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Abstract
Purpose of Review The term high density lipoproteins (HDL) refers to an eclectic collection of subparticles that play diverse roles
in physiology. Here, we define the term “HDL subspecies” and review recent work on their molecular characterization and
relation to disease, focusing on cardiovascular disease and diabetes.
Recent Findings The HDL family contains over 200 proteins and nearly 200 lipids that partition into different particles in plasma.
Simple subfractionation of HDL based on a particular physicochemical property has not risen to the challenge of revealing the
roles of specific particles in disease. However, by targeting minor protein or lipid components, a handful of compositionally
defined HDL subspecies have been described and characterized.
Summary By combining targeted particle isolation techniques with the power of large human studies, progress is being made in
understanding HDL subspecies functions and implications for disease. However, much work remains before these advancements
can be translated into disease mitigation strategies.
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Introduction: the HDL-cholesterol Fallacy
and the Need for a Deeper Dive

From the Framingham Heart Study in the 1970s [1] to large
scale meta analyses performed four decades later [2], epide-
miologic studies have consistently shown that low serum
HDL-cholesterol is a risk factor for atherosclerotic cardiovas-
cular disease (ACVD). The concept that HDL plays a direct
role in mediating this protection was bolstered by many stud-
ies in animal models showing that raising HDL-cholesterol
reduces atherosclerosis. There was also a massive body of
in vitro work showing that isolated HDL has functional prop-
erties predicted, based on our best understanding of the dis-
ease pathology, to be anti-atherogenic. This ethos prompted
the pharmaceutical industry to invest heavily in deriving novel
small molecule therapies to raise HDL-cholesterol in humans.
Unfortunately, the resulting interventional clinical trials have
largely failed to alter key cardiovascular endpoints in human
beings—despite significantly raising HDL-cholesterol con-
centrations in plasma (for a good review, see [3•]). Since in-
terventional clinical trials are considered the ultimate test for

This article is part of the Topical Collection on Vascular Biology

* W. Sean Davidson
Sean.Davidson@UC.edu

Allison L. Cooke
acooke@abalonebio.com

Debi K. Swertfeger
Debi.Swertfeger@cchmc.org

Amy S. Shah
Amy.Shah@cchmc.org

1 Department of Pathology and Laboratory Medicine, University of
Cincinnati, Cincinnati, OH 45237, USA

2 Abalone Bio, Richmond, CA 94608, USA
3 Department of Biomedical Informatics, Cincinnati Children’s

Hospital Medical Center, Cincinnati 45229, USA
4 Department of Pediatrics, Cincinnati Children’s Hospital Medical

Center, Cincinnati 45229, USA

https://doi.org/10.1007/s11883-021-00925-4

/ Published online: 27 March 2021

Current Atherosclerosis Reports (2021) 23: 23

http://crossmark.crossref.org/dialog/?doi=10.1007/s11883-021-00925-4&domain=pdf
http://orcid.org/0000-0003-2756-2989
mailto:Sean.Davidson@UC.edu


the validity of a scientific principle as a foundation for medical
treatment, some scientists and clinicians have written off HDL
as a therapeutic target.

However, many argue that these trials have not impugned
HDL itself, but are rather an indictment of the concept that its
cholesterol content is a suitable proxy for the functionality of
all HDL particles. Indeed, HDL comprises a family of lipo-
proteins whose individual particles differ widely in density,
size, charge, protein, and lipid composition. Some are choles-
terol-rich, while others contain almost no cholesterol at all.
Some 40 proteomics studies have identified more than 200
individual proteins present on lipoproteins in this density
range, as tracked by the HDL Proteome Watch (http://
homepages.uc.edu/~davidswm/HDLproteome.html). The
situation is even more complex when the nearly 200
different lipid species are considered [4]. It is now clear that
these components differentially segregate into HDL
subspecies with distinct and stable proteomic/lipidomic
makeups. HDL has well documented roles in lipid transport,
endothelial protection, anti-inflammation, anti-oxidation, anti-
thrombosis, and the acute phase response [5]. There is also
growing appreciation for its roles in complement pathway
activation, anti-infection, and protease inhibition [6, 7].
Rationalizing HDL as such a jack-of-all-trades is difficult as
a singular entity. But this is easier to understand in the context
of a collection of distinct particles with different functions, all
of which happen to have a similar density and therefore co-
isolate in an ultracentrifuge. Unlike VLDL or LDL, which
largely carry out lipid transport and delivery functions, HDL
appears to be an extracellular lipid platform that serves as a
nexus for the coordination of proteins that mediate a large
amount of biology that goes beyond lipid transport.

