1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Rheumatol. Author manuscript; available in PMC 2021 November 11.

-, HHS Public Access
«

Hydroxychloroquine in Patients with Rheumatic Disease
Complicated by COVID-19: Clarifying Target Exposures and the
Need for Clinical Trials

Stephen J. Balevic, MD, MHS, Christoph P. Hornik, MD, PhD, Thomas P. Green, MD, MS,
Megan E.B. Clowse, MD, MPH, Daniel Gonzalez, PharmD, PhD, Anil R. Maharaj, PhD, Laura
E. Schanberg, MD, Amanda M. Eudy, PhD, Geeta K. Swamy, MD, Brenna L. Hughes, MD,
MSc, Michael Cohen-Wolkowiez, MD, PhD

Department of Rheumatology and Immunology, Duke University School of Medicine, Durham, NC
USA (Drs. Balevic, Clowse, Eudy); Duke Clinical Research Institute, Durham, NC USA (Drs.
Balevic, Hornik, Maharaj, Schanberg, Cohen-Wolkowiez); Department of Pediatrics, Duke
University School of Medicine, Durham, NC USA (Drs. Balevic, Hornik, Schanberg, Cohen-
Wolkowiez); Department of Pediatrics, Northwestern University, Feinberg School of Medicine,
Evanston, IL USA (Dr. Green); Division of Pharmacotherapy and Experimental Therapeutics,
UNC Eshelman School of Pharmacy, The University of North Carolina at Chapel Hill, Chapel Hill,
NC USA (Dr. Gonzalez); Division of Maternal-Fetal Medicine, Department of Obstetrics &
Gynecology, Duke University School of Medicine (Drs. Swamy, Hughes)

Abstract

Objective.—To characterize hydroxychloroquine exposure in patients with rheumatic disease
receiving long-term hydroxychloroquine compared to target concentrations with reported antiviral
activity against the 2019 coronavirus SARS-CoV-2.

Method.—We evaluated total hydroxychloroquine concentrations in serum and plasma from
published literature values, frozen serum samples from a pediatric lupus trial, and simulated
concentrations using a published pharmacokinetic model during pregnancy. For each source, we
compared observed or predicted hydroxychloroquine concentrations to target concentrations with
reported antiviral activity against SARS-CoV-2.

Results.—The average total serum/plasma hydroxychloroquine concentrations were below the
lowest SARS-CoV-2 target of 0.48 mg/L in all studies. Assuming the highest antiviral target
exposure (total plasma concentration of 4.1 mg/L), all studies had approximately one-tenth the
necessary concentration for in-vitro viral inhibition. Pharmacokinetic model simulations
confirmed that pregnant adults receiving common dosing for rheumatic diseases did not achieve
target exposures; however, the models predict that a dosage of 600 mg once a day during
pregnancy would obtain the lowest median target exposure for most patients after the first dose.

Conclusion.—We found that the average patient receiving treatment with hydroxychloroquine
for rheumatic diseases, including children and non-pregnant/pregnant adults, are unlikely to
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achieve total serum or plasma concentrations shown to inhibit SARS-CoV-2 in-vitro. Nevertheless,
patients receiving hydroxychloroquine long-term may have tissue concentrations far exceeding
that of serum/plasma. Because the therapeutic window for hydroxychloroquine in the setting of
SARS-CoV-2 is unknown, well-designed clinical trials that include patients with rheumatic disease
are urgently needed to characterize the efficacy, safety, and target exposures for
hydroxychloroquine.
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The 2019 coronavirus disease (COVID-19) pandemic caused by the novel coronavirus
SARS-CoV-2 is causing substantial morbidity and mortality across the globe.12 Due to
preliminary data suggesting antiviral properties, hydroxychloroquine (HCQ) is being
investigated as a potential treatment for SARS-CoV-2. Antimalarial drugs such as HCQ may
inhibit viral replication by interfering with surface receptor binding, endosome-mediated cell
entry, nucleic acid replication, and maturation of the viral protein.3# Recently, these findings
were supported by an in-vitro study in which HCQ inhibited viral replication in SARS-
CoV-2 infected Vero cells.* In the same publication, the authors used a physiologically-
based pharmacokinetic modeling (PBPK) approach to achieve target lung concentrations and
suggested a HCQ loading dose in non-pregnant adults of 400 mg every 12 hours for 1 day
followed by a maintenance dose of 200 mg every 12 hours for 4 days. However, other PBPK
modeling suggests acute dosing for HCQ may not achieve target unbound lung
concentrations quickly.®

