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Bovine lactoferrin-derived peptides as novel
broad-spectrum inhibitors of influenza virus
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Bovine lactoferrin (bLf) is a multifunctional glycoprotein that plays an important role in innate immunity
against infections, including influenza. Here we have dissected bLf into its C- and N-lobes and show that
inhibition of influenza virus hemagglutination and cell infection is entirely attributable to the C-lobe and that
all major virus subtypes, including H1IN1 and H3N2, are inhibited. By far-western blotting and sequencing
studies, we demonstrate that bLf C-lobe strongly binds to the HA, region of viral hemagglutinin, precisely
the highly conserved region containing the fusion peptide. By molecular docking studies, three C-lobe
fragments were identified which inhibited virus hemagglutination and infection at fentomolar concentration
range. Besides contributing to explain the broad anti-influenza activity of bLf, our findings lay the

foundations for exploiting bLf fragments as source of potential anti-influenza therapeutics.
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Introduction

Influenza viruses are a serious cause of morbidity and
mortality worldwide, particularly among people with
immunodeficiency associated with aging or underlying
predisposing conditions. While vaccines are the core
measure for infection control, the immunization
programs are not fully effective because of rapid
antigenic drift and emergence of new viral subtypes.
Antiviral chemotherapy is based on two classes of
drugs: inhibitors of the M2 proton-selective ion
channel protein (amantadine and its derivative riman-
tadine),' and neuraminidase (NA) inhibitors (oselta-
mivir and zanamivir).? Amantadine and derivatives
reduce the duration of symptoms, but major side
effects and the emergence of drug-resistant variants
have been described.>* NA inhibitors remain, at pre-
sent, the primary treatment against influenza. How-
ever, they have limited efficacy if administered late in
infection and their widespread use is likely to result in
the emergence of resistant viral strains.>’ New thera-
peutic strategies are therefore a global public health
priority.
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On the basis of the above considerations, an ideal
target for therapy should be a viral component, other
than M2 and NA, whose function is essential for
virus infection. In this contest, the influenza A virus
hemagglutinin (HA) represents a very promising
target. The HA of influenza is the major glycoprotein
component of the viral envelope. There are 16 known
HA subtypes, divided into two groups. HA is
homotrimeric and each monomer is composed of
two polypeptide segments, designated HA; and HA,,
attached to each other via a disulfide bond.® The HA,
segments mediate HA attachment to the host cell
surface by binding to sialic acid-containing cell sur-
face glycans.” After attachment, virions internalized
by endocytoses undergo an irreversible acid-induced
structural rearrangement in which the highly hydro-
phobic amino terminus of HA, is exposed. This
hydrophobic fusion peptide is then translocated to
the endosomal membrane, thereby mediating fusion of
the viral envelope with the membranes and formation
of a fusion pore.'® Since this conformational change is
crucial for the fusogenic activity of HA and for viral
entry, this event represents an interesting target for the
development of antiviral agents. Moreover, as the
hydrophobic fusion peptide is the only universally
conserved epitope in all influenza viruses, the identi-
fication of new antiviral drugs possibly targeting this
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region represents an efficacious strategy for a broad-
spectrum protection against seasonal and pandemic
influenza viruses.

Breast-feeding has been recognized to protect
against respiratory and gastrointestinal infections in
infants.!" Milk, besides secretory IgA and IgM, also
contains a number of various non-antibody compo-
nents with known antimicrobial activity, including
lactoferrin (Lf).""!> Lf, an 80-kDa multifunctional
cationic glycoprotein belonging to the transferrin
family, possesses a variety of biological functions such
as: influence on iron homeostasis, immunomodulation,
and inhibitory activity towards different pathogens,
including influenza viruses.'>!* Bovine lactoferrin
(bLf) is a potent inhibitor of different enveloped
viruses'* 2 and, like lactoferrin of other mammalian
species, is folded in two symmetric globular lobes, each
one including two domains (N-lobe: N1 and N2; C-
lobe: C1 and C2).>** It has been shown that the
principal mechanism of bLf antiviral activity follows a
direct binding to viral particles**?*2® or to host cell
receptor molecules.!” An additional effect of bLf on a
later step of virus infection has been described*® and,
more recently, we demonstrated that bLf treatment is
able to prevent influenza virus-induced apoptosis by
interfering with function of caspase 3.%° This caused the
block of nuclear export of viral ribonucleoproteins
with consequent viral assembly prevention. However,
little is known on the molecular mechanisms whereby
bLf binds to the influenza virus and causes viral
inhibition. Thus, in an effort to identify new antiviral
therapies effective against influenza virus, we have
focused on molecular dissection of bLf and interaction
of its molecular fragments to precise locations on viral
HA. Based on this new approach, we have retrieved
molecular and structural information helping us
identify peptide fragments of bLf C-lobe capable of
exerting potent antiviral activity.

