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a receptor. DAS181 is typical of bacterial sialidases in cleaving Sia 2-3 and Sia a2-6 linkages, and it also
has a demonstrated effect against acetylated and hydroxylated forms of Sia. The potency of the com-
pound has been enhanced by coupling the active sialidase with an amphiregulin tag, allowing a longer

duration of action and minimizing spread to the systemic circulation. DAS181 is now in Phase II devel-

:ﬁgxonrg: opment for the treatment of influenza, and it has also demonstrated activity in individual cases of para-

Antiviral therapy influenza in immunosuppressed patients. Continued evaluation of the roles and activities of bacterial

Sialidase sialidases is required to expand the range of successful antiviral therapies targeting Sia or its derivatives.

Sialic acid © 2013 Elsevier B.V. All rights reserved.
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1. DAS181: a bacterial sialidase for influenza prevention and
therapy

Influenza is an infection of the respiratory tract caused by influ-

+852 28725197, enza A and B viruses. To infect epithelial cells, the virus must first
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- aninteraction involving viral polypeptides or attachment proteins
and cognate cell-surface receptors. DAS181 is the first antiviral com-
pound in Phase Il development that functions by blocking this path-
ogen-host interaction, by destroying the influenza host-cell
receptor, sialicacid (Sia), on the surface of respiratory epithelial cells.
In this paper, we provide background information on Sia and sialid-
ases; discuss the potential role of bacterial sialidases as antiviral
agents; review the in vitro and Phase II evaluation of DAS181 for
the treatment of influenza; and note evidence that the drug would
also be useful against parainfluenza virus infections.

Current antiviral strategies focus on prevention of viral replica-
tion within the cell or inhibition of release of newly formed virions.
Neuraminidase (NA) inhibitors primarily act at this step, but they
play a minor role in modulating viral entry (Matrosovich et al.,
2004). The first step of viral binding often involves close contact be-
tween the viral attachment protein and host receptor. Before the
development of DAS181, studies in the 1980s demonstrated that
natural compounds present in serum, in particular alpha 2-macro-
globulin, inhibited virus adsorption to surfaces (Hanaoka et al,,
1989; Rogers et al., 1983). Later studies identified Sia as being the
key determinant of binding for these compounds (Pritchett et al.,
1987; Pritchett and Paulson, 1989). Lentz proposed a number of
strategies to prevent cell entry by blocking the host receptor (Lentz,
1988, 1990), but these were mainly directed at developing an anti-
body-mediated approach, rather than receptor destruction.

In 1988, Weis and colleague used X-ray crystallography to map
the haemagglutinin-Sia interaction (Weis et al., 1988). With this
structure solved, it was envisioned that it might be possible to de-
velop synthetic analogs of Sia to block binding (Pritchett et al.,
1987; Pritchett and Paulson, 1989), though it was acknowledged
that such drug design would have a number of structural obstacles
(Weis et al., 1988). This route of anti-influenza therapy was not
pursued in as much detail as blocking the viral neuraminidase site,
but there have been two recent reports on developing drug design
by blocking the HA binding site, using databases of commercially
available compounds (ZINC) (Li et al., 2011; Nandi, 2008) and other
techniques (Al-gattan and Mordi, 2010a,b; Blessia et al., 2010).

2. Evidence that influenza virus uses sialic acid as a receptor
2.1. An introduction to sialic acid

In 1958, Springer and Ansell found that influenza viruses and bac-
teria had a common enzyme property: the ability to remove recep-

HO O, OH HO o OH

tors from red blood cells and prevent haemagglutination (Springer
and Ansell, 1958). To investigate this requires an understanding of
the nature of Sia, its presence in the respiratory tract and the struc-
ture and function of bacterial sialidase. Sialic acid is the term used for
a family of nine-carbon monoscaccharides found in animals and cer-
tain bacteria (Chen and Varki, 2010). They are typically found at the
terminal portions of oligosaccharide chains attached to proteins and
lipids to form glycoproteins and glycolipids, respectively. There are
over 40 naturally occurring variants of these nine-carbon keto-sug-
ars based on a neuraminic acid (Neu) or a 2-keto-3-deoxynononic
acid (Kdn) backbone (Schauer, 1973; Varki, 1997). The discovery of
neuraminic acid by Klenk and colleagues has been reviewed by Scha-
eur (Schauer, 1973) with the term sialic acid proposed by Blix, Got-
tschalk and Klenk based on the Greek word sialion (salivea) as these
carbohydrates were isolated from the mucin of submaxillary glands.

