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1. EXECUTIVE SUMMARY
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the virus that causes COVID-19
disease. SARS-CoV-2 uses an RNA-dependent RNA polymerase (RdRp) for replication. Remdesivir (RDV)
is an inhibitor of the SARS-CoV-2 RdRp.
Phase 3 clinical studies were conducted to evaluate RDV for the treatment of COVID-19 in hospitalized
adult patients. Pharmacokinetics of RDV and metabolites (GS-704277 and GS-441524) was not assessed
in these trials.
The clinical pharmacology package included the following:
•
•

•

Studies of safety, PK, and mass balance in healthy adults.
In vitro assessment of ADME, enzyme and transporter substrate properties of RDV and metabolites,
inhibitory effect of RDV and metabolites on enzymes and transporters and whether RDV and
metabolites are inducers of drug metabolizing enzymes.
Physiologically Based Pharmacokinetic (PBPK) Modeling and Population Pharmacokinetics (PopPK)
analysis with the objective of predicting plasma exposures of RDV and metabolites in pediatric
patients (this review only focused on the predicted exposure in pediatric patients 12 years of age
and older and weighing at least 40 kg).

The clinical pharmacology review primarily focused on addressing the following two questions:
1) Based on the review of the in vitro enzyme and transporter studies, is there a need to conduct in
vivo drug-drug interaction (DDI) trials?
2) Is the dosing regimen for pediatric patients 12 years of age and older and weighing at least 40 kg
acceptable?

1.1 Recommendations
Review Issue
Pivotal or
supportive
evidence of
effectiveness

Recommendations and Comments
Pivotal evidence of effectiveness comes from randomized, double-blind, placebo-controlled trial
ACTT-1, which enrolled hospitalized subjects with mild, moderate, or severe COVID-19. Subjects in
the RDV arm received 200 mg IV on day 1 and 100 mg IV on subsequent days for a total treatment
duration of 10 days. The median time to recovery within 28 days of randomization (primary
endpoint) was 10 days in the RDV group vs 14 days in the placebo group (recovery rate ratio 1.31,
95% CI 1.12 to 1.53).
Supportive evidence comes from two open-label trials. GS-US-540-5773 evaluated hospitalized
subjects with severe COVID-19 and GS-US-540-5774 evaluated hospitalized subjects with
moderate COVID-19. Subjects in the RDV arm of these trials received 200 mg IV on day 1 and 100
mg IV on subsequent days for a total treatment duration of five or 10 days.
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General
dosing
instructions
Dosing in
patient
subgroups
(intrinsic and
extrinsic
factors)

200 mg IV on day 1 and 100 mg IV daily for up to a total of 10 days. The recommended infusion
duration is 30-120 minutes.
Drug interactions – effect of other drugs on RDV and metabolites
In vitro studies were conducted to evaluate RDV and metabolites as a substrate of various drug
metabolizing enzymes and transporters as outlined in the 2020 In Vitro Drug Interaction StudiesCytochrome P450 Enzyme- and Transporter-Mediated Drug Interactions Guidance for Industry
(referred to as the “drug interaction guidance” in the remainder of the review).
RDV is approximately 80 % metabolized by carboxylesterases (CES) 1 and 2 with additional
metabolism mediated by Cathepsin A (10 %) and CYP3A (10 %). RDV is a substrate of OATP1B1
and P-gp transporters. Metabolite GS-704277 is a substrate of OATP1B1 and OATP1B3. The clinical
relevance of these in vitro assessments has not been established.
Drug-drug interaction trials of RDV and other concomitant medications have not been conducted,
however, the applicant will conduct a DDI trial of RDV with rifampin (broad spectrum inducer of
enzymes/transporters) as a Post Marketing Requirement (PMR).
Drug Interactions – effect of RDV and metabolites on other drugs
In vitro studies were conducted to evaluate RDV and metabolites as an inhibitor or inducer of drug
metabolizing enzymes and as an inhibitor of transporters. Using drug interaction guidance
recommended equations for predicting the potential for clinically significant DDIs, RDV at day 1
Cmax (after administration of 200 mg) is a potential inhibitor of CYP3A, UGT1A1, OATP1B1,
OATP1B3, and MATE1. However, RDV at two hours after day 1 Cmax is a potential inhibitor of only
MATE1 and at four hours after day 1 Cmax is not a potential inhibitor of any enzymes/transporters.
GS-704277 and GS-441524 are not expected to affect enzymes or transporters recommended for
evaluation in the drug interaction guidance.
Overall, due to the short term (up to 10 days) duration of RDV therapy, short duration of predicted
effect on substrate drugs (up to four hours of a 24-hour dosing interval on Day 1), and considering
that the inhibitory effect on UGT1A1 or MATE-1 substrates is not generally clinically significant, we
do not recommend additional human DDI trials to evaluate the effect of RDV on other drugs.
Renal Impairment
The most abundant metabolite of RDV, GS-441524, is primarily renally eliminated. Structurally
related drugs to RDV such as sofosbuvir and tenofovir alafenamide also form metabolites that are
renally eliminated and whose plasma exposures are significantly elevated in subjects with renal
impairment.
The PK of RDV and metabolites have not been evaluated in subjects with chronic renal
impairment. Subjects with creatinine clearance (calculated by Cockcroft-Gault) ≥30 mL/min were
enrolled in Phase 3 studies; however, screening was not conducted to determine if subjects with
creatinine clearance <90 mL/min had acute or chronic renal impairment. Further, population PK
analyses cannot support determination of the effect of renal impairment on RDV clearance as
subjects included in the analysis (healthy subjects) had a minimum creatinine clearance value of 87
mL/min. There is an agreed upon PMR to conduct a renal impairment PK study in subjects with all
categories of chronic renal impairment.
5
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Hepatic impairment
RDV is primarily metabolized and conversion to its metabolite(s) could potentially be reduced in
subjects with hepatic impairment.
The PK of RDV and metabolites have not been evaluated in subjects with hepatic impairment.
Clinical scoring for hepatic impairment (such as Child-Pugh or MELD score) was not conducted in
Phase 3 studies. There is an agreed upon PMR to conduct a hepatic impairment study in subjects
with moderate and severe hepatic impairment. This PMR also includes a requirement to evaluate
the PK of RDV and its metabolites in subjects with mild hepatic impairment depending on results in
those with moderate and severe hepatic impairment.
Pediatrics (≥12 years of age and weighing ≥40 kg)
Subjects <18 years of age were not enrolled in Phase 3 studies. Approval of the adult dose for
pediatric patients ≥12 years of age and weighing ≥40 kg is based upon model-predicted
comparable plasma exposures of RDV, GS-704277 and GS-441524 -relative to observed plasma
exposures in healthy adults (4.3 Physiologically-based Pharmacokinetics Review, 4.4
Pharmacometrics Review) and safety data in lower body weight adults (40-50 kg) enrolled in Phase
3 studies.
There is an agreed upon PMR to conduct a pediatric study in patients aged birth to <18 years of
age. The primary endpoint is the assessment of pharmacokinetics of RDV and metabolites in the
various age groups.
Other intrinsic demographic factors
In a popPK analysis of 123 healthy adults with intensive PK, demographic and clinical
characteristics other than body weight were not found to significantly affect exposure of RDV or
metabolites.
Pregnancy
Pregnant women were not enrolled in Phase 3 studies. However, extensive use in pregnant
women is anticipated. There are various physiological changes during pregnancy that can
potentially affect the PK of RDV, GS-704277 and GS-441524. There is an agreed upon Post
Marketing Commitment (PMC) to conduct a PK study in pregnant women to evaluate the
pharmacokinetics of RDV, GS-704277 and GS-441524.
Bridge
between the
to-bemarketed
and clinical
trial
formulations

Not applicable for an IV product. While only the lyophilized powder was evaluated in Phase 3
studies, there is no expectation that the other IV formulation (solution) would differ in
bioavailability.
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1.2 Post-Marketing Requirements and Commitments
The PMR/PMCs listed below are those agreed upon at the time of finalizing this review. See the action
letter for the final list of PMR/PMCs.
PMC or
PMR
PMR

PMR

Key issue(s) to
be addressed
Effect of
rifampin on
the PK of RDV
and
metabolites
Renal
impairment
Hepatic
impairment
Pediatrics

PMC

Pregnancy

PMR

QT study

PMR
PMR

Rationale

Key considerations for design features
-study period to evaluate the PK of RDV and metabolites after a single
rifampin dose PK (effect of OATP inhibition)
-study period to evaluate the PK of RDV and metabolites after multiple
rifampin dosing (effect of CES, OATP, and/or P-gp induction)

-evaluation of mild, moderate, and severe renal impairment
-measure unbound fraction
-evaluation of moderate and severe hepatic impairment
-measure unbound fraction
-enrollment of ages birth - <18 years of age
-primary endpoint of PK
Comparison of PK in pregnant women vs an external control. Due to RDV
being short-term therapy, PK during the post-partum period cannot
serve as the control.
See QT/IRT review dated 8/21/2020 (NDA 214787)

See
Executive
Summary

7

Reference ID: 4672801

2. SUMMARY OF CLINICAL PHARMACOLOGY ASSESSMENT
2.1 Pharmacology and Clinical Pharmacokinetics
The PK properties of RDV and metabolites in healthy adult subjects are provided in Table 1.
Table 1. Pharmacokinetic properties of RDV and metabolites (GS-441524 and GS-704277) in healthy
adult subjects.
Absorption
Tmax (h)a
Distribution
% bound to human plasma
proteins
Blood-to-plasma ratio
Elimination
t1/2 (h)c
Metabolism
Metabolic pathway(s)
Excretion
Major route of elimination
% of dose excreted in
urined
% of dose excreted in
fecesd

RDV

GS-441524

GS-704277

0.67-0.68

1.51-2.00

0.75-0.75

88-93.6b

2

1

0.68-1.0

1.19

0.56

1

27

1.3

CES1 (80%)
Cathepsin A (10%)
CYP3A (10%)

Not significantly
metabolized

HINT1

Metabolism

Glomerular filtration
and active tubular
Metabolism
secretion

10

49

2.9

ND

0.5

ND

HINT1 = Histidine triad nucleotide-binding protein 1, also known as adenosine 5'-monophosphoramidase. ND=not
detected.
a.

