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1 | INTRODUCTION

1.1 |

“Necessity is the mother of invention”

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
guestion 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
(DDils) 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.

KEYWORDS
ADME, COVID-19, cytokine, Drug-Drug Interactions, M&S, PBPK, PKPD

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ruited to drug trials was the subject of a recent draft Guidance for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

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

range, individuals with organ dysfunction, those with malignancies or
certain infections such as HIV, and children.® This guidance emphasized

the need to characterize drugs more comprehensively during early

Br J Clin Pharmacol. 2021;1-29.

wileyonlinelibrary.com/journal/bcp

© 2020 British Pharmacological Society | 1


https://orcid.org/0000-0002-7786-4371
https://orcid.org/0000-0002-8365-6528
mailto:venkatesh.reddy@astrazeneca.com
http://wileyonlinelibrary.com/journal/bcp

PILLA REDDY ET AL.

2 BRITISH
PHARMACOLOGICAL
] SOCIETY
o

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.>* The FDA has
issued guidance for COVID-19 trials® 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).®

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.”

14 |
storm

Typical COVID-19 patient and cytokine

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-1p). 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.® Patients presenting with cytokine release syndrome typically
show cytopenia, elevated creatinine, deranged coagulation parameters
and high C-reactive protein (CRP).” The common symptoms and cas-
cade of a COVID-19-induced cytokine storm'® 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

What is already known about this subject

e 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.

e Clinically observed pharmacokinetic data and knowledge
of the effects of race on repurposed COVID-19 drugs in
geriatric COVID-19 patients are limited.

e 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

e A comprehensive summary of absorption, distribution,
metabolism and excretion, DDIs, adverse events and sim-
ulated lung exposure for COVID-19 repurposed drugs.

o 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

e 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.

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.** 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-18, IL-6, TNF-
a) 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.*? 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
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FIGURE 1

interferon (IFN)-a 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%.1% Alternatively, blocking IL-6
receptor activity with drugs such as sarilumab and tocilizumab reduces
the AUC and Cpax Of simvastatin (CYP3A4 substrate) by 40-57%.141°

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%.%¢ In epiintestinal cells the expression of phase | 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.!” 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.*®

1.5 | Information on study subpopulations
Remdesivir clinical trial®> 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-
atric!? 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.

Grade 1: fever, constitutional symptoms

Grade 2: hypotension responding to fluids/low dose
vasopressors, Grade 2 organ toxicities

Grade 3: shock requiring high dose/multiple

vasopressors, hypoxia requiring >40% Fi02,
Grade 3 organ toxicities, Grade 4

Grade 4: mechanical ventilation, Grade 4
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+(J) CYP450 levels>> (1) absorption
*(4) P-gp level>> (1) absorption

+(J) P-gp >> (1) brain penetration

*Altered distribution
Dist

+(¥) CYP450 >> () hepatic Clearance
+(7) halflife

() P-gp levels >> (1) tissue penetration >> (1) efficacy and
toxicity
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Symptoms and grades of cytokine release syndrome, also known as cytokine storm, and its impact on drug exposure

1.6 |
models

Physiologically based pharmacokinetic

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
whilst  the

simulated

drug-dependent components, clinical trial-specific

component defines the 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.2%2*

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),2? 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/PD), interactions

PK/pharmacodynamic drug-drug
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(DDls), 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

21 | 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.2% In addition, two drugs from AstraZeneca currently being stud-
ied in clinical trials were included, acalabrutinib, a Bruton tyrosine
kinase (BTK) inhibitor,® 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
These

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

Information text. repurposed drugs were antivirals
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.

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 »

RA 18-109 40 26

Cancer 0.23-78.5 1272 (from z

72 studies)
COVID-19 21 (mild)-66 (severe) 17 8

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, AUCgiseased t0 AUCheaithy 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 1Q consortium?® 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.
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Simulating lung concentration for COVID-19

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 tuberculosis?? and recently for three COVID-19
repurposed drugs.2’ 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 al?® for oncology subjects to reflect the CYP3A suppression by

cytokines.

2.4 | PBPK simulation and comparison with
observed clinical data

The predicted Ciax 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 C..x and AUC ratios of
organ dysfunction (estimated as the ratio of predicted C..« and
AUC of organ dysfunction relative to healthy populations) were
compared with the observed organ dysfunction C,., 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 2019/20.5
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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.}® They rise to
2.6-123 pg/mL in some patient groups with inflammatory diseases,
including obesity,> rheumatoid arthritis,>® psoriasis®” and cirrhosis.>®
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.2 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.® 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 x 10~%) decline observed during acalabrutinib treatment.®

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 ICsq because the
experimental conditions utilize serum-free conditions for COVID-19
drugs and this hypothesis was recently supported by Fan et al.>®
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
(K,) values for lung tissue are compared with human predicted K,

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)
FDA website. When
COVID-19 drugs act as a perpetrators: no clinically significant DDIs

application information on repurposed
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.


http://www.guidetopharmacology.org

PILLA REDDY ET AL.

PHARMACOLOGICAL

BRITISH
SOCIETY

o

(senunuo))

/4/1250
JIAeuoll 8%/4/7 T£°0 AiAeurdo]

y/aécec=4/10
Y/1€6'€T = 41D

y/1601 =4/10

/4/150=4/1D

y/1€o0t =4/10

u/184€="10

U/16ST =4/10
(&1/4/1404/1) 10

aig |eso
8W Q0T /00 JIAeuOI /iiAeUIdOT

aov 8w ot

Qav 3w 00z

(Al 1o [e10) D 3w 00E

ao sw oy

(8w 05z X 2) adb 3w 00S

aig 8w o0t

uawiSai pue asoq

geWU LT~ 40 95D AIH

££CLT1DSY 10§ NU ZT'T 09D

om—\/_c
LTTTT PUE INU G°TT 348 Ty pue
9661 Wnaedidjey “d Isutese gD

peNU #79¢C PUB INU G'BT

91 T pue 9441 wniedley 'd

jsutege 0G| (£) WU 9T ¥ T0'L

‘WUT'EFGG6 ' WUTTF 9L

:(sAesse Juaiayip 994y} wo.y)
£a¢g wnipdiypj 4 3suiede 05|

ggSUIRAIS ZNEH

/V 2dAigns JojJ (INU £8'T-S€°0

:98uel (4T = U) |NU 89°Q ‘Sulel)s

TNTH/V 2dAigns 1o} (NU 68'T
-0C'0 98Ukl 16T = U) WU €£°0

Wug
(U3 pue PeUy) Woly paALap) Py

0S5 10818

uo3oajul
(AIH) SnuIA Aduadiyapounuiwi
uewiny Joj JIABUOI YHM

pasn Jo3iqiyul aseajoud T-AlH
uo[3oely UoI3d3fe pasnpal ypum
aJn|ie} 11eay Jo sa1aqelp g 2dA}
‘9seasIp Aaupiy| d1UOIYD YHUM

