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Abstract
A novel coronavirus, severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) 
or coronavirus disease 2019 (COVID-19), has caused a pandemic that continues to 
cause catastrophic health and economic carnage and has escalated the identification 
and development of antiviral agents. Remdesivir (RDV), a prodrug and requires in-
tracellular conversions to the active triphosphate nucleoside (TN) has surfaced as an 
active anti-SARS-CoV-2 drug. To properly design therapeutic treatment regimens, it 
is imperative to determine if adequate intracellular TN concentrations are achieved 
in target tissues, such as the lungs. Because measurement of such concentrations is 
unrealistic in patients, a physiologically-based pharmacokinetic (PBPK) model was 
developed to characterize RDV and TN disposition. Specifically, a hybrid PBPK 
model was developed based on previously reported data in humans. The model rep-
resented each tissue as a two-compartment model—both extracellular and intracellu-
lar compartment wherein each intracellular compartment contained a comprehensive 
metabolic model to the ultimate active metabolite TN. Global sensitivity analyses and 
Monte-Carlo simulations were conducted to assess which parameters and how highly 
sensitive ones impacted peripheral blood mononuclear cells and intracellular lung 
TN profiles. Finally, clinical multiple-dose regimens indicated that minimum lung 
intracellular TN concentrations ranged from ~ 9 uM to 4 uM, which suggest current 
regimens are effective based on in vitro half-maximal effective concentration values. 
The model can be used to explore tissue drug disposition under various conditions and 
regimens, and expanded to pharmacodynamic models.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
There is limited information on the tissue distribution and metabolism of rem-
desivir (RDV)— an antiviral agent recently US Food and Drug Administration 
(FDA)- approved for patients with severe acute respiratory syndrome- coronavirus 2 
(SARS- CoV- 2)— and none in the patients.
WHAT QUESTION DID THIS STUDY ADDRESS?
RDV is known to undergo intracellular conversion to an active triphosphate nucleoside 
(TN) metabolite, and the computational investigation used a physiologically- based 
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INTRODUCTION

The global pandemic caused by severe acute respiratory 
syndrome-coronavirus 2 (SARS-CoV-2) has initiated a tre-
mendous response from the scientific community to develop 
a vaccine and antiviral drugs. The discovery of new drugs 
specific for SARS-CoV-2 will take more time than repurpos-
ing drugs, many already US Food and Drug Administration 
(FDA) approved. There has been a large number of repur-
posed drugs from different therapeutic areas that have been 
proposed based primarily on in vitro antiviral activity.1–3 
How these drugs are used to treat patients with SARS-CoV-2 
will likely be based on existing dosing protocols—at least 
initially—used in the diseases the drugs were developed for 
originally.4 There is a role for pharmacokinetic (PK) and 
pharmacodynamic (PD) models to compare and contrast dos-
ing recommendations based on metrics that can be predicted 
or simulated from the models as a means to define more effi-
cacious treatments.5–8 PK/PD models and extensions to viral 
dynamic models provide a rich set of platforms that can ex-
peditiously deploy information that may benefit patients.9,10

Within the PK/PD modeling armamentarium, physio-
logically-based PK (PBPK) and PBPK/PD models offer tis-
sue-specific and cell type-specific information that may be 
immensely beneficial to design drug treatments because tar-
get site drug concentrations can be predicted and used as met-
rics to design drug dosing regimens.11–14 Moreover, PBPK 
and PBPK/PD models provide mechanistic details that are 
valuable to understand nuanced characteristics of drug ac-
tion, provide a strong rationale to design drug combinations 
therapies, and adapt to the evolution of the virus as it mutates, 
and already observed for SARS-CoV-2.

Remdesivir (RDV) is an antiviral drug originally de-
veloped for Ebola and now being used in patients with 
SARS-CoV-2,15–18 and recently FDA-approved.19 It inhibits 
RNA-dependent RNA polymerase (RdRp) that ultimately pre-
vents viral replication.20 The purpose of this investigation was 

to develop a PBPK model for RDV, assess current regimens 
being used in patients with SARS-CoV-2, and how it may be 
refined and extended to design drug therapy in patients.