RDV administered as a 30-minute IV infusion (Study GS-US-399-5505); range of median observed on Day 1 and
Day 5 or 10.

b.

Range of protein binding for remdesivir from 2 independent experiments show no evidence of concentrationdependent protein binding for RDV.

c.

Median (Study GS-US-399-4231).

d.

Mean (Study GS-US-399-4231).

8

Reference ID: 4672801

2.2 Dosing and Therapeutic Individualization
2.2.1 General dosing
The recommended RDV dosing regimen was determined to be effective vs placebo in hospitalized
subjects with mild, moderate, and severe COVID-19 in Phase 3 trial ACTT-1 (see 3.3.2).
2.2.2 Therapeutic individualization
For patients with renal or hepatic impairment and pregnant women, PK data are unavailable to inform
the need for dose adjustment and PK will be evaluated in these populations as part of PMR (in subjects
with renal and hepatic impairment) and PMC (in pregnant women).
In a popPK analysis of 123 healthy adults with intensive PK, demographic and clinical characteristics
other than body weight were not found to significantly affect exposure of RDV or metabolites. While
there is an effect of body weight on RDV and metabolites exposure, the recommended dosing regimen
applies to all patients ≥40 kg.

2.3 Outstanding Issues
None.
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2.4 Summary of Labeling Recommendations
Changes to clinical pharmacology-related labeling statements are summarized below (Table 2). “Final labeling language” in Table 2 refers to
labeling changes agreed upon with the Applicant as of the date this review is finalized. See approved labeling for the most current labeling.
Table 2. Summary of changes to clinical pharmacology-related labeling.
Section(s)

Topic

Applicant’s initial labeling

Final labeling language

7
12.3

Effect of other
drugs on RDV
and
metabolites
and the effect
of RDV on
other drugs

Drug-drug interaction studies have not been
performed with VEKLURY.

Clinical drug-drug interaction studies have not
been performed with VEKLURY.

(b) (4)

In vitro, remdesivir is a substrate for drug
metabolizing enzyme CYP3A4, and is a substrate
for Organic Anion Transporting Polypeptides 1B1
(OATP1B1) and P-glycoprotein (P-gp) transporters.
In vitro, remdesivir is an inhibitor of CYP3A4,
OATP1B1, OATP1B3, and MATE1. GS-704277 is a
substrate for OATP1B1 and OATP1B3. The clinical
relevance of these in vitro assessments has not
been established.
Remdesivir is not a substrate for CYP1A1, 1A2, 2B6,
2C9, 2C19, (b) (4) or OATP1B3. GS-704277 and GS441524 are not substrates for CYP1A1, 1A2, 2B6,
2C8, 2C9, 2D6, or 3A5. GS-441524 is also not a
substrate for CYP2C19 or 3A4. GS-704277 and GS
441524 are not substrates for OAT1, OAT3, OCT1,
OCT2, MATE1, or MATE2K. GS 441524 is also not a
substrate for OATP1B1 or OATP1B3.

12.3

Intrinsic
factors

Pharmacokinetic differences based on sex,
race, age, renal function and hepatic
function on the exposures of remdesivir
have not been evaluated.

No change.
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Notes / Rationale for differences
between initial labeling and final
labeling language
Text was initially present in section 7.
Due to clinical significance not been
established, the text was moved to
section 12.3.
We requested addition of pathways
metabolites are a substrate of as well
as pathways where RDV or
metabolites are not a substrate.
Note there are other
enzymes/transporters that were
evaluated in in vitro studies (such as
non-CYP enzymes and certain
transporters not mentioned in the
drug interaction guidance (such as
MRP, BSEP, etc). The
enzymes/transporters listed in
labeling are those recommended for
routine evaluation according to FDA
guidance.

Pediatrics (≥12
years of age
and weighing
≥40 kg)

12.2

(b) (4)

Effect on QT
interval

(b) (4)

Using modeling and simulation, the recommended
dosing regimen is expected to result in comparable
steady-state plasma exposures of remdesivir and
metabolites in patients 12 years of age and older
and weighing at least 40 kg as observed in healthy
adults. [see Use in Specific Populations (8.4)].

(b) (4)
Removed
Described analyses as
“modeling and simulation” because
two approaches (PBPK and popPK)
were used.

Paragraph deleted.

The Applicant’s RDV concentrationQT analysis of PK data from Phase 1
PK studies could not exclude the
possibility of small increases in the
QTc interval. There is an agreed upon
PMR to conduct a thorough QT study
(b) (4)
using a
dose. The
QT study will be conducted (b) (4)

.

12.2

Exposureresponse

Not discussed.

Remdesivir and metabolites exposure-response
relationships and the time course of
pharmacodynamics response is unknown.
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(NDA 214787,
QT/IRT review dated 8/21/2020).
Per regulations, lack of exposureresponse information should be
described in labeling.

3. COMPREHENSIVE CLINICAL PHARMACOLOGY REVIEW
3.1 Overview of the Product and Regulatory Background
RDV was initially developed for treatment of Ebola and was subsequently evaluated for treatment of
COVID-19. The pivotal trial supporting approval for treatment of COVID-19 in hospitalized patients is
randomized, double-blind, placebo-controlled trial ACTT-1, with supportive evidence from open-label
trials GS-US-540-5773 and GS-US-540-5774.
•
•

•

The clinical pharmacology package included the following: Studies of safety, PK, and mass balance in
healthy adults.
In vitro assessment of ADME, enzyme and transporter substrate properties of RDV and metabolites,
inhibitory effect of RDV and metabolites on enzymes and transporters and whether RDV and
metabolites are inducers of drug metabolizing enzymes.
Physiologically Based Pharmacokinetic (PBPK) Modeling and Population Pharmacokinetics (popPK
analysis with the objective of predicting plasma exposures of RDV and metabolites in pediatric
patients (this review only focused on the predicted data from pediatric patients 12 years of age and
older and weighing at least 40 kg).

3.2 General Pharmacology and Pharmacokinetic Characteristics
RDV is a prodrug which requires hydrolytic cleavage prior to phosphorylation to the active triphosphate
derivative (GS-443902). After administration of RDV to humans, moieties circulating in plasma include
RDV and major inactive metabolites GS-441524 and GS-704277 (Figure 1).
Based on calculated logD values, RDV is thought to passively enter cells with greater efficiency than GS441524 and the double-anion GS-704277. Once inside the cell, RDV is primarily metabolized to GS704277 by carboxylesterases (CES). CES1 is expressed in numerous human tissues, with greatest
expression in liver, gallbladder and lung. CES expression in blood is relatively low. Intracellular GS704277 is converted to GS-441524-monophosphate, which is phosphorylated to the active triphosphate
GS-443902 or dephosphorylated to GS-441524 (Figure 2).
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Figure 1. Applicant’s proposed metabolic scheme for RDV (GS-5734).

Source: GS-US-399-4231. Note GS-704277 is also detected in plasma.
Figure 2. Applicant’s proposed intracellular metabolic scheme for RDV (GS-5734).

Source: PK Written Summary.
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PK of RDV and metabolites was not evaluated in Phase 3 studies of subjects hospitalized with COVID-19.
The single and multiple dose PK parameters of RDV and metabolites in healthy adults administered RDV
for five or 10 days are provided in Table 3.
Table 3. Mean (CV%) multiple dose PK parametersa of RDV and metabolites (GS-441524 and GS-704277)
in plasma following IV administration of RDV 200 mg on day 1 and RDV 100 mg on subsequent days to
healthy adults (n=28) in study GS-US-399-5505.
RDV
GS-441524
GS-704277
Day
1
5 or 10
1
5 or 10
1
5 or 10
Cmax (ng/mL)
4378 (23.5) 2229 (19.2)
143 (21.5)
145 (19.3)
370 (29.3)
245 (33.9)
AUCb (ng•h/mL)
2863 (18.6) 1585 (16.6)
2191 (19.1)
2229 (18.4)
698 (25.9)
462 (31.4)
Ctrough (ng/mL)
NDc
64.8 (20.8)
69.2 (18.2)
NDc
Source: Prepared by reviewer from GS-US-399-5505. Treatment duration was five days in cohort 1 and
10 days in cohort 2. CV=Coefficient of Variation.
a. RDV administered as a 30 minute IV infusion
b. AUC0-24h on day 1; AUCtau on days 5 or 10.
c. ND=Not detectable (at 24 hours post-dose). In human plasma, RDV and GS-704277 are detected for
up to six hours and eight hours post-dose.

