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Aims: The storm-like nature of the health crises caused by COVID-19 has led to

unconventional clinical trial practices such as the relaxation of exclusion criteria. The

question remains: how can we conduct diverse trials without exposing subgroups of

populations to potentially harmful drug exposure levels? The aim of this study was to

build a knowledge base of the effect of intrinsic/extrinsic factors on the disposition

of several repurposed COVID-19 drugs.

Methods: Physiologically based pharmacokinetic (PBPK) models were used to study

the change in the pharmacokinetics (PK) of drugs repurposed for COVID-19 in geriat-

ric patients, different race groups, organ impairment and drug-drug interactions

(DDIs) risks. These models were also used to predict epithelial lining fluid (ELF) expo-

sure, which is relevant for COVID-19 patients under elevated cytokine levels.

Results: The simulated PK profiles suggest no dose adjustments are required based on

age and race for COVID-19 drugs, but dose adjustments may be warranted for

COVID-19 patients also exhibiting hepatic/renal impairment. PBPK model simulations

suggest ELF exposure to attain a target concentration was adequate for most drugs,

except for hydroxychloroquine, azithromycin, atazanavir and lopinavir/ritonavir.

Conclusion: We demonstrate that systematically collated data on absorption, distri-

bution, metabolism and excretion, human PK parameters, DDIs and organ impairment

can be used to verify simulated plasma and lung tissue exposure for drugs rep-

urposed for COVID-19, justifying broader patient recruitment criteria. In addition,

the PBPK model developed was used to study the effect of age and ethnicity on the

PK of repurposed drugs, and to assess the correlation between lung exposure and

relevant potency values from in vitro studies for SARS-CoV-2.
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1 | INTRODUCTION

1.1 | “Necessity is the mother of invention”

Desperate times have often led to unorthodox approaches to address

an unmet need. Clinical trials in drug development are not an exception

to this. In general, clinical trials are conducted in a systematic way and

follow stringent recruitment criteria. Lack of diversity in patients rec-

ruited to drug trials was the subject of a recent draft Guidance for

Industry by the US Food and Drug Administration (FDA), where they

encouraged inclusion of the elderly, those at the extremes of the weight

range, individuals with organ dysfunction, those with malignancies or

certain infections such as HIV, and children.1 This guidance emphasized

the need to characterize drugs more comprehensively during early
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clinical development (eg, with respect to drug metabolism and clearance

pathways). In addition, the guidance indicated that dose adjustments

can be made in specific populations to reduce significant differences in

systemic exposure to the drug under investigation. However, broadened

recruitment of patients in COVID-19 drug trials has been an exception

to the norm resulting from the speed of transmission of the virus

(the reproduction rate is 2.65 days). The pandemic has accelerated the

adoption of the draft guidance on broadening recruitment. However,

this risks exposing subgroups of populations to higher drug levels, par-

ticularly for drugs that lack safety studies specific to these subgroups.

1.2 | COVID-19 pandemic in perspective

Several therapeutic agents have been evaluated for the treatment of

COVID-19, but remdesivir, acalabrutinib, ibrutinib and dexametha-

sone in particular have shown some positive results.2–4 The FDA has

issued guidance for COVID-19 trials5 emphasizing the need to con-

sider participant safety alongside the need to establish the efficacy of

drugs against SARS-CoV-2. The estimated basic reproduction rate for

SARS-CoV-2 is 2.65 days (with a range from 1.85 to 3.41 days).6

1.3 | Drugs on trial for COVID-19

As of 21 May 2020 there were 1621 COVID-19 trials on clinicaltrials.

gov, of which 912 are active and/or recruiting. To address the urgent

need for therapeutic remedies for COVID-19, efforts to repurpose

existing drugs are increasing, hence most trials are focused on existing

drugs rather than investigating new drugs. These repurposed drugs

consist of antivirals (azithromycin, atazanavir, baloxavir, darunavir,

lopinavir, remdesivir, ritonavir), anticancer drugs (acalabrutinib,

ibrutinib, baricitinib, ruxolitinib), anti-inflammatories (dexamethasone),

large molecules (siltuximab, emapalumab, tocilizumab), antimalarials

(chloroquine, hydroxychloroquine), and one antidiabetic and heart fail-

ure treatment drug (dapagliflozin). Azithromycin is dosed in combina-

tion with hydroxychloroquine.7

1.4 | Typical COVID-19 patient and cytokine
storm

A typical hospitalized COVID-19 patient exhibits overproduction of

early response pro-inflammatory cytokines such as tumour necrosis fac-

tor (TNF), interleukin-6 (IL-6) and interleukin-1 beta (IL-1β). This is

known as a “cytokine storm” and is thought to be one of the major cau-

ses of acute respiratory distress syndrome (ARDS) and multiple-organ

failure.8 Patients presenting with cytokine release syndrome typically

show cytopenia, elevated creatinine, deranged coagulation parameters

and high C-reactive protein (CRP).9 The common symptoms and cas-

cade of a COVID-19-induced cytokine storm10 are depicted in Figure 1.

Due to the relationship between cytokine release syndrome and poor

outcomes among COVID-19 patients, many of the drugs (small

molecules and biologicals) currently being tested aim to dampen this

severe immune response, while others target the virus' ability to infect

cells. Inflammation resulting from cytokine release starts locally, in areas

such as pulmonary tissue, and spreads to other organs through systemic

circulation. This triggers compensatory biological repair processes

which restore tissue and organ function; however, these processes can

lead to fibrosis and persistent organ dysfunction of the lungs, heart,

liver and kidney.11 Many small molecule drugs are metabolized by cyto-

chrome P450 (CYP450) enzymes typically expressed in the liver, gut,

lung and kidney. Several pro-inflammatory cytokines (IL-1β, IL-6, TNF-

α) have been reported to downregulate the expression of these

enzymes and transporters such as P-glycoprotein (P-gp) by inducing

transcription factors (eg, Pregnane X receptor (PXR), Chimeric antigen

receptor (CAR), Nuclear factor (NF-kB), and Hepatocyte nuclear factor

(HNF)), which in turn reduce the abundance of CYP450 and P-gp in tis-

sues.12 This influences the absorption, distribution and metabolism of

drugs, as represented in Figure 1.