2.2. Sialic acid: structure and function

2.2.1. Sialic acid structure

The diversity of Sia present in nature is due to the substitution at
the 4-9 carbons by O-acetyl, sulfate, methyl and lactate groups and
by glycosidic linkage by the anomeric C, to the 3 or 6 hydroxyl group
of galactose (Gal) (referred to as the a2-3 or a2-6), N-acetyl galactos-
amine (GalNAc) or N-acetyl glucosamine (GIcNAc) (Varki and Varki,
2007) (Fig. 1). Eleven different types of sialic acid have been identi-
fied on the human erythrocyte membrane, using gas chromatogra-
phy and mass spectrometry (Bulai et al., 2003). GalNAc is typically
present on O-glycans, and GlcNAc is normally a component of N-gly-
cans. The binding of Sia to Gal or GalNAcrequires a family of enzymes
called sialyltransferases (ST), with each ST producing a specific link-
age (Harduin-Lepers et al.,2005; Paulson and Rademacher, 2009; Xia
et al., 2005). In some instances, multiple Sia may be linked together
to form polysialic acid, most commonly in a &2-8 configuration (Hil-
debrandt et al.,2010). The linkage of Sia to the adjacent sugaris inan
o configuration, which means the bond is acid-labile and is readily
destroyed by enzymes known as sialidases. It should be noted that
in solution, unbound Sia is mainly in the $-configuration, with the
C2 hydroxyl positioned axial to the ring and in equilibrium with
the minor o-form (Vimr, 1994).

2.2.2. Sialic acid function

The acidic nature of Sia is due to the carboxylate at C;, which is
ionized at physiological pH and has a pK of 1.8-2.6, giving the Sia a
number of useful features, as highlighted by Schauer (Schauer,

HO 0. OH ) HO (] OH

N-acetylneuraminic acid (Neu5Ac)  N-glycolylneuraminic acid (Neu5Gc)

3'-sialyllactose

N-acetyl-4-O-acetylneuraminic acid

N-acetyl-9-O-acetylneuraminic acid

6'-sialyllactose

Fig. 1. Structures of different sialic acid derivatives. The numbering of carbons is listed in green; AcO refers to acetlylation. Two common linkages of Sia with galactose to
form 3'sialyllactose (Siao2-3Gal1-4Glu) and 6'sialyllactose (Siao2-6GalB1-4Glu) are shown.
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2000) and Vimr (Vimr et al., 2004). The negatively-charged glyco-
proteins will mutually repel each other, allowing trapping of water
molecules to produce a highly viscous aqueous solution that com-
prises the glycocalyx of many epithelial surfaces. The importance
of this shield was highlighted by Varki and Varki, who indicated
that >1% of the mammalian genome encodes proteins involved in
this glycosylation pathway (Lehmann et al., 2006; Varki and Varki,
2007). The high Sia content of mucin acts as a lubricant for epithe-
lial surfaces in the cornea, nasal mucosa, respiratory and gastroin-
testinal tracts and other tissues in contact with the environment.
This mucin protects the cells against mechanical and chemical
damage, such as gastric acid and digestive enzymes. The Sia con-
tent of mucin also functions as a decoy for pathogens that bind
to Sia, such as respiratory viruses (Lehmann et al., 2006). The mu-
cin is produced by goblet cells and normally is a benefit to the host
(Nicholls et al., 2007). However, in certain diseases such as cystic
fibrosis, changes in mucin composition allow increased bacterial
growth and pathogenesis (Xia et al., 2005).

The second main function of Sia is to enable host proteins avoid
and evade recognition by the body’s defense mechanisms. The cap-
ping of terminal galactose by Sia masks the recognition of certain oli-
gosaccharides by the asialoglycoprotein receptor of the liver (Grewal
et al., 2008) or similar receptors present on macrophages. The sialy-
lation of compounds allows plasma macromolecules to have alonger
period of time in the circulation; the number of glycosylation sites is
related to biological functions (Banks, 2011; Sun et al., 2011). Con-
versely, the half-life of many serum glycoproteins such as thyrotro-
pin, erythropoietin, and follicle stimulating hormone is decreased
upon desialylation. Glycosylation of proteins as a shield to prevent
recognition is not limited to host factors, but is also employed by
pathogens such as the influenza viruses, leading to the development
of antigenic variation (Sun et al.,2011). Finally, the presence of Sia on
glycans may also modulate the immune response, through recogni-
tion by Sia-binding lectins, now known as Siglecs. The first Siglec to
be identified, sialoadhesin, was found on macrophages (O’Neill et al.,
2013), but more than 10 different Siglec molecules have since been
discovered (reviewed in Varki and Gagneux (2012)).