sjuaned aA13da304d S| JUSWIEL}

ujzopyi|Sedep ‘suonipuod
3unsixa-a4d yum syuaned
uj suoijed)dwod [eajuld

2J9A3S SjuaAa4d uoIqIyul Z119S

9g:eS19]|02 SNUIABUOIOD
aJaym ‘s3un| ayj Ul S93e|NWINDY

SIS03Ad0pus pajeipaw-103dadal

(2 30V) ¢ swAzus 3uiusaAuU0d

-uisuajoldue ypm 3uliagiaiul
Aq s|[92 0jul AI3ua SNUIA JUaA3Id

ecBZUBNYUI Jsulede
9sn Joj panoudde ‘uoijedijdal
YHM Saiapiaqul ey Jojqiyul
9SE9|2NUOPUS DIpIde dsessWwA|od
zcU0N23JUI [edIA
3uiayns syusied ul suoldajul
10e4) Alojesidsal 919ASS SJUSASId
g0 UL SISNUIA €]0q] pue
eIZ ‘sniiaoulyd 1sulede AjiAioe
umoys seH ‘saipuadoud [ediA
-ljue yim onolqiaue spljosdeiN
£C"N\OD-SUVS
0} sasuodsas Alojewwejul
pajesa33exa 03 anquIuod Aew
U2IYMm ‘T-dDIN pue OT-11 ‘9-1I
“0-4N.L Suipnjpul ‘ssupjowayd
pue saup03Ad Jo uoldnpoud

$92NpaJ UoMqIyUI 1§

dleuoney

[eaARuY

J03iqiyul ¢1719S

|eLle[ewuY

|eLle[ew Uy

[eIAnuY

ediA-puy

Joyqiyuryig
1984e]

JIABUO} /JIABUIdOT

uizoyi|Sedeq

auinbouojysAxoIpAH

auinbouojyd

Jinexojeg

uAWOoIYIZY

qlunnigejedsy
8nuqg

juswieasy ¢T-dIAOD pasodindad Jo saiadodd gdid vewnH ¢ 319V1



~N

PHARMACOLOGICAL

BRITISH
SOCIETY

PILLA REDDY ET AL.

4
2R

(senunuo))

W/ 1VTF66

:950p Jejnosnwesjul Sw 0°g
U/1 6t F9°GT :9S0p [e10 3w G'T
U/ £'GT 9sop [eto Bw O

VN

ycet

(syusned) y/1 6'8

JIABUOII UM U/ 6'G
pue SUOJe U/ 8ZE UILIPE A

syuanjed AIH
#Z Ul QD 3w 00T/00€E JiAeuolls
/JdIAneuezele Jo uoljeisiuiwpe

Jay4e) Y1 (6°0T-21°9 !I1D) 9v'8

/1YL =4/1D
(34/4/1404/7) 1D

wJoy
19|qe) 10J Ajlep 92uo 3w Of 10 OZ

ulw og
J3A0 pasnyul asop Al 8w G/

junod 19|93e|d
uo paseq (8w Gz 10 O ‘ST
‘G X ) ad 8w QG 4o 0% ‘0€ ‘0T

syd vy ur @o 8w ¢

aig 8w 00T
Jineuoljld /8w 009 JiAeunseq

Ao Jineuoyu Sw 00T YUMm
3w Q0€g pue duoje gD 3w Q0

ao sw oz

uawiSai pue asoq

WU 98 :sadeydo.ioew

Bl0gD ‘|\U €6 5|9

D3IANH SnJIA BlogR ‘AU 00T
:S|[92 W19H 95D snJIA ejoq3

epNU ET SNUIA €0gD eUOXew
SNU ZT :05D) snUIA ejoga 1IN}

WU 70 05D
DIAL “INU T VT INU 9€0°0
DAVI INU 6070 05D THVI
WWUTTZ
IAAL “INU 65T :eXVT
INU 9°9 SIVT AU 1 05D1 THVI

8¢

INU Z-T 95D] AIH

geWU £6-9T AIH

WU ¥2°0
(U] pue Uy woly paALISp) Py

0s5| 3984

< P-103084
SISOJJ3U Jown) pue ¢T
-UDN34a]UI SB YdNS Siojelpaw
Aiojewwepjul Jo uononpold ayy
3unuanaud (T-dv) T-utsroud
J0JBAI}OB WEDIISUMOP
pue Aemyzed (MdVIN)
aseun| ulajoid pajeA}de
-uago)w ay) ‘3uljjeusis
g~-4N 10328) Jeajdnu Suniqiyut
‘s103da2a. p1021340200N|3
21]0S03A2 0] Spulq :pl0J91S02110D)

NOD

-SYIIN/SYVS Bulpnjoul ‘sasnuiA
[nw Jo uonedljdal sy s)qIyu|

ZpHoneUILISY

aanjew-aid 3uisned suleyd YNy

|edIA Juadseu o1ul pajesodiodul
$393 y21ym an3ojeue suisouspy

9-11 1| S9UP0IAD

Alojewwepjuiold Jo uoponpoud
S92NpaJ uonIqiyul Z/THVI

o0y6T-AIAOD Ul Ajua [esin

Je|N||92 pue uoljewwelju; Ja3e
Aew uoniqiyui THYY pue g/THVI

saldesayy [elin0s32413ue

uo pade[d Ajsnoirsid

sjuaijed ul uoidajul A|H 18943
03 pasn Jo3qiyul aseajoid AlH

e AINEUOILI U}IM UO[JEUIqUIOD
Ul 10 SUO|e JYD ‘OJ}IA Ul
uonesl|das Z-A0D-SYVS sHqIyu|
AjAnoe oudiy
3uppojq ‘oidN Z-A0D-SHVS JO
91IS 9AIJOE Y] Ul }20p 0} UMOYS
»C-N\OD-SUVS
03 sasuodsau Aiojewweljul
pajesa33exs 0} 93nquIIu0d Aew
Yaym ‘T-dd pue oT-11 ‘9-1I
‘e4N.L Suipnjoui ‘ssupjowayd
pue saupjo3Ad Jo uoidnpoud
S92NpaJ uoniqiyul M 19

sjeuoney

juessasddnsounwiw|

[ediAnuY

JoyquyuI yr

JoMqIyuI Hvr

[edIARUY

JouqiyuiXig
19818

[uoseyiswexag

JIAISSpWIDY

quumjoxny

quipLeg

Jineunteq

Jineuezely

qluiniq|
8nug

(penunuod) z 374VL



(sanunuo))

PILLA REDDY ET AL.

