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Abstract

Individuals infected with the severe acute respiratory syndrome (SARS)-related coro-
navirus 2 (SARS-CoV-2) develop a critical and even fatal disease, called Coronavirus
disease-19 (COVID-19), that eventually evolves into acute respiratory distress syn-
drome. The gravity of the SARS-CoV-2 pandemic, the escalating number of con-
firmed cases around the world, the many unknowns related to the virus mode of
action, and the heterogenous outcome of COVID-19 disease in the population ask for
the rapid development of alternative approaches, including repurposing of existing
drugs, that may dampen virus infectivity. SARS-CoV-2 infects human cells through
interaction with sialylated receptors at the surface of epithelial cells, such as angio-
tensin-converting enzyme 2 (ACE2). Glycan composition on virus entry receptors has
been shown to influence the rate of infection of SARS-CoV-2 and spreading of viri-
ons has recently been linked to altered lysosomal exocytosis. These processes could
concurrently involve the lysosomal system and its glycosidases. We hypothesize that
modulating the activity of one of them, the lysosomal sialidase NEU1, could impinge
on both the sialylation status of ACE2 and other host receptors as well as the extent
of lysosomal exocytosis. Thus NEU1-controlled pathways may represent therapeutic

targets, which could impact on SARS-CoV-2 susceptibility, infectivity, and spread.
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of a wide range of sialo-glycoconjugates, and, consequently,

Sialylation is a crucial posttranslational modification in
mammalian cells, because it affects, among others, the half-
life, structural conformation, and ligand recognition of gly-
coconjugates.’ This is particularly important in the field of
host/pathogen interactions, where sialic acids are exploited
by hosts to evade recognition by pathogens and by pathogens
to escape the immune system response.z’3 Given their termi-
nal positions on glycan chains and electronegative charge, si-
alic acids influence the structural and biochemical properties

serve as important determinants in basic processes, includ-
ing innate immunity, inflammation and viral recognition.4 It
is, therefore, not surprising that changes in the sialic acid
content of host cell receptors as well as viral glycoproteins
influence the tropism, pathogenicity, and infectivity of sev-
eral viruses, including the novel SARS-CoV-2.

As of November 2020, SARS-CoV-2 has caused
58.425.681 confirmed cases of COVID-19, including
1.385.218 deaths (https://covid19.who.int) worldwide.
The clinical features of patients, with confirmed diagnosis
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of COVID-19, include lower respiratory tract illness with
fever, dry cough, and dyspnea, manifestations similar to
those seen in two other diseases caused by coronaviruses,
SARS and Middle East respiratory syndrome (MERS).” It
is now established, that these symptoms are accompanied
by a fulminant and damaging immune reaction, referred
to as the “cytokine storm,” and involve not only the lungs
but also multiple other organs, including the heart and
the brain.®® With regard to the severe lung disease that
ensues upon SARS-CoV-2 infection, the most common
lung manifestations in COVID-19 patients are bilateral
ground-glass opacity with subpleural distribution and ab-
sence of pleural effusion, a typical lung injury caused by
viral pneumonia, as previously seen in SARS and MERS.’
Following the 2003 epidemic of SARS, it was noticed that
many patients, who survived the severe illness, developed
residual pulmonary fibrosis, as shown by clinical findings
and radiography.lo Varying degrees of fibrosis were also
observed in autopsies of COVID-19 fatal cases, and they
appear to be a common feature in patients infected by
SARS-coronaviruses. '’

Based on data derived from the general population, it is
clear that the pathogenesis and clinical outcome of coro-
navirus infection tend to be influenced by the age of the
patients. The disease seems to affect more males than fe-
males, and older individuals with preexisting conditions,
like hypertension, diabetes, obesity, and other cardiovas-
cular diseases, have an increased risk of developing severe
COVID-19." Despite this age-related trend, SARS-CoV-2
infection does not spare young individuals, suggesting that
genetic and/or epigenetic predisposition mechanisms might
also play an important role. Here, we hypothesize that one
such mechanism may involve the activity of the lysosomal
sialidase NEU1. By modulating the levels of sialic acids
on ACE2 (and other entry receptors), NEU1 may directly
influence virus entry. We further postulate that NEU1 may
contribute to virus spreading by directly controlling the
process of lysosomal exocytosis.

