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Summary

Heparan sulfate proteoglycans (HSPGs) are implicated as inflammatory mediators in a variety of settings, including chemokine
activation, which is required to recruit circulating leukocytes to infection sites. Heparan sulfate (HS) polysaccharide chains
are highly interactive and serve co-receptor roles in multiple ligand:receptor interactions. HS may also serve as a storage
depot, sequestering ligands such as cytokines and restricting their access to binding partners. Heparanase, through its
ability to fragment HS chains, is a key regulator of HS function and has featured prominently in studies of HS’s involvement
in inflammatory processes. This review focuses on recent discoveries regarding the role of HSPGs, HS, and heparanase
during inflammation, with particular focus on the brain. HS chains emerge as critical go-betweens in multiple aspects of
the inflammatory response—relaying signals between receptors and cells. The molecular interactions proposed to occur
between HSPGs and the pathogen receptor toll-like receptor 4 (TLR4) are discussed, and we summarize some of the
contrasting roles that HS and heparanase have been assigned in diseases associated with chronic inflammatory states,
including Alzheimer’s disease (AD). We conclude by briefly discussing how current knowledge could potentially be applied
to augment HS-mediated events during sustained neuroinflammation, which contributes to neurodegeneration in AD.
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biological and pathophysiological processes."? HS
biosynthesis involves a series of enzymatic reactions,
generating heterogeneous molecular structures of HS
that display cell-type specific patterns of expression.
As many as 11 different enzymes are responsible for

Heparan Sulfate Proteoglycans and
Heparanase

Heparan sulfate proteoglycans (HSPGs) are macro-
molecules composed of polysaccharide chains of hep-

aran sulfate (HS) that are covalently attached to core
proteins. The HSPGs are classified according to the
identity of the core protein. The cell-surface HSPGs
include the transmembrane family of syndecans
(SDCs) and the glycophosphatidylinositol (GPI)-
anchored glypicans (GPCs), while agrin and perlecan
belong to the extracellular matrix (ECM) HSPGs.
These molecules are abundantly expressed, and the
HS side chains interact mainly through their negative
charges with a multitude of proteins (e.g., growth fac-
tors and cytokines); accordingly controlling diverse

the biosynthesis of an HS chain; some of the enzymes
are encoded by single genes, while others have mul-
tiple isoforms. This biosynthesis process is tightly reg-
ulated under normal conditions,® but is altered under
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various pathological states.* As certain HS structural
motifs have been associated with specific biological
activities, alterations to the polysaccharide structure
are predicted to impact on the capacity of a given HS
chain to perform its function.

Heparanase is an endoglucuronidase that specifi-
cally cleaves HS chains; it is expressed as a pro-
enzyme with little enzymatic activity, but undergoes
proteolysis by cathepsin-L to yield two subunits that
heterodimerize to form the active enzyme.>®
Heparanase is unique in its ability to cleave within HS
chains and is expressed at low levels in most mam-
malian tissues. Because of the universal presence and
multifaceted functions of HS, heparanase cleavage
may potentially affect all aspects of HS biological
activities. Increased expression of heparanase has
been detected in a number of diseases, including
inflammatory conditions such as chronic obstructive
pulmonary disease’ and rheumatoid arthritis,® impli-
cating the enzyme as a reactant protein involved in the
pathogenesis of inflammation. However, we have
found that transgenic overexpression of heparanase in
mouse brain attenuates neuroinflammatory responses
induced by exposure to amyloid-f (Ap) peptide, asso-
ciated with the pathogenesis of Alzheimer’s disease
(AD), or systemic administration of the bacterial endo-
toxin lipopolysaccharide (LPS),? which is discussed in
more detail below.

HSPG Modulation of Cytokine and
Chemokine Activity

HS and HSPGs have been assigned a variety of roles
in inflammation, particularly with respect to cytokine
and chemokine binding in the context of immune cell
activation and recruitment of leukocytes to sites of
infection. These functions have been reviewed exten-
sively elsewhere,'®™ but a brief summary relevant to
the focus of this review is presented here. Chemokines
are inflammatory effectors secreted by innate immune
cells to recruit additional arms of the immune system
to sites of infection. HS facilitates the activation of che-
mokines by acting as a template on which they can
oligomerize, a prerequisite for their signaling activity.
The importance of this chemokine-binding capacity of
HS is epitomized in the example of leukocyte tether-
ing, where HSPGs on the luminal surface of the endo-
thelium present the chemokine CCL2 to circulating
leukocytes. HS-bound CCL2 interacts with rolling
leukocytes via its receptor CCR2, tethering the leuko-
cyte to the endothelium and decelerating its rolling
behavior, which ultimately permits the leukocyte to
migrate across the endothelium to the injury site.' Our
study observed similar results for the macrophage

inflammatory chemokine CXCL2, where a chemokine
gradient on endothelial HSPGs was required for
efficient emigration of neutrophils from circulation.™
Furthermore, the shedding of SDC1 carrying
HS-bound chemokines from the surface of neutrophils
attenuates the inflammatory response to the bacterial
endotoxin LPS." HSPGs also bind cytokines including
APRIL, a member of the tumor necrosis factor a
(TNFo) family, which induces B-cell activation.'
Furthermore, in models of brain injury, the HSPGs
GPC1, SDC1, and SDC3 are upregulated in glial cells
to participate in neurite outgrowth regulation,'” ™" but
may well participate in binding chemokines and cyto-
kines secreted as part of the associated inflammatory
response. HSPGs may also act to sequester cytokines
in an inactive state; subsequent heparanase-mediated
degradation of the HS chains increases their
availability,?>?" which represents one key example of
the pro-inflammatory activity of heparanase.

The reactive nature of the negatively charged sul-
fate groups along HS chains permits reactions with a
diverse range of protein ligands, and HSPGs are often
found to fulfill a co-receptor function for ligand:receptor
interactions. A degree of consensus exists among
HS-binding motifs for various HS:protein interactions
and in a recent report by Davis et al., a bioinformatics
search of immune protein sequences yielded 235 can-
didates that carry potential HS-binding sites."” Given
this vast array of possible HS interactions with modu-
lators of the immune response, it is clear that specific
HS chain types and HSPGs may participate in ampli-
fying a specific inflammatory event, while others may
serve to suppress the same event. In the following
sections, these diverse, even contradictory, functions
of HS in specific aspects of the inflammatory response
in the brain will be discussed.

A Note on Modeling HS Loss-of-
Function

The essential biological roles of HS have been dem-
onstrated in experimental animals by selective disrup-
tion of the genes involved in HS biosynthesis (see
recent reviews®?2*). Complete elimination of some of
the genes resulted in severe alterations to HS molecu-
lar structures leading to lethality in mouse models,?>2”
which prevented further investigation of the pathologi-
cal implications of HS in diseases. Thus, the critical
roles of HS in disease states have been demonstrated
using mice in which the genes encoding biosynthetic
enzymes are targeted by conditional knockout
strategies.”®®?  Alternatively, manipulating the
expression of heparanase also leads to altered molec-
ular structures of HS,*>*' providing mouse models for
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studying HS and heparanase under pathological con-
ditions. Heparanase overexpression results in a sub-
stantial shortening of HS chains but is also
accompanied by an increased degree of HS chain
sulfation and an increased rate of HSPG turnover.* In
most cases, the phenotype derived from heparanase
overexpression can be ascribed to loss of HS function
due to increased chain fragmentation; however, a
number of non-enzymatic functions of heparanase
have also been described. For example, heparanase
induces migration of endothelial cells by facilitating Akt
phosphorylation®; furthermore, this function of hepa-
ranase reveals a dependency on integrins.*®* Such
non-enzymatic roles of heparanase are suggested to
rely on a heparanase receptor(s), the identity of which
has yet to be confirmed. However, in the context of
inflammation, Blich et al. propose that heparanase
may potentiate an inflammatory response by mediat-
ing the activation of toll-like receptors.®* Elimination of
the heparanase gene yields extended HS chain length,
but does not affect the sulfation pattern.®' Many impor-
tant functions of HS and heparanase have been
revealed using these heparanase transgenic models,
especially with regard to the role of HS during inflam-
matory states.'*%%

