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Abstract HDL-mediated cholesterol efflux capac-
ity (CEC) may protect against cardiovascular disease.
However, CEC assays are not standardized,
hampering their application in large cohorts and
comparison between studies. To improve standard-
ization, we systematically investigated technical
differences between existing protocols that influ-
ence assay performance that have not been previ-
ously addressed. CEC was measured in 96-well
plates using J774A.1 macrophages labeled with
BODIPY-cholesterol and incubated for 4 h with 2%
apolipoprotein B-depleted human serum. The time
zero method, which calculates CEC using control
wells, and the per-well method, which calculates
CEC based on the actual content of BODIPY-
cholesterol in each well, were compared in 506
samples. We showed that the per-well method had a
considerably lower sample rejection rate (4.74% vs.
13.44%) and intra-assay (4.48% vs. 5.28%) and inter-
assay coefficients of variation (two controls: 7.85%,
9.86% vs. 13.58%, 15.29%) compared with the time
zero method. Correction for plate-to-plate differ-
ences using four controls on each plate also
improved assay performance of both methods. In
addition, we observed that the lysis reagent used
had a significant effect. Compared with cholic acid,
lysis with sodium hydroxide results in higher (P ¼
0.0082) and Triton X-100 in lower (P ¼ 0.0028) CEC
values. Furthermore, large cell seeding errors (30%
variation) greatly biased CEC for both referencing
methods (P < 0.0001) as measured by a resazurin
assay. In conclusion, lysis reagents, cell numbers,
and assay setup greatly impact the quality and reli-
ability of CEC quantification and should be
considered when this method is newly established
in a laboratory.
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HDL particles may protect form CVD because of
their anti-inflammatory and antioxidative properties
and because of their central role in macrophage
reverse cholesterol transport (RCT) (1, 2). The RCT
removes excess cholesterol from peripheral cells like
macrophages and transports it to the liver for redistri-
bution or biliary excretion. The cholesterol content of
HDL particles (HDL-C) is a long-known predictor of
CVD (3). However, Mendelian randomization studies
and clinical trials of cholesteryl ester transfer protein
inhibitors, which increase HDL-C concentrations, have
indicated that HDL-C concentrations are not causally
linked to CVD (4, 5). This suggests that the HDL-C
content is a poor marker for HDL functionality.

The most studied function of HDL is its ability to
remove cholesterol from macrophages, termed
cholesterol efflux capacity (CEC). This is the initial
step of RCT and can be measured in vitro with a cell-
based assay (6, 7). Indeed, CEC is associated with inci-
dent and prevalent CVD (8–11), but large studies in
diverse populations are still sparse. Interestingly, in
renal transplant recipients, CEC was not associated
with CVD mortality but with graft failure, indicating
that CEC might also play a role in other diseases
(12, 13). To understand the role of CEC in CVD and
also in other pathologies, more and large-scale studies
are required.

Since the CEC assay is cell based, it is considered time
intensive and cost intensive and hard to perform in a
high-throughput setting. This has led to the develop-
ment of novel methods evaluating HDL functionality
in a cell-free environment (14, 15) or estimating CEC
using LC-MS/MS techniques and nuclear magnetic
resonance-based techniques (16, 17). These methods are
a great tool to explore the association of CEC with
outcomes in large general population studies. However,
the estimated CEC used in these methods might not be
a good predictor for CEC in other populations (16).
Large studies using an actual cell-based CEC assay are
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thus still required to further explore the association of
CEC with outcomes and to understand the genetic basis
and regulation of CEC better (18–20).

The application of CEC assays to large studies is
hampered by the fact that the assays are not well
standardized, and various models have been used (21,
22). Hafiane and Genest (23) have previously addressed
some aspects of the assay that can impact CEC results.
In addition, recent large epidemiological studies agree
in some technical key parameters (24, 25): cholesterol is
labeled either radioactively with 3H or fluorescently
with dipyrrometheneboron difluoride (BODIPY);
J774A.1 macrophages or differentiated THP-1 cells are
used; ABCA1 expression is upregulated by incubation
with cAMP; apoB-depleted plasma or serum is used as
acceptor; and efflux is most commonly performed for
a time frame of 4 h. Nevertheless, there are still several
technical differences between protocols (supplemental
Tables S1 and S2). The impact of the cell type (26), la-
bel (7, 27), and acceptor (28, 29) on CEC has been dis-
cussed before (21). In contrast, the effect of different
cell lysis reagents (7–9, 11, 12, 18) and the method for the
calculation of the CEC (7, 9, 11, 26) have—to our
knowledge—not been addressed but might be impor-
tant for assay performance. In addition, no imple-
mentation of quality control measures for cell numbers
and viability has been reported for the assay. We sys-
tematically tested the effect of these parameters on
CEC results using BODIPY-labeled cholesterol. This
system is mainly dependent on ABCA1-mediated CEC,
which can be upregulated by cAMP, is saturable with
increasing acceptor concentrations, and is associated
with CVD in different cohorts (7, 9, 11, 30). We found
that the type of lysis reagent and large differences in
cell numbers indeed influence CEC measurements.
Most importantly, the per-well method markedly im-
proves assay performance compared with the time zero
(t0) method.
MATERIALS AND METHODS