Materials and Methods
Virus strains

The following influenza A virus strains were used:
A/Solomon/3/2006 HIN1, A/Wisconsin/67/2005 H3N2,
and SW X-179A swine pandemic HINT1 (inactivated
vaccine subunit preparations); A/Puerto Rico/8/34
HINT1 (PRS virus), A/RomalSS/2/08 HIN1 oseltamivir-
sensitive virus, A/Parma/24/09 HINI1 oseltamivir-
resistant virus, A/Parma/05/06 H3N2, Avian 29/05/
06 HSNI1 (inactivated subunit vaccine), and A/
Turkey/Italy/2676/99 H7NI1. Virus titers were deter-
mined by a hemagglutinin titration and/or plaque
assay according to the standard procedures.*:!

Cells

Madin-Darby canine kidney (MDCK, ATCC, CRL-
2936) cells were grown at 37°C in minimal essential
medium (MEM, Invitrogen, Paisley, UK) containing
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1.2 g/l NaHCOs;, and supplemented with 10% inacti-
vated fetal calf serum (FCS, Invitrogen, Paisley, UK),
2 mM glutamine, nonessential amino acids, penicillin
(100 TU/ml), and streptomycin (100 pg/ml).

Lactoferrin

Lactoferrin from bovine milk (bLf) (Morinaga Milk
Industries, Zama City, Japan) was deprived of endo-
toxin as previously described.*?

Enzymatic hydrolysis of bLf and HPLC separation,
purification and characterization of N- and C-
lobes

These procedures were carried out as reported
elsewhere.’*** Briefly, bLf was dissolved in 50 mM
ammonium bicarbonate, pH 8.5, and trypsin (from
bovine pancreas TPCK-treated, Sigma Chemical
Company, St.Louis, MO, USA) digestion was
performed at 37°C overnight using an enzyme to
substrate ratio of 1:50 w/w. The N- and C-lobes
obtained by enzymatic hydrolysis were purified by
RP-HPLC chromatography and analysed by SDS-
PAGE and mass spectrometry to check identity and
purity.

Peptide synthesis

Synthesis was performed in Solid Phase Peptide
Synthesis (SPPS) with the Fmoc-chemistry by Primm
Biotech, Inc., Milan, Italy.

Cytotoxicity assay

This procedure was performed as reported elsewhere.”’
Briefly, two-fold serial dilutions of each protein in
culture medium were incubated at 37°C with confluent
MDCK cells grown in 96-well tissue culture micro-
plates (Nalge Nunc Europe Ltd, Neerijse, Belgium).
After 24 hours, cell morphology, viability, and pro-
liferation were evaluated. Protein dilutions that did not
affect any of these parameters were considered as non-
cytotoxic concentrations and utilized for antiviral
assays.

Hemagglutination inhibition assay (HI)

Virus in PBS was incubated for 1 hour at 4°C with
serial dilutions of bLf or peptidic fragments in PBS.
An equal volume of 0.5% turkey erythrocytes was
then added and allowed to agglutinate. Titers were
expressed as the reciprocal of the protein dilutions
giving 50% hemagglutination of erythrocytes by four
virus agglutinating units.

