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ABSTRACT P1093 is a multicenter, open-label, phase I/ll study of pharmacokinetics,
safety, and tolerability of dolutegravir plus an optimized background regimen in pedi-
atric participants aged 4 weeks to <18 years with HIV-1. Most participants were highly
treatment experienced. We report the mechanisms of emergent integrase strand trans-
fer inhibitor (INSTI) resistance among adolescents and children receiving dolutegravir.
Plasma was collected at screening and near protocol-defined virologic failure (PDVF)
for population-level and, for some samples, clonal-level integrase genotyping, pheno-
typing, and replication capacity. HIV-1 RNA was assessed in all available plasma sam-
ples. Phylogenetic analysis of clonal integrase sequences and homology modeling of
HIV-1 intasome complexes containing resistance-associated substitutions were per-
formed. Treatment-emergent INSTI resistance was detected in 8 participants who met
PDVF criteria. The rare INSTI resistance-associated substitution G118R or R263K devel-
oped in 6 participants. The on-study secondary integrase substitution E157Q or L74l
was observed in 2 participants. G118R reduced dolutegravir susceptibility and inte-
grase replication capacity more than R263K and demonstrated greater reduction in
susceptibility and integrase replication capacity when present with specific secondary
integrase substitutions, including L74M, Té6l, and E138E/K. Continuing evolution after
R263K acquisition led to reduced dolutegravir susceptibility and integrase replication
capacity. Structural examination revealed potential mechanisms for G118R- and R263K-
mediated INSTI resistance. G118R and R263K INSTI resistance substitutions, which are
distinct to second-generation INSTIs, were detected in adolescents and children with
prior virologic failure who received dolutegravir. This study provides additional molec-
ular and structural characterization of integrase to aid in the understanding of INSTI
resistance mechanisms in antiretroviral-experienced populations. (This study has been
registered at ClinicalTrials.gov under identifier NCT01302847.)
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dolescents and children with HIV-1 face multiple barriers to antiretroviral therapy

(ART) adherence, including logistical challenges related to drug access and age-
related factors, as well as issues with formulations, dosing frequency, pill or volume burden,
toxicity, side effects, and others (1-3). As a result, there is a critical need to develop simple,
safe, potent, and acceptable ART medications for adolescents and children with HIV-1.
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TABLE 1 Baseline characteristics?

Antimicrobial Agents and Chemotherapy

HIV-1 Prior ART agent(s)

Age HIV-1 RNA level Optimized
Patient Cohort (yr) subtype (copies/mL) Duration (mo) NRTI NNRTI Pl background ART
1 | 12 B 7,739 144 ZDV, DAT, 3TC, ABC NFV, LPV,RTV  FTC, TDF
2 | 16 B 17,996 152 3TC, ZDV, D4T, DD, FTC, TDF RTV, ATV EFV, FTC, TDF
3 1B 7 B 96,369 85 ZDV, ABC, 3TC NVP LPV, RTV 3TC, ZDV
4 11l 5 B 1,605,957 13 3TC, ZDV LPV, RTV 3TC, ZDV
5 -DT 2 C 30,531 28 ABC, 3TC LPV, RTV 3TC, ZbV
6 v 1 CRFO1_AE 594 9 DA4T, 3TC NVP LPV, RTV DA4T, 3TC
7 A 1 B 890 132 ZDV, 3TC, D4T, DDI, ABC EFV NFV, LPV,RTV  FTC, TDF, RTV, ATV
8 II-DT 5 CRFO1_AE 846,872 69 3TC, ZDV LPV, RTV 3TC, EFV, RTV, DRV

aABC, abacavir; ART, antiretroviral therapy; ATV, atazanavir; DDI, didanosine; DRV, darunavir; DT, dispersible tablet; D4T, stavudine; EFV, efavirenz; FTC, emtricitabine; LPV,
lopinavir; NFV, nelfinavir; NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; NVP, nevirapine; Pl, protease inhibitor; RTV,

ritonavir; 3TC, lamivudine; TDF, tenofovir disoproxil fumarate; ZDV, zidovudine.

