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Supplemental Methods 

Detailed CEC assay protocol for the per-well method 

Media 
Culture medium 

• RPMI-1640 with phenol red and glutamine 
• 10% FBS 
• 50 units/mL penicillin and 50 µg/mL streptomycin (1x PenStrep) 

Staining medium 

• RPMI-1640 with glutamine, phenol red-free 
• 25 µM BODIPY-cholesterol (i) 
• 2 µg/mL ACAT inhibitor (Sandoz 58-035)  

(stored in stock solutions of 5000 µg/mL in DMSO at -20°C) (ii) 
• 1x PenStrep 
• 1% FBS 
• 0.2% fatty acid free BSA (20% stock in a.d., sterile filtered and stored at -20 °C) (ii) 

Equilibration medium 

• RPMI-1640 with glutamine, phenol red-free 
• 0.3 mM 8-CPT-cAMP (stock 30 mM in a.d., sterile filtered and stored at -20 °C) (ii) 
• 2 µg/mL ACAT inhibitor (Sandoz 58-035)  

(stored in stock solutions of 5000 µg/mL in DMSO at -20°C) (ii) 
• 1x PenStrep 
• 0.2% fatty acid free BSA (20% stock in a.d., sterile filtered and stored at -20 °C) (ii) 

Efflux medium 

• RPMI-1640 with glutamine, phenol red-free 
• 2 µg/mL ACAT inhibitor (Sandoz 58-035) 

(stored in stock solutions of 5000 µg/mL in DMSO at -20°C) (ii) 

Protocol 

A schematic overview of the assay principle is provided in Figure 1A. J774A.1 cells are 

maintained in culture medium at 37 °C, 5% CO2
(iii). For CEC measurements, 7x104 cells per-well 

are seeded in tissue culture-treated 96-well plates in 100 µL of culture medium and incubated 

over night at 37 °C, 5% CO2
(iv). The next day, culture medium is removed and cells are stained for 

one hour in 100 µL of staining medium(v). Please note that in two to three control wells, cells 
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should not be stained to be able to determine background fluorescence of supernatant and cell 

lysate later on. Afterwards, cells are washed 1x with 200 µL DPBS containing Ca2+ and Mg2+ and 

equilibrated for 16-18 hours in 100 µL of equilibration medium containing cAMP to upregulate 

expression of ABCA1. 

Efflux is performed using apoB-depleted sera. ApoB-depleted sera are prepared from sera by 

precipitation with 20% PEG6000 (in a.d.) directly before efflux measurement. Sera should be 

stored at -80 °C and thawed on ice prior to depletion. For apoB depletion, 10 parts of serum 

(15 µL) are mixed with 4 parts of 20% PEG6000 (6 µL), incubated for 20 minutes at room 

temperature, centrifuged at 3200 g for 30 min at 4 °C and supernatant is taken for efflux 

measurement.  

After removing the equilibration medium and washing cells 1x with 200 µL DPBS containing 

Ca2+ and Mg2+, cells are incubated with 110 µL of efflux medium containing 2% apoB-depleted 

serum for four hours at 37 °C and 5% CO2. Please note that no apoB-depleted serum should be 

contained in the efflux medium in 1) the background fluorescence controls described in the 

staining step above and 2) two to three control wells that will be used to calculate the passive 

efflux. Then, 100 µL of the supernatant is transferred to conically-shaped wells (V-bottom) and 

centrifuged at 1000 g for 15 min at room temperature to remove cells(vi). Subsequently, 80 µL of 

the supernatant is transferred to a black assay plate(vii). Fluorescence intensity (FI) of BODIPY-

cholesterol is measured at excitation 485 nm and emission 530 nm with a multimode microplate 

reader(viii). 

After removal of the supernatant from the tissue culture treated plates for the FI measurement 

in the step above, the cells are washed 1x with 200 µL DPBS containing Ca2+ and Mg2+ and then 

cells are lysed with 110 µL of 1% cholic acid (in a.d.) at 1200 rpm at room temperature for 1 hour. 

