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Abstract: The vascular endothelial glycocalyx is a critical structural and functional component. It maintains endothelial integrity,
orchestrates hemodynamic regulation, enables selective blood component filtration, and mediates mechanotransduction. Existing in
a dynamic equilibrium, this glycoprotein-polysaccharide matrix provides an interactive platform for intravascular reactions and
actively participates in innate immune responses (eg, neutrophil chemotaxis and adhesion). During localized tissue infection,
pathogen-derived chemokines become enriched within the endothelial glycocalyx, establishing a chemotactic gradient that directs
neutrophil recruitment. Intriguingly, neutrophil-derived proteolytic enzymes and reactive oxygen species released during degranulation
reciprocally degrade the glycocalyx architecture, thereby amplifying chemokine liberation and creating a self-reinforcing feedback
loop that potentiates neutrophil extravasation and directional migration. This review systematically analyzes two distinct mechanistic
models elucidating the dual role of the endothelial glycocalyx in neutrophil chemotaxis. These conceptual frameworks advance our
understanding of the spatiotemporal regulation of innate immune responses at the vascular interface while highlighting potential
therapeutic targets for inflammatory disorders associated with glycocalyx dysfunction.
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Introduction
The endothelial glycocalyx (eGC) is a gel-like layer on the luminal surface of endothelial cells, composed of membrane-
bound proteoglycans, glycoproteins, glycosaminoglycans (GAGs), and adherent plasma proteins."”* By maintaining
endothelial permeability and microvascular tone, it stabilizes transendothelial osmotic gradients and modulates neutrophil
chemotaxis and adhesion.” Multiple factors can damage the eGC, including shear stress, infection, and pathological
stress. And vascular endothelial injury is implicated in various diseases.’ >

Disruption of the eGC during inflammation does not merely result in the release of shielded cytokines that mediate
further pathological responses—it also liberates bioactive cleavage products from core eGC components, which actively
amplify inflammatory signaling and serve as critical biomarkers of endothelial injury. The eGC’s proteoglycan and
glycosaminoglycan (GAG) constituents, including syndecan-1 and hyaluronic acid (HA), undergo enzymatic degradation
by sheddases (heparanase-1, matrix metalloproteinases/MMPs, hyaluronidases) activated during inflammatory states such
as sepsis, trauma, or COVID-19.%7 For instance, syndecan-1, a transmembrane proteoglycan anchoring heparan sulfate
and chondroitin sulfate to the endothelial surface, is cleaved by MMPs (eg, MMP-7, —9) and ADAM17, releasing its
ectodomain into the circulation. This fragment not only disrupts endothelial adherens junctions by interfering with VE-
cadherin localization but also acts as a damage-associated molecular pattern (DAMP) to enhance leukocyte adhesion and
proinflammatory cytokine secretion.® HA, a non-sulfated GAG forming the eGC’s structural scaffold, is degraded into
low-molecular-weight fragments (<500 kDa) by hyaluronidases (eg, HYAL2, TMEM?2) and reactive oxygen species
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(ROS). These HA fragments bind to toll-like receptor 4 (TLR4) on endothelial cells and immune cells, triggering NF-xB
activation and the production of IL-6, TNF-a, and CXCL8—further exacerbating vascular inflammation and
permeability.® Clinically, circulating levels of syndecan-1 and HA fragments correlate with disease severity: in septic
patients, plasma syndecan-1 >898 ng/mL and HA >441 ng/mL predict 90-day mortality, while in COVID-19, elevated
HA and syndecan-1 are associated with ICU admission and multi-organ dysfunction.®’” Notably, these cleavage products
also exert organ-specific effects: hippocampal penetration of heparan sulfate fragments (liberated from eGC degradation)
inhibits brain-derived neurotrophic factor (BDNF), contributing to septic cognitive dysfunction, while urinary HA and
syndecan-1 levels serve as early markers of renal injury in sepsis and chronic kidney disease.® Together, these findings
highlight that eGC disruption’s consequences extend far beyond cytokine release, with its cleavage products acting as
both active mediators of inflammation and clinically relevant biomarkers of endothelial and organ dysfunction.

