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Abstract

Influenza is one of the most widespread viral infections worldwide and represents a major public
health problem. The risk that one of the next pandemics is caused by an influenza strain is very high.
It is very important to develop broad-spectrum influenza antivirals to be ready for any possible
vaccine shortcomings. Anti-influenza drugs are available but they are far from ideal. Arguably, an
ideal antiviral should target conserved viral domains and be virucidal, i.e. irreversibly inhibit viral
infectivity. Here, we describe a new class of broad-spectrum anti-influenza macromolecules that
meets these criteria and displays exceedingly low toxicity. These compounds are based on a
cyclodextrin core modified on its primary face with long hydrophobic linkers terminated in 6’sialyl-
N-acetyllactosamine (6’SLN) or 3°’SLN. SLN enables nanomolar inhibition of the viruses while the
hydrophobic linkers confer irreversibility to the inhibition. The combination of these two properties
allows for efficacy in vitro against several human or avian influenza strains, as well as against a 2009
pandemic influenza strain ex vivo. Importantly, we show that, in mice, the compounds provide
therapeutic efficacy when administered 24h post-infection allowing 90% survival as opposed to no

survival for the placebo and oseltamivir.
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Influenza viruses are among the most infective viruses.!'?! Every year different influenza strains infect
a large fraction of both the animal and human population® endangering infants, the elderly and
immunocompromised people, which are at high risk of hospitalization and death, due to influenza-
related complications.*® As a result, seasonal influenza has yearly a remarkable socio-economic
impact. Respiratory diseases can cost a significant fraction of the total health expenditures in
developed and mainly in developing countries.”!”! Because influenza mutates so rapidly, the
development of a lifelong vaccine is still a major challenge.!''-!*! Vaccine development would pose
even higher challenges when we focus on the occasional pandemics instead of yearly outbreaks. In
such a case, the development time of a new vaccine would represent a serious risk. Furthermore, even
in the presence of a vaccine, reaching reasonable vaccination coverage is far from a foregone
conclusion. As a consequence, the risk of a new pandemic, such as the Spanish-flu, is still present

and recognised as one of the top threats to global health.!'4-]

Naturally, the second line of defense after vaccines, are antiviral drugs. A number of anti-influenza
drugs are currently approved: neuraminidase inhibitors such as zanamivir and oseltamivir, ion
channel inhibitors such as amantadine, fusion inhibitors such as umifenovir (only in Russia and
China) and polymerase inhibitor such as baloxavir marboxil, that was recently approved in US and
Japan. Yet, it is recognized that the efficacy of current drugs is far from ideal. Concerns about these
drugs range from significant side effects to the appearance of drug-resistant viruses after a short
period of use.l'”! Given the importance of this issue, a number of other antivirals are in clinical
trials.['®25 The majority of these drugs are monoclonal antibodies>*?"! that inhibit the fusion of the
virus to the host-cell. Although they are promising, it is likely that they will be considerably costly
due to their manufacturing processes. Furthermore, monoclonal antibodies are expected to be good
prophylactic drugs, but their efficacy in therapeutic administration (i.e. post infection) is a matter of

intense research.


https://doi.org/10.1101/2020.03.18.996678
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.18.996678; this version posted August 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

An ideal anti-influenza drug should be broad-spectrum, by targeting a highly conserved part of the
virus and, in order to avoid loss of efficacy due to the dilution in body fluids, have an irreversible
effect, i.e. be virucidal. Obviously, this drug needs to be truly non-toxic. There are quite a few
research lines on the development of molecules that target conserved parts of the virus.[?*-! To the
best of our knowledge, these compounds are all reversible in their action and hence could face major
hurdles when translating into drugs. To the best of our knowledge no compound with broad-spectrum
anti-influenza efficacy has shown convincing post-infection results in vivo of the type that we present

here.

The search for virucidal (i.e. irreversible) drugs with limited toxicity has been very challenging.
Polymers bearing hydrophobic groups have previously been reported to show virucidal activity or
enhanced antiviral activity.*'#? We have also shown that gold nanoparticles'** and -cyclodextrins!+!
modified with 11-undecane sulfonic acid display a virucidal mechanism against a wide range of
heparan sulfate proteoglycans (HSPGs) binding viruses, with no cellular toxicity. These compounds
were capable of exerting forces that ultimately deform the virus particle. The chemical structure of

the ligand was shown to be essential in order to achieve such irreversible inhibition.

