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Abstract

The vascular endothelium is the interface between circulating blood and end organs and thus has a critical
role in preserving organ function. The endothelium is lined by a glycan-rich glycocalyx that uniquely con-
tributes to endothelial function through its regulation of leukocyte and platelet interactions with the vessel
wall, vascular permeability, coagulation, and vasoreactivity. Degradation of the endothelial glycocalyx can
thus promote vascular dysfunction, inflammation propagation, and organ injury. The endothelial glycoca-
lyx and its role in vascular pathophysiology has gained increasing attention over the last decade. While
studies characterizing vascular glycocalyx injury and its downstream consequences in a host of adult
human diseases and in animal models has burgeoned, studies evaluating glycocalyx damage in pediatric
diseases are relatively few. As children have unique physiology that differs from adults, significant knowl-
edge gaps remain in our understanding of the causes and effects of endothelial glycocalyx disintegrity in
pediatric critical illness. In this narrative literature overview, we offer a unique perspective on the role of
the endothelial glycocalyx in pediatric critical illness, drawing from adult and preclinical data in addition
to pediatric clinical experience to elucidate how marked derangement of the endothelial surface layer
may contribute to aberrant vascular biology in children. By calling attention to this nascent field, we hope
to increase research efforts to address important knowledge gaps in pediatric vascular biology that may
inform the development of novel therapeutic strategies.
� 2022 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
Introduction

Children who present with critical illness have life-
threatening single or multi-organ injury from bodily
insults ranging from congenital anomalies to
severe infection to trauma. The vascular
by Elsevier B.V.This is an open access article un
endothelium has an integral role in mediating
immune system interactions with end-organs
during severe diseases by regulating immune cell
trafficking, vascular permeability, and coagulation
activation. The glycan-rich glycocalyx lining the
luminal surface of blood vessels is the body’s first
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line of defense against circulating pathogens and
inflammatory mediators while also coordinating
ligand-endothelial receptor interactions, leukocyte/
platelet-endothelial interactions, vasoreactivity,
and coagulation. Though the endothelial
glycocalyx (EG) is receiving greater attention as
an integral player in a host of adult and pediatric
pathophysiologies [1], the processes driving EG
injury and the role of EG damage in varying dis-
eases remain unresolved.
Relative to adults, very little is known about the

EG in pediatric critical illness. A recent review has
nicely summarized the current state of the
literature characterizing glycocalyx damage in
pediatric diseases [2]. Arguably, each of the 14
studies reported in that review are, or can be,
related to pediatric critical illness. However, the rel-
atively low number of studies and limited scope of
EG characterization in children highlights the nas-
cency of this topic of study. Given the significant
role that the EG likely has in the development of
life-threatening diseases in children, a more thor-
ough understanding of the interplay between EG
injury and organ dysfunction occurring during sev-
ere pediatric illnesses may inform novel treatment
approaches that could substantially improve
outcomes.
The factors that dictate EG integrity during

pediatric critical illness include the baseline
glycocalyx expression, severity of the
inflammatory response, endothelial cell response,
and treatments deployed (Fig. 1). In this narrative
review of the literature, we first highlight the
impact of age maturation, immune system
development, and pediatric comorbidities on
baseline EG health. Next, we delve into the role of
EG injury in particular broad categories of
pediatric critical care medicine and, conversely,
how current treatment strategies for each category
may impact EG integrity. Finally, we touch on the
challenges faced in studying the EG in critically ill
children and identify areas for future translational
research. It is our hope that bringing more
attention to this area of pediatric health will
encourage research efforts to fill important
knowledge gaps and foster the discovery of
successful treatments for severely ill children.

The endothelial glycocalyx in children

Endothelial glycocalyx structure and function

We provide a brief synopsis of what is currently
known about glycocalyx composition and
physiology to set the stage for discussions around
EG pathobiology in critically ill children.
Extrapolating from rodent studies, we have
learned that glycocalyx size varies along the
vascular tree with thickness increasing
proportionally to vessel diameter [3–5]. The EG is
comprised mainly of highly sulfated, negatively
charged glycosaminoglycans, or GAGs, (e.g.,
2

heparan sulfate and chondroitin sulfate) attached
to endothelial surface-anchored proteoglycans.
The two major families of proteoglycans found at
the endothelial surface are syndecans (SDC) and
glypicans (GPC). There are four SDC isoforms
(i.e., SDC1-4), each a transmembrane molecule
with an endodomain attached to the cellular
cytoskeleton and an ectodomain to which 3–5 hep-
aran sulfatemolecules (all SDCs) attach near the N-
terminus (furthest from cell surface) and 2 chon-
droitin sulfate molecules (SDC1 only) attach near
the cell membrane [6]. The GPC family consists of
six molecules (i.e., GPC1-6) with GPC1 widely
accepted as the only member represented on the
endothelial surface [6,7]. GPCs are anchored to
the cell membrane by a C-terminal glycosylphos-
phatidylinositol linkage and have three to four hep-
aran sulfate molecules attached to the core
ectodomain [7]. Hyaluronan is the largest EG
GAG and remains in close association with the gly-
cocalyx by binding to cell surface hyaladherins
(e.g., cell differentiation marker, or CD, 44 and
receptor for hyaluronan-mediated motility, or
RHAMM) and intercalating between heparan sul-
fate proteoglycans [8,9]. The anionic charge and
coiled structure of hyaluronan molecules facilitates
water molecule association with the glycocalyx that
maintains its viscosity.
The glycocalyx has an important role in a myriad

of endothelial cell functions. It serves as a
physical barrier to circulating cell interactions with
the endothelial surface [10] and protects surface
glycoproteins such as cell adhesion molecules
and selectins from indiscriminate leukocyte and pla-
telet attachment to the endothelial surface. Heparan
sulfate proteoglycans serve as co-factors for cog-
nate receptor activation by local and circulating
cytokines such as fibroblast growth factor [11,12].
The viscous mesh-like structure supports the stor-
age of growth factors and cytokines secreted from
the endothelium, which are liberated to serve as sig-
naling molecules primarily following EG injury.
Coagulation mediators such as antithrombin, tissue
factor pathway inhibitor, and heparin cofactor III are
also sequestered in the EG and contribute to the
maintenance of an anticoagulant phenotype of the
endothelial surface. The negatively charged hep-
aran sulfate molecules within the glycocalyx deflect
circulating proteins from the endothelial surface,
helping maintain an oncotic gradient between
intra- and extravascular spaces that limits fluid
extravasation [13]. Finally, proteoglycans and
GAGs play a critical role in mechanotransduction
of surface shear stress to intracellular signaling
pathways within the endothelium that help maintain
endothelial homeostasis and vascular tone [14–16].
Impact of age maturation

