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Abstract

Purpose Lipoproteins are endogenous nanoparticles with essential roles in lipid transport and inflammation. Lipoproteins
are also valuable in diagnosing and treating disease. For instance, certain lipoproteins are overexpressed in patients with ath-
erosclerotic cardiovascular disease, and reconstituted lipoproteins have been extensively used for drug delivery. Radiolabeling
has proven an especially powerful approach for studying and therapeutically exploiting lipoproteins. This review details how
radiochemistry and nuclear imaging can facilitate the study of lipoproteins in health and disease. Among other topics, we
discuss approaches for radiolabeling lipoproteins and detail how these have helped advance our understanding of lipoprotein
biology and the diagnosis and treatment of diseases, including atherosclerosis, cancer, and hypercholesteremia.

Methods We performed an extensive literature search on all peer-reviewed studies involving radiolabeled lipoproteins
and selected representative examples to provide a high-level overview of the most important discoveries and technological
advancements.

Results More than 200 peer-reviewed papers involved radiolabeled lipoproteins, spanning mechanistic, diagnostic, and thera-
peutic studies across a wide range of diseases.

Conclusion Radiolabeling has been critical in advancing our understanding of lipoprotein biology and leveraging these nano-
materials for diagnosing and treating disease.
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Introduction

Lipids perform a broad range of biological functions, includ-
ing metabolism, immune regulation, and forming cell mem-
branes [1—4]. Lipids are generally also poorly water-soluble,
which complicates their transport in aqueous biological
environments. A transport system has evolved that enables
lipids to traffic in vivo, including blood, extracellular flu-
ids, and interstitial fluid in the lymphatic system [5]. This
system consists of lipid-protein nanoassemblies called lipo-
proteins. Concerning their supramolecular architecture, lipo-
proteins resemble an oil-in-water emulsion. A monolayer
of amphiphilic phospholipids and apolipoproteins stabilizes
a hydrophobic core of cholesteryl esters and triglycerides.
Apolipoproteins integrate into the phospholipid monolayer
and stabilize the nanoassembly through hydrophobic and
electrostatic interactions, while also providing regulatory
functions. High-density lipoprotein (HDL) and low-density
lipoprotein (LDL) are the most well-known lipoproteins,
generally referred to as good and bad cholesterol, respec-
tively [6]. Besides HDL and LDL, the major lipoprotein
classes include intermediate-density lipoprotein (IDL),
very-low-density lipoprotein (VLDL), and chylomicrons,
which are also referred to as ultra-low-density lipoproteins

(ULDL) (Fig. 1) [7]. Lipoprotein classification is based on
electrophoretic mobility or density, with HDL showing the
highest mobility, followed by LDL, IDL, VLDL, and chy-
lomicrons [7].

While density is an important parameter, it does not fully
capture other key lipoprotein aspects such as size, compo-
sition and apolipoprotein content. Lipoprotein sizes range
from 5 — 12 nm for HDL, 18 — 25 nm for LDL, 25-35 nm
for IDL, 30-80 nm for VLDL, and up to several hundreds of
nanometers for chylomicrons [7]. Due to their unique phys-
icochemical features and biological function, the proteins in
lipoproteins, referred to as apoproteins or apolipoproteins,
have a great importance. Apolipoproteins’ amphiphilic
nature gives them critical lipid binding capabilities, while
certain amino acid sequences facilitate cellular interactions
and regulatory functions. Although many types of apoli-
poproteins exist, this review will focus mostly on apolipo-
protein Al (apoAl), HDL’s main protein constituent, and
apolipoprotein B (apoB), LDL’s major protein. LDL and
in particular its oxidized form, oxLDL, is a major driver of
cardiovascular disease, hence its name 'bad cholesterol' [9].
Conversely, HDL, or 'good cholesterol', owes its atheropro-
tective properties to its role in reverse cholesterol transport
[10-13].

Triglyceride
90% 55% 24% 6% 59  content

Cholesterol
4% 20% 38% 50% 25% content

M Phospholipids M Triacylglycerols Cholesterol Cholesterol esters “' ApoB

Fig. 1 Schematic overview of the main different types of lipoproteins.
Lipoproteins consist of (phospho)lipids, triacylglycerols, cholesterol
(ester), and apolipoproteins. Based on their diameter and composi-
tion, lipoproteins are classified as chylomicrons (CM), very low-
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density lipoprotein (VLDL), intermediate-density lipoprotein (IDL),
low-density lipoprotein (LDL), and high-density lipoprotein (HDL).
ApoAl =apolipoprotein Al, apoB =apolipoprotein B, apoE =apoli-
poprotein E, percentages are by weight. Figure based on ref. [8]
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Besides lipid transport, lipoproteins have important roles
in endotoxin clearance [14, 15] and in the transport of mac-
romolecules, including nucleic acids [16]. In 2011, Vickers,
Ramaley and colleagues showed that circulating microRNAs
are trafficked and delivered to cells by HDL [16]. Another
interesting, but understudied feature of HDL and LDL is
their transport in the lymphatics [5]. As our basic knowl-
edge of lipoproteins’ role in disease grows, opportunities for
diagnostics and therapy are being evaluated. For example,
HDL’s atheroprotective properties have been explored for
therapeutic purposes. In preclinical models, exogenously
administered HDL reduces — and in some studies it reverses
— atherosclerosis. Despite the overwhelming therapeutic evi-
dence in preclinical models and in clinical observation stud-
ies, clinical trials exogenously raising HDL have not shown
benefits in cardiovascular patients, with some interpreting
this as a reflection of overall HDL functionality not being
correlated with HDL levels [17]. Although lipoproteins and
their metabolism are primarily associated with cardiovas-
cular disease, their role in cancer makes them attractive as
diagnostics or therapeutics in this condition [18].

Besides studying lipoprotein biology and physical chem-
istry, bioengineered versions of these nanoparticles have
been studied for molecular imaging and targeted therapy.
For the latter objective, lipoprotein-derived nanoparticles
have been developed for siRNA delivery [19], for cancer
therapy [20], and immunotherapy [21-23]. As lipoproteins
display natural tropism for immune cells, the latter treatment
modality holds particular promise. In the context of molecu-
lar imaging [24], HDL and LDL have been labeled with fluo-
rophores for optical imaging [25], loaded with a superpara-
magnetic iron oxide core [26, 27] or Gd-DTPA-based lipids
in the phospholipid corona [28-31] for magnetic resonance
imaging, or packed with gold nanocrystals to allow detection
by computed tomography [32].

