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ABSTRACT

Influenza virus causes three to five million severe respiratory infections per year in seasonal
epidemics, and sporadic pandemics, three of which occurred in the twentieth century and are a
continuing global threat. Currently licensed antivirals exclusively target the viral neuraminidase or
M2 ion channel, and emerging drug resistance necessitates the development of novel therapeu-
tics. It is believed that a host-targeted strategy may combat the development of antiviral drug
resistance. To this end, a class of molecules known as iminosugars, hydroxylated carbohydrate
mimics with the endocyclic oxygen atom replaced by a nitrogen atom, are being investigated for
their broad-spectrum antiviral potential. The influenza virus glycoproteins, hemagglutinin and
neuraminidase, are susceptible to inhibition of endoplasmic reticulum o-glucosidases by certain
iminosugars, leading to reduced virion production or infectivity, demonstrated by in vitro and
in vivo studies. In some experiments, viral strain-specific effects are observed. Iminosugars
may also inhibit other host and virus targets with antiviral consequences. While investigations of
anti-influenza iminosugar activities have been conducted since the 1980s, recent successes of
nojirimycin derivatives have re-invigorated investigation of the therapeutic potential of iminosu-
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gars as orally available, low cytotoxicity, effective anti-influenza drugs.

Introduction

Influenza viruses (INFVs) are negative-sense RNA viruses
of the Orthomyxoviridae family that can be classified as
INFV A, B, or C on the basis of nucleoprotein (NP) anti-
genic specificity (WHO, 1980). INFV A is further classified
by hemagglutinin (HA) and neuraminidase (NA) subtype.
18 HA and 11 NA antigenic types are currently described,
although only HIN1 and H3N2 INFV As are currently in
general circulation in the human population (Centers for
Disease Control and Prevention, 2013; Zhang et al,,
2015). INFV strain nomenclature follows the conventions
of the World Health Organization throughout (WHO,
1980). Birds constitute the major animal reservoir for
INFV, as all known INFV A subtypes infect birds except
for HI7N10 and H18N11, which are solely found in bats
(Centers for Disease Control and Prevention, 2013). In
contrast, INFV B subtypes are classified based on the der-
ivation from Victoria or Yamagata strains (Rota et al.,
1990). INFV A and B cause the majority of human infec-
tions during annual epidemics, while INFV A can also
cause pandemics. Pandemic viruses originate through

antigenic shift, which can occur during co-infection of
intermediate hosts, such as pigs, with viruses generated
in susceptible species, allowing reassortment between
the eight single-stranded RNA segments of each virion
(discussed in Kawaoka & Neumann, 2012). INFV C infec-
tions are typically asymptomatic (Kawaoka & Neumann,
2012) and will not be considered here. INFV infection of
respiratory epithelial cells results in transient tracheo-
bronchitis, whilst alveolar viral replication may lead to
severe pneumonia and respiratory distress syndrome.
Occasionally, complications such as myopathy, myocar-
ditis, and encephalopathy may arise (Kuiken &
Taubenberger, 2008). The annual global incidence of
infection is estimated at 5-10% in adults and 20-30% in
children (WHO, 2014). Hospitalization and deaths are
most likely in the very young, the elderly, and patients
with comorbidities, with the total burden of epidemic
disease estimated at three to five million severe cases
and 250,000-500,000 deaths per year (WHO 2014). This
broad profile of infection, morbidity, and mortality exists
despite  prophylactic  vaccination and  current
therapeutics.
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Influenza A and B viruses share a similar structure,
both possessing the major surface glycoproteins hem-
agglutinin (HA) and neuraminidase (NA) which are
instrumental in the viral replication cycle. HA initiates
cellular infection through binding sialic acid (N-acetyl-
neuraminic acid) residues on host cell glycoproteins
and glycolipids. Following receptor binding, the virion
is endocytosed. Endosomal acidification triggers expos-
ure of the HA fusion peptide and membrane fusion,
alongside disruption of protein—protein interactions,
releasing ribonucleoprotein (RNP) complexes to the
cytosol. Nuclear import of RNPs is followed by viral RNA
polymerase-mediated production of mature vRNA and
mRNA. HA and NA are translated using host machinery
in the endoplasmic reticulum (ER) and modified in the
Golgi apparatus, before being directed to the cell mem-
brane for virion packaging and budding. HA tethers the
virion at the cell surface until NA sialidase activity
cleaves terminal sialic acid residues from cell-surface
molecules, mediating virion release. NA sialidase activity
also opposes virion aggregation and may enhance
infectivity by cleaving mucins, improving access to
respiratory epithelia (reviewed in Bouvier & Palese,
2008). Thus HA and NA play a central role in INFV
infection.

Influenza infections are targeted using vaccination
and antiviral drugs. Vaccine formulations must be
updated annually before the flu season due to changes
in circulating INFVs. HA is often the most immunogenic
vaccine component but is also the most antigenically
variable due to the diversity present in the animal reser-
voir (Ellebedy & Webby, 2009). Incorrect predictions can
adversely affect vaccine efficacy, as seen in the
Northern hemisphere 2014/2015 winter where vaccine
efficacy was lower and the burden of disease higher
than expected, with mismatched H3N2 viruses predomi-
nating (Centers for Disease Control and Prevention,
2015). A universal INFV vaccine remains elusive,
although multiple approaches are being taken towards
achieving cross-protective immune responses (Zhang
et al,, 2015). Even with an effective broadly protective
INFV vaccine, a complementary repertoire of therapeu-
tics would be required and particularly important for
treating individuals with poor responses to vaccination.

Therapeutics currently in use and under develop-
ment for influenza infection interfere with multiple
stages of the viral life cycle, predominantly directly tar-
geting the virus (Figure 1) and some targeting the host
(Figure 2). Given the segmented RNA genome of INFV,
and its reliance on the viral RNA-dependent RNA-poly-
merase which facilitates genomic mutation (Aggarwal
et al, 2010), the development of resistance against any
direct-acting antiviral will remain a constant challenge.

Iminosugars, discussed in this review, target the host
glycosylation machinery to give rise to antiviral effects.
Their indirect mechanism of action both allows broad-
spectrum antiviral activity and provides protection
against the development of antiviral drug resistance in
circulating viruses. This parallels the aims of vaccine
development, inducing broad and robust protection
against INFVs. The reliance of INFV on the host glycosy-
lation machinery will be discussed before iminosugars
are introduced.

Cellular glycosylation pathways: the role of ER
a-glucosidases | and Il

Glycosylation is a fundamental cellular process: most
ER-derived proteins are glycosylated (Chang et al.,
2013a). The most common form, N-linked glycosylation,
is initiated by the addition of the oligosaccharide
GlcsMangGIcNACG, (Glc, glucose; Man, mannose; GIcNAc,
N-acetylglucosamine) to an asparagine residue of the
nascent polypeptide in the ER lumen (Kornfeld &
Kornfeld, 1985). The asparagine is usually found in the
sequon asparagine-X-serine/threonine, where X repre-
sents any amino acid except proline (Kasturi et al.,
1997). Sequons differ in glycosylation efficiency, with
those containing threonine being efficiently glycosy-
lated, and serine, inefficiently so (Kasturi et al., 1997).
Sequential processing of the oligosaccharide by a-glu-
cosidases | and Il (Figure 3) determines polypeptide
interaction with ER chaperones required for correct pro-
tein folding. a-Glucosidase | cleaves the a-1,2-glycosidic
bond to remove the outermost glucose residue, fol-
lowed by a-glucosidase ll-mediated removal of the two
inner a-1,3-linked glucoses (Kornfeld & Kornfeld, 1985).
The chaperones calnexin (CNX) (Hammond et al., 1994)
and calreticulin (CRT) (Hebert et al., 1995) associate with
monoglucosylated glycans, promoting correct disulfide
bond formation through interaction with ERp57
(Molinari & Helenius, 1999). Certain iminosugars inhibit
ER oa-glucosidases, preventing glucose trimming and
interaction with CNX/CRT, thus representing a thera-
peutic target in infections with viruses that require
interaction with CNX/CRT for the folding of functional
glycoproteins (Norton et al., 2007). If folding is incom-
plete, UDP-Glc:glycoprotein glucosyltransferase (UGGT)
reglucosylates the glycoprotein, enabling cyclical inter-
action with chaperones until the native conformation is
achieved (D’Alessio et al.,, 2010; Hammond et al., 1994).
Alternatively, persistently misfolded proteins enter the
ER-associated degradation (ERAD) pathway for protea-
somal degradation (reviewed in Benyair et al., 2015).
However, the detection of tri-glucosylated viral glyco-
proteins, produced in vitro and in vivo in the presence
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Targeting virion entry

