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Abstract

Lipoproteins (LPs) are circulating heterogeneous nanoparticles produced by the liver and
intestines. LPs play a major role in the transport of dietary and endogenous lipids to target cells
through cell membrane receptors or cell surface-bound lipoprotein lipase. The stability,
biocompatibility, and selective transport of LPs make them promising delivery vehicles for various
therapeutic and imaging agents. This review discusses isolation, manufacturing, and drug loading
techniques used for LP-based drug delivery, as well as recent applications for diagnosis and
treatment of cancer, atherosclerosis, and other life-threatening diseases.
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1. Introduction

Lipoproteins (LPs) are a heterogeneous class of biogenic, intrinsically stable, and non-
immunogenic nanoparticles produced by the liver and intestines [1]. LPs cover a broad range
of sizes and densities, as each subclass is composed of various lipid to protein ratios [2]. The
types of lipids (triglycerides and cholesterol) and proteins (apolipoprotein) also differ among
LP subclasses and vary throughout the lifecycle of these nanoparticles, resulting in dynamic
transitions between subclasses [2, 3]. LPs usually have a sphere-like shape [4] but can be
discoidal during synthesis and hepatic catabolism [3]. LPs facilitate complex metabolism of
lipids, particularly enabling their transport in agueous environments, such as the blood
circulation. LPs can either mediate lipid transfer from the intestines to other tissues for
storage or transport lipids from tissues to the liver for catabolism [3]. Low-density
lipoproteins (LDLs) and high-density lipoproteins (HDLSs) interact with specific cell types
involved in lipid metabolism by binding to receptors, including the LDL receptor (LDL-R)
[5], scavenger receptor class B type 1 (SRB1) [6, 7], and adenosine triphosphate-binding
cassette transporter subfamily G member 1 (ABCG1) [7]. Notably, some of these receptors
are also overexpressed on cancer cells and atherosclerotic plaques, making LPs, particularly
HDLs and LDLs, attractive for drug delivery purposes [8, 9]. In addition to receptor binding,
lipoproteins, such as chylomicrons, release lipids to target tissues upon exposure to
lipoprotein lipase [10], which is thought to be bound to endothelial cell surfaces through
electrostatic interactions [11].

In addition to being isolated from biological fluids, primarily plasma, LPs can be
synthetically manufactured by mixing protein subunits with lipids. The association of these
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two components can generate nanoparticles that mimic the delivery properties of natural
LPs, while also retaining biocompatibility when administered /n vivo [12, 13]. In the past
few years, various applications of natural and synthetic LPs have been extensively explored
in nanomedicine, revealing promising opportunities for future clinical translation as delivery
vehicles [13]. Obtaining a favorable biodistribution represents a considerable challenge for
clinically approved drugs. Specifically, side effects of therapeutic agents can be attributed
primarily to limited site-specific delivery, i.e., ~0.01-0.1% and ~1% of systemically
administered doses for small molecule drugs and nanodrugs, respectively [14-16].
Preclinical studies have demonstrated that molecular targeting approaches can increase the
efficacy of synthetic nanodrugs [17-19], although such approaches have consistently failed
in clinical trials [14, 20], due in part to the complexity of ligand-receptor binding (e.g.,
interference by plasma proteins [21]). The use of LPs is a promising alternative strategy, as
these nanoparticles have evolutionary selected molecular targeting mechanisms.
Nevertheless, it is worth noting that side effects are still likely to occur due to LP receptor
expression in other tissues, e.g., atherosclerosis plaques in the case of cancer drug delivery.
There are also many limitations hampering clinical application of LPs, such as poor
scalability due to challenges in purification from biological fluids and costly synthetic
manufacturing.

This review discusses LP biogenesis, isolation, synthesis, and medical applications in the
context of drug delivery. Additionally, limitations hindering clinical translation of LPs and
potential solutions to overcome such challenges are presented [22].

2. Lipoprotein biogenesis

LPs can be categorized into the following five major subclasses based on density, size, and
lipid/apolipoprotein composition: chylomicrons, very low-density lipoproteins (VLDLS),
LDLs, intermediate-density lipoproteins (IDLs), and HDLs (Table 1) [3]. Each LP subclass
has an important role in either endogenous or exogenous lipid metabolism. The endogenous
pathway involves lipid synthesis by hepatic tissue and subsequent VLDL, LDL, or HDL-
mediated transport throughout the body, while the exogenous pathway encompasses
intestinal uptake of lipids from dietary sources and subsequent chylomicron-dependent
transport into the lymphatic system [3].

Chylomicrons have the lowest density of all LPs (below 0.950 g/cm?3) and a broad size range
(80-1000 nm), which is dependent on the amount of ingested dietary lipids [3, 23].
Chylomicrons are synthesized in the digestive tract by enterocytes, which are cells
specialized in biomolecular absorption of numerous small molecules (e.g., ions, water,
sugars, peptides, amino acids, lipids, and vitamins). Food-derived triglycerides,
phospholipids, and cholesterol are coupled with apolipoproteins, mainly apolipoprotein B-48
(apoB-48), to form chylomicrons. Newly synthesized chylomicrons enter the intestinal
lymph and are subsequently transferred into the systemic circulation through the thoracic
duct [10]. After entering the bloodstream, nascent chylomicrons acquire apolipoproteins,
such as apoC-11, from HDLs. ApoC-II is a co-enzyme that activates peripheral lipoprotein
lipase, enabling the release of lipids from chylomicrons to muscle and adipose tissue [24].
Namely, lipoprotein lipases lining the capillary endothelium cause hydrolysis of the
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chylomicron triglyceride core, liberating free fatty acids that are then stored in adipocytes or
oxidized by skeletal muscle cells [11]. After hydrolysis, the remnant chylomicrons have a
high content of cholesterol esters and various apolipoproteins, including apoC-I1l, a
lipoprotein lipase inhibitor, and HDL-recruited apoE, which is capable of binding to hepatic
receptors inducing the clearance of these remnants [24]. Under normal physiological
conditions, chylomicrons are present in the blood for approximately 1-5 hours post-
prandium and are usually completely cleared from circulation within 12 hours of fasting
[25].

VLDLs are synthesized by liver hepatocytes and have a smaller size (30-80 nm) and higher
density (0.930-1.006 g/cm3) than chylomicrons [3]. VLDLSs are primarily composed of
apoB-100, and also include apoC, apoE, and triglycerides, of which the latter is synthesized
de novo or delivered to the liver from the intestines [26]. After synthesis, VLDLs are
released into the systemic circulation, where a transitory exchange of apoC-I1l occurs with
HDLs. In the capillaries, interactions between VLDLs and lipoprotein lipase trigger the
release of free fatty acids to tissues for energy storage or immediate adenosine triphosphate
(ATP) synthesis [3, 26].

IDLs are transitory LPs derived from VLDLs following triglyceride depletion by lipoprotein
lipase in the capillaries. IDLs contain apoB-100 and have an intermediate size (about 25 nm)
and density (1.006-1.019 g/cm3) compared to other LPs [3, 26]. IDLs are either cleared by
the liver through apoE binding or release apoE and bind cholesterol esters, becoming
circulating LDLs [3].