Samples
The protocol was established with sera from five healthy

donors (three females and two males). Assay performance was
investigated using serum samples from the Cardiovascular
Disease in Intermittent Claudication (CAVASIC) study (31). All
study participants provided written informed consent. The
Ethical Committee of the participating study centers
approved the examination protocol, and the study abides by
the Declaration of Helsinki principles.

CEC assay protocol
Figure 1 illustrates the protocol and which variations were

investigated in this project. J774A.1 cells (ECACC 91051511;
Sigma-Aldrich) were maintained in RPMI-1640 with phenol
red and glutamine (Gibco) containing 10% fetal bovine
serum (Gibco), 50 units/ml penicillin, and 50 μg/ml
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streptomycin (1× PenStrep; Gibco) at 37◦C, and 5% CO2. For
CEC measurements, cells were counted with a LUNA-FL
dual fluorescence cell counter (Logos Biosystems). We
seeded 7 × 104 cells per well in 96-well plates and incubated
them overnight (37◦C, 5% CO2). All subsequent steps were
performed in the presence of 2 μg/ml acetyl-
CoA:cholesterol acyltransferase inhibitor (Sandoz 58-035;
Sigma-Aldrich). Cells were stained for 1 h with 25 μM 23-
(dipyrrometheneboron difluoride)-24-norcholesterol (9)
(BODIPY-cholesterol; Avanti Polar Lipids) in phenol-red
free RPMI-1640 (Gibco) containing 1× PenStrep, 1% fetal
bovine serum, and 0.2% fatty acid-free bovine serum albu-
min (BioReagent). Cells were washed with Dulbecco's PBS
containing Ca2+ and Mg2+ (Gibco) and equilibrated for
16–18 h in the presence of 0.3 mM 8-(4-chlorophenylthio)-
cAMP sodium salt (Sigma-Aldrich).

Sera were stored at −80◦C and thawed overnight on ice
directly before use. ApoB depletion was done with 20%
polyethylene glycol 6000 (PEG6000; in a.d.; Carl Roth).
Immediately before efflux measurement, 15 μl of serum were
mixed with 6 μl of 20% PEG6000, incubated (20 min, room
temperature), and centrifuged (3,200 g, 30 min, 4◦C). The
apoB-depleted supernatant was taken for efflux measure-
ment. Cells were incubated with 2% apoB-depleted sera
(triplicates) for 4 h (37◦C, 5% CO2). In three t0 control wells,
instead of adding acceptor, cells were lysed with 1% cholic acid
(cholic acid sodium salt; Carl Roth). The supernatant was
centrifuged at 1,000 g for 15 min. Fluorescence intensity of
BODIPY-cholesterol was measured at an excitation of 485 nm
and an emission of 530 nm with a SPARK microplate reader
(Tecan) at optimal gain.

Subsequently, cells were washed and lysed with three
different lysis reagents: i) 1% cholic acid; ii) 0.1 M sodium hy-
droxide, or iii) 1% Triton X-100 at 1,200 rpm at room tem-
perature for 1 h. Fluorescence intensity in the cell lysates was
measured with the same settings and gain as the supernatant.

A more detailed protocol is available in the Supplemental
Data.

CEC according to t0 method and per-well method
CEC was calculated referencing either to (Equation 1) the

total fluorescence of each well (CECper_well) (26) or (Equa-
tion 2) the t0 control wells (CECt0) (7) (Fig. 2). In either case,
first the background fluorescence of supernatant or cell
lysate from unstained cells was subtracted from the fluo-
rescence of the supernatant or the cell lysate. CECper_well
was calculated as

CECper_well = FISup
FISup + FILys

× 100 (1)

FISup denotes the fluorescence of the supernatant from a
sample after efflux, and FILys is the fluorescence of the cell
lysate of the corresponding well.