DAS181

*Fusion protein of Actinomyces viscosus sialidase catalytic domain and amphiregulin
heparin-binding domain

sSialidase cleaves a(2,6)- and a(2,3)-linked sialic acid receptors on airway cell surfaces,
reducing human/avian INFV entry

#Significantly reduced viral load in a Phase Il clinical trial for pandemic 2009 H1N1and
seasonal H3N2 INFV As and INFV B and ongoing Phase 1B trial

 Discovery of DAS181 antibodies and respiratory adverse effects in recent Phase | trial using
a formulation with larger particle size and 10-day treatment regime may limit treatment
duration and use in recurrent infection

Targeting the immune response

Multiple/unidentified targets

Macrolides

sAnti-inflammatory

# Inhibits viral replication through inhibiting cellular targets

+ Reduces expression of a(2,6)-linked sialic acid receptors on mucosal

Interferon-a

*Early inducer of antiviral genes

*Reduced symptom severity and incidence, in some subpopulations, of acute respiratory
illnesses including influenza

*Recent Phase Il clinical trial

Celecoxib

*Cyclooxygenase Il inhibitor

*0Ongoing Phase Il clinical trial in combination with oseltamivir for severe influenza

PolylCLC

*Synthetic double-stranded RNA ligand of Toll-like receptor (TLR) 3

*Protected mice from H1IN1, H3N2 and HSN1 INFV As

*Recent Phase | clinical trial

Ergoferon

*Combination of release-active antibodies to interferon-y, CD4 and histamine

*Recent Phase IV clinical trial found comparable clinical efficacy to oseltamivir, reducing
influenza symptom severity

Danirixin

*Chemokine (C-X-C motif) receptor 2 (CXCR2) antagonist designed to reduce neutrophil
extravasation and activation

*Recently completed Phase Il clinical trial alone and in combination with oseltamivir

surface of human trachae

= Recently completed Phase IV clinical trial for influenza lower respiratory

tract infection

Atorvastatin

+ Inhibits Rho-GTPase pathways involved in virus infectivity

= Reduces INFV replication and pro-inflammatory cytokine production in
vitro and in some mouse models

* Ongoing Phase Il clinical trial

Midodrine

» Prodrug used for orthostatic hypotension

+ Identified as potential influenza antiviral by in silico screening

» Inhibits HIN1, H3N2 and H5N1INFV A replication in vitro

+ Completed Phase Il clinical trial

Figure 2. Host-targeted therapeutics in clinical trials for influenza virus infection. In addition to therapeutics directly targeting the
INFV virion, there are many host-targeting drugs in development to combat influenza infection. Therapeutics summarized below
are currently or have recently been under investigation in clinical trials registered with Clinicaltrials.gov. DAS181 is a prospective
therapeutic targeting virion entry (Ansun Biopharma Inc., 2012; Malakhov et al., 2006; Zenilman et al., 2015; reviewed in Nicholls
et al, 2013). Therapeutics targeting the immune response to antiviral effect include interferon-o. (Amarillo Biosciences Inc, 2010;
Bennett et al., 2013; Solov'ev, 1969), celecoxib (University of Hong Kong, 2014; Zheng et al., 2008; reviewed in Hui & Lee 2013),
polylCLC (Wong et al., 1995; reviewed in Wong et al.,, 2009), ergoferon (Aver'ianov et al., 2012; Verevshchikov et al.,, 2011), and
danirixin (GlaxoSmithKline, 2015). Therapeutics with multiple or unidentified targets include macrolides (Chinese University of
Hong Kong, 2013; Cronk & Naumann, 1954; reviewed in Min & Jang, 2012), atorvastatin (Beth Israel Deaconess Medical Center,
2013; Haidari et al., 2007; reviewed in Mehrbod et al., 2014), and midodrine (Hospices Civils de Lyon, 2012; Josset et al., 2010).

of iminosugars, demonstrates a pathway whereby mis-
or partially folded glycoproteins can be produced, due
to lack of interaction with CNX/CRT (Block et al., 1998;
Hussain et al., 2015). In addition, certain iminosugars
can enhance secretion of high-mannose glycoproteins
(Marcus & Perlmutter, 2000), indicating that ER quality
control may be bypassed, such as by Golgi-resident
endo-a-D-mannosidase, which cleaves the bond
between glucose residues and the polymannose chain
of the oligosaccharide (Moore & Spiro, 1990). However,
the utilization of this pathway is cell-type specific, and
is completely absent in the processing of INFV A/Puerto
Rico/8/34 (PR8, HIN1) HA in Chinese hamster ovary
(CHO) and Madin-Darby canine kidney (MDCK) cells
(Karaivanova et al., 1998). Differential utilization of this
pathway complicates the results of iminosugar-
mediated ER a-glucosidase inhibition and indicates the
importance of using physiologically relevant cell types.

The importance of N-linked glycosylation for
HA and NA

HA

HA determines initial receptor binding and endosomal
fusion, thus underlies virion infectivity. The HA precur-
sor, HAO, trimerizes in the ER, and is later enzymati-
cally cleaved to form functional HA1 and HA2,
exposing the HA2 fusion peptide (reviewed in Skehel
& Wiley, 2000). Membrane-distal residues of HA1
(Tyr98, Trp153, His183, and Tyr195) and secondary
structural elements (130-loop, 220-loop, and 190-
a-helix) contribute to the receptor binding site
(Gamblin & Skehel, 2010). Different HA subtypes vary
considerably in both the number and location of N-
linked glycosylation sites. An amino acid sequence
analysis in 1991 found four glycosylation sites in H4,
seven in H9, H11 and H13, eight in H6, nine in H12,
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Figure 3. N-linked oligosaccharide processing in the endoplasmic reticulum. Glycan structure nomenclature follows the recom-
mendations of the Consortium for Functional Genomics (Consortium for Functional Genomics, 2012).

(5) Binding efficiencies
of CNX and CRT are
/ transiently equal
E HAL,g5
(6) CNX binding ey
efficiency exceeds that (4) Chaperone binding
of CRT efficiencies increase as
| HA1g, further glycosylation
HAL,gs " occurs
(3) CRT binding
commences after 3
glycans are present, (7) CRT dissociates following
preferentially to hinge\ HAL,, head domain folding; CNX
and head glycans binding to N-terminal glycans
N / persists, delaying folding until C-
/v‘ - terminal translation is complete
X HA2
(- 154
(2) CNX associates with HAL,, o -
N-terminal glycans
>, (1) First glycosylation site to be
N HA1, translated and glycosylated

Figure 4. The role of N-linked glycosylation in the folding of INFV HA. The figure shows HA of the INFV A/Aichi/68-derived X31
strain (H3N2) with data derived from PDB ID: THGF (Sauter et al., 1992b). The polypeptide chain is colored in an N- to C-terminal
blue-to-red gradient. The asparagine residues of the seven N-linked glycosylation sites are highlighted in magenta spheres and

numbered according to position within mature HAT or HA2. Labels indicate how the binding of CNX and CRT varies during
cotranslational glycosylation.

and 10 in H8 subtype HA (Nobusawa et al., 1991).
However, this represents a snapshot view of the gly-
cosylation status of INFV HA molecules, since the
number of glycosylation sites varies both within sub-
types and over time, as exemplified by H1 (Sun et al.,

2011), H3 (Skehel & Wiley, 2000), H5 (Chen et al.,
2012), and H7 (Lebarbenchon & Stallknecht, 2011)
INFVs. Despite the extensive variation in glycosylation,
iminosugars retain their potential as antivirals for INFV
as even a single N-linked glycan can be sufficient to
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render a glycoprotein susceptible to iminosugar activ-
ity (Block et al., 1994).

