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ABSTRACT

Here, we demonstrate concerted inhibition of different influenza A virus (IAV) strains using a low
molecular weight dual-action linear polymer. The 6”-sialyllactose and zanamivir conjugates of
linear polyglycerol are optimized for simultaneous targeting of hemagglutinin and neuraminidase
on the IAV surface. Independent of IAV subtypes, hemagglutination inhibition data suggest better
adsorption of heteromultivalent polymer than homomultivalent analogs onto the virus surface.
Cryo-TEM images imply heteromultivalent compound-mediated virus aggregation. The optimized
polymeric nanomaterial inhibits >99.9% propagation of various 1AV strains 24 hours post-
infection in vitro at low nM concentrations and is up to 10000 times more effective than the
commercial zanamivir drug. In a Human Lung ex vivo-multicyclic infection setup, the
heteromultivalent polymer outperforms the commercial drug zanamivir, and homomultivalent
analogs or their physical mixtures. This study authenticates the translational potential of the dual

action targeting approach using small polymers for broad and high antiviral efficacy.

Keywords: Heteromultivalency, influenza A virus, dual-action linear polymer, multicyclic
infection, broad inhibition

Influenza A viruses (IAV) regularly challenge public health globally by
causing seasonal influenza and sporadic pandemics leading to 3-5 million cases of severe illness
and an estimated 290,000 to 650,000 deaths per year worldwide.> The unpredictable patterns of
IAV antigenic drift and shift make the annual adaptation of vaccines challenging. Also, recent
studies have illustrated that influenza A virus co-infection may enhance the severity of

concomitant COVID-19.2*
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The 1AV is an enveloped RNA virus whose membrane anchors two surface proteins, the
homotrimeric hemagglutinin (HA) that binds to sialic acid (SA) on cell surfaces and the tetrameric
neuraminidase (NA) which is a sialidase responsible for cleaving sialoside bonds between HA and
SA .>® The process of IAV binding to host cell receptors is highly dynamic, and before ultimately
being internalized, virus particles move along the host cell membrane.® This process is facilitated
by the multivalent attachment of multiple noncovalent HA-SA bonds that in turn can be cleaved

by NA, resulting in a directional movement.0-12

The NA also allows virions to move through the host mucus layer which is rich in sialylated
glycoproteins. These sialylated glycoproteins otherwise could inhibit viral entry into the host
system.'® Overall, the balance of HA receptor-binding and NA receptor-cleaving activity is pivotal
for virus replication and transmission. Commercial anti-influenza drugs such as Oseltamivir and
Zanamivir are NA inhibitors that can prevent the cleavage of sialoside bonds with HA proteins,
thus able to interfere with the mobility as well as the release of newly formed virions from the host
cell and consequently, the propagation of viral infection.!* The emergence of stable and
transmissible drug resistance in 1AV strains can render these drugs ineffective as suggested by

oseltamivir and zanamivir-resistant I1AVs.1®

Inhibiting the infection at an early step by targeting the HA to prevent binding and subsequent
entry of the virus into the target cell is a promising approach. Multivalent sialoside-based
polymers,'® dendrimers,!” nanoparticles,'®° nanogels,?®?* and proteins?? have overcome the low
binding affinity (Kd ~ 2-4 mM)?® of monovalent SA to HA through a multivalent effect and have
shown significant inhibition of 1AV binding to the host cells. However, due to the rather high
amino acid sequence and structural variability of the HA binding pocket of different strains, broad

activity with high efficacy is still elusive for most polysialylated inhibitors.?*?® Replacing SA with
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6" -sialyllactose (SL), which mimics the natural receptor more closely, extended the activity against

some IAV strains; high potency, however, remained a bottleneck.?