LDLs are enriched in apoB-100 and are derived from IDLs that bind to cholesterol,
accounting for ~75% of all cholesterol in human blood [25]. These LPs are small (~ 20 nm)
and have a low density (1.019-1.063 g/cm3) compared to other LPs [3, 27]. The main role of
LDLs is to supply cholesterol to non-hepatic tissues expressing LDL receptors, in particular,
adrenal glands, skeletal muscle, lymphocytes, gonads, and kidneys [27]. Although
cholesterol is important for membrane and hormone synthesis, high amounts of circulating
LDLs can trigger pathological processes, such as hyperlipidemia and atherosclerotic plaque
formation, by increasing the supply of cholesterol to peripheral tissues [27].

HDLs are the smallest subclass of LPs (5-10 nm) and have the highest density (1.063-1.210
g/cm3) [3]. HDLs are synthesized by the liver and contain high amounts of apoA-1, apoA-Il,
apoC, and apoE compared to lipid amounts (cholesterol and phospholipids) [3]. These LPs
are predominantly responsible for reverse lipid transport, a preventative mechanism against
cholesterol accumulation in the body. In particular, HDLs carry cholesterol from non-hepatic
tissues to the liver for eventual removal [7]. Therefore, HDLs are thought to be protective of
chronic and acute cardiovascular events, such as the formation and rupture of atherosclerotic
plaques [3, 7].

3. Isolation of lipoproteins from biological fluids

LPs are naturally occurring nanoparticles present in biological fluids [28], such as blood
[25], cerebrospinal fluid [29], lipoaspirate [30], and conditioned media from, e.g.,
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hepatocyte cell lines [31]. LPs can be separated from other biological components based on
differences in size and density [32] or by using immunocapture assays that rely on
interactions between antibodies or probes and surface proteins [33] (Fig. 1). However,
biological fluids contain other nanoparticles, such as extracellular vesicles (EVs), which
overlap with LPs in regard to size and density, making separation of these two components
challenging [28, 34]. Accurate and efficient LP isolation and subsequent quantification
usually require time-consuming and expensive protocols that are poorly scalable and
difficult to standardize [28]. Despite these challenges, several techniques have been
implemented in both research laboratories and clinical settings for LP isolation, including
ultracentrifugation, size-exclusion chromatography (SEC), tangential flow filtration, density
gradient assays, and immune-based assays.

A tangential flow filtration (TFF)-based method [35] was utilized for sterile, quick, efficient,
and scalable separation of biological nanoparticles (EVs and LPs) from larger and smaller
components in human lipoaspirate [30]. This filtration technique, which can process large
volumes (> 1 L) in a few hours, leads to isolation of higher quantities of biological
nanoparticles with almost no albumin contaminants compared to conventional
ultracentrifugation [35]. Lipoaspirate-derived biological nanoparticles isolated with TFF
were shown to suppress toll-like receptor 4 (TLR4)-induced expression of inflammatory
cytokines in macrophages [30]. An additional SEC separation step was used to further
separate EVs from apoE-containing LPs, revealing that both the mixed and EV-enriched
populations displayed similar TLR4-suppressive effects when normalized for nanoparticle
amount [30]. These findings indicate that both lipoaspirate-derived EVs and LPs may have
anti-inflammatory properties. Although SEC provided mechanistic understanding of
subcomponent effects, this additional separation step makes the method less scalable due to
volume limitations [30].

In another study, biological nanoparticles were isolated from human platelet-free plasma,
and platelet concentrates collected from pre and post-prandial donors using multiple size-
based protocols, namely dead-end filtration, differential centrifugation, and
ultracentrifugation. Some samples were further processed with density gradient-based
ultracentrifugation [32]. The presence of LPs (apoB-100 and apoB-48) and EVs (cluster of
differentiation 9, cluster of differentiation 41, cluster of differentiation 63, and annexin V)
was evaluated by flow cytometry and Western blot [32]. Platelet concentrates were expected
to contain a more homogeneous nanoparticle population compared to whole plasma,
whereas plasma from post-prandial donors was expected to contain higher levels of LPs
containing apoB. However, all samples isolated through size-based techniques, regardless of
platelet content or prandial status, contained high levels of LPs and low levels of EVs, with
the latter being slightly increased in samples from post-prandial donors [32]. The density-
gradient ultracentrifugation step was able to further eliminate all chylomicrons (apoB-48
positive) and reduce the presence of apoB-100 containing LPs [32]. Notably, this study also
revealed that LDLs attach to the surface of EVs, indicating that these biological
nanoparticles interact, further complicating separation attempts [32].

It is possible that more efficient separation of EVs and LPs could be achieved through the
optimization of such protocols, as the aforementioned study used standard gradient
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conditions and centrifugation settings. In fact, EVs and LPs from mouse serum and
conditioned cell culture media were efficiently separated using a differential centrifugation
protocol entailing both ultracentrifugation and sucrose cushions [29]. Furthermore, an
additional isolation step consisting of the ultracentrifugation of a discontinuous potassium
bromide gradient was able to further separate LDLs from HDLs [29]. Other studies have
also demonstrated a successful separation of HDLs from other apoB-containing LPs. For
example, mouse plasma was filtered and processed using three in-series SEC columns and
applying a fast protein liquid chromatography protocol followed by a size-based filtration
and concentration step [36]. Each eluted fraction was analyzed for total protein, cholesterol,
and triglyceride content in order to identify HDLs and apoB-containing LPs based on
protein to lipid ratios and lipid content. The isolation protocol resulted in the collection of
separate fractions containing either HDLs or a mixture of VLDLs and LDLs [36]. The small
non-coding RNA (sRNA) content of each fraction was identified, as LPs are known to carry
both host and non-host sSRNAs [36]. Both HDLs and VLDLs/LDLs displayed a SRNAs
profile that differed from that of the host liver, suggesting an active sorting mechanism.
Specifically, the two LP subclasses were associated with distinct subsets of non-host SRNAS,
mainly bacterial, to a greater extent than other samples, such as host liver, bile, and urine.
Further studies are necessary to determine the function of non-host SRNA enrichment on
LPs [36].

In addition to size and density-based separation methods, immunocapture assays have been
used to specifically isolate LP subclasses. For example, HDLs were efficiently isolated from
human plasma using immunocapture columns functionalized with anti-HDL
immunoglobulin (Ig) Y and a sandwich-enzyme-linked immunosorbent assay [33]. Although
HDLs are generally known to exert anti-inflammatory effects, this separation protocol
revealed that rheumatoid arthritis patients had higher levels of HDL compared to healthy
controls. Proteomic analysis demonstrated that HDLs in rheumatoid arthritis patients were
significantly enriched with 12 acute phase proteins [33], which could provide a possible
explanation for the association of HDL with this inflammatory disease.

In conclusion, the separation of LPs from other components in biological fluids has been
achieved. However, LP purification requires multi-step protocols that are time-consuming
and poorly scalable, facing similar challenges as EV-based therapeutics [37-39]. Therefore,
such protocols may not be ideal for clinical drug delivery applications that require mass
production. Moreover, batch-to-batch consistency and high reproducibility could be
compromised due to donor-dependent variations in biological fluid composition. However,
the aforementioned methods may be suitable for biomarker-based applications that require
much smaller processing volumes.

