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Impact of Disease on Plasma and Lung
Exposure of Chloroquine, Hydroxychloroquine
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Lisa M. Almond!

We use a mechanistic lung model to demonstrate that accumulation of chloroquine (CQ), hydroxychloroquine
(HCQ), and azithromycin (AZ) in the lungs is sensitive to changes in lung pH, a parameter that can be affected in
patients with coronavirus disease 2019 (COVID-19). A reduction in pH from 6.7 to 6 in the lungs, as observed in
respiratory disease, led to 20-fold, 4.0-fold, and 2.7-fold increases in lung exposure of CQ, HCQ, and AZ, respectively.
Simulations indicated that the relatively high concentrations of CQ and HCQ in lung tissue were sustained long
after administration of the drugs had stopped. Patients with COVID-19 often present with kidney failure. Our
simulations indicate that renal impairment (plus lung pH reduction) caused 30-fold, 8.0-fold, and 3.4-fold increases
in lung exposures for CQ, HCQ, and AZ, respectively, with relatively small accompanying increases (20 to 30%) in
systemic exposure. Although a number of different dosage regimens were assessed, the purpose of our study was
not to provide recommendations for a dosing strategy, but to demonstrate the utility of a physiologically-based
pharmacokinetic modeling approach to estimate lung concentrations. This, used in conjunction with robust in vitro
and clinical data, can help in the assessment of COVID-19 therapeutics going forward.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Several publications have recently appeared relating to the
application of physiologically-based pharmacokinetic models
for prediction of the exposure of chloroquine (CQ) and hy-
droxychloroquine (HCQ) in lung and plasma. Both drugs have
been identified as potential candidates for treatment of corona-
virus disease 2019 (COVID-19).

WHAT QUESTION DID THIS STUDY ADDRESS?

M we sought to demonstrate that a modeling approach can be
used to assess the effects of physiological changes, potentially
evoked by COVID-19, on the plasma and lung exposure of CQ,
HCQ, and azithromycin (AZ).

Coronavirus disease 2019 (COVID-19) has rapidly become a
global pandemic, since the outbreak was initially identified in
Wuhan, China, in December 2019. The virus, severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2), can infect the
lower respiratory tract causing fevers, cough, and pneumonia.
As new drug candidates are being investigated for treatment of
COVID-19, efforts are being made to repurpose existing antima-
larial drugs, as they are readily available, and have a known safety

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

] We confirm that the accumulation of CQ, HCQ, and AZ
in the lungs is very sensitive to changes in pH, a parameter that
could be affected by COVID-19. We also demonstrate that
renal impairment, a comorbid condition of COVID-19, may
lead to increased concentrations of all three drugs in the lungs.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

M The approach and mechanistic lung model described here
could be applied to other drugs being investigated as COVID-
19 therapeutics.

profile. Specifically, it has been reported that chloroquine (CQ)
has been successful in treating SARS-CoV-2 infections in China.!
In vitro studies have since confirmed that hydroxychloroquine
(HCQ), an analog of CQ, is a more potent inhibitor of SARS-
CoV-2 (5-fold to 7-fold).” Given that HCQ also has a more favor-
able safety profile than CQ during chronic dosing, a clinical study
was conducted in France to determine whether HCQ (600 mg
daily; 465 mg base) could be a more viable option for COVID-19
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treatment.’ Despite its small sample size, the results of the study
showed that treatment with HCQ alone or in combination with
azithromycin (AZ) shortened the time to resolution of viral
shedding. Based on the results of this study, clinicians in many
countries have already begun using these medications in clinical
practice, and multiple randomized trials are being initiated.

For effective treatment of viral pneumonia in the lungs, it is ex-
pected that the concentration of drug at the site of infection should
achieve or exceed effective concentration 90% (EC,) values for
inhibition of SARS-CoV-2. Uptake of drugs into the lungs is par-
ticularly significant for basic amines, such as CQ, HCQ, and AZ,
with pK values > 8. Most basic amines, including CQ and HCQ,
are amphophilic, with a large hydrophobic §roup and a hydrophilic
group that is ionized at physiological pH." This makes them sus-
ceptible to lysosomal trapping, a mechanism that can lead to signif-
icant accumulation of a drug in the lungs, or other lysosomal rich
organs, such as the heart.’ Small changes in the pH of the lungs as
a consequence of a SARS-CoV-2 infection may, therefore, have a
significant impact on the accumulation of CQ, HCQ, and AZ in
lung tissuc or the epithelial lining fluid (ELF) relative to plasma.

