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Abstract

Multivalent interactions exist everywhere in nature. Here we will summarize the available data of multivalency
effects that were explored for the design of novel neuraminidase (NA) inhibitors of influenza virus A. Although
multivalency is a most effective tool to achieve high binding affinity, the molecular mechanisms are still poorly
understood. The potency of multivalent neuraminidase inhibitors (NAls) are dependent on the length, rigidity
and chemical composition of the linker, ligand chemical structure and also the density of the ligand display.
Important issues such as potential side-effects, drug-resistance, bioavailability and pharmacokinetics are largely
unexplored with respect to application. The multivalent NAls reported so far were of surprising potency and
may play a role in therapeutic application and may prove valuable in forecasted pandemics
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1. Introduction

Multivalent interactions are often found in nature. They play a major role in biological processes for the self-
organization of matter, recognition, adhesion, and signaling processes. Multivalent ligands have the potential
to obtain higher specificity and affinity compared to their monovalent counterparts. Multivalent interactions
are fundamental to many biological systems, including the recognition, adhesion and invasion of pathogens? but
also signal transduction and immune system activation. In the last few years multivalency effects have become
increasingly of interest for the design of inhibitors for a range of pathogens including viruses, toxins, bacteria
and fungi. These involve complex binding mechanisms to achieve noncovalent strong yet reversible interactions
between multivalent ligands and multivalent receptors.>* Individual interactions are often weak, however,
multiple simultaneous interactions between ligands and their receptors reinforce one-another like molecular
velcro to achieve functionally enhanced binding affinity and increase specificity e.g. for bacterial adhesion
inhibition.? Currently, many researchers focus on harnessing this knowledge for the design and synthesis of
multivalent inhibitors. Several studies demonstrated that multivalent inhibitors are effective agents for
preventing viral infection.>®” However, only few articles have reported the development of NAls that take
advantage of multivalency. This review will give an overview of the multivalent effects in neuraminidase
inhibition. The following sections describe the important principles underlying multivalency, the achievements
of selected reported multivalent neuraminidase inhibitors and discusses the likely mechanistic basis of these
effects.

2. Multivalent Inhibitors

Examples and proposed mechanisms of inhibitory enhancements by multivalent carbohydrates have been
provided and reported in numerous studies.®>191 Since multivalent binding is especially effective to arrive at
high-affinity ligands, multivalent ligands design has become a very active research domain. So, how do
multivalent ligands enhance the potency of binding and inhibition? Several widely accepted mechanisms are
shown in Figure 1 using a tetravalent ligand as an example. The first one is the so-called chelation mechanism
(Figure 1b). The enhancement here is based on the reduction of entropic barriers when the binding of the
second ligand occurs after the first (sub)ligand has bound. This is due to the fact that translational and rotational
entropic penalties were already paid by the first binding event. In this case, a well-designed ligand with matched
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inter-binding-site distances can achieve a major enhancement in binding affinity of several orders of magnitude,
as was seen for a divalent ligand targeting the LecA of lectin Pseudomonas aeruginosa.*?

Another mechanism is named statistical rebinding,*3>4> which is operational when the protein receptor has
only one binding site or the multivalent ligand is too short to allow chelation (Figure 1c). The origin of the
enhancement can be found in the notion that once the first ligand is released, the other (sub)ligands can
immediately occupy the free position due to their close proximity. The resulting overall slower off-rate improves
the binding affinity. Depending on the conditions and the degree of valency of the ligands, aggregation,® and
crosslinking can occur, which may be a cause or a consequence of multivalency effects.
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Figure 1. Mechanism of multivalent binding. a) monovalent binding; b) a tetravalent ligand and chelation
mechanism; c) a tetravalent ligand and the statistical rebinding mechanism; d) tetravalent ligands involved in
cross- linking or aggregation.