Afterwards, 80 µL of cell lysate is transferred to a black assay plate and FI of BODIPY-cholesterol 

in the cell lysates is measured with the same settings and gain as FI of the supernatant(viii).  

CEC is calculated per-well. First, background fluorescence of supernatant or cell lysate from 

unstained cells is subtracted from the FI value for supernatant or cell lysate, respectively. Then, 

CEC is calculated as 𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑒𝑒𝑟𝑟_𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝐹𝐹𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆
𝐹𝐹𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆+𝐹𝐹𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿

∗ 100. FISup is the FI of the supernatant from a 

sample after efflux to the added acceptor and FILys is the FI of the cell lysate from the 
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corresponding well after efflux. Subsequently, passive efflux (to medium without acceptor and 

calculated in the same way as CEC of a sample) is subtracted(ix). 

We measured CEC in duplicates or triplicates. If CV of replicates is above 15%, we repeat or 

exclude these samples. To be able to monitor inter-assay differences, we include a high- and low 

positive control on every plate. Additionally, we correct for inter-assay differences with four 

controls which are included on every plate. To calculate an inter-assay correction factor for every 

plate, the relative difference of expected (mean over the whole measurement series) and real 

CEC value is calculated for each control. The mean of the four controls is used as correction factor. 

To monitor if correction for inter-assay differences reduces the inter-assay CV, inter-assay CV 

before and after inter-assay correction are compared(x). 

Comments 

i) BODIPY-cholesterol stock is stored at -20 °C at a concentration of 867.58 µM in 100% EtOH 

in aliquots. Due to the low temperature during freezing, BODIPY-cholesterol precipitates. To 

dissolve the precipitated BODIPY-cholesterol in EtOH, the solution is sonicated for 10 min at 

37 °C directly before usage, spun down to pellet still undissolved BODIPY-cholesterol and 

then supernatant is added to warm staining medium. We do not recommend to lower the 

concentration of the BODIPY-cholesterol stock since this would increase the proportion of 

EtOH – which is toxic for cells – in the staining medium. 

ii) All reagents which are stored at -20°C are stored in aliquots. Aliquots are never refrozen and 

are used within 24 hours after thawing. 

iii) General cell culture rules apply: Regularly check for mycoplasma contamination, ensure 

uniformity in cell growth and split cells in exponential growth phase. 

iv) Ensure that passages of cells do not differ too much, we only use cells for efflux which are 

maximum 10 passages apart. Additionally, as described in the results, seeding errors can bias 

CEC assay results. Thus, we strongly recommend to train even and reproducible seeding 

using the resazurin assay or another cell monitoring assay prior to conducting the CEC assay. 

From our experience, seeding works best by seeding a maximum of 24 wells at a time with a 

multi-stepper pipette. Always gently mix your stock cell solution directly before taking cells 

for seeding with the multi-stepper pipette. 
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v) We recommend to use 8-channel pipettes and an 8-channel vacuum pump for all processing 

steps to avoid drying-out of cells. In addition, supernatant should always be removed or 

taken for further processing from the side of the well to avoid damaging the cell layer. If 

available, some steps could also be performed with liquid handling robots. 

vi) Since some cells are floating in the supernatant, this step is crucial to improve precision and 

reproducibility. The supernatant could also be filtered, however we compared different 

centrifugation and filtering protocols (data not shown) and got the highest reproducibility of 

results using this protocol. 

vii) The excess volume during incubation (110 µL for efflux, 100 µL for spinning down and 80 µL 

for FI measurement) ensures equal volumes in all reactions for the FI measurement, which 

is essential for a high reproducibility. The volumes for the cholic acid during lysis have to be 

the same for FI to be comparable. The volume for the FI measurement should not be reduced 

further since then the meniscus of the liquid in the well and the lower depth of the liquid 

could falsify the measurement. 

viii) As suggested by the manufacturers of multimode microplate readers, the FI of the 

supernatant should be measured at the optimal gain of the photomultiplier tube (PMT). 