Dolutegravir is a second-generation integrase strand transfer inhibitor (INSTI) that is
potent and efficacious and has demonstrated strong efficacy, a high barrier to resist-
ance, and a favorable safety and tolerability profile in treatment-naive and treatment-
experienced adults with HIV-1 in phase Il studies (4-6). Resistance to dolutegravir was
not detected in studies of ART-naive and ART-experienced, virologically suppressed
participants who failed treatment after starting a dolutegravir-based 3-drug regimen
(6, 7). In INSTIl-experienced participants who failed treatment after starting dolutegra-
vir, no new INSTI resistance patterns were identified (8). However, in studies of dolute-
gravir treatment in ART-experienced, INSTI-naive individuals, there have been a small
number of participants failing treatment with the uncommon INSTI resistance substitu-
tions G118R and R263K (8, 9).

The International Maternal Pediatric Adolescent AIDS Clinical Trials Network (IMPAACT)
P1093 study is evaluating the safety, tolerability, efficacy, and pharmacokinetics of dolute-
gravir in combination with an optimized background regimen for the treatment of HIV-1
in infants, children, and adolescents aged 4 weeks to <18 years in age-defined cohorts
(10). Data from the P1093 study were instrumental in the recent US. Food and Drug
Administration and European Medicines Agency approvals for dolutegravir dispersible
tablets (DT) for children as young as 4 weeks of age and weighing at least 3 kg (11-14).
Most adolescents and children enrolled in the P1093 study were highly treatment experi-
enced and had evidence of virologic failure at screening (10, 15-17). A planned interim ef-
ficacy analysis before regulatory submission evaluated participants who completed or had
the opportunity to complete through the week 24 visit. Here, we aimed to characterize
the pathways of INSTI resistance that emerged among adolescents and children receiving
dolutegravir who met protocol-defined virologic failure (PDVF) criteria in the P1093 study
as part of a planned interim analysis.

RESULTS

Baseline characteristics. Of 142 participants in the P1093 study included in this anal-
ysis, 36 (25%) met PDVF criteria through the data cutoff and had genotypic analysis per-
formed. Of those meeting PDVF criteria, 8 (22%) participants across the treatment cohorts
had on-treatment observations of resistance-associated integrase substitutions at or near
PDVF (Table 1). All 8 participants were nucleoside reverse transcriptase inhibitor (NRTI)
and protease inhibitor (Pl) experienced, and 3 had prior nonnucleoside reverse transcrip-
tase inhibitor (NNRTI) exposure. Optimized background regimens were 2 NRTIs (n = 5), 2
NRTIs + 1 NNRTI (n = 1), 2 NRTIs + 1 boosted PI (n = 1), and 1 NRTI + 1 NNRTI + 1
boosted PI (n = 1). Six of the 8 participants had optimized background regimens that
consisted of =1 antiretroviral agent used in a prior ART regimen. Based on discus-
sions with the study personnel, each of the 8 participants was judged to be nonad-
herent to the study regimen leading up to the PDVF visit. HIV-1 subtypes were B
(n=5),C(n=1),and CRFO1_AE (n = 2).
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FIG 1 HIV-1 RNA and CD4" cell count over time in participants with PDVF and treatment-emergent resistance-associated
substitutions in integrase. Red boxes denote HIV-1 RNA at the week each participant met PDVF criteria. Solid and dashed lines
indicate HIV-1 RNA levels of 400 and 50 copies/mL, respectively.
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Clinical outcomes. Of the 8 participants with detected treatment-emergent resist-
ance-associated integrase substitutions, PDVF criteria were met at week 24 (n = 4) and
weeks 32, 40, 132, and 192 (n = 1 each) (Fig. 1). Before PDVF occurred, 6 participants
had achieved HIV-1 RNA levels of <400 copies/mL, 4 of whom achieved levels of <50
copies/mL for several weeks. Of the 6 participants with available CD4* cell count data
at the time of PDVF, 5 showed an increase from baseline (median [range], 240 [54 to
1,012] cells/mm?3), consistent with the observed initial decline in HIV-1 RNA. After PDVF
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occurred, participant 6 resuppressed (HIV-1 RNA <50 copies/mL) with reoptimization
of the background regimen. The remaining 7 participants remained in the study after
PDVF for 32 to 216 weeks.