Elevated cytokine levels alter the pharmacokinetics (PK), and thus

exposure, of small molecules. A few clinical studies have compared

drug exposure before and after treatment with cytokines. The use of

What is already known about this subject

• Disease-drug interactions can result in exposure changes,

which are well documented in cancer, cirrhosis and rheu-

matoid arthritis. Cytokine storms are known to perturb

the expression of cytochrome P450 enzymes, conjugative

enzymes and transporters.

• Clinically observed pharmacokinetic data and knowledge

of the effects of race on repurposed COVID-19 drugs in

geriatric COVID-19 patients are limited.

• There is some knowledge of the effect of intrinsic and

extrinsic factors on the disposition of repurposed

COVID-19 drugs, but dosing recommendations for

patients with a cytokine storm are lacking.

What this study adds

• A comprehensive summary of absorption, distribution,

metabolism and excretion, DDIs, adverse events and sim-

ulated lung exposure for COVID-19 repurposed drugs.

• Verified physiologically based pharmacokinetic models

that predict changes in drug exposure in various clinical

scenarios, guiding dosing information where it is not pos-

sible to obtain clinical data, particularly given the COVID-

19 pandemic

• Simulated plasma and lung tissue exposure of drugs to

justify broader recruitment criteria for patients and assess

the relevant potency values from in vitro studies for

SARS-CoV-2.
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interferon (IFN)-α in chronic hepatitis B has been found to decrease

theophylline (metabolized mainly by CYP1A2) clearance by 50% and

prolong the half-life of the drug by 70%.13 Alternatively, blocking IL-6

receptor activity with drugs such as sarilumab and tocilizumab reduces

the AUC and Cmax of simvastatin (CYP3A4 substrate) by 40-57%.14,15

As clinical studies addressing the impact of different drug metabo-

lizing enzymes and transporters are not always feasible, in vitro models

of hepatic and intestinal cell lines can be used. Exposure of Hepatoma

cell line (hepaRG) hepatic cells to IL-6 (10 ng/mL) for 72 hours has

been found to decrease CYP3A4 mRNA expression and activity by

more than 80%, CYP1A2activity by 60%, and CYP2B6 and 2C19 activ-

ity by 80%.16 In epiintestinal cells the expression of phase I enzymes

CYP2C19, CYP2C9 and CYP3A4 was reduced by 40-50% (Mono-

amine oxidase A [MAO A] 35%, Monoamine oxidase B [MAO B] 42%),

whilst activities of CYP2C19, CYP2C9 and CYP3A4 were suppressed

by 20-75% following exposure to IL-6. However, it is worth noting

that extrapolation of in vitro results to in vivo models is challenging

due to the complexity of biological systems, disease pathophysiology,

degrees of severity, changes in cytokines levels and interactions

among cytokines and DME targets.17 One added difficulty, for exam-

ple, is making sure that IL-6 is added to cells in concentrations that

mimic physiological levels in healthy and diseased states.18

1.5 | Information on study subpopulations

Remdesivir clinical trial2 patient characteristics included chronic liver

(2%) and kidney disease (6%), cancer (8%) and obesity (37%). Thirty-

six per cent of patients were >65 years and patients of different

race were included in the trial population. A large proportion of

COVID-19 patients requiring hospitalization and treatment are geri-

atric19 and it is likely that this patient population may exhibit expo-

sure differences. The possibility of testing the effect of intrinsic and

extrinsic factors clinically is limited, for instance PK on geriatric

COVID-19 patients.

1.6 | Physiologically based pharmacokinetic
models

The pharmacokinetic, absorption, distribution, metabolism and excre-

tion (ADME) data for single or multiple doses is relatively abundant

for COVID-19 repurposed drugs and can be used to build physiologi-

cally based pharmacokinetic (PBPK) models. These models utilize

three components: a system component, a drug-dependent compo-

nent and a clinical trial-specific component. Details of human physiol-

ogy are specified in system components, for instance drug

metabolizing enzyme or transporter abundance, tissue blood flow to

organs and so on. Drug properties such as solubility, fraction

metabolized by enzymes and renal clearance are specified in the

drug-dependent components, whilst the clinical trial-specific

component defines the simulated scenario, including dosing

regimen, population age and gender proportion. PBPK models

combine these components to predict drug ADME, and by

extension PK, in a simulated scenario where clinical study data are

not available. These verified PBPK models can provide the ability

to extrapolate beyond the available data and account for disease-

drug interactions.20,21

1.7 | Target site concentrations

As COVID-19 mainly targets lung tissue, making it difficult to

assess tissue concentration, understanding expected target concen-

tration may be crucial, particularly when attempting to translate

observed effect from the in vitro studies to projected clinical

situations. PBPK models are useful to predict drug unbound

concentrations in the epithelial lining fluid (ELF),22 which is relevant

for treatment of COVID-19 patients as it can contain a persistent

reservoir of the virus.

The objectives of this study were to gather information on the

ADME, PK/pharmacodynamic (PK/PD), drug-drug interactions

F IGURE 1 Symptoms and grades of cytokine release syndrome, also known as cytokine storm, and its impact on drug exposure
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(DDIs), adverse events (AEs), and the effect of intrinsic and extrinsic

factors on the disposition of all repurposed drugs currently under

trial for COVID-19. This enabled us to explore the utility of PBPK

models for possible clinical scenarios after verifying them based on

the gathered preclinical and clinical data. Then we used the models

to predict expected alterations in exposure to these drugs in sub-

populations of COVID-19 patients which have not yet been studied

for some of the drugs, eg, in patients with older age, different race

and hepatic/renal impairment. These variations were studied in rela-

tion to target site concentrations.