Context-Specific Functions of HSPGs
and Heparanase During Inflammatory
Events

The classical signs of inflammation, calor (heat), dolor
(pain), rubor (redness), and tumor (swelling), were
recorded by Celsus in the first century. While today we
have a greater understanding of the mechanisms that
permit inflammatory responses, we have yet to fully
elucidate the complete complement of molecular inter-
actions that cause specific inflammatory stimuli to
elicit responses from specific cell types. Cells of the
innate immune system are responsible for the initial
inflammatory response to pathogens and pathological
molecules, and among these, macrophages play
important roles. Many tissue types host a population of
resident macrophages that serve as first responders to
infectious agents, including Kupffer cells in the liver,
alveolar macrophages in the lungs, and microglia in
the brain. In their resting state, macrophages may be
considered as tissue sentinels, continually monitoring
their environment for signs of intruders or tissue dam-
age. The activation of macrophages, including microg-
lia, has long been discussed in terms of the polarized
M1 or M2 states, also termed classical and alternative
activation states. However, macrophages have proven
unwilling to neatly accommodate such a binary defini-
tion and, instead, reveal a complex spectrum of often

overlapping behavior, ranging from seek-and-destroy
to repair-and-remove.**° The activation program initi-
ated by a macrophage is specialized for the specific
inflammatory insult but is also influenced by its envi-
ronment. For example, LPS dissociated from bacteria
induces macrophages to release a pro-inflammatory
storm of cytokines creating a hostile environment for
the invading pathogen. However, this response is also
associated with tissue damage as the immune system
attacks the infection ferociously, and in the brain, sus-
tained attacks are associated with neurotoxicity.***'
The resolution of these inflammatory episodes is also
dependent on macrophages, which can adopt a
phagocytic phenotype, clearing cell and pathogen
debris and secreting cytokines associated with repair
and recovery. Heppner et al. suggest that given the
dynamic functionality that can be attributed to macro-
phages, they should be viewed as having “near-infinite
plasticity*?

We used the Hpa-tg mouse model to study the role
of HSPGs in the neuroinflammatory response to two
distinct inflammatory stimuli. To study the functional
requirement for HS in immune cell-dependent clear-
ance of the AD associated Ap peptide, Ap fibrils were
injected into the brain of wild-type (Ctrl) and heparan-
ase-overexpressing (Hpa-tg) mice. Ap was readily
cleared from Ctrl mice, as evidenced by a robust
immune cell response consisting of infiltrating macro-
phages, microglia, and astrocytes that surrounded the
injection site, while this response was significantly
impaired in Hpa-tg brains. In a second model, LPS
was administered intraperitoneally, and the activation
of macrophages was significantly suppressed in
Hpa-tg brain compared with Ctrl.° We concluded that
heparanase-mediated HS fragmentation in the endo-
thelium reduced the presentation of chemokines and,
thus, impaired the recruitment of circulating mono-
cytes into the brain (Fig. 1A), similar to the role HS
plays in the recruitment and transmigration of neutro-
phils."*" Importantly, glycosaminoglycans (GAGs)
including HS and chondroitin sulfate (CS) have also
been found to facilitate the entry of bacterial patho-
gens into the central nervous system (CNS)*; conse-
quently, the impaired macrophage activation in the
LPS-exposed Hpa-tg mice may also relate to a reduced
HS-dependent influx of LPS to the brain.

Heparanase, however, is not readily assigned to the
pro- or anti-inflammatory camp and has yielded con-
text-specific effects. Lerner et al. used a variety of
approaches, including the Hpa-tg mouse model to
study colitis, an inflammatory bowel disease, and
concluded that heparanase was responsible for elicit-
ing a chronic inflammatory state in macrophages.
Specifically, impaired epithelial barrier function in the
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Figure |. Context-specific effects of heparanase during inflammation. (A) In response to a systemic administration of LPS, or a local
inflammatory stimuli, for example, AP, activated Mg in the brain secrete chemokines such as CCL2 (I). HSPGs on EC bind CCL2 and
transcytose the chemokine to the luminal surface of the endothelium (2), where it participates in the recruitment of circulating Mo (3)
that transmigrate across the blood brain barrier, where they differentiate into M® and participate in the inflammatory response (4). In
Hpa-tg mice, heparanase-mediated fragmentation of endothelial HPSGs suppressed the presentation of chemokines on the endothelial
lumen, reducing the recruitment of monocytes, thus attenuating the inflammatory state in the brain. This model is adapted from Zhang
et al’” (B) The inflammatory condition ulcerative colitis is associated with impaired barrier function of epithelial cells in the colon (EpC),
which leads to an increased exposure of M® to bacterial debris from the intestinal flora, including LPS (1). LPS induces TNFo and
cathepsin-L expression in M® (2), which upregulates the latent form of heparanase in EpCs (3). Latent heparanase is activated through
the action of macrophage-derived cathepsin-L (4). The active heparanase acts on the M® through an HS-dependent mechanism, poten-
tially releasing TLR4 from an HS-mediated inhibition state (5), which prolongs the inflammatory activation of the M® and contributes to
the persistence of colitis. This model is adapted from Lerner et al.*® Abbreviations: LPS, lipopolysaccharide; AP, amyloid-B; Mg, microglia;
HSPGs, heparan sulfate proteoglycans; EC, endothelial cells; Mo, monocytes; M®, macrophages; EpC, epithelial cells in the colon; TNFa,
tumor necrosis factor o; HS, heparan sulfate; TLR4, toll-like receptor 4.

colon results in macrophage exposure to bacterial active heparanase then perpetuates the inflammatory
flora (LPS), which induces TNFa. TNFa stimulates the  state in macrophages by eliciting further cytokine
colon epithelium to express latent heparanase, which expression through an HS-dependent mechanism that
is activated by macrophage-derived cathepsin-L. This likely involves the toll-like receptor 4 (TLR4) pathway
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(Fig. 1B),* but heparanase may also trigger nuclear
factor kappa-light-chain-enhancer of activated B cells
(NFxB) signaling independently of its HS-degrading
activity.>* Our recent study using a collagen induced
rheumatoid arthritis model found that overexpression
of heparanase significantly enhanced the inflamma-
tory state, similar to the findings of Lerner et al., and
was specifically associated with greater proliferation of
T-lymphocytes.*”

Reconciling these apparently opposing effects of
heparanase in these different inflammatory contexts is
challenging. Given that heparanase can be viewed as
a constant in all these conditions, HS chains are the
most likely variables that may underpin the observed
conflicting effects of heparanase. The specific disac-
charide composition and degree of sulfation of the HS
chains attached to different core proteins may permit
HS to interact with as yet unknown inflammatory mod-
ulators specific to certain cell types. The distribution of
inflammatory ligand-binding sites along HS chains
(e.g., for chemokine activation) in different cell types
may also have an impact on whether HS is acting to
facilitate or suppress an inflammatory signaling event
(Fig. 2A and B). Equally, the effect may also be deter-
mined by whether heparanase is releasing HS-bound
chemokines from immune cells and, thus, attenuating
the inflammatory response, or from non-immune cells
and potentially increasing the pool of soluble HS-bound
chemokines available to stimulate immune cells (Fig.
2C). As mentioned, HSPG shedding releases
HS-bound chemokines and attenuates the inflamma-
tory response,’ and it is conceivable that there are
cell-type specific variations in the dynamics of HSPG
shedding during inflammation (Fig. 2D). HS may also
sequester ligands from their receptor and prevent sig-
naling events, as observed for interferon y (IFNy). The
HS-binding site for IFNy is similar to its receptor-bind-
ing domain; consequently, HS-bound IFNy has a
reduced affinity for its receptor,* in this setting, the
activity of heparanase may serve to release this
HS-inhibition on ligand:receptor binding (Fig. 2E and
F).