Most of the published articles on COVID-19 have focused on
the lungs as the main organ involved in the disease, whereas few
articles have reported SARS-CoV-2 involvement in other organs,
including liver and kidneys, both of which are involved in the me-
tabolism and excretion of CQ, HCQ, and AZ. Liver injury and an
increased incidence of acute renal injury during SARS-CoV-2 in-
fection have been reported.6‘7 This is likely to add to the complica-
tion of deciding on the correct therapeutic dose of CQ, HCQ, and
AZ in patients with COVID-19 and may lead to an increased risk
of adverse drug reactions. Physiologically-based pharmacokinetic
(PBPK) modeling allows integration of drug-related data (absorp-
tion, metabolism, plasma protein binding, and physicochemical)
with relevant physiology, to simulate profiles of drug in plasma as
well as other organs and tissues, including the site of action.® Thus,
changes in physiology as a consequence of disease can be assessed
using PBPK modeling, including renal’ and hepatic impairment,lo

Two recent publications have applied PBPK modeling to pre-
dict the exposure of HCQ and/or CQ in the lungs."" In the first
of these publications, Yao ez al? applied a lung to plasma partition
coefficient (Kp) of 541 for HCQ based on rat data and then com-
pared the significantly enhanced lung exposure with an iz vitro
derived half-maximal effective concentration (EC; ). Arnold and
Buckner!! reported on the limitations of the former study, mainly
focusing on the source of the Kp value and the fact that the lung

concentrations were referenced against an EC rather than an

EC,,. The authors assessed the impact of a rasr(l)ge of Kp values
(including other rat studies—Kp of 220) on the lung exposure for
a number of different dosing regimens for HCQ and concluded
that improved PK models were required for HCQ in order to have
more confidence in the efficacy of HCQ against SARS-CoV-2.
We use previously published PBPK models for CQ, HCQ, and
AZ, and integrate a more mechanistic permeability-limited lung
model,'? which allows us to investigate the exposure of the drugs in
lung tissue and ELF, rather than considering the lung as a homog-
enous perfusion-limited organ, as in previous publications.z’11 We
also assess the impact of COVID-19 (via potential pH changes in

the lung and renal impairment as a covariate) on the accumulation
of each of the drugs in the plasma and lungs. In addition, we com-
pare the predicted exposure of each drug in plasma and lungs with

the published EC,, and EC,, values.

METHODS

In vitro EC, values

Aliterature search was conducted to collate EC,  values for CQ, HCQ, and
AZ determined iz vitro. It was noted that the iz vitro viral activity assays
differed slightly in their methodology where described in detail. However,
in essence, Vero E6 cells were maintained in medium supplemented with
low levels of serum and infected with SARS-CoV-2 virus at a multiplicity
of infection ranging from 0.001-0.8 for several hours at a temperature of
37°C. These virus cells were then washed with media and treated with me-
dium containing drug over a range of concentrations for 24 or 48 hours.
Viral RNA was extracted and analyzed by Real-Time polymerase chain
reaction. In each of the publications, a sigmoidal Hill function was used to
estimate EC, values (half maximal viral inhibition constant).>>715

Effect of COVID-19 on lung pH and other key physiological

parameters

A survey of literature data was performed to identify parameters, such
as plasma binding proteins and pH values for the lung tissue and ELF
that may influence the predicted systemic and lung drug exposures in
a “COVID-19 population.” Due to the scarcity of data specific for
COVID-19, we expanded our search to other types of viral pneumonia
(Supplementary Information).

