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Objective: To evaluate safety and pharmacokinetics (PK) of maraviroc administered with
standard antiretroviral prophylaxis to HIV-1 exposed infants and to determine the appropriate dose
of maraviroc during the first 6 weeks of life.

Design: Phase I, multi-center, open label study enrolling two sequential cohorts.

Methods: IMPAACT 2007 participants enrolled by day 3 of life and were stratified by exposure
to maternal efavirenz. Cohort 1 participants received two single 8 mg/kg maraviroc doses one
week apart with PK sampling after each dose. Cohort 2 participants received 8 mg/kg maraviroc
twice daily through 6 weeks of life with PK sampling at weeks 1 and 4. Maraviroc exposure target
was Cqyg = 75ng/mL. Laboratory and clinical evaluations assessed safety.

Results: Fifteen Cohort 1 and 32 Cohort 2 HIV-exposed neonates were enrolled (median
gestational age 39 weeks, 51% male). All 13 evaluable Cohort 1 infants met the PK target. Median
exposure for the 25 evaluable Cohort 2 infants met the PK target but variability was high, with 17—
33% of infants below target at Weeks 1 and 4. PK target achievement was similar between
efavirenz exposure strata. No Grade 3+ toxicities, early study, or treatment discontinuations due to
maraviroc occurred.

Conclusions: Median maraviroc exposure met the Cyyq target in neonates receiving 8 mg/kg
twice daily, although exposures were variable. Maternal efavirenz use did not impact maraviroc
exposure and no discontinuations were due to maraviroc toxicity/intolerance. No infants acquired
HIV-1 infection during follow-up. Maraviroc 8 mg/kg twice daily appears safe and well-tolerated
during the first 6 weeks of life.

Keywords
Maraviroc; HIV; pharmacokinetics; neonate; antiretroviral

INTRODUCTION

Despite the significant decline in perinatal transmission of HIV associated with the scale-up
of antiretroviral therapy (ART) for pregnant women living with HIV, there were still
~160,000 new pediatric infections worldwide in 2017 and only half of children diagnosed
with HIV (HIV+) were receiving ARTIL. Early treatment, within the first few weeks of life,
confers lifesaving immunologic and virologic benefits to infants with perinatally-acquired
HIV. Thus, there remains a critical need for antiretrovirals (ARVS) for use in HIV
prophylaxis and treatment of this population. Due to a lack of ARVs with appropriate
formulations and sufficient safety and pharmacokinetic (PK) data for neonates, treatment
options remain significantly limited. In the last fourteen years, only two ARVs have been
licensed for use in neonates, emtricitabine in 2006 and raltegravir in 2017. It is well-
established that drug disposition in neonates and young infants is different from that in older
individuals due to the effects of development and maturation of the physiologic processes
responsible for drug absorption, distribution, metabolism and excretion[?l. Dosing of ARVs
in this population must strike the fine balance between providing sufficient drug to achieve
virologic suppression and avoiding excessive concentrations with the potential for
toxicity[3l. Because many infants living with HIV have a purely CCR5-tropic virus,
maraviroc, a CCR5 receptor antagonist approved for treatment of HIV-1 infection in adults,
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is attractive as a potential component of neonatal prophylaxis and treatment regimensl4l. It
may also be valuable for infants born to mothers whose HIV strains are resistant to
commonly used ARV classes such as nonnucleoside reverse transcriptase inhibitors
(NNRTIS).

Data from a study of maraviroc in combination with optimized background therapy in ARV-
experienced children 2 to <18 years of age demonstrated the tolerability, effectiveness, and
safety of maraviroc in this age group and led to its approval in 2016 to treat children two
years of age and older living with HIV-1 infectionl®]. Normal growth and maturation during
the first two years of life may have a large impact on maraviroc absorption, distribution,
metabolism, and elimination, so it cannot be administered to younger infants until its PK and
safety are studied in this population. Maraviroc is metabolized by CYP3A and in adults, a
dose increase is required when it is administered with the CYP3A agonist efavirenz[®l.
Efavirenz is readily transferred from mother to infant across the placenta during pregnancy
and via breast milk after deliveryl’: 8. Efavirenz use during pregnancy and lactation may
result in accumulation of biologically active plasma efavirenz concentrations in neonates
with the potential to induce neonatal CYP3A-mediated maraviroc clearance. Thus, the
impact of /n uteroand postnatal exposure from maternal efavirenz on infant maraviroc
exposure must also be determined.

