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Background

Influenza virus is a menber of Orthermyxoviridae family. There are three subtypes of
mfluenza viruses designated A, B, and C. The influenra virion contains 4 segmented
negative-sense RMNA genome, encoding, among other proteins, hemagghitinin (HA} and
neuraminidase (NA). Influcunza virus infection 1s initiated by the attachment of the virion
surface HA protein to a sialic acid-containing cellular receptor {(glycoproteins and
glycolipids). The NA protein mediates processing of the sialic acid receptor, and virus
penctration indo the cell depends on HA-dependent receptor-mediated endocyiosis. Inthe
acidic confines of internahized endosomes containing av foflucnza virion, the HAZ protein
undergoes contformational changes that lead to fusion of viral and cell membranes and viras
ancoating and M2-mediated release of M1 proteins from nucleocapsid-associated
ribonucleoproteins (RNPs), which migrate into the cell nucleus for viral RNA synthesis. lis
surface protein hemagghutinin (HA) attaches 1o the sialic acid moictics on the host coll
surface and mediates entry into the cell. So far, chemical analogs of the receptor have not
been successtul as viral-entry blockers. Current treatment options include therapeutic
antibodics, smail-melecules drugs and vaccination. These therapies aliow protection against
circulating subtypes, but may not protect against newly emerging strains. Hence, general or
quickly adaptable sohutions for cheap treatment options represent a constant need.

Additionally, in order o rapidly diagnose carly whether a patient indecd suffers from

PCT/US2015/021780
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Influenza, sensitive diagnostics are desirable, as ireatment at the onset of the infection have
been shown to be more effictent.

Influenza presents a serious public-health challenge and new therapies are needed o
combat viruses that are resistant to existing antivirals or escape neutralization by the immune

5  system.

Summary of the Invention
In a first aspect, the present invention provides polypeptides comprising or consisting
of the amino acid sequence of SEQ 1D NO: 1, wherein the polypeptide does not comprise the
10 amino acid sequence of 1uB4 (SEQ 1D NGO:5). In one embodiment, the polypeptide
comprises or consists of the ammo acid sequence of SEQ 1D NO:2. In another embodiment,
residue 46 is selected from the group consisting of R, Y, C, and W. In another embodiment,
residue 46 is R, In a further embodiment, residue 46 is R and one, two, three, four, or all five
of the following are tme:
15 {a) residue 1615 N;
{b} residue 31is T3
{c} restdue 33 18
{d) residue 70 is R; and
(g} residue 71 s T,
20 In another embodiment, ong, two, or sl three of the following are true:
(a} restdue 45 s N;
(by  residue 651s R and
{c} residue 66 15 L.
In a further conbodiment, the polypeptide comprises a polypeptide at least 90%, 95%,
25 98%, 99%, or 100% identical to the anmino acid sequence of SEQ 1D NO:3 or SEQ 1D NG4.
In another embediment, ong, two, three, or all four of the following are true:
(a) residue 338 A, C, T, or S

(by  residue 46is H;

{c) residue 5918 F, W, or Y; and
30 {d} residue 63 15 P,

In a further embodiment, one, two, three, four, five, six, or all seven of the following
are true:

{(a} residuc 33is O, S, A, T, o0 V;

(b}  residue S3 is a small smaller polar/charged residue;

2



WO 2015/143339 PCT/US2015/021780

{c} residue 5518 5, T, or A

{d} residue 59is L, P or Y,

{c} restdue 68 is L;

{f) residue 72 is W and

{g) residue 73 is E.

In another embodiment, ong, two, three, or all four of the following are true:

(a} restdue 36 s K

{b} residue 52 is L

{c} residue 53 is a small polar or charged AA; and

{d) residue 591is Y or F.

I & further embodiment, one, two, three, or all four of the following are true:

{(a} residue 33 is P;

(b} residue 69 is Y

(e restdue 70 is a polar or charged AA; and

{d) residue 73 s E.

In another embodiment, one, two, three, four, five, six, seven, sight, nine, or all {en of
the following are true:

{a} restdue 31 is any amino acid other than a charged amino acid;

(b} residoe 33is S or T

9 residue 52 is L

(dy  residue 53 is a small polar or charged AA and is not B

{e) residue 3915 V;
(£} residue 69 18 a negative AA;

(g}  residue 70 is any non-positively charged AA;

5

{h) residue 72 is a negative AA;

(i) restdoe 73 is a negative AA; and
) residue 76 is any amino acid other than R, such as a negative AA.

In a further embodiment, one, two, three, or all four of the following are rue:

{a) residue 46 15 H;

{b} residue 53 is a small polar or charged AA;

{c} residue 63 is R; and

{d} restdue 76 18 a negative AA.

In a further aspect, the present invention provides nucleic acids encoding the
polypeptide of any embodiment or combination of embodiments of the invention. In ancther
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aspect, the invention provides recombinant expression vectors comprising a mucleic acid of
the invention operatively linked to a suitable controi sequence. In a further aspect, the
invention provides recombinant host cells comprising a recombinant expression vector of the
mvention. In another aspect, the invention provides antibodies that selectively bind 1o the
polypeptide of any emboediment or combination of embodiments of the invention.

In another aspect, the invention provides pharmaceutical compositions, comprising
one or more polypeptides of any embodiment or combination of embodiments of the
imvention and a pharmaceutically acceptable carrier.

In 8 further aspect, the invention provides methods for treating and/or limiting an
nfluenza infection, corprising administering to a subject in need thercot a therapeutically
effective amount of one or more polypeptides of any embodiment or combination of
embodiments of the tnvention, salts thereof, conjugates thereof, or pharmaceutical
compositions thereof, to treat and/or mit the infhienza infection. In one embodiment, the
one ot more polypeptides, salts thercot, conjugates thereef, or phammaceutical compositions
thercof are adminmistered mucosally. In another embodiment, the mucosal administration
comprises intranasal administration. In a further embodiment, the one or more polypeptides,
salts thereof, conjugates thereof, or pharmaceutical compositions thereof are administered
orally. In another embodiment, the subject is immune-compromised and/or is 65 vears of age
or older

In another aspect, the invention provides methods for diagnosing an influcnza
wmfection, or monitoring progression of an influenza mfection, comprising

{a} contacting a biclogical sample from a subject suspected of having an inflaenza
mfection with a diagnostically effective amount of one or more polypeptides of any
cmbodiment or combination of embodiments of the invention, ymder conditions suttable for
binding of the polypeptide to a viral HA protein present in the sample; and

(b} detecting polypeptide-viral HA binding complexes,

where the presence of such binding compiexes indicates that the subject has an
mfluenza fnfection, or provides a measure progression of an influcnza infection.

In a still further aspect, the invention provides methods for identifying candidate
imfluenza vaccines, comprising

contacting test compounds with one or more polypeptides of any embodiment or
combination of eobodimenis of the invention under conditions suttable for polypeptide
binding;

removing vubound test compounds; and

4
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identifying those test compounds that bind to the polypeptide of the tnvention,
wherein such test compounds are candidate influenza vaccines.

In another aspect, the invention provides methods for identifying candidate
compounds for treating, hmiting, and/or diagnosmg inflaenza infection, comprising

contacting an influenza HA protein with (1) test compounds and (it} a polypeptide of
anry embodiment or combination of embodiments of the invention, under conditions suitable
for binding of the HA protein 1o the pelypeptide of the present invention; and

identifying those test compounds that outcompete the polypeptide for binding to the
HA protein, wherein such test comapounds are candidate compounds for treating, limiting,

and/or diagnosing influenza infection.

Bescription of the Figures

Figure T HA sublype selections reveal both specificity-enhancing mutations and
overall affinity-increasing substitutions. {a) HB36.5, in conplex with HA, colored by average
residue enrichment in FACS sorts against 7 different HA subtypes. Residues that were
mutated to obtain HR36.6 are labeled in black. (b} Enrichment of substitutions at 12 key
positions in HB36.5 in selections against cach HA strain. Labels at the botionm indicate
position in HB36.5; numbers at the top represent the different flu strains (Sabtype 11 A/South
Carolina/1/1918, 2: A/California/04/2009, 3: A/Vietnam/1203/2004, 4: A/indonesia/05/2005,
5: A/Adachi/2/1957, 6; Alturkey/Wisconsin/1/1966, 7: A/duck/Alberta/60/1976). At most
positions, the envichment profiles agaiost the differcnt HA straing are similar, but at several
positions they are quite distinet. At ArgS4, for example, the arginine 1s highly conserved in
selections for binding against HAs 1-4, but is outcompeted by smaller charged/polar residues
in sclections against HAs 5-7 {red region at upper right of R54 panel). White cells indicate
msufficient data (<15 sequences in the mput library); black boxes mdicate the residue
dentities in HB36.6. (¢) Origin of HA strain dependence of substitutions at HB36.5 position
R54. R54 forms salt bridges with Asp and Arg residues in HAs 1-4. In HAs 5-7, the Asp is
mutated to a Glu, disrupting the salt bridge with Arg54 leading to a preference for smaller
polar residues.

Figure 2 Characterization of HB36.6. (a) Crystal structure of PRS HA {derived from
PDB 3R2ZX) filtered to 20 A resolution. (b} Negative stain EM reconstraction of PRS HA
bound to HB36.6. (¢) X-ray stracture of PR] HA (PDB 3R2X) and model of HB36.6 docked
nto EM reconstruction in b, HB36.6 fits well into the extra density in the stem region. (d)

Equilibrivm binding constants determined by biclayer interferometry for HB36.5 and HB36.6

j%)]
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against six HAs demonstrate broad tmprovements against a variety of Group 1 strains. (&)
ECs {pg/ml}, compound concentration that reduces viral replication by 50%, of HB36.6 and
Ribavirin against five representative Group 1 strains. NI not determined.

Figure 3 lntranasal delivery of HB36.6 affords prophylactic and therapeutic
protection against lethal Influenza virus challenge. (a) Survival and weight change in
BALB/c mice (N=10 per group) that received 6.0 mg/kg of HB36.6 administered iniranasally
(IN}y at 2, 24, or 48 houwrs betore challenge with 10 ML Dse CAOY virus, The Protein Ctr group

coived 6.0 mg/kg of lysozyme at 2 or 48 hours before challenge with 10 MELDs, CAQS
virus. (b} Survival and weight change in BALB/C mice {N=35 per group) that received 0.01-1
mg/kg IN doses of HB36.6 2 hours before challenge with 10 MLDsg of CAO9 virus. (¢}
Survival and weight change m BALB/c mice (N = 5 per group) that received 3.0 mg/kg of
HB36.6 IN 2 hours before IN mnfection with 10 MLD sy of HINT CAQ9 virus or 6 MLDg
HINT A/PR/E/34 (PR, (d) Survival and weight change in BALB/c mice (N = 10 per group)
that received 3.0 mg/kg of HB36.6 IN on day O (2 hours post-infection) or +1, +2, or +3 days
post-infection (d.p.i.) or once daily on days +1-4 post-infection with 10 MLDsy CAO9 virus.
{e) Survival and weight change in BALB/c mice {n=10 per group) that were challenged with
3 MLDsg of CA09 virus and then received cither a single dose of HB36.6 (0.1-10 mg/kg) IN
on day +1 p.i., or Oseltamivir (2.5 mg/kg/dose) by oral gavage twice a day on days +1-S p.i.
(10 doses total). Mean and SEM are shown.

Figure 4 HB36.6 suppresses viral repiication and inflamumation in the tung. (a) Viral
titers in nasal washes of untreated infected controls (Ctr) and mice that received 6.0 mg/kg
HB36.6 either 1 day before (Prophylaxis, Pro) or | day after (Therapeutic, Ther) infection
with 18 MLDse CAOQ9 virus. Nasal washes collecied on days 2, 4 and 6 post-infection were
measured by determining the 50% tissue culture infectious dose (TCID:o) (bars indicate mean
viral titer £5D, 1 > 18 mice per group). (b) IHC staining of intracellular inflaenza NP (HINI)
of representative hung sections from oninfected (naive) and untreated control and HB36.6
treated mice {Prophyliactic and Therapeutic) at 4 days post-infection with 10 MED; CAQGY
virus, {¢) Quantification of intluenza positive cells in lung tissues was performed by
measuring the area of positive staining compared 1o the total Hissue on the shde (umitorm
random sampling of 50% hung tissue). (d) Inflammatory cytokines were assayed by Bio-
Plex® using supernatants from fung homogenates obtained from BALB/c mice on day 2
following nfection with 10 MLDse CAGY virus (o > 8 mice per group). Shown is fold change
gver nalve-uninfected mice. For a, ¢ and 4, significant differences between the Pro and Ther

groups to the Ctr group are shown: *P < (.05, ¥**P <(.001

g
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Figure 5 HB36.6 induces a transient cytokine response that is pot required for
protection. {a} Inflanumatory cytokines were assayved by Bio-Plex® using supernatants from
lung homogenates obtained from BALB/C mice 2, 24 and 48 hours following administration
with HB36.6 (6.0 mg/kg) or the scaffold protein 1u84 (6.0 mg/kg) (n > 10 mice per group).
Fold change over naive mice is shown. *P < 0.05. {(b) Survival and weight change in SCID
and MyD88-/- mice (N = 10 per group) that received 6.0 mg/kg of HB36.6, 1uk4, or Protein
Cir (lysozyme} IN 2 hours before IN infection with 10 MLDsg CADR virus,

Figure 6. Intranasal delivery of HB36.6 affords prophylactic protection against lethal
Influenza virus challonge in mice and ferrets. {a) Temperature and (b) weight change in
ferrets (N=4 per group) that received either saline buffer (Control), 2.5 or 10 mg/kg of
HB36.6 administered intranasally (IN} 2 hours before aerosolized challenge with CAG9 virus.
{¢} Clinical scores and {d) nasal wash viral titers from ferrets that received either 2.5 or 10
mg/kg of HB36.6 adminisiered intranasally (IN) Z hours before chalienge with acrosolized

CAD9 virus and then were sacrificed on Day 3 post-infection. (*p<0.01, ¥¥p<(.001).

