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ARTICLE INFO ABSTRACT

Keywords: Purpose of review: High density lipoproteins (HDL) are a heterogeneous family of particles that contain distinct

High density lipoproteins complements of proteins that define their function. Thus, it is important to accurately and sensitively identify

IS)“bSpeC‘eS proteins associated with HDL. Here we highlight the HDL Proteome Watch Database which tracks proteomics
roteome

studies from different laboratories across the world.

Recent findings: In 45 published reports, almost 1000 individual proteins have been detected in preparations of
HDL. Of these, 251 have been identified in at least three different laboratories. The known functions of these
consensus HDL proteins go well beyond traditionally recognized roles in lipid transport with many proteins
pointing to HDL functions in innate immunity, inflammation, cell adhesion, hemostasis and protease regulation,
and even vitamin and metal binding.

Summary: The HDL proteome derived across multiple studies using various methodologies provides confidence in
protein identifications that can offer interesting new insights into HDL function. We also point out significant
issues that will require additional study going forward.
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1. Introduction

The concentration of high-density lipoprotein cholesterol (HDL-C) in
plasma has long been associated with protection from cardiovascular
disease (CVD), particularly in large scale human studies [1]. The most
widely accepted basis for this was HDL’s ability to mediate the process of
reverse cholesterol transport, i.e. the removal of excess peripheral cell
cholesterol and return to the liver for catabolism [2]. However, HDL has
also been strongly associated with other cardioprotective effects such as
prevention of lipoprotein oxidation and anti-inflammatory functions
(recently reviewed here [3,4]). Despite this, across-the-board elevation
of HDL-C levels by pharmacologic or genetic means does not appear to
reduce CVD risk [5]. At the same time, awareness is rising that HDL is

not a single entity [6]. The particles in this family are heterogeneous,
varying dramatically in size, charge, density and composition. Beyond
the common dominant proteins apolipoprotein A-I (APOA1) and A-II
(APOA2), proteomic studies have identified hundreds of individual
proteins and upwards of 200 lipid species [7] in preparations of human
HDL. While many HDL proteins are known to be highly exchangeable,
careful fractionation studies show that some of these proteins are dis-
proportionally distributed across different HDL subspecies that remain
stably distinct in the circulation (for a more in-depth discussion of HDL
subspeciation see [6]). With this recognition, efforts are being made to
track specific HDL subspecies, identified by their unique protein con-
stituents, and their relationships to disease [8]. These studies highlight
the importance of accurately and sensitively identifying HDL particle
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composition. In this review, we will focus on advancement in under-
standing the HDL proteome since our last review on this topic in 2013
[9]. Other recent reviews have done an excellent job of highlighting
instrumentation, quantitation and statistical issues with understanding
the HDL proteome [10]. Thus, we will primarily focus on insights into
HDL function that can be gleaned from assessing multiple proteomic
studies from a variety of different laboratories and techniques.

2. The HDL Proteome Watch Database

As of this writing, we have tracked 45 published reports of shotgun
proteomics studies of HDL [11-52]. The identifications vary widely with
one laboratory identifying only 13 proteins while another found 487.
The reasons for this variation include the resolution of the pre-MS
peptide separation techniques, sensitivity of the MS equipment as
technology advances as well as choices made during data analysis.
Typically, these studies are subject to at least two major sources of error
in HDL protein identification. First, each laboratory tends to find distinct
contaminants that show up in their samples. These likely come from
sample carry over between MS runs in which small amounts of peptides
stay associated with tubing or columns during chromatographic sepa-
rations. For example, our instrumentation at the University of Cincinnati
tends to report trace amounts of human titin, one of the largest trans-
lated proteins known, in some of our samples. This typically does not
affect high scoring, abundant proteins but does increase the likelihood
that low abundance contaminants can be assigned to HDL erroneously
within a given analysis. These contaminants tend to be characteristic of
individual labs depending on the types of samples they analyze
routinely.

Second, the quality of the HDL starting material contributes signifi-
cantly to the final results. HDL is a good example of the observer effect
problem in science. One can liken the problem of accurately charac-
terizing the circulating HDL proteome to counting different varieties of
butterflies contained in an opaque box. An accurate accounting requires
opening the box. But how this is done can profoundly affect the results
depending on how many butterflies escape before they are counted.
Similarly, one has to isolate HDL from plasma before characterizing the
proteome. The choice of isolation method can have significant effects on
the results. The most common method of isolating HDL is by salt density
ultracentrifugation between 1.063 and 1.210 g/ml [53,54]. This method
provides the namesake for the lipoprotein class, and in a technical sense
is the only method whose product can truly be called ‘HDL’. However,
repeated centrifugation can systematically reduce the APOA1 content of
HDL particles [55]. Furthermore, Munroe and colleagues demonstrated
that the rotor speed (i.e. centrifugal force) can have significant impacts
on the protein composition and final density of isolated HDL particles
[56]. In a head to head comparison, KBr-based methods for HDL isola-
tion resulted in fewer stainable proteins by 2-D gel electrophoresis
compared to non-ionic density gradient methods using D,O/sucrose
[571, suggesting that high ionic strength may affect final HDL compo-
sition. In addition, in our experience, the degree of separation of the HDL
density band from the >1.21 g/ml “bottom” fraction - which contains all
non-lipoprotein blood components - can vary between laboratories.
Variables such length of the centrifugation, geometry of the tubes and
rotors used, method for isolating HDL density bands, and a host of other
factors can contribute significantly to the ultimate proteome measured
in the final preparations. In addition, recent studies have cautioned that
KBr-based density ultracentrifugation approaches can co-isolate extra-
cellular vesicles (EVs) along with HDL [58].

