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Background: Cholesterol efflux capacity is a tissue culture assay for HDL function that is not amenable for high-

throughput monitoring of risk assessment.

Methods: We devised a cell-free HDL function assay to measure the exchange rate of exogenous apoA1 into se-

rum HDL using NBD/Alexa647 double-labeled apoA1, whose NBD/Alexa647 emission ratio increased upon ex-

change into HDL. ApoA1 exchange rate (AER) was assayed by incubating labeled apoA1 with human serum, and

the rate of the increase of the NBD/Alexa647 ratio over time was calculated as AER.

Results: Fast protein liquid chromatography analysis of serum confirmed that the labeled apoA1 selectively

exchanged into the HDL lipoprotein fraction. Characterization studies demonstrated that the AER assay had excel-

lent intra- and inter-day reproducibility, was stable over 3 freeze-thaw cycles, and yielded similar results with se-

rum or plasma. We quantified AER in serum from randomly selected stable subjects undergoing elective diagnos-

tic coronary angiography (n¼ 997). AER was correlated with HDL-cholesterol (r¼0.58, P<0.0001) and apoA1

levels (r¼0.56, P< 0.0001). Kaplan-Meier survival plot showed subjects in the lowest quartile of AER experienced

a significantly higher rate of incident major adverse cardiovascular events (MACE ¼ myocardial infarction, stroke,

or death) (P<0.0069 log rank). Moreover, compared to subjects in the lowest AER quartile, the remaining subjects

showed significantly lower incident (3 year) risk for MACE, even after adjustment for traditional risk factors and

apoA1 (HR 0.58; 95% CI 0.40–0.85; P¼ 0.005).

Conclusions: In a prospective cohort of stable subjects undergoing elective diagnostic cardiac evaluations, low

AER was associated with increased incident risk of MACE.

INTRODUCTION

Low levels of high density lipoprotein-
cholesterol (HDL-C) are associated with increased
incidence of cardiovascular disease (CVD) in

epidemiological studies (1, 2). However, recent nia-
cin and cholesteryl ester transfer protein inhibitor
drug trials to increase HDL-C, as well as a genetic
Mendelian randomization study failed to show
that HDL-C levels are causally linked to CVD risk
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(3–7). As HDL is a major player in reverse choles-
terol transport (RCT), the process of removing pe-
ripheral cholesterol to the liver for excretion into
the bowel, the concept has emerged that low HDL
function, rather than low HDL-C, is mechanistically
linked with CVD. There is a growing literature that
an HDL function assay, cholesterol efflux capacity
(CEC) of apoB-depleted serum, is inversely associ-
ated with prevalent CVD; and, in some, but not all,
studies, CEC is inversely associated with incident
major adverse cardiovascular events (MACE) (8–

11). The CEC assay requires cell culture and can-
not be performed as a rapid, cost-effective clinical
risk assessment assay. Therefore, developing a
clinically applicable HDL function assay is of great
interest. Cell-free assays for HDL structure and ac-
tivity have been described previously in attempt
to find simpler ways to assess HDL function (12–

17). An HDL-apoA1-exchange end point assay, us-
ing spin-labeled lipid-free apoA1, has shown that
apoA1 exchange into apoB-depleted plasma is
correlated with CEC in two small human studies;
however, this assay has not been evaluated in a
prospective CVD cohort (12, 13). ApoA1 is freely
exchangeable between lipid-free and lipid-bound
state (14, 18), and lipid-free apoA1 is the major
ABCA1-dependent acceptor to initiate the RCT
pathway and mobilize cholesterol from peripheral
tissues. ApoA1 exchange into HDL is an indication
of HDL remodeling, which might be an indicator of