The receptor linkage specificity of HA determines the
host range of the virus. a(2,6)-linked sialic acid is abun-
dant in the human respiratory tract and this is reflected
in the binding preference of human INFV HA, while
a(2,3)-linkages are more common in the avian intestine
and are preferentially bound by avian INFV HA (Baum &
Paulson, 1990; Rogers & D'Souza, 1989). In contrast, the
porcine respiratory tract contains both linkages,
reflected in the promiscuous receptor binding of por-
cine INFVs (lto et al.,, 1998). Despite the glycosylation of
sialic acid-linked receptors for INFV, iminosugars are not
expected or intended to affect their sialic acid linkages,
and thus not impact INFV tropism. Glycosylation is
implicated in the determination of host range since HA
is divergently glycosylated in INFVs from different spe-
cies. An analysis of H1 INFVs from ducks, swine and
humans (Inkster et al., 1993) found that human viruses
contained at least four additional glycosylation sites,
some located at the HA head (compared with four and
five membrane-proximal sites, respectively).
Furthermore, mutations affecting N-glycosylation sites
influence the receptor binding specificity and affinity of
HA. Comparison of the parental INFV isolate A/USSR/90/
77 (H1N1), with HA Asni131, to the MDCK-adapted
strain, with HA Asp131 (non-glycosylated), showed that
glycosylation at residue 131 interfered with binding to
soluble «(2,6)-linked sialic acid-containing receptors,
but not to those with an o(2,3)-linkage (Gambaryan
et al., 1998). Replication of the parent virus in mice led
to loss of the HA glycosylation site at Asn131, or in the
presence of mouse serum, at Asn158 (Marinina et al.,
2003). The loss of either glycosylation site increased HA
affinity for a(2,6)-linked sialic acid, and reduced affinity
for the a(2,3)-linkage (Marinina et al., 2003). In contrast,
enhanced binding to «(2,3)-linked receptors was
observed for chicken egg-adapted H1 INFV A and INFV
B, with a loss of glycosylation sites at HA Asn163 and
Asn187, respectively (Gambaryan et al., 1999). As such,
it appears that different N-linked glycans differentially
promote binding to the two sialic acid linkages.
Consequently, perturbation of HA glycosylation profiles
can have significant consequences for receptor binding
and tissue tropism. To clarify, while the passage history
of an INFV is known to affect glycosylation, there is no
precedent for this changing CNX/CRT dependency and,
therefore, iminosugar susceptibility.

Glycosylation is important for HA folding, providing
binding sites for the lectin-like chaperones CNX and
CRT in the ER (Daniels et al., 2003). The nascent poly-
peptide chain is targeted to the ER by the N-terminal
signal sequence, which is cleaved as translation

commences, allowing cotranslational folding to occur.
Chaperone association with HA is dependent on the
translation of glycosylation sites and is dynamic
(Figure 4).

As translation proceeds, folding commences from
the most lumenal region of HAO and once the top
domain is folded, CRT dissociates, potentially due to
glycan inaccessibility to UGGT-mediated reglucosyla-
tion. CNX binding persists and delays N-terminal proc-
essing until the C-terminus is translated, allowing
assembly of the HA stem domain. Chaperone binding
recruits ERp57 and disulfide bond formation occurs
once HA Cys76 enters the ER lumen (Daniels et al.,
2003). Thus glycosylation of HA facilitates correct fold-
ing, which enables protein progression along the secre-
tory pathway. This is demonstrated by the requirement
for at least five of the seven glycosylation sites, in both
head and stem regions, of the HA from INFV A/Aichi/68-
derived X31 strain (H3N2) for transport of functional HA
to the plasma membrane (Gallagher et al, 1992).
Binding immunoglobulin protein (BiP), an HSP70-family
chaperone, also has a role in HA folding, binding the N-
terminal stalk region and helping to prevent the forma-
tion of non-native disulfide bonds (Segal et al., 1992).
However, the lack of co-immunoprecipitation of BiP
with normal X31HA folding intermediates has led to
the suggestion that it may not play a major role in nor-
mal HA maturation (Braakman et al., 1992), instead pre-
dominantly associating with and retaining misfolded
proteins in the ER prior to ERAD (Gallagher et al., 1992;
Hurtley et al., 1989).

Folding of HA is clearly glycosylation dependent, but
what impact does glycosylation have on INFV virulence?
The majority of glycosylation sites are located on the
membrane-distal globular head of HA (Vigerust &
Shepherd, 2007). Antibodies targeted to this antigeni-
cally important site would reduce virulence, but this is
prevented by immune evasion mechanisms, such as
those contributed by N-glycosylation. Non-immuno-
genic host-derived oligosaccharides used in glycosyla-
tion mask immunogenic viral epitopes, preventing their
recognition by the host immune system (Skehel &
Wiley, 2000), illustrated by the 1968-1979 invariance of
the A/Hong Kong/68 (H3N2) HA in the region masked
by the oligosaccharide attached at Asn165 (Wiley &
Skehel, 1987). Second, antigenic drift creates new glyco-
sylation sites, generating resistance to antibody binding
(Skehel & Wiley, 2000). This is demonstrated by the
reversion of 1969 and 1975 INFV A/Hong Kong isolates,
which are glycosylated at Asn63, to recognition by an
A/Hong Kong/68-targeted antibody when produced in
the presence of a glycosylation inhibitor (Skehel et al.,
1984). These mechanisms provide a rationale for the
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Figure 5. Summary of the roles of glycosylation in HA and NA function.

increase in HA glycosylation over time, which is seen in
the H3N2 Hong Kong INFVs, where the number of gly-
cosylation sites has increased from 6 to 10, with three
and seven of these in the antigenically important head
region (Skehel & Wiley, 2000; Verhoeyen et al., 1980). It
must also be considered that the potential tri-glucosy-
lated HA and NA produced following iminosugar treat-
ment (Block et al., 1998; Hussain et al., 2015) may
interact differently with soluble and cell-associated lec-
tins important in INFV interaction with the host (Tate
et al,, 2014). Such mechanisms indicate that the glyco-
sylation status of HA is an important determinant of
INFV virulence. Thus N-linked glycosylation is important
for HA production, viral tissue tropism, and virulence.

NA

As described for HA, glycosylation of NA is of multifac-
torial importance. NA is a tetrameric-stalked molecule
with a membrane-distal sialidase active site which binds
sialic acid in a different conformation to HA (Gamblin &
Skehel, 2010). NA sialidase activity enables virion release
from cells and prevents virion aggregation (Seto &
Chang, 1969). NA does not affect receptor binding spe-
cificity (Rogers & Paulson, 1983), but the cleavage
sequence specificity of NA and binding preferences of
HA are interlinked (Wagner et al, 2002). Sialidase
sequence specificity and activity, at least in N2 subtype
NA, have changed over time to reflect adaptation to the
human host and the HA binding preference for (2,6)-
linked sialic acid (Baum & Paulson, 1991; Matrosovich
et al,, 2000). Interestingly, increased HA glycosylation
may reduce receptor-binding activity, resulting in ineffi-
cient replication if NA receptor-destroying activity
remains high (Tsuchiya et al., 2002). Therefore, while NA
does not directly affect host and tissue tropism through

receptor binding specificity, matching HA and NA sialic
acid-linkage  specificities are crucial for optimal
virulence.

NA subtypes vary in numbers of glycosylation sites,
in a manner similar to HA. NA subtypes possess two to
four highly conserved glycosylation sites in the stem
domain (Asn42, Asn52, Asn63, and Asn66), two con-
served and additional middle-low conserved sites in the
globular region (Asn87, Asn147, and Asn202, both by
N2 numbering), and further sites at the junction of
these domains (Chen et al., 2012; Wang et al., 2008). NA
glycosylation is a determinant of correct folding. NA
derived from the 1918 pandemic INFV is additionally
glycosylated on the stalk domain in the tetrameric form,
compared with inactive monomeric or dimeric NA, ena-
bling the formation of the higher-order structure. This
additional glycosylation also endows resistance to tryp-
sin digestion, which has been hypothesized to increase
virulence through contributing to the diverse tissue dis-
tribution of this pandemic virus (Wu et al., 2009).
Conversely, glycosylation may also reduce virulence.
The introduction of Asn130 into the NA of INFV A/WSN/
33 (H1N1) reduced NA enzymatic activity 20-fold and
attenuated neurovirulence in mice (Li et al., 1993). This
glycosylation site (Asn146 by N2 numbering) is con-
served across all NA subtypes (Chen et al.,, 2012), so
might represent a virulence determinant of wider sig-
nificance. Glycosylation of NA is also important for its
maturation. Globular head rather than stem domain gly-
cans are essential for maturation of NA from INFV A/
tern/Australia/G70C/75 (H1N9) (Wang et al., 2008) and
INFV  A/duck/Ukraine/1/63 (H3N8) (Saito & Kawano,
1997). Glycosylation can affect NA substrate preference,
with mutation of NA Asn130 of INFV A/duck/Ukraine/63
(H3N8) reducing binding to small but not large sub-
strates (Saito & Kawano, 1997). Glycosylation of NA also
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functions in viral immune evasion as discussed for HA,
with multiple glycosylation sites in the N1 and N2
globular domains implicated (Chen et al,, 2012). Thus
glycosylation impacts NA folding, maturation, and
virulence.

Dependency on N-glycosylation differs between HA
and NA: MDCK cells infected with the reassortant virus
NWS-duck/Ukraine/1/63 (H1N8) and treated with the
glycosylation inhibitor tunicamycin showed an 80% and
97% reduction in HA and NA transport to the cell sur-
face, respectively (Saito & Yamaguchi, 2000). Therefore,
N-linked glycosylation is important for both HA and NA
function, to different extents (Figure 5).