Betailed Description of the Invention

All references cited are hercin tncorporated by reference in their entirety, Within this
application, unless otherwise stated, the techoiques utilized may be found in any of several
well-known references such as: Melecular Cloning: 4 Laboratory Manual (Sambrook, et al,,
1989, Cold Spring Harbor Laboratory Press}, Gene Expression Technology (Methods in
Enzymology, Vol. 185, edited by 1. Goeddel, 1991, Acadomic Press, San DHego, CA),
“Guide to Protein Purification” in Methods in Enzymology (WLP. Deutsheer, ed., (1990)
Academic Press, Ine.); PCR Frotocols: A Guide 1o Methods and Applications (Innis, et al.
1990, Academic Press, San Diego, CA), Culture of dnimal Cells: A Manual of Basic
Technigue, 2™ Ed. (R.1. Freshney. 1987, Liss, Inc. New York, NY), Gene Transfer and
Expression Frotocoly, pp. 109-128, ed. E.L Murray, The Humana Press Inc,, Clifton, N.1.),
and the Ambion 1998 Catalog (Ambion, Austin, TX).

As used herein, the singular forms "a”, "an” and "the” include plural referents unless
the context clearly dictates otherwise. “And” as used herein is interchangeably ased with “or”
anless expressly stated otherwise.

As used herein, the amino acid residucs are abbreviated as follows: alaning (Ala; A},
asparagine {Asn; N), aspartic acid (Asp; 13), argivine (Arg; R), cysteine (Cys; C), glutamic
acid {Gly; B}, ghitamine (Gl ), glveine (Gly; G, histidine (His; H), tsoleucine (He; 1},

feucine (Lew; Ly, lysine (Lys; K), methionine (Met; M), phenylalanine (Phe; F), proline

2
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{Pro; P}, serine {Ser; 5), threonine (Thr; T), tryptophan (Trp; W, tyrosine (Tyr; Y3, and
valing (Val; V1.

All crobodiments of any aspect of the jnvention can be used i combination, uniess
the context clearly dictates otherwise.

Unless the context clearly requires otherwise, throughout the description and the
claims, the words ‘comprise”, ‘comprising’, and the like are to be construed in an inclusive
sense as epposed to an exclusive or exhaustive sense; that is o say, n the sense of
“including, bot not limited t0”. Words using the singular or plural number alse include the

39 64,

phural and singular nmumber, respectively. Additionally, the words “hercin,” “above,” and
“helow” and words of similar import, when used in this application, shall refer to this
application as a whole and not to any particular portions of the application.

The description of embodiments of the disclosure is not intended to be exhaustive or
to fimit the disclosure to the precise form disclosed. While the specific embodiments of, and
examples for, the disclosure are described herein for ilustrative purposes, varicus equivalerd
maodifications are possible within the scope of the disclosure, as those skilled mn the relevant
art will recognize.

In a first aspect, the invention provides an isolated pelypeptide comprising or
consisting of the amine acid sequence of SEQ D NO:1, wherein the polypeptide does not
comprise the amino acid sequence of 1084, (1084 amino acid sequence is as follows):
SNAMDGQOLNRLLLEWIGAWDPFGLGKDAYDVEAASVLOAVYETEDARTLAARICQ
SIYEFAFDEPIPFPHCLKLARRLLELKQAASCPLE (SEQ 1D NO: 5)

SEQID NO:

Posttion  HB36.5 or 36.6 residue Optional residues (in addition to 36.5 or 35.6 residues)
5 Optional; if present, any AA
2 N Opticnal; 1f present, any AA
3 A Optional; if presend, any AA
4 N Optional; if present, any AA
5 D Optional; if present, any A4
6 G Any AA
70 KandR
g8 Q S
8 L LKEDY
16 N ¢ D E
1T R Polar AA, charged AA K, or
12 L Q//T/R
13 L LA
14 L Polar AA
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15 E
16 W, (N in36.6)
17 1
18 G
9 A
20 W
21 D
22 P
23 F
24 G
25 L
26 G
27 K
29 A
30Y
31 D (T in36.6; polar);
32 Y
33 B{Qin36.6)
34 A
35 A
36 E
37V
38 L
38 K
40 A
41 vV
42 Y
3 B
44 T
45 B (Nin36.6)
46 3; (R in 36.6)
47 A
48 F
49 D
S0 L
51 A
52 M
53 R

Dork

Any AA,Q
"\17

Polar AA
A

W

R g

{

-

G
p
NGHR
A
'\7

A or N, charged AA, polar AA

R, other polar A4

SIT/A/CP
A
ER

MN/S/T, H/Q
H,T

A

:

»)

L

vV

M

K., DVE/N/GQ/SIT

g
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non L e Ut
o0~ N e s

61
62
63
64
63
66

67

68

69

70

i
H
W
{
v
N
F
A
¥
K
R
Q{Rin 36.6)
1

e
¥
A

H (R in 36.6),

A (T in 36.6)
Q
K

L (F in 36.6)
A

e

S

=

RIA
I

VAN K/R/Q
F

¥

Charged AA, polar AA

Any AA

Charged AA, polar neutral AA

VE, Polar AA

A/F

A

S/T/E/G

QE/E

L

L

D

M

H, R

A

H, Polar AA
Opticnal; 1f present,
Optional; if presend,
Optional; if present,
Optional; if present,
Optional; if present,

10

any AA
any AA
any AA
any AA
any AA
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The polypeptides of all aspects/embodiments of the invention bind to a conserved
stern region of group | HA; binding of the polypeptides to the conserved stem region can be
determined using binding assays as detailed 1 the cxamples that follow. The polypeptides of
the invention can thus be used, for example, 10 treat or detect/diagnose influenza infection.
An exemplary polypeptide of the invention has been extensively tested and demonstrated in
the cxamples that follow to neutralize a wide range of genetically diverse Group | viruses in
vitro and a single intranasal dose protects against two genetically distinet influenza strains in
vivo, both therapeutically and prophylactically. No other influenza ~binding peptide has ever

cen shown to be effective i vivo. Also, in contrast to antibody-based therapeutics,
polypeptide binding 1o the HA ster is alone sufficient for highly effective in vivo protection
against mflucnza, without activation of antibody-dependent cellular cytotoxicity.

The polypeptides of the tnvention also provide a cheaper, more sclective alternative to
currently used hemagghutinin binding antibodies, which are costly to produce. The
polypeptides of the invention can alse be used for in vivo biosensing applications, whereas
the antibodies cannot because of their structurally necessary disulfide bonds and difficulty to
express robustly,

As disclosed in the examples that follow, exemplary HA-binding polypeptides of the
mvention have been identified and subjected to extensive mutational analysis against a
variety of viral strains. These studies have identified residues where modifications are
tolerated, and where they may lead to additionsl fonctionality. fn vifro tosting via deep
mutational scanning shows that a sumber of these mutations lead to increased binding
specificity against distinet subtypes of influenza, which could be highly useful in a diagnostic
role or for therapoutic use against existing, new, or emerging strains of mnflaenza. Such
modifications may comprise, for cxample, conservative amino acid substitutions. Some
resichies can be substituted with any amino acid, and thus the “alternative residucs” noted n
the Tables hercin are listed as “any amino acid.” Other positions can only tolerate
conservative substitutions, and thus the “alternative residues” for these positions wiil define
one of more amine acid grouping, as noted in the Tables herein. These amino acid groupings
are defined as follows:

e Polar AA’s: HON,Q, Y, T, S, and C;

# Hydrophobic A& s: A LL, V.M, F, W, P, and G
o Abphatic AA’s (subset of hydrophobic AA sy A L L, V, and M;
o Aromatic AA’s (subsct of hydrophobic AA’s): Y, W, and F;

11
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e Charged AA K, R, D F and H;
o Basic/Positive AA’s (subset of charged AA s} K and R; and
o Acidic/Negative AA’s (subset of charged AA’s): D and E.

e Small AAs: G, T,8, C AV, LL

s large AAs:M,F, WY, R, H K

As will be understood by those of skill m the art, the polypeptides may contam
additional vesiducs as deemed appropriate for an intended use. In one non-limiting
embodiment, the polypeptides may include an optional methionine residue at the N-terminus;
such a residue may be present, for example, when the polypeptides are expressed
recombinantly and the nucleic acid encoding the polypeptide encodes an N-terminal
methionine residue to facilitate expression. An N-terminal methionine residue is not required
for activity, and thus 15 not required in the polypeptides of the invention, which can also be
made via standard polypeptide synthesis techniques.  In the examples that follow, the
polypeptides include an N-tferminal methionine residue, and thus all residue numbering in the
examples is shifted by one compared to the polypeptides recited herein {i.e.: residue 1 in SEQ
1D NO:T will be residuc 2 in the polypeptides in the examples, residue 2 in SEG D NG
will be residue 3 in the polypeptides in the examples, ete.)

In one embodiment, the isolated polypeptide comprises or consists of the amino acid

sequence of SEQ 1D NG:2,

SEQ ID NG:2

Position
b Optional; if present, any AA

2 Optional; if present, any AA
3 Optional; if present, any AA
4 Optional; if present, any AA
S Optional; if present, any AA
6 G
70
8 Q
9 L

I N

It R

12 Charged AA, 1

13 L

14 Charged AA

i2
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15 E

16 Any AA other than W (N in 36.6)
17 4

R G

19 A

20 W

21 Charged AA, M, A
2P

23 F; hydrophobic AA
24 G;small AA

25 L; hvdrophobic AA, neutral AA (not C)
26 G;small AA
27 K Any AA
28 D
29 A
30 0Y
31 D; Charged AA (T in 36.6)
Y
33 E; 5, T{Qn36.6)
34 A;small AA
35 A; small AA
36 E
37 ViALL
33 LA LL
39 E
40 A
41 vV, L
42 Y; large AA
3 B,TLS
44 T

45 E; {(Nin 36.6)
46 8; polar AA, aromatic AA (R in 36.6)

47 A8, T

48 T
49 TN
50 L

ST AV
52 M,V,L
3 K

i3
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63

68

64

GO R~ -~ ) ]
— D ND OO Y NS

LMV

H

W

1

Y; hydrophobic AA
FY

BT

A G

F

KR P

R; G

A R{Rin36.6)

I; Any AA (L. in 36.6)
V,L.LR, QN

F

A; hydrophobic AA, charged AA, polar AA

H; charged AA (R in 36.6)

8, T, L, K (T in 36.6)
Q,T.R
K Q

L, A, F{Fin36.6)

[’X

KK

R K

L

L

E; Charged AA

1.

K

3, H, K

[6{

A H

Optional; f presont, any AA
Optional; if present, any AA
Optional; if present, any AA
Optional; if present, any AA
Optional; if present, any AA

i4
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In another embodiment, residue 46 of SEQ 1D NG:1 or 2 is selected from the group
consisting of R, Y, C, and W in a further embodiment, residue 46 of SEQ ID NGl or 2 s R,
In another embodiment of SE 1D NO:1 and 2, residuc 46 1s R and one or more of the
following 15 true:

{(a} residoe 16 is N;

(b} residue 3115 T
residue 33 is (3

{d} residue 70 1s R; and

{e} residue 71 is T.

In another embodiment that can be combined with any of the above embodiments, one
or more of the following 15 true:

{(a} residoe 45 s N;

(b} residue 65 is R; and

(e restdue 66 is L.

In another embodiment, the isolated polypeptide comprises or consists of a
polypeptide at least 90%, 95%, 98%, 99%, or 100% identical to the amino acid sequence of
SEQ ID NO:3 or SEQ 1D NO.

HB36.6 (SEQ 1D NO:3)
(SNAMDYGOQOLNRLLLERIGAWDPFGLGRKDAYIYgAAEVLKAVYETrAFDEAMRIHW
TYNFAFKRrAIPFARQKIARRLLELKQAA(SSPLE)Y (SEQ 1D NO:3)

HB36.5: (SEQ ID NO:4)
{(SNAMDNGQQLNRLLLEWIGAWDPFGLOKDAYDYEAAEVLKAVYETESAFDLAMRI
HWIYNFAFKROQIPFAHAQKLARRLLELKQAA(SSPLP);

where the residues in parentheses are optionally present.

