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Abstract: Liposomes hold great potential as gene and drug delivery vehicles due to their
biocompatibility and modular properties, coupled with the major advantage of attenuating the
risk of systemic toxicity from the encapsulated therapeutic agent. Decades of research have been
dedicated to studying and optimizing liposomal formulations for a variety of medical applications,
ranging from cancer therapeutics to analgesics. Some effort has also been made to elucidate the
toxicities and immune responses that these drug formulations may elicit. Notably, intravenously
injected liposomes can interact with plasma proteins, leading to opsonization, thereby altering the
healthy cells they come into contact with during circulation and removal. Additionally, due to
the pharmacokinetics of liposomes in circulation, drugs can end up sequestered in organs of the
mononuclear phagocyte system, affecting liver and spleen function. Importantly, liposomal agents
can also stimulate or suppress the immune system depending on their physiochemical properties,
such as size, lipid composition, pegylation, and surface charge. Despite the surge in the clinical use of
liposomal agents since 1995, there are still several drawbacks that limit their range of applications.
This review presents a focused analysis of these limitations, with an emphasis on toxicity to healthy
tissues and unfavorable immune responses, to shed light on key considerations that should be factored
into the design and clinical use of liposomal formulations.
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1. Introduction

Liposomes are vesicular structures composed of one or more concentric lipid bilayers surrounding
an aqueous cavity [1–4]. The bilayers are predominantly composed of phospholipids, where the
polar head groups interface with the outer and inner aqueous phases and the hydrophilic tails are
sequestered within the bilayer [4]. Since their discovery by Alec Bangham in the 1960s [5,6], liposomes
have been studied extensively as drug delivery vehicles due to their capacity to load both hydrophilic
and hydrophobic agents, as well as their high biocompatibility and tunable size, charge, and surface
properties [1–4]. Liposomal encapsulated drugs first reached the clinic in 1995 with the US Food
and Drug Administration (FDA)-approval of Doxil (liposomal doxorubicin) for the treatment of
AIDS-related Kaposi′s sarcoma, and Doxil was later approved to treat ovarian cancer and multiple
myeloma [7]. Since the FDA approval of Doxil, numerous liposomal formulations have been employed
in the clinic for a wide array of applications, including cancer therapeutics, fungal disease treatment,
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analgesics, photodynamic therapy, and viral vaccine delivery [8,9]. However, despite the increasing
prominence of liposomal drugs in the clinic, there is still limited knowledge regarding their toxicological
effects on healthy cells and tissues, as well as the immunological responses they can elicit.

Phospholipids, the primary building blocks of liposomes, are amphipathic molecules, meaning
they have a hydrophilic region (e.g., polar phosphate head) and a hydrophobic section (e.g., non-polar
fatty acid tail). When hydrated in an aqueous solution under artificial conditions, phospholipids
spontaneously organize into liposomes due to their thermodynamic phase properties and
self-assembling characteristics [10]. The physio-biochemical characteristics of liposomes can be
modified by altering the types and ratios of phospholipids, as well as incorporating cholesterol into
the bilayer and decorating the liposomal surface with polyethylene glycol (PEG). These modifications
can have drastic effects on healthy cells and tissues, as well as activate or suppress the immune
system. These complex interactions therefore have immense implications for the clinical use of
liposomal formulations and will be discussed in depth later in this review. Extensive research has
been done to develop a variety of techniques to achieve optimized liposome formation and drug
loading. Incorporating therapeutic agents into liposomes can be achieved either during liposome
formation (e.g., passive loading) or after liposome formation (e.g., active loading). Passive loading
can be further divided into three categories: mechanical dispersion methods, solvent dispersion
methods, and detergent removal methods [2,11,12]. Alternatively, active loading can be accomplished
by establishing a pH gradient, causing the unionized drugs that penetrate the lipid bilayer to become
ionized due to the low pH within the liposome, resulting in entrapment [13,14]. FDA approval has been
granted for both passively loaded liposomal agents (e.g., Visudyne®and AmBisome®) and actively
loaded liposomal agents (e.g., Doxil, Myocet®, and Onivyde®) [15]. Most of the clinically used
liposome-based products are administered by intravenous (IV) injection, though some are also given
by intramuscular injection (e.g., Inflexal®V and Epaxal®), by epidural injection (e.g., DepoDur™),
or by intrathecal injection (e.g., Depocyt®) [8].

Liposomes are particularly useful for delivering hydrophobic agents, which otherwise have
poor solubility in aqueous solutions and limited bioavailability [16,17]. Verteporfin (also known
as benzoporphyrin derivative), for example, is a hydrophobic photosensitizer that is used for
photodynamic therapy, a light-based therapeutic modality. While verteporfin self-aggregates in
aqueous solutions, liposomal verteporfin (marketed as Visudyne®) has improved solubility for IV
administration and is FDA-approved to treat wet age-related macular degeneration [18,19]. To date,
Visudyne®is being evaluated in multiple clinical trials for photodynamic therapy of cancer due in
part to its favorable pharmacokinetic profiles (i.e., rapid clearance), leading to low phototoxic skin
reactions [20]. In addition to improving drug solubility, liposomes have a variety of other advantages
as drug delivery vehicles, such as high biocompatibility, modifiable physicochemical and biophysical
properties, and protection of large drug payloads from degradation, inactivation, and dilution in
circulation [3,21]. Liposomes are also being engineered to deliver drugs to parts of the body that are
exceptionally difficult to access (e.g., central nervous system) [22]. Intravenously-injected liposomal
drug formulations provide the additional benefit of preferentially accumulating in tumor tissues due
to the enhanced permeability and retention (EPR) effect, thereby incorporating an inherent mechanism
for passive tumor targeting [23,24].

Another key advantage is that liposomal encapsulation of drugs increase the therapeutic index
by decreasing the accumulation of drugs in organs and other healthy tissues [23–25]. For example,
anthracyclines, a group of potent chemotherapeutics, can induce severe cardiotoxicities, including
cardiomyopathy and congestive heart failure. This limits the range of doses that can be safely
administered. Using liposomes to deliver doxorubicin, one of the most widely used and most
cardiotoxic anthracyclines, avoids drug accumulation in myocardial tissues, improving the overall
response rates and attenuating the risk of cardiotoxicity [26,27]. For instance, liposomal encapsulation
of doxorubicin increased the median lethal dose (LD50) by approximately 2-fold in mice (32 vs.
17 mg/kg) and 1.5-fold in beagle dogs (2.25 vs. 1.5 mg/kg) compared to free form doxorubicin [28].
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Similarly, liposomal encapsulation of irinotecan (i.e., Onivyde®), another chemotherapeutic agent used
in multiple solid organ cancers, enables improved pharmacokinetics, increased maximum tolerable
dose, and protection of irinotecan from hydrolysis-mediated inactivation in circulation [29]. Though
liposomes have demonstrated the ability to reduce the accumulation of drugs in some organs and
healthy tissues, they tend to reroute them to other sites. A meta-analysis concluded that on average,
less than 1% of nanoparticles end up delivered to solid tumors [30]. This underscores a key problem
for liposomal agents, which largely accumulate in organs associated with the mononuclear phagocyte
system (MPS), where they can impair liver function by attenuating phagocytic capacity and depleting
macrophages [31].