Other laboratories have taken more gentle approaches such as gel
filtration chromatography of plasma [59,60]. These separations are usu-
ally treated to a second purification method to eliminate similarly sized
plasma species that are not lipid associated, i.e. the use of calcium silica
hydrate (CSH) resins to isolate phospholipid containing lipoproteins
from each gel filtration fraction [17]. This method can isolate
phospholipid-rich lipoprotein particles that elute in the same size range
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as UC-isolated HDL. But, as the method is insensitive to particle density,
these isolates are technically not considered ‘HDL’. Nevertheless, size-
based definitions of HDL-like lipoproteins have been widely used clini-
cally with the advent of nuclear magnetic resonance [61] and ion
mobility analysis [62]. While the gel filtration method is less likely to
lose proteins due to high ionic strength or g-forces, it is susceptible to
non-lipoprotein contaminants, particularly those that non-specifically
bind the CSH resins [17]. The method also dilutes the lipoprotein sam-
ples substantially which could be envisioned to affect the distribution of
proteins that may be in equilibrium between particle-bound and soluble
states.

Immunoaffinity methods of HDL isolation suffer from two drawbacks.
First, by their very nature, they introduce a bias inherent to the antibody
that is being used to pull down the lipoproteins. Anti-APOA1 antibodies
are most commonly employed [63,64,22], which in theory should cap-
ture >95% of lipidated particles in the HDL size and density range, but
non-APOA1 containing species have been reported [65]. Indeed, mice
[66] and humans [67] lacking APOAL still contain some phospholipid or
cholesterol that isolates at HDL densities. Additionally, antibody speci-
ficity for certain conformations of the target protein may fail to capture
other conformations, a particular worry with highly conformationally
dynamic proteins like APOA1. Immunoaffinity methods also tend to be
susceptible to contaminants that non-specifically bind either the anti-
body or its immobilization matrix. Multidimensional electrophoresis sep-
arations of plasma may suffer from stripping of proteins from the lipid
during the separation and contaminations from comigrating non-
lipidated contaminants. We note the benefits and limitations of the
various methods used to isolate HDL (or HDL-like particles) above not to
favor or disparage any given technique, but to point out that there is no
one perfect method for isolating phospholipid-rich lipoprotein particles
in plasma. It follows that it is not wise to rely on any one study or any
one method of particle isolation with respect to a complete under-
standing of the HDL proteome. Recognizing this, we started the HDL
Proteome Watch Database in 2011. It can be found at (https
://homepages.uc.edu/~davidswm/HDLproteome.html).

Our objective in creating the database was simple. We sought to
accumulate proteomics data from individual laboratories and present
them for comparison with standardized protein identification nomen-
clature. We also carefully tracked major factors that impact the results
such as method of HDL isolation, instrumentation used, any pre-MS
treatments or separations, as well as the peptide identification algo-
rithms used. We surveyed the literature and included proteomic studies
that met the following criteria: 1) The study was designed with a non-
biased approach to identifying the totality of HDL proteins (sometimes
referred to as a shotgun approach). Targeted studies that reported only
specific proteins (usually done for quantitation purposes), though
scientifically valid for other purposes, were excluded from the database
to avoid biasing the protein hit counts across the studies. 2) Some
attempt must have been made to isolate the lipoproteins from non-
lipidated plasma proteins. By far, the most common method for HDL
isolation was density ultracentrifugation (30 of the 45 studies). But we
also included those that isolated HDL sized species by gel filtration
chromatography followed by pull down of lipid containing particles by
lipid affinity resins (7 studies). Other included studies performed 1-D or
2-D gel electrophoresis (2 studies) or immunoprecipitation with anti-
bodies to APOA1 (6 studies). The idea was to cast as wide of a net as
possible to factor out biases inherent to any given isolation method. 3)
The protein identification data needed to be publicly available either in
the paper itself, a supplement or via response to an inquiry. Several
published studies were not included in the database due to our inability
to obtain the original protein identification data from the authors.

As of this writing, the database covers 45 qualifying proteomics
studies from 2005 to June 2021. The database is formatted as an Excel
spreadsheet with consensus protein names listed vertically and the
published studies listed horizontally in chronological order (Fig. 1).
Each laboratory is assigned a letter code. If a protein was identified in a
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Study# 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Recommended protein nam Alternate names Abbrev. Acc. # N M_M O
annexin A1 Annexin |, Annexin-1, C ANXA1_HUMAN 39 kDa P04083 o
annexin A2 Annexin Il, Annexin-2, CANXA2_HUMAN 39kDa P07355

anthrax toxin receptor 1 tumor endothelial marl ANTXR1_HUMAN 63 kDa Q9HEX2 M o
anthrax toxin receptor 2 capillary morphogenes ANTXR2_HUMAN 54 kDa P58335 M (o)
anti-folate binding protein A2NYQ9_HUMAN 13 kDa A2NYQ9