HDL’s cholesterol efflux capacity via ABCA1-
dependent or ABCA1-independent pathways, or
its altered protein or lipid composition that may
influence HDL’s antiatherogenic properties.
We previously reported a dual fluorescent la-

beled apoA1 lipidation indicator that measures
apoA1 lipidation after incubation with liposomes or
cultured cells (19). This indicator was labeled with
two fluorophores – one that is lipid sensitive (7-
nitrobenz-2-oxa-1, 3-diazole, NBD) and another
that is insensitive to lipidation (Alexa647). Using this
dual fluorophore labeled reporter, we predicted
that the ratio of NBD/Alexa647 fluorescence emis-
sion could serve as an indicator of apoA1 lipidation,
independent of apoA1 concentration. In the cur-
rent study, we develop and characterize an apoA1
exchange rate (AER) assay utilizing the apoA1 lipi-
dation indicator as a probe to measure the rate of
apoA1 exchange into HDL. We then demonstrate
in a large prospective cohort that the subjects in
the lowest quartile of AER have increased incident
MACE, even after adjustment for traditional risk fac-
tors including HDL-C and apoA1 levels.

MATERIALS AND METHODS

Human Samples

To develop our assay we obtained fasting blood
from healthy volunteers not taking lipid lowering

IMPACT STATEMENT

Our studies demonstrated that the apoA1 exchange rate, an indicator of HDL remodeling and function,

may be useful for patients at risk for a heart attack or stroke. Those subjects in the lowest quartile of this

indicator were at increased risk for having a subsequent event, even after correcting for HDL-cholesterol

and apoA1 levels. This is an advancement in this area as the described assay is a cell-free fluorescent ratio-

metric assay compared to other assays of HDL function that either require specialized equipment or rely

on cell lines and are not amenable for high throughput clinical diagnostics.
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medication under a Cleveland Clinic Institutional
Review Board approved protocol. All subjects pro-
vided written informed consent. Serum samples
were collected using red top clot activator
Vacutainer tubes (BD #367820) or gold top serum
separator SST Vacutainer tubes (BD #367986).
Plasma samples were collected using EDTA
Vacutainer tubes (BD #366643), lithium heparin
Vacutainer tubes (BD # 5014830), or sodium cit-
rate Vacutainer tubes (BD # 369714).
Human serum samples and associated clinical

data were collected from a Cleveland Clinic outpa-
tient cohort (BioBank) and an angiographic cohort
(GeneBank) (11). All subjects studied provided writ-
ten informed consent under protocols approved
by the Cleveland Clinic Institutional Review Board.
The outpatient BioBank cohort (n¼258) was com-
prised of sequential consenting subjects undergo-
ing cardiac risk factor evaluation/modification in an
outpatient preventive cardiology clinic at the
Cleveland Clinic, as well as sequential consenting
volunteers undergoing health screenings. Non-CVD
control subjects represented 42.4% of the Biobank
cohort. The angiographic cohort (n¼997) was
comprised of randomly chosen GeneBank subset
of stable subjects without evidence of acute coro-
nary syndrome (troponin I< 0.03ng/mL) who
underwent elective diagnostic coronary angiogra-
phy (cardiac catheterization or coronary computed
tomography) for evaluation of coronary artery dis-
ease. All subjects in the angiographic cohort had
extensive clinical and longitudinal outcomes data
monitored, including adjudicated outcomes MACE
and all cause of death over the ensuing 3 years af-
ter enrollment. MACE was defined as death, nonfa-
tal myocardial infarction (MI), or nonfatal
cerebrovascular accident (stroke) following enroll-
ment. Subjects in the outpatient Biobank were not
followed for longitudinal outcomes.

ApoA1 Exchange Indicator

Human apoA1 was purified from pooled plasma
HDL (20), was labeled with NBD and Alexa Fluor

647, and characterized by fast protein liquid chro-
matography (FPLC) as described in the
Supplemental methods (Supplemental Fig. 1).

