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ABSTRACT 

Lopinavir/ritonavir, originally developed for treating the human immunodeficiency virus (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 (PBPK) model of lopinavir/ritonavir in Caucasian 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 EC50,unbound and EC90,unbound 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 to 

Caucasians, 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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INTRODUCTION
On December 31st, 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 5th July 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/ritonavir, a protease inhibitor 

therapy initially approved for the treatment of human immunodeficiency virus (HIV).2 This 

combination has attracted attention because of a long history of use, wide availability and 

evidence of efficacy against other coronaviruses such as MERS-CoV and SARS-CoV-1.3,4 

Lopinavir/ritonavir was tested in clinical trials globally through the SOLIDARITY trial conducted by 

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 anti-viral 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 tissue (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 unbound lung concentration of lopinavir achieved by 400/100 mg twice 

daily dose of lopinavir/ritonavir in both Caucasians and Chinese populations. Lopinavir (victim 

drug) exhibits complex drug-drug interactions with ritonavir (perpetrator drug), with cytochrome 

P450 (CYP450) mediated mechanism-based inactivation (MBI) dominating initially, followed by 

induction.7 While a minimal PBPK model was previously reported for lopinavir/ritonavir,8 it did not 

recapitulate the pharmacokinetic (PK) profile of the single dose administration 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 A
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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 validated 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 protein 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 concentrations in Caucasian 

and Chinese populations.16,17 Subsequently, we predicted the optimal dosing regimens required 

to reach the efficacious lung concentrations in both populations.
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METHODS 
PBPK model development  
Middle-out PBPK models of lopinavir and ritonavir were built using population-based Simcyp 

Simulator version 19 (Certara, Simcyp Division, Sheffield, UK). In particular, a perfusion-limited 

full PBPK distribution model was implemented to permit prediction of tissue concentrations. 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  while the maximal inactivation rate constant 

(Kinact) for MBI of CYP3A4 by lopinavir was optimized according to Wagner et al.8 For ritonavir, 

extensive 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 define the 

complex time-dependent inhibition and induction of lopinavir metabolism by ritonavir21. Finally, an 

active hepatic scalar was empirically fitted to achieve an optimal induction of LPV 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 repeated dosing of 400/100 mg twice daily regimen for 

Caucasian and Chinese populations using the Simcyp Healthy Volunteers and Chinese Healthy 

Volunteers population database, respectively. Simulated results were visually inspected by 

overlaying clinical plasma concentration-time profiles (extracted using WebPlotDigitizer, San 

Francisco, California, USA) with model predictions.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), half-

life (t1/2) and minimum 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 lopinavir’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) A
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assessment against SARS-CoV-2 was performed by predicting if lopinavir reaches therapeutic 

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  Since lopinavir 

is a poor substrate of uptake or efflux transporters and its cellular entry occurs passively,29,30 it 

follows the free drug hypothesis. Accordingly, at steady state, free concentration of lopinavir is 

same on both sides of any biomembrane.31 Therefore, Cu,WBC and Cu,lung were calculated using 

equation 1:
Cu,tissue = Cplasma × fu,p = Ctissue × fu,tissue                                          (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 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 readily 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 equation 2, 

fu =   
1

1 + Ka.fu,prot.Pt
                                                                   (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, equation 2 was 

analyzed using Graphpad Prism 8 (GraphPad Software, La Jolla, CA, USA) to determine 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 Caucasian and Chinese populations, simulations were performed with gradually 

increasing combinations of loading and maintenance doses in order to reach Cu,lung values A
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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. 
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RESULTS

PBPK model validation in Caucasian and Chinese populations
Simulated plasma concentration-time profiles for single and repeated twice daily doses of 

400/100 mg lopinavir/ritonavir in Caucasian 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 (Table 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 Caucasians 

increased to 6.02 L/h due to the induction of CYP3A4 by ritonavir. The predicted CL/F after 

repeated dosing in Caucasians 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) compared to Caucasians (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 

Caucasian 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 and 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 while 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 concentrations were achieved in lung tissue for both Caucasian (unbound lung 

Cmax = 0.130 µg/mL) and Chinese populations (unbound lung Cmax = 0.200 µg/mL) (Figure 2A 
and B). 