CECt0 was calculated as

CECt0 = FISup
FIt0_control

× 100 (2)

FISup is the fluorescence of the supernatant of a sample
after efflux to the acceptor (i.e., apoB-depleted serum).
FIt0_control is the fluorescence of wells that were lysed at t0 of
the efflux by addition of lysis reagent instead of adding
acceptor. Subsequently, passive efflux (to medium without



Fig. 1. Overview of the evaluation process of the CEC protocol. Assay principle according to the (A) per-well method and (B) t0
method. The protocol is described in the Materials and Methods section, and a detailed protocol for the per-well method can be
found in the Supplemental Methods section. Optionally, the resazurin assay can be implemented into the protocol for cell moni-
toring. The circled numbers indicate the steps where variations of the protocol have been compared. C: Summary of the compar-
isons. BP-c, BODIPY-cholesterol; FI, fluorescence intensity; O/N, overnight.
acceptor) was subtracted from the CEC values of both
methods.

The sample rejection rate (excluded or repeated samples
because of a coefficient of variation [CV] of replicates >15%)
is defined as rejected samples divided by total samples.

Intra-assay CV in CAVASIC study was calculated as the
mean CV of replicates of all samples that were not rejected.
Interassay CV was calculated based on the CEC values of two
controls across all plates (n = 25).

To correct for plate-to-plate differences, four additional
control samples (that were not used for interassay CV moni-
toring) were assessed on each plate. The relative difference of
expected and real CEC values was calculated for each control.
The mean of the relative difference of the four controls was
used as correction factor. The interassay CVs before and after
correction were routinely compared using two additional
controls not used for correction.

Introduction of the resazurin assay into the CEC
assay

The resazurin assay (Canvax) was implemented into the
CEC assay to monitor the cells after taking the supernatant
for fluorescence measurement (Fig. 1A, B). After washing,
instead of lysing cells directly, 100 μl of 10% resazurin solution
in phenol red-free RPMI-1640 (1× PenStrep and 0.2% fatty
acid free bovine serum albumin) was added to the cells. Cells
were incubated (37◦C, 5% CO2, 3 h), and absorbance was
measured at 570 and 600 nm with a SPARK reader. Subse-
quently, the medium containing resazurin was discarded, cells
Technical aspects in cholesterol efflux assays 3



Fig. 2. Visualization of the CEC calculation according to the (A) per-well method and (B) t0 method. Compared with the t0 method,
the per-well method in addition requires the lysis of cells of all samples (Fig. 1). However, the advantage is that it accounts for the
total fluorescence in the actual well instead of using a control as a surrogate. The detailed calculations can be found in the Materials
and Methods section.
were washed twice, and lysed as described in the aforemen-
tioned CEC assay protocol.

The absorbance ratio at 570/600 nm was calculated, and
the absorbance ratio of a well without cells was subtracted as
blank value.

CEC assay with varying cell numbers
To test in a controlled experiment whether systematic cell

seeding errors bias the results of the CEC assay, we seeded 0.5,
0.75, 1, and 1.5 times the standard cell amount in triplicates
(3.5 × 104, 5.25 × 104, 7 × 104, and 1.05 × 105 cells/well), and the
CEC assay protocol including the resazurin assay was
performed.

Statistical analysis
All analyses were performed using R, version 3.6.1 (R Core

Team) and RStudio, version 1.2.1335 (R Studio PBC). The
correlation of the resazurin assay with the actual number of
cells was tested by Pearson correlation. Linear mixed models
were used to assess differences and effect sizes of measure-
ments repeated with varying conditions (lysis reagent, cell
numbers, and cAMP treatment) (nlme package (https://cran.
r-project.org/package=nlme, accessed November 10, 2020)).
Bland-Altman plots were used to test agreement between
repeated measurements (BlandAltmanLeh package (https://
cran.r-project.org/package=BlandAltmanLeh, accessed
November 13, 2020)). Data were fitted to the Michaelis-Menten
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equation (drc package (32)) as described previously (7) to
model the effect of increasing amounts of apoB-depleted
serum on CEC.
RESULTS

Considerable technical differences exist between
reported CEC assay protocols (supplemental
Tables S1 and S2). We therefore tested the effect
of different lysis reagents, cell numbers, and assay
setups on the CEC assay results. These results are
provided in the following subchapters. A summary
is given in Fig. 1.