During infections, neutrophils migrate along chemokine concentration gradients by rolling on the vascular endothe-
lium toward the infection site, while releasing cytokines such as myeloperoxidase (MPO), matrix metalloproteinases
(MMPs), and heparin-binding protein (HBP) to mediate anti-inflammatory responses. Recent studies have reported that
these cytokines can damage the eGC, thereby exacerbating vascular leakage.’ Neutrophil extracellular traps (NETS) are
capable of degrading the glycocalyx structure on the surface of vascular endothelial cells.'” In this review, we explore the
reciprocal interactions between the eGC and neutrophils during chemotaxis and synthesize existing models of chemo-
tactic regulation. And we emphasize that in infectious diseases, neutrophil chemotaxis disrupts the eGC integrity, thereby
promoting vascular leakage.

Despite extensive research on eGC biology and neutrophil chemotaxis, three critical knowledge gaps remain
unaddressed in the current literature. First, most studies focus on either eGC degradation by neutrophils (eg, via
degranulation or NETs)®® or chemokine gradient maintenance by intact eGC,” but few synthesize the reciprocal
regulatory relationship between eGC degradation and chemokine gradient dynamics—ie, how eGC breakdown modulates
chemokine distribution, and in turn, how altered chemokine gradients influence neutrophil-mediated eGC damage.
Second, existing models of eGC-chemokine interactions (the “bridge model” and “cloud model”) are often discussed
in isolation, with limited systematic comparison of their context-dependent applicability (eg, in acute vs chronic
inflammation).'®"" Third, while eGC degradation products (eg, syndecan-1 fragments, hyaluronic acid fragments) are
recognized as biomarkers of endothelial injury,” their direct role in regulating neutrophil chemotaxis—beyond amplifying
inflammation—has not been comprehensively summarized. This review addresses these gaps by: (1) synthesizing the
bidirectional crosstalk between eGC degradation and chemokine gradient maintenance, integrating findings from studies
on neutrophil-derived mediators (MPO, MMPs)®® and eGC structural biology;’ (2) systematically comparing the “bridge
model” and “cloud model” to clarify their respective scenarios (acute vs chronic inflammation) using evidence from

19113y summarizing the dual role of eGC degradation products as both inflammatory

in vivo chemokine activity assays;
mediators and regulators of neutrophil recruitment, drawing on clinical and preclinical data.”” By filling these gaps, this
review provides a comprehensive framework for understanding the eGC’s central role in orchestrating neutrophil

chemotaxis and identifies unresolved questions for future research”.

Composition and Functions of the eGC

In the 1940s, the eGC was first proposed by Chambers et al who suggested that a thin layer covers the luminal surface of
vascular endothelial cells.'? Desjardins et al demonstrated that enzymatic removal of specific proteoglycans from the
eGC resulted in a twofold increase (P < 0.05) in microvascular hematocrit.!' Pries et al conducted in vitro simulations of
blood flow in large microvessels and found that microvessels with a diameter of 30pum exhibited significantly higher flow
resistance compared to glass tubes of the same diameter, indirectly confirming the existence of the eGC."* By applying
dye exclusion methods, Vink et al detected a distinct gap between FITC-dextran plasma tracers and endothelial cells, and
further estimated the in vivo thickness of this layer.'*

The surface of the eGC is composed of negatively charged complex polysaccharide chains, primarily consisting of
GAGs such as hyaluronic acid (HA), heparan sulfate(HS), chondroitin sulfate, and sialic acid.'>'® Together, these
components create a tightly packed, negatively charged mesh-like structure.'” Plasma proteins, enzymes, enzyme
inhibitors, growth factors, and cytokines interact with the negatively charged mesh structure of the eGC through cationic
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binding sites within their molecular structures, cationic amino acids, free cations, and water.'® The interactions between
the eGC and proteins are highly dependent on the local microenvironment, including factors such as cation content,
cation concentration, and pH.'® In recent years, Fan et al utilized stochastic optical reconstruction microscopy to observe
the ultrastructure of the eGC. Their findings revealed that HA forms elongated molecular chains that are interwoven into
a network covering the luminal surface of endothelial cells, where it plays a dominant role in mechanosensing. In
contrast, HS consists of shorter molecules oriented perpendicular to the cell surface. Furthermore, HA plays
a predominant role in the molecular sieve function of the eGC."