Here, we adopted a similar strategy in order to target human influenza viruses and avian influenza
viruses. 6’ sialyl-N-acetyllactosamine (6’SLN) and 3’ sialyl-N-acetyllactosamine (3’SLN), that bind
to hemagglutinin (HA) trimers of influenza strains with high affinity*>!, were grafted onto the primary
face of [-cyclodextrins through a series of different linkers. The structure of all modified
cyclodextrins discussed in this work is shown in Figure 1. Of note, since each HA trimer has three
sialic acid binding pockets, we aimed to modify the 3-CDs with three trisaccharides. Therefore, the
cyclodextrins are not fully modified but they all bear, on average, a comparable number of
trisaccharides (Figure S1 and S2), determined using 'H Nuclear Magnetic Resonance Spectroscopy

(NMR). In vitro dose-response assays against influenza A/Netherlands/602/2009 (HIN1) strain
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(A/NL/09), were conducted to compare the inhibitory activity of these molecules (Figure 1 and S3).
The infection was quantified with immunocytochemical assays at 24 hours post-infection (hpi). -
CDs bearing a sufficiently long, hydrophobic linker and 6’SLN end-group (C6-6’, C11-6’, and C14-
6’) showed strong inhibitory activity against infection with influenza A/NL/09, having ECs, values
in the nanomolar range. On the other hand, the B-CD with a shorter linker, C1-6’, poorly protected
from the infection. Introducing a sufficiently long linker clearly enhanced the end-group flexibility;
hence the inhibitory concentrations decreased. The ECs, was comparable (yet slightly higher) when

the hydrophobic linker was replaced with a hydrophilic PEGS linker (P8-6’).

In order to demonstrate viral inhibition is due to trisaccharide group but not due to B-CD or the linker
bearing carboxylic acid end group, we also tested 3-CD solely modified with PEGS linker (PS8). P8

did not inhibit influenza A/NL/09, even at very high material concentrations.
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Figure 1: Summary of the modified cyclodextrins. The average number of 6’SLN or 3’SLN per B-CD was calculated
by "H NMR. The representative chemical structures of modified cyclodextrins were constructed based on NMR results.
ECs, represents the half-effective concentrations on MDCK cells at 24 hpi against A/NL/09 with the respective 95%

confidence interval (CI) (Figure S3). N/A: not assessable.

C11-6’, the molecule that showed the best inhibitory activity against A/NL/09, displayed strong
antiviral activity against human influenza strains from both the A (HIN1 and H3N2) and the B type
(Table 1 and Figure S4). Importantly, it inhibited very recent A (HIN1) and B clinical strains (from
the 2017/2018 influenza season), isolated from patients in the University Hospital of Geneva and
passaged only once in MDCK cells. C11-6’ did not show any antiviral activity against HSV-2, an

HSPG-binding virus, indicating specificity of the compound for sialic acid dependent viruses.
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Table 1: Inhibitory activity of C11-6’ and C11-3’ against different influenza strains.

Compound CCso (pg/mL) ECso (ug/mL) ECsot (nM)
A/Netherlands/602/2009 (HIN1) Cl1-¢’ >100 0.18 (0.14 - 0.24) 42

C11-3 >100 6.5 (4.1-10.1) >1000
A/Switzerland/8337/2018-MDCK1 (HIN1)  Cl11-6¢’ >100 0.5(0.4-0.67) 125
A/Singapore/37/2004 (H3N2) Cl1-¢’ >100 0.23 (0.16 —0.34) 56.5
B/Wisconsin/01/2010* Cl11-6¢’ >100 2.2(1.49-3.42) 500
B/Switzerland/3849/2018-MDCK1* Cl1-¢’ >100 20 (10.5-28.7) >1000
A/turkey/Turkey/2005 (H5N1) Cl11-3 >100 4.1 (2.55-6.7) 931

Cl11-6 >100 N/A N/A
A/turkey/Italy/1999 (H7N1) Cl11-3 >100 8.8 (3.2-26) >1000
HSV-2 (Control) Cl1-6 >100 N/A N/A

* B Yamagata lineage

+ Molar concentrations were determined based on the modified cyclodextrins.
CCso: Half-cytotoxic concentration.