2.2.3. The diversity of sialic acids in nature

As mentioned previously, Sia can undergo modification, and the
two most common changes are acetylation and hydroxylation to
glycolylneuraminic acid (Neu5Gc), a variant present in many ani-
mal species but not in humans. In the former situation, this occurs
at C4 and C6-9 (Cao et al., 2009; Schauer et al., 2011) with identi-
fication of the enzyme sialate-O-acetyltransferase as a candidate
recently identified (Arming et al., 2011). Modifications of Sia are
important to consider, as these changes, in particular O-acetyla-
tion, may have an effect on enzymatic cleavage by sialidases.
Schauer demonstrated that the position of acetylation has an effect
on sialidase activity: an O-acetyl group on Cg reduces cleavage by
40% and at C4 by about 80% (Schauer, 1973). Bacteria and some
viruses (notably influenza C virus and coronaviruses) have circum-
vented this protective mechanism through the development of
esterases located in the cytosol or in lysozymes. Although influ-
enza C virus appeared to lack sialidase activity, it was still able
to agglutinate red blood cells from certain species, which led to
the finding of an esterase combined with the haemagglutinin and
fusion protein to form the HEF that is present on influenza C and
some coronaviruses (Martin et al., 2003).

O-acetylation is one of the most common modification of sialic
acids, and it was initially thought to be a species-specific determi-
nant (Klein and Roussel, 1998). The tissue localization of the 9-0O-
acetylation variant has been investigated by the use of specific
monoclonal antibodies (Argueso and Sumiyoshi, 2006), or binding
by influenza C virus or its recombinant soluble form, coupled with
the Fc portion of human immunoglobulin (Che-FcD) (Mandal et al.,

2000). These studies showed that O-acetylation of sialic acid in hu-
mans appears localized to the suprabasal plasma membranes of
cells exposed to a “wet” surface, such as the cornea, conjunctiva,
laryngeal and vaginal epithelium. There is a variation in the degree
of O-acetylation between ethnic backgrounds, depending on
whether individuals are slow or fast acetylators. Apart from the
sialidase from Arthrobacter urefaciens, Actinomyces viscosus and to
a lesser extent the sialidase from Newcastle disease virus, other
sialidases are apparently not effective at cleaving the terminal sia-
lic acid. The O-acetylation inhibits sialidase sterically, and is not
competitive. Thus, O-acetylation of mucins can protect against
the action of bacterial sialidases. This O-acetlyation is conspicuous
on the terminal aspect of MUC16, a glycoprotein with a long extra-
cellular domain that prevents infection of the intact epithelium.

The other common modification is the addition of an oxygen to
the C5 to form N-glycolylneuraminic acid (Neu5Gc), through the
action of the enzyme cytidine monophosphate N-acetylneuraminic
hydroxylase (CMAH). Many studies by Ajit Varki and colleagues
have shown a high expression of this enzyme in many animal spe-
cies. Humans lack CMAH activity and the only source of Neu5Gc is
from the diet. This additional oxygen is important from a sialidase
point of view in that many bacterial and viral sialidases preferably
cleave Neu5Ac over Neu5Gc in the o2-3 and o2-6 configuration
(Davies et al., 2012). Viral sialidases from Newcastle disease virus,
fowl plague and most influenza viruses also show poor cleavage of
Neu5Gc over Neu5Ac. Molecular dynamic studies suggest that
there is a conformational change induced by the extra oxygen that
may explain this decreased activity.

If bacterial sialidases are to be used as potential therapeutic
agents, these two changes of O-acetylation and Neu5Gc will have
practical implications, as the agent will have to be one that is able
to break through the mucin barrier to cleave sialic acid on the surface
of epithelial cells. In the case of enzymatic cleavage of Neu5Geg, this
enzymatic cleavage is unlikely to be a major concern, because of
the lack of CMAH enzyme in humans, and thus the mucin is exclu-
sively Neu5Ac. However, with O-acetylation, this enzymatic cleav-
age may be of concern if topical therapy is to be used in regions of
the body where there is a high degree of O-acetylation of non-kera-
tinized stratified squamous epithelium, as is present in the eye and
larynx.

2.2.4. Interaction of sialic acid with respiratory pathogens

In addition to recognition by Siglecs, Sia also functions as a
receptor for a number of respiratory viral agents, some of which
were discovered by their ability to cause clumping or agglutination
of red blood cells in vitro (haemagglutination). As viruses replicate
intracellularly, it follows logically that successful attachment to the
cell requires a matching up of the receptor with the pathogen. This
is often a two-step process: first, a low-affinity “browsing”, fol-
lowed by a higher-affinity interaction with the virus, and more
specific receptor interactions (Helander et al., 2003). An extensive
list of viruses that utilize Sia and which may infect the respiratory
tract has been reviewed by Lehmann and colleagues (Lehmann
et al., 2006). Even though influenza virus has been the most well
characterized of the pathogens studied, it must be noted that other
viruses, including cytomegalovirus (Taylor and Cooper, 1989), rhi-
novirus 87 (Blomqvist et al., 2002), mumps Urabe AM9 (Reyes-Ley-
va et al,, 2007) and the paramyxoviruses all utilize Sia (Suzuki
et al.,, 2001) (Paulson et al., 1979), suggesting that sialidase treat-
ment may potentially be useful for these infections.

