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A B S T R A C T   

There is a close relationship between the SARS-CoV-2 virus and lipoproteins, in particular high-density lipo-
protein (HDL). The severity of the coronavirus disease 2019 (COVID-19) is inversely correlated with HDL plasma 
levels. It is known that the SARS-CoV-2 spike (S) protein binds the HDL particle, probably depleting it of lipids 
and altering HDL function. Based on neutron reflectometry (NR) and the ability of HDL to efflux cholesterol from 
macrophages, we confirm these observations and further identify the preference of the S protein for specific 
lipids and the consequent effects on HDL function on lipid exchange ability. Moreover, the effect of the S protein 
on HDL function differs depending on the individuals lipid serum profile. Contrasting trends were observed for 
individuals presenting low triglycerides/high cholesterol serum levels (LTHC) compared to high triglycerides/ 
high cholesterol (HTHC) or low triglycerides/low cholesterol serum levels (LTLC). Collectively, these results 
suggest that the S protein interacts with the HDL particle and, depending on the lipid profile of the infected 
individual, it impairs its function during COVID-19 infection, causing an imbalance in lipid metabolism.   

1. Introduction 

SARS-CoV-2 causes COVID-19, which emerged from China in 
December 2019, and was declared a global pandemic in March 2020. The 
lethality of COVID-19 seems to have a strong dependency on pre-existing 
comorbid conditions, including cardiovascular diseases, diabetes, and 
hypertension [1]. There is a correlation between the plasma lipid profile 
and the severity of COVID-19 infection: decreased levels of low-density 
lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol 
(HDL-C), and total cholesterol, as well as variable changes in triglyceride 
levels in patients, have been observed in patients affected by the disease 
[2,3]. These phenomenological findings suggest an interaction of the 
SARS-CoV-2 virus with lipid metabolism, and in particular, HDL, whose 
mechanistic molecular underpinnings so far remain unclear. 

HDL is responsible for the mechanism known as Reverse Cholesterol 
Transport (RCT) in which excess cholesterol is removed from peripheral 
tissue and carried to the liver where it is recycled or removed from the 
body by the gallbladder [4]. For this process to be carried out, Apoli-
poprotein A-I (ApoA-I), the major protein component of HDL, serves as a 
ligand for different cell membrane receptors, including the Scavenger 
receptor class B type 1 (SR-B1). SR-B1 also facilitates the entry of SARS- 
CoV-2 into the cells, in addition to improving its attachment to the cell 
membrane [5]. The SARS-CoV-2 spike protein (S) exposed on the virus 
surface is proposed to bind HDL for the virus to hijack the interaction 
pathway that HDL uses to interact with SR-B1 [5]. The widely used 
COVID-19 vaccines from Pfizer-BioNTech (Comirnaty®) and Moderna 
(Spikevax™) use messenger ribonucleic acid (m-RNA) to generate an 
immune response to the S protein by mediating the production of S 
protein into the body [6]. Thus, it might be expected that the S protein 
derived from the vaccine would be able to interact with HDL via the 
same pathways as it does for the S protein attached to the virus particle. 

This mechanism may underlie some of the adverse effects observed upon 
the administration of m-RNA vaccines [7]. For instance, it is reported 
that a 60-year-old man with heterozygous familial hypercholesterolemia 
(HeFH) and high triglycerides (TG) presented unusually high TG values 
(1300 mg/dL) one day after receiving his second Pfizer-BioNTech vac-
cine injection [8]. This suggests that the S protein could affect lipid 
metabolism in patients with elevated cholesterol and TG levels, and such 
an effect should be independent of the antibody response to the vaccine. 

We [9] and other scientists [10] have previously shown that the S 
protein removes lipids from model membranes. We have also shown that 
the S protein interferes with lipid removal and exchange processes 
carried out by HDL in model membranes composed of saturated phos-
pholipids (specifically 1,2-dimyristoyl-sn-glycerophosphatidylcholine, 
DMPC) and cholesterol (in an 80:20 M ratio) [9]. 

In this work, we further investigate the S protein capacity to 
modulate HDL function, including Reverse Cholesterol Transport (RCT). 
In particular, we focus on the potential role of the lipid donor type, i.e. 
the presence of cholesterol or the use of unsaturated lipids containing 
oleic versus linoleic acid [11]. This is important since it is well known 
that several viruses [12,13] including SARS-CoV-2 [14] require and 
recognize the presence of cholesterol in the membranes to facilitate their 
entry into the host [15]. This interaction is mediated by the presence of 
cholesterol recognition amino acid consensus (CRAC) and inverted 
cholesterol recognition (CARC) motifs in the S protein that could be 
responsible for facilitating binding to cholesterol-rich membrane re-
gions [16]. Moreover, the S protein was reported to contain a pocket that 
binds linoleic acid [17] and our previous work suggests that HDL pref-
erentially uptakes saturated over unsaturated lipids [18]. 

Noting the potential preference of the S protein for specific lipid 
species, we further investigate whether the function of HDL samples 
purified from donors with different lipid serum profiles is distinctly 
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affected by the S protein. 
This work uses a combination of state-of-the-art biophysical tech-

niques such as neutron reflectometry (NR) together with traditional 
biochemical experiments including cholesterol efflux capacity (CEC) 
which is part of the RCT. NR enables monitoring the integrity and 
composition of supported lipid bilayers (SLBs) upon incubation with S 
protein and/or HDL. Lipid donors include saturated, monounsaturated, 
and polyunsaturated phospholipids containing cholesterol, and experi-
ments are performed under physiological-like conditions. Through CEC 
experiments, the ability of HDL to promote cholesterol efflux was 
determined from J774A.1 macrophage cells in the presence and absence 
of the S protein. 