As it is being used to study lipoprotein biology, but also
for in vivo imaging and therapy, radiolabeling of lipopro-
teins takes a special position. The first lipoprotein radiolabe-
ling methods were developed in the 1970's and these helped
gather insights into lipoprotein pharmacokinetics and bio-
distribution [33-38], metabolism [39-45], and receptor dis-
tribution and function [46—48]. In later work, radiolabeling
was used to study lipoprotein dysregulation in pathology
[49-52], with a particular focus on atherosclerotic disease
[53-57]. Besides cardiovascular disease, investigators used
radiolabeled lipoproteins for the diagnosis of hypercholes-
terolemia [50, 58-60], cancer [61, 62], liver disease [63],
obesity [64], and myeloproliferative disease [65].

This review discusses how radiolabeling lipoproteins has
matured from a basic research tool and method to study lipo-
protein biology to a versatile technique for in vivo nuclear
imaging in preclinical models [23, 66—69] and human sub-
jects [70]. It also highlights the latest advances in integrating

radiolabeling and in vivo imaging to develop lipoprotein-
inspired, bioengineered immunotherapies. Finally, an out-
look of future developments is provided.

Radiolabeling lipoproteins

Over five decades, various lipoprotein radiolabeling meth-
ods have been developed. This section discusses existing
and up-and-coming radiochemical strategies, organized by
radionuclide. The following account is not intended to be
exhaustive but rather to equip newcomers in the field with
an understanding of the most widely used lipoprotein radi-
olabeling approaches.

Radioiodine

Todine is widely used for lipoprotein radiolabeling as the
associated chemistry is well-established, iodine isotopes
cover a broad range of physical half-lives, and iodine radio-
nuclides suitable for PET and SPECT imaging are avail-
able. The most commonly used iodine radioisotopes used
for labeling lipoproteins are '*°I (¢,,,= 13.2 h), "I (¢, =
4.2 d), "1 (t,,= 59.4 d), and *'1 (¢,,,= 8.0 d). The iodine
monochloride method developed by McFarlane [71] ena-
bles directly labeling tyrosine residues in the protein com-
ponents of HDL [72-74] and LDL [75-77] by electrophilic
substitution (Fig. 2A). Bilheimer et al. [78] introduced a
variation to this method by involving slight changes in pH
and iodine-to-protein ratio, which has been similarly used
to radiolabel HDL [79, 80], LDL [54, 81-84], and VLDL
[78, 85]. Different oxidants have also been used, including
chloramine T [86-89], lactoperoxidase [88, 90], and solid
phase oxidizing agents including 1,3,4,6-tetrachloro-3a,60-
diphenyl glycoluril [82, 87, 91-93] (a.k.a. Iodogen [94]) and
N-chloro-benzenesulfonamide-containing IODO beads [83,
95]. Although these methods predominantly functionalize
apolipoproteins’ tyrosine residues, some lipid radiolabeling
typically occurs [87, 88]. Radioiodinated tyrosine is also
prone to deiodination, resulting in free iodide that accumu-
lates in the thyroid gland [76]. Moreover, the required oxi-
dizing agents can extensively modify lipoproteins, altering
their structure and behavior and complicating the characteri-
zation of the radioactive product [87, 91].

Lipoprotein radioiodination methods that do not require
aggressive tyrosine oxidation have also been developed. In
one approach, a lysine-reactive tyramine-cellobiose adduct
is radiolabeled before lipoprotein conjugation using cyanu-
ric chloride [96]. This method has been extensively used to
radioiodinate LDL [75, 76, 97] and HDL [98, 99], and yields
a more residualizing signal (i.e., the radionuclide remains
in a biological compartment longer) compared with iodine
monochloride labeling. A similar method involves oxidizing
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Fig.2 A) Schematic depicting the approaches for radioiodinating
lipoproteins and their deiodination by enzymes. Grey structures rep-
resent apolipoproteins. B) Schematic depicting approaches for labe-
ling lipoproteins with radiometals, using **™Tc as an example. C)
Structures of a lipoprotein functionalized with the chelator DOTA
binding the radiometal '"'In (left) and a lipoprotein similarly func-

radioiodinated tyramine-dilactitol with galactose oxidase.
The resulting aldehyde is then reacted with lipoproteins and
reduced with sodium cyanoborohydride [100, 101]. Finally,
the Bolton-Hunter method [102] uses a radioiodinated
3-(4-hydroxy-3-iodophenyl)propionic acid N-hydroxysuc-
cinimide ester to functionalize reactive amino groups in pro-
teins. This strategy has been used to efficiently radioiodinate
the proteins in LDL [88, 97], but it also results in extensive
labeling of the lipid fraction [88]. Overall, well-established
approaches for labeling lipoproteins with radioactive iodine
exist, and the various commercially available iodine radio-
isotopes enable optimizing their physical half-lives for the
intended application. Moreover, the covalent nature of lipo-
protein-iodine bonds limits unwanted radionuclide release.
Still, most lipoprotein radioiodination procedures are rela-
tively challenging and prone to producing side and degrada-
tion products, offering poor reproducibility and little control
over which lipoprotein components are radiolabeled.

Radiometals

The relatively mild and straightforward procedures required
for non-covalently labeling lipoprotein with radiometals
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creativecommons.org/licenses/by/3.0/)

make this one of the most widely used approaches. The wide
availability and low cost of technetium-99m (*™Tc, ¢,,, =
6.0 h) have made it the radiometal of choice (Fig. 2B). Radi-
olabeling with *™Tc typically involves reducing pertechne-
tate to generate reactive *°™Tc cations for non-covalent bind-
ing to a target molecule. LDL is widely labeled with **™Tc
using the reducing agent dithionite, enabling the chelation
of ™Tc by apolipoproteins’ cysteine residues [53, 61, 75,
82, 103, 104]. This approach produces high urine radioac-
tivity, presumably due to the relatively weak cysteine-""Tc
bond [103]. In analogous fashion, other reducing agents can
also aid the labeling of LDL with Mme. including ascorbic
acid [105] and sodium borohydride with stannous chloride
[53, 82, 105]. As with direct radioiodination, the reducing
agents required for binding *™Tc can extensively alter lipo-
protein structure and behavior [105]. In a milder approach,
the hydrophobic chelates *™Tc-hydrazinonicotinic acid
(HYNIC)-N-dodecylamide and 99mTe HYNIC-cholesterol
are used to radiolabel reconstituted HDL (rHDL) nanopar-
ticles [106, 107].