Biclayer Interferometry (BLD of exemplary peptides of the invention {HB36.6 and
HB36.5) has shown them to be broadly cross-reactive against many Group 1 Hemagglutinin
{(HA) subtypes imcluding pandemic 2009 California HINL. For example, peptide HB36.6 has
a Kd against pandemic 2009 California HINT of 3. 1uM, 5-fold tighter than any known de
nove binder; and roughly 6-fold stronger than HB36.5 (Fig. 2d). Excmplary peptide of the

mvention HB36.6 has boen shown to possess in vivo prophylactic and therapeutic activity, as
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demonstrated in detail in the examples that follow, with imcreased specificity against H1
strains,

In another embodiment, one, two, three, or all four of the following are true with
respect 1o the polypeptide comprising SEQ 1D NO:1 or 2 {or SEQ 1D NO:T or 2 wherein
residue 46 15 selected from the group consisting of R, Y, C, and W; or is R}

(a) residuc 33 s A, O, T, or 5;

(b} residue 46 is H;

{c} residue 5918 F, W, or Y: and

{d} residue 63 i3 P,

Polypeptides according to this embodiment showed increased specificity for strain
A/Californmia/7/2009 HIN1 via deep mutational scanning.

In another embeodiment, one, two, three, four, five, six, or all seven of the following
are true with respect to the polypeptide comprising SEQID NO: 1 or 2 (or SEQID NGt or 2
wherein residuc 46 is selected from the group consisting of K, Y, C, and W; oris R

{a) residue 338 C, 8, A, T, o V;

{b} residue 53 is a small smaller polar/charged residug;

{c} restidue 55148 S, T, or A;

{d) restdue 39 is L, Poor Y,

(g} residue 68 18 L;

H residue 72 is W and

(z) residue 73 is E.

Polypeptides according to this embodiment showed increased specificity for strain
A/Adachi/2/1957 H2NZ via deep mutational scanning,

In another embodiment, one, two, three, or sl four of the following are trug with
respect 1o the polypeptide comprising SEQ 1D NO:1 or 2 {or SEQ 1D NO:T or 2 wherein
residue 46 15 selected from the group consisting of R, Y, C, and W; or is R}

(a) residue 36 s K

(b} residue 52 15 L

{c residue 53 is a small polar or charged AA; and
(&) residue 59is Y or F
Polypeptides according to this embodiment showed increased specificity for sirain

Allndonesia/05/2005 HAN1 via deep nwtational scanning.
pod
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In another embodiment, one, two, three, or all four of the following are true with
espect to the polypeptide comprising SEQ D NGO or 2 {or SEQ ID NG:1 or 2 wherein

residuc 46 is selected from the group consisting of R, Y, C, and W; or is R):

{a) residue 33 is P,
5 (b} residue 6918 Y;
{c) residue 70 is a polar or charged AA; and

{d) residue 73 is E.
Polypeptides according to this embodiment showed increased specificity for sirain
A/Vietmam/1203/2004 H5N1 via decp mutational scanning.
10 In another embodiment, one, two, three, four, five, six, seven, cight, nine, or all ten of
the following are true with respect to the polypeptide comprising SEQ 1D NO: or 2 {or SEQ

1D NO:T or 2 wherein residue 46 1s selected from the group consisting of R, Y, C, and W; or

is R
(a} residue 31 is any amino acid other than a charged amino acid;
15 (by residue33isSorT
{c} residue 52 18 L;
{d) restdue 53 is a small polar or charged AA and s not R;
{c} residue 5918 V;
{H) residoe 69 is a negative AA;
20 (g}  residue 70 is any non-positively charged AA;

(h) residue 72 1s a negative AA;
5 3

(1) residue 73 is a negative AA; and
() residue 76 is any amino acid other than B, such as a negative AA.

Polypeptides according to this embodiment showed increased specificity for strain
25 Adturkey/Wisconsin/1 966 HON2 via deep nustational scanning.
In another embediment, one, two, three, or all four of the following are true with
respect (o the polypeptide comprising SEQ 1D NOG:1 or 2 {or SEQ 1D NO:1 or 2 whercin

residue 46 is selected from the group consisting of R, Y, C, and W, or s R):

{a) residue 46 15 H;
30 {b} residue 53 is a small polar or charged AA;
{c} residue 63 is R; and

{d} restdue 76 18 a negative AA.
Polypeptides according to this embodiment showed increased specificity for strain

Afdack/Alberta/60/1976 HIZNS via deep mutational scanning.
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As used throughout the present application, the term "polypeptide” is used in s
broadest sense to refer to a sequence of subunit amino acids. The polypeptides of the
mvention may comprise L-aminoe acids, D-amino acids {which are resistant to L-amino acid-
specific proteases in vivo), or a combination of D- and L-amino acids. The polypeptides
described herein may be chemically synthesized or recombinantly expressed. The
polypeptides may be linked o other compounds to promote an increased half-life in vivo,
such as by PEGylation, HESvlation, PASylation, glvcosylation, or may be produced as an Fe-
fosion or in deimmumnized variants. Such linkage can be covalent or non-covalent as is
understood by those of skill in the art.

In a further conbodiment, the polypeptides of any crobodiment of any aspect of the
mvention may further comprise a tag, such a8 a detectable moiety or therapeutic agent. The
tag(s) can be linked to the polypeptide through covalent bonding, including, but not Hmited
to, disulfide bonding, hydrogen bonding, electrostatic bonding, recombinant fusion and
conformational bonding. Alternatively, the tag{s) can be linked to the polypeptide by means
of enc or move linking compounds. Techmques for conjugating tags to polypeptides are well
known to the skilled artisan. Polypeptides comprising a detectable tag can be used
diagnostically to, for example, assess if 2 subject has been jnfected with influenza vivas or
monitor the development or progression of an inthienza virus infection as part of a climical
testing procedure to, ¢.g., determine the efficacy of a given treatment regimen. However, they
may also be used for other detection and/or analytical and/or diagnostic purposes. Any
suitable detection tag can be used, nciuding but not Hmited fo cnzymes, prosthetic groups,
throrescent materials, lominescent materials, bioluminescent materials, radicactive materialg,
positron emitting metals, and nonradipactive paramagnetic metal ions. The tag used will
depend on the specific detection/analysis/diagnosis techniques and/or methods used such as
mmunochistochemical staining of {tissuce) samples, flow cytometric detection, scanning laser
cytometric detection, flusrescent nmunoassays, enzyme-linked immumosorbent assays
(ELISAs}, radivimmunoassays (RIAs), bicassays {¢.g., neutralization assays), Western
blotting applications, ¢tc. For inununohistochemical staining of tissue samples preferred tags
are enrymes that catalyze production and local deposition of & detectable product. Enzymes
typically conjugated to polypeptides to permit their immuonohistochemical visualization are
well known and inchide, but are not Hmited to, acetyicholinesterase, alkaline phosphatase,
beta-galactosidase, ghucose oxidase, horseradish peroxidase, and urease. Typical substrates
for production and deposition of visually detectable products are also well known to the

skilled person in the art. The polypeptides can be labeled using colioidal gold or they can be
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33

labeled with radioisotopes, such as P, #p ¥5 °H, and 'FL Polypeptides of the invention
can be attached to radionuclides directly or indirectly via a chelating agent by methods well
known n the art,

When the polypeptides of the invention arc used for flow cytometric detections,
scanning laser cyvtometric detections, or fluorescent invnuncassays, the tag may comprise, for
example, a fluorophore. A wide variety of fluorophores uscfl for fluorescently labeling the
polypeptides of the invention are known to the skilled artisan. When the polypeptides are
ased for in vivo diagnostic use, the tag can comprise, for example, magnetic resonance
imaging (MRI} contrast ageunts, such as gadolinium dicthylenctriaminepentaacetic acid, to
ultrasound countrast agents or to X-ray confrast agenis, ot by radioisotopic labeling.

The polypeptides of the invention can also be attached 1o solid supports, which are
particularly useful for in vitro assays or paorification of influenza virus or HA protein. Such
solid supports might be porous or nonporous, planar or nonplanar and include, but are not
himited to, glass, cellulose, polyacrylamide, nylon, polystyrene, polyvinyl chioride or
polypropylene supports. The polypeptides can also, for example, usefully be conjugated to
filtration media, such as NHS-activated Sepharose or CNBr-activated Sepharose for purposes
of affinity chromatography. They can also usctully be attached to paramagnetic
microspheres, typically by biotin-streptavidin interaction. The microspheres can be used for
1solation of influenza vires or HA protein from a sample containing infhienza virus or HA
profein. As another example, the polypeptides of the invention can usefuily be attached to the
surface of a microtiter plate for ELISA.

The polypeptides of the fnvention can be fused to marker sequences to facilitate
purification. Examples include, bat are not limited to, the hexa-histidine tag, the myc tag or
the flag tag.

The polypeptides of the invention can be conjugated to an antigen recognized by the
mmrone system of a subject to which the polypeptide is admnistered. Conjugation methods
for attaching the antigens and polypeptide are well known in the art and include, but arc not
himited to, the use of cross-linking agents. The polypeptide will bind to the influenza virus
HA protein and the antigen will initiate a T-cell attack on the conjugate that will facilitate
destruction of the influenza virus.

In another embodiment of any aspect herein, the present invention provides retro-
nverso polypeptides corresponding to the polypeptides of the wvention. Retro-inverso

polypeptides of the invention comprise or consist of D-amino acids assembled in a reverse
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order from that of L-sequence polypeptide versions of the polypeptides disclosed above, thus
maintaining the overall topology of the polypeptide, and maintainiog HA binding.

In another aspect, the present invention provides isolated sucleic acids encoding a
polypeptide of the present mvention. The isolated nucleic acid sequence may comprise RNA
or BNA. As wsed herein, "isolated nucleic acids” are those that have been removed from
their normal surrounding nucleic acid sequences in the genome or in ¢DNA sequences. Such
wsolated nucleic acid sequences roay comprise additional scquences useful for promoting
expression and/or purification of the encoded protein, inchuding bot not lmited to polyA
sequences, modified Kozak sequences, and sequences encoding cpifope tags, export signals,
and secretory sigoals, nuclear localization signals, and plasma membrane localization signals,

it will be apparent o those of skill in the art, based on the teachings herein, what nucleic acid

2]

equences will encode the polypeptides of the invention.

In a further aspect, the present nvention provides recombinant expression vectors
comprising the isolated nucleic acid of any aspect of the invention operatively linked to a
suitable control sequence. "Recombinant expression vector” includes vectors that operatively
link a nucleic acid coding region or gene to any control sequences capable of effecting
expression of the gene product. “Control sequences” operably linked to the nucleie acid
sequences of the invention are nucleic acid sequences capable of effecting the expression of
the nucleic acid molecules, The control sequences need not be contiguous with the nucleic
acid sequences, so long as they function to direct the expression thercof Thus, for example,
mtervening untranslated yet transcribed sequences can be present between a promoter
sequence and the nucleic acid sequences and the prometer sequence can still be considered
"operably linked"” to the coding sequence. Other such control sequences inchude, but are not
Limited to, polyadenylation signals, termination signals, and ribosome binding sites. Such
expression vectors can be of any type known 1o the art, including but not Hmited plasnud and
viral-based expression vectors. The control sequence used {o drive expression of the
disclosed nucleic acid sequences in 3 mammalian system may be constitutive (driven by any
of a variety of promoters, including but not imited to, CMV, SV40, RSY, actin, EF) or
mducible (driven by any of a nmumber of inducible promoters inchuding, but not Imited to,
tetracycline, ecdysone, steroid-responsive). The construction of expression vectors for use in
ransfocting prokaryotic cells is also well known in the art, and thus can be accomplished via
standard techniques. (Sce, for example, Sambrook, Fritsch, and Maniatis, in: Melecular
Cloning, A Laboratory Manual, Cold Spring Harbor Laboratory Press, 1989; Gene Transfer

and Expression Protocols, pp. 109-128, ed. E.J. Murray, The Humana Press Inc,, Clifton,
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N.J1), and the Ambion 1998 Catalog (Ambion, Austin, TX), The expression vector musi be
replicabic in the host organisms cither as an episome or by integration info host chromosomal
DNA. In a preferred embodiment, the expression vector comprises a plasmid. However, the
mvention is intended to include other expression vectors that serve equivalent fumctions, such
as viral vectors.

In another aspect, the present invention provides host cells that bave been transfected
with the recombinant expression vectors disclosed herein, wherein the host cells can be cither
prokaryotic or eukaryotic. The cells can be transiently or stably transfected. Such
ransfoction of expression vectors into prokaryotic and eukaryotic cells can be accomplished
via auy technique known in the art, including but not limited to standard bacterial
transformations, calcium phosphate co-precipitation, electroporation, or lipesome mediated-,
DEAFE dextran mediated-, polycationic mediated-, or viral mediated transfection. (See, for
example, Molecular Cloning: A Laboratory Manual (Sambrook, ot al., 1989, Cold Spring
Harbor Laboratory Press; Culture of Animal Cells: 4 Manual of Basic Technique, 2 Ed.
(R.L Freshney, 1987, Liss, Inc. New York, NY). A method of producing a polypeptide
according to the tnvention is an additional part of the invention. The method comprises the
steps of {a) culturing a host according to this aspect of the invention under conditions
conducive to the expression of the polypeptide, and (b) optionally, recovering the expressed
polypeptide. The expressed polypeptide can be recovered from the cell free extract, but
preferably they are recovered from the cubiure medium. Methods to recover polypeptide from
cell free extracts or culture medium are well known to the man skilled in the art.