Neutralization assay

Neutralization was carried out by incubating serial
twofold bLf or peptidic fragment dilutions, starting
from 12.5 uM, in culture medium with equal volumes
(250 ul) of virus suspension containing 10° p.f.u. for
1 hour at 4°C. In negative controls, culture medium
was used instead of bLf or peptidic fragments in the
same volume. MDCK cells, grown in 96-well tissue
culture microplates (Nalge Nunc Europe Ltd, Neerijse,
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Table 1 Interaction of bLf, N-lobe, and C-lobe with viral
HA

HI titre
Viral strain Subtype bLf N-lobe C-lobe
A/Roma-ISS/2/08 HINA 6.0nM - 10.0 nM
(Brisbane-like)
A/Parma/24/09 HINA 6.0nM - 10.0 nM
(Brisbane-like)
A/PR/8/34 H1N1 3.0nM - 12.0 nM
A/Solomon (3/06) H1N1 50pM - 5.0 pM
A/Parma/5/06 H3N2 3.0nM - 6.0 nM
(Wisconsin-like)
A/Wisconsin (67/05) H3N2 0.3pM - 1.2 pM
SW X-179A 1089/09 HIN1  465fM - 46.5 fM
Avian 29/05/06 H5N1 29pM - 2.4 pM
AfTurkey/ltaly/2676/99 H7N1  93.1fM - 93.1 fM

Belgium), were infected with 100 pl/well (10 p.f.u./cell;
in quadruplicate) of the virus-protein mixtures. After
adsorption, cells were rinsed thoroughly and incubated
at 37°C for 24 hours. The viral cytopathic effect (c.p.e.)
was measured by neutral red staining as reported
elsewhere by our laboratory.'”

Far-western-blot

Purified viral subunits preparations of Solomon
(HINT) and Wisconsin (H3N2) strains were resolved
by polyacrylamide-SDS gel electrophoresis (SDS-
PAGE), as described by Laemmli** on 15% acryla-
mide gel. Separated proteins were then transferred
from gel to nitrocellulose membranes and ligand-blot
assays were carried out as reported elsewhere by our
laboratory.?®

Sequencing and alignment

For identification of HA region recognized by bLf in
far-western blot, A/Solomon 3/2006 HINI1 subunits,
separated on 15% acrylamide gel in denaturing condi-
tions, were sequenced by Primm Biotech, Inc., Milan,
Italy with Edman degradation method. Sequences of
HAs under study were aligned to those of the HAs
whose X-ray structures were available in the Protein
Data Bank. FASTA sequences alignment was carried
out applying the default parameters. The same proce-
dure was applied to align the N- and C-lobe of bLf.

Protein—protein docking

The protein—protein docking calculations were per-
formed using the C-lobe of bLf (PDB code 3IB0)
and the crystal structure of HA with PDB code
2WRG, because it showed the highest sequence
similarity with the HAs isolated from the HINI
viral strains used in the assays. Both X-ray structures
were submitted to the Protein Preparation routine
in Maestro (Maestro, version 9.2, Schrodinger, LLC,
New York, NY, 2011). 3IBO missing residues were
built using the homology modeling routine Prime
(Prime, version 3.0, Schrodinger, LLC, New York,
NY, 2011). The structures were subjected to four
different docking approaches using the software:
Autodock-MacroModel,** ZDock-R Dock,***” ClusPro,®
PatchDock-FireDock.**! All procedures comprised a
preliminary docking calculation followed by a refine-
ment step.

Resulting complexes from the four docking calcu-
lations were collected and those showing the bLf
interacting with the fusion peptide were selected for
further analysis. One hundred sixty one resulting
complexes were clustered in order to find a consensus
between poses generated with different approaches.
The clustering was carried out using R (R, The R
foundation for statistical computing) and applying
the Ward clustering metric.