3.3 Clinical Pharmacology Review Questions
3.3.1 To what extent does the available clinical pharmacology information provide pivotal or
supportive evidence of effectiveness?
The recommended RDV dosing regimen was determined to be effective vs placebo in hospitalized
subjects with mild, moderate, and severe COVID-19 in Phase 3 trial ACTT-1. The median time to recovery
within 28 days of randomization (primary endpoint) was 10 days in the RDV group vs 14 days in the
placebo group (recovery rate ratio 1.31, 95% CI 1.12 to 1.53). PK of RDV and metabolites was not
evaluated in this trial, thus exposure-response relationships are unknown.
3.3.2 Is the proposed dosing regimen appropriate for the general patient population for which
the indication is being sought?
Yes. The indication includes adults (included in Phase 3 studies) as well as adolescents 12 - <18 years of
age and weighing ≥40 kg (not included in Phase 3 studies). Efficacy and safety of RDV in hospitalized
adults weighing ≥40 kg with COVID-19 was demonstrated vs placebo in Phase 3 trial ACTT-1.
The dosing regimen evaluated in ACTT-1 study was the same as that evaluated in a prior clinical trial for
treatment of Ebola (200 mg on day 1 and 100 mg on subsequent days). Due to LFT elevations observed
in healthy adult study GS-US-399-5505 (RDV administered 200 mg on day 1 and 100 mg daily for four or
nine days), it may not be possible to further increase the RDV IV dose beyond 200 mg on day 1 and 100
mg on subsequent days.
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Adolescents
Extrapolation of efficacy is the approach used to support approval in adolescents 12 - <18 years of age
and weighing ≥40 kg. Physiologically-based PK modeling (PBPK) and population PK modeling were used
to predict exposures in patients 12 - <18 years of age and weighing ≥40 kg. PBPK accounts for agedependent physiological changes, drug-specific physicochemical properties, and utilized observed PK
data in healthy adults to predict plasma exposures in patients 12 - <18 years of age and weighing ≥40 kg.
Population PK modeling used observed PK data in healthy adults (median [range] body weight of 77 kg
[53, 101]) and allometric scaling to predict exposures in patients ≥40 kg. The recommended RDV dosing
regimen is predicted to result in comparable plasma exposures of RDV, GS-704277 and GS-441524
across the weight range of 40-80 kg (Figure 3, Figure 4, Figure 5) (4.3 Physiologically-based
Pharmacokinetics Review, 4.4 Pharmacometrics Review). The body weight range of 40-80 kg includes
body weights typical for patients 12 - <18 years of age as well as adults. According to the Clinical review
team, acceptable safety was observed in the general adult population enrolled in ACTT-1 as well as
adults with a relatively low body weight (40-50 kg, n=30).
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Figure 3. RDV, GS-441524, and GS-704277 Cmax in patients 12 - <18 years of age and weighing ≥40 kg
(model-predicted) and in healthy adults (observed).

Source:
2020-1045. Blue = popPK: median simulated exposure using allometric scaling. Black =
PBPK: Lowess smoother line of predicted exposure. Gray = adult reference: minimum, median,
maximum observed exposure in healthy adults given 200 mg IV (day 1) or 100 mg daily (day 5). Red =
adult maximum: value observed in adults administered 150 mg IV daily in study GS-US-399-1954 .
(b) (4)
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Figure 4. RDV, GS-441524, and GS-704277 AUC in patients 12 - <18 years of age and weighing ≥40 kg
(model-predicted) and in healthy adults (observed).

Source:
2020-1045. Blue = popPK: median simulated exposure using allometric scaling. Black =
PBPK: Lowess smoother line of predicted exposure. Gray = adult reference: minimum, median,
maximum observed exposure in healthy adults given 200 mg IV (day 1) or 100 mg daily (day 5). Red =
adult maximum: value observed in adults administered 150 mg IV daily in study GS-US-399-1954.
(b) (4)
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Figure 5. GS-441524 Ctau in patients 12 - <18 years of age and weighing ≥40 kg (model-predicted) and in
healthy adults (observed).

Source:
2020-1045. Blue = popPK: median simulated exposure using allometric scaling. Black =
PBPK: Lowess smoother line of predicted exposure. Gray = adult reference: minimum, median,
maximum observed exposure in healthy adults given 200 mg IV (day 1) or 100 mg daily (day 5). Red =
adult maximum: value observed in adults administered 150 mg IV daily.
(b) (4)

3.3.3 Is an alternative dosing regimen and/or management strategy required for
subpopulations based on intrinsic factors?
Based on available data, there are no subpopulations requiring an alternative dosing regimen or
management strategy. However, there are pending studies which will evaluate the impact of renal
impairment, hepatic impairment, and pregnancy on the PK of RDV and metabolites (see

1.2 Post-Marketing Requirements and Commitments and 2.2.2 Therapeutic individualization).
3.3.4 Are there clinically relevant food-drug or drug-drug interactions and what is the
appropriate management strategy?
As RDV is administered IV, food-drug interactions are not applicable.
Currently, there are no established or expected clinically significant PK-based DDIs associated with RDV.
Coadministration of RDV with chloroquine phosphate or hydroxychloroquine sulfate is not
recommended. As described in the Warning and Precautions and Microbiology sections of labeling, the
in vitro antiviral activity of RDV was antagonized by chloroquine phosphate. In cell culture, higher
remdesivir EC50 values were observed with increasing concentrations of chloroquine phosphate.
Increasing concentrations of chloroquine phosphate reduced formation of remdesivir triphosphate in
normal human bronchial epithelial cells See labeling or the Clinical Virology review for more details.
18
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Effect of other drugs on RDV and metabolites
RDV and metabolites were evaluated in vitro as substrates of drug interaction guidance-recommended
CYP enzymes and transporters. RDV is primarily metabolized by non-CYP enzymes and GS-441524 is not
CYP metabolized. GS-704277 is a substrate of CYP3A4 and possibly CYP2C19. RDV is a substrate of
OATP1B1 and P-gp transporters and GS-704277 is a substrate of OATP1B1 and OATP1B3 transporters.
The clinical relevance of these in vitro assessments has not been established.
Due to its moderate to high extraction ratio of 0.6-0.8, it is unlikely that exposures of RDV or metabolites
will be significantly affected by inhibitors of CES, CYP3A4, OATP, or P-gp. However, there is an agreed
upon PMR for the Applicant to conduct a drug interaction trial of RDV coadministered with rifampin
(broad spectrum inducer of enzymes/transporters).
Effect of RDV and metabolites on other drugs
In vitro studies recommended in the drug interaction guidance were conducted to evaluate RDV and
metabolites as inhibitor of CYP enzymes and transporters, and for RDV as an inducer of CYP enzymes. Pgp inhibition by metabolites was not evaluated due to metabolites being more polar than parent drug (a
rationale stated in FDA guidance). Nevertheless, the Applicant plans to conduct a study of P-gp
inhibition by metabolites.
Where in vitro data suggested the need for follow up evaluations, drug interaction guidancerecommended equations were used to evaluate the potential for a clinically significant DDI. Using RDV
day 1 (200 mg) or maintenance dose (100 mg) Cmax, RDV is predicted to be an inhibitor of CYP3A,
UGT1A1, OATP1B1, OATP1B3, and MATE1 (Table 4). However, by two hours after day 1 Cmax, inhibition
of only MATE1 is predicted and by four hours after day 1 Cmax, no inhibition of any enzymes/transporters
is predicted.
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group) evaluated the lyophilized formulation at different doses and infusion durations (Cohort 7: 75 mg
over two hours; Cohort 8: 150 mg over two hours; Cohort 9: 75 mg over 30 minutes).
Samples were collected from various matrices for measurement of remdesivir and metabolites:
•
•
•
•

Plasma: intensive collection through 144 hours post-dose
PBMCs: 12-24 hour intervals through 144 hours post-dose
Urine: 6-12 hour intervals through 48 hours post-dose
Semen: collected in male subjects pre-dose or three hours post-dose

