Endothelial Dysfunction as a Component of
Severe Acute Respiratory Syndrome Coronavirus
2-Related Multisystem Inflammatory Syndrome

in Children With Shock

TRIAL REGISTRATION: NCT04420468.

OBIJECTIVES: Severe acute respiratory syndrome coronavirus 2-related mul-
tisystem inflammatory syndrome in children is frequently associated with shock;
endothelial involvement may be one of the underlying mechanisms. We sought
to describe endothelial dysfunction during multisystem inflammatory syndrome in
children with shock and then assess the relationship between the degree of en-
dothelial involvement and the severity of shock.

DESIGN: Observational study.
SETTING: A PICU in a tertiary hospital.

PATIENTS: Patients aged under 18 (n = 28) with severe acute respiratory syn-
drome coronavirus 2-related multisystem inflammatory syndrome in children and
shock, according to the Centers for Disease Control and Prevention criteria.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Correlations between endothe-
lial marker levels and shock severity were assessed using Spearman coefficient.
The median (interquartile range) age was 9 years (7.5—11.2 yr). Sixteen children
presented with cardiogenic and distributive shock, 10 presented with cardio-
genic shock only, and two presented with distributive shock only. The median
left ventricular ejection fraction, troponin level, and lactate level were, respec-
tively, 40% (85-45%), 261 ng/mL (131-390ng/mL), and 3.2 mmol/L (2-4.2
mmol/L). Twenty-five children received inotropes and/or vasopressors; the median
Vasoactive and Inotropic Score was 8 (5—-28). Plasma levels of angiopoietin-2
(6,426 pg/mL [2,814-11,836 pg/mL]), sE-selectin (130,405 pg/mL [92,987-
192,499 pg/mL]), von Willebrand factor antigen (344% [288-378%)]), and the
angiopoietin-2/angiopoietin-1 ratio (1.111 [0.472-1.524]) were elevated and sig-
nificantly correlated with the Vasoactive and Inotropic Score (r=0.45, p=0.016;
r=0.58, p=0.04; r=0.46, p=0.013; and r= 0.46, p = 0.012, respectively).

CONCLUSIONS: Endothelial dysfunction is associated with severe acute res-
piratory syndrome coronavirus 2-related multisystem inflammatory syndrome in
children with shock and may constitute one of the underlying mechanisms.

KEY WORDS: children; endotheliopathy; multisystem inflammatory syndrome;
severe acute respiratory syndrome coronavirus 2; shock

ultisystem inflammatory syndrome in children (MIS-C) is an emerg-

I \ / I ing disease associated with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection. Although the etiopathogenesis

of MIS-C remains unclear, the disease’s central features are systemic hyperin-

flammation and a cytokine storm after an immune response (1). In a French
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nationwide epidemiological study of MIS-C, severe car-
diovascular manifestations (including cardiogenic and
distributive shock) were observed in 67% of cases (2).
In mechanistic terms, endothelitis and microvascular
dysfunction might lead to distributive shock (through
systemic capillary leakage and in a decrease in systemic
vascular resistance) and/or cardiogenic shock (through
myocardial edema) (3-6). The objectives of the present
study were to: 1) describe endothelial dysfunction dur-
ing MIS-C with shock and 2) assess the putative link
between the severity of the acute cardiovascular mani-
festations and the degree of endothelial involvement.

MATERIALS AND METHODS

We conducted a retrospective study of a cohort of
patients under 18 years old and having been admitted
for MIS-C with shock to the PICU at Necker Hospital
(Paris, France) between April 1, 2020, and May 31,
2020. MIS-C was diagnosed according to the Centers
of Disease Control and Prevention criteria (7). All chil-
dren with fever and shock were screened for SARS-
CoV-2 infection and other viral/bacterial/fungal
infections (Supplemental Methods, http://links.lww.
com/CCM/G484), and included or excluded using a
standardized case report.