The EG likely undergoes important changes
throughout childhood that parallel other vascular



Fig. 1. Impact of blood vessel aging, immune system development, and comorbidities on endothelial
glycocalyx (EG) integrity in children with critical illness. As children develop, their vasculature adapts to
progressively more elevated blood pressures and a cumulative exposure to inflammatory insults that may thin the EG.
The immune system similarly matures and becomes more responsive to a broader range of pathogens; however, this
may increase the threat to EG integrity at baseline and during acute systemic inflammation. Children may also
develop comorbidities (e.g., chronic hypoxemia from a congenital heart or lung defect, diabetes mellitus, chronic
kidney disease) that can increase basal levels of inflammation or alter the vascular stiffness that further threaten EG
health at baseline. Then, during a severe systemic illness, the host inflammatory response (and potentially the
treatment employed) acutely perturbs the child’s EG. Therefore, EG integrity in critically ill children is affected by the
complex interaction of baseline blood vessel and immune system maturity, presence of comorbidities, the acute
inflammatory response, and treatment strategies. The degree of EG disintegrity during the child’s critical illness then
contributes to the vascular pathobiology that leads to organ injury and adverse outcomes.
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developments and could impact disease
manifestation in a critically ill child. In the fetus,
the EG is likely present at the onset of blood flow
and is instrumental in directing normal
angiogenesis [17]. Though the mechanisms regu-
lating EG expression in fetu are unknown, it is
doubtless that this intricate process is as fine-
tuned as vasculogenesis and angiogenesis
[18,19]. Observations by Puchwein-Schwepcke
et al. [20] suggest that fetal EG thickness gradually
decreases as gestation advances, most especially
before 30 weeks gestation. The authors also found
that EG thicknesses measured in extremely prema-
ture infants at a corrected gestational age of
3

33 weeks were significantly less than the EG of
infants born at 33 weeks gestation, pointing to post-
natal environmental factors as important modifiers
of EG health that may predispose extremely prema-
ture infants to later cardiovascular disease [21,22]
and endothelial dysfunction [23,24].
By the time a child reaches school age, the

vasculature begins maturing toward an adult
phenotype [25] of increased arterial stiffness [26],
decreased vascular reactivity [27], and attenuated
microvascular density [28,29]. While it is currently
unknown how EG expression evolves over child-
hood, adult and preclinical data suggest that age-
related EG expression parallels other changes in
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blood vessel characteristics such as arterial stiff-
ness. Indirect measures of human EG thickness
using sublingual videomicroscopy demonstrate that
older adults have a significantly thinner microvascu-
lar EG compared to younger adults (gender-
matched comparison) [28]. Similarly, serum SDC1
levels decline with advanced age in adult humans
[30]. Preclinical studies support these findings,
demonstrating age-dependent EG thinning in male
C57BL/6 mice [28] and diminished GPC1 expres-
sion on the aortae of older (28–32 weeks) wild-type
mice compared to young (6–8 weeks) mice [31].
Human blood outgrowth endothelial cells harvested
from20 to 30 year olds enzymatically strippedof sur-
face heparan sulfate produced a chemotactic phe-
notype similar to that of untreated endothelial cells
from 50 to 70 year olds [32], suggesting that, like
SDC1 and GPC1, heparan sulfate expression in
the EG appears to diminish with age. Finally, gene
expression of hyaluronan synthase isoform 2, asso-
ciated with EG expression of high molecular weight
hyaluronan [33], is significantly less in the aortae of
old (23–27 months) C57BL/6 mice compared to
younger (4–6 months) C57BL/6 mice [28], pointing
to an attenuated expression of high molecular
weight hyaluronan in the EG with advancing age.
Though the mechanisms linking aging and EG

expression remain unclear, several pathways have
been implicated in this complex relationship. As
humans advance in age, endothelial cells cumulate
exposure to reactive oxygen species and other
harmful stimuli that drive them toward premature
senescence [34]. In vitro studies demonstrate that
senescent endothelial cells express a thinner glyco-
calyx and a more contractile phenotype [35], both of
which can impair endothelial barrier function. More-
over, as endothelial cells become senescent,
expression of the nicotinamide adenine
dinucleotide-dependent histone deacetylase sirtuin
1 (SIRT1) falls [36], whichmay potentiate glycocalyx
thinning [37]. In a vicious positive feedback loop,
loss of EG volume from reduced SIRT1-mediated
synthesis may then further contribute to premature
endothelial senescence [38] and vascular dysfunc-
tion [39] observed in the aged population [40].
A recent study by Mahmoud et al. [31] brings to

light another potential mechanism contributing to
age-related EG changes. In this ground-breaking
work, surface expression of heparan sulfate and
GPC1 on human endothelial cells was inversely
related to basolateral surface membrane stiffness.
Concomitantly, increased basement membrane
stiffness of human endothelial cells decreased the
phosphorylation of endothelial nitric oxide synthase
(eNOS), suggesting that stiffer blood vessels pro-
mote decreased eNOS activity. They further
observed that young mice with GPC1 knockout
demonstrated substantial decreases in en face
phosphorylated-eNOS staining of the aortic
endothelium to levels similar to those observed in
older wild-type mice. In light of the fact that eNOS
4

activity is integral in vasoreactivity through the gen-
eration of nitric oxide with downstream activation of
vascular smooth muscle cell (VSMC) guanylate
cyclase, this work links vascular stiffness to GPC1
expression in the EG and vasoreactivity. As vascu-
lar stiffness increases with advancing age [41,42],
these findings suggest that the more compliant vas-
culature in young children promotes a more robust
baseline EG compared to adolescents and young
adults that could have important implications for
basal EG health.
Evolution of the inflammatory
response

The immune system undergoes drastic changes
throughout childhood, ranging from immune-
tolerance and dependence on innate immunity in
the neonate to a rapidly adaptive immune system
in the school-aged child [43]. The maturity and
responsiveness of the immune system likely have
a significant impact on EG integrity during the sys-
temic inflammatory response in critical illness in
children. Neonates and young infants are vitally
dependent upon circulating maternal antibodies
acquired through transplacental adsorption as natu-
ral killer cells [44,45], neutrophils [46,47], and
monocytes/macrophages [48,49] demonstrate
decreased cell responsiveness. CD4+ T cells pref-
erentially differentiate toward anti-inflammatory
type 2 helper T (Th2) cell [50] and regulatory T cell
[51] phenotypes. More B cells are of B1 lineage that
secrete more low-specificity immunoglobulin M,
have limited class-switching capabilities [52], and
support an anti-inflammatory Th2 response [43].
Thus, neonates and young infants generally have
a more muted immune response to pathogen- and
damage-associated molecular patterns. Though
the immune profile of this age group increases the
child’s susceptibility to invasive organisms, it may
better preserve EG integrity by limiting sheddase
activity and free radical generation. As children
develop a more responsive immune system with
memory to an increasing repertoire of pathogens
[53,54], their bodies can mount a more robust, pro-
tective reaction to local and systemic insults that
may come at a cost to EG integrity.
Influence of comorbidities