Plasma PK in cohorts 1-6:
• Remdesivir Cmax and AUC increased in proportion to dose with a Tmax of 2 h and a half-life 0.66-1.1
hours
• GS-441524 Cmax and AUC appeared to increase proportionally (cohorts 4 to 5) or more than
proportionally (cohorts 1 to 3, 5 to 6) with dose, with a Tmax of 3.5-5.0 h and a half-life of 13-31 hours
• GS-704277 Cmax and AUC appeared to increase proportionally with dose, with a Tmax of 2.0-2.3 h and
a half-life of 1-2 hours
PK in PBMCs:
• GS-441524 Cmax and AUC appeared to increase less than proportionally (cohorts 4 to 5),
proportionally (cohorts 1 to 3), or more than proportionally (cohorts 3 to 4) with dose, with a halflife of 32-48 hours
• GS-441524 Cmax and AUC increased approximately proportionally with dose in cohorts 7 to 8 with a
half-life of 36-43 hours
PK in urine:
• Remdesivir: Across the 3-225 mg dose groups, the percentage of dose recovered was 7-10%
• GS-441524: Across cohorts 2-9, the percentage of dose recovered was 34-41%
• GS-704277: Not measured
PK in semen:
• Remdesivir was detected in all males in cohorts 7-9 at three hours post-dose and was not detectable
in any pre-dose samples
• GS-441524 was detected at all timepoints in males except for one subject in each of cohort 7 and 9
• GS-704277 was detected at all timepoints in males through day three
Comparison of solution and lyophilized formulations (cohorts 4 vs 7 and 5 vs 8):
• RDV and GS-441524: similar exposures were observed in plasma after doses of 75 mg or 150 mg
• GS-704277: A statistical comparison was not conducted. Exposures of both formulations appear
similar at a dose of 75 mg; exposures appear higher for the lyophilized formulation at a dose of 150
mg
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Study GS-US-399-5505 is a multiple-dose safety and PK study of IV remdesivir (lyophilized formulation)
in healthy adults. Plasma PK parameters from this study are included in labeling. Thirty-six subjects were
enrolled; 29 received remdesivir and six received placebo. Subjects were predominantly of white race
(61%) and male (81%).
Subjects received 200 mg IV on day 1 and 100 mg daily on days 2-5 (cohort 1) or days 2-10 (cohort 2).
Infusion durations were 30 minutes. Intensive plasma PK samples were collected through 24 hours (day
1) or 96 hours (day 5) postdose. PBMCs were collected every 6-12 hours through 24 hours (day 1) or 96
hours (day 5) postdose.
Remdesivir was detectable in plasma for up to six hours postdose. The AUC accumulation ratio was 0.9.
Half-lives of remdesivir and metabolites were consistent with study GS-US-399-1812 (Table 5, Table 6,
Table 7, Table 8).
Table 5. Remdesivir plasma PK parameters.

Source: Study report.
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Table 6. GS-441524 plasma PK parameters.

Source: Study report.
Table 7. GS-704277 plasma PK parameters.

Source: Study report.
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Table 8. GS-443902 plasma PK parameters.

Source: Study report.
Mass balance
Study GS-US-399-4231 evaluated the mass balance of remdesivir. Subjects received a 150 mg single IV
dose of remdesivir (solution formulation; mixture of unlabeled and radiolabeled) over 30 minutes. Eight
subjects were enrolled (all male, 50% white race, 50% black race). Matrices collected through 168 hours
postdose included blood (intensive sampling for whole blood and plasma concentrations), urine
(intervals of six, 12, or 24 hours) and feces (24 hour intervals).
Reviewer’s comments: Despite stated sampling through 168 hours postdose, results were reported for
192 h and 216 h timepoints.
The blood-to-plasma ratio of total radioactivity ranged from 0.68 at 15 minutes from the start of
infusion to 1.0 (five hour timepoint). Compared to study GS-US-399-1812, plasma RDV and GS-441524
AUCinf values were ~20% lower while GS-704277 AUCinf values were similar.
Cumulative recovery of radioactivity from urine and feces was 92% (Table 9).
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Table 9. Remdesivir and metabolites recovery in urine and feces.

Analyte
Remdesivir
GS-441524
GS-704277
Total

Percent
of dose
recovered
in urine
10.9
41.0
3.9
74.2

Percent
recovery
in feces

Combined

Not determined
18.1

92.3

Source: Prepared by reviewer based on information provided in final study report.

Metabolites were profiled from samples pooled across subjects . The major moieties in plasma were GS441524 (44% of radioactivity), RDV (14%), and unknown metabolite M27 (11%). The major moieties in
urine were GS-441524 (49%) and RDV (10%); six minor unidentified species accounted for 6% of the
dose. The major moiety in feces was M14 (12%) with other peaks being <1% each.
In vitro distribution
Study AD-540-2007 evaluated distribution of remdesivir (0.5 µM) and GS-441524 between human
cellular and soluble fractions of blood. The mean human blood/plasma concentration ratio was 0.76 for
remdesivir and 1.19 for GS-441524. In study AD-540-2016, the mean human blood/plasma ratio of GS704277 (0.5 µM) was 0.56.
Protein binding of remdesivir (study AD-399-2013) and its metabolites (study AD-399-2031) were
evaluated using equilibrium dialysis at analyte concentrations of 2 µM. The free fraction of remdesivir,
GS-704277 and GS-441524 were 12%, 99%, and 98%. In a second study (AD-540-2020), RDV protein
binding was evaluated using equilibrium dialysis at RDV concentrations of 1-10 µM. Mean RDV fraction
unbound was 6.5% at 1 µM and 7.4% at 10 µM.
Reviewer’s comments: Remdesivir concentrations in the protein binding study exceeded human Cmax after
a dose of 200 mg IV in AD-540-2020 but not in AD-399-2013. Metabolite concentrations in the protein
binding study exceeded human Cmax after a dose of 200 mg IV in study AD-399-2031 (Table 10).
Table 10. Human Cmax values after administration of 200 mg IV in study GS-US-399-5505.
Human mean Human mean
total Cmax
total Cmax (µM)
(ng/mL)
Remdesivir
4378
7.3
GS-704277
370
0.84
GS-441524
143
0.49
Source: Reviewer. Analyte molecular weights obtained from the PK Written Summary.
Analyte

In study AD-540-2008, mean free fractions of RDV (2 µM), GS-441524 (2 µM), and GS-704277 (3 µM) in
the presence of human hepatic microsomal fraction were 58%, 89%, and 90%, respectively.
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In vitro metabolism of RDV and metabolites
Study AD-540-2022 evaluated metabolic stability of RDV when incubated with human hepatocyte and
tissue fractions.. Estimated RDV hepatic fraction metabolized (fm) values were 0.8 for carboxylesterases,
0.1 for CYP3A, and 0.1 for cathepsin A. RDV can also be metabolized by human plasma and extra hepatic
(intestinal) fraction.
Study AD-540-2021 evaluated hydrolysis of RDV (incubated with cathepsin A, CES1b, CES1c, and CES2)
and GS-704277 (incubated with HINT1). RDV was metabolized by cathepsin A, CES1b, and CES1c. GS704277 was metabolized by HINT1.
Study AD-399-2011 evaluated CYP (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4)
metabolism of RDV . Detectable metabolism was observed for CYP2C8, CYP2D6 and CYP3A4. When
normalized to hepatic expression levels, CYP3A4 is expected to have a greater contribution to RDV
metabolism compared to CYP2C8 or CYP2D6.
Study AD-540-2018 evaluated CYP (CYP1A1, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6,
CYP3A4 and CYP3A5) metabolism of RDV, GS-441524, and GS-704277. As found in AD-399-2011,
remdesivir was metabolized by CYP2C8, CYP2D6, and CYP3A4. No metabolism of GS-441524 was
observed. Potential metabolism of GS-704277 by CYP3A4 and CYP2C19 was observed; however, the
results were inconclusive due to poor analytical sensitivity.
Study AD-540-2019 evaluated UGT (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B7 and
UGT2B15) metabolism of RDV, GS-441524, and GS-704277. No metabolism was observed for RDV.
Detectable UGT1A3 metabolism was observed for GS-441524 and GS-704277; however, a direct
glucuronide metabolite was not detected for either metabolite.
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In vitro studies of RDV and metabolites as a substrate of transporters
RDV and metabolites were found to be substrates of several transporters (Table 11).
Table 11. Summary of RDV and metabolite in vitro transporter studies.
Study
AD-540-20121

Analyte
RDV

AD-399-20071

RDV

AD-399-2008

RDV

AD-540-2010

GS-441524

AD-540-2025

GS-441524

AD-540-2010

GS-704277

AD-540-2025

GS-704277

Transporter
P-gp
P-gp
BCRP
OATP1B1
OATP1B3
OATP1B1
OATP1B3
OAT1
OAT3
OCT2
MATE1
MATE2K
OATP1B1
OATP1B3
OAT1
OAT3
OCT2
MATE1
MATE2K

System
Caco-2
MDCK
CHO

Substrate
Yes
Yes
No
Yes
No

HEK293

No

HEK293

No

HEK293

Yes

HEK293

No

1Dose-dependent

efflux was shown in AD-540-2012 (RDV concentrations of 1, 10, and 100 µM) while a single 1 µM
RDV target concentration was evaluated in AD-399-2007.
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In vitro inhibition of CYP and non-CYP enzymes by RDV and metabolites
Reversible inhibition
RDV is an inhibitor of several drug metabolizing enzymes (Table 12). GS-441524 and GS-704277 are
inhibitors of UGT1A9 (Table 13). For comparison of IC50 values with human PK data, RDV and
metabolites human plasma Cmax values after administration of 200 mg IV are shown in Table 10.
Table 12. Summary of RDV reversible enzyme inhibition studies.
Study

Analyte

Concentration
(µM)

Enzyme

IC50 (µM)

