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Abstract

Background: Previous studies showed that endothelial dysfunction is involved in COVID-19
progression and high-density lipoproteins (HDL) have a variety of endothelial-protective
properties. When considering that HDL composition is more representative of HDL function
than HDL cholesterol (HDL-C) levels alone, we sought to investigate whether changes in HDL
composition is associated with endothelial function and disease outcome in COVID-19

patients and lead to new risk stratification biomarkers.

Methods: Using 'H nuclear magnetic resonance (NMR) spectroscopy and Bruker [VDr
Lipoprotein Subclass Analysis (B.I.LISA™) software, an in-depth analysis of plasma
lipoproteins was undertaken in a longitudinal study of COVID-19 patients with samples of

healthy individuals as control.

Results: Higher triglyceride content in all HDL subclasses and lower HDL-4 plasma
concentrations were found in COVID-19 patients compared to control, correlating with
sequential organ failure assessment, circulating endothelial activation markers, and in vitro

endothelial functional assay parameters.

Conclusion: The observed changes in HDL composition in COVID-19 patients which are
associated with disease progression and possible survival suggest that these findings might

be used as prognostic biomarkers in hospitalized COVID-19 patients.

Keywords: High-density lipoprotein composition, NMR, longitudinal, COVID-19, endothelial

function



Introduction

The new coronavirus disease (COVID-19) caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) led to a major worldwide pandemic characterized by acute
lung injury and rapidly progressing to acute respiratory distress syndrome (ARDS) ™.
Previously, we showed that endothelial dysfunction, leading to endothelial glycocalyx
degradation, barrier failure, and procoagulant surface formation was involved in COVID-19
progression 2. In addition, early studies of lipid metabolism in patients revealed a role for
high-density lipoproteins (HDL) protective factors in a variety of endothelial functions such
as antioxidant, anti-inflammatory, anti-thrombotic, and even anti-infectious properties 3*.
Recently, it was observed that the metabolic lipid profile in COVID-19 patients in the
intensive care unit (ICU) was different when compared to healthy controls but also from

patients with cardiogenic shock in ICU. >

Increasing evidence suggested that low serum HDL-cholesterol (HDL-C) levels at hospital
admission is associated with disease severity and mortality in COVID-19 ®’. However,
other studies revealed that the HDL lipidome and proteome rather than quantitative HDL-
C concentration played a more representative role in HDL function during disease °. In
addition to HDL-C concentrations in COVID-19, several studies showed significant
inflammatory remodeling of the HDL proteome, associated with COVID-19 disease severity

in both adult and pediatric COVID-19 patients >,

However, limited studies are still available that show an association between COVID-19
related endothelial dysfunction and HDL composition and function. Furthermore, data is
lacking whether the endothelial function related HDL composition is associated with
disease outcome. Therefore, in the current study we used H Nuclear magnetic resonance
(NMR) spectroscopy and the validated Bruker IVDr Lipoprotein Subclass Analysis
(B.I.LISA™) software %17 to measure blood HDL subclasses and lipid content
concentrations in longitudinally collected serum samples from ICU and non-ICU, together

with age-matched healthy controls. With the help of this in-depth analysis, we aimed to



identify changes in HDL composition in COVID-19 patients compared to healthy individuals
and disease progression, screen for endothelial function related HDL composition, and
investigate whether specific HDL compositional changes could lead to different outcomes

in the course of the disease.

Material and methods

Study population.

A prospective observational cohort study was set up, in which patients with PCR-confirmed
SARS-CoV-2 infection after hospital admission were recruited from April 2020 until August
2020, before the use of medication such as dexamethasone and vaccines were
implemented. In the present study longitudinally collected plasma and serum samples from
37 patients with confirmed SARS-CoV-2 infection together with 12 age-matched controls
were used (Figure 1A and supplemental figure S1). Patient characteristics are shown in
supplemental table S1. Age-matched healthy donors with a male: female ratio of 2:1, were
included after confirmed negative for SARS-CoV-2 IgG. The trial was registered in the Dutch
Trial Registry (NL8589). Ethical approval was obtained from the Medical Ethical Committee
Leiden-Den Haag-Delft (NL73740.058.20).

Sample preparation for 'H nuclear magnetic resonance (NMR) spectroscopy.

Sample preparation was performed consistently with the requirements of the Bruker
B.I.LISA lipoprotein analysis protocol. The EDTA plasma samples were thawed at room
temperature and immediately homogenized by inverting the tubes 10 times. Next, 200uL
of plasma was manually transferred to a Ritter 96 deep-well plate. A Gilson 215 liquid
handler robot was used to mix 120uL of plasma with 120uL, 75 mM disodium phosphate
buffer in H20/D20 (80/20) with a pH of 7.4 containing 6.15 mM NaNs and 4.64 mM sodium



3-[trimethylsilyl] d4-propionate (Cambridge Isotope Laboratories). Using a modified second
Gilson 215 liquid handler, 190uL of each sample was transferred into 3 mm Bruker
Samplelet NMR tubes. Subsequently, the tubes were sealed by POM ball insertion and
transferred to the Samplelet autosampler where they were kept at 6°C while queued for

acquisition.

NMR spectroscopy measurement and processing.

