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Abstract

High-density lipoproteins (HDL) are endogenous nanoparticles involved in the transport and 

metabolism of cholesterol, phospholipids, and triglycerides. HDL is well known as the ―good‖ 

cholesterol because it not only removes excess cholesterol from atherosclerotic plaques but also 

has anti-inflammatory and anti-oxidative properties, which protect the cardiovascular system. 

Circulating HDL also transports endogenous proteins, vitamins, hormones, and microRNA to 

various organs. Compared with other synthetic nanocarriers, such as liposomes, micelles, 

inorganic and polymeric nanoparticles, HDL has unique features that allow them to deliver cargo 

to specific targets more efficiently. These attributes include their ultra-small size (8-12 nm in 

diameter), high tolerability in humans (up to 8 g of protein per infusion), long circulating half-life 

(12-24 hours), and intrinsic targeting properties to different recipient cells. Various recombinant 

ApoA proteins and ApoA mimetic peptides have been recently developed for the preparation of 

reconstituted HDL that exhibits properties similar to endogenous HDL and has a potential for 

industrial scale-up. In this review, we will summarize: a) clinical pharmacokinetics and safety of 

reconstituted HDL products, b) comparison of HDL with inorganic and other organic 

nanoparticles, c) the rationale for using HDL as drug delivery vehicles for important therapeutic 

indications, d) the current state-of-the-art in HDL production, and e) HDL-based drug delivery 

strategies for small molecules, peptides/proteins, nucleic acids, and imaging agents targeted to 

various organs.
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The discovery of high-density lipoprotein (HDL) is dated back to 1929 when a protein-rich, 

lipid-poor complex was isolated from equine serum at Institute Pasteur by Macheboeuf.1 
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Later in the 1950s, Eder and colleagues isolated HDL from human serum as a chemical 

entity by ultracentrifugation,2 but it was not until the 1960s that the biological roles of serum 

lipoproteins and their impact on the cardiovascular system were suggested.3 Today, it is well 

known that HDL plays critical roles in the transport and metabolism of lipids, such as 

cholesterol and triglycerides.4 Other lipoproteins involved in lipid metabolism include low-

density lipoprotein (LDL), very low-density lipoprotein (VLDL), and chylomicrons. 

Endogenous HDL is heterogeneous—possessing varying compositions and characteristics 

depending on its maturation stage.5 Based on electrophoretic migration behaviors, HDL can 

be generally classified into three subtypes; α-migrating species, which include spherical 

HDL2 and HDL3; β-migrating species, which include pre-β discoidal HDL, lipid-poor 

ApoA1, and free ApoA1; and γ-migrating species.6

The metabolic fate of HDL is described in Figure 1. The biosynthesis of endogenous HDL 

begins with the production of ApoA1 in the liver or intestine.7 Nascent, discoidal HDL is 

then formed through lipidation of ApoA1, which is achieved through the efflux of free 

phospholipid and cholesterol mediated by the ATP-binding cassette transporter A1 

(ABCA1) receptor. Nascent HDL is cholesterol poor, but some cholesterol can still be found 

interspersed among the phospholipid molecules. Lecithin cholesterol acyltransferase (LCAT) 

can convert free cholesterol into cholesterol ester (CE), which can then be internalized into 

the core of the HDL particle, initiating its transformation from discoidal to spherical HDL. 

The esterification of free cholesterol is thought to form a cholesterol gradient that enables 

more cholesterol to bind onto the HDL surface in the subsequent steps of reverse cholesterol 

transport.8 Spherical HDL can further internalize cholesterol effluxed by ATP-binding 

cassette transporter G1 (ABCG1) and scavenger receptor type B-I (SR-BI) to become more 

mature, larger spherical HDL. Mature HDL can also exchange cholesterol ester for 

triglycerides from LDL—a process that is mediated by cholesteryl ester transfer protein 

(CETP). Mature HDL, which is typically composed of a hydrophobic core with cholesterol 

ester and triglycerides and a hydrophilic surface containing lipids and ApoA1,8 delivers its 

cargo molecules to hepatocytes where they are metabolized through an SR-BI-mediated 

process.1

HDL removes excess cholesterol from lipid-laden macrophages, called ―foam cells,‖ in 

atherosclerotic lesions via a process known as reverse cholesterol transport (RCT). HDL also 

possesses anti-inflammatory and anti-oxidative properties.9 These functions allow HDL to 

exert a protective effect on the cardiovascular system, and therefore, HDL is known as 

―good cholesterol‖. Moreover, endogenous HDL is reported to transport signaling lipids, 

proteins, and endogenous microRNAs to recipient cells, suggesting that HDL plays multi-

faceted roles in complex intercellular communication.10 These features have inspired 

numerous academic laboratories and pharmaceutical industries to develop HDL as delivery 

vehicles for various therapeutic agents. However, isolation and purification of endogenous 

HDL from human plasma under current good manufacturing practice (cGMP) is costly and 

laborious. Additionally, there are safety concerns and manufacturing challenges associated 

with reformulating endogenous HDL into drug-loaded therapeutics. To address these issues, 

various recombinant ApoA proteins and ApoA mimetic peptides have been developed within 

the past few years for ex vivo reconstitution of HDL. These synthetic HDL systems, 
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recapitulating the in vivo properties of endogenous HDL, can be produced at a large scale, 

thus highlighting their great potential to facilitate clinical development of HDL-based 

therapeutics. Importantly, safety of HDL-based on ApoA proteins and ApoA mimetic 

peptides has also been well documented in several clinical trials at relatively high doses.11,12

The impact of infusion of ―plain‖ or drug-free HDL on the cardiovascular system has been 

the subject of recent excellent reviews.1,13,14 In this current review article, we will instead 

focus on new developments in the design and synthesis of HDL as drug delivery platforms 

for various biomedical applications and emphasize innovative technologies published within 

the last several years. We will summarize critical elements for clinical translation of 

nanoparticle delivery systems and the safety and pharmacokinetics data from various Phase I 

and II clinical trials on reconstituted HDL products, which will provide the basis for future 

evaluation of drug-loaded HDL therapeutics. We also discuss the rationale for exploiting 

intrinsic tropism of HDL to specific organs and tissues as a targeted drug delivery strategy. 

Finally, we provide a thorough overview on the latest methods of producing both 

endogenous and reconstituted HDL and discuss key biomedical applications of HDL 

incorporated with different classes of cargo materials, including small molecule drugs, 

peptides, proteins, nucleic acids, and imaging agents (Figure 2).

 Critical Elements for Clinical Translation of Nano Delivery Systems

A large number of articles are published each year on nanoparticles drug delivery. Many 

biotechnology companies focusing on nano delivery systems are founded and financed, but 

most ideas never even reach Phase 1 clinical trial. What are the scientific barriers to clinical 

translations, and what could be changed in the design criteria of a nanoparticle product to 

increase its likelihood of translational success? The first barrier is the ability to produce 

nanomaterials in current good manufacturing practices (cGMP) at a scale necessary to 

complete toxicology and Phase 1 clinical trials. This means that the usually rather complex 

chemistry of nanoparticle assembly need be described in a batch record and followed 

through in a step-by-step by an operator in cGMP manufacturing plant under aseptic 

conditions. It also involves the development of analytical methods capable of examining 

concentration and purities of each component of the nano product (e.g. nanoparticle 

components, drug, and targeting ligand), nanoparticle size distribution, and solution safety 

parameters (e.g. sterility, endotoxin, and osmolality). In addition, the cGMP process should 

be sufficiently robust and reliable for producing the same product time after time in order to 

fulfill the product quality specifications while assuring that the resulting product is stable for 

a long term (ideally > two years). The more complex the product, the more difficult it is to 

fulfill the requirement for cGMP scalability. Consequently, many nano products require 

significant effort, time, and capital to obtain the final nanomaterials ready for Phase 1 

clinical trials. In this regard, it is notable that seven different sHDL particles have reached 

clinical testing (Table 1), thus demonstrating establishment of cGMP processes for sHDL 

products. The state of the art in cGMP manufacturing of sHDL products is discussed later in 

this review.

The second barrier to translation is the doses: the dose required to obtain the effect (effective 

dose – ED), the dose at which off-target toxicity is observed (maximum tolerated dose – 
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MTD), and the ratio of the two, also known as the therapeutic index. Individual therapeutic 

molecules have their respective therapeutic indexes. Incorporating drugs in nanoparticles 

potentially offers superior accumulation in target organ(s) and longer circulation time 

relative to drug solution, thus reducing the minimum therapeutically effective dose. 

However, nanoparticles themselves are not toxicologically inert. Depending on the size, 

material, and surface modifications, nanoparticles accumulate in the liver, lungs, and spleen, 

while hampering organ function, accelerating inflammation, and triggering immune 

responses.15,16 Overall, it is critically important to consider the following parameters to 

determine the optimal drug-nanocarrier dose: i) the fold enhancement in therapeutic efficacy 

of the nano-formulation relative to the naked drug; ii) the therapeutic index of nano-

formulation; iii) how the formulation might be administered in a clinical setting (e.g. 

infusion volume and frequency); and iv) toxicity of nanoparticles themselves. While most of 

these parameters are specific to individual drug-sHDL formulations, safety profiles of sHDL 

nano-carriers have been evaluated in humans (Table 1). In these previous clinical trials, 

HDL nanoparticles were given as intravenous infusions at protein doses up to 50-135 mg/kg. 

The total administered dose of sHDL is the sum of protein and lipid dose, usually at ratios 

between 1:1 and 1:4.2, and the overall MTD for a 70 kg patient has been determined to be 

between 10 and 30 g of sHDL nano-carriers per infusion. In other words, for a drug with a 

hypothetical loading of as low as 5% in sHDL, it is possible to dose patients with 500 - 

1,500 mg of drug without causing adverse effect due to the nano-carrier itself. As elaborated 

below, these values highlight excellent safe profile of sHDL, compared with those of other 

synthetic nano-formulations, thus significantly extending the potential dosing window for 

drug therapeutics.

 Pharmacokinetics and Safety Profiles of HDL Therapeutics

A number of reconstituted HDL products have advanced to different stages of clinical 

trials.17 These reconstituted HDL products (rHDL) are intended for administration following 

an initial cardiovascular event in patients with acute coronary syndrome (ACS) to remove 

excess cholesterol from arterial plaques and reduce the chance of a secondary event. The 

summary of clinical trials examining the doses, routes of administration, molecular 

composition, pharmacokinetic parameters, and safety profiles of HDL products is provided 

in Table 1. At least seven different HDL products have been evaluated in clinical trials, 

including (a) HDL based on ApoA1 purified from human plasma, such as SRC-rHDL, 

CSL-111 and CSL-112; (b) HDL based on recombinant ApoA1 and its variants, such as 

proApoA1-liposomes, ETC-216, and CER-001; and (c) rHDL based on synthetic ApoA1 

mimetic peptides, such as ETC-642. The maximum tolerated doses of HDL in human 

patients vary depending on the composition of each product and their respective impurities. 

In general, the HDL products have been reported to be safe when administered once per 

week by prolonged intravenous infusion at up to 80 mg/kg for SRC-rHDL (~ 6.5 g of 

ApoA1/dose or 33 g of total HDL/dose), 135 mg/kg for CSL-112 (~ 10 g of ApoA1/dose or 

35 g of total HDL/dose), 45 mg/kg for CER-001 (~ 4 g of ApoA1/dose or 15 g of total HDL/

dose), and 30 mg/kg for ETC-642 (~ 3 g of ApoA1 peptide/dose or 9 g total HDL/dose). 

