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Check for
updates

Low-density lipoprotein particles carrying
proinflammatory proteins with altered
aggregation pattern detected in COVID-19
patients 3 months after hospitalization

Dear editor,

We read with interest the article by Yang et al. suggesting no
significant association between dyslipidemia and COVID-19 mor-
tality'. However, whereas most studies have focused on dyslipi-
demia during the acute phase, more recent studies suggest that
COVID-19 is associated with future cardiovascular events,” but the
mechanisms for this are still unclear®. Moreover, while most studies
have measured traditional lipid parameters such as low-density
(LDL) and high-density lipoprotein (HDL) cholesterol, recent studies
suggest that LDL aggregation and particle characteristics can serve as
markers and mediators of progressive atherosclerosis,” but data on
these mechanisms in COVID-19 are lacking.

This study analyzed plasma samples from 66 adult hospitalized
COVID-19 patients (>18 years old) from the NOR-SOLIDARITY trial®
(35 standard of care [SoC], 18 hydroxychloroquine [HCQ] and 13
remdesivir) who attended a 3-month follow-up following hospita-
lization for confirmed SARS-CoV-2 infection and 42 matched healthy
controls (HC) (Fig. 1A). The study was approved by the South-Eastern
Norway Regional Health Authority (ref 118684) and registered on
ClinicalTrials.gov (NCT04321616).

LDL was isolated and LDL aggregation susceptibility defined as
the inflection point of the aggregate size vs. time curves obtained
during incubation of LDL with sphingomyelinase as previously de-
scribed (n=108).*° LDL lipid (n=51) and protein (n=49) composi-
tions were determined from LDL samples as described®’. Plasma
levels of lipoproteins were analyzed at an accredited clinical
chemistry laboratory at Oslo University Hospital Rikshospitalet,
Oslo, Norway.

Patient characteristics were compared using student's t-test or
X2 for continuous and categorical variables, respectively (Fig. 1A).
Comparison of lipoproteins, LDL aggregation, and LDL aggregate size
between HC and COVID-19 patients or in relation to comorbid dis-
ease or treatment modalities was performed using MANCOVA with
sex as a covariate. Correlation was assessed with Spearman's rank
correlation. T-test with permutation-based FDR < 0.05 (250 rando-
mizations) as the criteria for statistical significance was used to
identify dysregulated proteins in the liquid chromatography-mass
spectrometry (LC-MS) analysis of plasma LDL.

Fig. 1A shows that COVID-19 patients had lower plasma levels of
apolipoprotein A-I (APOA-I), a major component of the “anti-in-
flammatory” HDL, lower levels the LDL/APOB ratio, a proxy for LDL
particle size and low levels are associated with adverse event in
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patients with atherosclerosis®, and higher levels of triglycerides (TG)
and TG/APOB ratio. Fig. 1B shows a representative LDL-aggregation
curve highlighting the inflection point (green bar) and aggregate size
at the inflection point (yellow bar). Average aggregate size vs. time
curves in HC and COVID-19 patients are shown in the lower panel.

We observed no difference in LDL aggregation (Fig. 1C, left panel),
but aggregate size was significantly smaller in COVID-19 patients
(right panel) and correlated with the LDL/APOB ratio, an index of
LDL-particle size, in patients (r=0.68, p < 0.001), but not in HC
(r=0.15, p=0.46). Evaluation of treatment modalities, stopped after
a maximum of 10 days after hospital admission, and about 80 days
before plasma collection, revealed higher inflection point indicating
slower LDL aggregation and smaller aggregate size in remdesivir
treated patients, whereas patients receiving HCQ had normal ag-
gregate size and enhanced aggregation (Fig. 1D). ESI-MS/MS analysis
of LDL lipid composition (Fig. 1E) showed trend level decreases in
phosphatidylcholines (PC, p=0.052) and lysophosphatidylcholines
(LPC, p=0.089). All but one sphingomyelin (SM) and the sum of the
SM species correlated with increased aggregation (Fig. 1F). MS
analyses of the protein cargo of plasma LDL particles identified in-
creased levels of 69 proteins in COVID-19 patients with alpha de-
fensin 3 (DEFA3), a protein involved in adaptive and innate
immunity and kallistatin (SERPINA4), a kallikrein inhibitor, as well as
several immunoglobulin components as the most regulated, as
compared with HC (volcano plot in Fig. 1G). Furthermore, 29 pro-
teins correlated negatively with LPC with a similar tendency for
most remaining proteins (Fig. 1H). Conversely, these associations
were mostly positive in HC. Interestingly, Prenylcysteine oxidase 1,
an LDL-oxidizing enzyme linked with atherosclerosis’ was asso-
ciated with both rapid LDL aggregation (r =-0.36, p=0.011) and large
aggregate size (r=0.33, p=0.021), and this oxidase was upregulated
in HCQ treated patients. In contrast, DEFA3 correlated with de-
creased aggregate size (r=-0.39, p=0.005).