The importance of glycosylation for structure and
function of HA and NA indicates that inhibition of ER
a-glucosidases might be an effective therapeutic strat-
egy against INFV. Since both endogenous and viral gly-
coproteins utilize the ER folding apparatus, one might
anticipate detrimental effects on host cell protein
homeostasis. However, glycoprotein folding is not elimi-
nated by glucosidase inhibitors with antiviral efficacy
(Braakman & van Anken, 2000), indicating redundancy
in the folding apparatus. Since binding mechanisms to
CNX/CRT are the same for host and viral glycoproteins,
this suggests that there could be an intrinsic difference
in folding requirements. The oligomeric structures of
HA and NA necessitate correct folding of multiple inter-
faces for functional glycoprotein production. Such strin-
gency may confer an amplification effect of
susceptibility to iminosugar-mediated glycoprotein mis-
folding. Furthermore, glycoproteins including INFV HA
fold in domains formed from non-continuous regions of
the polypeptide chain, requiring a delay in N-terminal
folding until the C-terminus has been translated
(Braakman & van Anken, 2000), potentially conferring
greater reliance on ER chaperones than proteins folding
in an N-to-C-terminal fashion. Thus, viral glycoproteins
may be more dependent on ER folding machinery than
those of the host.

Iminosugars: potential broad-spectrum
antivirals

Iminosugars are a structurally diverse class of molecules
defined as hydroxylated carbohydrate mimics where the
endocyclic oxygen atom is replaced by a nitrogen atom
(Nash et al,, 2011). Modifications, such as alkyl chain
addition, affect biological properties such as uptake by
cells and organelles thereby impacting antiviral efficacy
and cytotoxicity (Norton et al., 2007; Sayce et al., 2016).
Structural mimicry of terminal sugar moieties in natural
substrates underlies iminosugar biological activity.
Namely, glucose mimics competitively inhibit ER

a-glucosidases causing misfolding of viral glycoproteins
that may lead to retention or degradation of these prod-
ucts (Asano, 2007). Iminosugars have additional targets:
N-alkylated deoxynojirimycin (DNJ) and deoxygalacto-
nojirimycin (DGJ) derivatives inhibit ceramide-specific
glucosyltransferase, preventing glycosphingolipid accu-
mulation in lysosomal storage disorders (Dwek et al.,
2002). There are other off-target effects of iminosugars,
such as inhibition of glucosidases in the gastrointestinal
tract, which must be considered for clinical application
(Andersson et al.,, 2000). Despite such activity, iminosu-
gars are already well tolerated in the clinic, with type |
Gaucher and Niemann-Pick type C diseases treated with
N-butyl-deoxynojirimycin (NB-DNJ, Miglustat), and non-
insulin-dependent diabetes with N-hydroxyethyldeoxy-
nojirimycin (Miglitol) (Dwek et al., 2002).

Iminosugar antiviral activity has been demonstrated
for a range of viruses. 6-O-Butanoyl castanospermine
(BUCAST) reduced murine brain viral load of herpes sim-
plex virus type 1 (HSV-1) following cutaneous infection
(Bridges et al., 1995). In studies of bovine viral diarrhea
virus (BVDV), DNJ derivatives reduced virion production
and infectivity, impairing E1 and E2 glycoprotein folding
and heterodimerization (Durantel et al., 2001). DGJ and
DNJ derivatives with long alkyl chains additionally
increased E2 homodimerization and reduced virion
infectivity (Durantel et al., 2001). In HCV-like particles,
DNJ derivatives impaired glycoprotein processing and
folding (Chapel et al.,, 2006). DNJ derivatives provided
some protection in lethal murine infection models with
Ebola and Marburg filoviruses (Chang et al., 2013b).
Iminosugar activity against flaviviruses has been dem-
onstrated: N-nonyl-deoxynojirimycin (NN-DNJ) reduced
secretion of the glycoproteins E and NS1 and virion pro-
duction in dengue virus (DENV) and Japanese encephal-
itis virus (JEV), and reduced mortality rate in a JEV
mouse lethal challenge model (Wu et al, 2002).
Multiple iminosugars have demonstrated antiviral effi-
cacy against DENV in vitro and in vivo (Chang et al.,
2011; Perry et al.,, 2013; Sayce et al., 2010; Warfield et al.,
2015), and celgosivir has recently completed Phase IB
clinical trial in DENV infection (Low et al., 2014; Sung
et al, 2016). It has been suggested that iminosugars
might impact ER-budding viruses, like DENV, and
plasma membrane-budding viruses, such as INFV, differ-
ently (Norton et al, 2007). However, NB-DNJ reduced
glycoprotein maturation, secretion, and function of the
human immunodeficiency virus (HIV) gp120 (Fischer
et al, 1996), which, like INFV, buds from the plasma
membrane. Thus, it is the dependence of viral glycopro-
teins on CNX/CRT for virion morphogenesis, rather than
the cellular structure from which the virus buds, that is
hypothesized to underlie antiviral activity mediated by
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Table 1. Iminosugars targeting ER a-glucosidases have been tested in vitro against a range of INFV strains, resulting in effects on

viral glycoproteins and virion production.

Iminosugar;

concentration INFV strain

Cell line

|

Reference

Swainsonine

1 pg/ml A/fowl plague virus/
Rostock/34 (H7N1)

0.005-5 pg/ml A/NWS/33 (HIN1)

25, 100 ng/ml A/NWS/33 (HIN1)

Castanospermine (CAST)

10 pg/ml A/NWS/33 (H1N1)
10-500 pg/ml A/NWS/33 (HINT)
25, 100 pg/ml A/NWS/33 (HINT)
1mM A/HKx31 (H3N2)
200 pg/ml A/NWS/33 (HINT)
200 pg/ml A/HKx31 (H3N2)
200 pg/ml A/HKx31 (H3N2)
200 pg/ml A/HKx31 (H3N2)
1mM Reassortant virus
NWS-duck/Ukraine/
1/63 (H1N8)
12, 25, 50, 100, A/Hong Kong/11/88
200 uM (sic)

6-0-butanoyl-castanospermine (BuCAST)
0.2mM A/Puerto Rico/8/34
(HIN1)

6, 12, 25, 50, 100 M A/Hong Kong/11/88

2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine (DMDP)
5, 50, 250 pg/ml A/NWS/33 (HIN1)

1-deoxynojirimycin (DNJ)*

2mM A/chick/Germany/49
(H10N7)

10mM A/fowl plague virus/
Rostock/34 (H7N1)

TmM A/HKx31 (H3N2)

1mM Reassortant virus

NWS-duck/Ukraine/
1/63 (H1IN8)

N-methyl-1-deoxynojirimycin (NM-DNJ)
0.5 TmM A/fowl plague virus/
Rostock/34 (H7N1)

Primary calf kidney

MDCK

MDCK

MDCK
MDCK

MDCK

CHO 15B

MDCK
Cl42
B3F7 AP2-1

Madl A214

MDCK

MDCK

MDCK

MDCK

MDCK

MDCK

MDCK

CHO 15B

MDCK

CEC

Complex glycan formation (10% of control)
and high-mannose oligosaccharide
processing

duced; no effect on sulfation

Complex glycan formation

Glucose trimming and sulfation

Glucose trimming and sulfation
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NA activity 50% and HA titer >50% of
control

Not tested

HA processing by endomannosidase

Not tested

Glucose trimming

Surface HA expression unaffected

Not tested

Glucose trimming and CNX binding

NA activity >40% of control and HA titer
>40% of control

HA cleaved

Elbein et al. (1982)

Merkle et al. (1985)

Schwarz & Elbein
(1985)

Pan et al. (1983)
Merkle et al. (1985)

Schwarz & Elbein
(1985)

Hammond et al.
(1994)

Kaushal et al. (1988)

Ermonval et al. (2000)

Saito & Yamaguchi
(2000)

Tyms & Virogen Ltd
(2003)

Karaivanova et al.
(1998)

Tyms and Virogen Ltd
(2003)

Elbein et al. (1984b)

Burke et al. (1984)

Huang et al. (1991)

Hammond et al.
(1994)

Saito & Yamaguchi
(2000)

Romero et al. (1983)

(continued)
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Table 1. Continued