This model of particle specialization predicts a role for
HDL in different disease states which may go well beyond
traditional links to ACVD. Some particles may participate in
cholesterol transport while others may be tasked with
supporting the innate immune system or hemostasis. Some
may be anti-inflammatory, others may be pro-inflammatory.
Relating specific HDL subspecies with disease progression
may reveal better biomarkers to track disease and perhaps
reveal new targets for therapies—therapies more discriminat-
ing, and hopefully more fruitful, than the generic HDL-
cholesterol raising compounds that have thus far disappointed.
In this brief review, we will focus on recent progress in iden-
tifying true HDL subspecies and their potential contributions
to disease using ACVD and T2D as examples.

The Difference Between HDL “Subfractions” and HDL
“Subspecies”

The terms HDL subfraction and HDL subspecies have
been used interchangeably for many decades. The con-
cept of HDL heterogeneity was recognized soon after the

lipoprotein class was discovered and most early
subcharacterizations relied on some physicochemical
property of the particles, usually driven by a separation
strategy that is easily performed in the laboratory. It was
quickly established that human plasma HDL could be
further divided into density subfractions such as HDL2

and HDL3 [8]. These have been refined into many no-
menclatures with HDL2b, HDL2a, HDL3a, HDL3b, and
HDL3c being one of the most widely recognized [9].
There have been many attempts to relate these
subfractions to ACVD. However, an honest look at this
extensive literature reveals much inconsistency with re-
spect to their roles in disease. HDL has also been
subfractionated based on its major scaffold protein con-
tent with LpA-I particles containing the major protein
APOA1, but not the second most abundant protein
APOA2, while LpA-I/A-II particles contain both [10].
Again, numerous studies have attempted to relate these
to ACVD with conflicting results. HDL has also been
subfractionated by charge (pre-beta, alpha HDL) and size
(large, medium, small, etc.). For an excellent review on
HDL subfractionation and nomenclature, see [11]. These
separations led to the rise of advanced lipoprotein testing
(ALT) techniques [12], in which analytical approaches
such as differential ion mobility, 2-dimensional (2D)
gel electrophoresis, and nuclear magnetic resonance
(NMR) spectroscopy have been used to track lipoprotein
subfractions in clinical samples. Additionally, clever use
of whole particle mass spectrometry has resulted in the
identification of HDL size categories [13].