In a further aspect, the present invention provides antibodies that selectively bind to the
polypeptides of the invention. The antibodies can be polyclonal, monoclonal antibodies,
humanized antibodies, and fragments thereof, and can be made using technigues known to those
of skill in the art. As used herein, “selectively bind” means preferential binding of the
antibody to the polypeptide of the invention, as opposed to one or more other biological
molecules, structures, cells, tissues, etc., as is well understood by those of skill in the art,

In another aspect, the present invention provides pharmaccutical compositions,
comprising one or more pelypeptides of the invention and a pharmaceutically acceptable
carrier. The pharmaceutical compositions of the invention can be used, for example, in the
methods of the invention described below. The pharmaceutical composition may comprise in
addition to the polypeptide of the invention (a) a lyoprotectant; {(b) a surfactant; (¢} a bulking

agent; {d) a tonicity adjusting agent; (¢) a stabilizer; () a preservative and/or (g) a buffer,
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In some embodiments, the buffer in the pharmaceutical composition s a Tris buffer, a
histidine buffer, a phosphate buffer, a citrate buffer or an acetate buffer. The pharmaceutical
composition may also inclade a lvoprotectant, ¢.g. sucrose, sorhitel or trehalose. In certain
embodiments, the pharmaceutical composition includes a preservative e.g. benzalkoniom
chloride, benzethonium, chlorchexidine, phenol, m-cresol, benzyl alcohol, methylparaben,
propylparaben, chlorobutanol, o-cresol, p-cresol, chlorocresol, phenylmercuric nitrate,
thimerosal, benzoic acid, and various mixtures thercof, In other embodiments, the
pharmaceutical composition inchudes a bulking agent, like glycine. In yet other embodiments,
the pharmacecutical composition includes a surfactant ¢.g., polysorbate-2{), polysorbate-40,
polysorbate- 60, polysorbate-63, polysorbate-80 polysorbate-853, poloxamer- 188, sorbitan
monolaurate, sorbitan monopalmitate, sorbitan monostearate, sorbitan monooleate, sorbitan
trilavirate, sorbitan trisicarate, sorbitan trioleaste, or a combination thereof. The
pharmaceutical composition may also include a tonicity adjusting agent, ¢.g., a compound
that renders the foromlation substantially isotonic or soosmotic with human blood.
Exemplary tonicity adjusting agents include sucrose, sorbitel, glycine, methionine, manmitol,
dextrose, inositol, sodium chloride, arginine and arginine hydrochloride. In other
cmbodiments, the pharmaceutical composition additionally inchudes a stabilizer, ¢.g., a
molecule which, when combined with a protein of intervest substantially prevents or reduces
chemical and/or physical instability of the protein of interest in lyophilized or Hguid form.
Excmplary stabilizers include sucrose, sorbitol, glycineg, mositol, sodivm chloride,
methionine, arginine, and arginine hydrochloride.

The polypeptides may be the sole active agent in the pharmaceutical composition, or
the composition may further comprise one or more other active agents suitable for an
intended use, including but not limited to anti-HA and aoti-NA aniibodies.

In a further aspect, the present invention provides methods for treating and/or limiting
an influenza mfection, comprising administering to a subject in need thereof a therapeutically
effective amount of one or more polypeptides of the mvention, salts thercof, conjugaies
thercof, or pharmaceutical compositions thercof, to treat and/or limit the influenza infection.
When the method comprises treating an nfluenza infection, the one or more polypeptides are
administered to a subject that has already been infected with the influenza virus, and/or who
is suffering from sympioms (including but not Hmited to chills, fever, sore throat, muscle
pains, coughing, weakness, fatigue, and general discomfort) indicating that the subject is
likely to have been infected with the infloenza virus. As used herein, "treat” or "treating”
means accomplishing one or more of the following: (a) reducing influcnza viral titer in the
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subject; (b} limiting any increase of influenza viral titer in the subject; (¢) reducing the
severity of flu symptoms; {d) limiting or preventing development of {flu symptoms after
nfection; (¢} inhibiting worsening of flu symptoms; (f) Hmiting or preventing recurrence of
flu symptoms in subjects that were previously symptomatic for influenza infection.

When the method comprises Hmiting an infhienza infection, the one or more
polypeptides are administered prophylactically to a subject that 1s not known to have been
wmfected, but may be at risk of exposure to the nfluenza vivus. As used herein, “luniting”
means to it infloenza infection in subjects at risk of infleenza infection. Given the nature
of seasonal mfluenza outbreaks, virtually all sabjects are at risk of exposure, at least at certain
fimes of the year.  Groups at particudarly high risk include children under age 18, adulis over
the age of 65, and individuals suffering from one or more of asthma, disbetes, heart disease,
or any type of immunodeficiency.

While not being bound by any mechanism of action, it is believe that prophylactic
protection by the pelypeptides of the invention appears to be mediated by luniting or
blocking viral replhication at the respiratory site of exposure whereas therapeutic protection
may be achieved by curtatling the spread of the virus into the lower respiratory tract and
Hmiting inflammation and discase.

In one embodiment, the subject 15 immune-compromised (including, but not hmited
to, subjects taking immunosuppressants, subjects with a disease that compromises the
immune sysiem, such as acquired immune deficiency syndrome, oic.) and/or is 65 years of
age or older. As shown in the examples that follow, the therapeutic and prophylactic activity
of the polypeptides of the invention is not dependent on the subject having a properly
fonctioning immune system, and thus the methods are of particolar benefit from any subject
that does not have a properly functioning immune system.

The methods of the invention can be used to treat any individual infected with
mfluenza virus, including but not Hmited to influenza virus A.

As used herein, a “therapeutically effective amount™ refers fo an amount of the
polypeptide that is effective for treating and/or limiting influenza infection. The polypeptides
are typically formulated as a pharmaceutical composition, such as those disclosed above, and
can be administered via any suitable route, including orally, by inhalation spray, ocularly, in
dosage unit formwlations containing conventional pharmaceutically acceptable carriers,
adjuvands, and vechicles. In one particular embodiment, the pelypeptides are administered
mucosally, including but not limited to intraccular or infranasal administration. In another

particular cmbodiment, the polypeptides are administered orally.  Such particular
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embodiments can be administered via droplets, nchulizers, sprays, or other suitable
formulations.

Dosage regimens can be adiusted to provide the optimum desired respounse {(e.g., 8
therapeutic or prophylactic response). A suitable dosage range may, for instance, be 0.1
ug/ke-100 me/kg body weight; alternatively, it may be 0.5 ag/kg to 50 mgkg; 1 uglkg to 25
mg/kg, or 5 ug/kg to 10 mg/kg body weight. The polypeptides can be delivered in a single
bolus, or may be adnvnistered more than once {e.g., 2, 3, 4, 5, or more times) as determined
by an attending physician.

In certain embodiments, the polypeptides of the invention neutralize influenza virus
nfectivity. While not being Huodted by any mechanism of action, neutralizing activity may be
achieved by inhibiting fusion of the influenza virus and the membrane of the targeted cell,
mclading a membrane of an intracelular compartment, such as an endosome. In varicus
embodiments, the polypeptides of the invention prevent influenza virus from infecting host
cells by at least 99%, at least 95%, at least 90%, at least 83%, at least 80%, at least 75%, at
feast 70%, at least 6095, at least 50%, at least 45%, at lcast 40%, at lcast 45%, at Jeast 3589, at
least 30%, at least 25%, at least 20%, or at feast 10% relative tg infection of host cells by
nfluenza virus in the absence of the polypeptides. Neutralization can, for instance, be
measured as described in "Laboratory techniques in infloenza” edited by F. -X. Meslin, M.
M. Kaplan and H. Koprowski (1996), 4th edition, Chapters 15-17, World Health
Organization, Geneva.

The polypeptides according to the invention can bind to the HA protein with any
suitable affinity constant (Kg value) that provides therapeutic or prophylactic benefit. Tn
various embodiments, the K value is lower than 027107 M, E.G*EO"SM, I.O*l(}'ﬁiM, LOFIY
M, 1.0%107M, 1.0%107M, 1.0%107°M, 1.0%1071 M, or LO¥107"M. Affinity constants can
for instance be measured using surface plasmon resonance, 1.e., an optical phenomenon that
allows for the analysis of real-time biospecific interactions by detection of alterations in
profein concentrations within a biosensor matrix, for example, using the BIACORE systom
(Pharmacia Bioscosor AB, Uppsala, Sweden).

The polypeptides made be administered as the sole prophylactic or therapeutic agent,
or may be administered together with (L. combined or separately) one or more other
prophylactic or therapeutic agents, inclading but not limited to oseltamiviy, zanamivir, and
laninamivir.

In another aspeet, the present invention provides methods for diagnosing an influenza

infection, of monitoring progression of an influenza infection, comprising
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{a} contacting a biological sample from a subject suspected of baving an inflienza
infection with a diagnostically effective amount of one or more polypeptides of
the nvention under conditions suitable for binding of the polypeptide to 2 viral
HA protein present in the sample;

(b} removing unbound polypeptide and/or sample; and

(¢} detecting polypeptide-viral HA binding complexes,

where the presence of such binding compiexes indicates that the subject has an

mfluenza infection, or provides a measore progression of an influenza infection.

The methods of this aspect of the invention can be used to more accurately identity
paticnts that may be suffering from an influenza infection and to thus provide more informed
determination of treatment options by an attending caregiver. Individuals at risk of an
mfluenza infection are as described above. The methods can also be used to monitor
progression of an influenza infection; in this embediment, the subject is known to be infected,
and the methods can be used, for example, as a data point for an attending caregiver to
determine whether to imtiate, modify, or continue a particular course of therapy, such as
treatment with neuraminidase or M2 protein inhibitors.

The biclogical sample may be any suitable biological sample tucluding, but not
Hmited to blood, serum, nasal secretions, tissue or other biological material from a subject at
risk of infection.

The sample may first be manipulated to make it more suitable for the method of
detection. "Manipulation” includes, but is not limited to treating the the sample in such a way
that any intluenza virs in the sample will disintegrate into antigenic components such as
proteins, polypeptides or other antigenic fragments. The polypeptides of the mvention are
contacted with the sample under conditions which allow the formation of an complex
between the human polypeptides and intluenza virus or antigenic components thereof that
may be present in the sample. The formation of such complexes, if any, indicating the
prescnce of infloenza virus in the sample, is then detected and measured by suitable means.
Such methods include, but arc not mited to homogeneous and heterogeneous binding
mmmuneassays, such as radiotmmmmoassays (RIA), ELISA, mmmumotluorescence,
immunohistochemistry, FACS, BIACORE and Western blot analyses. Suitable conditions to
promote binding of the test compounds {6 one or more polypeptide of the invention can be
determined by those of skill in the art, based ou the teachings herein.

The polypeptides of the tuvention for use in this aspect may comprise a conjugate as
disclosed above, to provide a tag uscful for any detection technique suitable for a given assay.
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The tag used will depend on the specific detection/analysis/diagnosis techniqoes and/or
methods used. The methods may be carried in solution, or the polypeptide(s) of the invention
may be bound or attached to a carrier or substrate, e.g., microtiter plates (ex: for ELISA),
membranes and beads, ete. Carriers or substrates may be made of glass, plastic {e.g.,
polystyrene), polysaccharides, nylon, nitrocellalose, or teflon, etc. The surface of such
supporis may be solid or porous and of any convenient shape. In one embodiment,
conditions are selected to identify test compounds that bind to the polypeptide of the
invention with a Ky valoe lower than 0.2¢107 M, 1.0¥107°M, LO*10°M, LO*107'M, LO*10°
M, 10F10M, 1.0%107°M, 1L.O0*107 M, or 1.O%1077M.

In & further aspect, the present invention prevides methods for identifying candidate
mfluenza vaceines, comprising

{a} contacting test compounds with a polypeptide of the present invention under
conditions suitable for polypeptide binding; and

(b} identifying those test compounds that bind to the polypeptide of the jnvention,
wherein such test compounds are candidate mfluenza vaccines.

As discassed above, the polypeptides of the present invention were designed to target
the conserved stem region of HA. Thus, the pelypeptides of the invention can be viewed as
specific binders to an HA epitope, stmilar to antibody binding to a specific epitope. Vaccines
can be produced, for example, by selecting small molecules (ie: mimotopes) that bind to an
antibody specific to a viral epitope. Thus, the present methods involve substituting one or
more pelypeptides of the present invention for the antibody in such assay to identify
candidate influenza vaceines.

Suitable conditions to promote binding of the test compounds to one or more
polypeptide of the invention can be determined by those of skill in the art, based on the
teachings herein. The polypeptides of the invention for use in this aspect may comprise a
conjugate as disclosed above, to provide a tag useful for any detection technique suitable for
g given assay. The tag used will depend on the specific detection/analysis/diagnosis
techniques and/or methods used, as discussed above. The methods may be carried
sohution, or the polypeptide(s) of the invention may be bound or attached to a carrier or
substrate, as discussed above. Based on the teachings herein, # is within the level of skill in
the art to determine specific conditions for the various types of diagunostic assays disclosed in
this aspect of the invention. Tn one embodiment, conditions are selected to dentity test

compounds that bind to the polypeptide of the invention with a Kq value lower than 0.2%10™
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M, LOF107°M, 1.0%10°%M, 1L.OF107M, LO¥10™M, LOY10°M, LOF107M, 1.0%107 "M, or
LO*1077M.

