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ABSTRACT The FLAIR study demonstrated noninferiority of monthly long-acting
cabotegravir 1 rilpivirine versus daily oral dolutegravir/abacavir/lamivudine for main-
taining virologic suppression. Three participants who received long-acting therapy
had confirmed virologic failure (CVF) at Week 48, and all had HIV-1 that was origi-
nally classified as subtype A1 and contained the baseline integrase polymorphism
L74I; updated classification algorithms reclassified all 3 as HIV-1 subtype A6.
Retrospectively, the impact of L74I on in vitro sensitivity and durability of response
to cabotegravir in HIV-1 subtype B and A6 backgrounds was studied. Site-directed
L74I and mutations observed in participants with CVF were generated in HIV-1 sub-
type B and a consensus integrase derived from 3 subtype A6 CVF baseline sequen-
ces. Rilpivirine susceptibility was assessed in HIV-1 subtype B and A1 containing
reverse transcriptase mutations observed in participants with CVF. HIV-1 subtype B
L74I and L74I/G140R mutants and HIV-1 subtype A6 I74L and I74/G140R mutants
remained susceptible to cabotegravir; L74I/Q148R double mutants exhibited reduced
susceptibility in HIV-1 subtypes B and A6 (half maximal effective capacity fold
change, 4.4 and 4.1, respectively). Reduced rilpivirine susceptibility was observed
across HIV-1 subtypes B and A1 with resistance-associated mutations K101E or E138K
(half maximal effective capacity fold change, 2.21 to 3.09). In cabotegravir break-
through experiments, time to breakthrough was similar between L74 and I74 viruses
across HIV-1 subtypes B and A6; Q148R was selected at low cabotegravir concentra-
tions. Therefore, the L74I integrase polymorphism did not differentially impact in
vitro sensitivity to cabotegravir across HIV-1 subtype B and A6 integrase genes
(ClinicalTrials.gov identifier: NCT02938520).
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Combination antiretroviral therapy (ART) is highly effective at achieving and main-
taining viral suppression and prolonging life expectancy in people living with HIV

(1, 2). Because of their increased efficacy and tolerability versus other ART drug classes,
next-generation integrase strand transfer inhibitors (INSTIs) are recommended for use
in first-line combination ART regimens and are the preferred first-line treatment option
in several HIV-1 treatment guidelines (3–7). Although first-generation INSTIs raltegravir
and elvitegravir demonstrated high efficacy (8–10), they have a relatively low genetic
barrier to resistance (3). In contrast, second-generation INSTIs dolutegravir and bicte-
gravir are effective (11–18), exhibiting improved resistance and durability profiles ver-
sus first-generation INSTIs (19). Treatment-emergent resistance to dolutegravir or
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bictegravir is rarely observed in patients naive to ART (20, 21). Furthermore, adults who
were ART experienced but not virologically suppressed and had prior resistance to $2
ART drug classes had significantly less treatment-emergent INSTI resistance with dolu-
tegravir versus raltegravir (18). These successful outcomes in part drove development
of simplified INSTI-based regimens with a reduced pill burden, including novel, long-
acting (LA) injectable formulations (3).

Cabotegravir, a structural analog of dolutegravir, is a second-generation INSTI with
potent in vitro antiviral activity and a prolonged absorption rate–dependent half-life
when administered as an intramuscular injection (22). Given its specific physiochemical
and pharmacokinetic properties, cabotegravir was developed for use both as combina-
tion HIV-1 treatment and as monotherapy for HIV-1 prevention (22). For treatment, cabo-
tegravir is approved in combination with the non-nucleoside reverse transcriptase inhibi-
tor (NNRTI) rilpivirine as a complete LA regimen administered monthly (United States,
Canada, Europe, and Australia) or every 2 months (Europe and Australia) (23–27).