2. Materials and methods 

2.1. Materials 

D2O (99,9 %) and Tris buffer saline (50 mM Tris buffer, 150 mM NaCl, 
pH 7.4) in the form of TBS tablets were purchased from Sigma Aldrich. 1,2- 
dimyristoyl-D54-sn-glycerophosphatidylcholine (d-DMPC, 1,2-dimyr-
istoyl-sn-glycerophosphatidylcholine (DMPC), hydrogenated cholesterol 
(h-cholesterol, >99%) and 23–(dipyrrometheneboron difluoride)-24-nor- 
cholesterol (TopFluor® Cholesterol, >99%) were bought from Avanti 
Polar Lipids. 1-Palmitoyl-d31-2-linoleoyl-d31-glycerol-3-phosphocholine 
(d-PLPC) was produced using previously reported methods for the syn-
thesis of mixed acyl glycerophospholipids [19] from palmitic acid-d31 and 
linoleic acid-d31. 1-Palmitoyl-d31- 2-oleoyl-d33-glycerol-3-phosphocholine 
(d-POPC) was produced using previously reported methods for the syn-
thesis of mixed acyl glycerophospholipids [19] from palmitic acid-d31 and 
oleic acid-d33 [20]. Deuterated cholesterol (average 80% D as determined 
by mass spectrometry, d-cholesterol) was produced using a previously 
reported method (ca. 90% D2O in the growth medium, for experiments at 
ANSTO) [21] or perdeuterated cholesterol produced in the Deuteration 
Laboratory (D-Lab) of the Life Sciences Group at Institut Laue-Langevin 
(ILL) as described in ref [22,23] (for experiments at the ILL). Centrifugal 
devices, MicrosepTM Advance for sample buffer exchange, Fetal bovine 
serum (FBS) and PD10 columns were purchased from VWR. Bovine Serum 
Albumin fatty acid-free (BSA), Acyl-CoA: Cholesterol Acyltransferase 
(ACAT) inhibitor and Methyl-β-cyclodextrin were purchased from Sandoz. 

2.2. Expression and purification of the spike protein 6P 

Expression of SARS-CoV-2 (S-trimer 6P [24]) was performed in 
EXPI293 cells according to a previous protocol and purified by HisTrap 
HP and Superose 6 size exclusion chromatography (SEC) using superose 
6 increase 10/300 GL column operated in a running buffer composed of 
25 mM Tris HCl pH 8, 150 mM Sodium Chloride (NaCl) [25]. 

2.3. HDL isolation from human plasma 

HDL isolated from human plasma was provided by Karolinska Uni-
versity Hospital (Stockholm, Sweden) and University Medical Center 
Freiburg (Freiburg, Germany). For this study, no personal information 
was used, and the samples were anonymized (Sweden) and used with 
ethical permission from the Stockholm and Freiburg Ethics Committee. 
Sequential ultracentrifugation was used to isolate HDL by first sepa-
rating VLDL at a density of 1.019 g/mL for 24 hours under 40000 rpm 
(Beckman Coulter Optima XPN-80, rotor 70Ti) at 4 ◦C, followed by 
separating LDL at a density of 1.065 g/mL for another 24 hours under 
40000 rpm at 4 ◦C. Finally, the total HDL fraction was collected at a 
density of 1.1 g/mL for 48 hours under 40000 rpm at 4 ◦C. Then, the 
HDL samples were stored at − 80 ◦C in 50% sucrose, 150 mM NaCl, 24 
mM ethylenediaminetetraacetic acid (EDTA), and pH 7.4. Further sub-
fractionation to obtain HDL3, HDL2a and HDL2b was done by using a 
density of 1.11 g/mL for 48 hours at 50000 rpm at 4 ◦C. Upon thawing, 
the sucrose was removed by using PD10 columns or size exclusion 

chromatography (Superose 6 Increase 10/300 GL column, Cytiva) in 50 
mM Tris-HCl 150 mM NaCl, pH 7.4. After purification, the samples were 
purged with Nitrogen and stored at 4 ◦C. Total protein concentration 
was determined by bicinchoninic acid assay (BCA assay). Pooling of 
samples took place after purification with ultracentrifugation. The 
samples were used within a maximum of 3 days of being thawed. The 
integrity of the HDL samples was monitored via dynamic light scattering 
(DLS) and SEC. 

2.4. Model membranes 

Lipid films were prepared by dissolving the deuterated phospholipids 
and d-cholesterol in chloroform and mixing at the desired molar ratio (i. 
e., 80:20 mol% phospholipid: cholesterol), followed by evaporation of 
the organic solvent under nitrogen gas. Once the film was formed any 
residual chloroform was removed by leaving the films under a vacuum 
overnight and then stored at − 20 ◦C until needed. 

SLBs were prepared via a small unilamellar vesicle fusion method 
following previously reported protocols [26]. First, multilamellar vesi-
cles were formed by hydrating lipid films with Milli-Q water and the 
mixture was kept in a bath sonicator at a temperature between 40 and 
50 ◦C for 1 h. Second, the suspension was tip sonicated (5 min on and 5 
min off) for 15 min at 20% power (400 Watts, Branson 450 Digital 
Sonifier w/ Probe). Before injection, 0.2 mg/mL lipid vesicles were 
mixed with an equal volume of 4 mM Calcium Chloride (CaCl2). The 
vesicles were introduced into the cells by a pump at 1 mL/min and 
incubated for 20 min. This was followed by extensive rinsing with Milli- 
Q water and h-TBS buffer (TBS in H2O). 