Potential safety concerns associated with HDL products include transient elevation of liver 

transaminases (ALT and AST) along with other minor liver toxicities. These concerns arise 

Kuai et al. Page 4

ACS Nano. Author manuscript; available in PMC 2016 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as a result of the hyper-pharmacology of HDL products, as a significant amount of 

cholesterol is rapidly mobilized from peripheral organs and delivered to the liver for 

metabolism. The half-life of ApoA1 in plasma following HDL administration ranges 

between 6 and 24 hours, depending on the dose and product composition. Overall, various 

Phase I and II clinical trials performed to date in over 800 patients and healthy volunteers 

have demonstrated that HDL products are well tolerated without any major complications or 

severe side effects.

 HDL Based on ApoA1 Purified from Human Plasma

The first rHDL product tested in a clinical trial was SRC-rHDL developed by ZLB Central 

Laboratory, Switzerland. ApoA1 was isolated from human plasma and reconstituted with 

soybean phosphatidylcholine (sPC) using the cholate dialysis process described below.19 

Nanjee et al. evaluated the effect of a single infusion of SRC-rHDL at 40 mg/kg in healthy 

volunteers.18 The dose, up to 40 mg/kg, was safe and well tolerated.20,21 Following ZLB 

acquisition by CSL Behring, Australia in 2000, SRC-rHDL was renamed as CSL-111. The 

product was tested in a large (183 patients) Phase II safety and efficacy (ERASE) clinical 

trial in 2005.26 Patients with ACS were administered with four infusions of CSL-111 at 40 

mg/kg or 80 mg/kg or placebo at weekly intervals. The high-dose CSL-111 treatment at 80 

mg/kg was discontinued early due to abnormalities in liver functions, but CSL-111 was well 

tolerated at the 40 mg/kg dose. Due to the safety issue, CSL-111 was reformulated into 

CSL-112 by reducing the lipid to protein ratio, resulting in a homogenous particle size of 13 

nm 17. Safety of CSL-112 was evaluated in healthy volunteers following single and multiple 

administrations.27 CSL-112 was found to be much safer than its predecessor, CSL-111, as 

higher doses up to 135 mg/kg were well tolerated. In addition, ApoA1 levels remained 

above the baseline for 3 days following a single infusion of CSL-111.28 A largest-to-date 

clinical trial with HDL is currently ongoing for CSL-112 in 1200 patients with acute 

myocardial infarction.31

 HDL Based on Recombinant ApoA1

The first rHDL product synthesized with recombinant ApoA1 was proApoA1-liposome 

developed by UCB (Belgium). Pro-ApoA1, a recombinant protein produced in E. coli, has 

an additional 6 amino acid pro-sequence attached to native ApoA1.45 Pro-ApoA1 liposomes 

administered at 1.6 and 4 g per dose were well tolerated, and ApoA1 levels remained 

elevated for over 24 hrs. ApoA1 Milano is a naturally occurring variant of ApoA1 with 

Arg-173 to Cys substitution. ApoA1 Milano is produced by a recombinant process in E. 

coli.46 In 1998, Esperion acquired the rights to ApoA1 Milano and produced a new rHDL 

product, termed ETC-216, which is composed of ApoA1-Milano and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC).34 After 5 weekly infusions at 15 mg/kg and 45 

mg/kg, ETC-216 significantly reduced coronary plaque volume (an average of 4.2%) in 

treated patients measured by IVUS.35 ETC-216 was safe and well tolerated at all doses 

tested. CER-001 is another rHDL product under development by Cerenis. CER-001 is 

composed of dipalmitoylphosphatidyl-glycerol (DPPG), sphingomyelin (SM), and 

recombinant human ApoA1, which is produced in a mammalian expression system in CHO 

cells.38 In a Phase I clinical trial in healthy volunteers, subjects were administered with 

escalating doses of CER-001 up to 45 mg/kg.37 The AUC, Cmax, and T1/2 for ApoA1 
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increased with each increased dose.37 CER-001 was also tested in a multiple-dose efficacy 

trial with 3, 6 and 12 mg/kg doses given once weekly for 6 weeks.38 CER-001 was also 

shown to be safe and well tolerated at all the doses tested in these trials.

 HDL Based on ApoA1 Mimetic Peptide

In addition to recombinant ApoA1 protein-based rHDL as described above, new rHDL 

systems composed of ApoA1 mimetic peptides and phospholipids have been developed. 

Utilization of ApoA1 mimetic peptides is expected to reduce the manufacturing cost and 

facilitate industrial scale-up of rHDL. ETC-642 was the first ApoA1 mimetic peptide to 

reach clinical evaluation.11,43 A Phase I clinical study, performed in 2002, examined a 

single-dose infusion of ETC-642 in 28 patients with stable atherosclerosis.11 Study 

participants were monitored for 4 weeks following a single drug administration at 0.1, 0.3, 1, 

3, and 10 mg/kg. As expected, the pharmacokinetics parameters, such as AUC and ETC-642 

elimination half-life, increased with higher doses.11 The second Phase I trial was conducted 

with stable cardiovascular patients at higher doses of 10, 20, and 30 mg/kg.43 At the highest 

dose level tested, evidence of asymptomatic elevations of liver functions was observed in a 

single patient, suggesting identification of a maximum tolerated dose. Overall, these two 

clinical trials have demonstrated the safety and tolerability of single infusion of ETC-642 up 

to 20 mg/kg dose. A multiple dose safety study with ETC-642 was also conducted at 10, 15, 

and 20 mg/kg doses administered once weekly for four weeks;47 however, the results of this 

study have not yet been made public.

 Comparison of HDL with Inorganic Nanoparticles and Other Conventional 

Organic Nanoparticles

One of the most important characteristics of HDL (both endogenous and reconstituted HDL) 

is its ultrasmall size, with an average diameter between 8-30 nm, depending on the 

composition and preparation method.48 This feature is crucial, as the large surface area 

enables HDL to efficiently transport different cargo molecules in vivo. However, HDL is not 

the only nanoparticle that has such ultrasmall sizes. Other inorganic nanoparticles, including 

gold, iron oxide, quantum dot and silica can also be prepared with sizes similar to that of 

HDL (8-30 nm).49 By modifying these inorganic nanoparticles with different coating 

materials or targeting ligands, efficient delivery of cargo molecules such as peptides, 

proteins, and nucleic acids to target cells can be achieved.50-53 There are several features 

that set apart HDL from other inorganic nanoparticles.

First, endogenous HDL transports lipids, peptides/proteins and nucleic acids from donor 

cells to recipient cells via interaction with HDL receptors, including SR-B1, ABCA1, and 

ABCG1.54,55 Composition of HDL, as determined by lipids and different Apo proteins, are 

crucial for the recognition of HDL by different receptors.56 In contrast, synthetic inorganic 

nanoparticles lack specific endogenous receptors and cannot be recognized by the body in 

similar ways, despite their similarity in size. However, some recent studies showed that by 

coating inorganic nanoparticles with lipids and ApoA1 proteins, the hybrid nanoparticles can 

behave as if they are HDL nanoparticles and even be endowed with some new 

properties.57-60 For example, Cormode et al. reported the use of HDL for site-specific 
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delivery of gold nanoparticles, iron oxide nanoparticles or quantum dots for computed 

tomography (CT), MRI, and fluorescence imaging.58 Briefly, gold nanoparticles, iron oxide 

nanoparticles or quantum dots were coated with lipids and ApoA 1 to form HDL-like hybrid 

nanoparticles, with average sizes in the normal size range of HDL (7-13 nm). Control 

inorganic nanoparticles were coated with PEGylated phospholipids only. When these hybrid 

HDL nanoparticles or inorganic nanoparticles were injected into apoE knockout mice with 

atherosclerosis, only hybrid HDL nanoparticles were able to efficiently accumulate in the 

atherosclerotic plaque, while inorganic nanoparticles failed to achieve this, although both 

showed similar circulation half-life in vivo. Moreover, confocal microscopy confirmed that 

HDL-coated nanoparticles, but not the control inorganic nanoparticles, were efficiently 

associated with macrophages that express abundant SR-BI and ABCA1/ABCG1 and 

efficiently interact with endogenous HDL in vivo.58 These results clearly showed that HDL 

can achieve the site-specific delivery while inorganic nanoparticles alone fail to do so. In 

addition, naked HDL without any surface modification can circulate for an extended period 

of time (Table 1), which is another important feature that assures HDL can transport 

different molecules efficiently in vivo. In contrast, inorganic nanoparticles need to be 

modified with different coating materials such as PEG in order to be stable and circulate 

long enough in vivo.61-63 However, such modifications with PEG may increase 

immunogenicity of the nanoparticles, as recently noted when repeated administrations 

PEGylated liposomes have been shown to elicit immunoglobulin M (IgM) responses against 

PEG and facilitate accelerated blood clearance (ABC) of nanocarriers.64-67 These 

compounding factors may prevent optimal interaction of inorganic nanoparticles with the 

target cells, therefore compromising their overall delivery efficiency.68-71

Second, HDL, composed of lipids and Apo proteins, allows dual delivery of both 

hydrophobic and hydrophilic drugs. Hydrophobic molecules can be internalized or partially 

inserted into the core of HDL, and hydrophilic molecules can be adsorbed or conjugated to 

the hydrophilic surface of HDL. In addition, HDL permits differential delivery of cargo 

molecules and structural components of HDL. For example, several studies have confirmed 

that HDL can deliver its cargo molecules to target cells independent of HDL uptake.72,73 

Furthermore, HDL can also interact with SR-B1 receptors and directly deliver cargo 

materials to cytosol while bypassing the endosome/lysosome pathway, thus opening doors 

for efficient delivery of nucleic acids or other molecules that are labile in endosomal/

lysosomal conditions.74 In contrast, inorganic nanoparticles typically require surface-

conjugation of therapeutic molecules, and inorganic nanoparticles taken up by cells are 

trafficked to endosomes/lysosomes without any significant extent of recycling to cell 

membranes in the target cells.

Last, HDL nanoparticles have been shown to be safe and well tolerated in numerous clinical 

trials. On the other hand, although inorganic nanoparticles haven been extensively studied in 

preclinical and clinical studies (Table 2), their potential side effects and long-term safety are 

still controversial. For example, Cho et al. reported that after intravenous injection of 13-nm 

PEG-coated gold nanoparticles at doses of 0.17, 0.85, and 4.26 mg/kg in mice, these 

nanoparticles were detected in cytoplasmic vesicles and lysosomes of liver Kupffer cells and 

spleen macrophages, leading to acute inflammation and apoptosis in the liver.15 In contrast, 
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Lasagna-Reeves et al. reported that following intraperitoneal injection of 13-nm gold 

nanoparticles at doses of 0.04, 0.2, and 0.4 mg/kg/day for 8 days, no toxicity was 

observed.75 In a different study, Chen et al. reported that after intraperitoneal injection of 8-, 

12-, 17-, and 37-nm gold nanoparticles at a dose of 8 m/kg/week in mice, side effects 

including fatigue, loss of appetite, change in fur color, and weight loss were observed. 

Fourteen days after the injection, mice exhibited a camel-like back and crooked spine, and 

the majority of the mice died within 21 days.76 However, in the same study, 3-, 5-, 50-, and 

100-nm gold nanoparticles showed no harmful side effects. These studies showed that gold 

nanoparticles, although generally regarded as bio-inert, may cause side effects, depending on 

the size, composition, administration route, and dose (Table 2). While the in vivo toxicity of 

different inorganic nanoparticles is still controversial, the unaddressed long-term safety is 

indeed one of the greatest challenges faced by many inorganic nanoparticles, and further 

study is needed to address this issue.77 In this regard, HDL is advantageous, as the 

components of HDL are lipids and proteins/peptides, which are completely biocompatible 

and biodegradable. Compared with inorganic nanoparticles, tens or even hundreds of times 

higher doses of HDL have been safely dosed in multiple clinical trials (Table 1). Hence, 

excellent safety profiles of HDL demonstrated in clinical trials should expedite translation of 

HDL as delivery vehicles for various therapeutics.