ECso: Half-effective concentration with 95% CI in brackets

N/A: not assessable

6’SLN is known to be specific to human influenza strains, whereas 3’SLN is preferred by avian
influenza strains as a primary attachment point.*¢! To prove the generality of our approach, especially
against influenza strains that are known to have the ability of crossing the species barrier, we
synthesized and tested C11-3’ (Figure 1) against avian influenza strains. We show that C11-3’
inhibits both HSN1 and H7N1 avian strains, at 4.1 and 8.8 pg/ml concentrations respectively (see
Table 1). De facto, these results confirm the antiviral strategy adopted against human strains. We
additionally tested whether C11-3’ could inhibit the human strain A/NL/09 and whether C11-6’
would also be active against the avian strain, HSN1. C11-3’ displayed a good inhibitory activity
against A/NL/09 (Figure 1 and table 1), whereas C11-6’ did not show any activity against HSN1
(table 1 and Figure S5). These results are in line with previous literature comparing the binding

affinities of avian and human strains to the different types of sialic acids*®#!. Avian influenza strains
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(particularly H5N1 strains) preferentially bind to alpha -2,3 linked sialic acid, which has a thin and
straight trans conformation. On the other hand, the wider sialic acid binding site of human strains can
accommodate both the bulky cis conformation of alpha -2,6 linked sialic acid and the narrower -2,3

linked sialic acid!“6#7,

The synthesis of similar compounds sharing the B-cyclodextrin core and the 6’SLN moiety but
different linkers allowed us to highlight a structural feature conferring irreversible inhibitory activity
i.e. virucidal action (Figure 2 and S6). This feature differs from the one described in our previous
work where only the length of the linkers was compared!*’!. Here, we hypothesized that one of the
key components of an irreversible viral inhibition is that the binding moiety (here 6’SLN) is borne
by a sufficiently long hydrophobic linker. A hydrophilic linker such as PEG should not be capable of
generating forces that permanently inactivate the virus. To test this hypothesis, we compared C11-6’
and P8-6’. These two compounds differ solely in the hydrophobicity of the linker and show
comparable inhibitory activity against A/NL/09, as shown on the left in figure 2a and 2b. Virucidal
assays were conducted as previously described*¥! to compare the mechanism of inhibition of these
compounds, i.e., virucidal (irreversible) or virustatic (reversible). Briefly, amounts of the compounds
that provide complete protection (10 pg of C11-6’ and 50 ug of P8-6’) were incubated with the virus
for 1h. Serial dilutions of the inocula were conducted followed by evaluation of the infectivity. In the
case of P8-6’, the right graph in 2a shows that while at the initial concentration complete protection
was present, upon dilution the difference with the infectivity of the control sample (virus alone) was
lost, i.e. the inhibitory effect was found to be reversible (virustatic). In the case of C11-6’ the right
graph in 2b shows that complete protection was kept upon dilution and the graphs in 2¢ show that

this property was conserved against a number of different strains.
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Figure 2: Antiviral activity comparison of C11-6’ and P8-6’ in vitro. Panels (a) and (b) show on the graphs on the
left the inhibitory activity of each compound against A/NL/09, superimposed with the results of the cell viability assays.
Both of the compounds inhibit the virus in the dose-response assay. In the virucidal assays on the right, C11-6’ reduced
the virus titer by 1000 times, whereas the infection was fully recovered in the case of P8-6’. Hence C11-6’ has an
irreversible inhibitory effect on the virus while the effect of P8-6’ is reversible. Virucidal activity of C11-6’ against other
influenza strains was further investigated confirming its irreversible activity independently of the strain (c).

Note that in the figure’s axes ffu stands for focus forming units and NT for non-treated. In (c) the following viral strains
were tested: A/Singapore/37/2004 (H3N2), B/Wisconsin/01/2010 and A/Switzerland/8337/2018-MDCK1 (HIN1) (¢).