Results

Interaction of bLf and its lobes with viral
hemagglutinin and neutralization of influenza
virus

The interaction between influenza virus and bLf was
initially tested by HI. As shown in Table 1, concentra-
tions of bLf ranging from about 0.05 pM to 6 nM
were able to prevent HA activity of all tested viruses,
inclusive of HIN1, H3N2, HSN1 and H7N1 subtypes.
Table 1 also shows that for all viruses HI activity was
exclusively expressed by bLf C-lobe. For inhibition of
virus replication, representatives of the two influenza
virus groups 1 and 2 were used. As shown in Table 2,
virus replication was markedly inhibited by bLf with
SI values of about 10° and 10° for influenza A/HIN1
and A/H3N2 virus subtypes, respectively. In keeping
with HI studies, virus replication was strongly

Table 2 In vitro antiviral activity of bLf and C-lobe towards influenza virus infection

Viral strain Subtype CCso* ECso° Slia
Lactoferrin A/Roma-1SS/2/08 H1NT >25 uM 25+0.95 pM >10°
A/Parma/24/09 H1N1 >25 uM 25+1.01 pM >10°
A/Parma/05/06 H3N2 >25 uM 0.25+0.01 nM >10°
C-lobe A/Roma-1SS/2/08 H1NT >25 uM 10+0.62 pM >25x10°
A/Parma/24/09 H1NT >25 uM 10+0.81 pM >25x10°
A/Parma/05/06 H3N2 >25 uM 50+1.96 pM >5.0x 10°

Note: *CCsp the reciprocal substance dilution at which 50% of cells were protected from substance toxicity; °ECsq the reciprocal
substance dilution at which 50% of cells were protected from the virus induced killing; ~SI (selectivity index) the ratio between CCsq

and EC50.

The mean values of three independent experiments with standard deviations are shown.
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Figure 1

Ligand-blot assay of bLf binding to influenza A virus subunits: (A) Lane 1: SDS-PAGE of reduced A/Solomon 3/2006

H1N1 subunits. Lane 2: lactoferrin blot overlay. Lane 3: specificity control (rabbit anti-bLf antibodies + HRP-conjugated anti-
rabbit antibodies). (B) Lane 1: SDS-PAGE of reduced A/Wisconsin (67/05) H3N2 subunits. Lane 2: lactoferrin blot overlay. Lane
3: specificity control (rabbit anti-bLf antibodies + HRP-conjugated anti-rabbit antibodies).

inhibited by C-lobe with SI values 2.5-5-fold higher
than those obtained with bLf, while the N-lobe was
ineffective (data not shown).

Far-western-blot and protein identification

We attempted to identify the bLf-virus binding
components, by first examining bLf interaction with
viral envelope proteins. Thus, envelope proteins
present in Solomon (HIN1) and Wisconsin (H3N2)
subunit vaccines were separated by electrophoresis
and probed with bLf by a far-western blot assay. In
both viral strains bLf more consistently bound to a
viral protein of apparent molecular mass of 28 kDa,
tentatively corresponding to the HA, subunit (Fig. 1,
panels A and B). N-terminus protein sequencing of
HIN1 Solomon subunit confirmed that the virus
component bound by bLf was indeed the HA,
subunit as shown by the exact correspondence of
the first 18 amino acids of the sequenced peptide
GLFGAIAGFIEGGWTGMYV with the highly con-
served fusion peptide of HA, subunit.*?

Protein—protein docking
To gain more insight into the binding mode between
bLf C-lobe and HA, a protein—protein docking
protocol was set up. Resulting complexes were visually
inspected to eliminate all the unsuitable binding poses:
i.e. those involving not accessible regions of C-lobe.
Also complexes where C-lobe binds just the HA; of
HA were ignored in following analysis.

As shown in Fig. 2, most of the clustered binding
poses gathered in two regions of the HA stem: the first

one in the cleft between two monomers (Fig. 2A) and
the second one very close to the fusion peptide (Fig. 2B).
The bLf C-lobe binding to HA was mediated, in most
cases, by three surface-exposed loops characterized by
the following amino acid sequences: SKHSSLDCVLRP
(aa 418-429), TNGESTADWAKN, (aa 552-563) and
AGDDQGLDKCVPNSKEK (aa 506-522). Interes-
tingly sequences 418-429 and 552-563 correspond to
loops that are not present in the N-lobe, as demon-
strated by aligning the sequences of the N- and C-lobe
(Fig. 3).