Simulations using full PBPK and the permeability limited

lung model

The Simcyp (version 19.1) population-based PBPK simulator (Simcyp,
Sheffield, UK) was used to generate the profiles of CQ, HCQ, and AZ.
PBPK models for all three compounds were verified and published previ-
ously.”'® Each of these models was refined to include a permeability-lim-
ited lung model."* Based on its anatomy and physiology, the lung model is
described by seven segments representing upper and lower airways (2 seg-
ments) and the lobes of the lungs (5 segments). Each segment is divided
into four compartments representing pulmonary capillary blood, tissue
mass, fluid, and alveoli air. The fluid compartment represents mucus and
ELF (pH = 6.6), whereas the mass compartment represents the different
cell types within the lungs (pH = 6.7).

For each compound, Henry’s constant was predicted using a quantitative
structure—activity relationship approach and used to calculate the air:fluid
partition coefficient. Three different iz vitro-in vivo extrapolation ap-
proaches are available to predict lung permeability. The preferred method
is in vitro permeability data obtained from the Calu-3 cell line.'> However,
Caco-2 permeability data (Papp) or physicochemical properties, such as Log
D, pKa, hydrogen bond donor count can be used to predict Calu-3 per-
meability and, hence, lung permeability. The #7 vitro permeability data are
corrected by the unionized fraction of compound (calculated at the pH
of the in vitro system) as only the unbound, unionized drug is considered
to be passively permeable in the lung PBPK model. Due to low protein
concentrations in ELE! the unbound fraction in the ELF was assumed
to be one for all three drugs. Measured values of unbound fraction in lung
tissue homogenate (£, ) could not be found for any of the compounds,
therefore, fl Jin lung tissue mass was predicted as reported I;n‘cviously.lg‘19

After integrating the permeability-limited lung model, simulations
were run to assess the impact of key physiological parameters (pH in the
lung) on the exposure of each of the drugs in the lungs and plasma using
a number of different dosage regimens that are currently being assessed in
clinical erials. The effect of severe renal impairment (glomerular fileration
rate (GFR) < 30 mL/min) was assessed using the population (elevated
AAG, reduced albumin levels, and elevated serum creatinine) within the
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Simcyp Simulator. Unless stated otherwise, 100 subjects aged 20-80 years
(50% men and 50% women) were simulated.

For all of the above scenarios, the simulated concentrations for
total lung, unbound lung, total ELF (assumed to be the same for
unbound), and total plasma were compared against the lowest and
highest reported EC, values. In addition, trough lung concentrations
(unbound) were compared against a reported or extrapolated ECy

(9 x ECyy).

Chloroquine
Theinput parameters for the CQ modelare provided in Supplementary
Supporting Material Table S1 and Table S2). An i vitro Caco-2 P
Z6 . 1 app

value of 21 x 107" cm/s was used to predict pcrmcablht?f across the
lungs.”® Henry’s constant was predicted to be 1.08 x 107 Pa m*/mol
(EPI Suite). Simulations were performed to demonstrate that the up-
dated CQ model was able to generate concentration-time profiles that
were consistent with observed data (Supplementary Information).
Predicted lung exposures relative to plasma over time were generated
for a single 300 mg CQ dose and the Kp values were compared with
observed rat data. The effect of lung pH (5.5-6.7) on the Kp values
was also assessed.

Plasma and lung exposures were simulated for different dosage regi-
mens that have traditionally been used for malaria treatment or are cur-
rently being investigated for treatment of COVID-19. These include:

A. 600 mg CQ base on days 1 and 2, and 300 mgon day 3 (1.5 g
over 3 days) — World Health Organization (WHO) regimen.

B. 600 mg CQ base on day 1 at 9 aMm, followed by 300 mgat 3 pm
on day 1, followed by 300 mgat 9 AM on days 2 and 3 (1.5 gover
3 days) — US Food and Drug Administration (FDA) regimen.

C.1,200 mg CQ base on day 1 followed by 300 mg q.d. for
9 days (3.9 g over 10 days) (ClinicalTrials.gov Identifier:
NCT04328493).

D.600 mg CQ base b.i.d. for 10 days (12 g over 10 days)
(ClinicalTrials.gov Identifier: NCT04323527).

Table 1 In vitro EC., potency measures

E. 300 mg CQ base q.d. for 4 days, followed by 300 mg weekly out
to 30 days (1.65 g over 30 days) (ClinicalTrials.gov Identifier:
NCT04333732).

