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Physiologically-Based Pharmacokinetic 
Modeling to Predict the Clinical Efficacy of the 
Coadministration of Lopinavir and Ritonavir 
against SARS-CoV-2
Aarzoo Thakur1,2,†, Shawn Pei Feng Tan1,2,† and James Chun Yip Chan1,2,3,*

Lopinavir/ritonavir, originally developed for treating HIV, is currently undergoing clinical studies for treating the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Although recent reports suggest that lopinavir exhibits  
in vitro efficacy against SARS-CoV-2, it is a highly protein-bound drug and it remains unknown if it reaches adequate 
in vivo unbound (free) concentrations in lung tissue. We built a physiologically-based pharmacokinetic model of 
lopinavir/ritonavir in white and Chinese populations. Our aim was to perform pharmacokinetic/pharmacodynamic 
correlations by comparing simulated free plasma and lung concentration values achieved using different dosing 
regimens of lopinavir/ritonavir with unbound half-maximal effective concentration (EC50,unbound) and unbound 
effective concentration 90% values of lopinavir against SARS-CoV-2. The model was validated against multiple 
observed clinical datasets for single and repeated dosing of lopinavir/ritonavir. Predicted pharmacokinetic 
parameters, such as the maximum plasma concentration, area under the plasma concentration-time profile, oral 
clearance, half-life, and minimum plasma concentration at steady-state were within two-fold of clinical values for 
both populations. Using the current lopinavir/ritonavir regimen of 400/100 mg twice daily, lopinavir does not achieve 
sufficient free lung concentrations for efficacy against SARS-CoV-2. Although the Chinese population reaches greater 
plasma and lung concentrations as compared with whites, our simulations suggest that a significant dose increase 
from the current clinically used dosing regimen is necessary to reach the EC50,unbound value for both populations. 
Based on safety data, higher doses would likely lead to QT prolongation and gastrointestinal disorders (nausea, 
vomiting, and diarrhea), thus, any dose adjustment must be carefully weighed alongside these safety concerns.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Recent reports indicate that lopinavir inhibits the in vitro 
replication of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) but it is uncertain if lopinavir exhibits 
clinical efficacy. We developed a physiologically-based phar-
macokinetic (PBPK) model to predict unbound lung tis-
sue concentrations of lopinavir when co-administered with 
ritonavir.
WHAT QUESTION DID THIS STUDY ADDRESS?
 We aimed to determine (1) if the recommended dose of 
400/100  mg of lopinavir/ritonavir twice daily reaches effec-
tive unbound lung concentrations necessary for inhibition of 
SARS-CoV-2; (2) the optimal dosing regimens required in both 

white and Chinese populations; and (3) whether this optimal 
dosing regimen is clinically safe.
WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
 The recommended dose for lopinavir/ritonavir does not 
reach therapeutic unbound lung concentrations against SARS-
CoV-2. A significantly larger loading and maintenance dose is 
necessary but may pose safety concerns. 
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 Our study exemplifies the utility of PBPK modeling to predict 
tissue concentrations for building pharmacokinetic/pharmaco-
dynamic (PK/PD) correlations of drugs and the need to account 
for the free fraction of drugs when making PK/PD assessments.
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On December 31, 2019, China notified the World Health 
Organization (WHO) regarding multiple cases of pneumonia in 
Wuhan, China. Today, this pneumonia is known as coronavirus 
disease 2019 (COVID-19) and has been found to be caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
virus leading to over 11.1 million positive cases and 528,000 deaths 
worldwide as of July 5, 2020.1 Repurposing existing drugs with 
proven human safety profiles is expected to provide an expedited 
route to rapidly identify effective pharmacotherapy against SARS-
CoV-2. One therapy currently of high interest is lopinavir/ritona-
vir, a protease inhibitor therapy initially approved for the treatment 
of the human immunodeficieny virus (HIV).2 This combination 
has attracted attention because of a long history of use, wide avail-
ability, and evidence of efficacy against other coronaviruses, such 
as Middle East respiratory syndrome coronavirus (MERS-CoV) 
and SARS-CoV-1.3,4 Lopinavir/ritonavir was tested in clinical 
trials globally through the SOLIDARITY trial conducted by the 
WHO and there are many instances of off-label, compassionate use 
by physicians to treat COVID-19.5 Despite widespread use, there 
is little evidence available in the literature to support its antiviral 
activity against SARS-CoV-2. In particular, Cao et al. reported 
that a recent randomized control trial on 199 critical patients with 
COVID-19 did not demonstrate significant clinical improvement 
in those receiving 400/100 mg lopinavir/ritonavir twice daily for 
14 days over standard of care.6 We hypothesized that one possible 
explanation for the lack of efficacy reported by Cao et al. could be 
insufficient unbound (free) concentrations of lopinavir in lung tis-
sue (Cu,lung) achieved by the dosing regimen used in the study.