MATERIALS AND METHODS

Basic characteristics of the hybrid PBPK 
model for RDV

The model was constructed in part from human data that primar-
ily consisted of plasma concentrations measurements of RDV 
(remdesivir, GS-5734), A (alanine metabolite, GS-704277), and 
N (nucleoside metabolite, GS-441524) reported for nine human 
cohorts.21 The prior report21 also contained data on the active 
triphosphate nucleoside (TN) as did the request for compassion-
ate use in the European Union.22 All concentration-time series 
data was digitized using the Un-Scan-It software.23

A forcing function model was derived from the available 
plasma concentrations and PK metrics recently reported.21 
RDV, A and N metabolite plasma concentrations were mea-
sured in 9 cohorts of healthy subjects as single doses of RDV 
from 3 mg to 225 mg administered as either 0.5 or 2-h con-
stant rate intravenous (i.v.) infusions, as well as in a multi-
ple-dose regimen cohort that received 150 mg as a 1-h i.v. 
infusion. Specifically, digitized plasma concentration-time 
measurements in five (4 single-dose cohorts and day 1 of 
the multiple-dose cohort) of the seven cohorts and reported 
peak plasma concentration (Cmax) and area under the drug 
concentration-time curve from time 0 to the last measured 
value or the last quantifiable concentration (AUC0–last) values 
in an additional three additional cohorts were used to derive 
the forcing function model. Data from 2 single-dose cohorts 
were not used; the measurements in cohort 1 at the lowest 
3 mg dose did not provide an estimate of clearance because 
RDV concentrations were below detection for much of the 
sampling period, and the data from cohort 4 (75 mg dose) 

pharmacokinetic (PBPK) of RDV to characterize the tissue distribution of RDV and 
the intracellular metabolite kinetics and the production of TN.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The PBPK model of RDV characterizes the extent of RDV tissue distribution and the 
associated intracellular metabolism in target tissues, such as the lungs. The model 
simulations can be used to assess the efficacy of current clinical dosing regimens 
based on TN intracellular concentration profiles.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The PBPK model of RDV serves as a foundation to rationally design clinical dosing 
protocols for RDV and may be extended to viral dynamic and pharmacodynamic 
models, and further support the development of PBPK models for other antivirals 
used for SARS- CoV- 2.
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were inconsistent with the other cohorts due to long termi-
nal phase measurements. A sequential approach was used 
in which a two-compartment model was first fit to the RDV 
plasma concentrations and AUC values, followed by fitting 
models for A and N metabolites. Maximum likelihood esti-
mation with an additive error model was applied at each step. 
A linear two-compartment model was applied to the RDV 
measurements, whereas both the A and N metabolite models 
consisted of a first-order conversion (RDV to A, and A to 
N) and an elimination rate constant for each metabolite. This 
parsimonious forcing function model for RDV, A and N was 
then used in the PBPK model.

It is important to appreciate the intracellular metabolism 
of RDV15,16,24 (see Figure 1) that is the cornerstone of the 
PBPK model. The metabolism of RDV has been determined 
in vitro in multiple cell types including HeLa cells, primary 
human and rhesus monkey peripheral blood mononuclear 
cells, human lung epithelial cells (Calu-3 2B4), and in the 
lungs of Ces1c−/− mice and marmosets confirming the major 
TN metabolite.15,16 It can be seen that RDV, a Sp isomer of 
the 2-ethylbutyl-L-alanine phosphoramidate prodrug, un-
dergoes a multistep reaction to produce the TN (also known 
as GS-443902) intracellularly, the active moiety that inhib-
its viral replication through RdRp. The multistep metabolic 
reactions are attributed to esterases, a phosphoamidase-type 
enzyme and host cell kinases and phosphatases.24 The nucle-
oside metabolite, often referred to as Nuc (N) was developed 
as a parent antiviral agent and is generated from RDV via a 
monophosphate nucleoside (see Figure 1), although the con-
version of Nuc to TN is slower than RDV.15,24 The metabo-
lism of RDV is not confined to plasma and the liver and is 
attributed to hydrolases throughout the body and subsequent 
conversions with kinases.22,24 The metabolic scheme shown 
in Figures 1 and 2 is preserved in all tissue compartments.