The phase III FLAIR study evaluated the efficacy of monthly cabotegravir LA 1 rilpivir-
ine LA in maintaining virologic suppression in adults with HIV-1 infection (ClinicalTrials.gov
identifier: NCT02938520) (28). At Week 48, HIV-1 RNA $50 copies/mL was observed in 6
participants (2.1%) administered LA therapy versus 7 participants (2.5%) administered daily
oral dolutegravir/abacavir/lamivudine (adjusted difference, 20.4%; 95% confidence inter-
val [CI]: 22.8 to 2.1), demonstrating noninferiority of cabotegravir LA 1 rilpivirine LA ver-
sus oral dolutegravir/abacavir/lamivudine (28). Of 283 FLAIR study participants who
received LA therapy, 3 participants (1%) had confirmed virologic failure (CVF), defined as 2
consecutive plasma HIV-1 RNA levels $200 copies/mL. All 3 participants had treatment-
emergent INSTI resistance mutations of either G140R (n = 1) or Q148R (n = 2) and exhib-
ited .5-fold reduced susceptibility to cabotegravir versus the reference virus. In addition,
each participant had treatment-emergent NNRTI resistance mutations E138K, E138E/A/K/T,
or K101E (n = 1 each), with the latter 2 participants showing.2-fold reduced susceptibility
to rilpivirine versus the reference virus. All 3 participants with CVF were from Russia and
had the integrase polymorphism L74I at baseline (28, 29). Furthermore, all 3 participants
with CVF had the HIV-1 subtype that was previously reported as A1 (28).

The L74I polymorphism occurs in only 7% (404 of 5754) of integrase genes from iso-
lates in the current Los Alamos National Laboratory (LANL) database of HIV sequences
(http://www.hiv.lanl.gov/). L74I is particularly prevalent in individuals from Russia and
former Soviet Union countries, where it is present in 93% to 100% of HIV-1 subtype A
isolates (30). In the LANL database, L74I is present in only 5% (8 of 149) of integrase
genes in HIV-1 subtype A1 isolates but is present in 92% (70 of 76) of integrase genes
in HIV-1 subtype A6 isolates (http://www.hiv.lanl.gov/). Although L74I has not been
observed in association with INSTI resistance (https://hivdb.stanford.edu/dr-summary/
resistance-notes/INSTI/), the L74M mutation in combination with INSTI resistance-asso-
ciated mutations (RAMs) T66I/K, E92V, Y143C, or N155H reduced susceptibility 14- to
.200-fold to raltegravir or elvitegravir (31–34). L74M in combination with integrase
mutations at positions 140 and 148 reduced susceptibility 6- to 12-fold to bictegravir,
10- to 12-fold to dolutegravir, and 53- to 220-fold to cabotegravir (35). Furthermore,
L74M in combination with E92Q was found in an individual with CVF after raltegravir
treatment (36). L74M alone has minimal impact on INSTI resistance (31, 37).

Given the reported INSTI resistance associated with the L74 position and the clus-
tering of CVF among participants with the HIV-1 subtype that was previously reported
as A1 and the L74I polymorphism in FLAIR, the possibility existed of a potential associ-
ation between L74I and CVF, although the majority of participants with the baseline
L74I polymorphism maintained virologic suppression at Week 48 (50/54; 93%) (28;
https://hivdb.stanford.edu/dr-summary/resistance-notes/INSTI/). In addition, a recent
post hoc multivariable analysis across the FLAIR, ATLAS, and ATLAS-2M phase III studies
found that a combination of $2 baseline factors, including the presence of HIV-1 sub-
types A6/A1 or baseline rilpivirine RAMs, was required to increase risk of CVF (28, 38–
40). In this study, the relationship between L74I and HIV-1 subtype on sensitivity to
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cabotegravir and rilpivirine as well as the durability of response to cabotegravir was
probed. An updated classification algorithm reclassified the HIV-1 subtype identified in
the FLAIR participants with CVF as subtype A6, which is not surprising given the preva-
lence of L74I in HIV-1 subtype A6 viruses from individuals in Russia. In addition, the
ability of cabotegravir to suppress replication of viruses of HIV-1 subtypes B and A6
with or without L74I was evaluated. Results from this study provide valuable insights
into the pathway of HIV-1 resistance to cabotegravir and rilpivirine.

RESULTS
HIV-1 subtype reclassification. All 3 FLAIR study participants receiving LA therapy

with CVF were initially reported as having HIV-1 subtype A1 based on a commercial
genotyping algorithm that only used protease (PR) and reverse transcriptase (RT)
sequences (28). Given that the FLAIR participants with CVF presented with integrase
mutations and cabotegravir resistance (28), their HIV-1 subtype was further evaluated
with integrase sequences using the LANL reference library that contained additional
HIV-1 subtypes, including A3, A4, and A6. The updated genotyping algorithm deter-
mined that viruses from the FLAIR study participants with CVF were most similar to
HIV-1 subtype A6, rather than HIV-1 subtype A1 as originally reported (28). This is con-
sistent with the high prevalence of L74I in HIV-1 subtype A6 (http://www.hiv.lanl.gov/).