Interaction of bLf derived peptides with viral
hemagglutinin and neutralization of influenza
virus

The docking results suggested the possibility of
obtaining inhibitory peptides from bLf regions inter-
acting with HA. Thus, the three peptides whose
sequence was mentioned above were synthesized and
assessed for HI activity. Because of poor stability of
TNGESTADWAKN peptide, a modified sequence
(NGESSADWAKN) has been designed where the first
threonine residue was removed and the other one was
replaced by serine. As shown in Table 3, each peptide
was able to inhibit HA activity of all tested virus
strains at concentrations much lower than those
shown by the C-lobe (compare with Table 1).

We also examined whether, and to what extent, bLf-
derived peptides were able to affect virus replication.
Two strains of the influenza A/HINI virus subtype (A/
Roma-ISS/2/08 and A/Parma/24/09), and one strain of
A/H3N2 virus subtype (A/Parma/05/06) were used in
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Figure 2 Putative binding mode of bLf C-lobe (white ribbon) with the HA stm (light grey solid surface): (A) close to the fusion
peptide (dark grey surface); (B) in the cleft between two monomers. Selected bLf sequences correspond to the numbered black
loops of bLf C-lobe: (1) SKHSSLDCVLRP; (2) AGDDQGLDKCVPNSKEK; (3) TNGESTADWAKN.

N-lobe 1 APREKNVRWCTISQPEWFKCRRWQWRMKKLGAPSITCVRRAFALECIRAIA 50

F A I S e I I 2 7 I P S 2 I I
C-lobe 342 YTRVVWCAVGPEEQKKCQOW=-=--=-SQOSGONVTCATASTTDDCIVLVL 385

51 EKKADAVTLDGGMVFEAGRDPYKLRPVAAEIYGTKES—————=-—-——-— PQT 90

S e e T e I ..
386 KGEADALNLDGGYIYTAGK--CGLVPVLAE--NRKSSKHSSLDCVLRPT 431

91 HYYAVAVVKKGS-NFQLDQLQGRKSCHTGLGRSAGWIIPMGILRPYLSWT 139

S T O I I 1 T o e I O I R N
432 GYLAVAVVKKANEGLTWNSLKDKKSCHTAVDRTAGWNIPMGLI---VNQT 478

140 ESLEPLQGAVAKFFSASCVPCIDRQAYPNLCQLCKG--EGENQCACSSRE 187
.. S T R I I AR BV A I N 3 RN I
479 GSC—=—-- AFDEFFSQSCAPGADPKS--RLCALCAGDDQGLDKCVPNSKE 521

188 PYFGYSGAFKCLQDGAGDVAFVKETTVFENL-—-—-—-—- PEKADRDQYEL 228

RN N AR A
522 KYYGYTGAFRCLAEDVGDVAFVKNDTVWENTNGESTADWAKNLNREDFRL 571

230 LCLNNSRAPVDAFKECHLAQVPSHAVVARSVDGKEDLIWKLLSKAQEKEG 279

0 A I I I I A B B O B R O R I
572 LCLDGTRKPVTEAQSCHLAVAPNHAVVSRS--DRAAHVKQVLLHQQALFG 619

280 KNKSR---SFQLFGSPPGQORDLLFKDSALGFLRIPSKVDSALYLGSRYLT 326
[]... S I I I S I O I A [ 1]:.]:
620 KNGKNCPDKFCLFKSE--TKNLLENDNTECLAKLGGRPTYEEYLGTEYVT 607

327 TLKNLRE--TAEEVKAR 341
A B I A
668 AIANLKKCSTSPLLEACAFLTR 689

Figure 3 Sequence alignment of the N- and C-lobe of bLf. The bold sequences correspond to C-lobe loops supposed to be
involved in binding.
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Table 3 Interaction of SKHSSLDCVLRP, AGDDQGLDKCVPNSKEK, and NGESSADWAKN peptides with viral HA
HI titre