Results are mean and SEM of 2 independent experiments performed in duplicate.
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To further compare C11-6’ and P8-6’, we performed ex vivo experiments in MucilAir®, a 3D model
of human airway reconstituted epithelia. These air-liquid interface cultures perfectly mimic both the
pseudostratified architecture (basal, ciliated and goblet cells) and the barrier defence mechanism (i.e.
the mucociliary clearance and epithelial cell immunity) of the human upper respiratory epithelium,
the main site of influenza virus replication in humans. Ex vivo experiments were conducted with
clinical HIN1 pandemic 09 strain (A/Switzerland/3076/16) that has not been passaged in cells to
exclude any adaptation bias. C11-6’ or P8-6’ (50 pg/tissue) and the virus (10* RNA copies/tissue)
were first added simultaneously on the apical surface of the tissues, without prior incubation. After
four hours, the inocula were removed, the tissues were washed and the progress of the infection was
monitored on a daily basis with qPCR performed on viruses isolated from the apical washes of the
tissue, without any re-addition of the molecule. C11-6’ completely prevented virus replication
throughout the entire course of the experiment, while P8-6’ slightly reduced viral replication the first

two days post-infection (dpi) but not thereafter (Figure 3a).

Moreover, in the tissues treated with C11-6’, the inhibition of viral replication was also reflected by
the absence of infected cells and the undisturbed morphology of the treated tissues, strikingly
different from the untreated or P8-6’-treated tissues (Figure 3b). Immunofluorescence images and the
lack of lactate dehydrogenase (LDH) release in the apical washes demonstrated that the ciliated cell
layer as well as the physiological cilia beating and tissue integrity were preserved (Figure 3b and S7).
In stark contrast, the untreated tissue or the P8-6’-treated controls, presented reduced thickness due
to alteration of the ciliated cell layer, and presence of infected cells (Figure 3b). To exclude that the
residual viral level detected by qPCR in the treated tissues was related to active replication, we kept
the tissues in culture for 23 days but never observed an increase in viral titer over time, while the
untreated tissues were persistently shedding virus as previously reported*¥! (Figure S8). Importantly,
ex vivo experiments were conducted also in more stringent post-treatment conditions in which C11-

6’ (30 ug/tissue) was administrated every 24 h and for 4 days, starting at 1 dpi to mimic a therapeutic

10
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administration. Also in these conditions, the compound showed a remarkable inhibitory activity,
proving its potential as a therapeutic agent (Figure 3c). In the same ex vivo model we also evaluated
the biocompatibility of high doses of C11-6’, administered daily. C11-6’ did neither show any

cytotoxic nor pro-inflammatory activity in the above described conditions (Figure S9).
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Figure 3: Ex vivo (a to ¢) and in vivo (d to f) inhibitory activity of C11-6’. Ex vivo, C11-6’ provided a full protection
against clinical HIN1 pandemic 09 strain in co-treatment condition, whereas P8-6 only provided a minor protection in
the beginning of the infection (a) Immunofluorescence at 7 days post-infection (co-treatment condition) confirms the
protection provided by C11-6’. Red: monoclonal antibody influenza A, blue: DAPI, green: B-IV-tubulin (marker of
ciliated cells). The thickness of each tissue is shown at the bottom of the corresponding image (b). C11-6’ also showed
high efficacy in post-treatment condition (c). Results of (a) and (c) are mean and SEM of 2 to 4 independent experiments
with intra-experimental duplicates. Images of (b) are representative of 10 images taken for each condition. In vivo, mice
(12/group) were intra-nasally treated with PBS or C11-6’ or by oral gavage with oseltamivir and infected with

A/California/09. Subsequent treatments were administered daily for the following 5 days, image shows the survival curve
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(d). Mice were infected and treated with C11-6’ or oseltamivir at 24 hpi and daily for the 4 following days, images show

