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Purpose: Paclitaxel liposome (Lipusu) is the first commercialized liposomal formulation of paclitaxel. There has been little data collected on the pharmacokinetics (PK) of paclitaxel liposome, especially in relation to patient use. This study aimed to build a population pharmacokinetic (PopPK) model and further explore the exposure–safety relationship for paclitaxel liposome in patients with non-small cell lung cancer (NSCLC).

Methods: Data from 45 patients with a total of 349 plasma concentrations were analyzed. The PopPK model was built using the non-linear mixed effect modeling technique.

Results: The PK of paclitaxel liposome were well described by a three-compartment model with first-order elimination. For a dose of 175 mg m–2, the estimated clearance of total plasma paclitaxel was 21.55 L h–1. Age, sex, body weight, total bilirubin, albumin, serum creatinine, and creatinine clearance did not influence the paclitaxel PK. Exposure to paclitaxel had no significant change in the presence of the traditional Chinese medicine, aidi injection. The exploratory exposure–safety relationship was well described by a generalized linear regression model. Higher probabilities of grade >1 neutropenia were observed in patients with higher exposure to paclitaxel.

Conclusion: This PopPK model adequately described the PK of paclitaxel liposome in patients with NSCLC. Predicted exposure of paclitaxel did not change in the presence of the traditional Chinese medicine, aidi injection. The exposure–safety analysis suggested that a higher risk of neutropenia was correlated with higher exposure to paclitaxel.
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INTRODUCTION

Liposome, like other nanoparticles (1–3), had been widely developed to deliver various drugs due to its good permeability and stability. It can also improve the solubility of drugs, prolong the residence time in circulation, and increase accumulation in tissues. Paclitaxel liposome (Lipusu®) is the first commercialized liposomal formulation of paclitaxel, which was developed by Luye Sike Pharmaceutical (Nanjing, Jiangsu, China). In this formulation, paclitaxel was encapsulated by liposomes, 400 nm in diameter, composed of lecithin and cholesterol (4). It overcame the issues of paclitaxel insolubility and replaced Cremophor EL, which could cause severe hypersensitivity reactions (5). This preparation was approved by the State Food and Drug Administration of China in 2006. To date, it has been widely used in the treatment of various tumors including breast (6), gastric (7), ovarian, and non-small cell lung cancer (NSCLC) (8, 9).

In combination with cisplatin, Lipusu and Cremophor-based paclitaxel are both standard therapies for lung squamous cell carcinoma. Preclinical data has shown that Lipusu had similar antitumor activity to that of Cremophor-based paclitaxel (10). In clinical studies, researchers compared the efficacy and toxicities between Lipusu and Cremophor-based paclitaxel. These results demonstrated that there were comparable efficacies and lower incidence rates of serious hypersensitive reactions in the Lipusu group, but the incidence of other toxicities associated with paclitaxel, such as neutropenia, neurologic toxicities, and alopecia, had no significant difference (6, 7, 11). These adverse effects can still potentially limit dose intensification and impact drug efficacy. However, a few studies reported the pharmacokinetic (PK) profile of Lipusu in patients and its potential relations to toxicities. In addition, a traditional Chinese medicine, aidi injection, as an adjunctive treatment of paclitaxel-based chemotherapy for NSCLC, is now widely used in clinical practices (12, 13). Co-administration of Aidi injection has raised the potential issue of drug–drug interaction. At present, the effect of aidi injection on Lipusu PK is not fully understood. Therefore, in this study, we collected plasma samples from patients with lung squamous cell carcinoma after intravenous administration of Lipusu. We tried to develop a population pharmacokinetic (PopPK) model to characterize the PK profile of Lipusu, and to further evaluate the effect of various factors, including co-administration with aidi injection, on its PK. The exposure–safety analysis was also investigated.



MATERIALS AND METHODS


Patients

Study data were collected from patients in Cancer Hospital, Chinese Academy of Medical Sciences, from June 2015 to August 2018, who were enrolled in a single-center clinical trial. All participants provided written informed consent. All procedures performed in this study were in accordance with the Good Clinical Practice guidelines and the Declaration of Helsinki. The protocol was approved by the Institutional Review Board of Cancer Hospital, Chinese Academy of Medical Sciences, Beijing, China (approval number: 15-123/1050). This study was registered in the Chinese Clinical Trial Registry (registry number: ChiCTR2000029106).