Through a careful design, we have overcome this challenge by developing a heteromultivalent
linear polyglycerol (LPG) with zanamivir (ZA) and 6" -sialyllactose (SL) residues, which is highly
potent and broadly active against IAV infection. We have chosen 10 kDa LPG for multivalent
display because of its excellent water solubility, cytocompatibility, scalability, and good in vivo
clearance.>?® The optimized heteromultivalent presentation of SL and ZA generated a broad
activity against different 1AV strains. This compound broadly inhibits IAV propagation in vitro
and in human lung (HuLu) explants at a low nM concentration and is also three to four orders of
magnitude more potent at inhibiting IAV propagation than the commercially available ZA drug.
This detailed investigation emphasizes heteromultivalency and suggests synergistic effects against
both the binding and release of various 1AVs for the first time using a low molecular weight

biocompatible polymer.

Considering the uniform distribution of 300-500 HA trimers?”?® on the IAV surface, we have
optimized the SA ligand density on the 10 kDa LPG scaffold as 40-70% for an effective 1AV
inhibition in our previous reports.?> Accordingly, SA and SL with 40% and 50% degree of
functionalization (DF), respectively, on LPG was selected here as homomultivalent ligands for
targeting the HA protein. Contrary to HA, the distribution of NA on IAV surface is not uniform
and highly variable. The tetrameric NAs are usually present on the virus surface as clusters of two
or more proteins? and the previous reports showed that up to 10% ZA on a polymer backbone is
enough to afford an effective inhibition of virus release from the cell surface.?® We therefore
prepared homomultivalent ZA on LPG with low (10%) and medium (40%) DFs i.e., LPG10ZAo0.10

and LPG10ZAo40, respectively. To investigate a favorable configuration for effective virus
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inhibition in the dual action mode, LPG with optimum SA or SL density and a variable degree of
ZA functionalization were synthesized. Essential steps for the synthesis of ZA-alkyne are shown
in Scheme 1A (complete syntheses of ZA-alkyne and SL-alkyne are shown in Scheme S1 and S2).
The DFs of each ligand on the heteromultivalent constructs correspond to the DF on the
homomultivalent constructs to afford three heteromultivalent compounds i.e., LPG10ZA0.10SA0 40,
LPG10ZA0.10SLo.40, and LPG10ZA0.40SLo.40 (Scheme 1B-C, See supporting for synthesis details).
The loading of ZA and SA or SL ligands was determined by *H NMR analysis for different
compounds and the zeta potential of polymer conjugates was measured in PB (10 mM, pH 7.4) at

the concentration of 1 mg/mL.
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Scheme 1. (A) Important steps for the synthesis of ZA-alkyne while the complete synthesis is shown in
Scheme S1. Reagent and conditions: (a) NaOMe, MeOH, rt, 4 h; (b) acetone, triflic acid, rt, 4 h; (c) p-
nitrophenyl chloroformate, pyridine, DMAP, propargylamine, rt, 16 h. (B) Synthesis of ZA, SA, and SL-

functionalized linear polyglycerol polymers. Reagent and conditions: (d) ZA/SA/SL, CuSO4.5H,0, sodium
ascorbate, DMF:H,0, 50 °C, 48 h; (e) (i) 2M ag. NaOH, rt, 5 h (ii) DCM, TFA, rt, 5 h. (C) Structures of
SA and SL functionalized linear polyglycerols.

Table 1. Characterization of all compounds tested against A/X31 (H3N2) virus.

Polymer? DF® (%) SA/SL & ZA per (-potential  NA inhibition

(LPG10ZAbrFSADF) polymer® #SD [mV]?  ICs50+SD [nM]
[ZA]°

LPG100OH - - -2.7+1.66 1775 + 592
LPG10SA0.40 SA =44 SA =60 -30.8+2.58 1579 + 336
LPG10SLoso SL=50 SL =67 -18.6£1.72 10000
Zanamivir - - - 0.97 £0.16
LPG10ZA0.10 ZA =10 ZA =13 -3.3+1.40 2.10 £ 0.41 (27.3)
LPG10ZA0.40 ZA =40 ZA =54 -17.4+3.48 1.27 + 0.24 (68.58)
LPG10ZA010SA040 ZA =13, SA=40 ZA=20,SA =54 -29.5+4.34 0.07 £0.01 (1.4)
LPGlOZAO.lOSLOAO ZA = 10, SL =40 ZA = 13, SA =54 -22.4+3.66 19.58 + 4.76 (255)
LPG10ZA040SLoao  ZA=40,SL =40 ZA=54,SL =54 -159+4.95 4386 +1.25(262)