2 | METHODS

2.1 | Clinical PK and PD data extraction of COVID-
19 repurposed compounds and COVID-19 patient
characteristics

Trials of drugs repurposed for COVID-19 were selected in this work

from the American Society of Health-System Pharmacists (ASHP)

list.23 In addition, two drugs from AstraZeneca currently being stud-

ied in clinical trials were included, acalabrutinib, a Bruton tyrosine

kinase (BTK) inhibitor,3 and dapagliflozin, a sodium-glucose transport

protein 2 (SGLT2) inhibitor. Details of these and other repurposed

drugs are summarized in detail in Table 1 and in the Supporting

Information text. These repurposed drugs were antivirals

(azithromycin, atazanavir, baloxavir, darunavir, lopinavir, remdesivir,

ritonavir), anticancer drugs (acalabrutinib, baricitinib, ruxolitinib),

anti-inflammatories and immunomodulators (dexamethasone), biolog-

icals (siltuximab, emapalumab, tocilizumab), antimalarials (chloro-

quine, hydroxychloroquine), and antidiabetic and heart failure

treatment drugs (dapagliflozin). Clinical studies for probe compounds

were queried with appropriate literature searches and through the

University of Washington Drug Interaction Database (UWDIDB).

Dosing regimens, relevant PK parameters, DDIs, AEs and applicable

demographic data, such as age, gender, race, PK in hepatic and renal

impairment, and genotype, were manually extracted from the

selected publications. Cytokine information, such as IL-6 levels in a

typical COVID-19 patient, was extracted from literature and com-

pared with other cytokine storm disease conditions such as cancer,

rheumatoid arthritis and cirrhosis etc.

2.2 | PBPK model development to study the effect
of age, race and organ dysfunction

PBPK modelling and simulations were performed using a Simcyp V19

simulator (Certara UK Ltd, Sheffield, UK) for clinical trial scenarios as

shown in Supporting Information Figure S1. Well-established or fit-

for-purpose PBPK models were verified against available clinical data

before being utilized to simulate scenarios where no clinical data are

available. PBPK models of acalabrutinib, baricitinib, ruxolitinib, ritona-

vir, darunavir and dapagliflozin were previously verified extensively

and have been submitted previously as part of new drug application

submission to the FDA. The rest of the PBPK models (azithromycin,

atazanavir, lopinavir, chloroquine, hydroxychloroquine) were reported

in peer-reviewed journals with a reasonable level of verification.

These verified PBPK compound files were obtained from either

Simcyp Simulator compound library files or repository files (https://

members.simcyp.com/account/libraryFiles/) or were built using

reported compound input parameters. The PBPK model input parame-

ters are shown in Supporting Information Table S1 and the key drug

parameters required for simulating lung concentration are shown in

Supporting Information Table S2. Trial designs for all simulations

were set to 10 trials of 10 patients with the relevant populations con-

strained by age range and the proportion of females which reflected

the reported study design of clinical studies where available. Dosing

amounts and schedules were chosen as per the respective compound

dosing recommendations and administered as an oral single dose or

multiple dose across all simulations. Darunavir and lopinavir simula-

tions were run as combination therapies with ritonavir as a booster

drug. The predictive performance PBPK model of probe compounds

was measured by the ratio of the mean predicted AUC to the mean

observed AUC where possible (Supporting Information Table S3). For

organ dysfunction simulations, AUCdiseased to AUChealthy ratios for

both observed and predicted scenarios were calculated as predictive

performance measures. The predictability was considered acceptable

if this metric fell between the upper and lower limits (0.5- to 2-fold of

observed data). Differences in exposure from race in Caucasian, Japa-

nese and Chinese populations were predicted using Simcyp's popula-

tion library repository using the “Healthy-Volunteer”, “Japanese” and

“Chinese Healthy Volunteer” population models, respectively. Simula-

tions for hepatic impairment were performed using Simulator's “Cir-
rhosis CP-A”, “Cirrhosis CP-B” and “Cirrhosis CP-C” populations,

while for renal impairment populations “RenalGFR_30-60” and

“RenalGFR_less_30” were used. The effects of age, race and organ

impairment simulations were not simulated for baloxavir, remdesivir

and large molecules, as adequate PBPK modelling was not possible

due to limited data availability in the literature. Based on recent find-

ings from the IQ consortium28 the impact of renal impairment can be

well predicted within 2-fold of observed PK (AUC) and for hepatic

impairment >70% of the cases were predicted within 2-fold,

supporting the utility of PBPK modelling for the study of organ dys-

function. Physiological differences between healthy volunteers and

patients with hepatic organ impairment are shown in Supporting

Information Table S4.

TABLE 1 Interleukin-6 (IL-6) levels reported in different diseases,
including COVID-19

IL-6 levels pg/mL Number of cases Reference

Healthy 1.3-10.3 312 24

Cirrhosis 18-146 63 25

RA 18-109 40 26

Cancer 0.23-78.5 1272 (from

72 studies)

27

COVID-19 21 (mild)-66 (severe) 17 8
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2.3 | Simulating lung concentration for COVID-19
drugs

The permeability-limited lung model is particularly suitable for model-

ling and simulating drug disposition within the lung mass compart-

ment and ELF compartment, which are the target sites for antiviral

effects. The methodology of simulating these concentrations has been

applied previously to tuberculosis22 and recently for three COVID-19

repurposed drugs.29 In this work, lung ELF concentrations were simu-

lated using the geriatric population within the PBPK simulator with

age range from 65 to 95 years old, with 50% female subjects. The

impact of reduced CYP3A expression in the liver and gut by 30% in

the geriatric population was implemented as shown by Schwenger

et al20 for oncology subjects to reflect the CYP3A suppression by

cytokines.