ApoA1 Exchange Rate Assay

The standard protocol of the AER assay was
performed by adding 5 mg of the apoA1 exchange
indicator (10 mL) to 85 mL of phosphate buffered
saline (PBS) in a 96 well plate, then 5 mL of human
serum or plasma samples was added to each well.
The plate was put into a 96 well fluorescent plate
reader set at 37�C, and mixed for 15 s. The NBD
(460 nm excitation, 540nm emission) and Alexa
647 (640 nm excitation, 670 nm emission) fluores-
cence was read at 1min intervals for 1 h. AER was
calculated as the slope of linear regression of the
NBD/Alexa647 ratio (excluding the nonlinear first
10min). In order to account for inter-assay varia-
tion, sample results were normalized to the mean
of AER of triplicate readings from a standard hu-
man serum pool run with every assay.

Statistical Analysis

Statistical tests are described in the supplemen-
tal material.

RESULTS

ApoA1 Exchange Indicator Selectively
Exchanges into HDL in Human Serum

The apoA1 lipidation indicator was incubated
with PBS or human serum for 1 h at 37�C and run
on a size-exclusion FPLC Superose 6 (10/300 GL)
column. The cholesterol concentration in each
fraction showed that the LDL-C and HDL-C peaks
were in fractions 17 and 24, respectively (Fig. 1A).
For the apoA1 lipidation indicator in PBS, the NBD
and Alexa 647 peaks co-localized in fraction 28
where lipid-free apoA1 migrates (Fig. 1B).
However, for the apoA1 lipidation indicator incu-
bated with human serum, the NBD peak was
shifted to fraction 24, co-migrating with the HDL-C

ARTICLE ApoA1 Exchange Rate Predicts Cardiovascular Events

....................................................................................................

546 JALM | 544–557 | 05:03 | May 2020

https://academic.oup.com/jalm/article-lookup/doi/10.1093/clinchem/jfaa002#supplementary-data
https://academic.oup.com/jalm/article-lookup/doi/10.1093/clinchem/jfaa002#supplementary-data
https://academic.oup.com/jalm/article-lookup/doi/10.1093/clinchem/jfaa002#supplementary-data


Fig. 1. ApoA1 exchange indicator exclusively exchanges into HDL fraction in human serum. 100 mg
apoA1 exchange indicator was incubated with 100mL PBS (blue symbols) or normal human serum (pink
symbols) in a total volume of 300mL at 37�C for 1h, and 100 mL of the product was size fractioned by
FPLC using a Superose 6 (10/300 GL) column and 0.5ml fractions were collected. The cholesterol con-
centration was measured in each fraction (A), with the LDL-C peak at fraction 17 and HDL-C peak at
fraction 24. The fluorescent intensities of NBD (green symbols) and Alexa647 (red symbols) were mea-
sured in each fraction for the apoA1 exchange indicator incubated with PBS only (B), or incubated with
human serum (C). D. 5 mg apoA1 exchange indicator was incubated with serum (black symbols), human
LDL (5 mg LDL-C, red symbols), or human HDL (2.5 mg HDL-C, green symbols) at 37�C in a 96 well dish the
NBD/Alexa647 fluorescence ratio determined at 1min intervals over 1h (excluding the nonlinear first
10min), demonstrating the method used to calculate AER.
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peak, and there was no peak co-migrating with
LDL-C in fraction 17 (Fig. 1C). There were two
Alexa 647 peaks, one that co-localized with the
HDL-C fraction, and one that co-localized with
lipid-poor apoA1. To confirm that the apoA1 lipida-
tion indicator only exchanged into HDL and not
LDL, we incubated apoA1 indicator with serum,
human LDL (5 mg cholesterol), or human HDL
(2.5 mg cholesterol) using our standard assay con-
ditions. There was no increase of the NBD/Alexa
647 ratio with human LDL; however, this ratio in-
creased with human serum or HDL (Fig. 1D).
Therefore, the apoA1 exchange indicator selec-
tively exchanged with HDL particles in human
serum.