The overarching goals of this study were to evaluate the safety, tolerability, and PK of
maraviroc solution when administered with routine ARV prophylaxis to HIV-1 exposed
neonates in addition to determining appropriate dose options for maraviroc solution over the
first six weeks of life to achieve exposure within the range observed in large Phase I1b/1l1
adult studies and the Phase 11 pediatric study[® 9-111,

METHODS
Study Design

International Maternal Pediatric Adolescent AIDS Clinical Trials Network (IMPAACT)
2007 was a Phase I, multi-center, open-label study of maraviroc safety and PK in full-term,
HIV-1-exposed neonates receiving standard ARV prophylaxis for prevention of perinatal
HIV transmission. Mother-infant pairs were enrolled within three days of infant birth and
infants received their first dose of maraviroc solution at Entry. Study design included two
sequential dosing cohorts. Due to the significant drug-drug PK interaction between
maraviroc and efavirenz in adults, infants were stratified by exposure to maternal efavirenz.
Cohort 1 was stratified by /in7 utero exposure to maternal efavirenz and Cohort 2 was
stratified by exposure to maternal efavirenz through breastfeeding after birth. Protocol
approval was obtained from all required institutional review boards, ethics committees, and
applicable regulatory entities at all participating sites and signed informed consent was
obtained from the mothers of all infants before participation in the trial.

Cohort 1 infants received approximately 8 mg/kg maraviroc oral solution as single doses at
Entry and Week 1 (7-14 days of life), with intensive PK sampling after each dose (Stratum
1A: infants without /n utero exposure to maternal efavirenz, Stratum 1B: infants with /n
utero exposure to maternal efavirenz). The protocol was designed to achieve a target of 12
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evaluable infants (6 in each stratum) receiving the dose of maraviroc which passed the safety
and PK guidelines for each stratum and could be recommended for the corresponding
stratum in Cohort 2. Based on these data, Cohort 2 infants received chronic dosing with 8
mg/kg maraviroc oral solution twice daily from entry through Week 6 (35-42 days of life),
with intensive PK sampling at Weeks 1 and 4. (Stratum ZA: infants without exposure to
maternal efavirenz either /n utero and if breastfeeding, while breastfeeding, Stratum 2B:
infants with exposure to maternal efavirenz both /n utero and during breastfeeding). The
protocol was designed to achieve a target of 24 evaluable infants (12 in each stratum)
receiving the final recommended dose of maraviroc which passed safety and PK criteria for
each stratum.

Infants were followed for 16 weeks (112-140 days of life). Laboratory and clinical
evaluations assessed safety at Entry and Weeks 1, 2, 6, and 16 in Cohort 1 and at Weeks 1, 4,
6, 12, and 16 in Cohort 2. Study evaluations included physical exam, medical history,
diagnoses, signs and symptoms, chemistries, and hematologies. Adverse events (AE) were
graded according to the Division of AIDS Table for Grading the Severity of Adult and
Pediatric Adverse Events, Corrected Version 2.1, dated July 2017 [12]. All toxicities were
monitored by the Core Team monthly and Grade 3 or greater AEs were monitored until
resolution. Safety endpoints included any life-threatening AE, including death, assessed by
the Core Team as at least possibly related to the study drug; AEs of Grade 3 or greater
judged by the Core Team to be probably or definitely related to the study drug, or that result
in permanent discontinuation of study drug due to an AE, judged by the Core Team to be at
least possibly related to study drug. Dose-finding safety assessments were done for each
stratum within a cohort through Day 7-post dose (Cohort 1), and through Week 6 (Cohort 2).
Infants were deemed evaluable for dose-finding safety assessments if they received the
required amount of maraviroc per protocol or had met any of the safety endpoints. The
primary and secondary safety analyses were carried out for both cohorts through Week 6 and
Week 16, respectively, using the safety endpoints described above, and included all infants
who received at least one dose of maraviroc.