2.4 | PBPK simulation and comparison with
observed clinical data

The predicted Cmax and AUC in healthy subjects were compared to

the observed data to ensure the suitability of the models for their

intended use. Subsequently, the predicted Cmax and AUC ratios of

organ dysfunction (estimated as the ratio of predicted Cmax and

AUC of organ dysfunction relative to healthy populations) were

compared with the observed organ dysfunction Cmax and AUC

ratios. Partition coefficients (KP) between lung tissue and plasma

data were available in rats (as shown in Supporting Information

Table S2). Rat tissue KP values were compared to in silico predicted

human KP values, assuming the unbound distribution is independent

of species.

2.5 | Sensitivity analyses with varying degrees of
CYP suppression by cytokine storm

Sensitivity analysis, via Simcyp's sensitivity analysis tool, was per-

formed to study the effect of AUC change with reduced CYP3A4

abundance in the liver and gut. Acalabrutinib, ibrutinib, dexametha-

sone and darunavir are sensitive CYP3A4 substrates (Table 2) so these

were chosen for these sensitivity analyses. CYP3A4 abundance was

varied, with values 10-90% lower than those observed in healthy

volunteers.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY, and are permanently archived in the Concise Guide to

PHARMACOLOGY 2019/20.54

3 | RESULTS

3.1 | Cytokine levels in COVID-19 patients

Table 1 shows that in healthy individuals, serum IL-6 concentrations

were reported to range from 1.3 to 10.3 pg/mL.18 They rise to

2.6-123 pg/mL in some patient groups with inflammatory diseases,

including obesity,55 rheumatoid arthritis,56 psoriasis57 and cirrhosis.58

A recent meta-analysis reported IL-6 levels in COVID-19 patients with

complex clinical complications to be nearly 3-fold higher than in

patients with few complications.8 The average serum level of IL-6

across the six studies reported in this review was 65.5 pg/mL in

patients with severe acute respiratory distress syndrome (SARDS),

which is significantly higher than in nonsevere cases of disease

(21.4 pg/mL) (Table 1). Mortality rates correlated with higher levels of

IL-6, and the addition of IL-6 inhibitors such as tocilizumab improved

clinical outcomes with no deaths in a total of 21 patients receiving

treatment.8 Similar results have been observed for acalabrutinib in

COVID-19 patients; elevated IL-6 levels (median [range] of

44 [25-89.8] pg/mL) were noted in COVID-19 patients with a signifi-

cant (P = 6.5 × 10−4) decline observed during acalabrutinib treatment.3

3.2 | PK/PD of repurposed COVID-19 drugs

Table 2 summarizes the observed data for PK/PD properties of rep-

urposed COVID-19 drugs. The half-maximal inhibitory concentration

(IC50) parameters obtained were treated as unbound IC50 because the

experimental conditions utilize serum-free conditions for COVID-19

drugs and this hypothesis was recently supported by Fan et al.59

However, the in vivo plasma and lung tissue concentrations were

corrected using in silico predicted tissue protein binding and mea-

sured plasma protein binding. The preclinical rat partition co-efficient

(Kp) values for lung tissue are compared with human predicted Kp

values as listed in Supporting Information Table S2.

3.3 | ADME, DDIs and adverse events of
repurposed COVID-19 drugs

Table 3 summarizes the main metabolizing enzymes, DDIs and AEs of

repurposed COVID-19 drugs obtained from University of Washington

Drug Interaction Database (DIDB) or New Drug Application (NDA)

application information on FDA website. When repurposed

COVID-19 drugs act as a perpetrators: no clinically significant DDIs

are anticipated except ritonavir, which is a well-known time depen-

dent inhibitor of CYP3A4, and darunavir, which is a reversible CYP3A

inhibitor; While, if these COVID-19 drugs act as a victim drugs: weak

to moderate DDI risk is anticipated for COVID drugs that are mainly

metabolized by CYP3A4 except ibrutinib. Strong DDI (>5-fold change

in AUC) is anticipated for drugs that have a first-pass gut metabolism

like ibrutinib when dosed with ritonavir.
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F IGURE 2 Effect of age (A) and race (B) on unbound plasma concentration-time profiles of COVID-19 drugs. (A) The black continuous line
represents the median prediction using the PBPK model for 18-40 years of age, the green line for 40-65 years and the red line for 65-98 years.
The shaded area represents the 95% prediction intervals of Caucasian healthy volunteers. (B) The black continuous line represents the median
prediction using the PBPK model for Caucasians subjects, the green line for Japanese subjects and the red line for Chinese patients. Different
race simulations were run using 40-65 years of age with 50% of females. Doses used: acalabrutinib 100 mg single dose, azithromycin 500 mg
single dose, chloroquine 600 mg single dose, dapagliflozin 10 mg single dose, darunavir 800 mg single dose, hydroxychloroquine (HCQ) 200 mg
single dose, ibrutinib 140 mg single dose, lopinavir 400 mg single dose (with 100 mg ritonavir concomitant interaction), rifampicin 600 mg single
dose, baricitinib 2 mg single dose, ritonavir 600 mg single dose, ruxolitinib 20 mg single dose
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F IGURE 3 Effect of hepatic (A) and renal (B) impairments on total plasma concentration-time profiles of COVID-19 drugs. The black
continuous line represents the median prediction using the PBPK model for healthy population. The shaded area represents the 95% prediction
intervals of the healthy population. The blue line represents mild hepatic impairment. The green line represents moderate renal or hepatic
impairment. The red line represents severe renal or hepatic impairment. Doses used for hepatic impairment: acalabrutinib 50 mg single dose,
azithromycin 500 mg single dose, atazanavir 400 mg single dose, chloroquine 300 mg single dose, dapagliflozin 10 mg single dose,
hydroxychloroquine base (HCQ) 155 mg single dose, baricitinib 4 mg single dose, ritonavir 600 mg single dose, ruxolitinib 25mg single dose,
lopinavir 400 mg single dosing interval (with 100 mg ritonavir concomitant interaction), darunavir 600 mg single dosing interval (with 100 mg
ritonavir concomitant interaction), ibrutinib 140 mg single dose, dexamethasone8 mg single dose. Only the parent acalabrutinib was measured in
organ dysfunction or DDI studies of acalabrutinib. Doses used for renal impairment: azithromycin 500 mg single dose, atazanavir 400 mg single
dose, hydroxychloroquine base 155 mg, baricitinib 4 mg single dose, chloroquine 300 mg single dose, dapagliflozin 50 mg single dose,
acalabrutinib 50 mg single dose, ruxolitinib 25mg single dose, ritonavir 600 mg single dose, lopinavir 400 mg single dose (with 100 mg ritonavir
concomitant interaction), darunavir 600 mg single dosing interval (with 100 mg ritonavir concomitant interaction), dexamethasone 8 mg
single dose
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TABLE 4 Comparison of the predicted vs observed AUC ratios of hepatic impairment condition to matched healthy subjects for COVID-19
drugs