Unfortunately, these strategies have not yet led to a specific
subfraction that has a universally accepted relationship to
ACVD. Why? Proteomics studies have offered a clue. Most
of the subfractions described above retain significant proteo-
mic heterogeneity, even when the highest resolution separa-
tion techniques are employed. For example, preparations of
HDL3c, the smallest and most dense HDL subfraction, contain
upwards of 25 separate proteins [14]. Given the limited sur-
face areas available, these cannot all reside on the same parti-
cle at the same time. Thus, the subfraction must be composed
of a number of distinctly composed particles of similar densi-
ty. This is not surprising given that combining most lipophilic
proteins with nonvesicular phospholipid (in the absence of
significant amounts of neutral lipid esters) will produce a par-
ticle with size and density characteristics that typically fall
within the HDL range [15]. The same can be shown for
LpA-I and LpA-I/A-II particles which have distinct, but still
highly heterogeneous proteomes [16]. Therefore, separation
techniques that exploit a general physicochemical characteris-
tic (like density or charge) or a common protein/lipid constit-
uent (like APOA1, APOA2 or cholesterol) lack sufficient re-
solving power to identify the roles of individual HDL family
members. For the purposes of this review, we define the term
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HDL subfraction as a partially purified collection of particles
that share a specific physicochemical property or abundant
protein/lipid constituent and are easily isolated together, but
probably do not fully represent functional HDL entities. The
term HDL subspecies (or subparticles*), on the other hand, is
defined as a particular particle or set of related particles that
are distinguished based on a specific minor component of
HDL. The use of a minor component is critical in this regard.
For example, defining HDL by the presence of APOA1 is
problematic as > 90% of HDL particles contain APOA1 with
all their accompanying heterogeneity. A similar argument can
be made against using the second most abundant protein,
APOA2 [16]. Additionally, common lipid components such
as phosphatidylcholine or cholesterol also lack the required
distinguishing power as these lipids are present at some level
on most HDL particles. It is tempting to try to define HDL
subspecies as molecularly defined entities (i.e., a particular
particle with X number of proteins and Y number of lipids)
rather than limiting to the presence or absence of a particular
component. However, relatively few of these have been iso-
lated and characterized to date. Given the known exchange
dynamics between HDL particles, it is likely that a given
defining component may be present on different sized parti-
cles. Indeed, the best example of a defined HDL subspecies,
trypanosome lytic factor (see below), appears as two separate
size species in human plasma. HDL subspecies, as defined
here, can be evaluated by methods that target a specific com-
ponent such as immunoaffinity chromatography, or can result
from traditional purification techniques that have narrowed
the class down to a specific molecular entity (see pre-beta 1
HDL below).

Figure 1 illustrates the difference between some current
subfraction nomenclatures vs. the ideal of component-
defined subspecies. We suggest that the field needs to move
beyond the relatively superficial strategy of HDL
subfractionation and take on the more difficult task of devel-
oping ways of isolating and functionally characterizing minor
component-defined HDL subspecies. Fortunately, laborato-
ries are beginning to take this approach. Recently, Furtado
et al. [17••] used a relatively high throughput immunoaffinity
isolation protocol to track the compositions of 15 HDL iso-
lates that targeted specific apolipoproteins ranging from apo-
lipoproteins A-II, A-IV, E, C’s, J, and L-I to other minor HDL
proteins like α-1-antitrypsin, α-2-macroglobulin, plasmino-
gen, fibrinogen, ceruloplasmin, haptoglobin, paraoxonase-1,
and complement C3. These subspecies were found to range
widely in plasma concentration (from less than 1 to 18%) of
total plasma APOA1. Importantly, the subspecies were stable
over time and mass spectrometry-based proteomic analyses
showed distinct proteomes among most. Some of these sub-
species have been connected to major disease states using
samples from large prospective human studies, as discussed
in more detail below.

Examples of Component-specific HDL
Subspecies

Trypanosome Lytic Factor (TLF) 1 and 2

The prototypical HDL subspecies, TLF was identified in the
early 1980s as a factor in primate plasma that lyses the cattle
pathogen Trypanosoma brucei brucei [18]. The activity was
localized to two HDL subspecies, TLF1 and TLF2 [19]. TLF1
is a 500 kDa particle containing APOA1, APOL1, and
haptoglobin-related protein (HrP). The trypanolytic activity
of TLF1 results from a fascinating interplay between its resi-
dent proteins. Current understanding [20, 21] holds that HrP
mediates TLF1 binding to a heme receptor in the flagellar
pocket of a susceptible trypanosome. Once internalized in an
endosome, APOL1 forms a channel in the vesicle membrane
that is kept closed by the acidic environment of the vesicle.
When cycled to the plasma membrane, the channel activates,
causing a cascading osmotic pressure imbalance that lyses the
cell [22]. APOA1 itself is not toxic to trypanosomes but plays
a key role by packaging HrP and APOL1 into a lethal, mobile
package that can access the parasite when in the circulation.
TLF2 is much larger (about 1000 kDa) and contains less lipid
than TLF1. In addition to APOA1, APOL1, and HrP, it also
contains immunoglobulin M (IgM) [19]. This subspecies may
kill trypanosomes by a similar mechanism to TLF1, but it is
much less efficiently taken up by the heme receptors in the
flagellar pocket. The IgM component may mediate uptake by
other mechanisms [23•]. Although of less interest to those
studying HDL’s role in ACVD, the presence of these well
characterized HDL subspecies makes two points very clear:
(i) HDL contains subspecies that have specialized missions in
disease and immunity that have nothing to do with lipid trans-
port and (ii) individual proteins sequestered on an HDL parti-
cle can synergize to execute biological functions.