The radiometal indium-111 (!''In) is a commonly used
alternative to **™Tc, as its longer physical half-life (,,=
2.8 d) enables extended in vivo observation and ex vivo
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characterization. Most studies follow the method of Hna-
towich et al.[108], which modifies HDL [109] or LDL
[100, 110-113] with the chelator diethylenetriamine-
pentaacetic acid (DTPA), followed by radiolabeling with
[mln]InC13. 2,2',2".2""-(1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetrayl)tetraacetic acid (DOTA, Fig. 2C) has also
been used as chelator for !!'In to label the apolipoprotein
components of HDL and LDL [114]. Alternatively, LDL’s
lipids can be !''In-labeled using the hydrophobic chelator
DTPA-bis(stearylamide) [62].

Perez-Medina et al. developed similar methods to radi-
olabel rtHDL with 3Zr (t,,,= 3.2 d) to facilitate in vivo PET
imaging studies over several days [115, 116]. Specifically,
the phospholipid 1,2-distearoyl-sn-glycero-3-phosphoryle-
thanolamine (DSPE) was functionalized with the chelator
deferoxamine B (DFO, Fig. 2C) and formulated into rHDL
to enable chelation of %Zr [66, 68, 115, 117]. These authors
also developed a hydrophobic DFO chelator (C;,-DFO) to
label the core of drug-loaded rHDL formulations [118],
and labeled rHDL post-formulation by functionalizing its
apolipoprotein component with DFO [21, 88, 119]. Zr-DFO
radiochemistry is highly suitable for labeling (lipo)proteins
as it requires a mild pH of ~7, a relatively low temperature
(typically 37 °C), and a short reaction time (30—60 min).
However, °Zr release from DFO is a concern in vivo, espe-
cially over long observation periods, leading to high bone
uptake due to this radioisotope’s affinity for phosphates. The
poor solubility of DFO can also result in the formation of
DFO-aggregates upon lipoprotein functionalization, which
are difficult to detect if quality control is based on thin layer
chromatography [120]. These issues have prompted research
toward developing %Zr ligands with improved chelating
properties [121]. Other radiometals used for lipoprotein
radiolabeling are ®*Ga (¢,,, = 68 min), to label DTPA-func-
tionalized LDL [100], and *°Fe (t,,,= 44.6 d), which can
be included as part of a superparamagnetic iron oxide core
[122].

Tritium and other radionuclides

Tritium (°H, ¢,,,= 12.3 y) has historically been the most
frequently used radionuclide for lipoprotein labeling. The
majority of applications employed tritiated cholesterol
derivatives that naturally embed in lipoproteins, includ-
ing [3H]cholester01 (Fig. 2D) [38, 73, 123], [3H]cholestery1
esters [38, 73, 98, 123], or [3H]ch01esteryl oleyl ether [38,
95, 98, 124-126]. The tritiated triglyceride [3H]triolein
was similarly used to label reconstituted HDL [127]. Radi-
olabeling of lipoproteins’ apolipoprotein components has
also been achieved in cultured cells using tritiated amino
acids [73, 128, 129], and in squirrel monkeys and rabbits
through [*H]leucine or [*H]cholesterol administration [97,
130]. Analogously, carbon-14 (*4C)-labeled cholesterol

(Fig. 2D) derivatives and phospholipids have been used for
HDL labeling [127, 131]. Some of these studies followed
a dual labeling approach, where a [*H]- or ['*C]-labeled
cholesterol derivative was used in combination with radi-
oiodination of the protein component [73, 98, 124, 131].
3H or '“C advantageously allow radiolabeling by creating
isotopologues, meaning that the structure and biological
behavior of the labeled molecules remain largely unal-
tered. More recently, methods to label lipoproteins with
the PET isotope fluorine-18 ('°F, #,,,= 109 min) have
been reported. Pietzsch et al. [132] devised an analogous
strategy to the Bolton-Hunter radioiodination method to
couple '8F to LDL and oxLDL, using the activated ester
N-succinimidyl-4-['®F]fluorobenzoate. This isotope was
also incorporated into the lipid core of chylomicrons
as a [ISF]—4,4—dif1u0ro—4—bora—3a,4a—diaza—s—indacene
(BODIPY)-triglyceride [133].

Studying lipoprotein biology
by radiolabeling

Studying lipoprotein metabolism in vivo

In 1975, Barry Lewis et al. investigated the kinetic rela-
tionship between VLDL and LDL by injecting '*'I-labeled
VLDL in humans and tracked radioactivity levels in the LDL
fraction of plasma samples [40]. Results showed that the '>'T
was associated with the apolipoprotein B (apoB) component
of VLDL, and the decline of the specific activity curve of
apoB in VLDL intersected with the maximal height of the
LDL-apoB curve, indicating a precursor-product relation-
ship. Mathematical modeling revealed that approximately
90% of VLDL-apoB mass was converted to LDL-apoB, and
that most, if not all, LDL-apoB derived from VLDL-apoB.
These were crucial observations, as it remained unknown
whether LDL production was direct, or indirect through the
conversion of VLDL.

Building on this work, Virgil Brown et al., in 1982, exam-
ined the factors that contribute to the conversion of VLDL
into LDL [42]. In non-human primates, using both '%I- and
1311_Jabeled VLDL, in combination with an inhibitor of
hepatic lipase, they showed that the conversion of VLDL
and IDL to LDL was delayed. Taking into account other
work on lipoprotein lipase [134], the authors concluded that
both lipolytic enzymes function in parallel to convert triglyc-
eride-rich VLDL to triglyceride-depleted IDL and finally to
triglyceride-poor LDL.