HSPG Interactions With TLR4

TLR4 is one of the major pathogen pattern recognition
receptors and features in several studies of HS in the
innate inflammatory response. The LPS-binding pro-
tein (LBP) binds to gram-negative LPS, which together
interact with TLR4 and promote its activation, and ulti-
mately signaling via the NFkB pathway. This induces
pro-inflammatory cytokine expression, including
interleukin-1p (IL1B) and TNFo.*® However, while LPS
can signal directly via TLR4,% in most cases, a robust

response requires that LPS is initially bound at the cell
surface by the TLR4 co-receptor CD14, a GPI-
anchored protein for which the structure of the LPS-
binding site has been studied in detail.*” CD14 is itself
upregulated as part of the pro-inflammatory response,
and its expression is induced by TNFa signaling via its
receptors,*® suggesting that LPS-induced TNFo. can
subsequently induce CD14 as part of an autocrine sig-
naling loop. While the GPI-bound form of CD14 is pre-
sented at the membrane (mCD14), a soluble form of
this LPS-receptor (sCD14) can be derived from the
same precursor.***® TLR4-competent cells that lack
mCD14 can activate their TLR4 signaling pathway in
response to LPS bound to sCD14. This may serve to
instate a hierarchy to the inflammatory response such
that cells expressing both mCD14 and TLR4, which
includes cells of the innate immune system, will be
particularly sensitive to bacterial insults and will
engage the pathogen as the first responders at the
infection site. However, if the infection persists, the
inflammatory response may be expanded to include
the activation of TLR4 on cells that are dependent on
a paracrine source of sCD14. An additional critical sur-
face component required for TLR4 functionality is lym-
phocyte antigen 96 (MD2), a secreted soluble protein
that physically interacts with TLR4."

Kodaira et al. provided one of the earliest demon-
strations that soluble HS chains were capable of pro-
moting the maturation of dendritic cells (derived from
bone marrow) and of eliciting an inflammatory cyto-
kine response, including IL18 and TNFa release®
(reviewed in Saadi et al.>®). Johnson et al. proposed a
model in which released soluble fragments of HS were
detected via TLR4 as part of a system to monitor tis-
sue well-being.>* Brunn et al. described ECM HS as a
limiting factor for TLR4 activation, possibly through the
action of HS-bound molecules capable of inhibiting
TLR4, and proposed that the activity of proteases and
heparanase releases this HS-mediated inhibition of
TLR4 (Fig. 3A).*° Importantly, once released from the
ECM, the soluble HSPG and HS fragments, previously
impeding TLR4 activation, can then assume a TLR4
agonist role, which was substantially increased in
CD14-competent cells. However, the ability of HS to
induce activation in an NFkB reporter system was
reduced by pre-treatment with heparanase. Equally,
heparanase pre-treatment of HSPG fragments, which
were obtained following a protease digestion of an
endothelial-derived ECM, also revealed impaired
NF«B activation. This attenuation effect was lost if hep-
aranase was first heat inactivated.®® This suggests
that a certain minimum HS chain length may be
required for its ability to activate TLR4, and that hepa-
ranase-mediated HS fragmentation impairs this effect.
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Figure 2. Cell-specific HS chain effects during inflammation. (A) The spatial distribution of ligand-binding sites along the HS chain will
determine the oligomerization and thus activation state of certain chemokines.'? (B) Sparse distribution of chemokine-binding sites on
an HS chain may result in sequestration of inactive chemokine monomers, accompanied by an attenuated inflammatory response. (C)
Heparanase release of HS-bound chemokines (or other inflammatory effector ligands) may facilitate the attenuation of the inflammatory

(continued)
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Figure 2. (continued)

response in an immune cell; however, heparanase release of HS-activated chemokine oligomers from non-immune cells may increase
the soluble pool of activated chemokines capable of paracrine activation of immune cells. (D) HSPG shedding releases chemokines from
the cell surface and suppresses immune cell activation.'> The dynamics of HSPG shedding may differ between different cell types, and as
in C, the outcome of releasing HS-bound inflammatory ligands from the cell surface will differ depending on cell type. (E) HS may bind
and compete with receptors for ligand-binding sites, as demonstrated for IFNy and its receptor,* thus preventing receptor activation.
(F) Heparanase degradation of HS may permit the dissociation of a ligand from its inhibitory interaction with HS, allowing it to stimulate
signaling of its receptor. Abbreviations: HS, heparan sulfate; HSPGs, heparan sulfate proteoglycans; IFNy, interferon y.

Notably, a number of subsequent studies support the
ability of soluble HS to function as a TLR4 agonist.>**’
Lerner et al. found that heparanase increased cytokine
induction in peritoneal macrophages exposed to LPS
(Fig. 3B); importantly, this effect was also dependent
on the enzymatic function of heparanase.® This result
was discussed in terms of the model proposed by
Brunn et al. in which the added heparanase would
relieve an HS-induced inhibition of TLR4, and in doing
so increase its sensitivity to LPS. It would be reason-
able to assume that in these macrophage cultures, to
which no artificial ECM was added, the major contribu-
tion of HS would be derived from cell-surface HSPGs,
such as SDCs and GPCs. Therefore, such a macro-
phage HSPG would interact directly or via an HS-bound
TLR4 inhibitor to hinder TLR4 activation by LPS, and
heparanase would act to relieve this constraint (Fig. 3B).
This conclusion contrasts with our study of microglial
HSPGs and their function in LPS activation of the
CD14-dependent TLR4 pathway. We reported that the
LPS-induced IL13 and TNFa response was substan-
tially impaired in Hpa-tg microglia, but little effect was
observed in astrocytes. We proposed that the CD14-
positive status of microglia underpinned the differ-
ences between the cell types, such that a microglial
HSPG likely acts as a co-receptor for CD14 permitting
maximal activation of TLR4 (Fig. 3D). In contrast, LPS-
induction of inflammatory cytokines in CD14-lacking
astrocytes would be limited to the response available
from TLR4 alone, and therefore would be independent
of the cell’s HSPG status.”® Heparanase through its
ability to fragment microglial HS could attenuate this
pro-inflammatory effect. To some extent, this finding is
in line with the heparanase effect observed by Brunn
et al., where it also attenuated the ability of HS to acti-
vate TLR4. However, a number of important caveats
remain, as the HS in that context was soluble and
served as the sole TLR4 agonist (i.e., in the absence
of LPS). Importantly, Lerner et al. studied the effect of
LPS in combination with exogenous heparanase
added to wild-type macrophages, while we added LPS
to heparanase-overexpressing microglia. It is difficult
to predict the full effect that the continual pruning of
cell-surface HSPGs in the Hpa-tg model may have on
the microglial surface. CD14, TLR4, and MD2 were

equally expressed in unstimulated wild-type and
Hpa-tg microglia, but it is possible that the ongoing
remodeling of the cell surface has as yet unexplored
effects on the LPS activation pathway. In addition, a
recent study utilizing macrophages derived from a
heparanase knockout mouse revealed that their basal
level of cytokine expression was suppressed relative
to wild-type controls.* It is, of course, tempting to con-
sider that the conflicting effects may reflect tissue and
cell-type specific differences in HS chain length and
structure, and/or the specific complement of HSPGs
on bone marrow—derived macrophages versus brain-
derived microglia. Future studies utilizing specific
HSPG knockout models would help clarify whether dif-
ferent HSPG types exert different effects on TLR4 acti-
vation. To complicate matters further, heparanase has
also been assigned functional roles independent of its
HS-degrading activity. In the context of pro-inflamma-
tory signaling, the work of Blich et al. is particularly
relevant, where heparanase was found to promote
NFkB signaling (Fig. 3C), which demonstrated a
dependence on TLR4.** In this respect, alternative
model systems in which specific elements of the HS
biosynthesis machinery have been depleted would
help to elucidate to what extent the functions attributed
to HS in the context of TLR4 activation can be repro-
duced in a model that is not reliant on heparanase for
HS loss-of-function.

