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Physiologically Based Pharmacokinetic
Modelling to Investigate the Impact

of the Cytokine Storm on CYP3A Drug
Pharmacokinetics in COVID-19 Patients
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Patients with coronavirus disease 2019 (COVID-19) may experience a cytokine storm with elevated interleukin-6
(IL-6) levels in response to severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2). IL-6 suppresses

hepatic enzymes, including CYP3A; however, the effect on drug exposure and drug-drug interaction magnitudes

of the cytokine storm and resulting elevated IL-6 levels have not been characterized in patients with COVID-19.

We used physiologically-based pharmacokinetic (PBPK) modeling to simulate the effect of inflammation on

the pharmacokinetics of CYP3A metabolized drugs. A PBPK model was developed for lopinavir boosted with
ritonavir (LPV/r), using clinically observed data from people living with HIV (PLWH). The inhibition of CYPs by IL-6
was implemented by a semimechanistic suppression model and verified against clinical data from patients with
COVID-19, treated with LPV/r. Subsequently, the verified model was used to simulate the effect of various clinically
observed IL-6 levels on the exposure of LPV/r and midazolam, a CYP3A model drug. Clinically observed LPV/r
concentrations in PLWH and patients with COVID-19 were predicted within the 95% confidence interval of the
simulation results, demonstrating its predictive capability. Simulations indicated a twofold higher LPV exposure

in patients with COVID-19 compared with PLWH, whereas ritonavir exposure was predicted to be comparable.
Varying IL-6 levels under COVID-19 had only a marginal effect on LPV/r pharmacokinetics according to our model.
Simulations showed that a cytokine storm increased the exposure of the CYP3A paradigm substrate midazolam

by 40%. Our simulations suggest that CYP3A metabolism is altered in patients with COVID-19 having increased
cytokine release. Caution is required when prescribing narrow therapeutic index drugs particularly in the presence of
strong CYP3A inhibitors.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE impact the magnitude of drug-drug interactions. Thus, cau-

TOPIC?

V] Coronavirus discase 2019 (COVID-19) can cause a cytokine
storm, which leads to elevated IL-6 levels that might impact the
pharmacokinetics of co-administered drugs.

WHAT QUESTION DID THIS STUDY ADDRESS?

M The aim of this modeling study was to investigate the impact
of IL-6 levels in patients with COVID-19 on drugs that are ad-
ministered to treat comorbidities.

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE:?

M Inflammation caused by COVID-19 increased the exposure
of drugs by a maximal twofold, which consequently can also

tion is warranted when prescribing narrow therapeutic index
drugs in patients with COVID-19 particularly in the presence
of strong CYP3A inhibitors.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY AND TRANSLATIONAL SCIENCE?

[ The physiologically-based pharmacokinetic strategy can be
effectively used to study clinical scenarios and treatment man-
agement for novel diseases, such as COVID-19.
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Patients with coronavirus disease 2019 (COVID-19) can present a
hyperinflammatory response to severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2) characterized by a marked elevation
of pro-inflammatory cytokines, such as interleukin-6 (IL-6). This
exaggerated inflammatory response, called cytokine storm, can
lead to acute respiratory distress syndrome, multiple organ failure,
and death.