Distributive, cardiogenic shock and acute heart
failure were assessed according to the international
definitions in children (8-10). Disease severity was
rated by measuring the echocardiographic left ventric-
ular ejection fraction (LVEF) and the troponin level
(for acute heart failure) or the Vasoactive and Inotropic
Score (VIS) (11) and the lactate level (for shock). The
study was approved by an institutional review board.

Clinical assessments and blood sampling for biolog-
ical evaluation were performed within the first 48 hours
of admission to the PICU. Von Willebrand factor antigen
(VWF:Ag) wasmeasured on citrated plasmausingan ACL
Top coagulation analyzer (Instrumentation Laboratory,
Le Pré Saint Gervais, France). Concentrations of soluble
(s)E-selectin, P-selectin, endoglin, vascular endothelial
growth factors, angiopoietins-1 and -2, and CD40L were
measured on citrated with Human Magnetic Luminex
Assays. Data were expressed as the median (interquar-
tile range [IQR]) or the frequency (percentage). We
evaluated correlations among biological data, endothe-
lial markers, and the VIS by calculating Spearman coef-
ficient. To assess the ability of the endothelial markers

e1152

www.ccmjournal.org

to predict a high VIS (>7), we analyzed the area under
the receiver operating characteristic (ROC) curve and
defined the corresponding optimal predictive cutoffs.
All statistical analyses were performed using R studio
software.

RESULTS

Thirty-two children with shock and fever were enrolled.
We excluded children with typical Kawasaki disease
shock syndrome (n = 1), documented septic shock
(n = 2), and dilated cardiomyopathy (n = 1); hence, 28
children with MIS-C and shock were included. All 28
patients underwent nasopharyngeal swab polymerase
chain reaction testing for SARS-CoV-2, and nine were
found to be positive. All 28 were seropositive (immuno-
globulins G) for SARS-CoV-2. No other viral, bacterial,
or fungal agents were isolated. The study population’s
demographic, clinical, and laboratory data are sum-
marized in Table 1. The children were admitted to the
PICU for shock a median (IQR) of 5 days (5-6 d) after
symptom onset. Patients were started on IV immuno-
globulins (n = 17) or IV immunoglobulins plus corti-
costeroids (n = 11) as soon as MIS-C was diagnosed.
The children weaned off the inotropes and vasopres-
sors within 3 days (1-4 d). Eleven children needed me-
chanical ventilation for a median duration of 5 days
(3-6 d). All the children survived and were discharged
from the PICU after a median of 5 days (4-7 d). In
all cases, the left ventricular (LV) function had recov-
ered fully. The plasma levels of angiopoietin-2, sE-
selectin, vWF:Ag, and angiopoietin-2/angiopoietin-1
ratio were found to be elevated. VIS was significantly
correlated with plasma angiopoietin-2, sE-selectin,
and vWF:Ag levels and angiopoietin-2/angiopoietin-1
ratio (Fig. 1; and Supplemental Table 1, http://links.
Iww.com/CCM/G484). Similarly, VIS was significantly
correlated with plasma C-reactive protein (CRP) and
interleukin (IL)-6 levels (Fig. 1). The plasma angio-
poietin-2 level was also correlated with the LVEF
(r = —0.46; p = 0.01) and the lactate level (r = 0.39;
p =0.04). Based on the ROC curve, the optimal cutofts
for discriminating between the cases of severe (VIS
>7) and moderate shocks (VIS <7) were 97,259 pg/mL
for sE-selectin (Supplemental Fig. 1, http://links.
lww.com/CCM/G484). To probe the putative effect of
vasopressors on endothelial activation, we compared
angiopoietin-2 and vWF:Ag levels in patients who
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TABLE 1.

