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Abstract

Background

Posaconazole (POS) is a potent triazole antifungal agent approved in adults for treatment
and prophylaxis of invasive fungal infections (IFls). The objectives of this study were to eval-
uate the pharmacokinetics (PK), safety, and tolerability of POS oral suspension in pediatric
subjects with neutropenia.

Methods

This was a prospective, multicenter, sequential dose-escalation study. Enrolled subjects
were divided into 3 age groups: AG1, 7 to <18 years; AG2, 2 to <7 years; and AG3, 3 months
to <2 years. AG1 and AG2 were divided into 3 dosage cohorts: DC1, 12 mg/kg/day divided
twice daily (BID); DC2, 18 mg/kg/day BID; and DC3, 18 mg/kg/day divided thrice daily (TID).
AG3 was also divided into DC1 and DC2; however, no subjects were enrolled in DC2. Sub-
jects received 7—28 days of POS oral suspension. PK samples were collected at predefined
time points. The POS PK target was predefined as ~90% of subjects with C,,q (AUC /dosing
interval) between 500 and 2500 ng/mL, with an anticipated mean steady state C,,4 €xpo-
sure of ~1200 ng/mL.
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Results

The percentage of subjects meeting the PK target was <90% across all age groups and dos-
age cohorts (range: 31% to 80%). The percentage of subjects that achieved the C,,4 target
of 500 to 2500 ng/mL on Day 7 ranged from 31% to 80%, with the lowest proportion in sub-
jects 2 to <7 years receiving 12 mg/kg/day BID (AG2/DC1) and the highest proportion in
subjects 7 to <18 years receiving 18 mg/kg/day TID (AG1/DC3). At all three dose levels (12
mg/kg/day BID, 18 mg/kg/day BID and 18 mg/kg/day TID), subjects in AG1 (7 to <18 years
old) had higher mean PK exposures at steady state than those in AG2. High variability in
exposures was observed in all groups. POS oral suspension was generally well tolerated
and most of the reported adverse events were related to the subjects’ underlying diseases.

Conclusion

The POS PK target of 90% of subjects with C,,4 between 500 and 2500 ng/mL was not
achieved in any of the age groups across the different dosage cohorts. New formulations of
the molecule with a greater potential to achieve the established PK target are currently
under investigation.

Trial registration
ClinicalTrials.gov identifier: NCT01716234

Introduction

Pediatric subjects who receive dose-intensive chemotherapy for cancer are at an increased risk
of invasive fungal infections (IFIs). The pediatric population at high risk for developing IFIs
includes, but is not limited to, allogeneic hematopoietic stem cell transplant (HSCT) recipients,
patients with acute myeloid leukemia (AML), relapsed acute lymphoblastic leukemia (ALL), or
severe aplastic anemia, and patients receiving immunosuppressant or high-dose corticoste-
roids for severe graft-versus-host disease (GVHD) or other conditions [1-6]. IFIs are responsi-
ble for considerable morbidity, mortality, and healthcare utilization and may prevent or delay
the delivery of appropriate chemotherapy [7, 8]. Additionally, the incidence of IFIs in the pedi-
atric population appears to have increased over the past few decades, primarily because of the
prolonged survival of pediatric patients with primary or secondary immune deficiencies [9-
11]. Prophylaxis for IFIs is indicated in high-risk pediatric patients, and recommended agents
include fluconazole, liposomal amphotericin, and micafungin; however, more clinical data
supporting use of newer antifungal agents in this population are needed, particularly with
regard to appropriate pediatric dosing [12].

Posaconazole (POS) is a broad-spectrum triazole antifungal compound which exhibits
potent antifungal activity against a variety of yeasts and molds, including strains that are resis-
tant to amphotericin B, fluconazole, voriconazole, or itraconazole. The efficacy of POS in both
prophylaxis and treatment has been established in adults using the oral suspension [13, 14].
Two prior prophylaxis studies in adults helped in defining the basic pharmacokinetic (ADME)
and safety parameters for the pediatric study (6,14). As the pharmacokinetic (PK), safety, and
efficacy data for POS in pediatric subjects are sparse, dosing recommendations for patients
<13 years old has not been established. Thus, we conducted the first dedicated clinical trial of
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POS in the pediatric population. The primary objective was to evaluate the PK of POS oral sus-
pension administered orally at three dosage levels to immunocompromised children aged 3
months to <18 years with neutropenia or expected neutropenia. The PK criteria were based
on data from the adult prophylaxis and treatment studies in which doses above 800 mg per day
were not found to be beneficial because of the plateau in POS exposure, which may also occur
in pediatric subjects. The secondary objectives were to evaluate the safety and tolerability of
POS oral suspension at these three dosage levels.

Materials and methods

Study design

This study (MK 5592-032, NCT01716234) was a prospective, non-randomized, multicenter,
open-label, sequential dose-escalation study to evaluate the PK, safety, and tolerability of POS
oral suspension in children aged 3 months to <18 years with neutropenia or expected neutro-
penia (defined as an absolute neutrophil count [ANC] <500/mm?). This study was conducted
at centers in the US, Germany, Canada, Greece, and the Netherlands. An Institutional Review
Board/independent ethics committee for each clinical site approved the study protocol, a full
list can be found in the S1 Table. All clinical investigations were conducted according to prin-
ciples expressed in the Declaration of Helsinki and Good Clinical Practice Guidelines. Patients
were enrolled starting 06 Jun 2008 and last subject visit for follow up was 01 Apr 2015. At
enrollment, informed consent was obtained from each participant and his/her legal guardian,
and assent was obtained where appropriate. The authors confirm that all ongoing and related
trials for this drug/intervention are now registered. An initial delay in the trial registration
occurred due to the transfer of this study from Schering Plough to Merck and the differences
in the trial registration requirements of the two companies.