3. Bacteria and sialic acid

Bacteria are able to produce Sia both through de novo synthesis
and by using sialyl precursors scavenged from animal hosts. The syn-
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thesis of Sia in bacteria is limited to a few, mostly pathogenic species
that incorporate Sia into surface structures, such as the capsular
polysialic acid found in Neisseria meningitidis and Escherichia coli
K1 (Plumbridge and Vimr, 1999). The Sia that is incorporated or syn-
thesized is used as a growth factor or a source of carbon (Kim et al.,
2011; Stafford et al., 2012; Vimr et al., 2004). Bacteria that utilize
Sia include Neisseria, Haemophilus, Bacteroides, Fusobacteria and
Streptococci. To achieve this scavenger effect, a bacterium first re-
quire a sialidase to remove the Sia from the host environment, then
enzymes for catabolism, followed by uptake into the bacterium for
utilization. The latter two steps will not be elucidated further, but
an excellent review on these processes is available (Vimr et al.,
2004). Another outcome of the sialylation of bacterial surfaces is
similar to that mentioned above for viruses, in that they are able to
avoid recognition by the host defense mechanisms, as sialylation re-
sults in recognition as “self” rather than “foreign”.

Over 70 microorganisms have sialidase activity, and several bac-
teria such as Streptococcus pneumoniae produce more than one sial-
idase (NanA, NanB, and NanC) (Gut et al., 2008). The sialidases of S.
pneumoniae may expose host receptors and desialylate host glyco-
proteins such as lactoferrin and immunoglobulin that clear bacteria.
They may also lead to the desialylation of the lipopolysaccharides of
other bacteria such as N. meningitidis and Haemophilus influenza, giv-
ing the pneumococcus a competitive growth advantage (Pettigrew
et al., 2006). The NanA is cell surface-anchored, and functions in
adherence. It may also provide a carbon source for the bacterium.
Similar to many other bacterial sialidases, NanB is secreted as an
extracellular enzyme and implicated in the severity of pneumococ-
cal infection (Manco et al., 2006).

Desialylation may also involve the respiratory epithelium, and
there have been previous concerns as to whether the desialylation
of an epithelium by bacterial or viral sialidases may lead to increased
bacterial adherence and superinfection. It has been well recognized
that patients with influenza are susceptible to secondary bacterial
infection (van der Sluijs et al., 2006), and the high mortality of the
1918 influenza pandemic has been attributed to secondary infec-
tions (Brundage and Shanks, 2008). If sialidase is to be used as a pro-
phylactic or therapeutic strategy, there have therefore been
concerns that this may lead to increased bacterial adherence and
secondary bacterial pneumonia (Zhang, 2008). In reality, increased
adherence is due to epithelial necrosis and exposure of the basement
membranes as a result of viral-induced cell death (Plotkowski et al.,
1986), rather than surface-induced desialylation, which was not
associated with epithelial cell death (Nicholls et al., 2008).

Although sequence homologies among the different bacterial
sialidases are less than 30%, there are unique motifs and conserved
regions in the sialidase domains. The catalytic domain of Clostrid-
ium perfringens sialidase has been determined by NMR, and shares
key features with other bacterial sialidases (Newstead et al., 2008).
These include a cluster of three arginines that interact with the car-
boxylate of C1, an acid/base catabolic Asp and a hydrophobic pock-
et to accommodate the N-acetyl group. Three water molecules are
involved to bridge the side chains and ligands. Despite many over-
all similarities in structure, each bacterial sialidase displays a pref-
erence for a different linkage, in a manner that is not clearly related
to the bacterial species.

The range and diversity of bacterial sialidase specificities was
initially studied and characterized by Schauer in the early 1980s
(Corfield et al., 1981; Corfield et al., 1983). For instance, Bacteroides
fragilis STB3182 prefers the o2-8 to the 02-3/6 linkage, but B. fra-
gilis 4852 appears quite flexible in its preference. It is even possible
for the same bacteria to have different specificities: the NanA of S.
pneumonia can cleave o2-3, a2-6 or o2-8 linkages, but the extra-
cellular NanB prefers a substrate with the o2-3 linkage. The broad
range of specificities has been attributed to a number of mecha-
nisms, including the configuration of the active site and the role

of water molecules as nucleophiles. The crystal structure of NanB
has been used to demonstrate o2-3 cleavage specificity, proposing
that an additional rim of residues above the arginine triad may
only allow an a2-3 configuration to bind (Gut et al., 2008).