As protein binding has a major impact on both unbound tissue 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 Caucasian populations (Fig 2C). 
The total lung Cmin (15.72 µg/mL) was approximately 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 A
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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 incubation 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, beginning 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 

Caucasian population, two hypothetical loading doses of 1600/400 mg followed by a maintenance 

dose of 1400/350 mg lopinavir/ritonavir twice daily was needed to achieve sufficient free lung 

concentration 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 

two loading doses of 1200/300 mg followed by twice daily dosing of 1000/250 mg 

lopinavir/ritonavir (unbound lung Cmax = 0.479 µg/mL). 
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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 measurements, such as in vitro EC50,unbound values for inhibition of 

viral replication. As only the free drug is available to engage its pharmacological target, such 

PK/PD correlations require comparison of unbound tissue concentrations with unbound in vitro 

dose-response assessments. This is a crucial, but often neglected consideration, 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 presence of lopinavir in fluid and cells obtained from 

bronchoalveolar lavage of HIV-infected patients receiving lopinavir/ritonavir indicate 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 versus 

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 measurements of free 

lung concentrations are invasive and difficult to obtain, hence PBPK modeling is a useful tool to 

obtain such information.34

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 Caucasian population. The PBPK model was able 

to accurately predict the increase in lopinavir’s Cmax and AUC0-t after a single dose of lopinavir 

before and 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 extrapolation to the Chinese population, 

and here we demonstrate that the model recovered the observed lower CL/F and greater t1/2 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 accumulate 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 A
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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. Since lopinavir/ritonavir is clinically efficacious 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 values 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 utilised 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. While Ohashi et al. and Yamamoto et al. 

determined EC50 values 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 evidence indicates that SARS-CoV-2 utilises 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 pharmaceutical 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 target site is critical as it is the 

free drug that exerts its pharmacological action.31 In Caucasian 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 observed; 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 administered to either Caucasian or Chinese populations. A
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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/ritonavir 

treatment arm in hospitalised COVID-19 patients 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 Caucasian population, efficacious concentrations can be 

reached in lungs on administration of two loading doses of 1600/400 mg followed by maintenance 

doses of 1400/350 mg twice daily lopinavir/ritonavir dose. For Chinese population, two loading 

doses of 1200/300 mg followed by maintenance doses of 1000/250 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 

aspartate aminotransferase and/or alanine aminotransferase levels in three 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 concentration-

dependent prolongation of QT interval at the highest 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 COVID-

19 patients 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, while the most common adverse effects 

were nausea, vomiting and diarrhoea.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 GI 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. Firstly, the fu,lung value used to predict  Kp,lung was 

determined using tissue homogenate and may not describe the intracellular drug binding 

accurately.18 Secondly, due to limited availability of Chinese pharmacokinetic data, extensive 

validation of the Chinese model was not possible in the present study. Thirdly, local and systemic 

inflammation, or mechanical interventions such as intubation may modify drug binding, 

distribution or clearance in COVID-19 patients. For example, cytokine storms observed in COVID-A
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19 patients may lead to a suppression of CYP3A enzyme activity, leading to decreased 

metabolism of lopinavir and greater systemic exposure.43 These factors could not be accounted 

for in the model. Finally, we utilized measurements 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 

measurements 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 efficacy. It can occur due to a PK/PD disconnect as a result of 

inadequate 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 modeling to determine 

tissue concentrations that can be correlated to in vitro PD data to make meaningful predictions 

about drug efficacy. 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 strategy 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.
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STUDY HIGHLIGHTS (150 words)
1. What is the current knowledge on the topic?

Recent reports indicate that lopinavir inhibits the in vitro replication of SARS-CoV-2 but it is 

uncertain if lopinavir exhibits clinical efficacy. We developed a physiologically-based 

pharmacokinetic (PBPK) model to predict unbound lung tissue concentrations of lopinavir when 

co-administered with ritonavir.

2. 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 effective unbound lung concentrations necessary for inhibition of SARS-CoV-2; (2) 

the optimal dosing regimens required in both Caucasian and Chinese populations; and (3) 

whether this optimal dosing regimen is clinically safe.

3.  What does this study add to our knowledge?

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. 