To address this possibility, we utilized physiologically-based 
pharmacokinetic (PBPK) modeling to simulate the Cu,lung of 
lopinavir achieved by 400/100 mg twice daily dose of lopinavir/
ritonavir in both white and Chinese populations. Lopinavir (vic-
tim drug) exhibits complex drug-drug interactions (DDIs) with 
ritonavir (perpetrator drug), with cytochrome P450 (CYP450) 
mediated mechanism-based inactivation (MBI) dominating ini-
tially, followed by induction.7 Although a minimal PBPK model 
was previously reported for lopinavir/ritonavir,8 it did not reca-
pitulate the pharmacokinetic (PK) profile of the single dose ad-
ministration of 400/100 mg lopinavir/ritonavir, as the model was 
optimized for a repeated dosing regimen. Furthermore, the use of 
an empirical additional clearance component for the elimination 
of ritonavir, which in turn exerts a major influence on the systemic 
exposure of lopinavir, limited its mechanistic extrapolation to 
other populations (e.g., ethnic Han Chinese) with lower CYP450 
enzyme expression levels.9,10 Separately, a population PK model by 
Aspiroz et al.11 was recently utilized by Smith et al.12 to simulate 
the concentrations of lopinavir in plasma and lung and compared 
them with half-maximal effective concentration (EC50) values of 
lopinavir against HIV, SARS-CoV, and MERS-CoV. However, 
it was a top-down model and included an empirical time-varying 
lopinavir clearance in order to simulate the effects of simultaneous 
inactivation and induction on steady-state levels. This top-down 
approach would similarly limit mechanistic extrapolation to other 
populations.

Using over 40 sets of in vitro data, we built and rigorously val-
idated a middle-out, full PBPK model for lopinavir alone, and 

lopinavir/ritonavir using the Simcyp Simulator. The model was 
used to predict Cu,lung derived from human lung tissue-to-plasma 
partition coefficient (Kp,lung) values. As lopinavir is highly pro-
tein bound, the free fraction of lopinavir available to interact with 
pharmacological targets in human tissue and plasma is low.13 Such 
considerations influence the free fraction of lopinavir in in vitro 
assays, which in turn affects potency measurements.14,15 Therefore, 
we derived unbound EC50 (EC50,unbound) values against SARS-
CoV-2 from various literature reports and compared it against 
the predicted Cu,lung values to determine if clinically used doses 
of 400/100 mg twice a day would reach efficacious lung concen-
trations in white and Chinese populations.16,17 Subsequently, we 
predicted the optimal dosing regimens required to reach the effica-
cious lung concentrations in both populations.

METHODS
PBPK model development
Middle-out PBPK models of lopinavir and ritonavir were built using pop-
ulation-based Simcyp Simulator version 19 (Certara, Simcyp Division, 
Sheffield, UK). In particular, a perfusion-limited full PBPK distribu-
tion model was implemented to permit prediction of tissue concentra-
tions. For lopinavir, tissue Kp values were predicted using the corrected 
Poulin and Thiel approach (method 1), except for human Kp,lung, which 
was calculated from experimental values of unbound lopinavir fraction 
in lung (fu,lung) and plasma (fu,p).18 The hepatic metabolism of lopinavir 
by CYP3A4 was accounted for using microsomal kinetic parameters,2 
whereas the maximal inactivation rate constant for MBI of CYP3A4 by 
lopinavir was optimized according to Wagner et al.8 For ritonavir, exten-
sive metabolic kinetic parameters from recombinant CYP enzymes were 
coupled with intersystem extrapolation factors and incorporated into the 
model to account for its hepatic metabolism.19,20 Subsequently, lopinavir 
(substrate) and ritonavir (inhibitor) models were linked. Experimental 
values for MBI and induction of CYP3A4 by ritonavir were used to de-
fine the complex time-dependent inhibition and induction of lopinavir 
metabolism by ritonavir.21 Finally, an active hepatic scalar was empirically 
fitted to achieve an optimal induction of lopinavir metabolism. All the 
drug-specific parameters of lopinavir and ritonavir are listed in Table S1.