4. Bacterial sialidases as antiviral agents

Because Sia are the primary recognition sites for many viral
respiratory pathogens, it would seem appropriate that a bacterial
sialidase could be used as an inhibitory agent to cleave Sia from
the surface receptor, and thus block binding. Achieving this would
require a number of properties. The first is that an effective siali-
dase would need to have a broad catalytic activity, because with
agents such as influenza virus, binding is dependent on the linkage
between the Sia and galactose. The first evidence of this in influ-
enza was demonstrated by Rogers and Paulson, who desialylated
red blood cells, then re-sialylated them using specific sialyltransfe-
rases that were either o2-3 or o2-6 linked (Rogers and Paulson,
1983). Avian or equine viruses agglutinated the former, while hu-
man and swine viruses agglutinated the latter. From these studies
the paradigm emerged that avian viruses were primarily o2-3
binding and human and swine viruses were o2-6 binding (Wilks
et al,, 2012). As ducks and waterfowl contain mainly o2-3 termi-
nated Sia in their intestines, there would be little selection pres-
sure for avian viruses to acquire «2-6 binding, and cross-species
transmission would require a number of mutations.

In ferrets, for example, up to nine passages with a high inocu-
lum has been required for adaptation of an HON2 virus to the avian
configuration (Sorrell et al., 2009). Recent studies in the USA (Imai
et al., 2012) and the Netherlands (Herfst et al., 2012) have shown
that H5N1 undergoes natural purifying or negative selection,
rather than a diversifying positive selection, and that multiple
introduced mutations are required for avian viruses to develop
greater affinity for a2-6 receptors and to replicate in the ferret
upper respiratory tract, leading to transmission. Lectin binding
studies have shown that a2-6 and o2-3 N-linked sialic acids are
distributed throughout the upper and lower respiratory tract in
humans, with an increased distribution of «2-3 O-linked sialic
acids in the lower respiratory tract (Nicholls et al., 2007). If a sial-
idase was to be used to prevent influenza in humans, it would
therefore have to be one that cleaves both types of linkages present
in the upper and lower airways.

To be used as therapy for respiratory tract infections, a sialidase
also have to be effective as a topical or inhalational agent. It was
mentioned previously that one of the properties of Sia is to protect
“self” glycoproteins from being recognized as “foreign”. If a siali-
dase were administered systemically, this could lead to wide-
spread desialylation of glycoproteins and suppression of the
Siglec pathways. For instance, since erythrocytes are removed from
the circulation once they are desialylated, it has been proposed
that systemic sialidase treatment might result in widespread
erythrophagocytosis (Biondi et al., 2002; Bratosin et al., 1998). Fur-
thermore, as many viral respiratory pathogens infect both the
upper and lower respiratory tract, including the alveoli, the siali-
dase would need to be in an aerosolized or nebulized form, to allow
even distribution throughout the airway. Finally, a mechanism for
retention in the extracellular environment, avoiding rapid catabo-
lism, would be advantageous for effective pharmacokinetics.

5. DAS181 as an antiviral agent
5.1. Structural basis for the design of DAS181

Sialidases have been demonstrated to inhibit influenza virus
infection in a number of in vitro experiments. Even before Sia were
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proven to be the receptors for influenza viruses, it was observed
that when Sia was enzymatically removed from cell surfaces, the
cells were less susceptible to infection (Gottschalk et al., 1960).
Further work using bacterial sialidases and cell lines showed a
reduction in influenza virus infection (Bergelson et al., 1982; Grif-
fin et al., 1983). The sialidase of Micromonospora viridifaciens was
used in 1995 to destroy influenza receptors (Air and Laver, 1995)
but these findings were not translated into a practical approach
until 2006, when there were two reports of using sialidase to suc-
cessfully block respiratory virus infection.

The first approach used the sialidase from Vibrio cholera to treat
influenza and parainfluenza virus three infections (Thompson
et al., 2006), while the second used a bacterial sialidase that was
coupled to amphiregulin and tested for anti-influenza activity
(Malakhov et al., 2006). This second compound, called DAS181,
used the sialidase from A. viscosus. The coupling of sialidase to
amphiregulin allowed it to bind to the respiratory epithelium, thus
prolonging the duration of drug effect. A. viscosus is one of the first
bacteria to colonize the surface of teeth. It is abundantly present in
patients with gingivitis (Haffajee et al., 1997), and has been impli-
cated in the immunopathogenic role of periodontal disease
(Mahanonda et al., 1989). It has been proposed that continuous
swallowing of this bacterium leads to a low-grade immunological
response and the induction of oral bacterial tolerance (Sosroseno
et al., 2006).