Comparison of lysis reagents
The CEC of five healthy donors was measured using

cholic acid, sodium hydroxide, or Triton X-100 for lysis.
These reagents have been used in published CEC pro-
tocols and can easily be used in high-throughput studies
(supplemental Table S2) (7, 12) or are likely the active
component of commercial CEC kits (Abcam; ab196985).
The lysis reagent affected both the CEC values of the
samples and their variance. The median CV was 1% for
cholic acid and 5% for sodium hydroxide and Triton X-
100. Compared with the percent of CEC using cholic

https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=BlandAltmanLeh
https://cran.r-project.org/package=BlandAltmanLeh
https://cran.r-project.org/package=BlandAltmanLeh


Fig. 3. Effect of the lysis reagent on CEC. Compared with cholic acid, lysis with sodium hydroxide results in significantly higher
CEC values (P = 0.0082) and lysis with TX100 in significantly lower CEC values (P = 0.0028). The SD between replicates is lowest for
lysis with cholic acid. Dots and error bars represent mean and SD of triplicates. If no error bars are visible, they are contained within
the symbol because of a very small variability of the measurements. CEC was calculated per well. CA, cholic acid; NaOH, sodium
hydroxide; S1–5, sample 1–5; TX100, Triton X-100.
acid, the measured CEC was higher by 5.3% using so-
dium hydroxide as lysis reagent (P = 0.0082) and lower
by 6.4% using Triton X-100 (P = 0.0028). This corre-
sponds to a 1.15- and a 0.82-fold change in CEC (Fig. 3).
Assessment of lysis completeness showed that the
fluorescence remaining in the wells was low for cholic
acid and Triton X-100 (2.4% [interquartile range (IQR):
1.7–3.0] and 1.9% [IQR: 1.6–2.4], respectively), whereas it
was 6.1% (IQR: 4.9–6.8) for sodium hydroxide, likely
explaining the higher CEC values with sodium hy-
droxide (supplemental Fig. S1). Given the lower varia-
tion between replicates for cholic acid as lysis reagent,
all subsequent experiments were done using cholic acid
as lysis reagent.

Effect of different cell numbers on CEC
The resazurin assay is a high-throughput capable

colorimetric assay measuring the metabolic activity of
cells. This is quantified by the reduction of resazurin
into resorufin, which is proportional to the cell number
(supplemental Fig. S2) (33). We thus introduced the
resazurin assay into the CEC protocol to monitor cell
numbers and seeding homogeneity during the CEC
assay.

To assess the effect of different cell numbers, we
performed an experiment with a large and deliberate
seeding error resulting in a CV of the resazurin assay
(used as proxy for cell numbers) of 29.67%. Measure-
ment of the CEC using both methods (t0 and per-well
methods) showed that cell numbers significantly
biased CEC results (Fig. 4). While the CEC measured
using the t0 method increased on average by 4.75% CEC
(95% CI: 3.90, 5.59; P < 0.0001) per 1 SD increase of the
resazurin absorbance ratio, the CEC measured using
the per-well method decreased on average by 2.23%
CEC (95% CI: −2.93; −1.53; P < 0.0001). Furthermore,
significantly, more cells were dead if 0.5 times or 1.5
times of the standard cell number were seeded per well
(supplemental Fig. S3).
Comparison of assay performance using the t0
method and per-well method

The CEC can be measured with two different setups:
(Equation 1) per-well and (Equation 2) using t0 controls
(Fig. 2). In the per-well method, the results for each well
are referenced to the total fluorescence of the indi-
vidual well. The t0 method uses as control a triplicate
estimate per plate of the total fluorescence that should
be contained in every well. Both setups replicated the
known assay features of cAMP dependency
(supplemental Figs. S4 and S5) and saturability of the
assay with increasing acceptor concentration following
a Michaelis-Menten model (supplemental Figs. S6
and S7).