antithrombin-Iil serpin C1 ANT3_HUMAN 53kDa P01008 | N = M O
AP-2 complex subunit beta AP105B, Adaptor prote AP2B1_HUMAN 105 kDa P6§3010 o)
apolipoprotein A-l APOA1_HUMAN 31kDa P02647 | N M M O
apolipoprotein A-ll APOA2_HUMAN 11kDa P02652 | N M M O
apolipoprotein A-IV APOA4_HUMAN 45kDa P06727 | N M M O
apolipoprotein A-V regeneration-associatt APOAS_HUMAN 41kDa Q6Q788 | N o
apolipoprotein B APOB_HUMAN 516kDapPo4114 | N [IENIEl m ™M O
]apollpopruleln Breceptor  Apolipoprotein B-100 r APOBR_HUMAN 116 kDa Q0VD83 o)
apolipoprotein C-1 POC1_HUMAN 9 kDa 4 | N M M O
apolipoprotein C-Il HUMAN 11 kDa N M M O
apolipoprotein C-lll A HUMAN 11 kDa N M M O
apolipoprotein C-IV AP |_HUMAN 15 kDa N M M O
apolipoprotein D APOD_HUMAN 21kDa N M M O
apolipoprotein E APOE_HUMAN 36 kDa N M M O
apolipoprotein F lipid transfer inhibitor  APOF_HUMAN 35 kDa N M M O
apolipoprotein L1 apolipoprotein L APOL1_HUMAN 44 kDa N M M O
apolipoprotein L2 Apolipoprotein L-l  APOL2_HUMAN 37 kDa N

apolipoprotein M protein G3A APOM_HUMAN 21kDa 095445 | N M M O
apolipoprotein(a) LPA_HUMAN 501 kDa P08519 N M M O
apolipoprotein(a)-like protein Apo(a)-like protein 2, L LPAL2_HUMAN 15kDa Q16609

apoptosis regulator BAX Bcl-2-like protein 4 BAX_HUMAN 21kDa Q07812 (o)
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Fig. 1. Screenshot of a portion of the HDL Proteome Watch Database. The database is in the form of an Excel spreadsheet with all proteins identified in any covered
study listed on the left with alternate names, standard accession identifiers and UniProtKB codes. All cataloged studies are listed across the top (latest 24 studies are
shown here) with a study code (ex. P-15) that is hyperlinked to the PubMed entry for the relevant published paper. The study code is comprised of the first letter of
the first author’s last name and the year in which the study was published. Each laboratory is assigned a colored letter code. If a given protein appeared in a given
study, the laboratory letter code appears in the appropriate column and row. For example, in the above shown portion of the database, annexin A1 was identified in 2
laboratories (Code O; Greifswald, Germany and Code E; University of Washington, US). The number of times a given protein was identified is shown on the right with
“unique hits” (the number of times that protein was seen in different laboratories). The final righthand column contains a 1 if the protein met our criterion of
appearing in at least three independent studies from three different laboratories. Currently “likely” HDL proteins are listed in red text.

given study, the laboratory code is entered in the appropriate cell. The
UniProtKB consensus protein names are cross-referenced with as many
alternate names as could be found along with the protein ID (ex.
APOA1_HUMAN) and accession number (ex. P02647) and the molecular
weight of the intact protein. The accession numbers are hyperlinked to
the appropriate UniProtKB entry page so that proteins of interest can be
quickly researched. Each published report is also hyperlinked to the
relevant PubMed entry for facile access to the study and its details. The
database also tracks the location of the laboratory where the mass
spectrometry was performed, the patient population and any disease
states used to obtain the HDL samples, the type of HDL analyzed (Total
HDL, vs. HDLg for example), the method used for HDL isolation, any pre-
MS separation strategies such as electrophoresis, the type of MS
instrumentation used, and finally the database used for protein
identifications.

3. The power of combining studies across labs

Across all tracked studies, 936 proteins have been reported to be
found in HDL preparations from 35 laboratories. We adopted the
convention that a “likely” HDL protein had to have been identified in at
least three independent studies from three different laboratories; 251
proteins currently satisfy this criterion. They are listed in Fig. 2 along
with the number of studies in which they were identified. This cutoff is
admittedly arbitrary, but this low bar was chosen as a way to factor out
laboratory-specific contaminants to the extent possible, while still
capturing low-detection proteins that may have true functional roles in
minor HDL subspecies. Our philosophy was to err on the side of inclu-
sion rather than risk factoring out proteins that may truly be present and
have potentially important functions. As such, the database includes
proteins that some investigators dismiss as contaminants. For example,
numerous human skin keratins have appeared in multiple studies. These
probably result from manipulation of the samples and are most likely not
true HDL proteins. But we report them nevertheless. The list of “likely”
HDL constituents contains entries that one might find surprising. For
example, anthrax toxin receptors 1 and 2, L-selectin and talin-1 are
transmembrane proteins that one would expect to be associated with
cells. Profilin-1 is an intracellular protein that interacts with the cyto-
skeleton [68]. Each of these proteins was identified in more studies than

apolipoprotein A-V, an extremely low abundance protein that was
clearly shown to be HDL associated by immunoblot techniques [69].
Why would these proteins (or parts of them) be found in HDL? The
answers are not yet clear, but we feel it is important to report the dataset
without bias or preconceptions as to whether the protein “should” be in
HDL. This ensures that individual users have the most information
available for any future analyses. We also implore anyone considering
publishing a proteomic study to resist the temptation to arbitrarily factor
out valid hits duly identified by a pre-designed data analysis workflow.