Y/1€0-385°6

(5103084 Juedyyiusis Jou o3e

pue Japuag ‘ysiam Apoq pue

9oueJea)d aujueald Suisesdul
UM Sasea.dul ‘d|qeliep)

(81 09 jo
uoidalul DS Ayyeay) Y/ 5G-€

(8w o'z 03 dn sasop
snouaAeJul 9|3uls SulAIDI
SIA UBY3 1930 saseasip

Yum syusied ul) 34/4/7 £'1-95°0

(sAemuyzed onjedsy
JO |eual BIA pajeulwi|s J0N)

U/1€0-3£°G shype

o1yjedolp! 9|1uUdAN( J1WR)SAS

‘4/1 €0-38°G swuahed spLype

o1yjedoipi ajiuaAn( JejnoiieAjod

4/ €0-3£°9 syuaned

sijaMe |92 Juelsd ‘Y/1 SZT00
3 sjualied Yy Ul 9dueJed|d Jeaur]
/U/1(%LT) ¥0-3EV'T

(1/4/1104/7) 1D

PHARMACOLOGICAL

BRITISH
SOCIETY

LcOMA Ul SHVS Isuiese ANARDY

ommucmmm
J9Y30 9pIs3uo|e saIpnis
6T-AINOD 3ARdadsollal
ssoJoe 3w 009-08

pue Sw Qo ‘3%/8w g 3e pasoq

uawiSai pue asoq

3uyjjeudis
Alojewiwepjul Jusnaid o3
Nd vE 9-71 3sute3e Apoqiiue |euo|DOUOIN

0sdT-11 pue -7
30 Aj1Ande [eai3ojolq a3 $20|q
y21ym 3sjuode soydadsal T-7|

anoqe 995

1 JINEUOIL
pue JiAeuldo| Yy3im uoljeuiquiod
Ul 2-A\0D-SyVS djesspowl 03
pliw y3m sjusijed ui SswodnNo
panoidw| STOZ [e 39 usyd
‘[opow 39s0uiew Ul Uoi3daul
NOD-SHIN JO SW0dIN0
aA0idwi 03 UMOYS US3( seH
O}A UL AOD-SHIN
pue A0D-SYVS Isulese ANIARDY
‘sutajoud |ediAljue
pue Asojejnpowounuwul
JO uonealoe
ayj 03 Sulpea| PZYVNAI
pue TYVN4I) s101dadau
uoJaaiul | 9dA3 03 spuig
3uleusdis Alojewwepjul
pajelpaw-9-| JusAaid
0] P¥9-7| UBWNY 3|gN|OS pue
punog-aueiquisw spulq yaiym
Nd 6 Apoqjue jeuojpouow uewnH
sjuswanoadwl |edi3ojoiped
pue Aiojeloge| ‘|ealul|d snoLeA
payiuspl sased 6T-AINOD
ul 3sn JO SaIpn3s aA130ads0419Y
g 3Ull[eusis Alojewwelyul
pajelpaw 9-7| Sunpuanaid
J01dada4 9-| punog-aueigquisw
pue 3|gnjos o3 spulq yaiym
o ¢-0T X GT Apoqiue |euojpouow uewny

0S5| 3981 ajeuoney

juase gslll ©seyd
onsejdosunuy qewixn|is
2¢'S8NIp

J3Y30 YHM uoljeuiquiod

ul pue auoje pajsa|

11l 9seyd

juessasddnsounwiw| elupjeuy

II 9seyd

lojejnpowounwiw|  (TOODNS Pajeyul se) eT-gNl

suole qT-dN4dl

10} aJe pajsi| saipadoud

Md (1l 9seyd “aineuols
-JiAeuldo| YlIm pue auole)

Joje|npowounww| q1 9-N4I
111/11 3seyd

juessasddnsounwiw| qewn|ues
1l °seyd

juessaiddnsounwiw| ,pydewnzio ]

1981e] 8nuq

(penunuod) g 31avil



PHARMACOLOGICAL

BRITISH
SOCIETY

PILLA REDDY ET AL.

sjuaned vy Ut 3%/4/1+0-39°C

sjuaned HNd Ul U/7 €0-3€€°€

(31/4/1404/7) 12

uawiSa1 pue asoq

AjpARadsal ‘) ,./8

pue 5.6z 1e |Nd 0ZT pue INd 91
(¥dS) eoueuosal
uowse|d aoeyins Suisn

GDY paylind 03 ulpulq) INU G0

0S9H) 3981

(QvI)
x3]dwod yoejle suequaw

JO uoljew.o4 sjuaAaid pue

GO uiez0.4d Juswa|dwod spulq
18y} Apoqijue 93| |euo|o0UO|A

(moleq

995) (eWNZI|NJ3 JO SAI}EALIDP
pa1niisqns-pioe-oulwy

'sjusned T-dIAOD Ul 9sn

Joj v@4 ay3 Aq snieys (QNI3)

3nJup mau [euoljediisanul
Aduadiswa pajuel

9-71 pue

g-4N JO uoijeAl}de apnpul

uljjeusis GYDD 4O SPIRYD

WwealIsumop ayl gy (g adAl

Jo3dadau aupjowayd J-I) G¥YID
jsuteSe Apoqijue [BUO|DOUOIN

Sjeuoney

'93e3s Apea)s je uonnqguIsIp JO SWN|OA SSPA fuonnquisip
JO 3WN|OA ‘PA ‘uo13123[ul SNOSUEBINIANS ‘DS SIIIYLIE PIOJBWNSUY vy ‘ABPAISAS 92U0 ‘QD ‘elnuigoj3owaey [eudnidou jewsAxoled ‘HNJ 9|qedljddy JON ‘YN :9seasip Alojewwejjul WalsAsI}nw }9suUo [ejeuosu
‘AINON ‘JUBISUOD UO[IeID0SSIP Py queIsuod uonigiyul Uy Juejsuod ajed uoljeAl3deul Py 09449 AI0JIqIYUl WNWIXew ay) jjey yoead 03 palinbas uoijesjuaduod 0S| isnuia Aduaiiyap-ounwiwi uewny ‘AlH
‘All|ige|ieAeolq ‘4 ‘9ouelea)d [euas ‘YD Ddueses|d 1D ‘Aep e 921m3 ‘d|g ‘Ajuljul 03 049Z S WO SAIND SWIF-UOIIBIIUSIUO0D 3y} Japun eale ‘NI (9AIND SWI}-UOIIBIIUSDUOD Y3 Japun eale ‘QNY :SUOIeIAIgaY
‘sanjeA ewseld [e30] Se UMOYS ale Ydiym s|ed130jolq 4o} 1dadxa sanjeA ewseld punoqun se pajuasald aie **W') pue HNY,

Jo3iqiyul
Juawe|dwod
leuiwa |

Joyqiyut
jJusw|dwod
leulus |

Jojenpouwounuiw|

1984e)

11l 3seyd
gewnzind3

| 3seyd
gewnzijnaey

I @seyd
gewjuosa

8nuq

(penunuod)  z 3719VL



PILLA REDDY ET AL.