F. 300 mg CQ base q.d. for 4 days, followed by 150 mg q.d. out
to 30 days (5.1 g over 30 days) (ClinicalTrials.gov Identifier:
NCT04333732).

Hydroxychloroquine

With the exception of a metabolic intrinsic clearance of 21.5 pL/min/
mg protein, the input parameters for the HCQ model were as cited
previously by Yao ez al.* An in vitro Caco-2 P value of 0.138 x
1072 em/s (50-fold lower than that of CQ based on Ferrari ef al™)
was used to predict pcrmcabilit?r across the lungs. Henry’s constant
was predicted to be 3.98 x 107'* Pa m*/mol (EPI Suite; Table S1).
Plasma and lung exposures were simulated for the dosage regimen
used in the French study; 200 mg HCQ (155 mg base) was given every
8 hours for 10 days.’

Azithromycin

With the exception of the B:P ratio, which was set at 2.28, the input
parameters for the AZ model were as cited previously by Johnson ez
al™ An in vitro Caco-2 P value of 1.67 x 107 em/s calibrated using
aP_ of 10.4 x 10~ cm /s for propranolol** was used to predict perme-
ability across the lungs. Henry’s constant was predicted to be 5.37 x
107** Pa m®/mol (EPI Suite; Table S1). Simulations were performed to
demonstrate that the updated AZ model was able to generate exposures
of AZ that were consistent with observed data. Plasma and lung expo-
sures were simulated for the dosage regimen used in the French study;
500 mg was given on day 1 followed by 250 mg once daily for 4 days.’

RESULTS

In vitro EC, values

Depending on the methodology applied, at 48 hours, EC, values
for CQ range between 1.13 and 7.36 pM (Table 1). At 48 hours,

Incubation time

Drug Virus Viral input MOI hour ECg, UM Source
cQ SARS-CoV-2 Vero 0.01 48 5.47 Yao et al.?
CQ SARS-CoV-2 Vero 0.01 24 23.9 Yao et al.?
cQ 2019-nCoV Vero E6 0.05 48 1.13 Wang et al.*®
cQ SARS-CoV-2 Vero E6 0.01 48 2.71 Liu et al.*
cQ SARS-CoV-2 Vero E6 0.02 48 3.81 Liu et al.*®
cQ SARS-CoV-2 Vero E6 0.2 48 714 Liu et al.™®
CQ SARS-CoV-2 Vero E6 0.8 48 7.36 Liu et al.*®
HCQ SARS-CoV-2 Vero 0.01 48 0.72 Yao et al.?
HCQ SARS-CoV-2 Vero 0.01 24 6.14 Yao et al.?
HCQ SARS-CoV-2 Vero E6 0.01 48 4.51 Liu et al.*®
HCQ SARS-CoV-2 Vero E6 0.02 48 4.06 Liu et al.™®
HCQ SARS-CoV-2 Vero E6 0.2 48 17.31 Liu et al.*®
HCQ SARS-CoV-2 Vero E6 0.8 48 12.96 Liu et al.*
HCQ SARS-CoV-2 Vero E6 0.001 48 4.7 Touret et al.*
AZ SARS-CoV-2 Vero E6 0.001 48 2.12 Touret et al.**

AZ, azithromycin; CQ, chloroquine; ECg, half-maximal effective concentration; HCQ, hydroxychloroquine; MOI, multiplicity of infection; nCoV, novel coronavirus;

SARS-CoV-2, severe acute respiratory syndrome coronovirus-2.
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EC,, values for HCQ range between 0.72 and 17.3 uM. A single
ECSO value of 2.12 uM was available for AZ. In cach case, these
represent total EC values as no protein binding corrections have
been applied. However, given that the fu,P values for CQ, HCQ,
and AZ are 0.4, 0.5, and 0.69, respectively, it is expected that the
protein binding in these 7z vitro pharmacology experiments will
be minimal.