Subjects were stratified into 3 age groups and 3 dosing cohorts as shown in Fig 1. Age
Group 1 (AG1) consisted of subjects 7 to <18 years of age; Age Group 2 (AG2), subjects 2 to
<7 years of age; and Age Group 3 (AG3), subjects 3 months to <2 years of age. AG1 and AG2
were divided into 3 sequential dosing cohorts (DCs): DC1, 12 mg/kg/day divided twice daily
(BID), up to a maximum of 800 mg/day; DC2, 18 mg/kg/day divided twice daily (BID), up to a
maximum of 1200 mg/day; and DC3, 18 mg/kg/day divided 3 times daily (TID), up to a maxi-
mum of 1200 mg/day.

Enrollment in AG3, the youngest subjects [3 months to <2 years], was not initiated until
enrollment in the first 2 dosage cohorts in AG1 and AG2, and a preliminary review of safety
and PK data was completed. The data from the subjects administered POS oral suspension at a
dose of 12 mg/kg/day BID and 18 mg/kg/day BID informed which of the planned doses would
be used for AG3. In AG3, the planned dosage cohorts were 12 mg/kg/day of oral POS divided
TID (DC1) and 18 mg/kg/day of oral POS divided TID (DC2). All administrations in AG3
were provided orally or via enteral tube; the feasibility of administration via enteral tube was
tested by the Sponsor prior to initiation of AG3. Subjects were provided a high fat meal or
snack prior to dosing and most subjects did consume some food majority in the medium and
high fat categories.

Each subject who enrolled in the study participated in the trial for approximately 80 days
from the time the subject signed the informed consent form (ICF) through the final contact.
As shown in Fig 1, an initial screening phase of up to 7 days was planned, during which vital
signs, medical history, and blood draws for hematology and serum chemistry assessments
were taken. At baseline, a physical examination with vital signs, body weight, electrocardio-
gram (ECG), and measurement of ANC were performed. This was followed by a treatment
phase during which subjects received study drug for a minimum of 7 days and a maximum of
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Dose Cohort 1(DC1)
12 mg/kgiday-8/D

Age Group 1 Dose Cohort 2 (DC2)
7-<18 yr old 18 mg/kg/day-8/D

Dose Cohort 3 (DC3)
18 mgkg/day-TID

Dose Cohort 1 (DC1)
12 mg/kg/day-8/D

Age Group 2 Dose Cohort 2 (DC2)
2-<7 yr old 18 ma/kg/day-8/0

Dose Cohort 3 (DC3)
18 mgkg/day-T/D

—p» | Dose Cohort 1(DC1)
12 mgkg/day-T/D

Age Group 3
3 mo-<2 yr old

Dose Cohort 2 (DC2)
18mag/kg/day-TID

Treatment Phase Follow-Up Phase

Days 7-28 Follow Up Visit 1 Follow Up Visit 2
(Oral POS) /P Days: 7-11 (9£2) Days: 60-70

post-treatment post-treatment

Screening*
Randomization

Fig 1. Study design. * Initial screening phase lasted up to 7 days; vital signs, medical history, and blood draws for hematology and serum chemistry
assessments were taken.# Minimum duration of treatment was 7 days and continued until resolution of neutropenia or initiation of SOC treatment for
IFI, up to a maximum of 28 days. Note: Blood draws for full PK assessments were obtained on Day1 and Day 7, immediately prior to oral
administration of POS. POS trough samples were also obtained immediately prior to dosing on Days 3, 5, 8, 14, AND 28 or within 24 hours after the
last dose of study drug for earlier discontinuations.

https://doi.org/10.1371/journal.pone.0212837.9001

28 days; in general, treatment continued until recovery from neutropenia (absolute neutrophil
count [ANC] >500/mm?) or until initiation of standard of care antifungal therapy. During the
first 7 days of the treatment phase, vital signs and adverse events were assessed every 2 days,
followed by weekly assessments for ongoing treatment through Day 28. Blood draws for serum
chemistry, hematology, and PK were performed on the same schedule. At the end of the treat-
ment phase there were two follow-up visits; a first follow-up visit performed 9 (+2) days after
treatment ended, and a second follow-up visit on Day 65 (+5 days), which focused on an
assessment of survival.

Patient population

Eligible subjects were required to have documented or anticipated neutropenia (ANC <500/
mm?) expected to last for at least 7 days. In addition, subjects were required to be recipients of
an autologous or allogeneic HSCT or have an eligible cancer diagnosis. Eligible diagnoses
included acute leukemia (new or relapse), myelodysplastic syndrome, severe aplastic anemia,
high risk neuroblastoma, or advanced stage non-Hodgkin’s lymphoma. Recipients of alloge-
neic HSCT were eligible during the pre-engraftment (neutropenic) period. Subjects with

PLOS ONE | https://doi.org/10.1371/journal.pone.0212837 March 26, 2019 4/17


https://doi.org/10.1371/journal.pone.0212837.g001
https://doi.org/10.1371/journal.pone.0212837

@ PLOS | ON E Oral posaconazole in neutropenic children

proven IFIs at baseline, as defined by the European Organization for Research and Treatment
of Cancer- Mycoses Study Group criteria [14], were excluded from the study. Other exclusion
criteria were severe nausea and/or vomiting at screening (grade 3 or 4); study drug (POS)
administration within 10 days before screening; inability to receive study drug by mouth or
enteral tube; significant elevations of transaminase (>5x upper limit of normal (ULN)) and/or
bilirubin levels at baseline (>2.5x upper limit of normal (ULN)); significant renal dysfunction
at baseline (Calculated creatinine clearance <30 mL/min.); and history of anaphylaxis attrib-
uted to the azole class of antifungal agents. Medications known to interact with azoles and
potentially leading to life-threatening adverse effects (such as astemizole, cisapride, beastie,
halofantrine, pimozide, quinidine, and terfenadine) and medications known to affect the
serum concentration/efficacy of triazole antifungal agents (barbiturates, carbamazepine,
cimetidine, isoniazid, phenytoin, rifabutin, rifampin, and St. John’s wort (Hypericum perfora-
tum) were prohibited.