Model validation
Simulations were performed for an oral administration of single dose of 
lopinavir 400 mg, single dose of lopinavir/ritonavir 400/100 mg, and re-
peated dosing of 400/100 mg twice daily regimen for white and Chinese 
populations using the Simcyp Healthy Volunteers and Chinese Healthy 
Volunteers population database, respectively. Simulated results were vi-
sually inspected by overlaying clinical plasma concentration-time profiles 
(extracted using WebPlotDigitizer, San Francisco, CA) with model pre-
dictions.2,22–28 Thereafter, the PBPK models were validated using a two-
fold criterion to compare the clinically observed and model predicted 
PK parameters, such as the maximum plasma concentration (Cmax), area 
under the plasma concentration-time profile (AUC0–t), time needed to 
reach Cmax (Tmax), oral clearance (CL/F), terminal half-life, and mini-
mum plasma concentration at steady-state (Cmin).

Assessing pharmacodynamic efficacy against HIV and 
SARS-CoV-2
Once the PBPK model was validated, it was first used to assess lopina-
vir’s efficacy against HIV by comparing its unbound concentrations 
in white blood cells (Cu,WBC) with EC50,unbound value against HIV-
infected lymphocytes. This was done to verify that the current PBPK 
model is able to recapitulate the clinical efficacy of lopinavir against 
HIV. Likewise, the pharmacodynamic (PD) assessment against SARS-
CoV-2 was performed by predicting if lopinavir reaches therapeutic 
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concentrations in the lung. Cu,lung was compared with the EC50,unbound 
and EC90,unbound values of lopinavir against SARS-CoV-2-infected 
Vero E6/TMPRSS2 cells, respectively.16,17 Because lopinavir is a poor 
substrate of uptake or eff lux transporters and its cellular entry oc-
curs passively,29,30 it follows the free drug hypothesis. Accordingly, at 
steady-state, free concentration of lopinavir is the same on both sides 
of any biomembrane.31 Therefore, Cu,WBC and Cu,lung were calculated 
using Eq. 1:

where, Cu,tissue represents the unbound tissue concentration; Cplasma 
and Ctissue are the total plasma and tissue concentrations, respectively; 
and fu,tissue is the unbound fraction in tissues. As the Simcyp model 
does not possess a white blood cell (WBC) compartment, Cu,WBC was 
assumed to be the same as Cu,plasma. Cu,lung was calculated based on 
simulated total lung concentrations (Clung) and experimental fu,lung 
measurements.

The EC50,unbound value against HIV was obtained from literature.15 
EC50,unbound and EC90,unbound values against SARS-CoV-2 were not read-
ily available and had to be calculated as the product of EC50 or EC90 values 
reported by Ohashi et al. and Yamamoto et al.,16,17 and the free fraction of 
lopinavir in fetal calf serum (FCS) culture media (fu,media) obtained from 
Hickman et al.15 As Hickman et al. reported the free fractions of 1 µg/mL 
lopinavir in 5–50% FCS containing media, this was used to model the 
relationship between FCS content in media and fu,media, to obtain the free 
fraction in 2% FCS (used by Ohashi et al.).17 Yamamoto et al. used 5% 
FCS in their culture media.16 The model is defined by Eq. 2:

where, Ka is the association constant, fu,prot represents the fraction of 
unoccupied protein sites, and Pt is the total protein concentration. 
Keeping the product of Ka and fu,prot constant, Eq. 2 was analyzed 
using Graphpad Prism 8 (GraphPad Software, La Jolla, CA) to deter-
mine the fu,media in 2% FCS. The impact of protein binding on PK/
PD assessments were then assessed by comparing the predicted total 
and unbound lung concentrations of 400/100 mg twice daily lopinavir/
ritonavir with EC50 and EC50,unbound values of lopinavir against SARS-
CoV-2, respectively.

Dose optimization for SARS-CoV-2 therapy
In both white and Chinese populations, simulations were performed 
with gradually increasing combinations of loading and maintenance 
doses in order to reach Cu,lung values comparable with EC50,unbound and 
EC90,unbound values of lopinavir against SARS-CoV-2. The optimal dose 
was determined when the steady-state unbound lung Cmax reached the 
EC50,unbound value.

RESULTS
PBPK model validation in white and Chinese populations
Simulated plasma concentration-time profiles for single and 
repeated twice daily doses of 400/100  mg lopinavir/ritonavir 
in white and Chinese populations are shown in Figure 1a-c. 
Clinically observed and model predicted PK parameters were 
compared and the fold difference values were within the two-
fold criterion (Tables 1–3). After a single dose of lopinavir 
before and after the DDI with ritonavir, the predicted CL/F 
of lopinavir decreased drastically from a mean value of 373.83 
L/h to 3.49 L/h due to the profound inhibition of CYP3A4 
by ritonavir. CL/F of lopinavir was variable, depending on the 
duration of lopinavir/ritonavir therapy and the population as 

well. After repeated dosing of lopinavir/ritonavir, the predicted 
mean CL/F in white healthy volunteers increased to 6.02 L/h 
due to the induction of CYP3A4 by ritonavir. The predicted 
CL/F after repeated dosing in white healthy volunteers were 
greater than the Chinese populations (3.81 L/h), corresponding 
with observed clinical data.2,22,25 Predicted Cmax and AUC0–t 
were in turn greater in Chinese (20.00 µg/mL and 204.29 µg/
mL.h) in comparison to white healthy volunteers (13.02 µg/mL 
and 117.68 µg/mL.h).