Population genotypic and phenotypic analysis. Of the 8 participants with resist-
ance-associated integrase substitutions, 6 had treatment-emergent rare INSTI-associ-
ated substitutions G118R (n = 5) or R263K/R (n = 1) during the course of treatment
(Table 2). In 2 participants, a single INSTl-associated polymorphic substitution of E157Q
or L741 (n = 1 each) was identified during the study, but given that no pretreatment
samples from either participant were available for integrase assessment, it was not possi-
ble to determine if emergence had occurred during the study period. Four of 5 partici-
pants with G118R had 1 additional treatment-emergent INSTl-associated substitution of
L74M, E138E/K, E92E/Q, or T66I, respectively. Of 5 participants with available drug sensitiv-
ity data on or near PDVF, 4 (all of whom had G118R substitutions) demonstrated in vitro
resistance to dolutegravir (Table 2). Treatment-emergent protease substitutions did not
occur in any participant at PDVF; only 2 participants were taking a Pl as part of their opti-
mized background regimen. Three participants had additional treatment-emergent resist-
ance-associated reverse transcriptase substitutions of T215F/L, T215F/I/S/T and M230I/M,
or M184V (n = 1 each) at PDVF. One of the 5 participants with detection of G118R (partici-
pant 6) was able to fully suppress (HIV-1 RNA level, <50 copies/mL) after confirmation of
PDVF with the addition of lopinavir/ritonavir to the study regimen.

Participant 1 remained in the study after meeting PDVF criteria at week 32 and had
additional genotypic and phenotypic data available at weeks 136 and 168 (Table 2).
Testing at week 36 showed that virus from participant 1 had treatment-emergent R263K/
R but was susceptible to dolutegravir (fold change, 1.1). Additional integrase substitutions
accumulated at weeks 136 and 168, with genotyping results of E138A/E/K/T, S147G/S, and
R263K and E138T, S147G, and R263K, respectively. Participant 1 also demonstrated in vitro
resistance to dolutegravir at weeks 136 and 168 (fold change, 5.0 and 5.1, respectively).

For the 6 participants with emergent R263K or G118R, prior ART and optimized back-
ground regimen summaries and longitudinal reverse transcriptase and protease geno-
typic data may provide additional details on the emergence of resistance to dolutegravir.
Selection of 1 fully active drug based on a genotype obtained at study screening satisfied
the study’s inclusion requirement for the optimized background regimen. However, data
from Tables 1 and 2 show that optimized background regimen selection for these partici-
pants would be predicted to have limited activity due to preexisting resistance or evolu-
tion of resistance to components of the on-study optimized background regimen.

Clonal genotypic and phylogenetic analysis of HIV integrase. Clonal analyses of
integrase genotypes were performed on available plasma samples from 3 participants
with rare INSTI-associated substitutions (Table 3). Testing was performed on plasma
samples collected on or near PDVF. Individual clonal sequences show linkage of identi-
fied INSTl-associated substitutions. Clones from participant 2 with G118R and either
L74M or L74M/V75A treatment-emergent integrase substitutions exhibited increased
fold changes in dolutegravir susceptibility and decreased integrase replication capacity
compared with wild-type clones at baseline. Similar results were observed for clones
from participant 3, who had only treatment-emergent G118R compared with clones ana-
lyzed at baseline. Treatment-emergent R263K alone in clones at week 36 from partici-
pant 1 did not affect fold change in dolutegravir susceptibility or integrase replication
capacity compared with wild-type clones at baseline. However, week 136 clones from
participant 1 with treatment-emergent R263K plus additional integrase substitutions
resulted in increased fold change in dolutegravir susceptibility and decreased integrase
replication capacity compared with clones at baseline and week 36.

Results from the phylogenetic analysis of sequences from available plasma samples
demonstrated common ancestry for each participant sequence cluster (Fig. 2). Sequences
from participant 1 at pretreatment and week 36 clustered together, with none of the pre-
treatment and 4 of the 8 week 36 clones containing R263K. All week 136 clonal sequen-
ces and 1 week 168 population sequence contained R263K and clustered together (boot-
strap = 99%). A subcluster of sequences containing E138T, S147G, and R263K showed
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TABLE 3 Clonal integrase genotypes and drug sensitivity in selected participants with INSTI resistance-associated substitutions

Antimicrobial Agents and Chemotherapy

Median fold change in drug sensitivity

Median integrase

No. of replication capacity
Patient Study visit? Integrase substitution(s)® clones Dolutegravir® Elvitegravir’ Raltegravir® (%)
1 Pretreatment  L74V 4 0.97 1.28 1.10 95
L74l 1 0.97 1.22 0.90 29
L74L 3 1.16 1.03 1.28 81
Wk 36 R263K 4 2.0 23 1.37 97
V201l 3 1.19 1.1 1.1 92
V201V, R263R 1 1.26 1.31 1.15 128
Wk 136 A49G, M50V, V2011, R263K 12 417 3.6 1.76 49
A49G, M50V, E138T, S147G, V2011, R263K 4 6.33 4.83 2.22 28
2 Pretreatment  Wild-type 8 0.9 1.8 1.0 87.5
Wk 192 L74M, G118R 15 22 31 36 5.5
L74M, V75A, G118R 1 52 76 > MAX 0.28
3 Pretreatment V151l 8 0.9 1.1 0.8 147
Wk 52 V1511, G118R 16 9.6 6.0 12.5 17.5

aTesting for resistance took place at the next available time point after PDVF for participant 1 (week 36), participant 2 (week 192), and participant 3 (week 52).