4. Synthetic lipoproteins

Manufacturing of synthetic (s) LPs, which have been shown to mimic the structure,
biocompatibility, stability, targeting, and immunoevasion of natural ones, is an alternative to
LP isolation from biological fluids [12, 40]. Assembly of sLPs is achieved by combining
protein/peptide components (recombinant or synthetic origin) with synthetic lipids or other
hydrophobic compounds in solution (Fig. 2) [41]. Protocols for sLP synthesis vary
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significantly in terms of equipment, technical complexity, cost, and time. For example, lipid
emulsions/liposomes can be mixed with synthetic peptides through vortexing in the absence
[42] or presence of detergents (e.g., cholate) [43], while other protocols rely on and
microfluidic-based reconstitution [44]. sLPs can be separated from excess reagents using
dialysis or density gradient-based ultracentrifugation [13, 40, 42, 43]. Compared to SHDLSs,
sLDLs usually require more complex synthesis due to the large size of ApoB [45]. The size
and shape of sLPs can be customized by adjusting lipid types and stoichiometric lipid-to-
protein ratios [41, 46]. For example, the use of long saturated lipids and high lipid-to-protein
ratios results in large discoidal sLPs, while unsaturated lipids and low lipid-to-protein ratios
lead to the formation of small discoidal sLPs [41]. Studies have shown that sSLPs
reconstituted from lipids and apolipoproteins display shape, size, and density ranges
comparable to native counterparts [41].

In one study, sHDLs were synthesized from various lipids and six different types of
recombinant human apolipoproteins using the ethanol injection method and cholate dialysis
[47]. These sHDLs triggered cholesterol efflux in cell culture and decreased the
concentrations of cholesterol, triglycerides, and LDLs in the blood of mice fed a high-fat
diet. Additionally, the sHDLs regulated prostaglandin 2 and thromboxane 2 levels in a
similar manner as natural HDLs, and reduced liver steatosis and inflammation [47]. Overall,
these results suggest that SHDLs can have comparable protective and anti-inflammatory
effects to native counterparts. Other studies have synthesized sHDLs using fewer
apolipoproteins [48]. For example, sHDLs have been synthesized using various ratios of
apoA-1 and apoA-V and a fixed quantity of synthetic lipids, revealing that apoA-V has an
inverse relation with lipoprotein lipase activity, suppressing uptake and clearance of VLDLs
in hepatocyte cell culture and /n vivo [49]. This study highlights the importance of
apolipoprotein type and ratio in SHDL synthesis in order to obtain LPs that correctly mimic
the native physiological role of HDLs [49]. Similarly, sSLDLs synthesized from various lipids
and a synthetic apoB peptide using a solvent evaporation method followed by
homogenization have been used as a cell culture supplement for cell lines that are unable to
perform de novo cholesterol synthesis [50]. These sLDLs were shown to increase cell
viability and proliferation in a dose-dependent fashion [50]. Cell proliferation correlated
with both the cholesterol ester and peptide concentration in sSLDLS, suggesting an important
role of receptor-mediated uptake [50].

In conclusion, the characteristics of sLPs can be controlled and adjusted to mimic natural
LPs, representing a valuable alternative to the isolation of LPs from biological fluids.
However, a major drawback is the requirement of specific protocols and equipment to ensure
proper assembly of lipids with proteins [13]. Chemical engineering approaches, such as
solid-phase synthesis [51, 52], enable the production of tens-of-kilograms of peptides [53].
Microorganisms (e.g., bacteria and yeasts) genetically modified to secrete soluble
recombinant apolipoproteins can also be used for sLP synthesis and production [13].
However, these techniques are often more expensive than solid-phase synthesis for quantities
under 100 kg [53]. Additionally, it is likely that clinical-grade manufacturing of sLPs will
face similar challenges in regard standardization and batch-to-batch consistency as synthetic
nanoparticles [54].
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5. Lipoprotein-based drug delivery

Blood-based LP assays are commonly used in the clinic for diagnostic purposes. However,
alternative uses of LPs for applications, such as drug delivery, are primarily in preclinical
development. On the contrary, synthetic liposomes have been used in the clinic since the
1990s for the delivery of therapeutic agents for fungal infections and cancer [55, 56]. The
major ways in which liposomes differ from LPs are the presence of an aqueous core and the
lack of apolipoproteins. LPs represent a valuable alternative to liposomes, as the latter has
short circulations times unless coated with polyethylene glycol (PEG), which can activate
the immune system upon repeated administration, leading to rapid clearance and potentially
adverse effect [14, 57]. The heterogeneous structure of LPs enables the loading of a broad
range of molecules. For example, small lipophilic molecules can be passively loaded in LPs
through simple mixing protocols [58], while hydrophilic molecules can be chemically
conjugated to lipid or protein components [59]. Payloads can be incorporated into the LP
core or associated with lipid or protein components on the LP surface (Fig. 3) [45, 60]. For
example, lipid core reconstitution is a common method entailing the replacement of LP core
lipids with the therapeutic agent through a chemical process [61]. Among the various LPs,
LDLs and HDLs have primarily been used for drug delivery due to their small size (< 25
nm), which facilitates tissue penetration and receptor-mediated uptake (e.g., LDLR and
SRB1), enabling selective transport to target tissues [45, 60]. Natural and synthetic
chylomicrons have also been proposed as delivery vehicles for lymphatic transport [62, 63].
LP safety profiles and examples of engineering strategies for drug delivery applications
(Table 2) are discussed in the following section.

5.1. Stability and safety

The natural origin and function of LPs provide many benefits for drug delivery, including
stability in circulation, safety, limited interactions with the mononuclear phagocyte system,
targeting ability, and biodegradation [13, 22, 40, 45, 48, 60, 70, 88, 89]. In particular, the
ability of delivery vehicles to evade the immune system is beneficial as prolonged
circulation times usually cause increased interactions with target tissues [66, 90].

A wide variety of therapeutic agents have been delivered by LDL carriers, including
chemotherapy, photosensitizers, nucleotides, anti-human immunodeficiency virus (HIV)
drugs, and imaging agents [22]. Studies have revealed that the stability of LDL-based
delivery systems is highly dependent on the loading strategy [48]. For example, an imaging
study found that gadolinium probes containing a hydrophobic moiety that bound to the LDL
surface following a passive mixing protocol were transferred to cell membranes upon /n vivo
administration [91]. However, probe detachment from LDLs did not prevent magnetic
resonance visualization of subcutaneous tumors in mice [91]. In addition to loading
methods, the shape of the LP carrier has been found to impact stability. For example, disc-
shaped HDLs were found to be unstable in plasma [92], which is not entirely unexpected as
a shape-based transition from discoidal to spherical occurs during HDL maturation. It is also
critical to assess how drug loading impacts LP transport and functional properties.
Radiolabeling of tyrosine side chains of apoB-100 using three different radioiodination
techniques (iodogen tyrosine radiolabeling, chloramine tyrosine radiolabeling, and
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monochloride tyrosine radiolabeling) was found to change the properties of LDLs [59]. For
example, compared to native LDLs the presence of radioactive iodine isotopes reduced the
antioxidative potential [59], which could potentially impact the circulation time due to
increased uptake by phagocytic cells, as demonstrated for oxidized LDLs [93, 94].

It is conceivable that changes to native LP properties as a consequence of drug loading could
result in safety concerns, such as immunological reactions. It is also essential to address
other potential safety concerns, including the presence of infectious agents in LP samples
obtained from biological fluids [95, 96]. In fact, viruses are in the same size range and
density as LPs, which may lead to potential co-isolation [95, 96]. Moreover, it is possible
that the administration of drug-loaded LPs may have unfavorable effects on lipid
metabolism; however, such effects are likely to be highly dependent on dosing. Storage-
induced aggregation of LDLs could also be a potential safety concern for drug delivery
applications [22]. Additionally, it is foreseeable that excessive quantities of intravenously
injected LPs could cause infusion reactions or vascular obstructions, as it the case for
systemically injected synthetic nanoparticles [14].