Cabotegravir sensitivity in vitro. Sensitivity to cabotegravir (fold change in half-
maximal effective concentration [EC50] values) was measured using replication-defec-
tive pseudoviruses to evaluate the impact of the L74I polymorphism in combination
with integrase resistance mutations and HIV-1 subtype (Table 1). L74- and I74-contain-
ing NL4-3 (HIV-1 subtype B) viruses and chimeric NL4-3 viruses containing the ConA6
HIV-1 subtype A6 integrase sequence were examined for susceptibility to cabotegravir,
and in the absence of other mutations, changes in integrase position 74 did not sub-
stantially affect EC50 values, with fold changes of 0.8 or 1.2 for the variants versus the
parent viruses. These results suggest that L74I alone does not impact cabotegravir sus-
ceptibility in the context of NL4-3, an HIV-1 subtype B virus, or A6 integrase genes.

In addition to the L74I polymorphism, each participant who met CVF criteria had
treatment-emergent INSTI resistance mutations of either G140R (n = 1) or Q148R
(n = 2) (28). These additional mutations were also introduced into the clones to exam-
ine their effect on cabotegravir sensitivity. When G140R was introduced into the NL4-3
variant containing L74I and the ConA6 integrase-containing virus with I74, no change
was observed in cabotegravir susceptibility, each with fold changes of 0.9 (Table 1).
However, when Q148R was introduced into either clone, EC50 values against cabotegra-
vir were increased, with fold changes of 4.4 and 4.1 for NL4-3 and ConA6-containing
viruses, respectively. Similar results were observed for NL4-3 viruses with L74 and

TABLE 1 In vitro cabotegravir inhibition of HIV-1 with integrase mutationsa

Viral vector
(HIV-1
subtype)

Wild-type Site-directed mutant

Position 74 Position 74 Other
EC50, fold
changeb (95% CI)

Adjusted
P value

NL4-3 (B) L74c — — — —
L74I — 1.2 (1.0, 1.6) 0.1948
L74I G140R 0.9 (0.7, 1.1) 0.4078
L74I Q148R 4.4 (3.5, 5.5) ,0.0001

ConA6 (A6) I74d — — — —
I74L — 0.8 (0.6, 1.0) 0.1657
I74 G140R 0.9 (0.7, 1.1) 0.6000
I74 Q148R 4.1 (3.2, 5.3) ,0.0001

aConA6, consensus A6; EC50, half maximal effective concentration.
bFold change to respective wild-type virus in 3 independent experiments.
cWild-type virus is a standard laboratory strain.
dWild-type virus is derived from consensus integrase sequences obtained from the 3 viruses from FLAIR
participants with confirmed virologic failure.
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ConA6-containing viruses with I74L plus either G140R or Q148R integrase mutations
(data not shown); these results are consistent with a previous study demonstrating
that Q148R alone was sufficient to produce a 5-fold shift in EC50 values (41). Therefore,
the L74I integrase polymorphism alone or in combination with Q148R did not differen-
tially impact in vitro sensitivity to cabotegravir across these HIV-1 subtype B and A6
integrase genes.

Rilpivirine sensitivity in vitro. Sensitivity to rilpivirine (fold change in EC50 values)
was measured by Monogram Biosciences to evaluate the impact of HIV-1 subtype in
combination with the NNRTI RAMs observed in the 3 participants with CVF from FLAIR
(Table 2). As the reclassification from HIV-1 subtype A1 to A6 was not known when the
rilpivirine experiments were initiated, a reference strain of HIV-1 subtype A1 was
selected to assess rilpivirine susceptibility. Wild-type NL4-3 (HIV-1 subtype B) virus and a
chimeric NL4-3 virus with the PR/RT gene derived from an HIV-1 subtype A1 virus
(92UG037) both had low fold change in EC50, with values of 0.89 and 0.71, respectively.
Introduction of E138A or E138T into either clone resulted in fold change in EC50 values
against rilpivirine of #2.0, the biological cutoff for rilpivirine. However, when E138K
was introduced into either clone, EC50 values against rilpivirine were above the biologi-
cal cutoff, with fold change values of 2.38 and 2.21 for the viruses with PR/RT genes
from NL4-3 and 92UG307, respectively. Introduction of K101E also resulted in increased
EC50 values against rilpivirine, with fold changes of 3.09 and 2.29 in the NL4-3 and
92UG307-PR/RT-containing viruses, respectively. Therefore, the known E138K and
K101E mutations conferred EC50 fold change values consistent with in vitro resistance
to rilpivirine equally across clones containing PR/RT genes from HIV-1 subtypes B and
A1 (https://hivdb.stanford.edu/dr-summary/resistance-notes/NNRTI/).

