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Abstract

:

Cancer treatment has been greatly improved by the combined use of targeted therapies and novel biotechnological methods. Regarding the former, pegylated liposomal doxorubicin (PLD) has a preferential accumulation within cancer tumors, thus having lower toxicity on healthy cells. PLD has been implemented in the targeted treatment of sarcoma, ovarian, breast, and lung cancer. In comparison with conventional doxorubicin, PLD has lower cardiotoxicity and hematotoxicity; however, PLD can induce mucositis and palmo-plantar erythrodysesthesia (PPE, hand-foot syndrome), which limits its use. Therapeutical apheresis is a clinically proven solution against early PLD toxicity without hindering the efficacy of the treatment. The present review summarizes the pharmacokinetics and pharmacodynamics of PLD and the beneficial effects of extracorporeal apheresis on the incidence of PPE during chemoradiotherapy in cancer patients.
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1. Introduction


As a result of their non-selective effects, the use of conventional cytostatics is often influenced by dose-limiting toxicity, the point in which it affects both the tumor and normal cells. Therefore, a relatively narrow dosing range is necessary to both prevent such adverse/toxic effects and maintain its antitumor activity.



A solution to this problem was found in targeted nanoparticle-based drug delivery systems (DDSs) [1,2,3], which allow the delivery of an active substance into the target tissue simply by altering the pharmacokinetics and toxicological profile of the parent drug [4,5]. This targeted distribution is based on both the enhanced permeation and retention effect (EPR) of tumors [6,7,8], an effect that has been known for more than 30 years [9]. Under physiological conditions, the endothelium and basement membrane of the blood vessels prevent the passage of nanoparticles into the adjacent tissue because the tight junctions between endothelial cells are too small for particles greater than 20 nm in diameter. In contrast, the angiogenic blood vessels in many solid tumors are pathologically disorganized and often possess pathological covariates, such as endothelial fenestrations, increased capillary permeability, and defective lymphatic drainage (Figure 1A,B), which lead to tumor hyperpermeability [6,10,11]. The EPR effect is influenced by tumor type and size; in this regard, pancreatic, colon, breast, and stomach cancers have a great capacity for nanoparticle accumulation. Tumor perfusion and inflammation, among others, can also influence this accumulation capacity [12].



Targeted distribution depends greatly upon the physicochemical properties of the nanoparticles in question. There are three essential parameters governing the vascular dynamics of these drug carriers: pair collision force, deformation-induced lift force, and shear gradient force, all of which are determined by its size, shape, stiffness, and surface functionality. These “4S” properties are strongly correlated with the “passive tumor-targeting” characteristics of a nanoparticle [13].



It is possible to reduce the toxicity of a drug by removing the excess nanoparticles from circulation. This can be achieved by therapeutical apheresis provided that the pharmacokinetics profile of these nanoparticles is reliable (see below). In our previous clinical study, we used a modified double plasma filtration (DFPP) protocol. The original method is performed in two steps, which involve conventional plasma filtration and a second therapeutic plasma filtration using special filters [14]. In our case, plasma filtration was first performed by centrifugation using a separator and later passed through a special filter, where the main therapeutic process was done [15]. The efficacy and safety of these methods were evaluated in solid tumor patients treated with pegylated liposomal doxorubicin. The present review presents an overview on the pharmacokinetics and pharmacodynamics of PLD as well as the beneficial effects of extracorporeal apheresis in the prevention of PPE during the treatment of cancer patients.




