Giannattasio et al. Journal Of
Journal of Translational Medicine (2025) 23:99

https://doi.org/10.1186/512967-025-06123-z Translational Medicine

: . ®
Serum HDL and their subfractions are et

impaired in multisystem inflammatory
syndrome in children (MIS-C)

Antonietta Giannattasio', Alice Castaldo??, Michela Grieco', Monica Gelzo* ®, Gustavo Cernera®?,
Giuseppe Castaldo*® and Vincenzo Tipo'

Abstract

Background Multisystem inflammatory syndrome in children (MIS-C) is a severe post-COVID condition due
to a delayed hyperimmune response to SARS-CoV-2. High-density lipoproteins (HDL) are pivotal players in inflamma-
tory and immune modulation through the remodeling of their subfractions.

Methods This study aimed to evaluate serum levels of cholesterol, HDL, and HDL subfractions (HDL-SUB) to define
their role in the pathogenesis of MIS-C and their potential use as biomarkers of this condition. We analyzed serum
cholesterol, HDL and HDL-SUB (by capillary electrophoresis) in relation to serum values of biomarkers of inflammation
and endothelial damage (by microfluidic immunoassays) in 48 patients with MIS-C at hospital admission and in 48
age- and sex-matched healthy controls.

Results Serum cholesterol, as well as HDL, were significantly lower in MIS-C patients than controls. Serum choles-
terol was inversely correlated with all biomarkers of inflammation, confirming the impact of cytokines on reverse
cholesterol transport, whereas HDL values were inversely correlated with serum biomarkers of endothelial damage,
suggesting a role of HDL in endothelial damage in MIS-C patients. Furthermore, we found a remodeling of HDL-SUB
with a more pronounced decrease in small HDL that have anti-inflammatory activity.

Conclusions These data confirm the severe impairment of reverse cholesterol transport in MIS-C and indicate serum
HDL and HDL-SUB as potential useful diagnostic biomarkers of MIS-C.
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Background

The relationship between cholesterol and the immune
system was firstly described by a study showing that
patients undergoing radical prostatectomy had a fatal
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High-density lipoproteins (HDL) are pivotal players in
inflammation and immune modulation and have a role in
supporting endothelial physiology [4]. During infection,
acute phase proteins hinder the efflux of endogenous
cholesterol, resulting in a reduction of serum HDL with
a consequent decrease of anti-inflammatory activity. In
addition, HDL remodeling occurs with a pro-inflamma-
tory effect further reducing reverse cholesterol transport.
The dual effect of HDL also depends on HDL subfrac-
tions (HDL-SUB) with different size, structure, molecular
composition and anti- or proinflammatory activity [5, 6].

The severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) pandemic has caused about 7 million
deaths so far. Systemic inflammation [7-9] induced by
massive cytokine release and subsequent lymphocyte
exhaustion [10] are the hallmark of severe acute COVID-
19 [11], particularly during the first wave [12]. We have
described severe dysregulation of lipid metabolism
related to pathological inflammation in patients with
acute COVID-19 [13], and other studies have reported
the reduction of HDL and the remodeling of HDL-SUB in
serum from patients with severe COVID-19 [14] and the
correlation between altered cholesterol metabolism and
the cytokine storm [15].

Multisystem inflammatory syndrome in children (MIS-
C) is a severe post-COVID condition. It occurs about
2—-6 weeks after acute SARS-CoV-2 infection possibly due
to a delayed hyperimmune response to SARS-CoV-2 [16,
17]. The syndrome shares clinical features with Kawa-
saki Disease [17, 18], even if the lymphocyte exhaustion
[19] and a clear pathogenetic relationship with SARS-
CoV-2 [20] are peculiar to MIS-C. We demonstrated that
in MIS-C patients, genetic variants predispose to pro-
inflammatory events that promote cytokine release and
tissue damage triggered by self-antigens exposure [21].
Similarly, endothelial hyperinflammation and vasculitis,
which are known features of acute COVID-19 [22, 23],
typically appear also in MIS-C [19, 21].

Therefore, the present study aimed to explore serum
cholesterol, HDL, and HDL-SUB in MIS-C patients and
age- and sex-matched healthy controls, relating these
indices to cytokine levels to evaluate their pathogenic
role in acute MIS-C and the potential use as diagnostic
biomarkers.