HCQ is a standard of care immune-modulating drug used to treat systemic lupus and other
rheumatic diseases.8 Due to the time needed to reach steady-state, patients receiving long-
term HCQ eventually achieve higher blood and serum/plasma concentrations over time.” As
a result, patients with rheumatic disease who are treated with HCQ long-term may be more
likely to achieve HCQ exposures that inhibit SARS-CoV-2 in-vitro. Nevertheless, no studies
have examined the role of established HCQ therapy in adults and children with rheumatic
disease who are exposed to SARS-CoV-2, and it is unknown if standard dosing strategies
achieve target HCQ exposure. Therefore, the purpose of this study was to: 1) compare HCQ
serum/plasma concentrations observed in the clinical setting to those with purported
antiviral activity; and 2) provide an example using population PK modeling to conduct
dosing simulations, as well as demonstrate the utility of modeling to guide clinical trials
using HCQ as a treatment for SARS-CoV-2 in patients with rheumatic disease.

MATERIALS AND METHODS

We conducted the study in accordance with the Declaration of Helsinki. Informed consent
was obtained from all participants. The Duke Institutional Review Board reviewed and
approved study protocols (Pro00000775, Pro00000756, Pro00103156).
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Overall approach

We evaluated HCQ drug concentrations from three sources: 1) published literature values; 2)
frozen serum samples from a completed pediatric lupus trial; and 3) simulated HCQ
concentrations using a published PK model during pregnancy. For each of these sources, we
compared observed or predicted HCQ concentrations to target HCQ concentrations with
purported antiviral activity against SARS-CoV-2. First, we conducted a literature review and
extracted summary statistics from published studies evaluating HCQ pharmacokinetics using
serum or plasma in rheumatic diseases. Since the antiviral activity of HCQ is best
characterized in serum and plasma,*® we excluded studies describing HCQ concentrations
in whole blood alone. Second, we analyzed HCQ concentrations in frozen serum samples
from a biorepository of pediatric patients with systemic lupus who completed a clinical trial.
9 Third, we used a published population PK model of pregnant women with rheumatic
diseasel® and compared total simulated serum concentrations to the concentration targets
outlined below.

Target concentrations

We compared observed total plasma/serum concentrations from the clinical studies below
with total target plasma concentrations of 0.48 mg/L and 4.1 mg/L proposed by Yao et al.#
The Yao targets are estimated to provide the total plasma concentrations equivalent to the in-
vitro half-maximal effective concentrations for SARS-CoV-2 treatment (EC50 of 0.72 and
6.14 uM after 48h and 24h, respectively), assuming a HCQ plasma protein binding of 50%.
11 Although differences between serum and plasma HCQ concentrations have not been
formally characterized, we expect the matrices to be highly similar.12 Secondly, we
compared results from our study to the average serum concentrations observed in the clinical
study by Gautret et al. (0.46 mg/L +/- 0.2).8

Characteristics of included clinical studies

Adult non-pregnancy studies.—We included published data from 90 Japanese patients
(270 plasma concentrations) with rheumatic disease enrolled in a clinical trial of HCQ.13
Briefly, the average (range) characteristics of this population were 42.5 years (20-72) and a
weight of 59.2 kg (38.6—103.7). Overall, 66 (73.3%) were female and 50 (55.6%) had
systemic lupus. We computed average plasma HCQ concentrations by taking the area under
the curve divided by the dosing interval (24 hours). We also included published data from
276 patients with systemic lupus erythematosus in a study from China.1* The average
(standard deviation [SD]) characteristics of this cohort were age 41 years (14) and weight
56.1 kg (10.5). Overall, 257 (93.1%) were female. Mean (SD) HCQ concentrations were
extracted directly from the publication.