While liposomes are used to reduce systemic toxicity from the encapsulated agents, the liposome
itself can impart toxicity to normal tissues and elicit an immune response (Figure 1). Cationic liposomes,
which are largely studied for gene delivery, are known to elicit toxicity in macrophages, macrophage-like
cells, and monocyte-like cells, as well as alter the secretion of important immuno-modulators [32–34].
Liposomes can also trigger immunogenic responses, though the nature and degree of these responses can
vary depending on several properties, including surface charge, size, and pegylation [35–37]. Therefore,
despite the many advantages of using liposomes for drug delivery, there are also important drawbacks
that must be considered, as they present real challenges for clinical translation. This mini-review will
explore these limitations in-depth, with an emphasis on toxicities and unfavorable interactions with
the immune system, to shed light on some of the lesser-known areas where liposomes have room for
improvement as drug delivery vehicles.
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Figure 1. Schematic of a liposome and its common building blocks. The liposomal bilayer is composed
of phospholipids (neutral, cationic or anionic) and cholesterol, and the surface can be decorated
with polyethylene glycol (PEG). Hydrophilic drugs can be entrapped within the aqueous core, while
hydrophobic drugs can be loaded into the lipid bilayer. Once injected into the bloodstream, a protein
corona, comprised largely of apolipoproteins, immunoglobulins, and complement proteins, is formed
on the liposome surface. The protein corona, which is impacted by the liposomal surface chemistry,
governs liposome–cell interactions. The immunological and toxicological effects caused by each
liposome component, imparted on cells throughout the body, are summarized throughout the diagram.

2. Toxicological Evaluation of Liposomes and Their Building Blocks

Liposomes are typically composed of numerous building blocks, including phospholipids,
cholesterol, and PEG, each impacting their functionality. Phospholipids, the main component of
liposomes, are diverse molecules with a variety of isomers. The most commonly used phospholipids
for liposome formation include lecithins from egg and soy, as well as sphingomyelins [38]. Common



Nanomaterials 2020, 10, 190 4 of 24

variations to the phospholipid hydrophobic acyl (fatty acid) tail include the degree of saturation
(i.e., saturated vs. unsaturated) and length, which can impact the oxidizing properties and drug release
profiles of liposomes [39]. For example, Luo et al. showed that photodynamic therapy-mediated
oxidation of unsaturated lipids (i.e., 1,2-dioleoyl-sn-glycero-3-phosphocholine, or DOPC, 18:1 PC)
in the liposomal bilayer could facilitate the controlled release of doxorubicin. Increasing the
concentration of DOPC in liposomes from 0% to 10% enhanced the release rate of doxorubicin
from liposomes by up to 10-fold upon light-activation of photosensitizers [40]. Different phospholipid
head groups, with some of the most prevalent being phosphatidylcholine (PC), phosphatidylserine
(PS), and phosphatidylethanolamine (PE), can alter the surface charge and the polymorphic phase
(i.e., the type of assembly) in an aqueous medium [41]. Although PC is a neutral molecule, it has
a positively charged choline group attached to a negatively charged phosphate group, making it a
zwitterionic molecule. Alternatively, PS contains a negatively charged phosphate group attached to the
serine group, giving it an overall negative charge, mainly due to the low (2.2–3.6) pKa of the carboxyl
group within the serine [42]. More recently, there is increased research interest in formulations of
lipid–drug (or photosensitizer) conjugates to improve the pharmacokinetics and therapeutic index
of liposomal therapeutics [43–47]. Similarly, the incorporation of PEG, a polymeric steric stabilizer,
is widely used to increase the blood circulation time of liposomal formulations [48,49]. The addition
of PEG into liposomal doxorubicin extended the terminal half-life from 16.4 h to 77 h in patients
with metastatic breast cancer [50,51]. Once liposomes enter the bloodstream, plasma proteins interact
with and adsorb onto the liposome surface. It has been previously shown that the liposomal surface
chemistry (e.g., charge and pegylation) impacts the blood protein adsorption (known as the “protein
corona”), which influences how liposomes interact with healthy and diseased cells [52–54]. Protein
adsorption occurs due to an advantageous increase in entropy, resulting in a decrease in Gibbs free
energy (∆Gabs) [55]. A comprehensive study by Hadjidemetriou et al. examined the in vitro and
in vivo protein corona formation on three different types of liposomes, including pegylated liposomes,
non-pegylated liposomes, and monoclonal antibody-conjugated liposomes [56]. In this study, pegylated
liposomes had the lowest protein adsorption at ~10,000 µg protein/µM lipid, while non-pegylated
liposomes had double the amount of protein adsorption. However, all liposomes had relatively
consistent protein corona compositions, with the most abundant bound proteins being apolipoproteins,
immunoglobulins, and complement proteins.

While the topic of nanoparticle-protein adsorption is an active field of study [55–58], several
studies have evaluated the toxicity and side effects of liposomes. Papahadjopoulos et al. first reported
the cytotoxicity of liposomes in healthy mouse fibroblast L929 cells in 1973. They discovered that
incorporation of 3% or 10% of lysophosphatidylcholine (lysolecithin, lysoPC) into liposomes increases
cellular uptake (i.e., polykaryocytosis) by ~7%. The number of viable L929 cells after liposomal
incubation was significantly lowered from 97% to less than 37% [59]. Similarly, Pagano et al. showed
that extensive accumulation of egg yolk lecithin vesicles in Chinese hamster lung fibroblast V79 cells
result in considerable cell death [60]. One of the first studies evaluating liposomal toxicity in vivo
was carried out by Adams and colleagues in 1977 [61]. In this study, five different types of liposomes
with varying net surface charges were synthesized and injected into the mouse brain. Results showed
that liposomes containing 9 mol% of dicetyl phosphate (net negative charge) were the most toxic,
causing epileptic seizures and rapid death in animals. Injection of dicetyl phosphate alone resulted
in the death of all mice within one hour. Brain sections stained with haematoxylin and eosin (H&E)
revealed tissue necrosis, nerve damage, and loss of Nissl substance. Similarly, liposomes containing
9 mol% of stearylamine (net positive charge) caused widespread brain damage and respiratory failure.
Alternatively, liposomes containing 9 mol% of phosphatidic acid (net negative charge) were well
tolerated with only small hemorrhages and necrosis limited to the injection site. The least toxic
liposomes were those composed of 45 mol% of lecithin or dipalmitoyl lecithin (neutral charge), which
resulted in minimal toxic reactions and morphological changes, even after three repeated doses.
While liposomes are typically considered pharmacologically inactive with minimal toxicity [2,21],
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their toxicity is tightly related to the type of model, exposure time, dose, and/or surface properties.
For example, Shi et al. showed the median lethal concentration (LC50) using F98 glioma cells was
6.07 µM for empty DPPC-based cationic liposomes while DSPC-based anionic liposomes had an
LC50 > 509 µM. Within an intracranial F98 glioma rat model, carboplatin loaded cationic pegylated
liposomes resulted in a median survival time of 29 days, while anionic pegylated liposomes had a
median survival of 49.5 days [62]. Similarly, Fan et al. showed that cationic liposomes incubated with
bone marrow-derived dendritic cells had an LC50 around 0.2 mg/mL, while ovalbumin-loaded anionic
liposomes had an LC50 > 4 mg/mL [63]. In Section 2, we examine some of the different mechanisms
through which liposomes induce cellular toxicity.