4. Effect of isolation method on proteins identified

To determine how isolation method impacts which proteins are
detected on HDL, we analyzed protein detection across the four common
particle isolation methods. Of the 251 consensus HDL-associated pro-
teins, 91 have been detected by all HDL isolation methods evaluated
(Fig. 3A). Most were detectable in UC isolated HDL (230), while fewer
were detected by other techniques (Table 1). In fact, 48 proteins (about
20% of the consensus HDL proteome) are only detected on HDL isolated
by UC. This may indicate that, while UC is often considered the most
physically harsh isolation technique, many protein interactions are
maintained during this process. High salt conditions have been sug-
gested to promote protein-lipid interaction for some proteins. Therefore,
it cannot be ruled out that these conditions may drive protein-HDL in-
teractions that are not present under physiological salt concentrations.
Notably, all proteins detected by gel filtration have also been validated
by detection on HDL isolated by different methods. However, a couple of
key proteins involved in lipid transport on HDL (CETP and LCAT) have
not been detected on HDL isolated by gel filtration, yet have been
detected on HDL isolated by all other methods (Supplemental Table 1;
underlined). One limitation of our analysis is the overrepresentation of
UC studies compared to the other isolation methods (Table 1). The
greater number of UC studies likely contributes to the observation that
more proteins are detected by this approach. However, examination of
the number of proteins reported per study revealed that, although UC
had more total protein identifications and a large number of unique
proteins, the average number of proteins detected in any single study
was similar to that from the other isolation techniques (Fig. 3B). This
would suggest that the dramatically greater detection and perhaps some
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APOA1 ANT3 BPIFB1 ITIH3 ITIH3
APOA4 ——— FIBB Cc1QB K1C10 K1C10
APOLA1 ————— IC1 CYTC K2C1 K2C1
APOC3 LCAT 1GJ KV309 KV309
APOE IGHG1 IGLLS LG3BP LG3BP
APOA2 PCYOX LV302 LMAN2 LMAN2
APOC1 PHLD LYAM1 TPM4 TPM4
A1AT FIBG PROS ACTA ACTA
APOC2 HEP2 TETN CBG CBG
APOM IGHM c1QC CD99 CD99
PON1 ITIH2 IGHG4 DSC1 DSC1
CLUS PEDF IGLC1 DSGI DSaGlI
FETUA C4BPA MENT ECM1 ECM1
SAA4 CXCL7 MMRN2 FA10 FA10
APOB ORM1 PROF1 FCGBP FCGBP
CcOo3 CETP PzP FGFP2 FGFP2
SAA1/2 GELS SAMP FHR1 FHR1
ALBU IGHG2 ANPEP G3P G3P
APOD CFAH APOAS HABP2 HABP2
HPTR FINC CBPN IMPA3 IMPA3
TRFE ITIH1 CDSL K1C9 K1C9
TTHY PLMN CFAI K22E K22E
APOF CFAB CcOo2 LV147 LVv147
FIBA HRG CO5 MADCA MADCA
VTDB LBP cos8B PIP PIP
AMBP PLF4 DESP PLAK PLAK
APOH PSPB FA12 SG3A1 SG3A1
HPT AFAM FAS SHH SHH
VTNC CERU FLNA TRY1 TRY1
PLTP B2MG ITA2B VINC VINC
ANGT Cc18 ITB1 VWF VWF
CO4B CAMP LYSC C1QA C1QA
ITIH4 KLKB1 SAP CAH1 CAH1
APOC4 ZA2G CBPB2 CD248 CD248
HBB ACTB CFAD CO6 Co6
HEMO ANTXR2 CO8A DEF1 DEF1
IGHA1 KAIN HLAA F13B F13B
IGKC PGRP2 KV401 FA11 FA11
A2MG C1R PAFA FA9 FA9
HBA CNDP1 PCSK9 FHRS FHRS
LPA DCD SEPP1 GLPA GLPA
THRB IGHG3 TLN1 HLAB HLAB
CO4A IGLC2 TSP1 HV323 HV323
COo9 KV330 B3AT IGF2 IGF2
KNG1 ALS CA6 IGLC7 IGLC7
PON3 IGHA2 CD44 K2C6A K2C6A
RET4 IHH COo8G LISt LIS1
A1BG LUM FBLN1 PRDX2 PRDX2
AACT ZPI FCN3 PTGDS PTGDS
ORM2 A2GL ITA2 PXDC2 PXDC2
— T 1 T T 71 71 | — T T
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Studies in which protein was found (max=45, min=3)

Fig. 2. Frequency of observation of 251 “likely” HDL-associated proteins. The abbreviated protein name is shown on the left with the bar indicating the number of
studies that identified it in HDL. 3 proteins were identified in all 45 of the publications that met our criterial for inclusion. Proteins with less than three identifications

from three different labs are likely contaminants.

of the unique ID’s could be due to a cumulative effect and not a sys-
tematic methodological effect.