PINSTI resistance-associated substitutions are in bold (27). Additional integrase substitutions of interest are in italics.

The clinical cutoff for dolutegravir is 4.0.
9The biological cutoff for elvitegravir is 2.5.
The biological cutoff for raltegravir is 1.5.

greater evolutionary distance (bootstrap = 96%). Analysis for participant 2 showed that all
week 192 clonal and population sequences collected after PDVF (week 168) clustered to-
gether (bootstrap = 85%); each sequence contained G118R, and 11 of 17 clones were iden-
tical at the nucleotide level. All week 52 clonal and population sequences from participant
3 collected 12 weeks after PDVF (week 40) clustered together (bootstrap = 93%), with 10
of 16 clones being identical at the nucleotide level. All sequences from this cluster con-
tained G118R and V1511; V1511 was also present in all pretreatment sequences in this par-
ticipant. As expected, sequences from participants 5 and 6 who had no further clonal anal-
ysis data available and HIV-1 subtypes C and CRFO1_AE, respectively, formed clusters
separately from each other and the subtype B sequences.

HIV integrase structural analysis. To further explore the impact of the observed
integrase substitutions seen in this study, homology models of the HIV-1 integrase active
site were examined (Fig. 3; see Text ST and Movie S1 in the supplemental material for
additional details). Structural analysis of wild-type HIV-1 integrase bound with viral DNA
(VDNA) demonstrated that R263 forms multiple hydrogen bonds among the catalytic
loop, including a dual hydrogen bond with N144 and with both the 3’ and 5’ termini of
the vDNA (9). In the integrase R263K mutant, all but one hydrogen bond with the sub-
strate and catalytic loop were eliminated, resulting in a differential geometry of the cata-
lytic site relative to wild-type HIV-1 integrase. Homology models of the HIV-1 integrase in
the context of the intasome complex reveal that the L74M, V75A, and G118R resistance
mutants are clustered near the HIV-1 integrase catalytic site. Specifically, these residues
are in close proximity to the catalytic site residues L63, D64, C65, E92, and F121. Those
proximal residues, along with the 3 resistance mutations, are located on or near the HIV-1
integrase host target DNA (tDNA) catalytic loop. Additionally, the L74M V75A G118R triple
mutant HIV-1 integrase model shows a complex network of hydrogen bonds among
R118, E92, and the tDNA terminus, as has been previously observed in G118R mutants (9,
18, 19).

DISCUSSION

This report characterizes the development of INSTI resistance among 8 pediatric
participants in the P1093 study who acquired resistance-associated integrase substitu-
tions while receiving dolutegravir. In 6 of the 8 participants, the INSTI substitution
G118R or R263K emerged during dolutegravir treatment. HIV-1 clones with either of
these INSTI substitutions impacted fold changes in dolutegravir susceptibility;
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Variant
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V151I
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FIG 2 Phylogenetic analysis of clonal and population integrase amino acid sequences from participants 1 through 6. Bootstrap
confidence levels are indicated for each sequence cluster. For population sequences, the naming convention is as follows:
participant number, time point in the study, HIV-1 subtype. For clonal sequences, the naming convention is as follows: participant
number, time point in the study, C clone identification number (number of clones with identical sequences).

however, the degree of reduced susceptibility was influenced by the presence of =1
secondary INSTI substitutions. Clonal data showed these secondary substitutions to be
linked on the same genome with either G118R or R263K. Modeling data described the
impact of these linked INSTI substitutions on the integrase structure and their ability to
constrict the catalytic pocket and reduce dolutegravir binding. Clinically, each partici-
pant showed an ability to initially suppress HIV-1 on dolutegravir treatment, but the
degree of suppression before PDVF varied across the 8 participants; adherence (per
the site’s investigator) was decreased for each participant leading up to the detection
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B
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midine

