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Out of the 14 avian p-defensins identified in the Gallus gallus genome,
only 3 are present in the chicken egg, including the egg-specific avian
p-defensin 11 (Gga-AvBD11). Given its specific localization and its
established antibacterial activity, Gga-AvBD11 appears to play a
protective role in embryonic development. Gga-AvBD11 is an atyp-
ical double-sized defensin, predicted to possess 2 motifs related to
p-defensins and 6 disulfide bridges. The 3-dimensional NMR struc-
ture of the purified Gga-AvBD11 is a compact fold composed of 2
packed p-defensin domains. This fold is the archetype of a struc-
tural family, dubbed herein as avian-double-p-defensins (Av-DBD).
We speculate that AvBD11 emanated from a monodomain gene
ancestor and that similar events might have occurred in arthropods,
leading to another structural family of less compact DBDs. We show
that Gga-AvBD11 displays antimicrobial activities against gram-
positive and gram-negative bacterial pathogens, the avian proto-
zoan Eimeria tenella, and avian influenza virus. Gga-AvBD11 also
shows cytotoxic and antiinvasive activities, suggesting that it may
not only be involved in innate protection of the chicken embryo, but
also in the (re)modeling of embryonic tissues. Finally, the contribution
of either of the 2 Gga-AvBD11 domains to these biological activities
was assessed, using chemically synthesized peptides. Our results
point to a critical importance of the cationic N-terminal domain in
mediating antibacterial, antiparasitic, and antiinvasive activities,
with the C-terminal domain potentiating the 2 latter activities.
Strikingly, antiviral activity in infected chicken cells, accompanied
by marked cytotoxicity, requires the full-length protein.
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Avian pB-defensins 11 (AvBD11s) are atypical defensins found
in birds that are essentially expressed in the oviduct (1). This
localization suggests physiological roles related to avian repro-
duction and/or to the development of the avian embryo. AvBD11
from Gallus gallus (Gga-AvBD11, also known as VMO-2), which
is also present in eggshell and in egg white, is one of the main
components of the outer layer of hen egg vitelline membrane
(VM) (2), the last protective barrier of the embryo (3-5). Con-
sistent with its surmised role as an antimicrobial peptide, we have
previously shown that purified Gga-AvBD11 displays antibacte-
rial activities against gram-positive and gram-negative bacteria
(6, 7). Next to its contribution to the egg’s innate immunity against
pathogen infection, Gga-AvBD11 may also regulate embryo
growth and the expansion of extraembryonic membranes. The
VM outer layer assists in the growth of the extraembryonic
vascularized yolk sac during embryogenesis, suggesting that Gga-
AvBD11 may also have a significant role in angiogenesis and cell
migration.

www.pnas.org/cgi/doi/10.1073/pnas.1912941117

The sequence of Gga-AvBD11 contains 2 predicted $-defensin
motifs (Fig. 1) (7) and represents the sole double-sized defensin
(9.3 kDa) among all 14 AvBDs reported in the chicken species.
Such atypical structural features raise questions regarding the
independent or synergistic roles of the 2 predictive motifs. The
presence of an AvBD11 protein was described in eggs of quail
(8) and turkey (9), and similar sequences were also reported for
the green lizard Anolis carolinensis [AcBD14 (10) and helofensin3-
like protein (11)] and for the Komodo dragon (12), but not in other
animal classes.

The benefit for the avian/reptile species of possessing a
double-sized defensin is a fascinating question. The aim of the
present work was to investigate the roles of Gga-AvBD11 and of
its 2 isolated predicted p-defensin motifs (Fig. 1). The resolution
of the Gga-AvBD11 structure by NMR revealed a compact
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Exon 1 | Exon 2 I Exon 3

GLGLPRDTSRCVGYHGYCIRSKVCPKPFAAFGTCSWRQKTCCVDTTSDFHTCQDKGGHCVSPKIRCLEEQLGLCPLKRWTCCKEI

Gga-AvBD11 precursor

[1-40]Gga-AvBD11 LPRDTSRCVGYHGYCIRSKVCPKPFAAFGTCSWRQKTCCV

Fig. 1. Amino acid sequences of Gga-AvBD11 and of the 2 derived peptides. Gga-AvBD11 precursor (accession NP_001001779) is a 104-amino acid protein
encoded by 3 exons (residues overlapping the splice sites at exons 1 and 2 and exons 2 and 3 are given in green in the sequence). The signal peptide and the
mature chain are highlighted in gray and purple, respectively. The position of cysteine residues and the spacing between cysteines are specified. The se-
quences of [1-40]Gga-AvBD11 and [41-82]Gga-AvBD11, delimited by the junction of exons 2 and 3 and further named N-ter and C-ter peptides, are high-

lighted in cyan and pink.