5. Functional analysis of the HDL proteome

We performed a gene ontology keyword enrichment analysis on the
251 consensus HDL proteins. Five of the most populated clusters are
shown in Fig. 4. Clearly, many of the consensus proteins are associated
with lipid transport including many of the classic “apo” proteins known

to be components of HDL for half a century. Similarly, many proteins
have clear roles in inflammation and acute phase response including the
serum amyloid A isoforms 1 and 2 and APOA4. Continuing trends noted
previously, increasing numbers of HDL proteins are involved in immu-
nity and anti-bacterial functions. This includes the growing list of im-
munoglobulins consistently detected in HDL as well as proteins in the
complement pathway (see insets in Fig. 4). Many recent additions to the
list appear to be involved in hemostasis and protease inhibition as well
as cell and heparin binding. Not shown in Fig. 4 are clusters with smaller
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A . . . B Fig. 3. Detection of HDL-associated pro-
Filtration Immunoaffinity 200+ teins by different isolation methods. (A) The
: ' L S 251 “likely” HDL-associated proteins from
%’ 150~ A 45 studies were analyzed to determine if
o ° HDL isolation method has an impact on
e ° which proteins are detected. This Venn di-
g 100- agram displays the counts of proteins
:§ detected by each method and the overlap in
[ detection across methods. Only 91 proteins
o 50— - were detected by all isolation methods and
k] 48 were detected only in studies where HDL
H* o was isolated by ultracentrifugation (UC).
0 T T T T The protein identities within each cluster
0(, & @ a}e are listed in Supplementary Table 1. (B)
@\\ ,&\0 0‘0 Examination of the total number of identi-
Q\\\‘ i Q\‘ fied proteins reported by each of the 45
&\) e‘éo studies, grouped by HDL isolation method,
& Q}Q reveals that roughly the same number of
proteins is detected on average regardless of
isolation method. Statistical comparisons
were not attempted due to large differences
in sample size across groups.
numbers of proteins. This includes proteins such as afamin, vitamin D
Table 1 . . . . binding protein and retinol binding protein that appear to be involved in
Count of HDL proteins detected by different isolation methods. . . o1k X .
vitamin binding and transport. There are also several proteins like
Isolation method Number of studies Total proteins Unique proteins ceruloplasmin, hemopexin, serotransferrin and His-rich glycoprotein
uc 30 230 48 that are associated with metal ion binding. There are fewer numbers of
filtrationfﬁ ‘ Z izz (2) proteins associating with these functional groups, but judging from their
mmunoaffinit 3 3 3 3
Electmphoresiz ) 134 o consistent appearance in many independent studies, they are probably

Combined total 45 251 _ present in HDL in relatively high abundance.

The inescapable conclusion from Fig. 4 is that HDL is designed for
much more than lipid transport. The evidence indicates that HDL serves
as an extracellular platform that hosts proteins that mediate a variety of

Immunity/
Anti-microbial

c8B  C6\ Complement
C4BPB c1R

L 16LV3-21 IGKC 4y o
*\_IGHV1-39 .
— g Inflammation/

Acute Phase

Hemostasis/
Protease
Inhibition /

Lipid
Transport

Cell/Heparin
Binding

Fig. 4. Gene Ontology (GO) keyword functional analysis of “likely” HDL proteins. Each protein was assigned to a rough functional classification based on keyword
associations using the DAVID Bioinformatics Resource (DAVID.ncifcrf.gov). This is not a complete listing of all likely proteins as some were associated with functions
that fell outside these major groupings.
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functions in biology and pathology. One might liken this situation as a
lower complexity analog of the plasma membrane (PM) of a cell. In
addition to its role as a barrier, the PM also serves as a platform that
limits diffusion of transmembrane proteins to two dimensions, dramat-
ically increasing the chances for complex formation and synergistic ac-
tivity. HDL may serve this role for secreted plasma proteins by acting as
a nexus for amphipathic proteins that need each other to execute their
biological functions. Indeed, a remarkable example of this HDL protein
synergy is seen in the HDL subfraction/subspecies called trypanosome
lytic factor (TLF, see below). Similar arguments can be made for the
various proteases and protease inhibitors involved in hemostasis that
have been localized to HDL [70]. The proximity of these factors may
facilitate both the activation and resolution of the various proteolytic
events that occur during the clotting cascade.

Given the large number of proteins identified in HDL, it is impractical
to review the known roles of each protein. Information is sparse as to
how some of these lower abundance proteins affect HDL function.
However, the field is transitioning from what we would call a
lipoprotein-centric, or holo-particle view of HDL, to a more granular
protein-specific way of looking at HDL function. HDL used to be thought
of in terms of a singular component — its cholesterol content — as a
marker for the totality of its beneficial functions. However, interven-
tional clinical trials have demonstrated that small molecule therapies
which raise HDL cholesterol across the board failed to deliver the health
benefits suggested by epidemiological studies in large populations
(recently reviewed here [5]). Since most HDL particles contain some
amount of cholesterol, this metric is insufficient for tracking the func-
tionality of minor compositional subspecies that may perform varied
roles in different physiological processes. Fortunately, laboratories are
beginning to explore compositionally defined subspecies, i.e. HDL sub-
particles that are distinguished by the presence of a minor protein
components identified in preparations of total HDL. Below, we highlight
some examples of advances that have focused on the roles of proteomic
distinguishers of HDL subspecies that appeared in the last 3-5 years for
each functional category listed in Fig. 4.

