure (more frequently). T97A is a compen-
satory InStl resistance mutation selected in vivo by raltegravir
[31, 33, 34, 41-43], but its role in virologic failure is still
unclear. Of interest, in both this and another recently pub-
lished study [18], the T97A mutation, when found alone
in the absence of primary mutations, does not change the
raltegravir susceptibility in vitro. Similarly, V1511 is
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Figure. 1. Evolution of viral haplotypes during raltegravir failure.
Maximum likelihood trees inferred for the haplotypes (90—163 integrase
positions) from patients ID12 (A), ID69 (B), and 1D84 (C). Dots indicate
major variants (prevalence, >50%) detected by Ultra-Deep-454 Pyrose-
quencing, and squares indicate specimens by population sequencing. Tg
indicates raltegravir baseling; Ty—Tj, , time (months) of sample collection
during raltegravir treatment.

a polymorphic mutation that has been selected in vitro by
multiple Integrase Inhibitors, and it has no effect on ralte-
gravir or elvitegravir susceptibility [18, 20, 34, 41, 44-46]. In this
study, the V1511 mutation was found at baseline in 2

patients, in both of whom the raltegravir-containing regimen
failed, and at failure, it was often present with N155H as
minor or major quasispecies.

Further investigation is needed to better assess the clinical
impact of these (and all other) polymorphic mutations on
raltegravir virologic response. For instance, in our study,
phenotypic analyses confirmed the decreased susceptibility to
raltegravir (and decreased replication capacity) only for viruses
carrying primary resistance mutations (Y143C/R, Q148H/R,
and N155H). The combination of primary mutations with
other known mutations (L74M, E92Q, T97A, V151I, and
E157Q) and the novel E92A and T112A was often found at
failure and contributed to increasing the phenotypic re-
sistance. Of interest, we found that the uncommon combi-
nation of N155H and Y143C mutations associated with a
very high phenotypic resistance to both raltegravir (fold
change, >1200) and elvitegravir (fold change, >600).

The evolution of resistance mutations over time was also
inferred by phylogenetic analyses of the patients’ haplotypes
generated by UDPS. By this approach, it was possible to
analyze the intrapatient heterogeneity of wild-type HIV-1
integrase strains at baseline and their evolution under phar-
macologic pressure during raltegravir treatment and after
treatment interruption. In all 3 patients analyzed, we observed,
at earlier times of failure, the presence of several haplotypes
carrying different resistance mutations, with a different prev-
alence. However, not all of these variants evolved as major
populations and/or accumulated additional mutations during
failure. Indeed, at later times, only specific primary resistance
mutations were selected, and specific pathways were generated
and then maintained at low frequency after raltegravir in-
terruption. This intrapatients UDPS analysis suggests that
evolution plus stochastic selection plays a major role in the
appearance of integrase resistance mutations, whereas fitness
and resistance are dominant factors acting for the late selection
of resistant quasispecies. Of interest, previous studies based on
population sequencing similarly showed an evolution of re-
sistance mutations during different phases of raltegravir failure
(33, 34, 41, 43].

Overall, our results obtained by UDPS confirm other recent
observations based on different ultrasensitive assays. Indeed,
with use of a clonal approach, allele-specific PCR, or parallel
allele-specific sequencing, primary resistance mutations were
absent or very rare in InStl-naive patients [18, 47, 48], whereas
secondary mutations were more frequently detected [47].
However, the frequency of nearly all detected resistance mu-
tations was <1% of the viral population, and the frequencies of
mutations between the raltegravir success and failure groups
were similar [47-48], suggesting that these low-frequency re-
sistance mutations do not contribute significantly to virologic
failure. It is probable that additional studies with larger
numbers of patients may improve the statistical power to
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Table 4. Phenotype Effect of Raltegravir Resistance Mutations on Raltegravir and Elvitegravir Susceptibility and Replication Capacity