In addition to inorganic nanoparticles, there are many other organic nanoparticles such as 

liposomes, polymeric nanoparticles, and polymeric micelles that have been widely used as 

delivery vehicles. Their compositions, structures, physical/chemical properties, 

pharmacokinetic profiles, and biomedical applications have been thoroughly reviewed, and 

the readers are referred to these excellent reviews.78-81 In this section, we will focus on the 

major differences between these conventional organic nanoparticles and HDL.

Liposomes have been widely used as delivery vehicles for several decades.78 Their aqueous 

core and lipid bilayers enable convenient and efficient loading of both hydrophilic and 

hydrophobic cargo molecules. Some liposome formulations have been approved by the FDA 

and are currently commercially available for the treatment of different diseases.78 The sizes 

of liposomes are typically in the range of 50 - 100 nm in diameter. Liposomes smaller than 

50 nm are unstable and impossible to prepare due to excess hysteresis on the lipid bilayer.82 

Compared with liposomes, the most striking difference for HDL nanoparticles is their 

ultrasmall size, typically in the range of 7 – 13 nm, which potentially enables HDL to better 

penetrate or diffuse into target organs/tissues.83,84 In addition, liposomes without surface 

modifications are rapidly eliminated in vivo. For example, the circulation half-life of non-

PEGylated liposomes is less than 30 min.85 Although PEGylation can prolong the 

circulation half-life of liposomes,86 it can negatively affect cellular uptake and intracellular 

delivery of cargo molecules and cause IgM-mediated accelerated blood clearance (ABC) 

upon repeated administrations in some cases.83 In stark contrast, HDL nanoparticles without 

any surface modification can mimic features of endogenous HDL and circulate for an 

extended period of time in vivo (see table 1), while allowing delivery of cargo molecules to 

target cells, such as macrophages in atherosclerotic plaques, through SR-BI or ABCA1/

ABCG1 mediated pathways.54 Such key differences highlight the benefits of HDL as an 

endogenous drug delivery platform.
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Polymeric nanoparticles such as poly(lactic-co-glycolic acid) (PLGA) nanoparticles have 

also been widely used for drug delivery because of their good biocompatibility and 

biodegradability. PLGA nanoparticles can be loaded with a broad range of cargo molecules 

and achieve controlled drug release. Similar to liposomes, PLGA nanoparticles are 

significantly larger than HDL and lack the long circulating and intrinsic targeting properties 

of HDL. In addition, unlike HDL, PLGA nanoparticles typically require PEGylation and/or 

surface-modifications with targeting moieties for in vivo applications.79 On the other hand, 

HDL nanoparticles lack the capacity to achieve sustained/controlled drug release profiles of 

PLGA nanoparticles. Thus, combining the advantages of each drug delivery system can be 

an attractive option to design better delivery systems. For example, Sanchez-Gaytan et al. 

recently incorporated PLGA in the hydrophobic core of HDL in order to target 

atherosclerotic plaque while sustaining drug release.87 Their study showed that the sizes of 

PLGA-HDL hybrid nanoparticles can be tuned within the range of 30 - 90 nm by changing 

the ratio of PLGA polymer and lipids. PLGA-HDL hybrid nanoparticles exhibited similar 

properties as endogenous HDL, including their abilities for cholesterol efflux, accumulation 

in atherosclerotic plaques, and association with macrophages in atherosclerotic plaque. 

Importantly, PLGA-HDL hybrid nanoparticles mediated controlled release of cargo 

molecules, a unique feature that is attributed to the PLGA core. Biomimetic platforms such 

as these PLGA-HDL hybrid nanoparticles integrating different modules may provide novel 

strategies for efficient delivery and sustained release of therapeutic drug molecules in target 

cells/tissues.

Micelles are another category of organic nanoparticles that have been widely used for the 

delivery of a broad range of cargo molecules to different target cells. The sizes of micelles 

are in the range of 10 - 100 nm.82 Although micelles can have similar sizes as HDL, they do 

not possess the intrinsic targeting property of HDL. For example, Cormode et al. reported 

that HDL nanoparticles loaded with a MRI imaging agent Gd-DTPA-DMPE could 

efficiently accumulate in atherosclerotic plaque and associate with macrophages, while 

micelles loaded with Gd-DTPA-DMPE could not achieve this.88 Moreover, the disassembly 

of micelles is determined by the critical micelle concentration (CMC); below CMC micelles 

fall apart, and disassembled monomers are eliminated, thus affecting the overall drug release 

and pharmacokinetic profiles. In contrast, as endogenous nanoparticles, HDL nanoparticles 

are not restricted by CMC and follow the metabolic fate of HDL in vivo, which is closely 

related to its intrinsic targeting properties as mentioned before.

 Developing HDL as Delivery Vehicles Based on Its Intrinsic Targeting 

Properties

While previous clinical trials have mainly focused on the effect of HDL itself on the 

cardiovascular system, many pre-clinical studies have exploited the intrinsic tropism of HDL 

to target not only the cardiovascular system but also other organs, including the liver, 

tumors, and lymphoid tissues (Table 3). In this section, we will provide the rationale for 

HDL-based delivery of therapeutics to various target organs/tissues and discuss key 

examples categorized according to each target organ.
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 HDL and Cardiovascular System

Recent studies have shown that, during atherosclerosis, monocytes can infiltrate the plaque 

and subsequently differentiate into macrophages, which produce proteolytic enzymes that 

facilitate digestion of the extracellular matrix and plaque rupture.122 Therefore, HDL-based 

delivery of anti-inflammatory therapeutics to the plaque may further improve their 

therapeutic efficacy, compared with the use of plain ―drug-free‖ HDL or bolus systemic 

injection of drugs.123,124 In this regard, HDL offers major advantages over other 

nanocarriers due to its intrinsic ability to target atherosclerotic lesions. HDL can target 

atherosclerotic plaques through several mechanisms 125. First, due to severe inflammation 

and endothelial injury inflicted by atherosclerosis, the vasculature of atherosclerotic lesions 

is leaky, enabling infiltration of HDL into the intima.126 Second, HDL can be retained in the 

plaque by HDL uptake in macrophages and macrophage-derived foam cells—a process 

mediated by the SR-BI, ABCA1, and ABCG1 receptors expressed on the surface of 

macrophages.55,127 Third, cholesterol ester transfer protein (CETP) may facilitate the 

exchange of cargo between HDL and LDL, upon which exchanged material from HDL can 

be delivered to the plaque through an LDL receptor-mediated process.128 Through these 

non-exclusive mechanisms, HDL could either target imaging reagents to atherosclerotic 

plaques for diagnostic purposes or deliver therapeutic drugs to inhibit plaque growth.

 HDL and The Liver

The liver, an organ that plays a vital role in metabolism, is one of the primary sites where 

different lipoproteins are produced. One of the most prominent cell types found in the liver 

is hepatocytes, which account for more than 80% of the total resident hepatic cells. Other 

hepatic cell types include Kupffer cells, endothelial cells, and hepatic stellate cells.129 

Notably, Kupffer cells are specialized macrophages lining the walls of the liver sinusoids 

that form the part of the reticuloendothelial system (RES). Kupffer cells readily phagocyte 

drug molecules in a non-specific manner, leading to complete degradation of many drug 

molecules and loss of their therapeutic activities.130 Hence, delivery of drugs targeted to 

hepatocytes, while bypassing Kupffer cells, is not an easy feat. Hepatocyte function is 

closely tied to the levels of LDL cholesterol, which is referred to as ―bad‖ cholesterol. 

Specifically, hepatocytes can regulate the levels of LDL through secretion of ApoB, the main 

structural protein of LDL and modulation of LDL receptor (LDLR) on their surface. Down-

regulation of ApoB or up-regulation of LDLR on hepatocytes can reduce LDL levels and 

protect the cardiovascular system, thus positioning hepatocytes as the primary target for 

various therapeutic drugs. To achieve hepatocyte targeting, different ligands, such as 

galactose,131 glycyrrhetinic acid,132 and mannose,133have been used to modify proteins, 

polymers, and liposomes. However, the low specificity and laborious preparation methods 

associated with these ligands may limit their application. Several studies have evaluated the 

use of viral vectors, such as HBV, to efficiently deliver therapeutic molecules to 

hepatocytes;134 however, safety concerns surrounding this approach, such as the potential 

adverse effects of viral genome insertion into patient chromosomes and immunogenicity of 

viral vectors, may preclude wide use of such techniques.135

In contrast to the use of target ligands as mentioned above, HDL has natural tropism to 

hepatocytes, thus offering a safe and efficient strategy for hepatocyte-targeting of therapeutic 

Kuai et al. Page 10

ACS Nano. Author manuscript; available in PMC 2016 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecules.136 Specifically, HDL is taken up into hepatocytes through interaction with SR-BI 

receptors and delivers its cargo cholesterol ester to hepatocytes for downstream metabolism. 

This biological pathway therefore provides an avenue to develop HDL as a delivery vehicle 

for efficient transport of therapeutic drugs to hepatocytes.

 HDL and Tumors

The requirements for an ideal tumor-targeted delivery system are the following: efficient 

accumulation in the tumor, efficient penetration/diffusion within tumor regions, and efficient 

intracellular delivery.137 HDL is a promising tumor-targeted delivery system that may meet 

these requirements. Specifically, lipoproteins, such as HDL, are reported to circulate in the 

blood for an extended period of time,138 allowing accumulation of HDL in tumor regions by 

the enhanced permeability and retention (EPR) effect.73 The half-life of HDL reconstituted 

with ApoA1 mimetic peptides and phospholipids is approximately 15 h, which is 

comparable to PEGylated liposomes.73 However, conventional nanoparticles, such as 

liposomes, are normally larger than 60 nm, which may limit free diffusion process of 

nanoparticles through dense network of extracellular matrix proteins within the tumor 

regions.139 In fact, prior studies utilizing electron microscopy have revealed that the 

openings in the extracellular matrix of tumor cells are generally less than 40 nm.84 On the 

other hand, HDL nanoparticles are typically within a diameter range of 10 – 20 nm, and the 

ultra-small size allows HDL to penetrate and diffuse efficiently throughout tumor regions.83 

Lastly, cancer cells often require cholesterol and other membrane components for rapid 

proliferation 140. Although some cancer cell types can produce cholesterol endogenously, 

lipoprotein-mediated transport is still the major pathway by which cancer cells acquire 

cholesterol.141,142 LDL can deliver cholesterol to cancer cells via interaction with LDL 

receptors often up-regulated on cancer cells. In addition, HDL has been reported to deliver 

cholesterol to various types of cancer cells, including breast,143 ovarian,120 

adrenocortical,144 and prostate cancer cells.145 The cholesterol delivery by HDL is believed 

to be mediated by SR-BI, which is responsible for the cholesterol influx to cancer cells as 

well as cholesterol efflux from tumor cells to HDL. As many types of cancer cells have been 

reported to overexpress SR-BI,111 intrinsic recognition of SR-BI by HDL provides a good 

rationale for HDL-mediated targeting of drugs to cancer cells. Alternatively, tumor cells that 

do not express SR-BI have been targeted with HDL modified with tumor-specific ligands, 

such as EGF,146 RGD,147 and folate,148,149 leading to improved targeting efficiency and 

decreased off-target side effects.