Growth kinetics of replication-competent viruses. Replication-competent NL4-3
viruses with L74 or L74I and chimeric NL4-3 viruses containing ConA6 HIV-1 subtype A6
I74 or I74L integrase sequences were generated and used to infect MT-2 cells. Viral
growth kinetics were monitored by measuring extracellular p24 antigen production.
All 4 viruses demonstrated similar in vitro replication kinetics, suggesting that the L74I
polymorphism does not impact virus growth (Fig. 1).

Cabotegravir breakthrough experiments. Breakthrough experiments were per-
formed to assess the impact of L74I and HIV-1 subtype on the ability of cabotegravir to
suppress in vitro viral replication. Cultures were infected with replication-competent NL4-3
viruses with L74, L74I, or chimeric NL4-3 viruses containing ConA6 HIV-1 subtype A6 I74 or
I74L integrase sequences. Infected cultures were treated with cabotegravir doses repre-
senting 2 � EC50 (1 nM), 10� EC50 (5 nM), and 1� protein-adjusted 90% effective concen-
tration (410 nM); a no-drug sample was used as a control. Breakthrough, as assessed by
syncytia formation, occurred for all 6 replicates of each virus from the no-drug control
within 7 days and between 8 and 11 days after treatment with cabotegravir 1 nM (Fig. 2).
Results were similar across HIV-1 subtypes B and A6, regardless of whether leucine or iso-
leucine was present at position 74. Treatment with 5 nM cabotegravir resulted in viral
breakthrough in 3 of 6 replicates for NL4-3 viruses, occurring between Days 28 and 42 for
NL4-3 viruses with L74 and on Day 38 for NL4-3 viruses with L74I. Viral breakthrough
occurred in 1 replicate each on Day 46 for chimeric ConA6 HIV-1 subtype A6 strains with
either I74 or I74L. Viral breakthrough did not occur with 410 nM cabotegravir for any virus

TABLE 2 In vitro rilpivirine inhibition of HIV-1 with reverse transcriptase mutationsa

EC50, fold changeb

Mutation NL4-3 (B) 92UG037 (A1)
WT 0.89 0.71
K101E 3.09 2.29
E138A 2.00 1.60
E138K 2.38 2.21
E138T 0.87 0.73
aEC50, half maximal effective concentration; WT, wild type.
bFold change to reference virus in 3 independent experiments.
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within 56 days. Emergence of resistance mutations in breakthrough viruses was rare, with
only 1 replicate of NL4-3 L74I containing a Q148R mutation with 5 nM cabotegravir. No
other resistance mutations emerged at any amino acid position in any breakthrough virus
after treatment with 1 or 5 nM cabotegravir. No Q148R mutations were observed when
additional replicates were repeated in 3 independent experiments at 5 nM cabotegravir
for $100 days, indicating that the occurrence of Q148R in combination with L74I was
rare at low concentrations and not observed at 410 nM, a concentration of cabotegravir
below the mean minimum observed plasma concentration at steady-state in LA treat-
ment studies (2.97mg/ml) (42).

FIG 1 Viral replication kinetics of replication-competent NL4-3 and ConA6 viruses not containing luciferase
reporters with and without integrase mutations at position 74 without cabotegravir treatment. Error bars
indicate standard deviation. ConA6, consensus A6.

FIG 2 Viral breakthrough of (a) NL4-3 L74, (b) NL4-3 L74I, (c) ConA6 I74L, and (d) ConA6 I74 replication-competent
viruses after treatment with no drug or increasing cabotegravir concentrations. The experiment was performed
with 6 replicates per virus per treatment. Viral breakthrough was evaluated by visual inspection for syncytia
formation. ConA6, consensus A6. aOf 6 replicates. bQ148R resistance mutation emerged in one of 3 breakthrough
viruses.
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DISCUSSION