Physiological parameters affected by COVID-19

Normal ELF pH is considered to be acidic, averaging ~ 6.6 (range
5.7-7.5) in healthy airways compared with a blood and interstitial
pH of 7.4. There are indications that in airway diseases, such as
cystic fibrosis and pneumonia, ELF pH is more acidic, suggesting
breakdowns in the pH regulatory mechanisms.? Usinga pH elec-
trode/probe, the most acidic measured pH value in ELF of bacte-
rially infected pneumonia patients is 5.6. Another study indicated
that the pH of exhaled breath condensate, which reflects the pH
of the lining fluid of the lung, was lower in mechanically venti-
lated patients compared with spontancously breathing individuals
(mean + SD values of 5.86 + 0.32 vs. 7.47 + 0.48).%* In the absence
of human data describing the pH value for lung mass, a value of
6.69 based on experimental data obtained in dogs (ref. 25; range
6.46-6.97) is used in the model. Based on these data, the range
for sensitivity analysis on lung mass pH in the current study was
set to 6.0-6.7.

Serum albumin is commonly measured as part of the initial
evaluation of critically ill patients with infectious disease. Several
studies show that the frequency of hypoalbuminemia at admission
is high in hospitalized patients with community acquired pneu-
monia.?® The leading causes of hypoalbuminemia are malnutri-
tion, reduced hepatic synthesis, renal losses, and inflammation;
however, the predominant mechanism by which serum albumin
decreases is secondary to increased capillary permeability and
redistribution from plasma to the interstitium in critically ill pa-
tients.”” A summary of serum albumin levels in differing types of
viral pneumonia in the literature is presented in Table S3. The
weighted mean albumin levels in severe cases of viral pneumonia
is 29.3 g/L. Concentrations of an inflammation marker, AAG, are
generally believed to increase during an infection, however, quan-
titative information is limited in patients with viral pneumonia. A
1.7-fold to 3-fold increase in AAG levels in patients with commu-
nity-acquired pneumonia28 or SARS-CoV* has been reported. As
the above parameters appear to be reasonably consistent with those
previously cited for patients with severe renal impairment,9 they
were accounted for in simulations of virtual patients with GFR
< 30 mL/min.

Simulated plasma and lung exposure of CQ

The predicted Kp values for lung after a single oral dose of 300 mg
CQ base are shown in Figure 1. Observed data in humans are not
available for comparison and rat data from several different stud-
ies are presented. The predicted Kp value after 10 days (Kp = 166)
appears to be reasonably consistent with the rat Kp values (~ 220)
that have been previously published by McChesney ez al®® Of
particular importance, is the finding that the predicted Kp, and
hence the exposure in the lungs, is very sensitive to small changes
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Figure 1 Effect of lung pH on the lung to plasma partition coefficient
(Kp) over time after a single oral dose of 300 mg chloroquine base.
The data points and error bars represent the mean and SD of the
reported Kp values in rats (circle: Adelusi and Salako (1982a)36;
square: Adelusi and Salako (1982b)37; triangle: McChesney
(1967)%°).

in pH. Indeed, a reduction in pH from 6.7 to 6.5 or down to 6.0,
results in an increase in predicted Kp from 166 to 412 and 5,208,
respectively.

The simulated concentration-time profiles for CQ in plasma
and lung (lung tissue and ELF) based on various different dos-
age regimens are shown in Figure 2. When comparing the un-
bound lung exposure of CQ against the minimum cited ECg
value for inhibition of SARS-CoV-2, all dosage regimens appear
to generate high enough exposures from the first day of dosing.
However, when compared against the EC9O value (6.9 uM), the
only dosage regimen that meets this target on day 1 is 600 mg
b.i.d. for 10 days (Table 2). For two of the dosage regimens, the
effect of reducing lung pH to six (lung tissuec and ELF) and renal
impairment are shown in Figure 3. Although the increase in CQ
lung exposure is more sensitive to changes in pH than the added
complication of renal impairment (protein binding and GFR),
the combined effect resulted in 50-fold to 100-fold increases rel-
ative to the control scenario (lung pH = 6.7 and normal GFR;

Table 2).