Pre-beta 1 HDL

Immunosorption studies by Kunitake et al. [24] identified a
lipid-poor particle that contains predominantly APOA1 that
migrates to the pre-beta position (slightly more positively
charged than the bulk of HDL, which migrates to the alpha
position) by agarose gel electrophoresis. Technically, this sub-
species does not qualify as HDL because it is more dense than
the accepted HDL density range (1.063–1.210 g/ml) and is
usually not observed in ultracentrifugal HDL preparations.
This species has a MW of about 65 kDa and currently thought
to be composed of two molecules of APOA1 with small
amounts of phospholipid, free cholesterol and cholesteryl es-
ters, but little triglyceride. This appears to be a precursor of
more lipidated HDL subspecies as it preferentially interacts
with the cell surface transporter ATP binding cassette A1
(ABCA1) [25, 26], a primary driver of cholesterol efflux out
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of cells and HDL lipidation. As such, pre-beta 1 HDL was
postulated to be anti-atherogenic. This drove the development
of a variety of tools for measuring its levels in plasma including
ultrafiltration-isotope dilution [27], 2-D gel electrophoresis [28]
as well as a clinical assay based on an antibody that recognizes
a unique APOA1 conformation in these particles [29].Work by
Lamon-Fava et al. using a high throughput 2-D electrophoresis
technique showed that pre-beta 1 HDL levels were higher in
subjects with ACVD vs. controls [30]. Others have shown that
pre-beta 1 HDL levels are also increased in multiple dyslipid-
emic states [31•] and reduced upon treatment with statins [32].
These results were surprising in light of the expected protective
nature of pre-beta 1 HDL, giving rise to the so called Pre-β 1
Paradox. Asztalos et al. showed that pre-beta 1 particles derived
from individuals with documented coronary artery disease
were functionally defective in terms of cholesterol efflux, the
initial step in reverse cholesterol transport [33••]. It was pro-
posed that a compositional difference was responsible for the
defect. Alternatively, or in conjunction, high levels of pre-beta
1 may reflect dysfunction in cholesterol efflux pathways at the
cellular level in ACVD. Others have speculated that high levels
of this subspecies may indicate a defect in the normal process
of HDL maturation and recycling that may contribute to
ACVD development [31•, 34].

Myeloperoxidase (MPO), APOA1 and PON1 Ternary
Complex

Huang and colleagues reported a ternary complex of these
three proteins and phospholipid in mice and humans by im-
munoprecipitation [35]. They went further and identified the
sites on APOA1 where MPO and PON1 bind. MPO is a
source of reactive oxygen species and impairs anti-
inflammatory functions of HDL by oxidizing APOA1.
Conversely, PON1 blocks the buildup of lipid peroxides in
lipoproteins. Interestingly, MPO and PON1 were shown to
inhibit each other’s activity, likely as a result of their close
proximity on the HDL particle. Given the expectation that
PON1 is involved in several anti-inflammatory and anti-
atherogenic processes, the presence of MPO may render this
complex a dysfunctional HDL subspecies [35].