All proton nuclear magnetic resonance (*H-NMR) experiments were acquired on a 600 MHz
Bruker Avance Neo spectrometer (Bruker Corporation, Billerica, USA) equipped with a 5-
mm triple resonance inverse (TCl) cryogenic probe head with a Z-gradient system and

automatic tuning and matching.

The NMR spectra were acquired following the Bruker B.l.Methods protocol. Before the
measurements, a standard 3 mm sample of 99.8% methanol-d4 (Bruker) was used for
temperature calibration 8. A standard 3 mm QuantRefC sample (Bruker) was measured as
the quantification reference and for quality control. All experiments were recorded at 310
K. The duration of the m/2 pulses was automatically calibrated for each sample using a
homonuclear-gated nutation experiment on the locked and shimmed samples after
automatic tuning and matching of the probe head °. For water suppression, presaturation
of the water resonance with an effective field of yB1 = 25 Hz was applied during the

relaxation delay and the mixing time of the NOESY1D experiment %°.

The NOESY1D experiment was recorded using the first increment of a NOESY pulse
sequence with a relaxation delay of 4 s and a mixing time of 10 ms 21, After applying 4

dummy scans, 32 scans of 98,304 points covering a sweep width of 17,857 Hz were recorded.

The lipoprotein values were extracted from the NOESY1D plasma spectra by submitting the

data to the commercial Bruker IVDr Lipoprotein Subclass Analysis (B.l.LISA) platform 217,



This approach extracts information about lipoproteins and lipoprotein subfractions in
plasma. In the current study, we focused on the HDL particles; dissected into concentration,
composition, and four subclasses (sorted according to increasing density and decreasing
size), and accompanying lipids within the lipoprotein subclasses including total cholesterol,
free cholesterol, phospholipids, and triglycerides. The calculated esterified cholesterol was
not included in the present study. Details about the measured HDL subfractions were listed

in supplemental table S2.

HDL functional assay.

Primary human umbilical vein endothelial cells were isolated according to the previous
protocol and cultured in 1% gelatin pre-coated flasks in endothelial growth medium
(EGM2 medium, C-22011 supplemented with SupplementMix, Promocell, Heidelberg,
Germany) with 1% antibiotics (penicillin/streptomycin, 15070063, Gibco, Paisley, UK). HDL
isolation was isolated from 7 COVID-19 ICU individuals, pooled healthy control serum
(pooled serum from 12 samples), and pooled non-ICU COVID-19 serum (pooled serum
from 8 samples) based on the protocol from a previous study by Mulder et al. %2, stored on
ice, and used the following day for HDL functionality tests. Primary human umbilical vein
endothelial cells (HUVECs) were used to test HDL's anti-thrombotic properties. In the 96-
well plate, HUVECs (passage 3) were seeded at a density of 4x10° cells/well. The following
day, HUVECs were pre-incubated for 30 minutes with 2% apoB-depleted plasma or an
equal volume of precipitation reagent in HEPES as a control. Tumor necrosis factor a (TNF-
a, H8916, Sigma Aldrich, the Netherlands) was then added at a concentration of 10ng/mL.
After another 5 hours of incubation, the cell surface was washed once with HBSS, no
calcium, and no magnesium (14170120, Gibco™, Paisley, UK). Each well received 50uL of
normal pooled plasma before being placed in the Fluorometer for a 10-minute incubation
at 37°C. The formation of thrombin was started by mixing 10uL of the fluorogenic

substrate with calcium (TS50.00 FluCa-kit; Thrombinoscope BV, Maastricht, the



Netherlands). The final reaction volume was 60pL. Thrombin formation was measured
every 20 seconds for 60 minutes and calibrated using Thrombinoscope software
(Additional file 1: Fig. S4a). To assess HDL anti-thrombotic capacity, we included all the
parameters including thrombin peak height (Peak), endogenous thrombin potential (ETP),
lag time, time to peak (ttPeak), and velocity of thrombin generation (Vellndex). To limit
potential variation due to different plate conditions, HDL anti-thrombotic capacity
measurements were performed at the same time using the same batch of pooled HUVECs

and reagents. For each individual, measurements were taken in three technical replicates.

Statistical analyses.

Descriptive clinical and in vitro experimental characteristics of the study population were
expressed as median with interquartile range (IQR) for non-normally distributed variables,
mean with standard deviation (SD) for normally distributed variables, or percentages (%)
for dichotomous variables. One-way ANOVA followed by Tukey's multiple comparisons test
or Kruskal-Wallis followed by Dunn's multiple comparisons test were assessed for multiple

groups. P <0.05 were considered statistically significant.

Principle component analysis (PCA) was performed between healthy controls, non-ICU

COVID-19 patients, and ICU COVID-19 patients based on HDL-related features.

Healthy control, non-ICU COVID-19, and ICU COVID-19 were considered as three outcomes,
and concentrations of HDL-related features were scaled (z-normalization, i.e., with mean=0
and SD=1) to identify lipoproteins with different concentrations, and multinomial logistic
regression analysis (MLR) was used. We set a specific reference for each comparison:
between healthy control and non-ICU COVID-19, healthy control was the reference;
between healthy control and ICU COVID-19, healthy control was the reference; between
non-ICU COVID-19 and ICU COVID-19, non-ICU COVID-19 was the reference. We considered

a p-value < 0.05 as significant. The results were expressed as a regression coefficient (f3)



with a 95% confidence interval (Cl) to evaluate the association between concentrations of

HDL-related features and COVID-19.