To compare the impact of the two methods, we
performed the CEC assay in 506 samples from the
CAVASIC study and calculated both CEC values.
Each sample was measured in triplicates. The
per-well method showed a 65% lower sample rejec-
tion rate (samples with an intra-assay CV >15%) than
the t0 method (Table 1). The intra-assay CV was
comparable albeit 15% lower for the per-well
method (4.48% vs. 5.28%; Table 1). Also, the inter-
assay CV was lower for both CEC controls for the
per-well method (Table 1). Of note, we also observed
that training and experience in handling the assay
influence assay performance: when we measured
CEC with the per-well method afterward in another
large study, only 1.4% of samples needed to be
repeated because of a CV above 15% (vs. 4.7% in the
present study).

Interassay differences can bias the CEC assay
(Fig. 5A, B). We therefore used a plate correction factor
calculated from four additional controls to correct for
plate-to-plate differences as described in the Materials
and Methods section. These controls were not used
for interassay CV monitoring and were measured on
each plate in the same way as the other samples. This
reduced the interassay CV (Table 1). Most importantly,
Technical aspects in cholesterol efflux assays 5



Fig. 4. Large differences in cell numbers bias CEC assay results. CEC measured with the (A) t0 method and (B) per-well
method dependent on the resazurin absorbance ratio. Each dot represents a single measurement of the CEC and resa-
zurin assay (four different cell numbers plated in triplicates). Lines represent the linear regression line of the respective
sample. S1–5, samples 1–5.
it also reduced the average bias between measurements
repeated 25 days apart from −2.64% to −0.19% CEC
(92.9%) for the t0 method and from −2.74% to −0.15%
CEC (94.4%) for the per-well method (Fig. 5). Of note,
the 95% limits of agreement of the per-well method are
narrower than of the t0 method, indicating higher ac-
curacy (Fig. 5).

As shown in Fig. 4, large systematic seeding errors
can bias CEC assay results. To test if seeding errors are a
problem in a standardized setting, we monitored cell
numbers by resazurin assay during CEC measurement
of CAVASIC study. Differences in cell numbers were
TABLE 1. Assay performance o

Assay performance characteristics t0 Meth

Sample rejection rate (n rejected/n total) 13.44% (68
Intra-assay CVa 5.28%
Uncorrected interassay CV for PC1 16.74
Uncorrected interassay CV for PC2 16.34
Corrected interassay CV for PC1b 13.58
Corrected interassay CV for PC2b 15.29
Relative reduction interassay CV for PC1 by correctionb 19%
Relative reduction interassay CV for PC2 by correctionb 6%

PC, positive controls consist of two samples (PC1 and PC2).
aExcluding rejected samples.
bCorrected for interassay differences using four additional control
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very low with an intra-assay and interassay CV for the
resazurin assay of 3.28 and 9.13%, respectively.

To assess whether normalization to the cell number
reduces intra-assay and interassay CV of the CEC assay,
we normalized the results of both methods to the
resazurin absorbance ratio. While intra-assay and
interassay CV for the t0 method did not differ to a
relevant extent between resazurin-normalized and
non-normalized data, resazurin normalization
increased intra-assay and interassay CV of the per-well
method (supplemental Table S3) (addressed in the
Discussion section).
f the t0 and per-well method

od Per-Well Method Relative Reduction by Per-Well Method

/506) 4.74% (24/506) 65%
4.48% 15%

% 11.88% 29%
% 11.55% 29%
% 7.85% 42%
% 9.86% 36%

34% —

15% —

s as described in the Materials and Methods section.



Fig. 5. Bland-Altman plots for CEC measured twice 25 days apart. A: Uncorrected measurements for the t0 method. B: Uncorrected
measurements for the per-well method. C: Corrected measurements for the t0 method. D: Corrected measurements for the per-well
method. In total, 28 samples were measured twice, but eight samples had to be rejected in the t0 method because of high CV of
replicates. For better comparability, these samples have also been excluded from the plots for the per-well method. The plots
including the rejected samples are shown in supplemental Fig. S8. Dashed lines represent mean ± 2 SDs of differences (95% limits of
agreement). The gray solid line represents difference = 0. M1, measurement 1; M2, measurement 2.
DISCUSSION