IL-6 has also been shown to downregulate the expression of cy-
tochrome P450 enzymes (CYP) in vitro, particularly CYP3A,! due
to the transcriptional suppression of CYP mRNA and the related
decrease in enzyme synthcsis.2 This inhibitory effect was investi-
gated in a clinical study including patients from orthopedic surgery.
Acute inflammation showed a marked reduction in the metabolite
formation of the CYP3A drug midazolam.? In a study including
patients with rheumatoid arthritis, the exposure of the CYP3A4
substrate simvastatin was reduced by 45% by blocking the inflam-
mation, namely after administration of the IL-6 inhibitors tocili-
zumab and sarilumab.*’ Although the relation between systemic
inflammation and CYP3A inhibition, and hence, increased drug
exposure is underscored with these data, the direct pharmacologi-
cal transition into clinical practice is challenging. Available clinical
data suggest that the extent of CYP3A inhibition may depend on
the degree of inflammation. Midazolam exposure was shown to be
minimally altered in patients with psoriasis with C-reactive protein
(CRP) values of 2 mg/ L (note: CRP is a marker of inflammation
regulated by IL- 6) Conversely, the trough concentration of the
CYP3A4 substrate lopinavir boosted with ritonavir (LPV/r), was
more than threefold higher in patients with COVID-19 than the
one observed in HIV-infected individuals without inflammation.”
However, despite these indicative data, the impact of cytokine
storm in patients with COVID-19 on the pharmacokinetics of
CYP3A substrates has not been characterized. Furthermore, ri-
tonavir is a strong CYP3A inhibitor which boosts the pharmaco-
kinetics of LPV in a concentration-dependent manner.® Thus, it is
unclear whether high levels of inflammation can potentiate ritona-
vir mediated boosting of LPV and also increase the magnitude of
drug-drug interactions (DDIs) with other co-administered drugs.
A better understanding of the effect of cytokine storm on CYP3A
drug exposure and on the magnitude of DDIs is pivotal for clinical
practice, and hence, for supporting clinicians in prescribing to pa-
tients with COVID-19.

Physiologically-based pharmacokinetic (PBPK) modeling previ-
ously demonstrated its predictive power by simulating the impact
of inflammation and IL-6 levels on CYP enzymes in patients with
neuromyelitis optica or neuromyelitis optica spectrum disorders
in different ethnic populations.9 A PBPK model is informed by
virtual individuals, who are generated based on clinically observed
organ weights, blood flows, the glomerular filtration rate, and other
physiological parameters that are important to predict drug phar-
macokinetics.'"’ A combination of measured 77 vitro and clinically
observed iz vivo data are used to predict drug pharmacokinetics in
the human bocly.11 PBPK models are recommended by the health
authorities to investigate clinical scenarios, which are difficult to
study in clinical practice.

The aim of the present work was to investigate the impact of the
cytokine storm caused by COVID-19 on the pharmacokinetics of
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co-administered drugs through our developed and verified PBPK
model framework.!!

METHODS

We took three steps to understand the effect of the inflammatory
cytokine release caused by COVID-19 on the pharmacokinetics of
co-administered drugs. First, we developed and verified an LPV drug
model using our previously published PBPK framework.'" Second,
clinically observed data from patients with COVID-19 receiving LPV/r
were used to verify the PBPK simulations under the consideration of
IL-6.” Third, the impact of different IL-6 levels was investigated by our
PBPK model.

Physiologically-based pharmacokinetic model

A whole-body PBPK model constructed in the mathematical program-
ming language Matlab 2017a was used.! Virtual individuals aged 20 to
50 years were generated to inform the model structure, considering ob-
served demographical (e.g., body weight), physiological (e.g., organ vol-

ume), and biological (e.g., hepatic enzyme abundance) varlablhty

Parameter of the simulated drugs

A previously published LPV model was modified and verified for our
used PBPK framework.'? LPV is metabolized by CYP3A4 (76%) and
eliminated through the bile (21%) and the kldncys (2.4%), which was
accounted for by a retrograde calculation."”® The apparent permeabil-
ity was estimated from the pubhshed absorption rate," following the
approach by Yu and Amldon The tissue distribution was predicted
after Rodgers and Rowland,!! using a scalar of two to fit the clinically
observed data.

IL-6 was implemented as a neutral compound with a molecular weight
of 21,000 g/mol, a logP value of 0. 01,” and without clearance to simu-
late steady-state conditions. The suppression of CYP enzymes was imple-
mented by a semimechanistic inhibition model based on the effect of IL-6
on probe substrates of hepatic CYP enzymes.' A detailed description of
the IL-6 modeling approach can be found in Method S1. IL-6 levels were
collated from patients with COVID-19 (Table S1) to simulate different
steady-state IL-6 levels from 0.2 to 4462 pg/mL in order to investigate a
realistic range of dynamically changing IL-6 concentrations.

