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SUMMARY

Influenza A virus poses a constant challenge to human health. The highly
conserved influenza matrix-2 (M2) protein is an attractive target for the develop-
ment of a universal antibody-based drug. However, screening using antigens with
subphysiological conformation in a nonmembrane environment significantly re-
duces the generation of efficient antibodies. Here, M2(1-46) was incorporated
into nanodiscs (M2-nanodiscs) with M2 in a membrane-embedded tetrameric
conformation, closely resembling its natural physiological state in the influenza
viral envelope. M2-nanodisc generation, an antigen, was followed by Chiloscyl-
lium plagiosum immunization. The functional vNARs were selected by phage
display panning strategy from the shark immune library. One of the isolated
vNARs, AM2H10, could specifically bind to tetrameric M2 instead of monomeric
M2e (the ectodomain of M2 protein). Furthermore, AM2H10 blocked ion influx
through amantadine-sensitive and resistant M2 channels. Our findings indicated
the possibility of developing functional shark nanobodies against various influ-
enza viruses by targeting the M2 protein.

INTRODUCTION

Influenza A virus causes seasonal influenza infection, resulting in nearly 500,000 annual deaths worldwide.’
The main therapeutic strategies for controlling influenza are vaccines and anti-viral drugs. Currently avail-
able clinical vaccines are mainly based on two highly variable envelope proteins, hemagglutinin (HA) and
neuraminidase (NA). However, these vaccines do not provide the substantial protection expected in case
the annual 'Flu vaccine’ mismatches with the virus strains causing a pandemic. Unfortunately, the mismatch
may contribute to influenza outbreaks, thus worsening the situation.” Approved anti-influenza drugs,
including NA inhibitors, zanamivir and oseltamivir, and matrix-2 protein (M2) inhibitors, amantadine and
rimantadine, demonstrate substantial discounted curative effect because of high antigenic variability,
drug resistance, and security.> Therefore, the development of additional anti-viral therapeutic agents,
like antibody-based drugs, is an important research direction.' ¢

Influenza M2 is an important target of antibodies.””'® As a tetrameric transmembrane protein, M2 func-
tions as a proton channel and participates in virus uncoating in endosomes.'" "¢ Despite numerous ep-
idemics, the ectodomain of M2 (M2e) protein shows a high degree of conservation. Since the isolation of
the first batch of influenza strains in 1981, it has essentially remained unchanged,'” implying that M2e
peptide possesses a cross-therapeutic potential for various influenza virus infections. Several monoclonal
antibodies (mAbs) targeting M2e-only fragments have been developed and their potential therapeutic
activities have been demonstrated.’®?* However, the current methods for generating anti-M2e anti-
bodies yield poor antibody titers because of the low immunogenicity of M2e.”"?> Almost all previous
studies were based on the M2e protein solution without modeling the membrane environment, resulting
in the subphysiological conformation of M2e, and consequently, reduced possibility of obtaining efficient
antibodies. The predicament may be solved by the nanodisc assembly technique. Nanodisc is an excep-
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nanodisc-solubilized membrane protein used in antibody development shows certain enhanced

immunogenicity.”*?’

Previous studies suggest that the viral neutralization ability of traditional M2-targeted antibodies is
severely limited because of the shielding effect of abundant HA and NA on the virus surface.””*” Nanobod-
ies, like heavy chain variable domain antibodies (VHH) found in Camelidae or variable new antigen recep-
tors (VNARs) in sharks, possess unique properties including small size, excellent solubility, superior stability,
quick clearance from blood, and deep tissue penetration®’*° and may help overcome the above prob-
lem.*® In recent years, nanobodies have emerged as a promising tool for diagnosing and treating various
diseases.** ! In August 2018, the first nanobody drug, Caplicizumab, was approved for the treatment of a
blood clotting disorder.*

vNAR is an unexplored field in the development of therapeutic antibodies against influenza. With a molec-
ular weight of approximately 12 kDa, vNAR is the smallest naturally occurring antigen-binding unit among
vertebrates.*® In this study, we assembled M2(1-46)-containing extracellular and transmembrane domains
into nanodiscs (Figure TA). A large immunized library from Chiloscyllium plagiosum was used to identify
anti-M2 nanobodies by panning with M2-nanodiscs and counter selecting with empty nanodiscs. After
four rounds of subtractive panning, several anti-M2 vNARs were isolated. One of the vNARs, AM2H10,
displayed a cross-reactive inhibitory effect on both amantadine-sensitive and resistant M2 channels in
the in vitro proton flux and patch clamp assays. Our results demonstrated that AM2H10 could interfere
with the ion channel function of M2 including amantadine-sensitive and resistant subtypes in vitro.

RESULTS

Assembly and characterization of M2-nanodiscs

For the nanodisc assembly (M2-nanodisc), we synthesized M2 peptides of influenza A/Hong Kong/8/68 (H3N2)
containing residues 1 to 46 following the method described previously and the sequence displayed in Table 1.
The M2-nanodiscs mixture was purified by size-exclusion chromatography (SEC) and analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figures 1B and 1C). SEC showed a single peak
with the peak for M2-nanodiscs elution shifting about 1 mL relative to that of empty nanodiscs. SDS-PAGE anal-
ysis showed that the M2-nanodiscs sample had two bands corresponding to M2(1-46) and Membrane Scaffold
Protein 1D1 Delta-Helix 5 (MSPDH5), indicating that the former was successfully incorporated into nanodiscs.
Dynamic light scattering (DLS) showed that the average diameter of M2-nanodiscs was 10.29 nm, slightly larger
than that of empty nanodiscs with a mean of 8.96 nm (Figure 1D). 2D class averages of transmission electron mi-
croscopy (TEM) imaging shows that nanodisc samples were homogeneous, approximately 10 nm in size, and M2
insertion did not change the discoidal shape and stability of nanodiscs (Figure 1E), consistent with DLS results.
Therefore, M2-nanodiscs showed homogeneous distributions.