There is probably no lipoprotein that has raised more
controversies during the last decade than HDL. This
might be caused by the many faces of HDL particles
with its hundreds of proteins and lipid species (34),
which tempted us to compare it with a chameleon (13,
35). Cell-based assays that investigate the functionality
of HDL particles on the one hand might bring us closer
to a better understanding but are on the other hand
hard to standardize to improve comparability of study
results. In addition, the increased interest for CEC and
the need to analyze it in large populations is bringing
new research groups into the field. These face the
challenge to set up the assay in a standardized and
reproducible manner. While general methodological
descriptions of the assay exist, challenges that are
relevant in high-throughput settings have not been
addressed yet. For example, small but systematic errors
can lead to significant bias and spurious results. The
Technical aspects in cholesterol efflux assays 7



intent of this study was to systematically evaluate
technical aspects of the fluorescently labeled CEC assay
in a high-throughput setting to lay the basis for an
improvement of the assay standardization. We show
that lysis reagent, cell number, and the referencing
method as well as the plate-to-plate correction affect
CEC assay performance. In summary, the best assay
performance was observed with the combination of
lysis with cholic acid, CEC measurement per-well
method, and plate-to-plate correction using four con-
trol samples. The use of the resazurin assay may be
helpful for general cell monitoring but not for
normalization. This setup also replicates cAMP de-
pendency and saturation with increasing acceptor
concentration (7), indicating its overall validity. A step-
by-step protocol of this setup is provided in the
Supplemental Methods section.

We observed that the CV between CEC replicates was
lower when cholic acid was used as a lysis reagent
compared with sodium hydroxide and Triton X-100.
This higher CV of replicates could increase the sample
rejection rate (samples with a high CV) in a study
setting. In addition, the measured CEC values were 1.15-
fold higher for lysis with sodium hydroxide and were
0.82-fold lower for lysis with Triton X-100 compared
with lysis with cholic acid. This hampers direct com-
parison of CEC values that were measured using
different lysis reagents and highlights the importance
of reporting the type of lysis reagent. Of note, hex-
ane:isopropanol has been used as lysis reagent in
radioactive protocols (supplemental Table S1) but has
health and environmental issues and is highly volatile.
Since volatility is especially problematic when working
with small volumes as it is the case in a high-throughput
assay, it can confound fluorescence measurements (36).
Therefore, we would not use it as lysis reagent for CEC
assays using BODIPY-cholesterol.

Reproducible and uniform cell seeding is required
for cell-based assays. We show that 30% variation in the
resazurin absorbance ratio (used as a proxy for cell
numbers) significantly biases CEC assay results, irre-
spective of the measurement method. However, this
bias was smaller for the per-well method than for the t0
method (−2.23 vs. +4.75 effect size on CEC per 1 SD
increase of the absorbance ratio). Notably, there was a
positive bias for increasing absorbance ratios for the t0
method, whereas there was a negative bias for the per-
well method. This could be explained by their technical
basis. The t0 method uses a control to estimate the total
BODIPY-cholesterol that should be contained in every
well. The BODIPY-cholesterol in the t0 control is
invariable, whereas the amount in other wells increases
with increasing cell numbers. Consequently, more
BODIPY-cholesterol can be released into the superna-
tant in wells containing more cells leading to a higher
calculated CEC. This problem is absent for the per-well
method since the actual content of BODIPY-cholesterol
8 J. Lipid Res. (2021) 62 100125
in every well is considered. However, efflux from
cAMP-treated J774A.1 macrophages increases with
increasing amounts of acceptor (supplemental Fig. S6
(6, 7)). When the number of cells per well increases,
the ratio of acceptor to cells decreases likely leading to
the observed negative association of resazurin assay
with CEC. The per-well method may thus implicitly
account for small variations in cell numbers and
staining efficiencies but is biased if the ratio of
acceptor to number of cells changes markedly. In
addition, other factors such as more dead cells if the
cell layer is not in a confluent state (supplemental
Fig. S3) could also impact CEC, further highlighting
the importance of uniform and optimal cell seeding.

Furthermore, we monitored cell numbers with the
resazurin assay while measuring CEC in a standardized
setting with uniform cell seeding in 506 samples. Vari-
ation was very low (intra-assay and interassay CV of
3.28 and 9.13%, respectively). Resazurin normalization
of CEC values did not markedly improve assay per-
formance for the t0 method, indicating that the vari-
ance of this method is not explained by this small
variation of cell numbers. In contrast, normalization
even increased the interassay CV for the per-well
method. The observation that the per-well method
already accounts for small variations in cell numbers
may explain why normalizing to this variation again via
the resazurin normalization could increase variation.
Overall, we did not find evidence that resazurin
normalization provides additional benefit beyond
standard quality control measures like regular visual
inspection of cells in the microscope and exclusion of
samples with overly high variation. However, uniform
seeding is crucial for unbiased CEC results, highlighting
the importance of good training prior to conducting
CEC assays. The resazurin assay is a valuable tool to
control cell numbers and avoid systematic seeding er-
rors, especially during assay establishment.