3-dimensional (3D) fold that we named avian-double-p-defensin
(Av-DBD). The 3 molecules (Gga-AvBD11, N-terminal [N-ter]
and C-terminal [C-ter] peptides) were tested for antimicrobial
activities, for their immunomodulatory properties and their ef-
fect on cell viability and cell invasion. Our results clearly demon-
strate that: 1) antibacterial effects are carried by the N-ter domain;
2) antiparasitic and antiinvasive activities are mainly mediated by
the N-ter domain, but potentiated by the C-ter domain; and 3)
antiviral (antiinfluenza) activity requires the full-length protein.

Results

AvBD11 Is Conserved in Birds. The AvBDI11 gene was found in 69
avian species, which cover 32 orders out of the 40 orders of birds.
The resulting AvBD11 proteins share high sequence identity
with Gga-AvBD11 (Fig. 2). The strict conservation of the posi-
tion of the 12 Cys residues suggests that the 3D structure of Gga-
AvBD11 constitutes a structural archetype for all AvBD11s.

AvBD11 Sequence Contains Two Motifs Related to B-Defensins, with
Different Physico-Chemical Properties. In vertebrates, the 2 main
groups of defensins, a- and p-defensins, differ in their disulfide
pairing and the intercysteine spacing (13). In birds, only p-defensins
have been identified (14). Mature Gga-AvBD11 is a cationic
peptide (theoretical isoelectric point [pI]: 8.8) of 82 amino
acids containing 12 cysteines involved in 6 disulfide bonds (7).
The number of cysteines and the spacing between cysteines
(CXcCX5CXgCXCC and CXsCXsCX7CXsCC) led us to pre-
dict the presence of 2 p-defensin-related motifs, corresponding
to exons 2 and 3, respectively (Fig. 1). Consistent with this, mass
spectrometry (MS) fragmentation profile analysis readily revealed 2
fragmentation-resistant regions separated by a central fragmentation-
sensitive area (SI Appendix, Figs. S1-S4). Using bioinformatics
tools, we analyzed charge and hydrophobicity of each defined
moiety: [1-40]Gga-AvBD11 is clearly cationic, while [41-82]Gga-
AvBDI11 is rather neutral (theoretical pI: 9.3 vs. 6.9; total net
charge: +6 vs. 0, respectively). In addition, the C-ter domain is more
hydrophilic than the N-ter domain.

Gga-AvBD11 Structure Is the Archetype of Avian-Double-p-Defensins.
We determined by NMR the 3D structures of the entire protein
[1-82]Gga-AvBD11 purified from hen eggs as well as the 2
peptide domains [1-40]Gga-AvBD11 and [41-82]Gga-AvBD11.
The 2 peptides were produced by solid-phase peptide synthesis
and oxidative folding under optimized conditions (SI Appendix,
Figs. S5-S15). Their 3D structures were calculated by taking into
account the restraints summarized in SI Appendix, Figs. S16-S18.
Both N-ter and C-ter peptides fold into a typical p-defensin
motif: a 3-stranded antiparallel p-sheet (residues 14-16, 27-28,
37-39 and 55-57, 65-67, and 77-80, respectively) stabilized by a
C1-C5, C2-C4, and C3-C6 disulfide bridges array (Fig. 3 4
and B). The [1-40]Gga-AvBD11 displays a short o-helix in its
N-terminal part (residues 5 to 9). The 3D structure of the full-
length protein reveals the presence of 2 p-defensin domains (Fig.
3C), with p2 and B3 strands slightly longer than in the N-ter
peptide ($2:25 to 28, $3:37 to 41). The first helix is longer than

338 | www.pnas.org/cgi/doi/10.1073/pnas.1912941117

in the N-ter peptide, and residues 45 to 52 that are unstructured in
the C-ter peptide, form a second warped helix composed of a 34,
helix turn (residues 45 to 48) followed by an a-helix turn (residues
49 to 52). Hydrophobic interactions involving Ala26, Phe28,
Val40, Phe46, GIn67, and Leu68 stabilize a compact 3D fold (S
Appendix, Fig. S19). The NMR titration of the N-ter peptide with
the C-ter peptide (SI Appendix, Fig. S20) does not indicate any
interaction between the domains, which suggests an essential role
of the covalent link between the 2 domains in the full-length
protein.

The Antibacterial Activities of Gga-AvBD11 Against Listeria monocytogenes
and Salmonella Enteritidis Is Mediated by the N-ter Domain. Antibacterial
activities were tested against L. monocytogenes (gram-positive)
and S. Enteritidis (gram-negative), 2 bacterial pathogens respon-
sible for food poisoning. The N-ter peptide was active against both
bacteria with minimal inhibition concentration values (0.14 uM
and 0.31 pM, respectively) in the same range as those obtained
with the entire Gga-AvBD11 (0.21 pM and 0.15 pM, respectively)
(Fig. 44 and SI Appendix, Fig. S21). In contrast, the C-ter peptide
showed no detectable activity against the 2 bacteria. Neither po-
tentiation nor inhibition of the overall activity was observed when
both peptides were used in combination. Altogether, these results
suggest that the antibacterial activity of Gga-AvBD11 is carried by
the cationic N-ter region.