When the test compounds comprise polypeptide sequences, such polypeptides may be
chemically synthesized or recombinantly expressed. Recombinant expression can be
accomplished using standard methods in the art, as disclosed above. Such expression vectors
can comprise bacterial or viral expression vectors, and such host cells can be prokaryotic or
cukaryotic. Synthetic polypeptides, prepared using the well-known tochniques of solid phase,
Liguid phase, or peptide condensation techniques, or any combination thereof, can include
natural and unnatural amine acids. Amino acids used for pepiide synthesis may be standard
Boc (Na-amine protected No-t-butyloxycarbonyl) amine acid resin with standard
deprotecting, neutralization, coupling and wash protocels, or standard base-labile No-amino
protected 9-fluorenylmethoxycarbonylt (Fmoc) amine acids. Both Fmoc and Boe Ne-amino
protected amine acids can be obtained from Sigma, Cambridge Research Biochemical, or
other chemical companies familiar to those skilled in the art.  In addition, the polypeptides
can be synthesized with other No-protecting groups that are familiar to those skilled in this
art. Solid phase peptide synthesis may be accomplished by techmiques familiar to those in the
art and provided, such as by using autoraated syuthesizers.

When the test compounds comprise antibodies, such antibodies can be polyclonal or
monoclonal. The antibodies can be humanized, folly human, or murine forms of the
antibodies. Such antibodies can be made by well-known methods, such as described in
Harlow and Lane, Antibodics; A Laboratory Manual, Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y., (1988},

When the test compounds comprise nucleic acid sequences, such nucleic acids may be
produced by any suitable means, such as chemical synthesis. The nucleic acids may be DNA
ot RNA, and may be single stranded or double. Similarly, such nucleic acids can be
chemically or enzymatically synthesized by manual or automated reactions, using standard
techuiques o the art. If synthesized chemically or by in vitro enzymatic syothesis, the nucleic
acid may be purified prior to introduction nto the cell. For example, the vucleic acids can be
purified from a mixuure by exiraction with a solvent or resin, precipitation, electrophoresis,
chromatography, or a combination thereof. Alternatively, the nucleic acids may be used with
no or a minimum of purification to aveid losses due to sanmple processing,

When the test compounds comprise compounds other than polypeptides, antibodies,
or nucleic acids, such compounds can be made by any of the variety of methods in the art for

conducting organic chemical synthesis.
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In another aspect, the present invention provides methods for identifying candidate
compounds for treating, Hmiting, and/or diagnosing influenza infection, comprising
{a} contacting an influenza HA protein with (1) test compounds and (i) a polypeptide
of the present invention, under conditions suitable for binding of the HA protein to
5 the polypeptide of the present invention; and
(b} identifying those test compounds that ouicompete the polypeptide for binding to
the HA protein, wherein such test compounds are candidate compounds for
treating, limiting, and/or diagnosing infhienza infection.
In this aspect, the methods identify test compounds that compete with the
10 polypeptides of the jovention for binding to HA, and thus such candidate compounds may be
usetol in any of the other methods of the Invention disclosed herein. Any suitable test
compoond can be used, as disclosed above in the cleventh aspect of the invention.
In general, competitive inhibition is measured by means of an assay, wherein an HA
composition is admixed with the polypeptide(s) of the invention and the test compounds to be
15 sereened. In one emnbodiment, the test compounds o be screened are present in excess.
Protocols based upon ELISAs are suitable for use in sach competition studies. In certain
cmbodiments, one may pre-mix the polypeptide(s) of the invention with varying amounts of
test compounds to be screened {e.g., 1:10, 1:20, 1:30, 1:40, 1:50, 1:60, 1:70, 1:80, 1:90 or
1:100) for a period of time prior to applying to the HA composition. In other embodiments,
20 the polypeptide(s) of the mvention and varying amounis of test compounds to be screened are
admixed during exposure to the HA composition. Any suitable detection mcans can be used
binding. In one embodiment, the polypeptide(s) of the Invention are tagged for detection, as
discussed above. In this embodiment, the detectable label will decrease in the presence of
competitive test compounds. The reactivity of the (labeled) polypeptide of the invention in
25 the absence of test compound could serve as one suttable control. Preferably, competitive
test compounds will, when present n excess, inhibit specific binding of the polypeptide(s) of
the invention to HA by at least 10%, preferably by at least 25%, more preferably by at least
50%, and most preferably by at least 75% to 90% or even greater.
Exemplary conditions for HA binding studies can be carried out as disclosed i the
30 examples that follow.
All of these aspects/embodiments disclosed herein can be combined with any other

aspect/embodiment, unless the context clearly dictates otherwise.

Example |
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Influenza s a major public health threat, and pandemics, such as the 2009 HINI
outbreak, are inevitable. The influenza envelope glycoprotein hemagglutinin (HA) 1s found
on the surface of the influenza virus and consists of a highly variable globular head domain
(HA1) and a more conserved stem domain (HA2)". Influenza virases comprise two
phylogenstic groaps (Groups 1 and 2) consisting of 18 influenya subtypes and numerous
genetic variants or strains within each subtype. Vaccination can preveni mflucnza infection
but current vaccines are strain specific, providing little or no protection against drified or

shifted strains”™.

Here we show that even in the absence of Fe, intranasal administration of an HA stem
binding protein interferes with infhienza replication in vive and provides strong protection
from mfection when administered as a prophylactic or as a therapeutic. We finrther show that
protection is independent of a bost immune response demonstrating s unique mechanism for
disrupting influenza infection in vivo via direct binding of the HA stem without engaging the

host immumne system.

Results
HA stem binding protein affords Fe-independent prophylactic and therapeutic
protection against influenza in vive.

We started by modifying a stable, broadly cross-reactive HA binding protein, HB36.5,
for increased affinity against nmuultiple HA subtypes. We constructed a ibrary o which cach
amino acid was mdividoally nustated to all other possible amino acids, carried out two rounds
of yeast display selection against seven different Group 1 HA subtypes, sequenced the initial
library and the librarics after the first and second sorts, and computed the enrichment {or
depletion) of each individual point mutant during affinity manation. The core of the binding
mterface was highly conserved in the selections against the different HA subtypes (Fig. 1s),
but several second shell mutations were enriched across all seven subiypes (Fig, 1a; Fig. 1h).
Multiple subtype-specific substitutions were also identified around the periphery of the
binding interface (Fig. 1b}, which reflect HA sequence differences near the interface (Fig.
i¢). We made a combinatorial Hbrary of substititions that were enriched across all subtype
selections at a total of 12 mutated positions and subjected it to three rounds of yeast display
sorting against A/South Carolina/1/1918 (HIN1) HA, which converged on a variant with nine
substitutions called HB36.6. Negative-stain electron microscopy revealed that HB36.6 binds
in the desigoed location on HA (Fig. 2a-¢). BioLayor® interferometry showed that HB36.6
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had higher affinity than HB36.5 against all tested subtypes, with greater than 40-fold and 10-
fold affinity increases for HZ and HS, respectively (Fig, 24).

In vitro, HB36.6 potently neutralized a wide range of genctically distinet human
(HIN1) and avian (H5N1) infloenza viruses (range of genetic diversity between HA
sequences is 64-88%) with a 50% effective concentration (ECso) range of §.18-12.0 pug/ml
(Fig. Ze}. In contrast, Ribavirin, a broad-specirum antiviral”’, has an ECsp range of 15-1¥
ug/ml against a represeutative subset of the same fnfluenza strains. These results show that
HB36.6 neutralizes a wide range of genetically distinet infloenza viruses in vitro with greater
potency than a smali melecule mfluenza antiviral,

To determine if HB36.6 can protect agaimst influenza infection in vivo, we gave
BALB/c mice a single intranasal (IN) dose of 6.0 mg HB36.6/kg body-weight mouse at 2, 24,
or 48 hours prior to challenge with a lothal dose (10 times the 50% mouse lethal dose or 10
MLDsg) of HINT A/California/07/2009 (CADN9) virus, a highly viralent Grouop 1 pandemic
wmfluenza strain that leads to rapid weight loss and death 1o mice within 4-8 days post-
mfection (p.i.). When administered up 1o 48 hours before challenge, a single pre-exposure
dose of HB36.6 afforded complete protection with 100% survival and moderate to low
weight loss whereas all untreated controls (Ctr) exhibited >30% weight loss and no survival
(Fig. 3a). The protection was specific to HB36.6 since a protein control (Iysozyme, 6.9
mg/kg), administered cither 48 or 2 hrs before CAO9 challenge provided no protection and
resulted in weight loss and maortality comparable to the controls (Fig. 3a). The same dose of
HB36.6 dehivered intravenously (IV) provided no protection {data not shown). Lower doses
of 1.0, 0.1, and .01 mg/kg administered IN two hours prior to lethal challenge with CA(09
aiso resulted in 100% survival with little (0.1 mg/kg) or no (1.0 mg/kg) weight loss whereas
controls exhibited rapid weight loss and succumbed to the infection within 7 days p.i. (Fig,
3B). Mice that received the lowest dose tested (0.01 mg/kg) exhibited weight loss, vet
survived 2-3 days longer than controls and 20% of mice recovered and soervived.

To determing if HB36.6 can provide broad protection against genetically distinct
strains in vivo, we inoculated mice IN with HB36.6 (3.0 mg/kg) two hours before challenge
with either CA09 or A/PRR/34 (PRE), a highly virulent HiIN{ mouse-adapted influenza virus
that 15 18% divergent from CA09. Figure 3¢ shows that HB36.6 provided the same degree of
protection against PRE with 100% of the mice surviving and no weight loss. This result is
consistent with the in vitro resulis showing that HB36.6 broadly binds Group 1 HAs (Fig.

2d.e).
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We next investigated HB36.6 as a post-exposure prophylactic. We challenged mice
with CAGY vires and then treated with cither a single IN dose of 3.0 mg/kg HB36.6 on day
{2 hours p.y, +1, +2 or +3 p.i. or four daily IN doses administered on days +1-4 p.i. HB36.6
reduced weight loss and afforded complete recovery and protection from lethality in 100% of
mice when administered daily for 4 days or as 8 single noculation administered 2 howrs p.i
or 6% protection from lethality when administered + T day p.i (Fig. 34). There was no
significant difference i protection from weight loss between mice receiving daily doses on
days -+1-4 p.1. or a single dose at 2 hours or day +1 p.i. suggesting that a single dose within 1
day post-cxposure is sufficient fo protect from discase. Although mice that reccived HB36.6
at day +2 or +3 p.i. eventually succinubed to their infection, a single dose at these later time-
points also provided a benefit in that the majority of these mice succumbed at day 8 o1 9 p.i.
whereas 100% of the controls succumbed within 4-7 days p.i. (2 d.p.i., p= 0.0006; 3 d.pa,
p=0.0031 compared to controls) (Fig. 34). The protection observed was specific for HB36.6
binding to the HA since daily adminisiration of the scaffold protein (PDB 1D 1u84) that
HB36.6 18 modeled on provided no protection (Fig, 3d).

We next compared a single dose of HB36.6 to the approved antiviral, oseltamivir
{Tamiflu®, Roche). We challenged mice with CA09 virus and then treated with cither a
single IN dose of HB36.6 (1.0-10 mg/kg) on day +1 p.i, or oseltamivir {5 mg/kg/day) by oral
gavage, twice daily for 5 days starting on day +1 p.i. A single dose of HR36.6 resulted in an
increase in the number of survivors and delayed the mean day of death in animals that died
from the infection (Fig. Je). The highest rate of survival (70%) was observed in the group
ireated with the highest dose of HB36.6 (10 mg/kg), and a dose-responsive effect was
observed. In comparison, oseltamivir was not able to prevent mortality (0% survival), but did
significantly delay the time to death by about 2.5 days compared to controls (p<<G.001}. These
resulis indicate that a single dose of HB36.6 provides superior protection against mfluenza
than the leading influenza antiviral oseltamivir.

To determine the effects of HB36.6 at the respiratory sites of virus exposure, we
analyzed viral replication and inflammation in nasal and lung compartments in mice that
reccived a single IN dose of HB36.6 (6.0 mg/kg) either 24 hours before (Prophylactic- Pro}
or after { Therapeutic- Ther) challenge with CAG9. We collected nasal washes on days 2, 4,
and 6 post-challenge and viral titers were measured by an end-point dilution assay (TCID).
At cach time-point p.i, mice treated with HB36.6 before (Pro) or after (Ther) challenge
exhibited a substantial 1-3 log-fold reduction in mean viral titers when compared to untreated

controls, with the lowest viral loads consistently observed in the prophylactic group (Fig. 4a).
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These resulis indicate that prophylaxis with HB36.6 likely afforded protection from infection
by binding and blocking the virus at the respiratory site of exposure whereas therapy with
HB36.6 may afford protection by containing the burst of viral replication that precedes
progression to disease and death,

We next investigated the effects of HB36.6 on viral replication in the lung. We treated
mice IN with HB36.6 (6.0 mg/kg) 1 day before or post-infection with CA09 and then
collected lung tissue on day 2 and 4, which we staimed for intraceliular expressed influenza
nucleoprotein (NP) to identify infected cells. Lung tissues from mice that received
prophylactic or therapoutic administration of HB36.6 showed significantly less viral
replication in the lungs when compared to the untreated controls at both day 2 (not shown)
and day 4 p.i. (Fig. 4b) and in situ emumeration of NP positive cells in the hing tissue
confirmed there were a significantly lower nomber of infected cells in the ungs atday 4 in
mice that received HB36.6 as a therapeutic when compared to controls (P < 0.0263, Fig. 4¢).
Thus, therapeutic admmnistration of HB36.6 reduced viral roplication in the long (Fig. 4¢} and
nasal passages (Fig. 42} as carly as day 2 p.i. with the greater suppression of viral replication
relative to controls observed in the lung (Fig. 4¢) supporting the possibility that therapeutic
protection was mediated by reducing the spread of viral replication into the hung. To
determine if IN delivery of HB36.6 penetrates into the lower respiratory tract, mice received
6.0 mg/kg of FLAG-tagged HB36.6 and 6 hours later, lung tissue was sectioned and stained
using anti-FLAG antibodics. The protein was veadily detected throughout the long tissue
{data not shown) indicating HB36.6 is able to penctrate into the lower respiratory tract.