Drug
Drug dose/regimen
in the study

Observed
AUCR

Predicted
AUCR

Observed ratio change

in Cmax (diseased to
healthy)

FDA dosage
recommendation Reference

Acalabrutinib 50 mg SD CP-A: 1.9 CP-A:

1.35

CP-C: 4.9 No dose adjustment for CP-

A and CP-B patients

Avoid dosing acalabrutinib

in CP-C

73

CP-B: 1.5 CP-B:

2.76

CP-C: 5.3 CP-C:

3.41

Ibrutinib 140 mg SD CP-A: 2.7 CP-A: 1.7 CP-A:5.2 140 mg daily for CP-A

patients, 70 mg daily for

patients with CP-B and

should be avoided in CP-

C

74

CP-B: 8.2 CP-B:6.9 CP-B:8.8

CP-C: 9.8 CP-C: 9.9 CP-C:7

Azithromycin 500 mg SD CP-A: 0.98 CP-A: 1.5 CP-A: 1.34 No need to change in CP-A

and CP-B

The pharmacokinetics of

azithromycin in subjects

with severe HI have not

been established

75

CP-B: 0.82 CP-B: 1.6 CP-B: 1.76

CP-C: N/A CP-C 2.2 CP-C: N/A

Baloxavir 40 mg SD CP-B: 1.12 N/A CP-B: 0.8 No dose adjustment is

needed for subjects with

CP-A and CP-B

Studies on mild HI was not

conducted because no

clinically meaningful

effect was observed in

the moderate condition

The pharmacokinetics in

patients with severe HI

have not been evaluated

33

Chloroquine 300 mg SD N/A CP-A:

1.42

N/A It should be used with

caution in patients with

HI or alcoholism

76

CP-B:

1.93

CP-C:

2.15

Hydroxychloroquine 155 mg SD N/A CP-A:

1.12

N/A Should be used with caution

in patients with HI or

alcoholism or in

conjunction with known

hepatotoxic drugs

A reduction in dosage may

be necessary in patients

with HI, as well as in

those taking medicines

known to affect the liver

77

CP-B:

1.25

CP-C:

1.34

Dapagliflozin 10 mg SD CP-A: 1.03 CP-A:

1.08

CP-A: 0.88 No dose adjustment is

recommended for

patients with mild,

moderate or severe HI

However, the benefit-risk

for the use of

dapagliflozin in patients

with severe HI should be

individually assessed

since the safety and

efficacy of dapagliflozin

67

CP-B: 1.36 CP-B:

1.19

CP-B: 1.12

CP-C: 1.67 CP-C: 1.1 CP-C: 1.4

(Continues)
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TABLE 4 (Continued)

Drug
Drug dose/regimen
in the study

Observed
AUCR

Predicted
AUCR

Observed ratio change

in Cmax (diseased to
healthy)

FDA dosage
recommendation Reference

have not been specifically

studied in this population

Baricitinib 4 mg SD CP-B: 1.19 CP-A:

1.38

CP-B: 1.08 No dose adjustment is

necessary in patients with

mild or moderate HI

The use of baricitinib has

not been studied in

patients with severe HI

and is therefore not

recommended

78

CP-B:

1.37

CP-C:

1.31

Lopinavir 400 mg with 100 mg

ritonavir BID

CP-A: 1.367 CP-A:

1.14

CP-A: 1.25 The change in exposure in

mild and moderate HI is

not expected to be

clinically relevant

Lopinavir has not been

studied in patients with

severe hepatic

impairment

79

CP-B: 1.229 CP-B:

1.496

CP-B: 1.16

CP-C:

1.39

Atazanavir 400 mg SD CP-B&-C:

1.42

CP-A:

0.87

CP-B:

1.93

CP-C:

2.95

N/A Dose reduction to 300 mg

per day is recommended

in moderate HI

80

Darunavir 600 mg

darunavir/100 mg

ritonavir twice

daily

CP-A: 0.94

(0.75-1.17

90% CI)

CP-B: 1.2

(0.9-1.6

90% CI)

CP-A:

1.04

CP-B:

1.06

CP-C:

1.07

CP-A: 0.88 (0.73-1.07)

CP-B: 1.22 (0.95-1.56)

No significant change in

dose for moderate

cirrhosis

Not studied in severe HI

81

Ruxolitinib 25 mg SD CP-A: 1.87

(90% CI

1.29-2.71)

CP-B: 1.28

(0.88-1.85)

CP-C:1.65

(1.14-2.4)

CP-A:

1.31

CP-A: 0.92 (0.66-1.29)

CP-B: 0.78 (0.56-1.1)

CP-C: 0.85 (0.6-1.19)