Confirmation of tetramer formation of M2-inserted nanodiscs

The formation of homologous tetramers of M2 in a phospholipid membrane environment has been widely
reported in the literature.'%*>* For the M2 nanodisc sample, we conducted a BS® chemical cross-linking
experiment. SDS-PAGE showed a new band between 20 and 27 kDa (Figure 2A, left), corresponding to the
molecular weight of the M2 homotetramer. Western blotting with an M2-specific antibody further verified
that the new band corresponded to the M2 protein (Figure 2A, right). The upper bands (>35 kDa) may
denote the complex of MSPDHS5 (~22 KDa) and tetrameric M2 (~20 KDa) owing to crosslinking by BS.?

lonization mass spectrometry (ESI-MS) analysis for the amino acid sequence of the tetramer band was
consistent with the western blotting result (Figures 2B and 2C) for the M2 protein. Secondary mass spec-
trometry analysis showed the presence of the disulfide bonds between the chains (Figure 2C:
13-NEWGCR-18) and N-terminal chemical crosslinking (Figure 2B: MSLLTEVETPIRNEWGCR(1)-MSLLTE-
VETPIR(1)). These data indicated that the tetramer was a homotetramer with parallel orientations. To better
describe cross-linking data, we obtained a schematic model of a tetrameric M2 in nanodiscs based on the
NMR structure (PDB: 2RLF)* as shown in Figure 2D.

Library construction and selection of vNARs

C. plagiosum was subcutaneously vaccinated in the lateral fin using 100 png of M2-nanodiscs at week 0,
followed by booster immunization at weeks 4, 8, 12, 16, and 20. Figure 3A shows the vaccination schedule.
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Figure 1. Assembly and characterization of M2-nanodiscs

(A) The schematic diagram for M2-nanodisc assembly.

(B) The assembled nanodiscs were purified on Superdex 200 column by SEC.

(C) The peak fractions of SEC visualized on SDS-PAGE.

(D) DLS analysis for M2-nanodiscs and empty nanodiscs indicates a uniform distribution of M2-nanodiscs, with an average diameter of 10.29 nm, slightly
larger than that of empty nanodiscs (8.964 nm).

(E) TEM data for empty nanodiscs (left) and M2-nanodiscs (right); images (scale bar: 100 nm or 20 nm) are shown on the top and 2D classifications (scale bar:
9 nm) at the bottom.
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Figure 2. The confirmation of tetramer formation of M2 inserted nanodiscs

(A) SDS-PAGE (left) and western blotting (right) stained with anti-M2 antibody (14C2) for purified nanodisc samples crosslinked with M2-nanodiscs by BS3.
Lanes M1 and M, molecular mass markers; lane 1, M2(1-46); line 2, M2-nanodisc +1 mM BS3; line 3, MSPDHS5; line4, MSPDH5 + 1 mM BS®.

(B and C) ESI mass spectra of crosslinked M2-nanodiscs with N terminal cross-linking analysis (B) and disulfide bond analysis (C).

(D) The schematic graph for a tetrameric M2 model based on the NMR structure (PDB: 2RLF).
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Figure 3. Library construction and selection of vNARs

(A) Scheme of immunization and sampling.

(B) Workflow for the generation of vNARs against nanodisc-reconstituted M2.

(C) SDS-PAGE for purified vNARs after selection by phage display.

(D) The amino acid sequences and CDR regions of screened vNARs. CDR: complementarity-determining region; HV:
hypervariable region; SS bond: disulfide bond.

To isolate the single domain antibody fragments targeting natural M2 of influenza virus from shark heavy-
chain antibodies (vNARs), shark spleens were excised after 2 weeks of vaccination for constructing the
phage surface-displayed library and nanobody screening as shown in the workflow in Figure 3B. The
vNAR regions were amplified by PCR using primer sequences based on the natural framework repertoire
of the bamboo shark.”” The resulting PCR fragments were 350 bp long with sfil sites at both ends (Fig-
ure STA). The fragments were ligated into a pcomb3XSS*® vector between the two sfil sites and electropo-
rated into ER2738, resulting in a library of 4x10® (Figure S1B). Four rounds of selection yielded 13 different
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Figure 4. Binding affinity analysis for vNARs

(A) Pull-down assay of M2-nanodiscs with vNARs.S: the supernatant of the pull-down; P: the pellet of the pull-down
(Irrelevant lanes was eliminated in the right picture).

(B) Fluorescence colocalization for liposomes with M2 and AM2H10, with liposomes stained by Dio (green) and Cy5
tagging AM2H10 (red). Scale bar:10 um.

(C) The binding abilities of AM2H10 to empty nanodiscs (left), M2e (middle), and M2-nanodiscs (right) were assessed by
SPR, indicating that AM2H10 could bind to M2-nanodiscs but rarely to empty nanodiscs and M2e.

nanobodies and 3 defective peptides; kinship analysis is shown in Figure S1C. These vNAR genes were re-
cloned into the pcoldll vector and expressed in Shuffle T7. Finally, 10 vNARs were successfully expressed.
Figure 3D shows the amino acid sequences and the CDR regions of these 10 nanobodies. Protein quantities
expressed per liter are listed in Table S1. Two poorly expressing nanobodies (AM2C6é and AM2E10) were
excluded from further investigation, and Figure 3C shows the remaining 8 highly expressing vNARs.

Binding affinity analysis for vNARs

To preliminarily screen the functional nanobody targeting the active ectodomain of M2 (M2e), we per-
formed a pull-down assay. We employed proteoliposome-containing M2 instead of M2-nanodiscs to
pull down nanobodies of interest to exclude the influence of MSPDH5 proteins. Synthesized M2(1-60)
was incorporated into a lipid vesicle to form a proteoliposome, similar to that in the influenza virus. Larger
proteoliposomes settled to the bottom pellet when subjected to ultracentrifugation following incubation
with nanobodies. We collected the supernatant and pellets, followed by treatment with ice-cold acetone
before SDS-PAGE analysis. Figure 4A shows the AM2H10 pellet sample with a clear band for the nanobody,
indicating AM2H10 binding with active M2(1-60).
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To further verify the binding of AM2H10 to M2, fluorescence colocalization experiments were performed
(Figure 4B). Reconstituted proteoliposomes including M2 were stained by Dio (3,3'-Dioctadecyloxacarbo-
cyanine perchlorate) and Cy5-SE (Sulfo-Cyanine5 Succinimidyl Ester) marking AM2H10. Similar to the
procedure of the pull-down assay, the last resuspended compounds were observed by laser confocal
microscopy. In the fluorescence photographs, free proteoliposomes and AM2H10 appeared green and
red, respectively. Some yellow signals in the merged images (Figure 4B, right) indicated M2 in proteolipo-
somes bound to AM2H10.