While there are many aspects of HS/HSPG interac-
tions with TLR4 and its counterparts that have yet to
be fully understood, it is clear that HS chains can play
important regulatory functions in restricting, facilitat-
ing, or even amplifying the TLR4-dependent inflamma-
tory response. Given that dysregulation of the TLR4
activation pathway has been associated with diverse
disease states including autoimmune conditions and
several neurodegenerative diseases, our understand-
ing of these conditions will be increased when we fur-
ther elucidate what role HSPGs and heparanase may
play in these settings.

HSPGs in the Glial Response to AD

HS is an established co-deposit of the majority of amy-
loidoses described to date. The AP deposits that
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Figure 3. Proposed functional roles of HSPGs and heparanase during LPS-mediated TLR4 activation. (A) HS chains connected to
core proteins in the ECM exert an inhibitory effect on TLR4 activation by LPS, potentially through direct contact with the receptor or
alternatively by binding TLR4 inhibitors (left panel). In combination with an inflammatory insult, protease and heparanase expression
increases, and remodels the ECM such that both the HSPG core protein and its HS chains are fragmented, which releases
its inhibition on TLR4 and permits its activation by LPS (right panel).”*> (B) HSPGs on the surface of murine peritoneal macrophages

(continued)
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Figure 3. (continued)

impair the TLR4 response to LPS (left panel), heparanase treatment releases this HS-dependent inhibition and increases sensitization
to LPS as evidenced by an increase in TNFa release (right panel).* (C). Heparanase, acting independently of its ability to fragment HS,
can activate the NFkB pathway in a manner that is likely dependent on TLR4 at the surface of macrophages.** (D). Microglial HSPGs
facilitate the CD |4-dependent activation of TLR4 in response to LPS, promoting the release of ILI3 and TNFa (left panel), transgenic
heparanase overexpression fragments microglial HS and impairs the inflammatory response to LPS (right panel). This model is adapted
from O’Callaghan et al.*® Abbreviations: HSPGs, heparan sulfate proteoglycans; LPS, lipopolysaccharide; TLR4, toll-like receptor 4; HS,
heparan sulfate; ECM, extracellular matrix; TNFa., tumor necrosis factor o; NFkB, nuclear factor kappa-light-chain-enhancer of activated

B cells; IL1B, interleukin-1f.

accumulate in the parenchyma of individuals with AD
are one of the major pathological hallmarks of the dis-
ease and are typically positive for HS.®° Studies of the
functional relevance of HS co-deposition with amyloid
proteins have focused on its well-established in
vitro capacity to accelerate amyloid fibril formation
(reviewed in®'). HS chains act as linear scaffolds with
neatly distributed binding sites for amyloid monomers
or small amyloid aggregates. This elevates the local
concentration of the amyloid precursors and can vastly
reduce the lag phase of AB fibrillization. Thus, HS can
provide an infrastructure upon which amyloid fibril for-
mation and deposition can be focused. In addition,
there are a number of reports which indicate that HS
interactions with amyloid proteins, particularly Ap, are
mutually protective such that protein and GAG shield
each other from degrading enzymes.®

A question that we have attempted to address is
what specific cell type(s) is responsible for contributing
the HS found accumulated with A deposits in AD.
Lesions in the brain, including amyloid deposits, result
in local neuronal damage and death, and a number of
mechanisms are in place to prevent aberrant regrowth
of neurons. One characteristic feature of such lesions
is the surrounding glial scar, a cellular barrier formed
by recruited microglia and astrocytes that collaborate
to isolate the injury site, and in doing so, impede inter-
actions between the lesion and surrounding healthy
tissue.?%* In AD, many Ap deposits are surrounded by
a reactive glial population; however, certain diffuse Ap
deposit types do not appear to elicit this glial response.
Early studies regarding the HSPG source for the HS
found associated with AB deposits implicated mem-
bers of the ECM HSPGs such as perlecan and
agrin,®% and given their presence throughout the
basement membranes of the highly vascularized
brain, they undoubtedly contribute to the formation of
AB deposits. Nonetheless, we observed that the
degree of HS associated with diffuse A deposits was
significantly lower than that observed with so-called
dense-core deposits. Diffuse deposits also revealed a
much less pronounced glial response. We established
that in AD brain microglia and astrocytes in close prox-
imity to dense-core AP deposits expressed the HSPGs

syndecan 3 (SDC3) and glypican 1 (GPC1), neither of
which was readily detected in diffuse deposits. Using
primary microglia and astrocytes isolated from mice,
we determined that exposure to Ap elevated the levels
of SDC3 and GPC1 in both cell types.®” The ability of
AB to upregulate cellular expression of HSPGs,
including GPC1, has also been observed by others.®
Bruinsma et al. have also addressed the presence and
the nature of HS associated with different A deposit
types using phage display antibodies that specifically
detect different HS chain modifications. They con-
cluded that a greater variety of HS modifications were
associated with fibrillar deposits, while HS in diffuse
deposits was limited to highly sulfated forms.®® These
differences in HS chain types associated with different
AR deposit types may reflect differences in both the
cell and proteoglycan core-protein source for these HS
chains.

Chronic inflammation is a contributing factor in the
progression of AD, and microglia are implicated as
major sources of neurotoxic cytokines.*® Ap interacts
with microglial CD14 and TLR4,”° and in the brain is
thought to induce pro-inflammatory cytokines such as
IL13 and TNFa, both with established neurotoxic
effects.”""? Cells of the innate immune system, includ-
ing microglia, have also been identified as victims of
cellular senescence, whereby aging cells begin to lose
regulatory control over their activation states’; this
may also drive chronic pro-inflammatory activation at
the expense of phagocytic abilities. It will be important
to determine whether the HS biosynthesis machinery
is perturbed in microglia in the aging and AD brains.
Shao et al. performed a glycomic analysis of the HS
and CS content in leukocytes and determined that
while the abundance of CS was greater than that of
HS, the HS chains carried by all leukocytes presented
with a degree of sulfation more comparable to heparin
than to that typically observed in tissue-derived HS.™
Interestingly, the interaction of HSPGs with apolipo-
protein E (ApoE) has also been established to sup-
press monocyte proliferation in the context of
artherosclerosis.”” Taking this and our finding that
microglial HSPGs facilitate CD14-dependent
TLR4 activation® into account, it is conceivable that
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Figure 4. HSPGs and heparanase in the amyloidosis and inflammation of AD. HS serves as a template for AP aggregation, fibril
stabilization, and deposition.”””® HS-positive AB deposits recruit astrocytes, and both resident (microglia) and circulating macrophages.
Exposure of microglia and astrocytes to Af elevates levels of associated cell-surface HSPGs, and increased heparanase expression is
localized to the AP deposits.”® AB clearance is in part dependent on endothelial HSPGs via their role in facilitating the emigration of
phagocytic macrophages into the brain.” In addition, neuronal HSPGs sequester AB, obstructing its clearance and promoting fibrillization
(1).”® Consequently, a combination of direct and indirect interactions between AP and HS contributes to the amyloid pathology and
associated chronic state of neuroinflammation in AD (2), and each of these pathologies is likely to exacerbate and contribute to the
persistence of the other (3). Abbreviations: HSPGs, heparan sulfate proteoglycans; AD, Alzheimer’s disease; HS, heparan sulfate; Aj,

amyloid-f.