The base of the eGC is predominantly composed of syndecans, which account for 50% to 90% of its total
composition.™” Its surface harbors binding sites for polysaccharide chains, and the specific polysaccharide species
bound to these sites differ across various organs. Under physiological conditions, the eGC exists in a dynamic
equilibrium in vivo, where its degradation and synthesis occur concurrently, maintaining a relatively stable thickness
on the vascular surface.”! Following acute degradation of the eGC, its thickness can be restored to the original level
within 5-7 days in vivo.”? Some studies suggest that this dynamic equilibrium allows the eGC to influence its
surrounding environment, while the environment also determines the state of the glycocalyx.”***

The eGC serves as a platform for diverse vascular reactions. Proteins such as albumin, fibrinogen, fibronectin,
thrombomodulin, antithrombin III, superoxide dismutase, and cell adhesion molecules interact with it, while its dynamic
equilibrium concurrently participates in other intravascular processes.>* In addition, it acts as a buffer against oxidants,
cytokines, and circulating immune cells from the plasma, which otherwise directly interact with endothelial cells.?

Under normal physiological conditions, the eGC is maintained at a certain thickness, which shields specific cellular
molecules—such as platelet endothelial cell adhesion molecule (PECAM), vascular cell adhesion molecule (VCAM), and
intercellular adhesion molecule (ICAM)—beneath its structure.?’ Studies have demonstrated that selectins are shielded
by the eGC under physiological conditions, preventing their interaction with neutrophils.?®*’ Endothelial cells exposed to
laminar shear stress develop a thicker glycocalyx on their surface, which plays a pivotal role in reducing vascular
permeability and enhancing endothelial anti-inflammatory, antithrombotic, and anti-angiogenic properties.’* Numerous
diseases lead to eGC disruption, including sepsis, trauma, inflammation, ischemia-reperfusion injury (IRI), shock,
hypervolemia, hypertension, hyperglycemia, hypernatremia, diabetes mellitus, and atherosclerosis,>' leading to the
release of shieled cytokines, which subsequently mediate further pathological responses.

The eGC plays a critical role in regulating blood flow, filtering blood components, and sensing and transducing
mechanical signals.®' Inflammatory tissues release mediators such as bradykinin and histamine, inducing vasodilation in
adjacent vessels, which slows blood flow and lowers shear stress, but may increase total blood flow depending on vascular
context. Studies suggest that hemodynamic shear stress can be transduced from the bloodstream to the cytoplasm via core
proteins without requiring direct interaction with the eGC. Alterations in blood flow velocity may activate signaling
pathways by changing conformational in glycan structures.’’ A study demonstrated that both in vitro and in vivo, elevated
laminar shear stress increases HA expression on the endothelial surface.*” In animal models, Fan Jie demonstrated that the
eGC plays a central role in mechanosensing, while HA primarily mediates the molecular sieving function.'® The eGC has
been extensively validated as a mechanosensor for hemodynamic forces by numerous studies.”® > The eGC senses fluid

shear stress and regulates vascular tone through nitric oxide (NO).*¢3*

The eGC Maintains Chemokine Gradients

Neutrophil recruitment is a central event in inflammatory responses, where chemokines direct the precise localization of
neutrophils to sites of inflammation,**° but the detailed mechanisms of this process are not yet fully elucidated. Early
studies suggested that chemokines released by inflamed cells into the bloodstream are rapidly diluted under free-flow
conditions, failing to establish a stable, high-concentration gradient in specific regions necessary to guide leukocyte
adhesion.*' Consequently, models of chemokine immobilization on the vascular endothelium have been progressively
established. Recent advancements in endothelial glycocalyx (eGC) research have revealed that the eGC serves as
a platform for chemokine anchoring, functioning as a foundational scaffold that dynamically and intensely interacts
with diverse plasma components in vivo.**** The differential interactions between the eGC and distinct chemokines
determine the spatial gradients of these chemokines in specific vascular regions (eg, microvasculature of inflamed
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tissues), thereby establishing chemotactic specificity within the inflamed vascular region.** Studies have demonstrated
that the eGC forms robust bounds with chemokines, facilitating their concentration on the vascular endothelium of
inflamed tissues and the establishment of chemokine gradients.*> HS has been demonstrated to immobilize chemokines
on the luminal surface of endothelial cells.*® Notably, MIP-2/CXCL2 binds to endothelial cells via HS, a process critical
for neutrophil intraluminal crawling and transmigration of endothelial cells.*> Sandra Li employed chlorite-oxidized
oxyamylose to mimic the interactions between the eGC and chemokines, thereby modulating leukocyte migration and

aggregation during inflammation in vivo.*’