It was assumed that only RDV and N could transport from 
the extracellular to intracellular compartments because the 
charged species would unlikely penetrate the cell membranes.24 
The unbound fraction of RDV in human plasma has been re-
ported as 0.12 and N within the range of 1. These values were 
used in mass transport flux equations as shown below:

where necic

x
= flux from the extracellular to intracellular 

compartment in tissue x, amount/time

Substitute in for the unbound concentration and rewrite as:

where

necic
x

= tCLx

(

Cu
p
− Cu

x

)

tCLx = transport clearance tissue x,
volume

time

Cu
p
=unbound plasma concentration,

amount

volume

Cu
x
=unbound concentration in tissue x,

amount

volume

necic
x

= tCLx

(

fp
u
Cp − fx

u
Cx

)

fp
u
= fraction unbound in plasma

fx
u
= fraction unbound in tissue x

Cp = total plasma concentration

Cx = total concentration in tissue x

F I G U R E  1  Primary cellular metabolism of remdesivir. Notice the reversible reaction between nucleoside monophosphate (MP in the text) 
and the nucleoside metabolite (N in the text). Addition of the functional group (blue) to remdesivir accelerates its conversion to the nucleoside 
triphosphate (TP in the text) compared with the conversion from N. Adapted from Warren et al.15
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Define

where Rx = partition coefficient in tissue x

Now rewrite the transport equation as:

This flux equation applies to both RDV and N and was 
used in all tissues. The main assumption is that the unbound 
fraction of RDV and N in plasma is equal to the unbound 
fraction in the extracellular compartment.

Parameters for the PBPK model for RDV

Organ plasma flow rates and tissue compartment volumes 
were obtained from PK-Sim25 based on the characteristics 
of a normal White adult male with a body weight of 80 kg 
(specified as Nhanes, 1997). A hematocrit of 0.45 was as-
sumed to convert blood to plasma flow rates and to correct 
vascular blood volumes to plasma volumes. In silico estima-
tion of tissue partition coefficients that rely on aqueous solu-
bility, pKa values, log octanol:water partition coefficients, 
and the unbound fractions in plasma for both RDV and N 
were based on the PK-Sim25 default method, reported as the 
intracellular:plasma partition coefficient.

The intracellular metabolic kinetics (see Figure  2) was 
based on the sparse peripheral blood mononuclear cell 
(PBMC) TN data previously reported.21,22 This data consisted 
of maximum and 24-h postdose TN PBMC concentrations and 
the AUC to the last sampling time for different cohorts admin-
istered RDV at doses from 75 mg to 200 mg and i.v. infusion 
times of 0.5 and 2 h. Rather than estimate the very small vol-
ume of PBMCs and introduce unnecessary error, first-order 
rate constants (h−1) were assumed for each metabolic conver-
sion that enabled concentration rate equations to be used. The 
values of the rate constants were obtained iteratively and then 
converted to metabolic clearances for each tissue compartment 
where intracellular volumes were known and reported.25

Model performance based on reported data

The hybrid PBPK model of RDV was used to generate RDV, A 
and N plasma concentration-time profiles for each cohort with 
time-series data using 500 Monte-Carlo simulations. A 20% co-
efficient of variation (CV) in the parameters forming the forc-
ing function model was used for the simulations. Comparisons 
between previously reported21 observed model-predicted AUC 
and Cmax values were also completed for all cohorts.

A Sobol global sensitivity analyses26 with done using the 
PBMC parameters (10 parameters in total) as input and the TN 
AUC values as the output metric. Replicate runs of 100,000 sam-
ples were completed to assess reproducibility. Subsequently, of 
the 10 input parameters that showed appreciable sensitivity 

Rx =

fp
u

fx
u

necic
x

= tCLxfp
u

(

Cp −
Cx

Rx

)

F I G U R E  2  Physiologically-based pharmacokinetic model (PBPK) for RDV. (a) The whole-body structure. (b) Representation of extracellular-
intracellular structure used for each tissue. Red bidirectional arrows indicate membrane transport, whereas black arrows indicate metabolism. A, 
alanine metabolite; RDV, remdesivir; MP, nucleoside monophosphate; N, nucleoside; TN, triphosphate nucleoside
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indices (main effects > 0.1) were used in Monte-Carlo simula-
tions to assess how 20% CV parameter variability impacted the 
TN PBMC AUC values and compared those predicted values 
with the observed values for different cohorts.