FIG 3 Catalytic site of wild-type or mutant HIV-1 integrase in the intasome complex. HIV-1 integrase is shown in cartoon and colored cyan. Selected
catalytic site amino acid residues are displayed as sticks and colored cyan unless otherwise designated. Both the vDNA and tDNA substrates are shown in
cartoon and colored orange. The terminal viral 3’ adenosine and target 3’ thymidine are displayed in cartoon and colored magenta and orange,
respectively. The catalytic magnesium (Mg?*) is displayed in ball-and-stick format and colored green. Hydrogen bonds are depicted as yellow dashed lines.
(A) View of the wild-type HIV-1 catalytic site illustrating the vDNA/tDNA interface and the mechanism of the integration process facilitated by D64, D116,
and the Mg?*. (B) Identical view of the G118R HIV-1 catalytic site illustrating the hydrogen bonding complex formed among the terminal tDNA, R118 (in pink),
and E92 (in pink) with the addition of the G118R resistance mutant. (C) Identical view of the L74M/V75A HIV-1 catalytic site illustrating the location of M74 (in
pink) and A75 (in pink) relative to the nearby catalytic site residues L63, C65, and F121. (D) Identical view of the L74M/V75A/G118R HIV-1 catalytic site
illustrating the location of M74 (in pink) and A75 (in pink) relative to R118 (in pink) and E92 (in pink). tDNA, host target DNA; vDNA, viral DNA.

of INSTI resistance. While this investigation provided additional knowledge on
observed INSTI resistance patterns, there was not enough information available to
identify a clinical or virological factor that would predict the emergence of these INSTI
resistance substitutions in children.

Emergent INSTI resistance has been previously reported among pediatric patients
aged 4 weeks to <19 years who had virologic failure after treatment with the first-gen-
eration INSTI raltegravir in the P1066 study. Raltegravir resistance-associated substitu-
tions developed in 15 of 40 participants with virologic failure by week 48 and in 19 of
60 by week 240 (3, 20, 21).

The INSTI resistance substitutions observed in the P1093 study were similar to those
observed in ART-experienced adults (9). In the larger adult phase Ill studies DAWNING
and SAILING, emergence of G118R and/or R263K with dolutegravir occurred in <2% of
participants (9, 22). Adults with G118R and/or R263K substitutions exhibited suppressed
or declining viral loads before meeting PDVF criteria, similar to observations in the P1093
study. In observations from adults, the reported degree of reduced dolutegravir
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susceptibility when either INSTI substitution was present was similar to observations from
the P1093 study. In addition, a recent meta-analysis of 11 studies enrolling >1,100 INSTI-
naive adults also reported 19 cases with development of G118R (n = 6) and/or R263K
(n = 13) while on a dolutegravir-based regimen (8). This meta-analysis reported that
G118R was observed most often in dolutegravir monotherapy studies (8). Importantly,
there have been no clinical observations of G118R or R263K integrase substitutions in
adult participants experiencing virologic failure while receiving fixed-dose combinations
of dolutegravir, such as abacavir-dolutegravir-lamivudine or dolutegravir-lamivudine, or
in those who are virologically suppressed and starting a dolutegravir-based 3-drug regi-
men (8, 23, 24).

In contrast to adult efficacy trials, the P1093 study had primary objectives of safety
and pharmacokinetics to gain regulatory approval, more limitations on clinical trial
enrollment, and no comparator group. While the P1093 study recruited mostly ART-
experienced participants, no ART-naive participants who enrolled in P1093 and started
dolutegravir during the study experienced PDVF with emergent INSTI resistance. Each
participant with emergent G118R or R263K was receiving a genotype-derived opti-
mized background regimen of =2 agents, but 5 of the 6 participants with emergence
of these INSTI substitutions were recycling agents from their ART history; the sixth par-
ticipant had emtricitabine as part of the optimized background regimen after prior
ART that included lamivudine. No participant in the P1093 study received dolutegravir
as part of a fixed-dose combination. Given that the majority of the study population
was highly treatment experienced, there were limited options for subsequent regi-
mens in the event of virologic failure, and drug availability varied between countries.
As a result, participants were permitted to remain on study treatment after meeting
PDVF criteria despite resistance development, potentially contributing to evolution of
resistance observed in this study compared with the adult study. Collectively, these
results point to the fundamental challenges involved in conducting clinical studies in
pediatric populations with HIV-1 and contribute to the limitations of this study.