Subsequently, the binding affinity of AM2H10 for natural M2 protein was measured by SPR on the Biacore
T200 instrument. The nanobody was immobilized on a CM5 chip in sodium acetate buffer at pH 4.0. The
M2-nanodisc was serially diluted as an analyte. Empty nanodiscs were allowed to flow on another channel
of the chip as a control reference. The observed resonance unit (RU) from the sample channel minus the RU
from the reference channel was used for calculating the binding affinity. SPR data suggested that the bind-
ing of AM2H10 to M2-nanodisc had a Kp value of 78 nM (Figure 4C, right), well within the range of values for
antibodies in the literature.”” We also measured the binding ability of AM2H10 to empty nanodiscs (Fig-
ure 4C, left) and M2e (Figure 4C, middle). AM2H10 was neither bound to empty nanodiscs nor the
24-amino acid M2e (the weak dynamic change in empty nanodiscs may have been caused by the slight
nonspecific adsorption of AM2H10 onto the CM5 chip). Thus, the synthesized M2e was different from
the conformationally active M2e on the surface of the virus and our vNARs preferentially recognized the
physiological M2 tetramer.

In summary, AM2H10 could bind to physiological M2 instead of recombinant M2e alone, with a Ky of 78 nM.

Inhibition of the M2 proton channel by AM2H10

To evaluate the inhibition of AM2H10 on M2 channels, we conducted proton flux (Figure 5) and patch clamp
(Figure 6) assays. Figure 5A shows the experimental setup for the proton flux assay, simulating the host cell
acidifying the endosomal cavity after the endocytosis of the influenza virus.'® M2 channels of WT (amanta-
dine-sensitive) and S31N mutant (amantadine-resistant) were reconstituted into liposomes, respectively,
with strong buffer (50 mM phosphate/50 mM citrate/122 mM KCI/122 mM NaCl/0.01% NaN3, pH 7.7)
outside and weak buffer (2 mM phosphate/2 mM citrate/122 mM KCI/122 mM NaCl/0.01% NaN3, pH
7.8) inside. Proton flow was initiated once concentrated hydrochloric acid was added to the exterior,
and the external solution increased the pH as H" migrated down the pH gradient into the vesicle's interior.
As a control, we confirmed very little ion translocation in the absence of proton channels (Figures 5 and 6B).
The nanobody had a specific inhibitory effect on WT channels like amantadine compared to the control
vNAR B23, which was separated from a shark and screened for anti-hyaluronan synthase (Figure 5C-5E
and 5I). The influenza A virus M2 is a crucial target of the adamantane family of anti-influenza drugs,
however, serious drug resistance problems have arisen because of drug abuse, and the S31N mutation
accounts for the vast majority of all resistant viruses.”” Thus, we tested AM2H10's effect on M2 S31N mutant
channels. AM2H10 displayed significant inhibitory activity against M2 S31N mutant channels, similar to WT
channels (Figures 5F-5H and 5J). From the bar graphs for analysis of significant differences, the proton flux
of WT and S31N were found to be significantly inhibited by both amantadine and AM2H10 (Figures 51 and
5J). For the control vNAR, B23, sight inhibition to S31N at 128 uM compared to untreated groups was
observed. There were considerable differences between AM2H10- and B23-treated groups in both WT
and S31N. AM2H10 had a remarkable inhibitory effect on the proton channel function of M2 owing to its
specificity for M2e.

To further verify the inhibitory activity of AM2H10, patch-clamp electrophysiology techniques were used to
record single-channel currents of the M2 WT and S31N mutant constructs. Previously, the ion channel ac-
tivity of M2 protein has been demonstrated by whole cell patch clamp in CV-1 cells and two-electrode
voltage clamp in cocytes.'>>" However, ion channels expressed in eukaryotic cells require complex steps
and take a long time. In our experiment, we reconstituted the M2 peptide in giant liposomes which
have been successfully employed in the research of multiple ion channels.>” Herein, we mainly used giant
liposomes with diameters measuring 120 um and showing spherical, multilamellar appearance to record
single-channel currents (Figure 6A). Similar to the results of the proton flux assay, the WT channel activity
was inhibited by amantadine and AM2H10 nanobody at 100 nM compared to untreated and vNAR B23
groups (Figures 6C—6E). AM2H10 showed a moderate inhibitory activity for M2 S31N channels insensitive
to amantadine (Figures 6F-6H).
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Figure 5. Proton flux experiments for inhibition of the proton conduction of the M2 channel

A) Experimental setup for the proton flux assay.

B) The proton conduction traces for empty liposomes with little proton flux.

F-H) The proton flux of S31N M2 channels was inhibited by 2 different concentrations of B23 (F), amantadine (G), and AM2H10 (H).

(
(
(C-E) The proton flux of WT M2 channels was inhibited by 2 different concentrations of B23 (C), amantadine (D), and AM2H10 (E).
(
(

I'and J) The bar graphs show significant difference analysis for pH changes in WT (I) and S31N (J) groups subjected to different treatments, n = 3. *p< 0.05,
**p< 0.01, ***p< 0.001 or ****p< 0.0001 compared to the untreated group or B23. The error bars indicated the standard deviation.

In summary, these results revealed that AM2H10 had a specific inhibitory effect on WT M2 channels, com-
parable to amantadine owing to its specificity for M2e. Of interest, for amantadine-resistant M2 S31N
mutant channels, this VNAR showed a modest blocking effect.
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Figure 6. Patch clamp experiments for inhibition of the ion conduction of M2 channels

(A) Representative image of a giant liposome (120 pm in diameter) under pipette tip.

(B) The current traces for empty liposomes with little electricity flow.

(C-E) The channel currents for WT in the absence or presence of B23 (C), amantadine (D), and ABM2H10 (E).
(F=H) The channel currents for S31N in the absence or presence of B23 (F), amantadine (G), and ABM2H10 (H).