AER Assay Characterization

When apoA1 indicator was kept at 5 mg and se-
rum varied between 1 and 40 mL, we observed a
biphasic reaction with the peak rate obtained at
12.5 mL serum (Fig. 2A). The slower rate at higher
serum doses may be due to competition of the
exogenous indicator with lipid-free apoA1 in the
serum. Therefore, we chose to use 5 mL of serum,
which is in the middle of the rising linear part of
the reaction in our AER assay. When serum was
kept at 5 mL and apoA1 lipidation indicator varied
between 1 and 40 mg, higher rates were observed
with less apoA1 indicator added (Fig. 2B). The
slower AER at higher levels of the indicator is
probably due to a larger percentage of the indica-
tor staying in the lipid-free form as the HDL accep-
tor is limiting, yielding a lower ratio of lipidated to
nonlipidated indicator. To avoid the background
noise at very low doses of apoA1, we used 5 mg
apoA1 lipidation indicator in our standard assay.
To determine the freeze-thaw stability of serum

in the AER assay, we compared 6 control freshly
obtained serum samples from healthy donors
with the same samples subjected to 1–3 cycles of
freeze-thaw (dry ice to 37�C water bath). There
was no loss of AER upon freeze-thaw cycles

(Fig. 2C). We compared two preparations of serum
and three plasma preparations (lithium heparin,
EDTA, and sodium citrate) from one healthy donor
in the AER assay. Compared to the standard se-
rum red top tube, all of the preparations gave sim-
ilar AER, except for the sodium citrate plasma,
which yielded modest (12.461.5%) but statisti-
cally significantly lower AER (Fig. 2D, P<0.05 by
ANOVA with Dunnett’s posttest). To demonstrate if
AER was temperature dependent, we performed
the assay at 37�C and 30�C with 12 control serum
samples, and we observed faster AER at 37�C
(Fig. 2E). To determine if the apoA1 exchange reac-
tion was mediated by blood heat-labile enzymes,
we compared 12 untreated control serum sam-
ples with the same samples heat-treated at 56�C
for 1 h, a condition previously reported to inacti-
vate serum lipases and lipid transfer proteins (21).
There was no effect of serum heat treatment on
AER, suggesting that the exchange of the indicator
was not dependent on heat-labile plasma
enzymes (Fig. 2F, R2 ¼ 0.88, slope ¼ 0.99).
To assess the precision of the AER assay, we

performed AER with 6 replicates for each of 12
control serum samples sample on 12 different
days. The AER intra-day coefficient of variation for
each sample was 6.03% 6 3.17% (n¼ 144)
(Supplemental Table 1), and inter-day coefficient
of variation for each sample was 7.52% 6 2.27%
(n¼12) (Supplemental Table 2).

AER is Correlated with ABCA1-Independent
Cholesterol Efflux Capacity

We obtained 258 human serum samples from
an outpatient clinic and subjects with CVD had sig-
nificantly higher age, more male, diabetes and hy-
pertension (Supplemental Table 3). We assessed
cholesterol efflux capacity using cholesterol
labeled RAW264.7 macrophages, as previously de-
scribed (11) (Supplemental Methods). We mea-
sured AER in these samples, and calculated the
Spearman’s correlation coefficient r values with to-
tal efflux capacity (r¼0.32, P<0.0001), ABCA1-
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Fig. 2. Characteristics of apoA1 exchange assay. (A) Varying doses of human serum in the AER assay were
incubated with 5mg apoA1 exchange indicator (N53; mean6SD). (B) Varying doses of the apoA1 ex-
change indicator in the AER assay were incubated with 5mL human serum (N53; mean6SD). (C) AER as-
say was performed with 6 control serum samples obtained freshly, and with the same samples
subjected to 1–3 freeze-thaw cycles (N53; mean 6 SD; P>0.05 by ANOVA posttests). (D) AER assay was
performed using one donor with different blood collection tubes: serum (clot activator tube), SST (serum
separator tube), EDTA plasma, heparin plasma, or sodium citrate plasma (N56; mean 6 SD; *P<0.05 by
ANOVA with Dunnett’s posttest). (E) AER assay was performed with 12 control serum samples at 37�C
and 30�C. F. 12 control serum samples with or without heat pretreatment at 56�C for 1h were assayed
for AER.
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dependent efflux capacity (r¼ 0.056, P¼ 0.37),
and ABCA1-independent efflux capacity (r¼ 0.67,
P<0.0001), respectively (Fig. 3). Thus, AER was
best correlated with the ABCA1-independent cho-
lesterol efflux capacity.