Multiple-dose regimens

Multiple-dose simulations were focused on understanding the 
determinants of lung intracellular TN concentrations as they 
are likely a key PD end point to evaluate clinical treatment 
schedules. An analogous strategy was used as for assessing 
TN PBMC concentrations. First, a global sensitivity analysis 
was done to identify which of the 10 lung intracellular param-
eters had high sensitivity coefficients based upon their impact 
on lung intracellular TN AUC values. Next, those sensitive 
parameters—with 20% CV—were used in Monte-Carlo sim-
ulations to predict lung intracellular TN concentrations fol-
lowing a standard multiple-dose regimen. The hybrid PBPK 
model was used to generate lung intracellular TN concentra-
tions after multiple-dose schedules. Specifically, 2 regimens 
were used; both used a 200 mg loading dose followed by 4 
daily 100 mg doses given as i.v. infusions using either a 1 or 

2-h infusion time. Both regimens are standard schedules used 
to treat patients with coronavirus disease 2019 (COVID-19).

Computer software

All models were developed and run using Magnolia.27 
Magnolia uses advanced continuous simulation language and 
generates.csl files. The hybrid PBPK model consisted of 84 
ordinary differential equations and 178 parameters. The sen-
sitivity analyses were accessed using Windows scripts and 
the Monte-Carlo simulations via Python scripts, both directly 
from Magnolia. The main program code is available from 
GitHub (see Supplement).

RESULTS

Model performance based on reported data

Tables S1–S3 provides the model parameters for the forcing 
function model, the physiological parameters and RDV and 
N metabolite partition coefficients and transport parameters, 

F I G U R E  3  Hybrid PBPK model-predicted and reported plasma concentrations for RDV, A and N. (a) Cohort 3 (as referred to in reference 20) 
administered 30 mg of RDV as a 2-h i.v. infusion. (b) Cohort 6 administered 225 mg of RDV as a 2-h i.v. infusion. For each cohort, 500 Monte-Carlo 
simulations were done with 20% CV in the forcing function parameters that define the plasma kinetics. The lines represent the percentile bands—
from 5% to 95%—based on the 500 simulations. The black circles represent the digitized plasma concentration for each species extracted from 
reference 20 that showed the mean measurements. CV, coefficient of variation; PBPK, physiologically-based pharmacokinetic; RDV, remdesivir
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and the intracellular metabolic and elimination parameters, 
respectively.

To test the agreement between model-predicted and mea-
sured RDV, A and N plasma concentrations, Monte-Carlo 
simulations were completed with the hybrid PBPK model 
wherein 20% variability was used for all parameters in the 
forcing function model. Acceptable agreement was obtained 
for all patient cohorts that received RDV doses from 10 mg to 
225 mg. Figure 3 illustrates the results for two representative 
cohorts (names assigned as reported in reference 20), cohort 
3 a single 30 mg 2-h i.v. infusion and cohort 6 a single 225 mg 
2-h i.v. infusion (see Figures S1–S2 in the Supplement for 
the remining cohorts). In all cohorts, the mean observed 
measurements typically fall within the 25–50% bands of the 
Monte-Carlo simulations. In cohorts 2, 3, and 6, the reported 
end of infusion RDV plasma concentrations were greater 
than even the 95% band and appear more as an aberration 
given the much lower concentrations during the infusion that 
are captured by the model. In addition, the percentage bias 
between model-predicted and reported AUC and Cmax values 
(see Table 1), which included three additional cohorts, were 
less than 20% with most exceptions due to the high end of 
infusion RDV plasma Cmax values. Nonetheless, even in these 
cases, the percentage bias in the AUC values were low.

The reported TN PBMC data that consisted of Cmax and 
C24 concentrations and AUC values were key to the devel-
opment of the intracellular model. As stated above, it was 
assumed that only RDV and the N metabolite could enter 
PBMCs. Once in the PBMCs, the complete metabolic 
scheme (see Figure 2) was modeled. The available observed 
data were sufficiently sparse that model optimizations were 

inconclusive, and thus, final values for the first-order rate 
constants were arrived at iteratively (Table S3). The percent-
age bias between model-predicted and reported PBMC TN 
concentrations and AUC values are given in Table  2. For 
three of the four cohorts, the percentage biases are 20% or 
less, and the large percentage bias for cohort 9 are difficult 
to explain because the only difference between RDV dosing 
between cohort 7 was the 75 mg dose was given as a 30-min 
infusion rather than a 2-h infusion. Under the condition of 
linearity, the AUC values should be equal. Without an ac-
tionable explanation, the model for the intracellular kinetics 
in PBMCs was deemed acceptable and underwent a global 
sensitivity analysis using all 10 associated parameters with 
the PBMC TN AUC as the output variable. It was found that 
the most sensitive parameters were the RDV transport rate 
constant between plasma and PBMCs, and the elimination 
rate constant for TN (see Figure S3). Based on these results, 
Monte-Carlo simulations were completed with the hybrid 
PBPK using 20% CV in the 2 sensitive parameters. It can be 
seen that the model-predicted time course of TN replicates 
the observed—yet limited—data well (see Figure 4).