age-related effects that result in an imbalance in
cell-surface HS content and structure could well pre-
dispose cells toward adopting more sustained pro-
inflammatory phenotypes. Similarly, the ability of AB to
increase the levels of microglial and astrocyte HSPGs®”
(Fig. 4) could also contribute to a cell-surface land-
scape that was more sensitized toward adopting a pro-
inflammatory  state. Increased expression of
heparanase has also been observed in AD brains,”
and heparanase was readily detected with Ap depos-
its,® which may also contribute to the release of HS
chains from core proteins at the deposit site (Fig. 4).
Age-related changes present a particularly difficult
challenge when attempting to model the functional rel-
evance of HS in a given setting. Changes in HS chain
structure would presumably have effects on the distri-
bution of HS-binding molecules as well as receptors
that rely on HSPGs as co-receptors. HS chains induce
conformational changes in bound ligands that in the

case of chemokines are important for their activation.
Furthermore, the HS-analogue heparin induces
conformational changes in the ECM component fibro-
nectin, exposing an otherwise cryptic-binding site for
the angiogenesis effector vascular endothelial growth
factor.” This function was dependent on the composi-
tion and chain length of the polysaccharide; hence,
multiple direct and indirect effects of age- and/or dis-
ease-specific changes to HS structure can be envis-
aged. Consequently, it is complicated to assess
whether HS in the setting of neuroinflammation, par-
ticularly in the aging brain in a condition like AD, con-
tributes to the problem or the solution. Several lines of
investigation suggest that the Ap deposits in AD are
relatively inert, while the soluble AB oligomeric precur-
sors are viewed by many as the most neurotoxic spe-
cies of the peptide.® In this respect, the formation of
the deposit, which is promoted by HS, may be viewed
as part of a protection mechanism. In addition, HSPGs
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in consort with the low-density related lipoprotein
receptor 1 (LRP1) and ApoE are implicated in increasing
the cell association and uptake of AB. Kanekiyo et al.
revealed this mechanism as a contributing factor to Ap-
mediated neurotoxicity.’ We proposed that under
healthy conditions, these interactions may facilitate
clearance of AP across the blood brain barrier, while
during the pathogenesis of AD, the balance may tip in
favor of AB deposition in the vasculature as cerebral
amyloid angiopathy.?? Jendresen et al. revealed that
heparanase-mediated fragmentation of HS signifi-
cantly reduces the AP deposit burden in a transgenic
mouse model of AD, suggesting that HSPGs in the
CNS are instrumental in promoting the pathogenesis of
AD (Fig. 4).”” Further support for this role was provided
by a study using mice specifically lacking neuronal
HSPGs, achieved by knockdown of the HS glycosyl-
transferase gene Ext1, in which A was more efficiently
cleared and less prone to aggregation due to the lack
of HSPGs (Fig. 4).”® Future work will be required to
determine whether HS-modifying agents, such as hep-
aranase, can be effectively engineered and deployed
under specific disease states to essentially delete HS
in settings where it has been determined to exacerbate
a problem, such as neuroinflammation.

HS presents as both friend and foe in its relationship
with AB, during the pathogenesis of AD. HSPGs appear
to participate in the clearance of AB from the brain and
through promoting Ap fibril formation, and deposition
may even serve a neuroprotective role. Microglial
HSPGs facilitate a robust inflammatory response to bac-
terial insults, which is required for the resolution of infec-
tion. However, the ability of Ap to elevate levels of
microglial HSPGs may well contribute to sustained
inflammatory states in the AD brain. Defining this tipping
point at which the benefits of HS in protecting against
AD become outweighed by its contribution to the dis-
ease state is a challenge for future research in this field.

In the brain, the ability of heparanase to fragment
HS chains has been associated with the attenuation of
inflammatory states, while in other organs subjected to
autoimmune conditions such as colitis and rheumatoid
arthritis, heparanase acted to potentiate the associated
inflammation. Consequently, while heparanase has
proven itself a powerful modulator of HS function in
inflammatory states, more work will be required before
a consensus can be reached with regard to what fac-
tors underlie these context-specific functions.
Nonetheless, in AD, it would be interesting to explore
the efficacy of HS mimetics or heparanase administration
as a strategy to impair HS-mediated Ap fibrillogenesis
and cellular toxicity, and simultaneously attenuate the
HS-dependent inflammatory response.

The ability of HS chains to act as molecular relays
that are integral to the transmission of signals in a

multitude of pathways and cellular interactions is in
part dependent on chain length, disaccharide struc-
tures, and the identity of HSPG core proteins.
Therefore, it seems reasonable to assume that tissue
and cell-type specific populations of HS and HSPGs
contribute to the diversity of functions that have been
assigned in different inflammatory mechanisms and
disease states. In amyloid disorders, knowledge of the
specific composition of HS found to accumulate with
amyloid pathologies has contributed to the develop-
ment of diagnostic imaging tools.®® In addition, with the
current advances in techniques to analyze HS chains
and determine their position and distribution on spe-
cific core proteins,®®” it will soon be possible to gain a
greater appreciation for what the interactive capacity
of a given cell type’s HS “landscape” is. This will hope-
fully help predict the potential consequences of target-
ing these HSPGs during inflammatory events, both
during the resolution of infection and in chronic dis-
ease states, such as AD.

Competing Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Author Contributions

POC wrote the manuscript and prepared the figures; XZ
edited the manuscript and participated in discussions regard-
ing content, layout, and figures; J-PL edited the manuscript
and participated in discussions regarding content, layout,
and figures. All authors agreed upon the final submitted draft
of the manuscript.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
The authors have received financial support from the Swedish
Research Council (2015-02595), the Swedish Alzheimer
Foundation (Alzheimerfonden grants AF-552581, AF-649251,
and AF-554871), and Polysaccharide Foundation, Uppsala.

ORCID iD

P O’Callaghan “* https://orcid.org/0000-0003-3117-5367

Literature Cited

1. Lindahl U, Li JP. Interactions between heparan sulfate
and proteins—design and functional implications. Int
Rev Cell Mol Biol. 2009;276:105-59.

2. Kreuger J, Spillmann D, Li JP, Lindahl U. Interactions
between heparan sulfate and proteins: the concept of
specificity. J Cell Biol. 2006;174(3):323-7.

3. Fang J, Song T, Lindahl U, Li JP. Enzyme overexpres-
sion—an exercise toward understanding regulation of
heparan sulfate biosynthesis. Sci Rep. 2016;6:31242.


https://orcid.org/0000-0003-3117-5367

316

O’Callaghan et al.

4.

10.

11.

12.

13.

14.

15.

16.

Escobar Galvis ML, Jia J, Zhang X, Jastrebova N,
Spillmann D, Gottfridsson E, van Kuppevelt TH, Zcharia
E, Vlodavsky I, Lindahl U, Li JP. Transgenic or tumor-
induced expression of heparanase upregulates sulfation
of heparan sulfate. Nat Chem Biol. 2007;3(12):773-8.