In our study, all the patients had cytologically or histologically confirmed squamous cell NSCLC. Only one patient had also been reported there exist some localized cells with adenoid-like features. They were required to have Karnofsky Performance scale score greater than 70, have symptoms that were recurrent after surgery, or to have had no systematic therapy before. All the subjects had to be aged 18–70 years with an expected survival period longer than 3 months. Participants also had to meet the following inclusive criteria: they had no radiotherapy or other chemotherapy within 3 weeks prior to and throughout the study; had adequate hematopoietic function with absolute neutrophils counts higher than 1.5 × 109 L–1 and platelet counts higher than 100 × 109 L–1, and adequate hepatic and renal function with alanine transaminase (ALT), aspartate aminotransferase (AST), and total bilirubin and creatinine less than 2.5-folds of upper limit values; and they should not have taken hepatic metabolism enzyme inducers or inhibitors within 4 weeks of the trial. The subjects who had active infections, serious medical diseases, or were accompanied by other types of tumors were excluded.



Study Design

The patients received an intravenous infusion of paclitaxel liposome over 3 h at 175 mg m–2 on the first day, followed by a dose of cisplatin at 75 mg m–2 or carboplatin at 4–5 area under the curve (AUC) on the second day in a 3-week cycle. The actual administration dose of paclitaxel liposome was rounded to the nearest vial size. The premedication prior to paclitaxel liposome contained dexamethasone (10 mg, ivgtt), diphenhydramine (50 mg, im), and cimetidine (300 mg, ivgtt). In the second cycle, aidi injection (compound preparation, 100 mL) was administrated prior to chemotherapy. The rest of the medication was the same as that in the first cycle.

Sparse sampling was applied in this study. Blood samples (4 mL) were taken at 1.5 h (during the infusion), 3 h (immediately at the end of infusion), 4 h, 6 h, and 21 h after the administration of paclitaxel liposome. The total paclitaxel concentrations, including encapsulated and unencapsulated paclitaxel, were measured because the encapsulated part was found to be indistinguishable from the total plasma paclitaxel. Plasma samples were separated by centrifugation at 1,000g at 4°C and kept at −80°C until analysis.



Sample Analysis

A validated liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) method for the determination of total plasma paclitaxel was applied (14). The high-performance liquid chromatographic separation was carried out on a reversed-phase C18 column (3.0 μm, 3.0 mm × 75 mm, Imatakt Unison UK, Japan) with a mobile phase of methanol–water (containing 0.05% formic acid). The total chromatographic run time was 4.5 min. Mass detection was operated on an API 5500 triple-quadrupole mass spectrometer with an electrospray interface (AB MDS Sciex, Applied Biosystems, United States). The settings of mass spectrometry were as follows: spray voltage 3.0 kV; source temperature 500°C; ion source gas1 (GS1) 40 psi, ion source gas2 (GS2) 40 psi; curtain gas (CUR) flow 25 psi; and collision gas (CAD) 7 psi; declustering potential (DP) 60 eV; enterance potential (EP) 10eV; collision energy (CE) 25 eV and collision cell exit potential (CXP) 17 eV. Nitrogen was used as the nebulizer and collision gas. Quantification was performed with multiple reaction monitoring (MRM) mode based on the transitions of m/z 854.2→286.2 for paclitaxel. The qualitative analysis was performed based on the transition of m/z 854.2→569.3. The structures of parent and daughter ions had been shown in Figure 1. Data were collected and analyzed by AB Sciex Analyst software Version 1.6.2. The assay was linear over a concentration range of 10–10,000 ng mL–1 with a lower limit of quantification of 10 ng mL–1. The extraction recoveries of paclitaxel were in the range of 72.45%–83.9%. The precision for intra-day ranged from 4.04% to 10.36% and for inter-day ranged from 8.69% to 9.8%. The trueness for intra-day and inter-day was in the range of −1.33%–9.38% and 0.58%–6.42%, respectively. The stability of paclitaxel was investigated under various conditions as followed: kept in an autosampler for 12 h, at −80°C for three months, and through three freeze-thaw cycles. The mean concentrations were all in the range of −7.55%–9.29% of nominal concentrations. This method could be applied to determine the concentrations of paclitaxel.
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FIGURE 1. Structures of parent ion (m/z 854.2) and daughter ions (m/z 286.2 and m/z 569.3) for paclitaxel.




Model Development and Evaluation

Population PK was performed using a non-linear mixed effect modeling technique (NONMEM, version7.3, ICON Development Solutions) (15). Two- and three-compartment models were evaluated to describe the concentration-time data and visual inspection of concentration-time plots. The candidate model was tested with various modifications. The model involved two-cycle data. Inter-individual variability assumed lognormal distributions which were modeled for each structural parameter as follows:
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Where Pi represents the parameter for the ith individual, PTV is the natural logarithm of the typical value of the parameter in the population, and ηi are random inter-individual variables with mean zero and variance of ω2.