All other drug models used were developed and verified previously,
using our PBPK framework. 1516 The parameter for the simulated drugs
can be found in Table S2.

Workflow for simulations
The predictive performance of the used LPV model was verified against
clinically observed data from people living with HIV (PLWH). These
published concentration-time profiles were digitized using GetData
Graph Digitizer version 2.26, which demonstrated excellent accuracy."”
Clinically observed in-house data for LPV/r in patients with COVID-19
were used for to verify the simulations in the presence of different IL-6
levels.” To account for different IL-6 levels in patients with COVID-19
(Table S1), a sensitivity analysis was performed with different IL-6
plasma concentration (1, 5, 10, 50, 100, 500, 1,000, 5,000, 10,000, and
50,000 pg/mL) with each simulated scenario (LPV/r, RTV, and midaz-
olam). Successful predictions were judged by overlaying clinically ob-
served data with the simulation results. Pharmacokinetic data had to be
predicted within twofold of clinically observed data, which is consid-
ered to be best practice for modeling and simulation by the regulatory
authorities.'®

After the successful verification, midazolam was taken as an ex-
ample drug to evaluate the effect of a cytokine storm in patients with
COVID-19 on medications metabolized by CYP3A enzymes. An over-
view of the modeling analysis can be found in the supplementary material
(Figure S1).
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RESULTS

First, we developed a PBPK model for LPV/r, which was used to
treat patients with COVID-19 in the first instance. The verifica-
tion was done against clinically observed data from PLWH,*"
which were within the 95% confidence interval of the PBPK
model predictions (Figure 1). The area under the curve (AUC))
of LPV/r was well-predicted with 74,019 + 60,256 ng*h/mL vs.
73,833 + 24,532 ng*h/mL (predicted/observed ratio: 1.00). All
other pharmacokinetic parameters for LPV/r 400/100 mg twice
daily were also predicted within 1.25-fold of clinically observed
data from PLWH (Table S3), apart from the volume of distribu-
tion with 39.7 + 13.8 Lvs. 50.4 + 17.9 L (predicted/observed ratio:
0.79).

Second, the successfully verified PBPK model for LPV/rwasused
to simulate the drug concentration in patients with COVID-19
considering the elevated cytokine concentration.” Patients received
LPV/r twice daily, 800/200 mg on day 1 and 400/100 mg on day
2 until day 7. Pharmacokinetic parameters were taken on day 3.
The clinical setting was replicated in the PBPK model simulation
to verify the impact of IL-6 on metabolizing enzymes. Figure 1a
demonstrates that the PBPK model can well capture the clinically
observed 12-hour concentration of patients with COVID-19. The
AUC of LPV/r was twofold higher in patients with COVID-19
compared with PLWH, which was predicted by our PBPK model
(Table 1). Varying IL-6 concentrations had only a marginal effect.
Clinically observed ritonavir concentrations (Figure 1b) were also
predicted within the 95% confidence interval by our model. The
difference in ritonavir exposure between patients with COVID-19
and PLWH was negligible.

In a third step, we simulated the effect of IL-6 on another drug
metabolized by CYP3A. We demonstrated an up to 40% higher
exposure of the CYP3A model drug midazolam in patients with

COVID-19 compared with healthy volunteers (Figure lc,
Table 1). The simulation of the DDI between midazolam and
the strong CYP3A inhibitor ketoconazole indicates that the
magnitude of the DDI is increased by 1.6-fold in patients with
COVID-19 compared with historical data (Figure S3).