Assessments

Blood samples for PK assessment of POS were obtained on Days 1 and 7 immediately prior to
oral administration of POS and at 3, 5, 8, and 12 hours from the time of oral administration of
the morning dose. For the TID dosage cohorts, the 12-hour sample was not collected, and the
8-hour sample was drawn prior to the next dose. In addition, POS trough samples (C,,;,,) were
obtained immediately prior to dosing on Days 3, 5, 8, 14, and 28, or within 24 hours after the
last dose of study drug for earlier discontinuations. For subjects weighing <6.5 kg, Day 1
blood samples were not collected in order to minimize blood collection in this group. Approxi-
mately 1 mL blood was collected at each PK time point for each subject and plasma samples
were sent to a central laboratory for analysis. For the POS assay, a validated liquid chromatog-
raphy coupled to tandem mass spectrometry detection method [15] was used, with a calibra-
tion/validation range of 5 to 5,000 ng/mL. The acceptance criteria was set at £15%. There were
minimal samples above the upper limit of quantitation, but those that exceeded 5000 ng/mL
were diluted to fall within the validated range. All dilutions were validated.

PK evaluations

Subjects who received at least one dose of POS were included in the PK analysis. Key PK mea-
sures of POS were C,,, or the average plasma concentration; defined as the AUC (calculated
using Phoenix v.6.3 software, that utilizes the linear-linear trapezoidal method for ascending
concentrations up to C,,,, and log-linear trapezoidal method for descending concentrations)
divided by the dosing interval on Day 7 (which was considered steady state); AUC time curve
from time zero to the time of the final quantifiable sample (AUC); maximum [peak] plasma
concentration (Cpay); time to Cpay (Thax); and ratio of AUCon Day 7 to AUC¢ Day 1. The
POS PK target was predefined as ~90% of subjects with C,,, between 500 and 2500 ng/mL,
with an anticipated mean steady state C,4 exposure of ~1200 ng/mL. All PK parameters were
calculated using non-compartmental methods with Phoenix WinNonlin 6.3. AUCs was calcu-
lated using the linear trapezoidal method for ascending concentrations and the log trapezoidal
method for descending concentrations. C,,.x and T, were obtained by inspection of the
plasma concentration data.

Safety

Safety assessments were conducted on all subjects that received at least one dose of the study
drug. These assessments included reports of all adverse events (AEs). Adverse events were clas-
sified as treatment-emergent AEs (TEAEs), treatment-related (or drug-related) TR-TEAEs,
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AE:s leading to discontinuation of study drug, and SAEs. Treatment emergent adverse events
were defined as an untoward medical occurrence in a subject administered a pharmaceutical
product, which does not necessarily have a causal relationship with the treatment and occurred
after start of treatment with posaconazole. TR-TEAEs were defined as TEAEs judged by the
investigator to be related to treatment with posaconazole. Serious adverse events (SAE) were

defined as any adverse drug experience occurring at any dose that results in any of the follow-
ing outcomes: death; life-threatening AE; persistent or significant disability/incapacity;
requires in-patient hospitalization or prolongs hospitalization; congenital anomaly or birth
defect. Additionally, important medical events that may not result in death, be life-threatening,
or require hospitalization may be considered an SAE when, based upon appropriate medical
judgment, they may jeopardize the subject and may require medical or surgical intervention to
prevent one of the outcomes listed in this definition.

SAEs were captured from the time of signing of the ICF through 30 days after the adminis-
tration of the last dose of study drug. All other AEs were collected from screening through the
first follow-up study visit, which occurred 9 (+2) days after the last dose of study drug. A sur-
vival assessment was conducted at the second follow-up visit, on Day 65 (+5 days). TEAEs and
TR-TEAEs were tabulated by body system/organ class, with summaries tabulated for each age
group/dosage cohort. In addition to AE reporting, electrocardiography (ECG) was performed
at baseline and Day 3; ECG summary statistics included the numbers of subjects with change
from baseline in QTcF categorized as <0, 0 to 30, 31 to 60, and >60 msec and the number of
subjects with a treatment-emergent QTcF interval >500 msec. Laboratory safety reporting
based on hematology and serum chemistries were assessed at screening on Days 1, 3, 5, 7, 14,
21, and 28 of treatment, at end of treatment, and at the first follow-up visit.

Statistical analysis

For C,yg, the proportion of subjects achieving the target exposure between 500 and 2500 ng/ml
was calculated for the comparison of proportions across age group and dosage cohort. A com-
parison between adult and pediatric subjects with respect to the proportion of PK evaluable
subjects (as defined in S1 File) achieving the target exposure was also conducted. For C,,g the
arithmetic mean and its %CV and SD) was assessed. For the other PK parameters (C,yg, Cinax,
Tmax, and AUC¢), summary statistics were provided, including medians (min, max) for each
of these parameters as well as the accumulation ratio for AUC (AUC¢ Day 7/AUC¢ Day 1).
Log-transformed ratio estimates with 90% confidence intervals were calculated for the differ-
ences between doses and ages. The steady-state analysis was conducted using available PK
(Cinin) trough values.

Preliminary PK data were reviewed from DC1 and DC2 in the 2 older age groups, AG1 and
AG2. Subsequently, an analysis on DC1 in AG3 and DC3 in AG1 and AG2 were conducted.
This manuscript summarizes the data from all of these analyses.