Comorbid conditions can substantially affect
baseline EG integrity and may therefore lower the
threshold for aberrant vascular biology during
acute childhood illnesses. Diseases such as
congenital cyanotic heart defects and lung
vascular malformations, bronchopulmonary
dysplasia, and hepatopulmonary syndrome expose
affected patients to chronic hypoxemia.
Homeostatic bioenergy pathways in the child with
chronic hypoxemia are forced to adapt to a lower
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than normal oxygen tension to avoid tissue hypoxia.
Hypoxemia triggers production and release of
pro-inflammatory interleukin-6 [55] and
mitochondria-derived reactive oxygen species [56]
from endothelial cells. These oxygen free radicals
goon topromotehypoxia-inducible transcription fac-
tor expression that may sustain pro-inflammatory
cytokine production and signaling [57]. Together,
the higher presence of reactive oxygen species
and circulating pro-inflammatory milieu [58] during
chronic hypoxemia increase the risk of EG thinning
[59], though the impact of chronic hypoxemia on
pediatricEGexpressionhasnot beensystematically
evaluated.
Children with chronic kidney disease are also at

risk for EG thinning through mechanisms that
remain unclear [60]. Chronic renal insufficiency
places affected patients at risk for developing
hypertension and hyperhomocysteinemia. Persis-
tently elevated blood pressure and circulating
homocysteine levels promote vascular stiffness
[61,62] that, as demonstrated by Mahmoud et al.
[31], can result in attenuated expression of heparan
sulfate proteoglycans on the vascular surface. Fur-
ther, exposure to chronic venovenous dialysis is
associated with EG shedding [63].
Children with type I diabetes mellitus (DM) can

manifest EG thinning prior to overt signs of
vasculopathy [64]. Nussbaum et al. [64] observed
that microvascular EG thickness inversely corre-
lated with blood glucose levels in children with type
I DM. Similarly, EG thinning was observed in adults
with type II DM [65], suggesting that children with
poorly controlled type II DM may also manifest EG
thinning. EG injury may occur in children with per-
sistent hyperglycemia [66] by promoting increased
expression of EG-targeting sheddases [67,68],
reactive oxygen species [69], and advanced glyca-
tion end products [70].
Childhood obesity may also threaten baseline EG

health secondary to increased basal inflammation
[71,72]. Throughout childhood, macrophages accu-
mulate in adipose tissue to moderate excess
macronutrients and adipocyte turn-over [73,74].
This cellular response leads to complex adipocyte-
macrophage interactions that result in diminished
expression of the protective adipokine adiponectin
and increased expression of pro-inflammatory leptin
and tumor necrosis factor-a [75–77]. The circulating
pro-inflammatory milieu may therefore increase
expression of EG-targeting sheddases and reactive
oxygen species. Thedenuded vascular surface then
permits lipid extravasation and leukocyte adhesion
at sites of EG damage [78,79]. Atherosclerotic pla-
ques begin to develop as monocytes/macrophages
infiltrate the vascular wall, promoting VSMC recruit-
ment [80] with resultant vessel stiffening that may
exacerbate EG thinning [81,82]. These plaques also
alter the shear stress profile at the endothelial sur-
face, leading to downstream changes in endothelial
gene expression and cell conformation [83,84]. The
5

architectural modifications to the vasculature make
the endothelial surface more prone to leukocyte
adhesion [85], creating a vicious cycle that can fur-
ther threaten EG integrity and propagate vascular
derangements.
Children with hematologic or immunologic

diseases such as sickle cell disease or thrombotic
microangiopathy are at particular risk of EG
thinning [86]. In sickle cell disease, circulating levels
of sickled, poorly deformable red blood cells adhere
to the endothelial surface and occlude microcircula-
tion [87], promoting local tissue hypoxia. Addition-
ally, the endothelium is locally activated,
promoting a pro-inflammatory and pro-coagulant
milieu [88]. Together, these events likely drive the
release of sheddases at the vascular surface that
thin the EG. Children who develop thrombotic
microangiopathies in diseases such as atypical
hemolytic-uremic syndrome have aberrant comple-
ment pathway activation that precipitates leukocyte
priming and endothelial secretion of von Willebrand
factor. These processes generate microthrombi
and promote leukocyte-endothelial adhesion that
culminate in EG disruption and microvascular
occlusions that further drive hypoxia-related inflam-
mation [89] that threaten EG health.
Collectively, children with any of the above

comorbidities may have a less robust EG either
systemically or in particular diseased organs at
baseline that has important implications in a
child’s predisposition to leukocyte-endothelial
adhesion, vascular leakage, and impaired
vascular responsiveness during critical illness.
Informed by these predispositions, when
presented with a child who has an underlying
comorbidity known to impact EG integrity, a critical
care provider may then better anticipate signs or
symptoms of vascular leak that may impair organ
function and may employ therapeutic strategies to
protect and restore the EG.
The endothelial glycocalyx in specific
pediatric critical illnesses

Severe infection and sepsis

Severe infection leading to sepsis remains a
significant cause of pediatric mortality globally
[90,91], prompting the World Health Organization
to pass a resolution to make the identification and
treatment of sepsis a high priority for the 194 mem-
bers of the United Nations [92]. Sepsis, recently
clarified as the dysregulated host response to an
infection resulting in life-threatening organ dysfunc-
tion [93], continues to have incompletely under-
stood pathophysiology with limited successful
treatments. It is logical that a clearer understanding
of the etiology and implications of endothelial
derangements, including EG disintegrity, caused
by invasive pathogens may shed light on novel ther-
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apeutic strategies for this pervasive disease impact-
ing children and adults alike.
Several recent reviews provide lengthy

descriptions of the impact of sepsis-induced
inflammatory response on EG integrity [94–96].
Here, we would like to highlight several important
mechanisms implicated in sepsis-mediated EG
degradation and discuss specific diseases relevant
to children. Oxygen free radicals generated and
released by circulating leukocytes in defense
against invading pathogens promote glycocalyx dis-
ruption [97,98]. Leukocytes, platelets, and endothe-
lial cells release proteases, endoglucuronidases,
and hyaluronoglucosidases that respectively cleave
proteoglycans, GAGs, and hyaladherins from the
vascular endothelial surface [99,100]. Finally, low
flow states in large and small vessels during septic
shock can disrupt endothelial surface shear stress,
promoting EG thinning [101] and inhibiting EG
restoration [102] that can exacerbate pathological
endothelial cell signaling [103].
At present, little is known about the signature of