Mothers had evaluations performed at screening and Entry and exited the study after the
Entry visit. Inclusion criteria for infants were an estimated gestational age of at least 37
weeks, birth weight of at least 2 kg, an age of < 3 days old, absence of a potent CYP3A
inhibitor or inducer as part of the background ARV prophylaxis, Grade 0 (normal) alanine
aminotransferase (ALT), < Grade 1 aspartate aminotransferase (AST) and total bilirubin, <
Grade 2 hemoglobin, white blood cell counts, and platelet counts, and born after singleton
delivery. Exclusion criteria included maternal use of maraviroc during pregnancy, infant
weight below 2 kg, infants with a positive HIV-1 nucleic acid test at Entry, and infant or
breastfeeding mother receipt of any protocol-defined disallowed medications.

Pharmacokinetic Methods

Plasma samples were analyzed for maraviroc by the IMPAACT Pharmacology Specialty
Laboratory at the University of Alabama Birmingham using a validated analytical method
based on protein precipitation, followed by HPLC/MS/MS analysis. The lower limit of
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quantification (LLQ) was 5 ng/mL using a 20 L aliquot of Lithium Heparin plasma. The
higher limit of quantification (HLQ) was 2,000 ng/mL.

In Cohort 1, samples were collected pre-dose, and at 1-2, 4-8, 11-13, 20-24, and 48-72
hours post dose at Entry. At Week 1, samples were collected pre-dose, and at 1-2 and 22-26
hours post dose. In Cohort 2, at both study visits at Weeks 1 and 4, samples were collected at
pre-dose, and at 1-2, 3-5, 6-8, and 11-13 hours post dose. Standard non-compartmental
methods for PK parameter derivation were performed using Phoenix WinNonlin (Certara
USA, Inc). Maraviroc exposure target was Cayq 0f = 75 ng/mL, which is the exposure
associated with near-maximal efficacy in the treatment-naive adult study (MERIT) of
maraviroc given with zidovudine and lamivudinel®3]. Maraviroc concentration values below
the level of quantification (BLQ), <5 ng/mL were set to zero. Elimination rate constants
were calculated from two or three declining concentrations after the peak concentration.
AUC was calculated by the linear trapezoidal rule. For Cohort 1, AUC g-o0) Was used. For
Cohort 2, AUCq.) was used. Because the trough values were drawn over a range of times
(11-13 hours post dose), the predicted AUC ) was reported and used to calculate Cyyg.
Infants were deemed evaluable for the PK analyses if protocol-specified maraviroc dosing
was maintained through completed PK visits.

Forty-seven maraviroc-naive, HIV-exposed neonates and their mothers enrolled from the
USA (42%), Thailand (6%), Kenya (4%), and South Africa (47%). The majority identified
as Black/African American and all infants received at least one dose of maraviroc (Table 1).

Pharmacokinetics

Cohort 1—Fifteen participants were enrolled into Cohort 1, eight in Stratum 1A and seven
in Stratum 1B. Two of the participants in Stratum 1A did not receive the second dose of
maraviroc, therefore did not complete the Week 1 PK sampling and were not evaluable for
dose-finding purposes. Six participants in Stratum 1A and seven in Stratum 1B were
evaluable for dose-finding purposes.

Maraviroc average concentration (Cqyg) Was determined for all infants at the Entry visit after
the initial dose. At the Week 1 visit, the pre-dose samples were all below the LLQ and the
vast majority of the 22—26 hour post-dose samples were below the LLQ, leaving only the 1—
2 hour post-dose sample with a measurable concentration (the maximum concentration
observed at that visit for all infants). This precluded an AUC calculation using standard non-
compartmental methods for the Week 1 visit in Cohort 1. Pharmacokinetic parameters for all
infants in Cohort 1 are shown in Table 2 and median concentration versus time curves are
shown in Figure 1A.