Results
Population

The disposition of the subjects in the study is shown in Fig 2. A total of 142 subjects were
enrolled in the study; of these, 136 subjects received at least one dose of POS. There were a
total of 86 (63%) treated subjects who completed the treatment phase of the study; i.e., they no
longer required prophylaxis [having recovered from neutropenia after at least 7 days of study
drug] or received up to a maximum of 28 days of study drug. Among the 50 (37%) treated sub-
jects that discontinued in the treatment phase, the most common reason for discontinuation
was an AE (35 subjects, 26%), followed by discontinuation for reasons unrelated to study
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Enrolled

(N=142)

Not Treated
(N=6)*
Treated
(N=136)
Entered Follow Up
Discontinued Treatment Phase (n=134)
(n=50)*
Completed Treatment Discontinued Follow Up
(n=86) (n=4)*

Completed Follow Up
(n=130)

Fig 2. Subject disposition. * Of the 6 subjects not treated, 4 subjects did not wish to continue due to reasons unrelated to assigned study treatment, 1
subject did not meet protocol eligibility, and 1 subject had an adverse event (AE). * Most common reasons for discontinuation of the treatment phase
were: AE (n = 35), subject not willing to continue due to reasons unrelated to treatment (n = 7), subject not meeting protocol requirement to continue
therapy (due to recovery from neutropenia before 7 days of therapy, n = 4) and non-compliance with protocol (n = 3). * Three subjects discontinued
follow up due to an AE, and one subject was non-compliant with the protocol.

https://doi.org/10.1371/journal.pone.0212837.9002

treatment (7 subjects, 5%). Only 2 of the 136 treated subjects did not complete the first follow-
up visit, at day 9 (+2) post-treatment. A total of 130 (97%) subjects completed the study
through the second follow-up visit.

A summary of demographic data by age group and dosage cohort is provided in Table 1.
Of the 136 treated subjects, the majority were male (58%) and were white (88%). The overall
median age was 8.5 years, and the overall median weight was 29.8 kg. Only 1 subject was
enrolled in AG3, as the study was stopped prematurely once there was evidence that the target
PK could not be achieved in the 2 older age groups. Overall, slightly more than half of the sub-
jects had a primary diagnosis of acute leukemia (52%), followed by HSCT (24%), neuroblas-
toma (10%), and non-Hodgkin’s lymphoma (7%). Of the subjects with a primary diagnosis of
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Table 1. Subject characteristics across different age groups and posaconazole dosing cohorts.

AGI: AG2: AG3: Total
7 to <18y 2to <7y 3moto <2y
DC1: DC2: DC3: DC1: DC2: DC3: DCI: N(%)
12 mg/kg/d 18 mg/kg/d 18 mg/kg/d 12mg/kg/d 18 mg/kg/d 18mg/kg/d 12 mg/kg/d
(BID) (BID) (TID) (BID) (BID) (TID) (TID)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Treated 21 (100) 28 (100) 30 (100) 22 (100) 19 (100) 15 (100) 1 (100) 136
(100)
Sex
Female 11 (52) 9(32) 14 (47) 9 (41) 8 (42) 6 (40) 0 57 (42)
Male 10 (48) 19 (68) 16 (53) 13 (59) 11 (58) 9 (60) 1 (100) 79 (58)
Race, n (%)
White 17 (81) 22 (79) 26 (87) 20 (91) 18 (95) 15 (100) 1 (100) 119 (88)
Non-White 4(19) 6 (21) 4 (13) 2(9) 1(5) 0 0 17 (13)
Asian 1(5) 3(11) 1(3) 2(9) 0 0 0 7 (5)
Black or African 1(5) 2(7) 2(7) 0 1(5) 0 0 6 (4)
Multiracial 0 2 (10) 1(4) 1(3) 0 0 0 0 4(3)
Primary Diagnosis
Acute Leukemia 11 (52) 15 (54) 20 (67) 8 (36) 9 (47) 7 (47) 1 (100) 71 (52)
ALL 5(24) 4(14) 5(17) 4(18) 2(11) 3(20) 0 23 (17)
AML 6 (29) 11 (39) 14 (47) 3(14) 7 (37) 3(20) 0 44 (32)
Unspecified 0 0 1(3) 1(5) 0 1(7) 1 (100) 4(3)
Myelodysplastic Syndrome 2 (10) 0 0 0 2(11) 0 0 4(3)
Aplastic Anemia 0 3(11) 0 1(5) 0 0 0 4(3)
Hematopoietic Stem Cell 5(24) 5(18) 6 (20) 5(23) 7 (37) 5(33) 0 33 (24)
Transplantation
Allogeneic 0 0 0 0 2(11) 2 (13) 0 4(3)
Autologous 1(5) 1(4) 0 0 1(5) 0 0 3(2)
Unspecified 4(19) 4(14) 6 (20) 5(23) 4(21) 3(20) 0 26 (19)
Neuroblastoma 1(5) 1(4) 0 8 (36) 1(5) 2(13) 0 13 (10)
Non-Hodgkin’s Lymphoma 1(5) 4 (14) 4 (13) 0 0 1(7) 0 10 (7)
Missing 1(5) 0 0 0 0 0 0 1(1)

ALL = acute lymphocytic leukemia; AML = acute myelogenous leukemia; BID = twice daily; TID = three times daily

n = number of subjects.

https://doi.org/10.1371/journal.pone.0212837.t001

acute leukemia, nearly twice as many subjects had AML as compared to ALL (32% versus 17%,
respectively).