Clinical and Laboratory Data

Study Population (n = 28)

Demographic and clinical features

Age, yr®

Male sex, n (%)

Epidemiologic link to a person with COVID-19, n (%)
Underlying conditions, n (%)

Pediatric Logistic Organ Dysfunction 2 score?®/Pediatric Risk of Mortality
IV score®

Value

9 (75-11.2)
14 (50)
9 (32)
2(7)
3 (2-4)/3 (2-3)

Normal Range

Acute heart failure, n (%) 26 (93)
Cardiogenic shock, n (%) 10 (36)
Distributive shock, n (%) 2 (7)
Cardiogenic and distributive shock, n (%) 16 (57)
Acute kidney injury, n (%) 23 (82)
Cardiac and laboratory variables?
Left ventricular ejection fraction, % 40 (34-45) >55
Troponin, ng/mL 261 (131-390) <26
Brain natriuretic peptide, pmol/L 2,374 (504-8,297) <100
N-terminal probrain natriuretic peptide, pmol/L 21,708 (4,028-26,000) <300
Lactate, mmol/L 3.2 (2.0-4.2) <2
p-dimer, ng/mL 2,709 (1,989-5,177) <500
Fibrinogen, g/L 6.2 (5.6-7.8) 2-4
Antithrombin, % 64 (54-76) 70-140
C-reactive protein, mg/L 279 (223-346) <6
Procalcitonin, ng/mL 28.5 (9.1-65.2) <0.5
Interleukin-6, pg/mL 131 (25-273) <8.5
Hemodynamic support
Inotropes and vasoactive drugs, n (%) 25 (89)
Dobutamine, n (%) 18 (64)

Dosing, ng/kg/min? 5.00 (5.00-5.00)
Epinephrine, n (%) 15 (54)

Dosing, ng/kg/min? 0.10 (0.05-0.18)
Milrinone, n (%) 11 (39)

Dosing, ng/kg/min? 0.50 (0.30-0.55)
Norepinephrine, n (%) 7 (25)

Dosing, pg/kg/min? 0.37 (0.30-0.95)
Vasoactive Inotropic Score? 8 (5-28)

(Continued)
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TABLE 1. (Continued).
Clinical and Laboratory Data

Study Population (n = 28)

Endothelial marker levels?
Angiopoietin-1, pg/mL
Angiopoietin-2, pg/mL®

Angiopoietin-2/angiopoietin-1 ratio®

CD40L, pg/mL
sEndoglin, pg/mL
sE-selectin, pg/mL®
sP-selectin, pg/mL®

Vascular endothelial growth factor-A, pg/mL

Soluble vascular endothelial growth factor receptor-2, pg/mL

von Willebrand factor antigen, %°

Value

6,854 (5,5675-9,318)
6,426 (2,814-11,836)
1.111 (0.472-1.524)
3,368 (2,886-4,025)
2,382 (2,256-2,964)
130,405 (92,987-192,499)
35,979 (27,647-41,818)
4 (16-100)
8,710 (7,621-10,612)
344 (288-378)

Normal Range

50%-150%

*Expressed as the median (interquartile range).

°Elevated values.

r=0:53 p=0.004 r=0.46 p=0.013. r=0.45 p=0.016
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Figure 1. Correlations between endothelial markers (angiopoietin-2, sE-selectin, and von

Willebrand factor antigen [VWF:Ag]) or inflammatory markers (C-reactive protein and interleukin-6)

and the vasoactive inotropic score (VIS) or the lactate level.
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received epinephrine and/
or norepinephrine (n = 16)
versus patients treated with
inotropic drugs that lack a
vasopressor effect (dobu-
tamine and/or milrinone,
n = 11); no significant
intergroup differences were
observed (angiopoietin-2,
9,545 pg/mL [4,044-12,989
pg/mL] in those receiving
epinephrine and/or nor-
epinephrine vs 4,293 pg/
mL [2,381-6,544 pg/mlL]
in those receiving dobu-
tamine and/or milrinone,
p = 0.157; vVWE:Ag, 353 pg/
mL [313-390 pg/mL] vs 340
pg/mL [284-361 pg/mL],
respectively, p = 0.202).