Assessing efficacy against HIV and SARS-CoV-2 at clinical 
doses
The predicted lopinavir Cu,WBC after twice daily dosing of 
400/100  mg lopinavir/ritonavir in both white and Chinese 
populations were 100-fold higher than the EC50,unbound value 
of lopinavir against HIV (0.00069  ±  0.00006  µg/mL).15 The 
concentration-time profiles along with EC50,unbound values are 
shown in Figure 1d,e. The fu,media for lopinavir in 2% FCS was 
determined to be 0.355, which yielded an EC50,unbound value 
of 0.386  µg/mL and EC90,unbound value of 0.806  µg/mL against 
SARS-CoV-2 from Ohashi et al.,17 whereas the corresponding fu,-

media in 5% FCS was reported by Hickman et al. as 0.200, which 
yielded an EC50,unbound value of 0.721 µg/mL from Yamamoto et 
al.16 Using the same dosing regimen, a comparison of the Cu,lung 
with both EC50,unbound and EC90,unbound values of lopinavir against 
SARS-CoV-2 showed that insufficient unbound lopinavir concen-
trations were achieved in lung tissue for both white (unbound lung 
Cmax  =  0.130  µg/mL) and Chinese populations (unbound lung 
Cmax = 0.200 µg/mL; Figure 2a,b).

As protein binding has a major impact on both unbound tis-
sue concentrations and in vitro EC50,unbound values, we compared 
the juxtaposition of both total and unbound values at steady-
state after twice daily dose of 400/100 mg lopinavir/ritonavir in 
white populations (Figure 2c). The total lung Cmin (15.72 µg/
mL) was ~  15-fold greater than EC50 value of lopinavir from 
Ohashi et al. (1.09  µg/mL). However, the same was not true 
for comparison of unbound values. Cu,lung (a function of both 
plasma and tissue binding) was lower than the EC50,unbound value 
of lopinavir (a function of binding to protein within the incuba-
tion media).

Dose optimization for SARS-CoV-2 therapy
Different combinations of loading and maintenance doses of 
lopinavir/ritonavir were trialed to simulate Cu,lung values, be-
ginning with the 400/100  mg twice daily regimen currently 
tested in clinical trials (Figure 2d). The predicted unbound 
lung PK parameters are listed in Table 4. In the white popu-
lation, 2 hypothetical loading doses of 1,600/400 mg followed 
by a maintenance dose of 1,400/350  mg lopinavir/ritonavir 
twice daily was needed to achieve sufficient free lung concen-
tration at steady state (unbound lung Cmax  =  0.414  µg/mL) 
matching the lowest EC50,unbound value (0.386 µg/mL) reported 
by Ohashi et al. In the Chinese population, this was achieved 
with 2 loading doses of 1,200/300 mg followed by twice daily 
dosing of 1,000/250  mg lopinavir/ritonavir (unbound lung 
Cmax = 0.479 µg/mL).

(1)Cu,tissue=Cplasma× fu,p=Ctissue× fu,tissue

(2)fu=
1

1+Ka× fu,prot×Pt
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DISCUSSION
With the rapidly evolving COVID-19 crisis worldwide and the 
urgent need for effective pharmacotherapy against SARS-CoV-2, 
repurposing of existing drugs with proven human safety profiles 
provide an expedited route to effective treatment. This requires 
correlating the unbound lung concentrations with PD measure-
ments, such as in vitro EC50,unbound values for inhibition of viral 
replication. As only the free drug is available to engage its phar-
macological target, such PK/PD correlations require comparison 
of unbound tissue concentrations with unbound in vitro dose-re-
sponse assessments. This is a crucial, but often neglected con-
sideration, particularly for highly protein-bound drugs. Despite 
widespread clinical use, it remains unclear if the current dosing 

therapy of 400/100  mg lopinavir/ritonavir twice daily achieves 
efficacious lung concentrations against SARS-CoV-2. The pres-
ence of lopinavir in fluid and cells obtained from bronchoalveolar 
lavage of HIV-infected patients receiving lopinavir/ritonavir indi-
cate the possibility of lung penetration.32,33 Despite this evidence, 
a recently published clinical study reported that 400/100  mg 
lopinavir/ritonavir did not demonstrate a statistically significant 
benefit vs. standard of care in critical patients with COVID-19.6 
Determination of free lung concentrations of lopinavir could 
explain the observed failure of therapy. However, in vivo mea-
surements of free lung concentrations are invasive and difficult 
to obtain, hence PBPK modeling is a useful tool to obtain such 
information.34

