Differential Immunomodulating Effects of Pegylated Liposomal Doxorubicin Nanoparticles on Human Macrophages
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Abstract:
Purpose: The pegylated liposomal doxorubicin (PLD) has been widely accepted in treatment of various cancers. However, the composition of two currently marketed PLD nanoparticles differs in structure and composition of lipids, and their differential effects remain unknown. Macrophages of the mononuclear phagocyte system are pivotal in determining PLD clearance in vivo. The aim of this study was to compare the effect of these two PLDs on drug uptake, cell viability, morphology and immune function of human macrophages. Methods: Two PLD nanoparticles were used in this study. The major difference between PLD-D and PLD-H is that their phospholipid bilayers are composed of distearoyl phosphatidylcholine (DSPC) and hydrogenated soybean phosphatidylcholine (HSPC), respectively. Human CD14+ monocytes were isolated from peripheral blood to prepare macrophages. Comparative assays included: flow cytometry for detection of doxorubicin penetration into cells, MTT for cell viability, Trypan blue exclusion for cell membrane integrity, Liu's stain for morphologic evaluation, and inactivated yeast co-culture for phagocytosis. Results: The uptake of PLD-H was rapidly detected at 10 min and kept increasing to 4 h followed by a decline thereafter, whereas that of PLD-D had similar profile with much less doxorubicin fluorescence detected, indicating a greater amount of doxorubicin retention of PLD-H. PLD-H, at higher concentration, decreased the viability and impaired cell membrane integrity of macrophages with an extent greater than PLD-D. The morphological observation showed a more extensive necrosis in PLD-H-treated macrophages. The phagocytosis function of macrophage was inhibited with a greater extent in PLD-H-treated macrophages. Conclusions: The PLD containing HSPC may cause retention of doxorubicin with greater amount and longer period in human macrophages than that containing DSPC. This effect was accompanied by greater toxicity and more profound dysfunction. The correlation of this differential effect to clinical outcome remains to be extensively investigated by performing in vivo experiments or conducting clinical trials. 
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1. INTRODUCTION

The pegylated liposomal doxorubicin (PLD) has been widely accepted in treatment of various cancers including ovarian, breast cancer and Kaposi’s sarcoma (1-3). For patients with platinum-sensitive relapsed/recurrent ovarian cancer, the report from a phase III trial has demonstrated superiority in progression free survival and better therapeutic index of the combination of PLD with carboplatin compared with standard paclitaxel and carboplatin (4).

Given that liposomal nanoparticles, the effect as well as toxicity of these products might be different (5-7). The most commonly used two liposomal doxrubicin nanoparticles are composed of distearoyl phosphatidylcholine (DSPC) and hydrogenated soybean phosphatidylcholine (HSPC), respectively, in phospholipid bilayers (8). In preliminary clinical pratice, the toxicological profiles for PLD containing wither DSPC or HSPC have been reported different to mucosa lining in oral cavity and gastrointestinal tract and skin (8). Yet, no laboratory evidence supports the clinical findings.

Monocyte/macrophage lineage is known as the major type of cells which uptake and destructs the liposomal nanoparticles (9). This cell lineage plays an important role in innate immunity (10). The prolonged exposure of human monocyte-derived macrophages to adriamycin has been shown to promote caspase-independent cell death (11). Thus, the toxic effect of PLDs on monocyte/macrophage could be served as a model for evaluation of both drug clearance and normal cell toxicity for liposomal therapeutics.

In the present study we compared the effect of two clinically using PLDs on drug uptake, cell viability, morphology and immune function of human macrophages.
2. MATERIALS AND METHODS 

2.1. Isolation of Monocytes and Derivation Toward Macrophages
Human peripheral blood mononuclear cells were collected from healthy donors using Histopaque (Amersham Pharmacia Biotech, Piscataway, NJ, USA) density gradient centrifugation. Erythrocytes were removed by lysis solution containing 0.9% ammonium chloride. Subsequently, monocytes were purified by high-gradient magnetic sorting using the miniMACS system with anti-CD14 microbeads (Miltenyi Biotec, Bergisch Bladbach, Germany). The purity of monocytes was assessed by over 95% expression of CD14+ on flow cytometric analysis. Macrophages were derived by culturing these CD14+ monocytes in RPMI1640 medium supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, GA) at 37(C in a humidified 5% CO2 atmosphere.