Influenza infection results in the expression of pro-inflammatory cytokines that
mduce inflammation and recruit activated immme cells {0 clear the infection. However, this
mflammatory response damages the pulmonary epitheliom and increases susceptibility to
secondary infoctions by ~100 fold'™" . To determine if HB36.6 protects from influenza-
nduced inflammation, mice received a single IN dose of HRB36.6 (6.0 mg/kg) either 24 hrs
before (Pro) or 24 hes after {Ther) lethal challenge with CA09. Lungs were collected on day 2
p.1. and supernatants from hung homogenates were analyzed for the expression of
mflammatory cviokines (IL-6, IL-10, IL-12p70, TNF-g, [FN-y). HB36.6 delivered eitheras a
prophylactic or therapeutic did not significantly increase the cytokine response and in fact
several cytokines were significantly lower than in the controls (P<0.00119, Fig. 4d). These
results support the possibility that the reduction in viral loads by HB36.6 provided additional

henefits in also decreasing the cytokine responses that lead to increased mflammation and
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tissue damage. Together, these results show that HRB36.6 blocks and interferes with viral
spread, resulting i a lower viral replication, suppression of the cytokine response and
decreased hung inflanmation. Furthermore, since HB36.6 lacks Fe, these results show that, in
contrast to monoclonal antibodies that bind the same HA stem site, engagement of the host
FeyR 18 not required for protection in vivo.
HA stern binding proiein does not induce a protective host antiviral response

Small proteins, such as HB36.6, may stironlate an inunune response that could
mterfere with the effectiveness of a second administration or alternatively, stimulate antiviral
responses that can contribute to protection’®. To determing if repeat dosing induces an
immnune response againgt HB36.6 that could mterfere with the potency of subsequent dosing,
we administered 4 consecutive doses (3.0 mg/kg dose) of HB36.6 IN spaced two weeks apart.
Two weeks after cach dose, biood was collected and the serum analyzed by ELISA for the
prescnce of binding antibodies against HB36.6. No antibodies against HB36.6 were detected
after the 1% and 2™ dose but by 3 dose, low levels of antibody responses were detected in 4
of the 10 animals. Importantly, a lethal challenge with CAQ9 24 hours afier the 4% dose still
provided 100% protection from mortality and morbidity {(data not shown). These resulis
ndicate HB36.6 s poorly immunogenic, and low fevels of antibody that may be induced
following repeated dosing of HB36.6 does not interfere with s protective efficacy.

Induction of even a modest adaptive antibody response suggested HB36.6 likely
stimulated a host innate response. To determine if HB36.6 administration induces antiviral
cytokine responses that could coutribute to protoction, cytokines were measured at different
time-points post-HB36.6 administration. Mice received a single IN dose of HB36.6 (6.0
myg/kg) or 184 (6.0 mg/kg) and himgs were collected 2, 24 or 48 hrs post-administration,
Supernatants from long homogenates were analyzed for the expression of inflammatory
cytokines (IL-6, IL-10, IL-12p70, TNF-g, [FN-y). Both HB36.6 and 1u84 induced low levels
ot cytokines that peaked between 2-24 hrs post-administration and by 48 hrs the levels had
dropped to pre-administration levels (Fig. 5a). Importantly, cytokine levels after HB36.6
administration were significantly lower than levels induced by 1uR4 that afforded no
protection from challenge. These data suggest that, although administration with HB36.6
mduced a cytokine response, the levels were too transient and/or low to contribute to
protection.

To investigate the possibility that HB36.6 reay mduce other host responses that could
contribute to protection, we tested HB36.6 for protection against influenza in two severe
immune-deficient mouse models; NOD SCID gamma (SCID) and MyD&8-/- mice. SCID
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. i R . 1715
miice lack mature T, B, and NK cells are unable {o develop an adaptive immune response 18,

MyDg8-/-, mice lack TLR signaling and are deficicnt in cytokine signaling, resulting ina
severcly dampened invate and adaptive founune response’ . HB36.6 (6.0 mg/kg), 1u84 (6.0
mg/kg), and a protein control (Iysozyme, 6.0 mg/kg) were IN administered 2 hrs before
challenge with CA(9. HB36.6 protected 100% of the SCID mice and 50% of the MyD&8-/-
mice with only minimal weight loss {Fig, 5B}, whercas all control mice (1u84, Proiein, and
Najve) exhibited sigonificant weight loss and 0% survival i both SCID and MyDR8-/- mice.
The ability of HB36.6 to afford protection in two severcly immmme-compromised mouse
models provide further evidence that the antiviral effect of HB36.6 is due to direct binding of

the HA stemn and is independent of an antiviral host response or engagement of the FoyR.

Discussion

We show that HB36.6, excraplary of the polypeptides of the present invention, is able
o neutralize a wide range of genetically diverse Group 1 viruses in vitro and a single
mtranasal dose protects against two genetically distinet mfluenza strains In vivo indicating
that the broad specificity of HRB36.6 observed in vifro may translate to broad protection in
vivo. Prophylactic protection by IN-administered HB36.6 appears 1o be mediated by limiting
ot blocking viral replication at the respiratory site of exposure whereas therapeutic protection
1s likely achieved by curtailing the spread of the viras into the lower respiratory tract and
timiting mflamomation and disease. Furthermore, a single dose of HB36.6 inmice
cutperformed a five-day, ten dose regimen of oseltamivir, the lead antiviral approved for the
treatment of influenza in humans.  In contrast to some bNAbs, we found that HB36.6
protects against inflaenza independent of engagement with the FeyR and activation of
antibody-dependent cellular cytotoxicity (ADCCYY. Thus, in contrast to mAb, HB36.6
binding to the HA stern is alone sufficient for highly effective in vivo protection against
mfluenza. Inhaled delivery of HB36.6 may result in higher concentrations of binder at the
respiratory site of infection than can be achicved by antibodies, which are generally
administered via an indravenous route.

We found that HB36.6 induced lower cytokine responses than its non-protective
scaffold protein and showed no loss 1n protective efficacy when tested in two severe immmne-
deficient mouse models. Taken together these resulis provide strong evidence that HB36.6
mediates protection independent of the host resporse and primarily through direct binding of
the HA stem. Since post-exposure inflammation mediates enhanced influenza disease and
increased susceptibility to secondary infections™, the ability of HB36.6 to afford protection
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withoot mducing an inflammatory response suggests it could be used to increase resistance
against influenza without exacerbating disease due to inflammation.

The ability of HB36.6 fo provide protection indeperdent of a host immune response
ot FeyR interactions wplies that a properly functioning imnunme system is not required for
efficacy. This possibility has significant implications for further development of proteins lke
HB36.6 as a now class of antivirals for protecting the immune-compromised or elderly,

. . .. - . 2
which comprise the majority of deaths from scasonal influenza cach year™.

Methods

Yeast display kD titrations. Wild type HB36.5 and the transformed HB36.5 SSM
yeast display library was inoculated into Iml of SDCAA medium supplemented with
carbenicillin and chloramphenicol and grown overnight at 30°C, 256rpm. Cells were pelleted
by centrifugation, resuspended in 200ul of SGCAA, 40pk. of the resuspended cells were
moculated into 960 additional ul. of complete SGCAA and induced ~24h at 18°C, 250rpm.
Celis were collected by centrifugation, washed with PBSF (PBS, 0.1% w/v BSA) and diluted
to ODggo 0f 2.0, 1.5x10° cells were mixed with purified biotinylated hemagglutinin (HA) in
PREF individually at 2 range of concentrations spanning the construct’s predicted ky and
meubated at 22°C for 30m. After labeling with HA, the cells were collected by
centrifugation, washed once with PBSF, and incubated with §.6uL of FITC-labeled anti-
CMyc antibody and .25ul. phycoerytlwin (PE)-labeled streptavidin on ice for 10m. Cells
were coliected, washed with PBSF, and resuspended ioto 200ul. of PBSF. Fluorescence of
50,000 cells from each titration point was measured on an Accuri C6 flow cvtometer with a
483nm laser for excitation and a8 5750m band pass filter for emission. Negative controls for
binding were induced cells with no HA labeling. BD Cflow software was used to measure the
total PE thiorescence of the displaying ccli population and a custorn MATLAR non-linear
curve fitting script was used to derive equilibrivim binding constants for cach hemagglutinin
subtype.
Site-saturation mutagenesiv Hbrary construction. HB36.5 in pETCON® plasmid was
mutagenized individually via Kunkel's method™ in 86 consecutive codon positions using
NNK degenerate primers purchased from Integrated DNA Technologies (Coralville, 1A}
Primers were desigoned using Firnberg's method. The theoretical library size of all 86
reactions was 1720 amino acid sequences. Kunkels reactions were purified with (JiaQuick®
colurmms {(Qiagen, Hilden, Germany) and pooled in groups of 12 (codon positions 1-12, 13-

24, 25-36, 37-48, 49-60, 61-72, 73-86). 1uL. of cach plasmid pool was transformed by
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clectroporation into XL 1¢ Gold electrocompetent cells (Stratagene, La Jolls, CA) with a
minimuom efficiency of 3x10° CFUs per pool (>100-fold coverage). Liguid cultures were
grown overnight in TH and harvested using a QiaPrep® miniprep kit (Qiagen, Hilden,
Germany). Mutated genes were amphified from each plasmid pool by addmng 1l of plasmid
to 10ul of 5x Phusion® Buffer, 1yl of 10mM dNTPs, 2.5ul of 10uM wpGS primer, 2.5ul
of 10uM downCMye® primer, and (.53l of Phusion® polymerase in SOub total volume.
The reaction used 30 cycles of PCR (98°C 10s, 65°C 155, 72°C 155}, PCR product was
purified with a QiaQuick® kit and transformed into EBY 100 8 cerevisige using Chao’s
method® along with gel-purified pETCON® vector digested with Ndel/Xhol (NER,
Waltham, MA).

Yeast dispiay HA selections. Transformed HB36.5 SSM yeast display hibrary was sorted in
two rounds. For each round, cells were grown m 10mL of SDCAA overnight at 30°C,
collected by centrifugation, and induced in SGCAA at 18°C for ~24 hours. Cells were
coliocted by centrifugation, washed with PRSF, and ~4x10° cells fabeled with purified
biotinylated HA at a4 concentration half of the kp determined by yeast display titrations or, if
1o kp could be determined, S60nM. In the first round of sorting, primary labeling proceeded
for 300 at 22°C as described for titrations. In the second round, to select for mutations that
mproved binding but did not destabilize the protein, primary labeling was performed for 30m
at 37°C. Secondary labeling was done with 1.2uL anti-CMyc FITC and 0.5uL SAPE ina
total volume of 100ul PBSF onice for 10m. In cach sorted population, the top ~5% of FITC-
displaying cells were collected.

Hiumina sequencing, Plasmid DNA was prepared as previously described”’. Genes were
amplified from the plasmid by adding 36.5aL of porified plasmid to 10l of Sx Phusion
master mix, jul each of pETCON® inner fwd and pETCON® jnner rev, 1yl of 10mM
dNTPs, and 0.5pl. of Phusion® polymerase {Thermo). The reaction used 30 cycles of PCR
(98°C 1is, 58°C 158, 72°C 15s). Correctly sized prodocts were gel extracted using a
(Haquick® gel extraction kit {Qiagen). 10ul of gel extracted reaction product were added to
10ul. of 5x Phusion® master mix, 1pl cach of miseq_ocuter fwd and miseq_outer_rev with
the correct library barcode, Tyl of 10mM ANTPs, and 0.5ul of Phusion® polymerase in
50uL, and amplified again with 30 cycles of PCR (98°C 105, S8°C 18s, 72°C 15s}). The two
primer sets have overhangs that add Hlumina sequencing primer binding sites, barcode
sequences, and flow cell adaptors to the gooe to be sequenced. They additionally add 12
entirely degenerate bases at the beginning of the forward and reverse read, ensuring adequate

diversity for the {Hlumina basecalling algorithins. This cnabled the DNA pools to be prepared
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and sequenced m two runs of paired-end 25 1bp mode on an Hlomina MiSeq® (umina, San
Dicgo, CA) using a standard MiSeq® kit and protocols. Pools were mixed to have 6.5% of
the total loaded DNA from the unselected pool, 6.5% of the total loaded DNA from cach
first-round selected pool, and 3.25% from cach second-round selected pool, with 35%
Hhoninag PhiX control DNA ¢ increase diversity and data quality.