Figure 1 Simulated lopinavir plasma concentration-time profile in (a) White healthy volunteers after a single oral dose of lopinavir/ritonavir 
400/100 mg with the inset describing the plasma concentrations of lopinavir 400 mg alone and in (b) white and (c) Chinese populations after 
repeated oral dose of lopinavir/ritonavir 400/100 mg twice a day with the inset describing a combined overlay of the steady-state predicted 
plasma concentration profile with observed clinical data points extracted from studies giving steady-state measurements. Simulated unbound 
lopinavir white blood cell (WBC) concentration-time profiles in (d) white healthy volunteers and (e) Chinese patients after repeated oral doses 
of lopinavir/ritonavir 400/100 mg twice daily. The solid black lines represent the simulated mean lopinavir concentrations with the 95th and 
5th percentile of population levels bounded by the grey shaded area, whereas the dashed line represents the EC50,unbound value against HIV. 
The symbols (▲ 2, ♦ 2, ⬛ 28, ⬤ 28, □ 22, ◯ 22, ◇ 23, Δ26, ▽ 27, +24, ×25) represent the reported clinical data.
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Using a linked full PBPK model of lopinavir and ritonavir, we 
were able to robustly recapitulate the AUC0–t, Cmax, Cmin, and 
CL/F of lopinavir after a single and repeated twice daily dosing 

of 400/100  mg lopinavir/ritonavir in the white population. The 
PBPK model was able to accurately predict the increase in lopina-
vir’s Cmax and AUC0–t after a single dose of lopinavir before and 

Table 1 Predicted vs. observed pharmacokinetic parameters of lopinavir after a single oral dose of lopinavir 400 mg and 
lopinavir/ritonavir 400/100 mg in the white population

PK parameter

Predicted Observed

Mean Geo. mean Median
Study 12

Mean
Study 228

Median
Study 2
Median

Lopinavir alone

Cmax, µg/mL 0.26 0.17 0.16 0.19 – –

P/O ratio 1.37 – –

AUC0–t, µg/mL.h 1.07 0.67 0.68 0.67 – –

P/O ratio 1.60 – –

Tmax, hours 1.65 1.60 1.61 2.30 – –

P/O ratio 0.72 – –

CL/F, L/h 373.83 597.01 588.24 597.01 – –

P/O ratio 0.63 – –

Lopinavir/ritonavir coadministration

Cmax, µg/mL 7.72 6.80 7.06 8.5 7.2 6.5

P/O ratio 0.91 0.98 1.09

AUC0–t, µg/mL.h 114.77 84.22 90.65 105.3 71.8 58.7

P/O ratio 1.09 1.26 1.54

Tmax, hours 3.97 3.80 3.83 5.2 – –

P/O ratio 0.76 – –

CL/F, L/h 3.49 4.75 4.41 3.80 5.57 6.81

P/O ratio 0.92 0.79 0.65

P/O ratio represents the fold-difference between predicted vs. observed value. CL/F was calculated by taking lopinavir dose of 400 mg divided by the 
corresponding AUC0–t.
AUC0–t, area under the plasma concentration-time profile; CL/F, oral clearance; Cmax, maximum plasma concentration; PK, pharmacokinetic; Tmax, time to 
maximum plasma concentration.

Table 2 Predicted vs. observed pharmacokinetic parameters of lopinavir after a repeated oral dose of lopinavir/ritonavir 
400/100 mg twice a day in the white population at steady-state

PK Parameter

Predicted Observed

Mean
Geo. 
Mean Median

Study 12

Mean
Study 1
Mean

Study 1
Mean

Study 222

Mean
Study 2
Mean

Study 323

Mean
Study 427

Mean

Study 526

Geo. 
Mean

Study 624

Geo. Mean

Cmax, µg/mL 13.02 10.83 10.92 9.58 10.36 9.58 12.9 12.3 11.17 9.81 11.90 11.97

P/O ratio – – – 1.36 1.26 1.36 1.01 1.06 1.17 1.33 0.91 0.91

AUC0–t, µg/mL.h 117.68 88.29 89.16 82.8 87.8 88.2 111.8 102.9 96.79 92.60 109 99.60