The sialidase from A. viscosus was chosen for DAS181 three rea-
sons. Like many bacterial sialidases, it was effective at cleaving
many types of Sia; it had a high specific activity; and as it was a
normal commensal of the oral cavity, there would not be natural
antibodies against it, as a result of oral tolerance. The sialidase
from A. viscosus had been studied in 1989 by Teufel and colleagues
who found that it was not primarily secreted, but cell-bound (Teu-
fel et al., 1989). Though it had a higher hydrolysis rate against the
o2-6 linkage, it was also effective at cleaving o2-3 linkages, and
was also able to cleave the ganglioside GD1a, an uncommon prop-
erty among bacterial sialidases. Acetylation at C5,7 and 9 of Sia still
allowed cleavage, but 4-O-acetylation, GM1 and Neu5Gc GM3
were not attacked at all.

Amphiregulin is an 84-amino acid glycoprotein that was discov-
ered in 1988 (Shoyab et al., 1988), as reviewed in (Busser et al.,
2011). One of its features is an epidermal-growth factor (EGF)-like
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domain, which is homologous with other members of the EGF-like
growth factor family, meaning that it can bind to the EGF receptor
present on epithelial cells. Unlike many other members of the EGF
family, amphiregulin binding does not lead to EGFR degradation,
but to recycling of the receptor and continued accumulation at
the surface (Willmarth et al., 2009). At the other end of the protein
is a heparin- and glycosaminoglycan-binding domain, which is in-
volved in the inhibition or transformation of this glycoprotein
(hence the name amphi-regulin). In the case of DAS181, the siali-
dase was combined with the GAG-binding portion of human AR.
By binding to the negatively-charged glycosaminoglycans on the
surface of airway epithelial cells, the cationic C-terminal amphireg-
ulin tag anchors DAS181 on the respiratory epithelium, improving
its potency. This net effect of combining the sialidase with amphi-
regulin means that the sialidase will be targeted to epithelial cells
lining the respiratory tract, but without activating the EGFR
pathway.

5.2. Preclinical evaluation

DAS181 was tested in ferret and human airway epithelium
models and was shown to have activity against a wide range of
influenza A and B viruses (Malakhov et al., 2006). Compared to
other sialidases, DAS181 had higher activity and was stable over
a wide range of pH values that would be present in the respiratory
tract. After a single treatment, there was effective desialylation of
MDCK cells for 2 days and recovery to 80% after 4 days; however,
later treatment regimens adopted a daily dosing schedule. The
amphiregulin attachment increased the potency 5-30-fold (Malak-
hov et al., 2006). There was no appreciable cell toxicity in a number
of established cell lines, and no endogenous production of inter-
feron or TNFo was seen, indicating that the amphiregulin tag
was not detrimental to the host cells.

Inhalation toxicity was evaluated in Sprague-Dawley rats. Re-
peated daily exposures of inhaled DAS181 for 28 days at achieved
doses of up to 3.00 mg/kg/day were well tolerated, and clinical
signs were not affected by treatment with DAS181. Minimal but
significant decreases in red blood cells, haematocrit and hemoglo-
bin were identified, together with an increased reticulocyte count,
in keeping with a mild anemia; systemic absorption from the
respiratory tract was estimated at 2% (Larson et al., 2011). In this
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Fig. 2. Mechanism of action of DAS181, representing lectin-binding histochemistry of normal human bronchial mucosa before (A), and after 2 h of incubation with topical
DAS181 (10 mg/cm?). In the control panel (A), there is surface binding to ciliated cells and within goblet cells by the lectin Sambucus nigra agglutinin (SNA), which binds
Siao2-6 linkages. The red color indicates the presence of Siao2-6, which allows binding and infection by influenza viruses. In panel B the amphiregulin component of DAS181
(green polygon) binds to glycosaminoglycans present on epithelial cells, and the functional sialidase (orange circle) cleaves Sia from the surface, preventing infection by

influenza viruses.
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study there was also a 3-fold increase in alkaline phosphatase
(ALP) from the liver, which was attributed to diminished clearance,
owing to competition for the asialoglycoprotein receptor. The rise
in ALP was not associated with any evidence of hepatotoxicity. It
is thought that desialylation of the serum proteins may lead to sat-
uration of the asialoglycoprotein receptors (ASGR) in the liver and
spleen, and reduced clearance of certain glycoproteins, including
ALP.