1.1 | SARS-CoV-2 entry receptors: role of
sialylation

Similar to other coronaviruses, SARS-CoV-2 has been
shown to infect host cells through interaction between the
receptor binding domain (RBD) of the trimeric S1 subunit
of its spike (S) glycoprotein (S1 and S2 subunit composi-
tion) and ACE2 on the surface of human epithelial cells of
the lung, heart, kidney, intestine, and brain.'>'* ACE2 is a
sialylated, single-pass, type I transmembrane enzyme that
belongs to the angiotensin-converting enzyme family of
dipeptidyl carboxydipeptidases.14 The external enzymatic
domain of ACE2 binds SARS-CoV-2 prior to the fusion of
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the viral envelope with the host PM and endocytosis of the
virus. This virus-receptor interaction requires priming of
the spike S1 protein by the host serine protease TMPRSS2
and furin.'*!® Structural studies using cryo-electron mi-
croscopy have shown that human ACE2, in complex with
the amino acid transporter BOATl, exists as a dimer and as
such interacts with the RBD of the viral S glycoprotein of
SARS-CoV-2."* Structural alignment of this receptor-vi-
rus complex suggests that two S protein trimers can simul-
taneously bind to an ACE2 homodimer."? It is noteworthy
that, besides its functional domains, also the glycans on
ACE2, and in particular its sialic acids, play an active role
in the infection process.m’17

In addition to ACE2, Sigrist et al. have suggested that
SARS-CoV-2 utilizes integrins (including p1- and B3-inte-
grins) as cell surface receptors in one or more host species;
in this case, attachment of the virus to these receptors oc-
curs through a conserved Arg-Gly-Asp motif embedded in
the RBD of all SARS-CoV-2 that have been sequenced until
now.'® Given that the functions of integrins are known to be
influenced by their glycosylation and sialylation status,' it is
likely that these posttranslational modifications also impact
virus binding and, in turn, infection efficacy. Recently, another
glycosylated and sialylated membrane protein, Neuropilin-1
(NRP1) has been shown to function as SARS-CoV-2 entry
receptor, enhancing virus infectivity.zo’21 Furin cleavage of
SARS-CoV-2 S1 protein allows binding to NRP1; subsequent
processing of furin-cleaved S1 by cathepsins and TMPRSS2
allows virus entry and infection.”>?! These results suggest that
the interaction between the viral spike protein and host NRP1
may represent a potential target for antiviral therapy.

Lastly, studies of MERS have proposed that the MERS-
CoV spike glycoprotein, which recognizes and binds to the
dipeptidyl peptidase 4 (DPP4) entry receptor on respiratory
epithelial cells, also uses sialic acids exposed at the cell
surface as viral entry sites. In the case of MERS-CoV the
sialic acid binding site has been identified and found that
it is homologous to a region upstream of the RBD of the
SARS-CoV-2 spike protein (the highly variable region at the
N-terminus, NTD).22'24 Thus, not only the functional activity
of the entry receptors on the host cells but also the extent and
type of their glycan chains, in particular their sialic acids, ex-
posed at the cell surface may influence and modulate the rate
of infection of the SARS-CoV-2, as demonstrated for other
members of this virus family.'”*>2

1.2 | Chloroquine and hydroxychloroquine,
pros and cons

Among the drugs used to treat SARS-CoV-2 infection,
one well-known antimalaria drug, chloroquine, and its less
toxic hydroxychloroquine, have gained a lot of attention
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at the beginning of the pandemic but raised concerns and
controversies later on.>”>” When added in cultured cells,
the non-protonated portion of chloroquine enters the cell,
where it becomes protonated and concentrated in acidic,
low-pH organelles, such as Golgi vesicles, endosomes,
and lysosomes.38 Intra-vesicular pH is known to control
basic cellular functions, including N-glycosylation trim-
ming/modification, organellar trafficking, and enzymatic
activities. By increasing the pH of Golgi vesicles, chloro-
quine (and also NH,CI and possibly hydroxychloroquine)
is thought to interfere with terminal glycosylation, spe-
cifically sialylation, of the Golgi form of ACE2, likely
by inhibiting Golgi sialyltransferases,39 without affecting
ACE2 expression levels at the cell surface.*”* In line
with this finding is a recent modeling study showing that
the sialylated portion of cell surface gangliosides, which
functions as co-receptor for ACE2 and binds to the NTD
of the spike glycoprotein of SARS-CoV-2, is blocked by
both chloroquine and hydroxychloroquine.44 This hinders
the host-cell entry and subsequent virus replication, and,
in turn, inhibits SARS-CoV-2 infection.**> However, an
opposite scenario could also be envisaged based on the ef-
fects of chloroquine on raising the lysosomal pH,* which
inhibits the activity of lysosomal hydrolases, including
NEUI. The latter could prevent desialylation of SARS-
CoV-2 receptors that would recycle to the PM in their sia-
lylated state and facilitate viral entry. These two opposing
effects which may depend on the drug regimen and time
of administration could explain the contradictory response
to chloroquine/hydroxychloroquine treatment observed in
COVID-19 patients.