the survival curves (e) ***p<0.001, **p<0.01

Lastly, in vivo experiments were conducted with BALB/c mice administered first with C11-6’ (1.25
or 3.75 mg/kg) and immediately after with A/California/09 via the intranasal route and
subsequently treated daily for 5 days. The weights of the mice were measured daily in order to
estimate the impact of C11-6’ administration on the infected-animal’s physiological condition
(weight loss variation is shown in Figure S10). Significant increase in survival was observed in
presence of C11-6’ 3.75 mg/kg (9/12 mice) and the oseltamivir 30 mg/kg/day (10/10 mice) if
compared to placebo control (3/12 mice). Additional experiments were carried out with
administration of 1.25 mg/kg of C11-6’ at the time of infection by measuring the viral load in the
lungs and the viral titer in the broncho-alveolar lavages at 2dpi (Figure S11). The significative
reduction in presence of 1.25 mg/kg of C11-6’ demonstrates that a single administration before
infection is able to significantly decrease the infectious titer of the virus. Subsequently we
performed post-treatment experiment, in which mice were treated at 8 (Figure S12) or 24 hpi
(Figure 3d) with C11-6’ (3.75 mg/kg or 7.5 mg/kg) or oseltamivir (30 mg/kg/day). In presence of
C11-6’ with the start of treatment at 24hpi 9 out of 10 mice survived to the viral challenge in the 7.5
mg/kg group and 4 in the 3.75 mg/kg group, in contrast with oseltamivir in which group 0 out of 10
survived. Collectively, these results suggest a potent prophylactic and therapeutic capacity of the

C11-6’ compound in vivo.

In summary, we present here a new design rule to produce effective, non-toxic, virucidal compounds
against influenza virus. To dissect the relationship between the antiviral mechanism of action and the
structure of our newly designed virucidal we compare, for the first time, its efficacy with that of a
highly similar compound displaying a virustatic activity. We show that if the inhibitory effect is
reversible, i.e. virustatic, the antiviral efficacy is lost when moving from in vitro to ex vivo. On the
other hand, the virucidal counterpart of the same molecule keeps its efficacy is maintained from in

12
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vitro all the way to in vivo. Importantly, we show in vivo results with remarkable effect on mice
survival for a pandemic strain of HIN1 with the compound given intranasally 24h post-infection.
Therefore, we believe that our approach to design non-toxic virucidal macromolecules has an
outstanding potential for the prevention and the treatment of not only human, but also avian influenza

infections.

Experimental Section

Detailed information on the experimental procedures can be found in the Supporting Information.

Acknowledgements

The work was supported by the Leenaards Foundation (grant 4390 to L. K., C.T. and F.S.) and the
Swiss National Science Foundation (Sinergia grant CRSIIS_180323 to F.S. and C.T.).

The mouse model work was done at the Institute for Antiviral Research at Utah State University.
Funding was provided by the National Institute of Health contract number HHSN2722017000411,
Task Order A30, from the Respiratory Diseases Branch, Division of Microbiology and Infectious

Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, USA.

Author contributions

Conceptualization, OK., V.C., C.T. and F.S.; Methodology, O.K., V.C. and R.L.G. Investigation,
O K. and Y.Z. synthetized the cyclodextrins; O.K., V.C., J.B., J.M. and C.M. performed the in vitro
experiments; V.C. performed the ex vivo experiments; L..S., B.D.C. and R.L.G. performed the in vivo
experiments. Writing — Original Draft, O.K., V.C., C.T. and F.S. Writing — Review & Editing, all
authors. Funding Acquisition, C.T., L.K. and F.S.; Resources, S.H. and S.C. Supervision, W.L.J.H.,

AH.,RLG,CT,FS.

Declaration of interests

13


https://doi.org/10.1101/2020.03.18.996678
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.18.996678; this version posted August 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

OK. V.C.,,C.T.and F.S. are inventors on patent number EP18192559.5. All the other authors declare

no conflict of interests.

REFERENCES

[1]
[2]
3]
[4]

[5]
[6]
[7]
[8]
[9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]
[19]

[20]

J. K. Taubenberger, D. M. Morens, Annu. Rev. Pathol. 2008, 3, 499.

D. Almond, J. Polit. Econ. 2006, 114, 672.

P. Palese, Nat. Med. 2004, 10, S82.

J. Bustamante, I. Calzado, T. Sainz, C. Calvo, T. Del Rosal, A. Méndez-Echevarria, Eur. J.
Pediatr. 2017, 176, 1425.

C. Cohen, L. Simonsen, J.-W. Kang, M. Miller, J. McAnerney, L. Blumberg, B. Schoub, S. A.
Madhi, C. Viboud, Clin. Infect. Dis. 2010, 51, 1362.