Residual variability was modeled as follows:
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where Cij and [image: image] represent the jth observed and predicted concentration, respectively, for the ith individual; εprop,ij is the proportional portions of intra-individual variability with means of zero and variances of σprop2.

The clinical relative covariates were examined for their impact on model parameters. Potential covariates included sex, age, weight, total bilirubin, albumin, serum creatinine, creatinine clearance, and co-administration with aidi injection. Covariate analysis included a two-step process. Firstly, the scatter plots of selected parameter estimates from the base model vs potential covariates were conducted. Secondly, a strategy including a stepwise forward addition and a backward deletion was applied to build up the full covariate model.

The model was validated by a bootstrap re-sampling technique. Monte Carlo method was used for random sampling with replacement of the original dataset for estimating variance and comparing it with the original population parameters. Visual predictive check (VPC) was applied for graphically assessing the appropriateness of the compartment model prediction. The 1,000 sets of concentration values were simulated and compared with the observed data to evaluate the predictive performance of the model.



Exposure–Safety Analysis

The exposure–safety analysis was performed using a generalized linear regression modeling approach. Due to the insufficient data across different grades, the analyses were not stratified by grade. Safety data about neutropenia were collected from electronic medical records, which included any grade according to the NCI Common Terminology Criteria for Adverse Events (CTCAE) 4.0. The individual post hoc PK parameters and dosage were used to calculate the AUC. Generalized linear regression models were tested as appropriate to describe adverse effects.



Statistical Analysis

Pharmacokinetics analysis was performed using NONMEM v7.3. The Stepwise Covariate Model (SCM) module in Perl-speaks-NONMEM (PSN) software (version 3.2.12) was used for covariate screening, identification, and model assessment. R 3.5.1 was applied to show graphs. All statistical tests were performed at a significant level of 0.05.



RESULTS


Patients

A total of 349 data points from 45 subjects with squamous cell NSCLC in two cycles were analyzed for PK measurement. All the concentrations were above the limit of detection. Two patients dropped out of the trial in cycle 2 because they gave up the treatment. The baseline demographics (Table 1) showed that 91% of subjects were male. The median age of these individuals was 59 years, and their median creatinine clearance was 101.1 mL min–1.


TABLE 1. Patient characteristics at baseline.
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PK Parameter Estimates


Model

The PK profile of paclitaxel liposome was adequately described by a three-compartment disposition model with first-order elimination. The model included parameters for central clearance (CL), the central volume (Vc), deep peripheral volume (Vp1), shallow peripheral volume (Vp2), and distribution clearance (Q). The final PopPK model included the following parameter relations:

[image: image]

The estimated population CL value of paclitaxel from the final PopPK model was 21.55 L h–1 (95% CI, 18.59–25). The estimated deep peripheral volume (Vp1) was 44.15 (95% CI, 36.5–53.39). The Inter-individual variability was 20.65% for CL and intra-individual variability (σ1) expressed as the residual error was 44.55%. Median values of PopPK parameter estimates from bootstrapping were similar to the parameter estimates of the developed model with 95% CI. The final model sufficiently described the data. The final estimated parameters from the PopPK model were listed in Table 2.


TABLE 2. The final population pharmacokinetic parameters of paclitaxel liposome.
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Model Validation

The general goodness-of-fit plots were presented in Figure 2. There was a good agreement between predicted and observed concentrations of total plasma paclitaxel. No apparent bias was found in the residual plot. The VPCs for overall data also showed that the final model sufficiently described the data (Figure 3).


[image: image]

FIGURE 2. Goodness-of-fit plots for the final population pharmacokinetic model. Individual predicted plasma concentrations (IPRED) (upper left panel) and population predicted plasma concentrations (PRED) (upper right panel); conditional weighted residuals versus times (lower left panel) and population residuals versus population predictions of total plasma paclitaxel (lower right panel).
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FIGURE 3. Visual predictive checks (VPCs) of total paclitaxel plasma concentrations for the final model. Open circles represent the individual observed concentrations. The solid line and dashed lines represent median and 95% confidence intervals of observed concentrations, separately. The shaded area is 95% confidence prediction intervals for the median (red) and the 2.5th and 97.5th percentiles of the results of 1,000 times simulation of the pharmacokinetic final model (blue).




Covariate Analysis

Parameter–covariate relationships were investigated. Age, sex, body weight, total bilirubin, albumin, serum creatinine, and creatinine clearance had no statistically significant influence on the inter-individual variable of CL. In the cycle 2 regimen, aidi injection was administrated before the infusion of Lipusu. There was no significant PK change of total plasma paclitaxel observed between the two cycles (Figure 4). No covariate effects were found on any of the model parameters.
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FIGURE 4. The mean total plasma concentration–time curves of paclitaxel without concomitant use of aidi injection in cycle 1 (solid line) and with concomitant use of aidi injection in cycle 2 (dashed line).