PHARMACOLOGICAL

BRITISH
SOCIETY

®

10

(sanunuo))

w/3uU 00Z ST ¥ 009

GE :()99M Z A1ana) Buisop Sw 00Z
w/3uU 0026 F 0000T

()9am g A1ans) 3uisop 8w OGT

g, 1W/8U 000 Zt ¥ 000 ¥ST

1S399M {7 AJaAd Sw Z9T

Jw/8u 00€8 ¥ 000 €T
SYoaM Z A1and 3w Z9T

w/8u 00T €T F 00€ TG ‘Apjeam 3w 97
Tw/8u 000ZHT :siudljed vy

820 w/8u 72

1210 (AD %8€) Tw/3u £'961

avo 8w 0g

oy qw/8u £°CT

€€00 QO 3w Oz 40} TW/3U 99°G

S0 Jw/8u £'9g

500 w/3u 8'TST

w/3u €06

QD MiAeuoyL/ineuezele 00T /00€ 104

#1°0 w/3u ZT°05L

Jineuezely asop O Sw OOt 404

£20°0 w/3u '

Tw/8u 0856 Jineuido

79°0 Jineuoyy w/3u 'TST/ Jineuony

9800 w/8u 866

S0 w/3u 60T

0 Jw/3u 2'15-92

G900 w/8u £Z°9

690 w/3uU Gie

9200 w/3u '8

("4) punoqun (Tw/3u) (punoqun) <%
uonoeu

Jw/Yy8u G298 F £'8549T
(S9am g A1ans) Buisop 3w 007

Tw/y8u 0005 F 9'9T#8
(S39am g A1ans) 3uisop 8w OGT

g, 1W/48U 000 ¥0€ #T ¥ 000 9TC 6€
1$399M {7 AJaAd SW Z9T

w/Yy'3u 000 0ES
Z ¥ 000 09% € SXoam g A1ans 3w 29T

Jw/Yy3u 000 £€8 € ¥ 000 ST 8
:Apj9am (snoauejnagns) Swi g9t :syusnied vy

qw/y8u 12T EN'DNY)

(ND %£2) TW/YyBu L'0vT

Jw/y3u 60098
@b Jineuoyl/iineuezery 00T/00€ 404
Jw/y3u 20T 2sop A 3w O0v 404

w/y8u g9t

Jw/Yysu 59'1e

w/yBu geLTLT = INDNY

(499m/3W 00E X T) TW/Y8U 0066 = DNV
qw/y8u 00t = NNV

Tw/yBu $6/T = ¢ 0NV

Jw/ysu ¢'8C

(Tw/y3u) (punoqun) 5NV

8%/1882-S2°0

syuaned vy ul ] g/
110V
si3lye o1yedoipi ajiusAn( JlwalsAs
Yim spusijed oujelpaed 1 80"y syMe
3[uaAn( JejnaieAjod yum sjusijed
oujeipaed “7 947/ sjuaized sijua3e

1192 uei8 :yad ‘syusned vy Ul 79 = A
o1 1096 :9SOp Jejnasnuwieul

8w g “10°TG :9s0p [ed0 SW G'T V¥
MO[4 poO|q J2A]|

0} |enba aq 03 pajdadxs Inqg ‘pajiodau JoN

(syusned) 7 zz
19L
T1T€ET

8%4/1£'C-9°T Nineuezely
D/ EPT

3/7 9" 0IABUOIY
8/18°0 HiAeuido

1817
70€9°T = PA lesayduad 1 €€/ = PA [ejua)
84/1002 = 4/PA

108117

MTTE

1€

(8/7 40 7) **PA Jo 4/PA

auoje

qT-dN4| 404 2Je pajs|| safuadoud Md (1|
aseyd ‘diAneuolu-JiAeuldo| YM pue suoje)

qT g-Ndl

111711 seyd
gewn|ues

111 seyd
LpdBwNZINIo0

[uoseyjswexag

JIAISSpWIDY

quumjoxny
qunidLeg

Jineunteq

Jineuezeyy

quuinq|

JIABUO}LI/JIABUIdOT
uizoyy8edeq
auinbouojysAxolpAH
auinboJojyd
Jinexoleg
upPAWOoIYNZY
qlunnigejesy

8nug

(penunuod)  z 319VL



11

PHARMACOLOGICAL

BRITISH
SOCIETY

PILLA REDDY ET AL.

2

7w/3uU 000 9£ F 000 6T

Jw/8u QO8ET :9s0p snoauendgns Sw g¢
Jw/8u QOT9 :9S0p snoauendgns Sw g9t
(9seasip s,uewapse)
21U NW YMm sjuaijed ul syeam g
AJaAs 2ou0 ‘B/3w TT) Jw/3U Q00 ZEE

o5 1W/3U (TT68-559) 8Z9€ (siuaned
AINON Ajtep aouo 33/3W ¢ Jo dsop DS)

a|qe|iene JoN

(") punoqun (1w/3u) (punoqun) €

uonoesy

w/y8u L0+3S¥'T

Jwi/Yy8u QG :2s0p snoauendqgns 3w 2

Jw/y3u
£'€8TZ :950p snoaueinogns Sw Z9T

a[qejiene JoN

(Tw/y8u) (punoqun) DNV

'91e1s Apea)s Je uolInguisIp JO SWN|OA “SSPA ‘uoinquisip
10 awn|OA ‘PA ‘uoi1da(ul snosueINIgNS ‘) ‘SIIIYLIE plojewnayl ‘vy ‘AepAIaAs a3uo ‘qD ‘elnuigoj3owsaey [eudnidou [ewsAxoled ‘HNd 3|qedljddy 10N VYN ‘aseasip Alojewiwieljul Wa1sAsi)jnw 19suUo [eleuosu
‘AINON ‘JUeIsuod uoIeoSSIp Py Jueisuod uonigiyul Uy ;Juejsuod ajes uoljeArideul ey 1109419 AJo3igiyul wNwixew ay3 jjey ydeald o} pasinbal uoresjusaduod 07| isnuia Adusidijap-ounwwi uewny ‘AlH
‘AJjige|ieAeolq ‘o ‘9oueles|d [eual ‘YD @duetes)d ‘1D ‘Aep e 921m] ‘Qlg ‘AJiuljul 0] 0J9Z SWI} WOJS SAIND SWII-UOIJBIIUSIUOD 3y} Japun eale ‘NI (9AIND SWIl-Uo(3ejuaduod sy} Japun eale ‘QNY Suolieinalqqy
'sanjeA ewse|d |e303 Se UMoYs aJe Yydlym s|edi3o|olq Joj 1dadxa sanjeA ewseld punoqun se pajuasaid ale **W') pue DNy,

18-

1(260) veS

71 6% S! (393[qns sjew 8% 0/)

a|qe|iene JoN

(8%/7 40 7) **PA 40 4/PA

11l @seyd
gewnzino3

aseyd
gewnzi|nAey

Il 8seyd
gewijuosa

clll 9seud
qewxny|is

2¢'S8NJp Jayj0
U}IM UOIJeuIquiod Ul pue Suoje pa3sa ]
111 3seyd
elupeuy
Il ®seyd
(TOODNS p3jeyul se) eT-gN4l
8nug

(penunuod)  z 319VL



PILLA REDDY ET AL.