Y. Ren, Y.Yin, W. Li, Y. Lin, T. Liu, S. Wang, S. Zhang, Z. Li, X. Wang, Z. Bi, Virol. J. 2013, 10,
149.

L. Simonsen, M. J. Clarke, L. B. Schonberger, N. H. Arden, N. J. Cox, K. Fukuda, J. Infect. Dis.
1998, 178, 53.

R. A. Weinstein, C. B. Bridges, M. J. Kuehnert, C. B. Hall, Clin. Infect. Dis. 2003, 37, 1094.

M. U. Bhuiyan, S. P. Luby, N. I. Alamgir, N. Homaira, A. A. Mamun, J. A. M. Khan, J. Abedin, K.
Sturm-Ramirez, E. S. Gurley, R. U. Zaman, A. S. M. Alamgir, M. Rahman, M.-A. Widdowson, E.
Azziz-Baumgartner, Influenza Other Respir. Viruses 2014, 8, 406.

W. C. W. S. Putri, D. J. Muscatello, M. S. Stockwell, A. T. Newall, Vaccine 2018, 36, 3960.

R. R. Regoes, S. Bonhoeffer, Science 2006, 312, 389.

F. Carrat, A. Flahault, Vaccine 2007, 25, 6852.

N. Pica, P. Palese, Annu. Rev. Med. 2013, 64, 189.

S. C. Trock, S. A. Burke, N. J. Cox, Emerg. Infect. Dis. 2015, 21, 1372.

S. Mounier-Jack, R. J. Coker, The Lancet 2006, 367, 1405.

“Ten threats to global health in 2019,” can be found under
https://www.who.int/emergencies/ten-threats-to-global-health-in-2019, n.d.

M. Imai, M. Yamashita, Y. Sakai-Tagawa, K. lwatsuki-Horimoto, M. Kiso, J. Murakami, A.
Yasuhara, K. Takada, M. Ito, N. Nakajima, K. Takahashi, T. J. S. Lopes, J. Dutta, Z. Khan, D. Kriti,
H. van Bakel, A. Tokita, H. Hagiwara, N. Izumida, H. Kuroki, T. Nishino, N. Wada, M. Koga, E.
Adachi, D. Jubishi, H. Hasegawa, Y. Kawaoka, Nat. Microbiol. 2020, 5, 27.

N. C. Wu, . A. Wilson, Nat. Struct. Mol. Biol. 2018, 25, 115.

G. B. Triana-Baltzer, M. Babizki, M. C. W. Chan, A. C. N. Wong, L. M. Aschenbrenner, E. R.
Campbell, Q.-X. Li, R. W. Y. Chan, J. S. M. Peiris, J. M. Nicholls, F. Fang, J. Antimicrob.
Chemother. 2010, 65, 275.

K. Sleeman, V. P. Mishin, V. M. Deyde, Y. Furuta, A. I. Klimov, L. V. Gubareva, Antimicrob.
Agents Chemother. 2010, 54, 2517.

14


https://doi.org/10.1101/2020.03.18.996678
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.18.996678; this version posted August 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]
[37]

[38]

[39]

made available under aCC-BY-NC-ND 4.0 International license.

G. Belardo, O. Cenciarelli, S. L. Frazia, J. F. Rossignol, M. G. Santoro, Antimicrob. Agents
Chemother. 2015, 59, 1061.

P. Gupta, A. V. Kamath, S. Park, H. Chiu, J. Lutman, M. Maia, M.-W. Tan, M. Xu, L. Swem, R.
Deng, mAbs 2016, 8, 991.

D. C. Ekiert, R. H. E. Friesen, G. Bhabha, T. Kwaks, M. Jongeneelen, W. Yu, C. Ophorst, F. Cox,
H.J. W. M. Korse, B. Brandenburg, R. Vogels, J. P. J. Brakenhoff, R. Kompier, M. H. Koldijk, L.
A. H. M. Cornelissen, L. L. M. Poon, M. Peiris, W. Koudstaal, I. A. Wilson, J. Goudsmit, Science
2011, 333, 843.