DISCUSSION

Patients with COVID-19 may experience a cytokine storm
with elevated CRP and IL-6 levels that can impact hepatic
drug metabolizing f:nzymf:s.7 In this study, we demonstrated
the predictive performance of the PBPK approach to simulate
the effect of elevated IL-6 levels on LPV/r and midazolam. Our
simulations indicated that a cytokine storm has a marginal ef-
fect on ritonavir exposure, which is likely explained by the fact
that ritonavir inhibits its own metabolism. On the other hand,
CYP3A suppression related to inflammation was apparent for
LPV, as indicated by the predicted twofold increase in its ex-
posure. Ritonavir is used at a low dose to boost LPV exposure.
An inverse correlation has been reported between LPV appar-
ent clearance and ritonavir cxposurc.8 Of interest, a ritona-
vir plasma concentration of 360 ng/mL has been associated
with a 50% maximal inhibition of LPV apparent clearance in
PLWH.?° Thus, given that LPV apparent clearance is not fully
inhibited by ritonavir, it can be further inhibited by inflamma-
tion thereby leading to a higher DDI magnitude. LPV apparent
clearance was predicted to be reduced by 60% in patients with
COVID-19 compared with PLWH in agreement with data from
population pharmacokinetic analyses for LPV/r*! and boosted
darunavir (DRV/r)** in patients with COVID-19. Despite el-
evated levels, these repurposed drugs failed to demonstrate a
clinical benefit for the treatment of patients with COVID-19.
The population pharmacokinetic analysis of DRV/r showed an
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Figure 1 Predicted vs. observed concentration-time profile for lopinavir/ritonavir (a), ritonavir (b), and predicted concentration-time profile

for midazolam (¢) in patients with coronarivus disease 2019 (COVID-19; blue) and people living with HIV (PLWH) a, b or healthy volunteers ¢
(green). The red and dark red marker show clinically observed data in PLWH® and patients with COVID-19"2° (mean + SD). The solid lines, the
dashed lines, and the shaded area represents the mean of each simulation with a different IL-6 concentration (1, 5, 10, 50, 100, 500, 1,000,
5,000, 10,000, and 50,000 pg/mL; Figure S2), the mean, and the 95% confidence interval of all simulated scenarios to recover all possible
IL-6 concentrations in the simulations. Overlapping confidence intervals between predicted PLWH and COVID-19 concentrations are displayed
in the blue-green shaded area. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 1 Median (95% CI) ratio of predicted pharmacokinetic parameters of the scenario with IL-6 divided by the scenario
without IL-6 for lopinavir/ritonavir 400/100 mg twice daily and midazolam 5 mg as a single dose

IL-6 [pg/mL]

c

T

AUC

CLF

VdF

max max t 1/2
Lopinavir/
ritonavir
1 1.67 (1.32; 2.24) 1.13 (1.06; 1.22) 2.22 (1.56; 2.76)  0.45(0.36; 0.64) 0.98 (0.85; 4.22) 2.28 (1.40; 9.06)
5 1.72 (1.30; 2.43) 1.15(1.06; 3.28) 2.28 (1.50; 3.08) 0.44 (0.32; 0.67) 1.02(0.83;4.89) 2.37 (1.36; 11.05)
10 1.77 (1.31;2.38) 1.13(1.08;1.27) 2.31(1.58;2.98) 0.43(0.34;0.63) 1.07 (0.87; 7.50) 2.53(1.42; 16.98)
50 1.78 (1.28; 2.31) 1.14 (1.06; 1.44) 2.32(1.48;2.91) 0.43(0.34;0.67) 1.04(0.85;8.73) 2.49 (1.27; 20.71)
100 1.70 (1.35; 2.30) 1.13(1.06; 1.25) 2.23(1.66;2.96) 0.45(0.34;0.60) 0.99 (0.84;8.89) 2.28 (1.42; 18.24)
500 1.75(1.35; 2.36)  1.13 (1.07; 1.25) 2.34 (1.62;2.95) 0.43(0.34;0.62) 1.01(0.85; 3.34) 2.40 (1.45; 9.66)
1,000 1.73 (1.27; 2.41)  1.13 (1.05; 2.34) 2.21 (1.33; 3.08) 0.45(0.32; 0.75) 0.99 (0.77; 10.61) 2.30 (1.09; 29.76)
5,000 1.75(1.36; 2.31) 1.13 (1.07; 1.25) 2.29 (1.73; 2.93) 0.44 (0.34; 0.58) 1.01(0.85; 11.29) 2.41 (1.49; 27.11)
10,000 1.76 (1.31; 2.28) 1.14 (1.07; 1.39) 2.26 (1.58;2.92) 0.44 (0.34;0.63) 1.04 (0.88; 7.82) 2.47 (1.49; 16.69)
50,000 1.74 (1.32; 2.29)  1.13 (1.07; 2.25) 2.35(1.62;2.99) 0.43(0.33;0.62) 1.00(0.84;3.28) 2.38(0.62; 35.67)