HDL-S1P

Minor lipid components of HDL can also be a useful marker to
distinguish particular subspecies. The best current example is
HDL particles that contain shingosine-1-phosphate (S1P), a
bioactive sphingolipid that is a ligand for a family of receptors
that mediate a variety of cellular processes. In endothelial cells,

Fig. 1 An illustration of the difference between HDL subfractions and
functionally distinct HDL subspecies. The left panel shows a schematic
representation of the numerous HDL particles from large to small spheres,
disks, and poorly lipidated particles that one might encounter in a drop of
peripheral blood. The problemwith current subfractionation techniques is
highlighted by the depicted ranges for methods that separate particles by
size, density, or charge. For example, isolated HDL3 particles are
homogeneous with respect to density, but clearly contain particles of
highly varying composition. Sizing methods and charge based methods
suffer from the same issue. The yellow triangle shows how the generic
marker of cholesterol not only encompasses all of the heterogeneity, but

also overemphasizes lipid-rich, light, and large HDL particles while
underemphasizing lipid-poor, heavy, and small HDL particles including
minimally lipidated apolipoproteins. The right panel shows the concept of
compositionally defined subspecies containing active protein or lipid
components that perform specific functions in different physiological
processes. These species can be targeted by applying isolation or
analytical techniques that target a specific component of the subspecies.
We argue that it is these component-defined subspecies that need to be
isolated and characterized if we are to make progress in understanding
how HDL may be leveraged for disease therapies
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one S1P signaling pathway controls cellular nitric oxide pro-
duction to control vasodilation. Persegol et al. [36] assayed the
ability of various HDL density subfractions to regulate vasodi-
lation in rabbit aortic rings. They found that the densest
subfraction, HDL3c, displayed outsized effects compared to
the other subfractions. This subfraction turned out to contain
the highest levels of S1P. Further work showed that this lipid is
sequestered in HDL subspecies that contain apolipoprotein M,
a minor apolipoprotein known to bind S1P [37]. APOM-
containing HDL particles were shown to produce an anti-
inflammatory response in human primary endothelial cells in-
cluding limiting the expression of certain cell adhesion mole-
cules. Importantly, S1P delivered in other ways, such as com-
plexed to albumin, was much less efficient in modulation cell
adhesion molecule expression [36]. There is also an extensive
literature indicating that S1P/APOM subspecies play a key role
in liver inflammation/regeneration (reviewed here [38]).

HDL Subspecies in Disease States—ACVD

As summarized above, there have beenmany studies that have
attempted to relate semi-purified HDL subfractions to risk for
ACVD with varying success. However, the work of relating
protein-defined HDL subspecies (as defined here) to ACVD
has lagged behind. In 2018, Jensen et al. used immunoaffinity
chromatography to measure the concentrations of APOC3-
containing HDL subspecies and relate them to ACVD devel-
opment in four large prospective human studies [39••].
APOC3 was targeted because of reports showing that humans
with reduced levels of this are protected from ACVD [40, 41].
They found that APOC3 HDL accounted for about 6–8% of
total plasma APOA1. Interestingly, while levels of non-
APOC3 HDL were associated with a lower disease risk,
agreeing with years of data with total HDL-cholesterol, levels
of APOC3-containing HDL subspecies were surprisingly pos-
itively associated with ACVD. A follow-up study showed that
APOC3 HDL levels were also positively correlated with
higher carotid intima-media thickness in otherwise generally
healthy adults [42]. Mechanistically, the APOC3 in HDL has
been proposed to affect APOE-mediated clearance mecha-
nisms in both APOB-containing lipoproteins and in HDL it-
self. APOE-rich HDL, another component-defined HDL sub-
species, may be an important player in reverse cholesterol
transport with APOC3 potentially working to inhibit its up-
take. Morton et al. [43••] tracked the metabolic fate of endog-
enously labeled proteins on HDL isolated by immunoaffinity
chromatography. They found that APOE-HDL could expand
in size in circulation and be quickly cleared, consistent with a
role in reverse cholesterol transport. Non-APOE-HDL did not
expand and was cleared more slowly. However, when
APOC3 was present on APOE-HDL, their expansion was
curtailed and particle clearance was inhibited. The authors