PHARMACOLOGICAL

BRITISH
SOCIETY

®

12

(sanunuo))

‘Ayjedounjal) Jejndo
‘elwsedA|3odAy ‘(siopaosip
uo3oNpuod ‘sagueyd
9D3 ‘uoisusjodAy ‘selwuyiAytie
Je|NJLIJUSA ‘sajulod ap
sopes.o] ‘uoleduojoid [eAssjul
1D ‘AyredoAwolp.ed) seipied
£o2UEPESY
pue spi3uAseydoseu
‘easneu ‘esoyd.elp ‘siiyouolg

7o19150Z sadJay

pue ‘xa|dwis sadiay ‘easneu

‘suoleAs|a pidi| ‘suoljeas|s

SWAZUS JSAI| ‘elwseue

‘eluadoydwiA| ‘ejuadosinau

‘suoljesoiad |9 ‘sisoquioyl

‘s19pJosIp dAIjesa)ljoidoydwA|

pue Adueudijew

‘5U0I329JUl SNOLISS ‘SUOIDBUI
10e4} AJojesidsal saddn

1oBHU10Eq Jue)SISaU
-3nJp Jo JuswdolaAap ‘sinesd
eluayjseAw Jo uoleqadexs
‘s1S0uU)s J1IoJAd d1ydouiadAy
9[1pueyul ‘uoneduojoud
10 ‘Adixojozeday ‘suoioead
21343||e SNOLISS ‘eIxaioue
‘SipIUISeA ‘uolewweljul
1e20] ‘a31s uondaful
Je uled ‘| SV/1TV pajeAsfd
‘sipunud ‘ysea ‘uiiwon ‘ured
|eulwopge ‘esoylielp ‘easneN

0oSIXEIsIdd uapnyy pue
uolje[|uqly |ele ‘sspueusdiew
Asewnd Alepuodas
‘SUOI109JUl SNOLISS ‘ewloleway
/padeyiiowaey ‘ysel
‘Buipiwon ‘uorzediysuod ‘ujed
|euiwopge ‘easneu ‘8uisiniq
‘el3jeAw ‘an3ijey) ‘esoyulelp
‘eluadoJinau ‘aydepesy
‘eluadolAdoquioly) ‘elwseuy’

(1oqe
V@4) suoioeal 3sIdApe Umouy|

auodsodAd jo

ainsodxa aseauoul ‘uljjdidwe
j0 AjljiqejieAeolq padnpay

(d¥D9g) uneiseansod

(d8-d) uxo81p (YEdAD)
Wwejozepiw yum |aa oN

sk 1dd oN

DNV Wejozepiw ul asealdul
%G ‘UIxo3ip Jo (3w 000T)
auinboJojyd yum |ad oN

Jojes3adiad se ysu
MO ‘(JojqIyul YEJAD Buouls
YIM) 93e43sgns se ysi JaysSiH

SsU |aQ umouy|

(W1 §°0z = 95DI1) ZVTdLVO

3|qejiene JoN

(W €T

= 0521) X-ZILVIN pue (INr

£'92 =0521) TILVIN ‘(N 6%

= 052I) £€9TdLVO ‘W1 9'TT

=0621) 2120 (W1 69 = 05DI)
1120 ‘(W1 #'8 = 05D1) £LVO

INNG'TZ = 9D d3-d

a|qejiene JoN

uopdNpul/uoIqIyuUl JdHodsuel |

(N 2T = 1)
9ATdAD :uoBIqIyul 3|qISISAY

9d¢dAD 10 61232dAD
‘622dAD ‘802dAD ‘992dAD
‘TVTdAD Hqiyui jou pig

WM /ulw/._0T X 8T°€

-:uoniqiyul paseq-wsiueydaw

‘AT 96 = 0551 uomiqIyul
3|qIsIan31 (ESM) FYEJAD

(u/1171)

P (N T°0T) IM G/#VEDAD
:uoIqIyul paseq-wisiueya|n

Wi 6€Z G/¥VEDAD ‘W €'TT

622dAD ‘WM 9°0Z 8D2dAD
(1) uoniqiyul 9qISIaAY
uodnpul
Juoniqiyul swAzua Suizijoqels|

(%¥S) [euay

((%6) WTH [euonippy
(%¥T) 8D2dAD

(%€2) YVEJAD

PVEJAD pue asejA3adesp
Splwejadejhle ‘aselssy

(%9) YVEDAD
(%¥T) 1D leuonippy
(%08) [euay

(%28) 10 Asellig
(%8T) leuay

(%8T) WTH leuonippy

(%¢) |leuay

(%08) ¥VEJAD

SaWAzua

Suizijogejaw Jo uonnqLUod %

auinbouolyd

Jinexoleg

upAwoIYZY

qluiniqejedsy
8nq

SJUDAS 3sIaApe pue dsi | ‘Aemuyied djjogeldlN € 31V L



13

PHARMACOLOGICAL

BRITISH
SOCIETY

2

PILLA REDDY ET AL.

(sanunuo))

Jewixoud ‘euAydiod/siseliosd
Jo Sujuasiom ‘AyjedoAwoip.ied
‘saljljewloude HH7 ‘(saqulod
9p sapesio] ‘seluylAyie
JejndLjusA) uolzeduojold

1D ‘(019 ‘sa3ueyd |eauiod

‘salyjedojndew ‘saduequnisip ainsodxa uixo3ip
/S19919p pIal [ensiA asealdul ‘ainsodxs (9azdAD) (%8€) |eusy
‘Ayredounai s|qisiana.ll) Jejnd0 [ojoidojaw ul asealdul %59 (W 9Z'TT = °5D1) ZVTdLVO 9dCdAD :uoniqiyul 9|qisIsAsy (%29) W1H leuonippy  auinbo.ojydAxolpAH
yolOINEYD]

|ep1dIns ‘uoissaidap ‘sadueyd
A3ljeuosiad ‘suonjeudn)jey
‘Uoisnjuod ‘eluwosul
‘uonjeide ‘Ajaixue ‘wnuiRp
‘sisoydAsd ‘AyjedounauAjod
‘ayoepeay juaisuey/pliw
‘SUOIS|NAUOD ‘sjualied juaidiap
-add99 Ul elwseue djAjowseH
eluadouinau
‘eluadojAdoquioay)
‘s1so0jAd0|nues3e
3|qISIaA3. ‘elwseue
onselde ‘eluadojAoued
‘5J9pJOSIp 9NssI} snoauenNdqgns
pue upys payiosse
sdweJud |euiwopge ‘esoydielp
‘BUI}IWOA ‘easneu ‘eixaloue
‘SOWAZUD JaAI| pasea.dul
‘sipipeday ‘AyredoAwoinau
/AyredoAw appsnw |e1s|axs
‘519PJIO0SIP JOJOWILIOSUIS
‘o3ewep Asoyipne Sunsixaaid
yum sjuanjed uj Sulieay
paonpail ‘snjjuuly ‘ssaujeap
9dA} aAJBU ‘(ewspaoiSue
Suipn|oul uolyoea.
onoejAydeue ‘eredin)
aunwwi st d1uagdouldied
lerjusjod ‘eAydiod
/siseosd jo Sujuasiom
‘s1opJosip [eplwelAdes)xa
91n2e ‘(239 ‘uoljessuassp
Jenaew ‘Ayjedojnoew

(129ey 3SH |dQ umouy]  uoldNpuUl/UORIqIYUl Ja)0dsues | uonNpul SawAzud sSnug
Vd4) suoloeal 3SIAPE UMouy| /uoniqiyui awAzua Suizijoqeid Sujzijogelaw Jo uonNQLIIUOD %

(penupuod) € 374VL



(ssnunuo))

WINJas Ul 9sea.dul ‘sisoploeolay
‘suoijoeal AJAINSUSSIadAy
‘elwsedA|3odAy ‘(uoisusjodAy
‘uoisuajodAy 213e3s0y10
‘elwa|oAodAy ‘uolielpAyap)
SWN|OA JejndseAesjul

ul suononpad Suisned

SIS24NIP J130WSO ‘AJWDIIXD Ul
uled ‘uoizeulN Ym 10oJwodsip
‘uonediisuod ‘elwsepidi|sAp
‘ezusan|jul ‘essneu

PILLA REDDY ET AL.