Usually, the readers can perform an automatic gain adjustment before the measurement. 

To calculate the CEC per-well with the FI of the supernatant and the cell lysate of the same 

well (which are measured on two separate plates) it is critical that the FI of both supernatant 

and cell lysate are measured at the same gain. Thus, the gain in the FI measurement of the 

cell lysate should be manually set to the gain that was used to measure the FI of the 

supernatant. To avoid saturation of the signals when measuring the FI of the lysate, we 

recommend to add one control well to the FI measurement of the supernatant in which the 

cells are lysed to avoid high automatic gain values which can cause saturation of the FI signals 

of the cell lysates. In short this means: 

a) To avoid saturation of FI signals in step b) include a control well on every plate where 

stained cells are lysed with 1% cholic acid (i.e. instead of adding 110 µL efflux medium 

in this control well, the same amount of 1% cholic acid is added and processed exactly 

as the efflux media in the rest of the plate). Measure FI of supernatant at optimal gain. 

b) Measure FI of cell lysates at the same gain as the supernatant in step a). 
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ix) FI of supernatant and lysate from unstained cells have to be subtracted because the 

background fluorescence of medium and 1% cholic acid differs. To calculate the efflux that 

is specific for the acceptor (in this case 2% apoB-depleted serum), the efflux without an 

acceptor (passive efflux) needs to be subtracted. 

x) In summary this means that the following controls should be included on every plate: 

a) Unstained cells for subtraction of the background FI 

b) Stained cells that are lysed to set the optimal gain during FI measurement of the 

supernatant 

c) Stained cells that are incubated with efflux medium without acceptor to calculate the 

passive efflux 

d) Control samples (in total we use six control samples: four for inter-assay cor and two 

for monitoring the inter assay CV) 
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Supplemental Table S1: Comparison of CEC assay protocols in different studies. 
Studies were selected if they were included in two recent meta-analysis(1, 2), performed a cell-based CEC protocol in >100 individuals and were the 
first description of a study population. In addition, the studies of Hunjadi et al., 2020, Koekemoer et al., 2017, Low-Kam et al., 2018 and Ritsch et al., 
2020 were added manually since they performed a cell-based CEC protocol in >1,000 individuals. 

Study Size Cell line Label cAMP  
Accep-
tora 

Duration 
of efflux 

Measurement 
method 

Lysis 
reagent 

Intra-
assay CV 

Inter-
assay CV 

Reduction 
inter-assay 
CV 

Annema et al., 2016(3) 495 THP-1 3H - plasma 6 hours per-well NaOH NA NA NA 
Annema et al., 2016(4) 110 THP-1 3H - plasma 24 hours per-well NaOH 5.4% NA NA 
Bauer et al., 2017(5) 526 J774 3H NA serum NA NA NA 7.3% 6.9% NA 
Hunjadi et al., 2020(6) 2282 J774 3H yes serum 4 hours relative to control - NA NA NA 
Ishikawa et al., 2015(7) 254 J774 3H no serum or 

plasma 
4 hours t0 hex isoprop NA NA NA 

Khera et al., 2011(8) 996 J774 3H yes serum 4 hours t0 hex isoprop 5% 9% NA 
Khera et al., 2017(9) 628 J773 3H yes plasma NA NA NA 3.7% 4.7% NA 
Tejera-Segura et al., 2017(10) 401 J774 BODIPY yes plasma 4 hours t0 NA NA NA NA 
Kopecky et al., 2017(11) 1147 THP-1 3H - plasma 5 hours per-well NaOH 5.4% 7.9% NA 
Koekemoer et al., 2017(12) 1988 J774 3H yes serum 4 hours t0 NA 4.7% 6.3% NA 
Li et al., 2013(13) 1150 