Low AER Is Associated with Increased
Incident MACE

We next examined the relationship between
AER and incident MACE in an independent angio-
graphic cohort with longitudinal follow-up data, as
described in the Methods. Patient demographics
and clinical characteristics at time of enrollment
are shown in Table 1. Over the subsequent 3 years
following enrollment, 149 (14.9%) of these sub-
jects had incident MACE (death, nonfatal MI, or
nonfatal stroke). Subjects with subsequent MACE
had significantly higher age, diabetes, C-reactive
protein, baseline coronary artery disease (CAD),
and baseline CVD, but lower apoA1 levels
(Table 1). We observed significant positive correla-
tions of AER with HDL-C (Fig. 4A) and apoA1
(Fig. 4B), to a lesser extent with total cholesterol,
LDL-C and Lp(a), and an inverse correlation with
triglycerides (Supplemental Table 4).
We divided AER values into four quartiles, and

patient demographics and clinical characteristics
of AER quartiles are shown in Table 1. Among the
significant findings, AER Q1 had younger age,
higher % male, lower total cholesterol, higher C-
reactive protein, higher % statin usage, and higher
prevalent CAD and CVD. We compared the time to
incident MACE in a Kaplan-Meier plot that showed
a significant log-rank effect (P¼ 0.0069) with the
lowest AER quartile (Q1) having the fastest time to
event, but without the expected step-wise time to
event rank order of Q2>Q3>Q4 (Fig. 4C). Chi-
square analysis (P¼0.0075) recapitulates the
Kaplan-Meier findings; however, the chi-square
test for linear trend was not significant (P¼ 0.11).
Cubic Spline regression of AER and HR showed
the trend of HR is decreasing from Q1 to Q2, with
a slight rise from Q2 to Q4 (Supplemental Fig. 2A).

Fig. 3. Spearman’s correlation of apoA1 ex-
change rate to cholesterol efflux capacity. AER
and total cholesterol efflux capacity (2% apoB-
depleted serum, v/v with ABCA1 induction)
were assayed in 258 human serum samples
from the outpatient cohort (A). The ABCA1 de-
pendent cholesterol efflux capacity (B) was cal-
culated as the difference between total efflux
capacity (A) and cells without ABCA1 induction
(C). The lines were calculated by linear
regression.
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Fig. 4. Low apoA1 exchange rate is associated with increased incident MACE. AER was assayed in 997 se-
rum samples obtained from a Cleveland Clinic angiographic cohort with 3years follow-up. The
Spearman’s correlation of AER with levels of HDL-C (A) and apoA1 (B) were plotted (r50.54 and 0.55, re-
spectively); the lines were calculated by linear regression. (C) A Kaplan-Meier curve for incident MACE
over 3 years in the AER Q1-Q4 (black, blue, green, red lines, respectively) yielded a significant log rank or-
der for time to MACE (P50.0069). The number of deaths after 3-year follow up: Q1532; Q2512; Q3517;
and Q4525. (D) A Kaplan-Meier curve for incident MACE over 3 years in the AER Q2-Q4 (blue, green, red
lines, respectively) yielded no significant log rank order for time to MACE (P50.25). (E) A Kaplan-Meier
curve for incident MACE over 3 years for AER Q1 (black line) and Q2–4 (red line) yielded a significant log
rank order for time to MACE (P50.0018). (F) Forrest plot of the HR between AER and MACE plotted from
Q1 to Q4. Q2–4 were pooled for subsequent analysis, yielding unadjusted HR (95% CI) 5 0.59 (0.42–0.82).
Multivariate adjustment 1 included age, sex, BMI, smoking, diabetes mellitus, hypertension, CVD, myelo-
peroxidase, LDL-C, triglycerides, statin, and aspirin with HR 5 0.51 (0.36–0.73). Multivariate adjustment 2
includes adjustment 1 plus HDL-C and apoA1 levels with HR 5 0.58 (0.40–0.85).
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Next we performed a separate Kaplan-Meier
analysis for Q2, Q3, and Q4 and determined that
the log-rank time to event was not statistically sig-
nificant (P¼0.25, Fig. 4D). Thus, we combined Q2-
Q4 and compared incident MACE vs. Q1 and
found significantly faster progression to MACE for
Q1, with the curves separating at the earliest time
points (P¼0.0018, Fig. 4E). These results indicate
that this assay may provide a prediction of short-
term risk assessment beyond currently used
measures. We performed 3-year endpoint analy-
ses for incident MACE compared to Q1. Q2
(HR¼0.45, 95% CI 0.28–0.73) and Q3 (HR¼ 0.62,
95% CI 0.40–0.95) had significantly lower HR, while
Q4 only trended in the same direction (HR¼0.69,
95% CI 0.45–1.05) (Fig. 4F). We further compared
incident MACE of Q3 and Q4 vs. Q2, and there
was no significant difference, justifying combining
Q2–Q4 (Supplemental Fig. 2B, Q3 vs. Q2 P¼0.24,
Q3 vs. Q2 P¼ 0.11).
Without further adjustment, Q2–4 had a HR for