speculated that APOE-HDL plays important roles in the trans-
port of cholesterol out of the vessel wall and is thus
atheroprotective, but the presence of APOC3 on these parti-
cles negates that protection. When this was investigated in a
large prospective population-based study, they found that
APOE-HDL was inversely related to ACVD risk, but only
the fraction that lacked APOC3. More recently, this same
group compared the levels of 15 component-defined HDL
subspecies to ACVD risk in four prospective studies.
Increased levels of HDL subspecies defined by alpha-2-mac-
roglobulin, complement C3, haptoglobin, and plasminogen
were associated with higher disease risk vs. HDL particles
lacking these components. Consistent with the earlier studies,
HDL containing APOE were associated with lower risk.
Particles containing APOC1 were also found to be protective
[44••]. Overall, studies like these are beginning to reveal that
component-defined HDL subspecies play complicated roles
that may be protective or harmful in multifactorial diseases
like ACVD.

HDL Subspecies in Disease States—Type 2
Diabetes

APOC3 HDL also appears to play important roles in type 2
diabetes (T2D), a glucose metabolic disorder associated with a
high degree of dyslipidemia. Aroner et al. noted that APOC3
levels in plasma were strongly associated with risk of T2D in
the DanishDiet, Cancer and Health Study [45]. They followed
up by using the immunoisolation techniques described above
to probe the relationship between APOC3 HDL levels and
diabetes risk in the Multi-Ethnic Study of Atherosclerosis
[46•]. The subspecies was found to be strongly associatedwith
T2D risk and lower insulin sensitivity whereas HDL lacking
APOC3 was inversely associated. The authors speculated that
APOC3’s effects on TG metabolism may explain some of the
association, though accounting for TG concentrations did not
fully eliminate the association potentially suggesting alterna-
tive functions of APOC3.

Recently, Kurano et al. [47] showed that S1P-HDL (or
APOM-HDL) levels were negatively correlated with BMI
and insulin resistance in humans. Mechanistic work showed
that APOM/S1P can activate the AKT and AMPK insulin
signaling pathways through S1P receptors. In conjunction,
APOMwas shown to improve mitochondrial function in liver
and adipose cells. This dovetails nicely with their previous
work which showed that APOM overexpression in mice stim-
ulated insulin secretion in vivo and in vitro [48].

Considerable work has been done to understand the chang-
es in HDL subfractions (i.e., not subspecies) that occur as a
result of diabetes. Early studies using ultracentrifugation
found lower levels of cholesterol-rich, larger HDL2 in partic-
ipants with ACVD and T2D but higher levels of cholesterol-
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poorer HDL3 compared to patients without T2D and ACVD
[49]. Two-dimensional gel separation studies have shown that
women with T2D exhibit lower levels of large α-1, α-2, and
pre-α-1 particles and higher levels of smaller particles such as
lipid-poor α-3, consistent with the ultracentrifugation studies
[50]. Similarly, nuclear magnetic resonance spectroscopy
studies that quantitate HDL particle size and concentrations
show that adults with T2D exhibit reduced levels of medium
(9.0–11.5 nm) and large (11.5–18.9 nm) HDL particles but
have an enrichment of small (7.8–9.0 nm) HDL compared to
adults without diabetes [51–53]. Thus, in diabetes there ap-
pears to be a shift in favor of smaller CE-poor HDL
subfractions.

In an attempt to go beyond HDL subfractions to explore
HDL subspecies in more detail in T2D and obesity, our labo-
ratory used a size exclusion chromatography technique to iso-
late lipoproteins by size across 15 fractions [54], a technique
that corresponds well to NMR analysis [55]. In age- and sex-
matched adolescents who were either lean, obese, or obese
with T2D, we found that youths with T2D exhibited dramat-
ically lower phospholipid content in large HDL compared to
lean youths. The loss of these species correlated to increases in
vascular stiffness measured by pulse wave velocity. With the
ability to recover the particles for compositional analysis, we
found that these were enriched in APOE, APOC1, and para-
oxonase (PON)1. These same fractions from T2D and obese
individuals exhibited diminished ability to promote cholester-
ol efflux and protect LDL from oxidation [56, 57] vs. leans.
Further work showed that surgical weight loss with vertical
sleeve gastrectomy (VSG) could restore these APOE-rich
HDL subspecies nearly to levels observed in lean subjects
[56]. Current work is focusing on using immunoisolation
techniques to further define these APOE-rich particles.