circulating EG-degrading enzymes or soluble
glycocalyx components in children with sepsis.
We observed in a secondary analysis of a
small, single-center observational study [104] that
plasma levels of SDC1 increase in children with
sepsis (Fig. 2A). This was concordant with eleva-
tions in plasma neutrophil elastase levels
(Fig. 2B), a protease with known activity on
SDC1 [105], measured at the time of admission
to the intensive care unit. This cohort included a
host of viral, bacterial, and/or fungal infections
in children with a wide array of comorbidities.
Further, Pudjiadi et al. [106] observed that
SDC1 levels in children admitted to the hospital
with sepsis correlated with measures of organ
dysfunction as indicated by Pediatric Logistic
Organ Dysfunction-2 scores [107] determined on
the first day of hospitalization. Together, these
data suggest that the EG damage is present in
Fig. 2. Plasma levels of syndecan-1 and neutrophil elas
significantly elevated in children admitted to the pediatric inte
controls (HC) (n = 39). **P < 0.01, ***P < 0.001 versus con
Dunn’s multiple comparisons test. B, Neutrophil elastase lev
significantly elevated upon admission to the pediatric inte
presented as median (interquartile range). **P < 0.01 versu
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children with sepsis and may play a significant
role in the development of organ injury as put for-
ward by Fernandez-Sarmiento et al. [108].
Preclinical and clinical studies characterizing EG

injury during particular infections, including herpes
simplex viral (HSV), dengue viral, and malarial
diseases, may shed light into the pathophysiology
occurring at the endothelial surface during
pediatric sepsis. HSV infection is a serious
perinatal disease with high rates of morbidity and
mortality [109]. Recent work has demonstrated that
HSV promotes heparanase (HPSE) 1, matrix metal-
loproteinase (MMP)-3, and MMP-7 upregulation in
infected cells, resulting in heparan sulfate and
SDC1 cleavage from the cell surface that thereby
liberates virions from the host cell to infect other
host cells [110]. Although these studies were per-
formed using human corneal epithelial cells, these
findings likely have direct implications in the patho-
physiology of disseminated neonatal HSV driving
endothelial surface layer degradation, downstream
endotheliopathy, and eventual organ dysfunction
that commonly portends death.
Dengue viral infection is a severe tropical illness

that has the highest prevalence in children
<15 years of age [111]. Plasma levels of SDC1
and hyaluronan are significantly higher in patients
with dengue-related hemorrhagic fever or severe
plasma leakage than those with the milder dengue
fever alone [112]. Intriguingly, plasma heparan sul-
fate levels were not significantly different between
dengue severity groups despite in vitro work
demonstrating that dengue virus nonstructural pro-
tein 1 (DENVNS1) promoted endothelial cell upreg-
ulation of HPSE1 with resultant increased
transcellular permeability [113]. Treatment of
human endothelial cells with DENV NS1 was also
associated with an increased surface expression
of SDC1, suggesting that dengue viral infection
may increase EG turn over to permit viral escape
from the endothelium.
tase in children with sepsis. A, Syndecan-1 levels are
nsive care unit with sepsis (n = 39) compared to healthy
trol after Kruskal-Wallis one-way ANOVA corrected by
els in fifteen randomly selected children with sepsis were
nsive care unit compared to controls (n = 15). Data
s control after Mann-Whitney U test.
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Children with severe Plasmodium falciparum
infection, one of the five protozoan species that
cause human malaria, demonstrate higher
circulating levels of SDC1, GPC1, heparan sulfate,
and hyaluronan than healthy controls [114,115].
Further, using videomicroscopy, children with sev-
ere malaria were observed to have EG thinning
[114]. In light of the pathogenesis of this parasite
(i.e., preferential infection of circulating erythrocytes
with phases of erythrocyte rupture and associated
parasitemia, malarial toxin release, and leukocyte
activation [116,117]), these findings suggest that
the host inflammatory response to plasmodia is
responsible for indiscriminant EG erosion. P. falci-
parum infection in particular is responsible for cere-
bral malaria in children. Infected erythrocytes
adhere to the cerebral vascular endothelium, lead-
ing tomicrovascular obstruction and local inflamma-
tion [118]. In this process, the EG is likely eroded,
promoting coagulation, leukocyte adhesion, and
loss of endothelial barrier function that culminates
in cerebral edema [119–121]. Acute kidney injury
is also common with P. falciparum through
microvascular occlusion, local inflammation, and
EGerosion [122,123], resulting in filtration and tubu-
lar absorption defects [124].
The resuscitation strategy for pediatric sepsis

[125] has important differences from adult sepsis
[126] with potential ramifications onEGhealth. First,
fluid resuscitation tends to bemore liberal in children
than adults as children typically receive at least 40–
60mL/kg of intravenous (IV) crystalloid before start-
ing vasoactive medications compared to adults who
tend to receiveapproximately 30mL/kgof crystalloid
before initiating vasoactive support. As high volume
IV crystalloid administration can damage the EG
[127], resuscitation strategies that incorporate
higher volumes of fluid resuscitation may promote
greater EG disruption and, paradoxically, worsen
vascular leak and organ function. Therefore, a more
restrictive fluid resuscitation strategy with earlier ini-
tiation of vasoactivemedicationmayprotect the vas-
culature. However, high circulating levels of
epinephrine may similarly promote EG disintegrity
[128]. Additionally, vasoconstricting regions of
microcirculation in need of ongoing volume repletion
may actually worsen regional perfusion, increasing
local vascular inflammation that could further threa-
tenEG integrity. Thus, thebalancebetween circulat-
ing catecholamines, crystalloid resuscitation, and
microcirculatory perfusion likely has significant
impact onEGhealth during pediatric sepsis. The rel-
ative contribution of each of these competing vari-
ables requires further interrogation.
Choice of resuscitative fluid for pediatric sepsis

may also impact EG recovery and clinical
outcomes. Preclinical data suggest that
resuscitation with albumin restores
microcirculatory flow to a greater degree than
0.9% saline and may support EG restoration
[129,130]. In a small randomized controlled trial in
7