2.5. Neutron reflectometry experiments 

NR experiments were performed on FIGARO [27] and D17 [28] at 
the ILL (Grenoble, France), and on SPATZ [29] at ANSTO (Sydney, 
Australia) using a setup for solid/liquid interfaces. 

The silicon blocks (cut along the 111 planes) were cleaned in the 
following series of solvents: Chloroform, ethanol, acetone, and Milli-Q 
water for 20 min each in a bath sonicator. The O-ring and polyether 
ether ketone (PEEK) components were cleaned in Hellmanex 2% (v/v) 
solution and Milli-Q water twice with bath sonication and rinsed with 
Milli-Q water between each sonication. Before assembling the solid-
–fluid cells, the blocks were extensively rinsed with water, dried with a 
flow of Nitrogen gas, and exposed for 30 min to ozone. The solid–fluid 
cells were finally assembled in wet conditions. During the assembly, the 
substrate was sealed with the polished surface in contact with the liquid, 
and the cells were connected to an HPLC pump to allow the exchange of 
solvent with D2O, H2O, and contrast-matched silicon (CmSi = 38:62 v/v 
D2O: H2O). 

The bespoke solid/liquid cells were pre-equilibrated at 37 ◦C and the 
surfaces were characterized in H2O and D2O to determine the roughness 
and the thickness of the silicon oxide layer. Then, the SLBs were formed 
and characterized in three isotropic contrasts composed of h-TBS (50 
mM Tris buffer, 150 mM NaCl, pH 7.4 in H2O), d-TBS (50 mM Tris 
buffer, 150 mM NaCl, pH 7.4 in D2O), and CmSi-Tris (50 mM Tris buffer, 
150 mM NaCl, pH 7.4 in CmSi). 

For the experiments carried out at the ILL, both instruments operate 
in time-of-flight mode, with a horizontal scattering plane for D17 and a 
vertical scattering plane for FIGARO. Two incoming angles were 
selected on each instrument, 0.8◦ and 3◦ on D17 (https://doi.org/10. 
5291/ILL-DATA.9-13-1000)h, and 0.8◦ and 3.2◦ on FIGARO (htt 
ps://doi.org/10.5291/ILL-DATA.8-05-466), to cover a scattering angle 
(Q) range between 0.003 and 0.25 A-1 with a wavelength, λ, range of (2 
< λ < 20 A) on FIGARO and (2 < λ < 30 A) on D17, the upper Q limit 
being set by the sample background signal. The background was 
measured on the left and right sides of the reflectivity signal and sub-
tracted from the measured reflected intensity. The data were normalized 
to the direct beam measured at the same instrumental configurations; 
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the slit settings were selected to provide a constant surface under- 
illumination at the different angles of incidence (about 70% of the 
total substrate surface). The instrumental resolution ΔQ/Q was between 
2 and 4 %. 

Multidimensional TOF data were converted into reflectivity curves R 
(Q), by using the Cosmos software available at the ILL [30]. 

For SPATZ, the momentum transfer range and Q-resolution used 
were 0.011 Å− 1 < Q < 0.273 Å− 1 and ΔQ/Q = 5.8%, respectively. The 
instrument uses the time-of-flight principle and a disc chopper pairing of 
discs 1 and 2 sets 480 mm apart and running at 25 Hz was used (2.5 Å <
λ < 20 Å). Collimation slits used were set to 2.66 mm and 0.75 mm for an 
angle of incidence of 0.85◦ and 10.94 mm and 3.09 mm for 3.5◦, 
providing an illuminated footprint of 55 mm along the beam. Data were 
reduced with the refnx software package [31], where the time-of-flight is 
converted to wavelength which is used to calculate Q, accounts for de-
tector efficiency, re-bins the data to instrument resolution, subtracts the 
background, stitches the data from the two angles of incidence together 
at the appropriate overlap region, and normalise the reflected intensity 
to the incident intensity (so that for samples showing total reflection this 
is equal to 1. 

The SLBs were fitted using a 5-layer model as previously described 
[18] constituted by the oxide layer, a solvent layer, and three layers that 
correspond to the heads-tails-heads of the lipid membrane. During data 
fitting, the lipid bilayer was constrained to be symmetric: i.e., the 
coverage, the thickness, and the scattering length density (SLD) of the 
heads were the same for both leaflets (the tail region of both leaflets was 
considered as a single layer). Additionally, the roughness was con-
strained to be the same across the whole bilayer. The proteins, i.e., HDL 
and/or S, were introduced via a syringe pump at a rate of 1 mL/min at 
concentrations of 0.132 mg/mL and 0.05 mg/mL (0.1 mM), respec-
tively. After 5 h of incubation, the samples were rinsed with h-TBS and 
re-characterized in all three contrasts. 

To fit the data in the three isotropic contrasts after protein incubation 
and rinsing, the head-group thickness was kept constant whereas the 
thickness and SLD of the tails were allowed to vary though constrained 
to be the same across all three contrasts. A layer of HDL and/or S protein 
was added on top of the SLB. For HDL, we have previously shown that 
this model was sufficient to represent the data [32] since any protein 
penetration into the SLB core can with confidence be disregarded due to 
the lack of SLB core change when performing experiments on hydro-
genated SLB [32]. Therefore, we can assign the change on SLD to lipid 
exchange only. For the S protein, on the other hand, no lasting adsorbed 
layer was detected at all with NR. 