In 506 serum samples, the assay performance of the
per-well method was better than of the t0 method
(Table 1). First, the sample rejection rate for the per-well
method was 65% lower, which is especially relevant in
high-throughput settings and reduces working time,
cost, usage, and freeze-thaw cycles of valuable study
samples. Second, the intra-assay CVs (5.3% for the t0
method and 4.5% for the per-well method) are com-
parable to the intra-assay CVs reported in the literature
for the t0 method (3.3–7.1% (9, 37)) and the per-well
method (3.1–6.2% (18, 26)). Third, our direct compari-
son of the two methods shows that the interassay CV of
the per-well method (7.85/9.86%) is on average 39%
lower than of the t0 method (13.58/15.29%) (Table 1).
The reported interassay CV in the literature for the t0
method is 6.3–9.0% (8, 19), whereas it is 7.6–18.4% (18, 26)
for the per-well method. However, the protocols differ
between the publications. The better performance of
the per-well method is also expected from a technical



point since it internally controls for the total fluores-
cence in each well (Fig. 2). Of note, the per-well method
has also been used in earlier experiments (termed as
fractional efflux) (38). To conclude, our direct com-
parison of the two methods, which have both been used
in large studies before (supplemental Tables S1 and S2),
indicates that the per-well method is superior in terms
of efficiency (less samples to repeat; Table 1) and ac-
curacy (lower interassay CV and 95% limits of agree-
ment; Table 1 and Fig. 5).

To correct for interassay differences, CEC values are
usually normalized to one value (pooled control) (8, 9).
In contrast and as a strength of our protocol, we used a
similar approach but calculated a plate-to-plate
correction factor based on four different control sam-
ples. This is more robust if one of the controls deviates
from its expected value because of technical variation
in the individual sample not reflecting an overall dif-
ference of the CEC of all samples on the plate. In
addition, it leaves the individual CEC values on their
original scale (i.e., percent of total BODIPY-cholesterol
and not CEC [sample] relative to CEC [control]), easing
comparison between studies. Unfortunately, it is rarely
reported in the literature whether plate-to-plate
correction improved assay performance. Low-Kam
et al. (18) reported that correction reduced the global
CV by >3%, which is similar to the reductions that we
observed in our experiment (relative reduction of >6%
for t0 method and >15% for per-well method; Table 1).
Importantly, we observed that the introduction of four
control samples for the plate-to-plate correction
massively reduced the bias of CEC measured twice
25 days apart for both methods (by 92.9% for the t0
method and by 94.4% for the per-well method).

In the study at hand, we systematically investigate the
effect of the lysis reagent, cell numbers, and refer-
encing method on CEC using BODIPY-labeled choles-
terol. We acknowledge that additional differences
between CEC protocols like the type of cholesterol la-
bel, cell line, and acceptor have an impact on CEC but
have been intensively investigated before (7, 9, 21, 23, 26,
28, 29, 39, 40). A limitation is that we did not test the
protocol in cholesterol-loaded cells. While cholesterol
loading may influence overall assay performance, it is
unlikely to change the effect of different lysis reagents,
cell numbers, and methods to control for the variability
of CEC on assay performance compared with each
other. The exact experimental design also depends on
the research question, but the overlap between pro-
tocols from large studies may help to guide the choice
of the general assay setup (e.g., cell type, delivery of
labeled cholesterol, and type of acceptor). Of note,
many previous CEC studies used 3H-labeled cholesterol,
which, however, poses obvious difficulties. Therefore,
BODIPY-cholesterol has been proposed recently as an
alternative that is easier to use in high-throughput set-
tings (7). Studies have confirmed that also CEC using
BODIPY-cholesterol is associated with CVD in different
cohorts (9, 11, 30).

Tobetterunderstand the true roleofCEC inhealth and
disease, we have to bite the bullet and measure cell-based
CEC in large populations. In the study at hand, we show
that lysis reagent, cell number, andmethods to control for
variability of CEC are critical technical aspects that in-
fluence assay performance and thus the quality of results.
These should be considered when setting up the CEC
assay. It further highlights the importance of constantly
monitoring quality control measures, such as sample
rejection rate, intra-assay and interassay CV, and reduc-
tion of interassay CV after correction.
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