adults with sepsis, IV colloid resuscitation resulted
in higher cardiac indices and plasma volumes
compared to IV crystalloids with the benefit of lower
volumes of fluid administration to achieve hemody-
namic goals [131]. This study notably included
gelatin- and hydroxyethyl starch-based colloids,
both of which may increase the risk of acute kidney
injury [132,133], and did not evaluate the specific
interaction between albumin-based resuscitation
and later organ function or markers of EG integrity.
In the Saline versus Albumin Fluid Evaluation
(SAFE) trial, a subgroup analysis of adults with sev-
ere sepsis demonstrated a trend toward improved
outcomes with the use of 4% albumin as primary
resuscitation fluid compared to crystalloid [134].
However, targeting a specific serum albumin level
using 20% albumin infusions did not improve sur-
vival rates in adults with severe sepsis [135]. Simi-
larly, two meta-analyses examining the effect of
albumin versus crystalloid resuscitation on clinical
outcomes in critically ill adults (not limited to sepsis)
were unable to detect differences in mortality
[136,137]. Informed by these large studies and the
potential for worsening extravasation of plasma pro-
teins, international guidelines suggest the use of
crystalloid over albumin for initial pediatric and adult
sepsis resuscitation [125,126]. Nevertheless, a clin-
ical trial evaluating the impact of albumin-based
resuscitation on EG integrity and organ function in
pediatric sepsis could have merit.
Fresh frozen plasma (FFP) has an even greater

ability to protect the EG compared to albumin
[138] and thus may reduce vascular permeability
and sequential organ failure if used early during
pediatric sepsis resuscitation. FFP is not consid-
ered a first-line fluid for sepsis in either children or
adults and inherently presents the unpredictable
risk of transfusion related events (e.g., acute lung
injury, worsened fever, alloimmunization, and infec-
tious disease transmission). In light of its potential
EG-protective effects with the ability to better
preserve oncotic pressure relative to crystalloid,
evaluation of the use of FFP in the resuscitation of
pediatric sepsis is also rational.
SARS-CoV-2 infection

Infection by the novel severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) appears
to impact humans differently from other respiratory
viruses, particularly in children [139]. Thus,
SARS-CoV-2 infection warrants its own discussion.
When the alpha and beta SARS-CoV-2 variants cir-
culated in early-to-mid-2020, elderly were dispro-
portionately affected while most children remained
asymptomatic or mildly symptomatic outside of
those with a comorbid history of prematurity,
chronic lung disease, or obesity [140]. It was not
until weeks to months after the first wave of
SARS-CoV-2 infection that children began
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manifesting symptoms similar to Kawasaki disease
with myocardial dysfunction that was not observed
in adults, a non-specific inflammatory condition
called multisystem inflammatory syndrome in chil-
dren (MIS-C). We are emerging from the global
wave of the highly contagious delta variant wave
with greater symptomatic disease in children.
Regardless of the variations in disease presentation
in children and adults with coronavirus disease
2019 (COVID-19), the vascular endothelium seems
to be center stage.
SARS-CoV-2 infection is caused by viral spike (S)

protein interaction with angiotensin-converting
enzyme 2 (ACE2) receptors on the
nasopharyngeal epithelium [141]. Transmembrane
protease, serine 2 (TMPRSS2) expressed on the
epithelial surface then cleaves the S protein, permit-
ting viral fusion with the host cell membrane and
intracellular infection [141]. Heparan sulfate in the
epithelial surface glycocalyx enhances SARS-
CoV-2 attachment to ACE2 receptors by binding
region-binding domains of the S protein, promoting
conformational changes to the S protein that favor
ACE2 receptor interaction [142]. The innate
immune system is typically the child’s primary host
defense (unless born to a vaccinated or previously
infected mother). As discussed above, a child’s
immune system has particular features unique from
the adult immune system that include a quicker
antiviral interferon response [143], more rapid
immunoglobulin production with broad reactivity
[144], and a tempered natural killer cell response
[44]. Therefore, the pediatric immune system may
be able to more quickly and quietly handle acute
SARS-CoV-2 infection without a hyperinflammatory
response. However, the idiosyncrasies of the pedi-
atric immune system that permit acute SARS-CoV-
2 viral infection to transition to MIS-C are unknown.
In severe COVID-19, SARS-CoV-2 virions cross

from the respiratory epithelium into circulation,
infecting the endothelium of multiple organs [145].
Adults with COVID-19 are at risk of micro- and
macrovascular thrombosis due to EG injury,
endothelial cell activation, neutrophil extracellular
traps [146,147], and monocyte tissue factor release
with subsequent increase in monocyte-platelet
aggregates [148]. Consistent with this pathophysiol-
ogy, several studies have shown that SDC1 [149],
heparan sulfate [150,151], and hyaluronan levels
[150] are elevated in adults with severe COVID-19
along with soluble levels of P-selectin [152], throm-
bomodulin [152], intercellular adhesion molecule 1
[153], and vascular cell adhesion molecule 1 [153]
(all proteins commonly expressed on the endothelial
surface), suggesting significant EG erosion. Simi-
larly, Buijsers et al. [154] observed that plasma
levels of heparanase activity correlated with illness
severity in adults with COVID-19. Our understand-
ing of the precise mechanisms by which SARS-
CoV-2 promotes EG damage, however, remains
incomplete.
8

At present, there are no glycocalyx biomarker
data available in children with acute COVID-19,
and only two case reports of children with MIS-C
have reported plasma levels of glycocalyx
biomarkers [155,156]. Fraser et al. [155] observed
that hyaluronan and soluble P-selectin, but not hep-
aran sulfate, levels were elevated in an adolescent
female with MIS-C compared to 20 healthy controls.
Fernandez-Sarmiento et al. [156] reported elevated
SDC1 levels and microvascular EG thinning on
videomicroscopy in two patients with MIS-C relative
to a healthy child. Though preliminary, these data
shed light into COVID-19-related vascular disease
in children and suggest that plasma biomarkers of
glycocalyx shedding and videomicroscopy may
serve as important evidences of therapeutic effi-
cacy for debated treatments [157].

Trauma/hemorrhage

Despite modern advancements in the prevention
and management of severe trauma, traumatic
injuries continue to be a leading cause of
morbidity and mortality for children and adults
worldwide [158]. The traumatically injured child
can have marked differences in mechanism and
pattern of injury compared to adults [159]. The
child’s higher metabolic needs and lower hepatic
glycogen reserve make relatively short periods of
asphyxiation less tolerated by the brain and the
heart, resulting in higher risk of hypoxic-induced
encephalopathy and cardiac arrest than their adult
counterparts. Each of these age-specific factors
may heavily influence the injury pattern to the vas-
cular surface following trauma. Recent preclinical
work and studies in adults have shed light on the
role that trauma-related glycocalyx disintegrity has
on post-injury coagulation abnormalities, inflamma-
tion propagation, and clinical outcomes. However,
little is known about EG injury in pediatric trauma
and its impact on vascular functions, organ injury,
and outcomes.
Endotheliopathy of trauma, driven principally by