DISCUSSION

This study aimed to generate an efficient vNAR targeting the native conformational ectodomain of influ-
enza A M2 protein. The M2 protein forms a homotetramer consisting of two disulfide-linked dimers held
together by non covalent interactions.'*"*

The development of vaccines and antibodies based on M2 has focused only on the external domain of M2,
which lacks tetrameric conformation. The resulting antibodies and protection conferred might not be
optimal owing to weak immunogenicity or deviation from native conformation.'”>® In the native configu-
ration, interactions in the transmembrane regions contribute to the tetrameric assembly.*” Hence, using
tetrameric M2 in the native conformation as an antigen may be beneficial to produce ideal nanobodies.
M2e-nanoparticle vaccines (with tetrameric conformation) have been described previously,” and this study
provides novel insight as we complexed M2e with membranous nanodiscs to create an immunogen pre-
senting M2e in a membrane-embedded context.

M2-nanodiscs were designed in our study not only to increase the immunogenicity of the antigen but also

to mimic the natural conformation of the tetrameric ectodomain of the M2 protein.?’?® Unlike other mem-
brane model systems like liposomes, bicelles, and micelles, nanodiscs have the advantages of accessibility
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Table 1. The amino acid sequences of M2 in different length?

M2 Domain Amino acid sequence
M2e Ectodomain MSLLTEVETPIRNEWGCRCNDSSD
M2(1-46) Ectodomain and transmembrane domain MSLLTEVETPIRNEWGCRCNDSSD
PLVVAASIIGILHLILWILDRL
M2(1-60) Ectodomain, transmembrane domain and MSLLTEVETPIRNEWGCRCNDSSD
intracellular helix PLVVAASIIGILHLILWILDRLFFKC
IYRFFEHGLK

®The numbers in parentheses indicate the residue order from N-terminal of M2.

to binding epitopes on both faces of the membrane, homogeneous particle size, and stabilization of
membrane proteins in their native conformation in a detergent-free environment.”> The membrane pro-
teins reconstituted into nanodiscs support selection and individual characterization of oligomeric
states.”*® We successfully assembled M2 channels employing the nanodisc technique, and the cross-link-
ing combined with western blotting and mass spectrometry assays including functional experiments
showed that M2 successfully formed an active ion channel homotetramer in nanodiscs with two disul-
fide-linked dimers, similar to the native M2 protein, and as an antigen, could be used for immunization
and antibody screening.

Because of natural characteristics like large size, complex structure, and sensitivity to extreme ambient
temperature, traditional mAbs suffer from some limitations in certain applications.””*® vNARs are
emerging as new versatile reagents for the diagnosis and treatment of various diseases, including malaria,
Ebola hemorrhagic fever, and toxins.**?”°%? Unlike traditional antibodies with flat or concave antigen
binding epitopes, VNARs possess a wide variety of loop lengths and structures, making accessibility to
more cryptic epitopes like catalytic clefts of enzymes, possible.”*** Compared to camelids single-domain
antibodies (VHHs), vNARs are thus far the smallest naturally occurring antibodies in the animal kingdom
owing to the lack of CDR2, with a molecular mass of nearly 12 kDa.® The inherent solubility and stability
of vNARs enable biological activity maintenance in shark blood containing 350 mmol/L urea and 1000
mOsm/kg salt ions.® Because of reasons including the difficulty of preparation, studies on vNAR are
rare worldwide, especially in China; only a few teams have conducted relevant work. Unhesitatingly, we
constructed vNAR phage display libraries to screen the vNARs targeting the tetrameric M2 ion channel.

AM2H10, one of the eight vNAR candidates from our phage display screening, showed affinity to the M2-
nanodiscs, closely resembling the natural conformation of the tetrameric M2 (Figure 4). AM2H10 not binding
to the synthetic M2e peptide confirmed the importance of using an antigen in its native conformation.
AM2H10 inhibited ion conductance of both WT A/Hong Kong/8/68 (H3N2) and the S31N mutant (Figures 5
and 6). This is the first VNAR targeting the M2 channel, and in addition, a vVNAR capable of binding both
WT and amantadine-resistant influenza A viruses M2 channels in vitro. Based on these observations, we
proposed a hypothesis that the suppression of the proton influx might be caused by a conformational
change of the M2 ion channel transmembrane helices induced by the binding of AM2H10 rather than by
AM2H10 directly blocking the tetrameric ectodomain of M2. The binding activity of the vNAR supported this
hypothesis and the theory of conformational change of the M2 ion channel has been proposed by James' group
to explain the mechanism underlying amantadine inhibition and resistance.®® We further speculated that the
binding epitope of AM2H10 might be conformation-specific as the vNARs generated using M2 reconstituted
nanodiscs preferentially recognized native M2 conformation rather than ectodomain alone in the SPR studies.

Although AM2H10 has a moderate binding strength (Kp = 78 nM) for M2 protein, we can perform affinity
maturation assays based on the CDRs as described previously.*® Furthermore, multivalent AM2H10 also
can be engineered via a peptide linker to generate vNAR variants with higher affinity, better avidity, and
longer half-life. Guo et al. generated a VHH targeting M2 from a synthetic library of 10" with an affinity
similar to that reported herein.”” Compared to VHHs, although vNARs against multiple targets have
been panned, most of them have only focused on specificity, affinity, and stability. Their application in
diagnostics or therapeutics is rare. Moreover, fewer than 10 shark species are currently being studied for
the development of vNARs, with nurse sharks being the most common. We hope our findings can
contribute to paving the path for vNAR application as a clinical drug candidate.
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In summary, this study demonstrated the feasibility of the nanodisc system as an immunological reagent
and screening of functional nanobodies targeting membrane proteins from the immune library of
C. plagiosum. This approach has therapeutic potential and complements other preclinical work aimed
at developing M2-specific nanobody vaccines.” M2-nanodisc, a stable membrane protein system, with
the M2 physiological tetramerization, lays the foundation for panning active vNARs targeting the extra-viral
part of native M2 channels. AM2H10 showed preferential binding to native M2 tetramer, and significant
inhibitory activities for both WT and amantadine-resistant M2 channels, likely by interfering with the ion
channel function of M2. Engineering for potential broad-spectrum protection against influenza A viruses
is a viable research direction. Although AM2H10 effectively inhibits the activities of M2 WT and S31N chan-
nels in liposomes, the structural details of its interaction and anti-viral activity in cells or in vivo have not
been studied. Further studies should focus on infection challenge experiments to study the potential
anti-viral capacity of engineered AM2H10.