2. Pegylated Liposomal Doxorubicin (PLD)


Non-liposomal doxorubicin, also known as adriamycin, is an anthracycline antibiotic composed of a fluorescent tetracyclic chromophore (doxorubicione, the planar phenoxazone actinosine) linked to a positively charged amino sugar. The drug enters a cell through a flip-flop-based mechanism across the membrane [16], later entering into the nucleus through the nuclear pore complex. Doxorubicin was assumed to have minimal back diffusion from the tumor into peripheral blood, which was confirmed in an animal model [17]. Once in the nucleus, the planar phenoxazone ring of doxorubicin allows it to intercalate between adjacent guanine-cytosine base pairs in the cell’s DNA. The stability of this complex is sufficient to block its transcription by RNA polymerase II [18]. In addition, doxorubicin interacts with mitochondria through its affinity with cardiolipin and with intracellular iron, thus generating a high quantity of reactive oxygen species (ROS). The generation of ROS by doxorubicin is enhanced in cardiomyocytes by the presence of intracellular non-chelated iron [19]. Since cardiomyocytes are much more sensitive to oxidative stress, these free radicals are responsible for the unusual and often irreversible cardiotoxic effects of doxorubicin [20].



PLD, on the other hand, is a formulation of doxorubicin hydrochloride encapsulated in polyethylene glycol-coated stealth liposomes of 65–100 nm in diameter. The pharmacokinetic highlights of PLD are characterized by its dramatically reduced distribution system and its long period of elimination (clearance rate) [20]. Concerning the former, the major advantage of PLD lies in the efficient delivery and accumulation of doxorubicin within a solid tumor, i.e., kinetic targeting [8,21,22], which has been demonstrated in various animal studies [17,23]. However, the distribution of PLD also depends upon other pathological covariates; in some cases, PLD can be present in ascitic fluid and pleural effusion several days after drug administration, meaning that its systemic distribution is significantly increased [24,25]. Regarding its period of elimination, PLD is able to prevent the rapid clearance of doxorubicin by the reticuloendothelial system. The clearance of pegylated liposomes, and that of PLD, is determined by either its degradation, e.g., phagocyte uptake, aggregation, pH-sensitive breakdown, etc., or by content release [26]; in the latter case, the released doxorubicin is eliminated by the kidneys or by hepatic metabolism. Due to its therapeutic characteristics, PLD has been approved for the treatment of ovarian and breast cancer, multiple myeloma, and Kaposi sarcoma [27]. In patients with ovarian cancer, the use of PLD is only advantageous, concerning disease progression, in cases of “platinum-sensitive” disease and second-line treatment [24].




3. Side Effects of PLD Treatment


The toxicological profile of PLD is vastly different from that of non-liposomal doxorubicin. Due to the reduced distribution of polyethylenglycol-coated stealth liposomes, the toxicodynamic properties of doxorubicin are greatly diminished, resulting in significantly lower cardiotoxicity, milder myelosuppression, and a greatly reduced incidence of alopecia. Typically, the cumulative dose of doxorubicin is restricted to 450 mg/m2 whereas that of PLD can be as high as ≤900 mg/m2 [28].



However, the prolonged circulation time of PLD also results in the release of doxorubicin in healthy tissues. In this regard, the skin is the major site of liposome accumulation; therefore, PLD treatment could induce a significant liposome uptake and increase the risk of hand-foot syndrome (palmar-plantar erythrodysesthesia) [29]. This increased uptake has been ascribed to mucous tissue and membranes, thus resulting in dose-limiting serious events [29,30].



The palmar-plantar erythrodysesthesia (PPE) syndrome culminates in painful erythema and swelling, especially in the areas commonly exposed to pressure, such as the hand palms and the soles of the feet, followed by skin desquamation and re-epithelization. The severity of PPE may range from mild erythema to severe skin damage causing temporary invalidity to the patient (Figure 2). It must be mentioned that this skin affection is temporary, and the patients show a complete restitution after 2–3 weeks [21,31]. Dosage reduction seems to have little impact on the occurrence of PPE.



On the other hand, mucositis usually occurs in the form of stomatitis, although rare cases of pharyngo-esophagitis and vulvo-vaginitis have also been reported [32]. The incidence of mucositis has been strongly associated with the amount of PLD administered in a single dose, unlike PPE, which is instead associated with continuous dosing, i.e., dose/time interval between dose administration [33,34]. PPE and mucositis are the most common adverse effects of PLD treatment (Table 1).




