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The prevalence of arterial and venous thrombosis markedly
rises with age. The annual rate of venous thromboembolism
(VTE) is estimated at 1/100 patients above 80 years of age.'
While aging is associated with some changes in the levels of
coagulation proteins2 and activation markers,’ this does not
explain the exponential increase in VTE risk observed in
octogenarians.

Accordingly, such findings may be attributed to several
factors. It has been recently demonstrated that coagulant
activity under flow is mainly controlled by residual tissue
factor (TF)/collagen and endothelial glycocalyx.* Given that
the vessel wall is a major player in hemostasis, endothelial
dysfunction, which increases with age, likely contributes to
the development of thrombosis in cardiovascular diseases.
Rapidly growing evidence links particulate air pollution
exposure with an increased risk of respiratory and cardiovas-
cular disease.” In the coronavirus disease 2019 (COVID-19)
pandemic, the elderly are particularly vulnerable to severe
vascular complications, including deep vein thrombosis and
pulmonary embolism. This population appears to be particu-
larly exposed in certain densely populated and air-polluted
urban areas.

The Immune Response in the Elderly

Similar to the COVID-19 infection, the majority of deaths
associated with influenza virus infections occur in individ-
uals over 65 years of age in industrialized countries.® Both
the adaptive immune system and the innate response are
altered during viral infections in the elderly.”® Various
age-related defects have been found in the T cell compart-
ment.>'% Humoral responses are also affected, with atten-
uated titers of antibodies and abnormalities in the
proportions of naive and memory B cell subsets.'!!?
Experimental studies'® have demonstrated that dendritic
cells (DCs), which are the main antigen-presenting cells
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(APCs), from aged individuals have a reduced antigen-
capture capacity, impaired migration, and diminished
T cell activation ability. Additionally, an increase in basal
levels of various inflammatory cytokines (e.g., macrophage
inflammatory protein 1, tumor necrosis factor a, gamma
interferon, interleukin-1 [IL-1], IL-6), has consistently been
described in the elderly.'*'° Elevated cytokine levels may
contribute to enhanced lung tissue damage and increased
mortality related to infections in elderly population.

Heparanase Enhances the Immune Cell
Activity

Heparanase is a proinflammatory and proangiogenic protein,
capable of degrading heparan sulfate (HS) chains both at cell
surface and in the extracellular matrix. Several lines of
evidence point to involvement of heparanase in the enhance-
ment of innate and adaptive immune responses. Heparanase
is found to be required for activation and function of macro-
phages, which is reported to be attributed to a linear cascade
by which heparanase activates Erk, p38, and JNK signaling in
macrophages, leading to induction of cytokine expression.'®
Overexpression of heparanase enhances T lymphocyte activ-
ity and intensifies the inflammatory response in a murine
model of collagen-induced rheumatoid arthritis.'” Notably,
transgenic mice overexpressing human heparanase (Hpa-tg)
displayed an earlier response and developed more severe
symptoms. Examination of cells from thymus, spleen, and
lymph nodes demonstrated increased proportions of macro-
phages, APCs, plasmacytoid DCs, and CD4+ and CD8+ T cells,
while splenic lymphocytes from Hpa-tg mice exhibited
higher proliferation activity. These results suggest that aug-
mented expression of heparanase can boost both the innate
and adaptive immune system and propagate inflammatory
reactions,” which could be relevant to severe presentations
of COVID-19.
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Heparanase, Heparan Sulfate and Aging

Age-associated changes in glycosaminoglycans (GAGs) have
been explored in several body organs. Levels of GAGs in lung
specimens from different age groups were found to be lower
in the elderly group (over 70 years of age) compared with
younger groups (30-49 years of age).18 Hence, lung senes-
cence has been associated with uniform decrease of all the
GAG types in the lung. It was previously shown that HS
content decreased during skin aging. Degradation of HS was
reported to result in marked reduction in binding activity of
the basement membrane for vascular endothelial growth
factor, fibroblast growth factors 2 and 7 at the dermal-
epidermal junction.'® HS degradation was observed not
only in acutely ultraviolet B (UV-B) irradiated skin, but
also in skin chronically exposed to sun. These findings
suggest that chronic UV-B exposure may facilitate photoag-
ing via heparanase activation.'®