The percentage of lipid deposition is then calculated from the dif-
ference in SLD before and after exposure to lipoproteins and/or S pro-
tein. The kinetic for the pooled and individual HDL samples were fitted 
keeping the SLB structure constant due to a lack of information to 
resolve both the SLD core change and the SLB structure when using only 
one isotropic contrast. For this reason, the kinetics data (Supporting 

Information Figure S5) was analysed using the Q-values between 0.02 
and 0.1 Å− 1 for which the changes in the scattering length of the core are 
most prominent in H2O. 

The experiments were performed only once due to the restricted 
availability of beam time. All reflectivity profiles, best fits and scattering 
length density profiles as well as parameters used for the best fits are 
provided in the Supporting Information. Data fitting was performed 
using the MOTOFIT package [33], and to determine the errors of the fits, 
a Monte Carlo error analysis (MCMC) was performed using genetic 
optimization. Error propagation was used in the calculation of % Lipids 
removed and deposited, see Supporting Information for details on 
modeling and estimation of these values. 

2.6. Macrophages cell culture and cholesterol efflux capacity 
determination 

Macrophages were cultured as previously described [34]. J774A.1 
macrophage cells were kindly provided by Dr. César Martín (Basque 
Country University). Cells were maintained in Dulbecco’s modified Ea-
gles Medium (DMEM, low glucose) supplemented with 100 µg/mL 
streptomycin, 100 U/mL penicillin, MycoZapTM Prophylactic, 10% fetal 
bovine serum (FBS, v/v) and plated in 96 well plates at a density of 2 ×
104 cells per well. After 72 h in the culture medium, the macrophages 
were loaded with TopFluor-cholesterol in RPMI-1640 containing 4 μg/ 
mL ACAT inhibitor, 4% BSA, and 2% FBS [34]. Upon 45 min loading 
time, the cells were washed and incubated at 37 ◦C for 15 h in resting 
media composed of RPMI-1640 containing 2 μg/mL ACAT inhibitor and 
2% BSA. Then, either HDL, the S protein, or HDL/S protein mixtures 
were added to the macrophage culture in 25 mM MEM-HEPES, pH 7.4, 
containing 2 μg/ml ACAT inhibitor. The concentrations used for the 
samples were 10 and 5 μg/mL for HDL and the S protein, respectively. 
Such concentrations were chosen to keep the same molar ratio as for NR 
experiments and to keep the range of the acceptor concentration to what 
is required by this method. A 10 μg/mL BSA solution was used as an 
internal control in this experiment to get non-specific efflux. Protein 
concentration was determined by Detergent Compatible (DC) assay. 

The samples were incubated for 6 h with either of the protein sam-
ples. At the end of the incubation time, the supernatant was collected, 
and the cell monolayers lysed with a buffer composed of 5.3 mM sodium 
fluoride (NaF), 1.5 mM sodium phosphide (NaP), 0.1% deoxycholic 
acid, 0.1% sodium dodecyl sulfate (SDS), 1% NP-40, 0.1 mM egtazic acid 
(EGTA), and 0.1 mM EDTA in 50 mM Tris-HCl at pH 7.5 for 30 min at 
room temperature, under agitation. 

Finally, the fluorescence of the tracer of both cell lysates and the 
supernatant was measured using a multi-mode microplate reader (Syn-
ergyTM HTX). TopFluor-cholesterol displays excitation/emission max-
ima of 480/508 nm, respectively. 

2.7. Quantification and Statistical analysis 

To determine the specific cholesterol efflux capacity of the samples, 
the fluorescence intensity was used as follows: 

The specific cholesterol efflux capacity is calculated as a difference 
between the percentage of cholesterol efflux and non-specific efflux: 

%cholestrol efflux :

(
supernatant fluorescence

supernatant flourescense + cell lysates fluorescense

)

*100   

%specific cholesterol efflux : %cholesterol efflux − %BSA(non − specific efflux)
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Data were represented as mean ± SE. Measurements were made in 
quadruplicate per sample. Statistical analysis was assessed by unpaired 
two-tailed Student’s t-test using OriginLab version 2021 (OriginLab 
Corporation, Northampton, MA, USA). Significant differences were 
considered at * p < 0.05, **p < 0.01, and ***p < 0.001 compared to 
HDL. 

3. Results and discussions 

3.1. HDL’s ability to remove lipids is the highest for unsaturated lipids in 
the absence of cholesterol and the lowest for polyunsaturated lipids in the 
presence of cholesterol 

In our previous report [9], we showed that the S protein affected 
HDL’s ability to exchange fats on model lipid membranes composed of a 
fluid, saturated phospholipid (DMPC) containing cholesterol. However, 
mammalian membranes are rich in unsaturated fats, and cholesterol is 
expected to modulate the S protein binding to membranes [35]. We have 
since focused on HDL lipid exchange ability using donor membranes 
comprised of saturated (DMPC), monounsaturated (POPC), and poly-
unsaturated (PLPC) phospholipids in the presence and absence of 
cholesterol. We collected steady-state NR data for donor lipid mem-
branes that were exposed for 5 h to 0.05 mg/mL S protein and 0.132 mg/ 
mL HDL (pooled from three healthy adults) measured in three isotropic 
contrasts. From the simultaneous NR data analysis of the three isotropic 
contrasts, the effect of membrane incubation with HDL, the S protein, 
and a mixture of HDL and S protein can be measured with great accuracy 
[32] (Fig. 1, Supporting Information Figure S1-S3). 