Limitations of the study

Although AM2H10 effectively inhibited the activities of M2 WT and S31N channels in liposomes, the struc-
tural details of its interactions were not studied. The absence of structural data limited further engineering
for developing a better potential broad-spectrum nanobody against influenza A viruses. The anti-viral
activity of AM2H10 was not verified in vitro and in vivo. Further studies should focus on infection challenge
experiments to study the potential anti-viral capacity of engineered AM2H10.
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CST
HuaBio

Cat# sc-32238; RRID: AB_627808
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Bacterial and virus strains
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M13KO7 Helper Phage
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New England Biolabs (NEB)
New England Biolabs (NEB)
CRGEN
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Cat# NO315S
Cat# PB0421

Chemicals, peptides, and recombinant proteins

1-palmitoyl-2-oleoyl-glycero-3- Avanti Polar Lipids Cati#t 850457P

phosphocholine (16:0-18:1 PC (POPC))

M2e GL Biochem (Shanghai) Ltd N/A

M2(1-46) GL Biochem (Shanghai) Ltd N/A

M2(1-60) GL Biochem (Shanghai) Ltd N/A

Molecular weight ladder (M) BBl life sciences corporation Cat# C600201

Molecular weight ladder (M1) Biosharp Cat# BL712A

Freunds Adjuvant, complete BIOFROXX Cat# 2203MLO10

Freund’s Adjuvant incomplete BIOFROXX Cat# 1643MLO10

sfil NEB Cat# RO123L

T4 DNA ligase NEB Cat# M0202T

pComb3XSS Andris-Widhopf et al.*8 Cat# 63890 (Addgene)

pcold Il Sangon Cat# B540188-0001

3,3'-Dioctadecyloxacarbocyanine MCE Cat# 34215-57-1

perchlorate (Dio)

Sulfo-Cyanine5 Succinimidyl Ester(Cy5-SE) MCE Cat#t 146368-14-1

Deposited data

NMR structure Schnell et al.,*® PDB: 2RLF (https://www.rcsb.org)

Oligonucleotides

5-CGTGGCCCAGGCGGCCATGGCC This study N/A

SMACGGSTTGAACAAACACC-3'

5-GCTGGCCGGCCTGGCCWTTCA This study N/A

CAGTCASARKGGTSCC-3’

Software and algorithms

EMAN2 Tang et al.,*® https://cryoem.bcm.edu/cryoem/downloads/
view_eman2_versions

relion3.1.3 Scheres et al.,*’ https://relion.readthedocs.io/en/release-
3.1/index.html

ImageJ National Institute of Health RRID:SCR_003070; https://imagej.net/

Graphpad Prism 7.0

GraphPad Software

https://www.graphpad.com/
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RESOURCE AVAILABILITY
Lead contact

Information and requests for resources and reagents should be directed to and will be fulfilled by the lead
contact, Hongxin Zhao (zhx@hmfl.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. The displayed NMR struc-
ture in Figure 2D was from published PDB data in https://www.rcsb.org and the PDB ID has been listed in
the key resources table.

This study did not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contactupon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Peptides

All the M2 peptides involved in the experiments were from influenza A/Hong Kong/8/68 (H3N2) and syn-
thesized in GL Biochem (Shanghai) Ltd at a high purity of more than 95%. Table 1 shows the sequences of
M2 peptides with different lengths.

Preparation of empty nanodiscs

Empty nanodiscs were assembled following the published protocols by Sligar lab (https://publish.illinois.
edu/sligar-lab/nanodisc-technology) and Dieter Willbold.** Briefly, POPC (AvantiPolarLipids, Alabaster,
AL, USA) was solubilized in chloroform and a film was generated under a nitrogen stream followed by
freeze-drying. The lipid/detergent stock was prepared with sodium cholate buffer (20 mM Tris, 100 mM
NaCl, pH 7.4, 160 mM sodium cholate) by dissolving lyophilized POPC (final concentration: 80 mM). The
hybrid stock was incubated on an orbital shaker at 37 °C to make the solution clear. Nanodiscs were assem-
bled using appropriate volumes of POPC/cholate and purified MSPDH5. E. coliexpressing MSPDH5 and
recombinant plasmid were obtained from the work of former labmates of the laboratory, and the proced-
ure of expression and purification was previously described.”” The assembly molar ratio of POPC:sodium
cholate:MSPDH5 was 50:100:1 with 0.2 mM MSPDHS5. The compound was freeze-thawed twice in liquid ni-
trogen and 37 °C. Once detergent was removed using BioBeads SM-2 (BioRad, Miinchen, Germany), the
lipid/cholate and MSPDHS5 started self-assembling into nanodiscs. BioBeads were pretreated according
to the procedure described previously.** The suspension was gently shaken at room temperature and
BioBeads were added at hours 0, 4, and 8. The nanodiscs were purified by SEC using Superdex 200 column
(GE Healthcare, Freiburg, Germany) to remove any lipid aggregates and redundant MSPDH5 molecules,
and PBS was the running buffer.