General Process of Neutrophil Chemotaxis

Over the past two decades, leukocyte recruitment has been extensively studied and established as a model widely
depicted in most pathology and immunology textbooks (Figure 1). Following the onset of tissue inflammation,
inflammatory cells secrete mediators that induce vasodilation in the surrounding vasculature. Dilated blood vessels
exhibit slowed blood flow, enabling leukocytes to disengage from the axial flow and undergo margination along the
vascular endothelium. Simultaneously, inflammatory cytokines such as IL-4 and TNF induce the expression of endothe-
lial adhesion molecules, including selectins.*® Under the action of adhesion molecules, particularly selectins, leukocytes
form initial adhesive interactions with the vascular endothelial surface.**> Under the hemodynamic forces of axial blood
flow, primary adhesive bonds undergo cycles of engagement and disengagement, enabling leukocytes to roll along the
vascular endothelial surface.**'? Following chemokine engagement, rolling leukocytes activate surface-expressed
integrins, which mediate more stable secondary adhesive interactions with endothelial ligands.>® As chemokine density
gradually increases, leukocytes upregulate surface adhesion molecules, causing their rolling velocity along the vascular
endothelium to decelerate. Ultimately, leukocytes arrest at sites of maximal chemokine concentration (inflammatory

foci), extend pseudopods, and undergo transendothelial migration to infiltrate inflamed tissues. The eGC, primarily
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Figure | Canonical Neutrophil Chemotaxis Model. Schematic illustration of the initial stages of neutrophil chemotaxis regulated by the vascular endothelial glycocalyx. It
depicts neutrophils interacting with the vascular endothelial glycocalyx layer. Chemokines (yellow dots) are shown forming a gradient, guiding neutrophils toward the
inflammatory tissue. Red blood cells flow through the vessel, and adhesion factors on the endothelial surface facilitate neutrophil-endothelium interactions during the
process of leukocyte recruitment.
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secreted by endothelial cells, is a gel-like layer that plays critical physiological roles, including antithrombotic and anti-

inflammatory effects, as well as the regulation of vascular permeability.*>>*

Neutrophil Degranulation Damages the eGC

MPO, the most abundant enzyme in neutrophil granules, binds to the vascular wall upon release into the vascular lumen.
It accumulates along endothelial cells, translocates into the subendothelial space, oxidizes extracellular matrix
components,® and reduces the bioavailability of NO.® Due to its abundance of arginine and lysine residues, MPO
carries a high cationic charge at physiological pH.>”>® Kashish Manchanda’s study demonstrated that the positive charge
of MPO neutralizes the negatively charged layer of the eGC, reducing repulsion between endothelial cells and
leukocytes,” and damaging the eGC directly. Both in vitro and in vivo studies have demonstrated that alterations in
charge distribution can modulate the thickness and function of the eGC.%%!

Sheddases, a family of enzymes that cleave extracellular domains of membrane proteins and glycosaminoglycans
(GAGs), play a central role in eGC degradation during inflammation—their dysregulation drives eGC structural collapse
and vascular dysfunction, while targeted inhibition emerges as a promising therapeutic strategy. Key sheddases include
matrix metalloproteinases (MMPs), ADAM17, hyaluronidases, and heparanase-1, each with distinct mechanisms of eGC
damage and therapeutic potential. MMPs (eg, MMP-2, —9, —14) directly degrade eGC components: MMP-9 cleaves
syndecan-1 and heparan sulfate (HS) chains, while MMP-14 activates pro-MMP-2 to amplify HS and hyaluronic acid
(HA) breakdown.®® Selective MMP inhibitors (eg, ND-336) that cross the blood-brain barrier have entered preclinical
trials for vascular and neurological disorders, avoiding off-target toxicity of early broad-spectrum inhibitors. ADAM17,
a metalloproteinase critical for TNF-a shedding, also cleaves syndecan-1’s ectodomain—recent drug repurposing studies
show FDA-approved ceftolozane binds ADAMI17’s active site, inhibiting eGC degradation and TNF-a release.®
Hyaluronidases (eg, HYAL1, HYAL?2) degrade HA, a major eGC structural component: HYAL2-mediated HA fragmen-
tation generates pro-inflammatory low-molecular-weight HA (LMW-HA), which activates TLR4/NF-kB signaling.®*
PEGylated hyaluronidase inhibitors (eg, PEGPH20) reduce tumor-associated eGC damage and enhance immunotherapy
efficacy. Heparanase-1, the only enzyme cleaving HS, releases HS-bound chemokines and disrupts eGC integrity—
small-molecule inhibitors (eg, OGT2115) restore eGC barrier function in sepsis models.® Notably, MMP-mediated eGC
degradation involves multi-cellular sources and regulatory networks that further define its pathological significance.
During inflammation, MMPs are directly secreted by endothelial cells, compromising components of the eGC.®¢%®
MMP15 knockdown in endothelial cells significantly reduces LPS-induced shedding of the glycocalyx marker CD44.%°
Similarly, MMP15 knockout mice exhibited significantly reduced CD44 shedding following the cecal ligation and
puncture procedure. MPO acts as a regulatory molecule for MMPs in vivo,”® and its enzymatic activity positively
enhances MMP activity.”' Studies have confirmed that MMP-mediated shedding of Syndecan-4 is a mechanism
contributing to glycocalyx injury in glomerular endothelial cells in vitro, resulting in increased endothelial
permeability.”? Neutrophils can simultaneously secrete MPO and MMPs, which act synergistically on the eGC.