In this study, the effect of the L74I integrase polymorphism on susceptibility to cab-
otegravir was examined using NL4-3 HIV-1 subtype B viruses and chimeric NL4-3 viruses
containing integrase sequences derived from a consensus HIV-1 subtype A6 sequence.
Fold change in EC50 for both NL4-3 L74I and ConA6-containing I74L mutants compared
with their parent viruses with L74 and I74 was near 1 for all viruses, indicating similar
susceptibility to cabotegravir, regardless of whether L74I was present or not. The L74I
polymorphism in combination with Q148R resulted in a 4-fold change in EC50 in viruses
containing integrase genes from both HIV-1 subtypes; however, Q148R alone pro-
duced a 5-fold increase in EC50 in a previous study, suggesting that L74I likely did not
predispose these viruses to resistance (41). Furthermore, frequency and timing of viral
breakthrough, as assessed by syncytia formation, after in vitro cabotegravir inhibition
at various cabotegravir concentrations was similar across viruses containing integrase
genes from the 2 HIV-1 subtypes, regardless of leucine or isoleucine at amino acid 74,
suggesting that having the L74I polymorphism at baseline does not predispose for
selection of in vitro resistance to cabotegravir. In addition, the emergence of Q148R in
combination with L74I was rare at low cabotegravir concentrations, with only 1 repli-
cate containing a Q148R mutation with 5 nM cabotegravir after 48 days and no selec-
tion of Q148R occurring when additional replicates were repeated at 5 nM cabotegra-
vir for $100 days. Therefore, presence of the baseline L74I integrase polymorphism
does not impact the in vitro potency or durability of cabotegravir suppression.

A total of 54 participants who received cabotegravir LA 1 rilpivirine LA in the FLAIR
study had the L74I polymorphism at baseline, 50 of whom had HIV-1 RNA ,50 copies/
mL at Week 48 and 3 of whom met CVF criteria on cabotegravir LA 1 rilpivirine LA
(28). The remaining participant met CVF criteria upon reinitiating oral lead-in therapy
after treatment with oral cabotegravir 1 rilpivirine was suspended because of a false-
positive pregnancy test and never received LA dosing. The proportion of FLAIR study
participants receiving LA therapy with HIV-1 RNA ,50 copies/mL at Week 48 was simi-
lar with or without the L74I polymorphism at baseline (93% vs 94%). Thus, presence of
the L74I polymorphism appeared not to be associated with decreased treatment effi-
cacy in FLAIR. In a pooled analysis of 1,039 participants across the FLAIR, ATLAS, and
ATLAS-2M phase III studies through Week 48, 13 (1.3%) participants had CVF, 8 of
whom had the baseline integrase L74I polymorphism (38). However, a multivariable
analysis found no statistically significant association between L74I and increased odds
of CVF. The lack of association between L74I and CVF across cabotegravir LA 1 rilpivir-
ine LA phase III studies is consistent with the findings from this analysis, which showed
that L74I did not impact in vitro sensitivity to cabotegravir.

In addition to the participants with CVF included in this analysis, HIV-1 subtype was
also re-evaluated in a larger population of participants from FLAIR. Of note, this analysis
did not include participants from South Africa because consent was not obtained for fur-
ther virology exploration. After re-evaluation of HIV-1 subtype, 40 participants in the
FLAIR study were identified as having HIV-1 subtype A6, with the L74I polymorphism
present in 36 participants (including the 3 participants with CVF) and the wild-type L74
position present in the other 4 participants (including 2 participants who were classified
as having HIV-1 subtype A1 in the original analysis). In the 48-week pooled analysis of
FLAIR, ATLAS, and ATLAS-2M, 106 (88.3%) of 120 participants with HIV-1 subtype A6/A1
also had the L74I polymorphism; of those 106 participants, 7 (6.6%) had CVF (38). One
additional participant with CVF had L74I and HIV-1 subtype C. Since the 48-week analysis
in ATLAS-2M, 1 participant with HIV-1 subtype B and the L74I polymorphism met CVF cri-
teria; this individual had RT mutations K103N and Y181C but no INSTI RAMs at CVF (43).
Thus, HIV-1 subtype A6/A1 in combination with L74I had an apparent association with
CVF outcomes across the 3 phase III studies. These results contrast with the in vitro find-
ings from the present analysis, which showed that L74I did not differentially impact the
sensitivity or durability of cabotegravir for HIV-1 subtypes A6 or B and highlight the mul-
tifactorial nature of virologic failures.
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In the pooled analysis of the FLAIR, ATLAS, and ATLAS-2M studies, the presence of
factors in addition to the L74I polymorphism was evaluated for potential association
with CVF outcomes (38). A multivariable logistic regression analysis found that increased
odds of CVF were significantly associated with HIV-1 subtype A6/A1, baseline rilpivirine
RAMs, Week 8 rilpivirine trough concentrations, and baseline body mass index.
Participants with $2 of the significant baseline factors HIV-1 subtype A6/A1, body mass
index $30 kg/m2, or baseline rilpivirine RAMs had a moderately increased risk of experi-
encing CVF compared with those who had 0 or 1 baseline factor. In addition to having
the baseline L74I polymorphism and HIV-1 subtype A6, all 3 FLAIR study participants
with CVF had a body mass index .30 kg/m2 (28). Plasma drug levels in these partici-
pants were also in the lowest quartile, although no history of maladministration or dos-
ing complications were reported. Because only 1 out of 9 breakthrough viruses with L74I
in HIV-1 subtype B selected for Q148R, it is unlikely that the low cabotegravir levels
selected for Q148R in these FLAIR study participants who had HIV-1 subtype A6.
Therefore, other demographic and/or pharmacokinetic factors besides the L74I polymor-
phism and HIV-1 subtype A6/A1 may have contributed to CVF during LA therapy.