Pediatric study.—We conducted a secondary analysis of data and samples obtained from
the Atherosclerosis Prevention in Pediatric Lupus Erythematosus (APPLE [NCT00065806])
trial.? We analyzed frozen serum samples (obtained between 2003-2007) for HCQ
concentration using a validated high performance liquid chromatography/mass spectrometry
assay at a commercial laboratory (NMS Labs). The assay has been previously described.10
We included children from the APPLE trial who: 1) provided at least two serum samples
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(baseline and 12-month study visits); and 2) were on HCQ at both visits. We included a total
of 131 children (262 samples) in our analysis, with average (range) baseline characteristics
of: age 15.6 years (10.3-21.7) and weight of 61.2 kg (32.9-118.9); 80.9% of participants
were female. We computed the mean (SD) HCQ concentration across all patients separately
for the baseline and 12-month study visits; HCQ dosing information was not available from
the APPLE trial. Concentrations below the quantifiable limit (<10 ng/mL) were imputed as 5
ng/mL.

Adult pregnancy study.—We previously published a one-compartment population PK
model for HCQ during pregnancy and postpartum using data from 50 patients (145 serum
concentrations) with rheumatic disease.19-1> From this study, we extracted the mean (SD) of
HCQ concentrations collectively for all doses, and separately for the 400 mg dose. Since
concentrations were stratified by trimester in the original study, we reported the range of
mean HCQ concentrations across all trimester/postpartum visits. Due to non-adherence to
HCQ in the original study, the final PK dataset included 45 patients with 135 concentrations.
Of these 135 concentrations, 22 (16.3%) were from the 15t trimester, 51 (37.8%) were 2™
trimester, 37 (27.4%) were 3" trimester, and 25 (18.5%) were postpartum. Average (range)
characteristics across all sampling time points included: weight 78.3 kg (51.7-124.4) and
serum creatinine 0.64 mg/dL (0.3-1.2). Maternal age at conception was 31.5 years (20.4—
44.4) and 31 mothers (68.9%) were Caucasian. The most common diagnoses were systemic
lupus (n=24), rheumatoid arthritis (n=6), and undifferentiated connective tissue disease
(n=5).

Dosing simulations.—To provide an example of how population PK models can simulate
the doses required to achieve target drug concentrations, we conducted dosing simulations
using our published PK model of HCQ in pregnancy.19 The model included linear scaling of
weight on apparent volume of distribution and estimated between-subject variability in the
apparent clearance. The population estimate (% relative standard error [RSE]) was 1850
L/70 kg (53%) for apparent volume of distribution, and 51 L/h (8%) for apparent clearance.
Between-subject variability was 44% for apparent clearance (%RSE 4). With this model, we
used Phoenix NLME (Version 8.2; Certara, Princeton, NJ, USA) to conduct dosing
simulations for pregnant patients with rheumatic disease. Using the population estimates for
apparent volume of distribution, apparent clearance, the population estimates for between-
subject variability in clearance, and residual error models described in the original
manuscript, 1915 we simulated 1,000 datasets for each of four dosing regimens. The
replicates simulated serum concentrations every 2 hours over a 5-day period for each of 45
simulated patients using their first visit weight. We assumed a maintenance dosing of HCQ
400 mg orally once daily for 3 months. After 3 months of maintenance therapy, the
following HCQ dosage regimens were simulated: Regimen A) a loading dose of 600 mg
every 12 hours orally on Day 1 followed by 400 mg every 24 hours for 4 days!®; Regimen
B) 200 mg orally every 8 hours for 10 days (dosing regimen used in clinical report by
Gautret et al.)8; Regimen C) 600 mg orally every 24 hours for 5 days; and Regimen D) 400
mg orally every 24 hours for 5 days (standard of care dosing for most patients with
rheumatic diseases).® From a safety perspective, the range of concentrations we observed
clinically during pregnancy ranged from <0.01 mg/L to 1.1 mg/L (median 0.16-0.43
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depending on dosage and trimester)1®; therefore, we selected 1.1 mg/L as the surrogate
ceiling for safety during dosing simulations.