6. Examples of roles of specific minor HDL proteins
6.1. Lipid transport

Most of the classic “apo”lipoproteins listed in Fig. 4 are known to
play important roles in the structure, remodeling or targeting of HDL
particles in the circulation. APOA1 and APOA2, are the key structural
scaffold proteins present on almost all HDL particles (APOA1) or about
60% of them (APOA2). APOA1 seems to be the major factor that solu-
bilizes phospholipid into HDL size particles. It is critical for interactions
with important lipid remodeling factors like lecithin:cholesterol acyl
transferase (LCAT), which esterifies cholesterol to cholesteryl ester, or
cholesteryl ester transfer protein (CETP), which mediates the exchange
of neutral lipid esters between HDL and the apoB-containing lipopro-
teins. However, recent studies have shown that certain minor
apolipoprotein-defined subspecies of HDL may play important roles in
lipid transport, specifically the process of reverse cholesterol transport
(RCT) whereby cholesterol accumulated in the periphery is returned to
the liver for catabolism. Morton et al. [71] tracked the metabolic fate of
endogenously labeled proteins on HDL isolated by immunoaffinity
chromatography. They found that APOE-containing HDL could expand
in size in circulation and be quickly cleared, consistent with a role in
RCT. 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 transport of cholesterol out
of the vessel wall and is thus atheroprotective, but the presence of
APOC3 on these particles negates that protection. When this was
investigated in a large prospective population-based study, they found
that APOE-HDL was inversely related to CVD risk, but only the fraction
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that did not contain APOC3.
6.2. Hemostasis/protease inhibition

HDL has been shown in epidemiological studies to be inversely
associated with the risk of thrombosis [72,73]. It can modulate choles-
terol levels and signaling pathways in platelets to regulate their asso-
ciation (recently reviewed here [74,75]). It also acts on endothelial cells
to downregulate platelet aggregation. Until recently, much of our un-
derstanding has been derived from whole-particle HDL studies in which
the role of individual components has not been clear. Recently, Xu and
colleagues elucidated a direct role of the minor HDL protein APOA4 in
the inhibition of thrombosis [76]. They showed that APOA4 bound to
the platelet integrin alIbp3 competitively inhibits the early steps of the
prothrombotic cascade. Interestingly, since APOA4 levels are sensitive
to lipid absorption in the gut, it may act to inhibit the transient platelet
hyperactivity that occurs postprandially. The authors also identified
specific residues in the N-terminal domain of APOA4 responsible for the
effect.

6.3. Inflammation/acute phase response

Fig. 4 shows that the HDL proteome is highly enriched in proteases
and protease inhibitors. Gordon and Remaley analyzed these and
determined that the majority of HDL proteases were serine proteases and
most of the inhibitors identified at the time target serine proteases (i.e.
SERPINS [70]). SERPINS regulate a variety of proteases involved in
inflammation, hemostasis and complement activation [77]. The coloc-
alization of proteases and their inhibitors on HDL strongly suggests co-
ordination of activity on these circulating platforms. HDL may also act as
a shuttle to get SERPINS into areas of the vasculature they might not
reach on their own. For example, the SERPIN alpha-1-antitrypsin
(A1AT), an acute phase protein, is a potent inhibitor of proteases
secreted by neutrophils and macrophages in the inflamed vessel wall.
These proteases, including elastase, can destroy extracellular matrix in
the intima and media leading to intraplaque neovascularization and
plaque rupture [78]. Since HDL has been shown to transcytose across the
endothelium [79], it may act as a conduit for getting A1AT to the site of
inflammation to prevent runaway destruction of the underlying extra-
cellular matrix [70]. Indeed, HDL bound A1AT, can inhibit the degra-
dation of smooth muscle cell extracellular matrix to prevent their
apoptosis [80]. Gordon et al. also showed that statin treatment in
humans raised the levels of A1AT in HDL and that this enrichment
reduced inflammatory cytokine production in inflamed macrophages
[59].

The Proteome Watch List contains inhibitors of other classes of
proteases as well. For example, Cystatin-C (found in 10 studies) is an
inhibitor of cysteine proteases. Cystatin-C deficient mice on an APOE
deficient background exhibited increased extracellular matrix frag-
mentation and dilated thoracic and abdominal aortae compared to
controls [81]. The cathepsin cysteine protease family members are
found in human atherosclerotic lesions [82], suggesting another role by
which HDL shuttled protease inhibitors could contribute to vascular
protection.

Another interesting complex of HDL proteins that may play a role in
inflammation is centered around the phospholipid-transfer protein
(PLTP). Cheung and colleagues used immune-affinity chromatography
to isolate PLTP complexes from human plasma. They found that PLTP
was associated with a lipid-poor complex that contained some 24 pro-
teins (all present on the Watchlist) of which 14 were strongly associated
with acute and chronic inflammation [83]. Being able to transfer bac-
terial lipopolysaccharide (LPS) between lipoproteins, the authors spec-
ulated that PLTP plays a protective role in endotoxemia by shuttling LPS
to HDL for neutralization. Interestingly, the activity of PLTP seemed to
depend on the size of the complex in which it is associated with smaller
complexes of about 160 kDa containing active PLTP while larger
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complexes of ~520 kDa contained an inactivated form. Importantly,
these complexes also contained proteins in the complement system as
well as those known to play roles in coagulation and thrombosis.