Reduce dose is

recommended in patients

with any HI

82

CP-B:

2.04

CP-C:

2.67

Ritonavir 600 mg SD CP-A: 1.26 CP-A:

1.014

CP-A: 1.12 No dose adjustment of

ritonavir is necessary for

patients with either mild

or moderate HI

No pharmacokinetic or

safety data are available

regarding the use of

ritonavir in subjects with

CP-C, therefore ritonavir

is not recommended for

use in patients with

severe HI

79

CP-B: 0.93 CP-B:

1.44

CP-B: 0.56

CP-C:

1.66

Remdesivir Day 1: SD 200 mg IV

days 2-10:

100 mg/day

N/A N/A N/A The pharmacokinetics and

dosage adjustment of

remdesivir have not been

evaluated in patients with

HI

Hepatic laboratory testing

should be performed in all

patients prior to starting

70

(Continues)
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3.4 | Effect of age and race on PK of repurposed
COVID-19 drugs

Figure 2A shows the PBPK model simulated PK profiles for different

age brackets: 18-40 years, 40-65 years and 65-98 years (geriatric

population). These age brackets represented the typical demographics

from a recent remdesivir clinical trial.2 We assumed the proportion of

females in the simulations to be 50%. The PBPK model-based results

are in line with observed data, as shown in Supporting Information

Table S3. The geriatric population exhibited higher exposure for all

drugs compared to the age bracket of 18-40 years, but fell within the

95% prediction intervals (PIs) of healthy volunteers except for dexa-

methasone, which is marginally outside the shaded area of the 95% PI

(Figure 2A). PBPK analysis suggests race has no clinically meaningful

effect on the clearance of all COVID-19 drugs, as the mean simulated

Chinese and Japanese population profiles fall within the 95% PI of the

Caucasian population (Figure 2B), therefore no dose adjustment is

required based on the race of the patient.

3.5 | Effect of organ dysfunction on PK of
repurposed COVID-19 drugs

Comparing predicted AUCR (AUC0-∞ in hepatic or renal impair-

ment/AUC0-∞ in healthy volunteers) with their corresponding

observed values (whenever available) shows consistency within

2-fold of observed data for all drugs, suggesting the developed

PBPK models were adequate to simulate the exposure changes

where a clinical data gap exists. Figure 3A,B and Table 4 show how

hepatic impairment resulting from cirrhosis and renal impairment

(Table 5) change the exposure levels of these repurposed drugs. The

absolute expression of CYP3A levels in mild to severe cirrhotic or

renal failure subjects vs the healthy population within the Simcyp

PBPK Simulator V19 is shown in Supporting Information Tables S4

and S5. In addition, physiological differences between either liver

cirrhosis or renal impairment populations vs the healthy population

is also described. The exposure of azithromycin, atazanavir,

acalabrutinib, ruxolitinib and dexamethasone was clearly higher in

severe hepatic impairment (Figure 3A) relative to healthy volunteers,

suggesting the need for dose adjustment. In the case of renal

impairment (Figure 3B), ruxolitinib, atazanavir and azithromycin

plasma exposures were higher in severe conditions relative to

healthy population and may warrant a dose adjustment in severe

renally impaired patients.

3.6 | Simulating target site concentration for
COVID-19 drugs

Figure 4 shows the simulated relative exposure of lung to plasma at

steady state, depicting unbound ELF concentrations in the geriatric

population aged from 65 to 95 years along with 95% PIs. The horizon-

tal dashed lines show the IC50 and IC90 (9 × IC50) range of target inhi-

bition The input parameters used for the permeability-limited lung

model22 are shown in Supporting Information Tables S1 and S2.

Overall, all COVID-19 drugs appear to reach adequate exposures at

steady state over the target IC50 values of respective drugs and stay

above this for a minimum of 8 hours except for all antiviral drugs,

where reported IC50 values against SARS-CoV-2 were reported.88

Nevertheless, the antiviral exposures were above IC50/IC90 if human

immunodeficiency virus (HIV) target values were used. Achieving 90%

of target inhibition with unbound ELF concentration in most patients

is achievable for a period of time (>4 hours; Figure 4) except for all

antiviral drugs and the hydroxychloroquine potency value (IC50 in the

range of 13-119 μM) reported recently by Hoffman et al in SARS-

COV-2 relevant Vero and Calu-3 cell lines.89 Under the assumption

that in vivo cellular accumulation is similar to that from the in vitro

studies, the calculated free lung concentrations in the ELF that would

result from proposed dosing regimens are well below the in vitro

IC50/IC90 value, making the antiviral effect against SARS-CoV-2 not

likely achievable with an oral dosing regimen of hydroxychloroquine.

Total (parent + metabolite) unbound plasma and ELF concentration

were used to estimate an average BTK occupancy for acalabrutinib

(a covalent BTK binder). Estimated BTK occupancy was >95%, which

TABLE 4 (Continued)

Drug
Drug dose/regimen
in the study

Observed
AUCR

Predicted
AUCR

Observed ratio change

in Cmax (diseased to
healthy)

FDA dosage
recommendation Reference

remdesivir and daily while

receiving remdesivir

Dexamethasone 8 mg SD N/A CP-A:

1.20

N/A The effect of baseline HI on

the pharmacokinetics of

dexamethasone has not

been studied clinically

83

CP-B:

2.06

CP-C:

2.56

Abbreviations: AUCR, ratio of the area under total plasma concentration-time curve in diseased population relative to healthy population; BID, Twice a

day; CI, confidence interval; Cmax, maximum plasma concentration; CP-A, CP-B, CP-C, child Pugh classification of cirrhosis A (mild), B (moderate), C

(severe); HI, hepatic impairment; IV, intravenous; N/A, not available; SD, single oral dose.
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is consistent with the observed effectiveness of acalabrutinib in

COVID-19 patients (NCT04346199).