CYP1A2 (E)
>100
CYP2C9
63.3
AD-399-2010
RDV
0-100
CYP2C19
68.3
CYP2D6
73.0
CYP3A (M)
>1.6
CYP1A2 (P)
>100
CYP2B6
77.8
AD-540-2004
RDV
0-100
CYP2C8
54.9
CYP3A (T)
11.0
AD-540-2005
RDV
0-100
UGT1A1
9.8
Source: Prepared by reviewer. Substrates: E = 7-ethoxyresorufin; M = midazolam; P = phenacetin; T =
testosterone.
Table 13. Summary of GS-441524 and GS-704277 reversible enzyme inhibition studies.
Study

Analyte

Concentration
(µM)

AD-540-2013

GS-441524
GS-704277

Up to 25

AD-540-2015

GS-441524
GS-704277

0-100

GS-441524
GS-704277
Source: Prepared by reviewer.
AD-540-2015

0-100

Enzyme
CYP1A2
CYP2B6
CYP2C8
CYP2C9
CYP2C19
CYP2D6
CYP3A4
UGT1A1
UGT1A3
UGT1A4
UGT1A6
UGT1B7
UGT1A9
UGT1A9
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IC50 (µM)

>25

>100
85.5
88.9

Mechanism-based inhibition
RDV (25 µM), GS-441524 (25 µM), and GS-704277 (25 µM) are not mechanism-based inhibitors of CYP
(CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6 or CYP3A) enzymes (AD-540-2004, AD-540-2014).
In vitro induction of CYP enzymes by RDV and metabolites
In study AD-399-2027, induction of CYP (CYP1A2, CYP2B6, CYP3A4) enzymes by RDV (10-50 µM), GS441524 (25-100 µM), and GS-704277 (10-50 µM) in human hepatocytes was evaluated. For RDV,
induction of mRNA (no induction of enzyme activity) was observed in one of three donors for CYP1A2
(24% of positive control) and CYP2B6 (27% of positive control). RDV did not induce CYP3A4. No
induction of mRNA or enzyme activity was observed for GS-441524 or GS-704277.
In vitro inhibition of transporters by RDV and metabolites
Inhibition of several transporters by RDV, GS-441524 and/or GS-704277 was observed (Table 14, Table
15, Table 16). The Applicant is planning to conduct an in vitro study to evaluate inhibition of P-gp by GS441524 and GS-704277.
Table 14. Summary of RDV transporter inhibition studies.
Study

Concentration
(µM)

AD-399-2005

0-40

AD-399-2029

Up to 100
Up to 150

AD-540-2011

Up to 137
Up to 191

Transporter

System

IC50 (µM)

P-gp
BCRP
OATP1B1
OATP1B3
BSEP
MRP2
MRP4
NTCP
MATE1
MATE2-K
OAT3
OCT2
OAT1
OCT1

MDCK
MDCK
CHO
CHO

No inhibition
No inhibition
2.8
2.1
22
No inhibition
5.1
72
1.74
41.1
11.3
53.5
152
11.3

Vesicles
MDCK
MDCK
HEK293
HEK293
CHO
HEK293

Source: Prepared by reviewer.
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Table 15. Summary of GS-441524 transporter inhibition studies.
Study

Concentration
(µM)

AD-540-2009

Up to 241
Up to 162

AD-540-2011

Up to 186
Up to 136

AD-399-2029

Up to 100

AD-399-2035

Up to 200

Transporter
OATP1B1
OATP1B3
MATE1
MATE2-K
OAT3
OCT2
OAT1
OCT1
BSEP
MRP2
MRP4
NTCP
BCRP
BSEP
MRP2
MRP3

System

IC50 (µM)

MDCK
MDCK
HEK293
HEK293
CHO
HEK293

241
>241
No inhibition
No inhibition
>186
No inhibition
>136
>136

Vesicles

>100

Vesicles

>200

HEK293

Source: Prepared by reviewer.
Table 16. Summary of GS-704277 transporter inhibition studies.
Study

Concentration
(µM)

AD-540-2009

Up to 89
Up to 88

AD-540-2011

Up to 74
Up to 98

AD-399-2029

Up to 100

AD-399-2035

Up to 200

Transporter
OATP1B1
OATP1B3
MATE1
MATE2-K
OAT3
OCT2
OAT1
OCT1
BSEP
MRP2
MRP4
NTCP
BCRP
BSEP
MRP2
MRP3

System

MDCK
MDCK
HEK293
HEK293
CHO
HEK293

No inhibition
>89
No inhibition
No inhibition
>74.3
No inhibition
>98
No inhibition

Vesicles

>100

Vesicles

>200

HEK293

Source: Prepared by reviewer.
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IC50 (µM)

Predicted clinical significance of in vitro interactions using mechanistic static equations
Study AD-540-2024 used in vitro parameters and equations described in FDA guidance to calculate the
potential for significant in vivo inhibition of enzymes or transporters by RDV, GS-441524, and GS704277.
Using a basic model for reversible inhibition of enzymes (CYPs 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A,
UGT1A1, UGT2B7), R1≥1.02 indicates a potential interaction. R1≥1.02 was observed for several enzymes
for RDV, GS-441524, and GS-704277. Further analysis of reversible inhibition was conducted using a
mechanistic static equation where AUCR ≥1.25 indicates a potential interaction. Using RDV day 1 Cmax,
AUCR≥1.25 was observed for RDV regarding inhibition of CYP3A and UGT1A1. However, using RDV day 1
concentration two hours after Cmax, no effect on CYP3A or UGT1A1 is predicted. AUCR≥1.25 was not
observed for any enzyme for GS-441524 or GS-704277.
RDV both inhibited and induced (one of three donors) CYP1A2 and CYP2B6. Using a combined
mechanistic static equation, no interaction was predicted (AUCR of 0.91 for CYP1A2 and AUCR of 0.94
for CYP2B6).
A basic model was used to determine potential inhibition of transporters by RDV, GS-441524, and GS704277. For OATP1B1 and OATP1B3, cutoff values were exceeded for RDV using day 1 Cmax but not two
hours after day 1 Cmax. Cutoff values were exceeded for inhibition of MATE1 by RDV using day 1 Cmax but
not when using the RDV concentration observed four hours after day 1 Cmax.
Cutoff values were not exceeded for inhibition of OCT1 by RDV, GS-441524 and GS-704277, and were
not exceeded for inhibition of OATP1B1/3 by GS-441524 and GS-704277. Cutoff values were not
exceeded for inhibition of OAT1, OAT3, OCT2, or MATE2-K by RDV, GS-441524, or GS-704277.
Reviewer comments: DDI liability reports AD-540-2006 and AD-540-2017 were not reviewed as they were
replaced by AD-540-2024 (reviewed above).
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4.2 Summary of Bioanalytical Method Validation and Performance
Plasma PK Parameters from study GS-US-399-5505 were included in labeling. We reviewed the method validation and sample analysis reports
associated with study GS-US-399-5505 and found the methods to be acceptable (Table 17, Table 18).
Table 17. Assessment of LC-MS/MS method validation reports relevant to study GS-US-399-5505.
Method

Analyte(s)

Matrix

Calibration
range

60-15117

RDV
GS-441524
GS-704277

Plasma

4-4000 ng/mL
2-2000 ng/mL
2-2000 ng/mL

60-15117
amendment 6

RDV
GS-441524
GS-704277

Plasma

4-4000 ng/mL
2-2000 ng/mL
2-2000 ng/mL

Accuracy and precision
values of calibration and
QC samples within 15%
(20% at LLOQ)
Yes

Yes

Failed runs

Major
deviations

Interference from other
analytes

Duration of stability

Runs 1-6 failed due to
accuracy and precision.
May be due to lack of
assay ruggedness or
stock solutions not fully
thawed. After adding an
additional injection step
and ensuring thawing of
solutions, accuaracy and
precision was
acceptable.
None

None

Peaks in RDV blanks were
up to 7% of PA at LLOQ.
No interference in GS441524 blanks. Peaks in
GS-704277 blanks were
up to 17% of PA at LLOQ.