The NR data analysis on HDL in the absence of the S protein (Fig. 1A) 
shows that HDL removed roughly 24% of lipids from membranes 
composed of saturated, fluid phospholipids (d-DMPC). In the presence of 
cholesterol, HDL removed about 14% of lipids in saturated, fluid 
membranes composed of d-DMPC: d-cholesterol 80:20 mol% (Fig. 1B 
and ref. [9]). When considering cholesterol-containing mono-
unsaturated (d-POPC) or polyunsaturated (d-PLPC) membranes 
(Fig. 1D, C), HDL lipid removal was significantly lower (roughly 8 and 5 
%, respectively) than for saturated lipids in the presence or absence of 
cholesterol. Thus, the capacity of HDL lipid removal decreases when 
cholesterol is present in saturated fluid membranes, and unsaturated 
lipids (regardless of the unsaturation level) are removed to a lesser 
extent than saturated lipids, in agreement with previous results [18]. 
However, HDL removes more monounsaturated than polyunsaturated 
lipids (Fig. 1D and C). Net differences in lipid removal between previous 
and current experiments might be due to different lipid profiles in the 
HDL samples, which were unknown in previous publications [36] due to 
blind pooling. 

3.2. The S protein affects the HDL function, and this depends on the lipid 
donor type in the model membrane 

Since the presence of cholesterol in the membrane influences the 
extent of lipid removal, and the main HDL function is the removal of 
cholesterol from the body, the effect of the S protein on the HDL- 
mediated CEC in J774A.1 macrophage was assessed (Fig. 2). The data 
show that, while the S protein is responsible for only a low amount of 
cholesterol efflux (2% of the total cholesterol), the incubation of cells 

Fig. 1. HDL’s ability to remove and deposit lipids in fluid-saturated membranes in the absence (A) and presence of cholesterol (B), as well as in polyunsaturated (C) 
and monounsaturated (D) membranes in the presence of cholesterol. Data were analyzed after 5 h of incubation of the SLBs with either HDL (0.132 mg/mL), S protein 
(0.05 mg/mL), or a mixture of both HDL and S protein (0.132 and 0.05 mg/mL, respectively) in h-TBS at 37 ◦C. The NR profiles and best fits are given in Supporting 
Information Figures S1, S2, and S3. Errors are derived from Bayesian MCMC analysis. 
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with the mixture of HDL and S protein decreased the cholesterol efflux 
capacity of HDL by a factor of 2 (from 12 to 6%). Our results are in 
agreement with recent cholesterol efflux capacity experiments of HDL 
that were found to significantly decrease in COVID-19 patients [37]. 
Together, these results strongly suggest that the presence of the S protein 
interferes with the efflux process mediated by HDL. 

Next, we studied the extent to which the HDL function is affected by 
co-incubation with the S protein as a function of the lipid type used in 
the model membrane (Fig. 1). The presence of S proteins reduced the 
ability to remove and deposit lipids by HDL with the most reduction 
taking place for saturated, fluid membranes, and this being followed by 
cholesterol-containing saturated membranes. For cholesterol-containing 
monounsaturated and polyunsaturated membranes, the presence of S 
protein increased HDL’s ability to remove lipids with the strongest effect 
observed for polyunsaturated membranes. Indeed, for monounsaturated 
membranes, there was a net deposition of lipids by HDL in the presence 
of the S protein. Thus, the S protein exerts an effect on the interaction 
process between HDL and the lipid membrane that prevents HDL from 
fulfilling its function: i.e., removal of saturated lipids and cholesterol. 
However, this is not the case when polyunsaturated lipids are used as 
lipid donors (in the model membrane), where an improved function was 
seen when coincubation with the S protein took place. 

It is known that the S protein has a certain affinity for HDL and the 
presence of cholesterol [38]. Studies have shown that the S protein can 
bind to both cholesterol and HDL and this association can improve the 
entry of SARS-CoV-2 and its replication [39]. Therefore, it is possible 
that because of this association, lipid metabolism is affected. Indeed, 
numerous studies indicate that there is a correlation between HDL levels 
and COVID-19 disease severity [40,41]. 

To rationalize the results, control experiments were performed with 
the S protein in the absence of HDL (Fig. 1 and Supporting Information 
Figure S2). Here we observed that the S protein ability to remove lipids 
was the highest for cholesterol-containing unsaturated membranes, 
followed by cholesterol-containing polyunsaturated membranes. We 
obtain minimal removal for monounsaturated and saturated membranes 
without cholesterol (Fig. 1). This result points towards the S protein 
preference for cholesterol and polyunsaturated lipids. In addition, the 
ability of the S protein to remove cholesterol from donor membranes [9] 
mirrors its cholesterol efflux capacity (Fig. 2). Structurally, this ability is 
probably due to the presence of cholesterol recognition amino acid 

consensus (CRAC) and inverted cholesterol recognition motifs (CARC) 
present in the S protein [42]. These motifs were previously shown to 
mediate the S protein binding to cholesterol [5]. Additional Attenuated 
Total Reflection –Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
studies were carried out for the S protein against model membranes 
composed of d-DMPC [9], d-DMPC: h-cholesterol [9], d-PLPC: h- 
cholesterol and d-POPC: h-cholesterol under identical conditions as for 
NR (Supporting Information Figure S4). The results show qualitatively 
the same trend as for NR (Fig. 1) with a clear decrease in the C-D2 peak 
symmetric upon incubation with the S protein (which suggests lipid 
removal by the S protein) for membranes composed of d-DMPC: h- 
cholesterol (Supporting Information, Figure S4C) and d-PLPC: h- 
cholesterol (Supporting Information, Figure S4B) but minimal effects on 
membranes composed of d-POPC: h-cholesterol or d-DMPC. 