Adherence to medication is critical for ART efficacy in any population; children experi-
ence multiple unique barriers to complete ART adherence (2). However, adherence is
inherently difficult to study rigorously in pediatric populations. Although lack of adher-
ence was reported for each participant with INSTI resistance detection in the P1093 study,
there was no specific adherence information available for each component of the regi-
men. Thus, it is possible that a participant was adherent to all elements of a treatment
regimen or only a portion of the regimen, which might be expected to result in additional
resistance. Indeed, for participant 1, who had emergent R263K, there were reports of non-
adherence to the optimized background regimen and only sporadic adherence to dolute-
gravir leading up to and after PDVF. However, it is important to note that this result was
determined through participant self-reporting in the P1093 study. Together, data from
P1093 underscore the lack of sensitivity of the study’s 3-day recall measure of adherence.
For future pediatric phase Il studies, hair levels or the use of dried blood spots could pro-
vide additional data for individual drug levels to gain information about adherence (25,
26).

Of the 6 participants with PDVF and resistance to dolutegravir, 5 developed G118R.
The clinical factors noted above describe a clinical setting in which antiretroviral resist-
ance may generally develop and may also specifically address the high number of par-
ticipants with this uncommon integrase substitution. All 5 participants were receiving
optimized background regimens that could be considered weaker (due to prior use or
resistance), and each struggled with adherence. Together, these 2 factors could pro-
vide a setting of functional monotherapy with dolutegravir and a higher risk of resist-
ance development. As noted above, G118R has been most frequently observed in the
setting of dolutegravir monotherapy (8).

Population and clonal integrase phenotypic analyses indicated that accumulation of
integrase substitutions is associated with decreased dolutegravir susceptibility. G118R
had a greater impact on reduced dolutegravir susceptibility than R263K. Additionally,
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integrase replication capacity was reduced in viral clones with G118R compared with
those with R263K. Specific secondary integrase substitutions also impacted the effect of
G118R and R263K on dolutegravir susceptibility. Treatment-emergent G118R in combina-
tion with either L74M or T66l was associated with reduced dolutegravir susceptibility
compared with G118R alone or with E138E/K. Clonal phenotyping demonstrated that a vi-
ral clone with G118R, L74M, and V75A had reduced susceptibility to dolutegravir, elvite-
gravir, and raltegravir compared with clones with only G118R and L74M. Consistent with
these results, the clone with G118R, L74M, and V75A exhibited reduced integrase replica-
tion capacity compared with the G118R L74M clones. Thus, V75A and the known INSTI re-
sistance-associated substitutions L74M and T66] may cooperate with G118R to exacerbate
INSTI resistance and reduce viral replication capacity (27). Treatment-emergent R263K
combined with additional integrase substitutions resulted in reduced susceptibility to
dolutegravir versus R263K alone in both population and clonal phenotyping analyses.
Viral clones with R263K and the integrase substitutions A49G, M50V, and V201l demon-
strated reduced susceptibility to dolutegravir and integrase replication capacity compared
with clones with R263K alone. Although A49G and M50V are not recognized as INSTI re-
sistance-associated substitutions (27), treatment-emergent integrase substitutions at
these positions or proximally at position 51 have been reported with other primary INSTI
substitutions in participants on an INSTl-based combination regimen (9, 22, 28). Further
investigation is needed to confirm the role of these positions in impacting INSTI suscepti-
bility and viral fitness (22, 29). Both dolutegravir susceptibility and integrase replication
capacity were further reduced in clones containing R263K and additional substitutions of
E138T and S147G. This result is consistent with the increased evolutionary distance
observed for clones with the known INSTI resistance-associated substitutions E138T and
S147G compared with other clones evaluated at the same time point, suggesting that
continued evolution in integrase occurred that led to reduced dolutegravir susceptibility
and integrase replication capacity (27).

In the phylogenetic analysis, more diversity was seen in baseline sequences than those
at PDVF. Within the clusters for each participant, there were subclusters with high boot-
strap values that contained all sequences from the most recent time point. A substantial
portion of clones sequenced at the most recent time point relative to PDVF were identical
at the nucleotide level. In participant 1, the clustering of all week 36 and 136 clones con-
taining R263K substitutions suggests a path of viral evolution. Further evidence that the
R263K pathway allows the accumulation of secondary substitutions is demonstrated by
the week 136 cluster from participant 1 (bootstrap value = 99%) in which 12 clones har-
bored A49G, M50V, V201l, and R263K and 4 clones with the greatest evolutionary dis-
tance had those substitutions plus E138T and S147G. These findings are consistent with
viral populations showing attempted evolutionary divergence and drug pressure.