Despite the aforementioned safety concerns, LPs have the potential to substantially improve
the safety profile of cytotoxic agents. For example, daunorubicin-loaded LDL carriers were
more than twice as cytotoxic in acute leukemia blast cells compared to healthy bone marrow
cells, whereas free daunorubicin was equally cytotoxic in both cell lines [97]. It remains to
be seen whether such improvements in safety would outperform clinically approved
synthetic nanoparticles that in, many cases, have gained approval due to decreased toxicity
with equivalent therapeutic efficacy compared to free drug counterparts [16, 98].

5.2. Cancer

Conventional chemotherapy has many on-target (suppression of cell division) and off-target
(e.g., generation of reactive oxygen species) effects, which also damage healthy tissues,
causing side effects and limiting therapeutic efficacy due to dose restrictions [99, 100].
Therefore, research efforts have focused on developing drug delivery strategies for
chemotherapeutic agents to reduce exposure to healthy organs [101, 102]. LP-based drug
delivery systems can facilitate the delivery of chemotherapeutic drugs to cancer cells, as LP
receptors are overexpressed in some tumors (Fig. 3) [88, 103, 104]. In fact, the high
metabolic rate of cancer cells requires accelerated membrane synthesis that relies on the
uptake of cholesterol carried by endogenous LPs [12, 105, 106]. Additionally, macrophages
and monocytes in the tumor microenvironment frequently promote tumor progression [107-
110] and could be targeted by LP-based therapy due to high expression of scavenger
receptors, which internalize modified LDL [111, 112].

Many chemotherapeutic agents display hydrophobic interactions with LPs, which enables
loading through simple mixing [58]. The loading efficiencies of four anticancer molecules,
doxorubicin (Dox), vindesine (Vin), 5-iododeoxyuridine, and 5-fluorouracil, in VLDLSs,
LDLs, and HDLs were shown to be directly proportional to drug hydrophobicity and
molecular weight [58]. Specifically, Vin, which has the highest molecular weight (750 g/
mol) and mean partition coefficient (3.62), displayed the highest loading efficiency, followed
by Dox (546 g/mol and mean partition coefficient of 1.34) and 5-iododeoxyuridine (354.1
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g/mol and mean partition coefficient of —0.68), and lastly 5-fluorouracil (130.8 g/mol and a
mean partition coefficient of —2.10) [58]. Notably, all four chemotherapeutic agents were
more efficiently incorporated in HDLs compared to other LP subtypes [58]. The morphology
and structural integrity of LPs were not affected, except for Dox and Vin-loaded LDLs,
which exhibited decreased thermal stability [58]. In general, drug-loaded HDLs and LDLs
displayed comparable and dose-dependent therapeutic effects in cervical and breast cancer
cells, outperforming free drugs, and drug-loaded VLDLs [58]. However, in some cell lines,
Dox-loaded HDLs were more efficient than LDL counterparts [58].

In addition to passive loading of chemotherapeutic agents in LPs, several studies have also
relied on chemical conjugation strategies. For example, sLDL have been chemically
conjugated to paclitaxel (PTX) through oleate (fatty acid), leading to improved therapeutic
effects in glioblastoma multiforme cell lines [42]. These effects were more pronounced in
cells with higher expression of LDLR [42]. In a similar study, sSLDL-PTX displayed
enhanced cytotoxicity in glioblastoma cells compared to hepatocarcinoma cells, which was
attributed to higher LDLR expression in the former cell line [64]. In mice studies, the
highest levels of SLDL-PTX were observed in subcutaneous glioblastoma xenografts 36
hours after intravenous administration [64]. Daily administration of SLDL-PTX for ten days
caused a substantial decrease in tumor volume (3.6-fold) compared to clinically approved
solvent-based PTX (Taxol) (2.1-fold), lipid conjugated PTX (2-fold), and PTX in lipid
emulsion (2.4-fold) [64]. In addition to sLDLs, PTX has also been loaded in HDLs, which
significantly decreased the half-maximal inhibitory concentration dose (IC50) compared to
free PTX in ovarian, prostate, and breast cancer cell lines [65]. Moreover, the maximum
tolerated PTX dose and mean body weight were higher in mice treated with SHDL-PTX
compared to clinically approved solvent-based (Taxol) or protein-based (Abraxane) PTX,
indicating the LP-based delivery may be more tolerable than currently available clinical
alternatives [65].

The aforementioned examples of drug delivery for cancer-based applications relied on the
use of spherical LPs. However, discoidal LPs have also been used for delivery of anticancer
agents despite displaying stability issues in other studies [92]. For example, disc-shaped
sHDLs were loaded with a novel hydrophobic compound (withalongolide A 4,19,27-
triacetate). These drug-loaded sHDLs displayed a significantly increased IC50 compared to
the free drug in adrenocortical carcinoma (ACC) cells overexpressing SRB1 [66]. In mice
bearing subcutaneous ACCs, intravenous or intraperitoneal administration of sHDLSs resulted
in high hepatic and intratumoral accumulation. Compared to the free drug, drug-loaded
sHDLs caused a more substantial suppression of tumor growth [66].

In conclusion, both natural and synthetic LPs have been successfully used in preclinical
studies for delivery of chemotherapeutic agents, displaying improved therapeutic efficacy
and safety compared to free drug counterparts. In certain cases where LPs were compared to
clinically approved drug delivery systems (i.e., Abraxane), the former was superior in regard
to safety.
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5.3. Gene silencing

Chemically unmodified freely circulating nucleic acids are susceptible to rapid degradation
by nucleases [113-115]. Naturally occurring nanoparticles in the blood, mainly EVs [116]
and LPs (LDLs and HDLs) [117], act as vehicles for SRNAs that are transferred between
cells in the body. These biological nanoparticles also represent promising drug delivery
vehicles for therapeutic nucleotides [13, 70, 71].

In particular, HDLs have been proposed as promising carriers for micro RNAs (miRNAS)
and small interfering RNAs (siRNAs), which are short oligonucleotides that act post-
transcriptionally to alter cell function [70, 118]. For example, mixing of sHDLs, composed
of a gold nanoparticle core covered with apoA-I, phospholipids, and cholesterol, with
siRNAs complexed with cationic lipids, led to self-assembly of SHDL-siRNA [70]. sHDL-
SiRNA caused a selective and lasting suppression of target gene expression in prostate
cancer cells (up to 96 hours) [70]. Tumor accumulation and therapeutic efficacy were also
demonstrated in mice bearing prostate tumor xenografts upon repeated intravenous
administration of SHDL-siRNA against the androgen receptor (AR) [70]. Administration of
sHDL-siRNA also caused a substantial reduction in circulating blood cells, particularly
white blood cells and neutrophils, which is expected following systemic AR knockdown.
Other parameters measured in the blood and liver, as well as animal body weights, were not
significantly affected, indicating negligible systemic toxicity [70].