Assembly of M2-nanodiscs

Synthesized M2(1-46) was incorporated into nanodiscs similar to empty nanodiscs. However, the molar ra-
tio of POPC:sodium cholate:MSPDHS was adjusted. Specifically, M2(1-46) was resuspended in Tris buffer
(20 mM Tris, 100 mM NaCl, pH 7.4) and added to the mixture of lipid/cholate and MSPDH5. The molar ratio
of POPC:sodium cholate:MSPDH5:M2 was 20:40:1:2 with 0.4 mM M2(1-46). The procedure for sodium
cholate elimination from M2-nanodiscs and their purification was the same as that for empty nanodiscs.
All peak fractions of SEC were collected for SDS-PAGE analysis to confirm M2 assembly into nanodiscs.
M2-rich fractions in the nanodisc peak were pooled and assembled M2 and MSPDH5 were quantified by
ELISA.?>?’ Briefly, 96-well ELISA plates were coated with various amounts of M2 and MSPDH5 in 0.1 M car-
bonate buffer (PH9.6) by overnight incubation at 4°C. PBS containing Tween 20 (0.05% v/v) and BSA (3%
w/v) was used to block the plates (25°C for 2 h). The plates were further incubated (37°C for 1 h) with
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anti-M2 antibodies (14C2, 1:50) (mouse IgG; Santa Cruz) or anti-His antibodies (D3110, 1:1,000) (rabbit 1gG;
Cell Signaling Technology). The second antibodies employed anti-mouse (for M2) or anti-rabbit (for
MSPDHS5) 1gG (1:5,000; Cell Signaling Technology). Concentration-dependent standard curves were
constructed for M2 and MSPDH5 from the respective OD450 values measured with a microplate reader
(Tecan spark) at 450 nm. The M2 and MSPDH5 concentrations of unknown M2-nanodiscs mixtures were
then calculated from the corresponding standard curves.

DLS and TEM

DLS (dynamic light scattering) and TEM (transmission electron microscopy) were used to characterize
M2-nanodiscs for total protein concentrations of 0.68 mg/mL and 0.0035 mg/mL in PBS respectively.
DLS tests were performed on a Malvern Zetasizer Nano ZS at 25°C and the data were analyzed using the
Zetasizer Software 7.11 (Malvern Instruments Ltd.). The TEM experiments were conducted on Tecnai G2
F20 using air-dried stained samples. Before imaging, samples loaded on carbon-coated copper grids
(Zhongke Microscope) were stained using 2% uranyl acetate, and the excess staining solution was removed
with filter paper. For the details of particle diameter distribution and discoidal shape analysis, 2D class aver-
aging was performed by selecting at least 4,000 particles, with EMAN2® picking and relion3.1.3 ©7
classification.

Identification of tetrameric M2

Chemical cross-linking coupled with mass spectrum was used to verify the tetramer of M2. In the cross-link-
ing assay, bis sulfosuccinimidyl suberate (BS,® Thermo Fisher Scientific Inc.) was dissolved in PBS buffer at
12.5 mM and added to nanodiscs samples with the final concentration of M2 at 0.4 mg/mL of and BS® at
1 mM. Samples reacted for 2 h on ice and were subsequently quenched using 20 mM Tris buffer (PH 7.5)
for 15 minat room temperature. The reaction products were visualized by SDS-PAGE (Coomassie Blue
staining, Tanon 5200 Multi& Tanon 5200 imaging) and western blot with 14C2 (Santa Cruz Biotechnology,
Inc.) as M2-specific antibodies. For Electrospray lonisation mass spectrometry (ESI-MS), the interested gel
band of cross-linked M2-nanodiscs was excised and cut into small pieces, followed by TCEP reduction,
iodoacetamide alkylation, and trypsin digestion.”’”’? The ESI-MS analysis was performed on a Thermo
Q-Exactive instrument in a 60-min gradient and the raw data was processed with pLink software.

Immunization of sharks and separation of splenocytes

C. plagiosum was fed according to the protocol reported by Miiller.”® Briefly, adult sharks were acclima-
tized to captivity for a minimum of four weeks prior to immunization. During the period of this study, these
animals were maintained at 25°C in filtered natural seawater in small aquariums and kept away from direct
light. The seawater kept circulating and was replaced regularly every morning. Marine fish and shrimp were
fed to these sharks. Before immunization, animals were submerged in a smaller container with MS-222 dis-
solved in seawater for anesthetization. Once the desired level of sedation was attained, the animal was
placed on the operating table for immunization. For priming, 100 pg of purified M2-nanodiscs in PBS
were mixed with an equal volume of Freund's Complete Adjuvant (FCA). Emulsified antigen was adminis-
tered subcutaneously to the lateral fin. Four weeks after the initial injection, the shark was boosted with M2-
nanodiscs in Freund's Incomplete Adjuvant. Subsequently, 4 boosters of M2-nanodiscs were administered
subcutaneously without adjuvant every 4 weeks. Two weeks after the final immunization, spleens were
collected for isolating splenocytes from immunized C. plagiosum using lymphocyte preparation kits,
following the manufacturer’s protocol (P5000, Solarbio). All animal experiments were approved by the
Ethics Committee of Institute of Oceanology, Chinese Academy of Sciences (No. MB2010-1).

VNAR library construction

Total RNA was extracted from splenocytes using TRIzol following the manufacturer’s instructions (1596026,
Invitrogen). For first-strand cDNA synthesis, RT-PCR was performed using the HiScript Ill 1st strand cDNA
Synthesis Kit (Vazyme). After first-strand cDNA synthesis, products were incubated at 95 °C for 7 min to
inactivate the reverse transcriptase and denature the template for constructing immune vNAR repertoire.
The primer sequences for the VNAR library were designed based on the literature with minor changes.*’"’*
PCR was performed to amplify vNAR repertoire using forward primer: CGTGGCCCAGGCGGCCATG
GCCSMACGGSTTGAACAAACACC (sfil site) and reverse primer: GCTGGCCGGCCTGGCCWTTCACAGT
CASARKGGTSCC (sfil site). The genes were inserted into the pComb3XS5*® vector between the sfil sites.
The recombinant plasmid was purified using a PCR Cleanup Kit (Axygen) and transformed into competent
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ER2738 cells by electroporation using Bio-Rad MicroPulserTM (Ec2). After electroporation, the cells were
resuspended in a pre-heated 2YT medium and incubated for 1h at 37 °C. Sample aliquots from each trans-
formation were used to prepare 100-fold serial dilutions in 2YT medium for estimating the final size of the
library by plating. The remaining bacterial suspensions were plated onto 250 mm square Petri dishes con-
taining 2YT medium, supplemented with ampicillin (100 pg/mL) and tetracycline (25 ng/mL). All plates were
incubated overnight at 37 °C. The percentage insert was estimated by colony PCR and the library diversity
was assessed by colony sequencing. All bacteria were scraped from the plates and stored in 10 mL of 2YT
medium with 20% glycerol at —80°C.