Viral strain Subtype SKHSSL DCVLRP AGDDQGLDK CVPNSKEK NGESSA DWAKN
A/Roma-1SS/2/08 (Brisbane-like) H1N1 1.4 pM 1.4 pM 0.7 tM
A/Parma/24/09 (Brisbane-like) HIN1 1.4 pM 1.4 pM 0.3 M
A/PR/8/34 H1N1 0.7 nM 0.35 nM 0.7 M
A/Solomon (3/06) HIN1 46.5 fM 46.5 fM 93.0 fM
A/Parma/5/06 (Wisconsin-like) H3N2 0.7 pM 0.7 pM 0.3 pM
A/Wisconsin (67/05) H3N2 23.2 M 11.6 fM 5.8 fM

SW X-179A 1089/09 H1N1 5.8 M 46.0 fM 0.3 M
Avian 29/05/06 H5N1 18.0 fM 70.0 tM 93.1 fM
AlTurkey/Italy/2676/99 H7N1 18.0 fM 46.5 fM 5.8 M

these experiments. Similarly to HI data, bLf-derived
peptides were better inhibitors than the entire protein,
their selectivity index being about one or two order of
magnitude higher, depending on virus strain. In
particular, the ST of NGESSADWAKN tested against
H1NIl-infected cells reached values about 500 times
higher than the SI of bLf against the same virus-cell
system (Table 4). Notably, the HINI used in these
experiments is an oseltamivir-resistant virus strain.

Discussion

Influenza remains one of the leading causes of
morbidity and death worldwide. Efforts to prevent
influenza by vaccination are complicated by the virus
ability to rapidly mutate and recombine into anti-
genically new virions, sometimes leading to the
emergence of a totally new virus.*> The availability
of broad-spectrum antiviral drugs is an important
asset in the fight against influenza. Particularly, a
combination of different anti-influenza drugs, each
directed against a different viral target or endowed
with different mechanism of action, would be expected
to be more active in influenza treatment and minimize
the emergence of drug resistance.

It is well known that breast-feeding protects
against both respiratory and enteric infections in
infants.!! We have previously demonstrated that
lactoferrin, a main antimicrobial component of milk,
is able to inhibit influenza-induced apoptosis by
interfering with caspase 3 function and by inhibiting

the export of viral ribonucleoproteins from the
nucleus to the cytoplasm.*

In the present study, we demonstrate that bLf is
able to bind viral HA and inhibit hemagglutination
and infection of influenza A viruses belonging to both
group 1 and group 2 subtypes. Of note, bLf was
shown to bind to the HA, subunit, an HA region
which is known to contain the universally conserved
HA epitope, thus explaining the broad specificity of
the observed anti-influenza activity. Our data also
demonstrate that bLf binding to HA stem region
results in the inhibition of virus attachment to target
cells. The stem region of HA is mainly formed by the
HA, domain, with a minimal but important con-
tribution of several residues in the N- and C-terminal
segments of HA.*** Molecular modeling studies*®
have shown a strong electrostatic attraction between
the HA| subunits (positively charged) and the HA,
subunits (negatively charged) at neutral pH. Thus, at
neutral pH, the electrostatic repulsion between the
three HA; subunits on the one hand and that between
the three HA, subunits on the other is overcome by
electrostatic attraction between the HA; and HA,
domains, preserving a stable trimeric association of the
monomers. [t can be hypothesized that bLf interaction
with HA, stem region of different HA monomers can
lead to a trimer conformational change, so hindering
HA binding to sialic acid receptors.

We also show here that the antiviral activity of bLf
is entirely mediated by the C-lobe, with no apparent

Table 4 In vitro antiviral activity of SKHSSLDCVLRP, AGDDQGLDKCVPNSKEK, and NGESSADWAKN peptides towards

influenza virus infection

Viral strain Subtype CCso* ECso° S|t
SKHSSLDCVLRP A/Roma-1SS/2/08 H1NT >25 uM 4+0.37 pM >6.25 x 10°
A/Parma/24/09 H1NT >25 uM 3.1+0.12 pM >8x 10°
A/Parma/05/06 H3N2 >25 pM 5.8+0.7 pM >4.3x10°
AGDDQGLDKCVPNSKEK A/Roma-1SS/2/08 H1NT >25 M 3.7+0.35 pM >6.75x 10°
A/Parma/24/09 H1N1 >25 uM 3.4+0.14 pM >7.35x 10°
A/Parma/05/06 H3N2 >25 M 7.3+0.65 pM >3.42 x 10°
NGESSADWAKN A/Roma-ISS/2/08 H1NT >25 uM 225+5.8 fM >1.11x 108
A/Parma/24/09 H1NT >25 M 50+1.37 M >5x 108
Alarma/05/06 H3N2 >25 uM 225+1.16 pM >1.11x10°