Iminosugar; i i ing_inhibiti
concentration INFV strain Cell line Reference
2mM H7 strains CEC Glucose trimming Bosch et al. (1984)
No effect on infectivity
N-butyl-deoxynojirimycin (NB-DNJ)
Titration A/Udorn/307/72 MDCK Not tested Hussain et al. (2015)
(H3N2)
Titration A/Brisbane/10/2007 MDCK Not tested
(H3N2)
Titration A/Lviv/N6/2009 MDCK Not tested
(HTINT1)
N-nonyl-deoxynojirimycin (NN-DNJ)
Titration for 1C5o and A/Udorn/307/72 MDCK HA secretion. NA sialidase activity (by Hussain et al. (2015)
ICoo determination, (H3N2) 35-45%). 26.4% triglucosylated HA
otherwise 62.5 uM glycans
Titration for ICsy and A/Brisbane/10/2007 MDCK HA secretion. NA sialidase activity (by
ICop determination, (H3N2) 30-40%). 21.8% triglucosylated HA
otherwise 62.5 uM glycans
Titration for ICso and A/Lviv/N6/2009 MDCK No effect on surface HA or NA. NA sialidase
ICgp determination, (HINT) activity (by 45-60%). 37.3% triglucosy-
otherwise 62.5 uM lated HA glycans
Titration Reassortant X-181 MDCK
(HTINT)
Titration Reassortant X-171b MDCK
(H3N2)
Titration Reassortant A/ MDCK

Brisbane/10/2007
(H3N1) with A/Lviv/
N6/2009 NA

N-8'-(2'"-tetrahydrofuranyl)-octyl-deoxynojirimycin (2THO-DNJ, UV-12)

Titration <250 pM

N-(9-methoxynonyl)-1-deoxynojirimycin (MON-DNJ, UV-4)

Titration

Titration

A/Texas/36/91 (HINT1)

A/Texas/36/91 (HINT1)

A/California/07/2009
(HIN1)

MDCK

MDCK

MDCK

= = = = = =
Q o o =] =] =]
~ ~ ~ ~ ~ ~
— - - — — —
[} m m (o] (o] [0
v w v ©w v v
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Warfield et al. (2015)

Warfield et al. (2016)

(continued)
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Iminosugar;

|

concentration INFV strain Cell line Reference
Titration A/Mississippi/3/2001 MDCK Not tested
(HINT)
ICso >125pM
Titration A/Mississippi/3/2001 MDCK Not tested
H275Y (HIN1)
ICso >125pM
Titration A/Hong Kong/68 MDCK Not tested
(H3N2)
ICs 601pM
Titration A/Perth/16/2009 MDCK Not tested
(H3N2)
ICs 63.9pM
Titration A/Victoria/361/2011 MDCK Not tested
(H3N2)
ICso375p)M
Titration A/Victoria/3/75 (H3N2) MDCK Not tested
ICso >849pM
Titration A/Philippines/2/82 MDCK Not tested
(H3N2)
ICso >250pM
Titration B/Lee/40 MDCK Not tested
ICs >1254M
Titration B/Brisbane/60/2008 MDCK Not tested
ICs >125pM
Titration B/Wisconsin/01/2010 MDCK Not tested
IG5 >125pM
Titration A/California/07/2009 dNHBE Not tested
(HINT)
ICo >320pM
Titration A/California/12/2012 dNHBE Not tested
(HINT)
ICo 320pM; 219pM
Titration A/Victoria/3/75 (H3N2) dNHBE Not tested
ICo 440 pM; 483pM
Titration A/Texas/50/2012 dNHBE Not tested
(H3N2)
ICo 82pM
Titration B/Brisbane/60/2008 dNHBE Not tested
ICg 2000
Titration B/Florida/4/2006 dNHBE Not tested
ICo 150pM
Titration B/Massachusetts/2/ dNHBE Not tested
2012
ICo 209 uM; 245pM
Titration B/Malaysia/2506/2004 dNHBE Not tested
IC >500pM
N-benzyl-1,5-dideoxy-1,5-imino-p-glucitol
10mM A/fowl plague virus/ MDCK Not tested Huang et al. (1991)
Rostock/34 (H7N1)
Hemagglutination (partial)
N,2-O-dibenzyl-1,5-dideoxy-1,5-imino-p-glucitol
10 mM A/fowl plague virus/ MDCK Not tested Huang et al. (1991)
Rostock/34 (H7N1)
Hemagglutination and CPE (complete)
Homonojirimycin (HNJ)
100, 200 pg/ml A/NWS/33 (H1NT1) MDCK HA high-mannose oligosaccharide processing Zeng et al. (1997)
Not tested
Titration A/Puerto Rico/8/34 MDCK Not tested Zhang, et al. (2013)
(HINT)
N-methyl-a-homonojirimycin (NM-HNJ)
25, 100 pg/ml A/NWS/33 (H1N1) MDCK 25 pug/ml: HA high-mannose oligosaccharide Zeng et al. (1997)

processing (5-fold)
100 pg/ml: HA high-mannose oligosac-
charide processing (complete)

B3F7AP2-1 and MadlA214: glycosylation-defective CHO cells; CEC: chicken-embryo cell; Cl42: parental CHO cell; CPE: cytopathic effect; dNHBE: differenti-
ated normal human bronchial epithelial; HA titer: haemagglutination titer; 1Csq or 1Cgo: drug concentration required to inhibit by 50% or 90%, respectively.
?DNJ cannot be considered a specific inhibitor of a-glucosidases since it also inhibits the formation of dolichol-linked oligosaccharides required for N-
linked glycosylation (Datema et al., 1984).
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Table 2. Antiviral activity of UV-4B in a virus yield reduction assay format varies with INFV strain in MDCK cells.

ICsp UV-4B (uM)?

1C5o oseltamivir (uM)?

Influenza strain - - - - - - - -

A/Texas/36/91 (HIN1) >125 - >125 0.63 132 - 0.975
>125 [ >125 399 191 . 295

A/Mississippi/3/2001 (H1N1) >125 - >125 0.173 0.069 - 0.121
>125 [ >125 >500 >500 L - >500

A/Hong Kong/68 (H3N2) . 6.04 - 6.01 0.673 0.423 - 0.548
605 672 [ 639 155 383 L 269

A/Victoria/361/2011 (H3N2) 2.45 5.05 - 3.75 1.93 2.06 - 1.995
>250 909 790 >849. 0151 0.137 0.131 0140

A/Philippines/2/82 (H3N2) >250 >250 >250 >250 7.27 31.3 6.22 14.9
>125 [ >125 164 172 L 168

B/Brisbane/60/2008 >125 >125 - >125 0.657 0.391 - 0.524
>125 >125 [ >125 320 098 || 209

Cells were seeded in 24-well plates and incubated with two-fold serial dilutions of UV-4B, starting at 125 uM for 1 h. Cells were infected with INFV for 1h
after which medium was added and cells were incubated for 4 d. Harvested supernatants were stored at —80°C and thawed for titer evaluation in MDCK
cells using a TCIDsq assay. Titers for each dilution were plotted against the UV-4B concentration and data points were fitted using a 4-PL algorithm.

°ICso data shown are the results for individual experiments (A-C), each as the average of 2-3 replicates. Results shown as greater than (>) are the highest

concentration tested. —: not determined.

ER o-glucosidase inhibition. Additionally, the host-
rather than virus-directed mechanism of action of imi-
nosugars is expected to provide protection against the
development of resistance. This has been observed in
NB-DNJ treatment of HIV-1 infection in vitro (Pollock
et al, 2008), and a high genetic barrier to escape
mutants was found in DENV treatment with N-(9-
methoxynonyl)-1-deoxynojirimycin - (MON-DNJ, UV-4)
(Plummer et al., 2015). Therefore, investigation of imino-
sugar-mediated antiviral activity against INFV is
warranted.

Iminosugars: effective therapeutics against
INFV?

INFV glycoproteins and iminosugars have been used as
tools to analyze cellular glycosylation pathways, with
clear evidence of iminosugars affecting INFV glycopro-
teins in isolation, as summarized in Appendix 1. In some
cases, effects on influenza virion production and infect-
ivity were observed, leading to consideration of imino-
sugar therapeutic application. The following sections
illustrate the effects of iminosugars targeting ER o-glu-
cosidases in INFV infection in vitro and in vivo. The
impact of iminosugars targeting other host enzymes on
INFV infection is detailed in Appendix 2.