As liposomes rose in popularity, many research groups began to modify the phospholipid
structure and test different surface chemistries [64,65]. Studies in the early 1990s by
Parnham et al. [66] and Lappalainen et al. [67] examined and suggested different assays for the
screening of liposomal toxicity. Some of these in vitro viability and morphology assays include
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 3H thymidine uptake, and lactate
dehydrogenase (LDH). It was shown that 40 µM of liposomes containing dimethyldioctadecyl
ammonium bromide (DDAB, 18:0) and dioleoylphosphatidylethanolamine (DOPE, 18:1 PE) reduce the
viability of human cervical squamous cell carcinoma (CaSki) cells by 50% [67]. Liposomes containing
N-(2,3-Dioleoyloxy-1-propyl)trimethylammonium methyl sulfate (DOTAP, 18:1 TAP) at a concentration
of 10 µM or 40 µM only had minor effects on the CaSki cells [67]. There is also evidence demonstrating
that anionic lipids have a higher thrombogenic potential [68]. Anionic liposomes have been shown to
induce platelet aggregation in guinea pigs [69], as well as blood cell aggregation in mice, which became
temporally trapped in lung capillaries [70]. To ensure that IV injection of liposomes does not induce
pro-aggregatory effects or pharmacodynamic changes (e.g., necrosis, edema, loss of tissue) at the site
of entry, appropriate platelet aggregation assays and local tolerance studies should be performed.
The mechanical damage during injection should be accounted for as well, and distinguished from
any toxicological effects [66]. In April 2018, the FDA published updated guidelines for liposome
products in industry [71]. Although explicit details are not specified, critical parameters ranging from
physicochemical characterization (e.g., pegylation, net charge, the leakage rate during shelf storage) to
pharmacokinetic profiles are established. Radiolabeled mass-balance excretion and metabolism studies
are required, as they reveal quantitative connections to toxicity, and provide information on the in vivo
activity of new chemical entities including pharmacology and pharmacokinetics [72].

2.1. Toxicity of Cationic Liposomes

Cationic liposomes have been studied extensively to enhance the stability and delivery
of negatively charged nucleic acid therapeutics [73–78], and their toxicities and side
effects have also been carefully examined [32–34,79–86]. For example, Filion and Phillips
studied the toxicity and immunomodulation of seven different DOPE (18:1 PE)-based
cationic liposomes that range from +15.0 to +42.9 mV [32]. In this comprehensive
study, liposomes containing DOTAP, DDAB, 1,2-dimyristoyl-3-trimethylammonium-propane
(DMTAP, 14:0 TAP), 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP, 16:0 TAP),
or 1,2-stearoyl-3-trimethylammonium-propane (DSTAP, 18:0 TAP) were highly toxic to macrophages
and monocyte-like U937 cells, but not to resting or activated T lymphocytes. It was speculated that
these cationic liposomes were non-toxic to T cells due, in part, to minimal uptake. Additionally,
the cytotoxicity of cationic liposomes increased at higher zeta potentials. DDAB-containing liposomes
(+40.0 ± 9.0 mV) were the most toxic to macrophages, with a 50% effective dose (ED50) <10 nmol/mL,
while DSTAP-containing liposomes (+15.0 ± 6.3 mV) were the least toxic, with an ED50 >1000 nmol/mL.
Loading plasmid DNA into liposomes significantly reduced the zeta potential but did not decrease their
cytotoxicity [32]. The cytotoxicity of the liposomes was significantly lowered by incorporating 10 mol%
of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, 16:0 PE)-PEG2000 or replacing DOPE
with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 16:0 PC). These modifications reduced the
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binding and endocytosis of liposomes by ~96% by macrophages and hindered their ability to destabilize
the endosomal membrane [32]. In addition to inducing cytotoxicity in macrophages, the cationic
liposomes also mitigated the secretion of nitric oxide (NO) and tumor necrosis factor-α (TNF-α), which
are important signaling molecules for triggering non-specific defense against pathogens and enhancing
T and B lymphocyte responsiveness [32].

Similarly, Takano et al. and Aramaki et al. showed that the intracellular uptake of cationic
liposomes (~42 mV) in mouse macrophage-like cell line RAW264.7 correlates with the degree of
apoptosis and the generation of reactive oxygen species (ROS) [33,34]. However, the incorporation
of 7.5% and 10% DPPE-PEG into liposomes reduced their uptake by ~30–45-fold and increased cell
viability by ~20%–38%. Inclusion of DPPE-PEG also led to a decrease in ROS production [33], which
diminished the toxic effects of liposomes [34]. Soenen et al. showed that adverse effects from cationic
liposomes can be reduced by using ROS scavengers or a calcium channel blocker in 3T3 fibroblasts [87].
Based on these studies and many others [32,80–82,84–86,88], cytotoxicity could be readily detected
in a wide range of cells upon increasing the zeta potential values of liposomes beyond ~30 mV, in a
charge-dependent manner. In general, cationic liposomes are taken up by phagocytic cells to a greater
extent and induce the formulation of ROS, which damages organelles (e.g., mitochondria), and promotes
higher intracellular Na+ levels, compared to neutral and negatively charged liposomes [33,34,86–90].

Using animal models, Kedmi et al. showed that IV injection of cationic liposomes (+54.3 ± 6.1 mV)
containing DOTAP induced hepatotoxicity and pro-inflammatory responses [80]. The cationic
liposomes significantly reduced the body weight of C57BL/6 mice by up to 5.5% and increased
liver enzymes in serum by 3–6-fold compared to neutral and negatively charged (−59.2 ± 4.9 mV)
liposomes. Cationic liposomes also increased the amount of Th1 and Th17 cytokines by 10–24 fold
at 2 h post-injection [80]. In rats, Knudsen and colleagues demonstrated that the administration of
DOTAP/CHOL liposomes (+53 ± 2 mV) led to an upregulation of oxidative stress response gene
(HMOX1) and the DNA repair enzyme, 8-oxoguanine glycosylase (OGG1), in the liver, as well as
increased DNA strand breaks in the lungs [81]. While cationic liposomes are promising vehicles for
gene delivery, understanding their toxicities to immune cells and regulation of inflammatory responses
(discussed in Section 3) are critical for improving therapeutic benefits and avoiding immune toxicity.

2.2. Interactions with the Mononuclear Phagocyte System

While liposomes improve the pharmacokinetic profiles of therapeutics, they also redirect the
therapeutic payloads to the MPS (previously known as the reticuloendothelial system, RES), [91–93].
The MPS is a collection of phagocytic cells (e.g., progenitor, monocytes and macrophages) located
within the bone marrow, lymph nodes, spleen, and liver. The MPS is responsible for the removal of
antigens from the body, and is the main site of liposome accumulation [94,95]. Several rodent studies
have shown that Doxil accumulates within the liver and spleen (e.g., the two major organs of the
MPS [91]) to a greater extent than other organs shortly after IV injections [96–100]. In cynomolgus
monkeys, Kimelberg et al. found that liposomal encapsulation of [3H] methotrexate (MTX) caused
a 160-fold increase in [3H]MTX uptake by the spleen compared to the free-form [3H]MTX [93]. It
has been observed by many researchers that the redirection of liposomal chemotherapies to the MPS
induces toxicity and depletion of immune cells, especially the Kupffer cells in the liver [31,101–106].
To study the impact of liposomes on the phagocytic function of MPS cells in mice, Allen et al. tested
several compositions of egg PC-CHOL liposomes [101]. Injection (IV) of larger, multilamellar liposomes
(synthesized using 200–450 nm filters) significantly decreased the phagocytic index of the liver by
approximately 50% in mice, compared to using small unilamellar liposomes. The phagocytic index did
not recover until 3 weeks post-injection, and further doses of liposomal injections led to accumulation
in the spleen. Multiple injections caused a significant decrease in the phagocytic index of the spleen
and a 2.5-fold increase in the spleen weight. The function and weight of the spleen did not recover
until 8 days after the last liposome injection.
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Several groups have also studied the impact of drug-containing liposomes on liver macrophages.
Daemen et al. showed that IV injection of non-pegylated, short-circulating liposomal doxorubicin in
rats reduced the number and phagocytic capacity of liver macrophages by up to 85–90%, compared to
placebo liposomes [31]. The phagocytic capacity of liver macrophages was impaired for 8 days,
and full recovery took 2 weeks. A follow-up study examined the effects of long-circulating
liposomal doxorubicin containing ~4.8 mol% PE-PEG on the phagocytic activity of macrophages [106].
The pegylated liposomes reduced the phagocytic capacity and number of liver macrophages by 63% at
72 h after injection. Compared to non-pegylated liposomes, pegylated liposomes delayed the cytotoxic
effects on liver macrophages by 24 h and modestly reduced the depletion of macrophage by 7%. While
pegylation of liposomes reduces the blood protein adsorption and increases blood circulation time,
the ultimate impact of pegylated and non-pegylated liposomes on macrophages and liver function
was similar.