PK evaluations

A summary of the percentage of PK evaluable subjects who achieved the PK target (C,, at
steady state [Day 7] between 500 and 2500 ng/mL) is presented in Table 2 by age group and
dosage cohort. Overall, 70 PK-evaluable subjects were available for assessment at steady state.
None of the dosage cohorts in this study achieved the target PK of 90% of subjects with C,,
between 500 and 2500 ng/mL; 30 of the 70 PK-evaluable subjects (43%) had steady-state C,q
level <500 ng/ml, while only 3 (4%) subjects had C,,; >2500 ng/mL. Furthermore, there were
no data to support a trend of higher steady-state C,,, exposure with either increasing the dose
(from 12 to 18 mg/kg) or frequency of administration (from BID to TID) of POS oral
suspension.
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Table 2. Distribution of C,,, by age group and dose cohort in subjects with evaluable PK on day 7.

Age & Dose Cohorts Cavg (ng/ml)
Age Group Dose N < 200 200 to < 500 500 to <2500 2500 to < 3650 >3650
Cohorts % (n/m) % (n/m) % (n/m) % (n/m) % (n/m)
AGI: DCI1: 14 14% 21% 64% 0 0
(7 to 18 years) 12 mg/kg/day (BID) (2/14) (3/14) (9/14)
DC2: 12 8% 25% 50% 8% 8%
18 mg/kg/day (BID) (1/12) (3/12) (6/12) (1/12) (1/12)
DC3: 10 20% 0 80% 0 0
18 mg/kg/day (TID) (2/10) (8/10)
AG2: DCi1: 16 19% 44% 31% 6% 0
(2 to <7 years) 12 mg/kg/day (BID) (3/16) (7/16) (5/16) (1/16)
DC2: 12 25% 25% 50% 0 0
18 mg/kg/day (BID) (3/12) (3/12) (6/12)
DC3: 5 20% 20% 60% 0 0
18 mg/kg/day (TID) (1/20) (1/20) (3/5)
AG3: DCi1: 1 0 100% 0 0 0
(3 months to <2 years) 12 mg/kg/day (TID) (1/1)

Numbers in parentheses = (Number of subjects in category / Total number of subjects)

Target C,yg range (500-<2500 ng/ml) required for ~90% of subjects to meet criteria for study success

https://doi.org/10.1371/journal.pone.0212837.t1002

The percentage of subjects that achieved the C,,, target of 500 to 2500 ng/mL on Day 7 ran-
ged from 31% to 80%, with the lowest proportion in subjects 2 to <7 years receiving 12 mg/
kg/day BID (AG2/DC1) and the highest proportion in subjects 7 to <18 years receiving 18
mg/kg/day TID (AG1/DC3). The one subject enrolled in the youngest age group (3 months to
<2 years age, AG3) also did not meet the target.

An assessment of all the PK parameters for the various age groups and dose cohorts are
summarized in Table 3. The combined mean (+SD) plasma concentration profiles of POS in
all age groups and dose cohorts are shown in Fig 3. At all three dose levels (12 mg/kg/day BID,
18 mg/kg/day BID, and 18 mg/kg/day TID), subjects in AG1 (7 to <18 years old) had higher
mean PK exposures at steady state than those in AG2 (2 to <7 years old). The Day 1 PK expo-
sures were similar between the two age groups at all three dose levels. No definitive conclu-
sions can be drawn in AG3 (3 months to <2 years) as there was only 1 subject in this group.

Safety

A total of 136 subjects received at least one dose of study drug and were included in the study
safety analyses. TEAEs, treatment-related TEAEs, SAEs, treatment-related SAEs, and AEs
leading to early study discontinuation are summarized in Table 4. Overall, TEAEs and
TR-TEAEs were reported in 94% (n = 128) and 37% (n = 50) of subjects, respectively. The
most common TR-TEAEs observed in >5% of subjects overall were nausea (13%) and vomit-
ing (13%). Treatment-related severe/life threatening (LT) TEAEs were reported for 14 (10%)
subjects. The most commonly reported treatment-related severe/LT TEAEs (representing
>2% of subjects overall) were alanine aminotransferase increased (ALT, 4%) and aspartate
aminotransferase increased (AST, 2%). Discontinuations of the study treatment due to an AE
occurred in 26% of the treated subjects, with the highest rate observed with the lowest dose,
(37% in those receiving POS 12 mg/kg/day BID). Serious AEs were reported for 35 subjects
(26%), with the highest frequency (40%) observed at the highest dose, POS 18 mg/kg/day TID.
A diverse variety of SAEs were reported, with most events pertaining to the underlying disease
or complications relating to the underlying condition. The most common reported SAE was
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Table 3. Pharmacokinetic parameter values of posaconazole by age group and dosing cohort following single and multiple dose administration of posaconazole
oral suspension.