In another study, apoE or apoA-1 proteins were assembled with phospholipids and
cholesterol conjugated siRNAs against apoB [71]. Following intravenous administration in
mice, the selective knockdown of apoB in the liver (50%) with SHDLs (apoA-1) siRNA
delivery was similar to that of siRNA delivered with endogenous HDLs isolated from mouse
plasma [71]. However, apoE-sLPs caused a dose-dependent silencing of apoB up to 80%,
causing a one-third reduction in serum LDL cholesterol levels, substantially outperforming
sHDLs. ApoE is an LDLR ligand that is responsible for the uptake of LP remnants by the
liver [71]. Therefore, the role of ApoE in LP catabolism may explain the superior
performance of apoE-sLPs compared to sHDLs [71]. Collectively, these studies suggest that
LPs represent a promising delivery system for SRNAs /n vitroand in vivo, in particular for
applications involving cells that express high levels of LP receptors.

5.4. Atherosclerosis

HDLs play a major role in reverse cholesterol transport (removal of excess cholesterol from
non-hepatic tissues) and are generally protective against adverse cardiac events and blood
hereditary hyperlipidemia [119]. Therefore, the use of HDL is a promising strategy for
concurrent stimulation of reverse cholesterol transport and delivery of therapeutic agents to
atherosclerotic plaques [73, 74, 119, 120] (Fig. 3).

Various therapeutic agents with anti-inflammatory and/or cholesterol-lowering properties
have been loaded in HDLs for treatment of atherosclerosis. For example, SHDLs were
loaded with a liver X receptor (LXR) agonist [73]. LXR is known to regulate ABC
transporters expressed on the cell surface of, e.g., hepatocytes and macrophages, the latter
being a fundamental component of atherosclerotic plaques. SHDL-LXR caused cholesterol
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efflux in cultured macrophages after 48 hours of exposure without affecting cell viability
[73]. Both the LXR agonist and sHDL-LXR agonist increased messenger RNA (mRNA) and
protein expression of ABC transporter sub-family A member 1 (Abcal) and Abcgl in mouse
macrophages. Treatment of these macrophages with SHDL alone decreased Abcal and
Abcgl expression in mouse macrophages, which was likely due to low intracellular levels of
cholesterol [73]. Intraperitoneal injection of fluorescent sSHDLs-LXR agonist into apoE
deficient mice fed a high-fat diet resulted in the accumulation of the delivery system in the
aorta [73].

Moreover, aorta tissue analysis showed increased expression of Abcal and Abcgl
transporter mMRNAS in response to the free LXR agonist or SHDL-LXR agonist, thus
corroborating the /n vitro findings [73]. Treatment with the SHDL-LXR agonist for six
weeks reduced the aortic lesion and plaque area to a greater extent than that of free LXR and
sHDLs. Notably, systemic administration of the free LXR agonist caused various side
effects, such as liver steatosis and increased triglyceride levels. These side effects occurred
due to activation of the hepatic sterol regulatory element-binding protein 1 (SREBP-1)
pathway that causes increased expression of LXR-target genes in the liver. Notably, delivery
of the LXR agonist in sHDL did not activate the SREBP1 pathway, thus avoiding the
aforementioned side effects [73]. A lack of side effects was not due to protective effects of
sHDL, as combination treatment with sSHDL and free LXR failed to prevent liver toxicity
[73]. Potential reasons for the lack of sSHDL-LXR side-effects despite liver accumulation of
sHDL include alterations in LXR pharmacokinetics, which is expected upon nanoparticle
encapsulation of small molecules and is known to impact safety profiles [121, 122]. For
example, HDL circulates for many hours [123] and may slowly release LXR in extracellular
and intracellular compartments, thereby, causing negligible toxicity, as drug exposure is
spread out over time, as previously demonstrated for synthetic nanoparticles [124]. In fact, it
is unknown whether drug internalization by hepatocytes occurred with HDL delivery, as
intrahepatic biodistribution was not studied. It is possible that the drug remained in the
hepatic extracellular matrix or was internalized by other cells in the liver, such as Kupffer
cells.

In another study, SHDL was used for the delivery of lovastatin (LOV), a cholesterol-lowering
molecule that also exhibits potential anti-inflammatory effects [74]. sHDL-based delivery of
LOV for atherosclerosis is promising, as prior use of free LOV for this condition has been
limited by low intra-aortal accumulation [74]. LOV was incorporated in sHDL through a
film dispersion-apoA-I incubation method. In cultured macrophages, free LOV, sHDL-LOV,
and sHDL caused impaired oxidate LDL (oxLDL) uptake and consequent suppression of
cluster of differentiation 36 and class A scavenger receptors, which mediate oxLDL uptake.
Notably, sHDL-LOV caused the most substantial decrease in receptor expression, indicating
that the combination therapy was superior to either treatment alone [74]. Fluorescently
labeled sHDL administered to apoE knockout mice fed a high-fat diet accumulated in the
aorta, and treatment with sHDL-LOV lead to a substantial decrease in atherosclerotic plaque
area along with an inhibition of metalloproteinase activity [74]. Notably, therapeutic doses
of sSHDL-LOV did not cause systemic toxicity or changes in cell viability [74].
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In another study, discoidal sHDLs were loaded with simvastatin (SHDLsim) and co-
administered with B-cyclodextrin to target foam cells, a type of macrophage in
atherosclerotic plaques that has limited permeability to drugs due to abnormal cholesterol
accumulation [77]. This combination therapy could simultaneously promote cholesterol
efflux from foam cells (B-cyclodextrin), cholesterol uptake and transport to hepatic tissue
(sHDLs), and inhibition of cholesterol synthesis (simvastatin) [77]. The authors
demonstrated that combination therapy with p-cyclodextrin and SHDLsim was superior to
monotherapy in terms of cholesterol efflux, decreased membrane cholesterol content,
reduced intracellular lipid accumulation, decreased secretion of proinflammatory cytokines,
reversion of foam cell phenotype, and improved simvastatin delivery [77].

In conclusion, sHDLs have shown promise for combination therapy, delivery of therapeutic
agents, and improved safety profiles for treatment of atherosclerotic plaques.

5.5. Imaging

In addition to delivery of therapeutic agents, LDLs and HDLSs are promising carriers for
imaging agents (Fig. 3). For example, an LDL-loaded magnetic resonance imaging (MRI)
contrast agent was used in preclinical studies for tumor imaging [78]. Specifically,
amphiphilic gadolinium (Gd)-diethylenetriaminepentaacetic acid chelates were incorporated
into LDLs isolated from human plasma and intravenously administered to mice with
subcutaneous hepatoblastoma G2 xenografts [78]. Selective delivery to tissues expressing
LDLR was observed within five hours for the liver and 24 hours for the tumor. A similar
study investigated the use of the photosensitizer, tetra-t-butyl silicon phthalocyanine
bisoleate (SiPcBOA), reconstituted into the lipid core of LDLs isolated from human plasma
[79]. Laser scanning confocal microscopy was used to visualize SiPcBOA-LDL uptake by
human hepatoblastoma G2 (HepG2) tumor cells via the LDLR pathway, and a clonogenic
assay revealed that SiPcBOA-LDL-based photodynamic therapy was more efficient than free
SiPcBOA in HepG2 cells [79].

In addition to LDLs, HDLs are also promising for imaging purposes, mainly due to the small
size of these LPs, which enables improved tissue penetration [66]. Various types of HDLs
have been used in imaging studies, including radiolabeled HDLs [59] and nanocrystal HDLs
[80]. The latter involves the reconstitution of the HDL core with nanocrystals of various
materials depending on the imaging modality [80]. For example, gold nanocrystals allow
visualization by computerized tomography, iron oxide by MRI, and quantum dots by optical
imaging. All three of these nanocrystals were shown to be taken up by macrophages during
in vitro experiments. In addition to modifying the core composition, the HDLs were further
modified to carry additional contrast agents, thus creating multifunctional LPs [80].