Research groups have also shown that within the tumor microenvironment, liposomes can polarize
tumor-associated macrophages (TAMs) [107–109]. The reprogramming of classically activated (M1)
TAMs, which have a role in eradicating tumor cells in their early stages, to alternatively activated
M2-like TAMs has been shown to promote tumor growth and metastasis, as shown in Figure 2 [110,111].
In an orthotopic ovarian carcinoma (ID8-VEGF-GFP) mouse model, La-Beck et al. showed that
empty liposomes increased tumor volume by over 3-fold and doubled the number of metastatic sites,
compared to the vehicle control [107]. Similarly, Sabnani et al. and Rajan et al. found that compared
to the vehicle control (e.g., 5% dextrose solution, saline), empty pegylated liposomes accelerated the
growth of subcutaneous TC-1 tumors in mice [109,112]. The accelerated tumor growth was attributed to
diminished macrophage function and number of tumor-specific T cells [112], as well as a 66% decrease
in M1-TAMs and a 100% increase in M2-TAMs [109]. Based on these results, strategies to overcome
immunosuppression and tumor progression triggered by liposomes may potentially improve the
efficacy of some liposomal anticancer drugs. New insights into the underlying molecular mechanisms
may yield the key to designing new liposome-based immunotherapies.
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Figure 2. Intravenously injected liposomes impact cancer progression in vivo. Liposomal polarization
of classically activated M1 tumor-associated macrophages (TAMs) to M2-like TAMs can result in
carrier-induced immunosuppression and accelerated tumor development. Compared to vehicle control,
empty (placebo) liposomes (A) accelerated tumor growth in a TC-1 subcutaneous mouse model and
(B) increased the number of metastatic sites in an orthotopically implanted ID8-VEGF-GFP ovarian
carcinoma mouse model on day 36. * P=0.03. (Cited from La-Beck et al., 2019 [107]).

2.3. Effect of Cholesterol Content on the Toxicity of Liposome

Cholesterol is commonly used to alter the mechanical properties and functionality of
liposomes [113–115]. Cholesterol improves the stability and drug entrapment efficacy of liposomes by
enabling more dense assembly of phospholipids [113–118]. Smaby et al. demonstrated that cholesterol
condenses the lipids (e.g., from 63 to 44 Å2/molecule; 16:0–18:1 PC liposomes), thereby increasing the
compressibility of liposomes from 123 to 401 mN/m [119]. The concentration of cholesterol can also
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impact the surface charge and permeability of liposomes [116]. Incorporation of 50 mol% cholesterol
into 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, 18:0 PC) liposomes reduced the zeta potential
from 2 to −5.5 mV [120]. The presence of cholesterol also reduced the permeability coefficients of
phospholipid vesicles to small molecules and ions [121]. In additional to structural stability and drug
efflux related studies, several groups have examined the toxicity and immunogenicity of cholesterol.
Adams et al. showed that injection of 5–10 mg of cholesterol into the mouse brain resulted in mild signs
of edema and loss of internal neuronal structures [61]. Others have shown that free-form cholesterol
induces macrophage apoptosis via the stiffening of the endoplasmic reticulum [122] and promotes
the production of TNF-α and interleukin 6 (IL-6) [123]. Roerdink et al. showed that incorporation of
50 mol% of cholesterol into DSPC-based liposomes decreased their liver accumulation (from 70% to less
than 40%) and extended the blood circulation half-life by 3-fold in rats [124]. It has also been shown that
cholesterol-containing liposomes decrease macrophage uptake and immunoglobulin G (IgG) response
in mice [125]. Similarly, incorporation of high levels (43 mol%) of cholesterol in ovalbumin-liposomes
significantly reduced IgG response by 10-fold in mice [126]. In a Li 210 leukemia mouse model,
Ganapathi et al. showed that cytarabine-loaded liposomes containing 50 mol% of cholesterol increased
animal survival by up to ~20%, compared to using cytarabine-loaded liposomes containing 10 mol%
of cholesterol or free-form cytarabine [127]. However, it is unclear if this enhanced cancer killing is
due to increased cellular uptake of liposomes or an increase in the sustained release of cytarabine
from cholesterol-containing liposomes. While the incorporation of cholesterol into liposomes mitigates
macrophage uptake and antibody production, other studies have shown that cholesterol could activate
the immune system by promoting interactions with C3, a protein associated with the complement
system [128–130]. This is discussed extensively in Section 3.2.

3. Activation of the Immune System

Biomaterials introduced into the body can initiate immune responses in the host tissue. As shown
in previous work, host defense mechanisms and inflammatory responses to biomaterials are known to
be activated by the complement response [131]. The products from complement response activation
may assist neutrophil aggregation and migration towards inflammatory sites [131]. Earlier research
suggests that PEG-based hydrogels cause increased inflammatory responses compared to silicone-based
hydrogels. This change was visualized through increased IL-1β expression in the host tissues after
implantation of a PEG-based hydrogel [132]. It is also thought that complement activation can induce
a foreign body reaction (FBR) [131]. During this process, host inflammatory cells and foreign body
giant cells are activated to destroy the implanted material. Previous studies have demonstrated that
thick macrophage capsules accumulate on PEG-based hydrogels as a result of the FBR when compared
to other hydrogels lacking PEG [132].

Liposomes, like other nanoparticles used in drug delivery, interact with proteins in the body
to trigger innate immune system responses [133–135]. Once liposomes have been administered
to the patient, circulating proteins can adsorb to the surface of the liposome, thereby creating a
protein corona unique to the characteristics of the liposome. The protein corona can then induce
the activation or suppression of various immune responses [136]. Particularly, liposomes interact
with complement proteins to activate the complement cascade and increase the body’s response
to antigens [133,136,137]. The incorporation of PEG into liposomes has been shown to promote
immunogenic responses via complement activation and the anti-PEG antibody production [138].
For these reasons, liposomes are being used as vaccine adjuvants to potentiate the immunological
response to antigens. Antigen–liposomal complexes can increase and maintain exposure of the antigen
in the lymph nodes, allowing for enhanced uptake by immature phagocytic antigen-presenting cells
(e.g., macrophages and dendritic cells) [139–141]. A notable antigen-liposome adjuvant system, AS01,
has been studied in clinical trials for multiple diseases [142], and was FDA approved as a shingles
vaccine (Shingrix) in 2017.
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The liposomal surface charge and size can impact the type and efficiency of the immune response.
A study by Badiee et al. investigated the effects of the surface charge of recombinant rgp63-loaded
liposomes on the immune response of mice with leishmania after subcutaneous injections. Neutral
liposomes were found to promote a Th1 (e.g., IFNγ, IL-12) immune response more efficiently than
positively charged liposomes. The largest IL-4, IgG2a, and IgG1 responses were induced by positively
charged liposomes. A Th2 (e.g., IL-5, IL-6, IL-10) response, but not a Th1 immune response, was caused
by liposomes with a negative surface charge [143]. In regards to liposome size, a follow-up study by
Badiee et al. showed that 100 nm liposomes induce a Th2 response, while liposomes larger than 400 nm
induce a Th1 response [144]. This was due, in part, to their altered pharmaceutics and intracellular
trafficking. Similarly, Henriksen-Lacey et al. showed that intramuscularly injected ~200 nm CAF01
cationic liposomes induced the greatest IL-10 response in mice [145], while medium (500 nm) liposomes
induced the largest IFN-γ and IL-1β response. The 200 nm and 1.5 µm liposomes were drained more
rapidly by the lymph node, while the 500 nm liposomes were well retained at the site of injection [145].