Simulated plasma and lung exposure of HCQ

Simulated plasma exposures of HCQ after dosing of 400 mg
(310 mg base) daily for 24 weeks were 1,700 ng/mL, which were
reasonably consistent with observed values of about 1,400 ng/
mL (data not shown; ref. 31). Concentration-time profiles for
HCQ in plasma and lungs (lung tissue and ELF) following dosing
of 200 mg (155 mg basc) every 8 hours for 10 days are shown in
Figure 4. The predicted Kp value of 243 after 10 days appears to
be reasonably consistent with rat Kp values (~ 220) that have been
previously published.30 The change in lung pH does not result in
a change in plasma exposure but does lead to a 4-fold increase in
) i the lung (179 vs. 710 uM).

A 30% increase in plasma exposure is predicted in subjects with

peak plasma concentration (C

renal impairment and the C___in the lungs is further increased
to 1,492 uM. Unbound lung concentrations of HCQ attain the
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Figure 2 Simulated plasma and lung concentrations of chloroquine (CQ) relative to in vitro half-maximal effective concentration (ECg,) values
for various dosing regimens. Total plasma (red line), lung mass total (blue solid line), lung mass unbound (blue dashed line), epithelial lining
fluid (ELF; yellow line) are shown. (a) There was 600 mg administered on days 1 and 2, 300 mg on day 3 — World Health Organization (WHO)
regimen; (b) 600 mg on day 1 at 9 awm, followed by 300 mg at 3 pm on day 1, followed by 300 mg at 9 am on days 2 and 3 — US Food and Drug
Administration (FDA) regimen; (¢) 1,200 mg on day 1 followed by 300 mg qg.d. for 9 days (ClinicalTrials.gov Identifier: NCT04328493); (d)
600 mg b.i.d. for 10 days (ClinicalTrials.gov Identifier: NCTO4323527); (e) 300 mg q.d. for 4 days, followed by 300 mg weekly (ClinicalTrials.
gov ldentifier: NCT04333732); (f) 300 mg q.d. for 4 days, followed by 150 mg q.d. (ClinicalTrials.gov Identifier: NCT04333732).

Table 2 Impact of lung pH and renal impairment on the lung CQ levels relative to in vitro efficacy (EC,,) for different dosage
regimens

Recsor Recoo Days after the first dose

No. Study Lung mass pH 1 3 10 25
1 WHO regimen 6.7 24,04 4.4,0.7 1.9,0.3 0.3,0.1
2 FDA regimen 6.7 3.9,0.6 4.3,0.7 1.9,0.3 0.3,0.1
3 NCT04328493 6.7 4.8,0.8 5.0,0.8 6.8,1.1 1.3,0.2
4 NCT04323527 6.7 6.1,1.0 5.0,2.1 6.8,4.1 1.3,0.7
6.0 54,9 187, 31 494, 81 152, 25
6.0 101, 16 334,55 927, 152 529, 87
NCT04333732 6.7 1.2,0.2 2.8,0.5 2.3,0.4 1.0, 0.2
NCT04333732 6.7 1.3,0.2 2.8,0.5 3.7,0.6 4.3,0.7
6.0 16, 2.5 49, 8.0 85, 14 108, 18
6.0 29,4.7 87, 14 163, 27 261, 43

Bold values indicate when renal impairment is also being accounted for.

CQ, chloroquine; EC,, effective concentration 90%; FDA, US Food and Drug Administration; R.5,, ratio of the simulated lung mass unbound concentration to the
reported lowest half-maximal effective concentration (EC;) value (1.13 uM) against severe acute respiratory syndrome coronovirus-2 virus in Vero E6 cells with
48-hour incubation time; WHO, World Health Organization.R ratio of the simulated lung mass unbound concentration to ECy value (6.9 uM) against SARS-
CoV-2 virus in Vero EG cells.

EC90’

minimum cited EC, value for inhibition of SARS-CoV-2 on the  of observed values (ref. 32; data not shown). Predicted C_ val-
third day of dosing (Figure 4) but only the EC, value on the last  ues in the ELF and lungs were 1.39 and 7.36 pg/mL, respectively,
day of dosing. which were consistent with observed values of 1.20 and 8.30 pg/