. Abboud-Jarrous G, Atzmon R, Peretz T, Palermo

C, Gadea BB, Joyce JA, Vlodavsky |. Cathepsin L is
responsible for processing and activation of prohepa-
ranase through multiple cleavages of a linker segment.
J Biol Chem. 2008;283(26):18167-76.

. Fairbanks MB, Mildner AM, Leone JW, Cavey GS,

Mathews WR, Drong RF, Slightom JL, Bienkowski MJ,
Smith CW, Bannow CA, Heinrikson RL. Processing
of the human heparanase precursor and evidence
that the active enzyme is a heterodimer. J Biol Chem.
1999;274(42):29587-90.

. Morris A, Wang B, Waern |, Venkatasamy R, Page C,

Schmidt EP, Wernersson S, Li JP, Spina D. The role of
heparanase in pulmonary cell recruitment in response
to an allergic but not non-allergic stimulus. PLoS ONE.
2015;10(6):e0127032.

. Li RW, Freeman C, Yu D, Hindmarsh EJ, Tymms KE,

Parish CR, Smith PN. Dramatic regulation of heparanase
activity and angiogenesis gene expression in synovium
from patients with rheumatoid arthritis. Arthritis Rheum.
2008;58(6):1590-600.

. Zhang X, Wang B, O’Callaghan P, Hjertstrom E, Jia J,

Gong F, Zcharia E, Nilsson LN, Lannfelt L, Vlodavsky I,
Lindahl U, Li JP. Heparanase overexpression impairs
inflammatory response and macrophage-mediated
clearance of amyloid-beta in murine brain. Acta
Neuropathol. 2012;124(4):465-78.

Parish CR. The role of heparan sulphate in inflamma-
tion. Nat Rev Immunol. 2006;6(9):633—43.

Simon Davis DA, Parish CR. Heparan sulfate: a ubiqui-
tous glycosaminoglycan with multiple roles in immunity.
Front Immunol. 2013;4:470.

Proudfoot AEI, Handel TM, Johnson Z, Lau EK, LiWang
P, Clark-Lewis |, Borlat F, Wells TNC, Kosco-Vilbois
MH. Glycosaminoglycan binding and oligomerization
are essential for the in vivo activity of certain chemo-
kines. Proc Natl Acad Sci U S A. 2003;100(4):1885-90.
Wang L, Fuster M, Sriramarao P, Esko JD. Endothelial
heparan sulfate deficiency impairs L-selectin- and che-
mokine-mediated neutrophil trafficking during inflamma-
tory responses. Nat Immunol. 2005;6(9):902—10.
Massena S, Christoffersson G, Hjertstrom E, Zcharia E,
Vlodavsky I, Ausmees N, Rolny C, Li JP, Phillipson M. A
chemotactic gradient sequestered on endothelial hepa-
ran sulfate induces directional intraluminal crawling of
neutrophils. Blood. 2010;116(11):1924-31.

Hayashida K, Parks WC, Park PW. Syndecan-1 shed-
ding facilitates the resolution of neutrophilic inflamma-
tion by removing sequestered CXC chemokines. Blood.
2009;114(14):3033-43.

Hendriks J, Planelles L, de Jong-Odding J, Hardenberg
G, Pals ST, Hahne M, Spaargaren M, Medema JP.
Heparan sulfate proteoglycan binding promotes APRIL-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

induced tumor cell proliferation. Cell Death Differ.
2005;12(6):637-48.

Hagino S, Iseki K, Mori T, Zhang Y, Hikake T, Yokoya S,
Takeuchi M, Hasimoto H, Kikuchi S, Wanaka A. Slit and
glypican-1 mRNAs are coexpressed in the reactive astro-
cytes of the injured adult brain. Glia. 2003;42(2):130-8.
Iseki K, Hagino S, Mori T, Zhang Y, Yokoya S, Takaki H,
Tase C, Murakawa M, Wanaka A. Increased syndecan
expression by pleiotrophin and FGF receptor-expressing
astrocytes in injured brain tissue. Glia. 2002;39(1):1-9.
Hagino S, Iseki K, Mori T, Zhang Y, Sakai N, Yokoya
S, Hikake T, Kikuchi S, Wanaka A. Expression pattern
of glypican-1 mRNA after brain injury in mice. Neurosci
Lett. 2003;349(1):29-32.

Miller JD, Clabaugh SE, Smith DR, Stevens RB,
Wrenshall LE. Interleukin-2 is present in human blood
vessels and released in biologically active form by hepa-
ranase. Immunol Cell Biol. 2012;90(2):159-67.

Miller JD, Stevens ET, Smith DR, Wight TN, Wrenshall
LE. Perlecan: a major IL-2-binding proteoglycan in
murine spleen. Immunol Cell Biol. 2007;86(2):192-9.

Li JP, Kusche-Gullberg M. Heparan sulfate: biosyn-
thesis, structure, and function. Int Rev Cell Mol Biol.
2016;325:215-73.

Nakato H, Li JP. Functions of heparan sulfate proteogly-
cans in development: insights from Drosophila models.
Int Rev Cell Mol Biol. 2016;325:275-93.

Poulain FE. Analyzing the role of heparan sulfate proteo-
glycans in axon guidance in vivo in zebrafish. Methods
Mol Biol. 2015;1229:469-82.

Ringvall M, Ledin J, Holmborn K, van Kuppevelt T, Ellin F,
Eriksson I, Olofsson AM, Kjellén L, Forsberg E. Defective
heparan sulfate biosynthesis and neonatal lethality in
mice lacking N-deacetylase/N-sulfotransferase-1. J Biol
Chem. 2000;275(34):25926-30.

Bullock SL, Fletcher JM, Beddington RSP, Wilson VA.
Renal agenesis in mice homozygous for a gene trap
mutation in the gene encoding heparan sulfate 2-sulfo-
transferase. Genes Dev. 1998;12(12):1894—906.

Li JP, Gong F, Hagner-McWhirter A, Forsberg E, Abrink
M, Kisilevsky R, Zhang X, Lindahl U. Targeted disrup-
tion of a murine glucuronyl C5-epimerase gene results
in heparan sulfate lacking L-iduronic acid and in neona-
tal lethality. J Biol Chem. 2003;278(31):28363-6.

Irie F, Badie-Mahdavi H, Yamaguchi Y. Autism-like
socio-communicative deficits and stereotypies in mice
lacking heparan sulfate. Proc Natl Acad Sci U S A.
2012;109(13):5052-6.

Zhang GL, Zhang X, Wang XM, Li JP. Towards
understanding the roles of heparan sulfate proteo-
glycans in Alzheimer's disease. Biomed Res Int.
2014;2014:516028.

Zcharia E, Metzger S, Chajek-Shaul T, Aingorn H,
Elkin M, Friedmann Y, Weinstein T, Li JP, Lindahl U,
Vlodavsky |. Transgenic expression of mammalian hep-
aranase uncovers physiological functions of heparan
sulfate in tissue morphogenesis, vascularization, and
feeding behavior. FASEB J. 2004;18(2):252—63.



HSPGs as Neuroinflammatory Relays

317

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zcharia E, Jia J, Zhang X, Baraz L, Lindahl U, Peretz T,
Vlodavsky I, Li JP. Newly generated heparanase knock-
out mice unravel co-regulation of heparanase and matrix
metalloproteinases. PLoS ONE. 2009;4(4):e5181.
Gingis-Velitski S, Zetser A, Flugelman MY, Vlodavsky
I, llan N. Heparanase induces endothelial cell migra-
tion via protein kinase B/Akt activation. J Biol Chem.
2004;279(22):23536—41.