4. Therapeutic Removal of PLD through Double Plasma Filtration (DFPP)


Once a tumor becomes saturated with doxorubicin, most of the administered dose remains in circulation in the plasma, contributing to the toxicity observed in peripheral tissues. The antitumor activity and toxicity of PLD is often credited to its pharmacokinetics [30,33]. Regarding the former, its optimum time of exposure is estimated between 48 and 72 h post infusion, when the maximum concentration is achieved in the tumor (CTmax) [24]. It is believed that the spontaneous release of the cytostatic agent from the pegylated liposomes in circulation (leakage) could contribute to toxicity [38]. A previous study confirmed a maximum 10% exposure to non-liposomal doxorubicin under a PLD treatment, which is significantly lower in comparison with conventional doxorubicin treatments [25]. After reaching CTmax in the tumor, the ideal scenario would be to achieve the complete removal of circulating PLD. To such end, DFPP following plasma segregation has been found to be an effective and safe method in this regard [14,22,39]. This strategy enables the efficient extracorporeal removal of circulating PLD by promoting its low extent of distribution, negligible plasma protein binding, and a prolonged drug elimination rate. DFPP and the modifications used in our clinical study have two main steps. In the first, plasma filtration is performed using a separator whereas that in the second step PLD is eliminated using a special filter (Figure 3) [39].



Through the implementation of DFPP, the CARL trial was the first study to reduce PLD toxicity in patients suffering from breast cancer [14,22]. In that study, PLD was administered in doses of 40 mg/m2 every 3 weeks in combination with 2 × 25 mg/m2 vinorelbine (neoadjuvant treatment of breast cancer, 12 patients) or as 40 mg/m2 every 4 weeks (recurrent ovarian cancer, 3 patients). The primary endpoints of the study were to evaluate the efficiency and safety profile of DFPP, whereas its secondary endpoints tried to determine its toxicity and tumor response. As a result, it was found that DFPP scheduled at 44–48 h post dose decreased PLD exposure by 62% and no DFPP-related toxicity was observed. Only five grade 2 events and one grade 3 event of mucositis, neutropenia, or leucopenia were observed, and a single grade 2 palmar-plantar erythrodysesthesia case was reported in relation to the PLD treatment. No spontaneous leakage was described. Further, a >30% reduction in tumor size occurred in 10/12 (neoadjuvant) and in 1/3 (recurrent) patients.



In the Czech clinical study [15,39,40], a modified plasma filtration protocol was used in patients with platinum-resistant ovarian cancer, proving that its PLD removal efficiency was rather high [40]. The project EudraCT number 2016-000971-26 was approved by the Ethics Committee of Charles University and the Faculty of Medicine in Hradec Králové number 201506S30P and by the State Institute for Drug Control Czech Republic number SUKLS 74616-2016. The efficiency of 2–3 h plasma filtration PF scheduled at 44–46 h post dose was considered high enough regarding the removal of PLD (a standard dose 50 mg/m2 in 1-h IV infusion every 28 days at the beginning of each chemotherapy cycle). Further, this study was the first to estimate the individual native of the pharmacokinetics of PLD prior to plasma filtration, accounting for both independent and plasma filtration-related variables, determining that the mean plasma filtration clearance rate was 42-fold more efficient when compared to its native clearance. Although the PLD fraction eliminated in vivo is comparable to that eliminated by plasma filtration: 31% (10) vs. 34% (7) [25], it is significantly longer (44–46 h) when compared to PF (2–3 h). Regarding PF-related adverse effects, only one case of grade 3 PPE was observed after a second PLD dose, leading to the interruption of the treatment. The occurrence of only one case in this regard is in contrast with previous phase III trial reports, which showed an incidence as high as 50% [36]. The risk of PPE can be significantly higher in the presence of comorbid pathologies, such as cutaneous reflux, increased lymphatic vessel permeability, and the availability of collecting channels, all of which can be observed in severe venous insufficiency patients. Throughout our clinical experience, we have observed few instances of adverse effects in relation with plasma filtration (7%). In contrast, median progression-free survival (PFS) was 3.6 months (1.5–8.1) whereas overall survival (OS) was 7.5 months (1.7–26.7), and 33% of the treated patients achieved stable disease and 62% displayed disease progression.