3.1. Proinflammatory Cytokine Modulation

Liposomal interactions with blood cells lead to cytokine production and the activation of the
immune system [75,80,146,147]. The activation of the complement cascade also promotes the secretion
of cytokines from immune cells [148,149]. This concept is well demonstrated in the first liposomal
gene silencing clinical trial (NCT00882180). Liposomes were loaded with siRNAs that were chemically
modified to minimize immunostimulation and administered intravenously. However, there was
still a dose-dependent induction of proinflammatory cytokines. Cytokines, including IL-6, IP-10,
granulocyte colony-stimulating factor, and TNF-α, peaked 6 h post-injection. One of the largest
liposome doses, 1.25 mg/kg, resulted in the most IL-6 present in the patients’ blood (~9000 pg/mL).
There was also a ~3–10 fold increase in Bb complement protein for patients who received a dose larger
than 0.2 mg/kg [75]. Yamamoto et al. demonstrated that cytokine induction by HEPC-based liposomes
is comparable to that of a potent activator of monocytes and macrophages, lipopolysaccharides (LPS).
Also, incubation of liposomes with human peripheral blood induced monocyte-derived cytokines
(IL-6, IL-10, IL-1β, IFN-y and TNF-a) but not lymphocyte-derived cytokines (IL-2, IL-4 and IL-5). In the
same study, it was shown that the size of liposomes directly affects the degree of cytokine release,
in vitro, in a size-dependent manner. Liposomes with an 800 nm diameter induced the production of
6000 pg/mL of IL-1β, while 50 nm liposomes produced virtually none [146].

For gene delivery using liposome–DNA complexes, previous reports have shown that nonspecific
cytokine production from toll-like receptor-9 (TLR9) positive immune cells occurs due to unmethylated
CpG dinucleotides (CpG motifs) abundantly present in pDNA [150,151]. Liposome–DNA complexes
also induced the production of type I interferons (IFNs), irrespective of the frequency of CpG motifs in
DNA and the expression of TLR9 [152]. However, a study conducted by Yasuda et al. showed that
immune activation by liposome–DNA complexes is highly dependent on the type of cationic liposome.
In the murine macrophage-like cell line, RAW264.7, non-CpG containing Lipofectamine2000 liposomes
(+35.1 mV) induced the largest cytokine production (500–900 pg/mL), while DOTMA/DOPE and
DOTMA/CHOL liposomes (+32.7 mV) produced less than one-fifth of that amount [153]. Furthermore,
Lipofectamine2000 liposomes containing non-CpG motif DNA induced IFN-β and IL-6 production
by macrophages cultured from TLR9 deficient mice [153]. These liposome-induced inflammatory
responses are critical to consider for clinical applications, as increased levels of cytokines can cause
side effects (e.g., grade 1–2 chills/rigors, flu-like symptoms) [75,154].

3.2. Recognition of Liposomes via Complement Activation

The complement system is a part of the innate immune system responsible for the recognition of
foreign objects in the body [148]. It is composed of over 30 plasma proteins that interact with each
other to opsonize (e.g., C3b) and clear liposomes, as well as induce a series of inflammatory responses
by liberating anaphylatoxins (e.g., C3a, C4a, C5a) (Figure 3) [137,148]. Early reports indicated that
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liposomes activate the alternative pathway via C3 binding and conversion, which is independent of
antibody recognition. Cunningham et al. showed that C3 conversion occurs when cationic liposomes
are incubated in serum from C1r-deficient and C2-deficient patients [129]. Liposomes without cationic
lipids or with less than 20 mol% of cholesterol were unable to convert C3 in C2-deficient serum [129].
However, later reports show that complement activation is dependent on the surface chemistry
and composition of liposomes [155–157]. A study by Chonn and colleagues showed that liposomes
containing 20 mol% of anionic lipids activated the classical pathway in a Ca(2+)-dependent manner.
Calcium is required in the classical pathway, as it is used for C1qr2s2 complex formation. Cationic
liposomes activated the alternative pathway by reducing the C3-C9 levels in Ca(2+)-depleted serum.
In addition, liposomes containing unsaturated lipids or 45 mol% of cholesterol promoted complement
protein interactions. In contrast, neutral liposomes, even at a high lipid concentration of 50 mM, did not
activate the complement pathways [130]. Bradley et al. showed that anionic liposomes can also activate
the classical pathway in an antibody-independent manner via direct binding of C1q to the liposomal
surface [157]. Liposome size, pegylation, and cholesterol content can also contribute to the degree
and nature of complement activation. For example, studies have suggested that larger liposomes,
over 200 nm in diameter, were associated with an increase in complement protein opsonization and
alternative pathway activation [158,159]. Liposomes containing PEG typically induce IgM antibody
production (see Section 3.3), followed by (classical) complement activation [138]. A study by Alving
et al. showed a cholesterol-dependent activation, with liposomes containing 73 mol% cholesterol
promoting the greatest classical pathway activation [160]. While examining the hypersensitivity
reactions (HSR) induced by different components of Doxil, Szebeni et al. demonstrated that negatively
charged PEG-PE is a potent C protein activator, and the degree of complement activation correlates with
HSR [161]. When PEG-PE-based liposomes were incubated with human serum, there was a 2.5–4-fold
increase in soluble complement S5b-9 (C5b-9), compared to HSPC-based liposomes which had no
impact on complement activation [161]. Activation of C5b-9 following exposure to pegylated liposomes
has been associated with development of HSR [162], which is discussed in the following section.

3.3. Hypersensitivity Reactions

Liposomes have also been shown to induce HSR [163–170]. HSR are non-IgE-mediated
pseudo-allergic immune responses, which usually develop immediately after IV infusion when
the body is exposed to an antigen or liposomes [162]. While 6.8% of the 705 patients who received Doxil
for refractory AIDS-related Kaposi’s sarcoma experienced HSR with symptoms ranging from dyspnea
and tachypnea to hypotension and hypertension, the underlying causes remain unclear [170,171], with
some researchers attributing similar reactions to complement activation. [172,173]. Later reports have
shown that HSR are correlated with PEG-induced complement activation, however high levels of C
activation may be necessary, suggesting the involvement of other pathogenic factors [161,162,174].
This subset of HSR, known as C activation-related pseudoallergy (CARPA), can be reduced by slowing
the rate of infusion, diluting the Doxil dose, or premedicating with a corticosteroid [175]. In a
4-patient study, grade 3 HSR induced by Doxil occurred almost immediately after the start of infusion
in all patients and treatment was stopped. Premedication with ranitidine and hydroxyzine prior
to the resumption of Doxil infusion eliminated HSR in 3 of the 4 patients [166]. Similarly, data
analysis performed by Chanan-Khan et al. showed that, on average, 8% of people who received
Doxil experienced HSR [162]. Additionally, 3% of refractory ovarian cancer patients who were
pretreated with corticosteroids and antihistamines to minimize adverse reactions still experienced HSR.
Chanan-Khan et al. further showed that HSR occurrence can be as high as 45% for patients receiving
Doxil. Within this Phase 1 clinical study, 92% of the patients who experienced HSR had significantly
elevated Plasma SC5b-9 levels [162]. HSR have been suggested to be caused by the liposomal vehicle
of Doxil rather than the encapsulated drug, as these reactions are not known to occur with standard
doxorubicin [161,162]. It should also be noted that other chemotherapies, such as Taxol (paclitaxel),
which relies on a formulation vehicle, and carboplatin, are known to cause HSR [176,177].
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Figure 3. Schematic overview of the complement system highlighting two of the main activation
pathways (classical vs. alternative). Previous studies have shown that classical pathway activation is
initiated by antibody-liposome binding, pegylated liposomes, and anionic liposomes. The alternative
pathway can be initiated by cationic liposomes, liposomes containing more than 40 mol% cholesterol,
and liposomes larger than 200 nm in diameter. During the complement cascade, C3b opsonin covalently
binds to the surface of the liposome, marking it for removal by the MPS. The released anaphylatoxins
(C3a, C4a, and C5a) prompt the activation of leukocytes.