Multiple-dose regimens

Because measurements of lung concentrations for RDV 
and any of the metabolites were unavailable, a sensitivity 
analysis was completed to assess which model parameters 
impacted the active metabolite TN concentrations. Similar 
to the model for PBMCs, the transport clearance of RDV 
between the extracellular and intracellular lung compart-
ments and the elimination clearance of TN were identified as 
significant factors (see Figure S4). Monte-Carlo simulation 
with 20% CV in these 2 parameters were completed using 
clinical regimens of RDV used in patients with COVID-19 
(see Figures 5 and S4, 1-h and 2-h infusion times, respec-
tively). Lung extracellular RDV concentrations, which serve 

T A B L E  1  Percentage bias between model-predicted and measured 
plasma AUC and Cmax valuesa

Cohort

RDV A metabolite N metabolite

AUC Cmax AUC Cmax AUC Cmax

2 −4.3 −50.2 23 21.7 28.7 6.7

3 −12.7 −52.4 19 29.4 −8.1 −17.6

5 14.4 −42.8 10.4 28.9 −9.3 −7.9

6 −4.9 −52.5 0 4.8 −12.7 −14.4

MC1 30.2 −9.1 −6.6 5 26.1 4.3

7 −7.1 −51.2 12.9 −3.5 0 −10.3

8 4 −37 −18.2 −6 −2.1 −5.4

9 34.4 3.4 −5.1 12.2 7.8 1.4

AUC, area under the drug concentration-time curve; Cmax, peak plasma 
concentration; RDV, remdesivir.
a%Bias = (model-predicted-measured)/measured *100. All AUC values based 
on to last measured time point except for cohort MC1 (multiple-dose day 1) 
the AUC reported was from 0 to 24 h. All measured Cmax and AUC values and 
cohort numbers are as reported by Humeniuk et al.20 Cohort 7 received 75 mg 
of RDV as a 2-h i.v. infusion, cohort 8 150 mg of RDV as a 2-h infusion and 
cohort 9 75 mg of RDV as a 30-min infusion. 

T A B L E  2  Percentage bias between model-predicted and measured 
TN valuesa

Cohort Cmax C24 AUC

7 16 −1.4 −3.4

8 −8.3 16.2 5.9

9 −50.8 −34.2 −57.3

T16 −20.4 −17.4 −0.01

AUC, area under the drug concentration-time curve; Cmax, peak plasma 
concentration; RDV, remdesivir; TN, triphosphate nucleoside.
a%Bias = (model-predicted-measured)/measured *100. Measured Cmax, 
C24, and AUC values and cohort numbers for 7, 8, and 9 are as reported by 
Humeniuk et al.20 The values for cohort T16 (table 16) are from reference.21 
Cohort 7 received 75 mg of RDV as a 2-h i.v. infusion, cohort 8 150 mg of RDV 
as a 2-h infusion, and cohort 9 75 mg of RDV as a 30-min infusion. Cohort T16 
received 200 mg RDV as a 30-min infusion. 
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as a metric to compare to in vitro cell data that yield effective 
concentrations, such as half-maximal effective concentration 
(EC50) values,28 are shown in Figure 5a, and corresponding 
TN lung intracellular concentrations in Figure 5b. RDV ex-
tracellular concentrations reach a Cmax value of about 7 µM 
after the 200  mg loading dose and then are about 3.5 µM 
for the remaining four 100 mg doses. Regardless of the Cmax 
value, RDV does not accumulate and is eliminated rapidly 
with lung extracellular concentrations falling below 0.1 µM 
at just over 2 h after the start of the infusions. Lung intra-
cellular TN concentrations (Figures 5b and S5b) following 
either 1-h or 2-h infusion durations vary just over 2-fold 
over the 5-day course of therapy with steady-state minimum 
concentrations ranging from 4 µM to 9 µM at the 5% and 
95% levels. The 2-h infusion duration delayed the time of the 
maximum lung intracellular TN Cmax by an hour, from 5 to 6 
h. Although in vitro efficacy data against SARS-CoV-2 vary 
depending on the experimental conditions, RDV EC50 values 
range from about 0.1–1 µM,22,29 and suggest current clinical 
regimens should be effective.