Also in the early 1980's, there was interest in the roles of
other apolipoproteins than apoB in VLDL and LDL metabo-
lism. Interest in apoE, a known VLDL-associated apolipo-
protein, in particular, was increased with the recognition
that three isoforms of this protein exist [135], namely E2,
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E3, E4 [136, 137]. The roles of these isoforms in plasma
VLDL clearance were studied in subjects with normo- or
hyperlipidemia. For example, H. Bryan Brewer et al. radi-
olabeled the most common isoform of apoE, E3, with 131,
and then allowed it to associate with human VLDL isolated
from normolipidemic human subjects. This reconstituted
VLDL was injected into subjects, and the distribution of
the radiolabeled apoE among the lipoprotein fractions and
its clearance from plasma were studied. Results showed
that apoE is crucial for clearing triglyceride-rich VLDL. In
contrast with hepatic lipase and lipoprotein lipase, which
hydrolyze triglycerides in VLDL and IDL, this and related
studies established apoE as a ligand mediating the clearance
of these lipoproteins, particularly by the liver. Subsequent
studies of the other apoE isoforms showed that they impact
the clearance of triglyceride-rich VLDL particles, likely due
to differential binding to the LDL receptor (apoE2, apoE3)
or the interference in lipolytic processing of VLDL (apoE4)
[137].

Our understanding of HDL metabolism has also benefited
from radiolabeling. In humans, HDL has two major protein
constituents, apoAl and apoA2. Some HDL particles have
both proteins, and some have only apoAl. In a series of stud-
ies, these proteins were labeled ex vivo with 1251, injected
into human subjects, and plasma samples taken at various
time points [138]. The results showed that the radiolabeled
apolipoproteins rapidly associate with circulating HDL, and
that the plasma half-life of radiolabeled HDL is 5.8 days.
The rate of HDL protein synthesis was estimated to be 8.51
mg/kg per day. In an extension of this kinetic study, investi-
gators wondered whether HDL particles containing apoAl
only (HDL-A1) or apoA1 and apoA2 (HDL-A1/A2) differed
in their metabolism, a question that could not be resolved in
the previous study as both proteins were identically radiola-
beled [44]. Thus, the authors radiolabeled purified apoAl
with '2°T and apoA2 with *'T and reassociated them with
autologous HDL, which was then injected into human sub-
jects. After isolating HDL-A1 and HDL-A1/A2 from plasma
at various time points, kinetic analysis showed that HDL-A 1
has a shorter plasma residence time than HDL-A1/A2 (4.39
vs. 5.17 days). These findings indicate that HDL subtypes
have divergent metabolic pathways, and likely different func-
tions in human metabolism.

Radiolabeling has also enabled studying how dietary fac-
tors influence lipoprotein metabolism. In pioneering studies
reported by Shepard and colleagues in 1980 [139], the inves-
tigators showed the first evidence that dietary saturated fatty
acids elevate LDL levels in human subjects by decreasing
the plasma clearance of '*!'I-LDL. This clinical study was
one of many using radioisotopes to determine the kinetic
effects of dietary factors (e.g., specific fatty acids, carbo-
hydrate or protein content and composition), on the protein
and lipid components of the major lipoprotein classes [140].
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Important findings from these studies include that saturated
fatty acids raise LDL levels by decreasing their plasma
clearance, trans-fatty acids do the same but also increase
HDL-apoAl clearance, or that the n-3 fatty acids found in
fish oils reduce VLDL-apoB production and promote VLDL
conversion to smaller particles. In this context, it is interest-
ing that the Mediterranean diet reduces LDL plasma levels
by boosting its plasma clearance. These findings have been
very influential in developing ‘heart-healthy diets’ by the
American Heart Association [141] and the ban of trans-fatty
acids from New York City restaurants [142].

In vitro and in vivo studies on lipoprotein-cell
interactions

The classic studies of Michael Brown and Joseph Gold-
stein that identified and characterized the LDL receptor
relied heavily on radiolabeled LDL in an extensive series
of papers. In 1974, the authors used '>I-LDL to show that
in fibroblasts from a healthy subject, LDL bound in a high
affinity, saturable manner, consistent with there being a spe-
cific receptor [143]. Notably, these binding characteristics
were absent in cells from a homozygous familial hypercho-
lesterolemia donor, with subsequent work showing that these
lacked functional LDL receptors [144]. Furthermore, the fate
of the 'I-LDL protein (i.e., apoB) in the cell was an early
and crucial piece of evidence for what became known as the
receptor-mediated endocytosis pathway.

Radiolabeling approaches have also contributed to stud-
ies on the cellular interactions of HDL. It is well-known
that HDL accepts excess cellular cholesterol through inter-
actions with the ABCA1 and ABCG1 plasma membrane
proteins [17]. HDL then delivers this cholesterol to the liver,
from which it can be eliminated in various ways, but HDL
itself is not taken up. This process has been termed reverse
cholesterol transport (RCT) [17]. The molecular basis for
RCT remained largely unknown until the seminal studies
of Krieger and colleagues. There was reason to suspect the
scavenger receptor SR-B1, cloned in 1994 by this group,
was integral to the RCT process. In 1996, this suspicion
became a reality due to a series of in vitro experiments using
HDL in which the protein and lipid components were both
radiolabeled [46].

In a series of elegant tissue culture studies, the same
authors showed that '’I-HDL protein bound with high affin-
ity and specificity to SR-B1, and while the *H-cholesteryl
ester that it carried was taken up by the cells, the 1251 labeled
fraction was not. Later it was shown that SR-B1 is also
responsible for in vivo HDL cholesteryl ester uptake by the
liver [145]. Rinninger et al. similarly doubly-radiolabeled
HDL ('*I-HDL protein and *H-HDL cholesteryl ester)
and injected it into mice sufficient or deficient in SR-B1.
In the sufficient mice, the plasma disappearance of labeled
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cholesteryl ester was faster than the protein. The liver uptake
of *H-cholesteryl ester was also higher than that of '>’I-HDL
protein. These results are consistent with the selective uptake
observed in tissue culture. Taken together, these papers show
that SR-B1 mediates selective uptake of HDL cholesteryl
esters in vitro and in vivo. Besides giving insight into the
mechanisms of RCT, these results spurred many other stud-
ies in vitro and in vivo, including of subjects with SR-B1
mutations [146].