Average HCQ exposure

Mean HCQ concentrations observed from the clinical studies compared to the target in-vitro
concentrations are outlined in Table 1. The mean serum and plasma HCQ concentrations
were below the lowest target HCQ exposure (0.48 mg/L) in all studies; however, consistent
with the wide variability in HCQ pharmacokinetics, the standard deviation included
concentrations that reached or exceeded 0.48 mg/L in some cases. Assuming the highest
EC50 (corresponding to a total plasma concentration of 4.1 mg/L), all studies had
approximately one-tenth or less exposure than necessary for in-vitro viral inhibition.

Dosing simulations

Figure 1 demonstrates the results of the dosing simulation for each dosing regimen in
pregnant adults already receiving long-term HCQ. Consistent with the observed data, the
simulation of pregnant adults receiving the most common dosing for rheumatic diseases
(400 mg orally once a day, Regimen D), would not achieve median target exposures reported
in the Gautret and Yao studies; however, a dosage of 600 mg once a day (Regimen C)
obtained peak median target exposure after the first dose and average target exposure after
the 2nd dose. Regimen B had the least fluctuation, but peak concentrations did not achieve
target exposure until after 48 hours of the increased dosage. From a safety perspective, the
95% of simulated concentrations did not exceed the safety threshold (maximum 1.1 mg/L)1®
for any regimens. However, maximum simulated concentrations exceeded 1.1 mg/L for all
regimens.

DISCUSSION

We compared observed HCQ drug concentrations in plasma/serum across several
populations to characterize average HCQ exposure in patients with rheumatic diseases
receiving long-term treatment with HCQ. We found that most patients, including children
and pregnant/non-pregnant adults, do not achieve total serum concentrations shown to
inhibit SARS-CoV-2 in-vitro, especially at standard dosages less than 400 mg/day. This
suggests that current HCQ dosing strategies are unlikely to be effective in the setting of
SARS-CoV-2 viremia, where serum concentrations most directly approximate the in-vitro
study. Nonetheless, due to wide between-patient variability in HCQ PK, a minority of
patients may achieve the lowest in-vitro target concentrations with conventional dosing,
particularly with good medication adherence. Since patients receiving long-term HCQ are
already at steady state, our modeling suggests that changes to serum concentrations occur
quickly with an increase in dosage. Achieving concentrations with anti-viral activity quickly
after viral exposure may be particularly important, as the in-vitro activity of HCQ against
SARS-CoV-2 may depend on accumulation into cells.?