Antiparasitic Activity Against E. tenella Sporozoites Is Mediated by
the N-ter Peptide, but Most Pronounced for the Full-Length Gga-AvBD11.
Antiparasitic activity was determined by using a cell-free test in-
hibition assay on the infectious sporozoite forms of the protozoan
E. tenella, the causative agent of cecal avian coccidiosis (15). Gga-
AvBDI11 showed a stronger antiparasitic activity than the N-ter
peptide alone, which suggests amplification of the effect of the
N-ter domain by the C-ter domain in the full-length molecule (Fig.
4B). However, the C-ter peptide proved to be inactive, except at
the highest dose tested (10 pM), and neither synergy nor antago-
nism was observed when both peptides were used in combination.
Sporozoites were further examined by scanning electron micros-
copy. Upon treatment with Gga-AvBD11, they underwent distinct
structural alterations (Fig. 4B and SI Appendix, Fig. S22).

Gga-AvBD11 Displays Net Antiviral Activity at Concentrations
Entailing Cytotoxicity. Cytotoxic and antiviral activities were
tested in a chicken lung epithelial cell (CLEC213) model using
the commercial Viral ToxGlo assay (Fig. 4C). Gga-AvBD11 at
0.31 to 1.25 pM caused a significant increase in relative ATP
production (as a measure for cell viability), while higher con-
centrations caused a modest (2.5 pM) or marked decrease
(5 pM) in relative ATP production rates in noninfected cells.
Consistently, treatment with 5.0 uM Gga-AvBD11 led to distinct
morphological changes (cell shrinkage, rounded cell shape) and
a dramatic loss of viable cells in the treated CLEC213 cultures
(SI Appendix, Fig. S23). Similar to full-length Gga-AvBD11 at
concentrations <1.25 pM, the N-ter and C-ter peptides (alone
or in combination) caused a significant increase in relative
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Fig. 2. Multiple sequence alignment of AvBD11s. Protein sequences of AvBD11 of various bird species were retrieved from National Center for Biotechnology
Information (NCBI) and Ensembl databases, aligned with Clustal, and drawn with JalView software (54). Sequences were ordered according to the classifi-
cation of the International Ornithological Committee (I0C) World Bird List v9.2 (https://www.worldbirdnames.org/). Cysteine residues are highlighted in
yellow. Other amino acids are colored according to the identity score, from light gray (low identity) to dark gray (high identity).

ATP production in noninfected cells. However, unlike for Gga-
AvBD11, no cytotoxicity was detected for the peptides. Antiviral
activity was determined by assessing relative ATP production in
CLEC213 infected with a cytopathic HIN1 avian influenza virus.
Gga-AvBD11 treatment of infected cells resulted in a marked
increase in relative ATP production rates, thus pointing to an-
tiviral activity. At concentrations <1.25 pM, this increase was
paralleled by a significant increase in relative ATP production in
the noninfected cells (see above), indicating that the antiviral
effects at these concentrations are probably delusive and rather
related to proproliferative activities of Gga-AvBD11. However,
at concentrations of 2.5 pM and 5.0 uM, relative ATP production
in virus-infected cells remained on an elevated level (2.4- and
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1.8-fold increase), indicating that the cytotoxic activity of Gga-
AvBD11 at concentrations >2.5 pM is accompanied by net an-
tiviral activity (outbalancing its cytotoxic effects). For the N-ter
and C-ter peptides (alone or in combination), no such net anti-
viral activity was observed: significantly increased relative ATP
production rates in virus-infected cells were paralleled by similar
increases in the noninfected cells, pointing to proproliferative
activities of the peptides in infected/noninfected cells as postu-
lated for Gga-AvBD11 at concentrations <1.25 pM.

Finally, dose-dependent antiviral activity of the full-length
protein was confirmed by determining the growth kinetics of the
HINT1 virus in Gga-AvBD11-treated CLEC213 (Fig. 4D). While
treatments with 0.31 pM and 1.25 pM had virtually no effect on
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Fig. 3.

Sequence, cysteines bonding pattern, and 3D structure of (A) N-ter peptide [1-40]Gga-AvBD11 in cyan, (B) C-ter peptide [41-82]Gga-AvBD11 in pink,

and (C) the full-length [1-82]Gga-AvBD11 in purple. In each locant from Top to Bottom are represented the peptide sequence with the cysteines bonding
pattern in yellow, then the elements of secondary structure, and, finally, the 3D structure with disulfide bridges shown in yellow (drawn with PYMOL) (55).

viral replication, treatment with 5 pM Gga-AvBD11 led to a
substantial reduction of viral titers at 12 h (12-fold), 24 h (59-
fold), and 48 h (37-fold) postinfection (pi).