Further studies were done on human airway epithelial cells
(Triana-Baltzer et al., 2010). In this study, a 90% desialylation effect
was seen after 15 min, and the presence of mucus did not interfere
with desialylation (Fig. 2). Similar changes were also seen in
freshly isolated human bronchial ex vivo cultures (Triana-Baltzer
et al, 2009). In the HAE model, re-sialylation was achieved by
10 days, whereas without the amphiregulin tag re-sialylation was
much faster. A 24 h postexposure regimen also produced a reduc-
tion in viral titre in HIN1 infection, thus demonstrating that
DAS181 could have a therapeutic was well as a prophylactic role.
This was also demonstrated in an animal model, in which treat-
ment at 48 h postinfection reduced mortality and viral load in mice
infected with A/PR8/34(H1N1) and A/Victoria/3/75(H3N2)(Hedl-
und et al.,, 2010). Additional studies were done on lung ex-vivo
infections, using H5N1 (Chan et al., 2009) and H1N1pdm viruses
(Triana-Baltzer et al., 2009), showing a similar reduction in viral
infection without toxicity.

DAS181 was formulated into dry-powder microparticles with a
diameter ranging from 3 to 6 pm using a proprietary Temperature-
controlled organic solvent assisted precipitation (TOSAP) technol-
ogy, and drug deposition was tested using a cast of the human air-
way. As expected, smaller particles (3 pm) were associated with
increased deposition in the deep lungs (43%) and higher systemic
exposure, compared to 8.6% for 10 um particles. Using the same
airway model, Relenza® had a 13.2% deposition in the distal bron-
chi and lungs (data on Company file). In the Phase 2A trial, the
6 um size was used, but current Phase 2B clinical studies are com-
paring 6 um and 10 pm particles.

5.3. Clinical studies

A single Phase II study of DAS181 has been completed, which
comprised 177 participants with PCR-confirmed influenza. The
inclusion criteria were: male and female participants age 18-70
who gave informed consent, were in generally good health, were feb-
rile with oral temperature >37.8°C or reported temperature
>37.8 °C, or had felt “feverish” in the past 24 h, and who had one or
more respiratory (cough, sore throat, nasal symptoms) or constitu-
tional symptoms (headache, myalgia, sweat/chills, prostration).
There were two treatment arms: one with a single dose of 10 mg,
and the second using 10 mg/day over 3 days. The mean age of the pa-
tients in the multiple-dose arm was 31.7 years, in the single-dose
arm 32.2 years and in the placebo arm 33 years, with a slight female
predominance in the treatment arms. Thirty-seven percent of the
participants had confirmed infection with influenza B, 33% with sea-
sonal H3N2 and 29% with HIN1pdm. No H274Y mutations were
identified that would confirm the oseltamivir-resistant phenotype
in the HIN1 subtype of influenza viruses.

The trial was conducted over many geographical areas, thus
allowing an evaluation of a broad range of commonly circulating
influenza viruses. The study demonstrated a significant reduction
in viral load over 5 days, for the 3 day dosing group, and a signifi-
cantly shorter time to sustained decrease in viral shedding in this
group, compared to the placebo group. The 3 day dose schedule
was more effective than the single-day dose regimen, but no
change in flu-like symptoms was seen between the control or
treatment groups. However, the study lacked statistical power
and was not designed to assess clinical differences among the

treatment groups. There was a low incidence of serious adverse
events, and only a mild increase in serum ALP, possibly a desialy-
lation-mediated effect (Moss et al., 2012). There did not appear
to be a reported increase in secondary bacterial pneumonia.

5.4. Potential unwanted effects of DAS181 therapy

There are a number of potential concerns with sialidase ther-
apy, including systemic dissemination of the drug, development
of antibodies and the role of secondary bacterial infection. It was
mentioned earlier that A. viscosus was chosen because it is a natu-
ral commensal of the oral cavity, and there have been no reported
changes of immunity with exposure to DAS181. A mild increase in
ALP was seen in the Phase II study, which may be due to systemic
desialylation, but no changes in hematological parameters were
identified (Moss et al., 2012).

It was mentioned previously that patients with influenza had
increased bacterial infection with Pneumococcus, and there were
concerns that the same may be found with DAS181 treatment
(Zhang, 2008). The interaction between influenza virus infection
and secondary pneumonia is a complex one that has been investi-
gated by McCullers and others (Grijalva and Griffin, 2012; Iverson
et al., 2011; Karlstrom et al., 2011). Since the 1918 HIN1 pan-
demic, there has been an association of increased bacterial infec-
tion following influenza infection. The recent 2009 H1N1
pandemic was associated with an increase in invasive pneumococ-
cal infection (Nelson et al., 2012), suggesting that pneumococcal
vaccination should be included as a vaccine strategy in future pan-
demics. Indeed, vaccination strategies using pneumococcal vacci-
nation reduced the incidence of influenza-associated pneumonia.
However, the link between influenza and pneumococcal infection
has been complicated by the finding that not all pneumococcal ser-
otypes are associated with secondary pneumonia, and that influ-
enza virus infection may select out and favor the growth of
particular serotypes (McCullers et al., 2010). It has been proposed
that the desialylation produced by the viral neuraminidase exposes
receptors that allow increased binding by pneumococci, followed
by invasion. As we pointed out previously, a clear distinction needs
to be made between desialylation in viral infection and that in-
duced by topical therapy (Nicholls et al., 2008).