Riaz A, llan N, Vlodavsky I, Li JP, Johansson S.
Characterization of heparanase-induced phospha-
tidylinositol 3-kinase-AKT activation and its integrin
dependence. J Biol Chem. 2013;288(17):12366—75.
Blich M, Golan A, Arvatz G, Sebbag A, Shafat I, Sabo
E, Cohen-Kaplan V, Petcherski S, Avniel-Polak S,
Eitan A, Hammerman H, Aronson D, Axelman E, llan
N, Nussbaum G, Vlodavsky I. Macrophage activation by
heparanase is mediated by TLR-2 and TLR-4 and asso-
ciates with plaque progression. Arterioscler Thromb
Vasc Biol. 2013;33(2):e56—65.

Lerner |, Hermano E, Zcharia E, Rodkin D, Bulvik R,
Doviner V, Rubinstein AM, Ishai-Michaeli R, Atzmon R,
Sherman Y, Meirovitz A, Peretz T, Vlodavsky |, Elkin
M. Heparanase powers a chronic inflammatory circuit
that promotes colitis-associated tumorigenesis in mice.
J Clin Invest. 2011;121(5):1709-21.

Schmidt EP, Yang Y, Janssen WJ, Gandjeva A, Perez
MJ, Barthel L, Zemans RL, Bowman JC, Koyanagi DE,
Yunt ZX, Smith LP, Cheng SS, Overdier KH, Thompson
KR, Geraci MW, Douglas IS, Pearse DB, Tuder RM.
The pulmonary endothelial glycocalyx regulates neutro-
phil adhesion and lung injury during experimental sep-
sis. Nat Med. 2012;18(8):1217-283.

Digre A, Singh K, Abrink M, Reijmers RM, Sandler S,
Vlodavsky |, Li JP. Overexpression of heparanase
enhances T lymphocyte activities and intensifies the
inflammatory response in a model of murine rheumatoid
arthritis. Sci Rep. 2017;7:46229.

Martinez FO, Gordon S. The M1 and M2 paradigm
of macrophage activation: time for reassessment.
F1000Prime Rep. 2014;6:13.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy
DW, Goerdt S, Gordon S, Hamilton JA, Ivashkiv LB,
Lawrence T, Locati M, Mantovani A, Martinez FO, Mege
JL, Mosser DM, Natoli G, Saeij JP, Schultze JL, Shirey
KA, Sica A, Suttles J, Udalova |, van Ginderachter JA,
Vogel SN, Wynn TA. Macrophage activation and polar-
ization: nomenclature and experimental guidelines.
Immunity. 2014;41(1):14-20.

Block ML, Zecca L, Hong JS. Microglia-mediated neuro-
toxicity: uncovering the molecular mechanisms. Nat Rev
Neurosci. 2007;8(1):57-69.

Becher B, Spath S, Goverman J. Cytokine networks in
neuroinflammation. Nat Rev Immunol. 2017;17(1):49—
59.

Heppner FL, Ransohoff RM, Becher B. Immune attack:
the role of inflammation in Alzheimer disease. Nat Rev
Neurosci. 2015;16(6):358—72.

Chang YC, Wang Z, Flax LA, Xu D, Esko JD, Nizet V,
Baron MJ. Glycosaminoglycan binding facilitates entry

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

of a bacterial pathogen into central nervous systems.
PLoS Pathog. 2011;7(6):e1002082.

Sadir R, Forest E, Lortat-Jacob H. The heparan sulfate
binding sequence of interferon-y increased the on rate of
the interferon-y-interferon-y receptor complex formation.
J Biol Chem. 1998;273(18):10919-25.
Palsson-McDermott EM, O’Neill LAJ. Signal transduc-
tion by the lipopolysaccharide receptor, Toll-like recep-
tor-4. Immunology. 2004;113(2):153-62.

Jiang Z, Georgel P, Du X, Shamel L, Sovath S, Mudd
S, Huber M, Kalis C, Keck S, Galanos C, Freudenberg
M, Beutler B. CD14 is required for MyD88-independent
LPS signaling. Nat Immunol. 2005;6(6):565—70.

Kim JI, Lee CJ, Jin MS, Lee CH, Paik SG, Lee H,
Lee JO. Crystal structure of CD14 and its implica-
tions for lipopolysaccharide signaling. J Biol Chem.
2005;280(12):11347-51.

Nadeau S, Rivest S. Role of microglial-derived tumor
necrosis factor in mediating CD14 transcription and
nuclear factor k B activity in the brain during endotox-
emia. J Neurosci. 2000;20(9):3456—-68.

Haziot A, Chen S, Ferrero E, Low MG, Silber R, Goyert
SM. The monocyte differentiation antigen, CD14, is
anchored to the cell membrane by a phosphatidylinosi-
tol linkage. J Immunol. 1988;141(2):547-52.

Bazil V, Baudys M, Hilgert I, Stefanova I, Low MG,
Zbrozek J, Horejsi V. Structural relationship between
the soluble and membrane-bound forms of human
monocyte surface glycoprotein CD14. Mol Immunol.
1989;26(7):657—-62.

Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K,
Miyake K, Kimoto M. MD-2, a molecule that confers lipo-
polysaccharide responsiveness on Toll-like receptor 4. J
Exp Med. 1999;189(11):1777-82.

Kodaira Y, Nair SK, Wrenshall LE, Gilboa E, Platt
JL. Phenotypic and functional maturation of den-
dritic cells mediated by heparan sulfate. J Immunol.
2000;165(3):1599-604.

Saadi S, Wrenshall LE, Platt JL. Regional manifesta-
tions and control of the immune system. FASEB J.
2002;16(8):849-56.

Johnson GB, Brunn GJ, Kodaira Y, Platt JL. Receptor-
mediated monitoring of tissue well-being via detection
of soluble heparan sulfate by Toll-like receptor 4. J
Immunol. 2002;168(10):5233-9.

Brunn GJ, Bungum MK, Johnson GB, Platt JL.
Conditional signaling by Toll-like receptor 4. FASEB J.
2005;19(7):872—4.

Goodall KJ, Poon IKH, Phipps S, Hulett MD. Soluble
heparan sulfate fragments generated by heparan-
ase trigger the release of pro-inflammatory cytokines
through TLR-4. PLoS ONE. 2014;9(10):e109596.
Brennan TV, Lin L, Huang X, Cardona DM, Li Z, Dredge
K, Chao NJ, Yang Y. Heparan sulfate, an endogenous
TLR4 agonist, promotes acute GVHD after allogeneic
stem cell transplantation. Blood. 2012;120(14):2899—
908.

O’Callaghan P, Li JP, Lannfelt L, Lindahl U, Zhang X.
Microglial heparan sulfate proteoglycans facilitate the



318

O’Callaghan et al.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

cluster-of-differentiation 14 (CD14)/Toll-like receptor 4
(TLR4)-dependent inflammatory response. J Biol Chem.
2015;290(24):14904—-14.

Gutter-Kapon L, Alishekevitz D, Shaked Y, Li JP,
Aronheim A, llan N, Vlodavsky |. Heparanase is required
for activation and function of macrophages. Proc Natl
Acad Sci U S A. 2016;113(48):E7808-17.

Snow AD, Mar H, Nochlin D, Kimata K, Kato M, Suzuki
S, Hassell J, Wight TN. The presence of heparan sul-
fate proteoglycans in the neuritic plaques and congo-
philic angiopathy in Alzheimer’s disease. Am J Pathol.
1988;133(3):456-63.

lannuzzi C, Irace G, Sirangelo I. The effect of glycos-
aminoglycans (GAGs) on amyloid aggregation and tox-
icity. Molecules. 2015;20(2):2510-28.