 HDL and The Immune System

The immune system is a critical component to the body’s ability to fight against infectious 

diseases and cancer.150 In the past few years, vaccines and therapeutics targeted to the innate 

and adaptive immune systems have been extensively studied for prevention of infectious 

diseases and treatment of cancer.151 Pattern recognition receptors (PRRs), such as Toll-like 

receptors (TLRs), are crucial for induction of innate and adaptive immune responses. 

However, the use of free TLR agonists as vaccine adjuvants has limitations, such as poor 

cellular uptake and unfavorable pharmacokinetic and distribution profiles, which contribute 

to undesirable reactogenicity and inflammatory responses in vivo.152 In addition, systemic 

exposure to high dose of TLR agonists may lead to cytokine storm and severe side 
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effects.153 Therefore, an appropriate delivery system is needed to maximize the in vivo 

efficacy of adjuvant molecules and minimize their side effects. In this regard, 

nanotechnology has been widely used to improve the cellular uptake and pharmacokinetic 

profiles of immunostimulatory agents.154 Compared with other nanocarriers, such as 

polymers,155 liposomes,156 and PLGA nanoparticles,157 HDL has several key advantages for 

activation of the immune system.158,159 First, HDL is an endogenous, safe nanocarrier 

naturally produced in vivo with a high maximum tolerated dose. Second, HDL is stable in 

vivo even after extended exposure to serum as demonstrated by its long circulation half-life 

in human patients.25,43 Third, by changing the ratio of lipids and lipoproteins, the size of 

HDL can be easily tuned within the range of 10-30 nm, which has been previously shown to 

be the optimal particle size for efficient lymph-mediated draining of nanoparticles to lymph 

nodes.160 Finally, co-delivery of antigens and adjuvants to antigen-presenting cells (APCs) 

ensures proper activation of APCs and antigen presentation for initiation of robust adaptive 

immune response.157 Whereas simple mixture of free antigens and adjuvants leads to weak 

immune responses and requires high vaccine doses,161,162 HDL with the capacity to deliver 

multiple classes of drugs can facilitate co-delivery of antigens and adjuvants to antigen 

presenting cells. These characteristics position HDL as a promising vaccine delivery 

platform for activation of the immune system. However, it should be noted that endogenous 

HDL, when loaded with strong adjuvants such as TLR agonists, may induce self-reactive 

immune responses. Although this risk of autoimmune toxicities should be minimal due to 

central and peripheral tolerance against self-antigens found in HDL163,164, any use of HDL 

for immune activation should be carefully monitored for unintended consequences of auto-

reactive antibody and cellular immune responses against endogenous HDL or ApoA1-

producing cells.

In addition, HDL is involved in the transport of biologically active molecules that can 

suppress the immune system.165 For example, sphingosine-1 phosphate (S1P), a bioactive 

sphingolipid mainly carried by HDL, has been shown to suppress the immune system and 

may be valuable for the treatment of autoimmune diseases.166 Therefore, depending on the 

cargo molecules incorporated, HDL can either potently activate the immune system to fight 

against infectious diseases and cancer or alternatively suppress the immune system for the 

prevention and treatment of autoimmune diseases. It remains to be seen how HDL-mediated 

transport of other biologically active molecules impacts the immune system and how this 

knowledge can be exploited for improving vaccines and immunotherapies.

 HDL and Other Targets

In addition to the target organs discussed above, HDL has been also reported to be 

selectively taken up in the gut, kidney, steroidogenic organs,72 and brain capillary 

endothelial cells (BCEC).121 Hence, it may be possible to utilize HDL for delivery of 

different cargo materials to these target organs as well.

 Production of HDL

While HDL has great potential to deliver different molecules to the above-mentioned targets, 

it is important to establish robust methods to prepare HDL with acceptable quality and 

quantity that meet the requirements for in vivo therapeutic use. In this section, we will 
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discuss the state-of-the-art in production of different classes of HDL, including endogenous 

HDL isolated from plasma, HDL reconstituted with lipids and ApoA1 proteins, and HDL 

reconstituted with lipids and ApoA1 mimetic peptides.

 Direct Isolation from Plasma

HDL can be isolated from plasma by ultracentrifugation.167 Briefly, a one-half volume of 

solution with a density of approximately 1 g/mL is mixed with one volume of serum and 

centrifuged for 2-3 hours at 340,000 x g at 16 °C. One volume of the lower solution is mixed 

with a one-half volume of a solution with a density of ~1.2 g/mL and centrifuged for 3-4 h at 

the same speed and temperature. Then one volume of the lower solution is mixed with a one-

half volume of a solution with a density of ~1.5 g/mL and centrifuged again for 7-8 hours at 

266,000 x g at 16 °C. The HDL fraction is located in the upper solution after the third 

centrifugation. Fast protein liquid chromatography (FPLC) has also been used to isolate 

HDL from the plasma.168 Although these methods allow for the preparation of relatively 

pure HDL, they are very costly, time consuming, and therefore, suboptimal for the large-

scale production of HDL.

 Sodium Cholate Dialysis Method

In addition to the direct isolation of an HDL fraction from plasma, HDL can be reconstituted 

in vitro using lipids together with either ApoA1 proteins, ApoE proteins, or their mimetic 

peptides. Briefly, lipid mixture (typically composed of phospholipid, cholesterol, and 

cholesteryl oleate) is dried under nitrogen flow to a thin film. Lipids are hydrated in buffer 

using sodium cholate, and appropriate amount of Apo-A1 or mimetic peptide is added. The 

mixture is incubated for 12 hours at 4 ?, followed by dialysis against PBS for 2 days with 

three buffer changes to remove sodium cholate. A previous report has shown that less than 

2% of the sodium cholate remains in the final synthetic HDL formulation based on the 3H 

cholate analysis.110 Reconstituted HDL has the size, shape, and targeting properties similar 

to endogenous HDL. Cholate dialysis method has been used to prepare clinical supplies for 

CSL-111 and CSL-112.19

 Sonication Method

Lipid mixture (typically composed of phospholipid and cholesteryl oleate) in chloroform is 

dried under nitrogen flow and then placed in a vacuum oven for 1 h. PBS buffer is added to 

the film and the mixture is vortexed for 5 min, followed by sonication for 60 min at 48 °C 

under nitrogen. ApoA1 or the mimetic peptide in PBS buffer is added to the mixture, which 

becomes transparent immediately. The resulting heterogeneous HDL needs to be filtered by 

0.2 μm membrane and then purified by gel filtration chromatography to obtain homogeneous 

HDL.146 Reconstituted HDL also has the size, shape, and targeting properties similar to 

endogenous HDL.

 Single Step Reconstitution of HDL Using Microfluidics

Even though the sodium cholate dialysis method and sonication method allow for 

reconstitution of HDL possessing properties similar to endogenous HDL isolated from 

plasma, the preparation process is lengthy and difficult to scale up. To address these issues, 
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microfluidics has been recently used for the preparation of HDL.169 Briefly, phospholipids 

dissolved in organic solution were injected into an inlet channel of a microfluidic device 

with a programmable syringe pump. ApoA1, dissolved in aqueous solution, was injected in 

the outer channels. The microfluidic device allows for rapid and effective mixing of the 

solution by generating tunable dual microvortices and a focusing pattern at Reynolds 

number (Re) ~150. Self-assembly of HDL was initiated with the transition of lipids from an 

organic solution to an aqueous solution, permitting incorporation of ApoA1 to the nascent 

lipid aggregates and formation of small HDL nanoparticles. HDL prepared using this 

method has the similar properties as endogenous HDL.169

 Thermal Cycling Method

Large-scale production of HDL under cGMP condition is crucial for translation of HDL to 

clinical trials. Dasseux et al. reported a thermal cycling-based method which can be easily 

used to produce HDL under cGMP conditions.36 Briefly, lipids were weighed and added to 

the buffer and then dispersed at 50 °C using a high-performance disperser. The lipid 

suspension was then combined with ApoA1 protein or ApoA1 mimetic peptide solution and 

heated to 57 °C under nitrogen, followed by cooling to room temperature to form 

homogeneous HDL. HDL nanoparticles prepared with this method have also been shown to 

exhibit properties similar to endogenous HDL.56 In addition, the thermal cycling method 

does not require costly preparation processes or organic solvent, and therefore can be easily 

adapted for large-scale production of HDL.

 Delivery of Various Classes of Molecular Therapeutics by HDL

 Delivery of Small Molecules

Early in the 1970s, Rudman et al. demonstrated that lipophilic molecules with partition 

coefficients over 11 were associated with lipoproteins,170 including HDL, which provided 

direct evidence that HDL may be used for the delivery of lipophilic or amphiphilic 

molecules.171 Incorporation of lipophilic drugs into HDL can improve the therapeutic 

efficacy and reduce the side effects by enhancing the drug solubility, circulation half-life, 

and distribution profile.

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) that 

can up-regulate LDL receptor expression in hepatocytes and therefore lower the level of 

―bad‖ cholesterol LDL-c.172 Studies have also confirmed that statins may have inhibitory 

effects on inflammatory cells,173 which are therapeutic targets within atherosclerotic 

plaques.174 Even though reduced plaque formation was observed with extremely high doses 

of oral statin therapy in an atherosclerotic mouse model, such high doses are not feasible in 

humans due to the resulting severe side effects such as hepatoxicity and myopathy.175 

Duivenvoorden et al. addressed this issue by loading statin into reconstituted HDL prepared 

with lipids and ApoA1 protein.102 Compared with low doses (15 mg/kg statin) of orally 

ingested statins, which had little to no systemic circulation due to the biotransformation in 

the liver, the same doses of statin-HDL formulation (15 mg/kg statin, 10 mg/kg ApoA1) 

exerted stronger inhibitory effects on inflammatory cells in the plaque and reduced the 

thickness of the vessel wall. This was attributed to the higher statin payload that entered the 
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systemic circulation and accumulated in the plaque after statin-HDL administration (Figure 
3B). In addition, 1-week high dose (60 mg/kg statin, 40 mg/kg ApoA1) statin-HDL 

treatment was better able to reduce the plaque size and inflammatory cells than blank HDL, 

orally ingested statin, or low-dose statin-HDL treatment (Figure 3 C and D).

9-(2-phosphonylmethoxyethyl) adenine (PMEA; adefovir) is a promising candidate drug for 

inhibiting replication of hepatitis B virus (HBV) in vitro and in vivo.176,177 However, there 

is minimal in vivo uptake of PMEA by hepatocytes, which are the primary sites of HBV 

infection.178 In order to increase the delivery of PMEA to hepatocytes, De Vrueh et al. 

attached lithocholic acid-3α-oleate via an acid-labile bond to PMEA (PMEA-LO), and 

formulated it into lactosylated reconstituted HDL (LacNeoHDL) for enhanced interaction 

with asialoglycoprotein receptor expressed on hepatocytes.104 Their study showed that 30 

min after intravenous injection of [3H]PMEA-LO-loaded LacNeoHDL (10-20 μg of [3H] 

PMEA/kg of body weight) to rats, up to 68.9 ± 7.7% of the administered dose of [3H] 

PMEA-LO-loaded LacNeoHDL was in the liver , whereas less than 5% of the administered 

dose of free [3H] PMEA was in the liver. Moreover, 88.5 ± 8.2% of [3H] PMEA-LO-loaded 

LacNeoHDL was taken up by hepatocytes. This uptake could be inhibited by 75% with 

asialofetulin (a substrate specific for the asialoglycoprotein receptor), indicating that the 

uptake process was mediated by this receptor. They also confirmed that the acid-labile bond 

was stable at physiological pH and was cleaved at lysosomal pH. This pH-responsiveness 

allowed conversion of the prodrug to the active form and thus mediated its release to the 

cytosol, as evidenced by subcellular fractionation. However, their study did not include 

drug-free HDL alone as a control group; therefore, targeting of hepatocytes with plain HDL 

via the SR-BI mediated pathway remains to be tested in this system.