Pearson’s correlation analysis was performed between HDL-related features and clinical
parameters, circulating markers (including soluble thrombomodulin, angiopoietin 2, and
soluble syndecan-1), and in vitro endothelial functional assay parameters (including factor
X activation, thrombin generation, endothelial barrier function, and supernatant

endothelial activation markers) from our previously published paper 2.

We next stratified ICU COVID-19 patients into survivors and non-survivors and investigated
HDL composition changes during disease development. The trend line for the longitudinal
changes in HDL composition was performed according to loess regression. Additionally, we
compared the changes in HDL subclasses between the first collected sample and the last
sample during hospitalization. Statistical analyses were performed in R (version 4.1.0) and

GraphPad Prism version 8 (Graphpad Inc., La Jolla, CA, USA).

Results

Clinical characteristics and experimental characteristics of the study population .

Supplemental table S1 shows the clinical and experimental characteristics of individuals in
the present study. Of 37 included COVID-19 patients, 18.92% were women, with a median
age of 61 years (interquartile range, 57—70 years). Among 37 COVID-19 patients, there were
5 non-ICU COVID-19 patients and 32 ICU COVID-19 patients (26 survivors and 6 non-
survivors). Compared to non-ICU COVID-19 patients and healthy individuals, both ICU
COVID-19 survivors and non-survivors had higher endothelial activation, higher disease
severity, and higher in vitro serum induced endothelial activation. Notably, although not
significant, ICU non-survivors revealed a more profound endothelial dysfunction phenotype

than ICU survivors.



HDL anti-thrombotic capacity reduction in ICU COVID-19 patients.

The effect of purified HDL serum fractions of healthy individuals (n = 12, pooled), non-ICU
COVID-19 patients (n =5, pooled) and 7 survivor COVID-19 individuals in ICU was tested for
its anti-thrombotic capacity on cultured endothelial cells. Based on the thrombin generation
curve, the curves of most ICU COVID-19 patients were higher than the healthy control and
non-ICU COVID-19 patient curves (supplemental Fig. S2A). Furthermore, the thrombin peak
height, endogenous thrombin potential (ETP), and Vellndex were all higher in the ICU
COVID-19 patients tested; whereas lag time and ttPeak were lower in ICU COVID-19 patients
tested (supplemental Fig. S2B-F). These results that HDL functionality in anti-thrombin

formation already could be impaired in COVID-19 patients when admitted to the ICU.

HDL composition in plasma can differentiate patients with COVID-19 from healthy

controls.

PCA analysis on HDL-related features of all the samples (including controls, non-ICU and ICU
patients), using the “ggfortify” R package revealed good separation of COVID-19 patients
from healthy individuals (Fig. 1B). Further hierarchical clustering revealed that this division
in HDL composition presented that triglyceride content in all HDL subclasses was standing

out as a cluster with an increasing trend with disease severity (Fig. 1C).
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Figure 1. HDL composition between healthy individuals and COVID-19 patients based on
1H NMR. (A) Scheme of study design and *H NMR in the present study. (B) Principal
component analysis using HDL composition for longitudinally collected serum samples
from ICU COVID-19 patients (yellow), non-ICU COVID-19 patients (grey), and samples from
healthy controls (blue). (C) Heatmap showing overview of HDL composition in the present
study indicating that triglyceride content in HDL subclasses increased with the disease
progression whereas the rest of HDL composition such as HDL-4 subfractions decreased
with the disease progression.

Distinct HDL composition between healthy controls, non-ICU COVID-19 patients, and ICU
COVID-19 patients.

To identify further differences in HDL composition between the three groups multinomial

logistic regression analysis was used. This analysis revealed that all HDL compositions (27



lower and 5 higher) were significantly different between healthy controls and non-ICU
COVID-19 patients (Fig 2A, B and supplemental table S3) while 27 HDL subfractions (22
lower and 5 higher) differed significantly between healthy controls and ICU COVID-19
patients (Fig 2C, D and supplemental table S4). Comparing non-ICU and ICU COVID-19
patients showed notable changes in all the small and dense HDL subfractions which were
lower in ICU COVID-19 patients and with a much higher triglyceride content in most HDL
subclasses (Fig 2E, F and supplemental table S5). In addition, between COVID19 patients in
ICU and not in ICU the HDL1-3 subfractions were significantly increased (Fig 2E, F and

supplemental table S5).
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Figure 2. Differential HDL composition between ICU COVID-19, non-ICU COVID-19
patients, and healthy individuals. (A) Volcano plot and (B) Bubble plot of differential
lipoprotein subfractions between non-ICU COVID-19 patients and healthy controls. (C)
Volcano plot and (D) Bubble plot of differential lipoprotein subfractions between ICU
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Dot size of the bubble plot represented the absolute value of effect size based on MLR.
The red color represented a higher concentration in the reference group, while the blue
color represented a lower concentration in the reference group.



Associations between HDL composition and clinical and experimental parameters.