Materials and methods

Study design and participants

The study was approved by the Ethics Committee of the
University Federico II of Naples. Written informed con-
sent to participate in this study was provided by the legal
guardian/next relative of the participants. The only exclu-
sion criterion was refusal or inability to obtain informed
consent. We enrolled 48 children at admission to the
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Santobono-Pausilipon Pediatric Hospital (Naples), diag-
nosed with MIS-C according to the Center for Disease
Control and Prevention definition [24]. MIS-C patients
had a median age of 7 years (interquartile (IQ) range:
5-10 years) and 20/48 (41.7%) patients were females. At
admission, all patients presented with fever and gastro-
intestinal symptoms (abdominal pain and/or diarrhea
and/or vomiting). Although no data are available on the
SARS-CoV-2 variant since RT-PCR analyses of the nasal
swab were negative at admission, during the enrollment
period, the Delta variant, i.e. B.1.617.2, was the most fre-
quent for COVID-19 cases in Italy. The healthy control
(HC) group included 48 children matched for age and sex
(median age: 7 years; IQ range: 5-10; 20/48 were females
(41.7%)).

Biochemical parameters

Whole blood samples were collected at admission in
EDTA-containing tubes and immediately analyzed for
total lymphocyte count. Serum samples were separated
from blood cells in tubes without anticoagulant and ana-
lyzed within 1 h for biochemical parameters. Cholesterol,
HDL, and C-reactive protein (CRP) were assessed in
serum by an automated biochemical analyzer (Architect
ci 16,200 Integrated System, Abbott Diagnostics) using
specific commercial kits (Abbott Diagnostics). Serum
interleukin (IL)—6, 10, and 17A, interferon (IFN)y, tumor
necrosis factor (TNF)-a, monocyte chemoattractant pro-
tein (MCP)—1, perinuclear anti-neutrophil cytoplasmic
antibodies (p-ANCA), and vascular endothelial growth
factor A (VEGF-A) levels were analyzed by automated
microfluidic immunoassay cartridges on ProteinSim-
ple Ella (Bio-Techne), according to the manufacturer’
instructions [25, 26]. The analysis of HDL-SUB was per-
formed by polyacrylamide gel electrophoresis using the
Quantimetrix kit (Quantimetrix Corp.). Briefly, serum
(25 pL) was added to precast high-resolution polyacryla-
mide gel tubes together with Lipoprint HDL Loading
Gel solution (300 pL). After mixing, the tubes were pho-
topolymerized at room temperature for 30 min. Elec-
trophoresis with tubes containing serum samples was
performed at a constant of 3 mA/tube for 50 min. Then,
the tubes were scanned and analyzed using the Lipoprint
LDL/HDL subfraction system. Subfraction lanes were
identified by their mobility using low-density lipopro-
tein (LDL)+very low-density lipoprotein (VLDL) as the
starting setpoint (LDL/VLDL=0) and albumin as the
final setpoint (Albumin=1). HDL-SUB were differenti-
ated between LDL/VLDL peaks and albumin, and the ten
HDL-SUB were grouped into Large (HDL-1 to HDL-3),
Intermediate (HDL-4 to HDL-7), and Small (HDL-8 to
HDL-10) classes. The results were expressed as serum
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concentrations (mg/dL) and percentage in relation to
total HDL value (%).

Statistical analyses

Continuous parametric and nonparametric data were
reported as mean (standard deviation) and median (inter-
quartile range, IQR), respectively. Categorical data were
reported as frequency (percentage). The Shapiro—Wilk
test was applied to assess the normality of distributions.
Comparisons between two groups of independent sam-
ples were assessed by Student t-test and Mann—Whitney
U-test for parametric and nonparametric data, respec-
tively. Correlations between variables were assessed by
Spearman correlation analysis. Statistical analyses were
performed by SPSS (version 28, IBM SPSS Statistics).
Graphs were made using Graph Pad Prism 8 software
(GraphPad Software). P values<0.05 were considered
significant.

Results

We analyzed serum total cholesterol (Fig. 1A) and HDL
(Fig. 1B) in MIS-C and HC patients. For both parameters,
the values were significantly lower in MIS-C patients
compared to HC (p<0.0001). Therefore, we evaluated
the correlations between serum cholesterol and HDL
values versus serum biomarkers of inflammation and
endothelial damage. The values of all these biomarkers
are reported in Supplementary Table 1. Serum choles-
terol was inversely correlated with all serum biomarkers
of inflammation, i.e., IL-6, IL-10, IL-17A, IEN-y, TNF-qa,
MCP-1, except CRP. While, serum HDL was inversely
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correlated with serum IL-17A and serum biomarkers
of endothelial damage, namely p-ANCA and VEGEF-A
(Table 1).