In an effort to understand the emerging HIV-1 resistance-associated substitutions at a
molecular level, we and others previously described the development of HIV-1 intasome
homology models containing G118R and R263K alone (9, 30). The resistance data pre-
sented here are consistent with and supported by our previous molecular analysis of the
G118R and R263K models. Briefly, geometrical and hydrogen bond pattern changes at
these amino acid locations modulate the relative positioning of the tDNA and vDNA cata-
lytic loops, perturbing the geometry and trajectories of both substrates and leading to the
observed resistance profiles and viral replication capacities. To further support our analy-
sis, we developed 2 additional HIV-1 integrase homology models based on the cryo-EM
intasome structure reported in the literature and the G118R HIV-1 intasome model
described previously (9, 30). The first model contained the L74M V75A double mutant,
and the second contained the L74M V75A G118R triple mutant. Addition of L74M and
V75A occurred near the G118R mutation and the tDNA catalytic loop, resulting in the for-
mation of a hydrophobic core by M74, A75, F121, L63, C65, and the side chain of E92 (Fig.
3). With additional mutations of L74M and V75A, a stronger hydrophobic core is formed
just below the catalytic site that potentially restricts the flexibility of the tDNA catalytic
loop and alters the geometry of that site.
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Of the adolescents and children with treatment-emergent INSTI resistance in the P1093
study, 6 of 8 with resistance had the integrase substitution G118R or R263K, similar to resist-
ance patterns observed in adults treated with dolutegravir (9, 22). The G118R integrase sub-
stitution had a greater impact on reduced dolutegravir susceptibility than R263K. The effect
of both G118R and R263K on reduced dolutegravir susceptibility and integrase replication
capacity was modulated by the presence of additional integrase substitutions. Homology
models of the HIV-1 intasome complex provide mechanistic insights into how these unusual
substitutions, which are not easily acquired by the virus during dolutegravir treatment, may
contribute to the development of INSTI resistance. Overall, this study provides additional
molecular and structural characterization of integrase to aid in the understanding of INSTI re-
sistance mechanisms in antiretroviral-experienced populations.

MATERIALS AND METHODS

Study design. P1093 is an ongoing, multicenter, open-label, noncomparative phase /Il study evaluating
dolutegravir in infants, children, and adolescents with HIV-1 (ClinicalTrials.gov identifier NCT01302847).
Participants were enrolled in 1 of 8 age- and formulation-defined cohorts: cohort | (adolescents =12 to
<18 years), cohorts IIA and IIB (children =6 to <12 years), cohorts Il and IlI-DT (children =2 to <6 years),
cohorts IV and IV-DT (children =6 months to <2 years), and cohort V (infants =4 weeks to <6 months)
(https://clinicaltrials.gov/ct2/show/NCT01302847; https://www.impaactnetwork.org/studies/p1093). Different
dolutegravir formulations were evaluated across the cohorts, with cohorts | and IIA receiving film-coated tab-
lets (FCTs); cohorts IIB, Ill, and IV receiving granules for suspension; and cohorts IlI-DT, IV-DT, and V receiving
DT. This analysis describes INSTI resistance data from participants with available data through =24 weeks
who met PDVF criteria across all recruited cohorts.

The P1093 study recruited participants with HIV-1 RNA levels of >1,000 copies/mL and a confirmed HIV-1
diagnosis. Participants with known exposure or resistance to INSTIs, active AIDS-defining opportunistic infec-
tions, or use of systemic interferon or chronic immunosuppressive agents were excluded. Participants
received once-daily, weight-based dosing of dolutegravir administered in combination with an optimized
background regimen for each participant, which was selected by the investigator according to pharmacoki-
netic sampling and baseline genotyping results and approved by the P1093 protocol team. Twice-daily dolu-
tegravir dosing was provided if indicated, such as for combination dosing with NNRTIs (11). All optimized
background regimens were required to contain =1 fully active drug and 1 additional drug other than dolute-
gravir based on genotypic testing at enrollment. Raltegravir, elvitegravir, bictegravir, or other INSTIs were not
permitted in ART history or as background agents.

Protocol-defined virologic failure was defined as a confirmed decrease in plasma HIV-1 RNA of <1.0
log,, copies/mL at or after week 12 (unless HIV-1 RNA was <400 copies/mL) or confirmed HIV-1 RNA lev-
els of >400 copies/mL at or after week 24 on 2 consecutive measurements at least 1 week but no more
than 4 weeks apart. Participants could remain in the study and continue dolutegravir treatment after
PDVF confirmation if the site investigators in consultation with the study team believed potential patient
benefit existed. Participants who met PDVF criteria and remained in the study could either reoptimize
their background regimen or continue with no changes.