In Strata 1A and 1B, the C,q exceeded the target value of 75 ng/mL in all infants when
using a tau (dosing interval) of 12 hours (Figure 2A). For Cohort 1, infants received
maraviroc doses ranging from 20-40 mg (7.82-10.08 mg/kg) at Entry (within 3 days of
birth) and 25-40 mg (7.89-10.13 mg/kg) at Week 1 (sparse PK sampling). Using a tau of 24
hours, 4 of 6 participants in Stratum 1A and 0 participants in Stratum 1B had a Cy\q above
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75 ng/mL with the 8 mg/kg dose used in Cohort 1. The median Cpy,,x Values for the Entry
and Week 1 visits for Stratum 1A were 227 ng/mL and 129 ng/mL, respectively. PK
parameters showed high intra- and inter-participant variability, with C,4x CcOncentrations
ranging from 30 ng/mL to 1618 ng/mL at Entry and 23 ng/mL to 296 ng/mL at Week 1. For
Stratum 1B, median Cyax at Entry and Week 1 were 551 ng/mL and 163 ng/mL. Similar to
Stratum 1A, variability was high, with Cp,5 concentrations ranging from 204 ng/mL to 1153
ng/mL at Entry and 9 ng/mL to 609 ng/mL at Week 1. Maraviroc exposures were
comparable between the strata in Cohort 1. Based on the evaluation of Cohort 1 PK results,
particularly Cqg, a dose of 8 mg/kg every 12 hours was selected for administration in Strata
2A and 2B of Cohort 2.

Cohort 2—Thirty-two participants were enrolled into Cohort 2, sixteen in Stratum 2A and
sixteen in Stratum 2B. For Cohort 2, infants received maraviroc doses ranging from 20-30
mg (6.76-9.47 mg/kg) BID at Week 1 and 20-40 mg (6.13-9.86 mg/kg) BID at Week 4.
Three participants in Stratum 2A and 4 participants in Stratum 2B were not evaluable for
PK. One Stratum 2A participant was unevaluable owing to a missed PK sampling visit and
the other two due to caregiver withdrawal from participation prior to completing intensive
PK sampling at Weeks 1 and 4. In Stratum 2B, four participants were unevaluable due to
exclusionary total bilirubin inadvertently identified after entry (1), caregiver decision to
withdraw participation prior to completing PK samplings (2), and nonadherence to study
drug (1). Therefore, thirteen participants in Stratum 2A and twelve participants in Stratum
2B were PK evaluable for dose-finding purposes (Table 2).

In Stratum 2A, Cqq achieved the target of 75 ng/mL in ten of thirteen infants at Week 1 and
in four of thirteen infants at Week 4. Two infants were below the C,q target at both Week 1
and Week 4. Median (range) Cayq Values were 152 (20-566) and 94 (33-488) ng/mL at
Weeks 1 and 4, respectively. Median (range) Cmax Values were 257 (52-1468) ng/mL at
Week 1 and 417 (125-793) ng/mL at Week 4. Median concentration versus time curves for
Cohort 2 visits are shown in Figure 1B.

In Stratum 2B, C,\q achieved the target of 75 ng/mL in eight of twelve infants at Week 1 and
in five of twelve infants at Week 4. Four infants were below the C,q target at both the Week
1 and Week 4 visits. Median (range) Cqyq values were 125 (17-551) and 101 (43-351)
ng/mL at Weeks 1 and 4, respectively. Median (range) Cpmax Values were 309 (34-1274)
ng/mL at Week 1 and 222 (77-739) ng/mL at Week 4 (Figure 2B). Similar to Cohort 1,
Cohort 2 infants displayed high PK variability and maraviroc exposures were comparable
between strata.