In another study, SHDL were designed to detect healthy versus apoptotic macrophages, the
latter being major components of atherosclerotic plaques characterized by a high risk of
disruption [83]. Triphenyl phosphonium (TPP), a hydrophobic cation able to accumulate into
active mitochondria, was included as an sHDL constituent during sHDL synthesis.
Additionally, the SHDL core was loaded with quantum dots to allow for sHDL imaging both
in vitro and in vivo, as identification of unstable atherosclerotic plaques is important for
prevention of thrombosis and other acute cardiac events [83]. /n vitro studies assessed the
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ability of TPP-sHDL to target the mitochondria matrix through a mechanism dependent on
the mitochondrial membrane potential, characteristic of healthy macrophages. Accordingly,
TPP-sHDL exhibited decreased accumulation in apoptotic macrophage mitochondria
compared to the viable counterpart, corroborating SHDL ability to sense cell status [83].

Another study compared the optical properties of free valrubicin, an anticancer drug, to
sHDL enclosed valrubicin, demonstrating that the latter has the potential to be a valuable
theranostic agent [81]. In particular, sHDL delivery overcomes previous limitations of
valrubicin use due to hydrophobicity and enables SR-B1-mediated targeted delivery.
Notably, the quantum yield and lifetime of fluorescence increased six-fold and two-fold,
respectively, upon valrubicin enclosure within sHDL particles [81]. Overall, LP-based
delivery vehicles are promising multifunctional platforms that enable theranostic approaches
to disease management.

5.6. Vaccines

Synthetic LPs have shown potential as a vaccine delivery platform for a variety of diseases.
Notably, sHDL has shown promise as a carrier for peptide-based cancer vaccines. A
preclinical study developed an sHDL discoidal nanocarrier conjugated with tumor antigen
peptides and adjuvants for personalized cancer immunotherapy (Fig. 4a) [69]. Utilization of
sHDL nanodiscs helps to address the issue of the poor immunogenicity of antigen peptides
by allowing co-delivery of an immunostimulatory adjuvant (Fig. 4b) [69, 125].
Subcutaneous administration of these SHDL nanodiscs into mice resulted in significantly
stronger CD8+ T cell lymphocyte (CTL) responses compared to free antigen peptide and
water-in-oil Montanide (a commonly used peptide adjuvant system for peptide-based cancer
vaccines in clinical trials) with a 47-fold and a 31-fold greater CTL response frequency,
respectively [69]. Upon challenge with administration of melanoma cells, mice immunized
with the sHDL vaccine were tumor-free up to 28 days, while the mice of the free peptide and
Montanide vaccine groups all succumbed to tumors [69]. Similar results were observed in
another study, in which the same sHDL nanodiscs were modified for glioma vaccination and
resulted in a strong CTL response and glioma inoculation in mice compared to the free
peptide [68]. Synthetic lipoprotein carriers have also been used for peptide-based vaccines
for infectious diseases, including those caused by West Nile virus, Streptococcus pyogenes,
and Clostridium difficile 85, 126, 127].

Additionally, chylomicrons have been used for vaccine delivery in preclinical studies. For
example, an oral vaccine against hepatitis B virus was developed by loading antigens into
nanoparticles enriched in polyunsaturated lipids that were further encapsulated in an enteric
capsule [84]. Orally administered medications absorbed by the intestines are usually
subjected to a hepatic first-pass effect, entailing rapid metabolization [62]. In contrast,
dietary lipids, mainly long-chain fatty acids absorbed by the intestines, are assembled into
chylomicrons and directly released into the lymphatic system, avoiding the first-pass effect
and improving drug pharmacokinetics [62]. In the hepatitis B vaccine study, administration
of the chylomicron-based vaccine in rats resulted in IgA and IgG antibody production, and
similar immunization levels as those achieved using a commercial intramuscular hepatitis B
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virus vaccine [84]. Overall, chylomicron-mediated oral delivery represents a promising
strategy for improving drug pharmacokinetics and targeting the lymphatic system.

In addition to vaccines, chylomicron-based drug delivery is especially suitable for treating
autoimmune diseases, malignancies, and infections that involve lymphoid organs, as
conventionally administered therapeutic agents, display low accumulation in the lymphatic
system [62, 84]. For example, in a preclinical study, diglyceride-covered mesoporous silica
nanoparticles were loaded with the anti-HIV drug, lopinavir, as a strategy to reach virus
reservoirs in the drug-privileged lymphatic system [62]. Following oral administration in
rats, the nanoparticles were able to enter enteric epithelial cells through various endocytic
pathways and were recycled as constituents of chylomicrons that were transported to the
lymphatic circulation [62]. Notably, nanoparticle-based delivery substantially improved the
pharmacokinetics of lopinavir compared to free drug administration [62]. In another study,
treatment of Caco?2 colon epithelial cells with unsaturated micelles loaded with the lipophilic
antioxidant compound, 5-demethylnobiletin, triggered secretion of chylomicrons carrying
the therapeutic agent [128].

5.7. Clinical studies

Drug-encapsulated LPs have not yet entered clinical studies despite promising preclinical
results. However, several HDL products without additional imaging or therapeutic agents
have been evaluated in clinical trials for atherosclerosis and metabolic disorders. For
example, apoA-I Milano, an HDL mimetic consisting of recombinant mutant apoA-I
(mutation is associated with cardioprotective effects) combined with phospholipids,
displayed initial promising results in patients with coronary artery disease [129]. However,
manufacturing difficulties and contamination from host-derived components necessitated the
development of a non-contaminated version, which was named MDCO-216 [130]. In 2016,
development of MDCO-216 was halted due to lack of efficacy [130, 131]. Another HDL
mimetic (pre-p HDL), CER-001 (recombinant apoA-I combined with phospholipids), was
shown to be well tolerated and induce reverse lipid transport in healthy subjects in a phase |
clinical trial [132]. However, a lack of therapeutic efficacy was observed in a clinical trial of
statin-treated patients with acute coronary syndrome [133].

In addition to HDL products based on recombinant apoA-1, plasma-derived ApoA-1 has
also been used in clinical studies. For example, administration of autologous HDL that had
undergone delipidation led to a non-significant trend in the reduction of carotid atheroma
volume in patients with acute coronary syndrome [134]. Additionally, CSL-111 and
CSL-112 are HDL mimetics consisting of apoA-I purified from human plasma and
reconstituted with phospholipids [129]. Administration of CSL-111 [135, 136] or CSL-112
[129] in clinical studies caused a two-fold and more than 30-fold increase in apoA-1 and
pre-BHDL content in plasma, respectively [129], indicating the ability of these products to
impact cholesterol efflux and elimination. ApoA-1 in these studies exhibited a relatively
short duration of elevation with a range of approximately 48 to 72 hours [129]. CSL-111
demonstrated altered plaque morphology in initial clinical trials; however, high infusion
concentrations led to liver toxicity [129]. Toxic effects were attributed to formulation
excipients, and the product was reformulated as CSL-112. Phase I study results of CSL-112
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demonstrated a more favorable safety profile [129]. Phase Il clinical trials of CSL-112 ina
total of 1,258 patients with acute myocardial infarction demonstrated that four weekly
infusions were well tolerated and did not influence liver or kidney function [137].
Furthermore, CSL-112 acutely augmented cholesterol efflux [137]. Currently, there is an
ongoing phase Il clinical trial with CSL-112 (e.g., NCT03473223) in patients with acute
coronary syndrome with an estimated enrollment of 17,400 participants [138].