It has been proposed that the virus is internalized by receptor-

mediated endocytosis and delivered to lysosomes, where it replicates.

Some of these drugs have shown efficacy in raising the lysosomal pH

(lysosomotropic drugs), resulting in lysosomal trapping of the virus

and preventing its spread within the cell. This in theory might help the

drug to be concentrated at the target site and thus lower doses of

the drug could to be required to achieve therapeutic efficacy. The

lysosomotropic potentials for COVID-19 drugs were predicted based

on Ufuk et al90 and are shown in Supporting Information Table S2.

The lysosomotropic potentials of chloroquine, hydroxychloroquine,

atazanavir and remdesivir appeared to be beneficial for attaining a

required target exposure and efficacy. However, increased exposure

might also have consequences for side effects.

3.7 | Sensitivity analyses with varying degrees of
CYP suppression by cytokine storm

The relative change in exposure (AUC) for CYP3A substrates such as

acalabrutinib and ibrutinib when CYP3A expression was reduced to

one-tenth of its healthy level in both the gut and liver is shown in

Figure 5. As a worst-case scenario, reducing 90% of CYP3A4 abun-

dance in the liver and gut resulted in a �4-fold increase in AUC for

acalabrutinib and dexamethasone, while a 15-fold change was found

for ibrutinib. The relative change in AUC for darunavir alone was up

to a 5-fold increase with reducing CYP3A4 by 90%. However, in the

presence of ritonavir, this change was nearly abolished with a maxi-

mum difference in AUC of less than 4%.

4 | DISCUSSION

Whilst efforts to develop vaccines against COVID-19 are ongoing,

there are no indications that any of the programs will provide a safe

and effective vaccine at the scale needed to reverse the pandemic

caused by the virus before the end of 2020. The success of public

health measures in reducing the rate of infection has varied in differ-

ent countries. However, as these measures ease off to balance the

negative economic prospects of lockdowns and social distancing,

many expect that spread of the virus will continue, albeit at lower

rate, even if we managed to avoid a second peak. Therefore, effective

therapeutic management of COVID cases is an essential element of

the fight against the pandemic, alongside the development of vaccines

and public health measures to control the spread.

There have been great advances in the use of modelling tools to

predict and optimize doses and dosing schedules for clinical trials and

to inform drug labels.21,91–93 The current situation surrounding

COVID-19 requires fast decision making in clinical trial design with

limited information, resulting in potentially higher risk or reduced ben-

efit to patients. A few such examples include higher incidence of side

effects for chloroquine therapy and lack of benefit from lopinavir andT
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ritonavir combination therapy.94,95 COVID patients who received

chloroquine with azithromycin experienced QTc prolongation, which

may be attributed to PK or PD changes in target tissues as a result of

DDIs. To help drug developers and regulators surrounding the devel-

opment of candidate treatments and regimens for COVID-19, reliable

and effective modelling tools for quantifying and comparing therapy

F IGURE 4 PBPK model-based simulations of unbound drug concentration-profiles in lung tissue using a multiple-compartmental lung model
in geriatric patients after verification of models using adult data for drugs that are being tested in COVID-19 trials. Dashed lines represent a
relevant potency value for either IC50 or IC90. Doses used for simulating lung exposure: multiple doses 14 days of dosing to steady-state
azithromycin 500 mg single dose, atazanavir 400 mg, hydroxychloroquine base 155 mg, baricitinib 4 mg, chloroquine 300 mg, dapagliflozin 10 mg,
acalabrutinib 100 mg, ruxolitinib 25 mg, ritonavir 600 mg, lopinavir 400 mg, darunavir 800 mg, dexamethasone 8 mg

F IGURE 5 Sensitivity
analysis on the possible effect of
cytokines and consequent
CYP3A4 abundance suppression
in both liver and the gut on
acalabrutinib (A) and ibrutinib
(B) exposures
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options, particularly in cases where clinical data are scant, will be

valuable.

Typically in drug development, the effect of all extrinsic and

intrinsic patient factors can be tested clinically. However, ethical

and practical issues limit the numbers of studies one can feasibly

conduct. As shown in Supporting Information Figure S1, there

are more than 100 untested clinical scenarios for drugs repurposed

for COVID-19 due to limited time and resources. In this current

COVID-19 pandemic, PKPD and PBPK modelling tools are already

helping to optimize and accelerate the use of candidate

therapeutics.59,94

PBPK modelling approaches integrate drug data and physiological

or system data together with patient factors to predict certain

untested situations using existing knowledge. In recent years there

have been several examples where PBPK modelling has been used in

lieu of many clinical studies.92 Currently, there is a lack of knowledge

regarding the impact of intrinsic and extrinsic factors on the disposi-

tion of drugs repurposed for COVID-19. Therefore, in this work, we

present a summary of ADME, PK/PD and DDI, provide a repository of

PBPK models and input parameters to simulate the unbound plasma

and/or lung ELF concentrations, and utilize PBPK models to predict

expected alterations in drug exposure in subpopulations of COVID-19

patients which have not yet been studied, eg, in patients with older

age, different race groups and hepatic/renal impairment. The drugs

selected for this analysis relied on verified PBPK model availability,

and robust in vitro and clinical evidence of their effects on drug

clearance.

In many instances no clinical DDI data are available, as exempli-

fied by the combination of ritonavir (a CYP3A reversible and time-

dependent inhibitor) with BTK inhibitors such as ibrutinib and

acalabrutinib. Based on PBPK modelling, the DDI risk appears to be

higher with ibrutinib when combined with ritonavir (AUC ratio of

�44-fold), while ritonavir combination increased acalabrutinib AUC

by 5.7-fold); however, no DDI risk is anticipated for dapagliflozin as it

is mainly eliminated by UGT1A9 substrate.