DISCUSSION

There is a massive effort to repurpose drugs for SARS-
CoV-230,31 and an indication drug therapy for COVID-19 

will be part of the therapeutic armamentarium even in the 
event of an effective vaccine. RDV—a broad-spectrum an-
tiviral agent—has surfaced as one of the more promising 
agents and has been recently granted FDA approval.19

Human PK data have started to emerge that highlight the 
rapid elimination of RDV, a prodrug, and essentially dose-in-
dependent PK behavior based on noncompartmental analy-
ses of plasma concentration-time data.21 Two metabolites, 
the A and N metabolites have also been measured in plasma 
of humans and show fairly constant metabolite/parent drug 
AUC ratios supporting linear PKs. Finally, the active metab-
olite, TN, has been measured in PBMCs that often serve as a 
surrogate for antiviral intracellular disposition, as done here. 
PBPK models are sought for their ability to predict tissue dis-
position,12 both target and toxic sites, which is a powerful 
simulation tool to aid drug development and design effective 
dosing schedules. Lung concentrations of RDV and TN could 
be highly beneficial in this regard and provided the motiva-
tion for this project.

The efforts to devise a global PBPK model—without the 
use of the forcing function model—resulted in models that 
tended to underpredict RDV plasma concentrations, particu-
larly at later times postinfusion. In addition, alanine metab-
olite plasma concentration-time profiles were very difficult 
to capture with a global approach; however, the plasma N 
metabolite concentrations could be captured reasonably well. 

F I G U R E  4  Hybrid PBPK model-predicted and reported PBMC triphosphate nucleoside (TN) concentrations. (a) Cohort 8 (as referred to in 
reference 20) administered 150 mg of RDV as a 2-h i.v. infusion. (b) Cohort T16 (from reference 21 see table 16) administered 200 mg of RDV as 
a 30-min i.v. infusion. For each cohort, 500 Monte-Carlo simulations were done with 20% CV in the RDV extracellular-intracellular transport rate 
constant (9.0 h−1, see Tables 2 and 3) and the TN elimination rate constant (0.03, h−1, see Table S3). The lines represent the percentile bands—from 
5% to 95%—based on the 500 simulations. The black circles represent the mean TN PBMC concentration reported in references 20 (cohort 8) and 
21 (cohort T16). CV, coefficient of variation; PBMC, peripheral blood mononuclear cell; PBPK, physiologically-based pharmacokinetic
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Part of the difficulty in developing a metabolic model to 
describe the plasma profiles of RDV and the metabolites is 
the uncertain potential of kinases and phosphatases to act in 
plasma, and thus, play a role in the reversible reaction be-
tween the monophosphate nucleoside and the N metabolite 
(Figure 1). Without dephosphorylation and phosphorylation 
reactions—normally considered intracellular—occurring in 
plasma, A plasma concentrations were seemingly dependent 
on carrier-mediated efflux from tissues to better replicate 
the plasma concentration-time profile. Therefore, the forcing 
function approach was a reasonable approach to characterize 
the available plasma measurements, and a method we have 
previously used in PBPK models.32,33 The forcing function 
model parameters for total systemic clearance and apparent 
volume of distribution for RDV agreed with values reported21 
and only required two additional parameters for each of the A 
and N metabolites, a formation rate, and an elimination rate 
constant. As shown in Figures  3 and S1–S2, incorporation 
of the forcing function model into the PBPK model yielded 
suitable prediction of all measured plasma species.