2.2. Chemical and Reagents

Liposomal doxorubicin nanoparticles PLD-D and PLD-H were purchased from TTY Biopharm, Taiwan and Schering-Plough, Kenilworth, NJ, USA, respectively. Confluent cultures of cells were exposed to these drugs dissolved in phosphate buffered saline (PBS). Control cells were exposed to PBS only. The final concentration of PBS was adjusted to less than 0.1% (v/v). Before subjected to experiments by research assistants, these drugs were randomly labeled by principal investigator to ensure a blinded performance. In some experiments, the labels were switched to ensure the blinding and to test the reproducibility as a validation.

2.3. Cellular Uptake of PLDs

To estimate the cellular uptake of PLDs, macrophages were treated with PLDs at different time points and subjected to flow cytometry. Red (564-604 nm) flurescence emission from 104 cells illuminated with excitation light (488 nm) was detected and measured by using a FACScalibur flow cytometer (Becton Dickinson) with a CellQuest software.

2.4. Cell Viability Assessment

To determine the effect on cell viability, cells were treated with various concentrations of PLDs for 1-2 days. Cell viability was assessed by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide] assay. Briefly, 1 mg/mL MTT was added to the culture medium and the cells were incubated at 37(C for 4 h. the equal volume of acid isopropanal (0.04 M HCl in isopropanal) was added to dissolve the MTT dye inside the viable cells. The absorbance was measured at 570 nm using an ELISA reader.

2.5. Cell Membrane Integrity assay

To assess cell membrane integrity, cells were counted using the trypan blue (Gibco) dye exclusion method. Cells were collected by using 0.25% trypsin (Sigma) solution and were washed with PBS. The equal volumes of cell suspension and 0,4% trypan blue solution were mixed for counting the cell nymber. Trypan blue could not be uptake into macrophages with integrate cell membrane. Other than a viability assay, the trypan blue dye exclusion test could be used to estimate number of cells with intact or undamaged cell membrane (12).

2.6. Morphological Assessment

Macrophages were treated with tested with tested drugs, collected and were cytocentrifuged onto a microscope slide using a Cytospin (Shandon Southern Instrument Inc., Sewickly, PA). Cells were attained by Liu’s stain, a modified Wright’s method, with Liu A solution (containing eosin Y and methylene) for 45 seconds followed by Liu B (containing methylene blue and azure) solution for 90 seconds. The slides with stained cells were air-dried and observed under an inverted microscope (Olympus) at a magnification of 1000×.

2.7. Assay for Phagocytosis

The phagocytic activity was measured according to the previously published methods (13). Briefly, yeast was heat-inactivated to diminish infectively and avoid confusing with phagocytosis. Yeast suspension was prepared by suspending yeast in PBS at a density of 1×108/mL in stock. The cells collected from Day 5 cultures were washed, re-suspended (1×106/mL) in FCS-containing RPMI1640 medium and incubated with the yeast suspension (4×106/mL) at 37ºC for 30 min Then the cells were placed on a glass slide and observed under an inverted microscope. The yeast-containing cells were scored out of 200 cells.
2.8. Statistics

Data were expressed as mean±standard error of the mean (SEM). The changes in cell viability between PLD-D and PLD-H were analyzed by Student’s t-test and a p-value <0.05 was considered significant.
3. RESULTS
3.1 Cellular Uptake of PLDs and Retention of Doxorubicin by Macrophages

Macrophage uptake PLD-H and PLD-D in a concentration-dependent manner (Fig. 1). The uptake of PLD-H, estimated by doxorubicin fluorescence, was rapidly detected at 10 min and kept increasing to 4 h followed by gradual decline. Figure 1(A) demostrates the greater intensity of red fluorescence in macrophages. The estimation of fluorescence intensity was shown is Figure 1(B) and (C). Intriguingly, PLD-D had similar profile with much less amount detected, indicating a greater amount of doxorubicin retention of PLD-H in macrophages. In general, the uptake of PLD-H in macrophages was greater than PLD-D by factor of 2 approximately.
3.2 Viability and cell Membrane Integrity of Macrophages