DBMS data processing. Raw sequence files were processed into fastg format, split by
barcode, aliowing up to 1 moismatch, and adapter sequence was removed using Hlomina OLB
1.9.4. Split ibrary sequences were processed using seripts from Enrich 0.2 to yield mnutation
counds in each library. Counts for each sorted library were converted to log? cnrichment
relative to the unselected Hbrary using custom scripts. Envichment value was caleulated by
linear regression of enrichment for each individual substitution at each round. The slope of
the regressed line is the enrichment vahie®

Combinaterial library construction and selection, Twelve positions in HB36.5 that
contained substitutions highly enriched against many or all tested subtypes were mutated in a
combinatorial library with a total sequence diversity of 10°. This library was constructed
asing recursive PCR assembly, as described below, with the only difference being that the
asscrably oliges contained degenerate codons designed using GLUE % to maximize enriched
aminoe acid codon representation. This hibrary was transformed into yeast using Chao’s
method 2* with an efficiency arcund 107, and sorted by three rounds of veast display for
binding to A/South Carolina/1/1918 HA uutil sequence convergence was achieved. The final
converged sequence, which we name HB36.6, had 9 total rontations relative to HB36.5.
Recursive PCR assembly. The gene for HB36.6 with 40bp of additional pETFLAG®
overlap sequence, to allow homologous recombination, was assembled via recursive PCR.
Sequences were designed using DNAW orks®’ and purchased from Integrated DNA
Technologies, Inc. {Coralville, IA). The cutermost two primers were diluted to SuM and
mixed, while the inner primers were diluted to 0.5pM and mixed. A 10uL volame of cuter
primer mix was added to 12.7ul. of mner primer mix, along with 1pl of 10mM DNTPs, 6pll
of 5x Phusion® buffer, and 0.3ul. of Phusion® polymerase (NEB, Waltham, MA) for a final
volume of 30ul. Product was assembled with 30 vounds of PCR (98°C 30s, §8°C 30s, 72°C
30s}). A second round of PCR. was uvsed to finther amplify correctly assembled product. A
1.25pL aliguot of the first PCR reaction product was added to Sull of Sx Phusion® Buffer,

0. 75l 10mM DNTPs, 2l of outer primer nix, and 0.25pL, of Phusion® polymerase in
25ul. The same PCR conditions were used for a further 30 rounds and the product was

purified using a QiaQuick® PCR cleanup kit (Qlagen, Hilden, Germany) and cluted in EB.
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Gibson assembly”™ was used to insert the assembled gene into gel-purified pETFLAG®
vector digested with Ndel/ Xho! (NEB, Waltham, MA). A 1.5ul aliquot of cut vector at
20ng/pl. was added to 1ul. of assembled gene and 7.5l of Gibsen enzyme mix {all enzymes
from NEB, Waltham, MA). The reaction was incubated at 50°C for th and 2ul was
transformed inte 20pL of XL10 Gold chemically competent £, ¢ofi and plated onto a
kanamycin agar plate. Plasmid sequences were confirmed by colony PCR and Sanger
sequencing, and colonies with correctly assembled plasmid were grown in TB and harvested
osing a QiaPrep® miniprep kit (Qiagen, Hilden, Germany).

Protein expression and purificatien. HB36.6 in a pETFLAG vector was expressed in
Rosetta? (DE3) £ coli cells. HB36.6 used throughout these studies contained the FLAG tag
(DYKDDDDE (SEQ 1D NQO: 6)). Cells were grown in S00uL aliquots of MDG non-inducing

2770

media supplemented with kanamycin at 37°C, 250rpm overnight. Each vial was used to
inoculate 500mL of ZYM-5052 auto-induction media®, which was grown for ~48 hours at
22°C, 250wpm. Cells were harvested by centrifugation and resuspended in 25ml. of lysis
buffer (50mM Tris, 300mM NaCl, 30mM imidazole, pH 8.2) with half of a dissolved
complete, EDTA-free protease inhibitor tablet (Roche, Basel, Switzerland) and supplemented
with DN Ase and lysezyme at ~Img/mli.. Resuspended cells were lysed via sonication with a
Qsonica® Q500 (Fisher Scientific, Hampton, New Hampshive) at 70% power for 10 mimastes
(20s o1/20s off) on ice. Insohuble celf debris was removed by centrifugation for 30m at
4{,000¢g. Supernatant was applied to gravity-flow columns containing 2.5mi, of Ni-NTA
resin (Qiagen, Hilden, Germany) pre-equilibrated with lysis butfer. Protein was washed with
25ml. wash buffer (S0mM Trig, 300mM NaCl, 7SmM mmidazole, pH 8.2) and eluted with
10mL elution buffer (SOmM Tris, 300mM NaCl, 300mM imidazole, pH 8.2}, Protein was
concentrated to ~20mg/ml using 2 Vivaspin 10kD MWCO centrifugal concentrator
(Sartorius Stedim, Goettingen, Germany} at 4000g. Imidazole was removed by dialysis (2x
41 buffer) into SOmM Tris, 300mM NaCl, pH 8.2 at 4°C. Concentration was determined by
absorbance at 280um on a NanoDrop® spectrophotometer (Thermo Scientific, Waltham,
Massachusetts} using extinction coefficients calculated from amine acid sequences. For in
vivo experiments, proteins were further proccssed using bacterial endotoxin removal beads
{Miltenyi Biotee, San Diego, California).

Circular dichroism spectrescopy. Purified proteins were tested for folding and denaturation
temperature using an Aviv 420 circular dichroism spectrometer { Aviv Biomedical,
Lakewood, NJ). Protein was dilated to 0.6mg/mL in PBS and CD absorbance was measured

at 205nm st 25°C. Absorbance wag characteristic of a structured o-helical protein. To test the
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thermal denaturation temperatore of HB36.6, absorbance at the 222nm o-helix peak was
measured in 2° increments between 157 and 95°C,

Protease resistance assays. Proteins 1o be tested were diluted to Trog/mi in PBS and Gibeo
.25% trypsin/phenol red (Life Technologies, Carisbad, CA) was diluted to .005% in PBS.
Equal parts protein solotion and trypsin were mixed and incobated at 37°C. Time points were
taken by removing 6ul aliquots of solution, mixing with 6ull of 2x SDS loading buffer
(100mM Tris, 4% 308, 0.2% bromphenol blue, 20% glycerol, pH 6.8} and incubating for Zm
at 85°C. Denatured aliquots were stored at -20°C until being loaded on a 12% NuPage® Bis-
Tris gel (Life Technologics, Carlsbad, CA} and run at 150V in 1x MES buffer {50 mM MES,
50 mM Tris Base, 0.1% SDS, 1 otM EDTA, pH 7.3). Negative controls were one lane with
undigested protein and one lane with trypsin but no test protein, Gels were scanned and bands
were quantified using Imagel. Band size as a percentage of the undigested negative control
was fit by non-lincar regression using a custom MATLABR script to derive protein digestion
half-lives.

BioLayer interferometry (BLI) kp titrations. Timations were performed on an
OctetRed96® BLI system (ForteBio, Menlo Park, CA) using streptavidin-coated probe tips.
Tips were equilibrated for 10uuin 50x kinetics buffer, designed to reduce vonspecific binding
(PBS, pH 7.4, 0.5% w/v BSA, 0.05% v/v Tween 20) and loaded with 25-40nM biotinylated
HA of one of six subtypes in S0x kinetics buffer for 15m. Following 8 10m wash and 10m
baseline reading in the 50x kinetics buffer, association rates were measured by incubating
gach tip for 30mu in different concentrations of purified HB36.5 or HB36.6 protein spanning
the predicted ks for the given HA subtype, diluted in 50x kinetics buffer. Dissociation was
measured by then incubating the tips in 50x kinetics buffer for a further 30m. HB36.6 did not
show well-defined off-rates, so equilibrium binding counstanis were computed from the
maximum steady-state response reached during the association phase. Nonbinear regression
curve fiting was done with a custorn MATLAB script.

In Vitre Antiviral Neutralization. MDCK (Madin Darby canine kiduoey), obtained from the
American Type Culture Collection (ATCC, Manassas, VA) were grown in Growth medium
comprising minimom essential medivm (MEM) with non-cssential amino acids, 5% FBS and
0.22% NaHCQO3. Influenza A/California/07/2009 (HINT), A/Puerto Rico/(8/1934 (HINI1),
A/New Caledonia/20/1999 (HIN1}, A/Hong Kong/213/2003 (HSN1}, and
A/Dack/MN/1525/1981 (H5N1) were obtained from the Center for Disease Control {Atlanta,
GA). The viruses were prepared in Madin Darby canine kidney (MDCK) cells, placed in

ampules and frozen at -80°C. Cells are seeded to 96-well flat-botiomed tissue culture plates at
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the proper cell concentration to estabiish confloent cell monolayers and ncubated overmight
at 37°C. Various dilutions of test compound are added to cach well. Ribavirin {1~ -D-
ribofuranosyl-1,2 4-triazole-3-carboxamide), and HB36.6 were tested in half-log increments
from 320 pg/ml and below. Virus 1s added to test compound wells and to virus control wells
at about 50-100 cell culture infectious dose per ml. The virus titer 1s determined by a prior
titration, where the most diluted virus stock is used that causes 100% CPE in all wells at the
particular viras dilution. Test medium without virus is added to all texicity contrel wells and
to cell control wells. The plates were incubated at 37°C for 72 howurs. Sterile neutral red
{0.034% in saline solution} is then added to cach well. After two hours at 37°C, all mediom is
removed and the cells are washed with PBS and inverted to drain. Neutral red is extracted
from the cells by adding an equal volume mixture of absolute ethanol and Sdrensen’s citrate
buffer, pH 4.2, The contents of each well are mixed gently and the optical density (G.D.)
values of cach well are obtained by reading the plates at 540 nm with a microplate reader.
Negative-stain sample prepavation and imaging. Complexes of HA and HB36.6 were
prepared for electron microscopy studies by diluting to 2.1 pg/mi in Tris buffered saline and
applied to freshly glow discharged carbon coated 400 mesh copper grids for 20 seconds. Two
rounds of a 3 ul droplet of 2% uranyl formate were applied and iommediately blotted followed
by a third 3 ul droplet blotted after | minute. Grids were viewed using the FET Tecnai T12
electron microscope operating at 120 kV accelerating voltage at 52,000 x magnification
resulting in a pixel size 2.05 A at the specimen level. Images were acquired on a Tietz 4k x
4k CMOS camera using Leginon®*”! MST-raster 3.0 software package at a defocus of ~1.0
um. Microscope magnifications were calibrated using a catalase crystal prior to data
collection.

EM data processing and 3D velume reconsiruction, Particles were picked automatically
using DoG® Picker™ and boxed into 96296 pixel boxes and aligned using Xmipp CL2D
clustering alignment™. Ten ab initio models of each complex were created using
EMANZCL™ with €3 symmetry and based on 17 2D class averages of PRS in complex with
HB36.6. hatial models of complexes were then refined against 10,005 raw particles using
EMANY. The resolution of the final model was determined to be ~22 Angstroms using an
FSC cut-off of 0.5, The UCSF Chimera “Fit in Map” function was used to dock structural
models into the EM maps.

HB36.6 administration and influenza challenge. All animal experiments used in this study
were approved by the University of Washington Institutional Animal Care and Use

Committee. Groups of 6-8 wecek-old female BALB/c mice were anesthetized and intranasally

44



10

25

30

WO 2015/143339 PCT/US2015/021780

administered protein binder (HB36.6) at concentrations varying from (.01 t0 6.0 mg/kg. Two
to forty-cight hours later, the mice were anesthetized by isofturane and challenged
ntranasally with 10 MLDs, (fifty percend raouse lethal dese) of cither A/California/07/09
(HIND (CAOD) or A/PR/R/34 (HINT) (PRRB). In a therapeutic setting, mice veceived the
protein binder 0 (2 hours post-infection), 1, 2, 3, or 4 days post infection. The mice were
monitored daily for weight foss and survival until 14 days post-infection. Animals that lost
more than 30% of their initial body weight were cuthanized in accordance with our animal
protocol. The SCID (NOD SCIE gamma, strain NOD.Cg-FPrkdescid H2veom I Wil/S23) mice
and the MyD88-/- (strain 86. [ 29P2(87L)-Myd88mm 1. 1 Defi/d} mice were purchased from
Jackson Laboratory.