Gga-AvBD11 and Its N-ter and C-ter Peptides Affect Cell Viability and
Invasion. To explore the potential role of Gga-AvBD11 in regu-
lating embryonic development and the expansion of the yolk sac
membrane, we used National Cancer Institute (NCI)-H460 hu-
man cells derived from a human non-small-cell lung carcinoma.
The use of this human cell line is motivated by the very limited
availability of chicken cell lines with high proliferative and invasive
capacities, and by the fact that the NCI-H460 cell line exhibiting
high invasive capacities and an epithelium-like morphology is
commonly used to assess pro- and antiinvasive agents in vitro (16,
17). The data from these assays are shown in Fig. 4E. Upon
treatment of NCI-H460 cells with Gga-AvBD11, the number of
cancer cells invading and passing through Matrigel significantly
decreased at concentrations >4 pM. Gga-AvBDI11 treatment
also resulted in a dose-dependent, significant diminishment of
cell viability. Still, at 4, 6, and 8 pM, the Gga-AvBD11 effect
on invasiveness was even more dramatic, suggesting that this
antiinvasive activity of Gga-AvBD11 is not solely linked to its
action on cell viability. Treatment with the N-ter peptide induced
a significant decrease in cell invasion >2 pM without affecting cell
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viability. The C-ter peptide exhibited no cytotoxicity and had only
a modest effect on invasion. When the cells were treated with the
2 peptides in combination, distinct antiinvasive and cytotoxic ac-
tivities were detected, but to a lesser extent than for Gga-AvBD11.

Gga-AvBD11 and Its Derivate Peptides Lack Proinflammatory Effects.
Using the transformed human bronchial epithelial cell line,
BEAS-2B (CRL-9609) as a model, we explored proinflammatory
treatment effects (SI Appendix, Fig. S25) by measuring interleukin-
6 and -8 production in culture supernatants. We concluded that
Gga-AvBD11, N-ter, and C-ter peptides lack proinflammatory
properties in this particular cell model. It should be highlighted
that a significant cytotoxic effect of Gga-AvBD11 was observed at
the highest concentration tested (10 pM).

Discussion

The presence of an AvBD11 protein is predicted from the vast
majority of avian genomes (18). Strikingly, however, neither a
specific function nor a structural characterization of this protein
has been established so far. Here, we focused on Gga-AvBD11
from G. gallus, as the archetype of a structural family. We pro-
pose to dub this family “avian-double-B-defensin” (Av-DBD), as
we demonstrated that its compact fold is composed of 2 packed
B-defensin domains (Fig. 3C and SI Appendix, Fig. S19). Indeed,
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***P < 0.001; ****P < 0.0001.

the 3D structure of Gga-AvBD11 reported here exhibits 2
B-defensin domains, even though the intercysteine spacing is not
canonical for the C-ter domain.*

Isolated N- and C-ter peptides display the typical 3-stranded
antiparallel B-sheet of p-defensins (SI Appendix, Fig. S26), and
their global folds are not drastically changed in the full-length
protein (SI Appendix, Fig. S27), except for a slight lengthening of

*Depending on the cysteine spacing and the more or less lack of structural elements,
several terms have emerged over the years to describe the different members of the
enlarged B-defensin family: “defensin-like” (19), “defensin-related” (20), and even re-
cently “intermediate defensin-like” (21). However, no term has yet been widely ac-
cepted and we prefer here to use the generic term “p-defensin.”

Guyot et al.

B2 and B3 strands and an additional helix at the beginning of the
C-ter domain. The domains are packed together by a hydro-
phobic cluster leading to a compact structure (SI Appendix, Fig.
S19). The residues involved in the cluster are highly conserved
within the AvBDI11 family (SI Appendix, Fig. S28). Phe28
constitutes the core of the cluster and is strictly unchanged. The
surface of Gga-AvBD11 is globally positive. However, the C-ter
domain exhibits a continuous negative area facing the cationic
N-ter domain (SI Appendix, Fig. S29). This area involves resi-
dues globally conserved in the other AvBD11 sequences cur-
rently available (SI Appendix, Fig. S30). This preservation of
hydrophobic and charged residues, in addition to the strict con-
servation of the position of Cys residues and the high degree of

PNAS | January 7,2020 | vol. 117 | no.1 | 341

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912941117/-/DCSupplemental

sequence identity in AvBD11s (Fig. 2), suggests that the 3D or-
ganization of Gga-AvBD11 is conserved in all birds. It should be
mentioned that, to date, there is no reference for such a double-
B-defensin in all structural databanks (SI Appendix, Fig. S31). It is
noteworthy that other double-domain disulfide-rich proteins, e.g.,
double inhibitor cystine knot (ICK) peptides (22), are reported in
the literature, yet with differences in the position of Cys residues,
the disulfide pairing, and the 3D structure.

To explore which biological functions could be exerted by each
domain of Gga-AvBD11, we scanned the Protein Data Bank for
structural homologs. As expected, the N-ter domain (as part of
the full-length protein or isolated peptide) fits with a large set of
f-defensins, some a-defensins and snake crotamine. In contrast,
the 3D structure of the C-ter peptide only matches platypus
defensins, mouse mBD7, and crotamine. More surprisingly, it
displays structural homologies with the C-ter domain of tick
carboxypeptidase inhibitor (TCI) (SI Appendix, Fig. S32). Even if
the 2 domains of the TCI structure (2k2x.pdb) both resemble
B-defensin domains (23), the flexible linker between the 2 glob-
ular domains prevents DALI software (24) to ascertain any
structural homologies with the compact 3D structure of the full-
length Gga-AvBD11. Although the flexibility of this linker was
reported to be important for the recognition mechanism and
further interaction with carboxypeptidase A (25), Gga-AvBD11’s
potential inhibitory activity against carboxypeptidase A was ex-
plored. Our results did not corroborate such an activity (SI Ap-
pendix, Fig. S33).