N. Chai, L. R. Swem, S. Park, G. Nakamura, N. Chiang, A. Estevez, R. Fong, L. Kamen, E. Kho, M.
Reichelt, Z. Lin, H. Chiu, E. Skippington, Z. Modrusan, J. Stinson, M. Xu, P. Lupardus, C. Ciferri,
M.-W. Tan, Nat. Commun. 2017, 8, 14234.

N. L. Kallewaard, D. Corti, P. J. Collins, U. Neu, J. M. McAuliffe, E. Benjamin, L. Wachter-Rosati,
F. J. Palmer-Hill, A. Q. Yuan, P. A. Walker, M. K. Vorlaender, S. Bianchi, B. Guarino, A. De
Marco, F. Vanzetta, G. Agatic, M. Foglierini, D. Pinna, B. Fernandez-Rodriguez, A. Fruehwirth,
C. Silacci, R. W. Ogrodowicz, S. R. Martin, F. Sallusto, J. A. Suzich, A. Lanzavecchia, Q. Zhu, S. J.
Gamblin, J. J. Skehel, Cell 2016, 166, 596.

P. Koszalka, D. Tilmanis, A. C. Hurt, Influenza Other Respir. Viruses 2017, 11, 240.

S. Bangaruy, S. Lang, M. Schotsaert, H. A. Vanderven, X. Zhu, N. Kose, R. Bombardi, J. A. Finn,
S. J. Kent, P. Gilchuk, I. Gilchuk, H. L. Turner, A. Garcia-Sastre, S. Li, A. B. Ward, I. A. Wilson, J.
E. Crowe, Cell 2019, 177, 1136.

E.-M. Strauch, S. M. Bernard, D. La, A. J. Bohn, P. S. Lee, C. E. Anderson, T. Nieusma, C. A.
Holstein, N. K. Garcia, K. A. Hooper, R. Ravichandran, J. W. Nelson, W. Sheffler, J. D. Bloom, K.
K. Lee, A. B. Ward, P. Yager, D. H. Fuller, I. A. Wilson, D. Baker, Nat. Biotechnol. 2017, 35, 667.
D. Lauster, M. Glanz, M. Bardua, K. Ludwig, M. Hellmund, U. Hoffmann, A. Hamann, C.
Bottcher, R. Haag, C. P. R. Hackenberger, A. Herrmann, Angew. Chem. Int. Ed. 2017, 56, 5931.
A. Antanasijevic, H. Cheng, D. J. Wardrop, L. Rong, M. Caffrey, PLOS ONE 2013, 8, €76363.

A. Basu, A. Antanasijevic, M. Wang, B. Li, D. M. Mills, J. A. Ames, P. J. Nash, J. D. Williams, N.
P. Peet, D. T. Moir, M. N. Prichard, K. A. Keith, D. L. Barnard, M. Caffrey, L. Rong, T. L. Bowlin,
J. Virol. 2014, 88, 1447.

J. D. Reuter, A. Myc, M. M. Hayes, Z. Gan, R. Roy, D. Qin, R. Yin, L. T. Piehler, R. Esfand, D. A.
Tomalia, J. R. Baker, Bioconjug. Chem. 1999, 10, 271.

S. Bhatia, D. Lauster, M. Bardua, K. Ludwig, S. Angioletti-Uberti, N. Popp, U. Hoffmann, F.
Paulus, M. Budt, M. Stadtmdiiller, T. Wolff, A. Hamann, C. Bottcher, A. Herrmann, R. Haag,
Biomaterials 2017, 138, 22.

I. Papp, C. Sieben, A. L. Sisson, J. Kostka, C. Béttcher, K. Ludwig, A. Herrmann, R. Haag,
ChemBioChem 2011, 12, 887.

S. Tang, W. B. Puryear, B. M. Seifried, X. Dong, J. A. Runstadler, K. Ribbeck, B. D. Olsen, ACS
Macro Lett. 2016, 5, 413.

S.-J. Kwon, D. H. Na, J. H. Kwak, M. Douaisi, F. Zhang, E. J. Park, J.-H. Park, H. Youn, C.-S. Song,
R. S. Kane, J. S. Dordick, K. B. Lee, R. J. Linhardt, Nat. Nanotechnol. 2017, 12, 48.