Future considerations for clinical use of HDL-based products include assessment of long-
term effects, as well as optimization of treatment dosage and duration. Overall, HDL-based
therapies are well tolerated in patients, which is promising for future clinical evaluation of
LP-based drug delivery vehicles. Incorporation of therapeutic agents in HDL products has
the potential to improve treatment, especially as several clinical trials have shown limited
efficacy for treatment of atherosclerosis and metabolic disorders.

6. Conclusions

LPs are a class of biological nanoparticles secreted by the intestines and liver. LPs are
heterogeneous in size, density, and transport properties, serving as endogenous carriers for
various lipids in circulation. LP-mediated transport of cargo to target cells relies on cell
membrane receptor binding, followed by endocytosis or enzymatic digestion through lipases
tethered to the cell surface. Such selective transport properties make LPs promising for drug
delivery applications, mainly to cells and tissues expressing high levels of LP receptors such
as LDL-R and SRBL1. For example, several LP receptors are overexpressed on cancer cells
and atherosclerotic plaques. Additionally, chylomicron-mediated oral drug delivery
represents a promising strategy to avoid the hepatic first-pass effect and to target lymph
organs for the treatment of autoimmune diseases, lymphatic malignancies, and infectious
diseases. In addition to selective transport, other advantages of LPs as delivery vehicles
include stability and biocompatibility in physiological environments.

LPs can be isolated from biological fluids or synthetically manufactured by combining lipids
and synthetic peptides or recombinant apolipoproteins. In fact, a major advantage of LPs
compared to other biological nanoparticles, such as EVs, is that the former can be
synthetically manufactured in a controlled manner, displaying similar properties as natural
LPs. Therapeutic and imaging agents can be loaded in LPs using a variety of methods,
including passive loading, chemical conjugation, and lipid core reconstitution. Notably, both
hydrophilic and lipophilic small molecules, as well as RNA-based therapeutic agents have
successfully been delivered using LPs. Recent preclinical studies have demonstrated that
LPs show promise for the diagnosis and treatment of cancer, atherosclerosis, and other life-
threatening diseases by improving therapeutic efficacy and reducing side effects compared to
free drug counterparts. Notably, in a few animal studies where comparisons were made to
clinically approved synthetic nanoparticles, LPs were shown to be superior in regard to
reducing side effects. Despite promising potential, LPs will require further evaluation in
additional animal models (e.g., mice are poorly representative of human atherosclerosis) and
in future clinical studies.
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Other challenges in the field of LP-based drug delivery include poor scalability due to
challenges in purification from biological fluids and costly synthetic manufacturing. In
particular, a major challenge has been the efficient separation of natural LPs from other
biological nanoparticles, such as EVs, as well as foreseeable issues maintaining batch-to-
batch consistency due to donor-dependent variations in biological fluid composition.
However, several LP-based therapies have been evaluated in clinical trials for atherosclerosis
and metabolic disorders, such as diabetes or hypercholesterolemia [139-141]. Notably, such
HDL mimetics are not used for drug delivery purposes, i.e., they do not include additional
imaging or therapeutic agents beyond HDL. Phase 11 clinical trials with HDL mimetics
involving thousands of patients [138] indicate the potential feasibility of scalable clinical-
grade manufacturing of LPs for drug delivery in the future. The development of cost-
efficient and large-scale drug loading methods combined with isolation techniques and
synthetic manufacturing protocols that are already in clinical use is likely to pave the way
for clinical translation of LP-based drug delivery.
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ATP adenosine triphosphate

ABC ATP-binding cassette transporter

ABCA1 ATP-binding cassette transporter sub-family A member 1
ABCG1 ATP-binding cassette transporter sub-family G member 1
ACC adrenocortical carcinoma apolipoprotein Apo

AR androgen receptor

Dox doxorubicin

EV extracellular vesicle

HDLs high-density lipoproteins

HepG2 hepatoblastoma G2 cells

HIV human immunodeficiency virus

IC50 half maximal inhibitory concentration

IDLs intermediate-density lipoproteins

Ig immunoglobulin
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LDLs low-density lipoproteins

LDL-R low-density lipoprotein receptor
LP lipoprotein

LoV Lovastatin

LXR liver X receptor

MRNA messenger

mMiRNA micro RNA

MRI magnetic resonance imaging
oxLDL oxidate LDL

PTX paclitaxel

S synthetic

SEC size exclusion chromatography
SiPcBOA tetra-t-butyl silicon phthalocyanine bisoleate
SiRNA small interfering RNA

SRB1 scavenger receptor class B type 1
SRNA small non-coding RNA

TFF tangential flow filtration

Vin vindesine

VLDLs very low-density lipoproteins
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Highlights

. Lipoproteins are circulating endogenous nanoparticles targeted to specific
tissues

. Lipoproteins can be isolated from biological fluids or synthetically
manufactured

. Therapeutic and imaging molecules can be loaded in lipoproteins

. Lipoprotein-based drug delivery is promising for e.g. cancer and
atherosclerosis

. Challenges include cost-efficient, scalable, and standardized manufacturing
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Fig. 1. Examples of lipoprotein (LP) isolation methods.
LPs have been isolated from plasma, conditioned cell culture media (e.g., hepatocytes), and

lipoaspirate using ultracentrifugation, size-exclusion chromatography, immune-based
precipitation, or tangential flow filtration. EV, extracellular vesicle.
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Fig. 2. Example structure of synthetic LPs.
LPs can be synthesized in a laboratory setting combining synthetic/recombinant proteins,

cholesterol, phospholipids, cholesterol esters, and triacylglycerols.
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Fig. 3. Examples of LP drug loading.
Various approaches can be used to load therapeutic or imaging agents in LPs, including

passive loading or chemical conjugation, core loading or surface loading, and interactions
with protein or lipids. In preclinical studies, engineered LPs have been used for various
applications, including cancer treatment, gene therapy, atherosclerosis treatment, and
imaging.
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Fig. 4. sHDL nanodisc-based cancer vaccine.
(A) Synthetic high-density lipoprotein (SHDL) nanodiscs are conjugated with antigen (Ag)

peptides and cholesterol-modified immunostimulatory molecules (Cho-CpG) adjuvant. Ag
peptides were modified with a cysteine-serine-serine (CSS) linker. (B) Following
subcutaneous administration, the SHDL nanodiscs deliver Ag peptides and CpG to draining
lymph nodes, promoting antigen presentation and dendritic cell (DC) maturation. This
activates CD8+ T cell responses that target and kill cancer cells in peripheral tissues.
Adapted from Kuai et al. [69] with permission. CD, cluster of differentiation. CTLA-4,
cytotoxic T-lymphocyte-associated protein 4. MHC, major histocompatibility complex.
PD-1, programmed cell death protein 1. TCR, T-cell receptor.
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Lipoprotein Density Size (nm) Enriche d apo Origin Primary function Major lipids Ref

subclass (g/cm3)

Chylomicrons <0.950 80-1000 apoB-48, apoC- Intestines Transport of dietary Triglycerides [3, 10,
11, apoA-I, triglycerides to non- 3]
apoA-11, apoA- hepatic tissues
1V, apoE