‘uoeunn pasealou ‘uied (%) leuay
oeq ‘suondajul 30643 Aleunn (%6) L921DN
‘sij8uAseydoseu ‘suoidajul (%08) 6VT1ON
21302AW [e)juas ajew pue sjewa YsU |dQ Juedyiusis oN 3|qe|ieAe JoN 3|qe|iene J0N (%6) ¥¥EAD uizoyljedeq
(98ueyo uones DNY (T G2 = 1Y) 61D2dAD (%T) leusy

goUled [eulWIOpge ‘ev0y.lielp P|0-G<) $93e4350NS \YEJAD (N ZG = 1) 6D2dAD (%€€) WTH [euonippy

‘SUIIIOA puE B3SNEU ‘YSel UDJS AAIHISUS Ypm st |dQ Suons a|qejiene J0N (AT 0 = I3) ¥WEDAD (%99) VEAAD Jineunieq

goSHopIOSIp

anssI} snoauenNdgns

pue upjs pajiosse ‘sisoydAsd
‘salewnysiu ‘Ayjiqeiu
‘SS9USNOAISU ‘Al|Ige)
[EUOIJOWS /1D34Je ‘SIS9PIOoSIp
|lepiwesAdesxo ‘eixele

24Nnz1as ‘ssaulzzip ‘aydepesy
‘19pJOSIP JOJOWLIOSUSS YYSIom
paseaJdap ‘eAydiod ‘a3iadde
pasealdap ‘wsedsoyduoiq
‘ewapaoi3ue ‘eledinn ‘ainjies
J1jedsy ajnoe ‘s3sa) uolouny
J9A]| lewouge ‘Ondijey ‘uled
leuiwopge ‘esoyielp ‘Sui}WOA
‘easneu ‘sssujeap ‘ssaujesap
SAJBU ‘snwidesAu ‘snjiuuly
‘031149 (Aduad1yap Ad9D
yum sjuaijed) sisAjowaey
‘eluadojAdoquioayy ‘elusdoyna)
‘s1S03A00|nueJ3e ‘elwseue
onse|de ‘elwseue ‘aun|iey
MoJlew auoq ‘elwaedA|3odAy
‘InoiAeyaq [epiains
‘Ayredoinau/AyjedoAw

PHARMACOLOGICAL

BRITISH
SOCIETY

g
NS
K]

(19qe) s1 Qg umouy] uopanpui/uoiqiyul Jayiodsues | uonanpul SsaWwAzua 8nug

Vd4) suoloeal 3SIAPE UMouy| /uoniqiyui awAzua Suizijoqeid Sujzijogelaw Jo uonNQLIIUOD %

(penunuod) € 374V1L

14



1w

PHARMACOLOGICAL

BRITISH
SOCIETY

2R

PILLA REDDY ET AL.

(senunuo))

1,U0IBARID |019)53]0YD
‘s9[}1|ewIoude aseujwesues)
9)epedse ‘sapjijewsouqge
aseujwesuel)} aujuele
£19350z sadJay ‘@aua|nie|}
‘uted JysIam ‘suoijdajul Joely
AJeunn ‘ayoepeay ‘ssauizzip
‘Buisiniq ‘ejuadounau

‘elwaeue ‘ejuadoljAdoquioly]

0/SUOIBASD
9seulwesuel] JO 3sii pasealoul
‘suol3oeal pajejaJ-uoisnyju|
d|qejieAe ejep |esiul]d> pajiwr]
soBIX2JAd pue pageyiiowaey
‘an3ijey ‘Buisiniqg ‘essneu
‘yseu ‘uled [e3s[asoNISNW
‘elwaeue ‘esoy.ielp
‘euadolAdoquioay; ‘elusadodinaN

(I2qe] Y@4) auoseyiawexap
03 AJIAI}ISUSSIDdAY
pue suol3oajul [e3uny JIWSISAS

LownauLad sy} Jo siiiosey
3uiz130J23U ‘Uo|3OBIIUOD
SWIN|OA JejnoseAesjul/Ainful
Asuppy a3n2e ‘a3euoqJediq
wInJss ‘Y499 ul 9sea.dap
“1@1 ‘Ad01eWSRY ‘BUIUEID

(1°qe
V@4) suoioeal asiaApe umouy

K 1dd oN

pajyiwi|
si Jojesjadiad se Ajljiqel|
1aQ ‘eduedespd pided sy 03 anQg

goSi03EINpOW
dAD YuM disu |a uedHIuSIS
21eAISgNS YEAD SAHSUSS

(I99e| va4) wsijoquisoquiolyy

4O XSl 3y} aseaudul
Aew saidesay3 Sujuiejuod
21ua304359 J0 sjuade
3uneinwis ualodoaylAie
se yons saidesayy
JUB3ILIODUOD ‘Uof}ippe u|
$192Npul 1o s103qIyul
VEAD Suosis yum |aa

SH |aQ umouy|

a|qejiene JoN

OJUA UL dDIN PUE #ddIN
‘d3S9 ‘€dTd1vO ‘19Td1vO
JO JOJqIYul U S| JIAISOpWIRY

‘d3-d pue 191dLVO

JO 23e11SqgNS B S| JIAISSpWDY

Wt £9'G = 0501 d8-d
(870C noA
‘NI ‘Suepn) AllAloe uodsuedy
pue uoissaidxa £1vOy
saje|n8audn auoseyjawexap
Yaim uoiegnaul
pasuojoud 3sjiym ‘g
80'Ly = M ‘W T6'6% = 05Dl
‘Modsuel} pajelpaw-g 1Yoy
J10J Joyqiyul dAdwod
e S| duoseyIawexsp ‘s|[9
€62X3H 3uissaidxe-g1vOoY
YHm pajeqnoul
Alya1q uaym :AjiAipde

Jodsuedy £1yQOY ul sajos |eng

uopaNpul/uonRiqiyul Japodsuel |

INT O€ 3€ p|oJ-T°0T uoiaNpul
PVEJAD Heam (N g'g =
M PVEJAD uoniqiyul 9|qIsIonsy

PVEAAD

JO JOJIqIYUI U S| JIAISSpWSY

uomIqIyuI oN

uondNpuUl YEdAD %eaM

uonanpul
/uoniqIyul SWAzus Suizijoqelsin

(%£) WTH leuoippy
(%SS) PVEAD
(%8€) 62TdAD

$929€) By} Ul pajeulw|s
%8T Pue auLin ayy ul
pajeulwi|d %t/ SI JIAISSpWA

‘asejeydsoyd Aq Ajure|n|

go(%L) WTH [euoiippy
(%€6) VEAAD

%0T> [eudy
PVEAAD AjuleN

SawAzua
Suizijogejaw Jo uoninNqLIUod %

(pPanuiuOD)

quumjoxny

JINISSpWIDY

qlunniq)

auoseyiawexag

8nug

€ 3714avl



PILLA REDDY ET AL.