Radiolabeling of lipoproteins also helped show that
besides HDL being a vital ligand for SR-B1, VLDL rem-
nants, i.e., VLDL that have triglyceride content removed by
lipases, also bind SR-B1 [147]. In these studies, Van Berkel
et al. radiolabeled VLDL remnants with '>’I and injected
them into mice that were wild type (i.e., sufficient) or defi-
cient in SR-B1. Radioactivity uptake by the liver was ~3
times greater in the SR-B1 sufficient versus deficient mice.
In studies in vitro, hepatocyte binding experiments showed
high affinity binding of '*’I-labeled VLDL remnants only in
the SR-B1 sufficient mice.

Studying disease using radiolabeled
lipoproteins

Studying disease mechanisms

Nuclear techniques have helped unravel the interplay
between diseases and lipoprotein composition, behavior,
and metabolism. For instance, in atherosclerosis, cholesterol
efflux assays have shown how HDL transports cholesterol
from plaques and peripheral tissues to the liver [148, 149].
These in vitro assays involve incubating macrophages with
radioactive lipids, e.g., [’H]cholesterol, before exposing the
cells to apoB-depleted serum, which largely lacks lipopro-
teins except HDL. Cholesterol efflux can then be assessed by
determining the radioactivity of the cells or medium [150].
The impact of lipoprotein composition or certain cellular
pathways on cholesterol efflux can similarly be studied by
varying the lipoprotein used or co-incubating inhibitors
[148, 151]. Still, studies indicate that much of the radiola-
beled cholesterol released from macrophages in such assays
accumulates on albumin rather than inside lipoproteins. Fur-
thermore, a paradoxical enhanced prospective risk of cardio-
vascular disease for people whose serum showed heightened
cholesterol efflux activity exists [149]. Therefore, the out-
comes of cholesterol assays should be interpreted with care.

Radiolabeled lipoproteins have also expanded under-
standing of scavenger receptors in atherosclerosis. Ishiba-
shi et al. labeled lipoproteins with '2°I and they observed
significantly longer VLDL and LDL blood half-lives in LDL
receptor (LDLr) deficient (Ldlr~"") versus wild type (WT)

mice, while HDL blood half-lives were similar across strains
(Fig. 3A) [152]. These results helped demonstrate that the
LDLr mediates the uptake of VLDL and LDL, but not HDL.
In a similar study, Huszar et al. observed lower LDL lev-
els in Ldlr~”~ mice compared to Ldlr~'~ mice that also dis-
played attenuated SR-B1 expression [153]. The authors then
used radiolabeled LDL to show that LDL blood clearance
and liver uptake were similar between the groups, indicat-
ing that SR-B1 depletion increases LDL production, rather
than decreasing its catabolism. A similar study revealed that
SR-B1 regulates the uptake of pro-atherogenic Lp(a) [154].

Besides atherosclerosis, other cardiometabolic condi-
tions have also been studied by radiolabeling lipoproteins.
Hypoxia following myocardial infarction promotes cardiac
dysfunction by increasing lipid accumulation in the heart. To
study this, VLDL containing a *H-labeled cholesteryl ester
(*H-CE) and '*C-labeled triglyceride (**C-TG) was used to
study lipid uptake by HL-1 cardiomyocytes under normoxia
and hypoxia conditions in vitro [155]. The authors found that
hypoxia significantly increased *H-CE uptake by HL-1 cells
and that inhibiting low-density lipoprotein receptor-related
protein 1 (LRP1) prevents this (Fig. 3B). Interestingly,
hypoxia similarly increased '*C-TG uptake but it could not
be reduced by LRP1 inhibition. Hence, these results indicate
that LRP1 regulates the uptake of cholesteryl esters but not
triglycerides, a finding that has spurred efforts to promote
myocardial infarction recovery by inhibiting LRP1 [158].

Radiolabeling has also illuminated how diabetes alters
lipoprotein behavior [159, 160] and metabolism [156, 161].
For instance, Niu et al. studied the myocardial metabolism
of lipoproteins in the ZDF rat model of early-onset type 2
diabetes [156]. The authors perfused working hearts from
healthy and diabetic rats ex vivo with VLDL containing
a *H-labeled triacylglyceride ([PH]TAG-VLDL), and they
determined heart triacylglyceride utilization rates, defined as
the total amount of triglyceride that was oxidized, by quanti-
fying 3H20, or incorporated into tissue lipids, by determin-
ing tissue lipid °H levels. The results revealed that hearts
perfused with VLDL obtained from diabetic rats consume
more triacylglycerides, primarily by oxidation (Fig. 3C-D).
In line, the authors perfused the hearts with ['*C]glucose and
found that diabetic hearts display significantly less glucose
oxidation, indicating a shift from glycolysis to fatty acid
metabolism (Fig. 3E). An increased lipid accumulation in
the heart has also been observed in diabetic patients and at
least partly underlies the lipotoxicity and cardiac dysfunc-
tion observed in such people [162-164].

Tangier disease is characterized by an accumulation of
lipids in peripheral tissues, but the underlying mechanisms
were long unknown [165, 166]. Cholesterol efflux assays
using radiolabeled cholesterol or apolipoproteins have
revealed that apoA1l and HDL are impaired in mediating
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Fig.3 A) 'I-labeled lipoproteins were iv. administered to wild
type (open dots) or Ldlr™ (closed dots) mice and plasma radio-
activity monitored over time, n= 3 [152]. B) Under normoxic or
hypoxic conditions, HL-1 cells were incubated with VLDL contain-
ing *H-labeled cholesteryl ester (left) or '“C-labeled triglyceride
(right) and lipid uptake determined by measuring the radioactivity of
cell homogenates, n= 3 [155]. C-E) Hearts from healthy rats or a rat
diabetes model were perfused with VLDL from either group. Load-
ing the VLDL with a [*H]-labeled triacylglyceride (*H]TAG-VLDL)
enabled radioactivity assays to determine C) triglyceride utilization,
defined as the sum of D) triglyceride oxidation and the amount of tri-
glycerides incorporated into tissue lipids. E) [*C]glucose was used
to determine the hearts’ glucose oxidation rate. Significant differ-