We next investigated the associations between HDL composition and clinical and
experimental parameters (i.e, circulating markers, clinical assessment parameters, and in
vitro endothelial functional assay parameters) using Pearson’s correlation analysis. A
positive correlation was observed between HDL-1-3 subclass triglyceride content and
circulating endothelial activation markers angiopoietin 2, sequential organ failure
assessment (SOFA) score, LUMC severity score, and respiratory failure assessment (Fig 3).
These observations were also observed with the in vitro endothelial coagulation data from
the Xa and thrombin generation measurements, endothelial activation markers in the
supernatant, and endothelial barrier function loss. The HDL-4 subfraction only showed
negative correlations with circulating and in vitro endothelial activation parameters.
Furthermore, apolipoprotein Al (ApoA1l), total cholesterol, and free cholesterol content in
each of the HDL subclasses were found to be negatively associated with endothelial

activation and disease severity.



Urea o

) : 3

C-Reactive Protein * %
Soluble thrombomodulin '« '+ . BN . PR o e kk [ ek e e R e @
3

Soluble Syndecan 1 * * ;%

°

w

%
H

* owx x * wk wn wm * wx % o w * wx P P

Angiopoietin 2

SpOz » " . o
SOFA score [/ jmx fex Rk ke e e ae - o * * . ™ » o
=
LUMC severity score * * * g
]
Respiratory rate o
3
PaO0:/Fi0= * *x o B
o
s
Glasgow Coma Scale * i
FiO2
Xa generation 2hrs = ® xx * ok k% xx P % xx R R R RS
<.
Xa generation 1hr = * xx o+ * wx o ** xx I ™ ;3
. . o
3
Thrombin peak height * * * * Ee ok kx xx % *x % * xx 2
2
Von Willebrand factor = o wx % * x x % e xx % %k Wk Rk Ak k% KK K kK Rk B w ax x w| k@
=
Soluble thrombomodulin = . = [x T % % Kk Rk K Kk KK K K Rk IR R 5 *p<0.05
3
Interleukin 6 = - |l ol | = x | ek hx Ew ok ek e W ek ke | g—. *p <001
3
Angiopoietin 2 kR * x ok kk *k s *k ok ok ke WE Rk ek Ak kk :’—) Correlation
A 1.0
HPMEC Rb * . " £ MW
<
o 05
HPMEC R * N * * o *x o
g 0.0
GEnCRb = * * * * ww > x % o @
o
@ -0.5
GEnCR '« o x % *x * * P - ow ok o L |

\‘:LQ\O\«O'\’L%OVON’L‘Z‘OVO'\Y‘L%O\’O\'LQ*O\/O'\’I;
KL SN L N SPS
¥ A0 NGRS A ¥ (O Y0¥ o0& LIV 0, KGR vh@:@wq@ﬁf@%v

Figure 3. Correlation heatmap of circulating markers, clinical parameters, in vitro
endothelial functional assay parameters, and HDL composition. The red indicated a
positive correlation, while the blue indicated a negative correlation. Shading color and
asterisks represented the value of corresponding correlation coefficients (*p < 0.05; **p <
0.01).

Triglyceride content in HDL subclasses showed distinct longitudinal changes between non-

ICU COVID-19 patients, ICU COVID-19 survivors, and ICU COVID-19 non-survivors.

Since triglyceride content in all the HDL subclasses was increased in COVID-19 patients
compared to healthy individuals and associated with disease severity and clinical

parameters, we then made the stratification analysis and evaluated the changes in disease



course. We found that most of the triglyceride content in HDL subclasses except in HDL-4,
was initially higher in ICU non-survivors than in ICU survivors and non-ICU patients, and
when it reached the peak (almost twice the levels of healthy individuals) and remained
higher over time than in ICU survivors and non-ICU patients until the patients died (Fig 4A,
C,E, G, I). Compared to the first collected sample in ICU with the last collected sample during
hospitalization, only HDTG, H1TG, and HATG were higher in the last collected samples than
in the first collected samples in the ICU non-survivor group; H2TG and H3TG remained or
decreased a bit. It is worth noting that all HDL subclass triglyceride was much higher in ICU

non-survivors than in ICU survivors and non-ICU patients (Fig 4B, D, F, H, J).
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Figure 4. Changes of triglyceride content in HDL subclasses in the course of the disease
of ICU survivors, non-survivors, and non-ICU patients. (A) HDTG changes during
hospitalization. (B) HDTG changes between the first and last collected samples during
hospitalization. (C) H1TG changes during hospitalization. (D) H1TG changes between the
first and last collected samples during hospitalization. (E) H2TG changes during
hospitalization. (F) H2TG changes between the first and last collected samples during
hospitalization. (G) H3TG changes during hospitalization. (H) H3TG changes between the
first and last collected samples during hospitalization. (1) HATG changes during
hospitalization. (J) H4TG changes between the first and last collected samples during
hospitalization. The dashed line represented the average concentration of triglyceride
content in HDL subclasses in healthy individuals.

HDL-4 subfraction showed distinct longitudinal changes between non-ICU COVID-19
patients, ICU COVID-19 survivors, and ICU COVID-19 non-survivors.

The HDL-4 subfraction was lower in ICU COVID-19 patients than in non-ICU COVID-19
patients. Investigating HDL-4 subfraction changes during the disease progression revealed
that both concentrations continuously increased over time in non-ICU and ICU survivors (Fig
5). In ICU non-survivors, the levels first decreased then increased a little bit which were
much lower than those in healthy individuals, especially H4A1. We also noticed that
although the concentrations of HDL-4 subfractions increased in non-ICU and ICU survivors,
they were still much lower than in healthy individuals (Fig 5A, C, E, G, 1). We did not find any
difference in HDL-4 subfractions at the initial time point, but we discovered that there were
notable differences between the three groups in the last collected samples regarding the
highest concentrations of HDL-4 subfractions in non-ICU and lowest concentrations of HDL-

4 subfractions in ICU non-survivors (Fig 58, D, F, H, J).