PHARMACOLOGICAL

BRITISH
SOCIETY

16

z209M

29y ‘|lydoainau ‘uiqoj3owaey
}4D0)ewSeY MO| pue SSaup|od
|edayduiad ‘(uoisusjodAy
J11e350y1I0 SuIpn|dul)
uolsuajodAy ‘uoisusiadAy
oy 8uy@ay/8uiysnyy ‘snyunad
‘aude ‘uled |eaduAseydolo
‘3u1ySnood ‘uonjeuln paseatdul
‘uonualle Ul sdueqINISIP
‘uoisnjuod ‘9doduAs
‘Ayredoinau |esayduad
‘e1snadsAp ‘ssaulizzip ‘ei3jeAw
‘pasea.dul aseupjoydsoyd
auneald/AyredoAw

‘ured yoeq pue ei3jesyue
‘paJinboe AydouisApodi|
‘elwapadA|3uIadAy
‘elwa|oJalsajoydtadAy

‘o3 ‘ewspao |esayduad

pue ewspao ‘(ewapao

32eJ pue euediun 3uipnpaul)
AlAIJIsSUasIadAY (199

17V ‘LSV paseaoul) siipedsy
‘(@21punel Suipn|oul) paseadul
uignaijiq poojq ‘uolisiA

paJin|q ‘elusyise/ansiyey

pue yseu ‘(eisayissesed

|eJo pue eissyfjsae.ed)
s9duegJn]sip |edi3ojoinau
{@¥y3o ‘paseyriowsey

19 ‘@auajnie)y ‘eisdadsAp

‘uted |eujwiopge JaMmo|

pue Jaddn ‘uI}WOA ‘edsneu

‘ea0yJJelp) [eUl}SSIUI0I}SED

(1oqe
V@4) suoi1oea 3SIAPE UMouy|

sajensqgns

VEAD Yim |aQ 8uons
M 1@ umouyy

'S||122 poo|q SUYM ‘DIM ‘S92 poolq pay DGy ‘AjoAI3dadsal ‘suoiIqIyul S|qISISALII PUE S|qISIaASI J0)
SJUBISUOD J0}IGIYU] ‘[H PUE [Y {UOIJEJIUSIUOD AJOGIYUI [eWIXeW J[ey Sy ‘05D ‘SOWOSOIDIW JaAI] UBWNH ‘INTH ‘[BUISSIUI0I]ISED ‘|9 ‘OSea)sues) [Awein|S-ewwes) ‘] 99 aseasip xnjya. [eageydosaoiisen) ‘qy3o
‘aseuasoupAysp azeydsoyd-9-3s0on|9 ‘d99 ‘uondesaiul Snip-8nig ‘| Doueles|d 1D DAIND SWI3-UOIF_IIUSOUOD dY3 J3pUn Baly ‘DNY ‘OSeulwesues) djeledsy ‘| Sy ‘oseulwesues) auluely ‘1 1y :SUolelAdIqqy

(U/8'6T) ¥ ‘(INT 8T°0)

IM G/¥VEdAD :uomiqIyul paseq

wsiueyoaw AT £6T00°0

PVEAAD ‘WM £0°0 9AZdAD

WM €0°0 = 0521 d3-d (1) uomiqIyul 3|qIsIaAY

uopdNpul/uoIqIyul JoHodsuel | uondNpul

(%2) [euay

(%TT) WTH [euonippy
(%S) SYEAAD

(%18) ¥VEJAD

(%T) 9A2dAD

SOWAZUD
Suizijogejaw Jo uonNgIUOd %

(panupuoD)

JIABUOIY

8nq

€ 378avl



PILLA REDDY ET AL.

18-20y 6% Praciciad iarval
= = . = y G s Meon
Zo.01 z = Soo1 | =| g gy -
s =0.10 —E' = = 1800y Maan
£ ) s €
@ 3 e E @
g 5 g H nE. 0.10 —
Py () 204 Y & b
2 =0.01 £ e
£ s S 2 £
3 H £ s Ed
2 g 2 K3 g
-§ & £ H 2
< 5 @ =
< < ©o.01
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h)
0.100
0104 |
g go.w 4
] H = =001 £
= Z0.100 g | .01 4 3
£0.010 ] T | §o.01] 3 =
2 £ 2 i = 20.01 |
& 8 o £ ]
< £ 2 g
£ = I
3 50.010 9 =4 )
;_t_z 0.001 0] E g o E
H 2 H g 3 -
a 8 s ]
s x
8 8
0.001 i
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h)
0.01 “
g g010 Z0.010 |
= = g
: : |l g
H H = ¥
& E0uy So.001 |
= = 2
) g || 2
S 5 g
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time Post-dose (h) Time Post-dose (h) Time Post-dose (h)
0.10
0.100 -
g = B s z sy
Zo001 | g 2 0014 § NEwrCacasioniiam
£ T g T g
3 £0.010 ] 2 g 20.10 ]
g 8 [ 8 e
3 3 s & 2
2 5 = | §%' a 2
3 H £ £ Ed
5 £0.001 | 5 2 g
3 g £ = s
2 = o 3
< < Oo.01 |
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h)
0.100 __0.100 0.100 |
g = E
= = Pt s
= Z0.100 ] F 0.01 z
= s =
go.om 1 g £0.010 = £0.010
= 3 o
s g s g & g
< [ H s g
] o040 2 S| 2 & S
20.001 | H 1 2 P z
= g % 0.001 | O 5 0.001
g F E z 5
3 C] £ =
= a
0.001
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h) Time Post-dose (h)
0.01 ]
g go.10 Z00t0
= = =
= = )
H £ g
@ @ s
8 8 [
a T 1)
& Zo.01 20.001
: 2 g
H s g
2 & &

0 4 8 12 16 20 24
Time Post-dose (h)

0 4 8 12 16 20 24
Time Post-dose (h)

0 4 8 12 16 20 24
Time Post-dose (h)

BRITISH 17
PHARMACOLOGICAL
SOCIETY

FIGURE 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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FIGURE 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
Acalabrutinib