AGl:7to 18y AG2:2to <7y AG3:
3 mo to
<2y
DCI: 12 mg/kg/d DC2: DC3: DC1: DC2: DC3: DC1:
(BID) 18 mg/kg/d (BID) |18 mg/kg/d (TID) | 12 mg/kg/d (BID) 18 mg/kg/d 18 mg/kg/d 12 mg/kg/
(BID) (TID) d
(TID)
Day 1 7 1 7 1 7 1 7 1 7 1 7 1 7
n 19 14 12¢ 12 10 10 22 16° 12 12 5 5 1 1
Cinax (ng/mL) 156 1200 162 1390 93.2 1230 196 726 175 581 109 705 103 | 520
(78.1) (755) | (86.7) (111.4) | (60.8) | (642) | (93.9) | (1255) | (70.5) (61.0) (61.3) | (60.9)
Thnax (hr) 5.0 4.58 3.12 4.03 (0.0, 4.88 2.63 5.01 4.13 3.99 3.00 7.95 3.00 |3.38|0.00
(2.97,12.0) | (0,7.75) | (2.92, 28.5) (292, | (0.00, | (2.92, (0.0, (298, | (0.0,8.08) | (2.98, (0.0,
8.00) 8.08) 7.62) 11.60) 11.17) 11.08) 8.00) 5.08)
AUC (hr*ng/ 1140 11,800 1270 13500 424 8310 1300 6770 1210 5350 544 4920 | 574 | 3590
mL) (93.7) (754) | (98.1) (115.8) | (49.5) | (749) | (91.4) | (138.9) | (76.88) (62.0) (59.6) | (67.1)
tf* (hr) 11.88 (7.92, 11.59 11.54 11.60 7.92 7.77 11.04 11.42 11.23 11.5 7.95 792 |838)|7.92
12.25) (7.95, (2.92, (7.33, (4.83, | (467, | (7.98, (8.00, (9.07, (8.0, (7.83, (7.82,
12.08) 12.08) 12.12) 8.10) 8.00) 12.15) 12.00) 12.07) 12.03) 8.00) 8.00)
Mean Cavgb 107 1050 113 1240 57.9 1150 122 604 112 485 68.4 620 68.5 | 453
(ng/mL) (86.5,92.5) | (762, (89.1, (113.4, (52.2, | (654, | (83.1, | (129.0, (77.6, | (63.0,306) | (59.2, (66.2,
789) 100) 1400) 30.2) 750) 101) 779) 86.9) 40.4) 411)
Median nga 89.7 979 74.4 698 56.2 1300 94.7 414 519 519 75.4 529 68.5 | 453
(ng/mL) (16.4, 398) (65.4, (33.8, (181, (12.0, (127, (15.7, (37.8, (48.3, (48.3, (28.10, (191,
2420) 393) 4660) 105) 2340) 437) 3350) 926) 926) 124) 1280)
R - 11.2 - 11.7 - 22.0 - 4.42 - 5.33 - 12.0 6.25
(69.8) (75.8) (70.8) (47.9) (80.8) (73.0)

n: Number of subjects; Cp,ax: maximum concentration; Ty, time to maximum observed concentration; AUCtf: area under the concentration-time curve from time 0 to
the time of the final quantifiable sample; tf: last time point with PK sample collected and concentration >LLOQ; C,yg: AUCH/tf; R: accumulation ratio (AUCtf Day 7/
AUCtf Day 1).

a Median (min-max).

b Arithmetic mean (%CV, SD).

¢ One subject had quantifiable pre-dose concentration greater than 10% C,,y.

d One subject had the first dose split into two and the second half of the dose was administered 3.25 hours after the first half of the dose. PK exposure was calculated

based on PK sample collection time elapsed from the first half of the dose.

https://doi.org/10.1371/journal.pone.0212837.t1003

tebrile neutropenia in 15 subjects (11%), of which the majority (10 subjects; 22%) were in the
POS 18 mg/kg/day TID group. Only 3 subjects, including 2 (5%) receiving POS 12 mg/kg/day
BID (both in AG2, the 2 to <7-year age group) and 1 (2%) receiving POS 18 mg/kg/day TID
(in AGL, the 7 to <18-year group), experienced SAEs considered by the investigator as treat-
ment related. In AG2/DCI subjects (n = 2), treatment related SAEs included: electrocardio-
gram T-wave inversion, increased levels of alanine aminotransferase (ALT), increased
aspartate aminotransferase (AST), and increased chemotherapeutic (methotrexate) drug levels.
The single treatment-related SAE in an AG1/DC3 subject was inversion of the electrocardio-
gram T wave.

There were also three reported deaths across all treated subjects, including 2 in the POS 18
mg/kg/day TID group (DC3) and 1 in the POS 18 mg/kg/day BID group (DC2). In DC3, 1
death was related to Burkitt’s lymphoma occurring on Day 114 (95 days after last dose of POS)
and the other death was related to multi-organ failure on Day 132 (122 days after last dose of
POS). In DC2, the 1 death occurred on Day 65 (58 days after the last dose of POS) as a result of
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Fig 3. Combined Mean plasma concentration profile by age group and dosing cohort following single (day 1) and multiple dose (day 7)
administration of posaconazole oral suspension.

https://doi.org/10.1371/journal.pone.0212837.9003

acute respiratory distress syndrome and multi-organ failure. None of the deaths were consid-
ered by the investigators as related to POS.

The frequency of TR-TEAEs reported in >5% of subjects within any age group was gener-
ally similar between the 2 older age groups (AG 1 [7to <18 years] and AG2 [2to <7years]).
One notable exception was a higher frequency of nausea (18% vs. 7%) reported in AG1 vs.
AG2. Overall, there was no apparent pattern to suggest a difference in the safety profiles
among the three dosing cohorts and 2 older age groups. Safety in AG3 (3 months to <2 years)
could not be assessed, with only 1 subject treated in this youngest age group.
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Table 4. Summary of Safety by age group and dose cohorts and most common treatment-related adverse events by age group.

DC1:

12 mg/kg/d

(BID) n (%)
Treatment- emergent adverse 21 (100)
event (TEAE)
Treatment-related TEAE 5(24)
(TR-TEAE)
Serious adverse event (SAE) 3(14)
Death 0
Severe/life-threatening TEAE 10 (48)
Study drug discontinuation 9 (43)

due to AE

Treatment-Related Treatment-Emergent Adverse Events (TR-TEAE) of >5% Frequency

Any Adverse Event
Nausea
Vomiting
Abdominal Pain
Diarrhea
Stomatitis
ALT increased
AST increased