No HC used statins, and in COVID-19 patients, there was no as-
sociation between statin use and LDL aggregation, particle size or
lipid composition within the aggregates.

Our data show that COVID-19 patients 3 months after hospital
admission had decreased LDL particle size, accompanied by an in-
flammatory protein cargo, without overall differences in LDL ag-
gregation in vitro. Furthermore, remdesivir- and HCQ-treated
patients had differences in LDL functionality and composition po-
tentially reflecting differences in proatherogenic properties, al-
though the potential impact of these exploratory data should be
interpreted with caution.

We suggest that the composition of the LDL particles from
COVID-19 patients characterized by inflammatory protein content
may have larger potential for docking, entry, retention, and accu-
mulation in the arterial wall. Low LPC levels associate with enhanced
atherosclerotic burden and reliably predict future cardiovascular
events'’. The consistent inverse correlations of LPC with
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Fig. 1. LDL aggregation following severe COVID-19 disease. (A) Demographics and lipoprotein levels in the study population. (B) Representative aggregation curves from a study
subject (top panel) and in HC and COVID-19 patients (lower panel). (C) Tukey plots showing the inflection point (left panel) and LDL aggregate size (right panel) in HC and COVID-
19 patients. (D) Tukey plots showing the inflection point (left panel) and LDL aggregate size (right panel) according to treatment modalities. *p < 0.05, **p < 0.01 vs. HC; Tp < 0.05

vs. Standard of Care (SoC);

#p < 0.05, #*p < 0.01 vs. hydroxychloroquine (HCQ), REM=remdesivir. (E) Electrospray ionization mass spectrometry (ESI-MS/MS) analyses of LDL lipid

composition (CE, cholesterol esters; TG, triglycerides; Cer, ceramides; PC, phosphatidylcholines; PC O 1, ether ether-linked PC; SM, sphingomyelins; LPC, lyso-phosphati-
dylcholines; PI, phosphatidylinositols; PE, phosphatidylethanolamines; LPE, Lysophosphatidylethanolamine). (F) Volcano plot showing sphingomyelins from ESI-MS/MS analysis
and association with LDL aggregation. (G) Volcano plot from LC/MS analyses of the protein cargo of plasma LDL. (H) Heatmap of spearman rhos from correlating LPC and PC O"
with increased proteins from the MS analysis of LDL particles in HC and COVID-19 patients. Significant correlation is rho>0.34. *p < 0.05, **p < 0.01.
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inflammatory protein components in the same LDL particles in
COVID-19 patients, but not in HC, further suggest a proatherogenic
potential of sustained alterations in LDL particle composition in
COVID-19. Importantly, the differences in LDL composition and
function were observed 3 months after hospitalization. Since LDL has
a half-life in plasma of only a few days, the observed differences in
the proteome and the lipidome of LDL indicate that COVID-19 can
induce long-term disturbances in lipoprotein metabolism.

Whereas our data suggest novel mechanisms for enhanced car-
diovascular risk in COVID-19 patients, further and larger studies, that
examine the association of these LDL characteristics with clinical
events, are needed to support our novel findings further.
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