the pathological activation of the endothelium and
associated damage to the EG, has been
extensively characterized in adults [160–162]. Only
a few studies have reported biomarkers of EG
degradation and pathologic activation of the
endothelium following pediatric trauma [163,164].
Glycocalyx shedding has been reported within min-
utes of trauma in adults [165] and is associated with
early organ dysfunction [166]. Glycocalyx damage
also appears to be an early event after pediatric
trauma as suggested by elevated plasma SDC1
levels in injured children measured upon hospital
arrival [163]. Non-survivors of adult [160,161] and
pediatric [163] trauma have significantly higher cir-
culating markers of glycocalyx damage compared
to survivors. Trauma-induced EG degradation is
also associated with postinjury coagulopathy in
adults [160,167,168] and children [163,164],
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implicating a role for glycocalyx shedding in post-
traumatic coagulation abnormalities.
Following the initial direct insult to the vascular

surface and the ensuing inflammatory response,
persistent derangements in EG integrity have
been found to propagate vascular dysfunction in
traumatically injured adults, culminating in organ
dysfunction [165]. However, the associations
between ongoing EG damage and organ injury
have not been evaluated in the pediatric trauma
population. Overall, children have a lower risk of
developing postinjury multiorgan failure [169]. This
may be related to trauma epidemiology (e.g.,
younger children have a higher proportion of iso-
lated traumatic brain injury (TBI) compared to a
higher incidence of polytrauma in the adolescent
[170]), differences in the pediatric post-traumatic
immune response [169], and presence of relatively
fewer comorbidities that may confer protection to
children. However, the impact of age and injury
characteristics on EG integrity following pediatric
trauma have not been reported. Data from the Prag-
matic, Randomized Optimal Platelet and Plasma
Ratios (PROPPR) clinical trial [171] indicate an
inverse relationship between age and plasma levels
of SDC1 as a marker of vascular glycocalyx dam-
age in patients with similar injury characteristics
and degree of shock (Fig. 3). We posit that the
age-dependent reduction in circulating SDC1 is a
function of reduced glycocalyx expression with
increasing age (as described above) in addition to
age-related changes in the post-traumatic immune
response [172]. A more robust characterization of
the inflammatory response and other glycocalyx
markers is needed to more clearly define the impact
of age on post-traumatic EG damage.
Hemorrhagic shock compounds the post-

traumatic inflammatory insult and promotes
greater EG damage [173]. Informed by the
PROPPR trial [171], resuscitation of traumatically
injured adults with hemorrhagic shock typically
Fig. 3. Effect of age on trauma-induced glycocalyx s
were enrolled in the PROPPR trial [171] and had available
admission plasma syndecan-1 levels were stratified by age
injury severity (A) or degree of hemorrhagic shock as mea
groups. Syndecan-1 levels, indicative of glycocalyx damag
median (middle line in box) with interquartile range (IQR)
whiskers). ***P < 0.001 after Kruskal-Wallis one-way ANOV
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involves balanced component blood product trans-
fusion (administration of equal volumes of FFP
and platelets with the transfused red cells). Chil-
dren, on the other hand, do not commonly present
in hemorrhagic shock following severe trauma,
likely related to trauma epidemiology and pattern
of injury (i.e., more isolated head injury). Further,
those children who present with trauma-related
hemorrhagic shock that does not warrant massive
transfusion are more commonly resuscitated with
crystalloid fluid and packed red blood cells without
a balanced transfusion approach. However, this
strategy may lead to worse clinical outcomes and
is thus being challenged [174].
At present, it is unknown how choice of

resuscitative fluid affects EG integrity and clinical
outcomes in traumatically injured children.
Preclinical data from hemorrhagic shock models in
rats demonstrated that resuscitation with 5%
albumin partly restored EG thickness and
attenuated vascular leak [175,176]. Pati et al.
[177] did not observe the same improvement in vas-
cular leak when using an albumin-based resuscita-
tion in hemorrhaged mice compared to saline,
though a substantially more dilute albumin product
(approximately 0.03%) was used. The mechanisms
by which albumin contributes to EG protection are
not entirely clear but may relate to inhibition of
leukocyte rolling and endothelial adhesion [178] in
addition to facilitating sphingosine-1-phosphate
interactions with endothelial surface receptors to
inhibit EG degradation and promote EG reconstitu-
tion [179,180]. Results of albumin-based resuscita-
tion in adult trauma have been less favorable. Post-
hoc analysis of the SAFE trial [181] demonstrated
that critically ill adults who suffered TBI and were
resuscitated with 4% albumin had significantly
higher mortality than those resuscitated with saline
0.9% [181]. A recent review [182] brings to light
important limitations to this study that may have
influenced outcomes, particularly the use of a hypo-
hedding. Seventy-four traumatically injured adults who
injury severity data, admission base excess levels, and
quartile for analysis. No differences were observed in

sured by blood levels of base excess (B) between age
e, declined with increasing age (C). Data presented as
(upper and lower limit of boxes) +/- 1.5 � IQR (Tukey
A.
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tonic albumin solution that may have contributed to
worsening cerebral edema and increased intracra-
nial pressure [183]. Despite the limitations of the
SAFE trial and any promising preclinical data that
would support albumin use in trauma/hemorrhage
resuscitation, pediatric intensivists, surgeons, and
neurosurgeons tend to avoid albumin in the man-
agement of trauma. It is unlikely that interest in
studying an albumin-based resuscitation strategy
in children will pique without more compelling pre-
clinical and adult clinical evidence of its efficacy
on vascular health and outcomes.
Blood product transfusion may confer greater EG

protection than crystalloid or albumin resuscitation
following pediatric trauma. In a rat model of
hemorrhage-resuscitation, Torres Filho et al. [175]
observed that resuscitation with FFP or fresh whole
blood following hemorrhage resulted in significantly
greater EG preservation compared to crystalloid or
albumin as indicated by lower plasma levels of hep-
aran sulfate and SDC1, reduced vascular leak, and
greater microvascular EG thickness on intravital
microscopy. Other groups have similarly demon-
strated the benefits of FFP resuscitation on EG
integrity in various in vitro and in vivo models
[184,185]. Clinically, traumatically injured adults at
risk of hemorrhagic shock who were administered
FFP in the prehospital setting showed a reduction
in coagulation abnormalities and improvedmortality
[186]. In a recent propensity-matched retrospective
cohort study of the American College of Surgeons
2017 Trauma Quality Improvement Program
national database [187], children resuscitated with
whole blood and component blood product therapy
(WB + CT) in the first 4 h post-trauma required less
blood product by 4 and 24 h and experienced fewer
days of mechanical ventilation compared to children
who received component therapy (CT) alone. Total
crystalloid fluid resuscitation in the first 24 h was
not reported. The volume of FFP and whole blood
accounted for 68% of the total blood volume in the
WB + CT group, whereas FFP accounted for only
25% of the total blood volume administered in the
CT group. If whole blood is considered to have sim-
ilar EG-protective effects as FFP [175,188], then it is
plausible that the higher total FFP volume in the
WB + CT group could have sustained or improved
EG integrity, thereby limiting lung microvascular
damage and systemic coagulation abnormalities.
Despite the limitations of a retrospective analysis,
this study provides evidence that a balanced blood
product resuscitation approach is both feasible and
safe in children.
Severe burns