Fold Change®

Patient and
Time, mo Mutations?® Raltegravir Elvitegravir Replication Capacity®
Patient 12
0 T97A 1.2 +0.1 1.2+04 100 = 9.7
1 T97A, Y143R 28.0 £ 7.3 46 0.9 17.3 =54
3 T97A, Y143R 336*+78 6.6 =29 13.3 =838
7 T97A, Y143R, T112A/T 59.4 4.8 >100
9 T97A, Y143R, T112A/T 96.1 7.5 >100
12 T97A, Y143R, T112A, E157E/Q 205.5 14.2 >100
Patient 27
0 No resistance mutations 0.4 0.5 100 £ 2.8
6 G140S, Q148H 313.3 >456.0 89+24
9 G140S, Q148H 232.4 >456.0 335 *23
12 G140S, Q148H, S119S/T, T125T/A 248.0 >456.0 79970
Patient 84
0 No resistance mutations 09 *0.0 0.7 £ 0.1 100
4 G140S, Q148R 34.4 50.6 ND
5 G140S, Q1480/R 1.4+03 1.1+0.2 >100
Patient 69
0 No resistance mutations 1.3 0.8 100 £ 11.2
4 E92E/A, N155H° 7.8 27.7 174 =55
5 E92A, N155H 316 74 1175 = 344 41.3 +19.5
7 V1511, N155H 54 +1.9 75+23 240 +7.8
Patient 81
0 No resistance mutations 0.77 1.0 100 = 7.5
3 N155H 4.5 29.5 43.4 = 15.7
Patient 141
0 No resistance mutations ND ND ND
6 V151I, N155H, G163G/R 1.7 32.0 ND
Patient 229
0 No resistance mutations 1.2 0.8 100 £ 8.0
11 Y143C, N155H, S230R 1255.3 = 297.1 625.3 = 382.9 62.4 +19.3

Fold changes are mean values from 1 or 2 experiments, each performed with 4 replicate determinations in duplicate plates. Replication capacity experiments were
performed in triplicate. Bold and underlined type indicates primary raltegravir resistance mutations; bold type, secondary raltegravir resistance mutations.

@ Mutations found in recombinant viruses.

b Standard deviations were determined only when 2 experiments were performed. ND: not determined.

¢ Mutations found in plasma sample.

better understand the clinical implications of these preexisting
minority resistant mutations.

A potential limitation of our study is that resistant variants at
frequencies <1% of the viral population were excluded and,
thus, underestimated. For instance, and anecdotally, we found at
baseline only in a single patient with multidrug-resistant virus
(ID84) who was rapidly experiencing virologic failure to
a raltegravir and maraviroc salvage treatment, 2 sequences
(0.08% of the viral population, theoretically corresponding to
576 copies/mL of mutant virus in plasma) carrying the primary
Q148R mutation below the UDPS reliability cutoff. By phy-
logenetic inference, when these 2 haplotypes potentially

carrying Q148R were also exceptionally considered, 1 variant
was identical to those found at failure. In a similar recently
published clinical case report [49], a patient receiving ralte-
gravir in the salvage regimen harbored at baseline the muta-
tions N155H or Q148R at very low levels (4 sequences [0.12%]
and 1 sequence [0.03%], respectively).

Therefore, according to these recent observations, the de-
tection cutoff of minority resistance variants by ultrasensitive
techniques should be defined and clinically validated. Virologic
outcome is likely to be multifactorial and, thus, not simply
dependent on the presence or absence of a baseline resis-
tance mutation at low frequency [1-7]. Indeed, with use of
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allele-specific PCR, it was recently observed that, in treatment-
naive patients, only the presence of K103N mutant virus in
plasma at a level of >2000 copies/mL (eg, percentage of mu-
tation multiplied by HIV-RNA level) correlated with an in-
creased risk of virologic failure of the efavirenz-containing
triple-drug regimens [6]. In this light, the mutational load of
minority variants, considered as absolute number of viral
variants with a specific mutation [6, 26], may have a different
impact on virologic outcomes, especially for patients treated
with drugs showing low-intermediate genetic barrier.

Taken together, our work suggests that primary resistance
mutations detected at a frequency of <1% of the viral pop-
ulation should be considered with particular caution, especially
in patients with high viral load and with many previous ARV-
failures. In these patients with problematic cases, the risk
of ineffectiveness of salvage regimens may favor the selection
and the evolution of these potential preexisting minority re-
sistant species.

In conclusion, natural resistance to raltegravir in InStl-naive
patients remains a rare event that seems to not contribute
significantly to virologic failure. In our study, pathways of
resistance at failure were not predicted by baseline mutations
presentasminorormajor quasispecies. Nevertheless, the current
and future extensive use of InStl, increasing chances of InStI re-
sistancetransmission,could probablychangetheseresults, thus
far,reportedonlyinasingleclinicalcase[50]. Therefore, the role
of minority InStl resistance variants, together with the re-
liability and clinical cutoffs of ultrasensitive integrase gen-
otyping, will deserve further investigation.
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