The intracellular metabolic model that coincided with the 
scheme shown in Figure 1 was based on PBMC TN concen-
tration measurements previously reported, and consisted of 
Cmax, C24, and AUC values from four cohorts.21,22 It is known 

from in vitro cell studies that the conversion of RDV to TN is 
much faster and more efficient than from the N metabolite.15 
These data and combined with the assumption that only RDV 
and N were transported into intracellular compartments sim-
plified the development of the PBMC intracellular model 
(Figure 2b). The RDV plasma-PBMC transport rate was nine 
times that of the N metabolite and consistent with other re-
ports based on cell data.24 The metabolic rate constants for 
RDV to A conversion and the monophosphate to the TN 
moiety were the highest, being about 10-fold greater than the 
remaining metabolic rate constants (Table S3). The PBMC 
model was parameterized in terms of species concentrations 
since the volume estimates of the PBMC compartment were 
variable, and would, accordingly, have a large impact on con-
centrations given its relatively very small volume. Moreover, 
by defining PBMC kinetic parameters in terms of first-order 
rate constants provided a simple means to scale parameters—
transport and metabolic clearances (Tables S2 and S3)—to 
all other tissues by using their intracellular volumes that are 
more certain and tabulated.25 The hybrid PBPK model-pre-
dicted PBMC TN concentrations agreed well with the re-
ported values for three of the four cohorts (see above).

The multiple-dose administrations centered on predic-
tions of lung intracellular TN concentrations as this is a target 

F I G U R E  5  Multiple-dose hybrid PBPK model-simulated lung concentrations. (a) RDV lung extracellular compartment concentrations. (b) 
Triphosphate nucleoside (TN) lung intracellular concentrations. RDV was administered as a 1-h infusion each day and on day 1 the dose = 200 mg 
and on days 2–5 = 100 mg. Monte-Carlo simulations (n = 500) were done with 20% CV in the RDV lung extracellular-intracellular transport 
clearance (2.5 L/h, see Table 2) and the lung elimination clearance of TN (0.0084 L/h, see Table S3). In (b), the lines represent the percentile 
bands—from 5% to 95%—based on the 500 simulations, whereas in (a) the single line is equivalent for each of the 500 simulations because neither 
parameter effects the extracellular RDV concentrations. PBPK, physiologically-based pharmacokinetic; RDV, remdesivir
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tissue for COVID-19. The sensitivity analysis identified the 
RDV extracellular-intracellular transport clearance and the 
TN elimination clearance as highly impactful (Figure S4) and 
similar to that found for PBMCs. Monte-Carlo simulations 
with 20% CV in these 2 parameters for standard treatment 
regimens indicate RDV lung extracellular concentrations 
achieve values above in vitro-based EC50 values at least for a 
few hours. As expected, the shorter duration of the i.v. infu-
sion—1 h (Figure 5a) vs. 2 h (Figure S5A)—proportionately 
affects the Cmax values, but not the total exposure given the 
equivalent total doses. Interestingly, TN profiles are min-
imally affected by a 1-h change in the RDV infusion time 
(compare Figures  5b and S5B), and, as expected, reached 
higher concentrations and had a prolonged residence in the 
lung intracellular compartment than RDV concentrations. A 
recent investigation using a viral dynamic model indicated 
that the EC50 concentrations may be inadequate to assess 
efficacy and preferred effective concentration 90% (EC90) 
concentrations.10

The hybrid PBPK model would benefit from tissue con-
centration-time data and studies to explore carrier-mediated 
transport. RDV is reported22 to be a substrate for OAT1B1, 
OAT1B2, and P-glycoprotein but the kinetics of these reac-
tions have not been reported, and thus, inclusion of these 
processes in the disposition of RDV is currently unjustified. 
The A and N metabolites are reported22 not to be OAT1 and 
3 substrates, but detailed studies would be definitive.

The current hybrid PBPK model suggests clinical treat-
ment schedules are achieving effective target site concen-
trations, at least based on EC50 values. The recent FDA 
approval19 based on clinical efficacy data also support the 
current dosing paradigms. Whether and how extensively 
SARS-CoV-2 mutates to resistance clones remains to be de-
termined, but in vitro resistance investigations have found up 
to fivefold resistance to RDV conferred by mutations in the 
target enzyme, RdRp.20 A similar extent of RDV resistance 
to SARS-CoV-2 would likely limit efficacy using the current 
RDV regimens as a single agent. The previously mentioned 
viral dynamic model10 indicated that initiation and timing of 
RDV are important to viral control and certainly such mod-
els can be linked to the hybrid PBPK model that could lead 
to a strong basis to design optimal therapeutic regimens. 
Nonetheless, the current hybrid PBPK model serves as a tool 
to explore alternate dosing schedules based on PK metrics, 
and a foundation to develop more sophisticated viral dynamic 
and PD models.
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