MACE of 0.59 (95% CI 0.42–0.82; P¼ 0.002). In the
crude model adjusting just for age and sex
(Supplemental Fig. 2C), Q2–4 had a lower HR for
MACE (HR¼0.53, 95% CI 0.37–0.74) compared to
unadjusted. We further performed multivariable
adjustments for baseline demographic values and
risk factors. Adjustment 1 included age, sex, BMI,
smoking, diabetes, hypertension, CVD, myeloper-
oxidase (which selectively targets apoA1 for modi-
fication leading to its dysfunction), LDL-C,
triglycerides, statin, and aspirin; and the Q2–4 HR
for MACE was 0.51 (95% CI 0.36–0.73;
P¼0.00021). Adjustment 2 included the above
factors plus HDL-C and apoA1; and the Q2–4 HR
for MACE was 0.58 (95% CI 0.40–0.85; P¼ 0.005).
We examined what was different in the Q1 sam-
ples, and we observed that the AER levels fell be-
low the correlation lines for both HDL-C and
apoA1 (Fig. 4 A and B). We separately correlated
AER with HDL-C for the samples in Q1–4, and we
found that the AER levels in Q1 were not associ-
ated with HDL-C (Spearman’s r ¼ -0.055, P¼0.39,

Supplemental Fig. 3A). However, the AER levels in
Q2, Q3, and Q4 samples were all positively and
significantly correlated with HDL-C (Supplemental
Fig. 3B–D). Similar findings were made with the
separate correlations between Q1–4 AER with
apoA1 levels, where only Q1 showed no significant
correlation (Supplemental Fig. 4). We performed
Kaplan-Meier and HR analyses for known risk fac-
tors HDL-C and apoA1 to compare risk assess-
ment vs. AER. There was a dose response with the
lower risk for higher quartiles of HDL and apoA1
levels. However, the Kaplan-Meier P-value for
events using all four quartiles showed that the
AER assay was a better predictor of MACE
(P¼0.0069) than either HDL or apoA1 levels
(P¼0.28 and 0.0363, respectively, Supplemental
Results, Supplemental Figs 5 and 6).