Coax Tinax AUC, CLF VdF ty,
Midazolam

1.10 (1.04; 1.18)

1.00 (1.00; 1.33)

1.22 (1.08; 1.43)

0.82 (0.70; 0.93

0.89 (0.82; 0.96

1.08 (1.02; 1.21

1.10 (1.05; 1.18)

1.00 (1.00; 1.33)

1.21 (1.09; 1.52)

0.82 (0.66; 0.92

0.89 (0.83; 0.95

1.07 (1.03; 1.29

1.10 (1.05; 1.19)

1.00 (1.00; 1.33)

1.21 (1.09; 1.52)

0.82 (0.66; 0.92

0.89 (0.83; 0.95

1.07 (1.03; 1.29

1.10 (1.04; 1.18)

1.00 (1.00; 1.33)

1.21 (1.08; 1.43

0.83(0.70; 0.92

0.89 (0.82; 0.95

1.07 (1.03; 1.27

1.10 (1.04; 1.18)

1.00 (1.00; 1.33)

1.21 (1.08; 1.44

1.10 (1.02; 1.18)

1.00 (1.00; 1.33)

0.84 (0.67; 0.94

0.90 (0.83; 0.97

1.07 (1.02; 1.28

1.00 (1.00; 1.33)

1.20 (1.06; 1.50

0.83 (0.67; 0.94

1.07 (1.02; 1.30

1.13 (1.05; 1.21)

1.00 (1.00; 1.33)

)
)
1.19 (1.06; 1.49)
)
)

1.27 (1.09; 1.56

)
)
)
)
0.82 (0.70; 0.92)
)
)
)

0.79 (0.64,; 0.91

0.87 (0.79; 0.95

1.09 (1.03; 1.29

(

1.10 (1.03; 1.19)
(
(

1.13 (1.05; 1.24)

1.00 (1.00; 1.33)

1.29 (1.10; 1.66)

0.78 (0.60; 0.91)

)
)
)
)
0.89 (0.82; 0.95)
)
)
)
)

0.86 (0.77; 0.95

1.10 (1.03; 1.31

1.16 (1.06; 1.27)

1.00 (1.00; 1.33)

1.33 (1.12; 1.83)

0.75 (0.55; 0.89)

(
(
0.90 (0.82; 0.96
(
(
(

0.85 (0.75; 0.94)

( )

( )

( )

( )
1.07 (1.03; 1.27)
( )

( )

( )

( )

)

1.12 (1.04; 1.47

AUC,, area under the curve over time; Cl, confidence interval; CLF, clearance; C .,

peak concentration; t1/2, elimination half-life; VdF, volume of distribution.

association between IL-6 levels and DRV apparent clearance.
An IL-6 value of 18 pg/mL was found to best discriminate pa-
tients with COVID-19 with normal versus impaired DRV ap-
parent clearance.”