4. How might this change clinical pharmacology or translational science?

Our study exemplifies the utility of PBPK modeling to predict tissue concentrations for building 

pharmacokinetic/pharmacodynamic (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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FIGURE LEGENDS 
Figure 1.  Simulated lopinavir plasma concentration-time profile in (A) Caucasians 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) Caucasian 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 concentration-time profiles in (D) Caucasians and (E) 
Chinese 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, while the dashed line represents the 

EC50,unbound value against HIV. The symbols (2, 2, 28, 28, 22, 22, 23, 26, 27, 24, 

25) represent the reported clinical data.

Figure 2. Simulated lopinavir unbound lung concentration-time profiles in (A) Caucasians and 

(B) Chinese after repeated doses of lopinavir/ritonavir 400/100 mg twice daily. (C) 
Comparison of lopinavir total and unbound lung concentration-time profiles in Caucasians 

after repeated doses of lopinavir/ritonavir 400/100 mg twice daily. (D) Simulated lopinavir 

unbound lung concentration-time profiles in both Caucasians and Chinese after various 

dosing regimens. The solid black line represents the simulated mean lopinavir unbound lung 

concentrations (A, B and D) with the 95th and 5th percentile of population levels bounded by 

the grey shaded area, while the dashed blue and red lines represent EC50,unbound-1 and 

EC90,unbound values against 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.

SUPPLEMENTAL FILES

1. Table S1
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Table 2. Predicted versus observed pharmacokinetic parameters of lopinavir after a repeated oral dose of lopinavir/ritonavir 400/100 mg twice 

a day in Caucasian population at steady state. 

PK 

Parameter 

Predicted Observed 

Mean Geo. Mean Median 

Study 1
2 

Study 1
 

Study 1
 

Study 2
22 

Study 2
 

Study 3
23

 Study 4
27

 Study 5
26

 Study 6
24

 

Mean Mean Mean Mean Mean Mean Mean Geo. Mean 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 - 5.78
a 

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 (h) 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 versus observed values. 

a 
Ctrough reported instead of Cmin.  
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Table 3. Predicted versus 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 

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

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 (h) - - - 13.81 10.61 10.68 12.33 

P/O ratio - - - - - - 0.86a 

a 
Predicted steady state values were used

 
to obtain the P/O ratio.  

P/O ratio represents the fold-difference between predicted versus observed value. 
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Table 4. Predicted mean pharmacokinetic parameters of unbound lopinavir in the lungs after increasing doses of lopinavir/ritonavir in Caucasian 

and Chinese populations at steady state. 

Loading 

Dose (mg) 

Maintenance 

Dose (mg) 

Caucasian 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 

1000/250 800/200 BD 0.221 0.106 2.008 0.379 0.240 3.815 

1200/300  1000/250 BD 0.272 0.128 2.453 0.479 0.301 4.786 

1400/350 1200/300 BD 0.353 0.148 3.042 - - - 

1600/400 1400/350 BD 0.414 0.174 3.567 - - - 

BD refers to twice daily dosing. 

Two loading doses were administered before the maintenance dosing. 
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A B C 

D 

0.8 

0.0 

0.4 

Time (h) 

600/150 mg x 2 LD  
400/100 mg BD 

800/200 mg x 2 LD 
600/150 mg BD 

1000/250 mg x 2 LD 
800/200 mg BD 

1200/300 mg x 2 LD 
1000/250 mg BD 

800/200 mg x 2 LD 
600/150 mg BD 

1200/300 mg x 2 LD 
1000/250 mg BD 

600/150 mg x 2 LD 
400/100 mg BD 

1600/400 mg x 2 LD 
1400/350 mg BD 

120 60 180 240 120 60 180 240 120 60 180 240 120 60 180 240 

1.2 

0 

0.8 

0.0 

0.4 

1.2 

120 60 180 240 120 60 180 240 120 60 180 240 120 60 180 240 0 

EC50,unbound-1  = 0.386 µg/mL 

EC90,unbound = 0.806 µg/mL 

EC50,unbound-2 = 0.721 µg/mL 

EC50,unbound-1  = 0.386 µg/mL 

EC50  = 1.09 µg/mL 
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