Iminosugars have variable efficacy against INFV in
vitro

There are variable effects of iminosugars on viral glyco-
protein processing and virion release and infectivity
(Table 1). In some cases, there are differences in imino-
sugar antiviral efficacy between INFV strains, such as
with BuCAST (Karaivanova et al., 1998; Tyms & Virogen
Ltd, 2003), NB-DNJ (Hussain et al., 2015), NN-DNJ

(Hussain et al., 2015), and MON-DNJ (Table 2). However,
MON-DNJ demonstrated antiviral efficacy independently
of strain against HIN1T and H3N2 INFV As and INFV Bs
when primary human bronchial epithelial cells were
infected rather than MDCK cells (Warfield et al., 2016).
To pursue the determinant of strain-specificity, reassor-
tants derived from INFV A/Puerto Rico/8/34, X-181 (with
HA and NA sequences 99% identical to A/Lviv/N6/2009
(HIN1)) and X-171b (with HA and NA of A/Brisbane/10/
2007 (H3N2)) have been compared, demonstrating that
HA was likely to be the determinant of iminosugar sus-
ceptibility (Hussain et al., 2015). Furthermore, NA was
not deemed responsible due to a lack of strain-specifi-
city in reductions in NA sialidase activity, or plaque size
restoration with exogenous NA. In addition, comparison
of parental strains and a reassortant encoding NA from
INFV A/Lviv/N6/2009 (H1N1) and other RNA segments
from INFV A/Brisbane/10/2007 (H3N2) showed that
reduced virion infectivity with NN-DNJ treatment was
mediated by effects on HA rather than NA (Hussain
et al, 2015). Cell type-dependent differences are
observed in iminosugar effects, such as with CAST
(Ermonval et al., 2000) or MON-DNJ treatment (Warfield
et al., 2016 compared with Table 2), despite the same
INFV strains being used. Potential explanations for the
cell type- and INFV strain-specificity of iminosugar
effects are discussed in “Conclusions and perspectives”.

Iminosugars have antiviral efficacy in INFV mouse
models

Following in vitro studies, investigations in animal mod-
els have been conducted. Iminosugars have been tested
in BALB/c mice against a range of INFV strains (Table 3).
MON-DNJ was tested against lethal doses of INFVs
A/Texas/36/91 (H1N1) and A/Perth/261/2009 (H1N1;
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Table 3. Iminosugars have been tested in vivo against a range of INFV strains, with reduced pathology and increased survival in

murine lethal infection models achieved.

Iminosugar; INFV Model Study size Reference

6-0-butanoyl-castanospermine (BuCAST)

103-10* PFU A/Puerto Female BALB/c mice  n=>5/group 200 or 400 mg/kg/d orally BID from 2h p.i. for 72 h Tyms & Virogen Ltd
Rico/8/34 (HIN1), weighing 15-20g (2003)
intranasal

Homonojirimycin (HNJ)

5 IDso A/Puerto Rico/8/ Female BALB/c mice n=12/group 0.5, 1, and 2 mg/kg orally BID from 2 d pre-chal- Zhang et al. (2013)
34 (H1N1), intranasal weighing 18-22¢ lenge, for 6 d

n=6/group 1mg/kg orally BID from 2 d pre-challenge, for 6 d
n=18/group 1mg/kg orally BID beginning 2 d pre-challenge,
for 6 d

N-(9-methoxynonyl)-1-deoxynojirimycin (MON-DNJ, UV-4)

1 LDgy mouse-adapted 6-8 week old female  n=10/group 10 or 100 mg/kg orally from 1h pre-challenge, and Stavale et al. (2015)
A/Texas/36/91 BALB/c mice for 7 d p.i. BID or TID
e _

n=10/group 10, 20, 40, 60, 80, or 100 mg/kg orally TID from 1h
pre-challenge, for 10 d

n=10/group 100 mg/kg orally TID starting at —1, 24, 48, 72, 96,
or 120 h relative to challenge, for 7 or 10 d

n=>5/group 100 mg/kg orally TID from 1h pre-challenge,
for 10 d

n = 20/group, 100 mg/kg orally TID from 1h pre-challenge,

treated; n=10/
group, control

6-8 week old female
BALB/c mice

1 LDgy mouse-adapted
oseltamivir-resistant
A/Perth/261/2009
(H1N1), intranasal

n=10/group

n=20/group, con-
trol; n=10/
group, treated

6-8 week old female
BALB/c mice

50 ul 2010/2011
Fluvirin® INFV vac-
cine, intramuscular,
on days 0, 14, and

for 10 d

40, 60, 80, 100, 150, or 200 mg/kg orally TID from
1h pre-challenge, for 10 d

100 mg/kg orally TID for 10 d post-vaccination

(continued)
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Table 3. Continued

Iminosugar; INFV Model Study size Reference

28
1 LDgo mouse-adapted 6-8 week old female ~ n=10/group, 50, 75, 100, or 150 mg/kg orally TID from 1h pre- Warfield et al. (2016)
challenge, for 10 d

50, 75, 100, or 150 mg/kg orally TID from 1h pre-
challenge, for 7 d

A/California/04/2009
(H1N1), intranasal

1 LDgy mouse-adapted
A/New Caledonia/99
(H1N1), intranasal

1 LDgg A/Pennsylvania/
10/2010 (H3N2)
swine variant,
intranasal

1 LDy B/Sichuan/379/
99, intranasal

BALB/c mice

17 g female BALB/c
mice

17-20g female
BALB/c mice

18 g female BALB/c
mice

treated; n=15/
group, control

n=10/group,
treated; n=14/
group, control

n=10/group,
treated; n=14/
group, control

n=10/group,
treated; n=15/

50, 75, 100, or 150 mg/kg orally TID from 1h pre-

group, control

N-8'-(2""-tetrahydrofuranyl)-octyl-deoxynojirimycin (2THO-DNJ, UV-12)

1 LDgy mouse-adapted 6-8 week old female  n=10/group
A/Texas/36/91 BALB/c mice
(H1N1), intranasal
n=10/group
n=10/group

20, 40, 60, 80, or 100 mg/kg orally TID from 1h pre-
challenge, for 10 d

100 mg/kg orally TID starting at —1, 24, 48, or 72h

challenge, for 7 d

50, 75, 100, or 150 mg/kg orally TID from 1h pre-

challenge, for 10 d

Warfield et al. (2015)

relative to challenge, for 10 d

60 mg/kg orally TID starting at -1, 24, 48, or 72h

relative to challenge, for 10 d

BID: bis in die (twice daily); HAI: hemagglutination inhibition; IDso: dose that is infectious in 50% cases; LDgo: lethal dose in 90% cases; MED: minimum
effective dose that is 100% protective; MSD: mean survival days; PBS: phosphate buffered saline; PFU: plaque forming units; p.i.: post infection; TCIDsq:
amount of pathogen inducing pathological change in 50% inoculated cell cultures; TID: ter in die (thrice daily).

oseltamivir-resistant) (Stavale et al., 2015). The MEDs
(minimum effective dose that is 100% protective) were
100 and 80 mg/kg orally thrice daily, indicating efficacy
against both oseltamivir-susceptible and -resistant
INFVs. Significant protection was provided when
MON-DNJ administration began as late as 72-96h
post-infection (Stavale et al., 2015). In contrast, N-(9'-
methoxynonyl)-1,6-dideoxygalactonojirimycin  (MON-6-
deoxy-DGJ) administration did not protect mice from
challenge with INFV A/Texas/36/91 (personal communi-
cation from KL Warfield to other authors; unreferenced).
This supports the hypothesis that antiviral activity of
iminosugars depends on inhibition of ER a-glucosidases,
exhibited by MON-DNJ but not MON-6-deoxy-DGJ,
rather than on their shared inhibition of ceramide-

specific glucosyltransferase. A further study demon-
strated the protective effect of MON-DNJ against lethal
doses of the HIN1 INFVs A/California/04/2009 and
A/New Caledonia/99, the H3N2 INFV A/Pennsylvania/
10/2010, and INFV B/Sichuan/379/99 (Warfield et al.,
2016). MON-DNJ had no effect on serum haemagglutin-
ation inhibition titer following infection with INFV A/
Texas/36/91 or vaccination with the 2010/2011
Fluvirin® INFV vaccine, indicating that protective vac-
cine-induced antibody responses were not disrupted by
iminosugar treatment (Stavale et al., 2015). N-8'-(2"'-tet-
rahydrofuranyl)-octyl-deoxynojirimycin (2THO-DNJ, UV-
12) was also tested for efficacy against INFV A/Texas/36/
91 (H1N1) and found to have a MED of 100 mg/kg orally
thrice daily, and was protective against lethal infection



Hussain et al, 2015

» Demonstrates strain-specific efficacy of N-alkylated DNJ derivatives
* Proposes HA as the determinant of strain-specificity
« Shows that NN-DNJ inhibits INFV virion secretion, not virion infectivity
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* Demonstrates that MON-DNJ is protective in mice against lethal challenge with
oseltamivir-susceptible and -resistant INFV strains, and that protection still occurs
when MON-DNJ is administered 96 hours post-challenge

» MON-DNJ does not disrupt INFV vaccine-induced antibody responses

e Warfield et al, 2015

* Demonstrates that 2THO-DNJ is protective against lethal INFV challenge
» Uses FOS analysis to confirm ER a-glucosidase inhibition by 2THO-DNJ

strains and INFV B strains

el Warfield, Barnard et al, 2016

» Demonstrates broad antiviral efficacy of MON-DNJ against HIN1 and H3N2 INFV A

e Uses physiologically-relevant primary human bronchial epithelial cells

Figure 6. The key findings of recent papers to have advanced the field.

when treatment started 24-48 h post-infection (Warfield
et al,, 2015). Homonojirimycin (HNJ) has been tested in
vivo against PR8 (H1N1), with 1 mg/kg twice per day
increasing MSD (mean survival days) by 2.6 days relative
to a saline control, reducing lung viral titers and modu-
lating cytokine production (Zhang et al., 2013). BUuCAST
was also tested against the same viral strain and
reduced lung viral titers and tissue mass (Tyms &
Virogen Ltd, 2003).