AGI: AG2: AG3: Total
7to <18y 2to <7y 3 mo to
<2y
DC2: DC3: DCI: DC2: DC3: DC3: 12 mg/kg/
18 mg/kg/d 18 mg/kg/d 12 mg/kg/d 18 mg/kg/d 18 mg/kg/d d (BID)
(BID) n (%) (TID) n (%) (BID) n (%) (BID) n (%) (TID) n (%) n (%)
26 (93) 30 (100) 21 (95) 16 (84) 13 (87) 1 (100) 128 (94)
16 (57) 10 (33) 11 (50) 5(26) 3(20) 0 50 (37)
7 (25) 11 (37) 5(23) 1(5) 7 (47) 1 (100) 35 (26)
1(4) 1(3) 0 0 1(7) 0 3(2)
16 (57) 20 (67) 14 (64) 5(26) 7 (47) 0 72 (53)
9(32) 6 (20) 7 (32) 2(11) 3(20) 0 36 (26)
AG1:7to <18y AG2:2to <7y AG3:3 mo to Total
(N=79) (N = 56) <2y (N =136)
(N=1)
31 (55) 19 (24) 0 50 (37)
14 (18) 4(7) 0 18 (13)
11 (14) 6(11) 0 17 (13)
4(5) 2(4) 0 6(4)
4(5) 1(2) 0 5(4)
1(1) 3(5) 0 4(3)
5 (6) 4(7) 0 9()
3(4) 3(5) 0 6(4)

n: number of subjects; POS: posaconazole; BID = two times per day; TID = three times per day

Note: Deaths are also included in serious adverse event count.

https://doi.org/10.1371/journal.pone.0212837.t1004

No safety concerns were noted in other safety parameters, including ECG measurements
and laboratory testing. No subject met the pre-specified protocol criteria for significant QT
effect (QT'c >500 msec). Laboratory abnormalities of interest were increased ALT in 14/133
subjects (11%), increased AST in 8/133 subjects (6%), and increased creatinine in 2/133 sub-
jects (2%).

Discussion

The PK and safety of the POS oral suspension in the pediatric population was characterized in
this study. POS oral suspension was administered at dosages of 12 mg/kg/day (DC1) in two
divided doses, and 18 mg/kg/day in two (DC2) and three divided doses (DC3). Despite assess-
ments at different dosages and varying dose intervals, the POS oral suspension failed to achieve
the PK target for the study (i.e., >90% of pediatric subjects with a steady state C,, of 500 ng/
ml- 2500 ng/ml). Nonetheless, some individual subjects did attain the target levels of 500 to
2500 ng/mL on Day 7 with the lowest proportion in AG2(2y to <7y) /DC1(12mg/kg/d, BID)
subjects and the highest proportion in subjects being AG1(7y to <18 y) /DC3(18mg/kg/d,
TID). At all three dose levels, subjects in AG1(7y to <18y) had higher mean PK exposures at
steady state than those in AG2(2y to < 7y).

The PK target was based on previous identification of steady state C,, as a key PK parame-
ter for POS, based on data from the adult prophylaxis and treatment studies in which efficacy
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was correlated with certain C,,, exposures (16). The target level of the steady-state POS plasma
concentration was based on observations from earlier registration clinical trials conducted
with the POS oral suspension in adult patients, in which POS plasma concentrations at steady
state appeared to be correlated with efficacy in both the prophylaxis and treatment settings.
Using data from adult pivotal trials, a mean steady state C,,, exposure of approximately 1200
ng/mL with approximately 90% of subjects with values between 500 and 2500 ng/mL was pro-
posed as a target exposure for the POS pediatric program. As POS has a long terminal-phase
half-life of ~35 hours, steady-state is achieved by 7 days with a relatively flat plasma concentra-
tion-time profile. Data in healthy adult volunteers [13] demonstrate that at steady-state, any
concentration within a dosing interval when multiplied by the dosing interval, reliably esti-
mates POS AUC. In addition, at steady-state, the fluctuation between POS maximum observed
concentration (C,,,y) and minimum observed plasma concentration (Cy,;, or trough) is rela-
tively small. Thus, the steady-state mean trough concentrations, C,yg, and Cp,ax, are essentially
the same for POS, thereby allowing for C,y, to be selected in clinical studies as the primary PK
parameter of interest. In a controlled trial involving neutropenic adult subjects (study
P01899), POS oral suspension was superior to standard triazoles (fluconazole and itracona-
zole) in reducing the incidence of IFI, including aspergillosis and candidiasis, and in reducing
100-day all-cause mortality. In that study, the mean plasma concentration at steady state was
583 ng/mL [6]. In another study of IFI treatment (P00041), POS oral suspension was also
found to be effective for the treatment of adult subjects with refractory IFI, including aspergil-
losis, and for the treatment of IFI in adult subjects who were intolerant to certain antifungals,
with a better response rate and survival benefit when compared to historical control cases [16].
In that study, the mean plasma concentration was 808 ng/mL. An association between POS
plasma concentration achieved with POS oral suspension at steady state and efficacy in these
pivotal clinical trials was identified, with adult subjects with POS steady state exposures >500
ng/mL having higher response rates than controls [16]. Hence, a minimum C, was selected
for the pediatric study summarized herein.