In order to identify other potential double-B-defensins (DBDs)—
compact or not—in other species than birds, we extensively
screened the sequence homologies related to Gga-AvBD11. We
extracted a series of sequences from all branches of arthropods
with the cysteine pattern of p-defensins (SI Appendix, Fig. S34),
which led us to postulate a global organization into 2 p-defensin
domains. However, the sequence identities with Gga-AvBD11 are
drastically reduced (<34%) compared to bird sequences, and none
of the residues involved in the packing of Gga-AvBD11 (SI Ap-
pendix, Fig. S19) is conserved in arthropods. This feature suggests
a less compact structure (as in TCI) or at least a different packing
between the 2 presumed p-defensin domains that could be pre-
dictive of divergent biological properties.

Our unsuccessful attempts to identify sequences similar to Gga-
AvBDI11 in vertebrates other than reptiles raise questions about
the appearance of this family during evolution. It is now well ac-
cepted that 1) monodomain p-defensins found in vertebrates
emerged from an ancestral cephalochordate big-defensin (26); 2)
a-defensins, only found in mammals, are derived from B-defensins
(26); and 3) cyclic 6-defensins, a restricted class uniquely found in
old-world monkeys, are derived from a-defensins (27). Our cur-
rent hypothesis predicts that AvBDI1 originates from the dupli-
cation and fusion of an ancestral monodomain p-defensin gene,
similar to what is reported for Gila monster helofensins (11).
Because all our attempts to identify sequences related to double-
B-defensins in other vertebrates than reptiles (mammals, fishes,
amphibians), we cannot presume the existence of an ancestor
gene, common to birds and arthropods. Probably, an independent
duplication—fusion event might have occurred during the evolution
of arthropods.

Genomic plasticity of defensin-encoding sequences is known to
foster the adaptability of the innate immune system and to enable
the acquisition of new functions, as exemplified by p-defensins of
venomous vertebrates, which have evolved to target ion channels
of their preys (28). In birds, 12 new AvBDs have been acquired
through duplication events among galliform and passeriform birds
(29). AvBD11 appeared in birds before the galliform—passeriform
split that occurred around 100 million years ago (29), likely before
the Paleognathae-Neognathae split (AvBDII in ratite species)
and it is highly conserved in the avian genomes currently available
(Fig. 2). The analysis of previously published phylogenetic trees
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(18, 30) suggests that AvBD11 might have diverged from AvBD10.
The appearance of such a double-domain protein during evolution
could be driven either by its increased biological potency com-
pared to a single-domain molecule, and/or by the necessity to
acquire new functions carried only by the full-length protein.
Because of the high concentration of Gga-AvBD11 in the vitelline
membrane known to protect the embryo and to support the
growth of the extraembryonic yolk sac, we assessed the antimi-
crobial activity of purified Gga-AvBD11 against various microbial
pathogens and explored its biological effect on cell viability
and invasion.

The 2 pathogenic bacteria L. monocytogenes and S. enterica
were previously reported to be sensitive to Gga-AvBD11 (6, 7).
Our present results clearly show that this antimicrobial activity is
carried by the cationic N-ter domain. Cationicity is considered as
one of the most critical determinants for antibacterial activities,
triggering electrostatic interactions of peptides with the nega-
tively charged membranes of bacteria (31). Hydrophobicity is
also an essential parameter as it governs the peptide insertion
into the lipid bilayer. The N-ter peptide respects these 2 key
features, its cationic properties being shared by most AvBD11s,
whereas the C-ter domain, less hydrophobic, exhibits variable
charge properties (SI Appendix, Fig. S30). Consequently, the
addition of the C-ter domain does not substantially affect the
antibacterial potency of the N-ter domain (Fig. 44 and SI Ap-
pendix, Fig. S21).

Antiparasitic activities have been previously reported for other
antimicrobial peptides such as cecropin, melittin, dermaseptin,
cathelicidins (32, 33), and human o-defensins (34-36). The pre-
sent work extends this activity to the p-defensin family. We dem-
onstrated that Gga-AvBD11 and, to a lesser extent, also the N-ter
peptide exhibit antiparasitic activities against infectious sporozo-
ites of E. tenella, 1 of the 3 main Eimeria species responsible for
avian coccidiosis (15). The exact mechanisms by which Gga-
AvBD11 exerts its antiparasitic effects [aggregation (36), pore
formation (35)] remains to be elucidated. However, it can be
speculated that 1) the high cationicity of the full-length Gga-
AvBD11 and the N-ter peptide might be crucial to trigger the
first peptide/membrane interaction and that 2) the C-ter domain
might increase the anti-Eimeria effect of the N-ter domain.