RDV and GS-441524
stable for 31 days at
-20°C and -70°C

No new chromatograms
submitted in this
amendment

RDV and GS-441524
stable for 392 days at
-20°C and
-70°C

None

GS-704277 stable for
31 days at -70°C

GS-704277 stable for
257 days at -70°C

Source: Reviewer. PA = peak area. Sample dilution of up to 20-fold was shown to result in acceptable accuracy and precision.
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Table 18. Assessment of LC-MS/MS method performance in study GS-US-399-5505.
Analyte

Matrix

Method

Major
deviations or
failed runs

RDV
GS-441524
GS-704277

Plasma

60-15117

None

Accuracy and
precision values
of calibration
and QC samples
within 15%
(20% at LLOQ)
Yes

Max time
between
sample
collection and
analysis

Samples
measured
within the
duration of
stability

Incurred sample
reanalysis pass
rate (within 30%
of original
measurement)

Interference
from other
analytes

Chromatograms

93 days, stored
at -70°C

Yes

99%
99%
98%

No interference
in blank
chromatograms

Chromatograms
from study
subjects were
submitted and
appear consistent
across samples

Source: Reviewer. PA = peak area.
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4.3 Physiologically-based Pharmacokinetics Review

Executive Summary
The objective of this review is to evaluate the adequacy of the Applicant’s physiologically based
pharmacokinetic (PBPK) analysis to predict the plasma PK profiles of remdesivir (RDV) and metabolites
(GS-704277 and GS-441524) in pediatric patients 12 years of age and older and weighing at least 40 kg.
The Division of Pharmacometrics has reviewed the final PBPK report, supporting modeling files, and
responses to our information requests (submitted on July 24, 2020) to conclude the following:
•

•

•

The PBPK modeling for RDV was adequate to predict the plasma PK profiles of RDV, GS-704277
and GS-441524 in adults following the proposed dosing regimen (loading dose of 200 mg IV and
100 mg IV daily maintenance dose).
The changes in the age-depended physiological parameters are not expected to significantly
impact the plasma PK profiles of RDV, GS-704277 and GS-441524 for pediatric patients 12 years
of age and older and weighing at least 40 kg.
PBPK analysis can be used to provide supporting evidence for comparable plasma exposure of
RDV and metabolites between adults and adolescents (12 years of age and older and weighing
at least 40 kg) following the proposed dosing regimen.

Background
The proposed dosing regimen of remdesivir (RDV) is a single loading dose of 200 mg IV on Day 1
followed by once-daily maintenance doses of 100 mg IV from Days 2 for adults and pediatric patients 12
years of age and older and weighing at least 40 kg.
Following a single IV administration of RDV 150 mg, RDV was rapidly eliminated followed by the
sequential appearance of GS-704277 and GS-441524 in plasma. The intracellular metabolism of RDV is
assumed to be mediated by phosphoramidase cleavage of GS-704277 to GS-441524-MP. GS-441524-MP
then converts to the active triphosphate metabolite, GS-443902, via nucleotide kinases.
Dephosphorylation of GS-441524-MP results in the nucleoside analog GS-441524 (Figure 6). Both GS441524-MP and GS-443902 are not detectable in the plasma. The Applicant stated that albumin is likely
the main plasma binding protein for RDV, GS-704277 and GS-441524 [PBPK report QP-2020-1041]. The
human mass balance study [Study GS-US-399-4231] reported that recovery of RDV was primarily from
urine containing approximately 92% of the total dose. The predominant species detected in urine were
GS-441524 (49%), followed by RDV (10%) and GS-704277 (2.9%). RDV exhibited a linear PK profile for
doses ranging from 3 mg to 225 mg IV].
A PBPK modeling approach for RDV was proposed by the Applicant to support the selection of the
proposed dosing regimen for pediatric patients (infants to adolescents) in the Initial Pediatric Study Plan
(dated 4/30/2020 under IND 147753). FDA agreed that PBPK modeling approach could be used to
support pediatric dose selection in the clinical PK studies; but cited several model limitations and
indicated that the model needed to be further optimized for the intended application [FDA DARRTs ID
4593544]. PK data in patients < 18 years of age are not available at the time of NDA submission.
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In the current NDA submission, the Applicant proposed the following language in their draft US label
regarding PBPK analysis:
(b) (4)

Section 8.4

Section 12.3

This review evaluates the adequacy of the Applicant’s PBPK model to simulate the plasma PK profiles of
RDV and metabolites GS-704277 and GS-441524 in adolescent patients (12 years of age and older and
weighing at least 40 kg).

Methods
PBPK model structure
The PBPK analysis was performed using the population-based PBPK software Simcyp® (V18, Simcyp Ltd.,
a Certara Company, Sheffield, United Kingdom). The software’s default “Healthy Volunteer” was used
for simulating adult exposure of RDV and plasma metabolites. For the adolescent population, the
Applicant created a modified “Pediatric” virtual population by sampling from the default pediatric
population to compile a pediatric virtual population that is evenly distributed by body weight with an
approximately equal proportion of males and females.
The PBPK model of RDV was developed based on in silico derived physicochemical properties, in vitro,
and clinical PK data [Studies GS-US-399-5505 and GS-US-399-1812]. Key model parameters are
described as follows. In vitro, the unbound fraction of RDV in plasma (fup) ranged from 0.065-0.074
[AD-540-2020] to 0.12 [Study AD-399-2013]. The Applicant set fup as 0.12 and the blood-to-plasma
ratio (B/P) as 0.76) [study AD-540-2007] in the PBPK model. A full PBPK distribution model was used for
RDV and a Kp scalar of 0.56 was used to characterize RDV volume of distribution after IV administration
(Vd= 45-102 L). Although in vitro RDV was a substrate for OATP1B and P-gp transporters, the model
assumed that active transport does not mediate the disposition of RDV (perfusion rate-limited). This
assumption seemed reasonable because RDV exhibits moderate-to-high hepatic extraction ratio. RDV is
rapidly metabolized to GS-704277 by ester hydrolysis. Carboxylesterase 1 (CES1) was identified as the
primary esterase responsible for hydrolysis of RDV in vitro [Report AD-540-2021]. In vitro, RDV was also
identified as a minor substrate for CYP3A4 and cathepsin A (<10% each). Remdesivir also undergo renal
elimination (8.7% of RDV was eliminated unchanged in urine). The observed renal clearance (CLr) of 5.71
L/h was included in the model.
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Reviewer’s comments: A two-fold difference in the RDV’s fup was reported between two in-vitro studies
(see discussion in Section 4.1). Given the intrinsic clearance of RDV is estimated using retrograde method
based on clinical PK data, the selection of RDV fup of 0.12 as PBPK model parameters is not expected to
significantly impact the simulated plasma PK profiles of RDV and its metabolites.
The PBPK model of RDV metabolite GS-704277 was developed based on physicochemical properties (in
silico estimates), in vitro and clinical PK data [studies GS-US-399-5505 and GS-US-399-1812]. In vitro, the
fup of GS-704277 was 0.99. Based on its physiochemical property, GS-704277 is expected to have a low
cellular permeability and a minimal B/P value of 0.55 was assumed due to the high hydrophilicity (logP
value of -2.31) and ionization at physiologic pH. A minimal PBPK distribution model, with a Kp scalar of
3.3 and single-additional compartment, was used to recover the observed PK profile in plasma. Because
the intracellular metabolites of RDV (GS-441524-MP and GS-443902; see below) are not observed in
plasma, these metabolites are not incorporated into the current PBPK model. Instead, the model
assumed a single non-specific esterase process metabolizes GS-704277 directly to GS-441524 in the liver
(See Figure 6).
The PBPK model of RDV metabolite GS-441524 was developed based on physicochemical properties (in
silico estimates), in vitro and clinical PK data [studies GS-US-399-5505 and GS-US-399-1812]. In vitro, the
fup was 0.98 [study AD-399-2031] and B/P was 1.19 [study AD-399-2007]. A minimal PBPK distribution
model, with a volume of distribution of 6.2 L/Kg and single-additional compartment, was used to
recover the observed plasma PK profile. GS-441524 undergo renal elimination (35.4 % of RDV dose
renally eliminated as GS-441524). The observed CLr value of 9.85 L/h was used in the model. Additional
human hepatocyte clearance of GS-441524 was estimated to recover the AUC of GS-441524.
The intracellular metabolism of RDV is assumed to be mediated by phosphoramidase cleavage of the
phosphoramidate bond of GS-704277, liberating the nucleoside analog monophosphate, GS-441524-MP.
Nucleotide kinases catalyze the intracellular conversion between GS-441524-MP and the active
triphosphate metabolite, GS-443902. Dephosphorylation of GS-441524-MP results in the formation of
the nucleoside analog GS-441524. The latter metabolite is observable in the plasma (Figure 6).
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Figure 6. Scheme of the proposed ADME pathways and PBPK model structure for RDV, GS-704277 and
GS-441524.
Proposed Metabolic Pathway

Proposed PBPK Model for RDV

GS-5734=Remdesivir. Source: Made by the Reviewer based on Figure 1 of the PBPK report QP-2020-1041