Nasal and lung viral titers. Nasal wash samples were collected by making an incision in the
trachea and washing the nasal passages with 0.2 ml PBS {(pH 7.2). Supernatants from lung
homogenates were collected by mincing whole fungs i 500ul MEM medis, frecze thawing
twice on dry ice, and then centrifuging at 13,000rpm for 10m. The viral titers in the nasal
washes and supernatants from lung homogenates were determined using the TCIDsg, as
described previously . In brief, monolayers of MDCK cells were inoculated with tenfold
serial dilutions of mouse vasal washes in quadruplicate (threc total replicates per sample}.
One howr after inoculation, the supernatants were removed and replaced with MEM media
plus antibiotics and | pg/ml TPCK-trypsin {(Sigma, St. Louds, MO). The viral cytopathic
effect was observed for 3 days before viral infectivity in MECK cells was measored using a
hemagglutination assay with 0.33% turkey erythrocytes. The tissue viral titers were
calculated using the Reed and Muench method and expressed as logie TCIDsy/g of tissue.
Enzyme-linked immunosorbent assay (ELIS A}, HB36.6 and CAO%-specific 1g( antibody
levels in mouse serum were assessed by ELISA. Maxisorp® (Thermo Scientific-Nunc) were
coated with either 100 ng/well of recombinant A/Califorma/04/2009 (BEI resources), FLAG
or FLAG-tagged HE36.6 in PBS overnight at 4°C. Plates were blocked with 5% nonfat milk
powder in PBS for 1h at room temperature, and then washed three times with wash buoffer
(PBS-T; phosphate-buffered saline containing 0.05% Tween 20). Two-fold serial dilutions of
samples were added to the wells and plates were incubated for Thr at room temperature.
Following three washes with PBS-T, plates were incobated with horseradish-peroxidase
conjugated goat anti-mouse 1gG (1/3,000 dilution) sccondary antibodics (Therme Scientific
Pierce) for 1h at room temperature. After five washes with PBS-T, TMB substrate (KPL) was
added to the wells for 30 min at room temperatore. Color development was stopped by the

addition of TMEB Stop solation (KPL), and the plates were read at 450nm to measure relfative
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optical densities (0.D.) HB36.6 specific antibody levels were determined as the difference
between the 0.0, measured against FLAG-tagged HB36.6 minus the 8.0, measured against
FLAG-ounly.

Bio-Plex analysis of cyviokine production in lung homogenates. The concenirations of
cytokines in lung tissue were measured. On days 2 and 4 post-infection, & mice per group
were sacrificed and whole hung tissue was collected and immediately frozen. Lungs were
thawed, weighed and lysed using the Bio-Plex® Cell Lysis Kit (Bio-Rad, Hercules, CA). The
levels of intertevukin (1L)-6, 1L-10, 1L-12{p70), interferon (IFN}-y, and tumor necrosis factor
{TNF)-ox 1n the lysate were measured using a Bio-Plex® multiplex bead array kit (Bio-Rad,
Hercules, CA). The Bio-Plex® assay was performed in accordance with the mamifactarer’s
mstructions.

Histology and immunohistochemistry. During in vivo challenge experiments, lungs were
removed from mice and immersed in 10% neutral buffered formalin. Following fixation,
tissues were removed from formalin and placed in paraffin. nmunohistochemical staining
was performed on the Leica Bond Automated Immunosiainer. Sections were deparaffinized
m Leica Bond Dewax Solution (Leica Cat No. ARY22) and rehydrated through 100% EtOH.
Afier antigen retrieval with EDTA butfer pH 9.0 (Licca Bond Epitope Retrieval Solution 2,
Cat No AR9640) at 100°C for 20 minutes and blocking endogenous peroxidase activity with
3.0% H,0» for § mimstes and blocking with 10% Normal Donkey Serum in TBS for 20
minutes the sections were incubated with Goat anti Influenza A Virus, (Meridian Life
Science Inc. Cat No. B65141G) at 1:2000 or Normal Goat Ig(, isotype control, {Invitrogen
Cat No. 02-6202) at (1:5000 dilstion) both in Bond Primary Antibody Diluent (Leica Cat No.
ARS357Z} for 30 minutes at room tomperature. Sections were then incubated with Rabbit antd
Goat 1gG (Jackson ImnwmoRescarch Cat. No., 305-005-045) 1:1500 + 5% Normal Donkey
sSerum for 8 minutes at RT followed by incubation with Goat anti Rabbit Poly-HRP polymer
secondary detection (Leica Cat No DS9800) for 8 mimites at room temperature. Sections
were then ncubated with Leica Bond Mixed Refine DAR substrate detection for 10 minuies
at room temperature. (Leica Cat No DS9800). After washing with DIHLO the sections were
counter stained with Hematoxylin solation (Leica Bond Refine Kit) dehydrated through
100% EtOH, cleared in Xylene and mounted with synthetic resin mounting mediom and 1.5
covership.

Statistical analyses. All of the analyses were performed using Graphpad® Prism version

5

01 A Stadent’s ttest (to compare two samples) and analysis of variance (ANGOVA) (to
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compare muidtiple samples) were used for statistical analysis. Survival analysis was performed

by using the Kaplan-Meier log-rank test. A P value of <0.05 was couosidered to be significant.
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Example 2

Background: The forret is the preclinical standard for evaluating cendidate influenza

vaccines for clinieal testing. Ferrets are susceptibie to the same mnfluenza virses as homans

and exhibit similar pathology. Generally, therapies that effectively protect a ferret will

ranslate to protection i humans., HB36.6, s designed to bind to the fusion region of the
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mfluenza hemagghutinin, neutralizes infhuenza in vitro, and protects mice from lethal

chalienge as shown herein.

Ohbiective: The purpose of this experiment 1s to determune an appropriate dose of HB36.6

5  that results in protection against lethal challenge with inflaenza.

Methods:
1. Atthe beginning of the study, ferrets were ancsthetized using isoflorane and a
eraperature transponder was placed in the inguinal region of each ferret. This aliowed
10 for daily teraperature readings.

The next day, forrets were anesthetized using 1sofhrane and then intranasally injected

A

with protein binder, dose range 2.5 mg protein per kg body weight ferret, or 10 mg/kg

{0.5mi, each nostril). The Nalive controls received PBS (0.5ml, gach nostril).

[SFS]

At 2 hours post-binder administration, forrets were placed in an acrosol chamber and
15 challenged with A/California/07/2009 (CA09) influenza virus.
4. Afier infection, the ferrets were monitored daily for weight loss, temperature, and
clinical signs of discase.
5. Blood and nasal swabs were collected on Days 1, 2, and 3 post-challenge to determine
viral loads in infected ferrets.
20 6. Ferrets were sacrificed on day 3 post-challenge and trachea, lung, and nasal turbinates

were collected o analyze viral leads and gross histology.

The results of this study are stmnmarized in Figure 6, which shows that intranasal delivery
of HB36.6 affords prophyiactic protection against lethal Influenza virus challenge in ferrets.
25 This data demonstrates that HB36.6 provides a prophylactic benefit in treating and

ameHorating influenza disease in the ferret pre-clinical model for influenza.
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We clabmy:

L An isolated polypeptide comprising the aminoe acid sequence of SEQ 1D NO: 1,
wherein the polypeptide does not comprise the amine acid sequence of 1u84 (SEQ ID NO:

5).

2. The isolated polypeptide of claim 1, comprising the amino acid sequence of SEQ 1D
MNOZ.
3. The iselated polypeptide of elaim 1 or 2, wherein residue 46 is selected from the

group consisting of R, Y, C, and W,
4, The isolated polypeptide of claim 1 or 2, whercin residue 46 s R,
s. The 1solated polypeptide of any one of claims 1-4, wherein residue 46 18 R and one or
more of the following is frue:
(a) residue 16 18 N
(b} residue 31 is T;
\

{¢} residue 33 15

X

{d} residue 70 18 R; and

{c} residue 71 is T.
6. The 1solated polypeptide of any one of claims 1-5, wherein one or more of the

following is true:

(a) residue 45 s N

(b} residue 65 18 R; and

(¢} residue 66 18 L.
7. The isolated polypeptide of any one of claims -6, comprising a polypeptide at least
0% tdentical to the amino acid sequence of SEQ 1D NO:3 or SEQ 1D NO4:
8. The isolated polypeptide of any one of claims 1-4, wherein one or more of the
following are true:

(a) residuc 33 s A, O, T, or 5;

(b} residue 46 s H;

{c) residue 5918 F, W, or Y and

{d} residue 63 s P
2 The isolated polypeptide of any one of claims 1-4, wherein one or more of the
following are true:

{(a} residue 338 C, 8, A, T or V:

(b} residue 53 is a small smaller polar/charged residue;
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{c} residue 5518 5, T, or A
{d} residue 59is L, P or Y,
{c} restdue 68 is L;
{f) residue 72 is W and
{g) residue 73 is E.
10, The isolated polypeptide of any one of claims 1-4, whercin one or more of the
following are true:
{a) residue 36 is K
{b} residue 52 is L;
{c} restdue 533 is a small polar or charged AA; and
{d) residue S9is Y or F.
11 The isolated polypeptide of any one of claims 1-4, wherein one or more of the
following arc truc:
(a} restdue 33 s P
(by  residue691isY;
{c} residue 70 is a polar or charged AA; and
{d) residue 73 is E.
12. The isolated polypeptide of any one of claims 1-4, wherein one or more of the

following are true:

(a) residoe 31 is any amino acid other than a charged amino acid;

{b) residue 33isSor 1)

{c) residue 52 1s L;

(&) residue 53 is a small polar or charged AA and is not R;

{e} residue 59is V;

) rediue 69 is 4 negative AA;

{g) restdoe 70 is any non-positively charged AA;

(h}y  residue 72 is a nogative AA;

(0 restdue 73 is a negative AA; and

(i) residue 76 1s any amino acid other than R, such as a negative AA.
13. The isolated polypeptide of any one of claims 1-4, wherein one or more of the

following arc frue:

(a)
{b)
(©)

residue 46 is H;
restdoe 53 is a small polar or charged AA;
residue 63 is R; and
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(&) residue 76 is a negative AA.
14, The isolated polypeptide of any one of claims 8-13, wherein ali of the listed residue
options are trug.
15. The 1solated polypeptide according to any one of claims 1-14, wherein the
polypeptide comprises a tag,
16.  Aauisolated nucicic acid encoding the polypeptide of any one of claims 1-15.
17. A recombinant expression vocior comaprising the nucleie acid of claim 16, operatively

hinked to a suitable control sequence.

18. A rccombinant host cell comprising the recombinant expression vector of claim 17.
19, An antibody that sclectively binds to the polypeptide of any one of claims 1-14.
20. A pharmaceutical composition, comprising one or more polypeptides according to

any one of claims 1-15 and a pharmaceuatically acceptable carrier.

2i. A method for treating and/or limiting an influenza infection, comprising
administering to a subject in need thereof a therapeutically etfective amount of one or more
polypeptides of any one of claims 1-15, salts thereof, conjugates thereof, or pharmaceutical
compositions thereof, to treat and/or limit the infloenza infection.

22. The method of claim 21, wherein the therapeutically effective amount of one or more
polypeptides of any one of claims §-15, salts thereof, conjugates thereof, or pharmaceutical

compositions thereof are administered mucosally.

23. The method of claim 22, wherein the mucoesal administration comprises intranasal
administration.
24. The method of claim 21, wherein the therapeutically etfective amount of one or more

polypeptides of any one of claims 1-15, salts thercof, conjugates thereof, or pharmaceatical
compositions thercof are administered orally.
25, The method of any one of claims 21-24, wherein the subject is immume-compromised
and/or is 65 years of age or older.
26. A method for diagnosing an influenza infection, or monitoring progression of an
mfluenza infection, comprising

{a} contacting a biclogical sample from a subject suspected of having an inflaenza
mfection with a diagnostically effective amount of one or more polypeptides of any one of
claimos 1-15, under conditions suitable for binding of the polypeptide to g viral HA protein
present in the sample; and

(b} detecting polypeptide-viral HA binding complexes,
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where the presence of such binding complexes indicates that the subject has an
mfluenza infection, or provides a measure progression of an influenza infection.
27. A method for identifying candidate influcnza vaccines, comprising
contacting test compounds with one or more polypeptides of any one of claims 1-15
5  under conditions suitable for polypeptide binding;
removing vubound test compounds; and
identitfying those test compounds that bind to the pelypeptide of the invention,
wherein sach test compounds are candidate infhienza vaceines.
28. A method for identifying candidate compounds for reating, Hmiting, and/or
10 diagoosing influenza fnfection, comprising
contacting an intluenza HA protein with (1) test compounds and (i) a polypeptide of
any one of claims 1-15, under conditions suttable for binding of the HA protein to the
polypeptide of the present invention; and
identifying those test compounds that outcompete the polypeptide for binding to the
15 HA protein, wherein such test compounds are candidate compounds for treating, Hmiting,

and/or diagnosing influenza nfection.
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FIGURE 2

J0A filter of 3R2X PRS + HB36.6 PRE+HB36.6 (surface)
HA {blue)
HB36.6 {cyan)
o Ko (V) HB36.5 HB36.6
A/South Carolina/1918 Hi 1.5 1.5
A/California/2009 H1 17.4 3.1
A/Adachi/1957 H2 7119 185
ANVietnam/2004 H5 2248 235
A/Wisconsin/1966 HS 82.8 13.2
A/Alberta/1976 H12 834 498
e EC. (ng/mi) HB36.6 Ribavirin
A/Puerto Rico/1934 (H1N1) 0.58 ND
A/New Caledonia/1999 (HIN1)  1.26 ND
A/California/2009 (H1N1) 0.18 15
A/Hong Kong/2003 (H5N1) 12 16
A/Duck/MN/1981 (H5N1) 5.4 18
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FIGURE 3d - 3e
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FIGURE 4
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FIGURE 6c - 6d
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