@ Concentration Concentration Concentration

Concentration

Concentration

20

First5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Days after first collected sample during hospitalization

B
=
£ 60
s
@ = |ICU survivors
g ICU non-survivors
3 40 = non-ICU survivors
y 20
First5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 First Last
Days after first collected sample during hospitalization
H4A2 D
20
s
*—E? 15
€ = |CU survivors
8 ICU non-survivors
s = non-ICU survivors
o 10
5 5
First5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 First Last
Days after first collected sample during hospitalization Time point
F
20
c
2
B8 15
S5 = |CU survivors
2 ICU non-survivors
8 10 = non-ICU survivors
5 i
First5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 First Last
Days after first collected sample during hospitalization Ti .
ime point
HaFC H =
3
(=
S
£
e = |CU survivors
o ICU non-survivors
8 = non-ICU survivors
1
A
First5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 Y First Last
Days after first collected sample during hospitalization Time point
J
_ 25
o
g
£ 20 = |CU survivors
g + ICU non-survivors
8 = non-ICU survivors
15
|
% 10

First Last

Time point



Figure 5 Changes of HDL-4 subfractions in the course of the disease of ICU survivors,
non-survivors, and non-ICU patients. (A) H4A1 changes during hospitalization. (B) H4A1
changes between the first and last collected samples during hospitalization. (C) H4A2
changes during hospitalization. (D) H4A2 changes between the first and last collected
samples during hospitalization. (E) H4CH changes during hospitalization. (F) H4CH changes
between the first and last collected samples during hospitalization. (G) H4FC changes
during hospitalization. (H) H4FC changes between the first and last collected samples
during hospitalization. (1) H4PL changes during hospitalization. (J) H4PL changes between
the first and last collected samples during hospitalization. The dashed line represented the
average concentration of HDL-4 subfractions in healthy individuals.



Discussion

In the current study, we found that increased levels of triglycerides in all HDL subclasses and
decreased levels of HDL-4 subfractions with disease progression. Altered HDL composition
was correlated with SOFA score, circulating endothelial activation markers, and in vitro
endothelial functional assay parameters, and was associated with distinct disease outcomes.
Our findings indicate that changes in HDL composition might be used for risk stratification

in disease progression in COVID-19 patients.

In general, higher triglyceride content in most of the HDL subclasses and HDL-4 subfractions
were found in COVID-19 patients. These HDL compositional changes that we observed for
COVID-19 compared with healthy individuals were in line with previous studies in Germany,
Spain, and Australia 224, This finding further confirmed previous studies and proved that
the NMR-based lipoprotein profiling technique was quite robust and may be clinically

meaningful beyond the routine clinical chemistry measurement.

Our study, for the first time, linked the HDL composition with the in vitro endothelial
functional assay parameters and identified the specific endothelial function related to HDL
composition. Accumulating evidence suggested that hypertriglyceridemia was an

independent risk factor for endothelial dysfunction

. We observed that triglyceride
content in HDL subclasses was positively correlated with circulating endothelial activation
marker Angiopoietin 2 which was relevant in respiratory and thrombotic related disorders
in COVID-19 ICU patients, showing unfavorable prognostic value ?6. Syndecan 1, one of the
endothelial glycocalyx core proteins, was reported as a marker for disease progression and
severity classification of COVID-19 27-2°, Also, we discovered that triglyceride content in HDL-
1 showed a positive correlation with soluble Syndecan 1, implying that triglyceride content
in large HDL may lead to more aggressive endothelial activation. Moreover, a comparison
between non-ICU and ICU COVID-19 patients and the longitudinal changes concerning

triglyceride content in HDL subclasses showed clear differences between non-ICU and ICU

as well as ICU survivors and non-survivors, further supporting this concept.



Small and dense HDL particles are essential for cellular cholesterol efflux, antioxidative,
antithrombotic, anti-inflammatory, and antiapoptotic functions 3%31. Interestingly, our
findings revealed that HDL-4 subfractions were lower in COVID-19 patients (both non-ICU
and ICU) compared to healthy individuals. Moreover, COVID-19 patients in ICU even showed
much lower concentrations of HDL-4 subfractions. Given that HDL-4 subfractions were
negatively correlated with endothelial dysfunction, we hypothesized that a lack of specific
vasoprotective HDL compositions would lead to disease progression, which was supported
by the longitudinal changes in HDL-4 subfractions in COVID-19 patients with different

outcomes.

Either higher triglyceride content in HDL subclasses or lower HDL-4 subfractions would
cause dysfunction of HDL (data unpublished). The ICU non-survivors showed lower levels of
HDL-4 subfractions and higher triglyceride content in HDL subclasses over time, which to
some extent, implied that impaired HDL function with less vasoprotective functions might
contribute to the worse outcome. Here, our in-house pilot HDL functional assay
demonstrated that COVID-19 patients had impaired HDL function in terms of its capacity to
suppress TNFoa-induced procoagulant cell surface in endothelial cells which is also
consistent with earlier findings that HDL from COVID-19 patients was less protective in
endothelial cells stimulated by TNFa (permeability, VE-cadherin disorganization, and
apoptosis) 2. Following these findings, we discovered that COVID-19 patients showed
greater changes in HDL composition, particularly triglyceride content in HDL subclasses and

HDL-4 subfractions, which contributed to risk stratification for COVID-19.