6.4. Immunity/anti-microbial

The complement system plays crucial roles in innate immunity by
attacking foreign substances and organisms in the body [84]. Almost
half of the known complement proteins appear on the HDL Watchlist,
strongly suggesting that HDL acts as a coordinating platform for at least
part of the complement cascade. Levels of certain complement factors
have been associated with carotid intima-media thickening in subjects
with systemic lupus erythematosus [85]. These investigators also found
an intriguing relationship between certain complement factors and
small HDL particles. Using orthogonal separations of human plasma, we
previously identified a co-migration cluster of human complement fac-
tors within HDL composed of C1s which is important in the formation of
the C1 serine protease complex responsible for activation of downstream
targets in the classical complement cascade [19]. This includes com-
plement C4, another member of this cluster. The presence of both these
factors on HDL subspecies may facilitate complement activation because
the factors do not have to diffuse in three dimensions to find each other.

In addition to complement, some proteins in HDL have been shown
to play remarkably specific roles in innate immunity. The classic
example is the trypanosome lytic factor (TLF) subspecies of HDL. These
particles contain APOA1, haptoglobin-related protein (Hrp) and APOL1.
Current understanding [86,87] holds that Hrp mediates TLF binding to a
heme receptor in the flagellar pocket of an invading trypanosome. Once
internalized, APOLI1 finds its way to the plasma membrane and forms an
unregulated channel, causing a cascading osmotic pressure imbalance
that lyses the cell [88]. HDL plays a crucial role in this pathway by
packaging Hrp and APOL1 into a lethal, mobile package that can access
the parasite in the circulation.

More recently, Han et al. showed that the tissue origin of HDL pro-
duction as well as the presence of particular protein constituents may
play a critical role in preventing liver injury from toxic lipopolysac-
charide derived from the gut [89]. They showed that enterically derived
HDL is primarily shuttled to the liver via the portal vein prior to joining
the bulk of circulating HDL. Certain small HDLg3 species were found to be
enriched in LPS binding protein (LBP), a commonly identified protein on
the HDL Watchlist. These particles were capable of binding free LPS,
possibly derived from dietary intake, and masking it from initiating
inflammatory reactions in liver Kupfer cells. The authors suggested that
these particles may neutralize other microbial antagonists such as lip-
oteichoic acid among others. Thus, particular proteomically defined
HDL subspecies produced by the gut play a direct role in liver injury
from dietary derived microbes. This is further evidence of the diverse
immune and anti-inflammatory roles played by various HDL subspecies.

6.5. Cell/heparin binding

HDL contains many protein components that are capable of directly
binding cells, extracellular matrix, cell receptors/transporters, or cell
surface proteoglycans. A well-studied example is APOE which contains
both a heparin binding site and a receptor binding site for the LDL re-
ceptor [90]. Numerous other proteins in the HDL Watchlist have docu-
mented abilities to bind heparin. HDL can also participate in cell
signaling pathways that result in the down regulation of cell adhesion
molecules to attenuate the association of macrophages and neutrophils
[91]. With regard to specific proteome components, recent work has
shown that the HDL component vitronectin plays an important role in
stabilization of neutrophils to damaged areas of the endothelium and
eventually cross to the perivascular space [92]. Vitronectin interacts
with plasminogen activator inhibitor-1 and low-density lipoprotein
receptor-related protein-1 on the neutrophil surface. This complex is
proposed to trigger a signaling cascade that localizes integrins on the cell

BBA - Molecular and Cell Biology of Lipids 1867 (2022) 159072

surface that facilitate binding to the endothelium. The role of HDL-
bound vitronectin in this process has not been fully elucidated, but
one possibility is that it acts as a sink for vitronectin to prevent inap-
propriate neutrophil localization.

Shingosine-1-phosphate (S1P) is a bioactive sphingolipid that is a
ligand for a family of receptors that mediate a variety of cellular pro-
cesses. In endothelial cells, one S1P signaling pathway controls cellular
nitric oxide production to control vasodilation [93]. This lipid is
sequestered in HDL subspecies that contain apolipoprotein M (APOM), a
minor apolipoprotein known to bind S1P [94]. ApoM is a member of an
interesting set of HDL associated proteins (including paraoxonase 1 and
haptoglobin-related protein) that can interact with lipoproteins through
a retained signal peptide [95]. ApoM-containing HDL particles were
shown to produce an anti-inflammatory response in human primary
endothelial cells including limiting the expression of certain cell adhe-
sion molecules. Importantly, S1P delivered in other ways, such as
complexed to albumin, was much less efficient in modulatiing cell
adhesion molecule expression [93]. There is also a developed literature
indicating that S1P/apoM subspecies play a key role in liver inflam-
mation/regeneration (reviewed here [96]).

7. Progress in relating HDL proteome members to
cardiovascular disease

While accurately characterizing the HDL lipoproteome is interesting
and important for understanding the biology of HDL, one would ulti-
mately like to exploit a subset of proteome members as biomarkers or
even causative agents in HDL’s protective role in disease. Given the
established inverse associations between HDL-C and HDL cholesterol
efflux capacity and CVD, several groups have attempted to relate levels
of HDL proteome members to the incidence of CVD. The Proteome
Watchlist contains 9 studies where the HDL proteome was evaluated
across a spectrum of CVD conditions ranging from hypercholesterolemia
to CHF. Six of these studies included a healthy control group and were
considered below with the goal to link specific HDL proteins to CVD.