*The number of sialic acid (SA), 6 -sialyllactose (SL), and zanamivir (ZA) unit per hydroxyl group of LPG
polymer of 10 kDa as calculated using a degree of functionalization (DF). "Determined by *HNMR analysis.
°Number of sialic acid (SA), 6" -sialyllactose (SL), and zanamivir (ZA) units per polymer was calculated from
DF by *HNMR. 9The zeta ({)-potential was measured in PB (10 mM, 7.4 pH) at 1 mg/mL of concentration.
¢The ICso in terms of ZA conjugated with the polymer backbone is given in brackets. Values are obtained by

MUNANA assay with A/X31 (H3N2) virus. Values are expressed as mean +SD, n=6.

We first tested NA inhibition activity of all compounds against A/X31 (H3N2) virus in a standard

fluorescence-based

assay
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(MUNANA) (Table 1 and Figure 1A). The multivalent ZA compounds with different loadings of
ZA alone (LPG10ZAo.10 and LPG10ZAo.40) or in combination with SA (LPG10ZA0.10SA0.40) showed
very low ICsp values in the nanomolar range (1.4-68.6 nM ZA). Interestingly, LPG10ZAo.10SLo.40
and LPG10ZA0.40SLo.40, with SL and ZA, showed weak NA inhibition (ICso > 250 nM ZA), almost
180 times less efficient than the corresponding LPG10ZA0.10SA0.40 (ICs0 ~ 1.4 nM ZA). This might
be due to the reduced accessibility of randomly distributed ZA residues to the NA enzyme receptor
pocket in presence of the bulky trisaccharide units of SL residues on the same polymer chain. In
this assay, where NA inhibition values solely depend on the NA binding, monovalent ZA has better
NA inhibition than the multivalent analogs. These results might be attributed to the higher
conformational entropic cost of grafted ZAs compared to free monovalent ZA ligands for making
bound ZA-NA interaction pairs, as previously observed by others.®® Importantly, the control
compound LPG19OH and sialic acid-based inhibitors LPG10SA.40 and LPG10SLo.40 did not show

any inhibition of NA activity.

The next step was to test the potential of these compounds as inhibitors of virus-cell binding. The
hemagglutination inhibition (HAI) assay was performed with different compounds using influenza
A viruses A/X31 (H3N2), A/Panama/2007/1999 (H3N2), A/Bayern/63/2009 (H1N1pdm) and
A/California/7/2009 (H1IN1pdm) (Figure 1B). The homomultivalent SA analog LPG10SA0.40
showed weak inhibitory activity only against H3N2 viruses whereas LPG10SLo.40 showed strong
inhibition (Ki = 625 nM) also of the A/Bayern/63/2009 (HLN1pdm) virus. We expect an extended
chain conformation of linear polyglycerol when conjugated with the trisaccharide SL ligands, and
thereby reducing the conformational penalty of the polymer for adsorption onto the virus surface
as compared to the globular LPG10SA0.40. Important to notice, no globular morphologies were seen

for LPG1oSLoso in cryo-TEM (Figure S16). The heteromultivalent analog LPGZAo.40SLo.40
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showed broad HA inhibition with low nM inhibition constants (Ki) against all the tested 1AV
strains (Table S1). The ZA functionalized inhibitors (LPG10ZA0.10 and LPG10ZAo.40) showed little
or no HA inhibition, and the heteromultivalent combination of ZA and SA (LPGZA0.10SA0.40)
inhibited hemagglutination substantially better than the homomultivalent SA (LPG10SAo.40) only
against IAV A/X31 (H3N2). These data clearly show that the presence of ZA ligands makes some
ZA-NA ligand pairs that facilitate the polymer adsorption onto the virus surface, leading to better
virus blocking and thus inhibition. As described earlier, the multivalent polymer adsorption onto
the receptor-coated virus surface is very much dependent on the conformation penalty of polymer
and ligand-receptor pair interactions upon binding.3%3! No HA inhibition was observed with control
compounds LPG100H, Zanamivir, and 6”-sialyllactose up to the concentration range of 10%-10° nM