The strength of our study is that we measured detailed HDL compositions in a longitudinal
population with different disease severity and our study was the first to link HDL
compositional changes with serum-induced endothelial functional assay parameters. Our
findings further confirmed altered HDL composition in COVID-19 patients with regard to
reduced HDL anti-thrombotic capacity, linking it with disease severity assessment and
endothelial activation markers; meanwhile, we revealed disease outcome related HDL

compositional changes. However, the present study has some limitations mainly related to



the relatively small sample size of the cohort, which might limit generalizability and
eliminate the possibility of stratification analyses. In addition, we did not include any ICU
patients without COVID-19 to compare whether our findings were general changes for
patients ending up in ICU or disease specific changes. Besides, medication use such as lipid
lowering medications could affect HDL concentration, composition, and function 3334, which
indicated that the changes in HDL composition were not solely affected by the disease.
Another limitation is that we only performed a pilot in-house HDL functional assay, which,
while promising, was insufficiently conclusive, and more experiments with more time points

and patients were required.

Conclusions

To conclude, compared to healthy individuals, non-ICU and ICU COVID-19 patients had
altered HDL composition, and lower HDL-4 subfractions and higher triglyceride content in
HDL subclasses were associated with endothelial function and disease progression, which

might be useful for risk stratification for patients with COVID-19 in ICU.
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Supplemental figure S2. Impaired HDL anti-thrombotic capacity in COVID-19 patients. (A)
Thrombin generation curve of pooled healthy control (n = 1), pooled non-ICU COVID-19 (n
=1), and ICU COVID-19 patients (n = 7). (B) Difference of thrombin peak height between
pooled healthy control, pooled non-ICU COVID-19, and ICU COVID-19 patients. (C)
Difference of ETP between pooled healthy control, pooled non-ICU COVID-19, and ICU
COVID-19 patients. (E) Difference of lag time between pooled healthy control, pooled non-
ICU COVID-19, and ICU COVID-19 patients. (F) Difference of time to peak between pooled
healthy control, pooled non-ICU COVID-19, and ICU COVID-19 patients. (G) Difference of
thrombin generation velocity between pooled healthy control, pooled non-ICU COVID-19,
and ICU COVID-19 patients.



Supplemental table S1.

Clinical and experimental characteristics of the study population.

COVID-19 patients non-1ICU ICU survivors ICU non-survivors Healthy controls
(n=37) (n=5) (n=26) (n=6) (n=12)

Demographic
Sex (% women) 18.92 20 19.23 16.67 25
Age, y 61(57-70) 50(46-61) 65(59-71) 60(58-64) 60 (60-60)
Respiratory function
Respiratory rate 27.24(7.53) 19.6(4.56) 27.09(6.49) 34.17(7.25)
Sp02 90.36(2.76) 94.8(1.64) 90.05(1.96) 87.83(1.6)
FiO; 60(41-100) - 53(40-85) 88(64-100)
Pa0/FiO; 16.7(5.27) 17.85(4.78) 13.08(5.49)
Disease severity score
GCS 3(3-14) 15(15-15) 4(3-11) 3(3-3)
LUMC severity score 12(9-14) 3(1-4) 12(11-13) 16(13-17)
SOFA score 7(7-11) - 8(6-11) 7(7-10)
Circulating markers
Urea, mg/L 13(5.15-16.8) 4.75(4.32-5.05) 14.6(7.35-17.78) 14.1(12.85-15.5)
CRP, mmal/L 164.35(61.77-243.7) 102.7(70.05-139.33) 145(48.05-239.08) 240.25(181.45-259.75) -
Circulating Angiopoietin 2, ng/mL 8.2(6.21-16.4) 6.3(4-6.55) 8.36(5.86-17.09)* 11.2(8.16-19.49)* 4.45(2.4-553)
Circulating soluble thrombomodulin, ng/mL 14.46(9.9-19.95) 9.2(7.75-11.05) 16.51(11.04-21.58)* 16.06(9.77-19.69) 6.4(5.38-8)
Circulating soluble Syndecan 1, ng/mL 9.8(7.88) 4.3(3.3) 9.32(7.35) 14.85(10.51) 6.26(5.14)
in doth | assay
Supernatant Angiopoietin 2, ng/mL 27.39(10.55) 14.63(1.62) 29.06 (9.08)*4 32.44(12.19)*# 13.63(1.09)
Supernatant Interleukin 6, pg/mL 256.13(146.4) 71.36(16.84) 262.44(121.31)*% 389.08(130.15)*# 68.11(13.95)
Supernatant soluble thrembomedulin, ng/mL 2.6(1.21) 1.19(0.46) 2.65(0.88)*# 3.59(1.59)*# 1.1(0.21)
Supernatant Von Willebrand factor, U/ml 27.8(22.9-46.46) - 30.07 (14.14)*# 49.01(23.67)*#% 3.51(2.04)
Xa generation 1hr, nM 0.22(0.04) 0.15(0.01) 0.22(0.03)*# 0.25(0.03)*# 0.14(0.02)
Xa generation 2hrs,nM 0.23(0.06) 0.15(0.02) 0.23(0.05)*# 0.27(0.05)*# 0.15(0.02)
Thrombin peak height, nM 7.51(2.87-11.5) 0.74(0.56-1.03) 8.39(5.1-14.08)* 8.89(6.76-10.64)* 0.7(0.59-0.9)
ECIS HPMEC resistance, AUC 17160 (15802-18544) 19085 (19046-19727) 17160 (15589-18321)* 16193 (15366-16766)%# 19252 (18761-19558)
ECISHPMECRb, AUC 131.1(118-143) 145(145-154) 134(116-141)* 120(115-127)*# 146 (144-149)
ECIS GENC resistance, AUC 8577.52(690.87) 9348.6(197.52) 8497.9 (688.04)* 8200.33(493.03)*# 9195.42(547.29)
ECIS GEnC Rb, AUC 44,62 (5.89) 51.78(2.31) 43.48 (5.87)*4 42.48(3.33)# 49,65 (3.95)