We hypothesize that cholesterol and polyunsaturated lipids are 
specifically removed from HDL by the S protein since these are the ones 
preferentially removed by the S protein from donor model membranes. 
Such targeted removal could lead to the remodeling of the HDL surface, 
which in turn might affect its functionality. For example, the cholesterol 
content in membranes regulates the membrane fluidity and membrane 
packing, depending on the acyl chain composition of the lipids present 
[43]. A change in the HDL lipid composition might translate to a shift in 
the HDL-apolipoprotein/associated protein composition, which affects 
HDL functionality [44]. 

3.3. The plasma lipid profile strongly affects the capacity for lipid removal 
and the ability to efflux cholesterol of individual HDL samples and 
determines whether the S protein has a supporting or detrimental effect 

Our previous studies have focused on lipoprotein fractions pooled 
from three healthy patients [32] for which no information on the lipid 
serum profile from the donors was available. This could explain the 
slight variability observed in the net lipid removal and deposition be-
tween the HDL samples used here and those used previously [9] under 
the same experimental conditions. For testing the hypothesis about the 
role of HDL biochemical composition on the extent to which S regulates 
HDL function, we purified HDL samples from individuals with (1) low 
serum triglycerides and low total serum cholesterol levels (LTLC), (2) 
high serum triglycerides and high total serum cholesterol levels (HTHC), 
and (3) low serum triglyceride and high serum total cholesterol levels 
(LTHC). TG and total serum cholesterol (TC) values below 150 and 200 
mg/dL respectively, are considered optimal; while optimal HDL-C, 
levels should be greater than or equal to 60 mg/dL [45]. For the spe-
cific lipid plasma values in the samples used in this study see Table 1. 

The lipid composition of the total HDL fraction indicates that the 
HDL particles from the LTHC individual contain higher free cholesterol/ 
free cholesterol + phospholipids ratio ((FC)/(FC + PL)) than the other 
two samples (Fig. 3). This difference may suggest that the surface of the 

Fig. 2. Cholesterol efflux Capacity of HDL in the presence and absence of the S 
protein from J774A.1 macrophages. The data represent the means ± SE. of at 
least three independent measurements. Levels of significance were determined 
by unpaired two-tailed Student’s t-test using Origin version 2021 (OriginLab 
Corporation, Northampton, MA, USA). Significant differences were considered 
at * p < 0.05, **p < 0.01, and ***p < 0.001 compared to HDL. 

Table 1 
Plasma lipid profile values for normolipidemic and hypertriglyceridemic in-
dividuals were used, in terms of TG, TC, HDL-C, and ApoA-I. The table shows the 
values for the HDL samples used for NR and CEC experiments.  

Sample Experiment TG (mg/ 
dL) 

TC (mg/ 
dL) 

HDL-C (mg/dL) ApoA-I 
(g/L) 

LTLC NR 63.8 
(Low) 

177.9 
(Low) 

77.3 (High)  1.75 

CEC 97.6 
(Low) 

115 
(Low) 

37 (Low)  0.98 

LTHC NR 50.4 
(Low) 

297.8 
(High) 

96.7 (High)  2.05 

CEC 140 
(Low) 

290 
(High) 

73.7 (High)  1.68 

HTHC NR 283.4 
(High) 

274.5 
(High) 

50.3 
(Intermediate)  

1.47 

CEC 636 
(High) 

229 
(High) 

24.90 (Low)  0.75  
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HDL particles from the LTHC individual is denser due to the closer 
packing of the PL monolayer, which should translate in lower lipid 
fluidity [46]. Moreover, the ratio of the surface lipids (PL + FC) to the 
core lipids (CE + TG) was higher for the LTHC HDL sample. This may in 
turn indicate that the HDL particles are larger or have a shape other than 
spherical. These differences in the surface composition of HDL might be 
key to determining how the S protein interacts with the HDL and 

remodeling its function. 
These HDL fractions were then used for CEC and NR experiments 

against d-DMPC:d-cholesterol 80:20 mol% lipids as model donor mem-
branes. The kinetics for lipid exchange during the first 5 h (including a 
combination of both lipid removal and deposition) was followed by NR 
for each HDL sample (Table 1) in the presence and absence of the S 
protein in h-TBS at 37 ◦C (Fig. 4 and Supporting Information Figure S5). 

Fig. 3. Lipid composition represented in the molar percentage of total HDL fractions from individuals presenting (A) LTHC, (B) LTLC, and (C) HTHC lipid serum 
profile. CE: Cholesteryl Ester, FC: Free Cholesterol, PL: Phospholipids, and TG: Triglycerides. Lipid values were normalized to ApoA-I. The (PL + FC)/(CE + TG) ratio 
for total HDL fractions from LTHC, LTLC, and HTHC was 2.0 ± 0.2, 1.5 ± 0.2, and 1.1 ± 0.1 respectively. The FC/(FC + PL) ratio for the total HDL fractions from 
LTHC, LTLC, and HTHC was 0.15 ± 0.02, 0.14 ± 0.02, and 0.11 ± 0.02 respectively. N = 1. The coefficient of variation for the within-run imprecision was 2.1%, 
1.6%, 1.0%, and 1.4% for TG, CE, FC, and PL respectively. 