P/O ratio – – – 1.42 1.34 1.33 1.05 1.14 1.22 1.27 0.81 0.89

Cmin, µg/mL 6.18 3.21 3.77 – 4.66 5.31 6.5 5.2 5.33 5.51 – 5.78a

P/O ratio – – – – 1.33 1.16 0.95 1.19 1.16 1.12 – 0.56

CL/F, L/h 6.02 4.53 4.49 6.4 – – 4.24 4.52 – – 3.66 –

P/O ratio – – – 0.94 – – 1.42 1.33 – – 1.24 –

t1/2, hours 8.06 6.43 6.48 – 5.76 – 6.8 6.2 – – 8.7 –

P/O ratio – – – – 1.4 – 1.19 1.3 – – 0.74 –

P/O ratio represents the fold-difference between predicted vs. observed values.
CL/F, oral clearance; Cmax, peak plasma concentration; Cmin, minimum plasma concentration at steady-state; t1/2, terminal half-life.
aCtrough reported instead of Cmin.

ARTICLE



CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 108 NUMBER 6 | December 2020 1181

after the DDI with ritonavir, illustrating the rapid inhibition of 
lopinavir’s metabolism by ritonavir. The subsequent induction of 
CYP3A4 by ritonavir after repeated dosing of lopinavir/ritonavir 
was recapitulated by the increase in lopinavir’s CL/F moving from 
single to multiple doses. The mechanistic model also permitted ex-
trapolation to the Chinese population, and here we demonstrate 
that the model recovered the observed lower CL/F and greater 
terminal half-life in the Chinese subjects, which can be attributed 
to a smaller liver volume and lower abundance of CYP enzymes in 
the liver.9

Lopinavir is a perfusion-limited drug and is neither dependent 
on transporters for pulmonary entry nor undergoes elimination in 
the lung. Additionally, it is a neutral compound and does not accu-
mulate in the tissues due to pH-driven partitioning. Therefore, the 
unbound plasma concentrations can be regarded to be equivalent 
to unbound tissue concentrations. Based on these observations, we 
simulated the unbound concentrations of lopinavir in WBCs and 
lung tissue and juxtaposed these simulations against EC50,unbound 
values for inhibition of HIV and SARS-CoV-2 replication. The 
Cu,WBC was compared with EC50,unbound values against HIV to 
demonstrate that the current PBPK model can be extrapolated to 
make PD predictions. For inhibition of HIV, the model predicted 
Cu,WBC values were 100-fold higher than EC50,unbound values in 
HIV-infected WBCs. Because lopinavir/ritonavir is clinically ef-
ficacious against HIV treatment, the ability of the present model 
to recapitulate this efficacy through PK/PD correlation builds 
confidence both in the model and our approach. The robust PK/
PD correlation of lopinavir/ritonavir for HIV treatment suggested 
the possibility of a similar evaluation of therapeutic efficacy in the 
context of SARS-CoV-2.

Currently, to our knowledge, there are four reports of EC50 val-
ues of lopinavir against SARS-CoV-2,16,17,35,36 that exhibit high 
variability (15-fold difference) in the in vitro values. Of these, we 
utilized data from two reports, Ohashi et al. and Yamamoto et al. 
(extracted from pre-print manuscripts) to derive EC50,unbound values. 
Such potency values are influenced by several experimental factors, 

including host cell choice, multiplicity of infection, infection and 
treatment sequences, treatment duration, and readout method. 
Although Ohashi et al. and Yamamoto et al. determined EC50 val-
ues using Vero E6 cells expressing the TMPRSS2 serine protease, 
the remaining studies used unmodified Vero E6 and unmodified 
Vero cells respectively for EC50 measurements.35,36 Current evi-
dence indicates that SARS-CoV-2 utilizes the TMPRSS2 protease 
for viral spike protein priming, which is necessary for SARS-CoV-2 
viral entry.37 Furthermore, it has been found that the SARS-CoV-2 
RNA copies in the Vero E6/TMPRSS2 cell culture supernatants 
were >  100 times greater than those from Vero E6 cells.38 Thus, 
the Vero E6/TMPRSS2 cell system is more robust, sensitive, and 
well-suited for performing in vitro efficacy measurements of phar-
maceutical compounds against SARS-CoV-2, and here we utilized 
the EC50 values obtained from such cell systems.

Understanding the free/unbound drug concentration at the tar-
get site is critical as it is the free drug that exerts its pharmacological 
action.31 In white populations, comparison of the predicted total 
and unbound lung concentration of lopinavir (on administration 
of twice daily 400/100 mg lopinavir/ritonavir) with its EC50 and 
EC50,unbound against SARS-CoV-2 yield contrasting results. Even 
though the total lung concentration was greater than the EC50, 
when in vivo and in vitro protein binding were used to correct the 
corresponding lopinavir concentrations, the opposite trend is ob-
served; where Cu,lung is now lower than EC50,unbound, indicating a 
lack of efficacy. This highlights the importance of accounting for 
the free fraction of a drug, both in vivo and in vitro, in performing 
PK/PD correlation and assessing efficacy particularly for highly 
protein-bound drugs.