Safety—There were no participants who received at least 1 dose of maraviroc that met any
safety endpoints in the primary and secondary safety analyses through Week 6 and through
Week 16 of follow-up, respectively, as determined by the Core Team (Stratum 1A (n=8):
0%, 95% CI [0.0, 36.9]; 1B (n=7): (0%), [0.0, 41.0]; 2A (n=16): (0%), [0.0, 20.6]; 2B
(n=16): (0%), [0.0, 20.6]).

The only Grade 3 or greater AE in Cohort 1 through Week 16 included 1 of 8 infants in
Stratum 1A with ophthalmia neonatorum and staphylococcal sepsis. No Grade 3 or greater

AIDS. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

ROSEBUSH et al.

Page 7

AEs were noted in Stratum 1B. Through Week 16, Stratum 2A had a total of 7 of 16 infants
with Grade 3 or greater AEs: (3) elevated bilirubin levels; (1) infant with elevated bilirubin
and Grade 4 neutropenia; (1) infant with failure to thrive; (1) infant with anemia; and (1)
infant with hypoxia and bacterial pneumonia. Stratum 2B had 5 of 16 infants with Grade 3
or greater AEs: (3) infants with neutropenia, (1) infant with failure to thrive and weight
decrease, and (1) infant with anemia and jaundice. All Grade 3 or greater AEs were deemed
unrelated to maraviroc by the Core Team. No early study or early treatment discontinuations
were noted due to maraviroc and no enrolled infants acquired HIV-1 infection during follow-

up.

DISCUSSION

This Phase | study evaluated the safety, tolerability, and PK of maraviroc solution when
administered with routine ARV prophylaxis to perinatally HIV-1 exposed infants through the
first 6 weeks of life. Maraviroc was determined to be safe and well-tolerated in this cohort in
whom it was initiated within three days of life and administered at a dose of approximately
8mg/kg twice daily (range: 6.13 to 10.13 mg/kg; 20-40 mg BID) through Week 6. High
intra- and inter-participant variability was seen with maraviroc exposures, though no safety
concerns were identified through 16 weeks of follow-up. Historically, new ARVs in neonates
have been studied largely in those at high risk of perinatal HIV-1 acquisition. Our study,
however, enrolled participants regardless of risk status, making the findings applicable to a
broader population. Additionally, the rigorous evaluation of the use of maraviroc in neonates
adds an additional antiretroviral drug class for use for HIV prevention in neonates.

Though high intra- and inter-participant variability was demonstrated with respect to
achieving the target exposure at a dose of 8mg/kg twice daily, this finding in neonates is not
unique to maraviroc. Studies evaluating the PK of the protease inhibitor, nelfinavir, in
neonates showed high variability and failure to meet exposure targets in almost half of
infants receiving doses ranging from 10 mg three times daily to 60 mg/kg twice daily[14-16],
These data suggest that an increased dose to nearly 120mg/kg/day did not significantly
impact achievement of target exposures for nelfinavir. Difficulty with achieving optimal
exposure, given the variability with dosing and rapid physiologic development, has been
seen with other ARVs in young infants. A PK analysis of the protease inhibitor lopinavir/
ritonavir in nine infants 3.6-5.9 weeks of age in the IMPAACT P1030 study demonstrated
high variability and a median lopinavir exposure that was roughly half that in infants six
weeks to six months of age[17]. However, 4 of 9 infants had exposures in the range of older
infants and a higher dose might have put these infants at risk of possible toxicity. The one
participant in that trial who had a 50% lopinavir/ritonavir dosage increase based on PK
results subsequently required dosage reduction for excessive drug concentrations and
possible drug-related toxicity. A second study evaluating lopinavir/ritonavir population PK
from 2 weeks to 6 months of age found high apparent clearance in the youngest infants
which decreased with agel18l.