Using pig models, Szebeni et al. showed that pulmonary hypertension reactions are dependent
on the composition, size, and administration method of liposomes [165]. Large, neutral, multilamellar
liposomes composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC) and DSPC
induced pulmonary hypertension, while smaller liposomes (<200 nm) caused no hemodynamic
changes [165]. An additional study by Szebeni et al. showed that highly negatively charged liposomes
containing L-α-phosphatidylglycerol (soy PG) initiated CARPA to the greatest extent in pigs, suggesting
that surface charge may also play a role [178]. Fülöp et al. showed a 300%–600% increase in pulmonary
arterial blood pressure after the infusion of pegylated liposomal prednisolone sodium phosphate in
pigs [164]. The risk of these side effects was reduced by using a slow infusion protocol (0.04 mL/kg/h)
with a 3-step dose escalation [164]. It is now recommended that Doxil be administered at 1 mg/min
to help minimize these adverse reactions [179]. Within a 2018 Nature Nanotechnology Perspective,
authors suggested that the next steps for minimizing HSR and CARPA are identifying induced
biomarkers and understanding the underlying mechanisms via in vitro assays [180].

3.4. Anti-PEG Response

Liposomal interactions with immune cells can cause antibody production against liposome
components, such as PEG [36,138,181–185]. The rapid production of antibodies (e.g., IgM, IgE, IgG)
from B lymphocytes, in a T cell-independent manner, is another mechanism in the recognition and
removal of liposomes from the body [186]. Antibody binding impacts the blood circulation time and
treatment efficacy of liposomes, and initiates classical complement activation. IgM antibodies are the
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first produced, by the spleen, in response to an antigen or liposomes, as seen in Figure 4 [183,187,188].
One of the first studies to notice an increase in antibody production was by Bucke and colleagues in 1998
when studying the biodistribution of liposomes with different surface modifications [189]. Additionally,
Cheng et al. were one of the first to show that anti-PEG IgM monoclonal antibodies were generated
by the spleen of mice in response to PEG-immunoconjugates [190]. Based on blood concentration
levels and binding, IgM antibodies were more efficient in clearing the PEG-immunoconjugates from
the blood than IgG [190].
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Figure 4. Schematic overview of the events that alter the pharmacokinetics of repeated intravenous
(IV) doses of pegylated liposomes. The first dose of pegylated liposomes stimulates the production of
anti-PEG IgM antibodies by B cells within the spleen. This leads to the accelerated blood clearance of
subsequent doses, during which circulating anti-PEG IgMs bind to the liposomes, initiating classical
complement activation and decreasing blood circulation half-life.

Since then, several groups have studied antibody production in preclinical animal models, which
helped to explain the accelerated blood clearance seen after repeated dosing of liposomes. Ishida et al.
showed that pegylated liposomes incubated with serum derived from rats pre-injected with liposomes
had an increased liposome-protein binding index by approximately 2-fold compared to serum obtained
from rats that were not pre-injected with liposomes [36]. Also, there was a 17-fold increase in IgM
binding to pegylated liposomes compared to the non-pegylated liposomes. A follow-up study by
Ishida and colleagues revealed a T cell-independent response to pegylated-liposomes in both Wistar
rats and BALB/c nu/nu mice [181]. A relatively low anti-PEG IgG response was seen 3–5 days after
injection of pegylated liposomes and a potent IgM response occurred 3–10 days post injection in
Wistar rats. In the absence of T-cells, a ~9-fold increase in IgM was observed 10 days post-injection
in BALB/c nu/nu mice [181]. Additionally, using a pig model, Kozma et al. showed that anti-PEG
IgM concentration in blood peaks at 7–9 days after low dose IV injection of pegylated liposomes [174].
The anti-PEG IgM levels remained elevated above normal, by approximately 10-fold, for 6 weeks.
Using ex vivo spleen cells derived from pigs pre-injected with pegylated liposomes, they showed
an increase in IgM+ B-cells bound to Doxil from 1.88% to 5.50% [174]. The association between the
underlying mechanism of PEG immunogenicity and the “accelerated blood clearance” of subsequent
liposome injections will be discussed in the next section. In contrast to the immunogenic effects,
it is critical to point out that PEG may have additional immunosuppressive effects by decreasing
inflammation and fibrosis, as seen in organ preservation [191], which warrants further investigation.

3.5. Accelerated Blood Clearance

As previously mentioned, the addition of PEG to liposomes can increase their blood circulation
half-life and prolong the uptake by the MPS [48]. It is also well accepted that after repeated
injections of pegylated liposomes, they lose their “stealth” ability and are more quickly cleared
from the blood [138,192–204]. This phenomenon, known as “accelerated blood clearance” (ABC),
is caused by the abundant secretion of anti-PEG IgM, IgE, and IgG, followed by the opsonization
of C protein fragments (complement activation), and finally uptake by macrophages, depicted in
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Figure 4 [138,192–203]. Dams et al. first observed a dramatic change in the circulatory half-life of
intravenously injected 99mTc-labeled pegylated-liposomes in rats and monkeys, but not mice [192].
In a male rhesus monkey, the blood circulation half-life of the second dose of pegylated-liposomes
dropped from 87.5 h to 14.2 h. Although further liposome injections after the second dose had similar
kinetics as the first, the ABC of the second dose occurred if it was administered 1–4 weeks after the
first. Rats transfused with blood or serum from rats that were previously injected with liposomes
also experienced ABC. The percent of the injected dose of liposomes in blood transfused rats at 4 h
dropped from 52% to less than 23% in the blood, suggesting that the ABC is caused by a soluble serum
factor [192].

Studying the ABC of liposomal chemotherapy in rodents may not be ideal, as Laverman et al.
confirmed that Doxil injections in rats lead to hepatosplenic macrophage depletion, and therefore a
second injection of Doxil did not experience ABC [193]. However, if the first dose was empty pegylated
liposomes, an injection of Doxil within one week was cleared rapidly from circulation in rats [193].
Similarly, in Beagle dogs, Suzuki et al. showed that repeated doses of Doxil at 20 mg/m2 did not
have altered pharmaceutics, but repeated doses less than 2 mg/m2 were more rapidly cleared from
the blood and elicited an IgM response [201]. The half-life of the second injection at 2 mg/m2 was
reduced from 24.1 h to 1.5 h. Larger doses of Doxil could have caused damage to B cells within
the spleen, attenuating antibody production, or the uptake capacity of Kupffer cells may have been
saturated/suppressed by the first large dose [201]. It is critical to mention that the clinical relevance
of ABC phenomenon induced by repeated injection of pegylated liposomes remains debatable, since
Gabizon et al. observed a significant decrease in clearance (P < 0.0001) from the 1st through the 3rd
cycle of pegylated liposomal doxorubicin in humans [205]. The wide use of PEG in healthcare, hygiene,
and beauty products suggests that most patients will likely have pre-existing anti-PEG antibodies [206],
which could potentially impact the degree of ABC in patients. Other parameters that have been shown
to impact the ABC of liposomes are lipid dose, with increasing amounts of the prior dose altering
the pharmacokinetics of the subsequent injections in a sigmoid manner [196], liposome composition
(with unsaturated lipids causing a more pronounced ABC [195]), and the time and frequency of
injections [192,194,195,207].