(Table S1).
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Figure 1. (A) NA inhibitory activity of the compounds by MUNANA assay. Values are expressed as mean
+SD, n=6. (B) Inhibitory effect of compounds tested against different AV subtype strains. The inhibitor
constant Kjnaiywas calculated and presented as 10g10 Kinaiy for better visualization. The Kiwan reflects the
lowest inhibitor concentration necessary to achieve full inhibition of virus-induced hemagglutination. The
graph shows the mean and standard deviation (SD) of three independent experiments with each virus. p-

values were determined using ANOVA with multiple testing (Kruskal-Wallis test and Dunn’s test).

To analyze and compare the broad therapeutic activity of different homo- and
heteromultifunctional compounds against virus propagation in a multicyclic infection setup, we
have here included the more recent virus of the H3N2 subtype i.e. A/Panama/2007/2009 (H3N2)
and the pandemic HIN1 virus A/Bayern/63/2009 (H1N1pdm), which diverge greatly from X/31
(H3N2) virus on the HA and NA amino acid sequence to represent a broad variety of 1AV strains
(Figure 2). Compounds at different dilutions were incubated with Madin-Darby Canine Kidney
(MDCK-I1) cells after establishing infection with the virus for 45 min at MOI 0.01. At 24 hpi, the
virus titer in the supernatant was analyzed by plaque assay. The control compound LPG10OH did
not show inhibition of virus propagation even at 1 or 10 pM and SA-functionalized LPG10SAo.40
was active only against A/X31 (H3N2) virus with an ICs of 31 nM (~ 1870 nM SA). A broader
antiviral activity was observed by replacing SA with SL residues that closely mimics the canonical
receptor for 1AV,* but ICso values increased to 600-2800 nM. Commercially available
monovalent ZA showed broad but quite weak antiviral activity against all three strains with ICso
values in the pM range (6.5-9.9 pM). On the other hand, the multivalent ZA compounds
LPG10ZA0.10and LPG10ZA0.40 sShowed nanomolar 1Csg values against A/X31 (H3N2) (6 and 3 nM)
and A/Panama/2007/1999 (H3N2) (58 and 45 nM) but very high uM ICso values against the
A/Bayern/63/ 2009 (HLIN1pdm) (77 and 14 uM). These experiments were conducted on MDCK-
IT cells, which express low levels of a2,6-linked Neu5Ac, the host cell receptor of human IAVs.

Thus, there are fewer glycan receptors to retain progeny virus at the cell surface, and therefore
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influenza viruses are less dependent on NA activity in this setting. Increased antiviral activity of
multivalent ZA compared to monovalent ZA against A/X31 and Panama strains under these
conditions is intriguing, especially considering the weaker NA inhibition activity of multivalent
than the monovalent ZA (Table 1). These findings suggest that steric effects play a role in addition
to the inhibition of NA by the multivalent ZA compounds, where the polymer bound to NA through

ZA might sterically hinder the attachment of the virus to host cells.