However, it is difficult to compare the previous CARL trial with our Czech study. The patients with breast cancer involved in the former were treated with a combined PLD + vinorelbine therapy, while the patients from the latter were under ovarian cancer monotherapy. From a methodological standpoint, we can prove that our DFPP modified method is clinically safe and has little to no adverse effects. Moreover, DFPP seems to be more efficient in removing PLD from the circulation than other methods excluding the use of a separator, although no relevant clinical data from the antitumor activity in the CARL trial therapy is available to make a proper comparison. This method is not without its shortcoming, though, as the efficient removal of PLD depends upon the technical equipment of the workplace and the staff’s experience with therapeutic plasma filtration.




5. Future Perspectives


Excess PLD can be removed without affecting its overall concentration in the tumor or hindering its antitumor activity provided that plasma filtration is appropriately scheduled [23]. Therefore, correct PLD dosing and plasmapheresis timing is crucial for an effective and safe treatment, as demonstrated in a previous animal study [23]. In such a report, plasmapheresis scheduled 24 h after the administration of PLD interfered with its therapeutic efficacy, whereas when applied at 36 h post administration, the antitumor efficacy of PLD could be preserved with the added benefit of reduced doxorubicin toxicity [23].



Ideally, future therapeutic strategies could implement plasma filtration and postpone its application until 72 h after PLD administration to improve its antitumor activity. Moreover, the dose fraction removed during the previous cycle could be supplemented in the next one. To optimize the treatment’s timing and strategy, mathematical modeling could also be implemented to determine the pharmacokinetics and dynamics of the therapeutic drugs [41,42]. In this regard, recent mathematical models have described the dynamics of the tumor’s size following anticancer drug treatment [43].



Anthracyclines are very effective radiosensitizers [44,45], i.e., PLD and radiation therapy result in a greater antitumor effect for the latter. However, the concurrent use of radiotherapy and anthracycline-based chemotherapy has a considerably high toxicity, thus limiting its use [46]. Further, a recall phenomenon has been reported for this group of cytostatics due to an acute inflammatory reaction induced at previously irradiated sites [47,48]; such an effect can be observed after months or years of chemotherapy completion [47,49].