Conclusions and perspectives

Iminosugars with glucostereochemistry present the
opportunity to target a host process: modifying N-linked
glycosylation and thus glycoprotein production, through
inhibiting ER a-glucosidases. This may be harnessed as a
broad-spectrum antiviral strategy, and antiviral efficacy
has previously been shown against viruses including
BVDV (Durantel et al., 2001), HCV (Chapel et al., 2006),
JEV (Wu et al.,, 2002), DENV (Chang et al, 2011; Perry
et al,, 2013; Sayce et al., 2010; Warfield et al., 2015; Wu
et al,, 2002), and HIV (Fischer et al., 1996). Iminosugar
antiviral activity is thought to be mediated by ER a-glu-
cosidase inhibition; however, due to the ubiquity of glu-
cose, iminosugars with glucostereochemistry exhibit off-
target effects, which may or may not impact antiviral
efficacy. Here, evidence for antiviral efficacy against
INFVs has been presented, considering effects on INFVs
in cell culture (Tables 1 and 2 and Appendix 2) and in
mouse models (Table 3). In summary, iminosugar anti-
viral efficacy is observed in vitro and also in mouse mod-
els with MON-DNJ, HNJ and BuCAST, and in mouse

models with 2THO-DNJ (Table 3). In particular, MON-DNJ
was protective against lethal doses of HINT and H3N2
INFV As and INFV B (Stavale et al., 2015; Warfield et al.,
2016), and reduced lung viral titers with both oseltami-
vir-sensitive and -resistant INFV strains (Stavale et al.,,
2015), suggesting potential efficacy in difficult-to-treat
infections. Recent publications have re-invigorated the
investigation of iminosugars as anti-influenza therapeu-
tics, and their contributions are highlighted in Figure 6.

INFV strain-dependent effects

One intriguing observation is that iminosugar efficacy
varies between INFV strains. This is repeatedly seen for
iminosugars that inhibit ER a-glucosidases, such as DNJ,
NB-DNJ, NN-DNJ, and MON-DNJ in INFV-infected MDCK
cells (Table 1). The molecular basis for this is poorly
understood, but may be composed of cell type-specific
and INFV strain-specific effects.

Cell type-dependent iminosugar efficacy may occur
for a number of reasons, despite iminosugars having a
common target. Iminosugar uptake by different cell
types may vary. Iminosugars must cross both the
plasma and ER membranes to access their ER a-glucosi-
dase targets, which impose different permeability bar-
riers to iminosugar entry (Tan et al., 1994), and have
variable compositions in different cell types. While there
is evidence for iminosugars entering cells by non-facili-
tated diffusion (Bollen & Stalmans, 1989; Neefjes et al.,
1989), it is possible that iminosugar uptake may be
affected by transporters (Mellor et al, 2004b).
Iminosugar design has sought to improve antiviral
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potency by increasing cellular uptake, through N-alkyl-
ation of DNJ and DGJ derivatives (Zitzmann et al., 1999),
although very long N-alkyl chains limit iminosugar
accessibility to the ER lumen (Mellor et al, 2004a).
Iminosugar uptake can be confirmed through free
oligosaccharide (FOS) analysis, whereby inhibition of ER
a-glucosidases can be quantified through detecting the
accumulation of diagnostic FOS on enzyme inhibition -
for ER a-glucosidase |, GlcsMansGIcNAc,, and for ER
a-glucosidase 1l, Glc;Man,GIcNAc; (Alonzi et al., 2008).
This technique has been used previously in studies of
iminosugar efficacy in INFV infection (Warfield et al.,
2015), but could be more widely adopted to confirm
that iminosugars have accessed ER a-glucosidases to
aid interpretation of antiviral efficacy data. Second, gly-
cosylation pathways vary in different cell types.
Expression levels of glycosylation pathway components
may vary between cell types, alongside glycoprotein
production levels. This means that iminosugars may be
able to compete more or less successfully with N-linked
glycoproteins for the ER a-glucosidase active site.
Iminosugar inhibition of oligosaccharide processing by
ER a-glucosidases can be bypassed by endo-a-p-manno-
sidase, but this pathway is not active in all cell types,
and for example, does not contribute to HA processing
in MDCK or CHO cells (Karaivanova et al., 1998). Cell
types also show variation in glycoprotein trafficking
pathways (Zurzolo et al., 1992). These mechanisms indi-
cate that iminosugar antiviral efficacy with the same
INFV strain can be affected by the cell type used in
studies. This illustrates the importance of using physio-
logically relevant cell types when studying glycosylation
in viral infection, and of performing experiments in the
same cell types. It is encouraging that broad antiviral
efficacy was observed with MON-DNJ against HIN1 and
H3N2 INFV As and INFV Bs using human bronchial epi-
thelial cells (Warfield et al., 2016), a more physiologically
relevant system than the historically favored MDCK cell.

However, cell-type differences alone cannot account
for the observed variation in antiviral efficacy, since imi-
nosugars tested in the same in vitro model against dif-
ferent INFV strains display divergent efficacy. This
implicates a viral determinant. HA has been proposed
to underlie this strain-specificity by Hussain et al. (2015),
who used reassortant viruses to analyze the strain-
dependent effects of NN-DNJ. Since glycoproteins from
different INFV strains have evolved with different glyco-
sylation sites (Chen et al,, 2012; Nobusawa et al., 1991),
their reliance on glucose trimming and dependence on
CNX/CRT for correct folding may vary. While a single N-
linked glycan can be sufficient to endow susceptibility
to iminosugars (Block et al., 1994), glycoprotein misfold-
ing will only occur with iminosugar-mediated inhibition

of ER a-glucosidases if folding is dependent on the
CNX/CRT cycle. Different INFV glycoprotein subtypes
may vary in dependency on CNX/CRT for folding, per-
haps relying to a greater or lesser extent on other ER
chaperones such as BiP, or requiring less chaperoning
to fold correctly. INFVs may also have strain-specific
requirements for the positioning of glycans to deter-
mine disulfide bond formation and for the extent of
glucose trimming needed for glycoprotein stability and
transport, leading to a variable impact of iminosugar
treatment on virulence.

But how does the impact of iminosugars on INFV
compare with other viruses? The consequences of imino-
sugar-induced glycoprotein misfolding vary between
viruses, possibly because misfolding may be detrimental
for a certain life-cycle stage, such as virion formation or
receptor binding and membrane fusion. Iminosugar
treatment can reduce virion formation and secretion
rather than infectivity of individual virions, such as with
DENV (Sayce et al., 2016; Warfield et al., 2016) and HBV
(Block et al, 1994). Alternatively, iminosugars can pre-
dominantly affect the infectivity of virions produced
rather than total virion secretion, such as with HIV
(Fischer et al., 1995). In INFV infection, NN-DNJ reduces
virion secretion rather than specific infectivity, to an
extent that is dependent on INFV strain (Hussain et al.,
2015). This suggests that the overarching impact of imi-
nosugars on INFV is similar to that seen with DENV.
However, the striking strain-specificity seen with INFV is
not recapitulated with DENV. DENV has four established
serotypes, each expressing antigenically distinct N-linked
glycoproteins prM and E on the virion surface, which
confer susceptibility to iminosugars (alongside NS1)
(reviewed in Sayce et al.,, 2010). Unlike with INFV, MON-
DNJ treatment of Vero cells infected with several isolates
of each DENV serotype resulted in a similar antiviral effi-
cacy between serotypes (Warfield et al., 2016). This sug-
gests that the strain-specificity of iminosugar effects
observed with INFV is not a generalized feature of viruses
possessing subtypes with distinct surface glycoproteins.
Further work is certainly required to investigate the
strain-dependence of iminosugar anti-influenza effects,
enabling progress towards clinical development.