In addition to the L74I baseline integrase polymorphism, treatment-emergent resist-
ance mutations in integrase were found in the 3 FLAIR study participants with CVF: 1
with G140R and 2 with Q148R (28). In this in vitro study, NL4-3 mutants with L74I plus
G140R and ConA6-containing mutants with I74 plus G140R were fully susceptible to cab-
otegravir. This observation contrasts with results from the FLAIR study in which HIV-1
subtype A6 virus with L74I and G140R mutations from the study participant with CVF
demonstrated reduced susceptibility to cabotegravir by 6.7-fold versus the reference vi-
rus (28). This discrepancy may be due to additional integrase amino acid substitutions
(K14R and L63V) in this participant and is being evaluated; however, it is unclear how
these N-terminal domain polymorphisms would impact cabotegravir potency. By con-
trast, site-directed mutants with L74I and Q148R in NL4-3 viruses and I74 and Q148R in
ConA6-containing viruses exhibited reduced susceptibility to cabotegravir in vitro, an ob-
servation that is consistent with the results from FLAIR (28), which demonstrated a 5.2-
to 9.4-fold change in cabotegravir susceptibility for each HIV-1 subtype A6 virus from
participants with CVF versus the reference virus. Given that L74I did not impact suscepti-
bility to cabotegravir in vitro, it is likely that Q148R was the primary factor affecting cabo-
tegravir resistance, which is a possibility being further investigated.

Treatment-emergent mutations in RT were also identified in the 3 participants with
CVF from FLAIR: 1 with K101E, 1 with E138E/A/K/T, and 1 with E138K (29). Site-directed
mutants with K101E showed in vitro resistance to rilpivirine, which is consistent with the
results from FLAIR that showed a 2.63-fold change in rilpivirine susceptibility for the par-
ticipant with CVF and K101E. In this in vitro study, E138A and E138T mutations in isola-
tion were susceptible to rilpivirine, while E138K demonstrated in vitro resistance to rilpi-
virine. These observations contrast with those from the FLAIR study, in which the
participant with E138E/A/K/T mixtures had a 7.1-fold change in rilpivirine susceptibility,
and the participant with E138K alone was susceptible to rilpivirine. As the presence of
E138K alone has been associated with decreased susceptibility to rilpivirine (44), the dis-
crepancy observed between observations from this analysis and those from the FLAIR
study are unclear. Similar to the observations for cabotegravir, rilpivirine susceptibility
was comparable between HIV-1 subtypes A1 and B, in both the absence and presence of
the RT RAMs observed in the participants with CVF in FLAIR.

This study has limitations. The vectors used to generate the chimeric ConA6 HIV-1
subtype A6 strains had an HIV-1 subtype B backbone. Because a consensus sequence
for the subtype A6 integrase was used, the sequences of the site-directed mutant
viruses generated for the cabotegravir experiments were not completely identical to
those from viruses isolated from FLAIR participants. As the HIV-1 subtype reclassifica-
tion was not known when the rilpivirine experiments were initiated, a true HIV-1 sub-
type A1 reference strain was selected to assess rilpivirine susceptibility instead of a
subtype A6 reference virus as was done for cabotegravir. Comparison of the HIV-1
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subtype A1 reference strain 92UG037 (GenBank accession number AB253428) contain-
ing the consensus RT sequence at baseline and failure from the 3 participants with
CVF, but not the ConA6 integrase sequence, revealed 19 amino acid differences but
only at positions not associated with NNRTI resistance (data not shown).