cholesterol efflux from fibroblasts obtained from Tangier
patients (Fig. 3F) [157, 167, 168]. Interestingly, similar
experiments using LDL did not show significant differ-
ences between healthy persons and Tangier patients [169].
To study this more thoroughly, the cholesterol efflux by
normal versus trypsin-treated HDL (TrHDL) was com-
pared [157]. Trypsin impairs HDL’s ability to remove
intracellular cholesterol but does not affect its propensity
to remove plasma membrane cholesterol. Results showed
that the cholesterol efflux from healthy fibroblasts is
lower when using TrHDL versus normal HDL, but that
this difference disappears when using Tangier fibroblasts,
indicating that Tangier disease affects HDL’s ability to
remove plasma membrane cholesterol (Fig. 3G). Similar
studies using '#C-labeled cholesterol and the sterol precur-
sor ["*C]mevalonolactone revealed that the dysfunctional
cholesterol efflux in Tangier results from impaired HDL-
mediated activation of protein kinase C (PKC) [169]. It is
now known that these differences between Tangier patients
and healthy individuals stem from mutations in the ABCA
gene [170].
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ences are denoted as follows: for panel B, differences between con-
trol hearts are indicated as *p < 0.05; for panels C and D, differences
between control VLDL-treated and control hearts are indicated as
**p< 0.01, and differences between control VLDL-treated diabetic
hearts as ##p< 0.01, n= 7 [156]. F) [*H]cholesterol efflux from nor-
mal (NL4) or Tangier fibroblasts (TG1) in the presence of albumin
only (control) or albumin and HDL or apoA-I, n= 3 [157]. G) [*H]
cholesterol was incubated for 72 h with NL4 or TGl in the presence
of the ACAT inhibitor 58.035, which prevents cholesterol esterifi-
cation. Next, different amounts of normal or trypsin-treated HDL
(TrHDL) were added and cholesterol efflux quantified four hours
later, n= 3 [157]

Imaging radiolabeled lipoproteins for diagnostic
purposes

Nuclear imaging enables diagnosing disease by monitoring
the abundance and dynamics of radiolabeled lipoproteins.
Radiolabeled lipoproteins have been extensively used to
evaluate plaque size and distribution in atherosclerosis [115,
171, 172]. For instance, Yong-Sang et al. radiolabeled HDL
by inserting a ®G-lipid-chelator conjugate and administered
this to atherosclerotic apoE deficient (Apoe™") mice or naive
C57BL/6 controls [173]. Subsequent PET imaging showed
that the %%Ga-labeled HDL effectively accumulates in ath-
erosclerotic plaques (Fig. 4A). Still, small animal models do
not fully recapitulate human atherosclerosis and the small
size of mouse blood vessels complicates plaque imaging.
Therefore, radiolabeled lipoproteins were used to study ath-
erosclerotic plaques in pigs [116]. Specifically, **Zr and the
chelator DFO were used to radiolabel HDL’s phospholipids
(¥Zr-PL-HDL). These nanoparticles were administered to
a swine model of familial hypercholesterolemia, in which
plaque development was promoted by injuring the femoral
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Fig.4 A) Macroscopic view and 3D PET images of the aortas of
C57BL/6 and Apoe™™ mice i.v. injected with ®*Ga-labeled HDL. Red
circle indicates the prior location of the heart [173]. B-C) A swine
model of atherosclerosis was i.v. injected with 3°Zr-labeled HDL
and analyzed 48 h later. B) Whole-body maximum intensity projec-
tion of PET signal intensity. Arrows indicate atherosclerotic femoral
arteries. C) Axial PET image showing higher uptake in the femoral
arteries (Fe) than the internal iliac (I.I.) control, n= 3. A representa-
tive autoradiograph of the femoral arteries is also shown [116]. D-E)
An orthotopic 4 T1 breast cancer mouse model was established, eight
days later i.v. injected with %°Zr-PL-HDL, and analyzed 24 h later. D)
PET/CT image, arrows indicate the tumor. E) Ex vivo analysis of the
tumors, showing clockwise starting from the top left, hematoxylin
and eosin staining, CD31 staining for endothelial cells, IBA-1 stain-
ing for macrophages, and an autoradiograph showing radioactivity
distribution. Scale bar =2 mm [115]. F-G) ¥Zr-labeled CER-001 was
used to image esophageal cancer in patients. F) Whole-body maxi-
mum-intensity projections at different time points post-injection. G)

arteries using balloons. Two days later, the animals were
analyzed by PET imaging, revealing substantially more
tracer in the femoral arteries compared to the atherosclero-
sis-free internal iliac arteries (Fig. 4B-C). Inspired by these
results, investigators from the Amsterdam University Medi-
cal Center used an 3°Zr-labeled analog of the HDL mimetic
CER-001 to image atherosclerotic plaques in patients [174].

The overexpression of SR-B1, characteristic of certain
types of tumors, also enables using radiolabeled lipopro-
teins to study cancer [62, 106]. 897+ PL-HDL was used
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Axial images, white lines denote the esophagus. Ao, aorta; He, heart;
Li, liver [70]. H-L) An apoAl mimetic peptide was labeled with
87r to create #*Zr-mA1 and evaluated this radiotracer’s applicabil-
ity to monitor inflammation in a mouse model of myocardial infarc-
tion by left anterior descending artery ligation [175]. H) Conforma-
tion of 3°Zr-mAl as determined by AlphaFold. I) ¥Zr-mA1l was i.v.
administered two days after MI and the animals PET/CT imaged one
day later, n= 4. J) #Zr-mA1 uptake based on the PET data, n= 4. K)
The heart was imaged by autoradiography, showing the whole heart
followed by a representative 1 mm thick slice. TTC-staining of the
tissues is also shown, revealing that the radiotracer accumulated in
the infarcted area. L) mA1 was labeled with ‘cold” "™Zr and admin-
istered this two days after MI. One day later, the infarct was analyzed
by CyTOF to determine the percentage of the total viable cells that
are "™Zr.* and of a certain cell type, n= 3. DC, dendritic cells; Mac,
macrophages; Mon, monocytes; remote, remote myocardium. *P <
0.05

to study the orthotopic 4T1 breast cancer mouse model,
revealing that the tracer predominantly accumulates in
tumor-associated macrophages (Fig. 4D-E) [115]. Such
non-invasive insight into macrophage burden and dynam-
ics could guide clinical breast cancer diagnosis and prog-
nosis [176]. Analogous approaches using **™Tc-labeled
HDL enabled imaging prostate cancer in a mouse model
[106], and *™Tc-labeled LDL similarly facilitates study-
ing melanoma-bearing mice [61]. Building on these
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results, HDL-based PET imaging has recently been used
to examine esophageal tumors in patients (Fig. 4F-G) [70].