Reviewer’s comments on the simplified model structure:
The RDV metabolites GS-441524-MP and GS-443902 are produced intracellularly and undetectable in
plasma. Since the current model did not include the intracellular metabolism of RDV to the active
metabolite GS-443902, it limited the use of this PBPK model to provide pharmacodynamic analysis of
RDV. The Reviewer acknowledges that the plasma PK profiles of RDV, GS-704277 and GS-441524 may
not be relevant to the PK of the active metabolite in tissues.
PBPK model performance
The predictive performance of the PBPK modeling for RDV and the plasma metabolites GS-704277 and
GS-441524 was evaluated by simulation of phase 1 exposure data in healthy adults, following
administration of RDV 200 mg IV loading dose (0.5 h infusion) on Day 1, then 100 mg IV daily
maintenance doses (0.5 h infusion) starting on Day 2, and continuing through Days 5 or 10 [Study GS-US399-5505].
PBPK model application
The adult PBPK modeling for RDV was subsequently used to simulate steady-state pediatric exposures
accounting for age-dependent changes in organ volume/size (liver and kidney), enzyme expression,
plasma protein binding, and organ blood flow.
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Reviewer’s comments on the clinical applicability of this model:
Given the simplified model structure, the current PBPK modeling for RDV mainly accounted for changes
in physiological parameters such as tissue/organ size/volume, blood flow rates, liver and kidney function,
and to an extent, CES enzyme expression. Based on the default ontogeny function in the pediatric model
(Simcyp V18), CES activity in adolescence (12-18 years of age) is mature by 12 years of age. Based on
literature data1, CES1 and CES2 abundances in adolescence are about 80% and 95% of the adult values in
the liver, respectively. While our current understanding of the ontogeny of this enzyme is mainly based
on in-vitro information, given our current understanding of enzyme maturation rates in general, CES is
likely mature in children over 12 years of age. Therefore, the uncertainty of Applicant’s ontogeny
function for CES and its impact on the simulated plasma PK profiles can be considered low for
adolescents (proposed pediatric population). On the other hand, the uncertainty of other assumptions
on the metabolic pathways for ‘downstream’ metabolites vary. For example, there is high uncertainty of
assuming that GS-441524 formation can be simplified by describing it using a single pathway (GS-441524
is directly formed from GS-704277). Reason is this assumption does not consider intracellular metabolic
pathways where multiple enzymes and conversions are involved. However, the impact of such
assumptions on simulated PK profiles could be lower if the key enzymes involved in the intracellular
metabolic pathways are mature in adolescents. Overall, we consider the applicability of the proposed
modeling approach to scale from adults to children (birth to < 18 years of age) to be limited when only
incorporating changes in physiological parameters and some enzyme ontogeny. However, given the
current knowledge about enzyme maturation in adolescents, we consider the current PBPK modeling
reasonable to provide support for simulations of plasma PK profiles of RDV and metabolites GS-704277
and GS-441524 in pediatric patients over 12 years of age and weighing over 40 kg.
The Reviewer noted a clinical study in pediatric patients across all age and body weight groups is
planned/ongoing.
The Reviewer acknowledged the current PBPK modeling for RDV does not account for the possibility of
diminished liver or kidney function in patients due to SARS-CoV-2 infection and/or COVID-19 progression
because the impact of infection/disease progression on the PK of RDV and metabolites is currently
unknown.
The Reviewer noted the current modeling for RDV is considered adequate for the Applicant’s intended
purpose - scale plasma PK from adults to adolescents. However, given the current model structure and
data limitations, the PBPK modeling for RDV should be further optimized to support future applications,
such as evaluation of drug-drug interaction potential, PK/PD analysis and other pediatric age groups.

Boberg et al. Age-Dependent Absolute Abundance of Hepatic Carboxylesterases (CES1 and CES2) by LC-MS/MS
Proteomics: Application to PBPK Modeling of Oseltamivir In Vivo Pharmacokinetics in Infants. Drug Metab Dispos.
2017;45(2):216-223.

1
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Results
Q1: Can the PBPK modeling for remdesivir describe the plasma PK of remdesivir and its metabolites in
adults?
Yes. PBPK simulations reasonably described the observed PK profiles of remdesivir and metabolites GS704277 and GS-441524 in plasma following a loading dose of 200 mg IV on Day 1, then 100 mg IV daily
doses on Days 2 - 5 to adult healthy volunteers, as shown in Figure 7.
The Reviewer noted that simulated PK parameters of remdesivir and metabolites GS-704277 and GS441524 in plasma have reached steady-stated at Day 5 (result not shown). Thus, there is no difference
between the plasma PK profiles simulated following 5-day or 10-day dosing regimens.

Figure 7. Comparison of simulated and observed pharmacokinetics of RDV, GS-704277 and GS-441524 in
health adults.
Grey dots: observed Phase 1 mean plasma
concentration-time profiles from Study GSUS-399-5505
Colored lines: predicted median plasma
concentration-time profiles from 10
simulated trials
Simulation Trial Design: Ten trials of 28
subjects per trial, default age range of 20-50
years, and equal proportion of male and female
subjects.
Source: Figure 2 of PBPK report QP-2020-1041

39

Reference ID: 4672801

Q2: Are the plasma PK profiles for remdesivir, GS-704277 and GS-441524 comparable between adults
and adolescents following the proposed dosing regimen?
Yes. As shown in Table 19, the PK parameters of RDV, GS-704277 and GS-441524 in plasma were
comparable between those simulated in adolescents (≥ 12 years of age with body weight ≥ 40 kg) and
those observed in adults after the proposed dosing regimen (200 mg IV loading dose on Day 1 followed
by 100 mg IV daily maintenance doses) [GS-US-399-5505].
The predictions for RDV and GS-441524 in adolescents were less than 1.20-fold higher than the
observed values in adults, for Cmax and AUC at Day 1 or steady-state (Day 5). While, the predictions for
the PK of GS-704277 in adolescents were approximately 1.15 to 1.80- fold higher than the observed
values in adults (Table 19).
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Table 19. Comparison of observed pharmacokinetics of RDV, GS-704277 and GS-441524 in healthy
adults and those predicted for adolescents (≥12 years of age with body weight ≥ 40 kg) following RDV
dosing.
RDV

Adult Observed1
AUCtau
Cmax

Median
Geo. Mean
5th centile
95th centile

2782.70
2816.90
2626.00
3021.70

4190.00
4267.20
3905.10
4663.00

Median
Geo. Mean
5th centile
95th centile
GS-704277

1579.30
2335.00
1562.40
2189.40
1451.00
2024.70
1682.30
2367.50
Adult Observed2
AUCtau
Cmax

Median
Geo. Mean
5th centile
95th centile

669.60
676.60
614.30
745.30

Median
Geo. Mean
5th centile
95th centile
GS-441524

446.70
224.00
438.90
231.80
384.40
201.20
501.20
267.10
Adult Observed3
AUCtau
Cmax

Median
Geo. Mean
5th centile
95th centile

2167.70
2156.20
2010.70
2312.30

140.00
139.90
129.00
151.80

Median
Geo. Mean
5th centile
95th centile

2158.10
2196.20
2047.80
2355.40

140.50
142.70
132.50
153.60

362.50
355.60
317.70
398.00

Adolescent Predicted 4
AUCtau
Cmax
Day 1
3106.47
5002.68
3168.85
5114.99
2490.48
4030.14
4136.64
6602.58
Day 5
1553.48
2499.88
1584.49
2557.38
1245.77
2015.57
2068.78
3297.86
Adolescent Predicted
AUCtau
Cmax
Day 1
1027.17
636.42
1041.78
647.76
553.47
361.84
1884.39
1108.31
Day 5
513.60
318.21
520.89
323.88
276.77
180.91
942.18
554.14
Adolescent Predicted4
AUCtau
Cmax
Day 1
2375.52
160.42
2440.21
165.40
1784.19
120.99
3398.28
230.78
Day 5
2267.98
140.10
2278.62
142.06
1438.58
98.17
3502.19
205.21

* Day 1 AUCtau: AUC0-24hr, Day 5 AUCtau: AUC96-120hr;
1 Table 15.10.1.1.6.1 of Study report# GS-US-399-5505.
2 Table 15.10.1.1.6.2 of Study report# GS-US-399-5505.
3 Table 15.10.1.1.6.3 of Study report# GS-US-399-5505.
4 Summarized by the Reviewer based on submitted model output files.
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Pred/Obs ratio
AUCtau
1.12
1.12
-

Cmax
1.19
1.20
-

0.98
1.07
1.01
1.17
Pred/Obs ratio
AUCtau
Cmax
1.53
1.54
-

1.76
1.82
-

1.15
1.42
1.19
1.40
Pred/Obs ratio
AUCtau
Cmax
1.10
1.13
-

1.15
1.18
-

1.05
1.04
-

1.00
1.00
-

Under the proposed dosing regimen, the PBPK modeling for RDV was used to predict adolescent steadystate AUC (=AUCtau) values for RDV, GS-441524 and GS-704227. For RDV and metabolites, the target
AUCtau range was based on a representative range of observed exposures in healthy adults after
administration of the therapeutic dosing regimen: 200 mg IV loading dose and 100 mg IV daily
maintenance doses [Study GS-US-399-5505]. As shown in Figure 8, the predicted steady-state AUCs for
RDV and metabolites in adolescents (red line) were generally comparable to the median adult exposure
(black line) and within the maximum and minimum range (green dashed lines), following the therapeutic
dosing regimen.
The PBPK model predictions showed that exposures to RDV and metabolites tended to be higher for
adolescents in the lower body weight range (Figure 8). Nonetheless, most predicted exposures were
within the variability (maximum and minimum range) observed in adults following the therapeutic
dosing regimen, and below the pre-defined upper limit of exposure (see below).
The Applicant considered it important to keep RDV and metabolites exposure at or below that
previously observed after administration to healthy adults of a higher maintenance dose regimen: 150
mg IV daily for 14 days [Study GS-US-399-1954]. The maximum observed adult steady-state exposures to
RDV, GS-704277 and GS-441524 were set as the upper limit of exposure for pediatric dose selection
(orange line).
Based on the target exposure ranges for RDV, GS-704277 and GS-441524, the Applicant’s proposed dose
regimen of RDV for pediatric subjects 12 years of age and older and weighing at least 40 kg is
reasonable.
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Figure 9. Weight-for-age distribution for adolescents aged 12-18 years.