Data are shown as mean (+ SD), median (25th percentile—75th percentile), or percentage.
One-way ANOVA followed by Tukey's multiple comparisons test or Kruskal-Wallis followed
by Dunn's multiple comparisons test were performed; healthy control as reference:
*p<0.05; non-ICU as reference: #p<0.05.

Abbreviations: CRP C-reaction protein; ECIS Electric cell-substrate impedance sensing

system; FiO; Fraction of inspired oxygen; GCS Glasgow Coma Scale; PaO: Partial pressure
of oxygen; Rb Resistance between cells; SOFA score Sequential organ failure assessment
score; SpO2 Oxygen saturation.



Supplemental table S2. Quantified HDL-related lipoprotein subfractions.

Abbreviation

Lipoprotein subfraction

TPA1
TPA2
HDA1
HDA2
HDCH
HDFC
HDPL
HDTG
H1A1l
H1A2
H1CH
H1FC
H1PL
H1TG
H2A1
H2A2
H2CH
H2FC
H2PL
H2TG
H3Al
H3A2
H3CH
H3FC
H3PL
H3TG

Total apolipoprotein Al (ApoAl)
Total apolipoprotein A2 (ApoA2)
ApoAl content in total HDL
ApoA2 content in total HDL
Cholesterol content in total HDL
Free Cholesterol content in total HDL
Phospholipid content in total HDL
Triglyceride content in total HDL
ApoA1l content in HDL-1 subclass
ApoA2 content in HDL-1 subclass
Cholesterol content in HDL-1 subclass
Free Cholesterol content HDL-1 subclass
Phospholipid content in HDL-1 subclass
Triglyceride content in HDL-1 subclass
ApoA1l content in HDL-2 subclass
ApoA2 content in HDL-2 subclass
Cholesterol content in HDL-2 subclass
Free Cholesterol content HDL-2 subclass
Phospholipid content in HDL-2 subclass
Triglyceride content in HDL-2 subclass
ApoAl content in HDL-3 subclass
ApoA2 content in HDL-3 subclass
Cholesterol content in HDL-3 subclass
Free Cholesterol content HDL-3 subclass
Phospholipid content in HDL-3 subclass

Triglyceride content in HDL-3 subclass



H4A1
H4A2
H4CH
H4FC
H4PL
HATG

ApoA1l content in HDL-4 subclass
ApoA2 content in HDL-4 subclass
Cholesterol content in HDL-4 subclass
Free Cholesterol content HDL-4 subclass
Phospholipid content in HDL-4 subclass

Triglyceride content in HDL-4 subclass




Supplemental table S3. Differential HDL composition between non-ICU COVID-19 patients
and healthy controls based on multinomial logistic regression analysis. (Reference: healthy
controls)

HDL Regression coefficient (B) P
composition B 25 Cl975 value

HDCH -2.42 -3.10 -1.73  4.11E-12
TPAL -2.29 -2.95 -1.63  1.14E-11
TPA2 -2.96 -3.84 -2.09 3.32E-11
HDTG 1.10 0.53 1.67 1.38E-04
HDFC -1.33 -1.77 -0.89  2.57E-09
HDPL -1.42 -1.85 -0.99 1.36E-10
HDA1 -2.41 -3.10 -1.73  5.08E-12
HDA2 -2.41 -3.06 -1.76  3.10E-13
H1TG 0.93 0.39 147 7.62E-04
H2TG 2.07 1.25 2.89  7.53E-07
H3TG 1.21 0.67 1.75 1.07E-05
H4TG 0.77 0.35 1.20 3.89E-04
H1CH -0.53 -0.88 -0.18 2.96E-03
H2CH -1.34 -1.78 -0.90 1.75E-09
H3CH -2.85 -3.64 -2.06 1.66E-12
H4CH -3.93 -5.25 -2.61 6.01E-09
H1FC -1.03 -1.41 -0.65 1.40E-07
H2FC -1.60 -2.06 -1.14  7.35E-12
H3FC -2.00 -2.53 -1.46  2.74E-13
H4FC -1.56 -2.09 -1.03  8.94E-09
H1PL -0.48 -0.85 -0.10 1.32E-02
H2PL -1.04 -1.47 -0.60 3.31E-06
H3PL -1.58 -2.04 -1.13  8.96E-12
H4PL -1.71 -2.28 -1.14  4.83E-09
H1Al -0.51 -0.88 -0.14  7.03E-03
H2A1 -1.78 -2.26 -1.30 3.48E-13
H3A1 -1.87 -2.37 -1.37 2.98E-13
H4Al -3.23 -4.30 -2.16  2.95E-09
H1A2 -0.69 -1.11 -0.27 1.18E-03
H2A2 -0.78 -1.18 -0.38 1.39E-04
H3A2 -1.29 -1.71 -0.87 1.59E-09