D. J. Holthausen, S. H. Lee, V. T. Kumar, N. M. Bouvier, F. Krammer, A. H. Ellebedy, J.
Wrammert, A. C. Lowen, S. George, M. R. Pillai, J. Jacob, Immunity 2017, 46, 587.

M. J. P. van Dongen, R. U. Kadam, J. Juraszek, E. Lawson, B. Brandenburg, F. Schmitz, W. B. G.
Schepens, B. Stoops, H. A. van Diepen, M. Jongeneelen, C. Tang, J. Vermond, A. van E.-O.
Real, S. Blokland, D. Garg, W. Yu, W. Goutier, E. Lanckacker, J. M. Klap, D. C. G. Peeters, J. Wu,
C. Buyck, T. H. M. Jonckers, D. Roymans, P. Roevens, R. Vogels, W. Koudstaal, R. H. E. Friesen,
P. Raboisson, D. Dhanak, J. Goudsmit, I. A. Wilson, Science 2019, 363, eaar6221.

S. Xiao, L. Si, Z. Tian, P. Jiao, Z. Fan, K. Meng, X. Zhou, H. Wang, R. Xu, X. Han, G. Fu, Y. Zhang,
L. Zhang, D. Zhou, Biomaterials 2016, 78, 74.

15


https://doi.org/10.1101/2020.03.18.996678
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.18.996678; this version posted August 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]
[48]

made available under aCC-BY-NC-ND 4.0 International license.

M. T. Koday, J. Nelson, A. Chevalier, M. Koday, H. Kalinoski, L. Stewart, L. Carter, T. Nieusma,
P.S. Lee, A. B. Ward, |. A. Wilson, A. Dagley, D. F. Smee, D. Baker, D. H. Fuller, PLOS Pathog.
2016, 12, €1005409.

J. Haldar, D. An, L. A. de Cienfuegos, J. Chen, A. M. Klibanov, Proc. Natl. Acad. Sci. 2006, 103,
17667.

M. Tengdelius, K. Y. Cheung, M. Griffith, P. Pahlsson, P. Konradsson, Eur. Polym. J. 2018, 98,
285.

V. Cagno, P. Andreozzi, M. D’Alicarnasso, P. J. Silva, M. Mueller, M. Galloux, R. L. Goffic, S. T.
Jones, M. Vallino, J. Hodek, J. Weber, S. Sen, E.-R. Janecek, A. Bekdemir, B. Sanavio, C.
Martinelli, M. Donalisio, M.-A. R. Welti, J.-F. Eleouet, Y. Han, L. Kaiser, L. Vukovic, C. Tapparel,
P. Krél, S. Krol, D. Lembo, F. Stellacci, Nat. Mater. 2018, 17, 195.

S.T. Jones, V. Cagno, M. Janecek, D. Ortiz, N. Gasilova, J. Piret, M. Gasbarri, D. A. Constant, Y.
Han, L. Vukovié, P. Kral, L. Kaiser, S. Huang, S. Constant, K. Kirkegaard, G. Boivin, F. Stellacci,
C. Tapparel, Sci. Adv. 2020, 6, eaax9318.

“Primary Screen GlycanScreen primscreen_3818,” can be found under
http://www.functionalglycomics.org/glycomics/HServlet?operation=view&sideMenu=no&psl|
d=primscreen_3818, n.d.

J. E. Stencel-Baerenwald, K. Reiss, D. M. Reiter, T. Stehle, T. S. Dermody, Nat. Rev. Microbiol.
2014, 12, 739.

J. S. Long, B. Mistry, S. M. Haslam, W. S. Barclay, Nat. Rev. Microbiol. 2019, 17, 67.

M. Essaidi-Laziosi, F. Brito, S. Benaoudia, L. Royston, V. Cagno, M. Fernandes-Rocha, I. Piuz, E.
Zdobnov, S. Huang, S. Constant, M.-O. Boldi, L. Kaiser, C. Tapparel, J. Allergy Clin. Immunol.
2018, 141, 2074.

16


https://doi.org/10.1101/2020.03.18.996678
http://creativecommons.org/licenses/by-nc-nd/4.0/