In the current study, the percentage of subjects meeting the target C,, range of 500-2500
ng/mL was low across all age groups and dose cohorts, ranging from 31% in AG2 (2y to <7'y)
and DC1, (12mg/kg/d, BID) to 80% in AG1 (7y to <18 y) and DC3 (18 mg/kg/d, TID). There
was no clear trend toward higher exposure with increasing the daily dose, nor with increasing
the frequency of dosing. The TID regimen had higher probability of target attainment regard-
less of age group; this finding was more apparent in AG1 (7y to <18y) which had 80% DC3
(18mg/kg/d, TID) compared to 50% DC2 (18mg/kd/d, BID) and 64% DC1 (12 mg/kd/d, BID,
thus suggesting faster, less predictable clearance in younger children. Although geometric
mean C,, confidence intervals were substantially wider among both age groups due to limita-
tions in sample size (Table 2), there is an apparent trend of lower C,,; among the younger age
group (AG2, 2 to <7 years). Overall, these results are not different from those seen in previ-
ously published data regarding the use of POS oral suspension in adults [6]; in one adult study,
only 49% of subjects achieved steady state exposures within the target C,,, range [17]. The
adult C,,, reported in the earlier study fell within the range of the younger age group included
in the current pediatric study, though it is not certain that the doses are directly comparable, as
the adult subjects were administered doses ranging from 600 mg to 1200 mg/day (divided
TID). As with other triazole antifungals, POS is a known CYP3A4 inhibitor and is also a sub-
strate and inhibitor for Pgp-mediated transport. However, it is unlikely that these interactions
would result in the differences in PK exposure across age groups at steady-state, given the simi-
lar exposure seen across age groups in the current study on Day 1. Finally, it is worth noting
that food intake has been shown to increase the PK exposure of POS oral suspension in adults
by 3-4 fold [13]. The food intake of the pediatric subjects enrolled in the present study was
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monitored by the subject or legal guardian and there were, as expected, slight variances
between subjects. However, it is unclear if the slight differences in food intake could lead to the
observed differences in PK exposures across age groups. Ultimately, due to the small sample
size and early termination of the study, the cause for the higher exposures in AG 1 (7 to <18
years) compared to AG2 (2 to <7 years) is inconclusive.

Some pediatric subjects were included in the earlier POS trials, thereby helping to inform
the starting dosage of 12 mg/kg/day in the current study. In the adult IFI treatment study
(P00041), all adult subjects received 800 mg POS/day, corresponding to 11 mg/kg/day for a
70-kg adult. The majority of pediatric subjects (8 to 17 years of age) enrolled in this study
received the full adult dosing regimen, resulting in a range of 15 mg/kg/day to 24 mg/kg/day.
Despite slight differences in dose, the C,y4 achieved in adults (844 ng/mL) was similar to the
Cavg achieved in the pediatric subjects (776 ng/mL) in this trial. In two prior prophylaxis stud-
ies (CI98-316 and P01899) [6], all subjects received 600 mg/day, corresponding to a dose of 8.5
mg/kg/day for a 70-kg adult. This dose provided similar exposure in adults (C,,, = 578 ng/mL)
as in pediatric subjects (13 to 17 years of age; C,ys = 694 ng/mL). Given that the systemic expo-
sure to POS was similar between adolescent subjects and adults, and the exposures did not
appear to be influenced by age, weight, or body surface area, it was anticipated that the starting
dose of 12 mg/kg/day in the current pediatric study would result in exposures that are similar
to those observed in the pediatric and adult populations at this approximate dose, and for
which efficacy had already been established in adults. In adult healthy volunteers, dosing
above 800 mg/day resulted in a plateau in POS exposure due to limitations in absorption of
POS oral suspension. Similar limitations are also likely to occur in pediatric subjects [14].
Walsh et al found that in a group of patients treated with posaconazole for refractory aspergilo-
sis, the group with the highest clinical response (70%), the average steady-state concentration
of posaconazole was 1.25 pg/ml (1250 ng/ml; the highest concentration quartile). Patients with
concentrations in the middle two quartiles (average concentrations, 0.5 to 0.7 pg/ml or 500 to
700 ng/ml) were successfully treated 53% of the time (17). Others have suggested a trough of
0.7 mcg/ml (700 ng/ml) as a target for therapeutic drug monitoring while using posaconazole
(18).

POS oral suspension was generally well tolerated in pediatric subjects enrolled in this study,
with a safety profile similar to that previously reported for this POS formulation [6]. As antici-
pated, nearly all pediatric subjects treated with POS had one or more TEAEs reported, with
26% of subjects reporting an SAE. This safety profile reflects the underlying severity of illness
present in the pediatric oncology population studied. In the setting of a weakened immune sys-
tem, such patients are at risk not only for a fungal infection but other infections, multi-organ
failure, progression of underlying hematologic malignancy, and graft failure. Of the treated
subjects, 37% (50/136) had a TEAE reported that was judged to be possibly or probably related
to study drug. There was no predominant type of related TEAE, although the most commonly
reported terms were those involving the gastrointestinal system. Treatment-related nausea and
vomiting were reported in 13% (18/136) and 13% (17/136) of subjects, respectively. There was
no apparent pattern that would indicate a clear difference among the dose cohorts or age
groups; specifically, treatment-related TEAEs did not appear to be dose related.

In conclusion, the PK target (i.e., a C,yq at steady state [Day 7] between 500 and 2500 ng/
mL in ~90% of subjects) was not achieved in any of the pediatric age groups across the differ-
ent dosage cohorts receiving POS oral suspension in this study. However, it is encouraging to
note that many patients individually attained target C,,5 concentrations, while very few
patients exceeded 2500 ng/ml (n = 2; 2.9%), and in the older age group an 18 mg/kg/day dose
achieved C,,, within the desired PK parameter.
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Currently, there are no approved dosing recommendations for POS oral suspension for the
pediatric population. Given this, clinicians who use posaconazole based on their assessment of
benefit-risk in a particular child may consider obtaining plasma concentrations and discussing
results with an expert in pediatric fungal infections.

Given the potential for POS to prevent and treat IFls in the pediatric population, and the
generally favorable safety profile established in this study for POS, future pediatric develop-
ment of POS will need to focus on new formulations of the molecule and dosing regimens
with a greater potential to achieve the established PK target (i.e., IV formulation, oral granule)
equivalent of the current adult tablet formulation. A recent report investigating the PK using a
dosing regimen based on body surface area in the pediatric population has shown promising
results [18]. Additional studies using new formulations and dosing regimens of the molecule
are currently under investigation.
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