Fig. 4. Kinetics of individual HDL lipid exchange capacity upon 5 h of incubation in h-TBS at 37 ◦C. The extent of lipids removed by the S protein in model 
membranes composed of d-DMPC: d-cholesterol at a molar ratio of 80:20 mol% in the presence of (A) LTHC, (B) LTLC, and (C) HTHC HDL. 
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From the kinetics, it is clear that the HDL ability to exchange lipids was 
compromised only for the LTLC and HDL HTHC samples, while no 
noticeable effect was observed for the LTHC samples. The net lipid 
removal and deposition for each type of individual HDL were deter-
mined through NR data analysis for three isotropic contrasts (Fig. 5A 
and Supporting Information Fig. S6-S8). A different set of samples 
collected from other individuals with similar lipid serum profiles 
(Table 1, CEC lines) was chosen for CEC determination (Fig. 5B). 

The extent of lipid removal by HDL (Fig. 5A) followed the trend: 
LTLC > HTHC > LTHC, which is the same trend observed for the 
cholesterol efflux (LTLC > HTHC > LTHC), see Fig. 5B. Cholesterol 
efflux capacity is affected by different factors such as size and compo-
sition of HDL, the concentration of HDL-C, the concentration of ApoA-I, 
gender, etc [47]. Interestingly, the LTHC sample with the lowest 
cholesterol efflux capacity also presented the lowest ability to remove 
saturated lipids in the presence of cholesterol. This sample has both the 
highest (PL + FC)/(CE + TG) ratio and the highest FC/(FC + PC) ratio 
(Fig. 3), which suggests a distinctive HDL structure - at least on the 
surface structure - in LTHC as compared to LTLC and HTHC. A denser 
HDL surface could result in a higher enthalpy penalty for further lipid/ 
cholesterol incorporation from a donor membrane. 

Co-incubation with the S protein led to worsened HDL function for 
the LTLC HDL samples both in terms of lipid removal and cholesterol 
efflux capacity (Fig. 5), in agreement with the results for the pooled HDL 
sample (Fig. 1). For HTHC HDL, there was significant lipid removal but 
no measurable effect on cholesterol efflux. Surprisingly, a significant 
increase in HDL’s ability to remove lipids and mediate the efflux of 
cholesterol was detected for the LTHC HDL sample. 

The data hereby presented suggests that individuals with a lipid 
serum profile characterised by low triglycerides and high total choles-
terol present some particularity that affects the S protein interaction 
with HDL enhancing lipid removal and cholesterol efflux capacity. 

Since both HDL and S protein remove lipids and mediate the efflux of 
cholesterol, and assuming these two do not interact and affect each 
other’s function, the expected net effect upon co-incubation should 
simply be the sum of the individual effects. In contrast, for HTHC and 
LTLC HDL, there is a clear decrease in both the capacity to remove lipids 
and to mediate the efflux of cholesterol for HDL in the presence of S 
protein. This suggests a strong interaction between the S protein and 
HDL that remodels HDL composition, probably affecting its structure. 
For LTHC HDL, on the other hand, lipid removal increased from 13,9% 
to 19,7% in the absence or presence of the S protein, respectively. The 
effect of co-incubation is an additional 5,8% lipid removal, which is 
smaller than the sum of the removal by LTHC HDL and S protein alone 
(Fig. 1C) (roughly 41,6% due to the additional 27,6% lipid removal by 
the S protein alone). Similarly, the cholesterol efflux ability is 4.4%, 
1.9%, and 8% (Fig. 2) for LTHC HDL, the S protein, and their mixtures 
respectively. The result for the mixture is closer to the expected outcome 
if there is no net interaction, i.e., 6.3%. Thus, LTHC HDL particles pre-
sent some key, so far unknown properties (of biochemical or structural 
nature) that seem to block the interaction with the S protein. From the 
biochemical data (Fig. 3), we could postulate that the higher surface 
density (packing) for HDL lipid monolayer creates a stronger enthalpic 
barrier for lipid removal by the S protein. 

Fig. 5. Effect of the S protein on HDL capacity to remove lipids and mediate the efflux of cholesterol on HDL samples from individuals with low triglycerides/high 
cholesterol (LTHC), low triglycerides/low cholesterol (LTLC), and high triglycerides/high cholesterol (HTHC) plasma levels. (A) lipid removal by NR. (B) cholesterol 
efflux capacity. The lipid donor for NR was d-DMPC: d-cholesterol 80:20 mol%. The data represent the means ± SE. of at least three independent measurements, 
errors are derived from Bayesian MCMC analysis. Levels of significance were determined by unpaired two-tailed Student’s t-test. Significant differences were 
considered at * p < 0.05, **p < 0.01, and ***p < 0.001 compared to HDL LTHC1, HDL LTLC2, and HDL HTHC3. The NR profiles and best fits are given in Supporting 
Information Figure S6. 
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3.4. Biochemical parameters of HDL subfractions as a potential origin for 
divergent virus response 

A closer look into the plasma biochemical values of the HDL sub-
fractions for each HDL sample is given in Fig. 6, to identify further 
biochemical parameters that make LTHC HDL different from LTLC and 
LTLC HDL. HDL can be divided into different subpopulations or sub-
fractions for which each HDL particle varies in protein and lipid content, 
size, and density [48]. HDL3 are the smallest protein-enriched particles 
that are subsequently converted into the large HDL2, which have other 
subdivisions like HDL2b and HDL2a [49]. Fig. 6A shows that the amount 
of HDL2a and b present in LTHC HDL differs compared to that of HTHC 
and LTLC HDL. Assuming that the PL (Fig. 6B) and FC (Fig. 6F) deter-
mine the available surface area of the particle and that they all have a 
spherical shape, then these numbers should indicate the HDL particle 
size. The LTHC and LTLC HDL subfractions appear to be of similar size, 
except for the HDL2b subfraction in HTHC HDL, based on the PL and FC 
numbers. ApoA-II content, although not detectable in all HDL2b and in 
the HDL2a of HDL HTHC, is lower in the LTHC HDL fraction compared 
to the other two samples (Fig. 6C). The ratio of the surface lipids (PL +
FC) to the core lipids (CE + TG) (Fig. 6D) for the subfractions shows that 
the LTHC does not follow the same trend in the LTHC HDL as compared 
to the other two ones with respect to HDL2b. Finally, LTHC HDL has a 
higher ratio of TC/CE due to the contribution of FC as well as the pre-
vious parameters (see Fig. 6E) and the HDL subfractions had similar FC/ 
ApoA-I ratios among the samples (See Fig. 6F). In summary, Fig. 6 
suggests that not only the content of FC but also the ApoA-I abundance 
make LTHC HDL distinguishable from the particles from the other serum 
lipid profiles studied. 