Testing of the cytotoxic and antiviral activities of Gga-AvBD11
and its N-ter and/or C-ter peptides in the CLEC213 infection model
revealed that Gga-AvBD11 displays net antiviral (antiinfluenza)
activity at concentrations that are cytotoxic in noninfected cells.
Antiviral activity against Newcastle disease virus, an avian respira-
tory pathogen, has previously been reported for AvBD2 (37).
However, to our knowledge, antiinfluenza activity of an avian
fB-defensin has so far never been reported. Strikingly, the concom-
itant cytotoxic and antiviral activities were only seen for the full-
length molecule and not for the N-ter and C-ter peptides (alone
or in combination). Distinct antiviral mechanisms have been
shown for human a-, p-, and 6-defensins (38): virus neutralization
through binding to viral envelope/capsid proteins or cellular cog-
nate receptors, inhibition of viral fusion and postentry steps, and
immunomodulatory activity. It is thus conceivable that the HIN1
virus inhibitory activity of Gga-AvBD11 may involve its binding to
the viral hemagglutinin and/or neuraminidase glycoproteins, the
viral entry receptor, or an innate immune receptor. One might
speculate that Gga-AvBD11 binding to negatively charged 2,3
galactose-linked sialic acid moieties, the principal hemagglutinin
receptor for avian influenza viruses, may restrict HIN1 virus in-
fection by impeding viral adsorption and entry into CLEC213
cells. However, in this case, one would expect that the cationic
N-ter peptide would display similar antiviral activity as the full-
length molecule, which is clearly not the case—at least not in our
experimental conditions. We hypothesize that the cytotoxic and
antiviral activities of Gga-AvBD11 are mediated by its binding
to a yet unidentified innate immune receptor, thereby leading to
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the activation of coalescing antiviral and proapoptotic signaling
pathways. This notion is supported by our observation that 5 pM
Gga-AvBD11 is a potent inducer of NF-kB activity in the HD11
chicken macrophage cell line (SI Appendix, Fig. S24). In-
terestingly, the proposed antiviral mechanism is in good agree-
ment with a previous report describing AvBD13 as an activator
of TLR4-mediated NF-«B signaling (39) and the concept of an-
timicrobial peptides serving as alarmins (40). Yet, it seems that the
NF-xB-triggering activity of Gga-AvBD11 is restricted to the
chicken (and potentially other avian/sauropsid species), as no
such activity could be detected in the human cell lines used in
this study.

Next to its role in protecting the embryo against pathogens,
Gga-AvBD11 present in the vitelline membrane might partici-
pate in the growth of the extraembryonic yolk sac during egg
incubation (roughly estimated to be at least 30 pM, based on
purification yield of Gga-AvBD11 from VM). Indeed, as the
vascularized yolk sac expands during embryonic development,
the vitelline membrane undergoes major ultrastructural changes
to finally rupture over the embryo (41). In the present work,
irrespective of the epithelial cell line being used [a chicken lung
epithelial cell line (S Appendix, Fig. S23) as well as immortalized
or transformed human epithelial cell lines, SI Appendix, Fig.
S25)], we demonstrated that the full-length molecule exhibits
cytotoxic effects. Interestingly, it was also shown to decrease cell
invasiveness. These data are in agreement with results obtained
with the human p-defensin 1 (hBD-1) on oral squamous cell
carcinoma (OSCC) cell lines, prostate cancer cell lines, or
bladder cancer cell lines (42-45). Generally, human p-defensins
have been proposed to directly affect cancer cells by modulating
their survival, proliferation, migration, and/or invasive properties
(46), with hBD-1 being considered as a candidate tumor sup-
pressor gene (43). Similar, but less pronounced effects were
observed in the human cell lines by testing the N-ter peptide
alone. The combined use of the N- and C-ter peptides was shown
to affect cell viability, but to a lesser extent when compared to full-
length Gga-AvBD11. This observation highlights the importance
of the covalent link between the domains and/or the importance of
the orientation of the 2 domains in the full-length molecule to
warrant unmitigated activity/efficiency. Gga-AvBD11 is essentially
concentrated in the outer layer of the vitelline membrane while
embryonic development, yolk sac outgrowth, and expansion occur
along the inner layer of the vitelline membrane, which has been
reported to have growth promoting activity (47). The antiinvasive
and cytotoxic activity of Gga-AvBD11 might thus be of major
physiological importance to prevent anarchic and multidirectional
cell growth of the embryo and of the yolk sac.

Besides these marked cytotoxic and antiinvasive effects, we did
not detect any significant immunomodulatory activities of Gga-
AvBD11 and the derived peptides in human cells, although such
activities have been reported for a number of other defensins (46).
As stated earlier, this points to a species- or class/clade-specific
role of Gga-AvBDI11 as an immunomodulatory antimicrobial
peptide.