4. Conclusions

For two and a half decades, liposomal drug formulations have been administered in the clinic
for the treatment of a variety of ailments, ranging from cancer to fungal disease. They boast an array
of advantageous features, including biocompatibility, tunable properties, and capacity for loading
hydrophilic and hydrophobic agents, making them convenient drug delivery vehicles. However,
despite their clinical relevance and therapeutic potential, there is still a scarcity of knowledge regarding
the downsides associated with the administration of liposomes. This mini-review presents a summary
of existing knowledge regarding such limitations, divided into two main sections: (1) Toxicological
Evaluation of Liposomes and their Building Blocks, and (2) Activation of the Immune System. One of
the main toxicological concerns is that cationic liposomes, which are primarily used for nucleic acid
delivery, can be toxic to macrophages and reduce their secretion of important immunomodulators.
Additionally, following IV injection, liposomes end up sequestered in the organs of the MPS, such as
the spleen and liver. This induces toxicity in these organs, causing the depletion of cells that are critical
for proper immune system function. As for activation of the immune system, liposomes can induce an
inflammatory response that is characterized by the release of pro-inflammatory, monocyte-derived
cytokines. Similarly, liposomes have been shown to activate the complement pathway, though the
degree of activation is dependent on several factors such as size, charge, and mol% of cholesterol.
Another important mechanism of immune activation is the anti-PEG response, which occurs when
pegylated liposomal formulations activate the production of PEG antibodies by B lymphocytes.
This leads to recognition and clearance by the immune system. In fact, repeated administrations
of pegylated liposomes have been shown to cause accelerated blood clearance, robbing liposomes



Nanomaterials 2020, 10, 190 14 of 24

of their stealth capabilities. This underscores the idea that the dosing of liposomal agents must be
carefully optimized to avoid premature clearance and maximize the therapeutic benefits of each
injection. Depending on injection speed, liposomes can also induce hypersensitivity reactions,
including cardiopulmonary distress. Mode of delivery and speed of administration are therefore
key considerations for clinical applications of liposomal formulations. Overall, liposome-mediated
toxicity to healthy tissues, coupled with the activation of the immune system, raise important concerns
regarding their use. While liposomes are an attractive tool to reduce the dose-limiting side effects of
therapeutics in patients, the liposomes themselves can impart new toxicities that are still not fully
understood. From our perspective, a neutral liposomal formulation consisting of a relatively low mol%
of cholesterol and PEG (in order to balance stability and high blood circulation half-life with low toxicity
and immune system recognition) should be considered for chemotherapy delivery. With regards to
gene delivery, a liposomal surface charge less than 30 mV should be considered to minimize toxicities.
There is still much work to be done to understand the mechanisms through which liposomes interact
with the immune system before the full potential of liposome-based systems for gene and drug delivery
can be achieved.
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178. Szebeni, J.; Bedőcs, P.; Rozsnyay, Z.; Weiszhár, Z.; Urbanics, R.; Rosivall, L.; Cohen, R.; Garbuzenko, O.;
Báthori, G.; Tóth, M.; et al. Liposome-induced complement activation and related cardiopulmonary distress
in pigs: Factors promoting reactogenicity of Doxil and AmBisome. Nanomed. Nanotechnol. Biol. Med. 2012, 8,
176–184. [CrossRef] [PubMed]

179. ALZA Pharmaceuticals; I. Doxil Package Insert: Mountain View, CA, USA, 2000.
180. Szebeni, J.; Simberg, D.; González-Fernández, Á.; Barenholz, Y.; Dobrovolskaia, M.A. Roadmap and strategy

for overcoming infusion reactions to nanomedicines. Nat. Nanotechnol. 2018, 13, 1100–1108. [CrossRef]
181. Ishida, T.; Wang, X.; Shimizu, T.; Nawata, K.; Kiwada, H. PEGylated liposomes elicit an anti-PEG IgM

response in a T cell-independent manner. J. Control Release 2007, 122, 349–355. [CrossRef]
182. Verhoef, J.J.F.; Anchordoquy, T.J. Questioning the Use of PEGylation for Drug Delivery. Drug Deliv. Transl. Res.

2013, 3, 499–503. [CrossRef]
183. Ichihara, M.; Shimizu, T.; Imoto, A.; Hashiguchi, Y.; Uehara, Y.; Ishida, T.; Kiwada, H. Anti-PEG IgM Response

against PEGylated Liposomes in Mice and Rats. Pharmaceutics 2010, 3, 1–11. [CrossRef]
184. Mohamed, M.; Abu Lila, A.S.; Shimizu, T.; Alaaeldin, E.; Hussein, A.; Sarhan, H.A.; Szebeni, J.; Ishida, T.

PEGylated liposomes: Immunological responses. Sci. Technol. Adv. Mater. 2019, 20, 710–724. [CrossRef]
185. Yang, Q.; Lai, S.K. Anti-PEG immunity: Emergence, characteristics, and unaddressed questions.

Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2015, 7, 655–677. [CrossRef]
186. Mond, J.J.; Vos, Q.; Lees, A.; Snapper, C.M. T cell independent antigens. Curr. Opin. Immunol. 1995, 7,

349–354. [CrossRef]
187. Boes, M. Role of natural and immune IgM antibodies in immune responses. Mol. Immunol. 2000, 37,

1141–1149. [CrossRef]
188. Ishida, T.; Ichihara, M.; Wang, X.; Kiwada, H. Spleen plays an important role in the induction of accelerated

blood clearance of PEGylated liposomes. J. Control Release 2006, 115, 243–250. [CrossRef] [PubMed]
189. Bucke, W.E.; Leitzke, S.; Diederichs, J.E.; Borner, K.; Hahn, H.; Ehlers, S.; Müller, R.H. Surface-Modified

Amikacin-Liposomes: Organ Distribution and Interaction with Plasma Proteins. J. Drug Target. 1998, 5,
99–108. [CrossRef] [PubMed]

190. Cheng, T.-L.; Wu, P.-Y.; Wu, M.-F.; Chern, J.-W.; Roffler, S.R. Accelerated Clearance of Polyethylene
Glycol-Modified Proteins by Anti-Polyethylene Glycol IgM. Bioconjug. Chem. 1999, 10, 520–528. [CrossRef]
[PubMed]

191. Hauet, T.; Eugene, M. A new approach in organ preservation: Potential role of new polymers. Kidney Int.
2008, 74, 998–1003. [CrossRef] [PubMed]

192. Dams, E.T.M.; Laverman, P.; Oyen, W.J.G.; Storm, G.; Scherphof, G.L.; van der Meer, J.W.M.; Corstens, F.H.M.;
Boerman, O.C. Accelerated Blood Clearance and Altered Biodistribution of Repeated Injections of Sterically
Stabilized Liposomes. J. Pharmacol. Exp. Ther. 2000, 292, 1071–1079.

193. Laverman, P.; Carstens, M.G.; Boerman, O.C.; Dams, E.T.M.; Oyen, W.J.G.; van Rooijen, N.; Corstens, F.H.M.;
Storm, G. Factors Affecting the Accelerated Blood Clearance of Polyethylene Glycol-Liposomes upon
Repeated Injection. J. Pharmacol. Exp. Ther. 2001, 298, 607–612.