It is well known that the different HDL subpopulations have different 
lipid compositions including the ratio of phospholipids, sphingomyelin, 
and ceramides [50]. Such lipid composition can be a determinant of 
cholesterol efflux capacity since this aspect influences the surface lipid 
packing [51]. Membrane fluidity and curvature represent an important 
factor in the fusion process between the enveloped virus and the host 
membrane. The presence of cholesterol, phosphatidylethanolamine, and 
ceramides affects membrane fluidity and promotes the negative curva-
ture of the membrane which is critical for viral fusion [35]. Retroviruses 
such as HIV and Rhinoviruses can exploit cholesterol and ceramide- 
enriched membranes to facilitate entry into the cells [52,53]. 

In summary, this work suggests that HDL particles interact differ-
ently with the S protein due to their lipid composition and relative 
amount of a given subfraction (HDL2a). The ratio of surface lipids (PL +
FC) and core lipids (CE + TG) differed for the LTHC HDL sample which 
suggests that HDL surface properties might be key to regulating how S 
affects its composition. These findings could indicate that individuals 
with an LTHC profile are at lower risk to have the lipid metabolism 
highjacked by the SARS-CoV-2 virus and could present a weaker inter-
action with the S protein upon vaccination. Given that the S protein 
preferentially removes polyunsaturated lipids and cholesterol, the S 
protein could potentially remove these lipids specifically from HDL 
particles. This change in lipid composition could potentially lead to 
remodeling on the HDL surface composition which in turn inhibits the 
ability of HDL to remove lipids and efflux cholesterol (since the HDL 
surface becomes even denser) [54]. Detailed compositional, structural, 
and functional studies on a substantially higher number of samples are 
needed to understand whether these results can be extended to more 
patients with different lipid profiles. Further studies are required to 

Fig. 6. Biochemical values of HDL subfractions for LTHC, LTLC, and HTHC samples separated by density. (1) ApoA-I concentration, (B) Phospholipid/ApoA-I, (C) 
ApoA-II/ApoA-I, (D) (Phospholipids + Free Cholesterol)/ (Cholesteryl ester + Triglycerides) ratios, (E) Total Cholesterol/Cholesteryl Ester, and (F) Free Cholesterol/ 
ApoA-I ratios. 
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establish to which extent the HDL surface is remodeled by the S protein. 

4. Conclusions 

In this work, the S protein capacity to modulate HDL function was 
studied, by NR, ATR-FTIR and RCT experiments. In our previous 
research [9], we focus on the effect of co-incubation of S protein and 
HDL pooled from three healthy adult male donors in model membranes 
composed of fluid saturated lipids and cholesterol. Now, we attempted 
to decipher the role of the presence of unsaturated lipids containing 
oleic versus linoleic acid in combination with cholesterol and the effect 
of the lipid profile of the HDL donor. Linoleic acid was included in the 
model membranes because the S protein was reported to contain a 
pocket that binds linoleic acid specifically [17]. The hypothesis was that 
the HDL capacity to remove and exchange lipids is impaired in presence 
of the S protein and this depends on the lipid saturation of the model 
membrane, cholesterol, and the lipid profile of the donor. Our research 
suggests that the S protein from the SARS-CoV-2 virus has a stronger 
ability to remove cholesterol and polyunsaturated lipids compared to 
saturated and monounsaturated ones. Co-incubation of the S protein and 
HDL samples pooled from healthy adults with a fluid, saturated phos-
pholipid model led to impaired HDL function, but the effect could be 
reverted when polyunsaturated lipids were used instead. This implies 
that the S protein preferentially removes polyunsaturated lipids from 
HDL, which leads to changes in its surface properties or remodelling. 
Previously, it was shown that COVID-19 induces a remodelling of HDL 
proteome and increases immune response and inflammation [55]. Here 
we show that the S protein changes HDL function in a manner that de-
pends on the lipid serum profile. HDL samples with low triglycerides and 
high cholesterol serum levels (LTHC) presented an inverse trend induced 
by the Spike protein to that of low triglycerides/low cholesterol (LTLC) 
or high triglycerides/high cholesterol (HTHC) serum levels. This could 
indicate that individuals with an LTHC profile have a lower tendency to 
have the lipid metabolism highjacked by the SARS-CoV-2 virus and 
could present a weaker interaction with the S protein upon COVID-19 
illness or vaccination against COVID-19. A larger study with samples 
taken from individuals having and not having had COVID-19 or received 
vaccination against it during the last 6 months should be performed to 
confirm the current findings. Further studies on reconstituted HDL 
samples with controlled lipid cargo are planned to demonstrate the 
importance of the lipid cargo on the interaction with the S protein. 
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