A total of 927 HDL associated proteins were identified in the six CVD
studies. Twenty-six proteins were found in all six studies. While all
protein abundance differences were based on MS data, there were wide
differences with respect to the protein quantification methods used
(peptide counting vs. other label-free methods) and statistical rigor with
respect to multiple comparisons. There were also differences in HDL
isolation method across these studies which, as discussed above, can
impact HDL composition or protein detection by MS. Accepting the data
as is, there were 109 proteins found to differ in abundance between
healthy controls and CVD subjects across all studies. Fig. 5 shows these
proteins with an arrow to indicate if their levels went up or down in CVD
patients vs. healthy controls. Most of the 109 proteins were observed
only in a single study. 13 proteins were found to move in the same di-
rection in 2 of the studies. Two (APOA4 and APOC4) were found to
change in the same direction in 3 studies. In 4/6 studies, complement C3
[52,97,98] and serum amyloid A [97,52,46] were found to be enriched
in HDL in individuals with CVD compared to controls. Interestingly,
APOA4 was statistically different in four studies, but two reported
higher [98,52] and three reported lower concentrations [97,46].
Therefore, while each of these 6 studies alone found multiple proteins
that exhibited different abundances between control and diseased in-
dividuals, only a handful reproduced between studies.

The inability to reproducibly relate levels of specific HDL proteome
members to vascular disease states is disappointing. One conclusion, of
course, is that HDL and its proteome does not play a major role in
development/protection from CVD. However, given the overlapping
pathways between HDL and the etiology of CVD in Fig. 4, it seems un-
likely that there would be no consistent HDL cargo changes in this dis-
ease. Several technical issues previously raised by Vaisar et al. [99]
could be responsible. Heterogeneity in the studied diseases could
certainly contribute to variability between studies. The nature of the
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Study: A B C D E F Fig. 5. Protein abunfiance differences b.etween
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All Studies

HDL source material and method of isolation likely also contribute as
some evaluated total HDL while others used the density subfraction
HDLs. Finally, differences in quantitation procedures and lack of uni-
versal standards also undoubtedly contribute to inter-laboratory vari-
ability in these types of studies. This outlines the clear need for setting
universal standards and protocols for lipoprotein proteomics studies. We
would also caution that, given the complexity of HDL subspeciation, it
may not be enough to simply track the ups and downs of individual
proteins with respect to disease states. It is likely that specific subspe-
cies, defined by specific combinations of HDL bound proteins, could be
operational factors behind HDL’s varied anti-atherogenic properties. In
such case, differential pairings of proteins in normal and diseased
physiology may be the key, without major changes in any one compo-
nent protein level across all of plasma or total HDL.

8. Fragments of proteins vs. intact proteins in HDL

Identifications reported by shotgun MS often require only the
detection of two tryptic peptides from a protein. Assuming an average
tryptic peptide fragment size of about 8 amino acids, this could represent
a small percentage of the whole protein. While this is suitable for high-
confidence determination of protein identity, it is possible that reported
protein identifications result from peptide fragments of partially
degraded proteins. This limitation of shotgun proteomics studiesis often
not considered. The reporting of a protein identification in the HDL
proteome based on shotgun MS is not evidence that the intact, func-
tionally active protein exists on HDL. This point was made explicitly by
Hortin et al. [13] who showed that that HDL can contain dozens of small
peptide components ranging from 1000 to 5000 Da representing many
of the proteins found in the Watchlist. As the relationships between
individual proteins of interest on HDL are examined, analyses of protein
integrity should be included. This may be particularly relevant given the
abundance of proteolytic enzymes on HDL and the presence of compo-
nents of the coagulation and complement cascades, which often involve
sequential cleavage of precursor proteins to generate active peptide
fragments.

F: Cardiner, 2020 [46]

9. Conclusions and ways forward

Tremendous strides are being made in sensitively identifying the
totality of the HDL proteome. As more studies are added to the Watch-
list, and as MS technologies continue to improve, more and more pro-
teins will join the HDL club. Many of these will undoubtedly fall into the
major functional categories shown in Fig. 4 while others may surprise
and begin to identify even more diverse functions for HDL. At some
point, though, we may reach a level of diminishing returns. We suggest
that it may be wise to turn our attention to understanding what a
particular protein brings to the table when it comes to defining HDL
subspecies function. Although we have good ideas about what many of
these HDL proteins do in isolation, there is precious little data about
what they do in the context of HDL and other proteome members. Many
of the proteins in the Watchlist are abundant plasma proteins that un-
doubtedly exist to a significant extent as soluble proteins in addition to
the fraction traveling with HDL. What drives their physical interaction
with HDL? Are there common domains or motifs among HDL-interacting
plasma proteins that facilitate interaction? Do these proteins have
different functional profiles when lipid-free or lipid-bound? Are their
functions altered when they share a lipid platform with another inter-
acting protein? These questions will require new and clever ways to
isolate and functionally study protein-defined HDL subspecies. This may
take the shape of targeted immunoaffinity approaches or chemical cross-
linking techniques that capture specific protein:protein interactions and
allow for the detailed examination of HDL protein interactome net-
works. It may be possible to derive antibodies that identify discontin-
uous epitopes across interacting HDL proteins, or those that can bind
specific conformational features characteristic of specific HDL subspe-
cies. Once this hard work is done, it may become possible to more
completely relate specific HDL subspecies to specific functions that are
relevant to disease progression or protection.
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