H4A2 -3.16 -4.19 -2.13  2.02E-09




Supplemental table S4. Differential HDL composition between ICU COVID-19 patients and
healthy controls based on multinomial logistic regression analysis. (Reference: healthy
controls)

HDL Regression coefficient (B) P
composition B 25 Cl97.5 value

HDCH -2.38 -3.04 -1.73  9.19E-13
TPAL -2.59 -3.24 -1.94 8.22E-15
TPA2 -3.11 -3.97 -2.25 1.50E-12
HDTG 1.77 1.21 2.33  6.06E-10
HDFC -1.33 -1.73 -0.93 7.41E-11
HDPL -0.83 -1.18 -0.48 3.02E-06
HDA1 -2.59 -3.26 -1.92 2.98E-14
HDA2 -2.26 -2.87 -1.66  2.63E-13
H1TG 1.50 0.98 2.03  1.88E-08
H2TG 3.82 2.90 4.74 4.44E-16
H3TG 2.04 1.48 2.59 5.53E-13
H4ATG 0.74 0.35 1.14  2.32E-04
H1CH -0.36 -0.65 -0.07 1.56E-02
H2CH -0.59 -0.95 -0.23  1.44E-03
H3CH -2.75 -3.51 -1.99 1.44E-12
H4CH -5.18 -6.56 -3.81 1.72E-13
H1FC -0.95 -1.27 -0.62  1.15E-08
H2FC -0.75 -1.12 -0.39 6.11E-05
H3FC -1.72 -2.19 -1.25 1.10E-12
H4FC -2.42 -2.99 -1.85 0.00E+00
H1PL -0.03 -0.33 0.27 8.46E-01
H2PL 0.34 -0.01 0.68  5.85E-02
H3PL -0.63 -0.97 -0.30 2.32E-04
H4PL -2.35 -2.94 -1.77  3.11E-15
H1A1 -0.12 -0.41 0.17 4.12E-01
H2A1 -0.69 -1.04 -0.33  1.52E-04
H3Al -1.46 -1.89 -1.02  5.58E-11
HA4A1 -4.62 -5.76 -3.48 2.00E-15
H1A2 0.13 -0.18 0.44  4.20E-01
H2A2 0.01 -0.31 0.33 9.67E-01
H3A2 -0.68 -1.00 -0.36  3.90E-05

H4A2 -4.16 -5.23 -3.09 3.02E-14




Supplemental table S5. Differential HDL composition between non-ICU COVID-19 patients
and ICU COVID-19 patients based on multinomial logistic regression analysis. (Reference:
non-ICU COVID-19 patients)

HDL Regression coefficient (B) P
composition B 25 Cl97.5 value

HDCH 0.03 -0.28 0.34 8.35e-01
TPAL -0.30 -0.63 0.03 7.46E-02
TPA2 -0.15 -0.48 0.18 3.86E-01
HDTG 0.67 0.33 1.00 1.09E-04
HDFC 0.01 -0.29 0.30 9.73E-01
HDPL 0.59 0.27 0.91 2.49E-04
HDA1 -0.18 -0.50 0.14 2.73E-01
HDA2 0.15 -0.18 0.47 3.79E-01
H1TG 0.57 0.26 0.89 3.41E-04
H2TG 1.75 1.19 2.31 8.86E-10
H3TG 0.83 0.47 1.19  6.46E-06
H4ATG -0.03 -0.29 0.23  8.22E-01
H1CH 0.17 -0.11 0.46  2.34E-01
H2CH 0.75 0.45 1.05 1.28E-06
H3CH 0.10 -0.22 0.41 5.45E-01
H4CH -1.25 -1.66 -0.85 1.13E-09
H1FC 0.08 -0.23 0.39 5.99E-01
H2FC 0.85 0.53 1.17  2.32E-07
H3FC 0.28 -0.05 0.61 9.84E-02
H4FC -0.86 -1.21 -0.52  9.54E-07
H1PL 0.45 0.14 0.75 4.20E-03
H2PL 1.37 1.00 1.75 1.06E-12
H3PL 0.95 0.60 1.30 1.17E-07
H4PL -0.64 -0.98 -0.31 1.38E-04
H1A1 0.39 0.08 0.69  1.23E-02
H2A1 1.10 0.73 146  3.74E-09
H3Al 041 0.10 0.72 9.87E-03
HA4A1 -1.39 -1.81 -0.97 1.05E-10
H1A2 0.82 0.47 1.17 4.53E-06
H2A2 0.79 0.46 1.11  2.10E-06
H3A2 0.61 0.29 0.93 2.07E-04

H4A2 -1.00 -1.37 -0.63  1.38E-07