Conclusions and ways forward

If one were to point to a single flaw in logic that has hampered
our understanding of HDL biology, a strong case can be made
for the tendency to over generalize what HDL actually is.
Consider the plasma membrane (PM) of a cell. Most agree
that the PM plays an important barrier function that maintains
cellular integrity. But another critical role is to provide a dif-
fusion medium that anchors lipid bound proteins and allows
them diffuse in only two dimensions, dramatically increasing
the odds that they will interact vs. Brownian diffusion in 3
dimensions. Receptor subunits, for example, can assemble
within certain membrane domains producing a fully active
receptor to mediate a biological function. This occurs for thou-
sands of membrane-associated proteins in a given cell. Thus,
one cannot reasonably argue that the PM has only one or two
functions; it may have thousands of functions based on its
mediation of protein:protein interactions (and protein:lipid

interactions). The evidence summarized above indicates that
HDL acts as an anchor point for extracellular proteins much
like the PM does for cellular proteins. APOA1 and its solubi-
lized phospholipids allow lipophilic proteins to segregate for
the purpose of mediating different functions across a range of
biochemical processes.

Accepting this paradigm, it is not surprising that a relative-
ly ubiquitous component like cholesterol was a found to be a
poor proxy for the entirety of HDL functionality.
Subfractionating HDL by physicochemical properties initially
seemed like a better solution to this problem. However, these
too are unacceptably heterogeneous. Referring back to the PM
analogy, if one uses ultracentrifugation to isolate PM vesicles
from cells, it comes as no surprise that those vesicles, despite
having similar density and size characteristics, contain a mul-
titude of different PM proteins and receptors that are targeted
toward very different biological processes. Indeed, the Cell
Surface Protein Atlas project has documented nearly 1500 cell
surface glycoproteins in over 40 human cell lines [58]. The
same seems to be true for HDL, if on a smaller scale. By
extension, alternative lipid testing techniques such as NMR
particle sizing and 2-D electrophoresis suffer from the same
limitation that plagues HDL-cholesterol as a measurement.
Fundamentally, they retain an unacceptable degree of compo-
sitional heterogeneity within each arbitrary designation (large
vs. small HDL, pre-beta vs. alpha HDL, etc.).

Fortunately, these limitations are being recognized and par-
ticle isolation strategies are being employed that target specif-
ic subspecies components. These targeted components may
seem minor in the context of total HDL, but they are key
distinguishers of potentially functional subparticles.
Immunoaffinity has been the most popular approach
employed thus far, but other approaches that target the HDL
“interactome” have potential. For example, one can envision
chemical cross-linking techniques that capture specific
protein:protein interactions within HDL subspecies being
exploited. Alternatively, it may be possible to derive antibod-
ies that identify discontinuous epitopes across interacting pro-
teins or can bind specific conformational features characteris-
tic of specific subspecies, as described above for pre-beta 1
HDL. There are also promising applications of high-
resolution sizing techniques such as asymmetric flow field-
flow fractionation combined with mass spectrometry to help
narrow down these individual HDL species [59]. Once these
analytical methods are optimized, the hope is that we can
continue to relate specific HDL subparticles to specific func-
tions that impinge on disease. Primary interest may focus on
high incidence metabolic diseases such as ACVD, obesity,
and diabetes, but it is easy to see applications for a host of
other chronic inflammatory and immune dysregulation dis-
ease states. Once identified, it may be possible to design ther-
apies that skew HDL subpopulations toward those that are
beneficial or it may be possible to design therapies that replace
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or enhance beneficial roles played by certain subspecies. In
any case, it is an exciting time to be studying HDL.
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