Multivalent systems are characterized by a discrete number of ligands with different conformational
scaffolds. 17181920 preyjous studies on multivalent systems have reported numerous high-affinity ligands. They
were based on combinations of monovalent ligands and connecting linkers. In this process, the structural
architecture of ligands and linkers plays an important role. Here, we focus on the structure of the core linking
units that can be divided into two categories: flexible and rigid central scaffolds. They are varied in terms of the
valency, the size, and the spatial orientation of inhibitor. By altering the core dendrimer, polymer, peptide,
protein, and nanoparticle, we can adjust the flexibility/rigidity of the central scaffold, and in cases produce high-
affinity ligands and effective multivalent systems.
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For flexible linkers, their main characteristic is their high adaptability to the geometry of the protein. Over
the past few year observations were made that this character can produce high-affinity multivalent ligands.
Some flexible glycodendrimers and glycopolymers?! were reported as high potency inhibitors for type 1
fimbriated uropathogenic E. coli. All of these compounds showed enhanced affinity as compared to mannose
with ICsq’s in the low micromolar range. Especially, the 16-valent glycodenrimer 1 (Figure 2) displayed the
highest affinity (ICso = 19 uM). The enhancement (400-fold over the monovalent ligand) was caused by the
multiple copies of monovalent inhibitor and the flexible linkers enabled multiple binding events. Flexible
glycodendritic linkers have been used as tools to study many pathogens and toxins, for example, the cholera
toxin. In previous studies in our group highly effective dendrimers targeting CTB (cholera toxin B-subunit) were
developed. The best dendrimer 2 showed a 47,500-fold improvement per GM1 oligosaccharide derivative
compared to a monovalent reference compound.???3 In the same period, Deguise et al. reported hetero-
bifunctional glycodendrimers that can bind both Pseudomonas lectins LecA and LecB.?* Compound 3 can bind
to both PA-IL and PA-IIL simultaneously. Interestingly, increasing the dendrimer generation did not cause
further enhancement of binding beyond the octavalent.
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Figure 2. Molecular structures of multivalent ligands.

As alternatives to flexible linkers, inhibitors based on rigid components could create stronger binding, due to
the reduced loss of conformational entropy during the multivalent binding. However, creating rigid
architectures has many challenges, such as matching the topology of the protein. In recent years, with the
improvement of structural analysis technology, we know more and more 3D structures of the pathogenic
proteins and the location of the binding sites. This knowledge can help us to make more suitable inhibitors with
increased rigidity. We explored rigid divalent ligands for the mentioned LecA protein and saw a strong
preference for the correct length of the spacer as achieved for 4 and 5 with Kq4’s in the low nanomolar?2>26:27
(Figure 3) and the divalent binding mode was confirmed by X-ray crystallography.
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Figure 3. a) The structure of rigid divalent ligands for the LecA protein. b) X-ray structure of LecA complexed
to 4.

However back in 2003,22 we explored the inherently far more challenging task of synthesizing a rigid
tetravalent compound linked to a lactose ligand for galectin binding. This compound 6 (Figure 4) showed an ICso
of 0.07 uM for mammalian galectin-3 with a relative potency of 4286 i.e. 1071 per sugar unit compared to
monovalent lactose. It should be pointed out that in this case the enhancement was likely due to enhanced
rebinding rather than chelation considering the divergent orientation of the binding sites. An efficient
multivalent system as compound 7 for the inhibition of the hemagglutinin of the influenza A virus, based on a
rigid aromatic core, was also designed by our group. It was based on triphenylbenzene in the center and linked
to extended LacNAcLac arms by CuAAC. The trivalent inhibitor shows significant affinity enhancement but the
related molecule, lacking a single sialic acid, i.e. compound 8, effectively divalent was just as potent.®
Nevertheless as previously discussed, a well-designed divalent ligand can already make larger improvements on
the order of three orders of magnitude.?3° Sometimes, using flexible and rigid linkers together can also create
a potent inhibitor. As an extension of that research a tetravalent ligand 9 was created that can aggregate
multiple LecA tetramers in contrast to the divalent ligands it was based on. Even though the affinity did not
increase the tetravalent ligand was a more potent biofilm blocker.3!
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Figure 4. Structures of partially rigidified multivalent ligands.