Our simulations show that none of the EC50,unbound values are 
reached by the Cu,lung when 400/100 mg twice daily dosing is ad-
ministered to either white or Chinese populations. Therefore, it is 
plausible that the failure of a 400/100 mg twice daily regimen for 
COVID-19 reported by Cao et al.6 could be due to insufficient 
free lung concentrations. During the writing of this manuscript, 
the WHO announced their decision to discontinue the lopinavir/

Table 3 Predicted vs. observed pharmacokinetic parameters of lopinavir after a repeated oral dose of lopinavir/ritonavir 
400/100 mg twice a day in Chinese population at day 4 and steady-state

PK Parameter

Predicted – Day 4 Predicted – Steady State
Observed – Day 425

Geo. MeanMean Geo. Mean Median Mean Geo. Mean Median

Cmax, µg/mL 18.48 15.20 14.34 20.00 15.72 14.39 15.29

P/O ratio – – – – – – 0.99

AUC0–t, µg/mL.h 186.91 142.18 141.40 204.29 147.08 142.08 134.70

P/O ratio – – – – – – 1.06

Cmin, µg/mL – – – 13.12 7.37 8.28 11.45

P/O ratio – – – – – – 0.64a

CL/F, L/h – – – 3.81 2.72 2.82 3.46

P/O ratio – – – – – – 0.79a

t1/2, hours – – – 13.81 10.61 10.68 12.33

P/O ratio – – – – – – 0.86a

P/O ratio represents the fold-difference between predicted vs. observed value.
CL/F, oral clearance; Cmax, peak plasma concentration; Cmin, minimum plasma concentration at steady-state; PK, pharmacokinetic.
aPredicted steady-state values were used to obtain the P/O ratio.
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Figure 2 Simulated lopinavir unbound lung concentration-time profiles in (a) White healthy volunteers and (b) Chinese patients after repeated 
doses of lopinavir/ritonavir 400/100 mg twice daily. (c) Comparison of lopinavir total and unbound lung concentration-time profiles in white 
healthy volunteers after repeated doses of lopinavir/ritonavir 400/100 mg twice daily. (d) Simulated lopinavir unbound lung concentration-time 
profiles in both white healthy volunteers and Chinese patients after various dosing regimens. The solid black line represents the simulated 
mean lopinavir unbound lung concentrations (a, b, d) with the 95th and 5th percentile of population levels bounded by the grey shaded area, 
whereas the dashed blue and red lines represent unbound half-maximal effective concentration (EC50,unbound-1) and EC90,unbound values against 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from Ohashi et al.17 and the dashed orange line represents the EC50,unbound-2 
value against SARS-CoV-2 from Yamamoto et al.16 In (c), solid black and blue lines represent lopinavir total and unbound lung concentrations, 
respectively, while the dashed black and blues lines represent EC50 and EC50,unbound-1 values against SARS-CoV-2 from Ohashi et al., 
respectively.17 LD and BD refer to loading dose and twice daily dosing, respectively.
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Table 4 Predicted mean pharmacokinetic parameters of unbound lopinavir in the lungs after increasing doses of lopinavir/
ritonavir in white and Chinese populations at steady-state

Loading dose, mg
Maintenance 

dose, mg

White Chinese

Cmax, µg/mL Cmin, µg/mL AUC0–t, µg/mL.h Cmax, µg/mL Cmin, µg/mL AUC0–t, µg/mL.h

600/150 400/100 BD 0.130 0.062 1.177 0.200 0.131 2.043

800/200 600/150 BD 0.172 0.085 1.577 0.288 0.184 2.908

1,000/250 800/200 BD 0.221 0.106 2.008 0.379 0.240 3.815

1,200/300 1,000/250 BD 0.272 0.128 2.453 0.479 0.301 4.786

1,400/350 1,200/300 BD 0.353 0.148 3.042 – – –

1,600/400 1,400/350 BD 0.414 0.174 3.567 – – –

BD refers to twice daily dosing.
Two loading doses were administered before the maintenance dosing.
AUC0–t, area under the plasma concentration-time profile; Cmax, maximum plasma concentration; Cmin, minimum plasma concentration at steady-state.
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ritonavir treatment arm in hospitalized patients with COVID-19 
taking part in the SOLIDARITY trials as well.39 A dose adjustment 
may therefore be necessary to increase free lung concentrations of 
lopinavir. Our simulations suggest that in the white population, ef-
ficacious concentrations can be reached in lung on administration 
of 2 loading doses of 1,600/400 mg followed by maintenance doses 
of 1,400/350 mg twice daily lopinavir/ritonavir dose. For Chinese 
populations, 2 loading doses of 1,200/300 mg followed by main-
tenance doses of 1,000/250  mg twice daily lopinavir/ritonavir is 
required. These elevated doses can plausibly reach Cu,lung similar to 
EC50,unbound values of lopinavir against SARS-CoV-2.