Ibrutinib

Azithromycin

Baloxavir

Chloroquine

Hydroxychloroquine

Dapagliflozin

Drug dose/regimen
in the study

50 mg SD

140 mg SD

500 mg SD

40 mg SD

300 mg SD

155 mg SD

10 mg SD

Observed

AUCR

CP-A: 1.9

CP-B: 1.5

CP-C:5.3

CP-A:2.7
CP-B: 8.2
CP-C: 9.8

CP-A: 0.98
CP-B: 0.82
CP-C: N/A

CP-B: 1.12

N/A

N/A

CP-A: 1.03

CP-B: 1.36

CP-C: 1.67

Predicted
AUCR

CP-A:
1.35

CP-B:
2.76

CP-C:
341

CP-A:1.7
CP-B:6.9
CP-C: 9.9

CP-A: 1.5
CP-B: 1.6
CpP-C22

N/A

CP-A:
1.42

CP-B:
1.93

CP-C:
2.15

CP-A:
1.12

CP-B:
1.25

CP-C:
1.34

CP-A:
1.08

CP-B:
1.19

CP-C:11

Observed ratio change
in Crax (diseased to
healthy)

CP-C: 4.9

CP-A:5.2
CP-B:8.8
Cp-C:7

CP-A: 1.34
CP-B:1.76
CP-C: N/A

CP-B: 0.8

N/A

N/A

CP-A: 0.88

CP-B: 1.12

CpP-C:14

FDA dosage
recommendation

No dose adjustment for CP-
A and CP-B patients

Avoid dosing acalabrutinib
in CP-C

140 mg daily for CP-A
patients, 70 mg daily for
patients with CP-B and
should be avoided in CP-
C

No need to change in CP-A
and CP-B

The pharmacokinetics of
azithromycin in subjects
with severe HI have not
been established

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

It should be used with
caution in patients with
HI or alcoholism

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

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

Reference

73

74

75

33

76

77

67

(Continues)
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TABLE 4

Drug

Baricitinib

Lopinavir

Atazanavir

Darunavir

Ruxolitinib

Ritonavir

Remdesivir

BRITISH
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(Continued)

PILLA REDDY ET AL.

Drug dose/regimen
in the study

4 mg SD

400 mg with 100 mg
ritonavir BID

400 mg SD

600 mg
darunavir/100 mg
ritonavir twice
daily

25 mg SD

600 mg SD

Day 1: SD 200 mg IV
days 2-10:
100 mg/day

Observed
AUCR

CP-B: 1.19

CP-A: 1.367

CP-B: 1.229

CP-B&-C:
1.42

CP-A: 0.94
(0.75-1.17
90% Cl)

CP-B:1.2
(0.9-1.6
90% Cl)

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:1.26

CP-B: 0.93

N/A

Observed ratio change
in Crax (diseased to

Predicted
AUCR healthy)

CP-A: CP-B: 1.08
1.38

CP-B:
1.37

CP-C:
1.31

CP-A: CP-A:1.25
1.14

CP-B: CP-B:1.16
1.496

CP-C:
1.39

CP-A: N/A
0.87

CP-B:
1.93

CP-C:
2.95

CP-A: CP-A: 0.88 (0.73-1.07)
1.04 CP-B: 1.22 (0.95-1.56)

CP-B:
1.06

CP-C:
1.07

CP-A: CP-A: 0.92 (0.66-1.29)
1.31 CP-B:0.78 (0.56-1.1)
CP-B: CP-C: 0.85 (0.6-1.19)

2.04

CP-C:
2.67

CP-A: CP-A: 1.12
1.014

CP-B: CP-B: 0.56
1.44

CP-C:
1.66

N/A N/A

FDA dosage
recommendation

have not been specifically
studied in this population

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

The change in exposure in
mild and moderate Hl is
not expected to be
clinically relevant

Lopinavir has not been
studied in patients with
severe hepatic
impairment

Dose reduction to 300 mg
per day is recommended
in moderate HI

No significant change in
dose for moderate
cirrhosis

Not studied in severe HI

Reduce dose is
recommended in patients
with any HI

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

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

Reference

78

79

80

82

79

70

(Continues)
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TABLE 4 (Continued)
Drug dose/regimen Observed Predicted
Drug in the study AUCR AUCR
Dexamethasone 8 mg SD N/A CP-A:
1.20
CP-B:
2.06
CP-C:
2.56
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AT
2R

Observed ratio change
in Crax (diseased to
healthy)

FDA dosage

recommendation Reference

remdesivir and daily while
receiving remdesivir

N/A The effect of baseline Hlon 83
the pharmacokinetics of
dexamethasone has not
been studied clinically

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

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 (Pls) 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 (AUCy., in hepatic or renal impair-
ment/AUCy., 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% Pls. The horizon-
tal dashed lines show the IC5q and ICyq (9 % ICsp) range of target inhi-
bition The input parameters used for the permeability-limited lung
model?? 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 ICsq values of respective drugs and stay
above this for a minimum of 8 hours except for all antiviral drugs,
where reported 1Cso values against SARS-CoV-2 were reported.®®
Nevertheless, the antiviral exposures were above ICs/1Cqq 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 (ICsq in the
range of 13-119 pM) reported recently by Hoffman et al in SARS-
COV-2 relevant Vero and Calu-3 cell lines.8” 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
IC50/1Cy0 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
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(Continued)

TABLE 5

4
o

Observed ratio change

in Crnax
N/A

Average predicted ratio of

change in AUC

N/A

Average observed ratio of

change in AUC

N/A

Drug dose/regimen in the

study

BRITISH
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FDA dosage recommendation

Drug

70

The pharmacokinetics of remdesivir have

Day 1: SD 200 mg IV

Remdesivir

not been evaluated in patients with renal

impairment
All patients must have an eGFR determined

Days 2-10: 100 mg/day

PILLA REDDY ET AL.

before dosing

83

The effect of baseline Rl on the

N/A

Moderate RI: 1.33
Severe RI: 1.31

N/A

8 mg SD

Dexamethasone

pharmacokinetics of dexamethasone has

not been clinically studied

Abbreviations: AUC, area under concentration-time curve; BID, twice daily; Cmax, maximum plasma concentration; e-GFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; HIV-1, human
immunodeficiency virus type 1; MDRD, modification of diet in renal disease equation; N/A, no data available; PD, pharmacodynamic; PK, pharmacokinetic; Pop-PK, population pharmacokinetic; R, renal

impairment; SD, single dose; T2DM, type 2 diabetes mellitus.

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 al’® 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.??1"% 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 and
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FIGURE 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 ICsq or ICoo. 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

FIGURE 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

ritonavir combination therapy.”*?> 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
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DDls. 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
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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.””?#

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.”? 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-
qguently metabolizing enzyme suppression, however the quantitative
relationship is not yet confirmed clinically.”® 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%2° 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 ICsq rather than in vivo ECsq due to the scarcity of this
data. Nevertheless, when unbound in vivo ECso 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.””

in vitro ICsq values were generated for
antiviral drugs using serum-free media in most instances, and thus we
can assume in vitro ICso 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
Kpuu, under the assumption that the unbound drug is pharmacologi-
cally active.>®

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


http://github.com/
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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.'* 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.?® 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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