Using dual action inhibitors with both ZA and SA or SL on the same polymer chain effectively
increased the inhibition of virus propagation as indicated by a dramatic decrease in the 1Cso values.
The compound LPG10ZA0.10SA0.40 demonstrated broad antiviral activity in a nM range against all
three strains 0.2-156 nM (corresponding to 2 nM-2 uM ZA). Furthermore, using SL residues
instead of SA in combination with ZA (LPG10ZA0.40SLo.40) further decreased the ICso values to
0.7-2.0 nM (corresponding to 35-128 nM of ZA). Interestingly, the dose-response curves for the
virus propagation indicated that in comparison to homomultivalent ZA analogs, the
heteromultivalent SA and ZA improved the inhibition of propagation of A/Panama/2007/1999
(H3N2) virus slightly, and A/Bayern/63/2009 (H1N1pdm) virus significantly, although these
viruses were not as much inhibited by the homomultivalent sialoside compound (Figure 2B-C).
This may in part be explained by an earlier observation for A/Panama/2007/1999 (H3N2) virus
showing that multivalent SA-functionalized polyglycerols can bind to virions without inhibiting
their propagation.?* The SA-supported binding of heteromultivalent LPG may contribute to a

higher surface concentration of ZA and thus to an enhanced inhibitory effect of ZA.

Intriguingly, dose-response curves are much steeper with the application of SL-containing
compounds LPG10ZA0.40SLo4o and LPGioSLoso for A/Panama/2007/1999 (H3N2) and

A/Bayern/63/2009 (HLIN1pdm) viruses. For the A/X31 virus, the application of homomultivalent
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SA compound LPG10SAo.40 resulted in steeper dose response curve than the LPG1oSLoso (Figure
2A-C). This difference in steepness in the dose-effect curves cannot be attributed to different
degrees of ligand conjugation, as they are similar or at least in the same range for all compounds.
It is conceivable that the length of the trisaccharide SL linker might also enhance the number of
interacting HA molecules that are not accessible to a sole monosaccharide SA functionalization.
In addition, SLs of the LPG not engaged in HA interaction may protrude from the viral surface

and therefore may add to the steric inhibition.3*%

The 1Cso values of monovalent and homomultivalent zanamivir were much higher against
A/Bayern/63/2009 (HLN1pdm) virus than against the tested H3N2 viruses, implying a decreased
zanamivir sensitivity of this virus. Importantly, the heteromultivalent compounds were able to
overcome this decreased zanamivir sensitivity, suggesting they might be suited to treat infections
with NA inhibitor-resistant viruses as well. Overall, the heteromultivalent compound with both
ZA and SL ligands, LPG10ZA0.40SLo.40, Was the most effective compound accomplishing >99.9%
inhibition of virus propagation against the diverse influenza A viruses tested, demonstrating its
high potential for broad activity (Figure 2A-C). Important to note is that the presence of ZA-NA
pairs on the virus surface might also stabilize HA-SL pairs, leading to long-lasting adsorption of
heteromultivalent LPG10ZA0.40SLo.40 and consequently better steric inhibition of the virus surface

compared to its homomultivalent analogs.

To investigate if there was an added benefit of having both SA and ZA on a single polymer
backbone in contrast to separate ones, a comparison of covalently bound heteromultivalent
compound LPG10ZA0.10SA0.40 With the physical mixture of LPG10ZA0.10 and LPG10SA0.40 Was also
performed in the multicyclic infection setup at a low inhibitor concentration of 10 nM. The

LPG10ZA0.10SA0.40 at 10 nM corresponds to ZA and SA concentrations of 130 nM and 530 nM,
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respectively. A physical mixture containing 130 nM (ZA concentration) LPG10ZA0.10 and 530 nM
(SA concentration) LPG10SA0.40 Was used in the same experimental setting. The virus titer was
determined by plaque assay at 24 hpi using MDCK-11 cells. We observed for the influenza viruses
A/X31 (H3N2), A/Bremen/5/2017 (H3N2) and A/PR/8/34 (H1N1) that the heteromultivalent
compound reduced the virus titer by one order of magnitude more than the physical mixture of the
analogs at 10 nM concentrations (Figure 2D). The lower effect of physical mixtures might be
attributed to the shielding effect posed by the homomultivalent analog once bound to the virus
particle. For example, LPGSA once bound to the virus particle might also shield NAs and make
them less accessible to binding with LPGZA analogs and vice versa. However, this warrants more
detailed studies in the future. Importantly, all compounds did not show any toxicity against

MDCK-II cells in MTS assay up to 10 uM concentration (Figure S19).
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1