+577 
RAW264.
7 

3H or 
14C 

yes serum 4 hours per-well hex isoprop 3.1-4.5% 7.6-
11.4% 

NA 

Liu et al., 2016(14) 1737 J774 BODIPY yes serum 4 hours t0 NA 4.7% 8.4% NA 
Low-Kam et al., 2018(15) 5293 J774 3H yes/no plasma 4 hours per-well NaOH 6.2% 18.4% >3% 
Ogura et al., 2016(16) 227 J774 3H no serum 4 hours t0 hex isoprop NA NA NA 
Potočnjak et al., 2016(17) 152 J774 3H yes serum 4 hours t0 hex isoprop 7.1% 6.8% NA 
Ritsch et al., 2020(18) 2468 J774 3H yes serum 4 hours t0 NA NA NA NA 
Rohatgi et al., 2014(19) 2924 J774 BODIPY yes plasma 4 hours t0 NA 3.3% 7.4% NA 
Saleheen et al., 2015(20) 1745 J774 3H yes serum 4 hours t0 hex isoprop 4.5% 7% NA 
Shea et al. 2019(21) 930 

+814 
THP-1 - - serum 6 hours Cholesterol mass 

efflux capacity 
- 4.6% NA NA 

Zhang et al., 2016(22) 313 J774 3H yes serum 4 hours per-well NA NA NA NA 

THP-1: THP-1 monocytes differentiated into macrophages; NaOH: sodium hydroxide; hex isoprop: hexane isopropanol lipid extraction; NA: not available (i.e. not 
described in main part or supplemental material of the respective study); “-“ indicates that it was not applicable for the respective protocol. 
aApolipoprotein B-depleted acceptor 
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Supplemental Table S2: Summary of the previously published CEC assay 
protocols listed in Supplemental Table S1. 

 
Number/total 

studies 
% of 
total CV details 

Label 
   

BODIPY 3/20 15.0 
 

3H 16/20 80.0 
 

None 1/20 5.0 
 

Cell line 
   

J774 macrophages 15/20 75.0 
 

THP-1 cells differentiated into macrophages 4/20 20.0 
 

RAW264.7 macrophages 1/20 5.0 
 

cAMP treatment (if applicable) 
   

Reported 15/16 93.8 
 

Yes 13/15 86.7 
 

No 2/15 13.3 
 

Acceptor: apoB-depleted 
   

Serum 13/20 65.0  
Plasma 7/20 35.0 

 

Duration of efflux 
   

Reported 18/20 90.0 
 

4 hours 14/18 77.8 
 

5 hours 1/18 5.6 
 

6 hours 2/18 11.1 
 

24 hours 1/18 5.6 
 

Measurement method 
   

Reported 18/20 90.0 
 

Per-well method 6/18 33.3 
 

T0 method 10/18 55.6 
 

Other 2/18 11.1 
 

Lysis reagent (if applicable) 
   

Reported 10/18 58.6 
 

Sodium hydroxide 4/10 40.0 
 

Hexane isopropanol extraction 6/10 60.0 
 

Intra-assay CV 
   

Reported 13/20 65.0 
 

Min-max reported 
  

3.3-7.3% 
Inter-assay CV 

   

Reported 11/20 55.0 
 

Min-max reported 
  

6.3-18.4% 
Reduction of inter assay CV 

   

Reported 1/20 5.0 
 

Reduction 
  

>3% reduction in CV 
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Supplemental Table S3: Comparison of assay performance of CEC values 
normalized to the resazurin absorbance ratio and non-normalized CEC values.  

 

 t0 method Per-well method 

Intra-assay CV in%  
resazurin-normalized CEC/non-normalized CECa 

5.27/5.28 5.02/4.48 

Inter-assay CV PC1 in% 
resazurin-normalized CEC/non-normalized CEC 

19.94/16.74 17.27/11.88 

Inter-assay CV PC2 in%  
resazurin-normalized CEC/non-normalized CEC 

14.89/16.34 13.24/11.55 

PC: Positive control. aexcluding rejected samples. 
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Supplemental Figure S1: Fluorescence remaining in the plate after lysis for 
1 hour and overnight for cholic acid (CA), sodium hydroxide (NaOH) and Triton-
X-100 (TX100).  