IRI has been demonstrated to induce eGC damage. A study confirmed that ROS and calcium ions (Ca®+) generated
during IRI contribute to vascular endothelial injury, ROS production occurs upstream of calcium signaling, but the
glycocalyx damage mediated by ROS is ultimately dependent on calcium-dependent pathways.”® Hyperglycemia induces
eGC dysfunction by increasing ROS generation and activating Toll-like receptor TLR-2/4 pathways.”* Although SOD

> numerous studies have demonstrated that excessive ROS can

bound to the eGC surface provides antioxidant protection,’
directly degrade the eGC.*""®"7 The use of antioxidants can significantly ameliorate eGC damage under infectious
conditions.”® During infections, the respiratory burst of neutrophils releases substantial amounts of ROS, which may
serve as one of the primary contributors to eGC damage in infectious diseases. In inflammatory diseases, contact between
neutrophils and the eGC activates IL-B2 integrin signaling, which induces the release of HBP from neutrophils,
increasing vascular permeability significantly.”” In burn patients, neutrophils secrete substantial amounts ofHBP,
A clinical study demonstrated that the early increase in vascular permeability in these patients is associated with
HBP.*® In another animal study, HBP secreted by neutrophils accumulated on the vascular endothelium, promoting
monocyte adhesion and arrest.®' This phenomenon is likely attributable to HBP-induced disruption of the eGC, which

leads to the exposure of adhesion molecules and subsequent interaction with monocytes.
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Neutrophil elastase (NE) directly disrupts the pulmonary eGC in LPS-induced mouse models.*® In type 2 diabetic
mouse models, the formation of neutrophil extracellular traps (NETs) also contributes to eGC damage.83 Other
neutrophil-associated cytokines, including IL-1p, IL-6, and TNF-a, also contribute to eGC damage.

In addition to degranulation-derived factors (eg, MPO, MMPs), neutrophil extracellular traps (NETs)—another key
mediator of neutrophil-induced tissue damage—also contribute to eGC degradation. NETs are web-like filamentous
extracellular structures released by neutrophils in response to supernumerary or oversized pathogens.®* NETs entrap
pathogens in a network of DNA, histones, proteases, and other cytotoxic and highly inflammatory compounds, including
myeloperoxidase (MPO), NE, MMPs and pentraxin3.** NETs act as a double-edged sword, where persistent inflamma-
tion or chronic stimulation may lead to excessive NET formation, thereby exacerbating tissue damage during inappropri-
ate inflammatory responses. Furthermore, NET formation has been observed under non-pathological conditions,
including but not limited to sterile inflammation, autoimmune diseases, metabolic dysregulation, vasculitis, thrombosis,
and carcinogenesis in contexts of dysregulated homeostasis.®> The majority of NET-associated diseases are mechan-
istically linked to their capacity to disrupt vascular endothelial cells.'® Studies have demonstrated that circulating DNA
levels positively correlate with vascular endothelial injury in pediatric patients, with this association primarily attributed
to syndecan-1, a key component of the endothelial glycocalyx.*®