A considerable amount of evidence supports the involve-
ment of GAGs and heparanase in vascular aging. Nitschmann
et al evaluating age-associated differences in arterial wall
structure and function of prepubertal and adult rabbits,
revealed significantly increased HS and chondroitin sulfate
content in both intima and media of aorta, in rabbit pups.20
Likewise, rabbit pups demonstrated significant elevation in
antithrombin activity related to HS. These findings suggest
that arteries in young animals may have greater antithrom-
botic potential, which could be partly related to increased
HS. Another study from the same group, focusing on venous
system, assessed the inferior vena cava (IVC) wall morphol-
ogy, GAG mass, and GAG antithrombin activity. The demon-
strated differences in antithrombotic properties of IVC walls
inrabbit pups and adults could contribute to the reduced risk
of VTE in the young.?'

Increased expression of tumor suppressor protein 53
(p53) is implicated in vascular senescence.”’ Recently,
Bochenek et al reported elevated endothelial heparanase
expression associated with doxorubicin-induced p53 over-
expression.”> Importantly, inhibition of heparanase activity
in this model, using a TF pathway inhibitor 2 (TFPI-2)-derived
peptide, was effective to attenuate the increased venous
thrombus formation in aged mice and restored it to the
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thrombotic phenotype of younger mice. Hence, accumula-
tion of heparanase in endothelial cells could increase the risk
of age-related venous thrombosis and heparanase neutrali-
zation might be an attractive approach to attenuate the
endothelial prothrombotic phenotype in this setting.

Overall, these data highlight a role of GAGs and hepar-
anase in age-related organ senescence, which could partly
explain the pulmonary and vascular pathological findings in
elderly patients infected with the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).

Environmental factors are known to be involved in the
pathophysiology of respiratory and cardiovascular diseases,
and may be active players in aggravating their course.’
Exposure to cadmium is known to cause damage to alveolar
epithelial cells, affect their capacity to repair, and result in
permanent structural alterations. HS can modulate cell
responses to injury through interactions with soluble effec-
tor molecules. These interactions are often sulfate-specific,
and removal of sulfate groups from HS side chains could be
expected to influence cellular injury, such as that caused by
exposure to cadmium. Zhang et al demonstrated that modi-
fication of HS chains by overexpression of 6-0O-endosulfatase
(HSulf-1), a membrane-bound enzyme which specifically
removes 6-O-sulfate groups from HS side chains in two
pulmonary epithelial cancer cell lines (H292 and A549)
and in normal human primary alveolar type II (hAT2) cells,
decreased cell viability and exacerbated the activation of
apoptosis pathways.’* The cell injury was significantly
intensified by cadmium. These results suggest that HS may
play an important role in protection against certain environ-
mental toxicants, such as heavy metals. Reduced levels of HS
found in aged people could contribute to increased lung
damage in the elderly population residing in industrial areas,
particularly during the COVID-19 pandemic. A potential
mechanism involved in increased disease severity in infected
elderly patients is depicted in ~Fig. 1.

In conclusion, increasing heparanase expression with aging
results in enhanced degradation of HS chains in pulmonary
tissue and blood vessels. High levels of heparanase may
exacerbate immune system response and cytokine storm,
thus contributing to severe lung damage. These factors may
also play arole for the less favorable prognosis of aged patients

Heparanase increases with age

Decreased HS in alveolar cells predispose to
increased cells damage that is exacerbated by
industrial air pollution

Increased tissue factor
activation

Increased cytokine storm

Decreased endothelial HS
and anti-thrombin activity

Fig. 1 Age-related heparanase effects. Elevated levels of heparanase increase cytokine levels, decrease alveolar and endothelial cell surface
heparan sulfate (HS) chains, and augment tissue factor (TF) activity. These effects may predispose to enhanced lung damage and thrombosis in

infections.
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infected with bacteria or viruses, including SARS-CoV-2. Thus,
it may be worthwhile investigating if therapeutic modalities
aiming at inhibition of heparanase effects, such as heparins or
TFPI-2-derived peptides, may be capable to attenuate morbid-
ity and mortality in infected elderly patients.
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