Unintentional injuries were the leading cause of
death in the United States in 2019 in children
above 12 months of age [189]. This statistic
included burn injury with a peak incidence in the
10
5–9 year old age group, a particular at-risk
population due to their mobility without capacity to
anticipate fire or thermal hazards. Because of the
relatively higher body surface area-to-weight ratio,
thermally injured pediatric patients suffer higher
intravascular volume losses [190]. Given the smal-
ler circulating blood volumes in children, this places
the critically ill child with burn injury at significant risk
for severe hypovolemia, resulting in hypoperfusion
and multiorgan dysfunction.
The EG is integral to the pathophysiology of

burned children, regulating vascular leak,
platelet and leukocyte adhesion/activation, and
inflammatory endothelial cell signaling. In
thermally burned rodents, plasma levels of
SDC1 abruptly rise proportional to the total body
surface area (TBSA) burned [191,192], corre-
sponding with a significant increase in vascular
leak [192]. This finding was corroborated in a
small, single-center adult study in which plasma
SDC1 levels were significantly higher than control
levels at hospital admission and remained ele-
vated for up to 30 days following hospitalization
[193]. Interestingly, admission SDC1 levels did
not correlate with TBSA percentage but instead
correlated with total fluid resuscitation adminis-
tered over the first 24 h. Fluid resuscitation strat-
egy was dictated by both the percent TBSA
burned and a targeted urine output, which may
explain the discrepancy with the correlation
observed in the rodent models described above.
Plasma levels of SDC1 at hospital admission
were found to be a helpful predictor of 30-day
mortality following severe burns in adults [194].
Together, these data support a derangement of
the EG as a likely key driver of vascular leak
and clinical outcomes following severe thermal
injury that may similarly apply to children.
The mainstay therapy for severe pediatric burns

(traditionally defined as second- or third-degree
thermal injury of TBSA � 10%) is judicious,
algorithmic IV crystalloid resuscitation [190].
Though life-saving, administration of high volume
crystalloid in a patient with an inflamed endothelium
may exacerbate vascular leak by increasing EG
shedding [195]. Albumin supplementation is com-
monly considered in burn resuscitation to boost
oncotic pressure in the vascular lumen, improve
microcirculatory perfusion, and reduce the amount
of crystalloid administered [190]. Albumin may also
protect the EG from ongoing injury by reinforcing its
fragile structure, buying the vasculature time to
restore the glycocalyx. FFP transfusion may also
have a role in the resuscitation of the severely
burned child. In thermally injured rats with TBSA
40% burn, FFP administration improved SDC1
expression in lung tissue and normalized vascular
leak [192]. FFP is not a typical therapy employed
in pediatric burn management outside of the mas-
sively hemorrhaging patient and comes with inher-
ent risks [196]. Nonetheless, research into the
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mechanisms driving vascular injury after severe
burns and evaluation of the merits of more aggres-
sive albumin or FFP administration in thermally
injured children warrants consideration.
Extracorporeal life support

The availability of extracorporeal membrane
oxygenation (ECMO) and cardiopulmonary bypass
(CPB) technologies has revolutionized modern
medicine by allowing life-sustaining support for
cardiovascular and/or pulmonary system failure or
for surgical intervention of life-threatening
cardiothoracic diseases. Deployment of these
forms of extracorporeal life support (ECLS) in the
neonatal and pediatric populations has grown
substantially over the last 10 years (1,955
neonatal runs in 2020 compared to 1,312 runs in
2010; 2,914 pediatric ECMO runs in 2020
compared to 1,068 in 2010 [197]) as more medical
centers become facile with ECLS management
and surgical sophistication burgeons for once lethal
diseases. As important as these technologies have
been in improving outcomes of otherwise fatal dis-
ease processes, their use is not without conse-
quence. Organs remote to the respiratory and
cardiovascular systems are at substantial risk for
injury from ECLS. Direct and indirect EG injury is
central to this process.
Generally the immune system is already

systemically active in critically ill children requiring
ECMO prior to cannulation [93,198]. The vascular
endothelium is thereby pathologically activated to
upregulate EG-targeting sheddases and is primed
for leukocyte adhesion, resulting in ongoing EG
injury [199]. After ECMO initiation, circulating com-
ponents of the immune and coagulation systems
interact with artificial surfaces, increasing inflamma-
tion and coagulation activation. To maintain
hemostasis, patients commonly receive component
blood product transfusion, which further exposes
the child to alloantigens and increases the risk for
inflammation and coagulation activation. Over time,
as the ECMO circuit longevity wanes due to
increased thrombosis of circuit components, fibrin
deposits shear red blood cell membranes with
resultant hemolysis and an increase in plasma
levels of free hemoglobin and iron. Increased circu-
lating levels of plasma free hemoglobin may over-
whelm the body’s anti-oxidant reserves, leading to
increased oxygen and nitrogen free radicals with
deleterious effects on the EG [200].
Children who require CPB generally have a

congenital heart defect requiring corrective or
palliative surgical intervention or need heart and/or
lung transplantation. Depending on the type of
congenital heart defect or degree of lung disease
requiring transplantation, some children live with
chronic hypoxia prior to palliative surgery that, as
discussed above, can promote pro-inflammatory
endothelial cell signaling [201] and endothelial
11
surface layer thinning [59]. Then, with transition to
CPB at the time of surgical intervention, regions of
the body experience variable states of hypoperfu-
sion and ischemia. Following completion of surgery
and liberation from CPB, areas of hypoperfusion
and ischemia are flooded with oxygen-rich blood,
leading to reperfusion injury frommitochondrial dys-
function and depletion of anti-oxidant reserves.
Ischemia-reperfusion injury then drives the activa-
tion of complement [202] and upregulation of pro-
inflammatory cytokines [203] that promote the
release of EG-eroding sheddases [204].
Puchwein-Schwepcke et al. [2] have nicely sum-

marized the literature available characterizing EG
injury in children undergoing congenital heart sur-
gery. As with adults [205,206], exposure to CPB
results in increased circulating levels of SDC1, hep-
aran sulfate, and hyaluronan in children [207–210],
corresponding to decreased EG thickness on
videomicroscopy [211]. While measures of EG
injury are unknown during neonatal or pediatric
ECMO, we can deduce from pre-clinical studies that
a similar phenomenon likely occurs after initiation of
ECMO in children [212].
There are major differences between