2

431 Figure 2. Investigation of different compounds in a multicyclic infection set up against different strains of
5 influenza A virus. Figures A, B and C show the reduction in the virus titer in presence of different
? compounds at different concentrations against the influenza viruses A/X31 (H3N2), A/Panama/2007/1999
8 (H3N2), and A/Bayern/63/ 2009 (H1N1pdm), respectively. ICsq values in Table 2 were calculated from
?0 these curves using a 4"-order non-linear regression fit in Graphpad Prism. Figure D shows a reduction in
n virus titers of different strains (additionally including A/Bremen/5/2017 (H3N2) and A/PR/8/34 (H1N1))
12

13 at 10 nM of the compound using homomultivalent ZA and SA compounds as well as the physical mixture
1;' of homomultivalent LPG to compare to covalently bound heteromultivalent ligands. Only the location
16 names are used to refer to the different strains for clarity. All data represent three independent experiments
17 . .

18 in duplicates.

19

20 Table 2. Inhibition of propagation of diverse IAV virus strains in cell culture by different compounds. All
;; compounds were added to the culture medium directly after 45 min of infection at MOI 0.01. 1Cs values
23 were calculated by fitting the data from Figure 2A-C using a 4™-order nonlinear regression. ICso values are
;g given as particle concentrations. In addition, the concentrations of the respective ligands are given in
26 brackets.

27

28

29 Compounds ICs0 £ SD [nM] (SA, ZA)

i AIX31 (H3N2) A/Panama/2007/2009 A/Bayern/63/2009

32 (H3N2) (HIN1)

33

32 LPG100OH - - -

35 LPG10SA0.40 31.17 +38.36 ND ND

2? (SA: 1870)

38 LPG10SLoso 2841.67 £ 1223.89 2400.33 + 1475.07 648.23 + 459.69

23 (SL: 190 391) (SL: 160 822) (SL: 43 431)

41 Zanamivir 7282.00 £ 3733.91 0886.67 + 5838.55 6537.00 £ 9244.71

42

43 LPG10ZA0.10 5.88 + 3.02 58.46 + 22.62 (7.72 + 7.44) x10*

44 (ZA: 76) (ZA: 760) (ZA:1000 000)

45

46 LPG10ZA0.40 3.35+0.57 45.47 £ 26.57 (1.40 + 1.71) x10*

47 (ZA: 181) (ZA: 2455) (ZA:756 000)

jg LPG10ZA010SA040  0.15+0.08 26.16 + 38.21 156.18 +246.41

50 (ZA: 2, SA:9) (ZA: 340, SA: 1569) (ZA:2030, SA: 9370)
. LPG10ZA040SLoso  0.65 + 0.36 2.37 £2.24 0.86 + 0.48

53 (ZA, SL:35) (ZA, SL:128) (ZA, SL:46)

54 ND: not detected

55

56

57
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Also, we imaged cells at 24 hpi with A/X31 (H3N2) virus in presence of different inhibitors.
Influenza A/X31 (H3N2) viral nucleoproteins (NP) were labeled with antibodies to reveal infected
cells and DAPI staining of nuclei was used to mark the cells. Representative images are shown in
Figure 3A and Figure S20. In the infection control (absence of any LPG compound) and
LPG100OH treated cells, nearly all the cells were infected within 24 hpi (MOI=0.01). Upon adding
polymeric inhibitors to the cell culture medium directly after 45 min of infection, the number of
infected cells became substantially reduced. The heteromultivalent compound LPG10ZA0.40SLo.40
showed the best inhibitory activity among all the compounds, and its activity was significantly
higher than the two homomultivalent inhibitors (LPG10ZA0.40 and LPG10SA0.40). Similar to the
ICso analysis, we saw higher antiviral activities for multivalent zanamivir compounds
(LPG10ZA0.10 and LPG10ZA0.40) over monomeric zanamivir. These findings both rationalize the
efficient anti-influenza efficacy of polymeric inhibitors and demonstrate that attaching both HA
and NA inhibitors to the same polymeric chain confers additional benefits for inhibiting virus
propagation even post-infection. Since the cells had been infected for 45 min before the treatment
by inhibitors, the observation of fewer infected cells indicates that the viral spread in the culture

was reduced.
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A Viral NP DAPI Merge