After incubation with PLD-H by 10-20 M, it decreased the viability at 48 h (Fig. 2), whereas it impaired cell membrane integrity by 20 M at 48 h (Fig. 3) of human monocyte-derived macrophages with an extent greater than PLD-D. These changes in viability and cell membrane integrity were not significant by the shorter incubation period with PLDs. This differential effect at 48 h was compatible with the greater extent of doxorubicin retention in macrophage before 48 h.

3.3 Morphology of Macrophages

At non-toxic condition (20 M for 1 day), the macrophages treated with PLD-H possessed more cellular protruding in comparison with PLD-D. At day 2 and 3 with the same concentration (toxic condition), the morphological observation showed a more extensive necrosis in PLD-H-treated macrophages, compatible with more extensive reduction in viability and cell membrane integrity (Fig. 4). Furthermore, the size of cytoplasm and number of cytoplasmic vacuoles were much less in PLD-H-treated macrophages in comparison with controls and PLD-D-treated cells.
3.4 Function of Macrophages

The phagocytosis function of macrophages was inhinited with a greater extent in PLD-H-treated macrophages (Fig. 5). This differential effect was statistically significant at 5 and 10 M.

4. DISCUSSION

In the era of Liposomal therapeutics, it develops a novel issue that different constitutions of liposome may result in differential extent of known biological activity of the encapsulated drugs. Our results show that PLD containing HSPC caused greater amount and longer period of doxorubicin retention, greater toxicity and more profound dysfunction for human macrophages compared to DSPC-containing PLD.

Daemen et al. reported that infution of doxorubicin entrapped within conventional liposomes exhibited toxic effects on liver macrophages of the rats with respect to both phagocytic capacity and cell numbers (14). The monocyte/macrophage lineage, as frontline immune effectors, is known to be the major cell ontogency to uptake and destroy liposomal nanoparticles (9). This cell lineage in reticuloendothelial system plays an important role in innate immunity (10). Since tissue macrophages, including liver kupffer cells, are derived from circulating monocytes, the use of human peripheral blood CD14+ monocytes to generate macrophages may simulate physiological state in a proper way. Collectively, the drug uptake/retention and effect of PLDs on monocyte/macrophage in vitro, as performed in this study, could serve as a model for simultaneous evaluation of both drug clearance and normal cell toxicity for various preparations of liposomal therapeutics.


The different phospholipid compositions of PLDs caused different biodistribution and pharmacokinetics in vivo (15). The greater amount and longer retention of doxorubicin of PLD containing HSPC in macrophages may come from the different extent of steric hindrance by pegylation in macrophages (16). Among liposomal formulations containing cyclosporine A, formulations containing HSPC demonstrated maximum drug entrapment of 75.03±4.87% in comparison with 65.94±4.68% by DSPC. It indicates that HSPC could entrap more drug within liposomes (17). Given that the cellular effect of doxorubicin is concentration-dependent (18), it is legitimate to postulate that the greater toxicity and more profound dysfunction of PLD containing HSPC might be due to greater entrapment and longer period of retention of doxorubicin in macrophages.

 For the tumor control activity of PLDs containing different phospholipid, it is only in the same human subjects or experimental animals, receiving the same PLD formulation, killing tumor on the one hand, but also macrophages that diminish its half-life in circulation on the other hand, that will culminate in tumor control, and patient survival. And in spite of experimental observations less or more doxorubicin uptake, it is only when such patiemts are put into the clinical context of a randomized phase III trial with head to head comparison of te two different formulations of oegylated liposomal doxorubicin, that the clinical impact in terms of the pivotal parameters of progression free survival or overall survival can be irrevocably determined.


In conclusion, the PLD containing HSPC may cause retention of doxorubicin with greater amount and longer period in human macrophages than that containing DSPC. This effect was accompanied by greater toxicity and more profound dysfunction. The validation of this in vitro effect should be performed by in vivo studies or clinical trials.
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