management of CPB and ECMO that may
translate in more prolonged EG injury with ECMO
use. ECMO duration is typically much longer than
CPB, exposing the patient to a pro-inflammatory
milieu for a greater duration with untoward effects
on the endothelial surface layer discussed above.
Many children who undergo CPB receive FFP or
human albumin during the course of their surgery
that may have glycocalyx-protective effects. Upon
completion of CPB, many centers are using
modified ultrafiltration that provides some cytokine
adsorption and limits the degree of fluid overload to
the patient after surgery, which may similarly
protect the EG. On the other hand, crystalloid
resuscitation is the norm during ECMO to sustain
adequate flows. The benefit of temporarily
improved flows is then counter-balanced with fluid
overload that potentially worsens EG injury and
microcirculation [213]. Finally, corticosteroids are
often used in themanagement of critically ill children
requiring CPB or ECMO to attenuate the pro-
inflammatory response, treat absolute or relative
adrenal insufficiency, and promote convalescence
[214,215]. Corticosteroid use may also confer pro-
tection to thevascularEG throughunresolvedmech-
anisms [216,217]. However, pediatric intensivists
must pay particular attention to the development of
steroid-induced hyperglycemia or secondary infec-
tions related to immunosuppression, both of which
can compromise the EG [66,218].
Challenges and opportunities

Studying vascular glycobiology is difficult and
nuanced, particularly in children. The microscopic,
fragile nature of the EG makes this structure
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challenging to directly image and quantify [219].
Special techniques are used to attempt tissue EG
preservation for electron microscopy [220] but
may not consistently prepare the endothelium for
high quality imaging [221]. Others have studied
tissue-level EG expression using immunohisto-
chemistry and plasmameasures of glycocalyx com-
ponents to characterize EG injury in both humans
and animal models. These techniques are unfortu-
nately susceptible to inconsistent detection of sugar
moieties due to inherently poor protein–sugar inter-
actions by commercial antibodies. To overcome
these challenges, some groups are using liquid
chromatography-tandem mass spectrometry to
quantify shed GAG fragments in biological fluids
[222]. While this technique provides more granular
detail of shed GAG size and sulfation pattern, it
requires a highly specialized laboratory. For real
time visualization of the EG in animal models, inves-
tigators use intravital microscopy with or without flu-
orescence [223]. However, this technique is limited
to surface-layer evaluation of microcirculation due
to its poor tissue penetration. For human studies,
orthogonal polarization spectroscopy or sidestream
darkfield (SDF) imaging can be used to determine
EG thickness of microcirculatory beds. Like intravi-
tal microscopy, videomicroscopy of human micro-
circulation is limited to accessible surface-layer
vascular beds, namely the sublingual [224], buccal
[114], auricular [20], and extremity [225] microvas-
culature. Moreover, videomicroscopy currently
lacks the capability of detecting granular detail of
the EG such as the expression patterns of specific
proteoglycans or GAGs and is only able to provide
indirect measures of EG thickness.
Biomarker evaluation and SDF videomicroscopy

have been most commonly used to characterize
EG damage in children [2]. However, performing
even these limited assessments can be difficult to
perform and interpret in critically ill children. First,
there are relatively fewer children admitted to the
hospital for critical illness compared to adults, mak-
ing it challenging to recruit large cohorts for compre-
hensive research efforts. Next, in vivo EG
characterization using videomicroscopy has not
yet achieved wide-spread popularity. Therefore,
most clinical investigations into pediatric endothelial
health rely upon plasma and urine biomarker evalu-
ations. These too have significant limitations related
to the developmental status of the child, which may
limit the cooperativity in obtaining specimens, and
access to a free-flowing sample. Due to the smaller
circulating blood volumes in children and concern
for iatrogenic anemia, most hospitals have policies
limiting the blood volume sampled in a 24-hour per-
iod [226]. This limitation may further hinder sam-
pling for research. Blood and urine levels of EG
biomarkers can also be influenced by renal function
[227], complicating the interpretation of analyte
results. Finally, it can be challenging to approach
parents/guardians of critically ill children for
12
research purposes. Given the high stress environ-
ment and lack of direct benefit to their child, many
families elect to withhold from participating in
research. Multi-center collaborations are thus
needed to overcome these limitations and help
move the field of pediatric vascular biology forward.
In vitromodelingof theendothelium isemployed to

help resolve gaps in our understanding of the
mechanisms driving pediatric vascular disease and
EG damage. However, this work is similarly
challenging. First, unlike commercially available
adult-derived endothelial cells commonly used for
mechanistic studies, pediatric-derived organ-
specific endothelial cells are not currently
commercially available outside of human umbilical
vein endothelial cells, which may limit the
translatability of laboratory observations to critically
ill children. Further, endothelial cells are commonly
cultured on hard plastic in a static environment
away from their natural habitat with surrounding
pericytes and VSMCs, which significantly hinders
EGexpression [31]. Subjecting endothelial cells sur-
face layer shear stress using parallel flow chambers
or cone-and-plate viscometers generates a model
that mimics a healthy, quiescent human endothe-
lium [228,229] withmore robust EG expression rela-
tive to statically cultured cells [102,230]. However,
employing in vitro flowmodeling to more aptly study
the role of the EG in endothelial pathobiology can be
technically challenging and have low through-put.
Finally, EG-targeting enzymes used for in vitro stud-
ies may not perfectly simulate human enzymatic
activity [231], further limiting the translation of bench
work to bedside understanding of pediatric vascular
biology.
Despite these challenges, improving our

understanding of the mechanisms up- and
downstream of EG injury during severe pediatric
diseases holds great promise for the discovery of
novel therapeutic strategies that mitigate
endothelial dysfunction and organ injury.
Elucidating the sheddases involved in acute
inflammation may point to particular small
molecule inhibitors that confer EG protection
[232,233]. Uncovering the endothelial signaling
aberrancies downstream of EG injury that promote
vascular leak and propagate inflammation could
suggest targets for signaling modulation that
restore endothelial homeostasis. Finally, identifying
methods to restore EG integrity through extrinsic
repletion (using FFP [184,185] or a purified GAG
admixture such as sulodexide [65,234,235]) or
intrinsic reconstitution [236–238] may provide syn-
ergy with other treatments to bolster the endothe-
lium against inflammatory insults.
Conclusions

The pediatric critical care community is gaining a
greater appreciation for the importance of
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endothelial glycobiology in the pathogenesis of
severe childhood illnesses. A child’s age, immune
status, and comorbidities can dictate baseline EG
expression and significantly influence the severity
of vasculitis from systemic insults like sepsis or
trauma. As the EG and downstream aberrant
vascular biology are central to many of the
pathophysiologies observed in the pediatric
intensive care unit, treatment strategies aimed at
restoring EG integrity thus hold promise in
reversing vascular dysfunction and improving
organ injury during severe illnesses in children.
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