However, it is imperative to consider the safety of such dose 
escalations. The elevated doses are several times greater than the 
clinically used doses. We derived guidance from adverse events 
observed in two high-dose lopinavir/ritonavir studies. In the 
study by Podzamczer et al., administration of 667/167 mg twice 
daily lopinavir/ritonavir for 48  weeks led to elevation in aspar-
tate aminotransferase and/or alanine aminotransferase levels in 3 
subjects at an average lopinavir plasma Cmax of 16.2 μg/mL.40 In 
another study by Vicente et al., administration of 800/200  mg 
twice daily doses of lopinavir/ritonavir for 2.5 days led to a con-
centration-dependent prolongation of QT interval at the high-
est achieved plasma Cmax of 24.3  μg/mL (without Torsades de 
Pointes).41 Given that the plasma concentrations needed to reach 
EC50,unbound values are higher than this threshold, a dose increase 
of lopinavir/ritonavir in patients with COVID-19 will be limited 
by possible cardiotoxicity of the combination. In the results of the 
clinical trial published by Cao et al., a small proportion of patients 
with COVID-19 experienced QT prolongation at clinical doses of 
400/100 mg twice daily, whereas the most common adverse effects 
were nausea, vomiting, and diarrhea.6 Moreover, SARS-CoV-2 can 
also adversely affect the heart, either directly by infecting cardiac 
cells and/or indirectly by inducing a cytokine storm.42 Finally, the 
elevated doses are highly likely to result in gastrointestinal adverse 
effects, which may be dose-limiting. Therefore, in the absence of 
efficacy at clinical doses and the presence of safety concerns at 
higher doses, the utility of lopinavir/ritonavir to treat COVID-19 
should be revisited.

Our study has several limitations. First, the fu,lung value used to 
predict Kp,lung was determined using tissue homogenate and may 
not describe the intracellular drug binding accurately.18 Second, 
due to limited availability of Chinese PK data, extensive valida-
tion of the Chinese model was not possible in the present study. 
Third, local and systemic inflammation, or mechanical interven-
tions, such as intubation, may modify drug binding, distribution, 
or clearance in patients with COVID-19. For example, cytokine 
storms observed in patients with COVID-19 may lead to a sup-
pression of CYP3A enzyme activity, leading to decreased metab-
olism of lopinavir and greater systemic exposure.43 These factors 
could not be accounted for in the model. Finally, we utilized mea-
surements of lopinavir’s fu,media from a separate study to derive 
EC50,unbound. As estimations of EC50,unbound is sensitive to the value 
of fu,media, and fu,media, in turn, depends on the concentration of the 
drug, composition of the incubation media, and reagents used, our 
estimations of EC50,unbound may not be definitive. We recommend 
that future in vitro PD assessments of drugs known to have high 

protein binding should be accompanied with parallel measure-
ments of fu,media.

With a number of clinical trials investigating the efficacy of 
lopinavir/ritonavir,44 it is critical to highlight that the current 
dosing regimen may be ineffective pertaining to insufficient lung 
concentrations of lopinavir. The current work shows that presence 
of efficacy in in vitro models may not translate into in vivo effi-
cacy. It can occur due to a PK/PD disconnect as a result of inad-
equate free drug concentration at the site of action. This PK/PD 
correlation is an important aspect of drug repurposing and should 
be assessed prior to clinical trials using PBPK/PD modeling. Our 
work serves as an exemplary model for the utility of PBPK mod-
eling to determine tissue concentrations that can be correlated to 
in vitro PD data to make meaningful predictions about drug effi-
cacy. Furthermore, linking the model predictions with safety data 
is necessary when dose adjustments are being considered. We also 
believe that this timely report will help to guide treatment strat-
egy against the rapidly evolving SARS-CoV-2 pandemic. This is 
particularly important as there are currently over 10 clinical trials 
worldwide investigating the efficacy of lopinavir/ritonavir against 
COVID-19. We envisage greater adoption of PBPK modeling for 
evaluating anti-infectives against SARS-CoV-2 and other diseases 
in the future.

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