Next, we analyzed HDL-SUB in the serum of MIS-C
and HC patients. Figure 2A shows the levels of the
three main classes of HDL-SUB (i.e., large, interme-
diate, and small). All three classes were significantly
lower in MIS-C patients compared to HC. When con-
sidering the percentages of the three HDL classes in
relation to total HDL (Fig. 2B), the value of large HDL

Table 1 Spearman correlation analysis between serum
cholesterol and HDL versus serum biomarkers of inflammation
and endothelial damage in 48 patients with multisystem
inflammatory syndrome in children (MIS-C)

Cholesterol (mg/dL) HDL (mg/dL)

p value rs p value rs

IL-6 (pg/mL) 0.001 0538 0479 -0.130
IL-10 (pg/mL) <0.001 -0.735 0.089 -0.089
IL-17A (pg/mL) 0.025 0396 0.038 —0.369
IFN-y (pg/mL) 0.026 039 0.989 0.003

TNF-a (pg/mL) 0.041 0363 0.134 -0.271
CRP (mg/dL) 0.988 0.002 0.162 -0.223
MCP-1 (pg/mL) 001  —039% 0.895 —0.021
p-ANCA (AU) 0120 0243 0.009 -0.396
VEGF-A (pg/mL) 0.852 -0.030 0.023 -0.351

IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; CRP: C-reactive Protein;
MCP: monocyte chemoattractant protein; pANCA: perinuclear anti-neutrophil
cytoplasmic antibodies; VEGF-A: vascular endothelial growth factor A; rs:
Spearman’s correlation coefficient
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Fig. 1 Scattergram of serum cholesterol (panel A) and HDL (panel B) in 48 patients with multisystem inflammatory syndrome in children (MIS-C)
and in 48 healthy controls (HC). The comparisons for both cholesterol and HDL were assessed by Mann-Whitney U-test
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Fig. 2 HDL subfractions in serum from patients with multisystem inflammatory syndrome in children (MIS-C) and in healthy controls (HC)
expressed as absolute value (panel A) and as percentage of total HDL (panel B). The comparisons for large, intermediate and small HDL as absolute
value and small HDL as percentage were assessed by Mann-Whitney U-test. The comparisons for large and intermediate HDL as percentage were

evaluated by Student t-test

was significantly higher in MIS-C patients compared
to HC, whereas the percentages of small and interme-
diate HDL were significantly lower. Table 2 reports the
results of Spearman correlation analysis between per-
centages of the three main classes of serum HDL-SUB
and serum biomarkers of inflammation and endothelial
damage in MIS-C patients. The values of large HDL
were positively correlated with serum IL-6 levels; the
values of intermediate HDL were inversely correlated
with serum IL-10, IL-17A, and p-ANCA levels; the val-
ues of small HDL were inversely correlated with serum
IL-6, MCP-1, and VEGEF-A levels.

Discussion

We analyzed serum cholesterol, HDL and HDL-SUB
in 48 patients with MIS-C at hospital admission and in
48 HC. MIS-C patients had a significant reduction of
serum cholesterol and HDL, that were inversely cor-
related with serum biomarkers of inflammation and
endothelial damage, respectively. We also observed
a significant reduction of HDL-SUB, mainly in small
and intermediate HDL, as compared to the values
obtained in our HC and in healthy children from other
studies [27]. The reduction of serum cholesterol and
HDL was previously reported in adults and in chil-
dren with severe infectious diseases and sepsis [28],
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Table 2 Spearman correlation analysis between the three classes of serum HDL subfractions and serum biomarkers of inflammation

and endothelial damage in 48 patients with multisystem inflammatory syndrome in children (MIS-C)

Large HDL% Intermediate HDL% Small HDL%

p-value rs p-value rs p-value rs
IL-6 (pg/mL) 0.042 0.362 0.159 —-0.255 0.016 -0423
IL-10 (pg/mL) 0.091 0.304 0.035 -0.373 0.078 -0.316
IL-17A (pg/mL) 0.291 0.193 0.042 —0.361 0.716 —-0.067
IFN-y (pg/mL) 0.800 0.047 0.875 -0.029 0.273 -0.200
TNF-a (pg/mL) 0.408 0.151 0428 —-0.145 0.262 —0.204
CRP (mg/dL) 0.660 0.071 0.894 —0.021 0.591 —-0.087
MCP-1 (pg/mL) 0.252 0.181 0435 -0.124 0.039 —0.320
p-ANCA (AV) 0.092 0.264 0.006 —0.420 0.847 —0.031
VEGF-A (pg/mL) 0.051 -0.187 0316 -0.159 0.009 —0.396

IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; CRP: C-reactive Protein; MCP: monocyte chemoattractant protein; pANCA: perinuclear anti-neutrophil
cytoplasmic antibodies; VEGF-A: vascular endothelial growth factor A; rs: Spearman’s correlation coefficient

and in patients with common variable immunodefi-
ciency (CVID) during infectious or autoimmune com-
plications, suggesting that the reduction of HDL would
amplify inflammation in CVID patients [29]. Similarly,
the remodeling of HDL with depletion of small HDL
was observed both in healthy subjects after the infu-
sion of the lipo-polysaccharide and in patients with
infectious diseases [30], and more recently in severe
COVID-19 [31] representing a negative prognostic bio-
marker. The present study firstly describes HDL and
their subfractions in MIS-C and demonstrates that
also in this condition there is a reduction of HDL and
a remodeling of HDL-SUB with a more relevant reduc-
tion of intermediate and small HDL.