Despite the diagnostic potential of radiolabeled lipopro-
teins, their clinical translation has been hindered by the chal-
lenges of producing GMP-grade reconstituted radiolabeled
lipoproteins reproducibly and at scale. Therefore, several
methods for radiolabeling endogenous lipoproteins in vivo
have been developed. In one approach, radiolabeled lipids,
such as [*H]oleic acid [177] or [*H]cholesterol [178] are i.v.
administered, after which lipophilic interactions promote
their incorporation into lipoproteins. In a similar approach,
apolipoproteins are radiolabeled and allowed to bind lipo-
proteins in vivo [179, 180]. In vivo lipoprotein radiolabeling
followed by ex vivo analysis enables studying differences
in the natural behavior and catabolism of distinct lipopro-
tein subsets [180]. As isolating or expressing apolipopro-
teins is complex and expensive, a modified approach was
developed in which ¥Zr was used to radiolabel an apoA1-
mimetic peptide (**Zr-mA1) with lower molecular weight
than endogenous apoAl (~5.0 kDa versus 28 kDa), but
similar lipoprotein affinity (Fig. 4H) [175, 181, 182]. After
extensive in vitro validation of ¥Zr-mA1’s lipoprotein affin-
ity, this probe was used to monitor myeloid cell dynamics in
a mouse model of myocardial infarction (MI). Specifically,
an MI by permanent LAD ligation was established and %Zr-
mA1 administered i.v. two days later. The following day, the
animals were imaged in vivo by PET/CT, and radiotracer
uptake was validated by ex vivo gamma counting, reveal-
ing high ¥Zr-mA1 uptake in the infarcted area (Fig. 41-J).
Autoradiography and TTC-staining of whole hearts and
1-mm thick slices similarly showed increased radioactivity
in the infarcted area compared to the remote myocardium
(Fig. 4K). Next, mA1’s cellular specificity was evaluated
using a "Zr-labeled mA1 analog and its cellular uptake
using CyTOF. Results showed that the majority of viable
and "Zr-positive cells are macrophages, strongly suggest-
ing that these predominantly underly PET signal intensity
(Fig. 4L). Similar results were obtained in the B16F10 mela-
noma mouse model [175].

Using radiochemistry to develop and guide
lipoprotein-based therapies

HDL mediates reverse cholesterol transport and protects
vascular endothelial cells as an antioxidant [183-185].
Inline, people with low HDL cholesterol blood levels are
at increased risk of atherosclerosis and MI [186, 187].
These beneficial effects of HDL have inspired attempts to
reduce atherosclerosis and improve MI outcomes by infus-
ing (reconstituted) HDL [188, 189]. PET and MR imaging
have been used to quantify the carotid artery plaque uptake
of HDL infusions, which might help guide these therapies’
optimization and employment (Fig. 5A-C) [174]. Although
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HDL infusions promote reverse cholesterol transport in vivo,
clinical trials aimed at reducing atherosclerosis through this
method have failed in the identification of significant health
benefits, [190-192] perhaps because high HDL cholesterol
levels can also increase cardiovascular disease risk [193,
194].

HDL’s high biocompatibility and inherent propensity for
uptake by phagocytes have encouraged their use as drug
delivery vehicles. For instance, lipoproteins loaded or
surface-functionalized with small molecule drugs [21, 22,
68, 197, 198], nucleic acids [195, 199-201], and proteins
have been developed and employed [69]. Radiolabeling has
been crucial in developing, applying, and translating these
nanotherapeutics [202]. For instance, reconstituted lipo-
proteins containing a lipophilic peptidoglycan analog were
developed and their potency in reducing melanoma tumor
growth in mouse models demonstrated [22]. Radiolabeling
these nanotherapeutics helped provide crucial insight into
their uptake in the tumor and hematopoietic organs (Fig. 5SD-
E). Reconstituted lipoproteins loaded with siRNA have also
been created and termed apolipoprotein lipid nanoparticles
(aLLNP) [203]. To study the in vivo integrity of these nano-
therapeutics, the siRNA cargo was functionalized with DFO
and radiolabeled with ®°Zr, before formulating the resulting
897r-labeled siRNA into the lipoprotein nanocarrier. Next,
either the bare or formulated ®*Zr-labeled siRNA were i.v.
administered to mice and imaged the animals by PET/CT 24
h later. The results revealed that bare siRNA predominantly
accumulated in the kidneys, while lipoprotein-formulated
siRNA ends up in the liver, demonstrating that the nanother-
apeutic remains intact in vivo (Fig. 5F). The in vivo behavior
of lipoprotein-based nanotherapeutics was similarly studied
in other mouse models, rabbits, pigs, and non-human pri-
mates (Fig. 5G) [22, 68, 198, 204]. In an exciting but still
largely unexplored approach, reconstituted lipoproteins were
used for targeted alpha therapy by delivering the alpha emit-
ter 22 Ac to tumors overexpressing SR-B1 (Fig. SH) [196].
The biodistribution of such lipoprotein-based alpha thera-
pies could be imaged by substituting their alpha emitter with
isotopes better suited for imaging, including '*?La. [205]
Overall, radiolabeling lipoprotein-based nanotherapeutics
can improve preclinical studies and reduce patient risk by
providing non-invasive, systemic, and quantitative insights
into these therapeutics’ in vivo behavior.

Conclusion and outlook

The high sensitivity of radioactivity-based readouts and the
non-invasive nature of nuclear imaging have made radiola-
beling a highly effective strategy for studying lipoprotein
behavior. Methods for radiolabeling lipoproteins by chelat-
ing or covalently binding various radionuclides have been
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Fig.5 A-C) Patients with arteriosclerotic cardiovascular disease
were i.v. injected with an %Zr-labeled analog of the HDL mimetic
CER-001. A) Carotid arteries-to-blood signal (target-to-background
intensity, TBR,,,) over time as determined by PET/CT, n= 16. B)
Representative contrast-enhanced (CE-)MRI and PET/CT images. C)
TBR,,.x of plaque versus non-plaque carotid arteries 24 h post-injec-
tion, n= 18 for both groups [174]. D-E) Reconstituted lipoproteins
containing the peptidoglycan mimetic mifamurtide reduce melanoma
tumor growth by inducing trained immunity. The nanotherapeutics
were radiolabeled with 3°Zr, administered i.v. to B16 F10 melanoma-
bearing mice, and their biodistribution was studied 24 h later by D)

developed, and these techniques have yielded valuable
insights into lipoprotein stability, pharmacokinetics, and
biodistribution in health and disease. Nonetheless, there are
several limitations and issues to consider.