3. Influenza Viruses

In history several flu pandemics have occurred such as ten years ago when millions of people were infected in
more than 214 countries by S-OIV HIN1 (a new influenza virus).3%33 Influenza viruses belong to the family
Orthomyxoviridae of enveloped viruses that have been classified into four types, A, B, C and the recently
identified type D.3* All of them are enveloped negative-sense-single-strand RNA viruses with a segmented
genome. The influenza A virus and B virus both contain hemagglutinin (HA) and neuraminidase (NA) proteins on
their surface. Interestingly, influenza C virus and D virus carry the haemagglutinin-esterase-fusion protein, which
combines both the function of HA and NA.3>3637 HA and NA are the two main tools for type A and type B viruses
to initiate an infection by their interaction with sialic acid (SA) at the cell surface.3® HA can be seen as a Velcro
cover where multiple flexible hooks interact with the cell surface, enabling attachment and entry of virus.
Compared to HA, NA can be seen as a pair of scissors, only responsible for release of progeny virions from the
host cell.3® However, many studies reported that NA may play other roles in the early stages of the viral life
cycle.

4. Current Strategies for Influenza Treatment

Influenza virus makes a comeback every year that causes a loss of productivity and poses a serious threat to
world economies.?® So far, vaccines and antibody therapies are representing the most efficient way to reduce
the influenza impact.*! Two type vaccines are licensed: 1) Inactivated influenza vaccines (I1V), which is approved
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for use in persons 6 months and older. 2) Live attenuated influenza vaccines (LAIV), which is approved for use
only in persons aged 2—-49 years who do not have underlying medical conditions, and it cannot be used by
pregnant women. The influenza viruses, can evade pre-existing immunity by varying continuously through
antigenic drifts and occasional antigenic shifts and have the potential to cause another pandemic.*?> Worse, in
the initial months of an influenza pandemic, it is impossible to develop specific and effective vaccines and
produce them at scale.*?

As an alternative, antiviral drugs have been offered as an important option to combat influenza infections.
The first available drugs that appeared on the market were the adamantanes. The adamantanes including
amantadine and rimantadine, target the M2 channel, thereby interrupting the fusion and uncoating process
during the early stages of viral replication. However, they are no longer recommended because the lack of
activity against type B influenza, the risk of neurotoxicity and the rapid development of drug resistance.?* In
contrast, Neuraminidase inhibitors (NAls) have been proven to be safe and effective in reducing influenza
severity, duration of symptoms, hospitalizations, and influenza-related-mortality. NAls are effective against
influenza type A and type B, as the structure of the neuraminidase active site is highly conserved among all
subtypes.*® Four NAls are approved for treatment: zanamivir and oseltamivir globally, and peramivir and
laninamivir in Japan, China and South Korea. Oseltamivir is the most used therapeutic, in part due to its
convenient oral administration.*® However, drug resistance has also emerged for some NAls. Other compounds
(Figure 5) have been used to solve this problem. Baloxavir (10) is an oral-antiviral drug for curing influenza A and
B, which has been approved only in the United States and Japan in 2018. Its mechanism of action is different
from oseltamivir and zanamivir. It targets the endonuclease function of the PA polymerase subunit to inhibit
the cap-snatching process, which is an important process for the transcription of viral mRNA.#’ Favipiravir (11)
is used to inhibit the synthesis of viral mMRNA. It prevents the elongation of the mRNA chain at its incorporated
site.*® Recently, Favipiravir has received limited approval in Japan for the treatment of novel or re-emerging
influenza infections with poor treatment options. A number of novel antiviral agents, including nitazoxanide
(12) and DAS181 (13, a recombinant fusion protein), are also under evaluation.* Notably, DAS181 does not
work like an inhibitor but more like a reaper. As a sialidase it can remove both a(2,3)- and a(2,6)-linked sialic
acids from the cell surface, thus preventing HA from binding. >°
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Figure 5. Structures of other known ligands 10-12 and a model of DAS181 13. The catalytic domain of the
sialidase is shown in green.