DISCUSSION

Although intense inflam-
mation and hemostasis
activation are well-known
consequences of severe
SARS-CoV-2 infections
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(5), the present study is the first to report evidence of
endothelial dysfunction in MIS-C with shock. Plasma
levels of markers of systemic inflammation (CRP, pro-
calcitonin, and IL-6), endothelial dysfunction, and
coagulation (particularly sE-selectin, angiopoietin-2,
vWEF:Ag, D-dimers, and fibrinogen) were notably
higher than the reference values reported for controls
(12) or for children without infections or organ dys-
functions admitted to the ICU (13).

Because of the observed significant correlations be-
tween the severity of shock and the plasma concentrations
of both endothelial and inflammation markers, we hy-
pothesize that hyperinflammation may play a role in the
occurrence of shock in MIS-C via endothelial dysfunc-
tion. Remarkably and despite differences in the clinical
manifestations of MIS-C, adults and children show a com-
mon endothelial pattern, with elevated angiopoietin-2 and
sE-selectin levels in the more severe forms (5, 14).

The vascular growth factor angiopoietins-1 and 2 exert
opposing effects on endothelial activation and dysfunc-
tion. Angiopoietin-1 promotes vascular stability and
suppresses inflammation, whereas angiopoietin-2 is as-
sociated with vascular injury and microvascular leakage.
Interestingly, the angiopoietin-2/angiopoietin-1 ratio was
abnormally high in our study and was correlated with the
severity of shock—as also observed in a study of pedi-
atric septic shock (15). Furthermore, the level of angio-
poietin-2 was correlated with heart failure. Together with
the rapid recovery of LV systolic function, these findings
argue in favor of myocardial stunning (without necrosis)
as a result of endothelial leakage and edema (6).

Similar endothelial injury hasalreadybeen described
in patients with sepsis and in children with Kawasaki
disease (15-17). Endothelial dysfunction and disrup-
tion may cause both myocardial dysfunction and dis-
tributive shock in these disease settings (4, 6, 16). Our
findings are, therefore, not unexpected, since MIS-C
shares some clinical features with Kawasaki disease
shock syndrome and septic shock—even though some
researchers have emphasized the specific clinical and
mechanistic features of MIS-C (1).

We cannot rule out an accentuation of endothelial
dysfunction by the vasoactive treatment administered
for shock (4). However, many patients presented dis-
tributive shock (suggestive of endothelial dysfunc-
tion) prior to the initiation of vasopressor treatment.
Moreover, the lactate level (a biomarker of the se-
verity of shock) was correlated with angiopoietin-2.

Critical Care Medicine

Furthermore, patients who received vasopressors
and patients who received inotropic drugs (which
are known to have a minor impact on the endothe-
lium) did not differ significantly with regard to lev-
els of angiopoietin-2 and vVWF:Ag, both of which are
released from Weibel-Palade bodies upon endothelial
activation (18-20). Taken as a whole, these observa-
tions suggest that vasoactive treatment does not con-
tribute greatly to endothelial dysfunction. Finally, all
the samples were collected during early-stage disease,
and some patients had already received IV immuno-
globulins and corticosteroids; the endothelial dysfunc-
tion might have been less intense in these cases.

Our study suggests potential mechanisms of MIS-C
but had some limitations. First, the study lacked a con-
trol group. Second, only one time point was evaluated,
and we did not assess changes over time in endothelial
marker levels during the patients’ recovery. Finally, the
study’s observational design prevented us from proving
that endothelial activation and dysfunction causes shock.

CONCLUSIONS

In conclusion, our data highlighted significant rela-
tionships among endothelial dysfunction, systemic
hyperinflammation, and acute severe cardiovascular
manifestations. Endothelial dysfunction may be one
of the mechanisms underlying SARS-CoV-2-related
MIS-C with shock.
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