IL-6 was predicted to increase midazolam by 40% consistent
with clinical observations reporting a 45% reduction in simvas-
tatin exposure after administration of IL-6 inhibitors.*> The
magnitude of DDIs between midazolam and strong CYP3A in-
hibitors is expected to be increased in patients with COVID-19, as
inflammation can further inhibit midazolam apparent clearance.
We could demonstrate the added effect of inflammation for LPV
even when combined with the strong CYP3A inhibitor ritona-
vir. Additionally, we simulated the DDI between midazolam and
ketoconazole (Figure S3), which demonstrated a 1.6-fold higher
AUC-ratio than for midazolam with ketoconazole in healthy vol-
unteers.”> Our assumption is further supported by real-life clinical
data reporting a more pronounced DDI between direct oral an-
ticoagulant and LPV/r or DRV/r in patients with COVID-19.%
Thus, inflammation should be taken into account when prescrib-
ing for patients with COVID-19 as both the concentrations of the
victim and perpetrator drugs can be increased which can lead to a

higher DDI magnitude.

582

Some limitations should be acknowledged. Our model predic-
tions demonstrated only a marginal effect of varying IL-6 levels
on drug pharmacokinetics in contrast to clinical data that suggest
varying CYP3A inhibition based on the degree of inflammation.
One reason could be that the data to describe the suppression of
CYP3A by IL-6 were only taken from one i7 vitro study.' The
in vitro data from Dickmann e# al. were used in several model-
ing studies with successful outcome”*>*%; however, re-analysis of
the original i vitro data of Dickmann ez al. led also to different
half-maximal effective concentration (EC,;) and maximum effect
(E_.) values.” Uncertainty regarding iz vitro data to describe
disease-drug interaction is high, limiting translational 7z vitro to
in vivo extrapolations. Another explanation would be the turn-
over of the suppressed enzyme; however, this would lead to sys-
tematic mispredictions of the used PBPK model. Our model gave
realistic estimates of over 30 DDIs, involving mechanism-based
inhibition and induction of CYP3A***” and, therefore, it appears
unlikely that the implemented CYP3A half-life is not realistic.
Another approach to model the impact of inflammation on drug
metabolism concluded that the used model was not sensitive to
varying cytokine levels, demonstrating that more research on cy-
tokine suppression iz vitro is necessary to support more realistic
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model predictions.26 However, we would like to emphasize that
our model predicted the variability of LPV/r and ritonavir con-
centrations in patients with COVID-19 in accordance with clin-
ically observed data (Figure 1). Furthermore, it should be noted
that the determination of the lowest IL-6 cutoff associated with
a significant change in pharmacokinetics may be less relevant
for patients with COVID-19, as the most part presented signifi-
cantly elevated IL-6 values which are likely to inhibit metabolism
(Table S1). The lowest IL-6 concentration measured in our clin-
ical study was 13 pg/ mL” and the resulting LPV/r concentration
was predicted within the 95% confidence interval of the model
(Figure 1a, Table S1). Furthermore, given the lag time between
the elevation of IL-6 and the downregulation of CYPs,® IL-6
values may not accurately reflect CYP3A inhibition in the early
phase of the inflammatory response. Taken together, the pre-
sented inflammation model might not be robust to predict the
impact of very low IL-6 levels but is verified for its use in patients
with COVID-19 presenting a high level of inflammation in the
case of a severe cytokine storm.

Another limitation is that only the effect of IL-6 was considered,
but other inflammatory cytokines, such as interferons, can also im-
pact CYP enzymes; however, IL-6 has the most suppressive effect
on CYP enzymes iz vitro.! Furthermore, IL-6 has an impact on
other CYP enzymes9 and transporters,28 which were not evaluated
in this study due to a lack of clinically observed data in patients
with COVID-19. In addition, other physiological changes in pa-
tients with COVID-19 that might impact drug pharmacokinetics
were not considered in the model.

In conclusion, PBPK strategy can be effectively used to study
clinical scenarios and treatment management for novel diseases,
such as COVID-19. Our simulations suggest that CYP3A me-
tabolism is altered in patients with COVID-19 having increased
cytokine release. Caution is required when prescribing narrow
therapeutic index drugs (e.g., immunosuppressants, anticoagu-
lants, and anti-arrhythmics) particularly in the presence of strong

CYP3A inhibitors.
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Supplementary information accompanies this paper on the Clinical
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