Collectively these examples point to sialylation as an im-
portant factor to be considered for the development of poten-
tial new treatments for COVID-19 and for the design of new
vaccines.

1.3 | Multifactorial roles of the lysosomal
sialidase NEU1

In eukaryotes, processing/removal of sialic acids on sialo-
glycoconjugates occurs via the action of 4 sialidases or neu-
raminidases, NEU1-NEU4, that are differentially expressed
in cells and tissues, and have a different pH optimum and
substrate specificity.46 These enzymes have been shown to
participate in and regulate many biological and pathologi-
cal processes, from cell-cell communication and cell/tissue
development and differentiation to cancer progression and
metastasis.*”*® Of the 4 mammalian sialidases, NEU1 is the
most abundant and ubiquitously expressed,49 and it is the
only sialidase known to date that is deficient in two lysoso-
mal storage diseases, sialidosis (NEU1 deficiency) and ga-
lactosialidosis (cathepsin A primary defect and secondary

deficiency of NEU1).**° These pediatric conditions, asso-
ciated with severe systemic and neurological abnormalities,
share clinical manifestations with common adult diseases of
aging, such as Alzheimer's disease, diabetes, atherosclerosis,
obesity, fibrosis, and cancer.’'™?

NEUI catalyzes the removal of a2,3- or a2,6-linked si-
alic acids from the non-reducing end of glycan chains on
sialo-glycoconjugates, with a preference for sialo-glycopro-
teins, an activity that is exerted at an acidic pH optimum.
NEU1 localizes primarily in the endosomes/lysosomes but
it is also found in the PM; both these cellular compartments
are sites of desialylation of glycoproteins by NEU[ #5435
Deficient or defective enzyme activity results in impaired
processing/degradation of sialo-glycoproteins, and in their
accumulation in a sialylated state, a feature that alters their
biochemical properties and function, and is at the basis of
pathogenesis in sialidosis.****!9335% However, the patho-
logical consequences of impaired desialylation downstream
of NEU1 loss of function depend on the type of substrates the
enzyme targets in vivo and on their subcellular distribution,
which, in turn, affect specific cellular pathways,*4%1:37:39-66
For instance, by processing the sialic acids on the lysosomal
associated membrane protein 1 (LAMP1), NEUI negatively
regulates the calcium-dependent, physiological process of
lysosomal exocytosis.57 In cells with deficient or downreg-
ulated NEU1, lysosomes decorated with a sialylated, long-
lived, LAMP1 tend to preferentially dock at the PM, ready
to engage in lysosomal exocytosis upon changes in calcium
concentration.”” The end result is excessive release of lyso-
somal contents, including soluble hydrolases and exosomes,
into the extracellular space with deleterious consequences for
PM and extracellular matrix integrity.48’51’53’56'58 Importantly,
in fibroblasts from sialidosis patients with different degrees
of disease severity, the residual NEU1 activity inversely cor-
related with the levels of LAMPI redistributed at the PM,
identifying this feature as indicative of the extent of lyso-
somal exocytosis.57

Based on this collective evidence, we hypothesize that re-
duced NEUT activity in cells could have a dual effect: it could
affect SARS-COV-2 infectivity because of impaired process-
ing of the sialic acids in entry receptors and could promote
virus release via LAMPI-dependent, excessive lysosomal
exocytosis. In support of this hypothesis is the recent finding
that B-coronaviruses use lysosomal exocytosis to egress into
the extracellular environment.®” These authors showed that
the viral genome was enriched in lysosomes and that, upon
viral infection, LAMPI levels increased at the PM. They also
demonstrated a de-acidification of lysosomes, which affected
the activity of lysosomal enzymes and inhibited antigen pre-
sentation by the host cells.”’