Achieving a higher concentration of anthracyclines within the tumor while diminishing its accumulation in healthy or sensitive tissues by means of plasma filtration would very likely result in a significantly greater antitumor effect and lower radiotoxicity. The combination of both treatments seems particularly advantageous against tumors sensitive to both radiotherapy and anthracyclines, such as breast carcinomas or sarcomas. In addition to radiotherapy, it may be possible to combine the therapeutic removal of excess circulating drugs with other modalities, such as hyperthermia [50,51,52], that can increase the effectiveness of chemotherapy through thermolabile liposomes, e.g., hyperthermia increases both PLD extravasation and doxorubicin release from liposomes in animal models [53,54]. While the advances made in clinical radiotherapy have driven many technological innovations, continuous improvement relies on the rational combination of different therapeutic strategies. Undeniably, the improved understanding of cancer biology will propel the field of radiotherapy forward by allowing the integration of novel nanotechnology-based treatments [55,56].
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Figure 1. Targeted distribution of nanoparticles and EPR effect in tumors. (A)—PLD transport through solid tumors. Compared to normal tissues, tumors have a disorganized microvascular network with fenestrated capillaries and often lack lymphatic vessels. Such pathological covariates result in enhanced permeability and retention (EPR). ECM—extracellular matrix; EPR—enhanced permeability and retention; PLD—pegylated doxorubicin. (B)—EPR effect in tumors. PLD is distributed through tumors by diffusing freely in the extracellular microenvironment, after which it can be transported by cell binding and/or internalization. Some of the mechanisms regulating this transport include molecular diffusion, tumor interstitium hindrance, cell density, cell binding affinity, internalization, and systemic clearance. Adapted from [7], Dove Medical Press, 2017. 
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Figure 2. Palmar-plantar erythrodysesthesia (PPE or hand-foot syndrome). A 64-year-old patient with platinum-resistant ovarian cancer was included in the first Czech clinical study (EudraCT number 2016-000971-26). The study was approved by the Ethics Committee of Charles University and the Faculty of Medicine in Hradec Králové number 201506S30P and by the State Institute for Drug Control Czech Republic number SUKLS 74616-2016. The patient was treated with a 1-h IV infusion of 50 mg/m2 of PLD/cycle without plasma filtration. PPE (grade 3) was observed during the second cycle, which was treated with corticosteroids, antibiotics, and analgesics for three weeks. 
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Figure 3. DFPP as modified by our group (using a separator). The modified method was performed in the following manner: Cell-free plasma was obtained by centrifuging the samples in a quality separator (Cobe-Spectra or Optia, Terumo, Likewood, OA, USA) and filtered through an Evaflux 4A filter (Kawasumi, Tokio, Japan) with ethylene-vinyl alcohol hollow fibers (pore diameter of 0.03 µm). Both the plasma flow and volume were calculated by the computer included in the instrument. Anticoagulation: ACD-A (Baxter, Munchen, Germany) 1:15 and a basic bolus of 4000 units of heparin i.v. were administered [39]. (1) Red arrow—peripheral blood collection; (2) Blue arrow—plasma collection; (3) Green arrow—waste. (4) Black arrow—the blood-cell separator. (5) Orange arrow—application of heparin and analysis of plasma. 
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Table 1. PLD toxicity as observed in our clinical trials.
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	Toxicity
	Gordon et al. (2000) [35] n = 89 *
	Gordon et al. (2001) [36] n = 239 *
	Colombo et al. (2012) [37] n = 409 *
	Kubeček et al. (2020) [15] n = 15 **





	Anemia (Any Grade)
	35 (39.3%)
	85 (35.6%)
	88 (21.5%)
	5 (33.3%)



	Grade 3 to 4
	12 (13.5%)
	13 (5.4%)
	15 (3.7%)
	0



	Thrombocytopenia (Any Grade)
	n/a
	31 (13.0%)
	n/a
	2 (13.3%)



	Grade 3 to 4
	n/a
	3 (1.3%)
	n/a
	0



	Neutropenia (Any Grade)
	33 (37.1%)
	84 (35.1%)
	89 (21.8%)
	0



	Grade 3 to 4
	14 (15.7%)
	29 (12.1%)
	41 (10.0%)
	0



	PPE (Hand-foot syndrome)
	37 (41.6%)
	117 (49.0%)
	171 (41.8%)
	1 (6.7%)



	Grade 3 to 4
	18 (20.2%)
	55 (23.0%)
	55 (13.4%)
	1 (6.7%)



	Mucositis (Any Grade)
	31 (34.8%)
	95 (39.7%)
	176 (43.0%)
	1 (6.7%)



	Grade 3 to 4
	8 (9.0%)
	20 (8.4%)
	41 (10.0%)
	0



	Nausea (Any Grade)
	34 (38.2%)
	n/a
	188 (46.0%)
	6 (40.0%)



	Grade 3 to 4
	6 (6.7%)
	n/a
	24 (5.9%)
	1 (6.7%)



	Vomiting (Any Grade)
	17 (19.1%)
	n/a
	131 (32.0%)
	4 (26.7%)



	Grade 3 to 4
	4 (4.5%)
	n/a
	24 (5.9%)
	0



	Constipation (Any Grade)
	n/a
	n/a
	143 (35.0%)
	3 (20.0%)



	Grade 3 to 4
	n/a
	n/a
	11 (2.7%)
	0



	Fatigue (Any Grade)
	37 (41.6%)
	n/a
	190 (46.5%)
	2 (13.3%)



	Grade 3 to 4
	8 (9.0%)
	n/a
	34 (8.3%)
	0







* Without plasma filtration. ** With plasma filtration.
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