Note: *CCsg the reciprocal substance dilution at which 50% of cells were protected from substance toxicity; °ECsg the reciprocal substance
dilution at which 50% of cells were protected from the virus induced killing;"SI (selectivity index) the ratio between CCsq and ECsp,.
The mean values of three independent experiments with standard errors are shown.
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role of the N-lobe. This helped us in further
dissection of the bLf molecule in an attempt to unveil
the smallest most active anti-influenza virus regions
of the C-lobe. Based on sequencing and protein—
protein docking calculations, three C-lobe peptides
were identified, synthesized and tested for their
antiviral activity. Both hemagglutination and virus
infection were inhibited by these peptides in a
concentration range (fento- to picomolar) that
suggests particularly high affinity for the HA, target.
Besides strengthening the evidence of an involvement
of specific sequences of the C-lobe as mediators of
antiviral activity of bLf, the elevated activity of these
peptides, together with the highly conserved nature of
their HA, target, would suggest that bLf peptides and
their mimics are worthy being further studied as anti-
influenza therapeutics. It is of some interest making a
comparison between the inhibitory activity of bLf, C-
lobe and C-lobe peptides and that shown by
neutralizing antibodies, also in view of the surging
interest in the immunotherapy of influenza.*’ Overall,
neutralizing antibodies against influenza virus have
been found to act by two different mechanisms,
mirroring the dual functions of HA: (i) prevention of
attachment to target cells, (ii) inhibition of entry
(membrane fusion). The mechanism of neutralization
depends on the HA site recognized by the HA-specific
molecule. Usually, antibodies against HA act by
inhibiting attachment. This occurs as they bind HA,
and physically hinder the interaction with sialic acid
receptors on target cells.*® Some antibodies have been
found to prevent membrane fusion; most of them
recognize sites in the HA, region, far away from the
receptor-binding site.*** Quite recently, some so-
called ‘universal antibodies’ have been generated
which bind to highly conserved epitopes of the HA,
stem region, and one of them (F16) has been shown
to target part of the fusion peptide.”® Differently
from previously described heterosubtypic antibodies,
F16 binds and neutralizes both group 1 and group 2
influenza A viruses. However, at variance with bLf
and C-lobe peptides, the antibody described by Corti
et al.>® does not inhibit hemagglutination, suggesting
that bLf and the neutralizing mAb reported by Corti
et al.*® target differently the F subdomain of HA. At
any rate it is of interest that bLf and some antibodies,
typical representatives of innate and adaptive immu-
nity, respectively, can inhibit influenza virus by
targeting the same or overlapping antigenic regions
of the virus. In conclusion, we have identified the bLf
regions most likely interacting with influenza virus, and
expressing the broad anti-influenza activity of bLf. In
addition, by exploiting the molecular information
retrieved from bLf and C-lobe. interaction with the
HA, virus subunit, we have generated particularly
potent peptide inhibitors of both hemagglutination and
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virus replication in cell cultures. These peptides would
constitute a new class of antivirals since the commer-
cially existing ones target the neuraminidase or the M2
protein, not the HA, of the influenza virus. These
neutralizing peptides, targeting HA of viral subtypes
belonging to the two major phylogenetic groups of
influenza virus, may represent a useful tool in neu-
tralizing viral infection, clearing virus, and suppressing
viral spread as well as a valuable resource for thera-
peutic possibilities. For all these reasons we plan to test
bLf, the C-lobe and the peptides themselves for their
anti-influenza activity in suitable in vivo models.
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