Conclusions

AvBDI11 is an atypical defensin which is highly conserved among
birds. The 3D structure of Gga-AvBDI11 (from G. gallus) is
reported here as the archetype of the structural family of avian-
double-p-defensins (Av-DBD) characterized by 2 B-defensin
domains packed via a hydrophobic cluster.

The conservation of AvBDI1 within bird species and its
abundant and principal expression in the oviduct are pointing to
important biological activities related to avian reproduction and
embryonic development. Our data allowed us to confirm the role
of Gga-AvBD11 as an effector of innate immunity (most likely
participating in the protection of the avian embryo) with a broad
spectrum of antimicrobial activities: 1) N-ter domain-dependent
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antibacterial activity, 2) direct antiparasitic activity against the
avian protozoan E. tenella, and 3) antiviral activity limiting in-
fluenza virus infection in avian cells—potentially by stimulating
innate immunity. Moreover, from our experiments with human
cancer cell lines as a model for studying cell proliferation and
invasiveness, we concluded that Gga-AvBD11 might have an
eminent role in driving and/or constraining the orientation and
growth of embryonic and extraembryonic cell structures in the
avian egg.

The appearance of such a multifunctional double-domain
protein during evolution might have been driven by its superior
effectiveness compared to a single-domain molecule and/or by
the necessity to acquire new functions carried only by the full-
length protein. Even though the C-ter domain has no impact on
the antibacterial efficacy mediated by the cationic N-ter domain
(as seen for the 2 bacterial pathogens used here), it was shown to
potentiate/increase the anti-Eimeria, as well as the antiinvasive
biological effects. Strikingly, other activities involving interac-
tions with eukaryotic cells, notably cytotoxic and antiviral activ-
ities in mammalian/avian cells, seem to be restricted to the full-
length Gga-AvBD11 protein.

In conclusion, we demonstrate here that Gga-AvBD11 is a
protein with multiple activities, a Swiss knife capable of fulfilling
a number of roles that are likely essential for the proper devel-
opment of the avian embryo in the egg. We believe that Gga-
AvBDI11 still possesses hidden functions that merit further in-
vestigations. Studies on the contribution of Gga-AvBD11 in the
formation of the protein fibers of the outer layer of the vitelline
membrane (protein—protein interactions) but also in the growth
of the yolk sac during embryonic development might be of par-
ticular interest to elucidate further its physiological role(s) and
underlying mechanisms.

Methods

Three-Dimensional NMR Structures. Synthetic [1-40]Gga-AvBD11, [41-82]Gga-
AvBD11, and native Gga-AvBD11 purified from vitelline membranes as
previously described (6) were dissolved in H,0:D,0 at a concentration of
1.25 mM, 1.40 mM, and 1.08 mM, respectively. The pH was adjusted to 4.5.

Two-dimensional 'H-NOESY, 2D 'H-TOCSY, sofast-HMQC ('°N natural
abundance), and "*C-HSQC ('3C natural abundance) were performed at 298K
on an Avance Il HD BRUKER 700-MHz spectrometer equipped with a cryo-
probe. NMR data were processed using Bruker’s Topspin 3.2 and analyzed
with CcpNmr (version 2.2.2) (48).

Structures were calculated using Crystallography and NMR System (CNS)
through the automatic assignment software ARIA2 (version 2.3) (49) with
NOE, hydrogen bonds and backbone dihedral angle restraints, and with 3
ambiguous disulfide bridges for [1-40]Gga-AvBD11 and [41-82]Gga-AvBD11
or 2 sets of 3 ambiguous disulfide bridges for Gga-AvBD11. Ten final struc-
tures were selected based on total energies and restraint violation statistics
to represent each molecule and were deposited in the Protein Data Bank
under the accession codes 6QES, 6QET, and 6QEU, respectively.

Radial diffusion assay (antibacterial assays). Antibacterial assays were carried out
on L. monocytogenes and S. enterica sv. Enteritidis American Type Culture
Collection (ATCC) 13076 (International Center for Microbial Resources ded-
icated to Pathogenic Bacteria, CIRM-BP, INRA, Nouzilly), as previously de-
scribed for the assessment of antibacterial activities of native AvBD11 (6, 7).
Precultures and exponential-phase cultures were performed under agitation
(180 rpm) at 37 °C either in brain heart infusion (BHI) or in tryptic soy broth
(TSB), respectively, for L. monocytogenes and S. enterica sv. Enteritidis (ATCC
13076). Molten underlay medium (10 mM sodium phosphate buffer, pH 7.4,
containing 0.03% TSB, 1% agarose type | low endosmosis, 0.02% Tween 20)
was inoculated with exponentially growing bacteria at 3 x 10° colony-
forming units (CFU)/mL and poured into a Petri dish. Wells were manually
punched and filled with 5 pL of test peptides (native Gga-AvBD11 and N-ter
and C-ter peptides, MSI-94) at different concentrations (30, 12, 4.8, 1.92,
0.768, and 0.3072 pM) that were then allowed to diffuse within the underlay
for 3 h at 37 °C. Underlay gel was then covered with molten overlay (10 mM
sodium phosphate buffer, pH 7.4, containing 6% TSB, 1% agarose type | low
endosmosis) and incubated overnight at 37 °C. Antibacterial activities were
revealed as clear inhibition zones surrounding the wells. Diameters of the in-
hibition zones were plotted against the logarithm of peptide concentrations
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and the linear regression equation was used to calculate the minimal inhibitory
concentration (7, 12).