DISCUSSION

A consensus is building that HDL function may
be a better target for therapeutic intervention
than HDL-C levels. The most used assay for HDL
function is the CEC assay; however, it is not ame-
nable for routine risk assessment as it is a labor
intensive cell-based assay usually performed with
radioactive cholesterol. Here, we report a simple
and fast HDL function assay, the AER assay, which
is not cell based and works with frozen serum or
plasma. We incubated NBD/Alexa647 double-
labeled apoA1 with human serum/plasma, and
the NBD/Alexa647 emission ratio increased upon
lipid-free apoA1 exchange into HDL; therefore, we
were able to quantify the rate of exchange of
NBD/Alexa647 apoA1 by following the fluores-
cence ratio over time (defined as AER), as an indi-
cator of HDL remodeling and function. In a large
prospective cohort, we demonstrated that the
subjects in the lowest quartile of AER have in-
creased incident MACE after the adjustment for
traditional risk factors including HDL-C and apoA1
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levels. Therefore, AER assay could be a useful tool
to identify patients at high risk for MI and stroke.
The exchangeability of apoA1 in HDL was de-

scribed by Cavigiolio et al. (18). Upon addition of
excess lipid-free apoA1 to reconstituted HDL
(rHDL), they observed that virtually all of the
apoA1 on the rHDL was replaced with the donor
lipid-free apoA1 (18). This exchangeability was con-
firmed by a separate group using similar methods
(14). An apoA1 exchange end-point assay was de-
veloped by incubating spin-labeled lipid-free
apoA1 with apoB-depleted plasma at 37�C for
15min, using electron paramagnetic resonance
(EPR) spectrometry to quantify the lipidation of
the apoA1 probe (12, 13). In a small human study,
HDL-apoA1-exchange was found to be lower in
apoB-depleted plasma from acute coronary syn-
drome patients (n¼ 16) compared to healthy con-
trol donors (n¼9) (12). HDL-apoA1-exchange was
correlated with the CEC of these apoB-depleted
plasma samples, as well as in a separate set of 77
plasma samples (12, 13).
There are several differences between the cur-

rent AER assay and the prior EPR assay. First, we
used � equal amounts of the apoA1 exchange in-
dicator compared to the apoA1 in the tested se-
rum/plasma samples, while the EPR assay uses
�3-fold excess of spin-labeled apoA1 vs. the
plasma apoA1. Second, we observed an increase
in the lipidation of the apoA1 exchange indicator
over a 1h incubation without reaching a plateau,
while the EPR assay reached an endpoint after
15min. Third, our assay used a fluorescence plate
reader compared to the specialized EPR spec-
trometer. Finally, our study was performed using a
much larger clinical cohort (n¼997), and demon-
strated an association with incident CVD out-
comes, even after adjustment for HDL-C and
apoA1 levels, while the EPR assay was only evalu-
ated for prevalent CVD in a small case-control co-
hort. Thus, we propose that our assay can be
used as cell-free alternative to the CEC assay in
the assessment of CVD risk.

Developing simpler HDL function assays has
also been carried out by other groups. One devel-
oped a cell-free cholesterol exchange assay using
immobilized liposomes containing Bodipy-labeled
cholesterol that were incubated with apoB-
depleted serum (16). Another developed a ‘choles-
terol uptake capacity’ assay, incubating apoB-
depleted serum with a trace amount of Bodipy-
labeled cholesterol in aqueous solution, and then
precipitating the apoA1/HDL to quantify uptake of
the label (17). One of these two assays requires
the use a larger serum sample (150 mL) (16), while
the second assay requires a complex methodol-
ogy using an apoA1 antibody (17). Although both
of these assays showed good correlation with to-
tal CEC, they were performed using much smaller
sample sizes (n¼16 and 30, respectively).
Recently, an alternative assay to CEC was devel-
oped by measuring the apoA1-assosciated lipo-
protein proteome panel using mass spectrometry
(15). The proteome panel shows good correlation
with CEC, but it was only evaluated for CAD in
case-control studies.
HDL is very heterogeneous, and ABCA1 effi-