Multiple intragranular enzymes anchored to NETs-DNA contribute to vascular endothelial and glycocalyx injury. However,
experimental evidence indicates that DNA can suppress the enzymatic activity of myeloperoxidase (MPO) and other proteases,
thereby mitigating their damaging effects on healthy tissues.®’ Similarly, a separate line of investigation has revealed that elevated
DNase levels at lesional sites in inflammatory bowel disease (IBD) patients degrade NETs-DNA scaffolds, resulting in liberation
of NET-associated cytotoxic enzymes and subsequent aggravation of localized vascular endothelial damage.®®

Models of eGC-Driven Neutrophil Chemotaxis

Two conceptual models—the ‘bridge model” and “cloud model”—have been proposed to explain the interaction between
eGC and chemokines during neutrophil chemotaxis. Notably, neither the “bridge model” nor the “cloud model” is an
original contribution of this review; both are established conceptual frameworks adapted from prior foundational studies.

Early models proposed that chemokines bound to the eGC could simultaneously engage leukocyte surface receptors,
triggering leukocyte expression of integrins. However, studies have confirmed that soluble glycocalyx components
compete with chemokine receptors for binding sites.* In the molecular structure of chemokines, the binding sites for
receptors overlap with those for the glycocalyx.’”®! Some chemokine residues are involved in both GAG and receptor
binding, but the overlap is not always complete. For instance, CXCL1/MGSA binds GAGs via distinct domains that do
not interfere directly with receptor engagement.’’ This partial overlap allows chemokines to interact with eGC GAGs
while maintaining the ability to activate leukocyte receptors, a key feature of chemotactic regulation. Chemokines can
exist in low oligomeric states and exert physiological functions in vivo.’? The “bridge model” remains widely accepted,
which proposes that the chemokines that trigger leukocyte activation are oligomerized and anchored to the eGC and the
free end of oligomeric chemokines binds to chemokine receptors.

A recent study targeting the chemokine CXCL10 as a therapeutic focus investigated related antibodies and found that
antibodies inhibiting free chemokines were effective in vivo, while inhibiting glycoprotein-bound chemokines exhibited
minimal efficacy in vivo, however, in vitro experiments confirmed that both antibody types were functional.”® These findings
demonstrate that in vivo chemokine activity primarily originates from the free state, thereby challenging the validity of the
“bridge model”. Graham, G. J. has also challenged the “bridge model”, proposing a novel “cloud model” (Figure 2). The
“cloud model” proposes that the primary role of the eGC is to concentrate chemokines at the site of infection. The interaction
between chemokines and the eGC is hypothesized to be dynamic. Chemokines undergo multiple cycles of binding,
dissociation, and rebinding to the eGC, forming a “chemokine cloud” that transitions efficiently between bound and free
states. The reversible binding kinetics of chemokines allow them to become readily accessible after being released from the
eGC, thereby facilitating interactions with receptors on passing leukocytes.”® The “cloud” model provides a dynamic
perspective on chemokine-eGC interactions, but it faces experimental challenges. For example, quantifying the binding-
dissociation kinetics of chemokines with the eGC in vivo is technically difficult, as it requires real-time tracking of individual
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Figure 2 The “Cloud” Model of Neutrophil Chemotaxis. Schematic representation of neutrophil-mediated damage to the vascular endothelial glycocalyx during
inflammation. Neutrophils are shown releasing factors like myeloperoxidase (MPO) and matrix metalloproteinases (MMP), which degrade the vascular endothelial glycocalyx.
This degradation leads to increased exposure of adhesion factors and altered chemokine (yellow dots) distribution, impacting the chemotactic gradient and interactions
between neutrophils and the endothelium, with the ultimate direction of neutrophil movement toward the inflammatory tissue.

chemokine molecules. Additionally, the model does not fully explain how chemokine gradients are maintained in regions with
high blood flow, where rapid dissociation of chemokines from the eGC might disrupt gradient stability.