Antiparasitic assays. Antiparasitic assays were performed against E. tenella
sporozoites. Sporozoites from the yellow fluorescent protein-positive (YFP)
E. tenella strain (50) were obtained by excystation of sporulated oocysts (51).
Sporozoite viability was assessed after incubation in 10 mM PBS, pH 7.4 with
or without antimicrobial peptides (1.25 to 10 pM) for 1 h at 41 °C, and
staining with aqueous Evans’ blue (vol/vol). Live (green) and dead (red)
parasites were counted by epifluorescence microscopy using a Zeiss Axiovert
200 microscope. Sporozoite viability is expressed as percentage of the live
sporozoites incubated with PBS (considered as 100% viable). Statistical
analysis was performed with Prism 5 software (GraphPad) using a 2-way
ANOVA (Tukey-Kramer multiple group comparison).

Antiviral Activity Assay. Cytotoxic and antiviral activities were tested using the
Viral ToxGlo assay (Promega), a luminescence-based assay measuring ATP
as a surrogate for cell viability (52). Antiviral activities against an H1N1
avian influenza virus (A/Mallard/Marquenterre/Z237/83) were assayed in a
CLEC213 infection model (53). Viral ToxGlo assay-specific 50% tissue culture
infectious dose (TCIDsp) was determined for the viral stock according to the
manufacturer’s instructions. CLEC213s were seeded in 96-well plates (2.10%
cells per well) and cultured in DMEM F12 media supplemented with 7.5%
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin (Thermo Fisher Sci-
entific) at 41 °C and 5% CO,. FBS was excluded from the media in sub-
sequent treatment/infection experiments. To assess cytotoxicity, cells were
washed with PBS and left untreated (controls) or treated with serial dilutions
of Gga-AvBD11 and the N-ter or C-ter peptides (alone or in combination). To
test for antiviral activity, protein/peptide dilutions were coincubated with
H1N1 at 25x TCIDso (30 min at room temperature [RT]) and then overlaid
onto the cells. At 48 h posttreatment/infection, the cells were washed and
incubated with 100 uL of ATP detection reagent for 20 min at RT. ATP/
luminescence values were measured using a GloMax-Multi Detection System
(Promega). Relative ATP production rates for treated and/or infected cells
were calculated as fold changes with reference to mean control values
(nontreated cells) set to 1.

Dose-dependent antiviral activity of Gga-AvBD11 was tested by assessing
H1N1 growth kinetics in nontreated/treated CLEC213. Briefly, CLEC213s
were seeded in 6-well plates (8.10° cells per well) and cultured as described
above. Gga-AvBD11 preparations (0 uM, 0.31 uM, 1.25 pM, or 5 uM) diluted
in culture media containing 0.05 pg/mL L-1-p-tosylamino-2-phenylethyl
chloromethyl ketone (TPCK)-treated trypsin (Worthington Biochemical Cor-
poration) but no FBS were coincubated with HIN1 at a multiplicity of in-
fection (MOI) of 0.01 (30 min at RT), and the mixtures were then overlaid
onto the cells. At 12 h, 24 h, and 48 h pi, supernatant samples (200 uL) were
collected and frozen at —80 °C. Viral titers in the samples expressed as PFU/
mL were determined by conventional plaque assay on Madin-Darby canine
kidney (MDCK) cells.
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Statistical differences (nontreated vs. treated cells) were calculated by
1-way ANOVA, unpaired t test using GraphPad Prism v6.07 (GraphPad
Software, Inc.).

Invasion and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) Cell Viability Assay. Cell invasion and viability were
analyzed using Matrigel and MTS assays, respectively, after 48 h of incubation
with various concentrations of molecules (0, 2, 4, 6, or 8 pM). Cells used were
the human non-small-cell lung cancer cell line NCI-H460 and the immortal-
ized human bronchial epithelial cell line, BEAS-2B (CRL-9609) which were
obtained from the ATCC (LGC Promochem).

Cell invasion was assessed using a modified Boyden chamber model. Two
technical replicates for treated cells and 3 for control cells were analyzed in
each independent experiment. The results were expressed as the percentage
of invasive cells with reference to untreated control cell values. Results were
expressed as mean + SEM of 5 independent experiments.

Cellular viability was determined by MTS assay (CellTiter 96 AQueousOne
Solution, Promega) (S/ Appendix, Fig. S25). A Kruskal-Wallis test with Dunn’s
test was used to compare results from cells treated with different concentra-
tions of molecules with results from control cells. A Mann-Whitney U test was
used to compare results of invasion and cytotoxicity obtained for 1 molecule
tested at the same concentration for both assays. Statistical analyses were
performed using GraphPad Prism version 6.0 for Mac OS X software.
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