The study was conducted at IMPAACT Network sites in accordance with the International Conference
on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use Good
Clinical Practice following the principles of the Declaration of Helsinki. The study protocol was reviewed
and approved by local ethics committees or institutional review boards. Written informed consent was
obtained from each participant’s parent or legal guardian, and assent was obtained from older children.

Study assessments and data analyses. For this interim analysis, all recruited participants with avail-
able data through =24 weeks of the study by 12 February 2019 across the age/formulation groups were
evaluated for PDVF (10, 15-17, 31-33). Plasma HIV-1 RNA was measured at baseline and each available
study visit using the Abbott RealTime HIV-1 assay (Abbott Molecular, Des Plaines, IL). If a participant met
suspected virologic failure criteria, plasma HIV-1 RNA was evaluated =1 week but not >4 weeks from
the date of suspected virologic failure to confirm PDVF. Plasma samples collected at screening and on or
near PDVF were used for HIV-1 genotyping, which was conducted at the virology reference laboratory
for IMPAACT (Seattle Children’s HIV Specialty Lab, Seattle, WA) and Monogram Biosciences (South San
Francisco, CA), respectively. For genotyping performed at the IMPAACT reference laboratory, HIV-1
sequence analysis and viral subtyping were performed using the Stanford University HIV Drug
Resistance Database (http://hivdb.stanford.edu). Blood samples for CD4* cell count and frequency were
assessed at baseline, upon entry, and at weeks 12, 24, 32, 40, and 48. An adherence questionnaire was
administered that measured 3-day recall at each study visit. For additional adherence information, the
study team conducted personal communications with the site principal investigator for all participants
meeting PDVF criteria and reviewed the reason for study discontinuation from the end-of-study record.

Clonal genotyping and phylogenetic analyses. Clonal integrase genotyping and phenotyping for
dolutegravir, raltegravir, and elvitegravir were performed at Monogram Biosciences. At least 8 clones
were assessed at each time point. Phylogenetic analysis of 81 clonal and 13 population integrase amino
acid sequences was performed. For each participant, identical nucleotide sequences were identified,
and a single representative sequence was selected for inclusion in phylogenetic analyses. A maximum-
likelihood tree was created using the IQ-TREE application with Jones-Taylor-Thornton plus Gamma
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modeling (34). Evolutionary distance branch support was determined using 1,000 bootstrap replicates.
The maximum-likelihood tree used HXB2 as an outgroup.

HIV integrase structural analyses. The protein/substrate complexes involving amino acid changes at
L74 and V75 were constructed as previously described using either the HIV-1 intasome structure (Protein
Data Bank [PDB] ID 5U1C) or our G118R HIV-1 intasome homology model (9, 30). The wild-type complex
was prepared using Maestro software (version 12.1.013; Schrédinger LLC, New York, NY) by adding hydro-
gens to all heavy atoms present (35, 36). The L74 and V75 residues in both wild-type HIV-1 integrase chains
A and C were selected for mutation because both integrase chains are shown to be directly involved in the
integration of either vDNA or tDNA substrates in the cryo-EM structure. The “Mutate Residue” function was
first used to convert valine (V) to alanine (A) for the selected V75 residues, followed by conversion of leucine
(L) to methionine (M) for the selected L74 residues. The “Select Rotamer” function was then used to select a
conformation of the L74M mutant residue in chain A that best interacted with the surrounding residues
while maintaining a conformation similar to the wild-type L74 amino acid side chain. A similar procedure
was used for the L74M mutant residue in chain C. The protein/substrate complex containing the triple mu-
tant L74M V75A G118R was constructed using the procedure described above using our previously gener-
ated HIV-1 intasome G118R homology model as the initial HIV-1 intasome structural template (9). The
resulting coordinates were captured in Maestro software, and the hydrogens were removed from both pro-
teins and substrates. The resulting complexes were exported as PDB files for further analysis, and images
were created with the PyMOL molecular graphics system (version 1.7.6.6; Schrédinger LLC).

Data availability. Clonal and population sequences have been deposited in GenBank under acces-
sion numbers MZ568467 through MZ568547. Anonymized individual participant data and study docu-
ments can be requested for further research from www.clinicalstudydatarequest.com.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, MP4 file, 5.5 MB.
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