5. Multivalent Neuraminidase Inhibitors

In the 1970s, the influenza neuraminidase (NA) was discovered as a potential drug target. The first known
inhibitor that was a transition state analogue, i.e. 2,3-didehydro-2-deoxy-N-acetylneuraminic acid (DANA). It has
a good inhibitory effect in vitro, but it failed in animal models.>! Subsequent inhibitors based on the sialic acid
structure were synthesized that also showed good activity in vitro,”? but bioavailability was found to be a
problem. Then the crystal structure of NA was solved revealing how the tetramer could have identical subunits
and no enzyme activity as a monomer. The four binding sites made NA a very interesting target for multivalent
structure-based drug design. In 2004, Macdonald, et al. synthesized dimeric Zanamivir derivatives linked
through the C7 hydroxyl with flexible linkers (length range from 8 to 59 atoms). They showed the importance of
an optimal length. The inhibitory potency of the dimers (compound 14 and 15) with linking groups of 14 to 18
atoms in length, were approximately 100-fold higher in vitro and in vivo than zanamivir. Especially, the linker
length of 18 to 22 A showed an outstanding long-lasting protective activity in mouse influenza infectivity
experiments. This indicated that the dimers benefitted from multivalency likely via intertetramer and intervirion
linkages, as the distances between binding sites of a single tetramer were far larger.>? In futher studies, they
investigated a range of linking groups with different physicochemical properties which lead to 16 and 17. Like
14, these two dimers showed outstanding activity in a 1-week mouse influenza prophylaxis assay. High
concentration of dimers was found remaining in rat lung tissue after 1 week.>* As the monovalent entity,
Zananivir derivatives are so far preferred. The 7-hydroxyl group of zanamivir was suitable for further
modification and crosslinking without interfering with the activity of the compound. To further explore the
multivalent binding aspects scientists also investigated trimeric, tetrameric and polymeric zanamivir derivatives.
Waston and coworkers®> designed a set of trimeric and tetrameric derivatives of zanamivir synthesized by
coupling a common monomeric zanamivir derivative onto various multimeric carboxylic acid core groups. The
resulting multimeric compounds 18-23 all showed at least 40-fold enhanced antiviral activity than zanamivir and
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also showed outstanding long-lasting protective activity when tested in mouse influenza infectivity experiments.
The results also indicated that within a series of similarly spaced compounds various scaffold architectures are
well tolerated. The data of a CPE inhibition assay showed that the tetrameric compounds (22 and 23) had similar
activity as the trimeric compounds (18-21). As was the case for the mentioned dimers, the distance between
the NA active sites is too long to be covered by the spacers and scaffolds, so chelation is not the origin of the
observed effects. Similarly, Yang et al.>® synthesized mono-, di-, tetra-, and octa-valent difluorinated zanamivir
analogs (DFSAs) 24-29 in 2016. They evaluated the inhibitory activity of those zanamivir analogs in various
assays. The best multivalent sialoside was 29, which enhanced inhibition 145-fold over monomer 30b. With the
use of the structural knowledge of NA and their tetrameric spatial arrangement, Fu, et al. >’ have developed a
tetravalent zanamivir (TZ) molecule 31. This compound showed essentially no enhancement in NA inhibition
over zanamivir. However, in an SPR binding assay it was shown that 31 bound a mutant N2 over a 1000-fold
more strongly than monovalent zanamivir with a sub-picomolar Kq. Some effects also translated to in vivo
experiments where it was shown that a single dose of 20 mg of 31 saved all mice whereas 20 mg zanamivir was
not able to save the mice. Considering the long flexible spacers, it is geometrically conceivable that four
zanamivir residues simultaneously bound to all four monomers of NA, which requires distances of ca. 38 A from
the center of the molecule including part of the core and the ligand. A 12 PEG unit may have its distance
optimum at 20 A,58 but considering its flexibility some of molecules will easily span the ca. 28 angstrom between
core and ligand. This notion is supported by the fact that no binding enhancement was seen in case shorter PEG
spacers were used.