Phage display and selection of vNARs

The preparation of recombinant phage particles has been described previously.”” Briefly, the library stock
was grown to log phase (OD600 0.4-0.8) at 37°C by shaking at 220 rom, and M13KO7 helper phage was
added and incubated for 30 minat 37 °C in a 2YT/A/K medium (2YT containing 100 pg/mL ampicillin and
50 png/mL kanamycin) for viral infection. After incubation, the culture was centrifuged at 4,000 x g at
4. °C for 10 min. The cell pellet was resuspended in 100 mL of 2YT/A/K medium, and the culture was incu-
bated overnight at 30 °C by shaking for library expression. PEG/NaCl (PEG: NaCl = 4:1) precipitation was
used to purify and concentrate phages and the phage pellet was dissolved and resuspended in PBS. The
purified phage stock can be stored at 4°C for short term, or at —20°C for the longer term with the addition
of sterile glycerol to 20% (v/v).

Purified M2-nanodiscs were coated on an enzyme-linked immune sorbent assay (ELISA) plate (Sangon) for
panning vNARs against M2 from the phage display library.”® Coated 96-well ELISA plates with varying
amounts of M2-nanodiscs (from 10 to 1.25 pg) by overnight incubation at 4°C. Washed the plates twice
with PBS before blocking with PBS containing Tween 20 (0.05% v/v) and BSA (3% w/v) for 2 hat 25°C.
The phage stock then incubated with the blocked plates containing 10 ug of M2-nanodiscs in the first round
of screening. Non-specifically absorbed phages were eliminated by PBST (0.1% Tween 20) washing during
selection. The bound phages were collected using 100 mM Glycine-HCI (pH 2.2), immediately neutralized
in 1 M Tris-HCI (pH 7.4), and subsequently amplified by infecting with ER2738. Then repeated the incu-
bated-neutralized steps but the contents of M2-nanodiscs reduced to 5, 2.5, 1.25 pg in the following
rounds. After four rounds, randomly picked 88 phage-vNAR clones were subjected to subtractive binding
to empty nanodiscs by phage-ELISA. Specifically, two ELISA plates were coated with 2 pg of M2-nanodiscs
and empty nanodiscs, respectively, overnight at 4 °C with PBS or BSA coating as a negative control. Plates
were blocked with 4% nonfat milk in PBS and incubated with randomly picked 88 phage-vNAR clones in 2%
BSA for 1 hat 37 °C. HRP-conjugated anti-M13 monoclonal antibody (HuaBio) was used to identify phage-
vNAR clones, which could bind against the antigen to the wells containing M2-nanodiscs, with no affinity for
wells coated with empty nanodiscs. The positive clones were sent to Sangon for sequencing analysis.

Expression and purification of vNARs

The vNAR genes from the chosen clones were inserted into the pcoldll plasmid and chemically transformed
into Shuffle T7 competent E. coli (NEB) using CaCl2. The strains containing recombinant vNARs were grown
for protein expression in 2 YT with 100 mM of ampicillin until the OD&00 reached nearly 0.8. Protein pro-
duction was induced with 0.5 mM IPTG by shaking for 20 hat 16 °C. The collected bacteria were sonicated
via ultrasound and proteins were initially purified on the Ni-NTA Sepharose column (GE Healthcare) fol-
lowed by SEC. For proton influx and patch clamp functional assays, the gene was inserted into the
pcold-sumo vector to avoid the effect of His-tag. The sumo tag with 6 XHis was cleaved by sumo enzyme
and tag-cleaved vNARs were purified on a second Ni-NTA Sepharose column. The eluate from Ni-column
was run on SEC using Superdex 75 column for further purification. The eluted fractions were evaluated by
SDS-PAGE for purity and concentrated using concentrators with a molecular mass cut-off of 3 kDa. The
concentration was quantified using a Pierce TM BCA Protein Assay Kit (Thermo Fisher Scientific Inc.).

Pull-down assay

M2(1-60) peptides were reconstituted into liposomes for screening nanobodies with binding activities.
Specifically, 2 mg of POPC (Avanti Polar Lipids) and 40 nmol of M2(1-60) peptides were dissolved in
1 mL of chloroform and methanol mixture with the molar ratio of 2:1. A thin film of the mixture was obtained
under a nitrogen stream, resuspended in 1 mL of chloroform, and blown again. For high-quality and
uniform proteoliposome preparation, the doubly-blown films were dried overnight using a lyophilizer,
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re-dissolved in 1 mL of PBS buffer, and extruded several times through 0.2 puM polycarbonate membranes
on a mini-extruder.

The purified nanobodies at 40 nmol were ultracentrifuged at 218,000 g (BECKMAN) for 30 minat 4 °C.
Supernatant (150 pl) was incubated with 150 uL of proteoliposomes at 4 °C for 30 min as indicated. The
mixtures were ultracentrifuged at 218,000 g for 1 h and the proteoliposomes remained in the precipitate
due to their heavier weight, whereas free nanobodies (not bound to M2) were in the supernatant due to
their lighter weight. The precipitates were washed twice gently with 300 pL of PBS and resuspended in
200 pL of PBS. Subsequently, 800 uL of pre-chilled acetone was added to precipitate proteins at —20°C
for further analysis by SDS-PAGE.

Fluorescence colocalization assay

The process of assembling liposomes was the same as for the proteoliposomes in the pull-down assay but
without the extruding step. Reconstituted proteoliposomes including M2 peptides were stained for 1 hat
37°C with 10 uM of DiO (3,3'-Dioctadecyloxacarbocyanine perchlorate, MCE). 90 uM of AM2H10 was
tagged with 900 pM of Cy5-SE (Sulfo-Cyanine5 Succinimidyl Ester, MCE) for 2 h by shaking at room tem-
perature, and the reaction was terminated using 90 mM of Tris before excess Cy5-SE was removed on
an ion column. The next step was similar to the procedure for the pull-down assay. Briefly, stained proteo-
liposomes were incubated with ultracentrifuged (retain supernatant) AM2H10-Cy5 for 30 minat 4°C. The
compounds were ultracentrifuged and sediments were resuspended in PBS after washing thrice. The
resuspended compounds were observed and images were captured using an oil lens in the Olympus
microscope (SpinSR10) at 60x.