Exposure–Safety Analysis

The probability of a patient developing a neutropenia grade over 1 increased with the exposure to paclitaxel (AUC) (Figure 5). A generalized linear regression model adequately described the data. The final model was applied:


[image: image]

FIGURE 5. Model-predicted exposure–safety relationships for the probability of neutropenia grade over 1. Open circles reflect the observed events; filled circles are the observed responder probability; the error bars are the standard error for quantiles (at 10 percentiles) of exposures (plotted at the median value within each quantile). The shaded area represents the 90% confidence interval from bootstrapping.
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where logit is the logit transform; P(NE > 1) represents the probability of a patient with neutropenia grade over 1.

The parameter estimates from the final logistic model with the probability of neutropenia were presented in Table 3. The results suggested higher AUC was significantly associated with a higher probability of a neutropenia grade over 1 (p = 0.0469).


TABLE 3. Model parameters for the probability of adverse effects.
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DISCUSSION

This is the first report on a PopPK model of paclitaxel liposome (Lipusu), which well described the PK profile of Lipusu in patients with squamous cell NSCLC. In our study, the PopPK of Lipusu showed a three-compartment model profile with first-order elimination from the central compartment. The total paclitaxel concentrations in plasma were measured as the dependent variable, including paclitaxel-liposome complex and free and protein-bound paclitaxel. The total paclitaxel concentrations showed a fast decline in the first phase followed by a relatively slow decline in the second phase, which may suggest a rapid distribution and a slow clearance from the peripheral compartment. The estimated population median CL is 21.55/1.84 (median body surface area)(11.71) L h–1 m–2, comparable with the CL of 12.3 ± 2.7 L h–1 m–2 reported in a publicly available report about the PK of Lipusu in patients with various tumors (16).

Various intrinsic factors, including age, sex, body weight, total bilirubin, albumin, serum creatinine, and creatinine clearance, and extrinsic factor such as concomitant aidi injection use had been evaluated, however, no significant parameter-covariate relationships were found. Paclitaxel is mainly metabolized by the liver and eliminated through biliary excretion (17). The hepatic function had an influence on conventional paclitaxel exposure (18). However, the present study only included patients with normal hepatic function, except for one patient with slightly elevated total bilirubin (35.5 μmol L–1). In addition, squamous cell lung cancer predominated in men, so more than 90% of the subjects in our study were male. This may partially explain the negative covariate effect.

Aidi injection is a traditional Chinese medicine, which is composed of cantharidin, ginsenoside, astragaloside, and acanthopanacis senticosi polysaccharide (19). It was widely used in China as an adjuvant treatment due to its anti-angiogenesis and immunoregulation effects. Aidi injection had been observed to have an inhibitory effect on the activity of CYP450 2C8 and 3A4 enzyme in the human liver microsome (20). However, no information is available on the effects of aidi injection on the PK of paclitaxel in vivo. Our data did not show the differences between PK profile of paclitaxel with and without aidi injection. Not only that, patients with a short hospitalization period for chemotherapy had no chance to receive multiple doses of aidi injection. Our results could provide a reference for co-administration with the two agents in clinical practices.

The final popPK model for paclitaxel liposome was evaluated using multiple methods. Goodness-of-fit plots showed a good agreement between observed and predicted data. Internal model evaluations VPC and bootstrap assessments gave evidence that the model was stable and adequate to describe the observed data. This popPK model was appropriate for subject exposure estimates for use in the exploratory evaluation of relationships between exposure and safety. Our model described a generalized significantly linear relationship between the exposure to paclitaxel and neutropenia grade over 1. This model suggested the profile of drug concentration-time vs the proliferation of the sensitive cell, which was common to chemotherapy drugs (21). The preliminary results revealed that the frequency of neutropenia may be dose- or schedule-dependent. At present, the maximum tolerated dose of Lipusu has not been reported. However, a Phase IV study for dose escalation with the designed maximum dose up to 300 mg m–2 has been carried out (22). This exploration of the relationship exemplified its role in dose recommendation for future studies.

There are some limitations to our study. First, it was a single-center study. Limited patients with normal hepatic and renal functions were included. Second, our popPK model requires external validation. Its predictive power needs to be further explored. Regardless, it is the first description of liposomal paclitaxel PK in NSCLC patients, which could provide a good foundation for future investigations.



CONCLUSION

The PopPK of paclitaxel liposome were well described by a three-compartment model with first-order elimination. No significant PK changes of paclitaxel were observed in the presence of the traditional Chinese medicine, aidi injection. The exposure–safety analysis showed a higher probability of neutropenia was associated with higher exposure to paclitaxel.
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