Emerging data suggest that free chemokines are more biologically active in vivo, but this does not fully invalidate the
bridge model. Instead, it is more accurate to state that chemokine activity primarily originates from the free state, which
limits the applicability of the bridge model in certain contexts. For example, in acute inflammation, free CXCLS8 (IL-8) is
the main driver of neutrophil recruitment, while the bridge model may be more relevant in chronic inflammatory conditions
where eGC-anchored chemokines maintain long-term gradients. To further clarify the distinguishing features of the two
eGC-chemokine interaction models—the “bridge model” and the “cloud model”—and provide a intuitive comparison for
readers, A table systematically contrasts their key characteristics across three critical dimensions: receptor accessibility,
binding dynamics, and experimental support (Table 1). This tabular summary not only distills the core mechanisms

Table 1 Comparison of the “Bridge Model” and “Cloud Model” of eGC-Mediated Chemokine Regulation

Comparison Criterion | Bridge Model Cloud Model

Receptor Accessibility Chemokine receptors bind to the free end of oligomerized Chemokines dissociate from eGC dynamically,
chemokines anchored to eGC; limited accessibility due to enabling direct and flexible binding to receptors;
fixed anchoring high accessibility

Binding Dynamics Stable, long-term binding of chemokines to eGC; low Transient, reversible binding of chemokines to eGC;
dissociation rate high dissociation rate (cycles of binding-dissociation)

Experimental Support Supported by in vitro studies on oligomeric chemokine-eGC | Supported by in vivo studies on free chemokine
binding (eg, Proudfoot et al, 2003) activity (eg, Bonvin et al, 2017) and dynamic binding

assays
Applicable Inflammatory Chronic inflammation (maintains long-term chemokine gradients) | Acute inflammation (rapid chemokine release and
Context neutrophil recruitment)
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discussed earlier but also highlights the context-dependent applicability of each model, reinforcing the understanding of
how eGC regulates chemokine-mediated neutrophil chemotaxis under different inflammatory conditions.

Conclusion

The e¢GC plays a pivotal role in regulating blood flow, filtering blood components, and sensing and transducing
mechanical signals. Additionally, it serves as a dynamic platform for physicochemical reactions involving various
vascular factors. During infections, neutrophils are recruited to inflammatory sites and the eGC contributes to in
mediating the release and concentration of chemokines. Chemokines and the eGC maintain a dynamic equilibrium
between their bound state and their free state, thereby enabling interaction with receptors on passing leukocytes.

During inflammation, chemokines released into the bloodstream are captured and anchored by the eGC on the
vascular surface, where they become concentrated (this localized concentration can occur either as individual chemokine
molecules bound to the eGC or as oligomeric clusters of chemokines attached to the glycocalyx). During leukocyte
rolling, chemokines are “released” from their bound or oligomeric states. As the leukocytes approach the inflammatory
tissue, the density of this release gradually increases, causing their rolling to slow down and ultimately anchor them at the
site of inflammation.

While neutrophil degranulation drives eGC degradation via MPO, MMPs, and HBP, monocytes/macrophages-
secreted TNF-a and IL-1P act as early proinflammatory mediators in inflammatory vascular injury, contributing to
permeability through multiple pathways including eGC degradation.”® IL-1f induces vascular leakage via TF-dependent
extrinsic coagulation: it upregulates endothelial TF, triggering thrombin production that disassembles VE-cadherin
junctions and contracts F-actin cytoskeletons, forming gaps.’® It also upregulates HGF and ROS-generating enzymes
to further damage eGC.”> TNF-a disrupts vascular integrity by inducing PECAMI phosphorylation, altering its
cytoskeleton associations and weakening junctions.’’ It upregulates sheddases like MMPs to accelerate eGC degradation
and can alone induce vascular leak syndrome (VLS) in vivo.”® Together, TNF-a and IL-1f complement neutrophil-
mediated damage as early triggers of eGC dysfunction.”” Their omission overlooks sequential inflammatory vascular
injury, weakening pathophysiological overview. These cytokines also create a microenvironment enhancing neutrophil
recruitment, linking early inflammation to subsequent eGC degradation.

Extensive research has confirmed that the degradation of the eCG is closely associated with neutrophils. Neutrophils
release cytokines such as MPO, MMPs, ROS, and HBP, which directly damage the eCG. This damage may facilitate the
dissociation and exposure of chemokines from the eCG. Future studies should focus on: (1) identifying specific
therapeutic targets within the eGC-chemokine-neutrophil axis (eg, sheddase inhibitors, GAG mimetics); (2) validating
the cloud model in vivo using intravital imaging techniques; (3) exploring the role of eGC degradation products as
diagnostic biomarkers for inflammatory diseases. These efforts could advance the development of targeted therapies for
disorders associated with eGC dysfunction, such as sepsis and acute lung injury.
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