Surface plasmon resonance (SPR) analysis

The binding kinetics and affinity of AM2H10 to M2-nanodiscs, empty nanodiscs, and synthesized M2e (ec-
todomain of M2) were measured by SPR on the Biacore T200 instrument (GE Healthcare). Subsequently,
10 pg/mL of AM2H10 was captured onto a CM5 sensor chip in 10 mM sodium acetate buffer at pH 4.0
for 200 sat 10 puL/min. At the end of each cycle, the running buffer flowed for 300 s, followed by 50 mM
NaOH for regenerating the surface of the CM5 chip. Biacore data were analyzed using the Biacore T200
Evaluation Software (GE Healthcare Bio-Sciences AB) according to the method described previously.”’
The 1:1 Langmuir binding model with mass transfer control was used and data were fed into a global fit
to extract the binding characteristics.

Proton flux assay

To verify the inhibition of AM2H10 against M2, we designed a liposomal proton flux assay based on the role
of M2 as H+ channels described by James J. Chou’s group.®® This test utilized a proton gradient to drive
proton flux through the M2 channel, mimicking the events when the influenza virus invades a cell. Figure 5A
illustrates the liposomal proton flux assay system. Briefly, M2(1-60) was reconstituted into the membrane of
the liposome with identical pH and ion concentrations inside and outside. However, inside, the solution
was strongly buffered, while outside, the solution was weakly buffered. Hydrochloric acid was added by
continuous rapid stirring, and proton flux through M2 from the exterior into the interior was initiated.
The process was monitored using a pH microelectrode (METTLER TOLEDO) in the external bath.

The wild type (WT) of M2(1-60) from influenza A/Hong Kong/8/68 (H3N2) and S31N mutant constructs were
synthesized by GL Biochem (Shanghai) Ltd. M2 reconstitution into liposomes was similar to liposome as-
sembly in the pull-down assay, with minor changes. Specifically, using E.coli polar lipid extract (Avanti Polar
Lipids) instead of POPC, the external vesicle buffer differed from the interior, and potassium ionophore va-
linomycin was introduced in this system for perfectly monitoring the metergasis of M2. Specifically, 20 nmol
of M2 peptides (WT or S31N) were mixed with 10 mg of lipid, and 0.2 nmol of valinomycin in a 1.1 mL of
chloroform and methanol mixture. The solution was subjected to a cycle of drying-resuspending-drying,
and finally dissolved in strongly-buffered internal liposome buffer (50 mM phosphate/50 mM citrate/
122 mM KCI/122 mM NaCl/0.01% NaN3, pH 7.7) to form proteoliposomes. After extruding through
0.2 uM polycarbonate membranes, the solution was exchanged for external vesicle buffer (2 mM phos-
phate/2 mM citrate/122 mM KCI/122 mM NaCl/0.01% NaN3, pH 7.8) using a desalting column (GE Health
Sciences). In a 1.5 mL elution, 3 pL of 1 M HCl was added by continuous rapid mixing to drive the conduc-
tance of protons from the bath into the liposomes. A negative control sample was analyzed in parallel,
with the M2 peptide excluded from the system. vNAR B23 (MAERVEQTPTTTTKEAGESLTVNCVLKGSS
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CALGNTYWYFTKKGATKKASLSTGGRYSDTKNTASKSFSLRISDLRVEDSGTYHCEAYTCAGGTPWRHYIEGGGT
ILTVK), separated from shark and screened for anti-hyaluronan synthase, was used as an isotype control.
Amantadine and nanobodies were added and incubated for 30 min with the system before initiation of
conduction to assess channel inhibition.

Patch clamp assay

The WT and S31N mutant constructs of M2 were reconstituted in a giant liposome in the absence or
presence of amantadine and nanobodies for tracking single-channel currents of M2 by patch-clamp elec-
trophysiology techniques. Giant liposomes were prepared based on previously published protocols.®/%7?
Specifically, 60 mg of POPC was dissolved in 4 mL of distilled water and the lipid solution was incubated for
20 min using a vortex. The resulting suspension was sonicated for 10 min under nitrogen, followed by sup-
plementing with 2 mL of 2x dialysis buffer (1x buffer: 140 mM NaCl, 5.3 mM KCI, 0.5 mM MgSO4, 15 mM
HEPES, pH 7.2-7.4). Subsequently, 40 ng (0.005 nmol) of WT and S31N peptides in 100 pL of 0.2% (v/v) Triton
X-100 were incubated separately in an 800 pL lipid suspension. The detergent was removed using Biobeads
or dialysis. The mixture was ultracentrifuged at 160,000 g for 1 h and the precipitate was resuspended in
80 plL of 15 mM HEPES buffer (pH 7.2-7.4) with 5% (v/v) ethylene glycol. The resuspension was dropped
onto a glass coverslip in 15 pl aliquots and the sample was dried in a box at 4 °C for 3-6 h with a desiccant.
Before the experiment, the dried lipid droplet was rehydrated overnight at 4 °C with 15 pL of dialysis buffer.
The sample was placed in a small cylindrical cell containing 500 pL bath solution. Patch-clamp single-chan-
nel recording for giant liposome membranes was conducted using patch pipettes filled with dialysis buffer
as the intracellular solution at 30-40 MQ resistance. The experiment was executed on an EPC9 patch clamp
amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) using the voltage-clamp mode, with the bath solu-
tion the same as the intracellular solution. The ramp protocol of depolarization from —150 mV to 150 mVat
1000 ms was implemented using the PatchMaster (HEKA) software. The currents were digitized at every
0.15 ms and filtered at 0.5 kHz. To evaluate the inhibitory effect of AM2H10, the channel currents were
recorded and compared before and after amantadine or nanobody application.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistically significant differences were analyzed in proton flux data among different by one-way analysis of
variance (ANOVA) followed by Bonferroni’s multiple comparisons using GraphPad Prism 7.0. p < 0.05 was
considered a statistically significant difference and p < 0.01 indicated a highly significant difference
compared to the untreated group.
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