Non-infected cell
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11 Infected cell

19 zanamivir

23 LPG,,ZA 40

27 LPG 1OZAO.4OSI'0.4O

3 1 LPG IOSAOAO

35 Figure 3. (A) Representative fluorescent images for infected cells being treated with the inhibitors. The
cells were infected by IAV A/X31 (H3N2) for 45 min and then cultured in the medium containing 10 nM
38 inhibitors for 24 hours. Scale bar: 50 um. Immunostaining was done for the viral nucleoprotein (NP). More
40 images are shown in Figure S21. Morphology of (B) LPG10ZA0.40 and (C) LPG10ZA0.40SLo4o (1 mM)
41 embedded in vitreous ice. Arrows in (B) and (C) indicate condensed LPG structures (=c) or planar 2D
43 structures (=p), the latter partly outlined with a line. Cryo-electron micrograph of (D) LPG19ZA.40and (E)
44 LPG10ZA040SLoo incubated with IAV A/X31 (H3N2) in PBS pH 7.4 for 45 min at room temperature and
46 embedded in vitreous ice. The scale bar corresponds to 100 nm.

48 To visualize the 1AV interactions, we did cryo-TEM imaging with different compounds at 1mM
concentrations and seasonal influenza A/X31 (H3N2) virus (See Supporting Information Figure
53 S12-S16). The LPG10ZAo10 showed clusters of thread-like structures and some 2D planar
55 morphologies that were particularly evident in micrographs taken using a contrast-enhancing volta
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phase plate (Figure 3B, Figure S12). The 2D planar morphologies were much more prominent in
LPG10ZA0.40 With increased loading of ZA ligand that has both a positively charged guanidinium
and a negatively charged carboxylate ion. The LPG10ZAo.40 Carries a more negative zeta potential
(-17.41£3.48 mV) than LPG10ZA0.10 (¢ = -3.31+1.40 mV) (Table 1 and Figure S13-S14). but less
negative than the LPG10SA0.40 (¢ = -30 mV). We hypothesize the electrostatic interactions among
different polymer chains to be the main cause of the formation of 2D planar morphologies. The
multivalent sialyllactose compound LPGi1oSLoso showed only some punctual or thread
morphologies which could be particularly well recognized in stereo images (Figure S16). On the
other hand, the heteromultivalent compound LPG10ZA0.40SLo.40 also showed easily recognizable
2D planar morphologies attributed to the presence of high ZA loading (Figure 3C and Figure

S15).

We incubated the two most potent compounds LPG10ZA0.40 and LPG10ZA0.40SLo.40 wWith influenza
A virus A/X31 (H3N2) and plunge froze them for cryo-TEM study. Interestingly, in the presence
of the virus, 2D planar morphologies could not be recognized. The disruption of 2D structures
might be because of the higher affinity of carbohydrate ligands towards viral proteins as compared
to their potential electrostatic interactions among the ligands. Some clusters of LPG10ZAo.40 in the
vicinity of virions could be seen as shown in Figure 3D and Figure S17. In the presence of the
most potent heteromultivalent compound LPG10ZA0.40SLo.40, We observed a high virus density
often surrounded by compound clusters, suggesting compound-mediated aggregation of virus
particles (Figure 3E and Figure S18). This clustering effect may contribute to the efficient

inhibition of virus propagation observed in vitro (Figures 1 and 2) and ex vivo (Figure 4).
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Figure 4. Inhibition of ex vivo human lung tissue influenza A virus A/Panama/2007/1999 (H3N2)
propagation with different compounds. 1AV (black) replication was compared to the replication after
treatment with (A) LPG10SLoso (blue), LPG10ZA0.10 (green) or LPG10ZAo.40SLo.40 (orange), (B) LPG10SLoso
+ LPG10ZA0.10 (brown) and LPG10ZA0.40SLo.40 (0range) or (C) zanamivir (green). (D) The released IFN-B
was measured at 48 hpi. Control is the sample without any virus where no detectable IFN-B was released.
Data are presented as mean with SEM (N=4). Data were analyzed using a Two-Way ANOVA (*p<0.05,