10-Hydroxycamptothecin (10-HPCT) is a potent topoisomerase-II inhibitor anticancer 

drug,179 but its poor water-solubility, short half-life, and severe side effects limit its use.180 

X. Zhang et al. addressed these issues by loading 10-HPCT into HDL reconstituted with 

lipids and the ApoA1 protein mutant, ApoA1-Milano.106 Their study showed that 10-HPCT 

was loaded into HDL with a drug loading of 4.31%. 10-HPCT-loaded HDL had a size of 

22.4 ± 10.3 nm, which is larger than that of endogenous HDL nanoparticles. A sustained 

release of 10-HPCT from HDL was observed, and its release rate was slower than that of a 

liposome formulation. When BALB/c mice were intravenously injected with either 10 

mg/kg free HCPT or rHDLM–HCPT in PBS, rHDLM–HCPT formulation dramatically 

increased the concentration of 10-HPCT in major organs, compared with the free 10-HPCT, 

which may be due to the improved stability and circulation half-life of rHDLM–HCPT in 

vivo. Moreover, HDL formulation increased the cytotoxicity of 10-HPCT by 70 and 50 

times in SKOV-3 and HCT-116 cells, respectively, via efficient SR-BI receptor-mediated 

intracellular delivery of anticancer drugs. However, in vivo efficacy of these formulations 

has not been evaluated.

HDL is an ideal carrier for lipid-like molecules. For example, endogenous HDL is reported 

to be involved in the delivery of bioactive lipids such as sphingosin-1-phosphate (S1P) in 

vivo.103,166 In addition to beneficial effects of HDL-S1P on the cardiovascular system, 

including nitric oxide production, vasodilation, and cardioprotection,181 it was recently 

found that HDL-S1P can suppress lymphopoiesis by activating S1P1 receptor on bone 
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marrow lymphocyte progenitors.166 It is believed that S1P associates with endogenous HDL 

via interaction with ApoM protein present on HDL. Using a murine autoimmune 

encephalomyelitis model (EAE model), the authors have shown that mice lacking ApoM 

developed more severe auto-reactive symptoms, characterized by increased lymphocyte 

counts in central nervous system and breakdown of the blood brain barrier, while 

overexpression of ApoM led to increased HDL-S1P and less severe autoimmune symptoms, 

suggesting the immunosuppressive effect of HDL-S1P on lymphopoiesis. This study 

underscored the potential of HDL-S1P-based therapeutics for treatment of autoimmune 

diseases.

Monophosphoryl lipid A (MPLA) is also a lipid-like molecule, and it can activate the innate 

immune system by interacting with the TLR4 receptor expressed on antigen-presenting 

cells. Weilhammer et al. formulated MPLA into HDL prepared with lipids and recombinant 

ApoA protein.113 Their study showed that incorporation of MPLA into HDL dramatically 

potentiated the immunostimulatory effects of MPLA, as evidenced by an increase in 

cytokine production and up-regulation of immunoregulatory genes in vivo, compared with 

free soluble MPLA.

Other examples of HDL-based strategies for delivery of small molecules include 

amphotericin B,105 all trans retinoic acid,107 curcumin,108109 paclitaxel, 111 and 

doxorubicin,112 and in each case, HDL formulation improved the efficacy of the drug while 

decreasing its off-target side effects .

 Delivery of Peptides/Proteins

Many proteins/peptides with potent biological activities are promising biotherapeutics for 

treatment of human diseases, but the major challenge for their wide in vivo use is their 

susceptibility to proteolysis, denaturation, and aggregation.182 Therefore, appropriate 

delivery systems are needed to both protect and increase the efficacy of therapeutic peptides/

proteins.183 HDL is a nanocarrier with many advantageous properties that can potentially 

address these problems. There are a number of endogenous proteins and peptides that are 

carried on HDL, including paraoxonase, a-1-antiprypsin, serum amyloid A, and many 

others.47,184 In this section, we will discuss the latest developments in HDL-based delivery 

of therapeutic proteins/peptides.

 Direct Incorporation of Lipophilic Peptides into HDL

Nosiheptide, produced by Streptomyces actuosus,185 is a lipophilic peptide and has 

significant anti-HBV activity in cell culture. However, limited delivery of free Nosiheptide 

to the liver has been one of the obstacles for its clinical development. To improve its 

hepatocyte targeting, M. Feng et al. formulated nosiheptide into HDL reconstituted with 

ApoA1 and phosphotidylcholine.114 Their study showed that the optimized HDL 

formulation had a drug-loading efficiency over 80% and a diameter smaller than 30 nm. The 

concentration of nosiheptide in HDL needed to achieve 50% virus inhibition (IC50) in 

HepG2 cells in vitro was 40 times lower than that in control liposomes and 200 times lower 

than that of free nosiheptide. In addition, they found that, 30 min after i.v. injection of 

nosiheptide-HDL (0.5 mg/rat in 1 mL) in male Wistar rats, more than 70% of nosiheptide-
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HDL formulation was targeted to the liver, in comparison to less than 20% for free 

nosiheptide. These results clearly indicate that reconstituted HDL is a promising drug 

delivery platform for improving the hepatocyte targeting of lipophilic peptides.

 Conjugation of Peptides/Proteins to Hydrophobic Peptide Sequence

In order to incorporate hydrophilic protein cytotoxic cytochrome C (cytC), an inducer of 

cancer cell apoptosis, and Green Fluorescent Protein (GFP) into HDL, S. K. Kim et al. 

conjugated these proteins to membrane permeable sequences (MPS, 

HAAVALLPAVLLALLAK).115 When the protein-MPS conjugates were incubated with 

HDL prepared with the sodium cholate method, these proteins were incorporated into the 

bilayer of HDL, composed of lipids and Apo-A1. The loading efficiencies of MPS-GFP and 

MPS-cytC were ca. 70% and 64-75%, respectively. In addition, anisamide (AA) was used as 

a targeting ligand to decorate HDL in order to further improve the efficiency of targeting 

tumor cells. Transition electron microscopy (TEM) revealed that 20 – 30 nm nanoparticles 

were formed. MPS-cytC was efficiently delivered by HDL into tumor cells, leading to 

increased cell apoptosis, as determined by CLSM and flow cytometry. Moreover, MPS-cytC 

incorporated into HDL accumulated more efficiently in tumor regions of H460-tumor 

bearing mice than free cytC as shown by the optical imaging study. When cytC (40 ug/kg) or 

MPS-cytC in HDL (160 ug/kg) was injected to an H460 xenograft mouse model every other 

day, MPS-cytC in HDL achieved higher tumor growth inhibition in vivo, compared with the 

free cytC or the physical mixture of cytC and HDL (Figure 4).

 Fusion of Peptides/Proteins to Apo A1 Mimetic Peptide

Melittin, a potent cytolytic peptide, is a promising candidate for overcoming tumor drug 

resistance.186 However, it has severe side effects, including hemolysis.187 To achieve more 

selective targeting of melittin to tumor cells without side effects, Chuan Huang et al. fused 

the N-terminus of melittin to the C-terminus of an amphipathic ApoA1 mimetic α-helical 

peptide (α-peptide) via a GSG linker.116 The fusion enabled melittin to interact with 

phospholipids and self-assemble into HDL-like nanoparticles (α-melittin-NP) with a 

diameter of about 20 nm. The interaction between melittin and phospholipids masked the 

positive charge of melittin, therefore reducing the side effect of hemolysis and increasing the 

maximum tolerated dose. After cellular uptake, melittin was released into cytosol and 

exerted its cytotoxic effect, as evidenced by confocal microscopy (Figure 5B). When 

B16F10 tumor-bearing mice were injected with α-melittin-NP (20 mg/kg), blank α-peptide-

NPs (at the same molarity as the α-melittin NPs), or PBS, α-melittin-NP led to more 

efficacious tumor growth inhibition, compared with the PBS and blank HDL groups (Figure 
5C).

 Conjugation of Peptides/Proteins to Phospholipids

Peptide/protein antigens are attractive surrogates for live, attenuated, or killed vaccines due 

to their safety and relative simplicity of product manufacturing. Moreover, each component 

of peptide/protein antigens can be individually purified and analyzed for quality control.118 

However, peptide/protein antigens alone often have poor immunogenicity;188 therefore, co-
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administration of an adjuvant, such as TLR agonist, is needed.189,190 Fischer et al. addressed 

this issue by co-loading protein antigens and adjuvants in HDL to ensure their co-localized 

delivery to APCs.118 Specifically, they prepared HDL containing Nickel-modified lipids and 

recombinant apolipoprotein using the sodium cholate dialysis method. To load the 

recombinant viral and bacterial antigens into HDL, influenza hemagglutinin 5 (H5) and 

Yersinia pestis LcrV proteins were modified with a polyhistidine group, enabling their 

efficient conjugation to Nickel-lipid containing HDL.191,192 In addition, they also adsorbed 

either MPLA or CpG as an adjuvant into the same HDL nanoparticles by utilizing 

hydrophobic interaction between the adjuvants and HDL. These HDL nanoparticles with 

their size ranging 10-20 nm carried ~ 21 protein antigens and 3 ± 1 MPLA or 6 ± 1 CpG 

molecules per particle. Their in vivo study showed that antigen-conjugated HDL/MPLA (2.5 

μg antigen/animal and 0.2 μg MPLA/animal) as well as antigen-conjugated HDL/CpG (2.5 

μg antigen/animal and 2.2 μg CpG/animal) achieved 5-10 times higher antibody titers, 

compared with vaccination with the mixture of free antigen and adjuvant.

 Delivery of Nucleic Acids

RNA interference (RNAi) is a promising gene therapy, owing to its high specificity and 

potential to down-regulate selected proteins involved in the pathogenesis of different 

diseases.193 However, there are several barriers to overcome before siRNA can be efficiently 

delivered to target cells and down-regulate target proteins. First, siRNA can be readily 

degraded by nucleases in serum,194,195 thus, measures should be taken to protect siRNA 

from rapid degradation in vivo. Second, the RES system can rapidly clear foreign entities, 

preventing accumulation of siRNA at the desired target organs. Therefore, an ideal siRNA 

delivery system should shield siRNA from RES and permit accumulation and delivery of 

siRNA to the target cells.196 Third, once internalized into target cells, siRNA can be 

degraded in endosomes/lysosomes. Thus, the delivery system should allow cytosolic 

delivery of cargo so that siRNA is recognized and associate with RNA-induced silencing 

complex (RISC) to degrade target mRNA.197,198 Despite these hurdles, significant progress 

has been made over the past decade. For example, chemical modification 199 or 

encapsulation of siRNA into different carriers, such as liposomes,200 polymers,201 and 

nanoparticles,202 can protect siRNA from degradation. Additionally, PEGylation of these 

carriers allows evasion of the RES and enhances circulation half-life in vivo,203 while 

modification of these carriers with targeting ligands promotes selective targeting to target 

organs and cells. Finally, the use of moieties promoting endosome escape can further 

improve the gene silencing effect of siRNA.204,205 Recent studies have shown that HDL is a 

promising delivery system for siRNA, as HDL can overcome the barriers mentioned above 

with mechanisms of action distinct from those of other conventional nanocarriers. Notably, 

endogenous HDL has been reported to be involved in the transport of microRNA in vivo,206 

suggesting the potential of using HDL as a natural delivery carrier for nucleic acids.