As many of the repurposed drugs studied in this paper are primar-

ily metabolized in the liver, it was unsurprising to find that impaired

liver function or liver disease impacts the PK of these drugs. Bari-

citinib is mainly excreted unchanged by the kidney and thus its PK can

be altered in renal failure conditions. PBPK models suggest dosing

adjustments for CYP3A4 substrates like ibrutinib, dexamethasone and

acalabrutinib are likely to be necessary.

The challenge of dosing optimization with limited time and clini-

cal information can only be addressed as more data becomes avail-

able. We can, however, prioritize available resources to reduce the

number of patients-at-risk due to suboptimal dosing and dosing

schedules by simulating the situations where there is a lack of clini-

cal data. In this way, we can establish a scientific fact-based

and triaging process to further our understanding of therapeutic

interventions for COVID-19. To facilitate knowledge-sharing and

advance the field, modelling workspaces can be uploaded to an

open-access, modelling tool platform members' area or Github

(http://github.com/).

COVID-19 inflammatory response seems to be comparable with

other chronic diseases such as cirrhosis, Rheumatoid arthritis (RA) and

cancer (Table 1). Similar to these conditions, the severity and duration

of COVID-19 disease is thought to impact cytokine levels and conse-

quently metabolizing enzyme suppression, however the quantitative

relationship is not yet confirmed clinically.96 Due to the lack of a clear

concentration-response relationship between different cytokines and

the expression of drug metabolizing enzymes in vivo, we used sensi-

tivity analysis to infer the potential impact of such suppression. Sensi-

tivity analysis can be a useful tool to study the uncertainty in model

input parameters and assess its impact on simulated PK profiles.

For instance, in rheumatoid arthritis and cancer, it was reported

that CYP3A4 content in the liver and gut was reduced by 30%20 but

such meta-analyses and reports are not yet available for COVID-19.

Automated sensitivity analysis using different CYP3A4 substrates,

including ibrutinib, dexamethasone, darunavir and acalabrutinib,

suggest there is around a 4- to 15-fold increase in AUC if the CYP3A

levels are reduced by 90% from normal levels, respectively. This

indicates that exposure to these compounds will be significantly

higher and more variable with varying severities of COVID-19

cytokine storm. For darunavir and ritonavir combination therapy, the

change in darunavir exposure was relatively low compared to mon-

otherapy as CYP3A4 is already inhibited by ritonavir and the impact

of cytokine suppression on the enzyme is expected to be relatively

low. It should be noted that dexamethasone is an anti-inflammatory

drug that can reverse or mask the suppressive effect of cytokines on

the expression of metabolizing enzymes. This adds to the complexity

of the biological system and requires further clinical studies, not

only for COVID-19 patients but also for other inflammatory diseases

such as cirrhosis.

PBPK ensures more appropriate use of tissue site concentrations

compared to population-based PK modelling and allows us to account

for disease-drug interactions, ie, cytokine storm. In this study, we uti-

lized in vitro IC50 rather than in vivo EC50 due to the scarcity of this

data. Nevertheless, when unbound in vivo EC50 data become avail-

able, one can easily update the exposure profiles with the relevant tar-

get inhibition values and explore In vitro in vivo extrapolation, as

shown in Pilla Reddy et al.97 in vitro IC50 values were generated for

antiviral drugs using serum-free media in most instances, and thus we

can assume in vitro IC50 are basically unbound values; however,

in vivo lung tissue and plasma profiles should be corrected for lung tis-

sue protein binding and plasma protein binding, respectively, to obtain

KP,uu, under the assumption that the unbound drug is pharmacologi-

cally active.59

Simulating the plasma and/or lung exposure of drugs used to

treat COVID-19 is important, as the unbound tissue concentration

drives the efficacy and safety of a drug. Noninvasive imaging methods

(positron emission tomography/ magnetic resonance imaging) can be

used to determine tissue drug concentrations; however, it is logisti-

cally challenging to routinely employ these methods during drug

development. We therefore need high-throughput and cost-efficient

methods to predict the tissue concentration of drugs. To achieve this,

we must accurately predict drug distribution and clearance into and

26 PILLA REDDY ET AL.
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out of tissue. We hypothesize that lung concentrations of drugs can

be predicted through in vitro to in vivo extrapolation by incorporating

the appropriate parameters such as permeability and transporter data.

Preclinical, quantitative, whole-body autoradiography distribution

data could be used to understand the partition between plasma and

lung tissue or organ of interest to some extent, assuming the unbound

partition coefficient is independent of species. Quantitative whole-

body autoradiography data in rats is available for most of the drugs,

facilitating comparisons with predicted total KP values within the

Simcyp simulator.

The prediction of ELF unbound concentration is particularly rel-

evant for COVID-19 patients, as the distribution of COVID-19 drugs

should be targeted into immune-privileged sites like ELF in the lung,

which may represent a persistent reservoir for the virus.11 Highly

ionizable drugs might experience different lung uptake due to

changes in lung pH resulting from COVID-19; this was accounted

for in our PBPK model. One limitation of this work is that ELF con-

centrations were simulated using geriatric populations with reduced

CYP expression in the liver and gut by 30%, which was optimized

based on cancer patients.20 The PK differences between healthy

volunteers vs COVID-19 patients for a given drug yet to be

established.

In summary, in this study we provide a database for relevant PK,

PD, DDI and AE attributes for ongoing COVID-19 treatment under

the investigation, including both small molecules and large molecules.

Furthermore, we have demonstrated the application of quantitative

modelling tools in understanding the intrinsic and extrinsic factors

that can affect the PK of repurposed small molecule drugs, including

the strategy of simulating plasma and/or ELF concentrations under

physiological changes caused by COVID-19. Prospective PBPK

modelling and simulations can identify gaps in existing datasets and

help us to tackle critical clinical questions relating to patient intrinsic

and extrinsic factors that cannot be studied under the time constraints

of a COVID-19 pandemic.
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