mL, respectively. Based on C,u values, predicted tissue to plasma
Simulated plasma and lung exposure of AZ ratios were 3.73 and 19.8 for ELF and lung tissue, respectively,
After a single oral dose of 500 mg AZ, predicted plasma Coa which were again similar to observed values of 3.08 and 21.3.
and area under the curve (AUC) values were within 80-120%  Concentration-time profiles for AZ in plasma and lungs (lung
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Day | Day 3 Day 10 Day 25
Unbound lung trough 5 Unbound lung trough Unbound lung trough . Unbound lung trough
(M) R_ECy (M) RECy (M) R_ECy (M) R_ECy
A 6.91 1.00 14.55 2.11 28.09 4.07 4.93 0.71
B 61.03 8.85 210.75 30.54 558.12 80.89 171.85 2491
C 113.81 16.49 376.91 54.63 1047.35 151.79 597.46 86.59
D 1.36 0.20 3.17 0.46 4.19 0.61 4.82 0.70
E 17.59 2.55 54.99 797 95.84 13.89 122.19 17.71
F 32.29 4.68 97.79 14.17 184.34 26.72 294.37 42.66

Figure 3 The effect of a reduction in lung pH and renal impairment on the plasma and lung exposure of chloroquine (CQ) relative to

in vitro half-maximal effective concentration (ECy,) values for two dosing regimens. (a-c) There was 600 mg b.i.d. administered for

10 days (ClinicalTrials.gov Identifier: NCT04323527); (d-f) 300 mg q.d. for 4 days, followed by 150 mg q.d. (ClinicalTrials.gov Identifier:
NCT04333732).Total plasma (red line), lung mass total (blue solid line), lung mass unbound (blue dashed line), epithelial lining fluid (ELF;
yellow line) are shown. R_ECy,: Ratio of the simulated lung mass unbound concentration to effective concentration 90% (ECg ) value (6.9 pM)

against severe acute respiratory syndrome-coronavirus 2 virus in Vero E6 cells. GFR, glomerular filtration rate.
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Figure 4 Simulated plasma and lung concentrations of hydroxychloroquine (HCQ; 400 mg every 8 hours for 10 days) relative to in vitro
half-maximal effective concentration (ECg) values (a) and the effect of reduced lung pH (b) and renal impairment (c). Total plasma (red line),
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the simulated lung mass unbound concentration to effective concentration 90% (EC4 ) value (6.48 puM) against severe acute respiratory
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Figure 5 Simulated plasma and lung concentrations of azithromycin (AZ; 500 mg on day 1 followed by 250 mg daily for 4 days) relative to in
vitro half-maximal effective concentration (EC4) values (a) and the effect of reduced lung pH (b) and renal impairment (c). Total plasma (red
line), lung mass total (blue solid line), lung mass unbound (blue dashed line), epithelial lining fluid (ELF; yellow line) are shown. R_EC,: Ratio
of the simulated lung mass unbound concentration to effective concentration 90% (EC, ) value (8.65 uM) against severe acute respiratory
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tissue and ELF) after a single oral dose of 500 mg followed by
250 mg daily for 4 days are shown in Figure 5. A reduction in
lung pH does not lead to a change in plasma exposure but a 2.7-
fold increase in C__ is expected in the lungs (12.4 vs. 33.5 uM).
A 20% increase in plasma exposure is predicted in subjects with
renal impairment and the C___in the lungs is further increased to
42.5 uM. Unbound lung concentrations of AZ do not attain the
cited EC, or EC, values (Figure 5).