It is therefore important to study whether sialidase therapy will
lead to an increased risk of secondary pneumonia. Studies by Hedl-
und and colleagues using DAS181 showed that, in contrast to
expectations, desialylation appeared to protect mice against sec-
ondary bacterial colonization (Hedlund et al.,, 2010). Also, in a
study previously cited, there was no evidence of increased adher-
ence of pneumococci to desialylated tracheal epithelial specimens
(Nicholls et al., 2008). The contrast between changes induced by
influenza virus infection and by topical desialylation can be ex-
plained by the different pathologies: influenza virus infection of
an epithelial surface causes necrosis and desialylation, while the
changes induced by bacterial sialidase consist only of desialylation.
In a virus infection, there is acute epithelial denudation and expo-
sure of the basement membrane, allowing adherence of S. pneumo-
niae. With sialidase treatment alone, because there is no cell
cytotoxicity or epithelial loss, there is no increased adherence of
pneumococi. As detailed earlier, the Phase II clinical study did
not document any increase in pneumococcal infection.

6. Bacterial sialidases and parainfluenza
6.1. Parainfluenza virus interaction with sialic acids

Even though influenza viruses are one of the leading pathogens
causing acute respiratory illness, infections with parainfluenza
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virus 1, 2 and 3 make up a significant proportion of the causative
agents isolated during these illnesses, especially in the pediatric
population (Weigl et al., 2007). Although parainfluenza viruses
typically cause bronchitis and bronchiolitis, they are increasingly
recognized as agents of lower respiratory tract disease, where they
have a similar clinical presentation to infections by other respira-
tory viruses. Parainfluenza viruses are of increasing concern in
pediatric and immunocompromised populations, in which they
may cause severe pulmonary disease.

PIV1-3 resemble influenza viruses in using Sia as a receptor, but
binding differs among strains (Villar and Barroso, 2006). Use of a
sialylated microarray has recently demonstrated that hPIV1 has
the narrowest specificity, binding to Neu5Ac, but stronger binding
to Neu5Gc with a methylated derivative. In contrast, hPIV2 showed
a broader range of binding to Neu5Ac and Neu5Gc derivatives,
while hPIV3 showed a similar range of binding, but at a much low-
er magnitude than hPIV2. All three strains preferentially bound
glycans with an «2-3, rather than an «2-6 linkage (Song et al.,
2011).

6.2. Sialidase treatment of parainfluenza

The mechanism of binding and release of PIV differs from influ-
enza viruses, as they have a different replication pathway, and thus
may not be amenable to standard anti-influenza therapy. Thus,
although zanamivir inhibited PIV neuraminidase activity, it did
not prevent release of virus from the cell (Moscona, 2005; Porotto
et al., 2001). As the parainfluenza viruses use o2-3 and o2-6 bound
Sia for attachment, infection with these viruses could be amenable
to sialidase treatment. Even though most studies utilizing DAS181
have used influenza A as a target, it has also been used in patients
with parainfluenza. In an experimental setting, DAS181 treatment
of human parainfluenza virus-permissive cell lines and of infected
cotton rats led to effective desialylation and reduced infection
(Moscona et al., 2010). DAS181 has also been used on a compas-
sionate, emergency basis in immunocompromised patients in-
fected with parainfluenza virus, with a beneficial effect. The first
case was a 63 year old female stem cell transplant recipient who
developed nasal congestion and cough, followed by clinical and
radiological features of viral bronchiolitis and worsening respira-
tory function. She received three daily inhaled administrations of
DAS181 using a dry powder inhaler, and showed improvement in
clinical, radiological and pulmonary function parameters after
treatment. PIV3 infection was confirmed, and there was a reduc-
tion in viral load after treatment (Chen et al., 2011). In another re-
port, two immunocompromised lung or stem cell transplant
recipients who developed PIV3 infection were successfully treated
after developing lower respiratory tract disease. In these cases,
there was a 5 day treatment with improvement in clinical symp-
toms and respiratory function, though changes in quantitative viral
load did not match the clinical findings (Guzman-Suarez et al.,
2012). However, a more recent case of DAS181 treatment of PIV3
pneumonia in a lung transplant patient was associated with both
clinical improvement and reduction in viral load (Drozd et al.,
2012).

7. Conclusion

A novel bacterial sialidase, DAS181, has been developed over
the past six years from in vitro testing to Phase II studies for influ-
enza virus infection. This agent shows promise in the repertoire of
antivirals for influenza, and it should also show potential benefit
against other respiratory viruses that use Sia as a receptor, such
as severe parainfluenza virus infection.
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