Cells were seeded in a black tissue-treated 96-well plate with a clear bottom and stained with 
BODIPY-cholesterol as described in the methods. After equilibration, cells were washed with DPBS 
and lysed with the respective lysis reagent as indicated. Fluorescence intensity (FI) remaining in 
the plate was calculated with the FI before and after removal of the lysate. FI of unstained cells 
lysed with the respective lysis reagent and condition was subtracted. Each dot represents one 
technical replicate. 
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Supplemental Figure S2: Correlation of cell number with the resazurin 
absorbance ratio.  

Dots and error bars represent mean and standard deviation from seven replicates. If no error bars 
are visible, they are contained within the symbol due to a very small variability of the 
measurements. The line represents the fitted linear regression line and the gray area around the 
line represents 95% confidence intervals. Cells were seeded, allowed to adhere for 4 hours and 
subsequently incubated with the resazurin assay for 3 hours. 
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Supplemental Figure S3: Viability differs between seeded cell numbers.  

Different cell numbers (35,000; 52,500; 70,000 [standard cell number for the CEC assay] and 
105,000) were seeded per well and equilibrated as described for the CEC protocol. DNA of cells 
was stained with Hoechst 33342 (Thermo Fisher Scientific; 1:50,000) and dead cells with Acridine 
Orange/Propidium iodide (Logos Biosystems; 1:5,000) in RPMI-1640 without phenol red. 
Subsequently, cells were imaged on an Olympus BX61VS microscope and analyzed using the 
scanR high-content screening technology (Olympus). Cells were identified by Hoechst 33348 
staining of their nuclei from the software, gated for single cells and viability was determined 
based on propidium iodide staining. A) Gating strategy. B) Proportion of dead single cells for 
different cell numbers. Each dot represents a technical replicate. The red bar represents the 
mean. Ns: not significant; *** p-value ≤ 0.0001. 
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Supplemental Figure S4: For the per-well method, CEC from cAMP-treated cells 
is significantly higher than CEC from untreated cells (p=0.0006, n=5).  

Dots and error bars represent mean ± standard deviation of triplicates. If no error bars are visible, 
they are contained within the symbol due to a very small variability of the measurements. S1-5: 
Sample 1-5. 
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Supplemental Figure S5: For the t0 method, CEC from cAMP-treated cells is 
significantly higher than CEC from untreated cells (p=0.0015, n=5).  

Dots and error bars represent mean ± standard deviation of triplicates. If no error bars are visible, 
they are contained within the symbol due to a very small variability of the measurements. S1-5: 
Sample 1-5. 
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Supplemental Figure S6: CEC saturation curves for increasing amounts of apoB-
depleted serum of five healthy individuals for the per-well method.  

The gray line is fitted to a Michaelis-Menten model. Dots and error bars represent mean ± 
standard deviation of triplicates (of duplicates for S4). If no error bars are visible, they are 
contained within the symbol due to a very small variability of the measurements. S1-5: Sample 1-
5. 
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Supplemental Figure S7: CEC saturation curves for increasing amounts of apoB-
depleted serum of five healthy individuals for the t0 method.  

The gray line is fitted to a Michaelis-Menten model. Dots and error bars represent mean ± 
standard deviation of triplicates (of duplicates for S4). If no error bars are visible, they are 
contained within the symbol due to a very small variability of the measurements. S1-5: Sample 1-
5. 
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Supplemental Figure S8: Bland-Altman plots for CEC measured twice 25 days 
apart including samples with high CV.  

(A) Uncorrected measurements for the t0 method, (B) uncorrected measurements for the per-
well method, (C) corrected measurements for the t0 method and (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 calculation method due to high CV of replicates (marked in red). These eight 
samples would have fulfilled the quality control criteria for the per-well method except for one 
sample. Dashed lines represent mean ± 2 standard deviations of differences (95% limits of 
agreement). The gray solid line represents difference = 0. M1: measurement 1, M2: measurement 
2. 
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