In vitro data may not predict in vivo iminosugar
efficacy against INFVs

It is notable that iminosugars targeting ER o-glucosi-
dases have consistently weaker effects on viral infection
in vitro (Table 1) when H1 subtype INFVs are considered
relative to other subtypes, in experiments mainly utiliz-
ing MDCK cells. Although HA trimming and processing
is affected in some of these experiments, the evidence



points to low efficacy against H1-bearing INFVs.
However, in contrast to the MDCK-based in vitro data,
mouse models consistently indicate potent antiviral effi-
cacy of iminosugars against HIN1 INFVs, alongside a
single report of efficacy against an H3N2 INFV (Table 3).
Further in vivo investigation of iminosugar efficacy
against H3N2 INFVs is required to better understand
iminosugar strain-specificity, as it is possible that anti-
viral efficacy could be more pronounced than in H1
INFVs given the in vitro results. However, it is also pos-
sible that the observed disconnect in antiviral efficacy
against HINT INFVs may be a function of the difference
in the biology of the cells used for in vitro studies and
mice, reinforcing the importance of using relevant cell
types as a foundation for mouse models.

Iminosugars: promising influenza antivirals

Taken together, the data presented in this review indi-
cate promise for iminosugars as future therapeutics
against influenza A and B. An antiviral drug active
against the diversity of INFVs would be of significant
clinical benefit, particularly enabling the treatment of
infections resistant to alternative drugs. Targeting a
host process, the approach of iminosugars directed
against the glycosylation pathway, endows resilience
against the development of resistance and enables
broad-spectrum antiviral efficacy. Several other host-
acting antivirals are currently in development for INFV
(Figure 2), largely targeting the immune response or
virus entry, including DAS-181, which has sialidase activ-
ity, cleaving a(2,6)- and a(2,3)-linked sialic acid recep-
tors for human and avian INFVs (Malakhov et al., 2006),
and macrolides, which reduce a(2,6)-linked sialic acid
receptor expression (Min & Jang, 2012). Resistance to
DAS-181 should prove difficult to generate, as both
classical sialic acid linkage chemistries are targeted.
However, there have been reports of some INFV strains,
including H3N2 clinical isolates, entering, and under-
going multicycle replication in desialylated cells (Stray
et al.,, 2000), as well as the identification of a second lig-
and-binding site in X31 HA (H3N2) (Sauter et al., 1992a).
One could imagine that escape from DAS-181 efficacy,
requiring receptor binding properties that have already
been identified in some INFV isolates, might occur more
readily than escape from iminosugars, which would
require loss of the requirement for glycosylation or evo-
lution of a novel glycosylation mechanism.

Despite targeting the host, iminosugars display
remarkable non-toxicity, and are already successfully
utilized in the clinic in the treatment of lysosomal stor-
age disorders and non-insulin-dependent diabetes
(Dwek et al., 2002). This, in combination with the recent
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Phase IB clinical trial of celgosivir in DENV infection
(Low et al, 2014; Sung et al, 2016), and the recently
completed trial of MON-DNJ for safety, tolerability, and
pharmacokinetics in healthy individuals (Unither
Virology, 2014) indicates the clinical potential of imino-
sugars for the treatment of viral disease. In addition, the
significant protection afforded by MON-DNJ administra-
tion up to 96 h post-infection (Stavale et al., 2015) or
2THO-DNJ up to 48h post-infection (Warfield et al.,
2015) with INFV A/Texas/36/91 (HIN1) suggests that as
well as being efficacious as prophylaxis, iminosugars
have potential as post-infection therapeutics. In sum-
mary, the possibilities for iminosugars as antivirals are
exciting and timely: in this era of multiple emerging
and potentially devastating viruses, broad-spectrum
antivirals could prove instrumental in the future arsenal
of control strategies for viral disease.
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Appendices

Appendix 1. Iminosugars tested against cell-free INFV glycoproteins can impact HA glycosylation
and NA sialidase activity, providing a rationale for investigation of their antiviral efficacy. GPI:

glycosylphosphatidylinositol; WT: wild type.

Iminosugar; concentration Viral target

Effect on virion component

Reference

3-episiastatin B

100 uM NA from A/Fort Monmouth/1/47
(HIN1)
100 uM NA from A/Kayano/57 (H2N2)
100 uM NA from B/Lee/40
3,4-diepisiastatin B
100 uM NA from A/Fort Monmouth/1/47
(HIN1)
100 uM NA from A/Kayano/57 (H2N2)
100 uM NA from B/Lee/40
1-deoxymannojirimycin (DMJ)
0.25mM WT and GPI-linked HA from

A/HKx31 (H3N2)
Deoxynojirimycin (DNJ)

TmM HA from A/HKx31 (H3N2)
N-methyl-1-deoxynojirimycin (NM-DNJ)

TmM HA from A/HKx31 (H3N2)
Castanospermine (CAST)

TmM HA from A/HKx31 (H3N2)

1mM HA truncations derived from

A/Aichi/68 (X31, H3N2)

53.1% inhibition of enzymatic activity

25.68% inhibition of enzymatic activity
67.2% inhibition of enzymatic activity

No inhibition of enzymatic activity

2% inhibition of enzymatic activity
19.8% inhibition of enzymatic activity

High-mannose HA formed; restored erythro-
cyte-binding ability of GPI-linked HA

Prevented binding to CNX and inhibited glu-
cose trimming

Prevented binding to CNX and inhibited glu-
cose trimming

Prevented binding to CNX and inhibited glu-
cose trimming

Reduced folding efficiency and increased
degradation

HA secretion reduced to 2% of control with
puromycin, increased to 10% with CAST due
to reduced HA association with CNX/CRT

Nishimura et al. (1993)

Nishimura et al. (1993)

Kemble et al. (1993)

Hebert et al. (1995)

Hebert et al. (1995)

Hebert et al. (1995)
Hebert et al. (1996)

Zhang et al. (1997)

Al\rl_pendix 2. Iminosugars with targets other than ER a-glucosidases have variable effects against
INFV in vitro. CEC: chicken-embryo cell; LLC-PK1: pig kidney epithelial cell line.

Iminosugar and target;

Viral glycoprotein processing inhibition

concentration INFV strain Cell line Reference
1-deoxymannojirimycin (DM)J), targeting mannosidase |
1mM A/chick/Germany/49 (H10N7) MDCK HA expression unaffected Burke et al. (1984)
2,10, 25 pg/ml A/NWS/33 (HINT) MDCK High-mannose oligosaccharide process- Elbein et al. (1984a)
ing and complex chain formation
No effect on hemagglutination
25 pug/ml plus 100 pg/ml A/NWS/33 (H1NT1) MDCK No inhibition of oligosaccharide proc-
CAST essing (CAST concentration too low
to inhibit o-glucosidases)
Nottested
0.25,05, 1,2, 4mM A/Puerto Rico/8/34 (HIN1) MDCK Mannose incorporation (50% at
>2mM)
Nottested
0.05, 0.1, 0.25, 0.5, 1, 2, A/Puerto Rico/8/34 (HIN1) CEC Mannose incorporation
4mM
Not tested
1, 10, 50 pg/ml Unknown MDCK Unaffected Elbein et al. (1990)
Nottested
1,4-dideoxy-1,4-imino-p-mannitol (DIM), targeting mannosidase | and Il
10, 100, 250 pg/ml A/NWS/33 (HINT) MDCK High-mannose oligosaccharide Palamarczyk et al. (1985)
processing
Nottested

(continued)
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Iminosugar and target;

Viral glycoprotein processing inhibition

concentration INFV strain Cell line Reference
Kifunensine, targeting mannosidase |

10, 100 ng/ml 1, 10 pg/ml Unknown MDCK High-mannose oligosaccharide process- Elbein et al. (1990)

ing and complex chain formation
Nottested

0.18 mM A/Puerto Rico/8/34/MS (H1N1) MDCK HA sulfation Karaivanova & Spiro (1998)

0.18 mM A/Puerto Rico/8/34/MS (H1N1) LLC-PK; HA sulfation
N-benzyl-1,5-dideoxy-1,5-imino-p-mannitol, targeting mannosidases

10mM A/fowl plague virus/Rostock/ MDCK Huang et al. (1991)

34 (H7N1)

=
o
=3
—
m
1%
P23
m
o

N-benzyl-1,5-dideoxy-1,5-imino-4,6-O-isopropylidene-p-mannitol, targeting mannosidases

10mM A/fowl plague virus/Rostock/ MDCK
34 (H7N1)
3-episiastatin B, targeting NA
10, 20, 40, 100 uM A/Fort Monmouth/1/47 (HIN1) MDCK
100 uM A/Kayano/57 (H2N2) MDCK
100 puM B/Lee/40 MDCK

Not tested Huang et al. (1991)

1C5o = 74 uM for NA Nishimura et al. (1993)

1Cso > 10 uM for NA

ICso = 42 pM for NA

N-nonyl-deoxygalactonojirimycin (NN-DGJ), targeting ceramide-specific glucosyltransferase

Titration A/Udorn/307/72 (H3N2) MDCK
Titration A/Brisbane/10/2007 (H3N2) MDCK
Titration A/Lviv/N6/2009 (H1N1) MDCK

Not tested Hussain et al. (2015)

Not tested

Not tested
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