When considering the optimal dosage of HCQ, one must remain cognizant that the
therapeutic window for HCQ in the setting of SARS-CoV-2 is unknown. Moreover, because
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HCQ distributes extensively into tissues and becomes trapped in lysosomes, tissue
concentrations may be significantly higher than blood concentrations.®> For example, studies
in albino rats suggest concentrations of HCQ in the lung are >600 times higher than plasma.
17 High lung concentrations highlight a potential mechanism by which HCQ may be
efficacious for SARS-CoV-2, despite subtherapeutic blood concentrations; however, chronic
dosing may be important because lung concentrations in animal studies accumulate over
several months.1® Secondly, it is possible that HCQ exerts an effect through antiviral,
antithrombotic, and anti inflammatory properties®; these mechanisms of action may occur
at different concentrations. This is particularly relevant because the reported in-vitro
differences in EC50 for HCQ treatment for SARS-CoV-2 vary from 0.72 to 6.14 uM; this
higher plasma target, corresponding to a total plasma concentration of 4.1 mg/L, is likely not
achievable in patients without incurring substantial toxicity. Moreover, the in-vitro derived
EC50 represented the concentration needed for 50% viral inhibition; concentrations of 6.7
mg/L are needed for complete viral inhibition (e.g., EC100).%> Additionally, the available
data for most published studies did not allow us to characterize HCQ peak and trough
concentrations; however, average concentration is an appropriate anti-viral exposure target
because this most closely approximates the conditions for efficacy based on the in-vitro test.
Accordingly, it is crucial for future research to better characterize the mechanism of action
for HCQ in the setting of SARS-CoV-2, as well as goal drug concentrations in the site of
action (i.e., lung cells or interstitial fluid), before any specific dosing adjustments can be
recommended for HCQ.

Population PK models are a powerful tool that relate dose and patient characteristics (e.g.,
weight) to drug concentrations. Once a target drug concentration is identified, models are
used to conduct simulations to optimize dosing. As an example of this approach, we
simulated several proposed dosage regimens being used for SARS-CoV-2 in a cohort of
pregnant women already receiving HCQ for rheumatic diseases, and compared simulated
results with the concentrations observed by Gautret et al. (0.46 mg/L +/- 0.2)® and predicted
by Yao et al. (0.48 mg/L).* Assuming these target concentrations are efficacious, a HCQ
dosage of 600 mg once daily consistently achieved median target concentrations for most
pregnant women with rheumatic disease (Regimen C), whereas a dosage of 200 mg every 8
hours (total daily dose of 600 mg, Regimen B) achieved peak target concentrations only
after 48 hours. Furthermore, due to a higher volume of distribution for HCQ in late
pregnancy,1? individual dosing needs may differ by trimester. From a safety perspective, the
95% of simulated concentrations did not exceed the safety threshold (maximum 1.1 mg/L)1®
for any regimen. However, maximum simulated concentrations exceeded 1.1 mg/L for all
regimens due to high interindividual variability.

There are some limitations to our work. First, serum/plasma measurements for HCQ are
known to have higher variability compared to whole blood.13 Despite this limitation, current
published studies for SARS-CoV-2 have either directly reported serum concentrations,8 or
used an in-vitro platform that mimics free drug in plasma.* While differences between
serum and whole blood are reviewed elsewhere, 1015 serum may be prone to less
confounding from the hematologic disturbances seen in lupus or COVID-19, potentially
making it preferred over whole blood. Moreover, assuming a whole blood-to-plasma ratio
between 3.8 and 7.2,7:13 target whole blood concentrations (e.g., 1.79 to 3.38 mg/L) still

J Rheumatol. Author manuscript; available in PMC 2021 November 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balevic et al.

Page 7

exceed average concentrations observed by Costedoat-Chalumeau in a large cohort of
patients with lupus.1® HCQ concentrations may also be influenced by medication adherence,
polymorphisms in drug metabolizing enzymes, concomitant medications, and changes in
renal function, among other factors.10:12.15.18 For example, HCQ whole blood levels were
0.699 mg/L lower in non-adherent compared to adherent patients with lupus (corresponding
to approximately 0.07-0.184 mg/L in plasma).2% Therefore, while adherence may optimize
the proportion of patients able to achieve the lowest EC50 target, the data suggests patients
are unable to achieve the highest in-vitro EC50 target or EC100.