Besides the mentioned low valent examples a few polymeric NA Inhibitors were also reported (Figure 7). In
2002, The C-7 of zanamivir was used as an attachment site for the synthesis of poly-L-glutamic acid based
polyvalent inhibitors by Honda’s group such as 33.>° Even though in the enzyme inhibition assay the
glycopolymers were less potent than monovalent zanamivir derivatives such as 32, in plaque reduction assay
the polymers were up to ca. two orders of magnitude more potent. This observation extended to an in vivo
study where the glycopolymer lead to a total survival of the infected mice in contrast to the zanamivir treated
mice which mostly did not survive. In 2010, Haldar et al. synthesized a bifunctional polymer 34 which contained
both O7-linked zanamivir and also 2-linked sialic acid as well as the corresponding mono-functionalized
polymers 35 and 36. In a plaque reduction assay they found a major improvement of the homopolymers over
the monovalent compounds, where the zanamivir containing polymer (36) showed good inhibition with an ICso
of 22 nM. Intriguingly, the polymer which both components (34) were more potent than 36 with just the
zanamivir derivative, with an ICso of 1.3 nM. The authors suggested that the presence of the sialic acid
derivatives may play a role in HA mediated viral adhesion as well, thus leading to a combination effect of
blocking both viral proteins.®°
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Figure 6. Multivalent NA inhibitors.
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Similarly, Weight et al. attached Zanamivir to poly-L-glutamine, obtained major improvement against both
wild-type flu virus and drug-resistant mutants. The optimal compound 37 showed a 20,000-fold anti-influenza
enhancement in a plaque reduction assay compared with monovalent zanamivir derivative for the inhibition of
the human influenza strain Wuhan.®!

6. Conclusions

So far, Oseltamivir and Zanamivir are the most prominent drugs being used to treat influenza infections. They
are monomeric neuraminidase inhibitors that suffer from varying degrees of drug resistance. The resistance
creates an urgent situation and a need to look for solutions. Multivalent interactions play an important role in
influenza infections and multivalent neuraminidase inhibitors may be a direction to tackle the resistance
problem. While some compounds have shown promising effects, optimization is necessary. Thus optimization
would be facilitated if the multivalency mechanism is known. Therefore, it is necessary to know the unique
interactions on the molecular level and then develop optimized multivalent ligands to achieve strong inhibitory
effects. Neuraminidase is a tetrameric protein, distributed on the surface of the influenza virus envelope and
involved in influenza virus infection in both virus attaching and detaching processes. This makes it binds well to
most multivalent systems. Divalent zanamivir molecules of specific length were found to be optimal inhibitors
while both shorter and longer systems seem to be worse. These dimers are too short to bridge between binding
sites within a tetramer so their mechanism is not clear. Statistical rebinding is a possibility as well as aggregation
of NA tetramers or whole virus particles. The fact is that these molecules are not good at inhibiting the
enzymatic activity of the NA enzyme, but show their efficacy in infection assays where they have greater
potency, and stay present in the tissues much longer than their monovalent counterparts. Further optimization
is needed. Fu et al. were the first to show a tetramer that has the potential to bind all four binding sites of NA
and seems successful. Molecules of this type should be studied more and as well as their mode of action
compared with the divalent molecules. All of these molecules are likely small enough to become a drug. This
may be more difficult for glycopolymers or neoglycoproteins. Nevertheless this class has yielded some very
interesting and potent compounds. Besides potency, the use of HA and NA targeting within the same molecule
has shown promise and can readily be achieved within a single construct. At this stage it is of great interest to
further develop multivalent NA inhibitors as we have only seen a glimpse of their potential. Whether the

Page 307 ©AUTHOR(S)



Arkivoc 2021, iv, 297-312 Wei, X. et al.

divalent, tetravalent or higher valent prove to be the most effective in the end, no-one knows. However it is
clear that new and potent flu treatments are needed as viral pandemics can suddenly become a reality.
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