The impairment of cholesterol metabolism that we
observed in MIS-C shares the pathogenic mechanism
previously demonstrated in bacterial sepsis [32, 33] and
in CVID patients with infectious and autoimmune com-
plications [29]. In fact, the cytokine storm causes the
alteration of cholesterol release and the impairment of
cholesterol reverse transport. This is confirmed by the
significant inverse correlation that we found between
serum cholesterol and all analyzed serum cytokines. On
the other hand, we previously observed that in MIS-C
patients different cytokine pathways are activated [21].
Interestingly, also serum IL-10 levels were inversely
related to serum cholesterol suggesting that the known
protective role toward inflammation and the immu-
nomodulatory effect of this cytokine [34] should be
reconsidered. As consequence of the impaired choles-
terol release and reverse transport, there is a reduction of
circulating HDL, that causes the hyperactivation of TLR2
and TLR4 receptors with the subsequent inhibition of
ATEF3 expression and further release of cytokines by mac-
rophages [29, 35] creating a vicious circle.

Interestingly, HDL have also a role in maintaining the
endothelial homeostasis [36] through different mecha-
nisms [37] also mediated by the production of nitric
oxide that is impaired in COVID-19 patients [38]. Likely,
the reduction of circulating HDL and the remodeling of
their structure, that we observed in MIS-C, alter their
protective role. In fact, we found an inverse correla-
tion between serum HDL and biomarkers of endothelial
damage, ie,, VEGF-A and p-ANCA. This contributes
to the endothelial damage that we previously observed
in MIS-C [25], in acute COVID-19 [22, 23] and in frail
patients after the COVID-19 vaccination [39, 40]. In
agreement, we also found a decrease of intermediate and
small HDL classes in MIS-C together with an inverse
correlation between these HDL classes and inflamma-
tion and endothelial damage markers. The altered reverse
cholesterol transport causes also a reduced production of
small HDL, that have a relevant anti-inflammatory, anti-
thrombotic and antioxidant role [31]. Small HDL, that
are the native HDL-SUB, are converted in intermediate
and large HDL [41]; these latter are depleted of choles-
teryl esters and enriched of unesterified cholesterol, tri-
glycerides and free fatty acid [42]. This conversion, with
a reduction of small HDL that we observed in our MIS-C
patients, was previously described in infectious dis-
eases, increasing their morbidity and mortality [30], and
in acute COVID [31], thus representing an acute-phase
response. However, different procedures are available to
assess HDL-SUB [6] and the results obtained with these
different methodologies may not be comparable.

A study limitation is represented by the low num-
ber of patients, even if it should be considered that
MIS-C is a rare syndrome, i.e., about 2% of children
with acute COVID-19. Furthermore, it was not pos-
sible to subgroup the patients based on a severity
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score. Unfortunately, clear data on the previous acute
COVID-19 infection are lacking and this represents a
further study limitation.

Conclusions

In conclusion, this study highlights the pivotal role of
cholesterol, HDL, and HDL-SUB in immune modu-
lation and endothelial homeostasis. Moreover, these
data have some translational impacts. Firstly, our study
revealed serum HDL as a new potential diagnostic bio-
marker of MIS-C. Its diagnostic sensitivity and speci-
ficity seem to be excellent and this analysis, that can be
easily performed in a routine context, may help to diag-
nose MIS-C and, possibly, other severe multi-inflam-
matory diseases. Another relevant aspect concerns the
therapy, i.e., the significant impairment of HDL levels
and their composition and the impact on the pathogen-
esis of systemic inflammation, render conceivable the
use of HDL-raising therapies [43] and therapies that
modulate the amount of HDL-SUB [44].

Abbreviations
HDL High density lipoproteins

MIS-C Multisystem inflammatory syndrome in children
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
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MCP Monocyte chemoattractant protein

p-ANCA Perinuclear anti-neutrophil cytoplasmic antibodies
VEGF-A Vascular endothelial growth factor A

LDL Low density lipoproteins

VLDL Very-low density lipoproteins

IQR Interquartile range

CVvID Common variable immunodeficiency

TLR Toll Like Receptor

ATF Activating transcription factor
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