Bame KJ, Danda J, Hassall A, Tumova S. Abeta(1-40)
prevents heparanase-catalyzed degradation of hepa-
ran sulfate glycosaminoglycans and proteoglycans in
vitro. A role for heparan sulfate proteoglycan turnover in
Alzheimer’s disease. J Biol Chem. 1997;272(27):17005—
11.

Silver J, Miller JH. Regeneration beyond the glial scar.
Nat Rev Neurosci. 2004;5(2):146-56.

Rolls A, Shechter R, Schwartz M. The bright side
of the glial scar in CNS repair. Nat Rev Neurosci.
2009;10(3):235-41.

Cotman SL, Halfter W, Cole GJ. Agrin binds to beta-
amyloid (Abeta), accelerates abeta fibril formation, and
is localized to Abeta deposits in Alzheimer’s disease
brain. Mol Cell Neurosci. 2000;15(2):183-98.

Snow AD, Kinsella MG, Parks E, Sekiguchi RT, Miller
JD, Kimata K, Wight TN. Differential binding of vascular
cell-derived proteoglycans (perlecan, biglycan, decorin,
and versican) to the beta-amyloid protein of Alzheimer’s
disease. Arch Biochem Biophys. 1995;320(1):84—-95.
O’Callaghan P, Sandwall E, Li JP, Yu H, Ravid R, Guan
ZZ, van Kuppevelt TH, Nilsson LN, Ingelsson M, Hyman
BT, Kalimo H, Lindahl U, Lannfelt L, Zhang X. Heparan
sulfate accumulation with Abeta deposits in Alzheimer’s
disease and Tg2576 mice is contributed by glial cells.
Brain Pathol. 2008;18(4):548-61.

Timmer NM, van Horssen J, Otte-Holler |, Wilhelmus
MMM, David G, van Beers J, de Waal RMW,
Verbeek MM. Amyloid B induces cellular relocaliza-
tion and production of agrin and glypican-1. Brain Res.
2009;1260:38—-46.

Bruinsma IB, te Riet L, Gevers T, ten Dam GB, van
Kuppevelt TH, David G, Kusters B, de Waal RMW,
Verbeek MM. Sulfation of heparan sulfate associated
with amyloid-p plaques in patients with Alzheimer’s dis-
ease. Acta Neuropathol. 2010;119(2):211-20.
Reed-Geaghan EG, Savage JC, Hise AG, Landreth GE.
CD14 and Toll-like receptors 2 and 4 are required for
fibrillar AB-stimulated microglial activation. J Neurosci.
2009;29(38):11982-92.

Shaftel SS, Kyrkanides S, Olschowka JA, Miller JN,
Johnson RE, O’Banion MK. Sustained hippocampal IL-1
beta overexpression mediates chronic neuroinflammation

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

and ameliorates Alzheimer plaque pathology. J Clin Invest.
2007;117(6):1595-604.

Eikelenboom P, Veerhuis R, Scheper W, Rozemuller AJ,
van Gool WA, Hoozemans JJ. The significance of neu-
roinflammation in understanding Alzheimer’s disease. J
Neural Transm (Vienna). 2006;113(11):1685-95.
Chinta SJ, Woods G, Rane A, Demaria M, Campisi J,
Andersen JK. Cellular senescence and the aging brain.
Exp Gerontol. 2015;68:3-7.

Shao C, Shi X, White M, Huang Y, Hartshorn K, Zaia
J. Comparative glycomics of leukocyte glycosaminogly-
cans. FEBS J. 2013;280(10):2447-61.

Murphy AJ, Akhtari M, Tolani S, Pagler T, Bijl N, Kuo CL,
Wang M, Sanson M, Abramowicz S, Welch C, Bochem
AE, Kuivenhoven JA, Yvan-Charvet L, Tall AR. ApoE
regulates hematopoietic stem cell proliferation, mono-
cytosis, and monocyte accumulation in atherosclerotic
lesions in mice. J Clin Invest. 2011;121(10):4138-49.
Garcia B, Martin C, Garcia-Suarez O, Muniz-Alonso B,
Ordiales H, Fernandez-Menendez S, Santos-Juanes
J, Lorente-Gea L, Castanon S, Vicente-Etxenausia
I, Pina Batista KM, Ruiz-Diaz |, Caballero-Martinez
MC, Merayo-Lloves J, Guerra-Merino I, Quiros LM,
Fernandez-Vega |. Upregulated expression of heparan-
ase and heparanase 2 in the brains of Alzheimer’s dis-
ease. J Alzheimers Dis. 2017;58(1):185-92.

Jendresen CB, Cui H, Zhang X, Vlodavsky I, Nilsson
LNG, Li JP. Overexpression of heparanase lowers the
amyloid burden in amyloid-f precursor protein trans-
genic mice. J Biol Chem. 2015;290(8):5053—64.

Liu CC, Zhao N, Yamaguchi Y, Cirrito JR, Kanekiyo T,
Holtzman DM, Bu G. Neuronal heparan sulfates pro-
mote amyloid pathology by modulating brain amyloid-
clearance and aggregation in Alzheimer’s disease. Sci
Transl Med. 2016;8(332):332ra44.

Mitsi M, Hong Z, Costello CE, Nugent MA. Heparin-
mediated conformational changes in fibronectin expose
vascular endothelial growth factor binding sites.
Biochemistry. 2006;45(34):10319-28.

Hardy J, Selkoe DJ. The amyloid hypothesis of
Alzheimer’'s disease: progress and problems on the
road to therapeutics. Science. 2002;297(5580):353-6.
Kanekiyo T, Zhang J, Liu Q, Liu CC, Zhang L, Bu G.
Heparan sulphate proteoglycan and the low-density
lipoprotein receptor-related protein 1 constitute major
pathways for neuronal amyloid-B uptake. J Neurosci.
2011;31(5):1644-51.

O’Callaghan P, Noborn F, Sehlin D, Li JP, Lannfelt L,
Lindahl U, Zhang X. Apolipoprotein E increases cell
association of amyloid-f 40 through heparan sulfate and
LRP1 dependent pathways. Amyloid. 2014;21(2):76-87.
Wall JS, Richey T, Stuckey A, Donnell R, Macy S,
Martin EB, Williams A, Higuchi K, Kennel SJ. In vivo
molecular imaging of peripheral amyloidosis using
heparin-binding peptides. Proc Natl Acad Sci U S A.
2011;108(34):E586-94.

Noborn F, Gomez Toledo A, Sihlbom C, Lengqyvist J,
Fries E, Kjellén L, Nilsson J, Larson G. Identification of



HSPGs as Neuroinflammatory Relays

319

85.

chondroitin sulfate linkage region glycopeptides reveals
prohormones as a novel class of proteoglycans. Mol
Cell Proteomics. 2015;14(1):41-9.

Noborn F, Gomez Toledo A, Green A, Nasir W, Sihlbom
C, Nilsson J, Larson G. Site-specific identification of
heparan and chondroitin sulfate glycosaminoglycans in
hybrid proteoglycans. Sci Rep. 2016;6:34537.

86.

87.

Staples GO, Zaia J. Analysis of glycosaminogly-
cans using mass spectrometry. Curr Proteomics.
2011;8(4):325-36.

Mauri L, Marinozzi M, Mazzini G, Kolinski R, Karfunkle
M, Keire D, Guerrini M. Combining NMR spectroscopy
and chemometrics to monitor structural features of
crude hep-arin. Molecules. 2017;22(7):1146.