 Modification of Nucleic Acids with Lipophilic Groups

Modification of siRNA with lipophilic groups, such as cholesterol, offers a convenient 

method of loading siRNA in HDL.207 Soutschek et al. conjugated cholesterol to ApoB 

siRNA that was chemically stabilized with phosphorothioate backbone at the 3’ end of the 
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sense and antisense strands and two 2’-O-methyl nucleotides at the 3’ end of the antisense 

strand.207. ApoB siRNA conjugated with cholesterol (Cho-ApoB-siRNA) displayed 

increased stability in human serum than the unconjugated form. When Cho-ApoB-siRNA 

(50 mg/kg) was intravenously injected to C57BL/6 mice, a significant level of Cho-ApoB-

siRNA was detected in the liver and jejunum, whereas little or no unconjugated ApoB 

siRNA was detected in these organs. Cho-ApoB-siRNA was better able to silence ApoB 

mRNA in the liver and jejunum, decrease plasma levels of ApoB protein, and reduce total 

cholesterol, compared with unconjugated ApoB-siRNAs.

Christian Wolfrum et al. studied the mechanism by which siRNA conjugated to cholesterol 

and other lipophilic groups were delivered to their target organs and cells.72 Since 

lipoproteins, such as HDL, LDL, and VLDL, play important roles in the transport of 

cholesterol,208 the authors evaluated whether siRNA modified by various lipophilic groups, 

such as cholesterol and fatty acids with different chain lengths (C12-C43), could bind to 

lipoproteins and facilitate in vivo delivery of siRNA. The results indicated that siRNA 

conjugated to cholesterol or relatively long fatty acid chains bound to HDL particles, 

whereas siRNA conjugated to short or medium-chain length fatty acids did not bind to 

lipoproteins but preferentially associated with serum albumin or remained in an unbound 

form. Cholesterol-ApoB siRNA pre-assembled in HDL was 8 to 15-fold more effective at 

silencing ApoB expression in the liver and jejunum, compared with administration of 

cholesterol-ApoB siRNA only. Using HDL labeled with 125I-tyramine cellobiose (TC) and 

loaded with 32P-cholesterol-siRNA, the authors found that the half-life of HDL was 4.8 

days, whereas the half-life of HDL-bound cholesterol-siRNA was only about 1 h. Since the 

cholesterol-siRNA was stabilized by chemical modification through use of a 

phosphorothioate backbone and 2’-O-methyl nucleotides, the difference in half-life was not 

due to the faster degradation and clearance of cholesterol-siRNA in the plasma. The 

difference was rather due to selective uptake of cholesterol-siRNA from HDL through a 

mechanism independent of endocytosis of whole HDL particles. The uptake of HDL-bound 

cholesterol-siRNA was dependent on SR-BI expression on the target cells, as mice lacking 

SR-BI expression exhibited 2-fold increase in half-life of HDL-bound cholesterol-siRNA, 

compared with the control WT mice.

Rather than using endogenous HDL purified from plasma to deliver cholesterol-siRNA, 

Tomoko Nakayama et al. prepared HDL with recombinant apolipoprotein A1 (ApoA1) or 

apolipoprotein E3 (apoE3) and phosphatidylcholine lipids for delivery of cholesterol-siRNA 

(chol-siRNA) to the liver 119. When chol-siRNA was incubated with ApoA1 containing 

HDL (A-lip) or apoE containing HDL (E-lip) at ratios between 1:1 and 4:1, the 

incorporation efficiency of chol-siRNA was 90-95%. Forty-eight hours after intravenous 

injection of 50 mg/kg of chol-siApoB-1 complexed with A-lip, hepatic mRNA was inhibited 

by 40-60%, similar to that achieved by the complex of chol-siApoB-1 and purified mouse 

HDL (mHDL). In the same study, apoE-containing HDL (E-lip) was found to be more 

effective than ApoA1-containing HDL (A-lip) at delivery of cholesterol-siRNA: over 80% 

reduction of hepatic ApoB mRNA was observed when 30 mg/kg chol-siApoB-1 or chol-

siApoB-2 complexed with E-lip was intravenously injected in mice (Figure 6).
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M. Yang et al. studied the intracellular delivery profile of cholesterol-modified siRNA using 

HDL prepared with lipids and ApoA1 mimetic peptides.74,209 They modified bcl-2 siRNA 

with cholesterol (chol-si-bcl-2) and incubated it with pre-formed HDL at room temperature 

for 30 min, leading to successful insertion of chol-si-bcl-2 into the lipid layers of HDL. 

Chol-si-bcl-2-HDL had a size of 25.3 ± 1.2 nm and was stable in 10% fetal bovine serum 

(FBS) or 10% human plasma at 4 °C or 37 °C for 3 h. When FITC-chol-si-bcl-2-HDL was 

incubated with SR-BI high-expressing KB cells, more than 90% of the total intracellular 

FITC-chol-si-bcl-2 signal was in the cytosol, indicating direct cytosolic delivery of cho-

siRNA. Western blot revealed that chol-si-bcl-2-HDL, at a dose of 400 nM, reduced Bcl-2 

expression to 35 ± 9% of the untreated control, whereas an equivalent dose of chol-si-bcl-2 

alone only reduced Bcl-2 expression to 84 ± 8% of the untreated control. In addition, chol-

si-bcl-2-HDL was also more efficient at inducing apoptosis of tumor cells, compared with 

free chol-si-bcl-2.

HDL has also been used in vivo to deliver siRNA to tumor cells, the majority of which 

express SR-BI. Yang Ding et al. modified siRNA for Pokemon gene with cholesterol (Chol-

siRNA), which was then complexed with lipids by the sodium cholate dialysis method.210 

The complex was then incubated with ApoA1 in solution to form HDL/Chol-siRNA. At the 

optimal volume ratio, the loading efficiency of Chol-siRNA into HDL was over 99%. The 

HDL/Chol-siRNA exhibited improved stability in serum relative to Chol-siRNA. Chol-

siRNA in HDL was mostly intact at 12 h while the naked Chol-siRNA was degraded after 3 

h. The release of Chol-siRNA from HDL was very slow in PBS at 37 °C, with less than 1% 

of the cargo released within 24 h. HDL-incorporated Chol-siRNA enhanced cytosolic 

delivery of siRNA, gene silencing, and cell killing, compared with naked Chol-siRNA. In 

addition, Cy5-Chol-siRNA in HDL accumulated more efficiently in the tumor regions of 

HepG2 tumor-bearing nude mice, compared with Cy5-Chol-siRNA-loaded lipoplexes, as 

measured by optical imaging after systemic administration.

Moreover, intravenous injection of HDL-incorporated Chol-siRNA (25 mg of Chol-siRNA-

Pokemon/mouse) every 2 days with a total of 8 injections was significantly more effective at 

inhibiting tumor growth and reducing Pokemon and Bcl-2 protein expression in comparison 

to free Chol-siRNA.

In addition to delivery of siRNA to the above major target organs, HDL has also been used 

to deliver siRNA to other tissues/organs. For example, in one study, HDL was used to deliver 

cholesterol-conjugated siRNA for organic anion transporter 3 (Chol-siOAT3) into brain 

capillary endothelial cells (BCECs). The results showed that HDL-Chol-siOAT3 

significantly decreased OAT3 mRNA levels in BCECs after intravenous injection, while free 

Chol-siOAT3 failed to achieve this.121

 Complexation of Nucleic Acids with Polylysine

Although conjugation of lipophilic groups to siRNA is the most widely reported method of 

incorporating siRNA into HDL, there are other methods reported to produce siRNA-loaded 

HDL. Mian M.K. Shahzad et al. utilized polylysine complexed with STAT3-siRNA in order 

to neutralize the negative charges of phosphate groups on siRNA. The authors successfully 
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encapsulated the siRNA-polylysine complex into HDL, composed of lipids and Apo-A1, 

with an encapsulation efficiency of over 90%.120 STAT3-siRNA/HDL mediated over 80% 

knockdown of STAT3 in SKOV3 ovarian carcinoma cells in vitro. After a single intravenous 

injection of STAT3-siRNA/HDL (0.2 mg/kg siRNA) into SKOV3 ovarian carcinoma-bearing 

mice, STAT3 protein level was reduced by 88%. While injection of STAT3-siRNA/HDL 

alone showed some therapeutic effect in several different tumor models, enhanced effects 

were observed upon co-administration of chemotherapeutic drugs (Figure 7).

 HDL for Imaging Studies

Unlike other nanocarriers, such as liposomes, micelles, and nanoparticles, HDL has intrinsic 

ability to target atherosclerotic plaques as well as a broad range of tumor cells expressing 

SR-BI.211 Recent studies have exploited this intrinsic targeting capability of HDL for 

various biomedical diagnostic applications, including imaging of atherosclerotic plaques and 

tumors.

 Atherosclerotic Plaque Imaging Using HDL

Early diagnosis is crucial for effective therapeutic intervention against atherosclerosis, which 

is a major health problem across the world.102 Magnetic resonance imaging (MRI) has been 

widely used for medical imaging. However, for atherosclerotic plaque imaging, the majority 

of conventional MRI contrast agents, such as gadolinium (Gd3+) ions, are not able to reach 

the target sites efficiently. In order to improve the MRI signal in plaque regions, Juan C. 

Frias, et al. formulated phospholipid-based MRI contrast agent into reconstituted HDL, 

which was prepared with ApoA1 protein and phospholipids using the sodium cholate 

dialysis method.212 The resulting MRI contrast agent, Gd-DGPA-DMPE-loaded HDL, had 

diameter of approximately 9 nm and contained 15-20 molecules of Gd-DGPA-DMPE per 

HDL nanoparticle. One day after intravenous injection of HDL into apoE-knockout mice 

with atherosclerosis, the contrast agent was predominantly localized at the atherosclerotic 

plaque. HDL labeled with green fluorescent phospholipids was used to visualize the 

distribution pattern of HDL in the atherosclerotic plaques at the cellular level. At 24 hours 

post intravenous injection, HDL was mainly found to be co-localized with CD68 positive 

macrophages in the intimal layer of aorta.

In a separate study, David P. Cormode et al. used ApoA1 mimetic peptide rather than ApoA1 

protein to prepare HDL for atherosclerotic plaque imaging.88 The lipid-based MRI contrast 

agent, Gd-DTPA-DMPE, and fluorescent lipid Rhod-PE were incorporated into HDL 

reconstituted with DMPC and ApoA1 mimetic peptide (37pA). The particle size averaged 

about 7.6 nm as indicated by dynamic light scattering (DLS) measurements. In contrast, 

when Gd-DTPA-DMPE was incorporated into DMPC and fluorescent lipid Rhod-PE in the 

absence of ApoA1 mimetic peptide (37pA), the resulting particle size was about 15.0 nm, 

which was due to the formation of micelles rather than HDL. Quantitative analysis showed 

that the total number of lipids per HDL was 113, and the number of Gd-DTPA-DMPE was 

42. When HDL and micelles were intravenously injected in atherosclerotic (apoE-knockout) 

mice, MRI imaging clearly showed accumulation of HDL in aorta. Moreover, HDL achieved 

a greater normalized enhancement ratio (% NER) of 94%, while the % NER achieved by 
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micelles was only 16%. This clearly indicated that ApoA1 mimetic peptide (37pA) played 

an important role in enhancing the accumulation of MRI contrast agent in atherosclerotic 

plaques. By performing confocal laser scanning microscopy (CLSM) on sections of excised 

aorta and labeling macrophages with Alexa 647-CD68 (green), they confirmed that the 

fluorescent lipids delivered by HDL were localized in macrophages (Figure 8). These 

results are in line with previous result achieved using HDL reconstituted with lipids and 

ApoA1 proteins.