ciently effluxes cellular lipids to lipid-poor apoA1,
while ABCA1 has less efflux activity to large, lipid-
rich HDL (22, 23). ABCA1-independent efflux
requires lipidated apoA1/HDL and is mediated by
ABCG1, SRB1, and passive diffusion (24, 25). We
expected that AER might reflect HDL remodeling
leading to increased lipid-free apoA1 and thus
correlate well with ABCA1-mediated efflux.
Instead, we observed that the AER was well corre-
lated with ABCA1-independent cholesterol efflux,
but only weakly correlated with ABCA1-dependent
efflux. Thus, it appears that apoA1 exchange
occurs preferentially with the large, lipid-rich HDL
particles that are excellent ABCA1-independent
acceptors. We saw excellent correlation of AER
with HDL-C (Fig. 4A), and in a small pilot with only
6 serum samples, we saw even stronger correla-
tion of AER with HDL-phospholipids. In serum,
there is much more circulating lipid-bound apoA1
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in HDL than lipid-free apoA1, and thus there is
more capacity for efflux via non-ABCA1-mediated
efflux pathways. This ABCA1-independent accep-
tor activity of HDL may be its most critical function
in regard to promoting RCT and protecting against
CVD.
HDL can be remodeled by plasma lipid transfer

proteins or lipases. However, we found that heat
treatment of the serum did not alter its AER, sug-
gesting that apoA1 exchange may be independent
of heat-labile enzymes. Similarly, the rHDL com-
pound CSL112 when injected into human subjects
or added ex vivo to human plasma leads to dra-
matic HDL remodeling, by fusion to HDL and sub-
sequent release of lipid-free apoA1, which was not
reduced by heat treatment (21).
Subjects in the lowest quartile (Q1) of AER had

an increased HR for incident MACE compared to
those in Q2–4; however, we did not observe a
stepwise decrease in the HR going from Q1 to Q4.
One possible explanation is that there is a thresh-
old effect instead of a linear relationship between
AER and incident MACE. Alternatively, there may
be inherent differences in the Q1 samples vs.
those in Q2–4. When we examined the correlation
of HDL-C/apoA1 with AER, we observed that those
in the AER Q1 fell below the correlation lines; and
only Q1 samples did not display significant corre-
lations with HDL-C/apoA1 levels (Fig. 4 A and B,
Supplemental Figs 3, 4). Thus, AER in the Q1 sam-
ples were not as high as predicted based on their
HDL-C or apoA1 levels, an indication of dysfunc-
tional HDL in Q1 samples. Another possible expla-
nation for the nonlinear relationship between AER
and incident MACE is that too much AER may not
be beneficial. In fact, several recent studies have
shown a U-shaped relationship between HDL-C
with all-cause mortality, CVD mortality, risk of in-
fectious disease, and progression of chronic

kidney disease, such that those at most risk were
in the lowest and highest HDL-C groups (26–29).
We looked at two large cohort CEC studies to

compare the relative CVD risk with the current
study. In the prospective Dallas Heart Study, total
CEC was shown to predict incident cardiovascular
disease, and the HR was 0.33 (CI 0.19 to 0.55)
comparing the top to lowest quartile after full ad-
justment (9). A nested case-control study from the
Epic-Norfolk Study demonstrated that CEC was in-
versely associated with incident cardiovascular
disease events, with the odds ratios 0.64 (CI 0.51
to 0.80) comparing the top to lowest tertile after
full adjustment (10). In the current study, HR of Q1
vs. Q2–4 in our fully adjusted model was 0.58. AER
predicts risk for future cardiovascular events simi-
larly to CEC, but it is hard to compare the current
study to the prospective Dallas Heart Study due
to different study design, populations, sample
size, and method used to measure HDL function.
The Kaplan-Meier plot showed that the Q1 AER
subjects had increased MACE with the most dra-
matic separation occurring in the first months.
Thus, this simple assay using small volumes of se-
rum may be useful for risk assessment and in
selecting subjects for drug trials. More work is
needed to confirm that various measures of
HDL function are good indicators of risk assess-
ment, and whether these functional indicators
are good targets for drug development.
Limitations of the current study include the lim-
ited time of follow up (3 years), the low incidence
of MACE (�15%), and lack of replication in an inde-
pendent cohort.

SUPPLEMENTAL MATERIAL

Supplemental material is available at The Journal
of Applied Laboratory Medicine online.
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