DISCUSSION
In the current study, we sought to demonstrate that the accu-
mulation of CQ, HCQ, and AZ in the lungs is sensitive to lung
pH, a parameter, which could change significantly in patients as
a consequence of having COVID-19. The degree of accumula-
tion is largely dependent on drug-related parameters (log D, pKa,
wplasma’ and fu’mass) and the pH gradients maintained across the
blood vessels and the lungs. This complex interplay of parameters
is captured by the mechanistic multicompartment permeabil-
ity limited lung model'* and allowed us to investigate the effect
of COVID-19 and associated comorbidities on the predicted
concentrations of CQ, HCQ, and AZ in the lungs and plasma.
A change in pH from 6.7 to 6 in the lungs, which is observed in
respiratory disease, led to 20-fold, 4.0-fold, and 2.7-fold increases
in lung exposure of CQ, HCQ, and AZ, respectively, due to an
increase in ionization of the drugs. Furthermore, the high concen-
trations of CQ and HCQ in lung tissue were sustained long after
administration of the drugs had stopped. A significant number of
patients with COVID-19 present with kidney failure.” Our sim-
ulations indicate that renal impairment (plus lung pH reduction)
caused 30-fold, 8.0-fold, and 3.4-fold increases in lung exposures
for CQ, HCQ, and AZ, respectively. Accompanying increases
(20-30%) in systemic exposure were relatively small indicating
standard pharmacokinetic measurements are unlikely to inform
on drug concentration at the site of action.
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One of the limitations of this study is that predicted baseline
concentrations of the drugs in the lungs could only be verified for
AZ. Clinical data for AZ were characterized in plasma, ELF, alve-
olar macrophages, and lung tissue itself** For CQ and HCQ, Kp
values for the lungs derived from rat data provided some level of
verification. The lung model has been applied previously, with rea-
sonable success, to predict the lung exposure of at least seven drugs
used in the treatment of tuberculosis."> However, future studies
that characterize CQ and HCQ concentrations in ELF, plasma,
alveolar macrophage, and/or bronchial tissue are warranted. In ad-
dition, robust i7 vitro data relating to the permeability of the drugs
across the lungs are required to enhance the PBPK models for these
drugs.

It is assumed that drug efficacy at the site of action is deter-
mined by the unbound drug in the tissue. The unbound fraction
in the lungs was not available for these drugs and, therefore, had
to be predicted based on physicochemical properties.19 Predicted
£ . values (in the lungs) were 0.056, 0.030, and 0.12 for CQ,
HCQ, and AZ, respectively. These are markedly lower than the
measured f values in plasma given by 0.4, 0.50, and 0.69, respec-
tively. When £ values are applied to the total lung concen-
trations, most of the dosage regimens that were simulated for
CQ, HCQ, and AZ secemed to attain concentrations that were
comparable with the iz vitro derived ECg values, despite the
EC,, values being highly variable for each compound. When
compared against the EC, values, it appears that for HCQ, the
dosage regimen investigated in the French study (155 mg base
three times a day for 10 days)” was not able to attain lung expo-
sures in this target range, a finding which was in agreement with
Arnold and Buckner.'! Yao e al* reported that, based on their
PBPK modeling results, HCQ (a loading dose of 310 mg base
given twice on day 1 followed by 155 mg twice daily for 4 days)
should be recommended for treatment of COVID-19, as this
dosage regimen was likely to attain high enough concentrations
in the lungs to inhibit the SARS-CoV-2 virus.
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For CQ, the potential 20-fold increase in lung exposure in patients
with COVID-19 relative to healthy subjects, led to predicted un-
bound concentrations in the lungs that were higher than the EC,
from day 1 even for one of the more conservative dosage regimens
(300 mg for days 1 to 4, followed by 150 mg q.d.). Given the uncer-
tainty associated with the predicted £, values and their impact on
dose selection, appropriate i vitro studies to measure tissue binding
in lung homogenate should be conducted to lend more weight to the
predictions. It may also be pertinent to use EC, values derived from
measured intracellular concentrations rather than those added to the
cell culture media 77 vitro.® As uptake of both CQ and HCQ is sen-
sitive to pH, it cannot simply be assumed that uptake into cells iz vitro
reflects accumulation of the drugs in the lungs.33

Last, but certainly not least, concerns relating to CQ and HCQ
toxicity should also help inform dose selection. There are an increas-
ing number of reports of associated QT prolongation and it is pos-
sible that patients with COVID-19 may be more susceptible to CQ
and HCQ toxicity.34 Going forward, efforts should be made to link
the exposure of CQ and HCQ in the heart with markers of QT pro-
longation, such as the ECSO data derived for inhibition of cardiac ion
channels® to better understand margins of cardiac safety.

Although it is important to acknowledge the limitations de-
scribed and collect more clinical data to verify drug exposures
in the lungs, as highlighted by Arnold and Buckner,'! our study
does show that there is a place for PBPK modeling to inform the
advancement of HQ and CQ and AZ as potential candidates for
treatment of COVID-19. Furthermore, the strategy taken here
may be useful to assess and prioritize other drugs that are potential
candidates for repurposing.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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