Several other tracers, such as near-infrared fluorescent dyes,102,125 gold,59 iron oxide,213 

and quantum dots,58 have also been loaded into HDL reconstituted with phospholipids and 

ApoA1 proteins for imaging atherosclerotic plaques. This array of imaging agents 

formulated into HDL greatly expands the range of techniques that can be applied for 

atheroma imaging.

 Tumor Imaging Using HDL

As mentioned above, HDL itself has great potential to accumulate in tumors, underscoring 

the potential utility of HDL for imaging and detection of tumors.

Weiguo Cao et al. synthesized a novel and chemically stable fluorescent dye (BchlBOA) 

with excitation at 752 nm and emission at 762 nm, suitable for deep tissue imaging due to its 

high absorbance coefficient and good fluorescence quantum yield in the near-infrared 

spectrum.214 They incorporated BchlBOA into HDL reconstituted with DMPC, cholesterol 

oleate, and ApoA1. The dye-loaded HDL (HDL-BchlBOA) had a size of approximately 12 

nm, similar to that of native HDL. When HDL-BchlBOA was incubated with cells either 

expressing SR-BI (SR-BI positive) or not expressing SR-BI (SR-BI negative), only SR-BI 

positive cells exhibited significant uptake of HDL-BchlBOA, while SR-BI negative cells had 

minimal uptake of HDL-BchlBOA. The uptake of HDL-BchlBOA by SR-BI positive cells 

was inhibited in the presence of 25-fold excess native HDL, which is a natural ligand for 

SR-BI receptor, indicating SR-BI receptor-mediated cellular internationalization. Moreover, 

when HDL-BchlBOA was intravenously injected into human epidermoid carcinoma KB 

tumor xenografts, the fluorescence signal was detected in the tumor and lasted for a 

minimum of 72 h.

In order to image the intracellular delivery profile of HDL cargoes, Zhihong Zhang et al. 

used ApoA1 mimetic peptide rather than full length ApoA1 to synthesize reconstituted HDL 

containing DMPC and cholesterol oleate.73,215 In their study, fluorescent dye DiR-BOA was 

loaded into HDL as its cargo. For imaging purposes, HDL lipids or peptides were partially 

labeled with fluorescein. Similar to the uptake profile of HDL reconstituted with full-length 

proteins, cargo of ApoA1 mimetic peptide HDL were efficiently taken up by SR-BI positive 

cells, but not by SR-BI negative cells, and the uptake was inhibited in the presence of native 

HDL. Moreover, while HDL cargo of DiR-BOA were detected in the cytosol, other 

components of HDL, such as fluorescein-labeled lipids and fluorescein-labeled peptides, 

were still on the plasma membrane, indicating that the cargo materials were taken up 

through a non-endocytic pathway. The subcellular fractionation assay showed that 63% of 

the fluorescent cargo was in the cytosol, while 12% and 25% were in the nuclei and other 

subcellular organelles, respectively. To investigate the efficacy of HDL-mediated targeting of 
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SR-BI-expressing tumor cells in vivo, mice bearing human epidermoid carcinoma KB cells 

(SR-BI positive) on the left flank and HT1080 human fibrosarcoma cells (SR-BI negative) 

on the right flank were administered with HDL. The whole body optical imaging showed 

that HDL preferentially accumulated in the SR-BI positive tumor sites rather than the SR-BI 

negative tumor sites, with 3.8-fold higher fluorescence intensity/g tumor tissue associated 

with the SR-BI positive tumor sites (Figure 9).

Recently, the same HDL platform reconstituted with DMPC, cholesteryl oleate, and ApoA1 

mimetic peptide has been used not only for primary tumor imaging, but also for metastatic 

tumor imaging.83 Specifically, HDL was loaded with porphyrin, whose fluorescence was 

highly silenced in intact HDL. However, upon arrival at tumor regions and internalization by 

tumor cells, the monomeric porphyrin molecules were released from HDL and became 

highly fluorescent. Such an activatable mechanism allows HDL to image both primary and 

metastatic tumors with very low background. The intrinsic metal chelation property of 

porphyrin also enabled HDL to be easily labeled with 64Cu for PET (positron emission 

tomography) imaging, which could provide useful information on biodistribution. Moreover, 

the phothodynamic reactivity of released porphyrin could be utilized for selective 

photodynamic therapy. These results clearly show that the application of HDL can be 

expanded and customized by choosing proper imaging agents as HDL cargo.

In addition to utilizing HDL’s intrinsic interaction with SR-BI for tumor imaging, different 

targeting ligands, such as RGD, folate, and EGF have been attached to HDL,148 thus 

potentially expanding the spectrum of cancer types that can be targeted by HDL-based 

strategies while reducing the off-target effects on non-cancerous cells.

 Conclusion and Future Perspective

Synthetic HDL nanoparticles are close mimics of abundant natural lipoprotein and thus are 

safe when given at large doses. The results of clinical trials and formal toxicology studies 

have indicated that sHDL nanoparticles appear to be better tolerated than inorganic and 

polymer nanoparticles. Indeed, sHDLs have been clinically administered at doses tens to 

hundreds times higher than inorganic nanoparticles of similar sizes. Such differences are 

likely due to the way nanoparticles are recognized by the body and eliminated. The net 

particle charge, density, fluidity at body temperature, and ability to interact with blood 

components are distinctly different for synthetic lipoproteins, inorganic and polymer based 

nanoparticles. However, loading of small molecules or imaging agents into HDL, decoration 

of HDL’s surface with peptide antigens and targeting ligands, and incorporation of 

nucleotides could all affect the charge, density, and stability in plasma. Further evaluations 

are needed to understand which modifications are benign or detrimental to sHDL’s safety 

profiles.

Because of the stealth properties of sHDL mimicking the natural HDLcarrier, sHDL has 

been reported to circulate for an extended period of time. Other nanoparticles require surface 

modification by PEG to prolong their circulation half-life. While PEG is used widely, it has 

been reported that PEGylated drug products can elicit immunologic responses characterized 

by PEG-neutralizing antibodies that can reduce circulation time of PEGylated products after 
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repeated injections and potentially cause serious adverse reactions. Therefore, the extended 

circulation time of sHDL without the need for PEGylation is an attractive property. 

However, drug loading in sHDL can alter their circulation time, and covalent binding of 

drugs or macromolecules on the surfaces of sHDL could inadvertently induce immune 

responses and alter their pharmacokinetics. Therefore, the effect of drug loading and 

incorporation on pharmacokinetics of drug-sHDL formulations requires further 

investigation.

Another critical process for circulation time and targeting ability of sHDL particles is their 

dynamic remodeling in plasma. Once HDL nanoparticles are infused, they can exchange 

their proteins, lipids, and cargo with endogenous plasma lipoproteins.216 Other nanoparticle 

products also undergo remodeling, as lipoprotein corona forms on inorganic nanoparticles in 

plasma.217 When non-PEGylated liposomes, such as Visudyne®, are administered, they are 

rapidly remodeled, and the drug originally loaded in liposomes is found in HDL fraction 

within minutes.218 The administered dose of sHDL is typically several fold higher than the 

levels of endogenous lipoproteins; thus, the infused sHDL dominates the composition of 

lipoproteins. Both the rate and extent of lipoprotein remodeling depend on sHDL protein-

lipid binding affinity and fluidity of the sHDL lipid membrane, along with multiple other 

factors. Therefore, it is critical to develop experimental tools and reagents to further 

understand the process of lipoprotein remodeling in vitro and in vivo and to incorporate the 

knowledge gained from these fundamental studies into the selection process of sHDL-

delivery nanomedicines for clinical translation.

Unlike other conventional nanoparticles, sHDL intrinsically targets several different organs/

tissues, including atherosclerotic plaques, hepatocytes, and SR-BI positive tumor cells. The 

targeting of sHDL could be further augmented by incorporating targeting ligands. While dye 

loaded sHDL are found in atheroma and SR-BI positive tumors,73,102 the extent of drug 

enrichment at the target tissue that HDL-nanoparticle delivery offers over that of naked drug 

administration remains unclear. Another critical unanswered question is whether sHDL is 

capable of crossing the blood brain barrier (BBB). While it is believed that HDL is capable 

of crossing BBB, the question remains whether it is solely the protein component or the 

entire HDL nanoparticle that can cross the BBB.219 Intrinsic tissue targeting by HDL, 

incorporation of targeting moieties, and the effect of plasma remodeling on passive and 

active targeting represent the frontier of sHDL research that will enhance our understanding 

of interactions between nanomaetrials and biological systems while extending our arsenal of 

nano delivery carriers suitable for clinical translation.

We have pointed that the cGMP manufacturing processes have been successfully established 

for multiple sHDL products; however, for drug-loaded sHDLs, their scalability of 

manufacturing, cost, yields, and purities are yet to be determined. While most HDLs used 

for atherosclerosis treatment are made of full-length proteins (e.g. ApoA1, ApoA1 Milano, 

and proApoA1), their utility as drug delivery vehicles is limited because the proteins are 

either purified from human plasma or produced by recombinant technology using expensive 

multi-step processes. In this regard, application of ApoA1 mimic peptides for HDL-

mediated drug delivery holds significant promise; sHDL composed of peptides are 

inexpensive, produced by a well-controlled chemical synthesis, and lack toxic or 
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immunogenic impurities such as viruses, endotoxin, host cell proteins or protein aggregates. 

However, the majority of drug-loaded sHDLs currently require purification to narrow the 

size distribution and remove un-encapsulated drug. It would be critical to define the process 

for spontaneous assembly of ApoA1 peptide, phospholipid, and drug into drug-sHDL 

formulations without the need for subsequent purification as this would expedite the cGMP 

manufacturing process and clinical translation.

Several types of molecules have been successfully incorporated into sHDL delivery 

nanoparticles, including small molecule drugs, dyes, siRNA, peptides, and proteins. Small 

size of HDL (8-12 nm) and their well-defined nano-disc structure leave limited space for 

drug incorporation. Many lipophilic drugs have been incorporated into the core of sHDL via 

physical partitioning. Hydrophilic drugs require modification with lipophilic moieties prior 

to sHDL incorporation.72 Oligonucleotides were modified with cholesterol and fatty acid 

moieties in order to incorporate into sHDL’s lipid bilayer either by partitioning or by 

binding to poly-lysine to neutralize their charge prior incorporation.72,120 Peptide- and 

protein-based therapeutics have been either inserted into the lipid membrane via trans-

membrane domain or covalently attached to lipid or protein components of sHDL. The 

incorporation of drugs into sHDL often alters the size, shape and surface properties. In fact, 

many drug-loaded sHDLs are spherical and 20-30 nm in size, resembling LDL particles.84 

Drug loading varies between different systems, ranging from 1-3 drug molecules per HDL 

particle to up to 10% of total particle mass. Significant changes in such physico-chemical 

properties of sHDL may alter its stealth properties. As the size of HDL is similar to the size 

of an antibody, HDL-based delivery could be compared with antibody-drug conjugates 

(ADC). Recent findings in the ADC field suggest an optimal loading of 2-4 molecules to 

elicit a therapeutic effect without altering antibody pharmacokinetics.220 Application of a 

similar concept to HDL delivery will likely be beneficial.