194. Ishida, T.; Maeda, R.; Ichihara, M.; Irimura, K.; Kiwada, H. Accelerated clearance of PEGylated liposomes in
rats after repeated injections. J. Control Release 2003, 88, 35–42. [CrossRef]

195. Xu, H.; Ye, F.; Hu, M.; Yin, P.; Zhang, W.; Li, Y.; Yu, X.; Deng, Y. Influence of phospholipid types and animal
models on the accelerated blood clearance phenomenon of PEGylated liposomes upon repeated injection.
Drug Deliv. 2015, 22, 598–607. [CrossRef]

196. Ishida, T.; Ichikawa, T.; Ichihara, M.; Sadzuka, Y.; Kiwada, H. Effect of the physicochemical properties
of initially injected liposomes on the clearance of subsequently injected PEGylated liposomes in mice.
J. Control Release 2004, 95, 403–412. [CrossRef]

http://dx.doi.org/10.1200/JCO.1990.8.7.1263
http://www.ncbi.nlm.nih.gov/pubmed/1972736
http://dx.doi.org/10.1016/j.jaci.2008.02.044
http://www.ncbi.nlm.nih.gov/pubmed/18502492
http://dx.doi.org/10.1016/j.nano.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21704590
http://dx.doi.org/10.1038/s41565-018-0273-1
http://dx.doi.org/10.1016/j.jconrel.2007.05.015
http://dx.doi.org/10.1007/s13346-013-0176-5
http://dx.doi.org/10.3390/pharmaceutics3010001
http://dx.doi.org/10.1080/14686996.2019.1627174
http://dx.doi.org/10.1002/wnan.1339
http://dx.doi.org/10.1016/0952-7915(95)80109-X
http://dx.doi.org/10.1016/S0161-5890(01)00025-6
http://dx.doi.org/10.1016/j.jconrel.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17011060
http://dx.doi.org/10.3109/10611869808995863
http://www.ncbi.nlm.nih.gov/pubmed/9588866
http://dx.doi.org/10.1021/bc980143z
http://www.ncbi.nlm.nih.gov/pubmed/10346886
http://dx.doi.org/10.1038/ki.2008.336
http://www.ncbi.nlm.nih.gov/pubmed/18633345
http://dx.doi.org/10.1016/S0168-3659(02)00462-5
http://dx.doi.org/10.3109/10717544.2014.885998
http://dx.doi.org/10.1016/j.jconrel.2003.12.011


Nanomaterials 2020, 10, 190 24 of 24

197. Semple, S.C.; Harasym, T.O.; Clow, K.A.; Ansell, S.M.; Klimuk, S.K.; Hope, M.J. Immunogenicity and
Rapid Blood Clearance of Liposomes Containing Polyethylene Glycol-Lipid Conjugates and Nucleic Acid.
J. Pharmacol. Exp. Ther. 2005, 312, 1020–1026. [CrossRef]

198. Ishida, T.; Atobe, K.; Wang, X.; Kiwada, H. Accelerated blood clearance of PEGylated liposomes upon
repeated injections: Effect of doxorubicin-encapsulation and high-dose first injection. J. Control Release
2006, 115, 251–258. [CrossRef] [PubMed]

199. Ishida, T.; Kashima, S.; Kiwada, H. The contribution of phagocytic activity of liver macrophages to the
accelerated blood clearance (ABC) phenomenon of PEGylated liposomes in rats. J. Control Release 2008, 126,
162–165. [CrossRef]

200. Koide, H.; Asai, T.; Hatanaka, K.; Akai, S.; Ishii, T.; Kenjo, E.; Ishida, T.; Kiwada, H.; Tsukada, H.; Oku, N.
T cell-independent B cell response is responsible for ABC phenomenon induced by repeated injection of
PEGylated liposomes. Int. J. Pharm. 2010, 392, 218–223. [CrossRef] [PubMed]

201. Suzuki, T.; Ichihara, M.; Hyodo, K.; Yamamoto, E.; Ishida, T.; Kiwada, H.; Ishihara, H.; Kikuchi, H. Accelerated
blood clearance of PEGylated liposomes containing doxorubicin upon repeated administration to dogs.
Int. J. Pharm. 2012, 436, 636–643. [CrossRef] [PubMed]

202. Lopes, T.C.M.; Silva, D.F.; Costa, W.C.; Frézard, F.; Barichello, J.M.; Silva-Barcellos, N.M.; de Lima, W.G.;
Rezende, S.A. Accelerated Blood Clearance (ABC) Phenomenon Favors the Accumulation of Tartar Emetic in
Pegylated Liposomes in BALB/c Mice Liver. Pathol. Res. Int. 2018, 2018, 9076723. [CrossRef] [PubMed]

203. Wang, F.L.; Wang, H.H.; Wu, Y.F.; Wang, L.; Zhang, L.; Ye, X.; Peng, D.Y.; Chen, W.D. Activation of
PXR-Cytochrome P450s axis: A Possible Reason for the Enhanced Accelerated Blood Clearance Phenomenon
of PEGylated Liposomes In Vivo. Drug Metab. Dispos. 2019, 47, 785–793. [CrossRef]

204. Ishida, T.; Kiwada, H. Accelerated blood clearance (ABC) phenomenon upon repeated injection of PEGylated
liposomes. Int. J. Pharm. 2008, 354, 56–62. [CrossRef]

205. Gabizon, A.; Isacson, R.; Rosengarten, O.; Tzemach, D.; Shmeeda, H.; Sapir, R. An open-label study
to evaluate dose and cycle dependence of the pharmacokinetics of pegylated liposomal doxorubicin.
Cancer Chemother. Pharm. 2008, 61, 695–702. [CrossRef]

206. Yang, Q.; Jacobs, T.M.; McCallen, J.D.; Moore, D.T.; Huckaby, J.T.; Edelstein, J.N.; Lai, S.K. Analysis
of Pre-existing IgG and IgM Antibodies against Polyethylene Glycol (PEG) in the General Population.
Anal. Chem. 2016, 88, 11804–11812. [CrossRef]

207. Wang, F.; Ye, X.; Wu, Y.; Wang, H.; Sheng, C.; Peng, D.; Chen, W. Time Interval of Two Injections and
First-Dose Dependent of Accelerated Blood Clearance Phenomenon Induced by PEGylated Liposomal
Gambogenic Acid: The Contribution of PEG-Specific IgM. J. Pharm. Sci. 2019, 108, 641–651. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1124/jpet.104.078113
http://dx.doi.org/10.1016/j.jconrel.2006.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17045355
http://dx.doi.org/10.1016/j.jconrel.2007.11.009
http://dx.doi.org/10.1016/j.ijpharm.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20227473
http://dx.doi.org/10.1016/j.ijpharm.2012.07.049
http://www.ncbi.nlm.nih.gov/pubmed/22850293
http://dx.doi.org/10.1155/2018/9076723
http://www.ncbi.nlm.nih.gov/pubmed/29593857
http://dx.doi.org/10.1124/dmd.119.086769
http://dx.doi.org/10.1016/j.ijpharm.2007.11.005
http://dx.doi.org/10.1007/s00280-007-0525-5
http://dx.doi.org/10.1021/acs.analchem.6b03437
http://dx.doi.org/10.1016/j.xphs.2018.10.027
http://www.ncbi.nlm.nih.gov/pubmed/30595169
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Toxicological Evaluation of Liposomes and Their Building Blocks 
	Toxicity of Cationic Liposomes 
	Interactions with the Mononuclear Phagocyte System 
	Effect of Cholesterol Content on the Toxicity of Liposome 

	Activation of the Immune System 
	Proinflammatory Cytokine Modulation 
	Recognition of Liposomes via Complement Activation 
	Hypersensitivity Reactions 
	Anti-PEG Response 
	Accelerated Blood Clearance 

	Conclusions 
	References