Results from this study suggest that factors other than the presence of L74I at base-
line and integrase genes from HIV-1 subtype A6 may contribute to the low percentage
of INSTI and NNRTI resistance in participants with CVF after cabotegravir LA 1 rilpivir-
ine LA treatment. In addition to G140R and Q148R integrase mutations, other integrase
polymorphisms present in viral sequences from FLAIR study participants with CVF may
have impacted cabotegravir resistance. All observed RT mutations have been previ-
ously identified as being associated with resistance to rilpivirine except for E138T,
which did not result in reduced rilpivirine susceptibility in isolation (44, 45). Given the
development of RAMs in participants with CVF, it is important that selection of people
living with HIV-1 for treatment with cabotegravir LA 1 rilpivirine LA aligns with the
approved labeling indications, including lack of known or suspected resistance to ei-
ther cabotegravir or rilpivirine (23). Overall, results from this study provide valuable
knowledge for understanding cabotegravir and rilpivirine resistance after LA therapy.

MATERIALS ANDMETHODS
Study approval and consent. The study protocol for FLAIR was reviewed and approved by an inves-

tigational center ethics committee or institutional review board in accordance with the International
Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human
Use Good Clinical Practice and the Declaration of Helsinki. Participants provided written informed con-
sent before any study procedure was performed.

HIV-1 subtype classification. The updated classification of HIV-1 subtype in FLAIR study partici-
pants with CVF was performed using integrase reference sequences obtained from the 2018 version of
the LANL HIV sequence database (http://www.hiv.lanl.gov/). The reference panel included 80 full-length
genomes from noncirculating recombinant forms representing 14 HIV-1 subtypes, including A1 (n = 8),
A2 (n = 1), A3 (n = 1), A4 (n = 1), A6 (n = 4), B (n = 15), C (n = 15), D (n = 10), F1 (n = 8), F2 (n = 2), G (n =
9), H (n = 2), J (n = 2), and K (n = 2). HIV-1 subtype was assigned based on Smith–Waterman similarity
score for pairwise comparison between sample sequence and each reference sequence (46). This HIV-1
subtype analysis differed from that used by Monogram Biosciences (South San Francisco, CA) in the orig-
inal FLAIR study analysis by the addition of integrase sequences to the algorithm that contained PR and
RT sequences and use of an updated LANL reference panel with the inclusion of HIV-1 subtypes A3, A4,
and A6 and removal of circulating recombinant forms and HIV-1 subtypes O and N.

Proviral vectors. NL4-3–based proviral pseudotyping vectors (NLCH, the parent molecular infectious
clone kindly provided by the laboratory of Ron Swanstrom [University of North Carolina at Chapel Hill,
Chapel Hill, NC], is a modification of HIV-1 NL4-3 [GenBank U26942] where flanking genomic sequences
were removed) that contained a lethal mutation in the envelope open-reading frame and a firefly lucifer-
ase reporter in place of the nef open-reading frame were used to create HIV-1 mutants. A chimeric env-
vector of HIV-1 with the integrase open-reading frame from subtype A6 was generated by replacing the
NL4-3 integrase sequence with the consensus integrase sequence from the baseline sequences derived
from the 3 FLAIR participants with CVF (ConA6); I74 was consensus in the ConA6 vector. Mutations (L74I,
G140R, Q148R, and I74L) were introduced into the NL4-3 or ConA6 parental vectors by site-directed mu-
tagenesis using the Q5 site-directed mutagenesis kit (New England Biolabs, Ipswich, MA). In addition, a
full-length NL4-3 proviral vector that produces replicating virus was obtained from the National Institutes
of Health AIDS Reagent Program (Division of AIDS, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, MD), and a chimeric NL4-3 ConA6 vector was constructed by
replacing the NL4-3 integrase sequences with the ConA6 integrase sequences. Variants with or without
I74L integrase mutations were constructed using site-directed mutagenesis.

In vitro cabotegravir susceptibility assays. Replication-defective pseudoviruses were produced by
cotransfection of either the env- NL4-3–based or ConA6 vectors with a cytomegalovirus-expressed HIV-1
gp160 envelope vector into HEK 293T cells using PolyFect transfection reagent (Qiagen, Hilden, Germany).
Viruses were harvested after 48 h and stored at280°C.