Raltegravir, the only other antiretroviral recently studied in neonates, requires an 8-fold
increase in the total daily dose over the first four weeks of life to maintain therapeutic drug
concentrations, consistent with metabolism of raltegravir by UGT1A1 and the known rapid
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increase in activity of this enzyme over the first few weeks of life. The final neonatal
raltegravir dosing recommendations include an increase from 1.5 mg/kg once daily to 6
mg/kg twice daily over the first four weeks of life in order to maintain adequate plasma
exposures in the face of rapid maturation of UGT1A1 activity[1® 201, In contrast, our data
indicate that maraviroc, whose main route of elimination is CYP3A metabolism, can be
dosed at 8 mg/kg twice daily throughout the first six weeks of life. As compared to UGT1A1
metabolism, which rapidly matures over the first few weeks of life, CYP3A metabolism is
slower to mature and occurs over the first few years[21-23]. As a result, maraviroc does not
require a dosing change in the first weeks of life, making it easier to administer.

In this study, enrolled infants were stratified by exposure to maternal efavirenz. Maraviroc
clearance in adults is induced when co-administered with efavirenz, a CYP3A inducer, and
the recommended maraviroc dose is doubled in adults receiving both agents[®l. In areas with
high HIV-1 seroprevalence, efavirenz is commonly used during pregnancy and is known to
be transferred from mother-to-fetus across the placenta and after birth from mother-to-infant
via breast milk[”- 81. Theoretically, the transfer of efavirenz may result in the accumulation of
biologically active plasma efavirenz concentrations in neonates with the potential to induce
neonatal clearance of maraviroc. However, maternal efavirenz use had no clinically relevant
effect on neonatal maraviroc exposure in our study participants, likely due to the relative
immaturity of CYP3A metabolism at birth and its very gradual increase early in life.
Therefore, in settings where efavirenz is routinely used in pregnancy, suboptimal neonatal
maraviroc exposures related to maternal use of efavirenz should not be an issue.

It is notable that the tolerability and safety of maraviroc, despite PK variability, was found to
be favorable in this study wherein no participants met any safety endpoints in the primary
and secondary analyses at Week 6 and through Week 16 of follow-up, respectively. The lack
of early treatment discontinuations related to maraviroc or reported HIV-1 transmission
events, supports the notion that maraviroc is safe in this population, diversifying the options
for prophylaxis and presumptive treatment of term infants at risk for perinatally-acquired
HIV-1 infection.

CONCLUSION

Maraviroc solution appears safe and well-tolerated at the dose of approximately 8 mg/kg
given twice daily over the first six weeks of life in HIV-1-exposed neonates at risk of
acquiring infection. There were no safety concerns identified through 16 weeks of follow-
up, as none of the participants who received at least one dose of the study drug met any of
the safety endpoints. As with other ARVSs in young infants, maraviroc PK parameters
showed high intra- and inter-participant variability, but approximately two-thirds of the
infants in Cohort 2 achieved the PK target of Cy,g = 75 ng/mL at Weeks 1 and 4. Maternal
efavirenz use prenatally or during breastfeeding appeared to have no effect on maraviroc
exposure so infant dose adjustment should not be required. Maraviroc is a promising agent
in combination with standard ARVs for prophylaxis and presumptive treatment of HIV-1-
exposed term neonates.
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Figure 1A:
Plot of Median Plasma Maraviroc Concentration-Time (Semi-Log) for Cohort 1 (All Dose-

Finding Evaluable Infants). Values below the Lower Limit of Quantification (<5.00 ng/mL)
are setto 0.
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Figure 1B:

Plot of Median Plasma Maraviroc Concentration-Time (Semi-Log) for Cohort 2 (All Dose-
Finding Evaluable Infants). Values below the Lower Limit of Quantification (<5.00 ng/mL)
are set to 0.
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Figure 2A:
Cavg Summary of Cohort 1 PK Dose-Finding Evaluable Infants. Cayg calculated for Q12hr
dosing.
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Figure 2B:
Cave Summary of Cohort 2 PK Dose-Finding Evaluable Infants. Cayg calculated for Q12hr
dosing.
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