Also, it is possible that prolonged sample storage (e.g., approximately 16 years for the oldest
sample) introduced degradation or higher concentration variability for the pediatric study.
Despite this possibility, the overall range of concentrations we observed in the pediatric
study were highly consistent with adult and pediatric literature values.2! With reference to
our population PK model in pregnancy, we conducted dosing simulations beyond those
directly observed in our pregnancy cohort, but we do not expect any dose-related changes to
the drug’s PK due to known linear drug disposition.” Additionally, we assumed the EC50
values represent the unbound drug at the target site (e.g., lung interstitial fluid) needed to
mediate an antiviral effect. Notably, other modeling approaches (e.g., physiologically-based
pharmacokinetic modeling) can be used to directly simulate bound or unbound
concentrations in target tissues such as the lung. Lastly, due to assumptions in our
modeling1® and intrinsically high interindividual variability in HCQ PK, there was less
precision surrounding the estimate for volume of distribution. Due to the high inter-
individual variability in HCQ PK, we recommend that clinical studies measure HCQ
concentrations to confirm actual participant exposure when investigating the use of HCQ in
the setting of SARS-CoV-2.

Despite early enthusiasm for HCQ as a treatment for SARS-CoV-2, we caution against the
universal clinical use of higher dosages of HCQ and highlight the need to conduct high-
quality clinical trials to clarify effectiveness, safety, and target exposures. Recently, the US
Food and Drug Administration (FDA) highlighted safety concerns of HCQ, including heart
rhythm abnormalities and recommended the drug only be administered in the setting of
COVD-19 in a hospital or clinical trial setting.22 Unpublished data from a Veterans
Administration study also suggest higher mortality for HCQ in COVID-19. To this, we
highlight concerns that widespread prescribing of higher dosages without supportive data
may exacerbate a drug shortage for HCQ, leading to worse outcomes for other patients with
rheumatic diseases.23 For example, patients with systemic lupus who are unable to access
HCQ are 2.5 times more likely to have a disease flare,24 leading to potentially life-
threatening complications. This is particularly relevant given methodological concerns of
recent clinical studies of HCQ for SARS-CoV-2, including high dropout, lack of
randomization, surrogate outcomes, low sample sizes, and potential effect interaction with
azithromycin.® Accordingly, we emphasize the need for continued study of HCQ for SARS-
CoV-2. In order to characterize the effect of acute vs. chronic dosing, we advocate for the
inclusion of patients with rheumatic disease already receiving HCQ into trials.

In conclusion, we found that the average patient receiving long-term treatment with HCQ for
rheumatic diseases, including children and non-pregnant/pregnant adults, are unlikely to
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achieve total serum or plasma concentrations shown to inhibit SARS-CoV-2 in-vitro,
especially at total daily dosages less than 400 mg/day. Nonetheless, the therapeutic window
for HCQ in the setting of SARS-CoV-2 is unknown, and well-designed clinical trials are
urgently needed to characterize the efficacy, mechanism of action, and target exposures for
HCQ. Patients receiving HCQ long-term may have tissue concentrations far exceeding that
of serum/plasma, and accordingly, it is essential to include patients with rheumatic diseases
in clinical studies of SARS-CoV-2. Once target exposures are identified, our study
demonstrates that pharmacokinetic models can be used to optimize dosing for patients
already receiving HCQ for the treatment of rheumatic diseases.
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Regimen A Regimen B
600 mg orally every 12 hours on Day 1 200 mg orally every 8 hours for 10 days
400 mg orally every 24 hours Days 2-5

'l |
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Regimen D
400 mg orally every 24 hours for 5 days
(Standard of care)

Regimen C
600 mg orally every 24 hours for 5 days
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HCQ Concentration (=g/)

Figurel.
Dosing Simulations

The solid black line represents median predicted serum hydroxychlorogquine concentration
from the model (mg/L). Upper dashed black line represents the 95% of simulated data
whereas the lower dashed black line represents the 5%. The dashed blue line represents the
target serum concentration derived from Yao (0.48 mg/L, assuming EC50 of 0.72 uM). The
solid red line represents the highest observed concentration in the clinical study as a
surrogate ceiling for safety (1.1 mg/L).
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