Lastly, a major downstream effect of NEU1 deficiency
seen in the mouse model of sialidosis is a relentless expansion
of the connective tissue, ultimately resulting in generalized



BONGIOVANNI ET AL.

fibrosis.>® The underlying pathogenic process leading to this
fibrotic disease is initiated and perpetuated by the excessive
exocytosis by NEU1-deficient myofibroblasts of soluble ly-
sosomal contents and exosomes loaded with pro-fibrotic
signaling molecules, like TGFp.>> The fact that NEUI is
downregulated in a cohort of patient-derived idiopathic pul-
monary fibrosis (IPF) fibroblasts suggests a role for NEU1
deficiency/downregulation in causing or hastening the course
of a fibrotic disease in the adult human population. It is, there-
fore, tempting to speculate that systemic downregulation of
NEUI coupled to excessive lysosomal exocytosis could rep-
resent a risk factor for the initiation and/or progression of the
fibrotic disease associated with SARS-CoV-2. This is also
supported by the failure of neuraminidase inhibitors, such
as oseltamivir, peramivir, and zanamivir in the treatment of
COVID-19 patients,é&69 while those are first-line medications
for the treatment and prophylaxis of influenza.”®"!

2 | HYPOTHESIS
The premises outlined above have led us to design a workflow
(Figure 1) aimed to identify additional functional biomarkers
that will help to further characterize susceptibility to SARS-
CoV-2 infection in the general population. We hypothesize
that NEUT levels inversely correlate with the extent of sialyla-
tion of the ACE2 receptor (and other entry receptors) and, in
turn, the predisposition for entry of SARS-CoV-2 (Figure 1).
Furthermore, low NEUI levels may also result in
LAMPI1-mediated excessive lysosomal exocytosis of lyso-
somal contents/exosomes and SARS-CoV-2 virions. Thus,
NEUI levels may also predict the tendency of an individual
to become a SARS-CoV-2 “super spreader” (Figure 1).

SARS-CoV-2
Increased virus infect ¢y

4 Sidlic acids
3% Chloroquine \\ il
§ rce2 / 9 I// Increased vivs spread
' Integrins ' /
NRFW
q NRP1 \megnns

Lysosomyl Exocytosis

receptors B
\ recycling ! :
l

Lysosomes

Endosome/Lysosome

FIGURE 1
activity results in excessive lysosomal exocytosis of viral particles

Proposed model of viral entry and spread. Low NEU1

and impaired desialylation of host receptors (ie, ACE2) recycled to
the PM. These combined effects may lead to the higher infectivity
and spreading of the SARS-CoV-2 virions. In contrast, chloroquine
can block ACE2 sialylation in the Golgi, resulting in the exposure of
undersialylated receptors at the PM and decreased susceptibility to the
virus

ASEBsioAdvances — WILEYH

In this context, it would be conceivable to:
1.IDENTIFY A RISK FACTOR FOR SARS-CoV-2
SUSCEPTIBILITY and SPREAD

e by evaluating the expression levels of NEUI mRNA in
human samples (the lowest NEUI levels should cor-
respond to worst prognosis and fit our super spreader
hypothesis).

e by screening the general population for NEU! synony-
mous variants known to lower NEU1 enzyme activity’*
as well as pathogenic mutations in carriers. These anal-
yses will ascertain the involvement of NEU1 functional
variants in the pathogenesis of COVID-19.

2. APPLY UNCONVENTIONAL THERAPY TO

INCREASE NEU1 LEVELS

Demonstrating a link between NEU1-downregulation and
SARS-CoV-2 infectivity will allow not only to better under-
stand aspects of pathogenesis of the COVID-19 disease, but
also to test unconventional therapies aimed to raise NEU1
activity in patients. The need for these types of therapeutic
approaches is dictated by the lack of any target therapy that
could directly restore or increase NEU1 levels.*” We have re-
cently demonstrated that dietary supplements, like betaine,
a natural amino acid derivative, as well as inhibitors of his-
tone de:acety121s<3s,73’74
when added to sialidosis fibroblasts or administered to mouse
models of type I sialidosis with residual NEU1 activity.”>"*
Thus, it is conceivable that, if a correlation is found between
NEUI levels and extent and severity of viral infection, uncon-
ventional dietary compounds combined with conventional
therapeutic approaches may prove beneficial for modulating
NEUTI levels and ultimately for fighting infectious diseases
like COVID-19.

increased the levels of mutant NEU1
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