**p<0.01 ***p<0.001, Dunnett’s multiple comparisons test).

To mimic the natural setting of the human lung more closely, virus infections were studied in
explanted human lung tissue infected ex vivo. Compounds were administered only once at 1.5 hpi
with IAV/Panama/2007/1999 (H3N2) virus (0.4 x 108 PFU/mL) and plaque-forming units (PFU)
in the supernatants of infected human lung tissue were assessed at 16, 24, and 48 hpi, respectively.
Importantly, the concentrations of different compounds with different degrees of functionalization

were based on the previous in vitro assays and ex vivo optimization. A comparison of LPG10SLo.s50
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at 100 and 200 nM showed that at least 200 nM concentration was required to observe a slight
reduction in the virus titer (See supporting information Figure S21). Similarly, LPG10ZAo10at 1
nM reduced the virus titer up to one order of magnitude within 48 hpi whereas the 0.1 nM
concentration was only slightly effective in this ex vivo setup. Interestingly, the physical mixture
of 0.1 nM LPG10ZA0.10 and 200 nM LPG10SLos0 reduced the virus titer up to one order at 16 and
24 hours, but the virus infectivity was restored within 48 hpi. The most effective was the
heteromultivalent LPG10ZA0.40SLo.40 Which significantly reduced the virus titer almost up to three
orders of magnitude and a plateau in PFU was reached at 16 hpi at 200 nM. Commercially available
ZA was initially able to reduce virus titers when applied at uM concentration although virus titers

continued to rise steadily without reaching a plateau within 48 hpi (Figure 4A-C).

Taken together, the heteromultivalent compound LPG10ZA0.40SLo.40 outperformed even physical
mixtures of the highly active homomultivalent ZA and the homomultivalent SL compounds ex
vivo. This indicates a synergistic effect of weakly active ligands covalently bound to the same
polymer backbone, which could not be achieved by using mere physical mixtures. As expected,
the unfunctionalized control compound LPG10OH without any ligand did not have any significant

inhibition (Figure S21).

As a representative of antiviral cytokine release from the infected cells at 48 hpi, we measured the
level of IFN-B using ELISA. Notably, the levels of IFN- were substantially reduced in the infected
tissue cultures treated with monovalent ZA, homomultivalent, or heteromultivalent compounds.
Furthermore, the IFN-B reduction was even more pronounced in the presence of the
heteromultivalent compounds compared to the other multivalent compounds or ZA alone (Figure

4D). Considering IFN-f as representative interferon allows the assumption that the high antiviral
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activity of heteromultivalent compounds is mediated by their binding to viruses and not by

cytokine induction.

In conclusion, the heteromultivalent polymer carrying SL and ZA units exhibits significantly
higher antiviral effects than their homomultivalent analogs. It is also effective against those 1AV
strains for which the homomultivalent compounds show little to no effect, suggesting a potential
application also against NA inhibitor-resistant strains. Overall, the data show that the high efficacy
of the heteromultivalent polymer is not solely because of binding with two different proteins onto
the virus surface but is a result of better polymer adsorption and steric inhibition of the virus
surface. The most potent LPG10ZA0.40SLo.40 inhibits propagation of a broad variety of IAV strains
up to >99.9% post-infection at a very low nanomolar concentration and outperforms the
commercial zanamivir drug in cell culture assays as well as in the human lung infection model.
We demonstrate that the dual-action approach can be integrated into a small multivalent polymer,
and it possesses a high potential to advance our options to combat influenza virus infections. This
approach may also be applicable to combat infections with other viruses anchoring specialized

surface proteins.
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