U-373 cells stably expressing a b-galactosidase reporter, human CD4, and either HIV C-X-C chemo-
kine receptor 4 or C-C chemokine receptor 5 coreceptors were treated with either media or a dose range
of cabotegravir concentrations. Treated cells were infected with replication-defective NL4-3 or ConA6
pseudoviruses in 100-mL volume for 30 min at room temperature and incubated at 37°C for 3 days in 3
independent experiments. Luciferase activity was measured using a TopCount luminescence reader
(Perkin Elmer, Waltham, MA) and used to calculate cabotegravir EC50. Raw luciferase activity data were
reported as relative light units (RLU; luciferase/fusion component) expressed as percent of control using
the following equation: percent of control = (RLU with drug/RLU with no drug) � 100. Values for EC50

were determined using the following nonlinear regression model available in Robosage software
(GlaxoSmithKline, Brentford, UK): y = Vmax � {1 – [xn/(Kn 1 xn)]} 1 Y2, where y is the response being
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inhibited, Vmax is the maximum rate of metabolism, x is the inhibitor concentration, K is the EC50 for the
inhibition curve (i.e., y = 50% of Vmax when x = K), n is the Hill coefficient, and Y2 is baseline.

In vitro rilpivirine susceptibility assays. DNA fragments encoding PR/RT from the NL4-3 clone (HIV-
1 subtype B) or the 92UG037 reference strain (HIV-1 subtype A1) with or without K101E, E138A, E138K,
or E138T RT mutations were synthesized and ligated into replication-defective proviral vectors at
Monogram Biosciences (47). A reference strain of HIV-1 subtype A1 was used to assess rilpivirine suscep-
tibility because the reclassification from HIV-1 subtype A1 to A6 was not known when the rilpivirine
experiments were initiated. Resulting recombinant viruses were subjected to in vitro rilpivirine suscepti-
bility testing using PhenoSense technology (Monogram Biosciences) to measure fold change in EC50 in 3
independent experiments.

Virus growth and breakthrough with cabotegravir. Full-length NL4-3 proviral vectors and chimeric
ConA6 integrase gene-containing proviral vectors in the NL4-3 backbone, with or without L74I integrase
mutations, were used to prepare virus stocks as previously described (48). MT-2 cells were infected with
equivalent p24 values, and replication kinetics were evaluated by quantifying extracellular HIV-1 p24 antigen
concentrations using the HIV p24 high sensitivity AlphaLISA Detection Kit (Perkin Elmer). For the cabotegravir
breakthrough experiments, MT-2 cells were infected with each virus at a multiplicity of infection of 0.005 or
0.001 in replicates of 6. After 16 h, cultures were treated with 0.2% dimethyl sulfoxide in either media, 2 �
EC50 (1 nM), 10� EC50 (5 nM), or 1 � protein-adjusted 90% effective concentration (410 nM) of cabotegravir.
Cells were refreshed by removing half the volume of cell culture media and adding an equal volume of
media every 3 to 4 days while maintaining the same concentration of cabotegravir. Infection with NL4-3–
based HIV-1 isolates is associated with syncytia formation in MT-2 cells (49). Cultures were evaluated for viral
breakthrough by visual inspection for syncytia for 56 days, after which the integrase genes of breakthrough
viruses were amplified via PCR from cDNA with forward primer 5-GCATTAGGAATCATTCAAGCACAACCAGA
and reverse primer 5-GACCCAAATGCCAGTCTCTTTCTCCTGT. The 1,207-base pair product was run on an E-
Gel agarose gel (0.8%; Invitrogen, Waltham, MA) and purified with the MinElute PCR purification kit (Qiagen).
Samples were sequenced and analyzed using SeqMan Pro (DNASTAR, Madison, WI).

Statistical analysis. A log10 transformation was applied to the EC50 values before the analysis to make
variances more homogeneous. A separate analysis was performed for each viral vector. Experiments were
performed across several days, and we used a linear mixed-effects model with mutation as a fixed effect
and day as a random effect to account for potential differences between experimental days. Dunnett’s
multiple comparison adjustment was used to compare all mutants with the respective wild-type virus.
Estimated differences and confidence intervals were back-transformed to the original scale, resulting in
fold changes and their respective confidence intervals. Data were analyzed using PROC MIXED in SAS 9.4
(SAS Institute, Cary, NC).

Data availability. Anonymized individual participant data and study documents can be requested
for further research from www.clinicalstudydatarequest.com.
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