Synthetic HDL nanoparticles themselves are potent therapeutic agents. Apart from their 

known ability to treat atherosclerosis by removing excess cholesterol in hardened arteries, 

HDL has anticancer activity by cellular cholesterol depletion,221,222 activity in sepsis by 

lipopolysaccharide neutralization,221 ability to alter Alzheimer’s disease pathology by 

amyloid peptide removal and other diseases.223,224 In most pharmacology studies, when 

beneficial effects are seen from drug-HDL formulations, the benefit is attributed to the 

sHDL’s ability to deliver drug to target tissue(s). However, examination of relative 

contributions of sHDL tissue targeting versus synergetic effect of drug and sHDL is 

important in nanomedicine design. The composition of sHDL (lipid type, particle size, 

charge, etc.) affects sHDL’s pharmacology and ability to incorporate drugs, and may be 

differentially optimized to exploit synergetic versus drug targeting delivery effects. 56,223

Overall, it remains to be seen how the exciting progress made in the field of HDL-based 

therapy can evolve to reprogram HDL as a platform technology for nanomedicines. Clinical 

translation of HDL-based therapeutics may offer innovative solutions to treat and diagnose 

various human pathologies.
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VOCABULARY

Lipoproteins – endogenous nanoparticles composed of apolipoproteins and lipids. 

Lipoproteins have been classified by their densities into high-density (HDL), low density 

(LDL) and very low density (VLDL). Lipoproteins vary in size (8 to 80 nm), shape, 

protein-lipid composition, and physiological functions. Apolipoproteins – proteins that 

can associate with lipids. There are six major apolipoprotiens including ApoA, ApoB, 

ApoC, ApoD, ApoE and ApoH. Reconstituted HDL (rHDL) or synthetic HDL (sHDL) – 

lipoprotein nanoparticles assembled from full-length apolipoprotein or synthetic 

apolipoprotein mimetic peptide. Apolipoprotein mimetic peptides – short 17–40 amino 

acid long synthetic peptides designed to bind lipids, form lipoprotein, and perform 

apolipoprotein-like functions. Multi-functional nanoparticles – nanoparticles that have 

multiple functions including tissue targeting, delivery of therapeutics (small molecules, 

peptides/proteins, nucleic acids), to various target cells, and imaging of human 

pathologies for diagnostic purposes.
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Figure 1. Metabolic fate of HDL in vivo
The major protein component of HDL, lipid-free ApoA1, is produced in the liver and 

intestine. ApoA1 can associate with lipids effluxed by ABCA1 to form nascent pre-β HDL. 

The lipid layers of pre-β HDL can be interspersed with free cholesterol, which is converted 

to cholesterol ester by LCAT. Cholesterol ester, which is more hydrophobic than cholesterol, 

is internalized into the HDL core to form spherical HDL3. Additional cholesterol from 

peripheral tissues can be loaded into spherical HDL3 and subsequently converted to 

cholesterol ester with the help of LCAT to form HDL2. Mature HDL can also exchange 

cholesterol ester for triglycerides from other lipoproteins such as LDL and VLDL in a 

process mediated by CETP. Mature HDL delivers cargo molecules to hepatocytes in the liver 

for metabolism through a SR-BI-mediated process. Reproduced with permission from [1].1
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Figure 2. Delivery of different types of molecules to various target organs/tissues by HDL
HDL nanoparticles have been used to deliver small molecules, peptides/proteins, and nucleic 

acids to different target organs/tissues.
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Figure 3. Delivery of statin to the atherosclerotic plaque using HDL
(A) Schematic of Simvastatin-loaded rHDL [S]-rHDL and blank rHDL (rHDL). (B) 

Thickness of the vessel wall of apoE-KO mice receiving 12 weeks of biweekly low-dose 

[S]-rHDL (15 mg/kg statin, 10 mg/kg ApoA1), blank rHDL, statin (15 mg/kg statin) and 

placebo. The thickness of the vessel wall is defined as the ratio between the mean wall area 

and the outer wall area, which is expressed as normalized wall index (NWI). (C) Plaque area 

of mice receiving different formulations. High dose [S]-rHDL (60 mg/kg statin, 40 mg/kg 

ApoA1) led to smaller plaque area than Placebo, blank rHDL, and low dose [S]-rHDL (15 

mg/kg statin, 10 mg/kg ApoA1). (D). Plaque macrophage content (CD68 positive area) of 

mice receiving different formulations. High dose [S]-rHDL significantly decreased the 

macrophages in the plaque compared to placebo, blank rHDL, and low dose [S]-rHDL. 

Figures combined and reproduced from [102].102
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Figure 4. Increased delivery of cytotoxic cytochrome C to tumor cells using HDL
(A) Schematic for the preparation of protein (cytC)-loaded nanoparticle. (B) Biodistribution 

profile of different formulations of Alexa-488 labeled cytC after intravenous injection into 

H460 xenograft mice. (C) Tumor growth inhibition of different formulations of cytC (40 

ug/kg) or MPS-cytC (160 ug/kg) in an H460 xenograft mouse model. Figures combined and 

reproduced from [115].115
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Figure 5. Efficient delivery of cytolytic peptide, melittin, to tumor cells using HDL
(A) Schematic of loading α-melittin to HDL nanoparticles (α-melittin-NP). (B) Real time 

imaging of the release of FITC-α-melittin (green) from HDL nanoparticles attacking tumor 

cells expressing KatushkaS158A (red) with confocal microscopy. KatushkaS158A (red) 

inside the cells decreased over time, while FITC-α-melittin (green) increased inside the 

cells, indicating FITC-R-melittin was released from the HDL nanoparticles and made pores 

on the cell membrane, which allowed KatushkaS158A to leak out of the cells. (C) Tumor 

growth inhibition of different formulations in a B16F10 tumor model. Figures combined and 

reproduced from [116].116
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Figure 6. Efficient delivery of siRNA molecules to hepatocytes using HDL
(A) Schematic of incorporation of cholesterol modified siRNA (chol-siRNA) into an HDL 

nanoparticle. (B) In vivo apoB mRNA silencing effect of A-lip-chol-siApoB-1 and A-lip-

cholsiApoB-2 48 h after intravenous injection of 50 mg/kg siRNA to C57BL/6 mice. ApoB 

mRNA silencing with chol-siRNA alone and chol-siApoB complexed with purified mouse 

HDL (mHDL) were used as control groups. (C) In vivo ApoB mRNA silencing effect of E-

lip-siApoB-1 and E-lip-siApoB-2 48 hours after intravenous injection of 30 mg/kg siRNA to 

C57BL/6 mice. Data represent mean ± SD. *P < 0.05. Figures combined and reproduced 

from [119].119
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Figure 7. Efficient delivery of STAT3 siRNA molecules to tumor cells using HDL
(A) Schematic of encapsulation of siRNA into HDL after complexation with poly-lysine. (B) 
A TEM of siRNA-loaded HDL. (C) In vivo antitumor effect of STAT3 siRNA/rHDL in 

chemosensitive (HeyA8 and SKOV3ip1) and chemoresistant (HeyA8-MDR) mouse models 

of ovarian carcinoma. Figures combined and reproduced from [120].120
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Figure 8. The use of HDL to deliver a MRI contrast agent for atherosclerotic plaque imaging
(A) Schematic of Gd-loaded HDL (37pA-Gd), Gd-loaded micelles (Gd-micelles), and blank 

HDL (37pA-Gd). (B) MRI images of aorta of an apoE-KO mouse. Top panel: images 

acquired before injection of 37pA-Gd; Bottom panel: images acquired 24 h after injection of 

37pA-Gd. The images on the right of each panel are enlargements of the white box area, 

where aorta is indicated by the white arrow. (C) Confocal microscopy images of aortic tissue 

from an apoE-KO mouse intravenously injected with 37pA-Gd 24 h prior to excision. Blue: 

nuclei stained by DAPI; Red: Rhodamine lipid in HDL; Green: Macrophages labeled by 

Alexa 647-labeled CD68 antibody. The yellow color in the merged images indicate the HDL 

is colocalized with the macrophages. Figures combined and reproduced from [88].88
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Figure 9. The use of HDL to deliver a near-infrared fluorescent dye for tumor imaging
(A) Confocal microscopy imaging of uptake of DiR-BOA-loaded HDL (DNC) by ldlA 

transfected with SR-BI [ldl(mSR-BI)] or not transfected with SR-BI (ldlA7) in the absence 

of excess HDL (left panel) and in the presence of excess HDL (right panel). (B) Schematic 

depiction of the uptake of HDL cargoes via SR-BI mediated pathway. (C) Confocal 

microscopy images of ldlA (mSR-BI) (SR-BI+) cells showing the fluorescein-labeled lipid 

(green color in top panel) and peptide (green color in bottom panel) localized on the cell 

surface and the DiR-BOA cargo (red) in the cytosol. (D) Optical imaging of the tumor 

targeting of DiR-BOA-loaded HDL in tumor-bearing mice using the whole-body optical 

imaging system. Figures combined and reproduced from [73].73
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Table 3

Summary of different classes of molecules delivered by HDL and their targets.

Category Molecules delivered by 
HDL

HDL composition Target Activity Particle size References

Small
molecules

Statin ApoA1/lipids
Cardiovascular
system

Inflammation inhibition in
the atherosclerotic plaques

10 - 30 nm
102

Sphingosine-1-phosphate
(S1P)

Endogenous HDL
Cardiovascular
system

Promoting endothelial
barrier function

~ 10 nm
103

Adefovir
Lactosylated HDL
apoproteins

Liver
HBV inhibition in
hepatocytes

~ 11 nm
104

Amphotericin B ApoA1/lipids Fungi Antifungal drugs ~ 8.5 nm 105

10-Hydroxycamptothecin
(10-HCPT)

ApoA1/lipids Tumor Anticancer drugs ~ 25 nm
106

All trans retinoic acid
(ATRA)

ApoA1/lipids Tumor Anticancer drugs N.A.
107

Curcumin ApoA1/lipids Tumor Anticancer drugs < 50 nm 108, 109

Paclitaxel ApoA1/lipids Tumor Anticancer drugs
7.4 - 20.7 
nm

110, 111

Doxorubicin ApoA1/lipids Tumor Anticancer drugs ~ 20 nm 112

MPLA ApoA1/lipids Immune system TLR4 agonist ~ 15 nm 113

Peptides/p
roteins

Nosiheptide ApoA1/lipids Liver
HBV inhibition in
hepatocytes

< 30 nm
114

Cytochrome C ApoA1/lipids Tumor Anticancer drugs 20-30 nm 115

α-melittin
ApoA mimetic
peptides/lipids

Tumor Anticancer drugs ~ 15 nm
116

Hemagglutinin 5 (H5) ApoA1/lipids Immune system
Protein Antigens from 
virus

~ 15 nm
117

Yersinia pestis LcrV ApoA1/lipids Immune system
Protein Antigens from
bacteria

~ 15 nm
118

Nucleic acids

ApoB siRNA
Endogenous HDL;
ApoA1/lipids;
ApoE/lipids

Liver
Knockdown of ApoB
lipoprotein

~ 10 nm
72

ApoM siRNA Endogenous HDL Liver
Knock down of ApoM
lipoprotein

~ 10 nm
72

PCSK9 siRNA ApoE/lipids Liver LDL receptor upregulation ~ 10 nm 119

STAT3 siRNA ApoA1/lipids Tumor Tumor growth inhibition ~ 10 nm 120

BCL2 siRNA
ApoA1 mimetic
peptides/lipids

Tumor Tumor growth inhibition ~ 25 nm
74

OAT3 siRNA Endogenous HDL
Brain Capillary
Endothelial
Cells (BCEC)

Knockdown of organic
anion transporter 3 
(OAT3)

~ 10 nm
121

CpG (single stranded 
DNA)

ApoA1/lipids Immune system TLR9 agonist ~ 15 nm
113
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