Source: Made by the Reviewer based on CDC growth chart available at
https://www.cdc.gov/growthcharts/clinical charts.htm

Conclusions
The Reviewer acknowledges the current PBPK modeling for RDV has limitations regarding model
structure and metabolic pathways involved in RDV and metabolites disposition. However, the model
included reasonable assumptions and provided a reasonable description of RDV and plasma metabolites
disposition. Thus, the PBPK modeling for RDV was considered adequate to predict the plasma PK profiles
of RDV, GS-704277 and GS-441524 in adults following a 200 mg IV loading dose on Day 1 followed by
100 mg IV daily maintenance doses
PBPK analysis showed that the changes in the age-dependent physiological parameters are not expected
to significantly impact the plasma PK profiles of RDV, GS-704277 and GS441524 for pediatric patients 12
years of age and older and weighing at least 40 kg. The applicability of the proposed PBPK modeling
approach for the intended purpose -scale from adults to adolescents- was considered reasonable. Thus,
the modeling is adequate to provide support for simulations of plasma PK profiles of RDV and
metabolites GS-704277 and GS-441524 in pediatric patients 12 years of age and older and weighing at
least 40 kg.
Based on the target exposure ranges for RDV, GS-704277 and GS-441524 observed in healthy adults
[Study GS-US-399-5505], the Applicant’s proposed dosing regimen of RDV in this pediatric population is
reasonable.
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4.4 Pharmacometrics Review

Summary of Pharmcometric Finding
The applicant is seeking a label for Remdesivir (RDV) with approved dosing down to 12 years of age.
However, no clinical efficacy and PK data have been collected in adolescents. The approval pathway in
pediatrics is extrapolation of efficacy to adults based on exposure matching between adolescents and
adults. The applicant performed a Population PK (PPK) analysis to characterize the PK of RDV and its
two metabolites in healthy volunteers and performed simulations with this model to determine the
expected exposure range of these moieties in adolescents after receiving the same dosing regimen as in
adults (200 mg on Day 1 and 100 mg QD thereafter). The reviewer has confirmed the applicant’s results
and found their model to be a reasonable start for projecting PK into adolescents. A phase 2/3 study is
planned, by the applicant, and agreed upon by the agency for children <18 years of age to establish PK
and supportive efficacy information. Some pediatric safety data are available from a compassionate use
program in patients with Ebola. Data were available for 25 subjects between 5 and 18 years of age and
16 subjects less than 5 years of age.

Results of Sponsors Population PK Analysis
The applicant’s PPK Model was developed using healthy adult data from studies GS-US-399-1812, GSUS-399-1954, and GS-US-399-5505. On average 24 samples per subject were included in the analysis
from 123 subjects with a total of 2967 samples per analyte included.
Summary statistics of baseline demographics for each study are shown in Table 21 and Table 21.
Observed concentrations of RDV and its two metabolites from each study are depicted in Figure 10.
Table 20. Summary Statistics of Continuous Covariates in RDV, GS-704277, and GS-441524 Sequential
PPK Analysis.

(Source: Applicant’s Population PK Report, Table 5)
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Table 21. Summary Statistics of Categorical Covariates Used in RDV, GS-704277, and GS-441524
Sequential PPK Analysis.

(Source: Applicant’s Population PK Report, Table 6)

Figure 10. RDV, GS-704277, and GS-441524 Concentration-Time After Dose Profiles for Healthy
Volunteers.

(Source: Applicant’s Population PK Report, Figure 2)
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Reviewer’s Comments: The applicant’s demographics are reasonable for capturing allometric
relationships in adults (53 – 101 kg weight range). There is some overlap with the pediatric patient
population weight range. Projections down to 12-years old will rely on the consistent use and experience
of allometric relationships across pediatric PK in general.
With regards to renal function, Table 20 indicates CRCL generally above 87 mL/min in the pop PK
population. Thus, there is not adequate information (i.e. sufficient range of CrCL values) to evaluate the
PK in patients with any degree of renal impairment. The lack of significant effect on baseline CrCL is not
sufficient to suggest no dosage adjustment in patients with mild renal impairment.
Text that is shaded gray refers to material copied from the applicant’s population PK report.
Stepwise Covariate Modeling (SCM)
Based on the covariate screening, the following covariates were included in the stepwise covariate
analysis for each sequential model of each analyte:
For RDV:
•
•
•
•
•

CL-RDV: WT, age, sex, race, ethnicity, dose, formulation, infusion duration, and BCLCR
V1-RDV: WT, age, sex, race, ethnicity, dose, formulation, and infusion duration
V2-RDV: WT
Q1-RDV: WT
F1: formulation

For GS-704277:
•
•
•
•

CL-GS-704277: WT, age, sex, race, ethnicity, dose, formulation, infusion duration, and BCLCR
V1-GS-704277: WT, age, sex, race, ethnicity, dose, formulation, and infusion duration
V2-GS-704277: WT
Q1-GS-704277: WT

For GS-441524:
•
•
•
•
•
•

CL-GS-441524: WT, age, sex, race, ethnicity, dose, formulation, infusion duration, and BCLCR
V1-GS-441524: WT, age, sex, race, ethnicity, dose, formulation, and infusion duration
V2-GS-441524: WT
Q1-GS-441524: WT
V3-GS-441524: WT
Q2-GS-441524: WT

Stepwise Forward Addition and Backward Elimination
For RDV, the forward addition resulted in a full model and backward selection did not remove any of the
included covariates (Table 22). Next, fixed allometry was explored. Inclusion of fixed allometry was
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For GS-441524, during the forward addition step, age, BCLCR, ethnicity, WT, and sex were selected, and
backward elimination removed age (Table 24).
Fixed allometry was explored from the SCM model. Inclusion of fixed allometry was found to worsen the
objective function by 20 points compared to the SCM model. This was accompanied with a reduction of
1 degree of freedom, making this impact just above the backward elimination criteria. Despite this, the
allometric GS-441524 model was accepted based on the following rationale:
1) RDV and GS-704277 models included allometry, and the fits were improved in these model
scenarios.
2) The worsening of fit was relatively small utilizing allometry in GS-441524 versus having the
model from the SCM in which the WT parameter was selected only on the second
intercompartmental clearance parameter. The allometric form of the model has a physiological
basis.
3) One of the intended uses of the model is for pediatric scaling simulations to estimate analyte
exposures. A broadly accepted parsimonious form of body size in the final PPK model is
preferable.
This decision in the GS-441524 model allowed all analytes to be allometrically scaled in the final model.
Once the allometric form of the GS-441524 model was selected, the other covariates selected in the
SCM search were found to have reduced significance. The remaining covariates were tested for removal
by order of least impact to greatest impact on the PPK model. The significance of BCLCR on CL was
reduced to below acceptance criteria (approximately 5 OFV points) and was removed first. After the
removal of BCLCR on CL, sex on V1 was next removed due to lack of significance (approximately 6 OFV
points). The final non-WT covariate remaining in the model was Hispanic ethnicity. While this parameter
had an impact of 24% on elimination CL based on the IIV structure included in the SCM (diagonal
matrix), the magnitude of the effect was optimized near approximately 0 upon testing a block structure
for IIV. Due to this, the ethnicity parameter was also removed. It is conceded that ethnicity might have
some impact on both RDV and GS-441524; the impact is likely no more than 25% and will be reevaluated when additional data are available.

49

Reference ID: 4672801

Table 24. Summary of GS-441524 SCM.

(Source: Applicant’s Population PK Report, Table 10)

Reviewer’s Comments: The applicant’s decisions to retain fixed allometric exponents versus fitted is
critical for extrapolation into pediatrics. For the purposes of extrapolation it is good that the objective
function values were lower with the fixed allometric relationships compared to the fitted ones as this is
consistent with other pediatric PK and dosing experience in adolescents.
Final Population PK Model
Table 25 provides the final parameter estimates and standard errors associated with the final PPK
model. Inclusion of fixed allometry resulted in reduction in IIV between 1% and 9% across analytes or
remained unchanged as compared to the base model.
Model diagnostics are shown in Figure 11 and Figure 12. The applicant utilized normalized prediction
distribution errors (NPDEs) for the full model that utilized the m3 method for data that were below the
limit of quantification, Figure 11. Standard goodness-of-fit plots are shown in Figure 12 for the final
model fitting without using the m3 method.
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exposures in Study GS-US-399-5505 were overlaid on the PPK allometric predictions, it should be noted
that the population analysis considered exposures from pooled data including Studies GS US-399-1812,
GS-US-399-1954, and GS-US- 399-5505.
The results are presented in Figure 3 and Figure 4 and for Cmax and AUCtau , respectively, for all analytes
and in Figure 5 for Ctau for GS-441524.
Reviewer’s Comments: The population PK model projections to adolescents appear to be in line with
those of the PBPK predictions for those subjects ≥40 kg. These projections suggest the exposures are at
least that of the adults and mostly within the adult range for subjects ≥40 kg. These data support the
approval of RDV from an efficacy perspective.
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