Most currently used radiolabeling approaches are non-
specific and result in an irreproducible mixture of products,
e.g., variants in which different types of apolipoproteins
or lipids are labeled. Improving techniques to functional-
ize predetermined lipoprotein components site-specifically
will be crucial to studying their metabolism and kinetics.
Related, the inherently dynamic nature of lipoproteins often
means that varying results are obtained when radiolabeling
different components [116, 119]. Repeating experiments
while radiolabeling different lipoprotein constituents can
help broaden the obtained insights. Alternatively, different
lipoprotein components can be radiolabeled simultaneously
using different radionuclides and distinguished by dual iso-
tope nuclear imaging [206]. Related, the higher sensitivity
and larger field-of-view of total-body PET scanners might
benefit the in vivo study of rare lipoproteins and their con-
stituents [207, 208].

24
Time (hours)

PET imaging and E) ex vivo gamma counting, n= 5 [22]. F) Mice
were administered i.v. with %Zr-labeled siRNA or ¥Zr-siRNA for-
mulated into aLNPs, and imaged by PET/CT 24 h later [195]. G) A
nonhuman primate was injected i.v. with ¥Zr-labeled reconstituted
HDL (rHDL)-based nanotherapeutics and imaged by PET/MRI 48 h
later. Additionally, the therapeutic’s blood half-life was determined
by gamma counting blood aliquots, n= 2 [21]. H) rHDL were loaded
with the alpha emitter >’Ac. As the lipoprotein receptor SR-B1 is
overexpressed in many tumors, 22> Ac-rHDL predominantly accumu-
lates in these cells, where the alpha radiation causes cell death [196]

Many mechanistic studies on lipoprotein biology have
been performed in vitro, e.g., by cholesterol efflux assays,
which do not fully recapitulate the in vivo situation. There-
fore, we recommend moving more lipoprotein studies
in vivo, including accelerating the development of GMP-
grade radiolabeled apolipoproteins and lipoproteins [70].
GMP-grade lipoproteins will similarly enable the clinical
use of lipoprotein-based nanotherapeutics. rHDL and other
reconstituted lipoproteins are well-tolerated as they consist
entirely of endogenous compounds and mimic their natural
analogs. For instance, CER-001 did not induce any signs
of toxicity in human subjects at a dose of 16 g apoA-1/kg,
roughly 60 times higher than the human equivalent dose of
rHDL therapeutics effectively used in murine tumor models
[209-211]. Rather, the broader clinical use of radiolabeled
lipoproteins is limited by the challenges associated with
the difficulty and cost of producing apolipoproteins at scale
[203]. Apolipoproteins are typically isolated by ultracentrif-
ugation of HDL concentrate [197] or obtained by recombi-
nant expression [203]. Isolating apolipoproteins from blood
is poorly scalable and introduces safety challenges, such as
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the risk of retaining endotoxins. In contrast, recombinant
proteins can be made in metric ton amounts [212]. Formulat-
ing large amounts of apolipoproteins and lipids into rHDL
is already feasible by using a microfluidizer or an array of
smaller microfluidic mixers [23]. The clinical use of rHDLs
is also limited by their relatively poor reproducibility and
high heterogeneity, which can complicate evaluating nano-
therapeutics’ in vivo behavior and comparing results across
experiments or institutions [213]. Improved nanotherapeu-
tic mixing and purification techniques are therefore highly
needed [214].

Clinical trials employing lipoprotein-based therapeutics
have focused on various conditions, including acute coro-
nary syndrome, type 2 diabetes, atherothrombotic disease,
acute coronary syndrome, and familial hypercholesterolemia
[215]. Advancing these nanodrugs will require enhanced
control over their stability, pharmacokinetics, and biodis-
tribution. Although lyophilization allows stable storage of
rHDLs for several years, their stability is much lower in the
dynamic in vivo environment [216]. The shedding of (radi-
olabeled)lipids from lipoproteins can be decreased using
lipids with longer aliphatic chains, fewer double bonds,
and ether versus ester linkages [217]. Related, the blood
half-life of HDL, typically around 48-72 h [215], can be
controlled by varying its size, charge, and rigidity [218],
potentially allowing for fewer therapeutic injections. Thera-
peutic rtHDLs have also been directed to tissues of interest
by incorporating different types of lipids and apolipoproteins
[216] or functionalizing them with targeting ligands, includ-
ing peptides and antibodies [215, 219-221].

Although radiolabeling has been invaluable for evaluat-
ing and optimizing the in vivo behavior of lipoproteins and
lipoprotein-based therapeutics, employing radioactivity in
humans comes with technical challenges and an inherent
risk. Therefore, ex vivo mass spectrometry in conjugation
with stable isotope lipoprotein labeling, such as using '*C
and PN, is increasingly used [222]. In contrast to most
radionuclide-based methods, stable isotope labeling of lipo-
protein is typically performed endogenously, i.e., isotopi-
cally-labeled amino acids are administered and these then
incorporate into (apo)lipoproteins in the normal course of
their in vivo synthesis. Interestingly, studies comparing the
kinetics of lipoproteins labeled endogenously using stable
isotopes versus those labeled ex vivo (i.e., exogenously) by
radiolabeling have revealed differences, which may reflect
post-translationally or artificially introduced modifications.
Although monitoring stable isotopes by ex vivo mass spec-
trometry enables the simultaneous monitoring of multiple
lipoprotein components, its invasiveness prevents the longi-
tudinal and full-body studies made possible by the nuclear
imaging of radiolabeled variants.

In summary, radiolabeling lipoproteins has contributed
significantly to our understanding and management of
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disease, and continued advances in (apo)lipoprotein isolation
and synthesis, radiolabeling, and nuclear imaging guarantee
a bright future for this approach.
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