VLDL 0.930-1.006 30-80 apoB-100, apoC,  Liver, Transport of Triglycerides [3, 26]
apoE intestines endogenous

triglycerides to non-
hepatic tissues

IDL 1.006-1.019 ~25 apoB-100, apoC,  Catabolism of  Intermediate of VLDL Cholesterol [3, 26]
apoE VLDL and LDL

LDL 1.019-1.063 ~20 apoB-100 Catabolism of ~ Transport of the Cholesterol [3, 27]

IDL majority of cholesterol
to non-hepatic tissues

HDL 1.063-1.210 5-10 apoA-l, apoA-Il,  Liver, Transport of cholesterol ~ Cholesterol, [3]
apoC, apoE intestines, from non-hepatic phospholipids

other tissues to the liver

Apo, apolipoprotein; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; Ref, reference; VLDL,
very low-density lipoprotein.
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Table 2.
Lipoprotein-based drug delivery systems.
Chemotherapy
Molecule Lipoprotein Pathology Experiments Ref
subclass
5-fluorouracil, 5- Natural VLDLs, Cervical cancer and In vitro Human cervical cancer (HeLa) and [58]
iododeoxyuridine, doxorubicin, LDLs, and HDLs breast cancer breast cancer (MCF-7)
and vindesine
Paclitaxel oleate sLDLs GBM In vitroHuman cervical cancer (HeLa) and [42]
GBM (SF-767, U-251, SF-763)
Paclitaxel-alpha linolenic acid sLDLs GBM and In vitroHuman GBM (U-87 MG) and [64]
hepatocarcinoma hepatocarcinoma (HepG2)
In vivo BALBI/c nude mice bearing
subcutaneous tumors (U-87 MG)
Paclitaxel sHDLs Breast cancer, prostate In vitro Human breast cancer (MCF7), prostate [65]
cancer, and ovarian cancer (DU145), and ovarian cancer
cancer (OVCAR-3 OV1063)
In vivo C57BL6 mice
Withalongolide A 4,19,27- sHDLs Adrenocortical In vitro Human adrenocortical carcinoma [66]
triacetate carcinoma (H295R, SW13).
In vivo Athymic nude mice Foxn1l™ bearing
subcutaneous tumors (H295R).
Sorafenib and sLDLs Liver cancer In vitro Human liver cancer (HepG2) [67]
dihydroartemisinin In vivoBALB/c nude mice bearing
subcutaneous tumors (HepG2)
Toll-like receptor 9 agonist and sHDLs Gliomas In vivo C57BL/6 mice bearing subcutaneous [68]
tumor-specific neoantigens tumors (GL261) and CD4~/- and CD8-/-
knockout (KO) mice bearing orthotopic tumors
(GL261)
Antigen peptides and CpG sHDLs Colon adenocarcinoma In vivo C57BL/6 mice bearing subcutaneous [69]
tumors (MC-38)
Nucleic acids
Molecule Lipoprotein Pathology Experiments Ref #
subclass
Androgen receptor SiRNA sHDLs Prostate cancer In vivo Human prostate cancer (LNCaP), [70]
melanoma (A375), breast cancer (MDA-
MB-231), and ovarian cancer (OvCar3)
In vivo Athymic nude mice bearing
subcutaneous tumors (LNCaP)
ApoB siRN sHDLs sLDLs Atherosclerosis In vitro Mouse primary hepatocytes [71]
In vivo C57BL6 double transgenic mice
expressing human apoB and cholesterol ester
transfer protein
Activating transcription sHDLs Glioblastoma In vitro Rat glioblastoma cells (C6) [72]
factor-5 sSiRNA In vivo NOD/SCID mice bearing subcutaneous
tumors (C6)
Atherosclerosis treatments
Molecule Lipoprotein Pathology Experiments Ref #
subclass
Anti-inflammatory liver X sHDLs Atherosclerotic plaques | /n7 vitro Mouse macrophages (J774A.1) [73]
receptor agonist In vivo C57BL/6 J mice and apoE-deficient
mice (B6.129P2- Apoetm1Unc/J)
Lovastatin sHDLs Hypercholesterole mia In vitro Mouse macrophages (RAW 264.7) [74]

In vivo ApoE knockout mice (B6.129P2-
Apoetm1Unc/J)
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Chemotherapy
Molecule Lipoprotein Pathology Experiments Ref
subclass
Simvastatin Hyaluronan- Atherosclerotic plaques | /n vitro Human umbilical vein endothelial cells | [75]
anchored core-shell (HUVECs) and mouse macrophages (RAW
sHDL 264.7)
In vivo Atherosclerotic New Zealand White
(NZW) rabbits
Simvastatin sHDL Atherosclerotic plaques | /n vitro Mouse macrophages (J774A.1), mouse [76]
endothelial cells (MS1), mouse aortic smooth
muscle cells (MOVAS) and mouse liver cells
(Hepa-1c1c7)
In vivo ApoE-knockout mice (B6.129P2-
Apoetm1Unc/J)
B-cyclodextrin and simvastatin sHDL Atherosclerotic plaques | /n vitro Mouse macrophages (RAW 264.7) [77]
Imaging molecules
Molecule Lipoprotein Pathology Experiments Ref #
subclass
Amphiphilic gadolinium- LDLs Liver cancer In vitro Human liver cancer (HepG2) and [78]
diethylenetriaminepenta acetic Chinese hamster ovary cells (IdIA7).
acid chelates In vivo Nude mice bearing subcutaneous
tumors (HepG2)
Silicon tetra-tert-butyl- sLDLs Liver cancer In vitro Human liver cancer (HepG2) [79]
phthalocyanine
Nanocrystals as imaging sHDLs Atherosclerosis In vivo Wild type and apoE knockout mice [80]
molecules
Valrubicin sHDLs Prostate cancer In vitro Human prostate cancer (PC3) [81]
99mr.. hydrazinonicotinic acid sHDLs Prostate cancer In vitro Human prostate cancer (PC3) [82]
-N-dodecylamide Invivo
In vivo subcutaneous tumor (PC3)
Triphenylphosphonium cations sHDLs Atherosclerotic plaques | /n vitro Mouse macrophages (RAW 264.7) [83]
and quantum dots In vivo Sprague Dawley rats
Anti-virals
Molecule Lipoprotein Pathology Experiments Ref #
subclass
Lopinavir and Ritonavir sChylomicrons Human In vitro Human colorectal adenocarcinoma [62]
immunodeficiency cells (Caco-2).
virus In vivo Sprague Dawley rats
Hepatitis B antigens sChylomicrons Hepatitis B In vitro Human bone marrow-derived dendritic [84]
cells and monocyte-derived dendritic cells
In vivo Sprague Dawley rats
His-tagged West Nile virus Nickel-chelating West Nile encephalitis In vivo Swiss Webster mice [85]
envelope protein nanolipoprotein
particles
Alzheimer’s disease
ApoE3 sHDL Alzheimer’s disease In vivo Senescence-accelerated prone mouse [86]
(SAMPS8) and senescence-accelerated mouse
resistant R1 (SAMR1)
Tissue regeneration
Rapamycin sHDL Tissue regeneration In vitro Human monocyte cell line (THP-1) [87]

In vivo Zebrafish larvae

Apo, apolipoprotein; DHL, dihydroartemisinin; Foxnl, forkhead Box N1; GBM, glioblastoma multiforme; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; NOD, non-obese diabetic; nu, nude; Ref, reference; s, synthetic; SCID, severe combined immune deficiency; siRNA, small

interfering RNA; VLDL, very low-density lipoprotein.
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